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The electron capture in O%* —H collisions is studied by the two-center atomic-orbital close-coupling method
when the interactions of charged particles are screened and have a Yukawa form. Atomic orbitals and eigenen-
ergies of n=7 states on O’* and n=2 states on H are calculated as a function of the interaction screening
parameter and used in the atomic-orbital close-coupling dynamics scheme to calculate the electron capture
cross sections in the energy range of 0.2-50 keV/u. It is shown that the degree of interaction screening
determines the reduction in electron binding energies, the number of open electron capture channels, and the
strength of the exchange couplings, thus affecting the entire collision dynamics and the magnitude and energy
behavior of state-selective cross sections. The changes in electron binding energies and capture cross sections
when the interaction screening varies introduce dramatic changes in the radiation spectrum of O7*(nl) capture
states with respect to the unscreened interaction case. The state-selective electron capture cross sections in this
collision system, as well as the intensities of a number of charge exchange spectral lines, for a number of

representative screening parameter values are presented and discussed.

DOLI: 10.1103/PhysRevA.79.052702

I. INTRODUCTION

Electron capture processes in collisions between fully
stripped ions and atomic hydrogen have been subject to con-
siderable scientific interest for many years in view of their
important role in the energy balance and diagnostics of fu-
sion and astrophysical plasmas [ 1-3]. At the same time, these
collision systems with only one electron and two heavy nu-
clei have served as a testing ground for the theoretical mod-
els of the electron capture process with Coulomb interpar-
ticle interactions. The significant amount of theoretical and
experimental studies of these processes has been reviewed in
many articles and books (see, e.g., [4-6]). However, in the
environments of hot dense plasmas, where the Coulomb in-
teractions between charged particles may be significantly
screened, the atomic collision processes have been investi-
gated relatively scarcely. The results of these studies are re-
viewed in [7-10].

The electron capture process in proton-hydrogenlike ion
collisions in a Debye plasma has been studied in Ref. [11] in
the framework of the Bohr-Lindhard classical model [12],
but using its high-energy part only. The electron capture and
ionization processes in hydrogen atom—fully stripped ion col-
lisions with Debye-Hiickel interparticle interactions have
been studied in Ref. [13] by using the classical trajectory
Monte Carlo method, in which the microcanonical distribu-
tion of initial electron coordinates and momenta was deter-
mined from the H(1s) electron energies in a Debye-Hiickel
potential. Quite recently, we have performed extensive stud-
ies of the excitation and electron capture processes in H*
+H(1s) [14] and He**+H(1s) [15] collision systems, as well
as for ionization in the latter collision system [16], in a De-
bye plasma by employing the two-center atomic-orbital
close-coupling (TC-AOCC) method with a large expansion
basis.

In the present work, we shall study the electron capture
process
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0% +H(1s) — O"*(nl) + H* (1)

when the electron-ion interaction is described by the Debye-
Hiickel potential (e is the unit charge),

Z 2
V(r) == 25, )
r

The Debye screening length, r,; is related to the plasma
electron temperature (7,) and density (n,) by ry,
=(kgT,/4me’n,)""?, where kj is the Boltzmann constant. Po-
tential (2) is a good representation of the effective two-body
electron-ion interaction as long as the Coulomb coupling pa-
rameter I'=e?/(akzT,) and plasma nonideality parameter y
=e?/(rjkpT,) satisfy the conditions I'=1, y<1, where a
=[3/(4mn,)]"? is the average interparticle distance. There is
a wide class of laboratory and astrophysical plasmas in
which these conditions are fulfilled (Debye plasmas). In par-
ticular, the inertial confinement fusion plasmas with param-
eters T,~0.5-10 keV and n,~(0.5-10) X 10** ¢cm™ be-
long to this type of plasmas.

In our study of process (1) we shall employ the TC-
AOCC method, used also in our previous work on ion-atom
inelastic processes in Debye plasmas [14—16]. Since the
electron capture in the O% +H collision system populates
dominantly the O7* states with high principal quantum num-
ber n (around n~5,6) [4], the use of a close-coupling
method for description of its dynamics requires, generally, a
very large expansion basis of atomic (at medium to high
collision energies) or molecular (at low collision energies)
orbitals. The state selectivity of electron capture process be-
comes increasingly more pronounced with decreasing the
collision energy (see, e.g., [4,5]) and the requirements on the
expansion basis can be significantly relaxed. For this reason
we choose to study reaction (1) in the energy range of 0.2-50
keV/u in which, at the same time, the use of semiclassical
AOCC method is fully applicable [5], although its extension
below ~10 keV/u (so-called “molecular region”) still re-
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quires an adequately large atomic-orbital basis [17,18].

One of the motivations to study process (1) is to investi-
gate the effects of high nuclear-charge asymmetry of the col-
lision system on the electron capture dynamics under the
conditions of interaction screening. As we shall see in Sec.
III B, this effect is quite remarkable and manifests itself in
the increase in cross sections for capture to low-n states
(n=3,4) when the screening length decreases. Another re-
markable feature of this strongly charge-asymmetric system
is that some of the partial nl cross sections with screened
Coulomb interaction at the energies below ~3 keV/u be-
come larger than those in the unscreened case. These phe-
nomena have not been observed in the previously studied
He?*+H system [15].

In the plasma free case, electron capture process (1) has
been subject to many theoretical studies using various meth-
ods to describe its dynamics. Large-scale semiclassical close-
coupling cross section calculations have been performed by
using AO [18], molecular orbital (MO) [19-21], and hyper-
spherical (HS) function [22] expansions in the energy region
below 30 keV/u. In Refs. [19,20] the expansion basis con-
tained MOs correlating to the H(1s) state and to the states in
the nth manifold of O7*, where n=4,5,6, as well as some
states from the neighboring manifold (e.g., from n=7 in Ref.
[19]). Therefore, neither the intramanifold nor the intermani-
fold state coupling in the group of n=4,5,6 manifolds was
completely accounted for in the calculations in Refs. [19-21]
(resulting in the use of 33 [19] and 30 [20] MOs in the
expansion basis). The HS close-coupling calculations in Ref.
[22] used a basis of 33 hyperspherical functions, while the
AOCC calculations in Ref. [18] used a basis containing all
AOQOs from the n=4,5,6 manifolds (a total of 46 AOs). As the
cross-section calculations in the present work are extended to
50 keV/u, we include in the AO basis all the O7* states with
n=7 (in total 84) and the s, 2s, and 2p, | states of H.

The paper is organized as follows. In Sec. II we briefly
outline the theoretical method used in the cross section cal-
culations. In Sec. III, we present the results of cross sectional
calculations for process (1) for different values of the screen-
ing length r,; and analyze the effects of the screening on the
dynamics of the process. As an application of the calculated
state-selective electron capture cross sections, we present in
Sec. IV the results of the calculations of intensities of a num-
ber of spectral lines emitted from the charge exchange popu-
lated O7* excited states and analyze the effect of the interac-
tion screening on their intensity and frequency. In Sec. V, we
give our conclusions.

Atomic units will be used in the remaining part of this
paper unless explicitly indicated otherwise.

II. THEORETICAL CONSIDERATIONS

A. Wave functions and energies of bound states in a
Debye-Hiickel potential

The application of TC-AOCC method to an ion-atom col-
lision system requires determination of single-center elec-
tronic states over which the total scattering wave function is
expanded and used in time-dependent Schrodinger equation
to generate the coupled equations for the state amplitudes.
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FIG. 1. (a) ry dependence of energies of (a) 1s and 2/ states of H
and (b) of 31, 41, 51, and 6! states of O7*.

For determining the bound electronic states with potential (2)
on either of the two centers, we have used the variational
method with even-tempered trial functions [23,24],

Xeim(F310) = N(&r)r'e 5027y, (),

&rp=apt, k=12,...,N, (3)

where Nj(&,) is a normalization constant, Y,,(r) are the
spherical harmonics, and « and S are variational parameters,
determined by minimization of the energy for each value of
r,. The atomic states ¢,,,(7;7,) are then obtained as linear
combination

Guim(Fi7a) = 2 CorXem (T3 70). (4)
X

where the coefficients ¢, are determined by diagonalization
of single-center Hamiltonian. This diagonalization yields the
energies E,(r,) of the bound states in the screened Coulomb
potential.

The r; dependences of energies of 1s and 2/ states of H
and of 3/, 41, 51, and 6! states of O’* are shown in the panels
(a) and (b) of Fig. 1, respectively. It is evident from this
figure that in potential (2) the Coulomb degeneracy of [ sub-
states within a given n manifold is lifted and that with de-
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TABLE 1. Critical screening lengths, erC (ay), for n=2 states of H and n=7 states of O7*.

H n/l 0 1 2 3 4 5
1 0.8450
2 3.2800 4.5420
o’ nl/l 0 1 2 3 4 5
1 0.1056
2 0.4079 0.56765
3 0.9146 1.1101 1.36845
4 1.6350 1.8512 2.1521 2.5085
5 2.5860 2.8210 3.1360 3.5339 3.9888
6 3.8110 4.1080 4.3876 4.7760 5.2790 5.8143
7 5.3660 5.956 6.1505 6.4070 7.5082 7.8513

creasing r, the energy of atomic states decreases and even-
tually enters the continuum at certain critical Debye length,
rﬁfc. This implies that potential (2) supports only a finite
number of nondegenerate states for any finite value of r,, a
well known property of any potential that decreases faster
than —1/r? when r tends to infinity (see, e.g., [25]). From the
point of view of collision dynamics of processes involving
the discrete spectrum of colliding particles, the critical De-
bye length for an n/ state is of obvious relevance. In Table I
we give the values of rﬁfc for the 1s and 2/ states of H and of
the all n=7 states of O’*.

From Fig. 1 it can also be seen that the energy difference
AE, 1 s km=Eni1 50 —Eu(k=0,1,2,...) decreases with de-
creasing r,, particularly for AE,,, ;... In Fig. 2 we show
the energy differences AE, ., for n=35 states of O’ ion
when r; varies in a more explicit way. The reduction in en-
ergy difference between these considered states is particu-
larly pronounced when the energy of the upper state ap-
proaches the value of its critical Debye length. Obviously,
the variation in both E,; and AE,, ., with varying the
screening length r; has important spectroscopic conse-
quences.
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FIG. 2. r; dependence of the energy difference AE,,., for n
=35 states of O”* in the region r,= 100a.

From the point of view of collision dynamics the energy
difference between the initial and final capture states is also
important, AE,;o74).15a)- In Fig. 3 we show this difference
for the nl=3d, 4f, 5g, and 6h states of O’* as a function of
screening length r,. It should be noted that the energy differ-
ences AE,;74).15m) Start to decrease with decreasing r, al-
ready at its large values and that at certain values of rgfo they
change sign, AEnl(O7+);1s(H)(’ZfO)=O' For these values of ry
the initial and final states in reaction (1) are in energy reso-
nance.

B. Coupled channel equations and electron exchange
couplings

In the collision energy range considered in the present
paper (0.2-50 keV/amu), the straight-line approximation for

the relative nuclear motion, R(t)=l;+ vt (b is the impact pa-
rameter and v is the collision velocity) can be safely adopted,
as discussed in Sec. I (see also [5]). The TC-AOCC equa-
tions are then obtained by expanding the total electron wave
function ¥ in terms of atomic orbitals of both centers mul-
tiplied by plane wave electron translational factors [17]

30
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FIG. 3. r, dependence of the energy difference AE, ;0741501 in
the region ;= 100ay,.
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FIG. 4. Variation in absolute values of matrix element for
H(1s)—07*(5g) electron exchange transition for a number of r,
values and for the unscreened case.

V(r,try) = 2 ai(t) i (Fitsry) + E b0 (Ftsry)  (5)

and inserting it in the time-dependent Schrodinger equation
(H—ijjt)‘lf=0, where H=—%VE+VA(rA)+VB(rB) and
Vap(rap) are the electron interactions of form (2) with the
target nucleus (H*) and the projectile (O%), respectively.
The resulting first-order coupled equations for the amplitude
a(t) and b(t) are

i(A+SB)=HA + KB, (6a)

i(B+STA)=KA + HB, (6b)

where A and B are the vectors of the amplitudes a;(i
=1,2,...,Ny) and b{(j=1,2,...,Ng), respectively. S is the
overlap matrix (ST is its transposed form), H and H are direct
coupling matrices involving the states in H and O*, respec-

tively, and K and K are the electron exchange matrices. The
system of Eq. (6) is to be solved under the initial conditions

aj(=*)=46), bj-==)=0. (7)

After solving the system of coupled Eq. (6), the cross section
for 1 —j electron capture transition is calculated as

0

The sum of o, ; over j gives the corresponding total electron
capture cross section.

An insight into the dynamics of electron capture process
(I) in a Debye plasma can be obtained by analyzing the
variation with r, of electron exchange matrix elements K
for different collision energies. As an example of the behav-
ior of these matrix elements we show in Fig. 4 the absolute
values of K5, for the zero-screening case and for the
screening cases with r;=12a,, 6ay, 4ay, and 2.5a, for the
collision energy of 10 keV/u. We observe a significant reduc-
tion in the values of the matrix elements with decreasing r,.
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Similar behaviors with varying r; show also the other ex-
change coupling elements, as well as those for direct cou-
pling of the states on the same center. We also note that for a
given n and r; the exchange matrix elements increase with
increasing /.

III. CROSS SECTION RESULTS

A. Unscreened Coulomb interaction: Test of the basis
sufficiency

As mentioned in Sec. I, in solving the coupled channel
[Eq. (6)] we have used in expansion (5) all the n =7 states of
O7* and the n=2 states of H, a total of 84 states. In the
considered energy range (0.2-50 keV/u), however, the
0™*(n=2) and H(n=2) states should not play any consider-
able role in the collision dynamics. We would like first to
check the sufficiency of adopted basis from the point of view
of reliability of calculated cross sections for the case of un-
screened Coulomb interaction for which, as mentioned ear-
lier, other extensive cross section calculations for this reac-
tion already exist.

The results of our total and n-selective electron capture
cross sections for the zero-screening case are shown in Figs.
5(a) and 5(b), respectively. They are compared with the re-
sults of previous large-scale coupled channel calculations us-
ing the AOCC method [18] (with 47 AOs in the basis), the
MOCC method [19-21] (with 33 MOs [19] and 30 MOs [20]
in the basis), and the HSCC method [22] (with 33 hyper-
spherical functions in the basis). In Fig. 5(a) the total experi-
mental cross section in Ref. [26] is also shown. The total
cross section of present calculations agrees well with the
33-HSCC [21] and MOCC [19] calculations in the entire
overlapping energy region, as well as with the AOCC [18]
and MOCC [20,21] total cross sections and experimental
data at energies above ~1 keV/u. In the region below this
energy, the total AOCC [18] and MOCC [20] cross sections
are smaller than those of the present calculations and in Refs.
[19,22] but appear to be closer to the experimental data. The
discrepancy of the HSCC and MOCC [19] cross sections
with those in Refs. [18,20] was analyzed in detail in Ref.
[22] and was ascribed to the use in Ref. [18] of curved (Cou-
lomb) trajectories for the nuclear motion in the exit channels
of reaction (1), while the disagreement with the MOCC re-
sults in Ref. [20] remains still unclear. An insight in this
disagreement can be gained from Fig. 5(b), where the
n-partial cross sections from the present and previous calcu-
lations are displayed. In the present calculations, as well as in
those in Refs. [19,22], the dominant electron capture chan-
nels for £ smaller than ~1 keV/u are the n=5 and n=6
channels, while in Refs. [18,20] that is only the n=>5 channel.
In fact, in the energy region bellow ~100 keV/u, the n=6
channel becomes dominant in the calculations in Refs.
[19,22]. The calculations in Ref. [27] performed for this sys-
tem with the advanced adiabatic (or hidden crossing) method
also predict dominant population of n=5 and n=6 capture
channels in the region below ~1 keV/u, with the n=6 be-
coming the dominant one below ~200 eV/u. (The data in
Ref. [27], however, are significantly below those in Refs.
[19,22] and are not shown in Figs. 5(a) and 5(b).) We further
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100; T T T T 3 TABLE II. Total electron capture cross sections in 10 keV/u
80 3 O%+H collisions for the unscreened case (r,=%) and for the
E screened cases with ry=12ay, 6ay, and 2.5a, calculated with basis
60 sets containing all states with n=6, n=7, and n=8 of O+,
”E 40 - ‘ E
<’ C //a} (keV/u) rq(ag) n=6 n=7 n=3§
g o } present
b§ o *  Shipsey i 10 Infinity 60.36669 61.61491 61.83155
.o ’ A M. Bendahman 1
o[ } ______ T ] 12 5404910 5472203 54.67007
T - ---Kimura 1 6 42.02205 42.52779 42.44357
2 o Fritsch 2.5 17.67540 1630848 16.25306
e Meyer

(a)

®  n=5[19]
% n=6[19]
o n=5[17]
o
1Ay

o(10"%cm?)

n=6[17]
n=4[17]
- n=5[21]
—-=e- n=6[21]
= n=4[18]
o n=5[18]
A n=6[18] o

10" 10° 10’
(b) Energy (keV/u)

FIG. 5. (a) The total charge transfer cross sections for O%*
+H(1s) collision as functions of collision energy. Theoretical re-
sults: (—) present results and (— — —) the results of Kimura, (s © )
Lee et al., (¥*%) Shipsey et al., (O) Fritsch and Lin, and (A)
Bendahman et al.; experimental results: (@) Meyer ef al. (b) Partial
charge transfer cross sections for O"*(nl), n=4,5,6.

mention that in Ref. [22] 47 AOCC calculations were also
performed with straight-line trajectories for the nuclear mo-
tion producing results for capture to n=5 and n=6 shells of
O’* close to those of the HSCC calculations. All this indi-
cates that with the AO basis adopted in the present work, our
TC-AOCC cross section calculations can be considered reli-
able in the 0.2-50 keV/u energy range. We should note in
Fig. 5(b) that the cross section for capture to the n=7 shell of
07+ is comparable with those for n=4,5,6 at energies above
20-30 keV/u.

Since the main goal of the present paper is the study of
electron capture dynamics with screened Coulomb interac-
tions of Yukawa type, we need a convergence check of the
results obtained by the adopted AO basis in the case of
screened interactions. In Table II we compare the total cross
sections for the collision energy of 10 keV/u calculated with
basis sets containing all n =2 states on H* and all states with
n=6,n=7, and n=8 centered on O’* for r,=, 12a,, 6ay,
and 2.5a,. We see that with the basis set containing all n
=7 states on O’* the convergence of the results can be con-

sidered as being achieved for this energy for all considered
values of the Debye length (to within 0.1-0.3%), including
also the unscreened case. We have performed a convergence
check also for the energy of 50 keV/u and found that the
results for the total cross sections with the n=7 basis are
convergent to within 10%.

B. Capture cross sections with screened Coulomb interaction

Now we turn to the investigation of the effects of interac-
tion screening on the electron capture dynamics and cross
sections. The most significant effect of the interaction screen-
ing on the electron capture dynamics is the shift of discrete
energy levels with decreasing in the Debye length and enter-
ing the continuum at the critical values rﬁfc, as discussed in
Sec. IIT A. This limits the open electron capture channels to a
finite number for a given finite value of the screening length.
The decrease in electron exchange matrix elements with de-
creasing Debye length (see Fig. 4) also leads to a decrease in
the magnitude of the cross sections of the available electron
capture channels for a given value of r;. At low energies
(below ~3—-5 keV/u), the decrease in energy difference be-
tween the initial and final states, AE,;074).15m) (see Fig. 3)
with decreasing r,, also starts to play an important role in the
collision dynamics. In the regions of internuclear distance R
where the difference AE, ;074151 becomes small, the zone
of strong interaction between the corresponding states, AR
~1/AE,j(074).15m), becomes larger. At low relative collision
velocities the system spends longer time in this interaction
zone and that leads to increase in transition probability. In a
quasimolecular description of collision dynamics (which is
more appropriate for this energy region), this would corre-
spond to the nonadiabatic transitions between corresponding
molecular states caused by their radial coupling (see, e.g.,
[4,5]). According to the adiabatic Massey criterion, the tran-
sitions between electronic states are strong when the condi-
tion ARH7,/v~1 is fulfilled, where Hy, is the matrix ele-
ment coupling the interacting states and v is the collision
velocity. In a multistate collision system, the coupling be-
tween the initial and final states is determined not only by
their direct coupling but also by the couplings of intermedi-
ate states among themselves and with the initial and final
states. The series of two-state strong coupling regions during
the time evolution of the system can greatly extend the ef-
fective strong coupling region between the initial and final
states. This is particularly true under the conditions of lifted
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FIG. 6. Cross sections for electron capture to 5/ states of O7* as
a function of screening length for E=0.5 keV/u [panel (a)],
E=5 keV/u [panel (b)], and E=50 keV/u [panel (c)].

[ degeneracy when the density of two-state strong coupling
regions is high.

The complex character of the variation in electron capture
collision dynamics when varying the screening length and
collision energy is demonstrated in Fig. 6 where the partial
cross sections for capture to the 5/ states as a function of the
screening length are shown for the energies of 0.5 [panel
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FIG. 7. Energy dependence of state-selective cross sections for
electron capture to 4/ states of O’* for the no screening case and
screening cases with r;=6a, 4a,, and 2.5a,. The symbols are open
circles for 4s, filled circles for 4p, open triangles for 4d, and filled
triangles for 4f. The lines connecting the calculated points are
guides for the eyes.

(a)], 5 [panel (b)], and 50 [panel (c)] keV/u. Each of these
cross sections tends to zero when r, tends toward the limiting
value r:‘,fc of the corresponding state. It is interesting to note
in Fig. 6(a) that, except for the 5g state, the cross sections for
all 5/ states for r,; above certain value are larger than their
values in the screening-free case. This is an effect of the
reduced energy difference between the initial and final states
and of the extended coupling time at this energy, as dis-
cussed above. It is also interesting to note that the cross
sections for capture to 5p and 5d states are the largest ones
up to r,; about (12—13)a,. The role of these states in the
capture dynamics, however, changes with increasing the en-
ergy when the population of high-/ starts to dominate [see
Figs. 5(b) and 5(c)], with that for the 5g state becoming the
predominant one for 50 keV/u. This behavior of partial cross
sections with varying r, is, more or less, typical for the other
nl capture channels as well. In general, the partial cross sec-
tions decrease with decreasing the screening length when the
collision energy is larger than ~5 keV/u.

We shall now investigate in more detail the energy behav-
ior of partial cross sections for specific values of the Debye
length. In order to illustrate the effects of the screening on
the electron capture dynamics in the O +H system, we
choose the screening lengths rd—12a0, 6a,, 4ay, and 2.5a
since the critical screening lengths rd for the most important
capture states lie in the range of (2.5 12)a, (see Table I).
For a plasma with density of 10?* cm™, the screening
lengths 2.5a,, 4a,, 6ay, and 12a, would correspond to
plasma temperatures of about 0.3, 0.8, 1.8, and 8 keV, re-
spectively, while for a plasma with temperature of 10 keV,
the plasma densities corresponding to the above values of
the screening length would be about 2.3 X 10%*, 9 X 10%,
4% 105, and 1 X 10 cm™3.

In Fig. 7, we show the 4/ capture cross sections as a
function of energy for the unscreened case [panel (a)] and for
screened cases with r;=6a,, 4a, and 2.5a,, [panels (b)—(d),
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respectively]. The 41 cross sections for the screened case
with r,=12a, do not differ much from those in the un-
screened case. In Fig. 7(a) we see that the 4/ cross sections in
the zero-screening case rapidly decrease with decreasing the
energy below 3-5 keV/u. In the case of interaction screening
with r,=6a, [Fig. 7(b)], this general behavior is maintained,
except for the nonmonotonic decrease in the 4f cross section
below 2-3 keV/u. The relative increase in this cross section
with respect to other 4/ cross sections in this energy region is
associated with the appearance of a strong interaction zone
on the internuclear distance due to the decreased energy dif-
ference of O”*(4f) and H(1s) states at this value of r, and the
small collision velocity. It should be noted in Fig. 7(b) that
all 4/ partial cross sections are significantly larger than the
corresponding ones in the zero-screening case. This is a con-
sequence of both the decrease in energy difference between
the states and of the fact that for r;=6a, only the 7s and 7p
states of the n=7 manifold remain in the discrete spectrum of
O’* (see Table I). Since the coupling with the continuum
states is much smaller than that between the discrete states,
this blocks the capture flux to the reduced number of avail-
able capture states and results in increase in their population.
This effect is even more pronounced when r;=4a, [Fig. 7(c)]
in which case the discrete states on O* are reduced to those
with n=5 and 6s (see Table I). For this value of r; the
condition for strong interaction with the initial state is ful-
filled also for the 4d state at the energy about 0.8 keV/u,
producing a peak in the 4d cross section. The 4f capture
cross section continues to increase with decreasing the en-
ergy due to contributions from indirect transitions (series of
strong two-state intermediary couplings). Finally, Fig. 7(d)
shows the 4s, 4p, and 4d cross sections for r;=2.5a,. For
this value of r, the 4f state is already in the continuum. It is
worthwhile to note that in this case the population of 4d state
in the low-energy region is not anymore governed by the
strong interaction producing the cross section maximum at
about 0.8 keV/u and that a series of strong couplings makes
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¥
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FIG. 9. Dependence on the energy and screening length of the
cross sections for electron capture to 5g [panel (a)] and 64 [panel
(b)] states of O7*.

the 4s cross section to steadily increase in the region below
2-3 keV/u, in contrast to its energy behavior for larger r,
values. The relative magnitude of the 4/ capture cross sec-
tions above ~25-30 keV/u in all cases presented in Fig. 7
reflects the fact that the exchange coupling matrix elements
for a given r; are larger for the larger /. At these collision
energies the indirect couplings (via intermediate states) do
not contributes significantly to the cross sections.

We note that the partial 3/ cross sections for the ry
=12ay, 6ay, 4ay, and 2.5a, screening lengths show an energy
behavior similar to that of 4/ cross sections.
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The energy dependence of 51 state-selective cross sections
for the unscreened case and for r;=12a,, 64y, and 4a, are
shown in Figs. 8(a)-8(d), respectively. For r;=2.5q all 5l
states are already in the continuum. As in the case of capture
to 4/ states, the population of individual 5/ states for energies
above ~10 keV/u is larger for the higher / substates. Domi-
nantly populated states in the unscreened case at all energies
are 5g, 5f, and 5d states, whereas in the r;=12a, screened
case capture to the S5p state becomes comparable to the cap-
ture to 5g, 5f, and 5d states for energies below ~3 keV/u
due to the capture mechanisms discussed above. It should be
noted that the 5/ capture cross sections are significantly
larger than those for the other n manifolds almost in the
entire energy range considered. It is also worthwhile to note
the decrease in 5/ cross sections for the r,=6a, screened case
for energies below ~3 keV/u (except that for 5s which
starts to decrease only for E below 0.5 keV/u).

The partial 6/ cross sections for r,=12a, 6ay, 4a,, and
2.5a, have an energy behavior similar to that of 5/ cross
sections.

A more complete picture of the dependences of nl-partial
cross sections on both the energy and the screening length is

illustrated in Figs. 9(a) and 9(b) for the o5, and oy, cross
sections, respectively.

In Fig. 10 we show the energy dependence of partial cross
sections for capture to n=3, 4, 5, and 6 [panels (a)—(d), re-
spectively] for r;=12ay, 6ay, 4ay, and 2.5a, and for the un-
screened case. The n-partial cross sections for n=3,4 and
n=5,6 in the considered energy range have quite different
behavior when r; varies. With decreasing r; the cross sec-
tions for capture to n=3 and n=4 increase, whereas those for
n=>5 and n=6 decrease, with the exception of n=5 cross
section for r;=12 which below 10 keV/u is larger than that
for zero screening. This behavior of the n-capture cross sec-
tion is obviously a direct consequence of the different energy
behaviors of nl state-selective cross sections when r, varies,
as discussed above for the capture to 4/ and 5! states of O”*
(cf. Figs. 7 and 8). The rapid decrease in n=3 cross sections
in both the unscreened and screened cases with decreasing
the energy is “adiabatic” in nature (weak couplings), while
their increase with decreasing r, is a result of the increased
transition probability when the energy difference between the
states decreases, as discussed earlier. These arguments apply
also to the behavior of n=4 cross sections [Fig. 10(b)]. The
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FIG. 11. Dependence on the energy and screening length of the
cross sections for electron capture to n=4 [panel (a)], n=>5 [panel
(b)], and n=6 [panel (c)] shells of O7*.

decrease in the n=4 cross section for r;=2.5a, at energies
above 6 keV/u is due to the decrease in exchange coupling
matrix elements 1s—4d, 4p with increasing the collision en-
ergy for this value of r;. (As mentioned above, the 4f state
for r;=2.5a lies already in the continuum.) We note that the
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FIG. 12. Total electron capture cross sections for O%*+H colli-
sions with and without screening. The degree of the screening is
indicated by the value of r;. The lines connecting the calculated
points are guides for the eyes.

difference between the cross sections in the screened and
unscreened cases diminishes when the energy approaches 50
keV/u. Additional calculations have shown that at still higher
collision energies, the cross sections for r;=4a, 6ay, and
12a, become smaller than that for the unscreened case, as is
the case with the r;=2.5a, cross section already for E
=25 keV/u. This is a result of the predominance of the
direct exchange coupling between the initial and final states
in determining the cross section at high energies and their
decrease with decreasing r.

The cross section for capture to n=>5 in the screening case
with r;=12a, is significantly larger than that in the un-
screened case in the energy region below 2-3 keV/u [see Fig.
10(c)] due to large values of all 5/ state-selective cross sec-
tions in this region [cf. Fig. 8(b)]. However, for E
=25 keV/u this cross section also becomes smaller than the
one for the unscreened case for reasons discussed above. For
ry=6a, and r;=4a, the n=5 cross sections are smaller than
the one in unscreened case due to the reduction in the num-
ber of open capture channels. The reduction in the open re-
action channels is also the reason for the smaller values of
n=6 cross sections with respect to the unscreened case in
Fig. 10(d), which is particularly pronounced in the r;=4a
case when the 6s state is absent in the discrete spectrum of
O". In the screening case with r,=6a, both n=5 and n=6
cross sections rapidly decrease with decreasing the energy in
the region below the cross section maximum. As discussed
earlier in connection with Fig. 8(c) for the n=5 case, this is
a result of the inefficiency of low-energy indirect couplings
for this particular value of r,.

A more complete picture of the energy and r,; depen-
dences of the n=4, 5, and 6 partial cross sections can be
gained from their three-dimensional (3D) plots in Figs.
11(a)-11(c), respectively.

The energy dependence of the total electron capture cross
sections for the unscreened case and for interaction screening
with r;=12ay, 6a,, 4ay, and 2.5a, are shown in Fig. 12. For
energies above 3-5 keV/u, the total cross sections in the
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FIG. 13. Reduced intensity of Ly-« line of O7* ion [Eq. (10)],
produced by electron capture at collision energies of (a) 0.5 and (b)
5 keV/u for the unscreened and screened cases with r;=12a,, 6a,
4a, and 2.5a,.

screened cases are smaller than the cross section of the un-
screened case and their magnitude decreases with decreasing
the screening length in accordance with the similar decrease
in dominantly populated individual n/ cross sections within a
given n manifold. In the energy region below ~3 keV/u,
the magnitude and energy behavior of total cross sections for
rg=12a, and r;=6a, are determined by the dominant contri-
bution of the n=>5 cross section, while the cross sections for
ry=4ay and r;=2.5a, are determined by the contribution
from the n=4 partial cross section. It is interesting to note
that while in the unscreened case the n=6 cross section be-
comes comparable with that for n=5 in the energy region
below ~0.3 keV/u, in the screened case with r;=12a,, it is
about ten times smaller than the n=5 cross section.

IV. PROPERTIES OF CHARGE EXCHANGE SPECTRAL
LINES

Since the emission from the ion states populated by the
electron capture process is an important radiative loss
mechanism in hot dense plasmas and since it can serve for
diagnostic purposes, it is of considerable interest to investi-

PHYSICAL REVIEW A 79, 052702 (2009)

gate the changes in the spectral line properties (intensity, line
shift, and broadening) due to the interaction screening by the
plasma. In the present section we assume that the population
of O7* excited states is determined exclusively by the elec-
tron capture from H(1s). The number of the emitted photons
per second and cm? for the transition n/—n’'l’ can be written
as

N

nl,n

8+
= NO NHUBnZ’nrlr ( Oy + E Cn”l",nla-n”l”> . (9)

g
n">n

where NO™* is the density of O%* ions, N is the density of
hydrogen atoms, v is the collision velocity, C,»p,; is the
cascade matrix, and B, 1y =A,; 1/ 2 <pA - The radia-
tive transition probabilities A,,;,;» have been calculated by
the wave functions of the Debye-Hiickel potential. The spec-
tral lines in plasmas can be broadened by the Doppler, Stark,
and collisional mechanisms. Here, however, we shall neglect
the specific details of the broadening and assume a Gaussian
line profile with an arbitrary linewidth I'. The reduced line
intensity then can be defined as

v 8+ 1 (Ev _Ev )2
B = IN: NN p{ |
27l r

(10)

where E, (=AE,; /) is the transition energy.

From the decrease in energy differences of the O’* bound
states (having different principal quantum numbers) with de-
creasing the screening length (see, e.g., Fig. 2) it follows
immediately that the spectral lines of O’* ion, associated
with the transitions nl—n’,[=1 (n’ <n), will be redshifted
with respect to those of the unscreened case. Their redshift
increases with decreasing r,. However, the variation in line
intensities with the screening will depend not only on the r,
variation in electron capture cross section for the particular
upper nl state of the radiative transition but also on the r,
variation in capture cross sections to states higher than nl
(contributing to the population of nl state via radiative cas-
cading). As we have seen in Figs. 7 and 8, the nl-capture
cross sections may have quite different energy behavior
when r,; changes. This indicates that the variation in intensity
of each specific spectral line for a given collision energy and
screening length r,; can be quite different.

In Figs. 13(a) and 13(b) we show the reduced intensity of
Ly-a line of O7* produced by the electron capture process at
collision energies of 0.5 and 5 keV/u, respectively, for the
unscreened and screened cases with r;=12a,, 6a,, 4a,, and
2.5a,. As we have seen in Secs. [-III, the upper 2p state of
this transition is not populated by a direct electron capture
transition; its population is exclusively due to the cascades.
The redshifts of the line at the collision energy of 0.5 keV/u
for different values of r,; [Fig. 13(a)] do not show a distinct
regularity for the reasons mentioned above. The intensity of
the line for r;=12 in Fig. 13(a) is larger than that for the
unscreened case because at this energy the 5g-partial cross
section, which dominantly contributes to the population of
2p state trough the cascade path 5g-4f-3d-2p, is larger than
the 5g capture cross section in the unscreened case. The dif-
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FIG. 14. Reduced intensity of Ly-/3 line of O’* ion produced by
electron capture at collision energies of (a) 0.5 and (b) 5 keV/u for
the unscreened and screened cases with r;=12a, 6a,, 4a,, and
2.5(10.

ference of line intensities for r;=4a, and r;=6a, in Fig.
13(a) is due to the large difference in the 4f capture cross
sections at E=0.5 keV/u (a factor of about 10) for these two
screening lengths [see Figs. 7(b) and 7(c)]. The Ly-a inten-
sity for r;=2.5a at this collision energy is also large because
of the large capture cross section to the 3d state of O7*.

For the collision energy of 5 keV/u, the shifts and inten-
sities of Ly-a line show quite “regular” behavior: with de-
creasing r, the line is increasingly more redshifted with re-
spect to the unscreened interaction value and its intensity
decreases. The Lyman-8 line for these two energies and
screening lengths shows the same behavior as the Lyman-«
line (Fig. 14).

The fact that for a given value of the screening length the
Debye-Hiickel potential supports only a finite number of
bound states implies that the spectral series of hydrogenlike
systems contains a finite number of lines. The termination of
Lyman series in a dense hot laser produced carbon plasma
has recently been experimentally observed [28]. In Fig. 15
we show the lines of the Lyman series for r,=6a, at the
collision energies of 0.5 [panel (a)] and 5 keV/u [panel (b)],
compared with the lines of this series in the unscreened case.
As mentioned earlier, for r;=6a, only the states with n=6
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FIG. 15. Intensity of Lyman series line of O”* produced by the
electron capture process at collision energies of (a) 0.5 and (b) 5
keV/u for the unscreened (solid line) and screened case with r,
=6a, (dashed line).

and 7s and 7p states are in the discrete spectrum of O’*. The
relative intensity of different lines in the series reflects the
electron capture population of the radiating state and all the
states above involved in the corresponding cascade. It is to
be noted that for these two energies and selected value of r,
the line intensity in the unscreened case is always larger than
in the screened case, except for the 4p — s line.

V. CONCLUSIONS

We have investigated the electron capture process in
0% +H collisions in a Debye plasma by using the TC-AOCC
method in the energy range of 0.2-50 keV/u. The AO expan-
sion basis used in the present study included all the n=2
states on H* and all the n=7 states on O’* (a total of 84
states) and was found to be fully convergent in the energy
range considered in both the unscreened and screened cases
(hence, it ensures the numerical reliability of obtained re-
sults).

The effects of the interaction screening that have the
strongest influence on the electron capture dynamics in the
0% +H collision system are the number of remaining bound
states in the system for a given value of the screening length,
the decrease in exchange couplings with decreasing r,, and
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the decrease of energy differences of the states with decreas-
ing r,. The last of these factors plays a major role at collision
energies below 3-5 keV/u and causes some of the partial
cross sections in the screened case to become larger than in
the unscreened case. The effect of the decrease in energy
differences of initial and capture states with decreasing ry
causes even the total cross section for the interaction screen-
ing with r;=12a, to be larger than that of the unscreened
case for energies below ~2 keV/u. As in the unscreened
case, the dominant contribution to the total capture cross
section in the considered energy range gives the n=35 partial
cross section. However, while the n=6 cross section in the
unscreened case becomes comparable with that for n=5 for
energies below 0.5 keV/u, in the screened case the capture to
n=6 is significantly suppressed.

In the present work we have also studied the properties of
spectral lines associated with the radiative transitions of cap-
tured electrons in the Debye plasma. With respect to the
unscreened case, the spectral lines are redshifted, but their
intensities strongly depend on the collision energy at which
the electron capture takes place, reflecting the energy depen-
dence of nl-partial cross section for a given value of the

PHYSICAL REVIEW A 79, 052702 (2009)

screening length. Since in the considered collision system in
the considered energy range the states within the n=4,5,6
manifolds are dominantly populated (when they are still in
the discrete spectrum), the line intensities of the transitions
between lower states are determined almost exclusively by
the cascades populating the upper state of the considered
transition. The reduction in the number of bound states in a
screened Coulomb potential limits the spectral series to a
finite number of lines for a given value of the screening
length. Line shifts and series termination are important sig-
natures that can be used in hot dense plasma diagnostics.
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