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Abstract

Laboratory measurements of X-ray emissions following charge exchange (CX) between highly charged ions and
neutrals are important to assess their diagnostic utility for the nonequilibrium astrophysical plasma environments,
where hot flows meet cold gases. With a high-resolution X-ray quantum microcalorimeter detector, we report the
CX-induced X-ray spectra and line ratios in Ne8+ on He and Kr collisions at solar wind velocities of 392, 554, 678,
and 876 km s−1, respectively. The experimentally determined line ratios quantify the differences in CX state
selectivity and the following X-ray emission between He and Kr at different collision velocities. This suggests that
target and velocity dependence should be considered for accurately modeling astrophysical CX plasmas.

Unified Astronomy Thesaurus concepts: Atomic spectroscopy (2099); Atomic physics (2063); Collision processes
(2065); Atomic data benchmarking (2064); Charge exchange recombination (2062)

1. Introduction

Since the first observation of X-ray emission from Comet
C/Hyakutake (Lisse et al. 1996) and explanation based on
solar wind ions charge exchange (CX; Cravens 1997), many
CX X-ray sources have been found when solar wind ions pass
through heliospheric, geocorona, planetary atmosphere
(Cravens 1997, 2000; Holmström et al. 2001; Cravens 2002;
Beiersdorfer et al. 2003; Lallement 2004; Robertson et al.
2009), etc. Recently, CX is also considered as a promising
mechanism for astrophysical CX plasmas such as supernova
remnants (Katsuda et al. 2011; Cumbee et al. 2014), star-
forming regions in nearby galaxies (Liu et al. 2012),
extragalactic flows (Fabian et al. 2011), etc.

Modeling the observed X-ray spectra allows one to derive
information such as composition, density, and relative
velocities as well as ionization balance of the astrophysical
CX plasma (Kuntz 2018). This has turned out to be
significantly determined by principal n and orbital angular
momentum l-resolved state-selective CX cross sections (Smith
et al. 2014). Generally, these cross-section data are obtained
through collecting reported results or semiclassical calcula-
tions. For instance, Bodewits et al. (2007) compiled the
theoretical n, l state-selective CX cross sections from atomic
and molecular orbital close coupling calculations, and
concluded that 0.3–1 keV cometary X-ray emissions mainly
result from CX between fully stripped and H-like C, N, O, Ne,
etc. ions and H2O and its dissociation products. Mullen et al.
(2017) theoretically modeled solar wind X-ray data from

Comet C/2000 WM1 using the results from a multichannel
Landau–Zener (MCLZ) method, and concluded that the X-ray
intensity is dominated by solar wind ion CX with atomic H.
Currently full quantum mechanical calculations are still sparse
due to challenges for computational resource and theory
treatment.
On the other hand, experimental techniques have advanced

CX to the point where state selectivity can be measured. One of
the significant developments is cold target recoil ion momen-
tum Spectroscopy (COLTRIMS; Dörner et al. 2000; Ullrich
et al. 2003). By using COLTRIMS, Abdallah et al. (1998)
found that measured state-selective capture cross sections of 3d
to 7l agree with coupled-channel calculations for 1 keV u−1,
6.25 keV u−1, and 25 keV u−1 Ar8+ CX with He. Xu et al.
(2021) measured n-resolved capture cross sections for 1 ke
V/u–25 keV/u Ne (8,9)+ CX with He and H2, and found a good
agreement between MCLZ calculations and the measured
results for He. Another significant development is high-
resolution X-ray spectroscopy. Hell et al. (2016) pointed out
that high-resolution measurements of Kα X-ray emission line
energies in Si (4−12)+ and S(6−14)+ can be applied to
redetermine the Doppler shifts of from Chandra observations
of Vela X-1. Seely et al. (2017) measured the spectra of Ly-
series X-ray in O8+ CX with Kr, and suggested that
autoionizing double capture enhances Ly-α and Ly-β emission
lines. However, such X-ray spectrum measurements are sparse.
Here we report a high-resolution measurement of X-ray

emissions following CX between Ne8+ ions and He and Kr. Kr
is a target that can be easily studied in the laboratory and can
act as a surrogate for complicated multielectron targets of
astrophysical interest. The collision velocities overlap typical
solar wind ion velocities and the measured line ratios are
compared between He and Kr. The present study allows
attention to be drawn regarding the variation of CX-induced
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X-ray spectra with different neutrals and collision velocities in
modeling astrophysical CX X-ray emissions.

2. Experimental Setup

CX between Ne8+ and Kr and He were measured using a
beam-gas cell at the Oak Ridge National Laboratory Multi-
charged Ion Research Facility. The experimental setup is shown
in Figure 1 and described elsewhere (Defay et al. 2013; Fogle
et al. 2014; Seely et al. 2017). X-ray spectra following CX were
recorded by a high-resolution X-ray quantum microcalorimeter
(XQC) from the University of Wisconsin and Goddard Space
Flight Center (McCammon et al. 2008; Wulf et al. 2019).

Briefly, Ne8+ ions from an all-permanent magnet electron
cyclotron resonance ion source were first momentum analyzed
by a 90◦ dipole magnet and then accelerated to the collision
energies ranging from 800 to 4000 eV u−1, which are
corresponding to the solar wind velocity ranging from 392 to
876 km s−1. Several sets of electrostatic deflectors, quadrupole
lenses, and adjustable slits were used to optimize the Ne8+ ion
beam to a few millimeters in diameter. Kr (He) was introduced
into a 20 cm long gas cell via a leak valve. The XQC was
mounted at 90◦ with respect to the beam direction. The ions
passed through this limited viewing distance in 20–50 ns for
the given range of velocities investigated. This allowed the
prompt X-ray only due to CX to be registered by the XQC. The
XQC has a 6× 6 pixel array of HgTe absorbers with each
measuring 2.0 mm× 2.0 mm× 0.7 μm in thickness. It was
operated at 50 mK and positioned 23 cm above the beam. A set
of thin aluminum filters was used to protect XQC from thermal
radiation and periodically defrosted.

During the measurement, the beam intensity is approxi-
mately 20 nA in the gas cell. The pressure in the gas cell was
adjusted in the range∼2× 10−5 Pa and maintained, so that the

detector count rate was less than 1 Hz per pixel, which limits
pulse pileup. X-ray backgrounds from the ion beam (without
gas) and dark counts were periodically measured and found to
be insignificant. The net filter efficiencies are shown in Figure 2
for He and Kr CX X-ray measurements.

3. Results and Discussion

Figures 3 shows the X-ray spectra measured in Ne8+ on He
and Kr collisions for the incident velocities of 392, 554, 678,
and 876 km s−1, respectively. The spectrum range is from 100
to 240 eV, where the X-ray line energies are calculated from
the National Institute of Standard and Technology (Kramida
et al. 2020). Gaussian curve fitting was adopted to extract the
contributions of each transition. The FWHM of the fitted peaks
was constrained to be the same for each spectrum. By iterating
the fitting procedure to minimize the χ2 value of the composite
fitting in all spectra, the resulted FWHM is about 7.9 eV.
Clearly, for the Ne8+ collision with He, the 3d→ 2p, 3p→ 2s,
4s→ 2p, 4d→ 2p, 4p→ 2s, 5s+ 5d→ 2p, and 5p→ 2s
transitions are identified for the singly excited Ne7+ ion after
CX. By contrast, additional emission lines of 3s→ 2p,
6p→ 2s, and 6s→ 2p are observed for Kr as shown in right
panel of Figure 3. Note that 5s→ 2p and 5d→ 2p transitions
are averaged due to the very small energy difference.
The line ratios are calculated by multiplying the ratios

between the Gaussian area of each line and that of 3p→ 2s by
the inverse ratios of energy-dependent efficiencies of the filters.
The experimentally determined line ratios as a function of
collision velocity are shown in Table 1. For the He target, the
line ratio for 4p→ 2s is the largest, while the emissions of
5s+ 5d→ 2p and 5p→ 2s show minor contributions as well as
these emissions from n= 3. It can be inferred that n= 4 capture
is dominant. This quantitatively agrees with a recent state-
selective capture measurement, where CX populated n= 4 are
very selective and the contributions are larger than 96% at
present collision velocities (Xu et al. 2021). For the Kr target,
the emissions of 5s+ 5d→ 2p and 5p→ 2s have large
contributions, indicating n= 5 capture being dominant. This
agrees with the prediction of the scaling law by Janev & Winter
(1985) and Otranto et al. (2006) that the dominant capture
shifts to a high n level for a small binding energy, which is
verified by Xu et al. (2021). For 3d→ 2p emission, the line

Figure 1. Schematic of the CX cell with the XQC. The viewable portion of the
gas cell is shown by the viewing angle from the detector array.

Figure 2 The energy-dependent efficiency of polypropylene and thin
aluminum and polyimide filter stack used for X-ray measurements with He
and Kr, respectively.
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ratios show very weak collision velocity dependence for both
He and Kr at present collision velocities. The line ratios of
3d→ 2p for He are smaller than those for Kr, in part because
3d→ 2p emission is being fed by more cascades from higher
lying states for Kr than He and because of the possible
contribution due to a similar autoionizing double capture (Seely
et al. 2017).

Figure 4 shows the CX line ratios associated with He and
Kr on a color–color diagram. The line ratios of 4s→ 2p and
4d→ 2p transitions are almost constant for He and larger than
those for Kr. By considering the radiative cascade (Politis
et al. 1987), we are able to infer that 4s and 4d state-selective
CX cross sections are weakly dependent on the present
collision velocities. The decreasing of 4p→ 2s line ratios for
He suggests that 4p populations decrease with the increase of
the collision velocities. The line ratios of 5p→ 2p for the He

target are smaller than those for Kr by at least a factor of 7 at
the present collision velocities. The latter strongly decreases
with increasing velocity. The line ratios of 5s + 5d→ 2p for
the He target are smaller than those for Kr by at least a factor
of 2. Finally, such line ratio diagrams could facilitate the
quantitative diagnostics for the target and velocity-dependent
CX processes.

4. Summary

The high-resolution soft X-ray spectra following CX
between Ne8+ and He and Kr at 392, 554, 678, and 876 km
s−1 are measured by using the beam-gas technique and high-
resolution microcalorimeter X-ray detector. The emission
lines of 3s→ 2p, 3d→ 2p, 3p→ 2s, 4s→ 2p, 4p→ 2s,
4d→ 2p, 5s + 5d→ 2p, 5p→ 2s, and 6p→ 2s are clearly
identified, and the line ratios are reported by normalizing each

Figure 3. X-ray spectrum from CX between Ne8+ and He and Kr. (a), (b), (c), (d) The incident projectile velocities of 392, 554, 678, and 876 km s−1, respectively.
Gray spheres, blue lines, and the red line represent the experimental data, Gaussian fitting results, and the sum of Gaussian fitting results, respectively. X-ray spectra
for He are also seen in Zhang et al. (2019).
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line intensity to that of 3p→ 2s. It is found that the line ratios
of 3s→ 2p and 3d→ 2p emissions weakly depend on the
collision velocities. The emissions of 4s→ 2p, 4p→ 2s, and
4d→ 2p for He are dominant over those for Kr. The velocity
dependence of these emissions are observed especially for the
He target and only the 4d line ratio for Kr. However, for the
emissions of 5p→ 2s and 5s + 5d→ 2p, the emissions from
Kr are dominant over those for He and also are velocity
dependent. These illustrate the clear target and velocity
dependence of CX emissions. Such laboratory measurements
of line ratios can be used to accurately determine hot flow
velocity and the ambient neutral gas component in astro-
physical CX plasma by comparing to the astrophysical
observation.
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Table 1
Comparison of the Measured Line Ratios between Ne8+ CX with He and Kr

Energy (eV) Line Line Ratios for He Line Ratios for Kr

392 km s−1 554 km s−1 678 km s−1 876 km s−1 392 km s−1 554 km s−1 678 km s−1 876 km s−1

120.28 3s → 2p ... ... ... ... 0.39(0.16) 0.22(0.14) 0.34(0.12) 0.91(0.15)
126.12 3d → 2p 0.72(0.38) 0.78(0.20) 0.72(0.16) 0.72(0.14) 1.19(0.15) 1.33(0.13) 1.25(0.11) 1.41(0.13)
140.73 3p → 2s 1 1 1 1 1 1 1 1
166.12 4s → 2p 0.65(0.16) 0.49(0.07) 0.49(0.07) 0.46(0.05) 0.04(0.06) 0.10(0.05) 0.13(0.05) 0.11(0.05)
168.54 4d → 2p 0.68(0.16) 0.75(0.08) 0.71(0.07) 0.71(0.06) 0.39(0.06) 0.33(0.05) 0.26(0.04) 0.45(0.06)
184.00 4p → 2s 1.52(0.26) 1.08(0.09) 0.81(0.06) 0.76(0.05) 0.17(0.03) 0.34(0.03) 0.28(0.02) 0.25(0.03)
187.54 5s + 5d → 2p 0.33(0.07) 0.18(0.03) 0.11(0.02) 0.10(0.02) 0.73(0.05) 0.60(0.04) 0.64(0.02) 0.73(0.05)
198.70 6s → 2p ... ... ... ... 0.11(0.02) 0.09(0.02) 0.09(0.01) 0.15(0.02)
203.92 5p → 2s 0.04(0.02) 0.03(0.01) 0.01(0.01) 0.01(0.01) 1.16(0.07) 0.75(0.04) 0.49(0.02) 0.34(0.02)
214.70 6p → 2s ... ... ... ... 0.05(0.01) 0.04(0.01) 0.03(0.01) 0.05(0.01)

Note. Errors given in the brackets are statistical errors and determined from the Gaussian fitting of the peak.

Figure 4. The measured line ratios of CX between Ne8+ and He and Kr. Black
and red filled squares represent the measured results of He and Kr, respectively.
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