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Electron loss from helium atoms by collisions with fully stripped ions

A. E. Wetmore and R. E. Olson
Department ofPhysics and Laboratory for Atomic and Molecular Research, University ofMissouri R-olla,

Rolla, Missouri 65401-0249
(Received 27 June 1988)

Electron-loss cross sections have been calculated for fully stripped ions with charge states +1 to
+100 colliding with helium atoms in the energy range 100—1000 kev/amu. The classical-trajectory
Monte Carlo method was used along with a model of the helium atom with two active electrons.
The reactions studied were single and double ionization, single- and double-electron capture, and
electron capture plus ionization. Cross sections for the single-electron-removal reactions agree well

with experimental data. Double-electron-removal cross sections are in qualitative agreement with

experimental results. The n-level distributions following electron capture show that the electron-
capture-plus-ionization and double-electron-capture processes are peaked at a lower n level rela-
tive to single-electron capture.

INTRODUCTION
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where the ion A~+ is a fully stripped atomic ion. The
identification of the inelastic channels is (lb), single ion-
ization; (lc), double ionization; (1d), single-electron cap-
ture; (le), double electron capture; and (lf), electron cap-
ture plus ionization.

The classical-trajectory Monte Carlo (CTMC) method
treats the particles in the collision projectile, target nu-
cleus, and two-target electrons as classical point particles
which interact through Coulomb's law with their motion
as governed by Newton's laws. The CTMC method as it
applies to three-body collisions has been discussed by
Percival and Richards. ' The major difference between

One of the major problems in a quantum-mechanical
treatment of electron loss from multielectron atoms is
how to treat the dissimilar processes of ionization and
charge transfer when they both contribute significantly to
the cross section. In this paper we describe one method
of applying the classical-trajectory Monte Carlo (CTMC)
method to electron loss from helium atoms caused by col-
lisions with intermediate-energy (100—1000 keV/amu)
fully stripped ions.

Conceptually the helium atom is the simplest two-
electron atomic system and is also an excellent target for
experimental work. Similarly, bare nuclei have no elec-
tronic structure prior to the collision and are the simplest
particles which will induce electron capture or ionization.

The collision processes that were studied include

k =1 2™k k =1 j=k+1 kj

where
4

(2)

V(r;,p; )=
4ar;

exp a 1— ripe

The calculations using restoring forces did not attempt
to treat the double-electron capture reaction, (le).

the four-body CTMC method and the three-body method
is that our target atom with two-target electrons is not
stable against small perturbations if all interparticle
forces are included. The resulting autoionization is a
nonphysical result which is not encountered in quantum-
mechanical theories.

Several modifications to the standard CTMC method
to avoid the autoionization problem have been examined
in the past. The first was the independent-electron mod-
el ' which expresses multielectron cross sections as com-
binations of probabilities from single-electron atoms. Re-
cent work by Peach et al. and Willis et al. has expand-
ed upon the independent-electron model by replacing the
Coulomb interaction in the CTMC method with an ap-
propriate model potential. In a more direct attack the
CTMC method was applied to fast collisions (1—5
MeV/amu) where the target does not have time to au-
toionize before the collision is completed. ' %'hile this
method proved to yield useful information, it completely
precludes obtaining cross sections from an important
range of energies, E (500 keV/amu. Another method '

was the use of a non-Coulomb restoring force which was
added to the interactions to prevent either electron from
collapsing into the nucleus and so prevent autoionization.

The restoring force is added to the Hamiltonian as a
velocity-dependent repulsive force centered at the nu-
cleus. This force simulates the quantum mechanics by
keeping the electron from collapsing into the nucleus.
The form of the Hamiltonian used for the helium atom is
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The present work examines the electron-loss process
within the classical-trajectory Monte Carlo framework
from a modified Hartree-Fock perspective. Our model of
the helium atom removes the electron-electron force and
allows each electron to interact with the target nucleus
through a separate Coulomb potential. The Coulomb po-
tentials are assigned by adding electrons in Bohr orbits to
a bare nucleus one by one with the experimentally ob-
served ionization energies.

The remainder of this paper is divided into five sec-
tions: (I) the spatial and momentum distributions of the
simulated helium-atom target; (2) the high-energy limit;
(3) total cross sections; (4} n-level distributions of
electron-capture cross sections; and (5}conclusions.

INITIAL ELKCTRON DISTRIBUTIONS

0.5
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&„03

tXI
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p(p) =
2(p 2+p 2 }4

for Bohr orbits with a microcanonical distribution of an-
gular momenta. ' In Eq. (4) the p„ is the momentum asso-
ciated with a binding energy of E„. Choosing the binding
energies to reflect the proper total energy and ionization
energies yields the result

8(2mE, ) 8(2mE2 )

2 2 4+ 2 2m. (p +2mE, ) n (p +2mE2)
(5)

with the energies E, and E2 being 2.0 and 0.904 a.u.
The result from Eq. (5) is compared in Fig. I with the

results tabulated by Regier and Thakkar. ' Also included
for comparison is the momentum distribution for two
electrons in identical Bohr orbits with the proper total
energy. It can be seen in Fig. 1 that by using the indivi-
dual binding energies to define the Bohr orbits for the
two electrons, the momentum distribution is greatly im-
proved at small momentum values. The agreement is
also slightly better for large values of the momentum.
Because of this we have chosen to use the "split-shell"
model where one electron is bound by the first ionization
potential and the other electron is bound by the second
ionization potential. " This automatically ensures that
the helium atom target will have the proper total energy
and that there will not be the drawback of having an un-
physical first and second ionization potential.

When using the CTMC method a primary considera-
tion is that the ensemble of initial states of the target
atom closely mimics the actual momentum distribution
of the target electrons. ' The spatial distribution of the
electrons, the angular momenta distributions, and corre-
lations between the electrons are also of interest. We
have attempted to model the momentum distribution
with the most fidelity, then adjusted the angular momen-
tum distribution to obtain the electron-electron correla-
tions.

For the helium atom we are fortunate to have an ex-
tremely accurate tabulation of the electron momentum
distribution from the work of Regier and Thakkar. ' For
the CTMC model we sum the contribution from the two
electrons, each of which is of the form

0
I 2

MOMENTUM {au.}

FIG. 1. Momentum distribution for the helium atom. The
line is the quantum-mechanical result of Regier and Thakkar
(Ref. 10). The Monte Carlo results are for 8, identical electrons
and 0, split-shell model.

p(r) =
R,'

with

ZJ
f EI

where Z is the effective nucleus charge seen by the orbit-
ing electron. For two electrons with binding energies E&
and E2 and effective charges Z& and Z2 this becomes

We are fortunate that these choices of the binding en-
ergies replicate the momentum distribution of the helium
atom so well. It is because the classical and quantal
differential scattering cross sections for particles interact-
ing through a Coulomb potential are identical functions
of the relative velocity (momentum) that the CTMC
method works. Without the agreement between the
momentum distributions our use of the CTMC method
would be inappropriate.

As is known from work on three-body CTMC calcula-
tions, the radial distribution of the classical Bohr orbit
does not agree with the quantum-mechanical results. '"
In particular, the classical model has a maximum value
for the allowed separation between the target nucleus and
the bound electron. Beyond this distance is the classical-
ly forbidden region. The general success of the three-
body Monte Carlo calculations has shown that the sharp
cutoff in the radial distribution is not a serious drawback.
Efforts to improve the radial distribution" while some-
what successful have not been pursued.

The radial probability density for a single electron in a
classical Bohr orbit is given by"

1/2
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p(r) = 16 2r —1
mR)

1/2
16 2 2R

R23 r

1/2

(8)

The square roots in Eq. (8) are replaced by zero for nega-
tive arguments. Figure 2 shows a comparison of the radi-
al probability density as described by Eq. (8) for electrons
with binding energies of 2.0 and 0.904 a.u. , i.e., effective
nuclear charges of 2.000 and 1.344. As in the plot of
momentum distributions the case of two identical elec-
trons is also shown along with the quantum-mechanical
results of Regier and Thakkar. '

The angular momentum distribution of the electrons is
treated somewhat differently than in the three-body
Monte Carlo method. In that case the angular rnomen-
tum of the electron is allowed to span the range from 0 to
1. However, just. as the single electron's angular momen-
tum represents an s state by ranging from 0 to 1, the total
angular momentum of the two electrons represents an S
state by having the total angular momentum distributed
uniformly between 0 and 1. This is similar to the method
chosen by Peach et al. to represent an arbitrary L state
in their CTMC calculations. Unfortunately the total an-
gular momentum, L is a function of the two individual
angular momenta (l, , l2) and the angle (8&2) between the
planes of the Bohr Orbits.

L =I~+I2+21&l2cos(e&z) .

To make the distribution of the total angular momen-
tum closer to the desired uniform distribution w' e
modified the way in which the target electrons are initial-
ized. The original method of choosing the individual an-
gular momenta and angle between the planes of the Bohr
orbits closely followed the method used in the three-body
CTMC method. The model of Coveny and Child' has a

fixed angle of 120 between the planes of the electron or-
bits and a fixed eccentricity of 0.866 for each of the elec-
tron orbits. We modified the angular momentum for
each electron by selecting an eccentricity for the Bohr or-
bit in the range from 0 to 1, then set the angle between
the planes of the orbits to 120. This allowed each elec-
tron to properly sample the angular momentum distribu-
tion and limited the total angular momentum to 1. The
drawback to this was that the fixed angle between the
Bohr orbits precluded the two electrons from ever being
completely opposite the nucleus from each other.

Therefore, to expand the range of orientations avail-
able to the electrons we developed a method of initializa-
tion by choosing the angle between the planes of the Bohr
orbits so that the cosine of one half the angle was uni-
formly distributed between 0 and 1. This allowed all rela-
tive orientations of the electrons and orbits. It also intro-
duced situations where the total angular momentum was
greater than 1. In the computer program we rejected any
cases where the total electron angular momentum was
greater than 1 and selected new random values for the in-
dividual angular momenta and angle between the planes
of the Bohr orbits until we had a configuration with total
angular momentum less than or equal to 1. The result of
this method of choosing the initial electron coordinates
was an alteration of the distribution of the individual
electron angular momenta towards lower values. The an-
gular momentum distributions for these initial conditions
are shown in Fig. 3.

We also calculated the expectation values of several pa-
rameters which can be comps, red to quantum-mechanical
values for the helium atom. ' These are listed in Table I.
The radial expectation values are somewhat smaller than
the "true" values. Also, the distance between the elec-
trons is smaller. This means that our atom is more local-

ELECTRON PROBABILITY

IOOO

ANGULAR MOMENTUM
DISTRIBUTIONS
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FIG. 2. Electron radial probability density for the helium
atom. The identification is 1, Regier and Thakkar (Ref. 10), 2,
CTMC identical electrons, and 3, CTMC split-shell model.

FIG. 3. Angular momentum distribution for the model heli-
um atom. Individual electron I,~; total L, ~.
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TABLE I. Expectation values for the helium atom.

Property

&r)
&r„&
8» {deg.)
&p)
&pu&

Regier and Thakkar

0.929
1.422

90.7
2.81459
2.0291

0.789
1.029

80.8
2.798
2.068

HIGH ENERGY

Figure 4 shows the cross sections for electron capture
plus ionization, single ionization, and double ionization
as a function of projectile charge at l MeV/amu. The
Monte Carlo results are in very good agreement for all
three processes over a range spanning five orders of mag-
nitude in the cross sections and two orders of magnitude

ized due to the lack of penetration to the nonclassical re-
gion. The expectation value of the angle between the
electrons is greater than 80'. Taken together these mean
that even without any explicit electron-electron interac-
tions we have a significant amount of correlation between
the electrons. This arises from the elliptical Bohr orbits
and the restriction on the total angular momentum of the
electrons. As is required by the CTMC method the mo-
menta of the electrons are well represented by our pro-
cedure.

in projectile charge. The results are similar to those cal-
culated by McKenzie and 01son using a model for the
helium atom with circular orbits for electrons. At ener-
gies greater than 1 MeV the collisions will be fast enough
that autoionization made possible by the electron-
electron Coulomb interaction will not significantly
change the cross sections.

Recent measurements are now available to compare
our calculations to high values of the incident ion's
charge state. Two measurements are available for q =44.
The measurement by McGuire et al. ' is in good agree-
ment with our results. The measurement of Datz et al. '

is significantly lower. The single- and double-ionization
cross sections of Datz et al. ' have approximately the
correct relative magnitude but are inconsistent with the
other experiments and the CTMC calculations. For
lower-charge projectiles the calculations are in good
agreement with experimental data. We find that the ratio
of single to double ionization decreases with increasing
charge state in qualitative agreement with the experimen-
tal results of McGuire et al. ' and Datz et al. ' We also
note the increasing importance of the electron-
capture-plus-ionization cross section as a double-
electron-removal process for high-charge state projec-
tiles.

TOTAL CROSS SECTIONS

Figure 5 shows the total cross sections for single ion-
ization as a function of energy for fully stripped ions col-
liding with helium atoms. To allow combining the vari-

IMeV/omu He TARGET

I
lOO- IO4-

SINGLE IONIZATION

IO

40

O
IO

8
V

~6
I0

O.I
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V)
O &OI-
O

C-I
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I CC
PFICJECTILE CHARGE

V)~ IOO-O
O
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~OO ~O'g

I I

IO IO
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FIG. 4. Total cross sections at 1 MeV/amu energy. Single
ionization, 1-I; double ionization, 2-I; and electron capture, C-I.
Experimental results for single ionization: Datz et al. (Ref. 14),
6; Shah and Gilbody (Ref. 15), V; Hvelplund et al. (Ref. 21), 0;
McGuire et al. (Ref. 13), O. Experimental results for double
ionization: Datz et al. (Ref. 18), A; Shah and Gilbody (Ref.
15), V; Hvelplund et al. (Ref. 21), ~; McGuire et al. (Ref. 13),
~. Experimental results for electron capture plus ionization:
Guffey et al. (Ref. 16), C', Schiebel et al. (Ref. 22), t.

FIG. 5. Single-ionization cross sections. The lines 1, 2, 3, 6,
8, 10, and 14 are the CTMC calculations of the following: H+,

1; X5H + 2; X10L'+ 3' X50 C+, 6; X100 0+, 8;
X 500 Ne' +, 10; X 1000Si' +, 14. The markers are the experi-

mental data for H+, 0; He +, 0; and Li'+, 0; of Shah and Gil-

body {Ref. 15). Also included are the measurements of
McGuire et al. (Ref. 13) for C +, 4; and Hvelplund et al. (Ref.
21) for 0 +, V.
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ous cross sections on a single plot Figs. 5—9 have a scal-
ing factor applied to the various charge states. The
CTMC calculations include two components which are
combined to obtain the results which are shown. The
first component is the reaction [Eq. (1b)], single ioniza-
tion. The second component is the formation of excited
states with sufhcient energy for one of the electrons to
ionize.

A ~++He A ~ +He** A q++ He++ e . (10)
We examined the trajectories leading to reaction 1a

and calculated the total internal energy transferred to the
target by the projectile. If the target has absorbed more
energy than the first ionization potential we treat the col-
lisions as a "virtual ionization" event. Because of the na-
ture of the split shell model for the target electrons, ion-
ization of the tightly bound electron is much less likely
than ionization of the weakly bound electron. The agree-
ment with experiment' when we add the "virtual loss"
events suggests that. the controlling factor for the ioniza-
tion cross section is the energy deposited to the target.
For low charge state projectiles the impact-parameter
range which produces ionization is about the size of the
target atom. The classical radial limit of the electron or-
bits reduces the energy that larger impact-parameter col-
lisions can transfer to the target electrons. This would
tend to make the CTMC calculation underestimate the
single-ionization cross section. For projectiles with large
q the interaction is of such long range that the size of the
target is a much less important factor. Such is the behav-
ior we find.

Figure 6 shows the cross sections for single-electron
capture [(Eq. (lc)]. The results for H+, He +, and Li +

are in excellent agreement with the experimental data of
Shah and Gilbody. ' The It.-shell x-ray cross sections of
Gurney et al. ' are somewhat larger than our results in
the energy range 250-500 keV. Since the measurements
were not a coincidence-type experiment, they do not
separate the electron-capture [Eq. (ld)] and electron-
capture —plus —ionization [Eq. (lf)] channels. These two
channels are of about the same magnitude at these ener-
gies; combination of these two channels in the experiment
would tend to overestimate either of the two individual
cross sections. Previous CTMC studies have observed
that the velocity matching between the projectile and the
target electron is very important in electron-capture reac-
tions. ' We attribute the excellent agreement of the
electron-capture cross section to the quality of the split-
shell model momentum distribution.

Electron-capture-plus-ionization cross sections are
shown in Fig. 7. In addition to the direct electron-
capture plus ionization that we calculate, the measure-
ments of Datz and co-workers' ' show that autoionizing
double capture can be an important route to electron cap-
ture pius ionization. The double-electron capture which
we have calculated is often into doubly excited states that
will decay through the Auger process. Only when the in-
terval between available energy levels is greater than 10
keV will radiative decay predominate. '9 As part of the
final-state analysis in the CTMC program we examine the
binding energy of each electron which undergoes electron
capture. From this energy and our knowledge of the
one-electron ground-state energy we assigned a principal
quantum number n. If both electrons are in excited
states, the reaction is fiagged as autoionizing double-
electron capture. On Fig. 7 the sum of the direct electron
capture plus ionization, Eq. (lf), and the autoionizing
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FIG. 6. Single-electron-capture cross sections. The
identification and the scaling factors for the CTMC results and
the experimental data of Shah and Gilbody (Ref. 15) are the
same as in Fig. 5. Also shown are the results of Guffey et al.
(Ref'. 16) for 0 +, 4; and 0,V.

FIG. 7. Electron-capture-plus-ionization cross sections.
The contribution from autoionizing double-electron capture is
included in this cross section. The identification and the scaling
factors for the CTMC results and the experimental data of Shah
and Gilbody (Ref. 15) are the same as in Fig. 5.
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DOUBLE IONIZATION
Ip

I 1
l4

IO—IP&

NO2

C)
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O IO'-
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V)
O
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I o I

IO IOI

ENERGY {keV/amu)

FIG. 8. Double-ionization cross sections. The identification
and the scaling factors for the CTMC results and the experi-
mental data of Shah and Gilbody (Ref. 15) are the same as in
Fig. 5. Also shown is the experimental datum of McGuire et al.
(Ref. 13) for C6+ at 1.4 MeV/amu, A.

portion of the double-electron capture, Eq. (le), is shown.
Double-ionization cross sections are shown in Fig. 8.

The CTMC calculations are significantly above the exper-
imental data of Shah and Gilbody. '~ The trend from H+
to Li + is one of improving agreement with the experi-
ment. The effect of the radial electron distribution is

different in the case of double ionization. Since only
small impact-parameter collisions will lead to double ion-
ization the peak in the radial electron probability shown
in Fig. 2 wi11 tend to cause the CTMC calculation to
overestimate the double-ionization cross sections. The
correlation between the electrons such as both being on
the same side of the nucleus as the projectile during the
collision will be an important factor in allowing this reac-
tion to occur.

The double-electron-capture cross sections are shown
in Fig. 9. The data is in qualitative agreement with the
results of Shah and Gilbody. '5 While the energy depen-
dence of the single-electron-capture and double-electron-
capture cross sections suggests that a similar process
could be taking place, our analysis of the n-level distribu-
tions of the final state of the captured electrons described
in the next section suggest otherwise. If there are
diFerent mechanisms responsible for these reactions then
results obtained by using the independent-electron ap-
proximation should not be an adequate description.

N-LEVEL DISTRIBUTIONS
OF CHARGE-EXCHANGE ELECTRONS

Recent experiments' have suggested that simple
charge-exchange electrons [Eq. (ld)] are captured into n

levels with a distribution which has a peak at a larger
value of n than electrons from the electron-
capture-plus-ionization process [Eq. (1f)]. The ex-
istence of a peak in the n-level distribution for electron
capture from hydrogenic targets has been described by
Olson. ~a The location of the peak has been attributed to
the attempt to maintain both the electron's orbital ener-

gy

DOUBLE- ELECTRON CAPTURE

lo

cu IO~—

CP

IO'-
'O

lo—
O

pO IO-
UJ
M

lO
M
O

IO

l l

IO l(P
ENERGY {keV/amu)

FIG. 9. Double-electron-capture cross sections. The au-
toionizing double-electron capture is not included in these cross
sections. The identification and the scaling factors for the
CTMC calculations are the same as in Fig. 5. The data of Shah
and Gilbody (Ref. 15) for Li'+, C), is also shown.

E=
n

and the dimension of its orbit,

&r&=
2E

(12)

where c is the ground-state energy of the electron. Since
the energy relation would require that

' 1/2
Ef

nf =n;

at resonance and the orbital size criteria requires that
1/4

E,f
nf =n;

E;
(14)

it is impossible to satisfy both at once. The earlier
CTMC calculations showed that the n level with the
largest contribution, n~,]„was given by

' 3/8
Ef

(15)

The preliminary results of Datz et al. '4 for 15-times-
ionized projectiles colliding with He atoms at 100
keV/amu find the cross section for electron capture into
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the n =6 level is about half as large for electron capture
plus ionization as it is for direct electron capture. For
capture into the n =10 level the ratio is 0.1. These mea-
surements were made by observing the vuv photons from
the n =6 to 5 and n =10 to 9 transitions in coincidence
with the He+ and He + ions. The interpretation of these
results is that the electron-capture-plus-ionization cross
section is peaked at a smaller n level than the single-
electron-capture cross section. Figure 10 shows the re-
sults from the CTMC calculation for sin~le- and double-
electron capture at 100 keV/amu for P' + on He. Also
included are the relative data of Datz et al. ' normalized
to our absolute single-electron-capture cross section. At
this energy we Snd no direct electron capture plus ioniza-
tion. The double-electron capture is primarily to the
n =4 and 5 levels. These levels will stabilize through the
Auger process yielding electron capture plus ionization.
This will tend to shift the final n level to even lower
values.

When we examine the final-state n levels at 250
keV/amu for all electrons undergoing electron capture,
Fig. 11, we see all three electron capture processes [Eqs.
(ld), (le), and (if)] occurring. The nature of the n-level
distributions yields some interesting insights into the
mechanisms involved in the electron-capture processes.
In Fig. 11 we have plotted the relative size of the cross
sections for the various electron-capture processes as a
function of final-state n level of the captured electron.
For double-electron capture the n levels are calculated
using a hydrogenic model with no screening. Each of the
curves has been normalized to the size of the n level with
the largest cross section. Examining Fig. 11 we see that
the distribution of n levels for single-electron capture is

P + He IOOkeV/amu
l5+

FINAL- STATE n LEVELS

P + He 25Q keV/amu
f5+

M 60-

0
oo-

6 9

n LEVEL

12 15

FIG. 11. P"+ n levels. 1-C, single-electron capture; 2-C,
double-electron capture; C-I electron capture plus ionization.
The collision energy is 250 keV/amu.

much broader than those for the two-electron processes
of double-electron capture or electron capture plus ion-
ization. This suggests that the mechanism for both of the
two-electron-removal processes is similar and in some
sense fundamentally different from the one-electron-
removal process.

The similarity of the double-electron capture and
electron-capture-plus-ionization n-level distributions
suggests that both proceed through a similar intermedi-
ate state which evolves into the separate final states. The
difference in the n-level distribution of the single-
electron-capture cross section suggests that such a route
is not followed.

If the two-electron processes take place by a mecha-
nism different from the single-electron-capture process it
implies that other theoretical approaches may have to be
modi6ed. The independent-electron approximation
would be inappropriate if cooperative mechanisms are in-

volved. For quantum-mechanical methods it suggests
that multicenter methods could be appropriate and that
including continuum states would be very important.

M
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'o 6 9 12

n LEVEL

15

FIG. 10. P"+ n levels. 1-C, single-electron capture; 2-C,
double-electron capture. The circles are the data of Datz et al.
(Ref. 18). The collision energy is 100 kev/amu.

CONCLUSIONS

We have developed a general four-body version of the
classical-trajectory Monte Carlo method and a model for
helium-atom targets with nonequivalent electrons. The
excellent agreement for single-electron-capture cross sec-
tions is attributed to the very accurate momentum distri-
bution of the split-shell model. The single-ionization and
double-ionization cross sections suggest that the radial
electron distribution limits the ability of the CTMC
method to model the energy deposition leading to ioniza-
tion. The agreement with experimental data suggests a



5570 A. E. WETMORE AND R. E. OLSON 38

range of validity from 100 to 1 MeV/amu for all fu11y

stripped atomic projectiles colliding with helium. In ad-
dition, the n-level distributions of the electron-capture
processes suggests that the two-electron processes of elec-
tron capture plus ionization and double-electron capture
proceed through a different mechanism from the single-
electron-capture process; this implies that quantum-
mechanical calculations of the double-electron processes

should include continuum states and could benefit from
multicentered techniques.
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