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A six-state coupled-channel optical potential method for electron-atom scattering is applied to
electron-hydrogen scattering at energies of 13.87, 16.46, 19.58, 35, 40, 54.4, 100, and 200 eV. The
n = 1, 2, and 3 channels are coupled explicitly, whereas the rest of the excited states of the atom
including the continuum are taken into account via the ab initio complex nonlocal polarization
potential. The differential and integrated cross sections, as well as the exchange asymmetries for
n = 1 and 2 channels, the total cross section, and the A, R, and I parameters for the 2p excitation,
are presented at each energy. The ratio of differential cross sections for n = 1 to 2, and for 2s to 2p,
and the 2s+ 2p differential cross sections are found to be in good agreement with experiment. There
are still some discrepancies between experiment and theory for the 2p angular correlation parameters

A, R, and I.

PACS number(s): 34.80.Bm, 34.80.Dp, 34.80.Nz

I. INTRODUCTION

The electron-atomic hydrogen scattering problem is
an ideal testing ground for any electron-atom scatter-
ing theory; see, for instance, Refs. [1, 2]. We use the
coupled-channel optical potential (CCO) method for the
calculation of electron-atom scattering phenomena. This
method has been recently improved [3] to cover the com-
plete range of energies. It has been successfully applied
to elastic electron scattering from atomic hydrogen (3]
as well as elastic [4] and inelastic [5] electron scattering
from atomic sodium at a broad range of energies.

The CCO method is an ab tnitio approach to electron-
atom scattering. It treats a finite set of channels
(P space) explicitly via the coupled-channel formalism,
while the rest of the channels including the target con-
tinuum (@ space) are treated indirectly via the complex
nonlocal polarization potential. This potential, together
with the first-order potential, forms the optical potential.

The polarization potential cannot be calculated ex-
actly, and so some approximations are used. We assume
weak coupling in @ space, i.e., we omit explicit coupling
between different @-space channels. This approximation
may be tested internally; see, for example, Ref. [6]. This
is done by seeing the effect of including a particular chan-
nel in P space or @ space. If both results are the same,
then neglecting this @-space coupling is a good approxi-
mation. This test of approximations is only possible for
discrete (Q-space channels, and is not directly applicable
to the continuum. As not all of the approximations may
be tested internally, the complete calculations must be
compared with experiment.

The aim of this paper is to present a series of 6CCO
calculations (P = 1s, 2s, 2p, 3s, 3p, 3d) at a broad range of

4

energies for n = 1,2 phenomena. These calculations are
sufficiently convergent by the number of P-space chan-
nels since our 3CCO (P = 1s,2s,2p) results are much
the same as our 6CCO results. We believe that further
increase in the number of P-space channels would only
increase computational labor.

In Sec. IT we present just the final equations used in
calculating the 7" matrix as the complete theory can be
found in Ref. [3] and references therein. In Sec. III we
give the differential and integrated cross sections, spin
asymmetries for the 1s, 2s, and 2p channels, the total
cross sections, as well as the A\, R, and I angular correla-
tion parameters for the 2p excitation for each considered
energy. As complete agreement between our theory and
experiment for elastic scattering has already been demon-
strated [3, 7], we give the 1s results in tabular form only
for completeness. We compare our summed 2s + 2p, ra-
tio of n = 1 to 2, and ratio of 2s to 2p differential cross
sections as well as the angular correlation parameters A,
R, and I with available experiments [8-20], and another
ab initio approach to e-H scattering, the R-matrix calcu-
lations of Scholz, Walters, Burke, and Scott [2].

We find the agreement for the differential cross sec-
tions with experiment to be quite good for all considered
energies. Agreement between our theory and experiment
for the A, R, and I parameters is good at small to inter-
mediate angles, but there are still some discrepancies at
backward angles. It is interesting to note that there is
generally good agreement between the two theories.

II. THEORY

The Lippman-Schwinger equation for the 7' matrix,
which depends on the total spin S, of the electron-
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hydrogen scattering problem in the CCO approach is
(ki | T% | ioko) = (ki | V5 | doko)
(ki | V5 | i'k")
3./ Q
+Z/d k E® —e; — k22

i’'eP

x (k¢ | T% | ioko), (2.1)

where the projectile with momentum kg is incident on the
target electron in state 7o with energy ¢;,, and where £ =
€i, + k2/2 is the on-shell energy. This equation is solved
in partial-wave formalism. The complete description of
the method of solution may be found in Ref. [21]. By
writing the coordinate space-exchange operator as Py,
the matrix elements of V5 are given by [21]

(ki | V5 | #'K') = (ki | vy + vio[l + (-1)°P] | i'k’)
+(=1)5(ki | (e; + €i1 — E)P, | i'K’)

+ki | Vg + (=) VoP, | ¥K),  (2.2)

where v; is the projectile-nucleus potential and vys is
the projectile-target electron potential. The notation P
in (2.1) indicates a finite set of discrete target states
that are coupled explicitly. The remaining target states,
@ = I — P, are used to calculate the matrix elements
of the polarization potential operator V. This operator
has a complicated structure. It is nonlocal, energy de-
pendent, and for energies above first () channel excitation
threshold it is non-Hermitian. The detailed description
of the Vg matrix elements calculation may be found in

Ref. [3].

Physical observables

Once the T-matrix elements have been obtained, a
number of physical observables may be calculated. The
differential cross section of the transition from ngly to nl
is given by

TABLE I. Elastic differential (a3 sr™'), integrated o, and total o, (7a3) cross sections calculated using the 6CCO model
(see text) at a range of energies. Square brackets denote powers of 10. The semiempirical estimates of de Heer, McDowell, and

Wagenaar [12] are denoted by o°°.

E (eV) 13.87 16.46 19.58 35.0 40.0 54.4 100.0 200.0
6 (deg)
0 1.02[1] 1.04[1] 1.02[1] 9.88 9.76 8.94 6.93 4.68
5 8.87 8.87 8.55 7.60 7.23 6.19 3.84 2.02
10 7.44 7.27 6.82 5.34 4.92 3.87 2.08 1.07
15 6.21 5.93 5.40 3.71 3.32 2.46 1.26 6.47[-1]
20 5.16 4.81 4.25 2.60 2.28 1.63 8.24[-—1] 3.94[-1]
25 4.29 3.90 3.35 1.86 1.60 1.13 5.56[-1] 2.42[-1]
30 3.58 3.17 2.66 1.37 1.16 8.12[-1] 3.85[-1] 1.52[-1]
35 2.99 2.59 2.13 1.03 8.73[-1] 5.99[-1] 2.71[-1] 9.79[-2]
40 2.52 2.13 1.72 8.03[-1] 6.73[-1] 4.53[-1] 1.95[-1] 6.52[-2]
45 2.13 1.76 1.41 6.37[-1] 5.31[-1] 3.49[-1] 1.42[-1] 4.47[-2]
50 1.81 1.48 1.17 5.16[-1] 4.27[-1] 2.74[-1] 1.06[-1] 3.16[-2]
60 1.35 1.07 8.46[-1] 3.54[-1] 2.89[-1] 1.76[-1] 6.22[-2] 1.71[-2]
70 1.04 8.11[-1] 6.37[-1] 2.53[-1] 2.03[-1] 1.19[-1] 3.90[-2] 1.02[-2]
80 8.41[-1] 6.44[-1] 5.00[-1] 1.88[-1] 1.47[-1] 8.40[-2] 2.59[-2] 6.64[-3]
90 7.07[-1] 5.36[-1] 4.08[-1] 1.44[-1] 1.11[-1] 6.16[-2] 1.82[-2] 4.56[-3]
100 6.23[-1] 4.68[-1] 3.47[-1] 1.14[-1] 8.74[-2] 4.70[-2] 1.34[-2] 3.31[-3]
110 5.76(-1  4.26[-1] 3.07[-1] 9.40[-2] 7.11[-2] 3.72[-2] 1.04[-2] 2.54[-3]
120 5.56[-1] 4.02[-1] 2.82[-1] 7.99[-2] 5.96[-2] 3.06[-2] 8.43[-3] 2.04[-3]
130 5.57[-1] 3.91[-1] 2.67[-1] 6.99[-2] 5.15[-2] 2.61[-2] 7.06[-3] 1.71[-3]
140 5.71[-1] 3.89[-1] 2.59[-1] 6.31[-2] 4.60[-2] 2.29[-2] 6.13[-3] 1.47[-3)
150 5.91[-1] 3.91[-1] 2.55[-1] 5.84[-2] 4.23[-2] 2.08[-2] 5.50[-3] 1.31[-3]
160 6.11[-1] 3.94[-1] 2.54[-1] 5.53[-2] 3.97[-2] 1.94[-2] 5.10[-3] 1.20[-3]
170 6.25[-1] 3.97[-1] 2.53[-1] 5.35[-2] 3.81[-2] 1.86[-2] 4.88[-3] 1.15[-3]
180 6.30[-1] 3.98[-1] 2.53[-1] 5.28[-2] 3.75[-2] 1.84[-2] 4.83[-3] 1.16[-3]
Oe 5.15 4.25 3.45 1.70 1.45 1.00 0.46 0.20
ol 3.35:0.3 1.4040.1 0.60:£0.06  0.2240.02
o 5.93 5.42 4.81 3.42 3.24 2.85 2.06 1.28
o;° 4.83+0.5 3.831+0.4 3.6240.4 2.1840.2 1.33+0.1
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dUnl nolo (0) _ (27")4 _k_ Tfflm nulumo(ky kO’ 0) = (kl I TS | ’ioko), (24)
dQ T (20 +1) ko
and where 1 = nlm, 19 = nglomg, and
25 +1 ’ ’
XZ 4 Z ITr;qlmnoIomo(kskng) |2» K-k
S m,m * RO
e cosf = . (2.5)
. kko
(2.3)

For each channel nl we can calculate the exchange

where kg = \/2(E — ¢€i,), k = \/2(E — &), asymmetry [22], An,

Z | Tr?lmnolomo(k’ko’g) |2 - l Tr}lmnolomo(k’k‘)’g) |2

Ani(k, ko, 0) = =22 2.6
1o ) SOSHD & 1 Tommama k0,0 P @)
S m,mo
[
The angular correlation parameters for dipole excited S (2S+1) | TrIgmnnoo(k, ko,0) |2
channels A, R, and I (see Ref. [23] for a complete review A(6) = S , (2.7)
of the subject) are given by Y25+ 1) 3 | T3 m nooo (ks ko, ) |2
S m

1s to 2s+2p differential cross section(bohr’ sr)

0 20 40 60 80 100 120 140 160 180 O 20 40 60 B8O 100 120 140 160 180

scattering angle (degq)

FIG. 1. The 2s + 2p differential cross sections for electron scattering on atomic hydrogen. The solid line is the 6CCO
calculation, the long-dashed line is the corresponding 6CC calculation, and the short-dashed line is the R-matrix calculation
of [2]. The experiments of Williams [10, 17] are denoted by o and O, respectively. Those of Williams and Willis [8] are denoted
by ©. Error bars are plotted only if they are larger than the size of the symbol denoting the measurement.
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;(25 + 1)T316 no00(k; ko, )T 1no00 (K, ko, 0)
R 0 = Rﬁ )
) SEE D5 [T o6 b D T

(2.8)

and
;(23 + 1)T7{;10 nOOO(ku ko, G)Tflfnooo(kv kO’ 6)
1(#) = Im
( ) %:(25 + 1) Z | Tn?lm nDOO(k: kO)B) IZ

(2.9)

These traditional parameters are simply related to the
recently presented [23] more physical parameters P;(6),
v(6), L1(8), and P*(8) via

Pi= [P+ P},

(2.10)

5589
v = arg(PI + i152), (2.11)
Ly = —2V2I, (2.12)
p+ — \//}§?f;'}§§, (2.13)

where Py, Py, and Ps are the reduced Stokes parameters,

Pi=2x—-1, P,=-2/2R, Ps=2V2I. (2.14)

These, for example, describe the charge distribution of
the excited 2p hydrogen atom immediately after the col-
lision as

| ¥ lzo( 1+ P, cos?¢+stin2¢ =1+ P cos2(¢ —v)
(2.15)

in the natural reference frame.

S4.4 oV H

10°

100 120 140 160 180 O 20 40 60 80

100 120 140 160 180

scattering angle (deq)

FIG. 2.

The ratio of n = 1 to 2 differential cross sections for electron scattering on atomic hydrogen. The solid line is

the 6CCO calculation, the long-dashed line is the corresponding 6CC calculation, and the short-dashed line is the R-matrix
calculation [2]. The direct measurements of Lower, McCarthy, and Weigold [20] are denoted by o. The measurements denoted
by O are derived from the elastic measurements of Callaway and Williams [11], Williams [9], and the inelastic measurements of
Williams [10, 17] and Williams and Willis [8]. The 54.4-eV experimental results were obtained by interpolation of the 50- and
100-eV measurements. Error bars are plotted only if they are larger than the size of the symbol denoting the measurement.



5590

As the measurements of angular correlation effects for
electron-hydrogen scattering historically have been pre-
sented using the A, R, and I parameters we give our
results using the same paramters. These may be simply
converted to the new parameters using the above equa-
tions.

III. RESULTS AND DISCUSSION

Equation (2.1) is solved with P space containing the
1s,2s,2p, 3s, 3p, 3d channels at projectile energies (k3/2)
of 13.87, 16.46, 19.58, 35, 40, 54.4, 100, and 200 eV.
We denote such calculations by 6CCO. In calculating
the matrix elements of Vg in (2.2), convergence to 1%
is achieved by taking in -space discrete states with
n=4,..10,1=0,...,3, and 20 continuum states for each

10' , \ . . . . . )
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| = 0,...,7. Each complete calculation takes about 24
CPU h on an IBM RISC/6000 processor. This is around
25 times longer than the 1CCO calculation, which is all
that is necessary to describe elastic channel phenomena.

As we have already demonstrated excellent agreement
with experiment on elastic differential cross sections [3,7],
we only present these results together with the integrated
and total cross sections in Table I for completeness. In
this table we also compare the integrated elastic and total
cross sections with the semiempirical results of de Heer,
McDowell, and Wagenaar [12], and find generally good
agreement. Note that the total cross section directly tests
our treatment of () space. .

In Fig. 1 we present the 2s + 2p differential cross sec-
tions and compare these with experiment as well as the
R-matrix calculations of Scholz et al. [2]. We also give
the corresponding 6CC results in order to show the effect
of the polarization potential. We find good agreement be-
tween experiment and theory at all considered energies

\
hiw

G

10' ' ) . . ' . . )

— -

K

19.58 ev

oo

scattering angle

100 120 140 160 180 O

20 100 120 140 160 180

(deq)

FIG. 3. The ratio of 2s to 2p differential cross sections for electron scattering on atomic hydrogen. The solid line is the 6CCO
calculation, the long-dashed line is the corresponding 6CC calculation, and the short-dashed line is the R-matrix calculation
[2]. The measurements of Frost and Weigold [15] and Williams [17] are denoted by o and O, respectively.
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TABLE II. The 2s differential (aZ sr™!) and integrated o2, (7a?) cross sections calculated using the 6CCO model. Square
brackets denote powers of 10.

E (eV) 13.87 16.46 19.58 35.0 40.0 54.4 100.0 200.0

6 (deg)
0 2.22[-1] 4.19[-1] 6.55[-1] 1.18 1.26 1.38 1.61 1.56
5 2.06[-1] 3.82[-1] 5.79[-1] 8.15[-1] 8.21[-1] 7.47[-1] 7.11[-1] 6.22[-1]
10 1.71[-1] 2.94[-1] 4.02[-1] 3.62[-1] 3.54[-1] 3.13[-1] 3.37[-1] 2.50[-1]
15 1.27[-1] 1.94[-1] 2.32[-1] 1.59[-1] 1.62[-1] 1.58[-1] 1.52[-1] 7.42[-2]
20 8.42[-2] 1.14[1] 1.20[-1] 7.82[-2] 8.27[-2] 8.12[-2] 6.24[-2] 2.04[-2]
25 5.08[-2] 6.23[-2] 6.11[-2] 4.05[-2] 4.27[-2) 4.00[-2] 2.54[-2] 6.66[-3]
30 2.86[-2] 3.27[-2] 3.21[-2] 2.10[-2] 2.21[-2] 2.01[-2] 1.19[-2] 3.14[-3]
35 1.59[-2] 1.74[-2] 1.78[-2] 1.13[-2] 1.26[-2] 1.17[-2] 7.10[-3] 1.83[-3]
40 9.63[-3] 9.63[-3] 1.00[-2] 7.52[-3] 9.04[-3] 8.80[-3] 5.07[-3] 1.23[-3]
45 6.92[-3] 5.44[-3] 5.16[-3] 6.72[-3] 8.32[-3] 7.89[-3] 3.92[-3] 8.48[-4]
50 5.83[-3] 3.14[-3] 2.19[-3] 7.23[-3] 8.58[-3] 7.53[-3] 3.12[-3] 6.00[-4]
60 4.82[-3] 1.95[-3] 7.18[-4] 8.93[-3] 9.15[-3] 6.73[-3] 2.02[-3] 3.25[-4]
70 4.04[-3] 3.92[-3] 3.61[-3] 9.99[-3] 8.96[-3] 5.63[-3] 1.32[-3] 1.94[-4]
80 4.18[-3] 7.33[-3] 8.23[-3] 1.01[-2] 8.16[-3] 4.51[-3] 8.94[-4] 1.24[-4]
90 5.76[-3] 1.09[-2] 1.24[-2] 9.52[-3] 7.07[-3] 3.54[-3] 6.28[-4] 8.44[-5]
100 8.95[-3] 1.48[-2] 1.59[-2] 8.68[-3] 6.07[-3] 2.82[-3] 4.66[-4] 6.24[-5]
110 1.43[-2] 2.02[-2] 1.92[-2] 7.91[-3] 5.28[-3] 2.31[-3] 3.63[-4] 4.74[-5]
120 2.34[-2] 2.76[-2] 2.33[-2] 7.25[-3] 4.69[-3] 1.95[-3] 2.96[-4] 3.87[-5]
130 3.84[-2] 3.70[-2] 2.83[-2] 6.79[-3] 4.26[-3] 1.68[-3] 2.49[-4] 3.23[-5]
140 6.11[-2] 4.73[-2] 3.38[-2) 6.53[-3] 3.98[-3] 1.51[-3] 2.19[-4] 2.82[-5]
150 9.08[-2] 5.73[-2] 3.91[-2) 6.40[-3] 3.82[-3] 1.41[-3] 2.00[-4] 2.61[-5]
160 1.23[-1] 6.57[-2] 4.35[-2] 6.35[-3] 3.73[-3] 1.34[-3] 1.88[-4] 2.35[-5]
170 1.48[-1] 7.15[-2] 4.65[-2] 6.33[-3] 3.69[-3] 1.31[-3] 1.81[-4] 2.34[-5]
180 1.58[-1] 7.35[-2] 4.75[-2] 6.34[-3] 3.70[-3] 1.31[-3] 1.76[-4] 2.18[-5]
02, 1.16[-1] 1.14[-1] 1.09[-1] 7.21[-2] 6.70[-2] 5.45[-2] 4.14[-2] 2.51[-2]

TABLE III. The 2p differential (ag sr~!) and integrated o2, (ma?) cross sections calculated using the 6CCO model. Square
brackets denote powers of 10.

E (eV) 13.87 16.46 19.58 35.0 40.0 54.4 100.0 200.0

0 (deg)
0 9.26[-1] 2.18 3.94 1.63[1] 2.16[1] 3.78[1] 9.11[1] 2.08[2]
5 8.88[-1] 2.05 3.60 1.20[1] 1.46[1] 1.96[1] 2.05[1] 1.221]
10 7.88[-1] 1.70 2.81 6.00 6.37 6.32 3.89 1.36
15 6.52[-1] 1.27 1.94 2.62 2.51 2.04 8.77[-1] 1.81[-1]
20 5.09[-1] 8.88[-1] 1.24 1.12 9.96[-1] 6.92[-1] 2.12[-1] 2.72[-2]
25 3.79[-1] 5.86[-1] 7.67[-1] 4.93[-1] 4.12[-1] 2.49[-1] 5.71[-2] 5.82[-3]
30 2.75[-1] 3.79[-1] 4.69[-1] 2.35[-1] 1.87[-1] 1.01[-1] 1.94[-2] 2.14[-3]
35 1.98[-1] 2.47[-1] 2.95[-1] 1.26[-1] 9.76[-2] 4.96[-2] 9.07[-3] 1.11[-3]
40 1.46[-1] 1.68[-1] 1.96[-1] 7.81[-2] 5.92[-2] 2.93[-2] 5.42[-3] 6.87[-4]
45 1.11[-1] 1.23[1] 1.41[-1] 5.41[-2] 4.05[-2] 1.98[-2] 3.71[-3] 4.70[-4]
50 9.03[-2] 9.79[-2] 1.10[-1] 4.10[-2] 3.02[-2] 1.46[-2] 2.70[-3] 3.39[-4]
60 7.01[-2] 7.36[-2] 7.91[-2] 2.75[-2] 1.94[-2] 8.85[-3] 1.54[-3] 2.00[-4]
70 6.18[-2] 6.15[-2] 6.14[-2] 1.99[-2] 1.36[-2] 5.87[-3] 9.61[-4] 1.27[-4]
80 5.54[-2] 5.33[-2] 4.80[-2] 1.42[-2] 9.58[-3] 3.97[-3] 6.53[-4] 9.20[-5]
90 4.86[-2] 4.74[-2) 3.82[-2] 1.02[-2] 6.92[-3] 2.85[-3] 4.80[-4] 7.02[-5]
100 4.17[-2] 4.24[-2] 3.20[-2] 7.61[-3] 5.17[-3] 2.12[-3] 3.69[-4] 5.73[-5]
110 3.60[-2] 3.73[-2] 2.84[-2] 5.81[-3] 3.96[-3] 1.63[-3] 2.96[-4] 4.79[-5]
120 3.33[-2] 3.25[-2] 2.61[-2] 4.67[-3] 3.14[-3] 1.28[-3] 2.46[-4] 4.13[-5]
130 3.51[-2] 2.93[-2] 2.42[-2] 3.95[-3] 2.59[-3] 1.06[-3] 2.11[-4] 3.67[-5]
140 4.13[-2] 2.88[-2] 2.26[-2) 3.43[-3] 2.19[-3] 9.06[-4] 1.86[-4] 3.27[-5]
150 5.02[-2] 3.13[-2] 2.14[-2) 3.07[-3] 1.93[-3] 7.89[-4] 1.70[-4] 3.08[-5]
160 5.88[-2] 3.54[-2] 2.07[-2] 2.83[-3] 1.77[-3] 7.14[-4] 1.62[-4] 2.91[-5]
170 6.47[-2] 3.90[-2] 2.04[-2] 2.68[-3] 1.67[-3] 6.74[-4] 1.59[-4] 2.84[-5]
180 6.68[-2] 4.05[-2] 2.03[-2] 2.63[-3] 1.65[-3] 6.73[-4] 1.58[-4] 2.70[-5]
o2 3.71[-1] 4.92[-1] 6.17[-2] 6.97[-1] 7.16[-1] 7.29[-1] 6.30[-1] 4.43[-1)
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other than 100 eV. However, as we get good agreement
with experiment at the two adjacent energies of 54.4 and
200 eV, and there are no resonances in this region, we are
not greatly concerned by this discrepancy. By comparing
the 6CCO with 6CC calculations, it is interesting to note
that the effect of our ab initio polarization potential is to
reduce the differential cross section at all energies. This
effect is reduced with increasing projectile energy. The
quantitative differential and integrated cross sections for
the 2s and 2p excitation may be found in Tables II and
III, respectively.

The comparison between the 6CCO, 6CC, and R-
matrix calculations with a number of experiments for the
ratio of n = 1 to 2 and the ratio of 2s to 2p differen-
tial cross sections may be found in Figs. 2 and 3. Some

of the experiments measured this ratio directly, whereas
others were derived by taking separate measurements.
Again very good agreement between the 6CCO calcula-
tions and experiment is found at each energy for which
data are available.

In Figs. 4, 5, and 6 we compare, respectively, the mea-
sured angular correlation parameters A, R, and I for the
2p state with the 6CCO, 6CC, and R-matrix calculations.
The quantitative 6CCO results are in Tables IV — VL
We find that agreement with experiment is quite good
for small to intermediate angles; however, there are still
some discrepancies at some backward angles. The effect
of the polarization potential is quite large for the A and
R parameters, and improves agreement with experiment
considerably.

100 120 140 160

180 0 20 40 60 80

100 120 140 160 180

scattering angle (deg)

FIG. 4.

The angular correlation parameter Az, for electron scattering on atomic hydrogen. The solid line is the 6CCO

calculation, the long-dashed line is the corresponding 6CC calculation, and the short-dashed line is the R-matrix calculation
[2]. The measurements of Williams [17], Hood, Weigold, and Dixon [13], Slevin et al. [16], Slevin et al. [18], and Weigold,
Frost, and Nygaard [14] are denoted by O, o, o, A, and X, respectively. Error bars are plotted only if they are larger than the

size of the symbol denoting the measurement.
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TABLE IV. The angular correlation parameter A for the 2p state of hydrogen calculated using the 6CCO model.

E (eV) 13.87 16.46 19.58 35.0 40.0 54.4 100.0 200.0
0 (deg)
0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
5 0.98 0.97 0.95 0.80 0.75 0.60 0.30 0.10
10 0.96 0.92 0.85 0.52 0.45 0.31 0.13 0.05
15 0.91 0.85 0.74 0.37 0.31 0.22 0.11 0.07
20 0.86 0.77 0.65 0.31 0.27 0.21 0.15 0.18
25 0.80 0.70 0.60 0.31 0.29 0.27 0.28 0.44
30 0.75 0.64 0.57 0.37 0.37 0.41 0.51 0.68
35 0.69 0.60 0.58 0.48 0.51 0.60 0.74 0.78
40 0.66 0.58 0.62 0.63 0.67 0.78 0.85 0.78
45 0.64 0.59 0.67 0.77 0.82 0.90 0.88 0.75
50 0.64 0.62 0.72 0.89 0.92 0.96 0.87 0.70
60 0.70 0.71 0.81 0.98 0.99 0.96 0.80 0.62
70 0.76 0.79 0.87 0.96 0.95 0.89 0.73 0.57
80 0.80 0.82 0.88 0.89 0.87 0.80 0.67 0.56
90 0.80 0.82 0.85 0.80 0.78 0.73 0.65 0.59
100 0.75 0.79 0.78 0.72 0.73 0.70 0.67 0.64
110 0.67 0.73 0.70 0.68 0.70 0.70 0.72 0.71
120 0.57 0.67 0.63 0.68 0.72 0.74 0.77 0.77
130 0.54 0.63 0.61 0.71 0.76 0.78 0.83 0.83
140 0.60 0.68 0.63 0.77 0.82 0.84 0.88 0.88
150 0.73 0.79 0.72 0.84 0.88 0.90 0.93 0.93
160 0.86 0.90 0.84 0.91 0.94 0.95 0.96 0.97
170 0.96 0.97 0.95 0.97 0.98 0.98 0.99 0.99
180 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

TABLE V. The angular correlation parameter R for the 2p state of hydrogen calculated using the 6CCO model.

E (eV) 13.87 16.46 19.58 35.0 40.0 54.4 100.0 200.0
0 (deg)
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
5 0.06 0.09 0.13 0.27 0.30 0.34 0.32 0.21
10 0.12 0.17 0.23 0.34 0.34 0.32 0.23 0.15
15 0.17 0.23 0.27 0.32 0.30 0.27 0.19 0.15
20 0.21 0.26 0.28 0.28 0.26 0.24 0.18 0.18
25 0.23 0.27 0.27 0.24 0.23 0.21 0.20 0.25
30 0.24 0.26 0.24 0.20 0.19 0.19 0.22 0.30
35 0.24 0.24 0.20 0.15 0.16 0.18 0.24 0.28
40 0.22 0.19 0.16 0.11 0.13 0.16 0.23 0.25
45 0.19 0.14 0.12 0.08 0.10 0.14 0.21 0.21
50 0.15 0.08 0.09 0.04 0.07 0.11 0.18 0.19
60 0.06 0.00 0.04 -0.00 0.02 0.05 0.14 0.18
70 0.00 -0.05 -0.01 -0.03 -0.01 0.02 0.13 0.19
80 -0.05 -0.09 -0.07 -0.05 -0.02 0.02 0.15 0.23
90 -0.11 -0.12 -0.14 -0.05 -0.01 0.03 0.17 0.25
100 -0.18 -0.15 -0.17 -0.02 0.01 0.07 0.20 0.26
110 -0.24 -0.16 -0.17 0.01 0.05 0.10 0.21 0.26
120 -0.25 -0.15 -0.13 0.05 0.09 0.13 0.21 0.25
130 -0.18 -0.08 -0.06 0.09 0.11 0.15 0.20 0.23
140 -0.07 0.01 0.00 0.11 0.12 0.14 0.18 0.20
150 0.00 0.08 0.07 0.11 0.10 0.12 0.14 0.15
160 0.04 0.08 0.10 0.09 0.07 0.09 0.10 0.10
170 0.03 0.05 0.06 0.05 0.03 0.04 0.05 0.04

180 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Unfortunately there is not a great number of measure-
ments of the angular correlation parameters at backward
angles across the energy range considered. Such measure-
ments are very difficult as they involve the detection of
photons in coincidence with the electron when the num-
ber of such electrons is very small compared to forward
angles. It is interesting to note, however, that the 6CCO
theory agrees reasonably well with the R-matrix theory
at these angles.

As yet we have not seen any published measurements of
exchange asymmetries for electron scattering on atomic
hydrogen. These exist, for example, for electron scat-
tering on atomic sodium [24]. To encourage such mea-
surements to take place, and to make our results more
comprehensive, we also present exchange asymmetries for
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the 1s, 2s, and 2p channels in Tables VII, VIII, and IX,
respectively.

IV. CONCLUSIONS

While our ab initio CCO approach to electron-atom
scattering has the advantage that it uses the complete
set of excited target states, is internally consistent, and
is convergent by P space, the final test of the theory is
by comparison with experiment. We have demonstrated
complete agreement with experiment for elastic channel
phenomena in our earlier work. In this paper we have
demonstrated that we get generally good agreement with

0 20 40 60 80

100 120 140 160 180 O 20 40 60 80

100 120 140 160 180

scattering angle (deq)

FIG. 5.

The angular correlation parameter Ry, for electron scattering on atomic hydrogen. The solid line is the 6CCO

calculation, the long-dashed line is the corresponding 6CC calculation, and the short-dashed line is the R-matrix calculation
[2]. The measurements of Williams [17], Hood, Weigold, and Dixon [13], Slevin et al. [16], Slevin et al. [18], and Weigold,
Frost, and Nygaard [14] are denoted by O, o, 0, A, and X, respectively. Error bars are plotted only if they are larger than the

size of the symbol denoting the measurement.
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TABLE VI. The angular correlation parameter [ for the 2p state of hydrogen calculated using the 6CCO model.

E (eV) 13.87 16.46 19.58 35.0 40.0 54.4 100.0 200.0
0 (deg)
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
5 -0.02 -0.03 -0.04 -0.04 -0.03 -0.03 -0.02 -0.02
10 -0.05 -0.06 -0.08 -0.07 -0.07 -0.06 -0.05 -0.05
15 -0.07 -0.09 -0.11 -0.11 -0.11 -0.10 -0.10 -0.11
20 -0.10 -0.11 -0.15 -0.16 -0.16 -0.16 -0.16 -0.19
25 -0.12 -0.15 -0.18 -0.21 -0.22 -0.22 -0.24 -0.23
30 -0.15 -0.18 -0.21 -0.27 -0.27 -0.27 -0.26 -0.11
35 -0.18 -0.22 -0.25 -0.31 -0.30 -0.28 -0.18 0.03
40 -0.22 -0.26 -0.28 -0.31 -0.29 -0.22 -0.05 0.14
45 -0.25 -0.30 -0.29 -0.28 -0.24 -0.14 0.05 0.21
50 -0.28 -0.32 -0.29 -0.21 -0.16 -0.04 0.13 0.25
60 -0.30 -0.30 -0.25 -0.04 0.00 0.10 0.23 0.28
70 -0.28 -0.24 -0.18 0.08 0.12 0.21 0.28 0.28
80 -0.24 -0.17 -0.11 0.17 0.21 0.27 0.29 0.26
90 -0.20 -0.11 -0.02 0.23 0.26 0.30 0.28 0.23
100 -0.15 -0.04 0.07 0.26 0.28 0.30 0.26 0.20
110 -0.08 0.02 0.15 0.28 0.28 0.29 0.22 0.17
120 0.03 0.11 0.23 0.27 0.27 0.26 0.19 0.14
130 0.16 0.20 0.28 0.25 0.24 0.22 0.16 0.11
140 0.23 0.25 0.30 0.23 0.21 0.19 0.13 0.09
150 0.23 0.22 0.29 0.18 0.17 0.14 0.10 0.07
160 0.18 0.16 0.22 0.13 0.12 0.09 0.06 0.04
170 0.09 0.08 0.12 0.06 0.06 0.03 0.03 0.01
180 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

TABLE VII. The elastic exchange asymmetry A;. of electron scattering
Square brackets denote powers of 10.

on hydrogen

calculated using the 6CCO model.

E (eV) 13.87 16.46 19.58 35.0 40.0 54.4 100.0 200.0
0 (deg)
0 1.41[1]  -1.24[1]  -1.27[1]  -7.39[-2]  -5.73[-2]  -3.60[-2]  -2.46[-2]  -2.39[-2]
5 1.52[1]  -1.33[-1]  -1.36[-1]  -8.17}-2]  -6.33[-2]  -3.81[-2]  -2.65[-2]  -3.80[-2]
10 -1.64[-1]  -1.46[-1]  -1.49[-1]  -9.53[-2]  -7.54[-2]  -4.89[2]  -4.52[-2]  -6.05[-2]
15 -1771] -1s9[1] -1.62(1]  -1.13[1]  -9.39[2]  -6.91[-2]  -7.a2[2]  -7.22[-2]
20 -1.90[-1]  -1.73[-1]  -1.77}-1]  -1.36[-1]  -1.18[-1]  -9.59[-2]  -9.53[-2]  -7.50[-2]
25 2.02[-1]  -1.87[-1]  -1.92[1]  -1.62[1]  -1.45[1]  -1.25[-1]  -1.13[-1]  -7.36[-2]
30 2.13[1]  -2.01[-1]  -2.07[-1]  -1.89}1]  -1.74[1]  -1.53[-1]  -1.25[-1]  -7.11[-2]
35 -2.24[-1]  -2.15[-1]  -2.22[-1]  -218[}1]  -2.00[-1]  -1.77[-1]  -1.33[-1]  -6.89[-2]
40 -2.33[-1]  -2.29[-1]  -2.36[-1]  -2.35[1]  -2.22[1]  -1.95[-1]  -1.36[-1]  -6.68[-2]
45 -2.42[-1]  -2.41[-1]  -2.49[-1]  -2.51[1]  -2.39F1]  -2.08[-1]  -1.37[-1]  -6.41[-2]
50 -2.49[-1]  -2.52[-1]  -2.61[-1] = -2.63[-1]  -2.50[-1] -2.16[-1]  -1.36[-1]  -6.06[-2]
60 2.59[-1]  -2.70[-1]  -2.80[-1]  -2.74[1]  -2.60[-1]  -2.20[-1]  -1.29[-1]  -5.24[-2]
70 -2.63[-1]  -2.80[-1]  -2.89[-1]  -2.71[1]  -2.56[-1]  -2.13[-1]  -1.18[-1]  -4.57[-2]
80 2.60[-1]  -2.82[-1]  -2.88[-1]  -2.56[-1]  -2.41[-1]  -1.96[-1]  -1.05[-1]  -4.08[-2]
90 -2.48[-1]  -2.72[1]  -2.74[1]  -2.30[-1] 217[1]  -1.74[1]  -9.06[-2]  -3.61[-2]
100 -2.25[-1] -2.49[-1] -2.48[-1] -1.96[-1] -1.84[-1] -1.46[-1] -7.63[-2] -3.17[-2]
110 21.91[1]  -2.12[1]  -2.10[1]  -1.56[-1] -1.45[-1] -1.17[-1]  -6.22[2]  -2.75[-2]
120 -1.50[-1]  -1.63[-1]  -1.64[-1]  -1.15[1]  -1.05[-1]  -8.82[-2]  -4.82[-2]  -2.25[-2]
130 -1.09[-1]  -1.06[-1]  -1.14[-1]  -7.77[-2]  -7.13[-2]  -6.04[-2]  -3.54[-2]  -1.89[-2]
140 7.39[-2]  -5.06[-2]  -6.46[-2]  -4.61[-2]  -4.42[-2]  -3.60[-2]  -2.49[-2]  -1.82[-2]
150 -4.61[-2]  -7.04[-4]  -2.03[-2]  -2.12[-2]  -2.06[-2] -1.65[-2]  -1.73[-2]  -1.85[-2]
160 -2.70[-2] 3.77[-2] 1.41[-2]  -1.96[-3] 3.51[3]  -1.86[-3]  -1.27[-2]  -1.67[-2]
170 -1.60[-2] 6.17[-2] 3.60[-2] 1.14[-2] 2.48[-2] 7.79[-3]  -1.07[-2]  -1.22[-2]
180 -1.23[-2] 7.01[-2] 4.36[-2] 1.68[-2] 3.43[-2] 1.17[-2] 9.47[-3]  -9.87[-3]
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TABLE VIII. The exchange asymmetry Az, for the 2s excitation of hydrogen by electron scattering calculated using the
6CCO model. Square brackets denote powers of 10.

E (eV) 13.87 16.46 19.58 35.0 40.0 54.4 100.0 200.0
6 (deg)
0 1.38[-1] 1.49[-1] 1.27[-1] 1.47[-1] 1.33[-1] 9.51[-2] 3.14[-2] 6.24[-3]
5 1.42[-1] 1.54[-1] 1.35[-1] 1.72[-1] 1.56[-1] 1.15[-1] 3.27[-2)] 8.77[-3]
10 1.53[-1) 1.69[-1] 1.56[-1] 2.22[-1] 1.89[-1] 1.11[-1] 2.99[-2] 2.62[-2]
15 1.73[-1] 1.91[-1] 1.89[-1] 2.35[-1] 1.70[-1] 6.91[-2] 4.79[-2] 6.18[-2]
20 2.02[-1] 2.18[-1] 2.23[-1] 1.85[-1] 1.13[-1] 4.03[-2] 8.52[-2] 9.58-2]
25 2.45[-1] 2.37[-1] 2.37[-1] 1.16[-1] 6.26[-2) 3.83[-2] 1.14[-1] 8.44[-2]
30 3.04[-1] 2.33[-1] 2.03[-1] 6.63[-2] 3.75[-2] 4.91[-2] 9.32[-2] 3.20[-2]
35 3.83[-1] 1.96[-1] 1.23[-1] 4.20[-2) 2.79[-2] 3.81[-2] 3.84[-2] 4.79[-3]
40 4.81[-1] 1.49[-1] 2.88[-2] 1.95[-2] 4.73[-3] -1.90[-3] 4.73[-3] 4.70[-3]
45 5.82[-1] 1.59[-1] -5.04[-2] -1.55[-2] -2.74[-2] -3.28[-2] 1.63[-3] 1.60[-2]
50 6.80[-1] 3.13[-1] -1.02[-1] -3.63[-2)  -4.01[-2] -3.77[-2] 1.29[-2] 2.95[-2]
60 8.84[-1] 6.96[-1] -2.62[-1] -1.34[-2)  -7.62[-3] -2.72[-3] 4.08[-2] 4.16[-2]
70 9.71[-1] 1.75[-1] -3.19[-1] 2.75[-2] 3.97[-2] 4.36[-2] 7.06[-2] 5.73[-2]
80 6.50[-1] -9.68[-2] -3.04[-1] 5.63[-2] 7.47[-2] 8.72[-2] 1.04[-1] 8.13[-2]
90 2.23[-1] -1.54[-1] -2.33[-1] 8.91[-2] 1.12[-1] 1.32[-1] 1.33[-1] 8.98[-2]
100 7.21[-2] -7.66[-2] -9.27[-2] 1.35[-1] 1.58[-1] 1.79[-1] 1.54[-1] 9.03[-2]
110 1.35[-1] 8.11[-2] 1.00[-1] 1.97[-1] 2.15[-1] 2.23[-1] 1.74[-1] 9.22[-2]
120 2.76[-1] 2.49[-1] 2.91[-1] 2.79[-1] 2.89[-1] 2.78[-1] 1.93[-1] 1.03[-1]
130 4.05[-1] 3.89[-1] 4.39[-1] 3.75[-1) 3.76[-1] 3.39[-1] 2.15[-1] 1.13[-1]
140 4.88[-1] 4.93[-1] 5.37[-1] 4.62[-1] 4.56[-1] 3.85[-1] 2.30[-1] 1.12[-1]
150 5.30[-1] 5.66[-1] 5.98[-1] 5.32[-1] 5.19[-1] 4.11[-1] 2.34[-1] 1.04[-2)
160 5.47[-1] 6.14[-1] 6.34[-1] 5.89[-1] 5.74[-1] 4.46[-1] 2.42[-1] 1.09[-1]
170 5.54[-1] 6.41[-1] 6.52[-1] 6.30[-1] 6.17[-1] 4.93[-1] 2.52[-1] 1.18[-1]
180 5.55[-1] 6.49[-1] 6.59[-1] 6.44[-1] 6.33[-1] 5.14[-1] 2.71[-1] 1.32[-1]

TABLE IX. The exchange asymmetry Az, for the 2p excitation of hydrogen by electron scattering calculated using the
6CCO model. Square brackets denote powers of 10.

E (eV) 13.87 16.46 19.58 35.0 40.0 54.4 100.0 200.0
0 (deg)
0 2.22[-1] 1.75[-1] 1.71[-1] 2.32[-2] 2.25[-2] 1.67[-2] 6.81[-3] 1.89[-3]
5 2.28[-1] 1.81[-1] 1.77[-1] 2.29[-2] 2.31[-2) 1.91[-2] 1.29[-2] 9.77-3]
10 2.44[-1] 1.99[-1] 1.95[-1] 2.41[-2] 2.69[-2] 2.94[-2] 3.47[-2) 3.69[-2]
15 2.72[-1] 2.30[-1] 2.28[-1] 3.01[-2] 3.81[-2] 5.21[-2] 7.40[-2] 8.12[-2)
20 3.12[-1] 2.76[-1] 2.77[-1] 4.39[-2] 5.95[-2] 8.67[-2] 1.16[-1] 1.04[-1]
25 3.66[-1] 3.36[-1] 3.43[-1] 6.39[-2] 8.57[-2] 1.18[-1] 1.18[-1] 3.45[-2]
30 4.32[-1] 4.08[-1] 4.24[-1] 8.03[-2] 9.91[-2] 1.15[-1] 4.90[-2] -4.99[-2]
35 5.09[-1] 4.82[1] 5.07[-1] 8.12[-2] 8.31[-2] 6.41[-2] -3.02[-2] -4.52[-2]
40 5.87[-1] 5.38[-1] 5.69[-1] 7.14[-2] 5.04[-2] -3.26[-4] -5.75[-2] -1.24[-2)
45 6.56[-1] 5.58[-1] 5.87[-1] 6.93[-2] 3.17[-2] -3.50[-2] -5.14[-2] -2.70[-4]
50 7.02[-1] 5.39[-1] 5.58[-1] 8.36[-2] 3.91[-2] -3.33[-2] -3.78[-2] -8.28[-3]
60 7.15[-1] 4.60[-1] 4.27[-1] 1.21[-1] 8.29[-2] 1.44[-2] -3.59[-4] -7.00[-3]
70 6.80[-1] 4.22[1] 3.19[-1] 1.19[-1] 9.73[-2) 4.96[-2] 4.42[-2] 3.30[-2]
80 6.46[-1] 4.26[-1] 2.79[-1] 9.43[-2) 9.14[-2] 7.28[-2] 6.59[-2] 5.42[-2]
90 6.16[-1] 4.30[-1] 2.93[-1] 6.84[-2] 7.97[-2] 8.50[-2] 7.27[-2] 4.60[-2]
100 5.82[-1] 4.12[1] 3.32[-1) 6.10[-2] 7.50[-2) 8.76[-2] 7.66[-2] 4.42[-2]
110 5.45[-1] 3.78[-1] 3.70[-1] 8.50[-2] 9.45[-2] 9.96[-2] 7.72[-2] 4.80[-2]
120 5.01[-1] 3.46[-1] 4.04[-1] 1.26[-1] 1.30[-1] 1.24[1] 7.47[-2] 4.83[-2)
130 4.38[-1] 3.21[-1] 4.46[-1] 1.62[-1] 1.56[-1] 1.30[-1] 7.51[-2] 5.03[-2]
140 3.62[-1] 2.96[-1] 5.04[-1] 1.89[-1] 1.75[-1] 1.28[-1] 7.76[-2] 5.49[-2]
150 2.91[-1] 2.63[-1] 5.71[-1] 2.06[-1] 1.90[-1] 1.34[-1] 7.96[-2] 4.94[-2]
160 2.37[-1] 2.28[-1] 6.30[-1] 2.09[-1] 1.98[-1] 1.43[-1] 7.98[-2] 4.48[-2]
170 2.03[-1] 2.03[-1] 6.68[-1] 2.00[-1] 1.90[-1] 1.31[1] 7.21[-2] 4.67[-2]

180 1.91[-1] 1.94[-1] 6.81[-1] 1.94[-1] 1.83[-1] 1.17[-1] 7.20[-2] 3.84[-2]
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FIG. 6. The angular correlation parameter I», for electron scattering on atomic hydrogen. The solid line is the 6CCO

calculation, the long-dashed line is the corresponding 6CC calculation, and the short-dashed line is the R-matrix calculation

[2]. The measurements of Williams [19] are denoted by o.

experiment for the more sensitive n = 2 inelastic phe-
nomena.

To establish whether some of the remaining discrepan-
cies for the angular correlation parameters are systematic
it would be very useful to have a greater number of mea-
surements available across the considered energy spec-
trum. Should such discrepancies prove to be systematic,
further development of the theory would be necessary.
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