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Collision dynamics of the He2++H�1s� system imbedded in a Debye plasma is studied by the two-center
atomic orbital close-coupling �AOCC� method in the energy range 5–300 keV /u. The atomic orbitals and
electron binding energies of atomic states are calculated within Debye-Hückel approximation of the screened
Coulomb potential and used in AOCC dynamics formalism to calculate the state-selective electron capture and
excitation cross sections. The basis contained 174 orbitals centered on the target �all n�6 discrete states and
117 quasicontinuum states� and 20 orbitals centered on the projectile �all n�4 discrete states�. It is demon-
strated that the screening of Coulomb interactions in the system progressively reduces the number of available
excitation and electron capture channels when the screening parameter increases. The screening of Coulomb
interactions introduces changes also in the values of direct and exchange couplings, thus affecting the magni-
tude and energy behavior of the cross sections. The control of dynamics of collision processes in a Debye
plasma by varying the plasma screening of Coulomb interactions in the collision system is discussed.
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I. INTRODUCTION

Atomic collision processes in hot, dense plasmas have
been subject to continuous interest during the last several
decades ��1–4�, and references herein�. Most of this interest
has been motivated by the spectroscopy of such plasmas
�5,6� and, therefore, the electron-impact processes �excitation
�2,7–11�, ionization �12�, and recombination �13��, involving
hydrogenlike ions, have received the main attention. These
studies have covered both weakly and strongly coupled plas-
mas. The electron-ion interaction in the case of weakly
coupled plasmas is adequately described by the Debye-
Hückel potential �with or without inclusion of dynamical
plasma screening effects�, while in the case of strongly
coupled plasma the interaction is usually described by the
ion-sphere model potential �see, e.g., �1,2��. To the best of
our knowledge, the only studies involving heavy-particle
collision processes in hot, dense plasmas are those for
proton-impact excitation of n=2 fine-structure levels of hy-
drogenlike ions �14�, electron capture in proton-hydrogenic
ion collisions �15�, symmetric resonant charge exchange in
hydrogenlike ion-parent nucleus collisions �16�, and the clas-
sical trajectory Monte Carlo study of electron capture and
ionization in hydrogen atom and fully stripped ion collisions
�17�. The transitions between the n=2 fine-structure levels in
Ref. �14� have been calculated within a close-coupling
scheme employing both the static Debye-Hückel and the ion-
sphere model potentials. The electron capture process in Ref.
�15� was described by the classical Bohr-Lindhard model
�18� using, however, its high energy part only. While Ref.
�15� used a Debye-Hückel potential for electron-ion interac-
tions, in Ref. �16� the ion-sphere model potential was used
for their description. We would like to note that in all the
above mentioned studies, the change of the electronic bound
state wave functions and energies in the screened Coulomb
potential was taken into account at most within the first-order
perturbation theory �e.g., in �14��. In Ref. �17�, the microca-
nonical distribution for the bound 1s state of H was deter-

mined by using the Debye-Hückel potential and the accurate
dependence of the energy of this state on the Debye screen-
ing length �D �19�.

In the present work we shall study the excitation and elec-
tron capture processes in He2++H�1s� collisions

He2+ + H�1s� → He2+ + H�nl� �1�

→He+�nl� + H+ �2�

in a plasma in which the interaction of an electron with an
ion of positive charge Z at a distance r is given by the
Debye-Hückel potential �e is the unit charge�

V�r� = −
Ze2

r
e−r/�D, �3�

where �D= �kBTe /4�e2ne�1/2 is the Debye screening length,
Te and ne are the plasma electron temperature and density,
respectively, and kB is the Boltzmann constant. In the theory
of electrolyte fluids �20�, the screened Coulomb potential �3�
results from the linearization of the Poisson-Boltzmann
equation and accounts only for the pair correlations in the
many-body system of charged particles. In the context of
fully ionized plasmas it derives from the second equation of
BBGKY hierarchy in the pair correlation approximation �see,
e.g., �21��. The representation of charged particle interaction
in a plasma by the potential �3� is adequate only if the Cou-
lomb coupling parameter �=e2 / �akBTe� and plasma nonide-
ality parameter �=e2 / ��DkBTe� satisfy the conditions ��1,
��1, where a= �3 / �4�ne��1/3 is the average interparticle dis-
tance. There is a wide class of laboratory and astrophysical
plasmas in which these conditions are fulfilled �Debye plas-
mas�. In particular, the inertial confinement fusion plasmas
with parameters Te�1–10 keV and ne�1–10�1024 cm−3

belong to this type of plasma.
We shall study the dynamics of processes �1� and �2� by

employing the two-center atomic orbital close-coupling �TC-
AOCC� method �22� with plane wave electron translational
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factors �PW ETFs� in the energy range 5–300 keV /u. The
atomic orbitals have been determined variationally from the
corresponding single-center Schrödinger equation with the
potential �3�. The employed AO basis included 174 orbitals
centered on the target �all n�6 and 7s discrete states and
117 quasicontinuum states� and 20 states centered on the
projectile �all n�4 discrete states� were sufficient to ensure
reliable results both in the unscreened and screened interac-
tion cases. The main objective of the present study is to
explore how the screened Coulomb interaction �3� affects the
dynamics of processes �1� and �2� when the Debye screening
length �D varies. The results presented below show that the
variation of �D has dramatic effects on the collision dynam-
ics, controlling the number of reaction channels in processes
�1� and �2� and the magnitude and energy behavior of the
cross sections of the open channels. There have been many
theoretical studies in the past of processes �1� and �2� with
pure Coulomb interactions between the particles. The most
comprehensive ones, in terms of the size of the expansion
basis, are the TC-AOCC calculations in Refs. �23–25�, the
triple-center expansion calculations in Ref. �26�, and the
molecular-orbital close-coupling �MOCC� calculations in
Ref. �27�.

The paper is organized as follows. In the next section we
briefly outline the theoretical method used in the cross sec-
tion calculations, with emphasis on the specific features that
the screened Coulomb potential �3� introduces in the AO
basis and dynamical couplings. In Sec. III we present the
results of state-selective cross sections for processes �1� and
�2�, and in Sec. IV we give our conclusions. Atomic units
will be used in the remaining part of this paper, unless ex-
plicitly indicated otherwise.

II. THEORETICAL METHOD

A. Atomic orbitals and energies of screened Coulomb potential

The application of the TC-AOCC method to an ion-atom
collision system requires determination of single-center elec-
tronic states over which the total scattering wave function is
expanded and used in a time-dependent Schrödinger equa-
tion to generate the coupled equations for the state ampli-
tudes �22�. For determining the stationary bound electronic
states with the potential �3� centered on the target �Z=1� and
on the projectile �Z=2�, we have used the variational method
with the even-tempered trial functions �25,28�

	klm�r�;�D� = Nl„
k��D�…rle−
k��D�rYlm�r�̂� ,


k��D� = ��k, k = 1,2, . . . ,N , �4�

where Nl�
k� is a normalization constant, Ylm�r�̂� are the
spherical harmonics, and � and � are variational parameters,
determined by minimization of the energy for each value of
�D. The atomic states 
nlm�r� ;�D� are then obtained as linear
combination


nlm�r�;�D� = �
k

cnk	klm�r�;�D� , �5�

where the coefficients cnk are determined by diagonalization
of single-center Hamiltonian. This diagonalization yields the
energies Enl��D� of the bound states in the screened Coulomb
potential �3�.

It is well known �see, e.g., �29�� that any attractive
central-symmetric potential that at r→� decreases faster
than −r−2 supports a finite number of bound states. For any
finite value of �D, the potential �3� belongs to this class of
potentials. Moreover, for any finite value of �D, the high
internal �dynamic� symmetry of the Coulomb field is reduced
which results in lifting the l degeneracy of Coulomb energy
levels. It is obvious that with increasing the screening of
Coulomb potential �decreasing �D�, the number of bound
states, Nb, supported by the potential �3� will decrease, im-
plying that the bound n, l states will successively enter the
continuum with decreasing �D. There have been many cal-
culations in the past of the energies Enl��D� of hydrogenlike
systems employing the perturbation �e.g., �30,31�, and refer-
ences therein� and variational �e.g., �19,32,33�� methods, as a
well as a numerical solution of the Schrödinger equation
�34,35�. These calculations indeed show that for each n, l
state, the corresponding energy Enl��D� becomes zero at cer-
tain critical screening length �D,c

n,l . For a given l, �D,c
n,l

��D,c
n+1,l, and for a given n, �D,c

n,l ��D,c
n,l+1. The number of

bound n, l states in the screened Coulomb potential �3� for a
given value of �D is Nb=0.583+0.499Z�D �34,35�.

In Fig. 1 we show the �D dependence of the energies Enl
of the first six states of the hydrogen atom �panel �a�� and the
He+ ion �panel �b�� calculated by the above outlined varia-
tional procedure. The dashed lines in Fig. 1�a� represent the
results of a numerical solution of a Schrödinger equation
�35�, indicating the good accuracy of present calculations. It
is to be noted in Fig. 1 that the considered n�3 energy
levels rapidly approach the continuum edge for �D below
20–30a0, the gradient increasing with increasing n and l.
The energy difference �En,l;n+1,l�k=En,l−En+1,l�k �k
=0,1 ,2 , . . . � decreases with decreasing �D, particularly for
�En,l;n+1,l−k, and for n�7 some of the En+1,l−k energies may
cross with En,l levels �35�. All these features of Enl��D� en-
ergy levels, exhibited with varying the screening length �D,
have important spectroscopic consequences.

In Tables I and II we give the values of �D,c
n,l for the n

�5 states in H and He+, respectively. In Table I the corre-
sponding �D,c

n,l values from Ref. �35� are also shown �in pa-
rentheses� for comparison. It can be observed from this table
that the accuracy of our variational calculations in determin-
ing the values �D,c

n,l �as well as the values of En,l for �D close
to �D,c

n,l � for n�4 deteriorates, especially for the lower l sub-
levels. With increasing the distance �D−�D,c

n,l , the difference
between variationally calculated and exact En,l values be-
come much smaller, and can be further decreased by choos-
ing more variational parameters in the trial functions. How-
ever, for the purposes of the present work, the main objective
of which is to show the principle effects of the screened
Coulomb interactions on the collision dynamics, these small
differences are unessential �see also Sec. II B�.
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In Figs. 2�a� and 2�b� we show the radial electron density
distributions of H �1s� and He+�2p� states for a number of
values of Debye length �D and for the unscreened case. It
can be seen from these figures that despite the significant
changes of the energies of these two states with decreasing
�D �see Figs. 1�a� and 1�b��, their radial density distributions
exhibit significant changes only when �D becomes close

enough to the corresponding �D,c
n,l value �cf. Tables I and II�.

One should, however, note that with decreasing �D the dis-
tribution becomes broader, its peak is shifted towards larger
radial distances, and its magnitude decreases.

B. TC-AOCC coupled equations

Within the semiclassical approximation, the electron wave
function of the He2++H�1s� collision system ��r� , t� satisfies
the equation

�H − i
�

�t
���r�,t� = 0, �6�

where

H = −
1

2
�r

2 + VA�rA� + VB�rB� , �7�

and VA,B�rA,B� are the electron interactions with the target
proton �subscript A� and projectile ion He2+ �subscript B� of
the form �3�. In the collision energy range considered in the
present paper �5–300 keV /u�, the straight-line approxima-

tion for the relative nuclear motion, R� �t�=b� +v�t �b is the
impact parameter and v is the collision velocity�, can be
safely adopted �22� �even more justifiably than in the pure
Coulomb case since the nucleus-nucleus interaction is also
screened�. Expanding the wave function ��r� , t� in terms of
bound atomic orbitals �5�, multiplied by plane wave ETFs
�22� �then giving “traveling” atomic orbitals 
�r� , t ;�D��

��r�,t� = �
i

ai�t�
i
A�r�,t;�D� + �

j

bj�t�
 j
B�r�,t;�D� , �8�

and inserting it into Eq. �6�, one obtains the system of
coupled equations for the amplitudes ai�t� and bj�t� �22�,

i�Ȧ + SḂ� = HA + KB , �9a�

i�Ḃ + S†Ȧ� = K̄A + H̄B , �9b�

where A and B are the vectors of amplitudes ai �i
=1,2 , . . . � and bj �j=1,2 , . . . �, respectively, S is the overlap

matrix �S† is its transposed form�, H and H̄ are direct cou-

TABLE I. Critical screening lengths, �D,c
n,l �a0�, for H �nl� states, n�5.

n / l 0 1 2 3 4

1 0.8450
�0.8399�a

2 3.280
�3.223�

4.542
�4.541�

3 7.380
�7.171�

8.900
�8.872�

10.950
�10.947�

4 12.750
�12.687�

14.980
�14.731�

17.250
�17.210�

20.080
�20.068�

5 21.260
�19.772�

23.550
�22.130�

25.400
�24.985�

28.550
�28.257�

34.600
�31.904�

aThe values in parentheses are from Ref. �35�.
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FIG. 1. Dependence of binding energies on �D of the n�3 state
of H �a� and He+ �b�. The dashed lines in �a� are the results of Ref.
�35�.
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pling matrices on the target and projectile, respectively, and

K and K̄ are the electron exchange matrices. The system of
equations �9� is to be solved under the initial conditions

ai�− � � = �1i, bj�− � � = 0. �10�

After solving the system of coupled equations �9�, the cross
section for 1→ i excitation and 1→ j electron-capture transi-
tions are calculated as �22�

�exc,i = 2�	
0

�


ai�+ � �
2bdb , �11�

�cx,j = 2�	
0

�


bj�+ � �
2bdb . �12�

The sums of �exc,i over i and �cx,j over j give the correspond-
ing total excitation and electron-capture �charge exchange�
cross section, respectively.

One of the important differences of the AOCC description
of atomic processes in the discrete spectrum with screened
Coulomb interactions with respect to the unscreened case is
that the number of states in the discrete spectrum on each of
the screened Coulomb centers is always finite and uniquely
defined by the value of the screening length �D. For instance,
from Tables I and II one can see that for �D�14.0a0, only
the states with n�4 are in the discrete spectrum of He+ and
only the 4s and n�3 states are in the discrete spectrum of H.
While the relation Nb=0.583+0.499Z�D determines the
number of bound states on the center with charge Z for a
given value of �D and, thereby, the reaction channels in-
volved in their population, the dependence of the atomic or-
bitals on �D affects the couplings between the states remain-
ing in the discrete spectrum for a given �D, and thereby the
dynamics.

In Figs. 3�a� and 3�b� we show the dependence on inter-
nuclear distance R of matrix elements for direct 1s→2s and
1s→2p transitions in H for the unscreened case and for the
screened Coulomb interactions with several values of �D. We
observe a rapid decrease of absolute values of these transi-
tion matrix elements with decreasing �D.

In Figs. 4�a� and 4�b� we show the R dependence of ab-
solute values of 1s�H�→2s�He+� and 1s�H�→2p�He+� elec-
tron exchange matrix elements �calculated for E=25 keV /u�
for the unscreened case and for the screened interactions
with �D=8.0, 4.0, and 2.5a0. Again, a significant decrease of
the values of these couplings is observed when �D decreases.

III. RESULTS OF CROSS SECTION CALCULATIONS

A. Excitation

Although the main purpose of the present work is to in-
vestigate the effects of the screening of Coulomb potential
on the dynamics of the He2++H�1s� collision system, we
have nevertheless included in the expansion basis all the n
�3 and 7s discrete states and 117 continuum pseudostates
�in total 174 states� on H and all the n�4 states �in total 20

TABLE II. Critical screening lengths, �D,c
n,l �a0�, for He+ �nl� states, n�5.

n / l 0 1 2 3 4

1 0.42715

2 1.67800 2.2725

3 3.87300 4.4920 5.4817

4 7.39500 7.8690 8.8520 10.120

5 14.2800 14.045 15.015 16.020 17.415
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states� on He+ in order to ensure the reliability of our results.
A similarly large basis for the excitation, electron capture,
and ionization studies in this collision system was used in
Ref. �25�, where �the same� 174 states were centered on H
and 35 discrete states �all states with n�5� were centered on
He+. We denote these two basis sets as He20 /H174 and
He35 /H174, respectively.

In order to investigate the sensitivity of the results on the
size of the basis, we have performed 2s and 2p excitation
cross section calculations for the unscreened and screened
�with �D=6a0� cases for energies of 10 and 100 keV /u for
three basis sets: He20 /H10, He20 /H174, and He35 /H174.
The results are shown in Table III. While the convergence of
the basis set used in the present calculations is quite good in
both the screened and unscreened case, the basis set
He20 /H10 is obviously insufficient to describe adequately
the excitation to these two states. Note that for the �D=6a0
screening the only discrete excited states centered on H are
the 2s and 2p states. The large disagreement of 2s and 2p
excitation cross sections of the He20 /H10 basis with those
of the He20 /H174 basis in the �D=6a0 case indicates the

important role of the coupling with the quasicontinuum
states in the screened case.

In Figs. 5�a� and 5�b� we present the �D dependence of 2l
and 3l excitation cross sections for the collision energies of
25 keV /u �panel �a�� and 100 keV /u �panel �b�� in the re-
gion �D�15a0. The expected sharp decrease of nl-excitation
cross sections when �D approaches the critical value �D,c

n,l is
evident in these figures. It is, however, worth noting that this
decrease is much sharper for the l�1 states than for the ns
states. This can be correlated with the large gradients of
Enl��D� curves for the l�1 states near the continuum edge.
The predominance of the 2p excitation channel at both these
energies is also not surprising. The appearance of a maxi-
mum in the �D dependence of the 2p cross section for E
=25 keV /u might be partly related to the decrease of energy
difference between 1s and 2p states and partly to the cou-
pling with other states. Further, these figures show that by
selecting the value of screening length �D in the range
3–11a0, one can select the open excitation channels.

The energy behavior of excitation cross sections is shown
in Fig. 6 for the unscreened interactions �panel �a�� �only the
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excitation to n�3 states is shown� and for screened interac-
tions with �D=12a0 �panel �b��, 6.0a0 �panel �c��, and 4.0a0
�panel �d��. The total �summed up� cross sections are also
shown. In Fig. 6�a� we also show the cross-section data for
2s and 2p excitation of Ref. �25� �crosses�, obtained with the
He35 /H174 basis. This further illustrates the accuracy of the
present calculations.

In the screened case with �D=12a0, only the states with
n�3 lie in the discrete part of the spectrum of H. The total
excitation cross section in the screened case is only slightly
reduced with respect to the unscreened case, but the changes
in the 3l excitation cross sections are significant. These
changes can be attributed to the changes of corresponding
couplings for �D=12a0. In the cases of screening with �D
=6.0a0 �panel �c�� and �D=4.0a0 �panel �d��, only the states
2l and 2s, respectively, remain in the discrete spectrum of H.
The observed changes in the magnitude and energy behavior
of 2s and 2p excitation cross sections with respect to the
unscreened case, or the �D=12a0 screened case, can again be
attributed to the changes in the couplings �both the direct and
exchange ones, the latter diverting the n=2, 3 capture flux
back to the H �n=2� levels�.

It is observed in Figs. 6�a�–6�d� that all cross sections, in
both the unscreened and screened cases, exhibit an oscilla-
tory structure in the energy region below �20 keV /u. This
structure is different for the states with different l, but re-
mains �D invariant. The same oscillatory structure has been
observed in the n=2 and n=3 excitation cross sections in
TC-AOCC calculations of Ref. �23� �with a basis of 54
states� and in the MOCC calculations of Ref. �27� �with a
basis of 83 states�.

The observed quasi-independence of the positions of sec-
ondary peaks on the energy scale for excitation of n=2 and
n=3 states on the size of the AO or MO basis �as long as the
basis contains these states on H and He+, and the 4s state on
He+� indicates that the mechanisms responsible for these

TABLE III. Comparison of excitation cross sections �in units of 10−16 cm2� for the unscreened and �D

=6a0 screened cases at E=10 and 100 keV /u for the He20 /H174, He35 /H174, and He20 /H10 AO basis
sets.

No screening E �keV/u� 2s 2p

10 0.08667 0.24184 �He20 /H174�
0.08588 0.23690 �He35 /H174�
0.05172 0.18181 �He20 /H10�

100 0.28113 1.77517 �He20 /H174�
0.27957 1.77460 �He35 /H174�
0.43641 2.30923 �He20 /H10�

Screening with �D=6a0 E �keV/u� 2s 2p

10 0.10936 0.20103 �He20 /H174�
0.11148 0.20113 �He35 /H174�
0.08638 0.13466 �He20 /H10�

100 0.13239 0.97607 �He20 /H174�
0.13098 0.97560 �He35 /H174�
0.18622 1.28453 �He20 /H10�
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structures are confined within the couplings of these lower
states. Indeed, a more detailed analysis of the couplings be-
tween the He+ �n=2, 3� and H �n=2� states, as well as cross-
section calculations with inclusion and exclusion of He+ �n
=2, 3� states from the basis, reveals that the origin of the
structures in the 2s and 2p excitation cross sections is the
back capture of the electron from the He+ �n=2, 3� capture
states to the H �n=2� states. A similar analysis reveals that
the oscillations in the 3l excitation cross sections is due to
the back capture from the He+ �n=3, 4� states. In a molecular
picture of collision dynamics of the He2++H system in this
low-energy collision region, the oscillations in the 2l and 3l
excitation cross sections is a result of the phase interference
of the coupled molecular states that asymptotically converge
to the H �n=2, 3� and He+ �n=2, 3, 4� atomic states �see,
e.g., �36,37��.

B. Electron capture

The sensitivity of the electron-capture cross section re-
sults to the size of the basis for the unscreened and screened
��D=4a0� cases is shown in Table IV for energies of 10 and
100 keV /u. The state-selective cross sections calculated with
three basis sets, He20 /H174, He35 /H174, and He20 /H10,
are shown in the table. In the zero-screening case, the results
of our He20 /H174 basis show good convergence to the re-
sults of the He35 /H174 basis for both collision energies. As
expected from the analyses and calculations of Ref. �25�,
even the much more restricted basis He20 /H10 can provide
an acceptable description of electron-capture dynamics in the
unscreened case. However, for the case of relatively strong
interaction screening ��D=4a0� the convergence is slower,
especially at the lower collision energy and for the higher nl

states. Noting that for �D=4a0 screening the 1s, 2l, and 3s
states are the only bound states on He+, the relatively strong
dependence of the high nl capture cross sections at low en-
ergies on the basis size indicates the importance of the cou-
pling with the quasicontinuum states.

The selectivity in the population of electron-capture chan-
nels in reaction �2� with varying the Debye length �D can be
inferred already from Fig. 1�b� and Table II. In Figs. 7�a� and
7�b� we show the electron-capture cross sections to the 2l
and 3l states of He+ as a function of �D for two collision
energies: 25 keV /u �panel �a�� and 100 keV /u �panel �b��.
As in the case of excitation, with decreasing �D, the
nl-capture cross sections, generally, decrease first gradually
and then sharply when approaching the corresponding criti-
cal value �D,c

n,l , particularly for l�0 states. The dominant
population of the 2p capture state for �D�2.5–3.0a0 is evi-
dent at both collision energies and is the result of the large
value of the 1s�H�-2p�He+� electron exchange coupling �see
Fig. 4�b��.However, at the higher energies �e.g., above
150 keV /u� the momentum transfer starts also to play an
important role in the electron transfer dynamics �see, e.g.,
�22�� and the relative magnitude of the state-selective cross
section is not anymore decisively determined by the electron
exchange couplings. Therefore, at E=100 keV /u, the capture
to the 1s state is comparable to that to the 2p state �cf. Fig.
7�b��.

The cross sections for electron capture to 1s, 2s, and 2p
states in the zero-screening case are shown in Fig. 8 and
compared with the results of He35 /H174 calculations of Ref.
�25� �denoted by crosses�. In the overlapping energy range
�20–250 keV /u� the results of present calculations practi-
cally coincide with those of Ref. �25�. The cross sections for
capture to the higher nl states also have the same level of
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mutual agreement, as illustrated in Table IV for the 3l states
at E=10 and 100 keV /u.

In Figs. 9�a�–9�d� we show the nl-capture cross sections
for the screened interactions with �D=6.0, 4.0, 2.0, and 1.5a0
�panels �a�–�d�, respectively�. For �D=6.0a0, the discrete
spectrum of He+ contains only the n�3 states. Just as in the
case of unscreened Coulomb potentials �see Fig. 8�, the
population of the 2p electron-capture channel dominates up
to �125 keV /u, from where on the population of the He+

�1s� state becomes dominant. The fact that the crossover of
2p and 1s capture cross sections at �125 keV /u remains the
same for �D=6.0a0 and �D=4.0a0 �cf. Figs. 8�a� and 8�b��,
as well as in the unscreened case �see Fig. 8�, is a clear
indication that the momentum transfer becomes the dominant
factor in the electron-capture dynamics at this and at higher
collision energies.

In the �D=4.0a0 screening case �Fig. 9�b�� only the n
�2 and 3s states remain in the discrete spectrum of He+.
While the magnitude and energy behavior of the cross sec-
tions for n�2 states are not significantly changed with re-
spect to the �D=6.0a0 case, the reduction of the 3s cross-
section magnitude is significant. The analysis of the
couplings indicates that in the �D=6.0a0 case the He+�3s�
state is significantly populated via its interaction with the
He+�3p� and He+�3d� states, which in the �D=4.0a0 case are
absent in the He+ spectrum.

In the �D=2.0a0 and �D=1.5a0 screening cases �Figs. 9�c�
and 9�d�� only the 1s, 2s, and 1s states are left in the He+

spectrum, respectively. While the observed reduction of the
2s capture cross section with respect to its values in the �D
=4.0a0 case is due to the lack of its population via the 2p
state �now absent in the He+ spectrum�, the relative small
changes in the magnitude and energy behavior of the 1s cap-
ture cross section indicates that the population of He+�1s� is
dominated by the H�1s�−H+�1s� exchange coupling �and the
momentum transfer at high energies�.

TABLE IV. Comparison of electron-capture cross sections �in units of 10−16 cm2� for the unscreened and
�D=4a0 screened cases at E=10 and 100 keV /u for the He20 /H174, He35 /H174, and He20 /H10 AO basis
sets.

No screening E �keV/u� 1s 2s 2p 3s 3p 3d

10 0.01502 2.24812 9.89382 0.11721 0.34453 0.42521 �He20 /H174�
0.01492 2.25318 9.90083 0.12129 0.34895 0.42207 �He35 /H174�
0.00732 2.32916 9.84436 0.12093 0.28395 0.40844 �He20 /H10�

100 0.10772 0.08683 0.14187 0.05325 0.06400 0.01544 �He20 /H174�
0.10742 0.08738 0.14109 0.05242 0.06451 0.01571 �He35 /H174�
0.09051 0.10100 0.16643 0.05793 0.07882 0.01383 �He20 /H10�

Screening with �D=4a0 E�keV/u� 1s 2s 2p 3s

10 0.01944 1.47110 7.60813 0.04408 �He20 /H174�
0.01965 1.47736 7.67233 0.03716 �He35 /H174�
0.01093 1.23986 7.97528 0.03114 �He20 /H10�

100 0.10227 0.04499 0.08664 0.00484 �He20 /H174�
0.10157 0.04455 0.08402 0.00480 �He35 /H174�
0.08756 0.05398 0.12823 0.00417 �He20 /H10�
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In Fig. 10 we show the total electron-capture cross sec-
tions for the unscreened case and for the screened cases with
�D=12.0, 6.0, 4.0, 2.5, 2.0, and 1.5a0. The reduction of total
cross sections with increasing the screening, as well as the
change of cross section energy behavior for �D=2.0 and
1.5a0 in the region below �30 keV /u, is mainly due to the
reduction of electron-capture channels with decreasing �D.
We also note that for �D�2.5a0 the coupling with the con-
tinuum of 2s and 1s discrete states becomes strong and at
low collision energies �long interaction time� ionization from
these states is expected to be strongly enhanced. The peculiar
form of the total capture cross section for the �D=2.0a0 case
reflects just the displaced maxima of the contributing 2s and
1s capture cross section on the energy scale. The appearance

of the mild shoulder in the 1s capture cross section at E
�8 keV /u can be attributed to the lost coupling of 1s with
the 2s state when �D becomes less than 1.678a0, the Debye
length value at which the He+�2s� state enters the continuum.

IV. CONCLUSIONS

In the present work we have investigated the dynamics of
excitation and electron-capture processes in the He2+

+H�1s� collision system with screened Coulomb interactions
of type �3�. The collision dynamics in the energy range
5–300 keV /u was described by the TC-AOCC method. We
have demonstrated that the screening of Coulomb interac-
tions in the He2++H�1s� collision system introduces signifi-
cant changes in its dynamics with respect to the unscreened
case. The screening of Coulomb interactions affects the col-
lision dynamics in three fundamental ways: �i� reduction of
the number of states in the discrete spectrum of the target
and projectile system, thus limiting the number of inelastic
reaction channels; �ii� change �decrease� of energies of
bound states �as well as their differences� with decreasing the
screening length, and �iii� change �decrease� of electronic
couplings in the collision system with decreasing the screen-
ing length. The change of the number of bound states in the
collision system available for specific state-selective pro-
cesses when the screening length varies, plays the most im-
portant role in the collision dynamics. This property of the
potential screening can be used to control the number of
reaction channels for a given process by varying the strength
of the screening �e.g., by varying Te and/or ne in the Debye
plasma�. The decrease of binding energy of electronic states
when the screening increases ��D decreases� should have an
important impact on the ionization dynamics �by increasing
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FIG. 8. Cross sections for electron capture to 1s, 2s, and 2p
states of He+. Crosses are the results of Ref. �25� performed with a
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the coupling of discrete and continuum states�. The ioniza-
tion dynamics in ion-atom collisions will be discussed in a
separate paper. Furthermore, since the difference �Enl,n�l� of
Enl��D� and En�l���D� atomic energy levels also depends on
�D, the variation of parameters on which �D depends �Te and
ne of a Debye plasma� will have dramatic effects on the

radiative transitions between screened nl and n�l� states �line
shift and broadening�.

Although the above conclusions about the effects of
screened Coulomb interactions on the dynamics of ion-atom
collision processes have been derived from the study of
He2++H�1s� collision dynamics, it is clear that they should
be valid for any one-electron �or “one-active electron”� col-
lision system as long as the interaction has the form of Eq.
�3�. On the basis of the short range character of the interac-
tion �3� and its property to support only a finite number of
bound states, one can expect that even in the many-electron
systems the reduction of the number of bound states will take
place with increasing the screening and thus will affect the
collision dynamics. The energy decrease of the lowest bound
s states in a number of He-like ions, and their entering the
continuum at certain �D,c

n,l , has been demonstrated in Ref.
�38�.
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