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Abstract. The spin asymmetry and integrated spin-un-
resolved cross sections for the electron-impact ionization
of atomic hydrogen are studied. The influence of indi-
vidual final-state interactions on these quantities is elucid-
ated by investigating the collision process within the
plane-wave impulse approximation, the first Born ap-
proximation and within an independent Coulomb particle
model. The predictions of the latter approximation for the
shape and magnitude of the spin asymmetry are in good
agreement with experimental data over the entire meas-
ured energy range. The effects of final-state electronic
correlations are investigated by the inclusion of the elec-
tronic Coulomb density-of-states factor as well as by
employing a three-body Coulomb wave-function for the
description of the final state. For ionization of hydrogen-
like ions the calculated asymmetry parameter has a posit-
ive slope near threshold indicating that such an energy
dependence is due to the electron-nucleus interactions. At
threshold the results are analyzed in light of the Wannier
theory of threshold ionization.

PACS: 34.80.Dp

I Introduction

Electron-impact ionization of atomic hydrogen is the
simplest process leading to three continuum charged par-
ticles. Hence, this reaction provides an ideal testing
ground for theoretical models treating the motion of
Coulomb particles in the continuum. Full information on
this collision process is obtained by measuring the ioniz-
ation rate for given vector momenta and spin states of the
two escaping electrons. Various integrated cross sections
test different aspects of the ionization dynamics. For
example, it has been shown by Wannier [1] that at thre-
shold the analytical dependence of the total ionization
cross section on the total excess energy derives from the
phase-space volume available for double escape. Ever
since an immense amount of experimental and classical,

semi-classical and quantum mechanical theoretical invest-
igations (see e.g. [ 1-137]) have been carried out to test the
Wannier prediction of the slope of the total cross section.
The original Wannier theory assumes *S°states only for
the outgoing electrons. Thus, the Wannier theory provides
no estimate of the spin states occupied by the electrons in
the final channel. A measure of the relative magnitudes of
singlet to triplet scattering is given by the spin asymmetry
A [14-17]. Upon extension of the Wannier treatment to
arbitrary L, S and 7 (total angular momentum, total spin
and parity) [6, 18], it has been concluded that all L-states
have the same energy dependence at threshold and nearly
all LSn-states (in particular singlet and triplet states) pos-
sess the same threshold law. These findings allow one to
conclude that A does not depend on the excess energy
near threshold although an exact value of A is not pro-
vided. Recently, however, an inspection of near threshold
experimental data for the spin asymmetry revealed
a slightly positive slope for A4 with increasing excess en-
ergy [19]. This behaviour has not been confirmed by
recent calculations using the hidden crossing theory [13],
which show a considerable variation of A4 near threshold.
It has been suggested [13] that this variation is due to
anharmonic corrections to the Wannier threshold law for
triplet spin states.

The analysis of the above mentioned theories is re-
stricted to the threshold region. To describe the entire
energy region the problem has recently been treated fully
numerically by using the convergent close-coupling tech-
nique (CCC) [20]. Excellent agreement with the experi-
mental data for the spin asymmetry and total cross section
has been achieved although the threshold region (down to
1.4 eV above threshold was reached) could not be in-
cluded in the treatment due to the rapidly increasing
number of pseudo states needed to reach convergence.
In addition to the above mentioned theories there are
a number of other theoretical approaches which have
been compared with experiment in [14].

The aim of this work is to systematically investigate
over a wide energy region the influence of various interac-
tions involved in the ionization process on the spin
non-resolved integrated cross sections and the spin
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asymmetry and to relate properties of these quantities
with each other. To this end we start with a very simple
theoretical model for the final-state description in which
the escaping electrons occupy plane waves, namely the
plane wave impulse approximation (PWIA). Then we in-
vestigate the influence of the distortion of the motion of
one electron due to the nuclear field by employing the first
Born approximation (FBA) according to which the
ionized electron occupies a target continuum state. Fur-
ther, we study the reaction in a model of independent
Coulomb particles (2C) in which the escaping electrons
move independently in the Coulomb field of the nucleus.
To study the influence of final-state electronic correlations
we investigate a model in which the final-state wave-
function provided by the 2C model is multiplied by the
final-state electronic density-of-state factor, this model is
called hereafter (CDS2C). This procedure has proved to
be, to some extent, capable of describing the angular
distribution of the final state products [21-23]. In addi-
tion, we investigate the case where the final state is repre-
sented by a product of three Coulomb waves (therefore we
refer to this model as 3C), each of which describes the
individual three two-body subsystems [24,25]. Finally, to
illustrate the influence of the nuclear field we briefly pres-
ent spin asymmetry results for an increased nuclear
charge, i.e. for ionization of hydrogen-like ions. It is shown
that, without resorting to elaborate numerical methods,
the spin asymmetry can be satisfactorily described in
shape and magnitude by the 2C model over the entire
energy region. The CDS2C and 3C theories show similar
behaviour as the CDS2C model results from the 3C the-
ory in the case where the radial part of the interelectronic
Coulomb wave is neglected. When employing the 3C and
CDS2C methods, the results for the spin asymmetry and
the energy distribution between the two-electrons are
quite poor near threshold. In contrast, the spin asymmetry
is reasonably well described in shape and magnitude with-
in the 2C model and is found to vary very slowly at
threshold in agreement with predictions based on the
Wannier theory. With increasing nuclear charge the spin
asymmetry shows a positive slope near threshold as
a function of the excess energy indicating that this effect is
due to electron-nucleus interactions. Atomic units are
used throughout.

II Theoretical models

The total cross section for the electron-impact ionization
of the hydrogen atom in its ground state is given by
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In (1) E;, v; are respectively the total energy in the initial
channel and the velocity of the incoming projectile with
respect to the nucleus. The total energy in the final chan-
nel, denoted by E in (1), is given by
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where k,, k, are the momenta of the outgoing electrons
with respect to the nucleus, which is assumed to be infi-
nitely heavy with respect to the electron mass. The
transition-matrix element appearing in (1) has the form

T (ks ky) = (WD) 3)

where W, refers to the perturbation operator in the initial
channel. The state of the three-body system in the initial
channel is described by |@) whereas |~ ) represents the
three particle Coulomb system above the complete frag-
mentation threshold. In the following we choose |®) to
have the form

(re 1| @) = (2m)~ *exp(ik; 1,) @ (1) (4)

where r,, r, are the position vectors (with respect to the
nucleus) of the incoming projectile and the initially bound
electron, respectively and ¢(r,) is the bound state
wavefunction. The operator W; then becomes
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In the 2C approximation the electron-electron final-state

interaction is neglected which results in the approximate
final-state wavefunction
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where Z, = — Z = Z, are the electron-nucleus product

charges and Z is the charge of the residual nucleus. The
normalization constants Nj; j = a, b are given by
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The final-state wavefunctions in the FBA and PWIA
models derive from the expression (6) in the case
Z,=0,Z,= — Zand Z, =0 = Z,, respectively. Accord-
ing to [24, 25], the inclusion of final-state interelectronic
correlations results in the 3C-wavefunction

1

b4 ) :Na F .75
3c(Ta Tp) b1 1|:l 2,

X W oc(rg, ) ()

where N, is given by (7), rp,=r,—1r, and k, =
(k, — k;)/2 are the interelectronic relative coordinate and
its conjugate momentum, respectively. A simpler way to
account for the final-state interaction of the escaping
electrons has been proposed in [21-23]. In this case the
wavefunction ¥,¢(r,, rp) is multiplied by the Coulomb
density-of-state factor N, i.e.

¥epsac(Ta Tp) = Ny Pac(r,, Ip) )

It should be noted here that final-state wavefunctions due
to PWIA, FBA, 2C and 3C models are normalized to delta
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functions in momentum space whereas the function, given
by (9) is not normalized and hence does not conserve flux.

III Results and discussion
A Total cross sections and excess-energy distributions

Based on a classical stability analysis of the motion of two
escaping electrons in the field of a nucleus of charge Z,
Wannier [1] derives the energy-functional dependence of
the total cross section (1) at vanishingly small excess
energy E to be

o(E) oc EM2 14, (10)

where the Wannier index u is given by
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The threshold behaviour of ¢(E), derived from the quan-
tum mechanical expression (1), is controlled by the low-
energy limit of the final state wavefunction (6) since, at
threshold, the initial binding energy of the system
(13.6 €V) is much larger than the excess energy at which
threshold ionization is considered. The threshold behav-
iour of the wavefunction ¥,¢ is readily deduced by em-
ploying the following parametrization of k, and k,

= (k2 + k32 =E, tan p = ’i (12)

b

in which case the wavefunction (6) can be expanded in
terms of Bessel functions, J,[ x], at small K [26,27]. The
leading order term in E reads

lim ¥,c(r,, 1) = (27m)~ 3Na Nyy(r,, rbi(m i(b) (13)
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For the evaluation of the cross section (1) the absolute
values of the normalization constants N;; j = a, b are deci-
sive. From (7) it is clear that

lim N; =1, j=a,b,ab. (15)
Z; -0

Further, near threshold the functions N;; j = a, b cast in
terms of the parametrization (12) become
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Near to threshold the V3¢ wavefunction can be expanded
as [28]

lim ¥;c(r,, 1) = (27)~ 3NaNbNabX(raa Iy, i(a, i(b)
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where I,(x) is a modified Bessel function. For large argu-
ments x the function I, (x) is unbound. Hence, the normal-
ization N, corresponding to this function must vanish at
threshold. In fact, near threshold N, exhibits the behav-
iour

|Nab|2 =

2n |: — 2 :|
(20)
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where f(Oy, f) = /1 —sin2f cos @, and the angle O, is

defined as cos =k, k,. From (20) it is readily con-
cluded that |N,|*> decreases, basically, exponentially
with decreasing excess energies. This behaviour is at vari-
ance with experimental findings and the Wannier theory
predictions [1].

To investigate the behaviour of integrated cross sec-
tions, (1) is reformulated in the coordinates (12) and the
integral over K is readily performed to give
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To take advantage of the overall rotational invariance of
the system we introduce, with respect to an arbitrary set of
axes, the azimuthal angles ¢, @, of the vectors k, k;
respectively. To separately investigate the effects of the
spatial part of the wavefunction and its normalization
N:=N,N,N, we define the reduced matrix element
T,.:= T/N. The expression (21) has then the form

(27T) 2 2
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From (13) we conclude that at threshold the reduced
matrix element T is reduced in the PWIA, FBA and 2C
approximations to T (k. ky) = (| Wi|®)> which depends
only upon k, k,. Thus, for E <1 the expression (22)
simplifies to

G(E)=gE f sin 2B|N|2dE, (23)
0

In (23) we transformed the integral over f§ to an integral
over the energy E, of one of the electrons and introduced
the factor

_(@m?

2[|T,Pd cos @, dg,d,. (24)

i

Wannier [1] (see also [5]) showed that an independent
Coulomb particle model (2C) yields a total cross section
o which is linearly dependent on the excess energy E. This
is readily verified from (17, 18) where in the 2C model the
relation |[N|~% = |[N,N,| 2 oc Esin 2f holds and from (23)
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it follows then that ¢(E) oc E. In addition, we conclude
from (23) that in the 2C approximation the excess energy
E is equally shared between the two escaping electrons, i.e.
do(E, E,)/dE, = constant which is in accordance with the
conclusions of [5]. The absolute value of this constant is
determined by g, i.e. by the momentum-space angular
correlations of the electrons since the behaviour of g is
controlled by T, (k,, k). Thus, it is expected that the abso-
lute value of the cross section is poorly described since in
the 2C model the angular correlations between the elec-
trons are neglected (compare [29]).

In a PWIA treatment the normalization factor reduces
to [IN|> = 1 (compare Eq. 15). From (22) it follows then
that ¢(E) oc E* [30] and for the excess-energy distribution
we deduce do(E, f)/df = sin?2p which means that the
equal-energy sharing between the two electrons is the
most probable according to the PWIA. From (15) we
deduce that in the FBA the normalization constant is
given by N =N, From (18,23) it is obvious that
o(E) oc E'3 and for the excess-energy sharing we obtain
do(E, E,)/dE, = \/E, The latter distribution is not sym-
metric with respect to E, = E — E,. This is due to the fact
that in the FBA the two electrons are not treated on an
equal footing. Thus, upon employing an antisymmetrized
wavefunction the FBA model results in an oscillating
cross section for do(E, E,)/dE,.

The case of 3C and CDS2C theories is much more
involved since for these models the separation, given by
(23,24), is not applicable. As pointed out in the preceding,
near to threshold, the absolute magnitude of cross sec-
tions calculated within the CDS2C and 3C models is
expected to be determined by the factor given by (20). In
fact it has been analytically shown in [30] that when the
final-state wavefunction provided by the PWIA is multi-
plied by the factor (20) the total cross section o(E) behaves
as o(E) oc ES/*exp( — n//E). Similar considerations [31]
lead to the conclusion that the total cross section in the
CDS2C model possess the behaviour o(E)oc EV*
exp( — n/\/E). At lower excess energies, the predictions of
the CDS2C and 3C models for the energy distribution
between the two outgoing electrons depend strongly on
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the behaviour of |N,|*. To explicitly show this the factor
|N|? is depicted in Fig. 1a and b for lower (E = 1 eV) and
intermediate (E = 50eV) excess energies, respectively.
From Fig. 1a it is evident that [N, |? is sharply peaked
around an angular configuration in which the two
electrons are emitted opposite to each other. In
this angular configuration the energy distribution is
strongly peaked around equal energy sharing. This behav-
iour is directly reflected in the corresponding cross
sections, as will be shown below. As the excess energy
increases the electron-electron repulsion dominates only
in a limited region around the configuration where the
two electrons recede from the nucleus with equal vector
velocities. Thus allowing for further structures in
IN&b?(O, B) to emerge. However, these structures
have only a minor influence on the cross section as in this
case the magnitude of |N,|*> tends to unity and the
radial part T, = T/N of the transition amplitude becomes
decisive.

To verify the above predictions and the range of valid-
ity of the expansion (13) the cross sections, as given by (1),
are directly calculated within the 2C, FBA, PWIA, 3C and
CDS2C models by using the wavefunctions given by
(6,8,9). The results are shown in Fig. 2a,b. The energy-
sharing distribution is constant within the 2C model and
the magnitude of o(E) is given by the surface below the
solid curve in Fig. 2a. As shown in [29] the absolute value
of ¢(E) is overestimated by the 2C-model implying that
the electronic angular correlations are incorrectly de-
scribed by this approach. Therefore, the magnitude of
do(E, E,)/dE, is also overestimated by the 2C approach.
A non-antisymmetrized FBA-wavefunction results in an
excess energy-distribution described by do(E, E,)/

dE, =\/E, whereas antisymmetrization leads to con-
siderable variation in the energy distribution. We remark
here that the Wannier treatment supported by experi-
mental evidence [3, 11,32] indicates a basically flat energy
distribution at threshold. In contrast, the CDS2C and 3C
models predict a sharply peaked energy distribution
around equal-energy sharing of the outgoing electrons.
This behaviour is directly connected to that shown in
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Fig. 1a,b. The Coulomb density-of-states [N |?(Oy, p), as defined by (20), is depicted as function of @, and f. The excess energy is chosen as

E=1eVaand E=50eV b
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Fig. 2a—c. The spin non-resolved singly differential cross section
do/dE, for the electron-impact ionization of atomic hydrogen as
function of E,/E where E, is the energy of one of the ejected electron
and E = 80 meV is the excess energy. In a the solid curve represents
the results of the 2C approximation scaled down by a factor of 10
whereas the PWIA results are denoted by the solid light curve. The
PWIA results have been multiplied by a factor of 80. The FBA yields
the results shown by the dashed curve whereas the dashed-dotted
curve are the results of the FBA without taking into account the

Fig. 1a. Interestingly, the magnitude of the cross section
do(E, E,)/dE, calculated within the 3C model is several
order of magnitude bigger than that provided by the
CDS2C model. This is due to the diverging behaviour of
the radial part of (19). However, transition amplitudes are
still convergent when using the 3C method due to conver-
gent factors provided by the transition operator, given by
(5), and the initial-state wavefunction.

At higher excess energies (Fig.2c) results of the
FBA and the 2C theories for do(E, E,)/dE, are identi-
cal and agree in shape with the prediction of the CDS2C
and PWIA models. According to these approximations
the most probable energy distribution is an asymmetric
one which indicates that the dominating ionization mech-
anism is a direct collision process in which the projectile
hits the atomic electron at large impact parameter losing
only little of its initial momentum. Due to the indistin-
guishability of the two final state electrons do(E, E,)/dE,
must be symmetric with respect to E, = E/2.

B Spin asymmetry

There is an indication that at threshold the factorization
of the total cross section in the form (23) is of general
validity [12] and not only pertinent to the approxima-
tions used here. In fact, for the Wannier theory such
a factorization (23) can be deduced from the prediction
that the do(E, )/ df is a flat function of . As pointed out
in the preceding discussion, (23) leads to the conclusion
that the momentum-space angular correlations which are
described by the quantity g, are irrelevant for the func-
tional forms of ¢(E) and do(E, $)/df5. However, the abso-
lute value of ¢(E) is determined by g. A way of testing for

indistinguishibility of the two continuum electrons. In b the results
of the 3C (solid curve) and CDS2C (dashed curve) models are shown.
The CDS2C results have been multiplied by a factor of 4 x 10'°.
¢ shows dg/dE, versus (E,/E) at an incident energy of 500 eV
(E = 486.4 ¢V). The FBA (dotted) and 2C (solid curve) results co-
incide with each other. The PWIA results are denoted by the dashed
curve whereas the solid light curve refers to the results of the CDS2C
method

the structure of the quantity g rather than its absolute
value is provided by comparing with the spin asymmetry
A. The spin asymmetry A4 is a measure of the spin states
occupied by the continuum electrons and is defined as

Ay 7B = oE)

~ o%(E) + 36'(E) 23

where ¢* and ¢' are the total ionization cross sections for
singlet and triplet scattering, respectively, and are given by

2 4
@) [IT*25(E — E)d*k,dk, (26)
Vi

o*'(E) =

where the singlet and triplet T-matrices are given by
T°=[14 4] Tk,ky)

T'=[1— o] T (ks k). (27)
In (27) the exchange T-matrix has been introduced

oL T (kg Kp) = T'(kp, k). (28)

The spin-unresolved cross sections (integrated and fully
differential) are statistical averages of triplet and singlet
scattering cross sections, i.e.

d°c(E) 1 d°°(E) 3 d°(E)

=_ = . 29
&’k d’k, 4d’k,d’k, 4d°kd’k, @9)

The important point now is that in any adequate descrip-
tion of threshold ionization the two low-energy electrons
should be treated on an equal basis. As a result the
normalization factor N should have the property
N(k,, k;) = N(k;, k,) (this is not the case in the FBA).
Provided the threshold factorization (23) is valid, this
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yields for the spin asymmetry

9 -9
A= (30)
where ¢°, ¢' are the functions introduced in (24) and
calculated with T* and T, respectively. Equation (30) is
not valid for the CDS2C and 3C models since at threshold
the factorization (23) is not applicable in case of these
approximations.

Two important conclusions can be immediately de-
duced from (30): @) The spin asymmetry is a feature of the
spatial part of wavefunctions and does not depend on its
normalization. Further A tests for the momentum-space
angular correlations. b) As pointed out in the preceding
section ¢*' are excess-energy independent at threshold.
Thus, the spin asymmetry should not depend upon the
excess energy in the energy region close to threshold. The
last conclusion has been also drawn in [18] where the
Wannier threshold theory has been employed to predict
that all L-states have the same energy dependence at
threshold and nearly all LS=n-states (in particular singlet
and triplet states) possess the same threshold law which
leads to a constant A at threshold. It is worth noting that
the Wannier-theory prediction of a constant 4 can be
combined with the general factorization (23) to deduce
that, in general, the quantities g° and ¢' possess the same
analytical (weak) excess-energy dependence. The Wannier
theory of threshold ionization provides, however, no esti-
mate of the absolute value of 4 since g* are not directly
evaluated.

In the present work A is calculated according to
(26,25). In Fig. 3a the results for the spin asymmetry are
depicted. As mentioned above, the momentum-space
angular correlation factors g** are poorly described by the
2C treatment which results in a too large absolute value of
the total cross section [29]. Thus, according to (30) it is

0.7 |

justified to believe that the 2C treatment would be inad-
equate in describing the behaviour of A. Surprisingly, the
spin asymmetry measurements are well reproduced by the
2C theory over the entire measured energy region. At first
glance this appears to be in contradiction with the con-
clusions of the preceding section. We remark, however,
that the spin asymmetry A involves a ratio of the quantit-
ies ¢* and ¢'. This leads to the conclusion that ¢° and
g' contain a common angular factor which is wrongly
described by the 2C approximation but which cancels out
when taking the ratio of ¢° to ¢g' (otherwise the absolute
value of the total cross section should be reproduced by
the 2C model [29]). The measurements shown in Fig. 3a,b
indicate that ionization into the singlet channel dominates
that into the triplet channel. Using the PWIA it can be
shown analytically [30] that, at threshold, ionization into
the triplet channel is prohibited. This is remarkable in so
far as within the PWIA the total potential is assumed to
be short range which results in a plane-wave description
of the outgoing electrons. This leads to the speculation
that the value of A is pertinent to the long-range behav-
iour of the Coulomb interaction. The FBA description
fails to account for the behaviour of the spin asymmetry,
as evident from Fig. 3a,b. This is mainly due to the fact
that the two escaping electrons are not treated on equal
footing, thus, N (k,, k;) # N(k,, k,). Hence, (30) is not valid
within the FBA. At this stage it is interesting to note that
an equal treatment of the two escaping electrons is not
a guarantee for an adequate description of 4. This is most
clearly seen by considering the spin asymmetry in the
CDS2C and 3C models. In this case the emerging elec-
trons are treated symmetrically and the normalization
constants have the property N(k, k;) # N(k;, k,). How-
ever, the factorization, given by (23), is not valid in this
case since the normalization N depends on k. k,. As
evident from Fig. 3a,b the CDS2C and the 3C models are
not capable of describing the threshold behaviour of the
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Fig. 3a—c. The spin asymmetry, as defined by (25), is shown for the
ionization of atomic hydrogen by electron impact as function of the
incident electron energy. a shows the results of the calculations using
the 2C approximation (solid curve) whereas the dotted curve den-
otes the CCC results [20]. The long-dashed curve is the result of the
FBA treatment whereas the PWIA leads to the spin asymmetry
shown by the dash-dotted curve. The 3C (short-dashed curve) and
the CDS2C (light solid curve) results are also depicted. The experi-

incident energy [eV]

incident energy [eV]

mental data are due to [15] (full squares) and [14] (open circles).
b the spin asymmetry is studied near to threshold. Curves are: solid
curve (2C model), short-dashed curve (3C approximation), long-
dashed curve (FBA), light solid curve (CDS2C model), dotted curve
(Hidden crossing model [13]) and dash-dotted curve (PWIA results).
Experimental data are as in a. ¢ illustrates the high-energy behavior
of A. Curves and data are the same as in a. Results of the 3C are not
included



spin asymmetry. This shortcoming of the CDS2C and 3C
approximation at lower excess energies is, as pointed out
above, due to a spurious asymptotic behaviour of the
modified Bessel function I, appearing in (19) which nat-
urally results in a wrong threshold behaviour of the nor-
malization N,, and hence the erroneous spin-asymmetry
predictions of the CDS2C and 3C models. This statement
is re-enforced by the fact that the spin-asymmetry results
in the CDS2C approximation are in better agreement with
experiment than those due to the 3C treatment (Fig. 3a, b).
Also included in Fig. 3a are the results of the convergent-
close coupling method, CCC, [20]. The results of the CCC
are in very good agreement with the experimental finding,
however, close to threshold the evaluation of o(E) is
limited by the computational resources as a rapidly in-
creasing number of pseudo states is needed to achieve
convergence. The results of the method using hidden-
crossing theory [13] are also depicted in Fig. 3b. The
variation shown by the latter calculations near threshold
is at variance with the Wannier predictions of a constant
value of A [18] and has been assigned to anharmonic
corrections to the Wannier threshold law for triplet spin
states. As expected, in the high energy region (Fig. 3c),
triplet and singlet spin states are equally populated and
hence lim; .gA4 — 0. In this case the behaviour of A4 is
sufficiently well described by the CCC, CDS2C, 2C and
FBA treatments which almost coincide with each other
whereas the PWIA prediction of the spin asymmetry tend
to the results of the other models at much higher energies.

Approximating the final-state wavefunction by the ex-
pression (6) means that the electron-electron final-state
interaction is disregarded. This approximation becomes
better for increasing nuclear charge in which case the
electron-nucleus interactions dominates the electron-elec-
tron repulsion. For larger nuclear charge the Wannier
threshold law (10) tends to a linear dependence, i.e.
a(E) oc E, which is the threshold law predicted by the 2C
model, as shown above. Thus, it is worthwhile to investi-
gate the spin asymmetry A for increasing nuclear charge,
i.e. for the electron-impact ionization of hydrogen-like
ions. In this case the final-state is still described by the
wavefunction (6). The initial state, given by (4), has how-
ever a different form and the calculations of ¢(E), as given
by (1), become more elaborate and will be presented
elsewhere. In the context of this work it is interesting to
investigate the threshold behaviour of the spin asymmetry
A with increasing nuclear field. First we remark that an
analysis of the experimental spin-asymmetry data for ion-
ization of atomic hydrogen has revealed a marginally
positive slope of 4 at threshold [19]. This slightly positive
slope of A develops into an identifyable peak in electron-
lithium [16] and electron-sodium [16] impact ionization.
The 2C-model calculations for a hydrogen-like positive
ion, Fig. 4, clearly shows the emergence of a peak in the
spin asymmetry for increased nuclear charge. This allows
the interpretation of this peak, and indeed of the positive
slope of A in the electron-hydrogen scattering, as being
due to the electron-nucleus final-state interaction. Besides,
the results of Fig. 4 and the experimental data of [16] lead
to the interesting, however anticipated, conclusion that at
low excess energy the main contribution to the measured
spin asymmetry in electron lithium and sodium ionising
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Fig. 4. The spin asymmetry, as defined by (25), for the ionization of
Li** by electron impact is depicted as a function of the incident
energy. The binding energy of Li* * is 122.4 ¢V. For the calculations
the 2C approximation (6) has been employed

collisions originates from small impact parameter scatter-
ing where the ionized electrons experience the net nuclear
charge.

IV Conclusions

In this work the integrated cross sections for the electron-
impact ionization of atomic hydrogen has been investi-
gated. The influence of individual final-state interactions
on the structure of the spin-asymmetry as well as on the
spin nonresolved total cross section and the energy-distri-
bution between the escaping electrons have been analysed.
It has been shown that when describing the two-electron
continuum final-state within an independent Coulomb
particle model, the shape of the spin non-resolved total
cross sections as well as the energy-sharing between the
escaping electrons and the spin asymmetry in the total
cross section are in qualitative agreement with the Wan-
nier-theory predictions. Furthermore, it has been shown
that the measured analytical dependence and absolute
value of the spin asymmetry is well reproduced by the
independent Coulomb particle model over the entire mea-
sured energy region. To account for the final-state elec-
tronic correlations the 3C and the CDS2C models have
been used. Although these two models can be successful in
predicting near-threshold relative angular distributions of
the emerging electrons, the results for the integrated cross
sections investigated here are quite poor. This shortcom-
ing has been traced back to a spurious threshold
behavior of the radial part of the 3C wavefunction (8).
Finally, by examining the spin asymmetry for hydrogen-
like ions, it has been argued that the slightly positive slope
observed in the spin asymmetry near threshold is due to
the electron-nucleus final state interactions.
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