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Abstract

A three-body classical trajectory Monte Carlo method is used to investigate state-specific
electron capture from H2O by highly charged ions. The radial and momentum distributions
of the target electron are modeled using a one-center molecular orbital wave function. Total
single-electron capture cross sections, as well as cross sections for capture into specific
nl-states, are calculated for the highly charged ion projectiles, C6+, N7+, Ne10+, and Ar18+,
at relative collision energies ranging from 0.01 keV/amu to 50 keV/amu. Comparisons
of relative n-state capture populations and total single-electron capture cross sections are
made with experimental results. The results show a marked improvement in the prediction
of relative n-states populated, with the overall single-electron single capture cross sections
being slightly low compared with experimental values. Overall, this method of calculating
nl-states of the captured electron appears to be a promising approach for those wishing
to model X-ray and Extreme Ultraviolet (EUV) emissions from comets bombarded by
solar wind ions, and fusion researchers trying to determine the effects of impurities in
Tokomak reactors.

Keywords: single-electron capture; state-specific electron capture; charge exchange; CX;
classical monte Carlo method; CTMC; cometary neutrals; H2O

1. Introduction
Electron capture by highly charged ions from cometary molecules such as H2O and

NH3, at low collision energies, has been determined to be the primary mechanism for
X-ray and Extreme Ultraviolet (EUV) emissions from comets in the vicinity of the Sun [1–6].
This mechanism was first proposed by Cravens [7], and comparisons of models with the
measured spectra support this suggestion [8–10].

The cometary X-ray/EUV emission spectrum is primarily the result of electron capture
between the cometary neutrals and the fast solar wind heavy ions [9,10]. The solar wind
speeds are on the order of 800 km/s (3 keV/amu). The wind is heated and greatly slowed
as it enters the bow-shock region of the comet and interacts with the cometary neutrals [11].
The cometary neutrals include H2O, OH, H, CO, and O2, with the most prevalent being
H2O. The most abundant minor solar wind species are ions of C, N, O, and Ne, with the
most prevalent being O6+ [9].

A sound model of state-selective electron capture between heavy ions and cometary
neutrals would allow one to indirectly measure the solar wind composition from the X-
ray/EUV spectrum. Developing an accurate model has been hampered somewhat by the
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inability to establish benchmark theoretical calculations for the capture probability into spe-
cific states at the relatively low collision energies necessary. Atomic and molecular orbital
basis set expansion methods are applicable and accurate for charge-exchange collisions
when ionization to the continuum can be considered negligible. For highly-charged projec-
tiles and low-energy collisions with low-Z targets, the basis sets and computational time
become prohibitive. Therefore, classical and semi-classical methods, such as the classical
trajectory Monte Carlo (CTMC) method [12] and the multi-channel Landau–Zener (LZ)
method [13], have been used to study charge exchange in these collision regimes. Although
the LZ method can be used to estimate the state-specific cross sections, it requires input
parameters and is not applicable to very strongly coupled systems.

The CTMC method is a parameter-free method that naturally includes angular mo-
mentum and the ionization channel. The CTMC method has been used to investigate
how low l-state values are populated at low collision energies, in contrast to the statistical
distributions expected at intermediate (10–100) keV/amu collision energies [11,14].

In this work, we employ a three-body CTMC method to investigate the n, l state-
specific single-electron charge exchange (CX) capture from H2O by the ions C6+, N7+, Ne10+,
and Ar18+ at intermediate-to-low (0.01–50) keV/amu collision energies. We provide total
single-electron cross sections and partial-capture cross sections in specific n- and nl-states,
and we directly compare the CTMC results with experimental measurements. Atomic units
are used throughout this paper.

2. Theoretical Method
The CTMC method is used to calculate state-specific cross sections for single-electron

capture by C6+, N7+, Ne10+, and Ar18+ from the 1B1 and 3A1 orbitals of H2O, with bind-
ing energies of 12.62 eV and 14.74 eV, respectively, at collision energies ranging from
10 eV/amu to 50 keV/amu. The CTMC method applies to strongly coupled systems, such
as interactions between highly charged ions and neutral atoms [15,16], at intermediate en-
ergies (1–100 keV/amu) where perturbation techniques are invalid and basis set limitations
make quantum methods impractical.

The CTMC method usually involves a projectile (bare ion in this work), a target core,
and one active electron. The interaction between the projectile ion and the electron and
target core is via a Coulomb potential. The potential between the electron and target
core is a screened Coulomb potential developed by Garvey et al. based on Hartree–Fock
calculations [17]. The electron’s position and momentum vectors are initially randomly
chosen from a microcanonical distribution,

f (r, p) = kδ
[

Ei −
p2

2µ
− V(r)

]
, (1)

where Ei is the ionization potential and k is a normalization constant, and along with
a random eccentricity, they are constrained to be a solution to Kepler’s equation. The
electron’s orbital plane and the impact parameter for the projectile are randomly chosen.
The Hamiltonian is set up for the system, and Hamilton’s equations of motion are solved
to step the system forward in time.

The electron is deemed to be captured if, after an appropriate number of time steps,
the electron’s energy with respect to the projectile is negative and its energy with respect
to the target core is positive. The final binding energy with respect to the projectile, Ep, is
used to find the classical principal quantum number, nc.

nc = q/
√(

2
∣∣Ep

∣∣), (2)
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where q is the charge of the projectile ion. The final classical angular momentum is
calculated using

lC =
[(

x
.
y − y

.
x
)2

+
(
x

.
z − z

.
x
)2

+
(
y

.
z − z

.
y
)2
]
, (3)

where x, y, and z are coordinates relative to the projectile nucleus. A quantum sublevel is
assigned to the captured electron based on these classical values, using the relationships
developed by Becker and MacKellar, in which the classical subspace is divided into bins
such that the number of bins equals the relative number of quantum states [18]. The
classical to quantum relationships are given by

[
(n − 1)

(
n − 1

2

)
n
] 1

3
≤ nc ≤

[
(n + 1)

(
n +

1
2

)
n
] 1

3
, (4)

for the principal quantum number. The angular-momentum quantum number is found using:

l ≤ lc ≤ l + 1. (5)

The binning of the classical angular-momentum values in this way reproduces
the correct 2l + 1 quantal statistical distributions. The capture cross sections are
calculated using

σevent =

(
Nevents

Ntotal

)
πb2

max, (6)

where Nevents is the total number of positive capture events of interest, Ntotal is the total
number of simulated collisions or Monte Carlo trials, and bmax is the largest impact param-
eter that can lead to the capture event of interest. The standard error for the cross section
given above is

∆σevent = σevent[(Ntotal − Nevents)/Ntotal Nevents]
1
2 (7)

The maximum impact parameter is chosen by trial and error so that the probability of
capture at a larger impact parameter is less than 1%. For a sufficient number of Monte Carlo
trials, the standard error is proportional to 1/

√
Nevents. For the cross sections reported

here, the number of capture events for partial cross sections into specific n, l states ranged
from 30 to 80 thousand, and for total cross sections, the minimum number was about
60 thousand for very low-energy collisions.

Charge exchange is highly dependent upon target-projectile phase-space matching,
and the success of the CTMC method to study charge-exchange, ionization, and excitation
in collisions between ions and hydrogenic atoms has been attributed to the ability to match
the classical momentum distribution one obtains after many simulations with the quantum
mechanical momentum distribution. For the ground state of hydrogen, the microcanonical
distribution shown above yields the exact quantum-mechanical momentum distribution.
The radial distribution, however, does not. Once a momentum value has been chosen in
the CTMC simulation, the radial distance is chosen to adhere to the conservation of energy,
thus placing a classical restriction on the orbital radial values that the quantum radial
distribution does not have to obey. The inability to match the quantum mechanical and the
classical radial distribution does not seem to have been that important for charge exchange
studies at intermediate collision energies (1 keV/amu–100 keV/amu), but at lower energies,
it can be expected that the contributions to charge exchange, at large impact parameters,
will have a greater influence on the capture cross sections. One of the motivations for
the current work is to examine the possibility of extending use of the CTMC method to
relatively low collision energies in the range found in the interactions of solar wind ions
with cometary neutrals.

https://doi.org/10.3390/atoms14040033

https://doi.org/10.3390/atoms14040033


Atoms 2026, 14, 33 4 of 11

For neutral target atoms other than hydrogen, both the momentum and radial CTMC
distributions may differ greatly from the quantal distributions. To use the CTMC method
to study collisions between bare ions with the water molecule, for example, it is standard
practice to assume the electron of interest will come from the oxygen atom, and to set the
initial conditions to simulate a 2p electron attached to the target nucleus via an effective
charge, with an appropriate binding energy. In Figure 1, we show the CTMC (columns)
momentum and radial distribution representing a 2p electron of oxygen that has a binding
energy of 12.62 eV, with the effective charge of the oxygen nucleus being Z = +1. The quantal
distributions (dashed lines) were obtained using the one-center wavefunctions for the 1B1
orbital of water as calculated by Moccia [19]. Moccia calculated wavefunctions for H2O
using the Hartree–Fock–Roothaan method, expanded about a single center, and using Slater-
type functions. Both sets of distributions are normalized. One can see that both the classical
radial and momentum distributions differ considerably from the quantal counterparts. The
CTMC simulation underrepresents the target electron’s higher momentum values; this
should lead to more captures into lower principal quantum states than would be expected
with a purely quantum calculation.

Figure 1. Radial and momentum distributions for the 1B1 orbital in water. The dashed line is the
quantum mechanical distributions using Moccia’s wavefunction. The columns are the unmodified
CTMC distributions assuming a 2p electron centered on an oxygen atom with an effective charge of
Z = +1. All distributions are normalized.

Several attempts have been made to represent the target system more accurately within
the CTMC framework for interactions between bare ions and hydrogen. These alternative
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modifications of the method include summing results from microcanonical ensembles with
slightly varying binding energies [20], and doing the same with different effective target
nuclear charges while keeping the binding energy constant [21].

A promising approach for using the CTMC method to study charge exchange between
bare ions and molecules such as water was first undertaken by Otranto and Olson [22]. In
that study, they employed the wavefunctions for H2O orbitals calculated by Moccia. We
refer to the distributions calculated with these wavefunctions as the quantum distributions.
Otranto and Olson then mapped the CTMC momentum values onto the quantum momen-
tum distributions for each orbital and used a least squares method to find a single effective
charge (Ze f f ) for the target core that would give the best match between the CTMC and
quantum radial distribution.

In the present work, we use the method developed by Otranto and Olson to study
single-electron capture from water by bare ions for energies ranging from 10 eV/amu to
50 keV/amu. We assume capture only from the 1B1 and 3A1 orbitals with binding energies
of 12.62 eV and 14.74 eV, respectively. A least squares approach led to an effective target
nucleus charge of Ze f f = 1.6 for both the 1B1 and 3A1 orbitals. The interactions between
the projectile–target nucleus and projectile–electron were Coulomb interactions assuming
unscreened charge values. We provide cross sections for total single-electron capture, for
capture into the most likely occupied principal quantum states, and for capture into specific
angular-momentum states.

It should be noted that our calculated single-electron capture cross sections do not
include contributions from double capture followed by Auger emission. Olson and Otranto
estimated that this discrepancy led to a 25% underestimation of their calculated single-
electron capture cross sections compared to experimental data.

In Figure 2, we show our CTMC radial and momentum distributions as compared with
those found using Moccia’s orbital wavefunctions. The CTMC still slightly underestimates
the contributions from larger orbital distances for the target electrons when compared with
the quantum radial distribution.

Figure 2. Momentum and radial distributions for the 1B1 and 3A1 orbitals of water. The solid line is
the quantum mechanical distributions obtained from the Moccia wavefunctions. The columns are the
CTMC distributions used in this work.
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The classical microcanonical ensemble usually employed in the CTMC method
[Equation (1)], as well as the distributions representing the orbitals used in this work, fun-
damentally lack the directional symmetries inherent to quantum mechanical distributions.
Orientation averaging helps to mitigate these omissions, making the radial and momentum
distributions the primary factors in the accuracy of the calculation. This limitation should
be particularly relevant at low collision energies, where the specific angular structure of the
electron distribution may become a significant factor in capture probabilities.

3. Results
In Figure 3, the results for the total single-electron capture cross sections and the

cross sections for capture into the two or three specific n-states that are the main contribu-
tors to the total capture cross section are shown. Linear plots were used so as to see the
dependence on collision energy that is lost when one uses a log-log plot. For all of the
projectiles studied here, we see an increase in the capture cross section when going from
collision energies of 10 eV/amu to several keV/amu before decreasing again. At collision
energies < 50 keV/amu, we find capture primarily into a single principal quantum number
state that follows the nf = (q/Z)3/4ni scaling relationship, where q is the charge of the
projectile and Z is the effective charge of the target [12]. As the collision energy contin-
ues to increase, mixing of states and the population of a broad distribution of quantum
states occurs.

This is best shown in Figure 4, which shows the cross sections for capture into specific
n- and l-states for the projectile N7+ at collision energies of 0.01, 1.0, 12.25, and 100 keV/amu.
It can be seen in Figures 3 and 4 that above 10 keV/amu, capture into a broader range of
n-states occurs, although the most probable state to capture into remains n = 5 for N7+.
State mixing for the occupied angular-momentum states also occurs, as expected. Since
the n = 5 state is more likely to be populated, statistically, one would expect capture into
l = 4 would be most likely, and that is seen for collision energies above 10 keV/amu. At
lower collision energies, the captured electron obtains less angular momentum during the
interaction and begins occupying lower-angular-momentum states. If Stark mixing were
prevalent, about 32% of the captures into the n = 5 state would be into the l = 1 and 2 states.

However, in Figure 4, capture into the l = 1 and l = 2 states accounted for 27%
of the captures at 100 keV/amu, 16% at 12.25 keV/amu, 44% at 1 keV/amu and 67% at
10 eV/amu.

We also compared calculations using this CTMC method with experimental state-
selective results for collisions between N7+ and H2O. We wanted to see what improvement,
compared with experimental results at relatively low collision energies, could be achieved
by using a range of collision energies rather than just one. State-selective capture cross
sections were compared with experimental results by Hasan et al. [23]. Total single-electron
capture cross sections were compared with experimental results from Greenwood et al. [24].
The experiments by Hasan et al. use a beam of ions colliding with a supersonic target gas.
The resulting collisions occur in a plane; thus, to make a more direct comparison between
our CTMC calculations and the experimental results, we assumed the collision energies
follow a normalized Maxwell–Boltzmann (M-B) distribution with the velocity restricted
to the two dimensions of the collision plane, with average energies equal to the reported
collision energies of the experimental work, 2 keV/amu and 4.67 keV/amu in this case.
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Figure 3. Overall single-electron capture cross sections and the state-specific cross sections for the
most prominent principal quantum numbers of the captured electrons for C6+ (a,b), N7+ (c,d), and
Ar18+ (e,f), for energies ranging from 10 eV/amu to 50 keV/amu.

We calculated the state-specific capture cross sections for 12 collision energies ranging
from 0.01 keV/amu to 20.25 keV/amu, as explained in the theoretical method section
above, and assigned each cross section a weight based on its collision energy value on the
M-B distribution. The resultant state-specific cross section is then found by

σn =
12

∑
i=1

∝i σi,n, (8)

where ∝i is the weight factor and σi,n is the state-specific cross section associated with
collision energy Ei.

The results are shown in Table 1. The results labeled NewCTMC are from this work.
The results labeled CTMC by Hasan et al. [23] were obtained assuming the active electron
is in a 2p atomic orbital around an oxygen ion with an effective charge of Z = 1, an electron
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binding energy of 12.62 eV, and radial and momentum distributions identical to those
shown in Figure 1.

Figure 4. Histograms for the principal quantum numbers populated by the captured electrons
in collisions between N7+ and H2O at energies of 100 eV/amu, 1 keV/amu, 12.25 keV/amu, and
100 keV/amu (a,c,e,g). Also shown are the angular-momentum quantum states populated by the
electrons captured into the n = 5 state (b,d,f,h).

Both CTMC methods predict the trend that capture proceeds into a narrow range
of n-levels at low collision energies, but the method used in this study outperforms the
regular CTMC method when comparing the percentage of captures into specific principal
quantum states with experimental measurements. This difference between the methods is
also reflected in the average principal quantum states occupied, as shown in the table. The
overall single-electron capture cross section from NewCTMC is smaller than the CTMC
results as well as those from the experimental results of Greenwood et al. [24]. One reason
may be that our NewCTMC method does not include multielectron processes that can lead
to single-charge exchange, which is clearly observed in the experimental results.
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Table 1. Absolute single-electron capture (σsec) and relative state-selective (σ n) capture cross sections.

Study σ4 (%) σ5 (%) σ6 (%) Avg. n σ (×10−15 cm2)

2 keV/amu on H2O

Exp.(N7+) a 11.5 ± 0.1 87.6 ± 0.1 0.8 ± 0.1 4.89 9.5 b (3.27
keV/amu)

Exp.(O7+) a 13.5 ± 1.2 85.1 ± 2.4 1.4 ± 0.7 4.88 5.3 b (2.72
keV/amu)

CTMC c 36 56 4 4.58 9
NewCTMC 13.4 71 9.6 4.93 5.3

4.67 keV/amu on H2O

Exp.(N7) a 17.1 ± 0.2 73.4 ± 0.3 9.5 ± 0.2 4.92
CTMC c 34 53 7 4.52 9

NewCTMC 14 70 10 4.95 5.3

The CTMC and NewCTMC results are for N7+ projectiles. a Experimental results from Hasan et al. [23].
b Experimental results for single-electron capture cross sections from Greenwood et al. [24]. c Calculation
from Hasan et al. [23] assumes the target is oxygen with a 2p electron.

Experimental results for both N7+ and O7+ projectiles are shown. Our NewCTMC
method does not distinguish between the two because our calculated single-electron capture
cross sections depend on the projectile charge, target electron binding energy, and collision
energies, but not on multiple-electron interactions.

4. Conclusions
We have used a classical trajectory Monte Carlo method to model single-electron

capture by the bare ions C6+, N7+, Ne10+, and Ar18+ from H2O, modifying the method
to match the momentum distribution of the molecule’s orbitals as determined using a
wavefunction that assumes a single target center. The effective charge of the single-center
molecule was chosen to minimize variance between the radial distribution of the CTMC
model and the quantum radial distribution.

Absolute single-electron capture cross sections were reported for collision energies
ranging from 10 eV/amu to 50 keV/amu. Cross sections for capture into the most popu-
lated principal quantum states, as well as the angular-momentum quantum states, were
also reported.

Our results show that for all cases, when the collision energy is below 10 keV/amu,
only one or two principal quantum states are populated during capture, and these can be
predicted using the known scaling rule.

Because conservation of angular momentum is an inherent feature of this method, it
can be used to estimate hardness ratios for single-electron capture. We find that capture into
the l = 1 and l = 2 quantum states increases significantly as the collision energy decreases
to below 10 keV/amu.

We also made comparisons between experiments for single-electron capture and this
CTMC method. The results of these comparisons indicate that this particular method has
the potential to be used to estimate the ratio of capture into specific n-states. We find that
capture by N7+ mostly populates the n = 5 state, with the average n being slightly less than
5 due to some capture into the n = 4 state, in agreement with experiments.

This method appears to be a promising approach for estimating state-specific capture
cross sections at the low collision energies required for modeling X-ray and EUV emis-
sions resulting from collisions between highly charged ions and atoms or molecules of
astrophysical interest. In the future, we plan to include the possibility of double capture
followed by Auger emission in our single-electron capture model. Comparisons with other
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experimental state-selective cross sections and EUV emission measurements [25,26] should
allow us to adjust and improve the method.
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