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ABsTrRACT. Charge-exchange recombination with neutral atoms significantly influences the ionization
balance in electron beam ion traps (EBIT) because its cross section is relatively large compared to
cross sections of electron collision induced processes. Modeling the highly charged ion cloud requires
the estimate of operating parameters, such as electron beam energy and density, the density of neutral
atoms, and the relative velocities of collision partners. Uncertainty in the charge-exchange cross
section can dominate the overall uncertainty in EBIT experiments, especially when it compounds with
the uncertainties of experimental parameters that are difficult to determine. We present measured and
simulated spectra of few-electron Fe ions, where we used a single charge-exchange factor to reduce the
number of free parameters in the model. The deduction of the charge-exchange factor from the ratio of
Li-like and He-like features allows for predicting the intensity of H-like lines in the spectra.
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1 Introduction

Highly charged ions created in hot plasmas, both astrophysical and laboratory, produce a wealth
of important diagnostic transitions. Spectra from these ions address questions ranging from star
formation and turbulence in clusters of galaxies to temperature and chemical composition of confined
laboratory plasmas [1-4]. Extracting valuable information from these spectra relies on using accurate
atomic data in plasma modeling codes.

Electron beam ion traps (EBITs) are small-scale laboratory devices that create and trap highly
charged ions for spectroscopic studies. The tuneable quasi-monoenergetic electron beam, which
allows for charge state and excitation selectivity, makes this a powerful device well-suited for studies
of electron impact excitation, ionization, radiative and dielectronic recombination, and identification
of transitions from highly charged ions [5-7].

The combination of a highly controllable EBIT, with accurate modeling of emission of the
non-Maxwellian plasma (e.g. [8, 9]), allows for the determination of important atomic data such as
wavelengths, line intensities, and cross sections. These are used to benchmark, test, and improve
plasma models of astrophysical and laboratory sources [10-12].

Modeling the EBIT plasma requires the understanding of underlying atomic processes that
affect the spectral emission and the charge state distribution of the ion cloud. The charge state
balance between ions is determined by a set of rate equations that connects the number density of
ions via charge-changing interactions. These atomic processes decrease (recombination) or increase
(ionization) the charge state of the ions through elementary collisional interactions with free electrons



of the electron beam, with other ions in the ion cloud, and neutral background atoms in the trap region.
Conditions in the trap determine the relative importance of these processes. The general form of the
rate equation connecting the different charge states takes the form of (see e.g. [13, 14]):

% =Je (Nie1oly = Nio] + NiwaRy = NioR) 0 (Nia (o Svp)ia = No ™oy (L)

In eq. (1.1) J. = n.v denotes the electron current density, and N;,1, N;, and N;_; are the ion
number densities of neighboring charge states. o/ represents the sum of cross sections corresponding
to the collection of different ionization (I) processes including electron impact ionization (EII) and
excitation followed by autoionization (EA). oR is the sum of cross sections for electron recombination
(R) processes, like radiative recombination (RR) and dielectronic recombination (DR). In eq. (1.1)
only single charge changing processes are assumed, although multiple ionization and recombination
processes can also be included in a straightforward way.

In an EBIT charge exchange (CX) recombination occurs between ions and neutral atoms with
number density ng. lon-ion recombination has a small cross section due to the strong repulsion between
highly charged ions. charge exchange is a critical factor in the determination of the charge state balance.

In the last two terms of eq. (1.1) the relative velocity of the ions and neutral atoms, v, is difficult
to estimate, and the charge exchange cross section, o, has a large theoretical uncertainty. (cXv,.);
denotes the product of these two quantities averaged over the distribution of relative velocities. The
large uncertainty associated with this factor poses a problem for the intensity analysis of emitted
spectra [12, 15-18].

The temporal evolution of ion charge states in the EBIT has been a subject of several studies
since the early days of EBIT research. Penetrante [14] performed ion extraction measurements
and developed a model to calculate the time evolution of the ion charge states. Penetrante’s code
has been the basis of several early investigations and other groups later developed more up-to-date
versions [13, 17, 19]. Estimating the values of EBIT operating parameters and the charge exchange
rate remains the main challenge in these works.

In this paper, we will look into the problem of charge exchange with neutral atoms in the EBIT
for the analysis of high energy-resolution, broadband, few-electron Fe x-ray spectra. We show that the
combination of the charge exchange and electron beam related operating parameters can be reduced to
a single factor that can be determined by comparing measured and calculated regions of spectra that
include Li-like and He-like transitions. The factor can be applied to the detailed collisional-radiative
analysis of H-like line intensities with good agreement between simulated and experimental spectra.
Modeling of the EBIT plasma allows for the extraction of important atomic data, such as electron
impact cross sections, from the measurements.

2 Experimental details

An extensive description of the vertically oriented versatile light source, NIST EBIT, can be found
in [20]. The device is a cylindrically symmetric system used to produce and trap highly charged ions.
It has three main components: the electron gun, drift-tube (trap), and collector assemblies. In the
EBIT, a quasi mono-energetic electron beam is emitted from a curved, 3 mm diameter, barium-doped
cathode in the electron-gun assembly. The electron beam is compressed to approximately 35 pm
radius by a superconducting magnet capable of producing an up to 2.7 T field surrounding the trap.
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Figure 1. TES spectra of Fe ions at five beam energies between 9.21 keV and 18.00keV featuring Li-like
transitions around 1.0keV tol.2 keV, He-like transitions around 6.6 keV to 6.7 keV, and H-like transitions near
7.0keV x-ray energies.

The 10'° cm™3 to 102 cm =3 density electron beam is accelerated toward the trap region that consists
of three cylindrical drift tube electrodes capable of floating up to 30kV voltage.

During highly charged Fe measurements, low-charge state ions are injected from a metal vapor
vacuum arc (MeVVA) ion source [21] into the trapping region, where they are further ionized to
highly charged states by electron impact ionization. The relative voltages placed on the three drift
tube electrodes are used to trap the ions electrostatically in the axial direction. The lower drift tube
is generally set to +500 V above the middle drift tube, and the upper drift tube is set to +250 V
above the middle drift tube.

The potential difference between the cathode in the electron gun and the middle drift tube in the
trap defines the nominal electron beam energy. The space charge offset [22, 23] lowers the nominal
electron beam energy, and can be experimentally determined by comparing measured and theoretical
spectra at beam energies where resonant processes take place. The details of such measurement
for Fe spectra are included in [7], where the space charge corrected beam energy was determined
to an uncertainty of 10eV.

Experimental spectra presented in figure 1 were taken at five nominal electron beam energies
between 9.21 keV to 18.00 keV in the 500 eV to 10 keV photon energy region with an x-ray energy reso-
lution of about 5 eV throughout. The spectra were recorded with a 192-element x-ray microcalorimeter
array based on transition-edge sensors (TES) [24]. Calibration was performed using K-alpha emission
lines of Mg, Al, Fe, Co, and Ni produced by an external fluorescent source. Spectral lines near
1.1 keV mainly originate from Li-like ions. The well-known He-like and H-like transitions are seen
at around 6.70keV and 6.95keV respectively.



3 Analysis of EBIT spectra

3.1 Line intensity ratios

In EBIT spectral analysis, line intensities are crucial for line identification, particularly in regions
where spectral lines overlap or are close to each other (e.g., [5, 25]). The accurate determination of
relative EBIT line intensities is also essential for measuring electron impact cross sections, where
experimental intensity ratios, combined with theoretically calculated parameters, enable the evaluation
of cross sections (e.g., [10-12]).

The intensity / of a measured spectral line can be expressed as

I =N;PA(C,Cy), 3.1

where [ is proportional to the number of ions in the relevant charge state V;, the population fraction
P of these ions in the upper level of the atomic transition, and the transition probability A for
decay to a lower level.

The unidirectional electron beam within the EBIT might produce anisotropic and polarized
emission [26, 27], therefore, transition dependent factors can be collected into a correction factor
(Cy), and detector related effects, such as spectrometer transmission, detector efficiency, and the solid
angle can also be included in a separate correction factor (Cy).

N; can be determined by the rate equation (eq. (1.1)), and the population fraction P can be
calculated by collisional radiative codes specialized for the non-Maxwellian electron energy distribution
of the EBIT, such as the NOMAD package [8] or the Flexible Atomic Code (FAC) [28]. They generally
include excitation and cascade processes between energy levels of the ion or even those of neighboring
charge states (e.g. via autoionization and recombination processes). The atomic data that goes into the
transition, excitation, and recombination rates can come from reliable atomic structure codes, such
as FAC itself [28] or the GRASP2K multi-configurational Dirac-Fock package [29].

Using eq. (3.1) the intensity ratios of two spectral lines (1 and 2) can be calculated as

I _ (N1P1A1) (Ctlcdl)

- (3.2)
I, \N2P2Ay ) \Cp2Ca2

Simplifications can be applied for example when the upper levels of the transitions are the same
(P1 = P»), or if the transitions originate from the same charge state and are close in energy (C4; = Cy2),
etc. In general, for well-calculable atomic transitions the main uncertainty in the calculated line
intensity ratios comes from the limited knowledge of the physical quantities in the rate equation eq. (1.1).

3.2 Parameters of the rate equation

In eq. (1.1) the electron current density J., the density of neutral atoms ng, the relative velocity

between ions and neutral atoms v, and the charge exchange cross sections %

are physical quantities
that are difficult to estimate. Even with a well-designed neutral gas injection system that allows
for the precise injection of atoms into the EBIT [30], the neutral density is difficult to determine
and the theoretical calculations of the charge exchange cross sections of highly charged ions carry
large uncertainties [15, 17]. Line intensity ratios of eq. (3.2) depend on these factors through
eq. (1.1); therefore the comparison of measured and calculated values is limited by the estimation

of these physical parameters.



The key concept in our analysis is that in evaluating line intensity ratios the unknown set of
physical quantities can be reduced to a single factor that can be experimentally determined from the
spectra. To show this, we begin by noting that, in equilibrium, the rate of change from charge state i
to charge state i + 1 is equal to the rate of change from charge state i + 1 to i:

R

I CX -
nevN;io; = nevNiy10;, + noNip1 0,7 Vy 3.3)

In (3.3) v, is the average neutral relative velocity inferred from (1.1). Rearranging equa-
tion (3.3) leads to
novrolY  Ni g

= o — 0
i i+1
nev Niv1

(3.4)

For transitions where the upper level is predominantly populated by electron impact excitation
(as opposed to radiative cascades) the ratios of the number of ions in neighboring charge states
can be expressed as
2 el
N; I7 0!
1 — 1 i+l (3'5)

. 1 e2
Nl+1 Ii+10-i

Ineq. (3.5) a'l.ej represent the excitation cross sections that populate the upper level of transition
j in charge state i, and Il.j is the intensity of the emitted spectral line.

Taking the example of Li-like and He-like transitions, combining eq. (3.4) and eq. (3.5), the
line intensity ratios simplify to

2 = CcX e2

Iy [noveoy r| ! 94 (3.6)
I - nav He ol el :
He e Li ~ He

Depending on the particular purpose of the investigation eq. (3.6) can be used to theoretically
predict line intensity ratios, determine cross sections from measurements, or estimate physical
parameters of the EBIT. The term that generally carries that largest uncertainty in eq. (3.6) is no‘;;—‘:‘cx
This is because of the large individual uncertainties associated with the hard-to-determine EBIT
parameters, like the electron and neutral atom densities, the relative velocity of atoms and ions, and

the charge exchange cross section itself.

5 CX

Eq. (3.6) can also be used to express % and determine the value of the combination of these
physical quantities more precisely than what the individual uncertainties would allow. The expression
can be made more simple if we write the charge exchange cross section as a scaling constant o X

and a factor QCX(qi) that only depends on the g; charge of the capturing ion.
- CX
nov,o X
———0%(q1) 3.7)

NeV

S CX . . :
2T determined from the ratio of one pair of
e

This expression is useful because the constant
lines, can be applied to other pairs regardless of their charge states, provided that 0% (g;) is known.
From eq. (3.6) the uncertainty of this factor depends on the experimental uncertainty of the ;—; line
intensity ratio, the uncertainties of the calculated electron impact cross sections, and the uncertainty
associated with the Q% (g;) ion charge dependence of the charge exchange cross section. With the
appropriate choice of transitions, the first two can be minimized, and the assessment of Q% (g;)

can either be made theoretically or experimentally.



3.3 Charge exchange cross section

At NIST, collisional-radiative modeling of EUV and x-ray spectra for EBIT has been developed
through numerous investigations over nearly two decades. The NOMAD non-Maxwellian code [8]
is capable of time-dependent and equilibrium emission calculations by solving rate equations of the
type of eq. (1.1) and including many thousand energy levels within the charge states.

For these studies, a simple Q% (g;) = ¢; relationship is commonly used to reproduce both the
spectral features and the charge state distribution of the EBIT ion cloud. The linear relationship,
especially over a narrow range of charge states that the selectivity of EBIT devices provides, has also
been realized in early charge exchange investigations [16, 31].

To further test the validity of this approach and assess the uncertainty associated with it, we
have performed classical trajectory Monte Carlo (CTMC) simulations [32, 33] with the advanced
nCTMC approach to determine the charge exchange cross sections between few-electron charge states
of Fe and different neutral atoms and molecules. In the nCTMC model n electrons are bound by the
sequential molecular orbital binding energies of the neutral collision partner [34-36]. Apart from
single capture (SC), double capture (DC), triple capture (TC), and up to six-fold capture, all have
been calculated and benchmarked by previous measurements. [35, 36].

With regard to multiple captures in a single collision, it was found that multiple electron captures
are generally followed by Auger electron emission cascades, resulting in cross sections that are at
least an order of magnitude smaller compared to those for single capture.

The calculations also provided absolute charge exchange cross section values for the few electron
ions of Fe

g-.CX = O'CX X qi (38)

4

X =071 x 107 cm? (3.9)

where g; is the charge of the ion in units of the elementary charge. Since o is embedded in the "O:{e—tcx
experimental factor, the main result of our charge exchange calculation in this section is the linearity of
the cross section with the charge and the uncertainty that was used in our overall uncertainty estimates.

In general, charge exchange between neutral atoms and ions is an important process in determining
plasma conditions and understanding the emission from both laboratory and astrophysical plasmas [33,
37, 38]. The need for charge exchange cross sections was realized in the 1970’s [39, 40] when early
measurements and empirical formulas were also published [41].

More recently, there has been an increased interest in charge exchange with the discovery of
cometary and planetary x-rays due to the interaction of solar wind ions with neutral gases in these
objects [37, 42, 43]. The interpretation of tokamak fusion spectra also highlighted the impact of
charge exchange, as the intensity of He-like lines, which have potential diagnostic use, was found
to strongly depend on the process [44].

Despite the need for cross sections by various fields, accurate values are generally not available
for the charge states and species involved in plasma emission observations. Uncertainties of the
charge exchange cross sections largely limit the understanding of the physics of these environments

including laboratory measurements using EBITs. The use of the experimental charge exchange factor
5 CX

nov, o
NeV

cross section when calculating relative line intensity ratios.

in spectral analysis alleviates the need to know the absolute value of the charge exchange



4 Uncertainty estimates

S CX
Extracted from eq. (3.6) the uncertainty of the ““~“— charge exchange factor depends on the
uncertainties of the calculated or tabulated electron impact cross sections and the experimental

precision of the chosen line intensity ratio.

4.1 Radiative recombination

RR cross sections were derived from photoionization cross sections using the detailed balance principle
and are the most straightforward to calculate with high accuracy compared to other electron-impact
collision processes. The results of theoretical calculations for the photoionization of neutral atoms
agree within 3% with measured values [45], and are anticipated to be better for highly-charged ions [46].
We have assumed 3% for the relative uncertainty of the RR cross sections in our Fe calculations.

4.2 Electron-impact excitation (EIE)

EIE cross sections were calculated using the FAC package based on the relativistic distorted-wave
5 CX

nov, o
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approach [9]. In evaluating the uncertainties due to the EIE for the determination of we
note that in eq. (3.6) only ratios of excitation cross sections appear. As a result, large uncertainties
that can hinder absolute EIE cross section determinations cancel out. For example, the oscillator
strengths calculated with FAC for both H-like and He-like ions are higher than previously reported
state-of-art theoretical calculations [47-50]. Scaling the absolute cross-sections with accurate oscillator
strengths is a common practice and in our case, it was also used to estimate the uncertainty of the
excitation cross section ratios. We have found that for the Li-like, He-like, and H-like ground state
transitions in our study, including contributions related to the accuracy of the wave functions, the

overall uncertainty is less than 4%.

4.3 Electron-impact ionization (EII)

EII cross sections were also calculated with the relativistic distorted-wave approach of the FAC
package [9]. For Li-like Fe?** ions, the ionization cross-section was measured at 4.66 keV electron
impact energy [10], and agrees with our calculated value, showing a relative deviation of less than 3%.
Our experiments were conducted at energies well above this, and since the relativistic distorted-wave
method generally provides better agreement at higher energies, we assume that the uncertainty in
the ionization cross-sections for Li-like ions is within 3%.

For He-like Fe?** ions, the theoretical ionization cross-section values exhibit greater variation
at the beam energies used in the current experiment, as these energies are relatively closer to
the excitation thresholds of the considered transitions. Based on the variation in the theoretically
calculated values [51-54], we estimate the uncertainty to be in the range of 10% to 20% depending
on the method used.

4.4 Line intensity ratios

The uncertainties in the ;—2 line intensity ratios are dominated by the photon count statistics collected
under the peaks chosen for the evaluations. Corrections to the raw intensity values have been considered
in the analysis including uncertainty estimates for these adjustments.



Corrected intensity ratios take into account contributions from anisotropic emission effects as
well as cascades feeding of the upper levels of the transitions involved. Both emission and cascade
effects were determined using detailed simulations performed with the collisional-radiative code
NOMAD including magnetic sublevel atomic kinetics described in our previous publications [55, 56].
The maximum correction we found was less than 6% with an uncertainty of 10% of that value
(0.6% of the intensity ratio).

Further corrections considered were the quantum efficiency of the detector and the x-ray transmis-
sion through the windows of the spectrometer [24]. We have used vendor provided measurements
and uncertainties for the material thicknesses involved and the NIST maintained mass attenuation
coefficient tables for the calculations [57]. The overall uncertainty of the line intensity ratios due
to these corrections is on the order of 0.1%.

5 He-like and H-like Fe

5.1 Charge exchange factor

.o X . . . .
2T experimental factor and its uncertainty for the analysis of the

few-electron Fe spectra in figure 1 we have selected two strong Li-like 15?2s-1s23p transitions of
table 1 in the 1.1keV-1.2keV x-ray region and the well known He-like 15 !So-152p 'P; w line.

For the determination of the

Spectral lines of table 1 have been identified in the spectra of figure 1 and fitted with Gaussian
functions to determine their intensities with the corrections explained in section 4.4 including the
associated uncertainties.

Simulated spectra were generated by the non-Maxwellian collisional-radiative modeling code
5 CX
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described in the preceding section. Experimental and calculated line intensities were normalized

NOMAD [8] at various experimental parameter values, using the electron impact cross sections

5 CX
20T parameter was deduced from the matching
e

intensities of the experimental and calculated Li-like transitions.

to the intensity of the w line. The value of the

Since the charge exchange electron capture can depend on the orbital quantum number (/), three
different models were compared to study the effect of 1-distributions. (i) The CX electrons were
captured directly into the ground state of the recombined ion. (ii) The electrons were captured into the
n = 11 shell and were distributed according to the statistical weights (2/+1) of the / levels. (iii) The
(n, I) populations were set according to the cross sections calculated using the CTMC method. All
”‘)Z’e—‘icx parameter within the experimental statistical uncertainties
of the measured line intensity ratios.

three models resulted in the same

Table 1. Selected transitions of Li-like and He-like Fe [58].

Energy(eV) Transition Ref.
1162.70 Li-like: 15%2s 25% — 1s%3p ZP% [59-61]
1167.60 Li-like: 1s%2s 23% —15%3p 2P% [59-61]
6700.44 He-like: 15> 'Sq — 1s2p 1Py [62]




5.2 Modeling of experimental spectra

With the charge exchange factor determined from the Li-like to He-like spectra, NOMAD simulations
of the He-like and H-like spectral regions of the x-ray emission can be performed. Figure 2 compares
the calculated and experimental spectra between 6600eV and 7000eV x-ray photon energies at
12.00keV electron beam energy. The closely matching relative theoretical and measured spectra

. . . . . vV CX
depicted in figure 2 indicate that the charge state balance calculation based on the *=~2— factor
e
is a viable approach in EBIT spectral analysis.
E FeXXV
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Figure 2. Comparison of theoretical and experimental line intensities for He-like and H-like Fe lines at a beam
energy of 12.00keV. The small mismatch between the measured and calculated H-like Ly« intensities are due
to the theoretical EII cross section of He-like Fe.

The relative theoretical intensity (2.98) and the measured intensity (3.23 + 0.16) of the He-like w
line with respect to the H-like Lya1 line show a slight disagreement. This discrepancy most likely
stems from inaccurate theoretical He-like EII cross-section values used in the model. We believe that
the uncertainties in the experimental line intensity ratios and the experimental factor highlight the
possibility for an improved determination of the ionization cross section of He-like Fe ions.

In the analysis of the Lya? line intensity, a contribution from the magnetic dipole transition (M1)
2512 — lsy, transition also needs to be taken into account. The energy separation between the two
transitions in iron is only 0.03 eV [63], which cannot be resolved in our spectrum.

6 Conclusions

Plasma modeling plays a critical role in interpreting and extracting atomic data from measured
spectra. A fundamental aspect of modeling hot plasmas is understanding the charge state balance.
However, this remains challenging due to the difficulty in determining key experimental parameters,
such as the density of neutral atoms and the relative velocities of the collision partners. In this
work, we simplified the analysis of EBIT spectra by introducing a single unknown parameter into
our model, which allowed us to determine the charge-exchange factor for a few-electron Fe EBIT
plasma across a range of electron beam energies.



To test our approach we analyzed x-ray spectra of highly charged Fe ions recorded by a 192
transition-edge sensor (TES) x-ray microcalorimeter array on the NIST EBIT. By integrating the
charge-exchange factor into a detailed collisional-radiative model, we achieved good agreement
between the simulated and experimental spectra of few-electron Fe. Through a comparison of
measured and calculated line intensity ratios, we quantified the uncertainties involved in calculating the
charge-exchange factor. This not only validates the model, but also enables the precise experimental
determination of the electron-impact ionization (EII) cross section for He-like Fe, owing to the control
of uncertainties throughout the analysis. These results are being published in a separate work [64].
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