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PHYSICAL REVIEW A VOLUME 42, NUMBER 9 1 NOVEMBER 1990

Subshell electron capture in collisions of fully stripped ions
with He and Hz at intermediate energies

L. Meng, C. O. Reinhold, and R. E. Olson
Department ofPhysics and Laboratory for Atomic and Molecular Research, University ofMissouri Ro—lla, Rolla, Missouri 65401

{Received 23 April 1990)

Classical phase-space models of the hydrogen molecule and helium are utilized to study shell and
subshell electron-capture processes in collisions of fully stripped ions on charge states from 1 to 15
with H& and He at intermediate impact energies (20—200 keV/amu). Autoionization after double
electron capture is approximated and is found to be an important channel for high projectile
charges. The resulting (n, l) distributions for proton impact of He and H& as well as total capture
cross sections are found to be in very good agreement with experimental data. I distributions for
high projectile charges are also analyzed for n levels for which autoionization is negligible. It is

found that electrons are captured preferentially to large I values.

I. INTRODUCTION

In a previous work, ' a classical phase-space model of
the hydrogen molecule was presented and applied to the
study of the total electron-capture and ionization cross
sections for collisions of fully stripped ions in charge
states from 1 to 10 with H2 at intermediate to high im-

pact energies, i.e., 20 keV/amu (E &500 keV/amu.
Earlier, a model for helium was presented and used to
study collisions with protons. The good agreement ob-
tained in these works between theory and experiments on
total capture cross sections enables us to apply these
models to the study of the subshell selective electron-
capture processes arising from the reaction channels

A q++H2

A'e "++Hz+ (single capture)

"++2H++e (transfer ionization)

A 'e '++2H+ (double capture)

(la)

(lb)

(lc)

= A 'q ' I+ +e ( autoionization ) (ld)

and similar reactions for the He target, where Aq+
denotes a fully stripped ion in charge state q. Single- and
double-ionization channels are also directly included in
the calculations, and the cross sections for these process-
es have been presented previously. ' The possibility that
Hz+ dissociates into H++H after the collision is not
considered in the present model. However, we expect
that the lack of this possible final reaction channel will
not affect our capture cross sections.

Because of its importance in a number of areas of
research such as astrophysics, thermonuclear fusion, and
radiation detection, understanding the basic processes of
electron capture in atomic collisions and, in particular,
the detailed determination of the final-state distribution
has been the goal of many experimental studies. For pro-
ton projectiles, the electron capture (n, l) distributions in
collisions involving H2 and He targets at intermediate en-

ergies have been investigated extensively during the past

decades. ' On the other hand, only a few experimental
measurements have been performed at these impact ener-
gies for multiply charged ions. Recent experiments
which make use of photon emission spectroscopy '
have been extended to this energy range.

Many theoretical calculations of subshell selective
electron-capture cross sections involving helium targets
have been performed at intermediate energies. The most
successful approaches consist of one- or two-electron
close-coupling models of He (see, for example, Refs. 23
and 24). However, there exists a lack of theoretical cal-
culations of (n, l) distributions for a molecular hydrogen
target.

In this work, we will take advantage of the classical
trajectory Monte Carlo (CTMC) models described in our
previous papers to provide calculations of the contribu-
tions from diff'erent competing channels (1) to all possible
final product states in the capture process at intermediate
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energies. Consideration mill be given to autoionization
following double-electron-capture events. The relative
importance of the single-capture, transfer-ionization, and
autoionization n distributions will be examined. Atomic
units will be used throughout.

II. THEORY

ply charged ions with q 2, except when the double-
capture channel is negligible. Thus, it is possible to in-
vestigate the proton impact case and multiply-charged-
ion systems when the electron is captured to a sufficiently
high n level for which the contribution of the autoioniza-
tion channel is negligible.

n, =q/( —2U)'~ (2)

I, = [(xy —yx ) +(xi —zx ) + (yz —zy ) ]'

The quantum numbers n and! are then obtained by

(3)

[(n —1)(n ,')n—]'—~n,~[n(n+ —,')(n+I)]', (4)

In this work, we will mainly be interested in studying
the capture cross section, o &, which is obtained by
summing the cross sections for reactions (la), (lb), and
(ld). In addition to the procedures used in our previous
CTMC calculations, ' the final (n, l) sublevels of the
product state of the captured electrons has to be deter-
mined, including the possibility of autoionization.

To make a correspondence between classical binding
states and quantum (n, l) levels, we use the quantization
rules derived by Seeker and Mac Kellar. Classical
quantum numbers denoted by n, and l, are defined in
terms of the binding energy U and the Cartesian coordi-
nates (x,y, z) of the captured electron with regard to the
projectile nucleus as follows:

III. RESULTS

As a benchmark of our model for molecular hydrogen,
we compare in Fig. 1 the theoretical capture cross sec-
tions into different (n, l) states for H++Hz collisions
with various experimental data. As can be clearly seen in
this figure, our CTMC calculations predict, in general,
both the shape and magnitude of the experimental (n, l)
distributions. Specifically, the theoretical results agree
well with the experimental data for the 2s, 3s, and 2p
states, but lie somewhat above the data for the 4s state.
For the 3p state, our calculations lie between two
different sets of data that disagree with each other.

Similarly, a benchmark of our model for helium is
made in Fig. 2, where we display the CTMC cross sec-
tions for electron capture into different (n, l) states in
H++ He collisions which are compared with various ex-
perimental data and the coupled-channel calculation of
Jain et al using . an atomic-base expansion. Similar
conclusions to those obtained for H2 are reached in this

l~ l, ~l+1 .
n

Tens of thousands of trajectories for n distributions
and more for the (n, l) distributions are usually needed to
keep statistical uncertainties within 10%.

For multiply charged ions impinging on H2 or He,
double capture could result in autoionization of one elec-
tron to the continuum and decay of the other electron to
a lower n state. Therefore, a certain fraction of the
double-capture cross section has to be added to the
transfer-ionization cross section. '

In an effort to take the autoionization process into ac-
count, Hamilton's equations of motion for each of the
two independent target electrons are solved simultane-
ously for a given set of initial conditions. In the event
that two electrons are captured, we monitor the final
one-electron binding energies ( U, and U2) referred to the
projectile. If both electrons are captured to one-electron
excited states, i.e., U, and U2 are outside the ground-
state bin ( —~, —

q /(2 X 3 )) obtained from Eq. (4), we
assume that one electron will be ionized whereas the oth-
er one will remain bound to the projectile with a binding
energy U= U, + U2. Thus, we assume 100% branching
to the Auger process rather than to radiative decay. If
one of the two electrons is captured to the ground state
of the projectile, i e., U, or U2 is smaller than
—

q /(2 X 3 ), then no autoionization can occur.
Since the CTMC method does not predict possible

changes of the angular momenta of the doubly captured
electrons during the autoionization process, the l depen-
dence has not been studied for electron capture by multi-

H+ + H2 = H(n I)
tt
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FIG. 1. The (n, l) distributions of o.
q q, in H '+H, ~H(n, l)

collisions. Solid curves, present work; 0, Rudd et al. (Ref. 3);
4, De Heer et al. (Ref. 4); P, Hughes et al. (Refs. 5 —8); 0,
Shah et al. (Ref. 9); U, Birely and McNeal (Ref. 10); A, An-
dreev et al. (Ref. 11); V, Bayfield (Ref. 12); ~, Ford and Tho-
mas {Ref. 13).
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FIG. 2. The ( n, I ) distributions of cr
q q

—] in
H++He~H(n, I ) collisions. Solid curves, present work. At
impact energies smaller than 80 keV the statistical uncertainties
of the capture cross sections to the 4s, 3s, and 3p states are 20%.
Dashed curves, coupled-channel calculations by Jain et al. (Ref.
23); 6, A, ~, +, Hughes et al. (Refs. 5 —7 and 14); ~, Ford and
Thomas (Ref. 13);, Hippler et al. (Refs. 15 and 16); 0,
Doughty et al. (Ref. 17); X, Andreev et al. (Ref. 11);$, Lenor-
mand (Ref. 18); ~, Shah and Gilbody (Ref. 19); 0, Rudd et al.
(Ref. 3).

FIG. 3. Total capture cross sections, o.
q q „in collisions of

multiply charged ions with atomic helium. Solid curves, present
CTMC calculations with a model potential; dashed curves,
CTMC calculations with an effective Coulomb potential. Ex-
perimental data for H+, He +, and Li'+: 0, Rudd et al. (Ref.
26); A, Shah and Gilbody (Ref. 19); CI, Pivovar et al. (Ref. 27);
0, Nicolaev et al. (Ref. 28). C + and O': A, Janev et al.
(Ref. 29); 0, Hayfield et al. (Ref. 30); 6, Knudsen et al. (Ref.
31); +, Nikolaev et al. (Ref. 28)„O, Dillingharn et al. (Ref. 32);
0, Datz et al. (Ref. 33); ~ Graham et al. (Ref. 34); V, Mac-
Donald and Martin (Ref. 35); X, Dmitriev et al. (Ref. 36).

case, except for capture to the 4s state where the CTMC
method does not predict the position of the experimental
maximum.

In Fig. 3 we compare the theoretical and experimental
total capture cross sections, 0

q q &
ln collisions of multi-

ply charged ions with atomic helium. Two CTMC calcu-
lations are displayed in the figure, which consist of
representing the electron —target-core (e —He+ ) in-
teraction by means of either an effective Coulomb poten-
tial or a model potential. In the expected validity range
(F. ~ 50 keV/amu), the results obtained with the eff'ective
Coulomb potential are in excellent agreement with the
experimental data for proton impact. However, the mod-
el potential produces cross sections in better agreement
with experiment for other charge states in the higher-
energy range displayed in the figure. The reason for the
discrepancies observed for a model potential for proton
impact is that the binding energies of captured electrons
adopt unphysical va1ues below the ground state of hydro-
gen. This is a well-known problem in CTMC calculations
that is usually observed when the initial binding energy is
greater than the ground-state energy of the projectile. In
the present case, this problem is expected to cause trouble
when describing the electron capture to the ground state

of hydrogen but not for higher n levels.
In Figs. 4 and 5 we display the n distribution fora, in collisions of He with ions of charge 1 to 10 at

50 and 100 keV/amu, respectively. In these calculations
and the following, we have utilized the model potential to
account for the interaction between the target electrons.
Also shown in these figures are the experimental data for
proton impact obtained from the measured (n, 1) distribu-
tions of Fig. 1, as well as the spectroscopic data of Refs.
21 and 22 for 0 projectiles. Our calculations are in
very good agreement with the data for proton impact,
whereas discrepancies between a factor of 1.5 and 2.5 can
be seen in Fig. 5 for 0 + impact, our cross section for
C + projectiles being too sma11.

As can be seen in Figs. 4 and 5, the capture cross sec-
tions for H+ and He impact present their maximum at
the ground level, whereas the maxima of the capture
cross sections for q )2 are at excited levels. In general,
the maximum shifts to higher electronic levels for in-
creasing projectile charges. For a fixed charge, the maxi-
ma remain at almost the same place for the two energies
considered, but broaden with increasing energy. For
high projectile charges it is seen that the maximum splits
into two different maxima. Separation of o. , into theq, q

—1
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FIG. 4. The n distribution of oqq- —] in A +He collisions
at 50 keV/amu. The numbers in the figure indicate the projec-
tile charges. Solid curves, present work. Experimental data for
H+ on He: ~, Refs. 3, 5, and 18; o, Hughes et al. (Ref. 5); $,
Hughes et al. (Refs. 6 and 14); 8, Lenormand (Ref. 18j.

FIG. 6. Present CTMC calculations of the n distribution of
crq q ~

in A'++H2 collisions at 50 keV/amu. The numbers in
the figure indicate projectile charges.

3/41
tt (6)

where I, is the ionization potential of the target (i.e.,

different capture channels indicates that while the first
peak is due to the autoionization channel, the second
peak at large n values comes mainly from the single-
capture channel.

In previous works for atomic hydrogen targets, ' the
position of the maxima could be explained in terms of a
simple picture that assumes conservation of the binding
energy and the dimensions of the orbit during the
electron-capture process. As a consequence of these con-
siderations, the product n distribution was found to max-
imize at

I, =0.5, 0.567, or 0.904 a.u. for H, H2, or He, respective-
ly).

For helium targets, we have observed a similar pattern
to Eq. (6) for the single-capture cross sections, reaction
(la), but not for o,. This is easily understood since
the autoionization subset of IT I does not obey Eq. (6).

Figure 6 shows the n distribution of the cross section
for electron capture from H2 by ions of charge 1-14at 50
keV/amu. Likewise the results at 100 keV/amu are
shown in Fig. 7. These distributions have a similar shape
to those obtained for He, but are spread over a wider
range of n levels. This can be explained in terms of the
differences in the relative velocities u /u, for H2 and He,
where v, is the initial orbital velocity of the electron and
v is the impact velocity of the projectile.

He 100 keV/amu

I I I I I I I 10~-15
I I I I

t
I I I I

(
I I I I

(
I I I

U

E 1Q'— 1
p-16

10-17

10

1
p-17

I

CT.

b
10

FIG. 5. The n distribution of o.
q q, in A ++He collisions

at 100 keV/amu. The numbers in the figure indicate the projec-
tile charges. Experimental data for H+ on He: 0, Refs. 3, 5,
and 18; ~, Ford and Thomas (Ref. 13); A, Hughes, et al. (Ref.
5). 0 on He: I, Dunford and Liu, et al. (Refs. 21 and 22).

0-19 I I I I I I I I I I I I I I I I I I

0 5 10 20
n

FIG. 7. Present CTMC calculations of the n distribution of
oq q l in A q++H2 collisions at 100 keV/arnu. The numbers in
the figure indicate the projectile charges.
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Similar conclusions as for He are also obtained for the
maxima of the single-capture cross sections. In this case,
we have found that the position of the maxima of the
single-capture cross sections follow approximately the
scaling n,„=1.3q . On the other hand, the maxima of
o

q q ] at the two impact energies displayed in the figures
are close to each other and their positions can be found at
approximately n,„=1.1q

In order to show the relative magnitudes of the com-
peting electron-capture channels, the n distribution for
the case of A' ++Hz collisions at 100 keV/amu is
separated in Fig. 8 into its single-capture, direct transfer-
ionization, and autoionizing double-capture components.
In this case, direct transfer-ionization is small in compar-
ison with the n distribution of oqq ] On the other
hand, autoionizing double capture provides a significant
contribution to the capture cross section, which prevails
to low-lying n levels. For n & 10, autoionization becomes
negligible and single capture dominates and follows the
well-known n scaling for large values of n. Thus, in-
clusion of autoionization in o

q q ] results in a shift of the
maximum towards low-lying levels.

In Fig. 8 we also display the experimental data of
Sdrensen et al. , which were obtained in Au' ++H2
collisions. As we will show below, the major contribution
to the n distribution for n ~ 10 comes from large values of
l that correspond to quasicircular orbits. Therefore, core
effects (i.e., effects due to the electrons in the partially
stripped Au' + core) are not expected to be appreciable
for the measured n distributions. Surprisingly, a clear
disagreement is observed between the theoretical calcula-
tions and the experimental data as to both the magnitude
and the shape of the cross sections. This disagreement
cannot be explained in terms of a systematic difference in
the normalization of the cross sections since the experi-
mental and theoretical total cross sections to all n levels
differ by a factor of 1.8, whereas the departures in the n

distributions are as much as a factor between 2.8 and 4.3.
On the other hand, if we neglect autoionization in our

0. 8

0. 6-
I I I I

q =14 n =12

0. 4-
0. 2-

5 6 7 8 9 10 11 12

0. 6-
I I I

q =14 ~ =11

0. 4-
0. 2

(a)

0
5 6 7 8 9 10 11 12

Quantum Number

0. 8

0. 6-
I I I I

q =15 n =13

0. 4-
0. 2-

0. 8

6 7 8 9 10 11 12 13

q =15 n =12

calculations due to possible core effects, the CTMC cross
section for single capture plus transfer ionization to all n

levels is 2.96X10 ' cm, which is in very good agree-
ment with the experimental value of 3.02X10 ' cm foro, However, large differences still persist between
the measured n distribution and the calculated n distribu-
tion for the single-capture channel alone.

1O" I
/

I
f

I & I I
)

1
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I
/
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FIG. 8. The n distribution of the total capture cross section
cT

q q
—I for 3 ' + +H, col lisions at 100 keV/amu is separated

into its components: single capture (SC), transfer ionization
(TI), and autoionization (AI) following double-capture events.
Solid curves, present work; Dash-dotted curve, n ' scaling;
solid circles, Sgfrensen et al. (Ref. 20) for Au' ++H2.

FIG. 9. The ratios between the cross section for electron cap-
ture to an n and l level and that to the n level in collisions of H2
with projectiles of (a) q=+14 and (b) q =+15. Solid curves
with error bars, present work; dashed curves and open circles,
Sdrensen et al. (Ref. 20).
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On the basis of the calculations presented in Fig. 8, we
conclude that, for A ' ++H2 collisions at 100 keV/amu,
autoionization is negligible in comparison with single
capture and transfer ionization when n «10. Therefore,
the I distribution of the captured electrons can be defined
for these n levels in terms of single capture and transfer
ionization. Figure 9 shows the ratios between the cross
sections for capture to an (n, l) level and those to the n

level. In this case, the n,„ for single capture are found
to be 9 and 10 for q =14 and 15. The n states considered
here are thus above n,„. For these n values, both
theoretical and experimental I distributions show a max-
imum at l,„=n,„,which is independent of the n values
considered.

The transfer of the electron to this preferred I value
can be explained in a simple picture as has been done be-
fore for atomic hydrogen targets. Our calculations
show that the most probable contribution to the total
capture cross section comes from impact parameters of
about 5.2 a.u. for both q=14 and 15. Thus, electrons
captured by a projectile of 100 keV/amu (u =2.0 a.u. ) at

this impact parameter would have a most probable angu-
lar momentum of l = 10.

IV. SUMMARY

We have applied the CTMC method to the study of the
total capture cross sections for Aq++He collisions as
well as the subshell electron-capture cross sections in col-
lisions of multiply charged ions with H2 and He. In gen-
eral, good agreement with experimental data has been
found. The possibility of autoionization after double cap-
ture has been modeled and this reaction channel has been
found to influence the shape of the n distributions for
low-lying n levels. In situations for which the autoioniz-
ing double-capture is negligible, electrons are found to be
captured to a preferred l state (1,„=n, „), which is in-

dependent of n when n & n,„.
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