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Abstract
We present impact-parameter classical trajectory Monte-Carlo and molecular closecoupling calculations for total and partial cross sections for Ne10+ , Ar+18 + H(1s)
collisions, which have recently become of interest in fusion plasma research.
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Introduction

Density diagnostics of core plasmas in tokamak reactors is currently carried
out by applying charge exchange spectroscopy techniques; in these experiments
one measures the intensity of emission lines of the ions formed after charge
exchange between highly charged ions and neutral beams. In particular, NeX
lines in the visible region (n=10-9, 11-10, 12-11, 13-12, 14-12, 15-13 and 16-14)
are considered in new experiments on ASDEX-U during the present campaign.
Ar is also proposed as a diagnostics species for the 2005 campaign. In this case,
the n-shells giving ∆n = 1 transitions in the visible are n=15, 16, 17. These
diagnostics require the knowledge of accurate state-selective cross sections
for electron capture reactions between highly charged ions and H at impact
energies about 40 keV/amu, and the aim of the present work is to calculate
electron capture cross sections for Ne10+ and Ar18+ collisions with H.
In previous works [6,7] we have analyzed the application of semiclassical closecoupling and classical CTMC to evaluate electron capture (EC) and ionization
cross sections for Li3+ and Ne10+ collisions with H(1s). This study shows that
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the use of an extended molecular basis (including pseudostates) and an improved initial distribution in the CTMC method allows to smoothly join the
total cross sections from both calculations, which allows us to cover a large
range of impact energies, although the agreement between both methods is
less satisfactory for partial cross section at low values of n. In the present work,
we extend the application of these methods to Ne10+ and Ar18+ , including the
excited n levels required in fusion applications. Atomic units are employed
unless otherwise stated.
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Close-Coupling and CTMC methods

The two methods employed in this work are based on the impact parameter
approximation [3], in which the internuclear vector R follows rectilinear trajectories, R(t) = b + vt, with constant values of the velocity v and impact
parameter b. In the semiclassical treatment, the electronic motion is described
by the time-dependent Schrödinger equation:
(H − i

∂
)Ψ(r, v, b, t) = 0
∂t

(1)

where H is the fixed-nuclei Born-Oppenhemier Hamiltonian:
Z
1
1
−
H = − ∇2 −
2
rA rH

(2)

and rA,H are the electron position vectors relative to nuclei AZ+ and H+ ,
respectively. The time derivative is taken by keeping fixed the electron position vector r with respect to an origin of coordinates that is situated on an
intermediate point of the internuclear axis.
In the close-coupling formalism, we solve eq. (1) by expanding Ψ in terms of
bound eigenfunctions χk of the electronic Hamiltonian H, called one-electron
diatomic molecule (OEDM) orbitals [19]:
Ψ(r, v, b, t) = e

iU (r,t)

X

ak (v, b, t)χk (r, R)e

k

−i

Rt
0

Ek (t0 )dt0

(3)

where U (r, t) is the common translation factor (CTF) (see [5]), whose explicit
form can be found in ref. [4].
Substitution of the ansatz (3) in Eq. (1) leads to a set of differential equations
for the expansion coefficients ak (v, b, t), which are integrated up to time tmax ,
2

obtaining the capture and excitation transition amplitudes a A,H
nlm (v, b, t → ∞)
(see [6] and references therein). Finally, the cross section to a specific final
(n, l, m) state is given by:
A,H
(v)
σnlm

= 2π

Z

2
|aA,H
nlm (v, b, t → ∞)| bdb.

(4)

In the impact parameter CTMC formalism, the electron dynamics is described,
for each nuclear trajectory (v, b), through a set of N independent trajectories
{rj (t)} whose statistical phase-space distribution
ρ(r, p, v, b, t) =

N
1 X
δ(r − rj (t))δ(p − pj (t))
N j=1

(5)

satisfies the Liouville equation
∂ρ(r, p, v, b, t)
= −[ρ(r, p, v, b, t), H].
∂t

(6)

To describe the initial H(1s) state, we have employed both, a microcanonical
distribution [1]
1
p2 1 1
ρ(r, p, v, b, t → −∞) = 3 δ
− +
8π
2
r 2

!

(7)

and a hydrogenic distribution [9], which improves the description of the spatial
density with regard to eq. (7) (without damaging seriously the momentum
one), defined as superposition of M microcanonical functions:
M
X

(−2εk )5/2
p2 1
ρ(r, p, v, b, t → −∞) =
a
δ
− − εk
k
8π 3
2
r
k=1

!

(8)

where the energies εk and weights ak are chosen so as to achieve good approximations to the quantum densities.
The substitution of eq. (5) in (6) yields the Hamilton equations for the evolution of the N independent trajectories, that are integrated up to time t max . The
ionizing part ρi of the classical distribution is obtained at the end of the collision under the atomic energy conditions {ET = p2 /2 − 1/r > 0, EP = 1/2(p −
v)2 − Z/|r − b − vtmax | > 0} while for the capture part ρc , {ET > 0, EP < 0}.
Moreover, the classical phase space of the capture electrons is partitioned into
exclusive subspaces, each of them being associated with a quantum state with
definite n and l. The partition is made so that the relative volume of a given
3

subspace matches the multiplicity of the corresponding quantum shell [2]; all
the electronic trajectories which end up with an energy E P = −Z 2 /2n2c and
an angular momentum lc = |(r − b − vtmax ) ∧ (p − v)| relative to the projectile
such that:
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(n − 1)n
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2

1/3

 





1/3
1
(n + 1)
≤ nc < n n +
,
2
n
lc < l + 1
l≤
nc

(9)

are accordingly taken to belong to the (n, l) quantum state. The accuracy this
approximation has been studied in detail in ref. [7].
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Results

3.1 Ne10+ + H(1s) collisions
Molecular calculations were carried out with a molecular basis of 310 OEDMs
including the entry channel, all σ, π and, δ orbitals dissociating into Ne 9+ (nl)
+ H+ with n=4, 5,...,15, and Ne10+ + H(n=2). In the CTMC calculations we
have considered 105 trajectories that were integrated up to tmax = 500 a.u.
Total and partial cross sections are plotted in figs. 1-3. As also shown in [6],
total cross sections calculated using a single microcanonical initial distribution
(7) show a worse agreement with the molecular results than those obtained
by using the hydrogenic initial distribution (8), and the comparison of our
capture cross sections with the experimental data of [14] is satisfactory. The
ionization process is also better represented by using the hydrogenic than the
microcanonical one, which underestimates the cross section as a consequence
of its incorrect behaviour at large distances, that are the most important in
this process [11,12], Given the lack of alternative experimental or theoretical
results for this system, we have performed close-coupling calculations in terms
of a basis of spherical Bessel functions [18] for E ≥ 100 keV/amu [6] and
the excellent agreement with the hydrogenic CTMC ionization confirms the
accuracy of both sets of results.
We have also analyzed in ref. [7] the behaviour of the CTMC partial cross
sections, and we have explained that populations of low n (n < 7) levels
are understimated with the hydrogenic distribution, although the method is
accurate for high n levels, as those required in the diagnostics applications.
In fig. 2, we have plotted our recommended data for this application, where,
for E < 30 keV/amu (see vertical dotted line in fig. 2), we have applied the
close-coupling formalism, and the CTMC for E > 30 keV/amu. At low-E, and
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Fig. 1. Total capture (left) and ionization (right) cross sections in Ne10+ +H(1s)
Present molecular results;
collisions as a function of the impact energy E.
Present CTMC results:
, hydrogenic; · · · ·,microcanonical. Other CTMC
calculations: (- · -), [8]; (•),[15]; () [17]; 5, [13]; (×), [20]. (∗), spherical Bessel
monocentric expansion. (- · · -), hidden crossing [20]. Experimental results: •, [14] .
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Fig. 2. Partial capture cross sections in Ne10+ +H(1s) collisions for the n-levels
indicated in the figure.

for high n levels, interference effects lead to the oscillatory behaviour of partial
cross sections in fig. 2. On the other hand, we have checked that, at sufficient
large nuclear velocities (E & 100 keV/amu), the empirical Oppenheimer n −3
rule [16], that is often employed to extrapolate the cross sections for high n
values, applies to our data [6].
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As an illustration, we show in fig. 3 the l distribution of the (n = 10) partial cross section. As for the case of n distributions, we find oscillatory ldistributions for E < 30 keV/amu , while, for higher energy collisions they
show in general a single maximum at lmax ' n − 2 for n < Z=10 and
lmax ' 6 − 7 for higher n.
3.2 Ar18+ + H(1s) collisions
Molecular calculations were carried out with a molecular basis of 271 OEDMs
correlating to the entry channel and all σ, π and, δ orbitals dissociating into
Ar17+ (nl) + H+ with n=7, 8,..,15. In the CTMC calculations we have considered 105 trajectories that were integrated up to tmax = 500 a.u.. Total and
partial cross sections are plotted in figs. 4-5. As in previous calculations, we
find that the eikonal CTMC calculation using a single microcanonical distribution agrees with the 3-body calculations with the same distribution and
both calculations underestimate the total capture cross section at low velocities, where the close-coupling calculation is expected to be more accurate.
However, our improved CTMC results for total capture cross sections agree
very well with the OEDM ones. On the other hand, the classical calculations
for ionization exhibit a similar behaviour to that found for Ne 10+ -H collisions
(1), and as in previous calculations for collisions of ions with lower charge [12].
Although our molecular basis yields converged values of the total capture cross
section, the evaluation of partial cross section would require a larger basis, in
particular to obtain accurate values for the highest n levels. Accordingly, we
only present in fig. 5 our classical results of the partial cross sections for those
levels relevant in plasma diagnostics, and we have also plotted these cross
sections for impact energies higher than those in fig. 2.
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Concluding remarks

We have applied impact parameter molecular close-coupling and CTMC methods to evaluate electron capture and ionization cross sections; this allows
us to cover a wide range of energies of interest in fusion diagnostic. The
new data for Ne10+ + H (1s) collisions are now available in ADAS (see
http://adas.phys.strath.ac.uk), and we have presented here an illustration of
them, in particular for the partial electron capture cross sections of interest in
diagnostics. We have also presented new data for Ar18+ +H(1s). As in previous calculations, we have obtained a noticeable improvement with respect to
the widely used microcanonical distribution by employing the hydrogenic one.
We have checked that for sufficient large collision energies, the n-partial cross
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Fig. 3. l distribution of Ne9 +(n=10) formed in Ne10+ +H(1s) at the two impact
energies indicated in the figure.
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Fig. 4. Total capture and ionization cross sections in Ar18+ +H(1s) collisions as a
function of the impact energy E.
, present molecular results. Present CTMC
, hydrogenic; · · · ·, microcanonical. (- · -), microcanonical results for
results:
capture from ORNL (www-cfadc.phy.ornl.gov/eprints/argon.html)

sections verified the empirical Oppenheimer n−3 rule [16], for both collision
systems. Further work is required to evaluate accurate partial cross sections
for this system at low energies (E < 20 keV/amu). Also calculations are in
progress to evaluate capture cross sections for the collisions with H(2s), since
the presence of metastable H in the beam can strongly influence diagnostics
experiments [10].
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Fig. 5. Partial capture cross sections in Ar18+ +H(1s) collisions for the n-levels indicated in the figure.
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