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Abstract: The X-ray spectra of L-shell transitions in Neon-like Xenon ion (Xe***) have been precisely
measured at the Shanghai Electron-Beam Ion Trap using a high-resolution crystal spectrometer.
Focusing on the line-intensity ratio of the 3F {2p®-(2p°; 351 /2) j=1} and 3D {2p®-(2p°323d5 /2)j=1} lines
(8F/3D), our measurements have achieved remarkable precision improvements over the previous
studies. These spectra have been simulated using the collisional-radiative model (CRM) within the
Flexible Atomic Code, showing good agreement with the measurements. The previously reported
discrepancies, approximately ranging from 10% to 20%, have been significantly reduced in this work
to below 1.4% for electron-beam energies exceeding 6 keV and to around 7% for lower energies.
Furthermore, our analysis of population fluxes of the involved levels reveals a very high sensitivity of
the 3F line to radiation cascades. This suggests that the current CRM, which conventionally excludes
interionic population transfer processes, may underestimate the population of the upper level of the
3F line and the cascade-related higher levels, thus explaining the remaining discrepancies. These
findings provide a solid foundation for further minimizing these discrepancies and are crucial for
understanding the atomic structure and plasma model of these ions.

Keywords: EBIT; fusion plasma diagnostics; Neon-like Xenon ions; X-ray spectrum

1. Introduction

In crystal imaging systems of ITER [1-3] and CFETR [4], Xenon (Xe) is chosen as an
externally injected diagnostic probe impurity for the diagnosis of ion temperature and
toroidal plasma velocity [5]. The Ne-like Xe*** exhibits high concentrations across a wide
range of electron temperatures. Its strong 3D {2p6—(2p5 3/23d52)7=1, 2.7203 A [6]} line serves
as a valuable diagnostic tool in the core plasma [7]. Consequently, this ion has attracted
considerable research attention, leading to extensive measurements in various experiments,
including tokamaks [6,8-10], EBITs [11-17], laser plasmas [18-20], and low-inductance
spark devices [21]. Beyond the limitations of current diagnostic capabilities, the Ne-like
Xe*** holds promise for an even broader diagnostic potential [22-24], thereby asking
for more precise atomic parameters and sophisticated plasma models to refine spectral
emission mechanisms.

Ne-like ions, with their fully filled L-shell ground state, exhibit stability across a wide
range of plasma temperatures and can emit exceptionally bright X-ray radiation that is eas-
ily observable. Consequently, the X-ray spectra emitted by these ions have been exploited
for plasma diagnostics in high-temperature plasma, including magnetic confinement fu-
sion [25-28], inertial confinement fusion [29-31], and astrophysical plasma [32-34]. For
instance, the brightest 3C and 3D lines emitted by the Ne-like Fe ion in the Sun and other
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stellar coronal spectra offer great potential for diagnosing density and temperature [35-37].
Nevertheless, the discrepancy between experimental and theoretical 3C/3D oscillator-
strength ratios poses significant obstacles to their diagnostic application [38—42]. These
inconsistencies raised concerns about the accuracy of the emission intensities from Ne-like
ions, prompting extensive research efforts to resolve this problem [43-45]. Recently, Kithn
et al. [46] conducted measurements with high resolving power and an exceptionally high
signal-to-noise ratio, coupled with Voigt fitting to distinguish Lorentzian wings, leading
to the determination of the oscillator-strength ratio and achieved excellent agreement
with high-precision theoretical calculations. This study finally resolves the long-standing
mystery surrounding oscillator strengths in the Ne-like Fe ion and provides valuable
implications for improving the accuracy of experimental line-intensity ratio measurements.

The variation of the 3C/3D oscillator strengths across the Ne-like isoelectronic se-
quence with respect to the atomic number Z provides an avenue to investigate various ef-
fects that contribute to the experimental-theoretical deviations, such as electron-correlation
effects [47-51], population corrections [48,52-54], and polarization [55,56]. Recently, Yang
et al. [14] demonstrated that there is an apparent change in the 3C/3D line-intensity ratio
at approximately Z = 54, attributed to the suppressed collision strength for the upper level
of the 3D line due to strong configuration mixing with the upper level of the adjacent 3F
{2p®-(2p°1/23s1/2)j=1, 2.7288 A [6]} line. That strong mixing is associated with level crossing,
which arises from the diminishing importance of Coulomb potential relative to relativistic
and quantum electrodynamical (QED) effects with increasing atomic number. This also
usually implies a transition from LS to jj coupling schemes and brings about a significant
rearrangement of atomic structures. [57]. In the present case, Ne-like Xe*** (Z = 54) is in
the vicinity of level crossing between the upper levels of the 3F and 3D lines. As the atomic
number over Z = 55, the upper level of the 3F line surpasses that of the 3D line. As a result,
repelling and strong configuration mixing occurs between the upper levels of the 3D and 3F
lines [12], resulting in anomalous behavior in relevant atomic parameters, including transi-
tion rates and collision strengths, along the isoelectronic sequences near Z = 54 [14,58-60].
Kato et al. [15] demonstrated that the strong configuration mixing between the upper levels
of the 3D and 3F lines at Z = 54 can lead to a strong enhancement of the 3F/3D line-intensity
ratio. This enhancement is a result of the redistribution of collision strengths and level
populations. Their findings indicate that conducting precise measurements of the 3F/3D
line-intensity ratio in the Ne-like Xe*** can offer a valuable tool for exploring the effects of
level crossings and configuration interaction and for testing the reliability of theoretical
models for simulating the spectra of the Ne-like ions near the level crossing point. It is
worth noting that a subsequent study conducted by Kato et al. [16] has revealed a sub-
stantial discrepancy between the experimental values of the 3F/3D line-intensity ratio and
those obtained from HULLAC synthetic calculations across various electron-beam energies.
These notable discrepancies actually highlight the limitations of the existing theoretical
models and the inaccuracies in atomic parameters for plasma diagnostics. Therefore, there
is a pressing need for further advancements in both the experimental measurements and
spectral simulations of the Ne-like Xe*** to enhance their reliability and accuracy.

In this work, we have conducted precise measurements of the 3D and 3F lines in
Ne-like Xe ion, along with accompanying satellites and the two-electron-one-photon-
transition (TEOPT) lines from neighboring charged states, at the Shanghai Electron Beam
Ion Trap (Shanghai-EBIT) using a high-resolution crystal spectrometer. Specifically, we have
conducted a comprehensive analysis of the line-intensity ratio of 3F/3D in the experimental
spectra. The emission intensities of the spectral lines have been simulated using the
collisional-radiative model (CRM) within the Flexible Atomic Code (FAC), providing the
dependence of line-intensity ratios on electron-beam energies. Our results have achieved a
significant improvement in the agreement between measurements and simulations of the
3F/3D line-intensity ratios across various ranges of the electron-beam energy, significantly
reducing the discrepancy reported in previous studies. In particular, at the energies above
6 keV, the present experimental and simulated results exhibited a very high agreement,
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whereas small discrepancies still persist in the low-energy region. To address the remaining
discrepancies, we delved into the population equilibrium of the involved levels within the
present CRM. Based on these analyses, we have proposed potential approaches to further
minimize these discrepancies, ultimately establishing the 3F/3D line-intensity ratio as a
reliable tool for plasma diagnostics.

2. Experimental Setup

Using the Shanghai-EBIT [61,62], the measurements were conducted in a Xenon-
dominated plasma environment with negligible Doppler shifts. In a vacuum environment
better than 10~1° torr, a quasi-monoenergetic electron-beam, accelerated by an electric
field and compressed by a magnetic field, undergoes continuous collisional ionization and
excitation with externally injected Xenon in the trap region. The highly charged Xenon ions
were produced and confined in the trap region by the axial electric potential, a magnetic
field, and the space charge effect of the electron-beam, forming a high-temperature plasma
light source along with the incident electrons.

In these experiments, the electron-beam energies were set between 5.5 keV and 7.6 keV,
exceeding the ionization energy to produce Ne-like Xe at 3.33 keV [63] but slightly lower
than that of F-like Xe at 7.66 keV [64], resulting in a charged state distribution dominated by
Ne-like Xe. The electron-beam energy conditions were chosen based on the level structure
of Ne-like Xe [65] to activate different cascade transition channels at each condition, leading
to significant variation in emission intensity. The electron-beam energy was determined by
the potential difference between the emission cathode and the drift tube, which is modified
by the space charge effect in reference to previous studies [66—68]. During the experiments,
the beam-current was maintained between 42 mA and 48 mA. Table 1 presents the main
operating parameters of the Shanghai-EBIT in these experiments. The width of electron-
beam in the trap region was measured by a slit imaging system [69], allowing the inference
of the electron density in the trap plasma. Typical beam width and electron density values
in these experiments are 73 pm and 1.6 x 10'2 cm~3, respectively.

Table 1. EBIT operation parameters (electron-beam energy, current, and accumulation time).

E. (keV) I, (mA) Time (h)
5.50 423 34
6.00 47.8 18
6.35 45.0 22
6.70 48.5 28
6.90 47.0 20
7.20 48.3 14
7.60 48.0 22

Spectra of xenon were obtained using a high precision flat crystal spectrometer with
a nominal resolving power of approximately 6500 [70], which is sufficient for resolving
the lines of interest in our experiments. The oil-free rotatable feedthrough system in the
crystal spectrometer creates a favorable vacuum environment, enabling direct coupling
with the EBIT main chamber without the need for isolation film. This setup avoids any
impact on line-intensity measurements caused by absorption from isolation film. The
spectrometer was equipped with a 5.0 x 2.5 x 0.5 cm® Si(111) crystal, with the lattice
constant of 2d = 6.2712 A. The Bragg angle was set to approximately 25.8° for measur-
ing the wavelength region near 2.71~2.78 A. The spectra were recorded by a CCD with
2048 x 2048 pixels (pixel size Ax = 13.5 pm). Due to the energy difference between the 3D
and 3F transitions being within 0.3%, the impact of the crystal reflectivity and the CCD’s
quantum efficiency on intensity measurements can be neglected. Data accumulation time
ranging from 14 to 34 h were conducted at each energy condition.

To enhance the reliability of intensity measurements, the two-dimensional pixel count
arrays obtained through CCD accumulation were reconstructed by photonization and
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filtered by count threshold using a data processing program. This program can signifi-
cantly improve the signal-to-noise ratio of the spectra, thus it has been widely employed
in X-ray spectroscopy measurements in our laboratory [71,72]. In the spectral processing
for these experiments, count thresholds were set according to the principle of less inten-
sity loss and baseline normalization. Figure 1b illustrates the processed X-ray spectrum
obtained with the nominal electron-beam energy of 5.5 keV, which has the longest data
accumulation time.
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Figure 1. A comparison between calculated (a) and observed (b) X-ray spectra of L-shell transitions
from Ne-like Xe and near charge states. The observed spectrum was measured by a crystal spec-
trometer installed in the Shanghai-EBIT, utilizing a nominal electron-beam of 5.5 keV. The calculated
spectrum was generated by CRM based on FAC package with the electron energy of 5.5 keV and
electron density of 1.6 x 102 cm~3. The results from each individual charge state are normalized to
the brightest lines.

The spectra at different energies were calibrated using four strong lines with known
wavelengths [6,16]: 3D, 3F, 3Dy,, and 3Dwmg- The latter two lines are satellites of 3D,
with the spectator electrons of 3s and 3s?, respectively. Voigt profile was employed for
the fitting of stronger 3D and 3F lines, while Gaussian profile was used for the latter two
satellites. A linear dispersive function was established between the central pixels of the four
reference lines and their known wavelengths, yielding a large coefficient of determination
(R? > 0.9999). Consequently, the wavelengths of the other four weaker spectral lines
are determined and presented in Table 2. The wavelength uncertainty is comprised by
statistical error of pixel centroids, invalidation of the dispersive function, and the average
uncertainty of the reference lines [73]. It is worth noting that a second polynomial was also
attempted as the dispersive function in calibration, yielding wavelength and uncertainty
results consistent with those of present linear function.
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Table 2. Summary of measured L-shell transition lines from highly charged Xenon and comparison
with theoretical values calculated by FAC. All wavelengths are in A. The line-intensity, given in
photons/(ion-s), was calculated using CRM based on FAC at an electron-beam energy of 5.5 keV and
an electron density of 1.6 x 10’2 cm~3. A is the relative difference between present EBIT measured
and calculated wavelength, where A = (Apac — Apensured)/ Mmeasured-

Experiment Theory

Charge

Label

Upper Level Lower Level Ameasured Aother ArRAC A Intensity

44
43
44
43
43
42
44
42

3D
Nal
3F
3DNa
Na2
3Dwmg
3E
Mgl

(2p%3/23d5,/2)j1 2p®)-0 2.7203 (1) 2.7203 ()2 2.72057 0.010% 23.98
(2p°3/23p%2)j=1/2 (2p®39)j-1/2 2.7240 (2) 2.7240 4 2.72385 —0.006% 2.96

2p%1,2

381/2)j-1 (2p®)/=0 27288 (1) 27288 (1)20 272945 0.023% 12.20

(2p53/2351/23d5/2)]:3/2 (2p63s)]:1/2 27358 (2) 27358 (2) ac 273595 00060/0 1841
(2P°3/23p1/23d5/2)j=1/2  (2p®3p1/2)j=1/2 2.7408 (2) 2.74103 0.009% 1.99
(2p°3/235%3d52)j=1 (2p®3s2)j29 2.7460 (2) 2.7460 (2) ¥ 2.74505 —0.035% 11.94
(2p°3/23d3/2)j1 @p®)1=0 2.7534 (2) 2.7535 (2) © 2.75425 0.030% 1.33
(2p°3/2381/23p%2)) 1 (2p°3s?);29 2.7595 (2) 2.759 (2) © 2.75975 0.010% 3.62

an,

=2 (4

j>i

a Reference lines used in calibration; ? Beiersdorfer et al., Ref. [6]; ¢ Kato et al., Ref. [16]; ¢ Lu et al., Ref. [9].

3. Calculations

We conducted atomic calculations and plasma spectroscopy simulations of highly
charged Xenon using the Flexible Atomic Code (FAC) package developed by Gu [74-76].
Calculations about atomic levels and transitions in FAC were performed employing the
Dirac-Coulomb-Breit Hamiltonian to adequately account for relativistic effects and treating
electron-correlation effects within the framework of relativistic configuration interaction
(RCI) approach. Additionally, FAC utilizes the distorted-wave (DW) approximation to
compute collision cross-section and other parameters for electron-impact excitation (EIE),
enabling us to perform simulations of electron-ion interaction in plasma.

In our calculations, for Ne-like Xe***, a total of 293 energy levels were included,
originating from the ground 15?2/ and single-excitation configuration groups 1521731
(Mmax = 7 and Imax = 4). The selection of configurations was guided by the discussions
in Refs. [14,47] on the convergence with respect to principal quantum number 7 and the
consideration of double excitations, while balancing computational efficiency and accuracy.
Furthermore, xenon ions with near charge states were also included in the calculations.
For Na-like Xe*3*, a total of 1509 energy levels were included, originating from single-
excitation configuration groups 1s22s22p®nl (n = 3-10 and Imax = 3) and double-excitation
configuration groups 1s22I”n’I> (n”’ =3-7 and Iymax = 3). For Mg-like Xe*?*, a total of 3899
energy levels were included, originating from configuration groups 1s?2s?2p®nl? (n = 3-5
and Imax = 2) and 1s22s22p°312n'I' (1’ = 3—4 and Imax = 2).

The collisional-radiative model (CRM) incorporated in FAC allows us to simulate spec-
tra of above ions based on computed atomic parameters. CRM has been widely used in the
simulation and interpretation of spectra observed from low-density, optically thin plasma,
like EBIT [77,78], magnetic confinement fusion [79-81], astrophysical plasma [53,82], and
so on. In the simulation, the processes inside EBIT plasma, which significantly influence
the level populations, such as radiation transition, collisional excitation, and collisional de-
excitation, are primarily considered [77]. Processes concerned about population transfers
between different ions are neglected, such as radiative recombination, impact ionization,
dielectronic recombination, and charge exchange. Under this assumption, the following
rate equation can be used to describe the differential rate for the population of level i:

Nj) + Y (€N ) + B (CHN ) = (AN = (€)= (), (1)

j<i j<i j>i j<i

where N is the population for each level, and A, C¢, and C? stand for the radiative transition
rate, electron-impact excitation rate, and electron-impact deexcitation rate, respectively.
The subscripts (i, j) represent the initial or the final levels, respectively. For EBIT plasma
with monoenergetic electrons, electron-impact excitation rate C* = n,0v, where #, is electron
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density, v is impact electron velocity, ¢ is collision cross-section. The deexcitation rate C*
can be obtained from C° by the detailed balance principle. These rate equations for all levels
can be solved under the quasi-steady-state approximation dN;/dt = 0, and the normalized
condition X;N; = 1. The line-intensity of transition can be calculated after the population of
its upper level is determined.

Figure 1a illustrates the calculated spectra for Xe ions from 42+ to 44+. For comparison,
plasma parameters in this simulation were set according to experimental conditions, with
the electron-beam energy of 5.5 keV and the electron density of 1.6 x 10> cm~3. The
intensity results from each individual charge state were normalized to the brightest lines.
In the simulated spectra, all transition lines were assumed to have the Gaussian profile with
the linewidth of 0.8 mA, which corresponds to the experimental resolution. The theoretical
wavelengths and emission intensities under the given plasma parameters are also presented
in Table 2. The discrepancies between theoretical and experimental wavelengths for all
lines in three ions are within 0.04%.

4. Results and Discussion

The identification of four weak lines was based on results from CRM simulations
combined with previous measurements [9,16]. As shown in Figure 1, the experimental and
theoretical spectra at 5.5 keV match well. Among the four weaker spectral lines, Nal and
Mgl represent two-electron-one-photon transitions (TEOPT). TEOPT lines typically exhibit
low intensity, attributed to their minimal transition probabilities induced by configuration
interaction. Nevertheless, when a level in the TEOPT undergoes strong mixing with a
correlated level that possesses the property for a strong one-electron electric-dipole transi-
tion channel, the transition probability of the TEOPT can be significantly enhanced, thus
facilitating its observation. In the present case, the upper level of Mg1 (2p°323s1,23p%2)j=1
is mixed with the upper level of 3Dy (2p°3/23s%3d5,2)j=1, resulting in the line-intensity of
Mgl reaching 30% of the latter. The upper level of the Nal (2p°3,,3p?2)j=1,2 is mixed with
(2p53 /23s81,23d5,2)=1/2, whose transition to the ground state has a line-intensity 1.45 times
that of Nal in the simulation. However, it cannot be observed due to blending with 3Dy, in
the spectrum. The Nal line is very close to the 3D line used for ion temperature diagnostic in
tokamaks (within 3.7 mA), making it indistinguishable in the spectrometer with insufficient
resolution. This is disadvantageous for ion temperature diagnostics [24], especially at low
electron temperatures. In our measurement, the Nal line is only prominent at an electron-
beam energy of 5.5 keV. The transition Na2 {(2p63p1/2)]:1/2 — (2p53/23p1/23d5/2)]:1/2},
observed for the first time, is another satellite of 3D but with 3p as the spectator electron,
unlike 3Dy, with 3s as the spectator electron. Its emission intensity is only 10.8% of the
latter due to the absence of collisional pumping from its lower level and ground level.
Thus, Na2 is almost blended with the background in the spectrum but can still be identified
through careful comparison with the theoretical spectrum. In Maxwellian plasma, it may
be enhanced due to resonant excitation through dielectronic capture, potentially serving as
a means for electron temperature diagnostics. That is similar to well-known dielectronic
satellites k (1s?2p-1s2p?) in Li-like ions with 2p as the spectator electron [83,84].

Voigt profile is employed in the fitting of 3D and 3F lines at various electron-beam
energies, which is crucial for line-intensity measurement according to Ref. [46]. In EBIT
spectroscopy, Doppler broadening due to ion temperature and instrumental broadening
typically exhibit Gaussian profiles. Additionally, excited levels have the energy distribu-
tions characterized by Lorentzian profile, with a natural width I' related to the level lifetime
T according to the Heisenberg’s uncertainty principle [85]. Decoupling the broadening of
the Voigt profile shape arising from the convolution of Lorentzian and Gaussian profile is a
method for measuring level lifetimes [86]. According to calculations by Vilkas et al. [65], the
lifetimes of the upper levels of 3D and 3F are 2.10 fs and 5.44 fs, respectively, corresponding
to natural widths of 0.187 mA and 0.073 mA in terms of wavelength. In the fitting of
3D and 3F these values are considered as fixed Lorentzian broadening within the Voigt
function. Figure 2 illustrates the Voigt fitting curve for the 3D line at the spectrum under the
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electron-beam energy of 7.2 keV compared with the Gaussian one. It can be observed that
the Voigt fitting curve closely follows the Lorentzian wings on both sides of the spectral
peak, which is more consistent with the trend of the experimental data. By contrast, the
peak area of the 3D line under Gaussian fitting profile is approximately reduced by 13.05%;
while for 3F, it is reduced by 5.75%. This discrepancy in peak area loss can introduce a
systematic overestimation in ratio 3F/3D if using Gaussian profile. As shown in Figure 3,
relative deviations from calculations in line-intensity ratios 3F/3D under Gaussian fitting
are uniformly 9.1% higher compared to Voigt fitting. This may explain the discrepancy
between experimental ratios of 3F/3D and synthetic calculations reported in Ref. [16],
although the fitting profile used for line-intensity ratio measurements in their work has not
been described.

1.2x10* 5 T T T T T T T T T 3

Voigt fitting

1.1x10% 4

ey i - Gauss fitting 3
’ — E=7.2keV

9.0x10° 4
8.0x10° 4
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Counts

5.0x10° 4
4.0x10° 3
3.0x10° 4
2.0x10° 4
1.0x10° 4

0.0 4
T T T T T T T T T
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Figure 2. The 3D peak from Ne-like Xe fitted with Gaussian (blue dash) and Voigt (red solid) profiles
at an electron-beam energy of 7.2 keV. Voigt fitting was conducted with a fixed Lorentz width of
0.187 mA, as inferred from Ref. [65].
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Figure 3. Relative differences between experimental and theoretical line-intensity ratios of 3F/3D
fitted with Gaussian (blue square) and Voigt (red circle) profiles.

Figure 4 illustrates the variation of the experimental 3F/3D line-intensity ratio with
electron-beam energy for all conditions, accompanied by corresponding error bars, with
an average relative uncertainty of 2.1%. Total uncertainty contains statistical errors from
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fitting profile and reproducibility at the same energy conditions, and systematic error
from threshold selection. Figure 4 also shows the theoretical curves obtained from CRM
simulations based on FAC, which depicts the variation of 3F/3D line-intensity ratio with
electron energy in the range 5000-8000 eV. The electron density was fixed at 1.6 x 10> cm 3,
because the impact of various electron density on the line-intensity ratios can be neglected
according to another simulation with different density. The theoretical predictions of 3F/3D
intensity ratio exhibit good agreement with the experimental results for electron-beam
energy higher than approximately 6000 eV. Not only do they share the same trend, but the
theoretical ratios also fall within the experimental error bars, with relative deviations less
than 1.4%. For the results at about 6.0 keV and 5.5 keV, theoretical ratios are still lower than
experimental measurements, with relative deviations of 7.0% and 7.4%, respectively. In
previous study from Ref. [16], there is a larger significant discrepancy (~13.7%) of 3F/3D
between measured spectrum from Tokyo-EBIT and theoretical predictions calculated by
the HULLAC code. These results are also presented in Figure 4. Our measured ratios fall
within the error bars of their measured values and exhibit significantly better agreement
with our calculated values, even for the results in the low-energy region. Their theoretical
curves from HULLAC exhibit similar jagged changing patterns as the FAC results but
differ in positions of peaks and valleys, averaging about 5% lower overall. This reflects
the differences between these two theoretical methods in describing atomic structure and
population equilibrium.

0.64 3 o 3
0.62 3
0.60 3
0.58 3
0.56

0.54 +

0.52 4.

Intensity ratio of 3F/3D

0'50_: X + : ® Present measurement
0484 -l . = Tokyo-EBIT

] e e FAC :
0.46 e HULLAC 3

LELEERLEY BRI RIS UL ANLEE AN NI R B T TTrT o
5000 5500 6000 6500 7000 7500 8000 8500 9000
Electron-beam energy (eV)

Figure 4. The measured and calculated intensity ratio of 3F/3D as a function of electron-beam energy.
The measured ratios (red circle) with errors are derived from Voigt fitting results of peaks in the
spectra obtained from Shanghai-EBIT. The theoretical ratios (red short dash dot) are calculated using
CRM based on the FAC package, with a fixed electron density of 1.6 x 10'2 cm~3. Both experimental
measurements (black square) by Tokyo-EBIT and theoretical predictions (black short dot) by the
HULLAC code for the line-intensity ratios are from Ref. [16].

As previously mentioned and clearly illustrated in Figure 3, there persist notable
discrepancies between experimental and theoretical results in the low electron-beam energy
region. Notably, the deviations at different electron-beam energies exhibit remarkable
similarity, specifically 7.0% and 7.4% for energies at 5.5 keV and 6.0 keV, respectively. This
indicates that the remaining discrepancies are likely attributed to systematic shortcomings
in the current CRM simulation. In the theoretical curves shown in Figure 4, there is a
significant surge in the line-intensity ratio from 6000 eV to 6350 eV, whereas experimentally,
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the magnitude of this surge is much smaller. To explain this surge and discrepancy, we
analyzed the feeding and decay fluxes in population equilibriums of the upper levels of 3F
and 3D at 6000 eV and 6350 eV, as shown in Figure 5. Here the population flux refers to the
rate of change in the population of a specific energy level due to electron impact excitation
(EIE) and/or radiative transitions (flux = population X rate, given in cm3.s71). Due to
the lower density in EBIT plasma, all collisional coupling processes among excited levels
can be neglected, which is called corona approximation [87]. For the upper levels of 3D
and 3F, the branching ratio of rapid transition to ground level is almost 100%, implying
that cascade transitions to lower levels can be ignored in the decay path. Thus, the complex
CRM for a certain level can be simplified to a balance among several main processes: EIE
from the ground level and cascade transitions from higher levels and radiative transition,
as shown in Figure 5. Particularly for feeding paths, branching ratios of EIE and cascade
channel are also shown.

(b) Excitation limit 6350 eV
= Levels 63~66

/ 2p;, 4p

Levels 20~60 0.26 (1%)

1.91 (8%)
Level 18
2P§: 3ds,

25.42
3D 7.69 (55%)

7.54 (62%) 12.26

3] 23.25 (91%)

\ Ne-like Xe** \ Ne-like Xe**

Ground level Ground level

Figure 5. Grotrian diagram of the main levels concerned about 3D and 3F transitions in Ne-like Xe***.

The italic numbers are the indexes of levels in FAC calculations, especially level 16 for 3F and level 18
for 3D. The gray rectangle refers to a series of energy levels 20-60 below 6000 eV. Levels 63-66 are
from configuration 2p°®; /,4p. The fluxes (in cm~3-s71) of feeding paths (red arrows) and radiative
decay paths (blue arrows) are shown in the electron-beam energy of 6000 eV (a) and 6350 eV (b), with
the excitation limit on it respectively. The branching ratios of feeding paths for level 18 and level 16
are shown in parentheses behind the flux values, including electron-impact excitation (EIE, short dot
arrows) and cascade transition (solid arrows).

It can be observed from Figure 5 that for level 18 of 3D, EIE from ground level
dominates the feeding path (>90%). However, for level 16 of 3F, radiative cascades from
higher levels 20-60 are significant, accounting for 38% of the branching ratio at 6000 eV.
As the electron-beam energy increases, the activation of new cascade channels becomes
the primary factor leading to the growth of 3F intensity, as collision cross-sections exhibit
less drastic changes with increasing incident electron energy. While the energy increases
from 6000 eV to 6350 eV, EIE contributes only 9% to the total growth in feeding path,
while cascades from new excited levels originating from 2p°; ,,4p (levels 63-66, averaging
6170 eV above ground level) contribute 53% through rapid 4p-3s cascade channel. The rest
of the growth comes from secondary cascades mediated by levels 20-60. It is noteworthy
that level 64 (2p°1 /»4p1 /2) -0 contributes the most to the growth, as its transitions back to the
ground state are strictly forbidden. This indicates that the intensity of 3F is highly sensitive
to changes in radiative cascade channel, unlike the idealized low-density limit where the
radiative cascade is usually ignored [14,48]. In contrast, 3D is primarily influenced by the
EIE from ground. Each rising edge in the theoretical curves in Figure 4 reflects the growth
in cascade channels, while the declining edges reflect that the collision cross-section of
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the upper level of 3D rises more than that of 3F, resulting in the entire theoretical curve
showing a jagged pattern.

Unlike the actual EBIT plasma environment, the current CRM discussed above only
involves the population equilibrium among the levels in the single Xe***. Further reduction
of the discrepancy in the low-energy region may be achieved by considering the population
transfer processes in neighboring charged states of Xenon ions, such as radiative recombi-
nation, resonance excitation and inner-shell impact ionization, as seen in the Refs. [53,88,89]
for population correction in Neon-like iron. The high-sensitivity of 3F to the radiative
cascade suggests that the interionic population transfer process described above can read-
ily improve the population of the upper level of 3F by enhancing the 4p-3s or the other
cascade channel. Therefore, it can be inferred that the CRM containing only a single Xe***
underestimates the emission intensity of 3F, due to the omission of the unknown cascade
channel across charged states. Our results suggest the existence of this unknown process,
which is likely to be associated with low-charged ions such as Xe*3*, Xe*?* or lower. This is
because the experimental theoretical discrepancy is apparent only at low-energy region,
where the concentration of low-charged Xenon ions is higher.

In tokamak plasma, Ne-like Xe reaches high concentration with an electron-temperature
4-10 keV [7,9]. According to our CRM simulation, in the ideal Maxwellian plasma where
the EIE rates are calculated by convoluting ov (rate coefficient) with Maxwellian energy
distribution function, the line-intensity ratio of 3F/3D remains constant at 0.526 & 0.002
within this wide temperature range. This result theoretically indicates that the 3F/3D
line-intensity ratio is insensitive to electron temperature, but it is inconsistent with the
X-ray spectra for Ne-like Xe in EAST [9] and C-Mod tokamak [8]. The experimental 3F/3D
ratios are clearly higher than above-mentioned theoretical value, especially at low electron
temperature [8]. This trend implies that the unknown process described in the previous
paragraph, which is also more significant at low-energy region, may have caused the
discrepancy between the predicted ratios and the experimental results in tokamak.

5. Summary

At the Shanghai-EBIT, we have measured the X-ray spectra of L-shell transitions of
Ne-like Xe in the range of 2.71-2.77 A using a high-resolution crystal spectrometer. The
experimental spectra contain the 3D, 3F, and 3E lines, including satellites and TEOPT lines
of Na-like and Mg-like Xe. These spectra are simulated by CRM based on FAC, and are in
good agreement with the experimental results. The Na2 satellite with 3p as the spectator
electron is first observed, which may be relevant to temperature diagnostics in tokamak.

Our work focuses on the 3F/3D line-intensity ratios at different electron-beam ener-
gies. We use Voigt fitting profile with natural linewidth correction instead of conventional
Gaussian profile during the fitting process. It is found that Voigt profile is crucial to reduce
the intensity loss, and thus can obtain reasonable experimental line-intensity ratios. The
discrepancies between theoretical and experimental results, previously reported approxi-
mately ranging from 10% to 20%, have been significantly reduced in this work to below
1.4% for electron-beam energies exceeding 6 keV and to around 7% for lower energies.
We confirm the sensitivity of 3F intensity to higher-level radiative cascades and highlight
the potential significant enhancement of the 4p-3s cascade transition channel for 3F. This
suggests that the remaining discrepancies may originate from the undervaluation of the
populations of cascade-related levels or the 3F upper level itself. The omission of indirect
population transfer processes across charge states in the current CRM may lead to that.
These findings provide a solid foundation for further minimizing these discrepancies and
are crucial for understanding the atomic structure and plasma model of these ions. Similar
discrepancy also exists in Tokamak spectra, which suggests that the unknown process
enhancing 3F could be a new diagnostic method in fusion plasma. We leave the detailed
analysis about this unaccounted process for future investigation.
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