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Intermediate- to high-energy positrons scattered by alkali-metal atoms
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We present calculations of the differential, integrated elastic, and total cross sections for positrons scattered
from alkali-metal atoms. The energy of the positrons ranges from 10 eV to 1000 eV. In the calculations we use
parameter-free model potentials for the correlation-polarization and absorption interactions. The absorption
potential used for positron scattering is based on a quasifree model that we recently proposed and tested for the
noble-gas targets. For positron–alkali-metal scattering the model potentials have produced reliable scattering
cross sections over the extended range of impact energies when compared against the available experimental
data.@S1050-2947~98!00104-8#

PACS number~s!: 03.80.1r
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I. INTRODUCTION

In recent years positron-atom scattering has becom
very interesting topic in both experimental and theoreti
atomic collision studies. As an alternative to electron-at
scattering, both the similarities and the differences betw
electrons and positrons mean that positron scattering
vides a useful, and sometimes more sensitive, test of
techniques used to study the electron-scattering process

This fact is particularly true from the standpoint of deve
oping model interaction potentials for projectile-atom sc
tering. The similarities between electrons and positro
~mass, magnitude of charge, and spin! suggest that a consis
tent approach to devising model potentials should incor
rate these quantities using similar logic for both projectil
The differences between electrons and positrons, the sig
the charge, the possibility of positronium formation, and
fact that positron projectiles are distinguishable from
electrons of the target atom while electron projectiles are
offer important tests of how a model potential sche
handles issues such as projectile charge, inelastic thresh
and correlations among projectile and target electro
Therefore, model potentials that can reliably produce ac
rate scattering data for both electron- and positron-atom s
tering signify an important step in our ability to perfor
these calculations quickly.

In the present paper, we use the model potential appro
to calculate the differential, integrated elastic, and total cr
sections for positron scattering from the alkali-metal ato
lithium, sodium, potassium, rubidium, and cesium at int
mediate to high impact energies. The parameter-free m
potentials that we employ in the present calculations
those that we have previously used, with good results,
positron scattering from the noble gases@1,2#. We have de-
vised a model@1# for correlation and polarization effects t
account for the distortion of the target atom under the in
ence of the electric field of the projectile. We have also
troduced@2#, for positron impact, a quasifree model potent
for absorption effects to account for the inelastic scatter
processes. The promising results that we have seen
571050-2947/98/57~4!/2583~7!/$15.00
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positron–noble-gas scattering have encouraged this pre
attempt to apply our models to a different atomic targ
group.

The set of alkali-metal atoms is an interesting alternat
group to the noble gases for several reasons. As with
noble gases, the alkali-metal atoms have a simple, sph
cally symmetric ground-state structure that allows the use
central model potentials without appeal to angular averag
Additionally, in recent years a body of experimental data h
been building up for positron–alkali-metal scattering. Sp
cifically, measurements of the total cross sections, which
gan in the 1980s@3#, as well as measurements of positroniu
formation cross sections@4# continue until the present day
The primary reason, however, that we chose to follow o
study of the noble gases by the alkali-metal atoms is beca
of their vastly different qualities. While the noble gases a
tightly bound, closed-shell atoms with high inelastic thres
olds, the alkali-metal atoms, all having unpaired electrons
the s subshell, are highly polarizable with positronium fo
mation channels that are always open. This situation ma
positron scattering from the alkali-metal atoms considera
more sensitive to the details of the model potentials th
positron scattering from the noble gases is.

On the theoretical side, a number of calculations of cr
sections, elastic as well as total, for positron–alkali-me
atom systems at intermediate energies have been carried
For the scattering of intermediate energy positrons by ato
lithium, elastic and/or total cross sections have been ca
lated by Tayalet al. @5#, Wadehra@6#, Khare and Vijayshri
@7#, Gien@8#, Wardet al. @9#, Mathur and Purohit@10#, Basu
and Ghosh@11#, Hewitt et al. @12#, and McAlindenet al.
@13#. For positrons scattered by atomic sodium, calculatio
of cross sections have been made by Wadehra@6#, Sarkar
and Ghosh@14#, Wardet al. @9#, Gien @15#, McCarthyet al.
@16#, and Hewittet al. @17#. For positron scattering by potas
sium, various cross sections have been calculated by W
hra @6#, Ward et al. @9#, Gien @15#, McCarthy et al. @16#,
Hewitt et al. @17#, Madisonet al. @18#, and McAlindenet al.
@19#. For rubidium and cesium targets the calculations
intermediate-energy positron scattering cross sections
2583 © 1998 The American Physical Society
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2584 57DAVID D. REID AND J. M. WADEHRA
quite limited. For rubidium, various cross sections have b
calculated by Wadehra@6#, McEachranet al. @20#, Gien@21#
and Kernoghanet al. @22#, and for cesium the calculations o
cross sections are by Wadehra@6# and Kernoghanet al. @22#.

The high polarizabilities of the alkali-metal atoms~see
Table I!, as compared to the noble gases, suggests a m
important role for the polarization part of the correlatio
polarization interactionVCP, while the comparatively large
size of the alkali-metal atoms~as ‘‘seen’’ by the large orbita
radii listed in Table I! suggests a greater sensitivity to th
correlation part ofVCP, which is our method for handling
near-target distortion. The fact that the lowest inelas
threshold for positron–alkali-metal-atom scattering, cor
sponding to positronium formation, is zero poses an inter
ing problem in the quasifree absorption potential. As d
cussed in Ref.@2#, this model was derived via a modificatio
of a method used in nuclear physics for nucleon-nucle
scattering@23#. The necessary modification, for applicatio
to atomic scattering, was to introduce an energy gapD be-
tween the ground state of the atom and the first inela
threshold@24#. When this energy gap is zero the resulti
cross sections are infinite. However, in the case of posi
scattering from alkali-metal atoms, as well as from noble-
atoms, by simply using the lowest nonzero inelastic thre
old one can produce reasonably accurate results for
cross sections over a wide energy range. In the case of no
gas targets the lowest nonzero threshold corresponds to
positronium formation threshold@2# whereas in the case o
alkali-metal atoms the lowest nonzero threshold correspo
to the lowest target excitation.

II. THEORY

A. Interaction potentials

In the present calculations we model the positron-tar
system by a complex interaction potentialV(r ) that consists
of only three parts. These parts are the static potentialVst(r ),
the correlation-polarization potentialVCP(r ), and the absorp-
tion potentialVabs(r ), such that

V~r !5Vst~r !1VCP~r !1 iVabs~r !. ~1!
The static potential is determined by the radial part of

electron charge density of the target atomr(r ), which is
obtained using the Hartree-Fock wave functions of Cleme
and Roetti@25# for lithium, sodium, potassium, and rubidium
and of McLean and McLean@26# for cesium. The static po
tential, in atomic units, is given by

Vst~r !5
Z

r
24pE r~r 8!

r .
r 82dr8, ~2!

TABLE I. Values of ad , Rorb, and Eexcit for various target
atoms.

Target ad ~a.u.! Rorb ~a.u.! Eexcit ~eV!

lithium 164 3.0 1.85
sodium 163 3.2 2.11
potassium 293 4.1 1.62
rubidium 319 4.3 1.56
cesium 358 4.8 1.39
n
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whereZ is the atomic number of the target atom andr . is
the greater ofr and r 8.

The correlation-polarization interaction@1# is given by

VCP52
adr 2

2~r 31d3!2
, ~3!

wherek is the wave number of the incident positron andad
is the static dipole polarizability of the target atom, respe
tively. The value ofd, which is nonadjustable, is determine
by matching the form in Eq.~3! with the correlation energy
@27# at the location of the electron charge density peak of
outermost occupied orbital of the target; this value ofr is the
orbital radius of the atomRorb. In Table I the values ofad
and Rorb for various alkali-metal atoms are provided. Th
values forad were taken from Ref.@28#, while Rorb was
determined usingr(r ).

Note that Eq.~3! includes the static dipole part of th
long-range potential. The higher-order multipole terms,
having asymptotically like 1/r 6, are not included for two
reasons. First, the 1/r 6 term contains dynamic contribution
whose coefficients are, in general, not easily available
various targets. Second, inclusion of even the static con
bution of this term, which contains the static quadrupole p
larizability, did not contribute appreciably to the variou
cross sections in our calculations.

The final form of the absorption potential for positro
atom scattering was given in our previous work@2#; below
we provide a sketch of its derivation. The quasifree scat
ing model starts by noting that a negative imaginary part
the interaction potentialVabs represents, in atomic units, a
absorption probability per unit time of22Vabs @29#. This
result is compared with the corresponding result from cl
sical kinetic theory for a projectile in a free-electron gas
densityr. For this latter case, the absorption probability p
unit time is given byrs̄bv, wherev is the local speed of the
projectile ands̄b is the average cross section for the bina
collisions between the projectile positron and the target e
trons. Thus we can write

Vabs52
1

2
rs̄bv. ~4!

The central problem in this model is to derive an expr
sion for the average binary collision cross sections̄b , which
is given by the six-dimensional integral@23#

s̄b5
1

pE N~kF ,q!up2qudqE dsb

dV

3S 1

p0
2
d~p02pf !Q~q8,kF!D dg, ~5!

where p and q are the laboratory frame momenta of th
incident positron and of the target electron, respectively,
fore the collision;p8 and q8 are the laboratory frame mo
menta of the incident positron and of the target electr
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57 2585INTERMEDIATE- TO HIGH-ENERGY POSITRONS . . .
respectively, after the collision. The vectorsp0 andpf are the
initial and final momenta of the positron in the center-o
mass frame of the binary system. The functionN(kF ,q) is
the density per target electron in momentum space; i
given by

N~kF ,q!5H 3

4pkF
3 , q<kF

0, q.kF ,

~6!

wherekF5(3p2r)1/3 is the Fermi momentum of the targe
The momentum transfer vectorg is given byg5p82p5q
2q8. The binary collision occurs between the incident po
itron and a target electron; in analogy with the electron sc
tering case, the differential binary cross section is based
the Rutherford formula as

dsb

dV
5

2

g4
. ~7!

The functionQ(q8,kF) in Eq. ~5! is unity for allowed final
states of the binary collision and zero for final states that
not allowed because of the Pauli exclusion principle. F
positron-atom scattering this function is

Q~q8,kF!5H~q822kF
22v!, ~8!

wherev is given byv52D, with D the energy gap betwee
the target ground-state energy and the final energy of
originally bound target electron;H(q822kF

22v) is the
Heaviside unit step function, which equals 1 when the ar
ment is non-negative and zero otherwise.

The physical interpretation ofQ(q8,kF) is that for an in-
elastic process to occur the final energy of the target elec
q82/2 must exceed the Fermi energyEF5kF

2/2 by at least the
energy gapD. Processes that would allow the electron to f
into a lower-energy state are forbidden due toPauli block-
ing. The above definition of the Pauli blocking functionQ
differs from that used for electron scattering@24# in that here,
for positron scattering, Pauli blocking restrictions are appl
to the target electrons only and no such restrictions
placed on the projectile.

It is interesting to examine the role of the energy gapD in
the model for positron scattering as compared to its role
the quasifree model for electron scattering. For incident e
trons D acts both as the energy needed to transfer a ta
electron from the highest occupied ground-state orbital to
first excited orbital and as the nonzero threshold for inela
scattering. However, for incident positrons this situation
complicated since the formation of positronium introduc
another bound system, the binding energy of which can
duce the inelastic threshold to an energy below the thres
for excitationEexcit. In fact, the quasifree absorption pote
tial gives infinite cross sections asD approches zero. In ou
calculations of positron scattering from noble gases@2# we
used forD the nonzero positronium formation thresholdEPs.
In the case of positron scattering from alkali-metal atomsEPs
is zero and in order to apply the quasifree model to posit
scattering from alkali-metal atoms we setD equal to the
lowest nonzero inelastic threshold, which is the excitat
is
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thresholdsEexcit, for these atoms. The values ofEexcit for
various alkali-metal atoms are also provided in Table I@30#.

The total interaction potential in Eq.~1! is placed in the
radial Schro¨dinger equation and integrated out to a distan
of 120 a.u. from the nucleus via the Numerov techniq
Several phase shifts are calculated exactly by comparingul ,
the radial wave function of the target plus positron system
two adjacent pointsr and r 15r 1h:

tan~d l !5
r 1ul ~r ! j l ~kr1!2ru l ~r 1! j l ~kr !

ru l ~r 1!nl ~kr !2r 1ul ~r !nl ~kr1!
, ~9!

whereh is the step size (> 0.000 75 a.u.! of the calculation
and j l and nl are the spherical Bessel and Neumann fu
tions evaluated using the algorithm of Gillman and Fieb
@31#. Typically, the highest order of the exact phase sh
l max is taken to be 50 forE<100 eV and is taken to be 7
for 100 eV,E<1000 eV, whereE is the incident positron
energy.

The scattering amplitude is obtained from the phase sh
by

f ~u!5
1

2ik (
l 50

l max

~2l 11!@exp~2id l !21#Pl ~cosu!1 f 4~u!.

~10!

The function f 4 is the higher-l contribution from the Born
phase shifts for the dipole (;1/r 4) part of the polarization
potential. The closed form expression, in atomic units,
this function is@32#

f 4~u!52pkadS sin~u/2!

2
1 (

l 50

l max Pl ~cosu!

~2l 13!~2l 21!D .

~11!

The differential and integrated elastic cross sections
obtained from the scattering amplitude in the usual mann

ds

dV
5u f ~u!u2 ~12!

and

selas52pE u f ~u!u2sin~u!du. ~13!

The total cross sections are calculated using the optical th
rem

s tot5
4p

k
Im@ f ~0!#. ~14!

B. Binary collision cross section

As stated above, evaluation of the integral in Eq.~5! is the
central problem of the quasifree scattering model. In
present evaluation of this integral for positron scattering
will use a notation, as well as a procedure, very similar
that for the electron-scattering case@24#. We note that the
motion of the center of mass of the positron and the tar
electron implies that
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p05
p2q

2
, pf5

p82q8

2
, g5pf2p0 . ~15!

Using these relations along with the resultd(p02pf)
52p0d(p0

22pf
2), Eq. ~5! becomes

s̄b5
8N~kF ,q!

p E dg

g4E dq H~q822kF
22v!

3H~kF2q!d~p0
22pf

2!, ~16!

where we have added an additional step functionH(kF2q)
to account for the fact thatN(kF ,q) is zero if q.kF .

The integral overq can be evaluated in cylindrical coo
dinates withdq5qRdqRdqfdqz, q25qR

21qz
2 , and thez axis

antiparallel tog. Having evaluated this integral, the bina
cross section can be written as

s̄b5
8pN~kF ,q!

p E dg

g5
H„kF

22~g1ĝ•p…

2
…

3H~2g222g–p2v!$kF
22~g1ĝ•p!2

1H„kF
21v2~ ĝ•p…

2
…@~ ĝ•p!22kF

22v#%. ~17!

However, the integral overg is most conveniently evaluate
using spherical coordinates. The procedure is lengthy
straightforward@33#. Several cancellations produce a rath
compact expression for the binary collision cross section
positrons. For the convenience of showing this result,
define

d5
v

2EF
, «5A E

EF
, ~18!

and

f ~x!5
2

d
x316x13« lnS «2x

«1xD . ~19!

Then the absorption potential is given by Eq.~4! with

s̄b5
p

~«EF!2
3H f ~0!, «22d<0

f ~A«22d!, 0,«22d<1

f ~1!, 1,«22d.

~20!

HereEF is in units of hartree ands̄b is in units ofa0
2 .

III. RESULTS AND DISCUSSION

Figures 1–4 show the present results for the integra
elastic and total cross sections for scattering of positr
from lithium, sodium, potassium, rubidium, and cesium,
spectively, compared with the available experimental d
On the experimental side, the total cross sections for
scattering of positrons, in the energy range 3–102 eV, fr
sodium, potassium, and rubidium have been measured
cently @34–36#. The total experimental uncertainties in th
positron scattering cross sections, shown by the error ba
Figs. 1–4, are estimated to be 21%@34–36#. Also, the first
measurements of the positronium formation cross section
ut
r
r
e

d
s
-
a.
e

re-

in

in

the scattering of positrons by sodium~1–20 eV!, potassium
~1–100 eV!, and rubidium~1–17 eV! have been reported
recently@4,37#.

The present results for various cross sections are sho
for the positron energy range;10–1000 eV. This is the
range in which the present results are expected to be m
accurate because for the cases of sodium, potassium,
rubidium @4,37# the rangeE>20 eV is beyond the energy
region in which positronium formation is its most important
we also expect this to be the case for lithium and cesium.
our previous calculations for scattering of positrons from th
noble gases we noticed that our calculations were least ac
rate in the energy region near and below the peak in t
positronium formation cross sections. Well below 20 eV th
present theoretical cross sections become quite large~see
Table II! and considerably overestimate any measured v
ues. This behavior is consistent with other previous theore
ical calculations@9,38# in which positronium formation was
not included. However, recent coupled-state calculations
positron scattering by potassium@19#, taking the positronium
channels into account, indeed show a pronounced peak in
total cross sections around 6 eV. This peak is largely attri
uted to the inclusion of positronium formation channels. A
though we do not have experimental data for positron sc
tering from lithium and cesium, it seems reasonable
believe that the same general features are true for these ta
atoms as well. Numerical values of the integrated elastic a
total cross sections for the scattering of 10–1000 eV po

FIG. 1. Total cross sections for positron-sodium scattering. Th
experimental total cross sections are taken from Kwanet al. @34#
and Kauppilaet al. @36#. The Ps-LL data are the lower-limit esti-
mates~more accurate! for the positronium formation cross sections
@4#.
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57 2587INTERMEDIATE- TO HIGH-ENERGY POSITRONS . . .
trons from the five alkali-metal atoms are provided in Tab
II.

As far as a comparison of our calculations with othe
work is concerned, we note that the present total cross s
tions for all five alkali-metal targets are in reasonable agre
ment with previous calculations as well as with the corr
sponding experimental data as shown in the figure
However, our integrated elastic cross sections differ fro
those in the other calculations. The majority of the previo
positron–alkali-metal-atom elastic scattering cross sect
calculations are done for the positron energy less than 1
eV. In this energy range, our elastic cross sections are ty
cally larger, almost by a factor of 2, than the other calculat
elastic cross sections for Li@5,9,11,12#, Na @9,17#, K @9,17#,
Rb @20,22#, and Cs@22#. To date, no experimental measure
ments of the integrated cross sections for elastic scattering
positrons by any alkali-metal atom have been carried out a
therefore no direct comparison of our elastic cross sectio
with any experimental data is possible at the present time

Figures 5 and 6 show our predicted values for the diffe
ential cross sections~DCSs! at 100 eV positron energy. We
present these results for all five alkali-metal atom targets
the hope that future measurements will check the accura
and the predictive power of the parameter-free model pote
tials. Our calculations show structure in the DCS curve
between 20° and 80°, which becomes more pronounced w
increasing atomic number. For all the targets considered h
the DCS curves flatten at scattering angles larger than 8
While it is clear that this structure is due to interferenc
effects, the precise physics of how and where the loc

FIG. 2. Total cross sections for positron-potassium scatterin
The experimental total cross sections are taken from Kwanet al.
@34# and Parikhet al. @35#. The Ps-LL data are the lower-limit
estimates~more accurate! for the positronium formation cross sec
tions @4#.
r
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FIG. 3. Total cross sections for positron-rubidium scatterin
The experimental total cross sections are taken from Parikhet al.
@35#. The Ps-LL data are the lower-limit estimates~more accurate!
for the positronium formation cross sections@36#.

FIG. 4. Total cross sections for positron-lithium and positron
cesium scattering.

g.
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TABLE II. Present integrated elastic and total cross sections for positron–alkali-metal scattering in units ofa0
2. The notationa@b# means

a310b.

Lithium Sodium Potassium Rubidium Cesium
E ~eV! Elastic Total Elastic Total Elastic Total Elastic Total Elastic Total

10 7.55@1# 1.70@2# 1.09@2# 2.13@2# 1.69@2# 3.21@2# 1.76@2# 3.43@2# 1.20@2# 2.98@2#

20 4.68@1# 1.14@2# 7.47@1# 1.48@2# 1.24@2# 2.32@2# 1.31@2# 2.51@2# 8.17@1# 2.11@2#

30 3.40@1# 8.72@1# 5.81@1# 1.15@2# 1.00@2# 1.87@2# 1.08@2# 2.04@2# 6.47@1# 1.71@2#

40 2.69@1# 7.14@1# 4.80@1# 9.60@1# 8.52@1# 1.58@2# 9.28@1# 1.75@2# 5.50@1# 1.47@2#

50 2.23@1# 6.08@1# 4.12@1# 8.29@1# 7.46@1# 1.39@2# 8.20@1# 1.55@2# 4.85@1# 1.31@2#

60 1.91@1# 5.31@1# 3.62@1# 7.33@1# 6.66@1# 1.25@2# 7.40@1# 1.40@2# 4.38@1# 1.19@2#

70 1.68@1# 4.73@1# 3.24@1# 6.60@1# 6.04@1# 1.13@2# 6.76@1# 1.28@2# 4.03@1# 1.10@2#

80 1.49@1# 4.28@1# 2.94@1# 6.03@1# 5.55@1# 1.04@2# 6.24@1# 1.19@2# 3.75@1# 1.03@2#

90 1.35@1# 3.91@1# 2.70@1# 5.56@1# 5.14@1# 9.72@1# 5.81@1# 1.11@2# 3.52@1# 9.67@1#

100 1.23@1# 3.61@1# 2.50@1# 5.17@1# 4.79@1# 9.11@1# 5.45@1# 1.04@2# 3.32@1# 9.17@1#

200 6.77@0# 2.10@1# 1.50@1# 3.23@1# 2.99@1# 5.92@1# 3.48@1# 6.93@1# 2.29@1# 6.48@1#

300 4.78@0# 1.53@1# 1.10@1# 2.46@1# 2.24@1# 4.59@1# 2.64@1# 5.42@1# 1.84@1# 5.28@1#

400 3.74@0# 1.22@1# 8.91@0# 2.03@1# 1.81@1# 3.82@1# 2.15@1# 4.54@1# 1.57@1# 4.55@1#

500 3.09@0# 1.02@1# 7.54@0# 1.75@1# 1.53@1# 3.31@1# 1.83@1# 3.94@1# 1.39@1# 4.04@1#

600 2.64@0# 8.81@0# 6.57@0# 1.55@1# 1.33@1# 2.93@1# 1.59@1# 3.50@1# 1.26@1# 3.66@1#

700 2.31@0# 7.77@0# 5.84@0# 1.40@1# 1.18@1# 2.64@1# 1.42@1# 3.17@1# 1.56@1# 3.36@1#

800 2.06@0# 6.95@0# 5.28@0# 1.28@1# 1.07@1# 2.41@1# 1.28@1# 2.89@1# 1.08@1# 3.12@1#

900 1.87@0# 6.29@0# 4.82@0# 1.18@1# 9.74@0# 2.22@1# 1.18@1# 2.67@1# 1.02@1# 2.91@1#

1000 1.71@0# 5.75@0# 4.45@0# 1.10@1# 8.97@0# 2.06@1# 1.08@1# 2.48@1# 9.66@0# 2.74@1#
at
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minima arise in differential cross sections at intermedi
energies is not well understood to date. Recently, an atte
to explain such structure forelectronscattering was put forth
by Egelhoff @39# using a semiclassical approach. This sem
classical explanation, however, does not account for
structure seen in positron-atom differential cross sectio

FIG. 5. Differential cross sections for elastic positron scatter
from lithium and sodium at 100 eV impact energy.
e
pt

-
e
s.

We expect that there is a general explanation that acco
for the locations of the minima in both electron and positr
scattering data; to date this general explanation has not b
worked out.

g FIG. 6. Differential cross sections for elastic positron scatter
from potassium, rubidium, and cesium at 100 eV impact energ
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One of the most interesting aspects of this study is that
use of the quasifree absorption potential remains a via
option for positron scattering from alkali-metal atoms desp
the fact that the positronium formation channel for these s
tems is always open. Thus, for alkali-metal atoms the app
priate choice ofD is D5Eexcit that is the lowest nonzero
inelastic threshold. For comparative purposes we note
for noble gas targets the choiceD5Eexcit leads to cross sec
tions which are in good agreement with the available exp
mental data except near threshold energies. However,
choiceD5EPs for noble-gas targets leads to cross sectio
that are in better agreement with the corresponding exp
mental data as presented in Ref.@2#. This fact suggests tha
the lowest nonzero inelastic threshold energy is indeed
proper choice forD.

In this paper we have extended our investigations of
applicability of parameter-free model potentials f
correlation-polarization effects and for absorption effects
positron-atom scattering. The present calculations test m
stringently the features of these model potentials and sug
that these potentials can produce reliable total cross sec
for positron-atom scattering at impact energies above the
gion where the process of positronium formation reaches
K.
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peak. When taken together with our previous calculations
positron scattering from the noble gases@1,2#, the present
results suggest that our model potentials are useful
atomic targets with~a! small and large atomic numbers,~b!
small and large orbital radii,~c! small and large polarizabil-
ities, and ~d! inelastic thresholds that extend all the wa
down to zero impact energy. Hence we believe that
present models, which are not fitted to experimental res
by continuous adjustment of any parameters, serve as ex
lent starting points from which to pursue a globally app
cable total interaction potential. In the interim, the total i
teraction potential as presently formulated is quite useful
an applied physics tool, for fast computation of scatter
data extending from the difficult intermediate-energy ran
~where both low- and high-energy approximations may fa!
up to high impact energies.
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