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%"e present a comparative study of several empirical and nonempirical models for the absorption
potential, which is the imaginary part of an optical-model potential, for electron scattering by rare
gases. %C show that the elastic differential cross section is most sensitive to the absorption potential
fo1 high"1IIlpact cncrgy Rnd 18I'gc scattcllng angles. %c compare dlffcIcnt181 CI'oss scctlons calculRt-
ed by several models for the absorption potential and by several arbitrary modifications of these
model potentials. %C are able to associate the effect of the absorption potential on the elastic dif-
ferential cross section with its form at small electron-atom distances r, and we are able to deduce
various qualitative features that the absorption potential must possess at small and large r in order
to predict both accurate differential cross sections and accurate absorption cross sections. Based on
these observations, the Pauli blocking conditions of the quasifree scattering model for the absorption
potcnt181 alc modif lcd empirically, thUs producing 8 morc 8ccuratc ITlodcl that Inay be Rppl1cd to
other systems; e.g., electron-molecule scattering, with no adjustable parameters.

I. INTRODUCTION

In this paper we are concerned with optical-model po-
tentials for electron scattering by atoms. By an optical-
model potential we shall mean a local, energy-dependent
potential that yields an approximation to the correct
scattering matrix in the elastic channel. Above the first
threshold energy such a potential should bc complex, and
the imaginary part is called the absorption potential.
There are several approaches to calculating the absorption
potential. These include empirical and nonetnpirical
methods. In empirical methods, a functional form con-
taining parameters is postulated, and one or more parame-
ters are adjusted to experiment, usually to the absorption
cross section (which is the sum of the all electronically in-
elastic and ionization cross sections) and/or the elastic
differential cross section. ' The nonempirical ap-
proaches include the eikonal optical model, '-" the
dispersion-relation method, ' and a quasifree scattering,
binary-collision model. ' ' Although both the empirical
and nonempirical approaches have had some successes
there has been little direct comparison of these methods,
and it is not understood which features of the absorption
potentials are crucial to their successes, and which are less
critical. The present paper makes a direct comparison of
the available models as well as some ad hoc and
semiempirical variations of the absorption potentials. The
goal of the comparisons is to elucidate the magnitude and
shape of the absorption potential at various ranges of
electron-atom distance.

As a consequence of these comparisons, we are able to
modify the Pauli-blocking conditions of the quasifree
scattering model to produce a morc successful version.
Since the modified Pauli-blocking conditions are arrived
at empirically, rather than derived, the new version is
partly empirical. We shall call it a semiernpirieah model

to differentiate it from the previously available empirical
models. The previous empirical models required several
parameters to be adjusted for a given target or one pa-
rameter to be adjusted for each combination of target and

impact energy. ' The new semiernpirical method may be
applied to ncw targets and ncw' impact energies with no
further adjustment. Thus it is easier to use, and it has
more value for predictive purposes, rather than just for
correlation, interpolation, and interpretation of a pre-
existing data base.

Section II presents a few results to illustrate the general
effect of the absorption potential, and Sec. III presents a
detailed study of electron-neon scattering at 400- and 50-
eV impact energies This .illustrates the effect of various
features of the absorption potential on calculated cross
sections. Section III also presents two new semiempirical
models, the most successful of which is called the
quasifree-scattering model, version 3. Section IV presents
a systematic test of the quasifree-scattering model, version
3, against experimental results for electron scattering
by helium, neon, and argon at 30—1000-eV impact ener-
gies. Section V summarizes the most important con-
clusions.

It ls collvclllcnt, to usc a systematic sct of abbrcvlatlons
for the various potentials. These are summarIzed m al-
phabetical order in Appendix A. Except for the absorp-
tion potentials, the methods employed in the present cal-
culations are the same as described elsewhere in conjunc-
tion with other recent optical-model-potential stud-
ies " ' ' of electron scattering by rare gases; the
important details are specified in Appendix B.

We express all potentials in hartree atomic units in
which the energy unit is the hartree (1Eh=27.212 eV
=4.3598 )& 10 ' J), the length unit is the bohr
( lao ——0.529 lg X 10 ' m), and lh' and the mass of an elec-
tron arc unity.
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Energy (eV)
Model

c (a.u.)'

u,)(ao)2

m( 2)
2o.,b,(a o )

~tot(ao )

50
SEPa

11.36
9.87
0

11.36

50
SEPaAmn

0.630

10.65
8.64
1.85

12.50

50
SEPlkeAmn

0.632

10.67
8.27
1.85

12.52

400
SEPa

4.31
1.22
0
4.31

400
SEPaAmn

107.7

3.85
0.93
2.30
6.15

400
SEPlkeAmn

106.0

3.01
0.87
2.30
5.31

0 (deg)
du (a 2 ~sr)
dQ

0
15
30
60
90

105
120
150
180

6.43
3.76
1.86
0.851
0.261
0.031
0.205
1.83
3.00

7.04
4.06
1.99
0.746
0.206
0.022
0.190
1.59
2.58

4.45
3.51
2.26
0.854
0.131
0.019
0.238
1.45
2.22

15.26
4.14
0.910
0.154
0.083
0.073
0.069
0.067
0.066

17.32
4.17
0.644
0.110
0.062
0.056
0.053
0.053
0.054

8.39
3.23
0.564
0.093
0.055
0.052
0.053
0.057
0.059

E . (17).r c define inr f d in Sec. III by q.'The parameter f in



real part of the optical-model potential, in the present pa-
per we study and empirically refine the absorption poten-
tial by concentrating only on the large-angle scattering
and the absorption cross section. An important point
learned from preceding works' '5 is that the original
quasifree-scattering model predicts reasonably accurate
absorption cross sections at both intermediate and high
energies and reasonably accurate differential cross sections
at intermediate energies, but it seriously underestimates
the large-angle scattering at high energy.

In Eqs. (5)—(10), p(E) is the incident momentum of the
scattering electron and kz(r) is the target Fermi momen-
tum. Since V (r,E) must be zero below the threshold en-

ergy b, and nonzero above it, Eqs. (1), (5), and (7) imply
that.

min[a(r, E)+p(r, E)—kF(r)]=2& .
I' r I

In the original quasifree-scattering model we used a sim-
ple model of an electron interacting with a free-electron
gas to obtain

III. COMPARISON OF
ABSORPTION-POTENTIAL MODELS a(r, E)=kF +2A (12)

The models to be applied most widely in the present pa-
per are those based on the quasifree-scattering model with
Pauli blocking and those based on the model of McCarthy
and co-workers. In the quasifree-scattering model'

the absorption potential for impact energy E at a point r
0

V (r,E)=——,'UI pop,

uI (r,E)= [2(E—V )]'~

Ill Eqs. (1) Rnd (2), Ut ( I,E) ls tllc local spccd of RI1 111-

cident electron, V (r,E) is the static-plus-exchange po-
tential, p( r ) is the target electron density per unit volume,
and ob(r, E) is the average binary-collision cross section
for Pauli-allowed electron-electron collisions. The latter
quantity is obtained by averaging the Rutherford cross
section (with a semiclassical correction factor of —, that
approximately accounts for the effect of exchange) over a
fl'cc-clcctl'011 gas of dcllslty p( I') subJcct to thc collstI'Rlnts

(k') &a,
(p')'& p,

where k' and p' are the final momenta of the bound and
scattering electrons, respectively, in the barycentric coor-
di.nate system. This yields

32Ir XkE. . . f1+f2 I'&~+P kF
ab r,E=~,

0, p &a+P —kF

(13)

In a free-electron gas all energy is kinetic, and the inter-
pretation of Eqs. (3) and (12) is that the lowest-energy
state Rvailablc to the initlRlly bound clcctlon cxcccds thc
Fermi level by the energy gap A. Similarly the interpreta-
tion of Eqs. (4) and (13) is that the initially unbound elec-
tron is not allowed to fall into the occupied Fermi sea.
Note that Eqs. (12) and (13) are consistent with Eq. (11)
because

mink+( r ) =kF(r = m ) =0 .

Clearly Eqs. (12) and (13) result from a very simple
model; the difficulty with improving on them is that the
free-electron-gas model is incompatible with most models
involving orbital energies or realistic local kinetic energies,
and hence it is hard to incorporate the true structure of
the target into the Pauli-blocking conditions.

Onc way Rround this lmpass Is to SImplIfy thc model
and introduce an empirical parameter. Although the
models of McCarthy and co-workers' preceded the
quasifree-scattering model, we think it is instructive to
discuss them as if they are simplified versions of it. The
original version of the models of McCarthy and co-
workers is the model of Furness Rnd McCarthy. ' They set

V"(r,E)=cpTI

wh«e c(E) is an empirical constant and T, (r,E) is the
local kinetic energy. For our calculations we approximate
the latter by

T...(r,E)=E V'"', —

Nk(r) =3/(42rkp),

p(E)=(2E)' ',
5k@fI(r,E)=

(a —kp)

k~[5(JI p) +2kFj-
(p

2 p)2

k {r ) =(3Ir p)'~

0, p &a+P
f («)= 2(~+p p')'"—

(p
2 p)2

(6)

(7)

where V '{r,E) is the real part of the optical-model po-
tential. The factor [ TI„(r,E)j gives the energy depen-
dence of the Rutherford cross section without Pauli
blocking so Eq. (1S) may be considered to be proportional
to Eq. (1) wltll tllc IocR1 speed fRctol neglected and 'tllc

Pauli blocking not explicitly included. [If Pauli blocking
is really neglected in Eq. (1), the right side becomes infin-
ite.] In a later paper McCarthy, Noble, and co-workers
replaced Eq. (15) by

(17)

where r is the distance from the center of mass of the tar-
get, pH(r) is the density of the highest occupied orbital,
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V"(r,E)=cpHTi„, (18)

where c(E) is a new empirical scale factor. (In every case
c is chosen to make the absorption cross section agree
with experiment. ) Equation (18) yields an absorption po-
tential similar to Eq. (15) at large r but relatively more
like Eq. (17) at small r; the scattering results, however, are
very similar to these for Eq. (15). This illustrates the im-

and c(E) is a new empirical constant. [We will call all
the empirical constants c (E) although of course they have
different values in the different models. ] The replacement
of p( r ) by pH( r ) could be approximately justified in the
context of the quasifree-scattering model as a severe form
of Pauli blocking, i.e., the electrons in more tightly bound
orbitals have a larger fraction of their final phase space
Pauli blocked. Nevertheless this replacement and the
multiplication by r can only be justified empirically.

In light of the above discussion it seems natural to try
to combine the physics of the full quasifree-scattering
model with the empirical approach by introducing the
empiricism at a different stage. In particular we suggest
that one retain Eqs. (1)—(4) but treat a(r, E) and P(r, E)
as arbitrary functions subject only to the constraint of Eq.
(11). We will actually enforce another restriction on these
functions, namely that the functional forms, like Eqs. (12)
and (13), be monotonically decreasing functions of r for
electron-atom scattering. This enforces the physically
reasonable condition that Pauli blocking should be more
severe for electrons nearer to the nuclei since these elec-
trons are lower in the Fermi sea.

We note here that the model of McCarthy, Noble, and
co-workers and the model of Green et al. are empirically
the most successful optical-model potentials that have
been applied so far. Figure 2 compares these potentials
for electron-neon scattering at 400 eV to the original ver-
sion of the potential of McCarthy and co-workers and to
the potential of the original quasifree-scattering model.
To see the effect of differences in the absorption poten-
tials on the scattering cross sections we present a compar-
ison of calculated cross sections for these potentials in
Table II. (The other results in Fig. 2 and Table II are ex-
plained below. ) In order that the calculated cross sections
in Table II (as well as Tables III and IV discussed below)
should reflect only the differences in the absorption poten-
tial, they are all based on the same real part for the
optical-model potential; in particular they are based on
the real part called SEPa in Sec. II and Appendix A. (As
discussed in Sec. II, the choice of real part should not
have a great effect on our conclusions. )

Figure 2 shows that the original quasifree scattering
model predicts a much deeper and shorter-range absorp-
tion potential than either of the two successful empirical
models. Table II shows that the original quasifree-
scattering model predicts too small a cross %ection at large
scattering angles.

In order to learn what range of r is most important for
governing the differences in the predicted cross sections
we also examined several additional models. The next
model considered is a (new) third version of a potential of
the type used by McCarthy and co-workers. We define
this by
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FIG. 2. Various empirical and nonempirical absorption po-
tentials for electron-neon scattering at impact energy 400 eV: f,
original quasifree-scattering model (Refs. 13—15); cf,
quasifree-scattering model with empirical scale factor; f2,f3,
quasifree-scattering model with modified Pauli-blocking condi-
tions; eo, eikonal optical model; d(OT), dispersion-relation ab-
sorption potential based on Onda-Truhlar energy-dependent po-
larization potential; rnn, mf, m3, three versions of the model of
McCarthy and co-workers; G, model of Green et aI. ; cp, ernpir-
ical scale factor times the density. See the text and Appendix A
for more complete descriptions of the various models.
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TABLE III. Cross sections for electron-Ne scattering at 400 eV in SEPaAeo and SEPaAeoj models.

o,)(ao')
2o.,b,(a 0)
2o tot(&0)

eo

3.57
0.75
3.34
6.92

eo1

3.60
0.79
1.35
4.95

eo2

3.59
0.77
1.66
5.25

eo3

3.58
0.77
1.98
5.56

eo4

3.58
0.76
2.19
5.77

eo5

3.62
0.80
3.31
6.93

eo6

3.88
0.95
3.12
7.00

eo7

3.57
0.75
2.61
6.18

eo8

3.57
0.75
3.08
6.65

8 (deg)
3
5

10
20
30
40
50
60
70
80
90

100
110
120
130
140
150
160
170

15.24
12.33
6.85
2.05
0.655
0.263
0.144
0.098
0.074
0.059
0.050
0.045
0.041
0.039
0.038
0.037
0.036
0.036
0.036

12.28
10.41
6.63
2.31
0.699
0.259
0.150
0.103
0.077
0.063
0.054
0.047
0.042
0.040
0.039
0.039
0.039
0.038
0.038

12.68
10.77
6.82
2.23
0.656
0.265
0.151
0.101
0.077
0.061
0.051
0.046
0.042
0.040
0.039
0.038
0.037
0.037
0.037

13.16
11.17
6.94
2.14
0.653
0.269
0.148
0.100
0.075
0.060
0.051
0.045
0.042
0.040
0.039
0.038
0.037
0.037
0.037

do /dg(go )

13.50
11.43
6.98
2.10
0.656
0.268
0.147
0.100
0.075
0.060
0.051
0.045
0.042
0.040
0.038
0.038
0.037
0.037
0.036

15.26
12.34
6.87
2.06
0.664
0.270
0.148
0.100
0.075
0.061
0.052
0.047
0.045
0.043
0.042
0.042
0.041
0.041
0.041

15.67
12.71
7.13
2.17
0.705
0.285
0.158
0.112
0.088
0.073
0.064
0.058
0.055
0.054
0.054
0.055
0.056
0.057
0.058

14.21
11.96
7.04
2.03
0.667
0.262
0.146
0.099
0.074
0.060
0.050
0.045
0.042
0.039
0.038
0.037
0.037
0.036
0.036

15.00
12.35
6.86
2.05
0.657
0.264
0.144
0.098
0.074
0.059
0.050
0.045
0.041
0.039
0.038
0.037
0.036
0.036
0.036

I
0
1—5

6—10
11—15
16—20
21—25
26—oo

0.043
1.072
0.954
0.560
0.306
0.170
0.236

0.040
0.940
0.367
0.001
4.0( —8)
0
0

0.041
0.987
0.599
0.036
1.1( —4)
3.8( —8)
0

partial-wave
0.042
1.018
0.747
0.167
0.010
1.8( —4)
1.0( —6)

contributions to
0.042
1.033
0.808
0.267
0.040
0.003
1.2( —4)

2o.sb, (a O )

0.035
1.048
0.954
0.560
0.306
0.170
0.236

0.020
0.870
0.954
0.560
0.306
0.170
0.236

0.043
1.058
0.909
0.476
0.118
0.001
0

0.043
1.070
0.947
0.547
0.287
0.142
0.046

portance of the large-r behavior of the absorption poten-
tial and of the factor of r in Eq. (17).

An even simpler empirical model along the lines of the
quasifree-scattering model is

V"( r,E)=cp, (19)

where c(E) is now another empirical scale factor. Equa-
tion (19) is even more simplified (and basic) than Eq. (15);
it simply makes the absorption potential proportional to
the density of electrons. Figure 2 shows that this leads to
an even shorter-range absorption potential than the origi-
nal quasifree-scattering model and one that is deeper for
r(0.3ao. Table II shows that the potential of Eq. (19)
predicts a smaller absorption cross section than the origi-
nal quasifree model but an even smaller large-angle cross
section, i.e., less absorption overall but more absorption of
flux that would otherwise exit at large scattering angles.
Apparently the refinements of the original quasifree-
scattering model as compared to Eq. (19) do modify the
shape of the absorption potential in the correct direction,
but they do not go far enough.

Figure 2 and Table II also include two more nonempiri-
cal models. First consider the absorption potential ob-

tained ' by applying the dispersion relation relating the
imaginary and real parts of an optical-model potential to
the real part obtained by the energy-dependent polariza-
tion potential of Onda and Truhlar. That polarization
potential, and hence the resulting absorption potential, is
expected to be most valid at low energy, but it is presented
because it makes such an interesting comparison: it is
much weaker than the other model absorption potentials
at small r but it is approximately equal to the absorption
potential of McCarthy, Noble, and co-workers at
R =3.4ao. Table II shows, however, that the absorption
cross section predicted by this dispersion-relation poten-
tial is much too small. This indicates that the important
region for absorption is primarily at distances less than
3.4ao. The final nonempirical model to be discussed 1s

the eikonal optical model. This is stronger than the ab-
sorption potential of McCarthy, Noble, and co-workers
both for r (0.8ao and r & 2. lao. It does lead to a signifi-
cantly larger absorption cross section but only slightly
more absorption at large scattering angles. Comparing
the optical-eikonal-model potential to that of Green et al.
seems to indicate that its major deficiency is associated
with large r, but the deep potential at very small r may
account for an excess of absorption at very large scatter-
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Cp &pl cp2 cp3

TABLE IV. Cross sections for electron-Ne scattering at 400
eV in SEPaAep and SEPaAcpj models.

0 0001
i

1

-0.001

I I I /
r

/
I

/ /

I I

I
I

I
I

I

I

I

I

ft8:

cr,I(ao)

cr,b,(ao )
2o...(ao)

2.79
0.25
2.30
5.09

2.91
0.43
2.20
5.10

4.00
1.03
1.23
5.23

3.21
0.47
1.96
5.18

8 (deg)
3
5

10
20
30
40
50
60
70
80
90

100
110
120
130
140
150
160
170

I
0
1—5

6—10
11—15
16—20
21—25
26—ao

11.55
9.76
6.15
2.06
0.590
0.173
0.067
0.034
0.024
0.016
0.011
0.0070
0.0048
0.0036
0.0030
0.0029
0.0030
0.0031
0.0033
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FIG. 3. Eikonal-optical-model absorption potential with vari-

ous modifications.

then loading all the rest of the absorption at large r.
We now return to the three as yet unexplained calcula-

tions in Fig. 2 and Table II. One calculation is based on
applying an empirical scale factor to the original
quasifree-scattering model, i.e.,

V"(r,E)= — vj pob—OC

with a(r, E) and P(r, E) given by Eqs. (12) and (13). The
result is not surprising in light of what we have learned
from the arbitrary variations just discussed. The scale
factor turns out to be 0.535 and this has a large effect on
the deep small-r potential. Hence the effect on the large-
angle scattering is big, over a factor of 2 —,

' at some angles.

-0.000

ing angles.
Figure 3 and Table III show an attempt to make the

above analysis more definitive. We started with the
eikonal-optical-absorption potential and made several to-
tally arbitrary adjustments keeping the real part of the
optical-model potential fixed. For example, modification
7 shows that about 22%%uo of the absorption in the eikonal
optical model is due to r )3.6ao. Figure 4 and Table IV
show additional variations, this time based on the absorp-
tion potential of Eq. (19). These tables show quantitative-
ly how absorption at small r decreases the large-angle
scattering. More surprising, though, is the effect of
large-r absorption. This can either decrease or increase the
small-angle scattering. Furthermore, a large-r change in
the absorption potential may produce a very large change
in the absorption cross section with only a relatively small
effect on the differential cross section, whereas small-r
changes in the absorption potential can produce much
larger effects on the differential cross section than on the
absorption cross section. This suggests that, to low order,
an empirically successful optical-model potential can be
constructed by putting enough absorption at small r to
cause the correct decrease in large-angle scattering, and

-0.00

—0.01

—10

-100

0 1 2 5 4
('0)

FIG. 4. Same as Fig. 3, except for absorption potential that is
an empirical constant times the density.
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The effect is in the correct direction but not far enough to
yie good agreement with experiment. % 1 d h

e s ape o t e original quasifree-scattering abso tion
potential is too dee p at small r and not deep enough at

orp ion

large r. We choose to modify a( r,E) and P r,E
semiempirically to accomplish this. We tried doz

s or a t ree rare gases at various energies, but
we present results only for two of theo e most successful,
w ic we wil call the quasifree-scattering model, versions
2 and 3. Version 2 is based on

—0.001

—0.003—

L
L
l-

-O.O1 "—

I

(

-O.O3 ~
a(r, E)=k++5 2Vs—

13(r,E)=a,
and version 3 is based on

a( r,E)=k~+ 2[6,—(I —b, ) ]—V

p(r, E)=kJ;+2(I —b, ) —V

(21b)

(22a)

(22b)

-0.1—

—0.001

0.003—

I
1

)

I

abs +abs, i ~

l
(23)

where I is the ionization potential. Note th t (,E'
P r, ) are independent of energy in the original

depen ence in t
nonempirical model but we hav

'
t d de in ro uce an energy

epen ence in t e semiempirical versions alth h h'

gy ependence is due only to exchange and is smal .
More im ortant frp an rom a physical and numerical stand-

xc ange an is small.

point is the explicit dependence on V (r E), whic
represents th 1p e local increase in kinetic ener of the in-
cident electron as cas caused by the static-exchange field of

ergy o t e in-

the target. Table II shows that the semiempirical versions
provide great improvement over th e original version.

Tables II—IV 1also show the partial-wave contributions
to the absorption cross sections, defined by

-0.01—

LLI

-0.03—

-0.1—

-0.3—

4

~ ~

~
r

/',

/
I

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ a Q—"—mn

gu ar momentum quantum num-where I is the orbital an ul
er. Clearl the dis

based on the O
y

'
persion-relation absorption pot t' 1po en ia

otential
e Onda- Truhlar energy-depend t 1en po arization

p n ia as the longest-range contribut'
'

u ions to absorp-
'on. n fact it was necessary to use 1,„=230 to con-

verge these calculations. Th e new versions of the
quasi ree-scattering model have larger o at hi h Ioabs, I a ig than

'g'na quasifree-scattering model does, but these

1 s
contributions are still smaller th han t ose in the empirical-
y successful models of Green t l d Me a . an cCarth No-

ble, and co-workers. It wwould be interesting to have
ig -energy coupled-channels calculations to check the

oabs I values in these tables; this would
' f hou give urther insight

0 va i ity or sources of error in the various m d 1mo e s.
e have explicitly discussed only 400 eV. Figure

a a e II except for 505 and Table V are like Fig. 2 and T bl

model iv
e all three versi'ons of the quasifree-scattering

mo el give absorption potentials that peak between r = 1 —,

an 2ao, whereas the McCarthy-type b
tials peak at r smaller than 1 —' T bl

- ype a sorption oten-P

~ ~

—,ao. a e V shows that the
differential cross sections are ver

' '1

o s apes of abso
d ff '

e very simi ar for a wide range

ferential eros
p sorption potential; in particular th d'f-

oss section is less sensitive to the h

' uar e

abso tionrp
'

n potential at 50 eV than at 400 eV. N
e s ape of the

that at 50 eV the
e . ote also

lar than th
e i erential cross sections areare more simi-

~ ~

n the partial-wave contributions to the absorption

Cp
I

2

FIG. 5. Sam. Same as Fig. 2, except for 50 eV.

cross sections. One possible explanation of these trends is

gy e differential cross section never gets
as small as it does at 400 eV. Another contributin fac
is that each model ields a w
50 eV than at 400 eV. Since th

e yie s a weaker absorption potential at

w ic is, on the whole, the empirically most successful
one or the whole 40—1000-eV range of

p~p~~, as ~b~~t the same eff~~t on the dif
erential cross section at 50 eV as at 400 V
y tribute the greater sensitivit of th

e, we tentative-
'

i y o t e differential cross
a e to inaccuracies in some of the abso

tion potential shapes at the higher energy.

one for small an
e, at east for all models in Table V except the d(OT)

angles and the cp one for 110'—120', the ab-
sorption cross sections are not. It is

'

that the maxim
is interesting to notice

e maximum absolute values of the f, f2, and f3 o-
tentials are very similar but tha h
maxima shift out in the order f, f3, f2; the positions o

s o t ese potentials at large r, and
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the absorption cross sections all shift in the same order.
We performed an additional calculation in which we used
the version 3 potential for r (2.0ao and joined it smooth-
ly to the original quasifree-scattering model potential for
r & 2.4ao, this yielded O.,b, ——3.51ao, indicating that about
half the increase in a,b, in changing the quasifree absorp-
tion potential from the original version to version 3 comes
from the vicinity of the minimum (r (2.2ao), and the
other half comes from large r ( r )2.2ao).

0.3

l0 —0.1

IV. QUASIFREE-SCATTERING MODEL,
VERSION 3

—0.03

Tests for He, Ne, and Ar show that the quasifree-
scattering model, version 3, gives systematically better
large-angle differential cross sections than any other ver-

0.3

—0.01

—0.003
4 —I

I
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I I

4
I
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I I

]
I I

10 —0.001

1.0—
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0.6—

cu ()

b 1

"—"0.0003

—0.01

0.4 —
I
/
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0.3 —0.003

OJ g0

b

10
~ ~ ~

—0.001

—0.03

1.0 Q

0.8—
X

0.6
PO— 0.3

—0.01

—0.003

8 —g

x, Q

10 —0.1

-=- 0.03

I I I I I

30 60 100

E(ev)

I I I I I » I

300 600 1000
—0.01

FIG. 6. Absorption cross sections as a function of energy for
electron scattering by He, Ne, and Ar:, quasifree-
scattering model, version 3; ———, original quasifree-
scattering model; 4, optical eikonal model (for He and Ne, these
are obtained by integrating the elastic differential cross sections
given in Ref. 9 and subtracting from the total scattering cross
sections given in the same reference; for Ar, these are obtained
by subtracting the elastic integral cross sections given in Ref. 10
from the total scattering cross sections given in the same refer-
ence); X, experiments by de Heer et al. (He, Ref. 16; Ne, and
Ar, Ref 17); o, experimental lower bounds by Register and
Trajmar, Ref. 18.

0.3

30
I

60

o ""0.5o)gap
90 120 150 180

L9 (deg)

FIG. 7. Differential cross sections for electron scattering by
He at 40-, 100-, 200-, 400-, and 800-eV impact energies:
quasifree-scattering model, version 3; ~, SEPa model
without absorption; ———,calculations by Byron and Joachain,
Ref. 9; 0 o o, calculations by McCarthy, Noble, and co-workers,
Ref. 2; 4, experiments by Crooks, Ref. 19; ~, experiments by
Shyn, Ref. 20; o, experiment by Register et a/. , Ref. 21.
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—0.01

0.1

0.03

0.3
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0.03

0.3

0.1

0.03

sion of the quasifree-scattering model. The predicted ab-
sorption cross sections for these three targets are illustrat-
ed in Fig. 6. The results are systematically better than the
eikonal optical model. The quasifree-scattering model ap-
pears to overestimate the absorption cross sections for Ne,
but the experimental results of Ref. 17 may be too low for
Ne. Independent evidence for this is the fact that the ex-
perimental lower bounds of Ref. 18 exceed the results of
Ref. 17 at 30 and 50 eV. It is also consistent that the
eikonal optical model overestimates the absorption cross
section for Ne much more than for the other two targets.

In comparison to the original version, the quasifree-
scattering model version 3 gives more absorption for small
energies and less for large energies. For He and Ar the
maximum percentage error in the range of energies shown
in Fig 6o.ccurs for energy 1000 eV and is 36% for He
and 30% for Ar. The main difference between this ver-
sion of the quasifree-scattering model and the original one
comes from the region close to the small-r cutoff of the
potential. The new potential is weaker in this region, and
the large-angle differential cross section is very sensitive
to this region for higher energies.

Figures 7—9 show the differential cross sections of the
quasifree-scattering model, version 3, for all three targets
at a consistent set of energies. These results are compared
to experiment, to the calculations of Byron and Joachain
and McCarthy, Noble, and co-workers, and to the predic-
tions obtained with no absorption potential. The figures
show that without absorption the calculated differential
cross sections are usually greater than the experimental
ones. A primary motivation for introducing an absorp-
tion potential is to decrease this systematic error in the re-
sults obtained with a real potential. The agreement of the
new model with experiment is generally successful at im-
proving this situation, although for Ar at 400 eV the im-
provement in agreement of the theory with the large-angle
experimental results of Williams and Willis is less satis-
factory than in other cases. Since we obtain better agree-
ment with experiment at 200 and 800 eV for Ar, we at-
tribute a large part of the disagreement with the experi-
ment of Williams and Willis at 400 eV to experimental er-
ror. As a check on this conclusion, Fig. 10 shows a com-
parison to experiment at 500 eV for Ar. We obtain good
agreement, and this gives further support to the con-
clusion that the experimental results for Ar at 400 eV are
too low. It is consistent that the eikonal optical model
and the model of McCarthy, Noble, and co-workers are
also larger than experiment at this energy for Ar.

0.3 0.3

0.1 0.1

0 30 60 90 120 150 180

8 (deg)
FIG. 8. Same as Fig. 7, except for electron scattering by Ne

and the symbols denote: Q, experiments by Dubois aud Rudd,
Ref. 22; 4, experiments by Gupta and Rees, Ref. 23; Q, experi-
ments by Williams and Crowe, Ref. 24.

V. CONCLUSIONS

The goal of the present study was to investigate how
the shape of absorption potential influences the absorption
and differential cross sections. These cross sections are
more sensitive to the choice of absorption potential at
high energy than at intermediate energy, so we concen-
trated on understanding why some of the models are less
accurate at higher energies. Our main conclusions are the
following.

(i) The large-angle scattering is very sensitive to the
small-r absorption potential. A too strong potential in
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shows that one can get a big improvement over the origi-
nal quasifree-scattering model even with a parameter-free
Pauli-blocking function. Further improvement may be
possible by introducing parameters, if desired. The major
inaccuracy in version 3 for the three rare gases considered
is that the absorption cross section is underestimated for
higher energies. Apparently we need a longer-range ab-
sorption potential for these energies. For small energies
the new absorption potential appears to be too strong only
for Ne, and the quantitative evaluation for Ne is clouded
by uncertainties in the accuracy of the experimental data.
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eoj
f
f2

m3

on the energy-dependent polarization poten-
tial of Onda and Truhlar;
eikonal optical model;
arbitrary modification j of the eo model;
original quasifree-scattering model;
quasifree-scattering model, version 2, Eq.
(21);
quaslf lee-scattering model, version 3, Eq.
(22);
model of Green et al. ;
model of Furness and McCarthy, ' Eqs. (15)
and (16);
model of McCarthy, Noble, and co-
workers, Eqs. (16) and (17);
model of the type used by McCarthy and
co-workers, version 3, Eqs. (16) and (18).

We also consider the SEPa model, which neglects ab-
sorption.

APPENDIX A: GLOSSARY OF ABBREVIATIONS

Byron and Joachain or Joachain, Vander-
poorten, %'inters, and Byron, "

McCarthy, Noble, and co-workers.

For calculations performed by us we use the notation
SEPyAz where S, E, P, and A denote the inclusion
of static, exchange, polarization, and absorption terms
in the effective potential, and y and z are lower case
abbreviations denoting the forms of the polarization
and absorption terms. We consider two forms for
the polarization potential:

adiabatic approximation, '

local-kinetic-energy semiclassical approxima-
tion.

We consider several models for the absorption poten-
tial

CP

CPJ
d(OT)

original quasifree-scattering model times an
empirical scale factor, Eq. (20);
an empirical scale factor times the target
density;
arbitrary modification j of the cp model;
dispersion-relation absorption potential based

We use capital letters to denote calculations performed
by others:

BJ

The calculational details for everything except the ab-
sorption potentials are the same as for previously pub-
lished work ' ' '- ' and are summarized in this ap-
pendix.

The static potentials and densities for He and Ne are
taken from Strand and Bonham, as discussed previous-
ly. ' The static potentials and density for Ar are taken
from our own ab initio extended-basis-set Hartree-Fock
(EBSHF) calculations. ' All exchange potentials are com-
puted by the semiclassical exchange approximation.

Adiabatic polarization potentials are spline fits to our
group s ab initio EBSHF variational calculations, as
presented elsewhere for He, Ne, and Ar. ' The local-
kinetic-energy semiclassical polarization approximation
for Ne was based on Eqs. (3) and (9) of Ref. 29. The gaps
and ionization potentials are 19.82 and 24.48 eV, respec-
tively, for He, 16.62 and 21.559 eV for Ne, and 11.55 and
1S.7SS eV for Ar.

The scattering calculations were carried out by our
complex phase equation program. ' All differential
and absorption cross sections were carefully converged
with respect to l,„, the maximum orbital angular
momentum included in the sums.

The elastic differential, integral, and momentum-
transfer cross sections are called do,t/dQ, o,~, and o,~,
respectively. The absorption cross section is called o.,b„
and the total scattering cross section, which is the sum of
o.,) and o.,b„ is called o.„,.
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