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We performed charge exchange experiments with the electron beam ion trap at the Lawrence
Livermore National Laboratory and an x-ray calorimeter spectrometer. We compare the relative
strength of the high-n Lyman series emission for different combinations of ions and neutral gases.
Theoretical predictions show good agreement with experimental data on relative capture cross sec-
tion as a function of principle quantum number n; however, the few published predictions of the
distribution of captures as a function of orbital angular momentum [ do not agree with experiments.
Our experimental results show that the relative strength of high-n Lyman series emission varies
more widely than previous experiments have found and models predict. We find that hardness
ratios from charge exchange with helium and molecular hydrogen are more disparate than charge
exchange with many-electron neutral species, which is likely due to differences in the relative im-
portance of multi-electron capture. We also find that there is no clear scaling of the hardness ratio
with ionization potential of the neutral species, the number of valence electrons in the neutral, or
the atomic number of the ion.

PACS numbers: 34.70.+e, 32.30.Rj, 95.30.Ky, 52.72.4+v

I. INTRODUCTION

Charge exchange (CX), or charge transfer, is a semi-
resonant process in which a highly charged ion captures
one or more electrons from a neutral atom or molecule
during a close interaction. Charge exchange is impor-
tant in setting the ionization balance in laboratory and
astrophysical plasmas, as a spectral diagnostic for fusion
plasmas, in determining the storage time in ion traps
and storage rings, and in antihydrogen production [1-15].
Astrophysically, charge exchange occurs in planetary at-
mospheres and the comae of comets interacting with the
solar wind, and has been hypothesized to occur at the
rim of supernova remnants [16, 17]. Charge exchange
also occurs between solar wind ions and neutrals in the
exosphere and in the heliosphere, which adds variable
foreground emission for every astrophysical observation
from our solar system [18-26]. Astro-H, a JAXA satel-
lite observatory scheduled for launch in 2015, features an
x-ray calorimeter imaging spectrometer that will mea-
sure the first high-resolution x-ray spectra of extended
objects. Correct interpretation of these observations will
require accurate modeling of foreground CX.

In order to model CX spectra, we must know the n- and
l-selective electron capture cross section. Classical treat-
ment predicts a sharp peak in the n capture distribution

at ne ~ q3/4, / II—Z’, where I and I,, are the ionization po-

tentials of hydrogen and the neutral target, respectively,
and ¢ is the ion charge [27]. The n-distribution is gener-
ally well-understood, and many papers show good agree-
ment between theory and experiment for n-selective cap-

ture cross sections, as in Mawhorter et al. [10], Otranto
and Olson [28], Igenbergs et al. [29] and Wu et al. [30].

The [ distribution, which is dependent on collision en-
ergy, is more challenging to model correctly. One can use
classical considerations to determine the electron capture
state: in high-energy collisions, in the limit of strong
Stark mixing, | states are assumed to be populated sta-
tistically, and high [ states dominate [27]. In low-energy
collisions, the electron does not have enough angular mo-
mentum to populate the higher [ states, and statistical
assumptions do not apply. This was verified in, for ex-
ample, Beiersdorfer et al. [31].

The Lyman series x-ray emission is a powerful diagnos-
tic for determining the state-selective capture cross sec-
tion, o,;, in bare ions undergoing charge exchange with
a neutral gas. Electron capture into an [ = 1 state is
dominated by direct decay from n., [ = 1 to the ground
state [32], emitting a n.p — 1s Ly series photon. If the
electron is captured into a high angular momentum state,
it will decay along the Yrast chain in steps of An = —1
and Al = —1, finally yielding a 2p — 1s Ly-a photon.
Therefore, if the electrons are captured following a statis-
tical cross section, the strongest line in the spectrum will
be Ly-a; if the electron capture cross section is largest
for an np state, the n.p — 1s Ly lines will dominate.

The hardness ratio, H, is the ratio of the n.p — 1s to
2p — 1s emission, where n is greater than two, i.e.,
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where F' represents the flux in the denoted transition
lines. The hardness ratio is expected to decrease with



increasing collision energy, since as collision energy in-
creases, so does the cross section for capture into higher
angular momentum states, producing more Ly-a pho-
tons. The hardness ratio can therefore be used as a probe
of the collision velocity, allowing us to measure, for ex-
ample, the velocity of the solar wind. An added benefit
of the hardness ratio is that, in principle, it can be deter-
mined even with medium-resolution detectors that may
not be able to resolve individual high-n Lyman lines, such
as CCDs or high purity germanium solid state detectors
that typically have resolutions on the order of ~100 eV
at 1.5 keV.

Besides the classical over-the-barrier (COB) method
[33, 34], several other more complex charge exchange
models exist which can be used to estimate total or
state-selective cross sections. These include the Landau-
Zener (LZ) method [35], the multichannel Landau-Zener
(MCLZ) approximation [36], the atomic-orbital close-
coupling (AOCC) method, and the molecular-orbital
close-coupling (MOCC) method [37, 38]. The classical
trajectory Monte Carlo (CTMC) method [39, 40] is the
most widely used approximation, due to its simplicity
and its accuracy, compared to other models, in predicting
experimentally-measured n-state selective cross sections.

COB and CTMC models agree qualitatively with ex-
periments that show a decrease in hardness ratios with
increasing collision velocity [41]. Both models also agree
qualitatively with experiments that show an increase in
capture cross section with increasing ion charge, but have
systematic uncertainties of ~ 25 — 50% when predicting
absolute cross sections [9, 10, 42]. CTMC shows bet-
ter agreement with experiments at high collision energies
(above ~1 keV amu~1), as demonstrated in comparison
with experimental results from fusion plasmas excited
with a very energetic hydrogen or deuterium beam [14].
However, discrepancies between models and experiments
arise at the edge of tokamaks, where cold ions interact
with molecular gas, in electron beam ion traps (EBITs),
where the collision velocity is ~10 eV amu~!, and also
in space, where cometary, exospheric, and heliospheric
neutrals interact with low energy solar wind ions.

The COB and LZ methods do not make predictions
for l-selective capture cross section, and to the extent
that there are measurements of [-selective capture cross
section at low collision energies, especially over a range
of conditions and interacting species other than atomic
hydrogen, theoretical calculations that can incorporate [,
such as CTMC and AOCC/MOCC, show poor agree-
ment with experiments [30, 31, 43-45]. Furthermore,
the commonly used CTMC method cannot incorporate
multi-electron capture (MEC), which becomes important
in the low-energy regime [41, 46].

Several comparisons between theory and experiment
have been made, with varying results. Otranto et al.
[41] demonstrated that while CTMC calculations qual-
itatively agree with EBIT experiments where n. de-
creases for increasing ionization potential, their CTMC
model overestimates the flux in high-n Rydberg transi-

tions following CX onto O8*. Beiersdorfer et al. [31] per-
formed experiments with EBIT-I showing that, contrary
to CTMC calculations, the hardness ratio following CX
with bare Ne, Ar, Kr and Xe was always nearly unity.
Further, the disagreement between calculated and mea-
sured hardness ratios worsened at higher atomic num-
bers. Otranto et al. [47] presented EBIT results involv-
ing O%F demonstrating that the hardness ratio can vary
within nearly a factor of two by varying the neutral gas.
Leutenegger et al. [43] presented EBIT spectra of bare
Ar and P that concurrently underwent CX with the same
neutral gas, and contrary to the trend established in [31]
and also to previous CTMC calculations, the hardness
ratios measured for Ar and P differed by a factor of two.

In this paper, we present experiments that investigate
the dependence of CX line emission on the ionization po-
tential of the neutral gas, the number of valence electrons
in the neutral gas, and the atomic number of the ion. We
probe whether any of these characteristics are predictive
of CX spectral features, and provide empirical data to-
wards more comprehensive and quantitatively accurate
models.

II. EXPERIMENTAL METHOD

The measurements presented here were performed with
the EBIT-I electron beam ion trap at the Lawrence
Livermore National Laboratory [48, 49]. The spectra
were measured using the EBIT calorimeter spectrometer
(ECS) [50, 51]. The ECS is a non-dispersive spectrom-
eter developed at NASA/Goddard Space Flight Center
with quantum efficiency of nearly unity over a large band-
width. The 30-pixel array of silicon-doped thermistors is
divided into a mid- and a high-energy array of 16 and
14 pixels, respectively, which together have a dynamic
range of 0.05-100 keV. The experiments discussed here
made use of the mid-band array, which has an energy
resolution of ~4.5 eV at 6 keV.

The ECS has four internal aluminized polyimide filters
used to block optical and thermal radiation at tempera-
ture stages of 77 K, 4 K, 300 mK, 50 mK, with a total
aluminum thickness of 1460 A and total polyimide thick-
ness of 2380 A. In addition, we used a 500 A polyimide
window outside the ECS dewar to isolate the ECS vac-
uum from the EBIT vacuum. These thicknesses have
been experimentally verified to an accuracy of ~10%.

Fundamentally, the EBIT operates in one of two
modes: electron trapping mode and magnetic trapping
mode. In electron trapping mode, after neutral species
are injected into the ion trap, they are collisionally ion-
ized by the electron beam, then confined in the trap.
The ions are radially confined due to the electrostatic at-
traction of the electron beam, and axially confined by a
voltage potential applied across three copper drift tubes.
Typical thermal energies of trapped ions are ~10 eV
amu~! at typical beam currents of > 130 mA and trap
potentials of > 100 V [52], and typical ion densities in



the trap are ~ 3 x 10° cm™3.

For a charge exchange experiment in the EBIT-I, first,
ions are created during electron trapping mode, with the
electron beam turned on for typically about 0.5 seconds
to generate a sufficient number of bare ions of mid-Z
elements. Next, in magnetic trapping mode [53], the
electron beam is turned off and the ions are radially
trapped by the 3 T magnetic field of the superconducting
Helmholtz coils and the electric field of the drift tubes,
so that the EBIT is effectively a Penning trap. The ions
gain electrons and emit X-rays through CX with the neu-
tral species introduced into the trap. Since the beam is
off, no excitations due to electron impact occur. Filling
the K shell of most of the trapped bare ions takes about
0.5 seconds. After this occurs, the trap is dumped and
the cycle is repeated. It typically requires several hours
to accumulate sufficient statistics for each experiment.

We performed charge exchange experiments for the fol-
lowing ions and neutral gases: Mg'?*+CO,, Mg'?* +Ho,
Mg'?*4+He, Mg'?t+Ne, CI'"t4+CyH,Cly, CI'+4He,
Ar'®*t4Ar, St 1 He, and S'®t+SF¢. In the Mg ex-
periments, there were contaminant ions present in the
trap, including P, S, Si and Ar, which entered from a
port on EBIT that was open in order to perform crys-
tal spectrometer measurements. We did not observe any
significant effect from these contaminants in the spectra,
other than the presence of their K shell emission lines.
The charge exchange cross section for ion-ion interac-
tions is negligible. We verified that the x-rays recorded
were nearly all from interactions of trapped ions with
the chosen neutral gas, and not with background gases
in the trap, by reducing the neutral CX partner gas injec-
tion pressure to zero while holding all other experimental
parameters constant. From contemporaneous measure-
ments, we estimate that the background CX rate for the
Mg experiments was about 10% of the experimental CX
rate; for all other experiments the background rate is on
the order of 1%.

III. ANALYSIS AND SPECTRA

We fit Lyman series lines from H-like ions, assuming a
Gaussian instrumental function [54]. We used reference
energies calculated with the Flexible Atomic Code (FAC)
[55]. We accounted for partial line blending where two
transitions from different ions could be disentangled due
to differing energy centroids. In a few cases, however,
ion line flux could not be separated from other lines due
to contaminants with transitions that overlapped with
the lines of interest: for example, Mg''™ Ly-v is nearly
coincident with the strong Si'?*t 1s2s 357 — 1s2 1S
transition. In order to account for this in our hardness
ratios, we determined a lower limit assuming zero flux in
Ly-v, which appears in the text of table I and figures 4
and 5, and an upper limit by including the entire blended
line, mentioned in the caption of table I. In the absence of
independent measurements of the Si lines, we assert that

the lower limit is the more realistic one; the Si forbidden
line in CX is more likely to be stronger than the Mg+
Ly-7v line.

We corrected the observed flux for attenuation from
the optical and thermal blocking filters as well as frozen
contaminants on the filters, which we believe is either or
both of water ice or nitrogen gas frozen on the 77 K fil-
ter, or nitrogen gas frozen on the 4 K filter. Since the
photoelectric absorption cross section scales very nearly
as E73, either substance would produce the same trans-
mission curve at energies above the oxygen K threshold,
assuming a given optical depth at a given energy. There-
fore, we make a fiducial assumption that the contaminant
is water ice. We determine the thickness of water ice us-
ing the decrement in the ratio of the O Ly-a to Ly-g line
strengths in electron impact excitation experiments com-
pared to the measured ratio of 6.25 in the limit of high
incident electron beam energy [56]. The oxygen measure-
ments were taken regularly during the experiments. The
inferred fiducial ice layer thickness was typically ~1 pm,
which corresponds to a line flux correction of ~10-20% in
the Mg Ly band from 1300-1900 ¢V, and ~1% for the S,
Cl, and Ar experiments with line energies above ~2400
eV. This corresponds to a maximum effect on the ratio
of Ly-n:Ly-a of ~10% for the Mg experiments and ~1%
for the S, Cl, and Ar experiments.

Selected spectra are presented in figures 1-3. Lyman
lines refer to the hydrogen-like ion emission; “K” lines
refer to He-like ion emission. K lines can be used for
various diagnostics, but in this paper we focus on the
Lyman emission. Hardness ratios and other diagnostic
ratios for all experiments are summarized in table I and II
in the appendix. Individual line fluxes are also presented
in the appendix.

IV. DISCUSSION

The hardness ratios determined for the experiments
presented here span a larger range than previous experi-
ments have shown, and can deviate widely from CTMC
calculations, as can be seen in figure 4. In earlier CX
experiments using trapped ions, the hardness ratio mea-
sured at low collision velocity was often ~1 [31, 41, 57—
60]. All experiments in this work were performed at sim-
ilar collision energies of < 25 eV amu~! [56], but the
hardness ratios vary between ~0.5 to ~2.6. This demon-
strates that the contribution from the np capture cross
section, as normalized to the total capture cross section,
occupies a broader range than previously supposed; the
initially surprising variation in H between bare Ar and
P as shown in [43] seems to be less of an anomaly than
formerly thought.

One might expect to see H scale with the atomic num-
ber of the ion (as CTMC calculations in [31, 32] show),
the number of valence electrons in the neutral, or the
ionization potential of the neutral. For example, Ali
et al. [61] notes that SEC (single electron capture) from
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FIG. 2: Spectra from bare Mg undergoing CX with four different neutral gases. Relevant transitions, along with background

ions, are labeled.
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FIG. 3: (Color online) S'®* and He charge exchange. Note the extremely strong 8 — 1 transition (Ly-n), identified in red.

a neutral with a large ionization potential would require
a smaller impact parameter, leading to a low [ state of
the captured electron. However, our results also show
that there is no clear scaling between the [ distribution
of captures and any of the aforementioned parameters,

as can be seen in figures 4 and 5.

The fact that we do not see a scaling of H with the ion-
ization potential in particular may stem from the relative
dominance of SEC versus MEC. As pointed out by Ali
et al. [61], MEC produces multiply charged ions that au-
toionize until reaching a lower n, [ state that radiatively
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FIG. 4: (Color online) Hardness ratio as a function of the

atomic number of the ion. All experiments were performed

at less than ~25 eV amu~!.
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FIG. 5: (Color online) Hardness ratio as a function of the
ionization potential (left) and the number of valence electrons
(right) of the neutral gas. Colors and symbols represent dif-
ferent bare ions: Mg in black circles, Cl in red squares, Ar
in green stars, S in blue upward-pointing triangles, and P
in cyan downward-pointing triangles. The neutral species is
indicated on the plot.

decays. This leads to fewer high-n Lyman lines and thus
a smaller H. In our experiments, we find that charge
exchange with helium as the neutral partner shows an
especially high H. This is likely due to a high percentage
of single electron capture, as Ali et al. [61] demonstrated,
in addition to the high ionization potential of He. How-
ever, we measure a low H (~0.5) for experiments with
molecular H, even though one would expect SEC to be
dominant for Hs.

We suggest that in the case of SEC, the differences
we measure in hardness ratio from CX with otherwise
similar neutrals stem from inherent differences in the np
cross section of those species. These differences can likely
only be understood in the context of a rigorous quantum
mechanical treatment of the interaction, which must be
guided by further experimental benchmarks.

The large variation in hardness ratio we have shown
from charge exchange experiments performed at low col-
lision energies, in comparison with both previous work in
the literature and theoretical calculations using models
such as CTMC, demonstrates that open questions still
exist in determining the [-selective CX capture cross sec-
tion distribution, and therefore the resulting x-ray spec-
trum and its accompanying diagnostics. This is an is-
sue that is imperative to address now, so as to properly
interpret the high-resolution spectra from the Astro-H
x-ray satellite observatory and high-resolution x-ray mi-
crocalorimeters to be implemented on future space mis-
sions.
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TABLE I: This table summarizes the normalized H-like series line strengths and hardness ratios for the experiments presented in the text. Filter transmission-
and ice-corrected line strengths are normalized to the sum of Ly-a 1 and 2. Uncertainties are one-sigma statistical errors. The flux ratio for Ly-a 1:2 was set
to two in the model fits for the Mg experiments, but for the other experiments this ratio was allowed to vary and is presented in the table. The line strengths
listed for the Mg'?* Ly-v lines are upper limits, including both the flux in the Mg Ly-v line as well as the Si'?t 1s2s 351 — 1s% 1Sy overlapping transition.
The hardness ratios listed for the Mg'?tTexperiments are calculated assuming the lower limit, i.e. zero flux in this blended Mg Ly-v line. The upper limits on H,
which use the upper limit flux in Ly-v, are the following: Mg'?*+ COs: 0.90540.063, Mg'*>* 4 He: 6.446+£0.832, Mg'** + Ha: 0.84640.087, Mg'?T+ Ne: 0.623+0.076.

Transition Mg"?*T+ CO2 Mg'?T+ He  Mg'?t+ Hs Mg'?T+ Ne Pt 4+ He St 4 He S 4 SFs Cl'""+ He CI'"4 CoH4Cly  Ar'8t4 Ar
1s—3p 0211 £0.022 0.610 + 0.099 0.184 & 0.033  0.227 4+ 0.040 0.281 £ 0.075 0.32 £ 0.12  0.203 £ 0.070  0.239 = 0.050  0.227 £ 0.030  0.204 =+ 0.020
1s —4p  0.167 £ 0.020 3.86 + 0.28  0.337 4 0.044  0.133 4+ 0.022 0.285 & 0.076 0.155 + 0.022  0.082 + 0.016  0.253 & 0.051  0.066 + 0.014  0.084 + 0.012
1s—5p  0.058 £ 0.011 0.319 + 0.073 0.063 & 0.011  0.044 4 0.015 0.210 & 0.057 0.114 + 0.019  0.053 £ 0.011  0.150 £ 0.034 0.0399 =+ 0.0052 0.0528 =+ 0.0091
1s—6p 0.064 £0.012 1.41 £0.16 0.063 & 0.012  0.095 & 0.015 0.120 = 0.032 0.069 + 0.013 0.0527 £ 0.0082 0.078 £ 0.015 0.0449 =+ 0.0059 0.0466 =+ 0.0087
1s—7p  0.169 £ 0.020 0.053 + 0.043 0.146 & 0.026  0.030 & 0.018  0.82 £ 0.18  0.213 + 0.028 0.0162 + 0.0050 0.037 + 0.017 0.0249 + 0.0056 0.0272 + 0.0042
1s —8p  0.229 + 0.024 0.072 + 0.039 0.036 & 0.014  0.080 &+ 0.014 0.092 £ 0.036 1.74 + 0.14  0.0291 + 0.0078  1.60 + 0.22  0.0262 + 0.0064 0.0169 + 0.0040
1s —9p 0.0054 £ 0.0078 0.074 % 0.052 0.0133 = 0.0050 0.0084 & 0.0041 0.059 = 0.029 0.0125 + 0.0089 0.111 £ 0.019  0.026 £ 0.026 0.0184 =+ 0.0072 0.0016 =+ 0.0039
1s —10p 0.0028 =+ 0.0054 0.048 + 0.052 0.0031 4 0.0063 0.0059 + 0.0090 0.003 £ 0.013 0.0330 + 0.0062 0.165 + 0.024 0.0001 £ 0.0097 0.0130 + 0.0099 0.181 + 0.019
Ly-a 1:2 2.19 £ 0.36 2.22 4 0.45 1.16 + 0.27 1.26 + 0.19 1.41 £ 0.19

H 0.738 £ 0.054 2.581 £ 0.376 0.509 + 0.059  0.490 & 0.065 1.868 & 0.374 2.660 £ 0.265 0.714 + 0.116  2.383 £ 0.307  0.460 & 0.047  0.614 % 0.041

TABLE II: This table presents the normalized He-like series line strengths for the experiments presented in the text except for Mg''*+ Ne, which had significant
line blending in the Mg forbidden (z), intercombination (y and z), and resonance (w) lines with Ne®T. Filter transmission- and ice-corrected line strengths are
normalized to w. Uncertainties are one-sigma statistical errors. Also presented are the He-like line ratios defined in [62]: R = F./(Fo + Fy), G = F, + Fy + F./F.,
an alternate quantity giving the triplet-to-singlet capture ratio, G’ = (F, + Fyy + F.)/(Fw + F34), the He-like hardness ratio H = F3/(F»), and a ratio introduced in
[43], H' = F34/F,. F represents the flux in the denoted transition lines.

Transition Mg"'*+ COy Mg''*+ He Mg''t+ H, St 4 He ST SFs CI'"+ He CI'F"4 CoHuCla  Ar'"t+ Ar

z 1.53 £ 0.16
x/y 1.23 £0.14
0.219 £ 0.043
0.184 £ 0.040 0.56 £ 0.14 0.209 £ 0.036
0.108 £ 0.024 0.47 £ 0.11 0.125 £+ 0.026

3.71 £ 0.59
1.28 £ 0.24
0.71 £ 0.16

2.90 £ 0.24
0.861 £ 0.092
1s —3p 0.347 £+ 0.051

1s —4p

5.12 £ 0.25
1.777 £ 0.098
0.349 £+ 0.030
0.216 + 0.023
0.176 £+ 0.026

1.60 £ 0.12
1.61 £ 0.12
0.231 + 0.031
0.117 £ 0.021
0.065 + 0.023

5.82 £ 0.38
223 +£0.21
0.450 £ 0.051
0.307 £ 0.038
0.141 £ 0.023

1.520 £ 0.096
1.65 £0.14
0.185 £ 0.024
0.107 £ 0.018
0.062 + 0.013

1.889 + 0.084
1.39 +£ 0.18
0.296 + 0.022
0.135 £ 0.014
0.076 £ 0.010

1s — bp
0.090 £ 0.024 0.145 + 0.086 0.030 £+ 0.011 0.141 4+ 0.018 0.0411 £ 0.0059 0.112 4+ 0.022 0.0440 £ 0.0089 0.0616 £ 0.0092
0.114 £ 0.029 0.42 £ 0.12 0.029 £ 0.012 0.160 &+ 0.019 0.0152 £ 0.0061 0.220 & 0.033 0.0212 £ 0.0047 0.0290 £ 0.0057
0.315 + 0.098 0.018 £ 0.018 0.0050 + 0.0053 0.0244 4+ 0.0078 0.0669 + 0.0095 0.0137 £ 0.0047 0.0287 £ 0.0060
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