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PHYSICAL REVIEW A VOLUME 39, NUMBER 10 MAY 15, 1989

Low-energy elastic scattering of electrons from neon atoms

H. P. Saha
Department of Physics, University of Central Florida, Orlando, Florida 328I6 09-93

(Received 28 November 1988)

The multiconfiguration Hartree-Fock method of Saha, Pindzola, and Compton [Phys. Rev. A 38,
128 (1988)] applied to photoionization of atoms has been extended in order to consider elastic
scattering of electrons from neon atoms. The dynamical polarization and the electron-correlation
eff'ects, which are very important in this case, have been taken into account more accurately in the
ab initio method through the configuration-interaction procedure. Phase shifts, and differential, in-

tegral, and momentum-transfer cross sections for electrons elastically scattered from neon atoms are
reported for the impact-energy range from 0.136 to 70 eV. The calculated results are compared
with experimental and other theoretical results. It is found that the present multiconfigurational
self-consistent-field method yields high-quality results which show excellent agreement with experi-
ment and compare well with other theoretical results.

I. INTRODUCTION

This paper presents results of studies of phase shifts,
and integral, differential, and momentum-transfer cross
sections of electrons elastically scattered from neon
atoms by using the multiconfigurational self-consistent-
field method of Saha et al. ' extended to apply to scatter-
ing problems.

In recent years the scattering of slow electrons by
inert-gas atoms has attracted considerable theoretical and
experimental interest partly due to the continuous devel-
opments in the experimental and the theoretical investi-
gation of the spin polarization of electrons following elas-
tic scattering from atoms. In addition, inert gases have
been the subject of extensive investigation because of
their relatively simple atomic structure. The important
feature of the interactions in these problems is the long-
range polarization and the short-range correlation effects.

During the last few years calculations on low-energy
elastic scattering of electrons from neon atoms have been
performed by many authors using a different method of
approximations. The main aim of these calculations was
how to take the polarization effects of the target due to
the scattering electrons more accurately in the calcula-
tion. One approach has been based on the polarized-
orbital approximation of Temkin. Dasgupta and Bha-
tia investigated elastic scattering of electrons from neon
atoms by this polarized-orbital method. They calculated
elastic differential, total, and momentum-transfer cross
sections using phase shifts for various partial waves ob-
tained in the polarized-orbital approximation.
McEachran and Stauffer employed the adiabatic-
exchange approximation to examine the effects of the po-
larization potential and the treatment of exchange in tke
low-energy elastic scattering of electrons from neon
atoms. Fon and Berrington applied the R-matrix
method to calculate phase shifts, and differential, in-
tegral, and momentum-transfer cross sections for elec-
trons elastically scattered from neon atoms in which the
neon ground-state wave function is coupled with a 'P

pseudostate to include the static-dipole polarizability.
Among other theoretical calculations, elastic calculations
for neon have been carried out by Thomson and Garbaty
and LaBahn using a simplified polarized-orbital method.
This method assumes that the velocity of the incident
electron is substantially less than that of the atomic elec-
trons, so that the electronic configuration of the atom can
readjust itself instantaneously. McCarthy et al. carried
out elastic calculations for inert gases by using an optical
model potential. Thirumalai and Truhlar reported
different model-potential calculations of the elastic and
absorption cross sections for e -Ne scattering at a few
intermediate energies. In all the above-mentioned calcu-
lations the main effort was given to take the polarization
effects more realistically.

A great deal of experimental work has been done on
electron scattering by neon atoms. Total cross sections
have been measured by Stein et al. ,

' Wagenaar and de
Heer, " Kauppila et al. ,

' and Nickel et aI. '

Differential cross sections have been measured by Brewer
et al. ,

' DuBois and Rudd, ' and Register and Traj-
mar. ' Robertson' has presented results for the
momentum-transfer cross sections. The elastic
differential, total, and momentum-transfer cross sections
have been measured by Register and Trajmar. '

In the quantum-mechanical calculations of electron-
atom scattering in the low-energy range there is difficulty
in taking into account the dynamical-polarization effects
accurately. One realistic approach, the close-coupling
method, is to expand the total wave function in terms of
eigenstates of the target. A modification of the method is
the R-matrix method, where the total wave function was
expanded in terms of target pseudostates.

The multiconfiguration self-consistent-field (MCSCF)
method which has been applied earlier to calculate pho-
toionization of sodium atoms' was found to be more ac-
curate in taking into account the dynamical core polar-
ization effects using ab initio methods. In this paper we
have applied the MCSCF method which has been extend-
ed ' to consider the dynamical polarization and the
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electron-correlation effects more accurately and realisti-
cally in the ab initio method through the configuration-
interaction procedure, to the calculation of the low-
energy elastic scattering of electrons by neon atoms. The
distortion of the target orbitals due to the presence of the
projectile carrying different kinetic energy will be
different. In this new approach, polarization which is en-
ergy dependent and produces a dynamical effect, called
the dynamical polarization, is considered through the
bound configurations representing the multipole polariza-
tion and varying the bound and the continuum orbitals
simultaneously for each kinetic energy of the scattered
electron. The phase shifts obtained by this method have
been used to calculate the elastic differential, total, and
momentum-transfer cross sections.

II. THEORY

The multiconfigurational self-consistent-field method
described earlier by Saha et al. ' in the calculation of pho-
toionization of sodium atoms has been extended to calcu-
late the scattering wave functions of the electrons elasti-
cally scattered from neon atoms. The MCSCF wave
function for a scattering state could be expressed in terms
of a correlated target coupled with a scattering electron
and the other bound-state contributor. Briefly, the wave
function of the electron-neon system is given by

m

% (yLS;N+ 1)= g a~+(yJLiSi'N)/k'
J

+ pc;4(y;LS;N+I),

to Lagrange multipliers that ensure orthogonality as-
sumptions. Bound radial functions satisfy the boundary
conditions

(3)

In this case the diagonal energy parameter s;; which is an
eigenvalue of the integro-differential equation needs to be
determined. The radial functions for the scattering orbit-
al satisfy the conditions

P (r) —. r'+'
r~O

(4)

P, (r) —A sin kr — +5I1n.
r~ oo 2

where 51 is the phase shift and a;; = —k . k is the kinet-
ic energy of the scattered electrons in rydbergs. The
scattering radial function is normalized by fitting the
computed values at two adjacent points to the regular
and irregular Bessel functions as soon as the region where
the direct and the exchange potentials are found to be
negligible is reached, which may result in considerably
smaller values of r than the asymptotic form given by the
boundary condition of Eq. (4).

In the present approximation, the coefficients c; are to
be determined and they are the solutions of the system of
equations derived from the condition that (f~H E~g)—
be stationary with respect to variations in the coefficients,
where H is the Hamiltonian for the (N+1)-electron sys-
tem and E =E,+k j2 (in atomic units). The coeKcients
are solutions of the system of equations

d 2Z
dr2 r

1 (1 + 1)
r 2

=—[Y;(r)P;(r)+X;(r)+I;(r))+ g P;e.(r), (2)
2
r

where the off-diagonal energy parameters c;; are related

where the first term represents a wave function describing
an ¹ lectron target that is an eigenstate of I., and S, in
terms of ¹electron . bound configuration states
4(y~L, S, ;N) with configuration y~ and term L,S„mix-
ing coefficients aJ, and total energy E, coupled to a
scattering wave function Pk& with orbital angular momen-
tum l, to yield an antisymmetric configuration state for
the (N+ 1)-electron system, with final term value LS and
configuration yjkl. In the second term 4(y;LS;N+ I )

are (N+1) electron bound configurations which are
eigenstates with the same L, and S and which are included
to allow for polarization and electron-correlation effects.

The above wave function is defined in terms of a set of
radial functions P;(r), 1=1,2, . . . , m. In the MCSCF
method all the radial functions describing the target are
assumed to be fixed with the mixing coefficients a -. Oth-
er bound-state radial functions may be determined varia-
tionally along with the radial function for the scattering
electron. In the close-coupling approach, all the radial
functions are solutions of equations of the form

g (4;(H E~4;.)c;.+—g (4;~H E(4 )a =—0,

l 1 y ~ ~ ~ ) m

where

and

4—:4(y L,S„N)gri, j= 1, . . . , m,

where the scattering amplitude f(B) is given by

f(8)=—g (21 + 1)e '(sin5& )P~(cos8) .is(

k I

The total cross section in units of ao is given by

o r = g (21 + 1)sin'5, ,
4m

k' I=o

and the momentum-transfer cross section is

4; =N(y;LS;N+ I ), j=1, . . . , m .

In the present work the MCSCF method for scattering
states is used to compute the phase shifts 5I of various
partial waves for a range of low and intermediate ener-
gies. The differential cross section' in atomic units
(ao /sr) is given by

(6)
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TABLE I. Comparison of phase shifts with experiments and other theories for electron-neon scatter-
ing.

k
(a.u. ) Reference

0.3

0.4

0.6062

0.8573

1.05

1.2124

This work
3
4
5

16
22
14
20
21

This work
3
4
5

16
22
14
20
21

This work
3

5

16
22
14
20
21

This work
3

5

9
16
22
14
20
21

This work
3

5

16
22
14
20
21

This work
3
4
5

16
22
14
20
21

—0.2086
—0.2067
—0.2210

—0.2080
—0.212

—0.3082
—0.3079
—0.3235

—0.3100
—0.310
—0.5254
—0.5367
—0.5440
—0.514
—0.5220
—0.5181

—0.7931
—0.8130
—0.8156
—0.811
—0.8374
—0.7867
—0.7981
—0.8054

—0.800

—0.9890

—1.0156
—1.022
—0.9961
—1.0031
—0.9518

—0.992

—1.1443
—1.1787
—1.1753

—1.1478
—1.1631
—1.163

—1.140

0.0004
0.0030

—0.0011

0.0000
—0.002

—0.0177
—0.0141
—0.0204

—0.0190
—0.0190
—0.0913
—0.0876
—0.0974
—0.089
—0.0911
—0.1065

—0.2176
—0.2255
—0.2302
—0.217
—0.2715
—0.2202
—0.2335
—0.2340

—0.220

—0.3203

—0.3390
—0.322
—0.3263
—0.2523
—0.3241

—0.328

—0.4025
—0.4341
—0.4277

—0.4132
—0.4293
—0.4294

0.0700
0.0080
0.0068

0.0070
0.0040

0.0130
0.0140
0.0128

0.0130
0.0110

0.0340
0.0354
0.0346

0.0344
0.0359

0.0817
0.0797
0.0848

0.0808
0.0787
0.0874
0.0873

0.076

0.1369

0.1423

0.1356
0.1490
0, 1364

0.137

0.1946
0.1773
0.2013

0.1909
0.2099
0.2056

0.196

0.0022
0.0025
0.0021

0.0033
0.0045
0.0038

0.0094
0.0104
0.0090

0.0070
0.0099

0.0201
0.0214
0.0191

0.0171
0.0190
0.0197

0.0289

0.0303

0.0290
0,0297
0.0223

0.0410
0.0447
0.0424

0.0347
0.0396
0.0407
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The MCSCF method we employed here to calculate
the scattering of electrons from neon atom is basically the
same as the one previously used for photoionization of
sodium atoms. ' The MCSCF code was modified' fur-
ther to take into account the dynamical polarization and
the electron-correlation effects very efficiently and to
determine phase shifts for different values of the orbital
angular momentum of the scat tering electron. Since
several of the bound-state orbitals for neon have nodes
very close to the origin, we found it necessary to the solu-
tion of the integro-differential equations for the scattering
functions to have a much finer mesh near the origin. The
choice of h =

—,', in the logarithmic variable p=lnZr was

found to be sufficient in order to achieve the desired accu-
racy.

We compare our results for phase shifts, differential,
total-elastic, and momentum-transfer cross sections with
experimental measurements of these quantities and with
other theoretical calculations.

0.5—

0.0—

(h

0 5
(0

-1.0—

e +Ne

Present
Dasgupta 8 Bhatia
McEachran 8 Stauffer
Fon 8 pe~ton

wave

ve

III. COMPUTATIONAL METHOD

—1.5
0.0 0.2 0.4 06 08 10

k (a.u.)

)

1.2

The ground-state wave function of the target neon
atom is calculated by the multiconfiguration Hartree-
Fock (MCHF) wave-function expansion over the 170
configuration states coupled to form a 'S term. These
configurations are generated by the single and double re-

FIG. 1. s-, p-, d-, and f-wave phase shifts (mode ) for the elas-
tic scattering of electrons from neon atoms. , MCSCF
(present); ———, Dasgupta and Bhatia (Ref. 3);
McEachran and Stauffer (Ref. 4); —. —. - —,Fon and Ber-
rington (Ref. 5).

k (a.u. )

TABLE II. Elastic scattering phases shifts 6& for neon.

Phase shifts
6,

0.10
0.30
0.40
0.50
0.6062
0.70
0.80
0.8573
0.90
1.00
1.05
1.20
1.2124
1.40
1.60
1.80
1.9170
2.00
2.1433
2.1688
2.1941
2.2682

—0.0448
—0.2086
—0.3082
—0.4118
—0.5254
—0.6259
—0.7327
—0.7931
—0.8374
—0.9393
—0.9890
—1.1334
—1.1443
—1.3236
—1.4958
—1.6786
—1.7698
—1.8189
—1.9059
—1.9147
—1.9198
—1.9722

0.0034
0.0004

—0.0177
—0.0482
—0.0913
—0.1358
—0.1872
—0.2176
—0.2405
—0.2939
—0.3203
—0.3964
—0.4025
—0.5072
—0.5948
—0.7027
—0.7425
—0.7688
—0.8104
—0.8173
—0.8240
—0.8427

0.0008
0.0070
0.0130
0.0215
0.0340
0.0486
0.0683
0.0817
0.0926
0.1211
0.1369
0.1898
0.1946
0.2658
0.3450
0.3822
0.4303
0.4629
0.5162
0.5254
0.5344
0.5612

0.0002
0.0022
0.0033
0.0063
0.0094
0.0125
0.0167
0.0201
0.0214
0.0267
0.0289
0.0398
0.0410
0.0569
0.0645
0.0868
0.1010
0.1117
0.1318
0.1356
0.1395
0.1519

0.0001
0.0010
0.0018
0.0030
0.0043
0.0057
0.0074
0.0085
0.0093
0.0111
0.0124
0.0170
0.0176
0.0242
0.0314
0.0401
0.0420
0.0476
0.0499
0.0512
0.0521
0.0581

0.0001
0.0006
0.0009
0.0016
0.0024
0.0032
0.0041
0.0047
0.0052
0.0061
0.0065
0.0090
0.0093
0.0128
0.0159
0.0200
0.0230
0.0258
0.0293
0.0301
0.0308
0.0326

0.0001
0.0004
0.0007
0.0009
0.0014
0.0019
0.0024
0.0028
0.0031
0.0039
0.0043
0.0057
0.0058
0.0076
0.0094
0.0105
0.0114
0.0129
0.0153
0.0161
0.0167
0.0174
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placements of the two outermost orbitals 2s and 2p of the
neon atom by the excited orbitals 3s, 3p, 3d, 4s, 4p, 4d,
4f, Ss, 5p, 5d, 5f, &g, and 6g. The eigenenergy of the 'S
state of neon atom was found to be —128.841102 a.u.
The 1s, 2s, and 2p wave functions are obtained from the
HF calculation of 2s 2p 'S ground state. These wave
functions are used as an input in the calculation of the
scattering wave functions and the phase shifts for various
partial waves.

As the polarization of the 2s 2p target atom by the
scattering electron is very important in the low-energy
e -Ne scattering calculations, it has been taken into ac-
count very accurately through the configuration-
interaction procedure. Polarization is nothing but the
distortion of the 2s and 2p orbitals of the neon atom due
to the presence of the electric field of the scattering elec-

tron. It is found that only dipole polarization of the tar-
get is important in this case of the e -Ne scattering prob-
lem. The bound configurations which will account for
the dipole polarization of the 2s and 2p target orbitals are
generated by the replacements 2s ~np and 2p ~nd and
ns. All the configurations generated in this way are con-
sidered in the expansion of the scattering wave functions.
The bound radial functions ns, np, and nd were varied
simultaneously along with the radial function kl of the
scattering electron for each kinetic energy of the projec-
tile. This procedure includes the dynamical polarization
of the target more accurately in the ab initio way.

IV. RESULTS

In the present paper we calculate phase shifts,
differential, integra1 elastic, and momentum-transfer

TABLE III. Differential cross sections for elastic electron-neon scattering at k =5 eV (in units of
a,'/sr).

0
(deg)

0
5

10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95

100
105
110
115
120
125
130
135
140
145
150
155
160
165
170
175
180

Present

0.4271
0.5352
0.6483
0.7631
0.8740
0.9764
1.0664
1.1412
1.1989
1.2381
1.2585
1.2603
1.2442
1.2114
1.1637
1.1033
1.0325
0.9542
0.8710
0.7854
0.7000
0.6171
0.5385
0.4659
0.4007
0.3437
0.2952
0.2553
0.2235
0.1990
0.1811
0.1685
0.1601
0.1548
0.1517
0.1501
0.1496

Ref. 3

0.3959
0.4992
0.6113
0.7281
0.8436
0.9525
1.0505
1.1339
1.2002
1.2476
1.2754
1.2834
1.2722
1.2432
1.1980
1.1389
1.0687
0.9903
0.9064
0.8200
0.7337
0.6498
0.5704
0.4971
0.4312
0.3733
0.3239
0.2828
0.2498
0.2240
0.2046
0.1907
0.1811
0.1748
0.1710
0.1690
0.1684

Theory
Ref. 4

0.558
0.643
0.755
0.869
0.977
1.076
1 ~ 164
1.237
1.292
1.330
1.349
1.348
1.329
1.293
1.242
1 ~ 176
1.100
1.015
0.925
0.833
0.741
0.652
0.568
0.490
0.421
0.361
0.310
0.269
0.236
0.211
0.193
0.181
0.173
0.169
0.166
0.165
0.164

Ref. 5

0.461
0.556
0.693

0.891

1.070

1.114

1.221

1.188

1.095

0.961

0.804

0.646
0.571
0.501
0.436
0.379
0.329
0.286

0.221

0.181

0.158

0.148

0.145

Experiment
Ref. 16

1.064

1.186

1.225

1.207

1.136

1.007

0.878

0.711

0.550

0.393

0.296

0.225
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cross sections for the following process:

e +Ne('S)~e +Ne('S),

at electron energies ranging from 0.136 to 70 eV.

A. Phase shifts

In Table I, the phase shifts for I =0—3 partial waves at
few energies are compared with experiments and other
theoretical results. At energies k =0.30 and 0.40 a.u. ,
the s-wave phase shifts are found to be in excellent agree-
ment with the experimental results of O' Malley and
Crompton and of Williams, ' and the theoretical results

of Dasgupta and Bhatia. O' Malley and Crompton ob-
tained s-wave phase shifts from the experimentally deter-
mined electron drift velocities which are fitted directly
with a three-parameter modified effective-range theory
measurement. According to them, the uncertainty in 50
(the phase shift for 1=0) is about +2%. Williams ' de-
rived phase shifts from his experimentally measured ab-
solute differential elastic cross section. Dasgupta and
Bhatia used the polarized-orbital method of Temkin to
obtain their phase shifts. They have included both direct
and exchange polarization terms into their calculations.
The s-wave phase shift at energy k =0.6062 a.u. is, on
the other hand, in excellent agreement with the experi-
mental results of Register and Trajmar' and of An-

TABLE IV. Differential cross sections for elastic electron-neon scattering at k =10 eV (in units of
a 0/sr).

0
(deg) Present Ref. 3

Theory
Ref. 4 Ref. 5

Experiment
Ref. 16 Ref. 14

0
5

10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95

100
105
110
115
120
125
130
135
140
145
150
155
160
165
170
175
180

0.6922
0.7835
0.8986
1.0290
1.1644
1.2958
1.4158
1.5179
1.5971
1.6498
1.6737
1.6678
1.6322
1.5684
1.4792
1.3686
1.2416
1.1039
0.9616
0.8206
0.6866
0.5647
0.4590
0.3728
0.3080
0.2651
0.2436
0.2415
0.2558
0.2830
0.3187
0.3585
0.3980
0.4332
0.4608
0.4785
0.4848

0.7444
0.8399
0.9626
1.1027
1.2485
1.3897
1 ~ 5173
1.6239
1.7039
1.7534
1.7705
1.7548
1.7074
1.6308
1.5288
1.4064
1.2692
1.1233
0.9750
0.8301
0.6940
0.5716
0.4666
0.3818
0.3189
0.2781
0.2584
0.2579
0.2735
0.3015
0.3377
0.3777
0.4172
0.4524
0.4800
0.4976
0.5039

0.829
0.906
1.022
1.152
1.282
1.408
1.524
1.622
1.698
1.748
1.770
1.760
1.720
1.651
1.555
1.437
1.302
1.156
1.005
0.855
0.713
0.585
0.474
0.384
0.318
0.276
0.257
0.260
0.281
0.317
0.362
0.411
0.460
0.503
0.538
0.559
0.566

0.812
0.928
1.075

1.368

1.601

1.725

1.725

1.609

1.406

1.151

0.885

0.644
0.542
0.454
0.382
0.327
0.288
0.264

0.255

0.280

0.319

0.351

0.364

1.257

1.428

1.614

1.678

1.603

1.443

1.200

0.921

0.646

0.432

0.286

0.243

0.268

1.26
1.40
1.52
1.63
1.71
1.77
1.79
1.78
1.73
1.66
1.57
1.44
1.30
1.15
1.00
0.844
0.696
0.566
0.455
0.375
0.296
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drick, and the theoretical results of Dasgupta and Bha-
tia and of Fon and Berrington. Register and Trajmar'
obtained phase shifts by fitting their measured angular
distributions at few impact energies. Fon and Ber-
rington calculated phase shifts by the R-matrix method.
They carried out calculations by coupling the neon
ground-state wave function with a 'P pseudostate to in-
clude the full ground-state static dipole polarizability.
They used the Hartree-Fock neon ground-state wave
function from Clementi's tables and the 'P pseudostate
is formed by the HF orbitals 1s, 2s, and 2p, and the pseu-
do orbitals 3s, 3p, and 3d given by Hibbert et al. Again
at energy k =0.8573 a.u. the present s-wave phase shift is
found to be in excellent agreement with the experimental
results of Andrick, Register and Trajmar, ' Brewer
et aI. ,

' and of Williams. ' Brewer et al. ' derived phase
shifts from the experimentally measured differential cross
sections. The present s-wave phase shifts are also in ex-
cellent agreement with the experimental results of Willi-
ams, ' Register and Trajmar, ' and of Andrick at ener-

gy k =1.05 a.u. whereas at k =1.2124 a.u. this phase
shift is in best agreement with the experimental results of
Register and Trajmar' and of Williams. ' The present
s-wave phase shifts at these energies are also in very good
agreement with the theoretical results of Dasgupta and
Bhatia, Fon and Berrington, and McEachran and
Stauffer. McEachran and Stauffer obtained phase shifts
in the adiabatic exchange approximation. They have not
included the exchange polarization terms in their calcula-
tion.

The present p-wave phase shift at k =0.30 a.u. is very
small and compares well with the experimental result of
O' Malley and Crompton and of Williams, ' and the
theoretical result of McEachran and Stauffer. These
phase shifts at energies k =0.6062 and 0.8573 a.u. are in
excellent agreement with the experimental results of Re-
gister and Trajmar, ' and agree very well with the
theoretical results of Fon and Berrington and of Dasgup-
ta and Bhatia. At energy k =1.05 a.u. , the p-wave
phase shift is again in excellent agreement with the exper-
imental results of Register and Trajmar, ' Brewer
et al. ,

' and of Williams, ' and the theoretical result of
Fon and Berrington. This phase shift at k =1.2124 a.u.
also agrees very well with the experimental results of Re-
gister and Trajmar, ' Andrick, Brewer et al. ,

' and of
Williams, ' and the theoretical result of McEachran and
Stauffer. It is seen from Table I, that the d-wave phase
shifts at energies k =0.30 and 0.40 a.u. show excellent
agreement with the experimental results of O' Malley and
Crompton, and the theoretical results of Dasgupta and
Bhatia and of McEachran and Stauffer. At energy
k =0.6062, this phase shift is, on the other hand, in ex-
cellent agreement with the experimental result of Regis-
ter and Trajmar' and the theoretical result of
McEachran and Stauffer, whereas at k =0.8573 a.u. ,
this phase shift agrees very well with the experimental
phase shift of Register and Trajmar, ' and the theoretical
phase shifts of Thirumalai and Truhlar and of Dasgupta
and Bhatia. Thirumalai and Truhlar used model poten-
tials; in particular, the static-exchange nonadiabatic po-
larization potential, in their calculations in order to ob-

TABLE V. DiA'erential cross sections for elastic electron-
neon scattering at k'= 15 eV (in units of ap/sr).

0
(deg)

Theory
Present Ref. 4

Experiment
Ref. 16 Ref. 14

0
5

10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
8S
90
95

100
105
110
115
120
125
130
135
140
145
150
155
160
165
170
175
180

1.0982
1.0956
1.1405
1.2183
1.3153
1.4197
1.5211
1.6113
1.6833
1.7316
1.7524
1.7429
1.7015
1.6283
1.5254
1.3965
1.2475
1.0856
0.9191
0.7568
0.6071
0.4777
0.3749
0.3033
0.2655
0.2620
0.2913
0.3500
0.4330
0.5341
0.6458
0.7593
0.8668
0.9603
1.0327
1.0786
1.0949

1.227
1.235
1.277
1.349
1.439
1.538
1.637
1.727
1.799
1.848
1 ~ 868
1.853
1.804
1.720
1.605
1.462
1.299
1 ~ 124
0.945
0.772
0.615
0.480
0.374
0.304
0.271
0.275
0.315
0.387
0.485
0.601
0.727
0.853
0.971
1.073
1.151
1.200
1.216

1.471
1 ~ 578

1.711

1.796

1 ~ 728

1.532

1.250

0.932

0.600

0.364
0.311
0.264
0.275
0.307

0.468

1.31
1.41
1.51
1.59
1.66
1.71
1.73
1.72
1.68
1.60
1.49
1.36
1.21
1.05
0.883
0.721
0.574
0.445
0.342
0.272
0.239
0.216

tain phase shifts. At energy k =1.05 a.u. , this d-wave
phase shift again shows excellent agreement with the ex-
perimental results of Register and Trajmsr, ' Brewer
et al. ,

' and of Williams. ' The present d-wave phase
shift at energy k = 1.2124 a.u. , also shows excellent
agreement with the experimental results of Register and
Trajmar' and of Williams, ' and is very close to the ex-
perimental results of Andrick and of Brewer et al. ,

'"
and the theoretical result of McEachran and Stauffer.

The present f-wave phase shifts at energies k =0.30
and 0.40 a.u. agree very well with the results obtained by
McEachran and Stauffer. This phase shift also agrees
very well with theoretical result of Dasgupta and Bhatia
at k =0.30 a.u. At energy k =0.6062 a.u. , this phase
shift is in excellent agreement with the experimental re-
sult of Andrick and the theoretical result of McEachran
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and Stauffer; on the other hand, at k =0.8573 a.u. , this
phase shift shows excellent agreement with the experi-
mental results of Andrick, and of Register and Traj-
mar, ' and the theoretical result of McEachran and
Stauffer and of Dasgupta and Bhatia. This phase shift
at k =1.05 a.u. agrees best with the experimental results
of Register and Trajmar' and of Andrick, whereas at
k = 1.2124 a.u. , the present phase shift is also in excellent
agreement with the experimental results of Andrick and
of Brewer et al. ,

' and the theoretical results of
McEachran and Stauffer and of Dasgupta and Bhatia.

The MCSCF phase shifts of s, p, d, and f waves are
compared to the results of Dasgupta and Bhatia,
McEachran and Stauffer, and Fon and Berrington in
Fig. 1. Agreements are very good.

We present the phase shifts for l =0—6 in Table II cal-
culated in the MCSCF approximation for a range of ener-

gies from k =0.136—70 eV. At low energies they follow
the phase shift formula,

mnk

(21 —1)(21+1)(2I +3)
where a is the dipole polarizability.

(10)

B. Dift'erential cross section

The differential cross sections at k =5, 10, 15, 20, and
50 eV are compared in Tables III—VII from 0' to 180'.
The contribution of phase shifts for l =7—500 has been
calculated using the eff'ective-range formula, Eq. (10).
The experimental value of the dipole polarizability
a=2. 66ao is used in the calculation. It is found that the
differential cross sections converge by l =60. Since in the
forward direction the convergence is very slow, we use

TABLE VI. Differential cross sections for elastic electron-neon scattering at k'=20 eV (in units of
a o/sr).

0
(deg) Present Ref. 3

Theory
Ref. 4 Ref. 5

Experiment
Ref. 16 Ref. 14

0
5

10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95

100
105
110
115
120
125
130
135
140
145
150
155
160
165
170
175
180

1.7238
1.5652
1.4824
1.4562
1.4720
1.5152
1.5727
1.6324
1.6836
1.7176
1.7276
1.7086
1.6578
1.5744
1.4604
1.3199
1.1593
0.9870
0.8125
0.6459
0.4972
0.3756
0.2889
0.2427
0.2400
0.2813
0.3641
0.4837
0.6328
0.8023
0.9817
1.1595
1.3245
1.4659
1.5743
1.6426
1.6667

1.8296
1.6828
1.6179
1.6127
1.6489
1.7092
1.7778
1.8409
1.8869
1.9072
1.8956
1.8490
1.7667
1.6506
1.5052
1.3370
1.1542
0.9664
0.7834
0.6150
0.4700
0.3565
0.2802
0.2450
0.2523
0.3008
0.3872
0.5057
0.6489
0.8081
0.9736
1 ~ 1353
1.2834
1.4090
1.5047
1.5647
1.5860

1.840
1.744
1.668
1.637
1.642
1.671
1.716
1.764
1.806
1.833
1.837
1.810
1.750
1.655
1.528
1.373
1.198
1.011
0.824
0.647
0.491
0.366
0.280
0.239
0.245
0.299
0.398
0.536
0.705
0.894
1.092
1.286
1.465
1.616
1.733
1.805
1.829

1.971
1.790
1.663

1.590

1.625

1.699

1.741

1.671

1.492

1.198

0.845

0.519
0.391
0.300
0.255
0.259
0.314
0.418

0.750

1.1752

1.5980

1.901

2.004

1.614
1.668

1.714

1.739

1.650

1.443

1.114

0.786

0.479
0.364
0.279
0.232
0.243
0.286
0.371

0.654

1.65
1.68
1.72
1.77
1.82
1.84
1.84
1.81
1.74
1.65
1.52
1.37
1.20
1.02
0.829
0.654
0.492
0.364
0.275
0.229
0.232
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dO
1 i6( ~

(21 + 1)e 'sin5&
k (

do
dA

~ala

4lo —1

~cxlok+
4lo —1

1 —10

2

I=O
(2l + 1)sin25t

where lo =7 and the eff'ective-range formula Eq. (10) has
been used for I ~ 7 to derive this formula.

A comparison of the differential cross sections at 5 eV
with the theoretical values obtained by Dasgupta and

Bhatia, McEachran and Stauffer, Fon and Berrington,
and the experimental results of Register and Trajmar' is
given in Table III. At this energy the present differential
cross sections agree remarkably well with the experimen-
tal results of Register and Trajmar' and the theoretical
results of Fon and Berrington. The present results also
agree well with the results obtained by Dasgupta and
Bhatia. Although there is little variation in magnitude
among the various theoretical sets of data at this energy,
there is general agreement about the positions of the peak
of the cross sections.

At 10 eV, the present differential cross sections are
compared with the theoretical results of Dasgupta and
Bhatia, McEachran and Stauffer, Fon and Berrington,
and the experimental results of Register and Trajmar'
and Brewer et al. ' in Table IV. The present differential
cross sections agree well with the experimental results of

TABLE VII. Differential cross sections for elastic electron-neon scattering at k'=50 eV (in units of
a o/sr).

0
(deg) Present Ref. 3

Theory
Ref. 4 Ref. 5

Experiment
Ref. 16 Ref. 14

0
5

10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95

100
105
110
115
120
125
130
135
140
145
150
155
160
165
170
175
180

5.7065
4.6730
3.8701
3.2336
2.7292
2.3282
2.0082
1.7518
1.5444
1.3735
1.2270
1.0941
0.9656
0.8352
0.7004
0.5627
0.4268
0.2995
0.1883
0.1006
0.0433
0.0228
0.0444
0.1128
0.2306
0.3979
0.6109
0.8619
1.1387
1.4264
1.7083
1.9687
2.1947
2.3769
2.5098
2.5906
2.6194

6.3854
5.1890
4.2462
3.4964
2.9092
2.4546
2. 1048
1.8347
1.6220
1.4474
1.2954
1.1538
1.0143
0.8720
0.7258
0.5780
0.4335
0.2993
0.1835
0.0941
0.0388
0.0239
0.0539
0.1309
0.2543
0.4210
0.6254
0.8596
1 ~ 1141
1.3776
1.6383
1.8840
2.1032
2.2856
2.4227
2.5080
2.5388

6.283
5.501
4.611
3.839
3.196
2.668
2.242
1.907
1.645
1.439
1.272
1.126
0.991
0.857
0.721
0.581
0.443
0.310
0.192
0.097
0.035
0.012
0.038
0.114
0.242
0.421
0.644
0.905
1.192
1.492
1.791
2.076
2.332
2.545
2.706
2.807
2.838

6.203
5.196
4.257

2.857

1.986

1.464

1.134

0.882

0.650

0.414

0.199

0.052
0.023
0.035
0.093
0.201
0.357
0.561

1.075

1.648

2.174

2.539

2.666

4.182
3.239
2.603
2.100

1.468

1.139

0.889

0.643

0.400

0.168
0.084
0.035
0.020
0.054
0.150
0.268

0.643

1.103
1.314

4.33
3.38
2.75
2.32
1.96

1.37

1.05

0.812

0.604

0.384

0.211
0.121
0.040
0.036
0.065

0.260

0.657

1.17

1.74
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Register and Trajmar' and Brewer et al. ' The results
obtained by Dasgupta and Bhatia and McEachran and
Stauffer are higher than the present results. From
0=20 —80', the present results agree best with the experi-
mental results of Register and Trajmar, ' and from
0=90 —120' the present results are closer to the experi-
mental results of Brewer et al. ' Again at this energy
there is excellent agreement between the theoretical and
the experimental results about the position of the max-
imum, and also there is general agreement between them
about the position of the minimum.

The differential cross sections at 15 eV are compared
with the experimental results of Register and Trajmar'
and Brewer et al. ,

' and the theoretical results of
McEachran and Stauffer in Table V. The present results
at this energy are in excellent agreement with the experi-
mental results of Register and Trajmar' and Brewer
et al. ' The theoretical results obtained by McEachran
and Stauffer are higher than the present results. The po-
sition of the maximum around 50' agrees extremely well
with the theoretical and the experimenta1 results. There
is also good agreement about the position of minimum
around 120'—125 among four sets of results.

At 20 eV, the present differential cross sections are
compared with the theoretical results of Dasgupta and
Bhatia, McEachran and Stauffer, " Fon and Berrington,
and the experimental results of Register and Trajmar'
and Brewer et al. '" in Table VI. The present results are
in very good agreement with the experimental results of
Register and Trajmar' and Brewer et al. ' Once again
there is general agreement about the positions of max-
imum around 50' and the minimum around 115 —120'
among the comparable theoretical and experimental re-
sults.

The difFerential cross sections at 50 eV are compared
with the theoretical results of Dasgupta and Bhatia,
McEachran and Stauffer, Fon and Berrington, ' and the
experimental results of Register and Trajmar' and Du-
Bois and Rudd' in Table VII. The present results are in
good agreement with the experimental results of Register
and Trajmar, and DuBois and Rudd. Except for a few
angles 0=0' —15', the present results are close to those of
Dasgupta and Bhatia. ' The results obtained by Fon and
Berrington are very close to the present results except
for 0=0' —10. At this energy there is no maximum, all
sets of results start decreasing from the angle 0=0', go to
minimum at 0= 105', and then increase.

It is seen from the analysis of the differential cross sec-
tions at the energies considered that they reach a max-
imum around 50', except at 50 eV. The position of the
minimum shifts towards the smaller angles with the in-
crease of the energy, except at the lowest energy, 5 eV,
where there appears no minimum.
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C. Total cross section

In Table VIII, total cross sections are compared with
the theoretical results of Dasgupta and Bhatia,
McEachran and Stauffer, Fon and Berrington, and
Thirumalai and Truhlar, and the available experimental
results of Nickel et a/. ,

' Register and Trajmar, ' Brewer
et al. ,

' Kauppila et al. ,
' Wagenaar and de Heer, "Du-

VO
t

O & O O O O



5058 H. P. SAHA 39

coo+ 12

0
V)—10C

~
O

O

0)
u) 6
lO0
(3

4

0

e +Ne
X X X X X

OOOOO

Present
Dasgupta and Bhatia
McEachran and Stauffer
Register and Tra jnar
O'MaNey and Grcmpton

0.2 0.4 0.6 0.8 1.0 1.2
k (a.u.}

1.4
I

1.6 1.8
I

2.0
I

2.2
I

2.4

FIG. 2. Total-elastic cross sections (in units of ao) for the low-energy scattering of electrons from neon atoms. , MCSCF
(present); ———,Dasgupta and Bhatia (Ref. 3); —- —-, McEachran and Stauffer (Ref. 4); X, Register and Trajmar (Ref. 16); 0,
O' Malley and Crompton (Ref. 20).

Bois and Rudd, ' and O' Malley and Crompton. Com-
parison of present results at the lowest three energies
0.136, 1.224, and 2.176 eV with the experimental results
of O' Malley and Crompton, and the theoretical results
of Dasgupta and Bhatia shows that the present results at
these energies are in remarkably excellent agreement with
the experimental results of O' Malley and Crompton.
The present results also agree very well with those of
Dasgupta and Bhatia. At 5 eV, the present result agrees
extremely well with the experimental result of Register
and Trajmar, ' and the theoretical result of Fon and Ber-
rington.

At energies 10 and 20 eV the present results are in ex-
tremely good agreement with the experimental results of
Register and Trajrnar' and Brewer et al. ' At energy 20
eV, the present result also shows best agreement with the
experimental result of Register and Trajmar' and
Brewer et al. ' The theoretical results of Dasgupta and
Bhatia, McEachran and Stauffer, and Fon and Ber-
rington are higher than the present result but are close
to each other, and agree well with the experimental re-
sults of Nickel et al. ,

' Brewer et al. ,
' and Kauppila

et al. ' Nickel et al. ' measured the total electron-
scattering cross section from neon atoms utilizing the
linear transmission device. Total scattering cross sec-
tions have been measured for electrons colliding with
neon atoms in the energy range 15—800 eV using a beam
transmission technique. The present result at energy 50
eV is found to be in excellent agreement with the experi-
mental result of Register and Trajmar' and DuBois and
Rudd, ' and the theoretical results of Fon and Ber-
rington and Dasgupta and Bhatia. DuBois and Rudd'
measured absolute differential and total elastic cross sec-
tions for electron scattering from neon atoms in the ener-

gy range 50—800 eV. The result obtained by Thirumalai

and Truhlar at this energy is lower than the present, as
well as the other theoretical and experimental results. At
energy 70 eV the present result shows excellent agree-
ment with the experimental result of Register and Traj-
mar, ' and the theoretical result of Dasgupta and Bha-
tia. '

k
(a.u. )

Cross sections
Momentum-

Total transfer

0.10
0.30
0.40
0.50
0.6062
0.70
0.80
0.8573
0.90
1.00
1.05
1.20
1.2124
1.40
1.60
1.80
1.9170
2.00
2.1433
2.1688
2.1941
2.2682

2.5688
6.0294
7.3772
8.5398
9.6837

10.5552
11.3371
11 ~ 7082
11.9368
12.3545
12.5009
12.7517
12.7603
12.9785
12.5252
11.6832
11.2846
11.0189
10.5196
10.4451
10.3759
10.1303

2.9356
6.0335
6.6149
6.8829
7.1840
7.5129
7.9591
8.2429
8.4653
8.9819
9.2355
9.8894
9.9304

10.5172
10.5752
9.7561
9.4466
9.1303
8.5511
8.4296
8.3016
8.0059

TABLE IX. Present total and momentum-transfer cross sec-
tions (in units of a 0 ).
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TABLE X. Comparison of present momentum-transfer cross sections (in ao) for electron-neon scattering with experiment and
other theoretical results.

k'
(eV) Present Ref. 3

Theory
Ref. 4 Ref. 5 Ref. 9 Ref. 16

Experiment
Ref. 14 Ref. 17 Ref. 20

5

10
15
20
50
70
0.136
1.224
2.176

7.1840
8.2429
9.2355
9.9304
9.4466
8.0059
2.9356
6.0335
6.6149

7.5448
8.5266

10.0350
9.3887
7.8524
2.4518
6.0720
6.7342

7.636
8.733
9.799

10.538
9.924

6.903
7.921

10.863
9.235
7.421

9.178

7.321

7.106
8.071
9.320

9.999
8.571
5.928

8.7+0.5

8.9+0.5

10.6+0.6

7.392

2.868
6.035
6.642

Figure 2 shows present results of total cross section as
well as the theoretical results of Dasgupta and Bhatia
and McEachran and Stauffer, and the experimental re-
sults of Register and Trajmar' and O' Malley and Cromp-
ton. The results of Register and Trajmar' are calculat-
ed from the phase shifts derived from their measured
differential cross sections. O' Malley and Crompton ob-
tained their total cross sections by fitting the data of
Robertson ' derived from drift-velocity measurements.
From the figure it is found that the present results are in
excellent agreement with the experimental results of Re-
gister and Trajmar, ' and O' Malley and Crompton
throughout the energy range considered. The theoretical
results obtained by Dasgupta and Bhatia agree well from

k =0. 1 —0.5 and k =1.4—2. 3 a.u.
In Table IX, the present total and momentum-transfer

cross sections are presented for the energy range from
k =0. 10 to k =2.2682 a.u. The present momentum
transfer cross sections at few energies are compared with
the theoretical results of Dasgupta and Bhatia,
McEachran and Stauffer, Fon and Berrington, and
Thirumalai and Truhlar (where available), and the ex-
perimental results of Register and Trajmar, ' Brewer
et al. ,

' Robertson, ' and O' Malley and Crompton in
Table X. At the three lowest energies 0.136, 1.224, and
2.176 eV, the present momentum-transfer cross sections
are in excellent agreement with the experimental results
of O' Malley and Crompton. The present results at
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FIG. 3. Momentum-transfer cross sections (in units of ao) for the low-energy scattering of electrons from neon atoms.
MCSCF (present); ———,Dasgupta and Bhatia (Ref. 3); —- —-, McEachran and Stauffer (Ref. 4); X, Register and Trajmar (Ref.
16); o, O' Malley and Crompton (Ref. 20).
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these energies also agree well with the theoretical results
of Dasgupta and Bhatia. At energy 5 eV, the present re-
sult shows excellent agreement with the experimental re-
sult of Register and Trajmar' and Robertson. ' The
present result at this energy also agrees very well with the
theoretical result of Fon and Berrington although their
result is a little lower than the present result. Robert-
son' derived energy-dependent momentum-transfer cross
sections from the analysis of the data obtained from the
drift-velocity measurements in neon. The accuracy of the
result was estimated to be +3% for energies between 0.04
and 6.0 eV. The present momentum-transfer cross sec-
tion at 10 eV agrees very well with the experimental re-
sults of Register and Trajmar' and Brewer et al. ,

' and
the theoretical result of Fon and Berrington. The
present result at 15 eV agrees extremely well with the ex-
perimental results of Register and Trajmar' and Brewer
et al. ' At 20 eV, the present result shows excellent
agreement with the experimental results of Register and
Trajmar' and Brewer et al. ,

' and the theoretical result
of Dasgupta and Bhatia. At 50 eV, the present result
agrees very well with the theoretical results obtained by
Dasgupta and Bhatia and Fon and Berrington, but is
higher than the experimental result of Register and Traj-
mar. ' The present result at 70 eV also agrees well with
the theoretical result of Dasgupta and Bhatia, but is
much higher than the experimental result of Register and
Trajmar. '

Figure 3 shows the present momentum-transfer cross
sections, the theoretical result of Dasgupta and Bhatia
and McEachran and Stauffer, and the experimental re-
sults of Register and Trajmar' and O' Malley and Cromp-
ton. As indicated earlier, the results of O' Malley and
Crompton are derived from the drift-velocity measure-
ment data of Robertson. ' The present results are in ex-
cellent agreement with the experimental results of
O' Malley and Crompton and Register and Trajmar, '

except at higher energies from 50 eV to higher where the
experimental results of Register and Trajmar' are much
lower than the present results. The results obtained by
Dasgupta and Bhatia agree well with the present and ex-
perimental results, except for the energies from
I- =0.4—1. 1 a.u. , where their results are a little higher.
The results obtained by McEachran and Stauffer are
higher than the present and experimental results
throughout the energy region considered. This may be
due to the neglect of the exchange polarization terms in
their calculations.

V. CONCLUSION

Very extensive and more accurate calculations have
been made on the low-energy elastic scattering of elec-
trons from neon atoms. The multiconfiguration Hartree-
Fock method for the bound and the continuum wave
functions is applied to calculate phase shifts, diAerential,
total-elastic, and momentum-transfer cross sections. The
dynamical-polarization and the electron-correlation
effects which are very important in these calculations are
taken into account more accurately than any other
method using the ab initio technique through the
configuration-interaction procedure. The present phase
shifts are in excellent agreement with the experimental
results of Register and Traj mar ' and O' Malley and
Crompton. The present results compare very well with
other available theoretical results. The difterential cross
sections at different energies compare very well with the
experimental and other theoretical results. The total-
elastic and the momentum-transfer cross sections are in

best agreement with the experimental results. As the
present MCSCF method takes into account the dynami-
cal polarization and the electron correlation eff'ects more
accurately than any other methods, we conclude that the
present results are more accurate and reliable. Moreover,
the present results agree with experiment better than any
other methods. Finally, it should be mentioned that the
present MCSCF method has wide applications both in

the photoionization of atoms and the elastic scattering of
electrons from atoms.
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