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ELECTRON IMPACT IONIZATION OF HEAVY IONS - SOME SURPRISES 

Stephen H. Younger 
A-01v1s1on 

Lawrence Livermore National Laboratory 
Livermore, Ca. 94550 USA 

The scattering dynamics of heavy atoms and ions can be strongly 
influenced by the highly localized charge density associated with many 
electron subshells. This localization can lead to the formation of 
potential barriers and multi-well mattering potentials which can, in 
turn, lead to shape resonances in the cross sections. Also, 
term-dependence in the continuum channels can cause very large 
perturbations in cross sections for non-resonant systems. These effects 
a-; in addition to the compound-resonance (excitation-autoionization) 
processes which also occur in lighter systems. 

This paper reports the results of calculations of electron impact 
ionization cross sections for a variety of heavy ions using a distorted 
wave Born-exchange approximation.1 The target is described by a 
Hartree-Fock wavefunction. The scattering matrix element 1s represented 
by a triple partial wave expansion over Incident, scattered, and ejected 
(originally bound) continuum states. These partial waves are computed in 
the potentials associated with the Initial target (Incident and scattered 
waves) and the residual ion (ejected waves). A Gauss integration was 
performed over the distribution of energy between the two final state 
continuum electrons. For ionization of closed d- and f-subshells, the 
ejected f-waves were computed in frozen-core term-dependent Hartree-Fock 
potentials, which include the strong repulsive contribution in singlet 
terms which arises from the interaction of an excited orbital with an 
almost closed shell.2 Ground state correlation was included in some 
calculations of ionization of d 1 0 subshells.3 

F1g. 1: Scaled distorted wave Born-exchange cross sections, ul 2q 
for electron Impact Ionization of the 4d subshell in the palladl 
1soelectron1c sequence plotted as a function of Z. Solid line: 
Term-dependent partial waves. Ootted line: term Independent 
partial waves. Triangles: Predictions of the simple Lotz 
formula.5 € 

DISTRIBUTION OF THIS DOCUMENT IS UNLIMITED 



As an example of the non-classical behavior of electron impact 
ionization for heavy ions, we show 1n Figure 1 the cross section for 
ionization of the 4d subshell in the palladium isoelectronic sequence 
(4d 1 0 !s ground state). 4 This is an important Isoelectronic sequence 
in that it is the prototype for 4d excitations in all heavier atoms and 
ions and is itself free of the complications introduced by additional 
valance subshells. 

As the nuclear charge increases along the isoelectronic sequence, 
the ejected orbitals are pulled in toward the core, experiencing a more 
complex continuum-core Interaction than occurs in silver. The scaled 
cross section first increases, reaches a peak at Sn^ +, and then begins 
to decrease. As the nuclear charge approaches 54, the complex exchange 
interaction between the d 9 core and the ejected f-wave decreases in 
importance compared to the nuclear charge + direct electrostatic 
interaction, resulting 1n a gradual return of the cross section to 
classical scaling. Classical scaling is not recovered until 
approximately the tenth ionization state. This is very different from 
low-Z isoelectronic sequences where classical scaling is obtained either 
from the neutral atom itself or at worst from the first or second 
ionization stage. 
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Fig. 2: Electron impact ionization cross sections for several 
palladium-like Ions illustrating the variation 1n the shape the 
cross section with Increasing nuclear charge. 
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In addition to non-classical scaling of the cross section along an 
isoelectronic sequence, the shape of the cross section can change 
significantly between nearby ions. Figure 2 compares scaled cross 
sections for ionization of several Pd-like ions. For the intermediate Z 
ions, the scattering potential has a double well character, with an inner 
well corresponding roughly to the tightly bound core and a very shallow 
well at large radii corresponding to the asymptotic Coulomb potential of 
the ion. The two wells are separated by a potential barrier which in 
some cases projects above zero energy. Under the right conditions of 
potential structure and continuum energy, the partial waves can 
"resonate" in the inner well. I.e., there will be a rapid buildup of 
continuum orbital density near the bound orbitals. Such a transition of 
orbital density can be accompanied by a rapid Increase in the scattering 
cross section. Even if a true resonance does not occur (indicated by a 
partial wave phase shift increment of »), there can still be 
significant modifications of scattering orbital density which can affect 
the cross section. 
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Fig. 3. Scaled distorted wave Born-exchange cross sections, ul 2Q, 
for electron impact ionization of the 4d subshell in the xenon 
isoelectronic sequence plotted as a function of Z. Results of the 
simple Lotz approximation5 are given as solid triangles. 
An illustration of both resonant and non-resonant modifications of 

the electron ionization cross section can be seen in ionization of the 4d 
subshell in xenon-like ions. This process leaves the residual 1on 1n a 
singly autoionlzlng configuration resulting in effective double 
ionization of the initial target by a single electron impact. The 
breakdown of classical scaling is shown In Figure 3. The presence of a 
shape resonance 1n the Cs + cross section is illustrated in 
Figure 4. 6 The large structure at u=1.35 1s due to a shape resonance 
1n the potential for the scattered electron. The normal maximum in the 
cross section occurs at 3.5 threshold units. The theoretical 
calculations, which Include the effects of ejected wave term dependence 
and ground state correlation, are in good agreement with the measurements 
of Hertling et. al.' 
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Fig. 4: Electron impact double ionization cross section of Cs + 

illustrating the giant resonance at low scattering energies. 
Theoretical curves correspond to 4d ionization followed by single 
autoionization. Solid curve: distorted wave Born-exchange 
calculation including effects of ejected wave term dependence and 
ground state correlation. Dashed curve: distorted wave Born 
calculation neglecting term dependence and correlation. Dotted 
curve: Cou;omb-Born calculation. Points: Crossed-beam 
measurements of Hertling et. a!. 6. 

Survey calculations have been performed to determine whether such 
giant resonances occur 1n other heavy Ions. A resonance similar to the 
one in Cs + was found for neutral xenon. For B a + + resonance behavior 
occurs In the exchange matrix elements only. Implying that a measurement 
of the cross section for Ba^"* will provide a sensitive test of partial 
wave scattering theories for electron exchange 1n scattering processes. 
Strong resonances were also found for 4d Ionization of Xe + and I +. 
The existence of resonances 1n both of these Ions 1s confirmed by 
experimental data. 8 

Figure 5 presents calculated cross sections for ionization of the 4f 
electron of the 4 f 1 4 !s (metastable) configuration of Tm +. Cross 
sections computed with simple scattering potentials show a very large 
resonant enhancement at low energies, followed by an even larger 
principle maximum at u=3.25. Although the magnitude of t!.e second 
maximum is reduced when term-dependent ejected f-waves are employed, the 
resonance at low energy remains strong. Although the resonance in 
4fl4 _> 4f13 ionization 1s quite strong, it disappears in the next 
ion 1n the 1soelectron1c sequence, Y b + + . An investigation of several 
heavier Ions (W+ and Hg +) was made to determine if the presence of 
additional large-rad11 screening electrons would cause the structure to 
reappear. It did not, however. Indicating that the Increased nuclear 
charge 1s strong enough to prevent the formation of a potential barrier 
compatible with shape resonances. Strong shape resonances were found, 
however, for other singly Ionized rare earth Ions such as Eu + where the 
4f 76s configuration does not possess the very strong term-dependent 
excited spectrum found for closed-subshells. 
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Fig. 5: Distorted wave calculations of the cross section for 
electron impact ionization of the flf1* !s subshell of Tm +. 
Solid curve: Born-exchange calculation including term-dependent 
ejected f-waves. Dashed surve: Born-exchange without 
term-dependent potentials. Dotted curve: Same as dashed curve, but 
without exchange. Chain curve: Coulomb-Born calculation without 
exchange or term-dependence. 

In conclusion, we have shown that the electron impact ionization of 
heavy atoms and ions is considerably more complex than 1s the case for 
light ions. Non-classical scaling of the cross section can persist to 
ionization stages as high as ten, and giant resonance structures can 
significantly perturb the cross sections of few times ionized atoms at 
low scattering energies. 
This work was performed under the auspices of the U.S. Department of 
Energy by Lawrence Llvermore National Laboratory under contract 
#W-7405-Eng-48. 
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