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Abstract: Absolute Extreme Ultraviolet emission cross-sections have been measured for collisions
between C°* and H,O in the range of 0.113 to 3.75 keV/amu (170-979 km/s). These results are
used to derive velocity-dependent triplet-to-singlet ratios and emission cross-sections of the Cv
K-series following single-electron capture. Comparison with existing measurements of integral
charge-changing cross-sections indicates that auto-ionizing multi-electron capture is a significant
reactions channel. This reaction may indirectly populate the n = 2 states and thus add strength to the
Ky emission of CV ions thereby co-determining the hardness ratio of K-series emission of CVv.

Keywords: atomic data; molecular data; methods: laboratory: atomic; solar wind; comets: general;
planets and satellites: aurorae

1. Introduction

Charge exchange occurs anywhere a hot plasma meets a colder gas [1]. It is a temperature-dependent
and highly state-selective process and its subsequent line emission very suitable as a diagnostic tool.
While charge-exchange emission has long been widely applied to study plasmas in the lab (such as
fusion research), its astrophysical manifestation was first discovered in comets [2,3]. In astrophysical
environments, charge-exchange emission is characterized by strong forbidden lines from helium-like
ions. The relative strengths of the forbidden, resonance, and intercombination lines following charge
exchange are distinctly different from those due to other excitation mechanisms [4,5]. Charge-exchange
emission (CXE) has since been observed in planetary atmospheres [6-8], the geocorona [9,10], supernova
remnants [11,12], and star-forming regions [13]. Several small spacecraft are being planned or developed
to monitor the Earth’s magnetosphere through solar-wind charge-exchange emission [14].

Comets emit X-rays when highly charged ions in the solar wind interact with neutral molecules
in the coma. This emission has been used to determine properties such as the velocity, composition,
and freeze-in temperature of the solar wind (cf. [15-19]), to identify and map plasma interaction
structures [20], and to determine the distribution and composition of the neutral gas [10,21,22].
For this it is essential to have reliable predictions of the induced line-emission spectra which requires
accurate state-resolved electron-capture cross-sections. To generate synthetic X-ray K-series spectra
of hydrogen-like ions such as Cv and OVII, a triplet-to-singlet population ratio of 3:1 is generally
assumed. However, preliminary theoretical results suggested a strong velocity dependence of the OvII
triplet-to-singlet ratio for electron capture from helium [22,23]. The long lifetimes of 2/ metastable
states populated by cascades from higher lying states directly populated by electron-capture make
it very difficult, if not impossible, to measure the resulting K, emission in laboratory experiments.
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For example, in CV the 23S state has a lifetime of 20 ms in [5,24] implying that at typical solar-wind
velocities, the ions would cover on average a distance in the order of 10 km.

Here, we present crossed-beam measurements of cross-sections of Extreme Ultraviolet (EUV)
emission following electron capture by one of the most abundant H-like ions in the solar wind, C°*,
colliding with HyO, the most abundant molecule in the inner coma of most comets [25]. Based on
those cross-sections, the velocity dependence of the ratio between population of specific 3¢ and 4/
triplet and singlet terms of CV ions is assessed and discussed. Finally, associated hardness ratios for
the Cv K-series emission are determined and compared to theoretical predictions.

2. Methods

2.1. Photon Emission Spectroscopy

The experimental crossed-beam set up was hosted at the Nuclear Accelerator Institute (KVI) at
the University of Groningen. Details of the set up can be found in our previous publications [16,26].
In brief, ions produced by an Electron Cyclotron Resonance Ion Source (ECRIS) are guided through
a neutral gas jet in this case water molecules. Collision velocities could be controlled by floating the
collision region on (high) voltage. In this way the standard energy range of the projectile C>* ions
of 15-150 keV could be lowered to 1.5 keV. The ions enter the collision region via a multi-element
ion optics system. We monitored the ion current using a Faraday cup. Photons emitted during the
ions’ relaxation cascades were observed with a 1.5 m grazing incidence spectrometer equipped with a
position sensitive multichannel plate with a wavelength bite of about 15 nm. The spectrometer can
cover a range of 5-80 nm in wavelength with a resolution of 0.3 nm FWHM. All spectra were analyzed
by fitting Gaussian-shaped peaks to the data. The resulting photon yields were converted to absolute
emission cross-sections by comparison to He?* + H,O line emission in the 25-30 nm spectral range for
which emission cross-sections are well-established [26,27].

2.2. Uncertainties

The results are subject to several uncertainties. The dominating absolute uncertainty is that arising
from the spectrometer’s wavelength-dependent sensitivity calibration. The wavelength range of 25 to
30 nm is absolutely calibrated by using He?>* + H,O emission lines, and we estimate the uncertainty
to be approximately 20% [26]. Extrapolation of the sensitivity to shorter wavelengths in the range of
15-30 nm introduces an additional uncertainty, which we estimate to be of the order of 15%. Added
in quadrature these uncertainties lead to an absolute systematic uncertainty of 25% for wavelengths
below 20 nm. The uncertainty associated with the wavelength-dependent sensitivity by itself may
influence the relative line strengths which are of importance when assessing cascade contributions.
Target density fluctuations were controlled by performing regular calibration measurements, but lead
to a random error in the order of 5%. Statistical errors for these experiments were small due to high
photon yields and never exceeded 1% (1¢). Therefore we assume a relative uncertainty of 10% in the
line-emission cross-sections.

3. Results

3.1. Cv EUV Line-Emission Spectra

Single electron capture by C>* from H,O can near-resonantly populate the n = 4 shell in Cv [28],
and given the large energy separations to n = 3 and n = 5 predominantly 4/!2L terms will be
populated. The population of the excited 4¢ terms results in complex relaxation cascades that produce
many emission lines, cf. Figure 1. At the wavelengths covered by our spectrometer, we can only
observe n = 4 — 2 transitions stemming from the charge exchange populated n = 4 shell. In addition,
cascade-driven n = 3 — 2 transitions are detected.
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EUV line-emission spectra for collisions of C°* with H,O are shown in Figure 2 for collision
energies of 0.113, 0.375, and 3.75 keV/amu, corresponding to velocities of 170, 309, and 979 km/s,
respectively. At the resolution of our spectrometer, 7 different emission features are apparent between
15-30 nm. Three of these features contain 2 or 3 transitions that cannot be resolved. The spectra
clearly change with increasing velocity: at low velocity, emission features associated with n = 4 — 2
transitions (between 15-20 nm) dominate, with the strongest feature at 18.8 nm. The second strongest
feature is the 3°P-23S transition at 22.7 nm. At higher energies, the emission from the 4 — 2 transitions
decreases and the feature at 24.8 nm, which includes the 33D-23P and 31P-2!S transition, becomes
the strongest feature in the spectrum. This is a signature of the well-known population shift towards
higher angular momentum states with increasing energy. Here, for C>* ions, this means the population
of the 4f 3F term. Its yrast cascade contributes fully to the 3°D-23P transition making up the line at
24.8 nm line. There is no evidence for detectable emission from Cv n = 5 — 2 between 15.6-16.8 nm.
The absence of CV n = 5 — 2 emission is in line with the notion capture near-resonantly populates
the Cv (n = 4) shell. We do not detect CIV n = 4 — 2 emission at 24.5, 29.7, and 28.9 nm indicating
that double collisions are insignificant. The line-emission cross-sections resulting from our spectral
analysis are summarized in Table 1.

Table 1. Fit results—measured emission cross-sections for collisions between C>t and H,0O, at

different collision energies. All cross-sections are in units of 1071 cm?

. Only relative errors are
given. The systematic uncertainty is approximately 20% for wavelengths above 20 nm and 25% for the

shorter wavelengths, see text.

Collision Energy (keV/amu)

# A (nm) Transitions

0.113 0.375 3.75
1 173 43pP-235 1.0+£01 07+01 11401
2 188 43D-23P 435-23P 41P-215 61406 2.0+02 20+02
3 198 41D-21p, 415-21p 25+02 07401 08+0.1
4 227 33p-235 14+14 72407 44404
5 248 33D-23Pp, 3lp-21s 27403 40+04 10+1.0
6 260 335-23p, 31s-21p 26+03 19+02 18+02
7 267 3lp-2lp 21402 24+02 36+04
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Figure 1. Part of the decay scheme of the Grotrian diagram of CV. Lines detected by our experiment
are indicated by solid lines; other lines that were not observed but that are relevant to this work
are indicated by dashed lines. Red indicates the transitions used for the TS; triplet-to-singlet ratio;
Blue indicates the transitions used for the TS, ratio.
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Figure 2. Charge-exchange spectra for collisions between C°* and H,O at different velocities.
The numbers in the top of the figure marking the spectral lines refer to Table 1.

3.2. Triplet-to-Singlet Population

The observed emission lines provide two independent, direct measures of the triplet-to-singlet
ratio: the ratio between the triplet and singlet 1s3d — 1s2p transitions, TS3, and the ratio between
the triplet and singlet 1s4s,d-1s2p transitions, TSy (see Figure 1). We derive TS3 from the ratio
between the state-selective capture cross-sections o(n¢) into the 1s3d and 1s4f states in the triplet and
singlet configurations:

_ 0(3°D) + 0(4°F)

15 = S (31D) + o (@TF)

)

To obtain the TS; ratio, the ¢*(3°D) population cross-section should be corrected for cascade
population from the (43P)-state in the triplet system. The cascade contribution of the 4P state to the
3'D is negligible. This transition has a very small branching ratio in the singlet system (0.003) as most
decay will go straight to the 1!S ground state.

0*(3°D) = 0 (24.8 nm) — 0.04 0, (17.3 nm) )

The second triplet-to-singlet ratio we can derive from our measurements is based on the emission
cross-sections of the 1s4d — 1s2p and the 1s4s — 1s2p transitions:

Tem (18.8 nm)

Ts, = Jenl000M)
7 0on(19.8 nm)

®)

The resulting singlet-to-triplet ratios are shown in Figure 3.
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Figure 3. Experimental and theoretical [22] velocity dependence of triplet-to-singlet ratios for collisions
between C°* and H,O. Shown are the TS ratio for capture into 1s3d and 1s4f (filled circles and solid
line) and the TS, ratio for capture into 1s4s and 1s4d (open diamonds and dashed line). For comparison,
a second pair of the theoretical curves is depicted which are obtained by multiplying the original
theoretical results by a factor of three to represent a statistical spin state population.

3.3. Emission Cross-Sections for the CV K-series

Although the X-ray emission from K-series transitions is not detectable with our set up, we can
use the observed EUV emission which feeds into the K-series to deduce emission cross sections for
the K-series. To do this, we neglect the small contributions of the singlet 1snp — 1s2s transitions to
the observed emission features. This is justified because the singlet 1snp — 1s2s transitions have very
small branching ratios compared to transitions directly to the 1s? 1S ground state (Figure 1); less than
0.06 for n = 3,4. As mentioned in Section 3.1, inspection of the measured spectra (Figure 4) shows
no appreciable traces of n = 5 — 2 transitions between 15.6-16.8 nm. It is, therefore, safe to assume
that contributions from capture into the 5s, 5p, and 54 states are negligible. This argument does not
exclude significant population of 5f and 5g states, but those states do cascade into the transitions
that we measure. If populated appreciably their contributions to the K-series X-ray emission are
thus automatically included. Finally, we assume that the n{-distribution is equal in the triplet and
singlet systems.

We will first deduce the cascade population cross-sections o* of the 23S and 23P states from the
measured emission cross-sections:

0*(2%S) =0em(17.3 nm) + 0, (22.7 nm) + 0.89 o* (2°P) 4)
TS,

m@m (26.0 nm) (5)

0*(2°P) =0em(18.8 nm) + 0 (24.8 nm) + 0.32 04y (17.3 nm) +

Next, we need to determine the apparent branching ratios for the decay of the 2°P state by
weighting theoretical transition rates [5,24] by an assumed statistical population of the triplet P’s
] levels:

2 .
_ 2i+1)
B@ﬁ‘_].;o (2L+1)(2S+1) Bj ©)
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Figure 4. (Left) Experimental velocity dependence of deduced K-series emission and total
charge-exchange cross-sections for collisions between C>t and H,0. Indicated are total cross-sections
(black solid line); the forbidden line z (dashed red line); intercombination line x + y (green dotted line);
resonance line w (blue dashed-dotted line); Kg (cyan dash-double dot); and K, (magenta dashed
line). Single and double charge-changing cross-sections measured by Mawhorter et al. [29] are
represented by a filled and open diamond, respectively. (Right) Theoretical emission and total capture
cross-sections. Colored lines indicate MCLZ calculations by Mullen et al. [22]. Open circles represent
CTMC calculations for emission cross-sections by Otranto et al. [30]. The stars represent CTMC
calculations of the total one-electron capture cross-section by Liamsuwan and Nikjoo [31].

The resulting effective branching ratios are 0.11 for 1150—23P1,2 and 0.89 for 2351—23P0,1,2.
Combining the cascade population cross-sections with the effective branching ratios yield the following
relations for the emission cross-sections of the forbidden (z) and intercombination lines (x, y):

Oem(x +y) = 0.11 0* (2°P) (7)
Oem(z) = 0%(239) 8)

Similarly, the emission cross-section of the resonance line (w) is found from the population of the
1s2p(1Py) state:

Oem (W) = Oem(19.8 nm) + 0, (26.7 nm) - Oem(26.0 nm) )

1
+T53+1

We can estimate emission cross-sections for Kz and K, lines by weighting the triplet populations
with the triplet-singlet ratio and the relevant branching ratios:

1
095 1
oem(Ky) = 076 TS, - 0o (17.3 nm) (11)

Finally, using the derived emission cross-sections we calculated the commonly used line ratio
diagnostics G, cf. [5]:

G=Ztxty (12)
w
and the hardness ratio H of the emission cross-sections of the K-series [32]:
~ K
H= L= Kn (13)

Ka
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Both G and H are listed in Table 2. While the line ratio diagnostics measure G hardly changes
with velocity, the hardness ratio increases from 0.4 to 2 with decreasing velocity, a similar trend was
first reported by Beiersdorfer et al. [32] for collisions involving bare oxygen and neon ions. Owing
to this behavior the hardness ratio provides a remote diagnostic of ion velocities for solar-wind ions
traversing H,O dominated cometary atmospheres.

Table 2. From the measured EUV line-emission cross-section for collisions of C°* on H,O the following
quantities are derived: triplet-to-singlet ratios (TS3 TSy), total cross-section for pure one-electron
transfer (SEC), cross-sections for cascade population of 23S and 23P and for K-series line emission and

finally the diagnostic ratios G and H. All cross-sections are in units of 10716 cm?.

E (keV/amu) 0.113 0.375 3.75

v (km/s) 170 309 979

TS3 1.3+£02 1.7+02 28+04
TSy 24+£03 29+£04 25+04
SEC 435+£26 240+12 263+1.1
235 244+15 145+08 17.7+£1.0
23P 106 £0.7 74+£05 13.7+£1.0
X,y 1.2+£01 08x=01 15=£01

z 2444+15 145+08 177+ 1.0
w 58+04 38+£03 49+04
Kg 11.1+£19 44+08 16=£03
Ky 05+01 03+£01 06=£0.1
G
H

45+04 40£04 39+04
2004 12+£02 04+£01

3.4. Total Cross-Sections

Total single electron capture cross-sections can be estimated using:
0t = Oem (W) + Oom (%, Y) + Oem(z) + 1.05 aem(Kﬁ) +1.05 Uem(Kv) (14)

The results are listed in Table 2 and shown in Figure 4. The total single electron-capture
cross-sections deduced from our EUV spectra do not include appreciable contributions from
two-electron capture followed by autoionization as autoionization does not lead to additional
population of 1snf with n > 3. Autoionization to 1s3¢ requires an initial population of highly excited
1s4ln’l’ with n’ > 5 configurations. These configurations are not to be expected to get populated as
single-electron capture of the least bound HO electron goes into 1s4¢, capturing an additional stronger
bound electron one expects its principal quantum number after capture to be n < 3. For comparison,
two-electron transfer in collisions on He and H, populates initially 1s2¢n'¢’ with n’ > 3 and 15343’
configurations which subsequently decay by autoionization.

4. Discussion

Velocity-dependent triplet-to-singlet ratios for capture into # = 4 are shown in Figure 3. Within the
error margins of the individual measurements, the o(1s4s) + o(1s4d) ratio may be constant at a level
of approximately 2.6, slightly lower than a statistical population of 3. Remarkably, the measurement
of the triplet-to-singlet ratio based on the population of ¢(1s3d) (thus sampling capture into the
1s4f state too) shows a very strong variation with collision energies, approaching statistical levels at
higher energies.

For C>* + H, theoretical CTMC [30] studies assumed a statistical population of the triplet and
singlet states to reproduce previous experimental data [33]. By comparing X-ray and EUV spectra
of collisions between C>* and H,, Suraud et al. [33] were able to directly measure the ratio between
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capture into the triplet and singlet 1s4p states. They measured a population ratio of 3.7 at a collision
energy of 4.3 keV/amu, which is in the range of statistical triplet-to-singlet ratios just as our results for
collisions with H,O. Experiments with lower charged ions (O%t, N**) and H and H, showed that at
collision energies below 1 keV/amu, the triplet-to-singlet ratio changes significantly with decreasing
collision energy [34,35]. However, electron capture by these ions mostly populates lower levels
(n = 3) where the difference in binding energy between states with the same n¢ quantum numbers but
belonging to either the triplet and singlet system is relatively large. These energy differences on their
turn affect the radial coupling strengths and thus the cross-sections.

Recent MCLZ calculations [22,36] however calculated the nf state population of the triplet
and singlet states without spin-statistical weights added to the capture channels for collisions on
closed shell targets such as Hy, He, and H,O. Using those population cross-sections for C°* on H,O
collisions as made available through the KRONOS package!, we compare the experimental and MCLZ
triplet-to-singlet ratios in Figure 3. In line with the experiment the model predicts the 1s4s 4 154d
triplet-to-singlet ratio to be constant with velocity at collision energies between 0.1-10 keV/amu.
However, the predicted ratio is much lower (T'S; = 1) than our experimental ratio, which approaches
the statistical value of 3.

Our TS5 (1s3d + 1s4f) ratio increases from roughly 1 at 0.1 keV/amu to 3 at 10 keV/amu, a trend
different from the MCLZ predictions. Multiplying the MCLZ data by 3 yields a value more similar
to our measurements, in particular at higher energies. This implies that the decision not to include
manually spin statistics into the MCLZ calculations might need to be revisited. The MCLZ model is
basically a one-electron model which only takes into account the binding energy of the least bound
target electron and the final state binding energies, and during the collision no direct interaction with
other target or projectile electrons is considered. Therefore, assuming spin-statistical weights as done
for one-electron targets (H, or alkali atoms) might be appropriate.

Total charge-changing cross-sections for C>* +-H,O collisions have been measured by Mawhorter
et al. [29] who found a charge-changing cross-section of (42 +3.2) x 10716 cm? at 2.92 keV/amu,
significantly larger than the one-electron capture cross-sections measured by us at comparable energies,
which by interpolation would be (25 & 6.6) x 10~1¢ cm?. We attribute this difference to auto-ionizing
double electron capture (ADC) processes. As discussed in Section 3.4, such processes lead to population
of 1snl with n = 1,2 states, population of which cannot be directly detected with our experiment.
We note that a value of ~ 0.6 for the ratio of ADC to single electron capture for C>* + H,O is
comparable to similar collision systems (cf. [26,33,37,38]). It is of note that the cross-section for
ADC (17 x 1071 cm? from the difference between our total one-electron capture cross-section and
the reported charge-changing cross-section) is three times larger than the double charge-changing
cross-section of (6 4= 1) x 1071® cm? reported by Mawhorter et al. [29]. This cross-section is likely to
stem by and large from population of long-lived 1s2/? configurations. In addition, autoionization
following triple electron capture contributes to the double charge-changing cross-section (cf. [26]). The
MCLZ calculations by Mullen et al. [22] of the total one-electron capture agree reasonably well with
our measurements, while the CTMC predictions by Liamsuwan and Nikjoo [31] are a factor of 5 larger
than our total single electron cross-section.

5. Conclusions

We have conducted laboratory measurements of charge-exchange reactions between
hydrogen-like C>* ions and water molecules. We have deduced velocity-dependent emission
cross-sections for the Cv K-series and total single electron capture cross-sections for collision energies
typical for the solar wind (0.1-4.0 keV/amu, or 170-979 km/s).

1 https:/ /www.physast.uga.edu/research/stancil-group /atomic-molecular-databases / kronos.
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Our results demonstrate that capture occurs mostly into the n = 4 shell and that the resulting
EUV spectrum changes significantly with collision velocity. We derived two independent measures of
the triplet-to-singlet ratio that have very different velocity-dependent behavior: the triplet-to-singlet
ratio of capture into the 1s4s and 1544 states is seemingly constant over the range of energies covered
here, whereas the ratio between capture into the 1s3d and 1s4f states increases from 1.3 to 2.8.

We also used our data to determine total one-electron capture cross-sections. Comparing our
results to a charge-changing measurement, we conclude that about 40% of the single charge-changing
reactions are due to multi-electron processes, similar to what is seen in comparable collision systems.
These processes may contribute to the population of the n = 2 level, which in turn will result in
a different hardness ratio than is predicted based on pure single electron capture alone (such as done
here). No single experimental technique can capture all the aspects of charge-exchange reactions,
and our results emphasize the need for future experiments to combine multiple particle-detection
techniques and spectroscopy at different wavelengths.

As demonstrated here, spectroscopy in the Extreme and Far Ultraviolet wavelength regime
samples a large part of the relaxation cascade and can provide access to state-selective capture
cross-sections and to triplet and singlet ratios, as it does not rely on the detection of forbidden
transitions. For space applications, these wavelengths also provide access to charge-exchange emission
from the most abundant ions in the solar wind, including protons, helium, and oo,
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Abbreviations

The following abbreviations are used in this manuscript:

ADC Auto-ionizing Double Capture

CTMC Classical Trajectory Monte Carlo

CXE Charge-Exchange Emission

ECRIS  Electron Cyclotron Resonance Ion Source
EUV Extreme UltraViolet

MCLZ MultiChannel Landau Zener

SEC Single Electron Capture
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