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Abstract
We present total cross sections for ionization, and total and nl-partial cross sections for
electron capture in collisions of Kr36+ and W60+ with H(1s). Calculations have been carried out
using the classical trajectory Monte Carlo method. We have found that scaling laws as
functions of the ion charge are valid for total electron capture cross sections, but they are less
accurate for n-partial cross sections. The nl-partial cross sections show l distributions similar
to those found for collisions with Ar18+ by Errea et al (2006 J. Phys. B: At. Mol. Opt. Phys.
39 L91).

PACS numbers: 34.10.+x, 34.70.+e

(Some figures may appear in color only in the online journal)

1. Introduction

Charge exchange recombination spectroscopy (CXRS) [1] is a
powerful diagnostic tool commonly used in tokamak devices
and will be employed as the main diagnostic of ITER [2].
In practice, an energetic beam of atoms, usually hydrogen,
deuterium or helium, is injected into the reactor. Collisions of
these atoms with the core plasma ions lead to the formation
of highly excited species, whose emission is employed to
determine the temperature and density of the plasma. Noble
gases are often puffed into the divertor region to improve
plasma confinement conditions [3], and the noble gas atoms
become fully ionized in the core region. Specifically, addition
of krypton yields Kr+36 ions, which give rise to the electron
capture (EC), also called charge exchange, reaction with
neutral beam atoms. For the particular case of a hydrogen
(deuterium) beam, the process

Kr36+ + H(D) → Kr35+(nl) + H(D)+ (1)

takes place, and the CXRS diagnostic is based on the ensuing
emission by Kr35+.

The CXRS diagnostic is also applied to determine the
density of impurity ions formed initially by sputtering of
plasma facing components. In this respect, tungsten ions
are one of the most relevant impurities, and in this case
partially stripped species are expected to be present in the

core plasma. It is important to note the lack of data for
EC with these highly charged species, which are also of
great importance in determining the ionization balance of
EBIT plasmas [4]. K-shell x-ray emission measurements [5]
and recent calculations have been reported for argon and
tungsten (with charge Z 6 40) ions, respectively [6]. In this
work, we have studied collisions with W60+. Generally, CXRS
employs frequencies in the visible spectrum. For the systems
considered in this work, the transitions n → n − 1 of interest
are those with n = 22–28 for Kr35+ and n = 30–40 for W59+.

It is important to note that CXRS diagnostics require
accurate cross sections for population of very excited energy
levels of the ion formed in the EC process; this precludes
the use of close-coupling methods that would involve
prohibitively large expansions. Besides, at the energies of
neutral beams (E > 40 keV amu−1), ionization cross sections
are of the same order of magnitude or larger than the EC
ones, requiring a simultaneous description of both processes.
At these collision energies, the classical trajectory Monte
Carlo (CTMC) method [7] is the preferred method to evaluate
ionization and both total and state selective EC cross sections.
In this work, we have applied the eikonal-CTMC method
previously used for B5+ + H [8, 9], Ne10+ + H [10] and
Ar16+,17+,18+ + H [11] collisions.

The aim of this work is to check the possibility of
applying Z -scaling laws for total and partial EC cross
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sections, which could avoid explicit calculations for
population of highly excited levels. In particular, scaling
laws have been proposed in [12] and are implemented in the
ADAS database [13].

Atomic units (h̄ = 1, e = 1, me = 1) are used unless
otherwise stated.

2. Computational method

In the eikonal-CTMC treatment (see [14]), the projectile
follows straight-line trajectories with impact parameter b and
velocity v and the electron motion is described by means of
a classical distribution function ρ(r, p, t). The distribution
is discretized in a set of N independent electron trajectories,
obtained by integrating the corresponding Hamilton
equations. For a one-electron system, the Hamiltonian
has the form

H(r, p, t) =
p2

2
−

1

rH
+ Vp(rp), (2)

where rH and rp are, respectively, the electron distances to
the hydrogen and the projectile nuclei. In our calculation,
Vp(rp) = −Z/rp, with Z = 36 for Kr36+ and Z = 60 for W60+,
i.e. we treat this second system as a fully stripped ion (Nd60+).
This approach is expected to be valid for population of
highly excited states such as those relevant to CXRS. In our
calculation, ρ is initially a superposition of ten microcanonical
distributions with different energies Ek that fit the quantal
radial distribution of the hydrogen 1s orbital [15]:

ρ(r, p, −∞) =

10∑
k=1

akδ(H − Ek). (3)

In practice, we have considered N = 3 × 105 trajectories
that have been integrated up to a final time tf = 1500 au. At
the end of the collision the distribution is analyzed to evaluate
EC PEC(b, v) and ionization probabilities P I(b, v):

PEC(b, v) =
N EC

N
, P I(b, v) =

N I

N
, (4)

where N EC is the number of trajectories in which the electron
is bound to the ion nucleus at t → ∞ and N I is the number of
trajectories where the electron is unbound. In order to evaluate
EC partial cross sections, we divide the phase space in boxes
associated to each quantum state [16]. Specifically,

n(n − 1/2)(n − 1) < n3
c 6 n(n + 1/2)(n + 1),

l <
n

nc
lc 6 l + 1,

(5)

where nc = Z/
√

2Ep. Ep and lc are, respectively, the electron
energy and angular momentum in the projectile reference
frame. The probability of populating a given quantal state
is then given by the fraction of trajectories that arrive at the
corresponding box after the collision:

PEC
nl (b, v) =

N EC
nl

N
(6)
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Figure 1. Total cross sections for EC and ionization for Ar18+,
Kr36+ and W60+ collisions with H(1s).

and the nl-partial EC cross sections and total cross sections
are then obtained as

σ EC
nl (v) = 2π

∫
∞

0
bPEC

nl (b, v) db, σ EC
n (v) =

n−1∑
l=0

σ EC
nl ,

σ EC,I(v) = 2π

∫
∞

0
bPEC,I(b, v) db.

(7)

3. Results and discussion

In figure 1, we show the total cross sections for ionization
and EC for the two collisions considered. To our knowledge,
there are no previous experimental or theoretical data for
these two systems. For comparison, we have included in
the figure the CTMC cross sections of [11] for Ar18+ +
H(1s). It can be noted that, while the EC cross section
increases with Z , at E < 100 keV amu−1 the ionization cross
section decreases when Z increases. At these relatively low
energies, the ionization and capture mechanisms involve
initially the polarization of the electronic cloud, which is then
either captured by the projectile or ionized, with a larger
capture probability for systems with larger Z , and accordingly
a smaller ionization probability. However, at high impact
energies, direct ionization is the dominant process, which
takes place through projectile–electron inelastic collisions
that yield larger ionization probabilities for larger Z . The
different ionization mechanism explains the re-ordering of the
ionization cross sections for the three systems of figure 1 at
E ≈ 100 keV amu−1.

In order to check the workings of the scaling law
derived in [12] by fitting available EC cross sections for
Z 6 18, we have plotted in figure 2 our scaled total EC
cross section σ ∗

= σ Z−α as a function of the scaled energy
E∗

= E Z−β , with α = 1.05 and β = 0.30 [12]. The good
agreement of our results with the prediction of the scaling
law can be noted, which would allow us to predict total EC
cross sections for collisions with high Z without performing
detailed calculations.

Foster [12] suggests a Z -scaling law for n-partial EC
cross sections,

σ ∗

n = σn Z−δ(E∗), n∗
= nZ−γ (E∗) (8)
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Figure 2. Comparison of the scaled total cross section for EC in
Ar18+, Kr36+ and W60+ collisions with H(1s) as functions of the
scaled energy.

0 1 2 3 4
n*

0

0.05

0.1

σ n/ Z
 (

10
-1

6  c
m

2 )

W
60+

 + H

Kr
36+

 + H

Ar
18+

 + H

150 keV/amu

225 keV/amu

Figure 3. n-partial cross sections for EC in collisions of Ar18+,
Kr36+ and W60+ with H(1s) as functions of the scaled quantum
number n∗ (see text). The cross sections are divided by the
corresponding ion charges, Z .

also based on calculations for Z 6 18. As for EC total cross
sections, we have checked the validity of (8) for EC from
H(1s) by three projectile charges, including the new results for
Z = 36, 60, and the CTMC cross sections of [11] for Z = 18.
We plot in figure 3 the calculated σn/Z as functions of n∗, for
two collision energies. In this figure, we have taken γ = 0.8
for E = 150 keV amu−1 and γ = 1.0 for E = 225 keV amu−1.
The results point out that for highly charged ions the value
of δ is very close to one. They also indicate that, at each
energy, a single value of γ can be used to fit σn/Z for
Z > 36. Our calculations at 20 < E < 100 keV amu−1, not
shown in the figure, indicate that the scaled n∗ correctly
predicts the position of the maximum of σ ∗

n with γ = 0.8,
but the magnitudes of the cross sections are not accurately
fitted. On the other hand, we have checked that, as previously
found in other collisions, the n-partial cross sections decay
as n−3 at high n. This property was explained in [10] as a
consequence of the continuity between capture and ionization
cross sections.

nl-partial cross sections are shown in figure 4 for two
values of n such that n → n − 1 transitions lie in the visible
spectrum. It can be noted that the l-distributions for both
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Figure 4. nl-partial cross sections for EC in collisions of H(1s)
with Kr36+ (top panel) for n = 24, and W60+ for n = 36 (bottom
panel), as functions of quantum number l at the four impact energies
indicated in the figure.

systems are qualitatively similar and also similar to those
reported in [11] for collisions with Ar18+. These results
indicate that the shape of these distributions is practically
independent of Z . At the lowest energies (illustrated by the
results at 60 keV amu−1 in the figure) we find a distribution
where l = n − 1 is the most populated sublevel, as expected
from a simple statistical argument, although the calculated
cross sections increase exponentially with l. As E increases,
the maximum of the distribution moves to lower l, as predicted
by perturbative treatments, and, at the highest energies
considered in the calculation, the maximum appears at
l ≈ Z/2. At E < 100 keV amu−1, our results suggest that a
simple universal curve

σ ∗

nl = σnF(l∗; E) (9)

with σ ∗

nl = σnl/σ
∗

nn−1 and l∗ = l/(n − 1) can be employed and
provides a good approximation at higher energies.

In conclusion, the CTMC method is a useful tool to
evaluate the partial EC cross sections required for CXRS
diagnostics, which involve both highly charged projectiles and
the population of highly excited states. The data generated
for the two systems considered in this work support the
application of Z -scaling laws to fill the gaps in the existing
database.
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