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Abstract

Experimental and theoretical investigations of charge exchange X-rays from low-
energy highly charged ions colliding with H atoms provide important atomic
data for diagnosing and modeling non-equilibrium plasmas in astrophysical en-
vironments. In this work, we employ the semi-classical multi-channel Landau-
Zener (MCLZ) method to calculate charge exchange cross sections for bare and
hydrogen-like C, N, and O ions with H atoms, and compare them with reported
experimental results. We find that for the C5+ + H collision system, the the-
oretically calculated total cross sections differ significantly from experimental
measurements. We also compare state-selective cross sections calculated by the
MCLZ method and the full quantum molecular orbital close-coupling (QMOCC)
method within the solar wind ion velocity (or energy) regime. We find that for
charge exchange into n = 3, the MCLZ state-selective cross sections increase
with collision energy, while for charge exchange into n = 4, they decrease with
collision energy; at the low-energy end, they are smaller than the QMOCC re-
sults by as much as two orders of magnitude. Finally, using the Kronos package
developed in the astrophysics community, we calculate the charge exchange X-
ray spectrum, line intensity ratios, and hardness ratio for O84 + H at 1000
eV/u using Janev’ s recommended cross-section data, and compare them with
MCLZ calculations. We conclude that the large errors in MCLZ calculations
will affect accurate modeling of astrophysical environments. There is an urgent
need to develop more accurate full quantum theories.
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Abstract: Experimental and theoretical investigations of X-ray emission fol-
lowing charge exchange between low-energy highly charged ions and atomic hy-
drogen provide crucial atomic data for diagnosing and modeling non-equilibrium
plasmas in astrophysical environments. In this work, we employ the semiclas-
sical multi-channel Landau-Zener (MCLZ) method to calculate total charge ex-
change cross sections for bare and hydrogen-like C, N, and O ions colliding
with H atoms, and compare these with existing experimental results. We find
that for the C®* 4+ H collision system, the theoretically calculated total cross
sections differ significantly from experimental measurements. We also compare
state-selective cross sections computed using the MCLZ method and the fully
quantum-mechanical molecular orbital close-coupling (QMOCC) method within
the solar wind ion velocity (or energy) range. For capture into the n = 3 shell,
the MCLZ state-selective cross sections increase with collision energy, while for
capture into n = 4, they decrease with collision energy, being up to two orders
of magnitude smaller than QMOCC results at low energies. Finally, using the
Kronos program package developed for astrophysical applications, we calculate
the charge exchange X-ray spectrum, line intensity ratios, and hardness ratio for
1000 eV /u O®* + H using the recommended cross sections from Janev [1], and
compare these with MCLZ calculations. We conclude that the MCLZ method
exhibits large uncertainties that can affect accurate modeling of astrophysical
environments, necessitating the development of more accurate fully quantum
theoretical approaches.
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In collisions between low-energy highly charged ions and neutral atoms or
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molecules, the process where electrons from the target are captured by the
projectile ion is known as charge exchange, electron capture, or charge transfer.
Due to its non-adiabatic quantum state transition nature, target electrons are
readily captured into high excited states of the ion and subsequently de-excite
by emitting X-rays. This process can be represented by the following equation
[2-3]:

AT + B — AU+ (pl) + BT — Al4"D*(1s) + BT + 4 (1)

where A%t B, and v denote the projectile ion, target atom/molecule, and X-
ray photon, respectively, while n and [ represent the principal and angular
momentum quantum numbers. As seen from Eq. (1), this process encompasses
both collision dynamics and structural spectroscopy. Based on momentum and
energy conservation, the following dynamical relationship exists between the
longitudinal recoil momentum P, of the BT ion, the reaction energy @, and the
projectile velocity, as expressed in Eq. (2):

P =n.m.v, (2)
where () represents the change in binding energy of the target electron before
and after the reaction, v, is the projectile ion velocity, and n, is the number of
captured electrons. Using high-resolution cold target recoil ion momentum spec-
troscopy, atomic physicists can obtain state-selective relative cross sections and
population information for captured electrons, which can then be normalized
to total cross sections to yield absolute state-selective cross sections [4]. Spec-
troscopically, projectile ions in excited states following capture spontaneously
radiate during de-excitation, emitting photons. By measuring photon energies
and spectral line intensity ratios and considering cascade radiation models, one
can also infer ion species and state population information from charge exchange.
Therefore, studies of this process not only advance our understanding of multi-
center quantum state transition mechanisms in the microscopic world but also
have important applications in numerous macroscopic research fields, including
X-ray astronomical observations, plasma diagnostics, and ion-irradiated mate-
rial characterization.

Taking astrophysical environment modeling as an example, observed X-ray emis-
sion spectra can be used to identify plasma environments in celestial objects,
with their species, composition, temperature, and other physical properties re-
quiring laboratory measurements of the same astrophysical processes to provide
benchmarks. For instance, high charge-state ions produced by stellar burn-
ing and supernova explosions undergo charge exchange with interstellar neutral
atoms and molecules with large reaction cross sections, making this physical
process a natural probe for detecting astrophysical environments. Consequently,
laboratory-based charge exchange experimental data provide benchmark atomic
data for this process.
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Here, we illustrate the application of charge exchange in X-ray astronomy. In
1996, Lisse et al. [5] first observed X-ray spectra from comet C/Hyakutake
1996 B2. Subsequently, the ROSAT observatory detected X-rays from five ad-
ditional comets [6], sparking great interest among astronomers. In 2001, Lisse
et al. proposed that the soft X-rays observed from comet C/Hyakutake most
likely originated from interactions between solar wind ions such as C5*, N7+,
08" and cometary gases [7]. In 2003, Beiersdorfer et al. confirmed the soft
X-ray emission mechanism from charge exchange between solar wind ions and
neutral atoms/molecules in the cometary coma through laboratory simulations
[8]. Cravens et al. predicted that 25-50% of soft X-rays in the heliosphere
result from charge exchange between solar wind ions and interstellar neutral
atoms/molecules [9], with almost all soft X-ray emission in certain observa-
tional directions arising from charge exchange [10]. With advances in astrophys-
ical observations and high-resolution soft X-ray detection technology, soft X-ray
emissions have been observed in astrophysical environments such as supernova
explosion debris shock waves [11], extragalactic clusters beyond the solar system
[12], and star-forming galaxies [13]. When these hot, high charge-state plasma
flows are ejected into interstellar space and collide with neutral gases, charge
exchange occurs, releasing X-rays that become an important source of cosmic
diffuse background X-rays.

The needs of astrophysical observation modeling pose new challenges for labo-
ratory astrophysics research. Laboratory simulation of charge exchange plasma
X-ray spectra in astrophysical environments has emerged as a new field. Inter-
national groups conducting such research include the Chutjian group at NASA’
s Jet Propulsion Laboratory [14], the Beiersdorfer group at Lawrence Livermore
National Laboratory [8,15], the Havener group at Oak Ridge National Labo-
ratory [16], the Crespo group at the Max Planck Institute, and the Hoekstra
group at the University of Groningen [17]. These groups primarily focus on
developing crystal spectrometers or calorimeter techniques for high-resolution
soft X-ray measurements relevant to astrophysical charge exchange, measuring
charge exchange X-ray spectra in laboratories and fitting them to astronomical
observations to determine high charge-state heavy ion velocities and compo-
sitions in astrophysical environments. Another important aspect of laboratory
astrophysics research involves modeling astrophysical X-ray spectra using exten-
sive charge exchange atomic data, with current models including ATOMDB [18],
Plasma Code [19], and XSPEC [20]. In China, institutions including the Insti-
tute of Modern Physics of the Chinese Academy of Sciences, Fudan University,
the National Astronomical Observatories, and the Purple Mountain Observa-
tory have gradually initiated research in both aspects, with increasingly close
collaboration.

In this paper, we employ the multi-channel Landau-Zener (MCLZ) method to
calculate charge exchange cross sections for bare and hydrogen-like C, N, and O
ions colliding with hydrogen atoms, and compare them with existing experimen-
tal cross-section data. We compare state-selective cross-section data calculated
by both MCLZ and fully quantum-mechanical molecular orbital close-coupling
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(QMOCC) methods for the C5* + H system to examine the accuracy of the
MCLZ method. Based on the Kronos program package [21-22] and using cascade
radiation models, we calculate the charge exchange X-ray spectrum, photon en-
ergies, spectral line emission cross sections, and line intensity ratios for O3+ + H.
Additionally, we calculate hardness ratios using different [-distribution models
with MCLZ method for O%" 4+ H and compare the results with those obtained
using the recommended cross-section data from Janev [1]. This cross-section
data selects appropriate theoretical calculation methods based on collision en-
ergy and evaluates the results using experimental cross sections of emission lines.
These calculations provide theoretical guidance for our subsequent experimen-
tal studies. Due to the lack of charge exchange cross-section data for bare and
hydrogen-like ions and gaps in some collision systems, current astrophysical mod-
eling primarily relies on theoretically calculated cross-section data. Although
classical theories compute rapidly, they show large deviations from experimental
results. Fully quantum-mechanical calculation theories have high computational
demands and cannot handle multi-electron collision systems. Therefore, we aim
to incorporate high-resolution state-selective cross-section information obtained
from laboratory charge exchange experiments into the Kronos program package
to improve the accuracy of cascade radiation X-ray spectrum calculations and
obtain more precise line intensity ratio information, which will greatly aid in
understanding and simulating various astrophysical processes.

2 Theoretical Calculations

The Kronos program package primarily consists of two components: charge ex-
change data and cascade radiation X-ray spectrum calculations [21-22]. Charge
exchange data can be generated using methods including MCLZ, classical tra-
jectory Monte Carlo (CTMC), atomic orbital close-coupling (AOCC), molecular
orbital close-coupling (MOCC), and QMOCC. Among these, the built-in charge
exchange data in Kronos are mainly produced by the MCLZ method, with
some cross-section data for certain collision systems calculated using quantum-
mechanical methods such as AOCC and MOCC. Based on these state-selective
cross-section data, cascade radiation models calculate transition probabilities
and branching ratios to obtain X-ray emission spectra. We have developed
a multi-parameter fitting Python program that rapidly batch-acquires charge
exchange cross-section data and X-ray emission spectra based on the Kronos
package. We summarize the Kronos output results, selecting appropriate ion
species, collision energies, and energy resolutions for astrophysical environments,
then fit them with experimental data from astrophysical X-ray observations to
infer ion abundance information in astrophysical environments, as detailed in

[23)].

The MCLZ method is a classical approach for treating charge exchange problems
that computes rapidly and shows reasonable agreement with experimental re-
sults in terms of magnitude and trends. Therefore, all calculations in this paper
are based on this method. Here we provide a brief introduction to the MCLZ
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method. Charge exchange is a problem of multi-quantum-state population. In
Landau-Zener theory, let p, denote the probability that the collision system
remains on the A?" + B potential curve when passing the nth avoided crossing
point. The transition probability for the collision system at this crossing point,
R = R,,, can be expressed as [24]:

n—1 N
P,=0=p) [[2 I] »; (3)

= Jj=n+1

where N is the number of avoided crossing points, 1 < n < N, and n corresponds
to the number of final states after electron transition. In the above expression,
transition probabilities p; with indices greater than N are zero. Landau and
Zener independently derived the transition probability expression [25-26] as fol-
lows:

2H,,(R,) ) @

Pn = &P <_Urad(Rn)AF(Rn)

where H, is the coupling matrix element describing the radial coupling strength
between initial and final states, v,,,4 is the radial velocity, and AF' is the mag-
nitude of the difference in derivatives of the initial and final potential curves,
expressed as:

d
AF = | (V= Th) 5

R=R

n

The Landau-Zener transition probability at crossing points is valid under the
condition that the transition region 6R = |H,5/AF|p_g is much smaller than
the spacing between two adjacent avoided crossing poi%ts [27]. All variables
mentioned above refer to values at R = R,, [27-28]. The radius of avoided
crossing points can be estimated from the incident channel being constant and
the exit channel being purely Coulombic.

For two-state problems with only one crossing point, as the incident ion ap-
proaches the target atom, the distance between the two nuclei gradually de-
creases. The electron passes the avoided crossing point twice during approach
and departure, with the final capture probability at the crossing point given by:

The reaction cross section is obtained by integrating the transition probability
over impact parameters:

—— / P.()bdb (7)
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When using the MCLZ method to calculate cross sections, all possible capture
channels must be considered and the positions of avoided crossing points cal-
culated. This process requires accurate energy level information for these elec-
tronic states. For highly charged helium-like ions such as Fe?**, energy level
information for high principal quantum numbers n is often lacking. Therefore,
quantum defects must be considered based on the Rydberg formula to estimate
electronic state energy levels:

Enl:aE0<1——;;§> (8)

where n* is the effective quantum number obtained from Egs. (9) and (10):

nt=n— )

py =10 (10)

Here p, is called the quantum defect, calculated from Eq. (10), arising from the
penetration effect of valence electron orbitals. In Eq. (10), the variation trend
of § values is estimated from known energy levels and then applied to highly
excited ionic states to obtain electronic state energies E,;.

When using the MCLZ method to generate charge exchange cross sections for
bare projectile ions, the angular quantum number [ of the product ion after re-
action is degenerate. Landau-Zener theory requires that avoided crossing points
be sufficiently separated. To obtain nl-resolved state-selective cross sections, we
must apply [-distribution models. The n-resolved charge exchange cross sections
are multiplied by appropriate [-distribution functions to obtain ni-resolved state-
selective cross sections. Commonly used [-distribution models include statisti-
cal distribution (Stat), low-energy distribution (Low) [29], modified low-energy
distribution (LowMod) [30], separable distribution (Sep), and Landau-Zener
distribution (LZ) [31].

The statistical and low-energy distributions are commonly used. According to
Krasnopolsky [29], the statistical model applies when ion energies exceed 10
keV /u, where angular quantum numbers [ = n — 1 dominate capture. The low-
energy model, proposed by Abramov et al. [32], applies to energies below 100
eV /u, where for capture with n < 8, [ = 1 dominates and [ gradually increases
with n.

Following charge exchange, electrons are typically captured into excited states of
the ion, whose unstable nature causes rapid de-excitation through cascade radi-
ation. The cascade radiation model considers all dipole-allowed transition chan-
nels with Al = +1 and AS = 0, calculating transition probabilities A4, ;. ,/,
i.e., Einstein spontaneous emission coefficients. Combining the population of
electronic states after capture with all possible cascade radiation transition paths
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and summing the total probability for any transition yields spectral line inten-
sity ratios. Lyman series lines correspond to transitions n > 2 — n = 1 and
directly reflect information about high charge-state ion species. High charge-
state ions in astrophysical environments de-excite and emit photons, with Ly-
man series line energies primarily in the X-ray regime. Using X-ray detectors
or microcalorimeters, the origins of these spectral lines can be resolved.

3 Results and Discussion

To examine the reliability of charge exchange cross sections produced by the
MCLZ method, we compare total cross sections for bare and hydrogen-like C,
N, and O ions colliding with H atoms calculated by the MCLZ method with ex-
perimental charge exchange measurements. Hydrogen atom, being the simplest
single-electron system, requires consideration of only single-electron capture pro-
cesses in charge exchange collisions, without contributions from multi-electron
capture processes. Furthermore, the MCLZ method shows good agreement with
experimental results for single-electron capture problems, while multi-electron
capture processes requiring consideration of numerous incident and exit channels
lead to larger computational deviations.

[Figure 1: see original paper] shows total cross-section data from charge ex-
change experiments by Dragani¢ and Meyer [34]. The red lines represent MCLZ-
calculated total cross sections. We find that for the C°* + H system, experi-
mental cross sections are significantly higher than MCLZ-calculated cross sec-
tions across the calculated energy range. For C®* + H, N®* + H, and 0%t +
H collision systems, experimental cross sections decrease with decreasing col-
lision energy in the low-energy region, while MCLZ calculations predict this
decreasing trend but with slower cross-section variations that deviate from ex-
perimental results. For the O™ + H system, MCLZ predicts increasing cross
sections at low energies while experimental cross sections remain essentially
energy-independent. The N™* + H system shows good agreement between ex-
perimental and theoretical cross sections.

For solar wind ions, typical velocity ranges are 400-1200 km/s [35], with veloc-
ities below 400 km/s termed slow solar wind and those above 1000 km/s fast
solar wind. Portions exceeding 750 km/s may originate from high-latitude solar
coronal holes, decreasing below slow solar wind levels in cometary and planetary
bow shocks [36]. We find that within the solar wind energy range, except for the
C%" + H system where experimental cross sections deviate significantly from
MCLZ calculations, total cross-section data from the MCLZ method agree well
with experimental results for other systems, providing convenience for simulat-
ing solar wind ion charge exchange processes.

Through comparison with experimental data, we demonstrate the reliability
of the MCLZ method for calculating single-capture total cross sections in the
solar wind energy range. Further, we require nl-resolved state-selective cross
sections to normalize relative state-selective cross sections using total cross
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sections, thereby obtaining absolute state-selective cross sections for calculat-
ing X-ray spectra of different projectiles. For high charge-state ions forming
hydrogen-like and helium-like ions after charge exchange, state-selective cross
sections resolved by principal quantum number n can be measured experimen-
tally using cold target recoil ion momentum spectroscopy. Since the angular
momentum quantum number [ of hydrogen-like ions after reaction is degener-
ate, distinguishing electronic states with different angular quantum numbers
in energy spectra is extremely difficult. The common approach is to superim-
pose [-distribution functions on n-resolved state-selective cross sections. For
helium-like ions, some configurations also exhibit energy degeneracy. Moreover,
current cold target recoil ion momentum spectrometers typically have energy
resolutions of 3-5 eV for reaction energy ), making it difficult to resolve an-
gular quantum numbers [ for high charge-state hydrogen-like and helium-like
ions. Theoretically, quantum-mechanical charge exchange theories typically de-
scribe charge exchange processes more accurately, consistent with experiments.
Therefore, we compare state-selective cross sections calculated by MCLZ and
QMOCC methods to examine the reliability of the MCLZ method.

[Figure 2: see original paper] presents state-selective cross sections for C°* +
H calculated by QMOCC [37] and MCLZ methods, with Figs. 2(a) and 2(b)
corresponding to capture into principal quantum numbers n = 3 and n = 4,
respectively. In this collision system and energy range, capture into n = 3 and
n = 4 are the dominant channels, so we only list and compare state-selective
cross sections for these principal quantum numbers. In Fig. 2(a), we observe
that MCLZ-calculated cross sections for capture into n = 3 increase with col-
lision velocity, with larger cross sections for capture into higher angular mo-
mentum states. Cross sections for capture into low angular momentum states
increase rapidly with collision velocity, showing greater sensitivity to projectile
velocity changes. The 3d (3D) state shows a decreasing trend above 10 keV /u.
QMOCC-calculated cross sections for the 3s state decrease above projectile en-
ergies of 6 keV/u, 3p state cross sections decrease above 10 keV/u, while 3d
state cross sections increase throughout the energy range and plateau.

Fig. 2(b) shows state-selective cross sections for n = 4 calculated by both meth-
ods. QMOCC-calculated cross sections are overall larger than MCLZ-calculated
cross sections, with QMOCC state-selective cross sections showing little varia-
tion in the considered energy range, while MCLZ-calculated cross sections de-
crease monotonically within the considered energy range. Comparing Figs. 2(a)
and 2(b), we find that as projectile collision velocity increases, state-selective
cross sections for n = 3 increase relative to those for n = 4, implying that elec-
trons are more easily captured into inner-shell electronic states. Similar results
are corroborated in most charge exchange experiments [38].

Through comparison of state-selective cross sections calculated by QMOCC and
MCLZ methods, we find that MCLZ-calculated cross sections for this collision
system are lower than QMOCC results, and the two methods exhibit different
trends in state-selective cross sections as a function of velocity. This creates
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difficulties for modeling astrophysical charge exchange X-ray spectra. To re-
duce this impact, we can normalize MCLZ-calculated nl-resolved state-selective
cross sections using experimentally obtained total cross-section data to mini-
mize effects from total cross-section discrepancies in fitting processes. On the
other hand, n-resolved state-selective cross sections can be obtained using cold
target recoil ion momentum spectroscopy, which will further reduce theoretical
method errors.

[Figure 3: see original paper] shows the Lyman series X-ray spectrum from O%*
+ H charge exchange calculated using the Kronos package. Fig. 3(a) presents
the spectrum with 10 eV resolution. The peak at 653 eV arises from Lyman
«, 774 eV from Lyman S, 817 eV from Lyman ~, and 836 eV from Lyman J.
Since capture cross sections for channels with n > 6 are very small, contribu-
tions from n > 6 can be neglected. Based on current astrophysical observation
satellite spectrometer systems for observing astronomical X-ray spectra, such
as Chandra, with resolutions of 50-100 eV [7,39], Fig. 3(b) calculates the X-ray
spectrum with 50 eV resolution. Since spectral line energy spacings are smaller
than the resolution, Lyman £-§ lines in Fig. 3(b) can no longer be resolved.
In the energy region below 200 eV, abundant soft X-ray and extreme ultravio-
let photons are also present, primarily produced by cascade radiation to higher
principal quantum numbers n.

Janev and Winter proposed that the principal quantum number n,,,. with
maximum capture probability for low-energy ion charge exchange is given by
Eq. (12):

o9 (12)

nmam \/E

where ¢ is the ion charge state. This formula yields n,,,, ~ 5 for O%" + H
charge exchange. However, this predictive formula does not include velocity-
dependent terms and cannot describe how capture channels vary with projectile
velocity.

lists photon energies, spectral line emission cross sections, and line intensity
ratios for O%" + H charge exchange at 1000 eV /u calculated in this work. Line
intensity ratios are defined as relative ratios to Lyman «. We find that the
Lyman § line intensity ratio is much stronger than neighboring lines, indicating
that MCLZ calculations predict dominant capture into the n = 5 electronic state.
In [Figure 4: see original paper]|, we show line intensity ratios Lyman /Lyman
a, Lyman v/Lyman «, and Lyman §/Lyman « as functions of collision velocity
calculated by different methods [40-41].

[Figure 5: see original paper] shows hardness ratios of X-ray spectra as func-
tions of collision velocity calculated using different I-distribution functions with
MCLZ method cross sections. We find that hardness ratios from different
[-distribution functions vary considerably. Hardness ratios calculated using
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MCLZ + separable distribution and Janev’ s recommended cross sections [1] de-
crease with increasing collision velocity, while those from other distribution func-
tions increase with collision velocity. MCLZ + low-energy distribution yields
large hardness ratios due to its maximum population at angular momentum
[ = 1. Based on velocity matching in charge exchange, relative cross sections
for capture into inner shells increase with velocity. We can therefore infer that
when angular momentum population shows little sensitivity to velocity, hard-
ness ratios will exhibit a decreasing trend with increasing collision velocity. In
Fig. 5, hardness ratios from different l-distribution functions range from 0.2
to 1.3, indicating that [-distribution functions can significantly affect spectral
properties, making accurate [-distribution information crucial.

We compared total cross sections for bare and hydrogen-like C, N, and O ions
colliding with H atoms with MCLZ-calculated total cross sections. MCLZ-
calculated cross sections for C®* + H are lower than experimental cross sec-
tions across the entire energy range. For C%* + H, N 4+ H, and O%* + H,
MCLZ-calculated cross sections show large deviations from experimental cross
sections at low energies, with experimental cross sections decreasing faster than
theoretical predictions. MCLZ-calculated cross sections for O’* + H increase
with decreasing collision energy at low energies. MCLZ-calculated cross sections
for N”* + H show good agreement with experimental cross sections.

We compared nl-resolved state-selective cross sections for C°* + H (n = 3,4)
calculated by MCLZ and QMOCC methods as functions of collision velocity.
QMOCC results are larger than MCLZ results and show different velocity de-
pendence trends. This will introduce errors when applying the MCLZ method
to astrophysical charge exchange X-ray modeling. Using the Kronos package,
we calculated the X-ray spectrum and various line intensity ratios for 0%t +
H charge exchange at 1000 eV /u, analyzing spectral properties based on post-
capture state populations. We further calculated line intensity ratios and hard-
ness ratios at different collision energies and analyzed their trends. Compar-
isons show that hardness ratios from Janev’ s recommended cross-section data
and MCLZ with separable distribution exhibit decreasing trends, while those
from other MCLZ distribution functions show increasing trends. By consider-
ing velocity dependence of capture state-selective properties, we conclude that
different [-distribution functions in the MCLZ method produce large differences
in hardness ratios, making calculated results highly sensitive to [-distribution
functions. This demands development of more accurate theoretical calculation
methods and high-resolution experimental techniques. In the future, we will
conduct high-resolution state-selective charge exchange experiments using recoil
ion momentum spectroscopy techniques to provide more accurate state-selective
cross-section data for astrophysical environment simulations.
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