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A B S T R A C T

About two decades ago, very unusual highly-resolved x-ray spectra were observed using a femtosecond laser- 
produced plasma that included a new type of satellite lines identified as being emitted from the autoionizing 
states of hollow ions (such as, for example, exotic KK hollow ions with the empty K shell). Though atomic 
structure calculations were able to predict the locations of such newly observed spectral features with reasonable 
precision, the relatively high intensity of these so-called hypersatellite lines, produced mainly in high-power laser 
plasmas, is far from being understood. The analysis of previous experiments with Teflon on the Leopard laser 
performed under different conditions related to laser pulse and contrast revealed the existence of KK hollow 
fluorine ions and motivated systematic theoretical studies of dielectronic satellite spectra from hollow ion states 
starting with He- and Li-like fluorine ions presented in this paper.

1. Introduction

One of the greatest advances in plasma spectroscopy since the late 
1960s was the discovery and use of satellite lines to understand the 
atomic processes and parameters in both astrophysical and laboratory 
plasmas by Gabriel et al. [1,2]. Such spectral lines appearing near the 
resonance lines of the highly ionized systems were found to originate 
from the autoionizing doubly-excited states and to represent a very 
useful diagnostic tool of high temperature plasmas (see, for example, 
Ref. [3], for astrophysical applications). Theoretically, the wavelengths, 
radiative transition probabilities, autoionization rates, and intensity 
factors for dielectronic satellite transitions from doubly-excited states in 
Helium (He)–like and Lithium (Li)-like ions (2p2l → 1s2l and 1s2p2l → 

1s22l, respectively) were calculated for atomic numbers Z = 4–34 with 
high precision by Vainstein and Safronova using the MZ code based on 
the quasi-relativistic many-body perturbation theory (MBPT) Z-expan-
sion method [4]. This method (which includes relativistic corrections 
taken into account within the framework of the Breit operator) was 
explained in detail by Safronova and Urnov in Refs. [5,6]. It was applied 
to dielectronic satellite spectra for highly charged Li- to O-like Mg and Fe 
ions in hot dense plasmas [7]. Recently, similar calculations but with the 
modified MZ code, which accounted for the first order corrections in 
powers of 1/Z (corresponding to the screening effects in calculations of 

autoionization rates) have been carried out [8]. Using the perturbation 
theory approach similar to [4–6], Safronova and Senashenko studied 
radiative and autoionization decay rates for the exotic atomic systems 
with two K-shell vacancies [9,10], later named “KK hollow states”. In 
particular, autoionizing triply-excited states have been theoretically 
studied. The MBPT method was used in [9] to calculate energies and 
rates for the radiative and autoionization decays of the Li-like ions with 
two K-shell vacancies: 2s22p, 2s2p2, and 2p3. Wavelengths and transi-
tions rates were calculated for the [2s22p + 2p3] → [1s2s2 + 1s2p2] and 
2s2p2 → 1s2s2p transitions in Fe23+ and Ni25+ ions [10]. Experimental 
evidence for the possible formation of such autoionizing triply-excited 
states was obtained in the beam-foil experiments, where lines were 
revealed in the electron spectrum observed after the passage of 300 keV 
Li+ ions through thin carbon films, and their appearance was attributed 
to decay of autoionizing triply-excited states of Li atoms by Bruch et al. 
[11]. A comprehensive study of triply-excited states of the Li isoelec-
tronic sequence was presented almost two decades later in [12]. 
Important atomic characteristics such as radiative and autoionization 
decay rates were computed and analyzed and the results were compared 
with available theoretical and experimental data for Li I and Be II. All 
atomic characteristics were calculated for a wide range of atomic 
numbers Z = 3–54, which allowed to investigate Z-dependencies of such 
characteristics in detail [12].
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About two decades ago, very unusual highly-resolved x-ray spectra 
were observed using a femtosecond laser-produced plasma that included 
a new type of satellite lines identified as being emitted from the auto-
ionizing states of hollow ions (such as, for example, exotic KK hollow 
ions with the empty K shell). Specifically, high-resolved x-ray spectra of 
hollow Mg, Al, and Si ions in a femtosecond laser-produced solid plasma 
were obtained by Faenov et al. [13]. Experiments were carried out both 
on TRIDENT (at the Los Alamos National Laboratory) and in the Center 
for Ultrafast Optical Science (at the University of Michigan) laser facil-
ities. X-ray plasma emission was recorded with the high-resolved spec-
trometer with a spherical bent mica crystal. The atomic spectra 
calculations using HULLAC and SUPERSTRUCTURE codes showed that 
the spectral regions under study were covered by numerous lines orig-
inated from transitions in many-electron systems with KK hollow states 
in Li- and Be-like ions [13]. The review of the spectra of hollow ions in 
laser plasmas [14] discusses the observation of the spectra of hollow ions 
in an ultradense laser plasma and considers the types of such ions and 
how they are created. Considerable opportunities of hollow ion 
spectra-based diagnostic techniques are emphasized [14]. For example, 
diagnostics of the early stage of the heating of clusters by a femtosecond 
laser pulse from the spectra of hollow ions was proposed and discussed 
in [15]. It has been shown that the spectra of hollow ions are the most 
informative in the first moments of the heating of a cluster, whereas the 
diagnostics of the late stages can be performed using the conventional 
lines of multicharged ions [15].

Charge-exchange-induced formation of hollow atoms in high- 
intensity laser-produced plasmas was presented by Rosmej et al. [16]. 
Authors underlined that for the first time registration of high-resolution 
soft x-ray emission of hollow-atom dielectronic satellite spectra of 
highly charged nitrogen were performed. Double-electron charge-ex-
change processes from excited states were proposed in [16] as a mech-
anism of formation of autoionizing levels nln’l’ (with n = 3–8, n’= 5–8 
and l, l’ = 0–7) in high-intensity laser-produced plasmas, when 
field-ionized ions penetrate into the residual gas. The formation of 
hollow ions in dense Z-pinch and laser- produced plasmas was investi-
gated using high-resolution x-ray spectroscopy and atomic data calcu-
lations by Rosmej et al. [17]. Dense plasma effects were found to result 
in highly populated excited states which open up excitation channels not 
accessible in low-density plasma sources. Experimental argon spectra 
from a Mega-Ampere Z-pinch were interpreted in [17] as the 2sn2pm → 

1s2sn2m-1 transitions in hollow Ar ions. Theoretical wavelengths of the 
transitions 2l2l’2l” → 1s2l2l’ were compared with experimental ones in 
hollow Ar ions spectra [17]. More recently, Rosmej et al. studied exotic 
x-ray emission from dense matter which was identified as the complex 
high intensity satellite emission from autoionizing states of highly 
charged ions and have demonstrated that charge exchange of inter-
mixing inhomogenous plasmas as well as collisions driven by supra-
thermal electrons are possible mechanisms to populate hollow ions to 
observable levels in dense plasmas, particularly in high current Z-pinch 
plasmas and high intensity field-ionized laser produced plasmas [18].

In high-spectral resolution experiments at the Vulcan Petawatt laser 
facility, strong x-ray radiation of KK hollow atoms from thin Al foils was 
observed by Colgan et al. [19] at pulse intensities of 3 × 1020 W/cm2. 
The observations of spectra from these exotic states of matter were 
supported by detailed kinetics calculations. Hansen et al. [20] under-
lined that x-ray emission from hollow ions offers new diagnostic op-
portunities for dense, strongly coupled plasma. The extended modeling 
of the x-ray emission spectrum reported by Colgan et al. [19] was pre-
sented in [20]. The first observation of high-n hollow ions produced in Si 
targets through pumping by ultra-intense x-ray radiation in experiments 
performed also at the Vulcan Petawatt laser facility was reported in 
[21].

Atomic physics of relativistic high contrast laser-produced plasmas 
has been studied in experiments on Leopard laser facility at UNR by 
Safronova et al. [22], which were performed under different experi-
mental conditions related to laser pulse and contrast. In particular, the 

duration of the laser pulse was 350 fs or 0.8 ns and the contrast varied 
from high (10−7) to moderate (10−5). The thin laser targets (from 4 to 
750 μm) made of a broad range of materials (from Teflon to iron and 
molybdenum to tungsten and gold) were utilized. Using a high-precision 
x-ray spectrometer with resolution R~3000 and a survey x-ray spec-
trometer, the unique spectral features were observed that are illustrated 
in [22]. In addition to l-shell Fe and Cu spectra that were studied for 
electron beam diagnostics, K-shell Mg features with dielectronic satel-
lites from high-Rydberg states and the new K-shell F features with die-
lectronic satellites including exotic transitions from hollow ions were 
highlighted. Specifically, K-shell Mg spectra with complex satellite fea-
tures which were collected from experiments comprised of three 
different conditions related to laser pulse and contrast were studied by 
Stafford et al. [23]. They included DS lines that were identified and 
modeled as transitions from autoionizing 2lnl’ states in He-like Mg and 
from autoionizing 1s3lnl’ states in Li-like Mg and 1s3l3l’3l” states in 
Be-like Mg ions. The analysis of previous experiments with Teflon on the 
Leopard laser performed under different conditions related to laser pulse 
and contrast revealed the existence of KK hollow fluorine ions [22] and 
motivated theoretical studies of dielectronic satellite spectra from hol-
low ion states in He- and Li-like F ions presented in this paper.

In the present paper, we report on the theoretical study of dielec-
tronic satellite spectra from hollow He- and Li-like states in fluorine (F). 
In particular, Section 2 provides basic formulae and illustrations of 
dielectronic satellite spectra from autoionizing doubly-excited states in 
He- and Li-like F ions. Section 3 presents atomic data and dielectronic 
satellite spectra from hollow triply-excited states in Li-like F. Section 4
highlights the applications of Li-like F results from Section 3 to high- 
density plasmas, and Section 5 discusses the accuracy of atomic data 
for hollow Li-like F ions and includes conclusions.

2. Basic formulae and dielectronic satellite lines from 
autoionizing doubly-excited states in He- and Li-like fluorine

Dielectronic Recombination (DR) process was studied in detail by 
many authors and can be explained using the simplest case of He-like 
fluorine (F) ion. It involves the capture of an electron by a H-like ion 
to an autoionizing level of the resulting He-like ion followed by radiative 
decay to a singly-excited bound level: 
F8+(1s) + e→F7+∗∗(2lnʹĺ )→F7+∗(1sn1l1) + hv

↓

F8+(1s) + e
(1) 

The ground level of F8+, 1s , is the initial level. The 2pn’l’ levels are 
taken into account as autoionizing intermediate levels. During the DR 
process, a dielectronic satellite (DS) line is emitted, hν, when the elec-
tron jumps from an autoionizing doubly-excited state to a singly-excited 
bound state 1sn1l1. Radiative transitions from the doubly-excited nln’l’ 
states to the 1sn1l1 states give rise to satellite lines to the np-1 s transi-
tions in H-like F.

Fig. 1 displays energy level diagram of H-like, He-like, and Li-like F 
ions and illustrates resonance lines, associated commonly used satellite 
transitions, and hypersatellites (i.e., transitions from KK hollow ions 
with the empty 1 s shell) studied in this paper. It resembles the schematic 
diagram of observed transitions in H- to Li-like Si ions, including high-n 
hollow-ion emission, shown in [21]. The most diagnostically important 
resonance lines of K-shell F ions are H-like lines Lyα (2p→1s ) at 
λ=14.982 Å and Lyβ (3p→1s ) at λ=12.643 Å; and He-like lines Heα 

(1s2p 1P1→1s2 1S0) at λ=16.809 Å, Heβ (1s3p 1P1→1s2 1S0) at λ=14.459 
Å, and Heγ (1s4p 1P1→1s2 1S0) at λ=13.782 Å (see Fig. 1). DS lines of He- 
and Li-like F ions shown in Fig. 1 will be discussed later in the paper. 
However, the energy level diagram in Fig. 1 shows that additional decay 
channels for the high-Rydberg autoionizing states can occur. For hollow 
He-like ions, the 2ln’l’ states have autoionization decays to 1s as shown 
in Eq. (1) but the 3l3l’ states have strong autoionization decays to 2l, 
which can be larger than to 1s by a few orders of magnitude. For 
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example, the values of Aa for 3d2 J = 4 states can reach 1015 s−1 which is 
4 orders of magnitude higher than that to 1s.

For the DS lines, the modified intensity factor Q̃d is defined as (see, 
for example, [4,7,23–24]): 

Q̃d(i, j) = g(i)Ar(i, j)Aa(i)
Aa(i) + ∑

kAr(i, k) (2) 

Here i is the autoionizing (upper) state, j denotes a bound or doubly- 
excited (lower) state. The statistical weight of the autoionizing state is g 
(i), Ar(i, j) is the radiative transition rate from i to j, and Aa(i) is the total 
autoionization decay rate summed over all possible radiationless decays 
from i.

Assuming a Maxwellian distribution for free electrons, the effective 
emission rate coefficient of the dielectronic satellite line Ceff

S (photons 
cm3/s) is obtained as follows (see, for example, [3,23]) 

Ceff
S (i, j) = 3.3 × 10−24

( IH
kBTe

)3/2
Q̃d(i, j)exp

(
−

ES(i)
kBTe

)
(3) 

where IH is the ionization potential of hydrogen, ES(i) is the energy of the 
autoionizing state i, and Te is the electron temperature. Atomic data for 

the KK hollow He-like F ions involved in Eqs. (2 and 3) were calculated 
using the MZ approach based on perturbation theory Z expansion [4–7] 
and are compared well with the most recent results in Ref. [8].

Fig. 2 displays DS spectra (2lnl’ → 1snl”, n = 2,3,4, and 5) from He- 
like F7+ ions calculated using Eq. (3) at electron temperature Te = 400 
eV. After the Ceff

S is calculated, a Gaussian broadening is applied. The 
resolution is arbitrarily chosen such that the individual transitions are 
not blending and held constant for every line. The values of Es(i) were 
between 583 and 608 eV and were assumed having an average value of 
600 eV for n = 2 spectra, while were increased for high-Rydberg states to 
725 eV, 770 eV, and 790 eV (for n = 3, 4, and 5 spectra, respectively). 
Commonly used for temperature diagnostics DS lines J (2p2 1D2→1s2p 
1P1) at λ=15.286 Å, Q (2s2p 3P2→1s2s 3S1) at λ=15.213 Å, R (2s2p 
3P1→1s2s 3S1) at λ=15.216 Å, T (2s2p 1P1→1s2s 1S0) at λ=15.140 Å, and 
M (2p2 1S0→1s2p 1P1) at λ=15.037 Å are shown in Fig. 2a. For the 
transitions 2lnl’→1snl” with n > 2, the strongest lines (with the largest 
values of Q̃d) due to 2pnd 3F4 → 1snd 3D3 transitions (λn=3 = 15.046 Å, 
λ

n=4 = 15.011 Å, and λn=5 = 14.997 Å) are denoted as 1, 1′, and 1′’ and 
due to the 2pnd 1F3 → 1snd 1D2 transitions (λn=3 = 14.959 Å, λn=4 =
14.973 Å, and λn=5 = 14.978 Å) as 2, 2′, and 2′’, respectively. The next 
strongest lines labeled 3, 3′, and 3′’ are to 2pnd 3F3 → 1snd 3D2 transitions 

Fig. 1. Energy level diagram of H-, He-, and Li-like F ions, showing resonance lines, associated commonly used satellite transitions, and hollow ion transitions. 
Notations of configurations are as follows: nl2 = nl’nl” (n = 2 and 3), and 2l3 = 2l’2l”2l’’’. Note that the hollow Li-like F states with n > 3 are not included in 
this diagram.
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for n = 3, 4, and 5, respectively. All those lines are satellite lines to the 
2p3/2, 2p1/2 →1s1/2 resonance lines with wavelengths equal to 14.982 Å 
and 14.988 Å, respectively.

In general, the DR process to the bound state of a Li-like ion involves 
the capture of an electron by a He- like ion to an autoionizing doubly- 
excited level of the resulting Li-like ion followed by radiative decay to 
a singly-excited bound level: 
F7+(1s2)+ e→F6+∗∗(1s2lnʹĺ )→ F7+∗

(1s2n1l1
)
+ hv

↓

F7+(1s2)+ e
(4) 

The ground level of F7+, 1s2, is the initial level. The 1s2ln’l’ levels are 
taken into account as autoionizing intermediate levels. During the DR 
process, a DS line is emitted, hν, when the electron jumps from an 
autoionizing doubly-excited state to a singly-excited bound state 1s2nl. 
Radiative transitions from the doubly-excited 1s2ln’l’ states to the 
1s2n1l1 states give rise to commonly used DS lines in He-like F (see 
Fig. 1). It is a well-known process that was extensively studied both in 
low- and high-density plasmas for a broad range of Li-like ions and their 
applications up to Z = 80 (see, for example, [25]).

We have calculated DS spectra (1s2lnl’ → 1s2nl” with n = 2, 3, 4, and 
5) for the Li-like F6+ ion that occupy the spectral region between 16.8 
and 17.2 Å. For n = 2, commonly used for temperature DS lines are j 
(1s2p2 2D5/2→1s22p 2P3/2) at λ=17.172 Å and k (1s2p2 2D3/2→1s22p 2P1/ 
2) at λ=17.167 Å. For the transitions 1s2lnl’→1s2nl” with n > 2, the 
strongest lines (with the largest values of Q̃d) are due to 1s2pnd 2F7/2 → 

1s2nd 2D5/2 transitions (λn=3 = 16.847 Å, λn=4 = 16.825 Å, and λn=5 =

16.817 Å) and due to the 1s2pnp 2D5/2 → 1s2np 2P3/2 transitions (λn=3 =
16.862 Å, λn=4 = 16.835 Å, and λn=5 = 16.822 Å). We did not include 
and dicuss these DS spectra because they are outside the spectral range 
of interest of this paper. Also, a critical compilation of experimental data 
on the 1s2l2l′ core-excited states of Li-like ions from carbon to uranium 
discusses the atomic data and their uncertainties for such states in detail 
in Ref. [26].

In addition, the energy level diagram in Fig. 1 indicates that addi-
tional decay channels for the high-Rydberg autoionizing states can 
occur. For doubly-excited Li-like ion states, the 1s2ln’l’ states have 
autoionization decays to 1s2 as shown in Eq. (4) but the 1s3l3l’ states 
have strong autoionization decays to 1s2l, which can be larger than to 
1s2 by a few orders of magnitude. For example, the values of Aa for 1s3d2 

J = 7/2 and 9/2 states can exceed 5 × 1014 s−1, which is 4 orders of 
magnitude higher than that to 1s2.

3. Atomic data and dielectronic satellite spectra from hollow 
triply-excited states in Li-like fluorine

For the hollow Li-like ions, the DR process involves the capture of an 
electron by a He-like ion to a hollow triply-excited state of the resulting 
Li-like ion followed by radiative decay to autoionizing doubly-excited 
levels. Atomic data (energy levels, radiative transition rates, auto-
ionization decay rates, and intensity factors) for transitions from the 
hollow 2s22p, 2s2p2, and 2p3 states in Li-like F are listed in Tables 1 and 
2. We used the Flexible Atomic Code (FAC) [27] and COWAN code [28] 
to calculate these atomic data and to compare the results to estimate the 

Fig. 2. Dielectronic satellite spectra from doubly-excited states (2lnl’ → 1snl”) from the He-like F ions calculated at Te = 400 eV for n = 2 (a), n = 3 (b), n = 4 (c), and 
n = 5 (d).
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accuracy of calculations. The FAC is a complete software package for 
computation of various atomic radiative and collisional processes and 
employs a fully relativistic approach based on the Dirac equation and the 
continuum orbitals are obtained by solving the Dirac equations with the 
same central potential as that for bound orbitals [27]. We have recently 
successfully used FAC atomic data for various plasma applications with 
mid-Z [29] and high-Z (W) [24] ions. COWAN code uses a quasir-
elativistic Hartree-Fock method with superposition of configurations 
and is based on the famous book of R.D. Cowan (see [28] and also the 
most recent review paper [30]). It includes a least-squares fitting of 
atomic energy levels (i.e., adjusting the Slater parameters to fit 

experimental levels), which provides a capability to produce more ac-
curate transitions rates. However, the expected accuracy of the calcu-
lated transition rates is within 20 % for the strongest transitions, due to 
the limitations of the method [30].

We studied the convergence with respect to the configuration 
interaction using the FAC. For applications which FAC is primarily 
designed for, it is typically recommended to include only configurations 
within the same complex, except for some low-lying configurations. 
However, we consider it very important to study convergence of atomic 
data for hollow ions and here investigated convergence of the energy 
levels, radiative transition rates, and autoionization decays rates for 

Table 1 
Excitation energies counted from the 1s22s 2S1/2 ground state (E in eV), sums of weighted radiative transition rates (∑gAr in 1/s), and total weighted autoionization 
decay rates (gAa in 1/s) for the hollow 2s22p, 2s2p2, and 2p3 states calculated by COWAN and FAC codes for Li-like F ions. The relative percentage differences between 
the results of two codes are listed in percentages. A[B] means Ax10B.

Hollow 
States

E(eV) Diff. Σ gAr (s¡1) Diff. gAa (s¡1) Diff.
COWAN FAC COWAN FAC COWAN FAC

2s22p 2P1/2 1516.1 1513.9 0.15 % 8.59[12] 7.77[12] 9.5 % 5.07[14] 5.35[14] ¡5.5 %
2s22p 2P3/2 1516.3 1514.1 0.15 % 1.73[13] 1.56[13] 9.8 % 1.02[15] 1.07[15] ¡4.9 %
2s2p2 4P3/2 1516.2 1514.2 0.13 % 2.81[13] 2.55[13] 9.3 % 8.52[13] 6.67[13] 21.7 %
2s2p2 4P1/2 1516.1 1514.2 0.12 % 1.41[13] 1.28[13] 9.2 % 4.26[13] 3.35[13] 21.4 %
2s2p2 4P5/2 1516.3 1514.3 0.13 % 4.22[13] 3.83[13] 9.2 % 1.28[14] 9.94[13] 22.3 %
2s2p2 2D5/2 1526.1 1525.2 0.06 % 3.97[13] 3.64[13] 8.3 % 1.66[15] 1.93[15] ¡16.3 %
2s2p2 2D3/2 1526.1 1525.2 0.06 % 2.65[13] 2.43[13] 8.3 % 1.11[15] 1.28[15] ¡15.3 %
2s2p2 2S1/2 1532.1 1532.7 0.04 % 1.48[13] 1.30[13] 12.2 % 3.18[14] 3.44[14] ¡8.2 %
2s2p2 2P1/2 1533.7 1533.8 ¡0.01 % 1.41[13] 1.26[13] 10.6 % 3.39[14] 3.48[14] ¡2.7 %
2s2p2 2P3/2 1533.8 1533.9 ¡0.01 % 2.82[13] 2.53[13] 10.3 % 6.79[14] 6.94[14] ¡2.2 %
2p3 2D5/2 1536.6 1535.9 0.05 % 5.97[13] 5.41[13] 9.4 % 1.79[15] 2.18[15] ¡21.8 %
2p3 2D3/2 1536.6 1536.1 0.03 % 3.98[13] 3.61[13] 9.3 % 1.19[15] 1.45[15] ¡21.8 %
2p3 2P1/2 1543.4 1544.2 ¡0.05 % 1.94[13] 1.72[13] 11.3 % 3.38[14] 2.98[14] ¡17.8 %
2p3 2P3/2 1543.4 1544.4 ¡0.06 % 3.88[13] 3.44[13] 11.3 % 6.74[14] 7.95[14] ¡18.0 %

Table 2 
Wavelengths (λ in Å), intensity factors (Q̃d in 1/s), and radiative transition rates (gAr in 1/s) between the upper hollow 2s22p, 2s2p2, and 2p3 states and lower 
autoionizing 1s2s2, 1s2s2p, and 1s2p2 states in Li-like F ions calculated using COWAN and FAC codes. The relative percentage differences in radiative transition rates 
between two codes are listed in percentages. A[B] means Ax10B.

Line 
label

Hollow 
Upper states

Autoionizing 
Lower states

λ 

(Å)
Q̃d 
(s−1)

Ar 
(s¡1)

Ar 
(s¡1)

Diff.

COWAN FAC
Li10 2s2p2 2S1/2 1s2s2p 2Pa1/2 15.343 4.60[12] 2.38[12] 2.00[12] 16.0 %
Li10 2s2p2 2S1/2 1s2s2p 2Pa3/2 15.345 8.28[12] 4.28[12] 3.66[12] 17.1 %
Li7 2p3 2P3/2 1s2p2 2D5/2 15.360 9.23[12] 2.39[12] 2.09[12] 12.5 %
Li7 2p3 2P1/2 1s2p2 2D3/2 15.361 5.72[12] 2.96[12] 2.55[12] 13.8 %
Li6 2p3 2P3/2 1s2p2 2P1/2 15.382 2.76[12] 7.14[11] 6.28[11] 12.0 %
Li6 2p3 2P1/2 1s2p2 2P1/2 15.383 5.83[12] 3.02[12] 2.68[12] 11.3 %
Li6 2p3 2P3/2 1s2p2 2P3/2 15.384 1.57[13] 4.06[12] 3.54[12] 12.6 %
Li6 2p3 2P1/2 1s2p2 2P3/2 15.385 2.52[12] 1.31[12] 1.17[12] 10.7 %
Li8a 2s22p 2P3/2 1s2s2 2S1/2 15.397 1.33[13] 3.37[12] 3.05[12] 9.5 %
Li8b 2s22p 2P1/2 1s2s2 2S1/2 15.402 6.64[12] 3.37[12] 3.04[12] 9.8 %
Li5a 2s2p2 2P3/2 1s2s2p 2Pb1/2 15.416 4.11[12] 1.07[12] 9.30[11] 13.1 %
Li5a 2s2p2 2P3/2 1s2s2p 2Pb3/2 15.416 2.03[13] 5.31[12] 4.55[12] 14.3 %
Li5b 2s2p2 2P1/2 1s2s2p 2Pb3/2 15.419 3.73[12] 1.95[12] 1.66[12] 14.9 %
Li5b 2s2p2 2P1/2 1s2s2p 2Pb1/2 15.419 8.34[12] 4.36[12] 3.75[12] 14.0 %
Li2 2s2p2 2D3/2 1s2s2p 2Pa1/2 15.459 1.96[13] 4.97[12] 4.35[12] 12.5 %
Li2 2s2p2 2D5/2 1s2s2p 2Pa3/2 15.460 3.56[13] 6.02[12] 5.26[12] 12.5 %
Li2 2s2p2 2D3/2 1s2s2p 2Pa3/2 15.460 3.87[12] 9.83[11] 8.52[11] 13.3 %
Li3a 2s2p2 4P5/2 1s2s2p 4P3/2 15.467 1.18[13] 2.11[12] 1.91[12] 9.5 %
Li3a 2s2p2 4P3/2 1s2s2p 4P1/2 15.468 1.10[13] 2.93[12] 2.65[12] 9.6 %
Li3a 2s2p2 4P5/2 1s2s2p 4P5/2 15.469 3.75[12] 4.92[12] 4.45[12] 9.4 %
Li3a 2s2p2 4P3/2 1s2s2p 4P3/2 15.469 2.76[13] 9.35[11] 8.49[11] 9.2 %
Li3b 2s2p2 4P1/2 1s2s2p 4P3/2 15.471 1.09[13] 5.86[12] 5.31[12] 9.4 %
Li3b 2s2p2 4P3/2 1s2s2p 4P5/2 15.471 1.18[13] 3.16[12] 2.86[12] 9.5 %
Li1 2p3 2D5/2 1s2p2 2D5/2 15.491 1.70[13] 4.78[12] 4.30[12] 10.0 %
Li1 2p3 2D3/2 1s2p2 2D3/2 15.491 2.81[13] 4.33[12] 3.92[12] 9.5 %
Li1 2p3 2D3/2 1s2p2 2D5/2 15.491 2.98[12] 5.66[11] 4.08[11] 12.0 %
Li4b 2p3 2D3/2 1s2p2 2P1/2 15.514 1.61[13] 4.10[12] 3.72[12] 9.3 %
Li4a 2p3 2D5/2 1s2p2 2P3/2 15.516 2.74[13] 4.65[12] 4.25[12] 8.6 %
Li4a 2p3 2D3/2 1s2p2 2P3/2 15.516 3.71[12] 9.47[11] 8.55[11] 9.7 %
Li9 2p3 2P3/2 1s2p2 2S1/2 15.530 8.83[12] 2.29[12] 2.10[12] 9.0 %
Li9 2p3 2P1/2 1s2p2 2S1/2 15.530 4.50[12] 2.38[12] 2.15[12] 9.7 %
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hollow Li-like F ions. We performed calculations by consistently adding 
configurations up to n = 10 (with orbital momentum l = 0–3), which 
increased the number of levels in the model from 529 (n = 3) to 5954 (n 
= 10). Then we studied the dependence of the relative percentage of the 
results (calculated at neighboring quantum numbers) from values of n. 
For energies of hollow states, we found that the relative percentage 
change decreased from Δ34 = 0.38 %−0.6 % to Δ67 = 0.049 %−0.084 % 
to Δ910 = 0.016 %−0.028 %, with the better convergence (smallest 
values) for the level 2s2p2 2S1/2 (lowest values shown above) and the 
slower convergence for the levels 2s2p2 2P1/2, 2P3/2, and 2s2p2 4P1/2 (at 
or close to the highest values shown above). For the sum of radiative 
transition rates (summed over all radiative decay channels), these 
numbers changed from Δ34 = 0.6 %−1.6 % to Δ67 = 0.16 %−0.42 % to 
Δ910 = 0.08 %−0.14 %. The better convergence (smallest values) was 
observed again for the level 2s2p2 2S1/2 (lowest values shown above) 
and the slower convergence for the levels 2s22p 2P1/2, 2P3/2, and 2s2p2 
4P5/2 (at or close to the highest values shown for Δ910 above). For 
autoionization decay rates, the relative percentage change was some-
what higher than for the sum of radiative transition rates, from Δ34 = 3.2 
%−5.0 % to Δ67 = 0.43 %−0.66 % to Δ910 = 0.13 %−0.21 %. To 
illustrate the major tendencies, we included the graph for autoionization 
decay rates (see Fig. 3). The slower convergence is for three quartet 
states 2s2p2 4P1/2, 4P3/2, and 4P5/2 (at or close to the highest values 
shown above), which is illustrated by dark red trace in Fig. 3 (which is 
an overlap of three traces).

Table 1 lists excitation energies (counted from the 1s22 s 2S1/2 
ground state in eV), sums of weighted radiative transition rates (∑gArin 
1/s), and total weighted autoionization decay rates (gAa in 1/s) for the 
hollow 2s22p, 2s2p2, and 2p3 states calculated by COWAN and FAC codes 
for Li-like F and the comparison of the results from these two codes. The 
relative percentage difference for the atomic data (difference between 
the COWAN and FAC results divided by the COWAN result) is listed in 
columns named “Diff.”. For excitation energies, such a difference is very 
small (≤ 0.15 %) with the best agreement (in absolute values) for the 
hollow states 2s2p2 2P1/2,3/2 (0.01 %), 2p3 2D3/2 (0.03 %), 2s2p2 2S1/2 
(0.04 %), and 2p3 2P1/2, 2D5/2 (0.05 %). For the sum of weighted radi-
ative transition rates, this difference is larger, which was expected but 
with a smaller dispersion, from 8.3 % for the hollow states 2s2p2 2D3/2,5/ 
2 to 11.3 % for the hollow states 2p3 2P1/2, 2P3/2. Lastly, for the total 
weighted autoionization decays, the absolute values of differences are 
even larger than those for radiative transition rates with a larger 
dispersion and changes from as small as 2.2 %−2.7 % for the 2s2p2 2P1/ 
2,3/2 to the larger values for the 2s2p2 4P5/2,3/2,1/2 (21.4 %−22.3 %) and 
2p3 2D3/2,5/2 (21.8 %).

Table 2 shows the spectroscopic line labels, hollow upper and 

autoionizing lower states of radiative transitions in the first three col-
umns, then wavelengths, intensity factors, and radiative transition rates 
from COWAN code, radiative transition rates from FAC, as well as the 
comparison of radiative transition rates between these two codes in the 
last column “Diff.” The relative percentage differences changes with a 
little bit larger dispersion that for the sum of the weighted radiative 
transition rates but with a smaller than for the total weighted auto-
ionization decay rates in Table 1. The smallest relative percentage dif-
ference is for the transition 2p3 2D5/2 → 1s2p2 2P3/2 (8.6 %). The 
maximum percentage difference is for transitions 2s2p2 2S1/2 → 1s2s2p 
2Pa1/2,a3/2 (16.0–17.1 %), which exceeds the largest value for the dif-
ferences in the sum of radiative transition rates from Table 1 but still 
within the expected accuracy of FAC radiative transition rates (10–20 
%).

There are more autoionization decay channels for hollow triply- 
excited Li-like ions compared to doubly-excited Li-like states. To 
demonstrate this important point, Table 3 lists the total autoionization 
decay rates and contributions of different decay channels (in percent-
ages) for the hollow 2l2l’2l" states in Li-like F calculated by the FAC 
code. The major autoionization decay channels are 1s2s and 1s2p, and 
autoionization decays to the 1s2 is 4–5 orders of magnitude less and to 
1s3l<1 % (not shown in the table). The dominant contributions from 
most hollow states into the total Aa rates are to the 1s2p 3P2 channel with 
the largest from 2s2p2 4P5/2 (73.8 %) and from 2s2p2 4P1/2 to the 1s2p 
3P1 (76.1 %) as well as from 2s2p2 2D5/2,3/2 and 2S1/2 to the 1s2p 3S1 
(57.9 % and 43.6 %, respectively). It is more illustrative to discuss in 
another coupling scheme. Using the LS coupling there are four decay 
channels (1s2s 3S, 1s2s 1S, 1s2p 3P, and 1s2p 1P). We can see from Table 3
that hollow Li-like F states autoionize to the following channels: 2s22p 2P 
to the four channels; 2s2p2 2D and 2s2p2 2S to three channels (3S, 1S, 3P); 
2p3 4S, 2s2p2 2P, 2p3 2D, and 2p3 2P to two channels (3P and 1P), and 
2s2p2 4P to a single channel (3P). We have learned and discussed in this 
section how consistently adding configurations up to n = 10 will 
improve the values of autoionization decays also listed in this Table, but 
it almost did not affect the distribution of percentage contributions 
among the different channels.

Fig. 4 displays the DS spectrum from hollow Li-like F ions calculated 
using Eq. (3) and the following parameters: Te = 400 eV and Es = 600 eV. 
After the Ceff

S is calculated, a Gaussian broadening is applied. The reso-
lution is arbitrarily chosen such that the individual transitions are not 
blending and held constant for every line. Fig. 4a presents the DS 
spectrum from hollow Li-like F ions in a spectral range 15.35 – 15.55 Å. 
It includes spectral features Li1 – Li10 specified in Table 1. Specifically, 
three lines (2p3 2DJ → 1s2p2 2DJ’) contribute into Li1 with the most 
intense line at 15.491 Å (J = 5/2 → J’ =5/2, Q̃d= 2.81×1013 s−1); three 

Fig. 3. Relative percentage change of autoionization decay rates from hollow Li-like F ion states calculated using the FAC code as a function of the principal quantum 
numbers included in the atomic model.
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lines (2s2p2 2DJ → 1s2s2p 2PJ’) contribute into Li2 with the most intense 
line at 15.460 Å (J = 5/2 → J’ =3/2, Q̃d= 3.56×1013 s−1); six lines 
(2s2p2 4PJ → 1s2s2p 4PJ’) contribute into Li3 with the most intense line 
at 15.469 Å (J = 5/2 → J’ =5/2, Q̃d = 2.76×1013 s−1); three lines (2p3 
2DJ → 1s2p2 2PJ’) contribute into Li4 with the most intense line at 15.516 
Å (J = 5/2 → J’ =3/2, Q̃d= 2.74×1013 s−1); four lines (2s2p2 2PJ → 

1s2s2p 2PJ’) contribute into Li5 with the most intense line at 15.416 Å (J 
= 3/2 → J’ =3/2, Q̃d= 2.03×1013 s−1); four lines (2p3 2PJ → 1s2p2 2PJ’) 
contribute into Li6 with the most intense line at 15.384 Å (J = 3/2 → J’ 

=3/2, Q̃d= 1.57×1013 s−1); two lines (2p3 2PJ → 1s2p2 2DJ’) contribute 
into Li7 with the most intense line at 15.360 Å (J = 3/2 → J’ =5/2, Q̃d=
9.23×1012 s−1); two lines (2s22p 2PJ → 1s2s2 2SJ’) contribute into Li8 
with the most intense line at 15.397 Å (J = 3/2 → J’ =1/2, Q̃d=
1.33×1013 s−1); two lines (2p3 2PJ → 1s2p2 2SJ’) contribute into Li9 with 
the most intense line at 15.530 Å (J = 3/2 → J’ =1/2, Q̃d = 8.83×1012 

s−1), and two lines (2s2p2 2SJ → 1s2s2p 2PJ’) contribute into Li10 with 
the most intense line at 15.345 Å (J = 1/2 → J’ =3/2, Q̃d= 8.28×1012 

s−1). The same spectrum is shown in a broader spectral range, which 
includes Lyα and Heα resonance lines of F ions at λ=14.982 Å and 
λ=16.809 Å, respectively.

4. Discussion

Jacobs et al. studied the effects of initial-state population variations 
on the 2p →1 s Kα dielectronic satellite spectra of highly ionized iron 
ions in high-temperature astrophysical and laboratory plasmas [31]. The 
authors showed that in addition to the variation in electron temperature 
(a very important application of dielectronic satellites to plasma di-
agnostics), which is attributable to the temperature dependences of the 
radiationless electron capture and inner-shell-electron collisional exci-
tation rate coefficients and to the temperature dependence of the 
charge-state distribution, the K-shell emission spectra exhibit an 
electron-density sensitivity [31]. This electron-density sensitivity was 

suggested to be a result of the density-dependent distribution of pop-
ulations among the different fine-structure levels of the initial ions in the 
dielectronic recombination and inner-shell electron collisional excita-
tion processes and a simplified treatment was introduced for the initial 
distribution of populations, whose precise determination would involve 
the detailed and self-consistent description of a variety of atomic auto-
ionization, collision, and radiative processes. The electron-density range 
of interest was subdivided into three, increasingly dense regions with 
the most dense region characterized by laser-produced and 
vacuum-spark-produced plasmas [31].

In the present paper, we are interested in the high-energy-density 
(HED) plasma with electron densities 1019 cm−3 ≤ Ne ≤ 1023 cm−3 

which was motivated by our possible observation of the hollow fluorine 
ions in high-contrast laser-produced plasma experiments with CF2 tar-
gets on Leopard laser facility at UNR [22]. Based on the atomic data 
calculated and discussed above, we created an atomic model for fluorine 
ions and used it for non-Local Thermodynamic Equilibrium (non-LTE) 
modeling with the SUNR code, where energy levels are coupled by 
collisional excitation and radiative decay and their reverse processes 
within each ion and by collisional ionization, Auger decay, and photo-
ionization and their reverse processes (three-body, dielectronic, and 
radiative recombination) in neighboring ions [32,33]. The configura-
tions included in the atomic model are shown in Fig. 1 and comprise 18 
H-like, 29 He-like, and 52 Li-like configurations. However, the spectral 
signatures of hollow Li-like F ions were not intense enough to manifest in 
the spectral range between the intense Heα and Lyα resonance lines, 
calculated in the broad ranges of electron density (Ne =1017 - 1023 cm−3) 
and electron temperatures (Te =100–500 eV). It was confirmed by very 
low resulting populations of hollow Li-like F ion states, even with in-
clusion of inner-shell excitation. The analysis of the populations of 
He-like F ions calculated at Te =400 eV reveals that all populations of 
1s2l levels are almost proportional to their statistical weights in this 
electron density region with the exception for the level 1s2p 1P1 that 
needs a higher density (Ne ≥ 1022 cm−3). Because a majority of the 1s2l 
levels, which represent the most important autoionization decay chan-
nels for hollow Li-like F ions shown in Table 3, are statistically populated 
in the range of the electron density of interest, it is justifiable to use the 
modified intensity factor which includes the sum over all these levels in 
Eq. (2) as well as the effective emission rate coefficients in Eq. (3) to 
produce synthetic dielectronic satellite spectra in Fig. 3 (see also [7,31]). 
Summarizing, (i) the dielectronic satellite spectra of hollow He-like F 
ions in Fig. 2 are almost not sensitive to the electron density because of 
only one major channel of the autoionization decay (1s); (ii) the die-
lectronic spectra of hollow Li-like F ions in Fig. 3 are produced by taking 
into account all channels of autoionization decays following Eqs. (2 and 
3) and atomic data discussed above, as well as statistical distribution of 
1s2l levels (which was analyzed using the full non-LTE kinetic 
modeling), and (iii) these spectra are applicable to the high-density 
laser-produced plasmas (such as from Leopard laser facility) or 
Z-pinch plasmas from university scale pulsed-power generator.

5. Conclusion

We have completed the theoretical study of dielectronic satellite 
lines from hollow He- and Li-like F ion states motivated by current 
research on hollow ions in HED plasmas and by the results of our pre-
vious high contrast laser-produced plasma experiments with CF2 targets 
on Leopard laser facility at UNR.

For the hollow Li-like ions, the DR process to a bound state of a Li- 
like ion involves the capture of an electron by a He-like ion to a hol-
low triply-excited state of the resulting Li-like ion (for example, 2l2l’2l” 

states) followed by radiative decay to an autoionizing doubly-excited 
level (for example,1s2l12l2 states). The accuracy of the atomic data for 
1s2l12l2 states were studied in detail before, but not of the atomic data 
for the KK hollow Li-like states. To address this issue, we studied the 
convergence with respect to the configuration interaction using the FAC 

Table 3 
The total autoionization decay rates and contributions from different decay 
channels (in percentages) for the hollow 2l2l’2l" states in Li-like F ions calculated 
by the FAC code.

Hollow 
states

Aa 1s2s 1s2p
(s¡1) 3S1 1S0 3P0 3P1 3P2 1P1

2s22p 
2P1/2

2.68 
[14]

8.5 % 15.8 
%

16.7 
%

35.3 
%

5.6 % 18.1 
%

2s22p 
2P3/2

2.67 
[14]

8.5 % 15.5 
%

1.2 % 10.9 
%

44.7 
%

19.2 
%

2s2p2 
4P3/2

1.67 
[13]

0.0 0.0 27.9 
%

23.9 
%

48.2 
%

0.0

2s2p2 
4P1/2

1.67 
[13]

0.0 0.0 11.3 
%

76.1 
%

12.6 
%

0.0

2s2p2 
4P5/2

1.66 
[13]

0.0 0.0 0.0 26.2 
%

73.8 
%

0.0

2s2p2 
2D5/2

3.21 
[14]

57.9 
%

19.3 
%

0.0 3.6 % 18.8 
%

0.0

2s2p2 
2D3/2

3.21 
[14]

58.0 
%

19.4 
%

6.3 % 13.3 
%

2.8 % 0.0

2s2p2 
2S1/2

1.72 
[14]

43.6 
%

14.4 
%

5.4 % 15.1 
%

20.5 
%

0.0

2s2p2 
2P1/2

1.74 
[14]

0.0 0.0 13.2 
%

30.7 
%

19.6 
%

36.5 
%

2s2p2 
2P3/2

1.73 
[14]

0.0 0.0 3.3 % 15.2 
%

44.2 
%

37.4 
%

2p3 2D5/2 3.64 
[14]

0.0 0.0 5.5 % 20.6 
%

48.7 
%

25.2 
%

2p3 2D3/2 3.63 
[14]

0.0 0.0 12.8 
%

32.1 
%

30.3 
%

24.7 
%

2p3 2P1/2 1.99 
[14]

1.3 % 2.2 % 2.1 % 14.7 
%

54.5 
%

25.3 
%

2p3 2P3/2 1.99 
[14]

1.3 % 2.1 % 10.3 
%

27.6 
%

34.1 
%

24.6 
%
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and in addition compared the results of COWAN and FAC codes. We 
performed FAC calculations by consistently adding configurations up to 
n = 10 (with orbital momentum l = 0–3), which increased the number of 
levels in the atomic model from 529 (n = 3) to 5954 (n = 10). Then we 
studied the dependence of the relative percentage change of the results 
as a function of n. For energies of hollow states, we found that the 
relative percentage change decreased from Δ34 = 0.38 %−0.6 % to Δ910 
= 0.016 %−0.028 %. For the sum of radiative transition rates, these 
numbers slightly increased to Δ34 = 0.6 % −1.6 % and Δ910 = 0.08 %−

0.14 %, respectively. For autoionization decay rates, the relative per-
centage changes were somewhat higher than those for the sum of radi-
ative transition rates, but still were decreasing from Δ34 = 3.2 %−5.0 % 
to Δ910 = 0.13 %−0.21 % with a slower convergence for three quartet 
2s2p2 4P1/2, 4P3/2, and 4P5/2 and two doublet 2p3 2DJ hollow states.

The relative percentage differences for the hollow ion atomic data 
calculated using COWAN and FAC codes were very small for excitation 
energies (≤ 0.15 %) with the best agreement (in absolute values) for the 
hollow states 2s2p2 2P1/2,3/2 (0.01 %), 2p3 2D3/2 (0.03 %), 2s2p2 2S1/2 
(0.04 %), and 2p3 2P1/2, 2D5/2 (0.05 %). For the sum of radiative tran-
sitions rates, this differences were larger, which was expected, from 8.3 
% for the hollow states 2s2p2 2D3/2,5/2 to 11–12 % for the hollow states 
2p3 2P1/2, 2P3/2, and 2s2p2 2S1/2, which is within 10–20 % (typical ac-
curacy for FAC radiative transition calculations). Lastly, for the total 
autoionization decay rates, the absolute values of differences were even 
larger than those for radiative transition rates with a larger dispersion 
and varied from as small as 2.2 %−2.7 % for the doublet 2s2p2 2P1/2,3/2 
to the larger values, again for the three quartet 2s2p2 4P5/2,3/2,1/2 (21.4 
%−22.3 %) and for the doublet 2s2p2 2D3/2,5/2 (21.8 %) hollow states. 

However, if the accuracy of radiative transition rates has been studied 
for some specific types of transitions in detail during the last decade, 
then there is much less data available on accuracy of the autoionization 
decay rates, which are more challenging to calculate. We consider our 
atomic data calculated using the FAC with the atomic model which in-
cludes configurations up to n = 10 as the most accurate compared to the 
initial FAC calculations (which included configurations up to n = 3) and 
to COWAN data without experimental data available.

In addition, we found that there are more autoionization decay 
channels for hollow triply-excited 2l2l’2l’’ states compared to doubly- 
excited 1s2l’2l’’ states in Li-like ions. The largest values of Aa rates are 
for D states (2D5/2 and 2D3/2) for both 2p3 and 2s2p2 hollow configura-
tions. The major autoionization channels are 1s2s and 1s2p and auto-
ionization decays to the 1s2 being 4–5 orders of magnitude less. Using 
the LS coupling there are four decay channels (1s2s 3S, 1s2s 1S, 1s2p 3P, 
and 1s2p 1P) and hollow Li-like F states autoionize to the following 
channels: 2s22p 2P to the four channels; 2s2p2 2D and 2s2p2 2S to three 
channels (3S, 1S, 3P); 2p3 4S, 2s2p2 2P, 2p3 2D, and 2p3 2P to two channels 
(3P and 1P), and 2s2p2 4P to a single channel (3P). Then, if the excited He- 
like states are populated more in dense plasmas (compared to the 
moderate- and low-density plasmas) then the satellite lines from hollow 
ions can have observable line intensities.

For KK hollow Li-like F ions, dielectronic satellite (hypersatellite) 
lines (2l2l’2l’’→1s2l2l’) cover the spectral region 15.35 to 15.55 Å, 
which occupies a relatively small portion of a spectral region between 
Lyα (at 14.982 Å) and Heα (at 16.809 Å) resonance lines of He-like F ions 
whereas the commonly used satellite lines (1s2lnl’ → 1s2nl” with n = 2, 
3, 4, and 5) cover the spectral range 16.8 – 17.2 Å, which is mostly to the 

Fig. 4. Theoretical spectra of dielectronic satellite lines from the hollow triply-excited states of Li-like F ions calculated at Te = 400 eV shown: a) in a spectral region 
15.35 to 15.55 Å and (b) within a broader spectral region between Lyα and Heα resonance lines of F ions.
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right of Heα line. The most intense dielectronic satellite lines from 
hollow Li-like F ions were identified and illustrated in this paper.

The next step will be studying dielectronic satellites from KK hollow 
Be-like F ion states that our calculations show to occupy the spectral 
region between 15.6 and 15.8 Å and to have even more addition chan-
nels of autoionization decays than hollow Li-like F ion states. Also, we 
will be including the transitions from autoionizing 1s2l2l’3l’’→1s22l2l’ 
states that may partially overlap with the spectral region considered in 
this paper. In addition, we will work more on detailed comparison of 
dielectronic satellite spectra of hollow Li- and Be-like F ions (with and 
without inner-shell collisions) with experimental data to better under-
stand production mechanism of hollow ions in HED plasmas.
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