Vol 11 No 7, July 2002
1009-1963/2002/11(07)/0704-06

Chinese Physics

© 2002 Chin. Phys. Soc.
and IOP Publishing Ltd

Electron-impact ionization of Li"(1s?) in the coplanar
equal energy-sharing geometry’

Jia Xiang-Fu(P{#£E) and Liu Ming-Hai(XI] B )

Department of Physics, Shanxi Teachers University, Linfen 041004, China

(Received 30 June 2001; revised manuscript received 16 January 2002)

In this paper, the triple differential cross section for the low-energy electron impact ionization of the LiT ion

is considered in the coplanar equal energy-sharing kinematics at an incident energy of 114.083eV. The emergence of

structures in the calculated cross sections is explained in terms of isolated two-body final-state interactions and three-

body coupling. The cross section shows two peaks originating from ‘classical’ sequential two-body collisions. The

position of these peaks is determined by two-body final-state interactions. In addition, it is demonstrated that the

signature of three-body interactions is carried by the magnitude and ratio of these two peaks. The direct and exchange

amplitudes are also considered.

Keywords: (e, 2e) triple differential cross sections, screening effects, Coulomb interaction, exchange

effects
PACC: 3480D, 3450H

1. Introduction

Experiments for the ionization of ionic targets
are limited to the total ionization and single differen-
tial cross-section measurements.'! 4 Miiller et all®! in
their refined experiment have studied correlated two-
electron transitions in the electron impact ionization
of the Lit ion, and were able to observe the resonant
and non-resonant double excitation leading to single
ionization. They noted that the interference by res-
onance and direct ionization channels leads to a con-
siderable enhancement of resonant features in the sin-
gle differential and total ionization cross sections. To
our knowledge, measurements of the triple differential
cross section, which provides the most detailed infor-
mation regarding ionization processes, have not been
done until now for an ionic target.

The additional difficulty that arises in studying
the electron impact ionization of an ionic target, as
compared to a neutral one, is the presence of a long-
range Coulomb interaction. Roy et all! in their calcu-
lation of (e, 2e) triple differential ionization cross sec-
tions for the Het ion did not include electron—electron
correlation in the final channel, and as a result their
final-state wavefunction dose not satisfy the proper
three-body boundary conditions. Biswas and Sinhal®

suggested a model in which the scattered (faster)

outgoing electron is treated in the framework of the
eikonal approximation, while the ejected (slower) elec-
tron is represented by a Coulomb wave. The correla-
tion between the two outgoing electrons is taken into
account through the eikonal phase term and Coulomb
parameters. Jia et all”l extended the Brauner-Briggs—
Klar (BBK) modell® for hydrogen and helium ions, in
which the incident electron is described by a Coulomb
wave in the presence of a screened ionic nucleus and
the final channel is represented by the BBK wavefunc-
tion. The basic difference between the Biswas-Sinhal]
approach and our approach!” lies in the choice of the
prescription for the final-channel wavefunction. The
final-state wavefunction is chosen as the three-body
Coulomb continuum (BBK),®! which satisfies the ex-
act three-body asymptotic boundary condition. The
prescription of the latter is superior in the sense that
the former is mainly appropriate for asymmetric ge-
ometric only while the latter is suitable for both the
symmetric and asymmetric geometries and hence is

more versatile.

The BBK modell® should be regarded as a sig-
nificant advance in the theory of (e, 2e) processes,
in which a three-Coulomb (3C) product wavefunction
This 3C

wavefunction was quite successful in reproducing the

was first used to describe the final state.
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triple differential cross sections (TDCS) for electron
impact ionization of hydrogen!® and helium(®! at high
and intermediate energies. However, for low incident
energies, the calculated TDCS using the 3C wavefunc-
tion are not in agreement with experiment.['®) The
major limitation of the BBK model lies in the fact
that the dynamic screening of any two-body Coulomb
interaction, i.e., the influence on the strength of the
interaction of any two particles by the presence of a

This defi-
10]

third, has not been taken into account.
ciency was first corrected by Berakdar and Briggs!
through the introduction of new Sommerfeld param-
eters for the symmetric case in which the two out-
going electrons have equal energies. Chen et al have
extended the work of Berakdar and Briggs to both

[11]

symmetric and asymmetric cases and the results

turned out to be in quite good agreement with the
measurements.[!1=15]

Therefore, in this present work we investigate
mainly the ionization of LiT using the DS3C model
suggested by Berakdar and Briggs.['%) The TDCS for
ionization has been determined in the coplanar equal
energy-sharing kinematics at an incident energy of
114.083 V. As our aim is to explain the physical pro-
cesses underlying structures observed in the TDCS,
only the major features of the theory used are briefly
summarized in section 2. In section 3 we concentrate
on the interpretation of the angular pattern of the
TDCS and in section 4 conclusions are drawn. Atomic

units (a.u.) are used unless otherwise specified.
2.Theoretical model

The prior form of the matrix elements for the di-
rect and exchange process of e~ + Lit ionization is

given by

f=< !Pf_(rl,rg,rg) | Vi | Wj'(rl,rg,rg) > (1)
and

g =< J/f_(rg,rl,rg) | Vi | !71-+(r1,r2,r3) >, (2)
The total Hamiltonian H of the system is written as

where Z; is the charge of the helium-like target ion.

The kinetic-energy operator is given by

1 1 1
H, = *Evf - §V§ - §V§, (4)

where 71, 7o and r3 denote the position vectors of the
incoming electron ‘1’ and the two bound electrons ‘2’

and ‘3’, respectively, with respect to the nucleus, and
T2 =71 — T2, P23 =T2 — T3, P13 =T1 —T3.

The initial channel wavefunction ¥;" in Eq.(1) is
chosen in the framework of the Coulomb-Born ap-

proximation as
U (r1,m2,m3) = Fo(ki m1)di(ra, 73), (5)

where F represents a Coulomb wavefunction due to
the long-range Coulomb attraction between the in-
cident electron and the screened target ion. This is

given by

Fc(ki,"’l)
=(2m)73/2e™ /2 P (1 + i)
x exp [ik; - r1] 1 Filioy; 1;i(kirs — ki - 71)],  (6)

with a;=(z — 2)/k;, where k; is the initial momen-
tum of the incident electron. The ground-state wave-
function of the helium-like ion ¢;(r2,73) in Eq.(5) is

chosen as the simple Hylleraas form

¢i(7'2, 7‘3) = u(r2)u(r3),

u(r) = <A_3> R (7)

™

with A=(Z; - 1)4+0.6875. From Egs.(3)—(6), the per-

turbation V; is given by

y= &-D, 11 (8)
1 T12 T13

It is evident from Eq.(8) that the perturbation V; van-

ishes asymptotically (for r; — oo, ro, r3 finite).

In order to construct the wavefunction v, for the
final channel, which involves four particles, we adopt
the following assumptions. We have reduced the four-
body problem to a three-body one in the sense that
the bound passive electron plays no other role than
to screen the nucleus from the two outgoing particles.
For single ionization, this assumption is expected to be
quite reasonable, particularly for fast electron impact.

The final-channel wavefunction ¥; in Eq.(1) ef-
fectively satisfies the following equation

<Ho—&—@—é+i—E>!Pf:0, (9)

1 T2 T3 T12
with the screened charge Zs. = 2. E is the total energy
of system given by E = k?/2 + k3 /2+€, and € is the
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binding energy of the one-electron ion in its ground
state. The wavefunction ¢(rq, r3) of the two-electron
ion subsystem in the final channel is represented by
a symmetrized product of the one-electron ground-
state wavefunction (¢f) for the bound electron (r3)
with the continuous wavefunction ¢y, for the ejected
electron with momentum ko (orthogonalized to the
ground-state orbital u(r)).

We write the final-channel correlated (three-

body) wavefunction W; in the following form

¥ (ri,72,73)
=(2r) 73221 (1 4 i)
x exp [ik - 1)1 Fi[—iaq; 1; —i(kiry + k1 - 71)]
X e”a12/2F(1 +iaqe) 1 Fi[—iai2; 1;
—i(k12r12 + k12 - 712)]@(r2, 73), (10)

with

$(r2,73) = [Pp, (r2) 05 (73) + P, () (r2)]/ V2,

(11)

Pha (1) = Py (1) — (Dry [0)u(r). (12)

It should be noted here that in calculating the matrix

element corresponding to the second term (i.e. the ex-

change term) in Eq.(11), we have also replaced the

coordinates ‘2’ and ‘3’ in the remaining part of the

expression of ¥, (r1,72,73) in Eq.(10) for the sake of
consistency.

The ejected electron is described by the following

screened Coulomb wavefunction

iy (r) =(2m) 732722 P (1 + iy
% eikz-Tz Fy [_iaz; 1; —i(kng + ks - 7‘2)]-(13)

Here, kia=(k1—-k2)/2, k1 is the final momentum of
the scattered electron, ¢;(r) is the ground-state wave-

function of the hydrogen-like ion, given by

by(r) = (Z—)/Z (14

™

and «;,t €(1,2,12) are the Sommerfeld parameters.
The assumption that the three-body system consists
of three spatially-independent two-body systems leads
to the representation of the Sommerfeld parameters
in the BBK modell® as a1=Zsc/k1, aa=2Z[ka and
a19="Zs./k12.

However, the Sommerfeld parameter is a measure
of the strength of the Coulomb interaction between

charged particles, and the strength of interaction of

any two particles in the three-body Coulomb system
is affected by the presence of the third. Having rec-
ognized this, Berakdar and Briggs!'® suggested the
DS3C model to modify the 3C wavefunction by for-
mulating the effective Sommerfeld parameters. Here
we cite the explicit functional form for the case of

equal energy sharing (k1 = ko = k) as

—1+sin%6
2k sin €

A — sin 0
B 4k ’

] = Qg a2 = ) (15)
where the angle @ is defined as # = (cos™! k- lAcz)/2,
and effective charge Zog of the Lit™*(1s)-core seen by

the escaping electrons is taken as!'fl

Zeogg = (Z; — 1) + 0.5052¢2-5496F, (16)

The electron exchange effect (between the two
outgoing electrons) has been taken into account in
the final channel.
be obtained by simply interchanging k; and ks in the

The exchange amplitude ‘g’ can

expression for the direct amplitude ‘f’, i.e.,
g(k1,k2) = f(k2, k1).

Finally, the expression for the TDCS is given by
including the electron exchange effect in the final
g g

channel)

skika [1
ki |4

TDCS(k1, ko) = (27) |f+9”+ zlf—gﬂ-
(17)

The ionization amplitude as described in Eq.(1)
finally involves a three-dimensional integration, which
has been evaluated numerically. For the numerical in-
tegrations we have adopted a technique similar to that

of our previous work!” with necessary modifications.
3.Results and discussion

We have computed the TDCS for electron impact
ionization of the LiT ion at 114.083 eV incident elec-
tron energy. The coplanar equal energy-sharing ge-
ometry has been studied by taking account of elec-
tron exchange in the final channel. The results are
displayed in Fig.1(a)—(d), where the present TDCS
are plotted against the angle of ejection (63) of the
ejected electron and the deflected projectile electron
is detected at fixed angles of 6; = 20°,30°,40°,50°,
respectively. Since no TDCS measurements have yet
been performed for the ionic species, we are not in a

position to compare our results with experiments.
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Fig.1. The TDCS in atomic units (a.u.) for the ionization of the Lit from the ground state (1s)
by electron impact for coplanar symmetric kinematics at incident energy E; = 114.083eV, Ei, E>
= 20¢€V, as a function of ejected electron angle 0>. The scattering angle 6; is fixed at (a) 61 = 20°,
(b) 61 = 30°, (c) 61 = 40° and (d) 61 = 50°. The solid curve represents the present results, and the
dashed and dotted curves correspond to the calculations in Egs.(1) and (2), respectively.
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Fig.2. The recoil-ion momentum k;,,, as a function of
the emission angle (62). The full, dashed, dotted and

chain curves refer to the cases where 67 = 20°,30°,40°

and 50°, respectively. The inset (a) shows the be-

haviour of the magnitude of the momentum transfer ¢

with increasing scattering angle #; whereas in inset (b)

the angle 64 = cos’l(lAci -§) is depicted as a function of

the scattering angle 01 in the range investigated here.

In all cases we notice a double-peak structure in

the angular distributions. Before we proceed with
analysing the dynamical origin of these structures it is
advantageous to study the ‘classical’ kinematical prop-
erties of the collisions that are common to all dynami-
cal models. We can elucidate this by investigating the
spectrum of the recoil-ion momentum. We note, as a
consequence of translational invariance of the reaction,
that the linear momentum is conserved during the col-
lision, i.e. kion(02) = k; — k1 — ko, where kion(62) is
the recoil momentum of the nucleus which is assumed
to be initially at rest. As seen in Fig.2, the angular
behaviour of the recoil-ion momentum can be directly
linked to the momentum transferred to the target dur-
ing the collision, which we define as q = k; — ky. If
the ejected electron is emitted along ¢, the momentum
transferred to the target is mainly absorbed by the
secondary electron and little momentum is transferred
to the nucleus (only via initial-state binding). Thus a
minimum occurs in kion(02) at 6 = 6, = cos_l(lz:i -q).
This is seen nicely by comparing Fig.2 and inset (b).
With increasing scattering angle 6; of the projectile
electron, the momentum transfer direction g moves

away from the incident direction (compare inset (b)
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in Fig.2). The position of the minimum in k;,,(02)
exactly follows this behaviour. Besides, with increas-
ing 6, the magnitude of the momentum transferred to
the target ion is increased as evident from inset (a)
in Fig.2. Thus the overall magnitude of k;,, is en-
hanced with increasing 6;. As evident from Fig.2 and
inset (b), the broad peak in kj.,(02) is located in the
direction where the ionized electrons emerge opposite
to the direction q, i.e. at 0, = 6, + 180°. The link
between the structure of ki,,(62) and g supports the
identification of the minima and maxima appearing in
Fig.2 as being the results of certain (sequential) two-
body ‘classical’ collisions. In the single-binary region,
where ks||q, the two electrons collide almost indepen-
dently of the nucleus and hence there is a minimum

momentum transferred to it; the nucleus is a specta-

0.012
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0.006

TDCSFBA /a.u.

0.003F

0.000
0

62/(°)

tor to the electron—electron collision. Classically, the
momentum transfer to the nucleus vanishes in this
case provided the initial-momentum distribution of
the ionic electron is neglected. The peak appearing
in kion(02) at the recoil region, i.e. at (icg -q) = —1,
can be assigned to double-binary collisions where the
secondary electron scatters off the nucleus after a bi-
The broadness
of the peaks and minima of kj.,(62) is due to the

nary encounter with the projectile.

initial-momentum distribution of the three-body sys-
tem. This broadening is more pronounced when the
impact energy is lower and tends to flatten the struc-
ture in kion(02). Nevertheless, it has been shown by
Berakdar and Briggs,!'7] that, even at excess energies
as low as 2eV, the behaviour of k;,,(62) as described

above can still be seen.
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Fig.3. The same collision geometry as in Figs.1(a)—(d) studied in the approximations: (a) the FBA
and (b) the independent Coulomb particle model (2C). The full, dashed, dotted and chain curves
correspond to different fixed scattering angles, 8; = 20°,30°,40° and 50°, respectively.
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Fig.4. For the geometry described in Fig.1(a) the
TDCS have been calculated using the projectile-ion-
electron scattering amplitude (Tee full curve), and the
projectile-nucleus scattering amplitude (Ten dashed

curve).

The information on k;,,(62) can also be linked to

the structure of the spin unresolved cross section, as

shown in Figs.1(a)—(d).

gence of two peaks at positions near to the binary and

Here we observe the emer-
recoil emission directions as discussed above. How-
ever, only the positions of these peaks can be traced
to the structure of kjon(62) and thus to the collision-
ionization mechanisms outlined above. This is evi-
dent by comparing results of different dynamical mod-
els: DS3C (Figs.1(a)—(d)), first Born approximation
(FBA; in Eq.(10) oy = ay2 = 0) and 2C (in Eq.(10)
a1z = 0; Figs.3(a) and (b)) where the kinematics are
the same. The shift of the positions of these peaks
is readily understood by comparing Figs.1(a)-(b) and
Figs.3(a) and (b). In the FBA model, where the ion-
ized electron occupies a target-continuum state, the
position of the peaks coincides with the positions of
In the 2C

model, in which the two continuum electrons move

the ‘classical’ binary and recoil peaks.

independently in the nuclear field, the binary peak
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is shifted away from the scattered electron direction
whereas the recoil peaks appear nearer to - k;. Finally,
including the electron—electron final-state interactions
(Figs.1(a)—(d)) squeezes the angular distributions of
the ejected electrons away from the direction of the
scattering electron.

From the preceding discussion and by comparing
the heights of the peaks in different dynamical models
it is obvious that the magnitudes of the peaks are a
subtler feature than their positions. In fact, viewed
in the present theory, the actual shape of the cross
section is determined by three-body coupling, as the
only difference between the approximations 3C and
DS3C is the inclusion of three-body coupling in the
latter.19 Three-body interactions control the interfer-
ence pattern of various scattering amplitudes by dif-
ferently weighting these amplitudes. This is evident
from Fig.4 where the magnitudes of the scattering am-
plitudes from the bound electron T,. and the nucleus
Ten are examined separately. As expected, the major
contribution to the cross section around the binary re-

gion comes from T, whereas T,, dominates over Tg

in the recoil regions. Another point which warrants
investigation is the effect of the indistinguishability of
the escaping electrons. The direct-scattering ampli-
tude (see Figs.1(a)—(b)) provides the major contribu-
tion to the TDCS, i.e., the indistinguishability of the
two electrons plays a minor role in determining the

shape of the angular distribution.
4. Conclusions

The TDCS for the electron impact ionization of
Lit in the coplanar equal energy sharing has been in-
vestigated at an excess energy of 40eV. It has been
shown that the cross section reveals a double-peak
structure. The positions of these peaks are primar-
ily determined by classical single- and double-binary
collisions and modified by final-state interactions. It
has been shown that the relative height of the peaks is
the signature of three-body coupling in a three-body
Coulomb system. Neglecting the coupling results in
a poor description. Furthermore, it has been demon-
strated that the direct ionization amplitude provides
by far the major contribution to the TDCS.
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