
PHYSICAL REVIEW A VOLUME 35, NUMBER 2 JANUARY 15, 1987

Higher-order effects in the large-angle coplanar symmetric He(e, 2e )He+ process:
A modified-Glauber-approximation study
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The triple-differential cross sections for the ionization of helium by fast electrons in the large-
angle coplanar symmetric energy-sharing case are studied by using the modified Glauber approxi-
mation. Comparison with experimental data indicates that the higher-order terms of the scattering
amplitude contribute quite significantly to the cross section. They, however, make the results worse
than those of the second-Born approximation.

The most sensitive test of any theory of single ioniza-
tion by electron impact is provided by the measurement of
triple-differential cross sections (TDCS) in (e,2e) coin-
cidence experiments. In the experiments one measures the
probability that in an ionizing event an incident electron
with energy Eo and momentum ko leads to, in the final
state, two electrons having energy (momentum) E, (k„
direction O„$, ) and Eb (kb, direction Ob, pb). Two types
of kinematical arrangements have been widely used in the
experiments. (i) The asymmetric coplanar Ehrhardt-type
geometry' in which the magnitude of the momentum
transfer K=

~
ko —k,

~

is small and the energy sharing
between the two outgoing electrons is highly asymmetric.
This geometry is particularly sensitive to the scattering
model used. The essential features of 'the experimental
angular distribution of the slower electron b for fixed E„
Eb, O„and p, have been explained by using the second
Born approximation. ' The agreement with the experi-
mental data further improves if higher-order terms of the
scattering amplitude are included. ' (ii) The coplanar
symmetric energy-sharing geometry which is popular in
( e, 2e) spectroscopic studies, E, =Eb, O, =Ob -45',
(p, pb)=m. He—re the momentum transfer K is large,
however, the residual ion essentially plays a spectator role.
It is found that in this situation even the theories which
are essentially first order in character lead to reasonable
results. However, for large O, (=Ob), it has been shown
by Byron, Joachain, and Piraux, and Pochat et al. for
hydrogen and hehum, respectively, that the second-order
Born term of the scattering amplitude becomes as impor-
tant as and even more important than the first-order term.
This is not surprising since for large angles of scattering
the magnitude of the momentum transfer
K, =ko —k, —kh to the residual ion is large and it ceases
to be just a spectator. They have also shown that under
these conditions the second Born term is governed by the
initial and final target states acting as intermediate states.

The aim of the present paper is to look for the impor-
tance of higher-order terms in the ionization process
e +He(1'S) ~He+( ls) +e +e for which experimen-
tal data exist at 200 eV incident energy in a coplanar sym-
metric geometry at large angles. We have recently used
the modified Glauber approximation to include the con-
tribution of the higher-order terms in the case of
electron-impact ionization of hydrogen and helium in the

X (C'f(r, ,r, )
~

B(p)B(K—p)
~

4;(r„r,)),
(2)

where

B(q)=2—e —e
iq.bl iq.b2

and b&, b2 are, respectively, the projections of the position
vectors r& and r2 of the two initially bound electrons onto
the plane perpendicular to the direction of the Glauber
path integral; 4&; and @f are, respectively, the wave func-
tions of the initial and final states of the target and p is a
two-dimensional vector in the plane of b~ and b2. For the
initial state of He we have chosen the analytical fit to the
Hartree-Fock wave function given by'

e;(r[,r2) =u (r$)u (r2) (4)

coplanar asymmetric geometry. ' The same procedure is
being followed here. It should be pointed out that the
Born series for A(e, 2e)A+ processes diverges term by
term except for the first term. ' The second-Born and
higher-order calculations which have been carried out to
analyze experimental data and lead to finite results use an
approximate form for these terms. In this sense these
higher order (beyond the first) contributions are at least
partly empirical.

The scattering amplitude fMo in the modified Glauber
approximation is given by

fMo =fG+fa2 fG2—
where fez and fG2 are, respectively, the second-order
Born and Glauber amplitudes and f~ is the full Glauber
amplitude. The amplitude fG in Eq. (1) is evaluated by
following the method of Roy, Das, and Sil." . The
second-Born amplitude f&2 is taken to be just the contri-
bution of the initial (1 'S) state acting as an intermediate
state. This state has been shown to dominate the direct
second-Born amplitude in the large-0 region by Pochat
et al. The procedure for evaluating fG2 has been given
elsewhere in detail. Here we outline the main steps. It is
given by (see Ref. 12)

l dp
mko p2(K —p/2
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with

—a&r CX2f
u (r) =yte +yze

where

v(r)=
1/2

I 3

e —A, 'r

a]= 1.41, A2=2. 61

y ] =0.734 85 y 2 =0.587 15

(5)

The final-state wave function @f is taken to be the sym-
metrized product of the He+. ground-state wave function
U for the bound electron with the continuum Coulomb.
wave function pk [orthogonalized to ground-state orbital

b

u (r)] for the ejected electron with momentum kb,

and

Nk, (r) =0k, (r) —(& (r')
~ qk, (r') )& (r)

'(r) —Ttu (r),
b

X tFt( i5—, 1, ikbr —ik—b.r), 5=1lkb .
1

Nf(r, r2) [Pk (r~)U(r2)+U(rt)gk (rz)]
The final expression for fG2 is given by

fG2 i ——j I [4D(0) 2D(p)—2D(K —p—)+D(K)][E)(0)—TtEz(0)]
. ~2 dp
mko p2~K —p~2

+ [D(K—p) —2D(0)][E~(p)—TtE2(p)]

+ [D (p) —2D(0)][E&(K—p) —TtE2(K —p)]+D(0)[Et(K)—TtE2(K)]J, (10)

with

2

D( p) = 16( 2m )
' i g y; [(~;+2)'+p']'

10=I

10

I I I
I

I I I
I

E, (p) = v'(2/~)e ~ I (1—i5)

2

[[A (p) —& (p)] 'A (p)' ']' ~s 3
10

O

(12)

2
CXg +AJ

[(a, +a, ) +p ]

where

A;(p)=a;+kb+p +2p kb'
B;(p)=2(kb+ia, ;kb —p kb) .

(14)

(15)

10

10

The integration over p in Eq. (10) is performed numeri-
cally.

In Fig. 1, TDCS, given by

d. 0
dE, dQ, drab

k, kg
(16)

are plotted as a function of 8 ( =8, =Ob ) at an incident
electron energy of 200 eV. It contains our MG results
along with those in the first-Born approximation. They
are compared with the experimental data and the second-
Born results of Pochat et al. Since the experimental data
is relative all the results have been normalized to the

1020
I I I I I I I I I I I I I I I I -I I I I I I

40 60 80 100 120 140
8(deq )

FICx. 1. Triple-differential cross section (in a.u. ) for the
electron-impact ionization of helium for the case of coplanar
symmetric energy-sharing geometry with Eo ——200 eV,
E, =Eb ——87.7 eV as a function of 0 (=8,=8b). The dashed
curve corresponds to the first-Born approximation, the dash-
dotted curve to the second-Born results of Ref. 8, and the con-
tinuous curve to the present MCx results. All the results are nor-
malized to the second-Born result at 8=40'. The experimental
data, shown by f, are those of Pochat et al.
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second-Born result at 40. The B2 and MG results along
with the experimental data begin to differ significantly
from the first-Born results at 0=70'. In the region from
about 70' to 100', the amplitudes f~l, f&2, and fG2 are
comparable to each other. The shallow dip in the B2 re-
sults and the sharp one in the MG is the result of their
mutual interference cancellation. Beyond 8=100', fz,
contributes very little and the results are dominated by the
second- and higher-order contributions. The latter appear
to decrease the cross section and move it away from the
data at 0=115' relative to the second-Born results of Po-
chat et al. The MG results are thus worse than the
second-Born ones. All these results should, however, be
regarded as an evidence of the dominant contribution of

the second- and higher-order terms which have only been
estimated. Their evaluation needs to be improved. The
final state acting as an intermediate state in the second-
Born term has already been shown to contribute signifi-
cantly. The contribution- of other intermediate states is
also important but it needs to be calculated without
recourse to the average-excitation-energy approximation
and closure which is not valid in the present situation.
An improvement in the evaluation of the higher-order
terms ( n ~ 2) over what is done here is likewise needed.
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