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Degrees of polarization of the two strongest 5 f → 3d lines following electron-impact excitation and
dielectronic recombination processes of Cu-like to Se-like gold ions
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Cross sections for electron-impact excitation and capture to individual magnetic sublevels of Cu-like to Se-like
gold ions have been calculated by using a fully relativistic distorted-wave (RDW) method. These magnetic cross
sections have further been used to obtain the degrees of linear polarization for the first two strongest 5f → 3d

radiative lines. A detailed comparison has been made between polarizations of these lines from the electron-impact
excitation process and those of the same lines but from the dielectronic recombination process. It is found that for
a Cu-like gold ion the polarization in the electron-impact excitation process increases sharply before starting to
decrease at higher incident electron energies, and it reaches the maximum at around twice the threshold energy.
The situations for other gold ions are very similar. However, as for the dielectronic recombination process,
the polarization changes among a very large range with different gold ions. Therefore, the obvious differences
between the polarizations from different formation processes can be employed in diagnosing the formation
mechanism of the corresponding lines.
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I. INTRODUCTION

High-temperature plasmas extensively exist in tokomaks
[1–3], vacuum sparks [4], astrophysical objects [5], Z pinches
[6–9], solar plasmas [10,11], and laser-produced plasmas
[12–15]. Important parameters must be correctly predicted
to know these plasmas, such as charge state distribution
(CSD), energy balance, radiation levels, energy deposition
rate, the linear polarization of emission lines, and so on.
In the indirect laser drive of inertial confinement fusion
(ICF), gold is used as a work material of particular inter-
est in a hohlraum [12,16]. A laser beam heats the inside
of a gold hohlraum-producing plasma which emits intense
x-ray radiations. The x ray drives the capsule implosion and
influences the resulting fusion yield. So many works have
been devoted to, for example, x-ray emission spectra, radiative
opacity, CSD, and the electron-impact excitation process of
gold ions or plasmas. Gold x-ray spectra in ICF relevant
spectral regions have been previously studied by Kiyokawa
et al. [17]. They recorded the 5f → 3d and 6f → 3d line
groups of Ni-like to Ga-like gold ions. However, those line
groups were misidentified as being composed of the 6d3/2 →
3p3/2 and 6d3/2 → 3p1/2 transitions. In later laser-produced
plasma experiments, Bauche-Arnoult et al. [18] remeasured
and correctly identified these line groups. Honda et al. [19]
theoretically studied the x-ray spectra of highly charged
nonlocal thermodynamical equilibrium (NLTE) gold plasma
and calculated part of the excitation energies and oscillator
strengths of the 4f → 3d transitions for Ni-like to Ga-like
ions. Zhang et al. [20,21] theoretically studied the emission
spectra of laser-produced plasmas. Yi et al. [22] calculated
the wavelength, transition probability, and oscillator strength
for laser-produced gold plasmas. May et al. [23] presented a
systematic study on the emissions from Ni-like to Kr-like gold

*Corresponding author: dongcz@nwnu.edu.cn

ions by using the Livermore electron beam ion traps EBIT-I
and EBIT-II; they recorded the emissions from n = 4 → 3,
5 → 3, 6 → 3, and 7 → 3 x-ray transitions from Ni-like to
Kr-like gold ions between 1500 and 5000 eV by employing
both a photometrically calibrated x-ray microcalorimeter and
an x-ray crystal spectrometer. The line emission from the gold
ions was observed in steady state at a density of ∼1012 cm−3.
The plasmas with this density have fewer active atomic physics
processes and are easier to be modeled than the laser-produced
plasma experiments. Träbert et al. [24] used these plasmas to
identify and to measure the photon energies of the n = 4 → 4
extreme ultraviolet transitions between 30 and 60 Å from
Cu-like to Kr-like gold ions. Zeng [25] studied x-ray emission
spectra of Ni-like gold ions under coronal plasma condition by
using the flexible atomic code (FAC). In an experiment with the
NOVA laser, Foord et al. [26] inferred the average charge state
〈q〉 value of gold plasma from the 5f → 3d lines of the Ni-like
to Kr-like ions. In this experiment, a gold microdot buried in
Be foil was heated by laser to steady-state conditions with Te =
2.2 keV and ne = 6 × 1020 cm−3. The 〈q〉 value of +49.3 was
inferred by comparing the recorded spectrum with modeling
from the Hebrew University Lawrence Livermore atomic code
(HULLAC) [27]. Glenzer et al. [28] also measured the 5f → 3d

lines emitted from fusion hohlraum plasma with Te = 2.6 keV,
ne = 1.4 × 1021 cm−3, and Trad = 210 eV and inferred the 〈q〉
value of +52(±1). Foord et al. and Glenzer et al. found reason-
able agreement between the observed 〈q〉 value and theoretical
prediction from the plasma modeling code RIGEL [29]. Wong
et al. [30] experimentally measured the CSD of highly charged
gold plasma by using the spectral emissions. The measured
average ionization state was 46.8 ± 0.75 in the gold plasma
with a Maxwell-Boltzmann temperature of 2.5 keV and an
electron density of ∼1012 cm−3. For the experimental case
mentioned above, Peyrusse et al. [31] performed calculations
of the charge state distribution involving all ions from Au40+
to Au51+; the corresponding ionization state was 46.4, in good
agreement with the experimental result 46.8 ± 0.75. Heeter
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et al. [32] carried out a series of benchmark measurements of
the ionization balance of highly charged NLTE gold plasmas
at electron densities near 1021 cm−3 and electron temperatures
spanning the range 0.8–2.4 keV. They analyzed time- and
space-resolved M-shell gold emission spectra by using the
collisional-radiative model and found average ionization states
〈q〉 ranging from 42 to 50. May et al. [33] performed a
systematic study of gold CSD from low-density and NLTE
plasmas created in the Livermore EBIT-I and EBIT-II. The
x-ray emissions from the 5f → 3d and 4f → 3d of Ni-like
to Kr-like gold ions have been recorded from monoenergetic
electron beam plasmas having Ebeam = 2.66, 2.92, 3.53, and
4.54 keV, and the CSD of the beam plasmas has been inferred
by fitting the collisionally excited line transitions and radiative
recombination emissions with synthetic spectra. Yan et al.
[34,35] theoretically studied the opacity of gold mixtures in
the LTE by using the unresolved transition array model. Their
results show that the Rosseland mean opacity of the mixtures
will be increased when comparing with pure gold plasmas.
Cheng et al. [36] simulated the opacities of hot and dense
gold plasma in the LTE by the Monte Carlo method based
on the UTA approximation. Yang et al. [37] experimentally
verified that the Rosseland mean opacity of a mixture of gold
and gadolinium is higher than that of the pure gold sample.
Zeng et al. [38,39] theoretically calculated spectrally resolved
opacities as well as Rosseland and Planck mean opacities of
LTE gold plasmas by using a fully relativistic detailed level
accounting (DLA) model and an average atom (AA) model,
respectively. Gao et al. [40] calculated the electron-impact
excitation of gold by using a semirelativistic distorted-wave
method. Zhang [41], Bar-Shalom [27], and Gu [42] calculated
the electron-impact excitation cross sections for the 3d → 4f

and 3d → 5f processes by using DWS, HULLAC, and FAC

codes, respectively. May [43] measured the cross sections for
the 3d → 4f and 3d → 5f excitations of Ni-like to Ga-like
gold ions in beam plasmas created in the Livermore EBIT-I.
Yang et al. [44] calculated the electron-impact excitation ener-

gies and collision strengths for Ni-, Cu-, and Zn-like gold ions
by using a fully RDW code REIE06. Meng et al. [45] studied
the total dielectronic recombination (DR) rate coefficient from
the ground and the first excited states of Co-like gold ions
employing the relativistic distorted-wave approximation with
configuration interaction. However, to our knowledge there are
no systematic works on the degree of linear polarization for
gold x-ray spectra in ICF relevant spectral regions. Therefore,
in the present work, the cross sections for electron-impact
excitation and capture to individual magnetic sublevels of
Cu-like to Se-like gold ions are calculated by using the fully
RDW method. And the degrees of linear polarization for the
corresponding first two strongest 5f → 3d transition lines are
also calculated with the use of these magnetic sublevel cross
sections. In Sec. II, the theoretical method is described. In
Sec. III, the magnetic sublevel cross sections and the degrees
of linear polarization of the corresponding lines are discussed.
Finally, some brief conclusions of the present work are given
in Sec. IV.

II. THEORETICAL METHOD

In the present work, a recently developed fully RDW
code REIE06 [46–48] is used to calculate the electron-impact
excitation cross sections, where the target state wave functions
are generated with the use of the atomic structure package
GRASP92 [49] based on the multiconfiguration Dirac-Fock
(MCDF) method, and the continuum electron wave functions
are produced by the component COWF of the RATIP package
[50] by solving the coupled Dirac equation in which the
exchange effect between the bound and continuum electrons
are considered. In this method, the z axis is chosen along the
motion of the incident electron, and then the z component
of the incident electron orbital angular momentum is zero,
namely, mli = 0. In this case the electron-impact excitation
cross section of the target ion from the initial state βiJiMi to
the final state βf Jf Mf can be represented as [41,51]
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where the subscripts i and f refer to the initial and final states,
respectively; εi is the incident electron energy in Rydberg;
a0 is the Bohr radius; C’s are Clebsch-Gordan coefficients;
R’s are the collision matrix elements; γi = εi lijiβiJiJM

and γf = εf lf jf βf Jf JM , where J and M are the quantum
numbers corresponding to the total angular momentum of
the impact system, target ion plus free electron, and its z

component, respectively; β represents all additional quantum

numbers required to specify the initial and final states of
the target ion in addition to its total angular momentum J

and z component M; msi
, li , ji, mli , and mi are the spin,

orbital angular momentum, total angular momentum, and its
z-component quantum numbers, respectively, for the incident
electron ei ; δκi

is the phase factor for the continuum electron;
κ is the relativistic quantum number, which is related to the
orbital and total angular momentum l and j ; ki is the relativistic
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wave number of the incident electron and is given by

k2
i = εi

(
1 + α2εi

4

)
, (2)

and α is the fine-structure constant. It turns out that R(γi,γf )
are independent of M ,

R(γi,γf ) = 〈
γf
|

N+1∑
p,q,p<q

(VCoul + VBreit)|
γi
〉, (3)

where 
γi
and 
γf

are the antisymmetric N + 1 electron wave
functions for the initial and final states of the impact systems,
respectively; VCoul is the Coulomb operator; and VBreit is the
Breit operator given by [49]

VBreit = −αpαq

rpq

cos(ωpqrpq)

+ (αp · ∇p)(αq · ∇q)
cos(ωpqrpq) − 1

ω2
pqrpq

, (4)

where αp and αq are the Dirac matrices, and ωpq is the angular
frequency of the exchanged virtual photon.

For initially randomly orientated target ions, the case of
interest here, one can average over initial magnetic sublevels
Mi of the target ion and obtain the cross section for excitation
to a specific final magnetic sublevel Mf ,

σεi
(βiJi − βf Jf Mf ) = 1

2Ji + 1

∑
Mi

σεi
(βiJiMi − βf Jf Mf ).

(5)

The dielectronic recombination process can also form
the excited state produced in the electron-impact excitation
process above. Here, the capture cross section from the capture
initial state i to the magnetic sublevels of capture final state f

for unpolarized electrons is given by [51]
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The degree of linear polarization of the radiation emitted
without detecting the scattered electron is then defined by [52]

P = I‖ − I⊥
I‖ + I⊥

, (8)

where I‖ and I⊥ are the intensities of photons with electric
vectors parallel and perpendicular to the electron beam
direction, respectively.

The degree of linear polarization for radiation from the
J = 1 to the J = 0 line is given by [52]

P = σ0 − σ1

σ0 + σ1
. (9)

If we assume that the electron-impact excitation process is
the dominant mechanism for populating the upper magnetic
sublevels, σ0 and σ1 are the electron-impact excitation cross
sections from the ground state to the magnetic sublevels Mf =
0 and Mf = 1 of the excited state, respectively. However,
if the dielectronic recombination process is the significant
mechanism for populating the upper magnetic sublevels, σ0

and σ1 are the capture cross sections from the ground state to
the magnetic sublevels Mf = 0 and Mf = 1 of the resonant
doubly excited state, respectively.

Furthermore, the degree of linear polarization for radiation
from the J = 3/2 to the J = 1/2 line is also given by [52]

P = 3(σ1/2 − σ3/2)

5σ1/2 + 3σ3/2
. (10)

Similarly, for the electron-impact excitation process, σ1/2 and
σ3/2 are the electron-impact excitation cross sections from
the ground state to the magnetic sublevels Mf = 1/2 and
Mf = 3/2 of the excited state, respectively, while for the
dielectronic recombination process, σ1/2 and σ3/2 are the
capture cross sections from the ground state to the magnetic
sublevels Mf = 1/2 and Mf = 3/2 of the resonant doubly
excited state, respectively.

III. RESULTS AND DISCUSSIONS

A. Comparisons of transition energies and electron-impact
excitation cross sections

In the calculations of wave functions and energy levels for
the initial and final states, the contributions from the Breit
interaction and quantum electrodynamics (QED) effect are
taken into account. And in the calculations of the electron-
impact excitation cross sections, the maximal partial κ = 50
is included in order to ensure convergence. In Table I, the
calculated transition energies of some relatively strong 5f →
3d lines for highly charged Cu-like to Se-like gold ions are
shown along with other theoretical and experimental [23]
values. It can be found that the present results are in very
good agreement with these theoretical and experimental values
within the experimental error. Taking the radiative line Cu-1 for
example, the present transition energy is 3334.62 eV compared
with the experimental measurement value 3334.7 ± 0.5 eV
performed on the Livermore-EBIT [23] and the theoretical
result 3334.48 eV given by HULLAC [23]. An agreement of
<0.05% is quoted for the differences between HULLAC and the
present calculated energies, but there are some lines of As-like
and Se-like gold ions with differences >0.1%. So the present
single configuration model is accurate enough for these highly
charged ions.

In order to further illustrate the accuracy of the present
calculations, Fig. 1 displays the present calculated total and
individual magnetic sublevel electron-impact excitation cross
sections for the 3d3/2 → 5f5/2 of Cu-like gold ions (labeled
by Cu-3) along with the experimental results [43] and other
theoretical results calculated with HULLAC [27], DWS [41],
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TABLE I. Comparison of the transition energies (eV) of the 5f →3d process of highly charged Cu-like to Se-like gold ions between the
present calculated results and other experimental and theoretical ones. Note that the closed subshell 4s2 has been omitted from the transitional
initial and final states. Errors on the experimental photon energies in eV are given in parentheses, and “u” signifies an unidentified line.

Ion Label Transition J i→J f Present HULLAC [23] Expt. 1 [53] Expt. 2 [23]

Au50+ Cu-1 3d−1
5/24s5f7/2-3d104s 3

2 − 1
2 3334.62 3334.48 3335.3 3334.7(0.5)

Cu-2 3d−1
5/24s5f7/2-3d104s 1

2 − 1
2 3333.60 3333.49 3332.7 3333.2(0.5)

Cu-3 3d−1
3/24s5f5/2-3d104s 3

2 − 1
2 3418.71 3419.07 3420.8(0.6)

Cu-4 3d−1
3/24s5f5/2-3d104s 1

2 − 1
2 3418.95 3419.45 3426.2(0.5)

Au49+ Zn-1 3d−1
5/25f7/2-3d10 1 − 0 3300.06 3302.42 3301.1 3296.6(0.5)

Zn-2 3d−1
3/25f5/2-3d10 1 − 0 3384.34 3387.14 3382.7(0.5)

Au48+ Ga-1 3d−1
5/24p1/25f7/2-3d104p1/2

3
2 − 1

2 3264.58 3265.88 3259.9(0.5)

Ga-2 3d−1
5/24p1/25f7/2-3d104p1/2

1
2 − 1

2 3264.77 3266.31 u

Ga-3 3d−1
3/24p1/25f5/2-3d104p1/2

3
2 − 1

2 3349.93 3351.70 3349.2 3348.3(0.5)

Ga-4 3d−1
3/24p1/25f5/2-3d104p1/2

1
2 − 1

2 3348.35 3350.34 3345.3 3345.3(0.6)

Au47+ Ge-1 3d−1
5/24p2

1/25f7/2-3d104p2
1/2 1 − 0 3229.38 3230.99 3226.5(0.5)

Ge-2 3d−1
3/24p2

1/25f5/2-3d104p2
1/2 1 − 0 3314.19 3316.56 3315.6 3312.2(0.6)

Au46+ As-1 3d−1
5/24p1/24p2

3/25f7/2-3d104p1/24p2
3/2

3
2 − 1

2 3200.82

As-2 3d−1
5/24p2

1/24p3/25f7/2-3d104p2
1/24p3/2

1
2 − 3

2 3197.49 3200.96 3191.1(0.7)

As-3 3d−1
5/24p2

1/24p3/25f7/2-3d104p2
1/24p3/2

3
2 − 3

2 3191.92 3200.33 u

As-4 3d−1
5/24p2

1/24p3/25f7/2-3d104p2
1/24p3/2

5
2 − 3

2 3198.35 3201.71 3194.1(0.5)

As-5 3d−1
3/24p1/24p2

3/25f5/2-3d104p1/24p2
3/2

3
2 − 1

2 3285.68

As-6 3d−1
3/24p2

1/24p3/25f5/2-3d104p2
1/24p3/2

1
2 − 3

2 3282.65 3286.75 3284.0 3283.7(0.6)

As-7 3d−1
3/24p2

1/24p3/25f5/2-3d104p2
1/24p3/2

3
2 − 3

2 3281.26 3285.36 3273.7(0.5)

As-8 3d−1
3/24p2

1/24p3/25f5/2-3d104p2
1/24p3/2

5
2 − 3

2 3282.31 3286.23 3276.8(0.6)

Au45+ Se-1 3d−1
5/24p2

1/24p2
3/25f7/2-3d104p2

1/24p2
3/2 1 − 0 3165.71 3167.14 u

Se-2 3d−1
5/24p2

1/24p2
3/25f7/2-3d104p2

1/24p2
3/2 1 − 2 3164.54 3167.27 3164.2(0.6)

Se-3 3d−1
5/24p2

1/24p2
3/25f7/2-3d104p2

1/24p2
3/2 2 − 2 3165.51 3167.84 3179.8(0.7)

Se-4 3d−1
3/24p2

1/24p2
3/25f5/2-3d104p2

1/24p2
3/2 1 − 0 3250.01 3252.03 u

Se-5 3d−1
3/24p2

1/24p2
3/25f5/2-3d104p2

1/24p2
3/2 1 − 2 3249.44 3252.77 3245.8(0.5)

Se-6 3d−1
3/24p2

1/24p2
3/25f5/2-3d104p2

1/24p2
3/2 2 − 2 3249.41 3252.97 u

as well as FAC [42]. FAC and DWS show the cross sections
for excitation to the individual magnetic sublevels. Here,
the magnetic sublevel cross sections for excitation from

FIG. 1. Comparison of total and magnetic sublevel electron-
impact excitation cross sections for the process 3d3/2 → 5f5/2 of
Cu-like gold ions between the present calculated results and other
experimental and theoretical results from FAC, HULLAC, and DWS.

the magnetic sublevels Mi = ±1/2 of the ground state to
the magnetic sublevels Mf = ∓3/2 of the excited state are
very small (less than almost four orders) when comparing
with other magnetic sublevel cross sections for excitation
from the magnetic sublevels Mi = ±1/2 of the ground state
to the magnetic sublevels Mf = ±3/2, Mf = ±1/2, and
Mf = ∓1/2 of the excited states, so they are not plotted in
the figure. It can be found that the agreement of individual
magnetic sublevel cross sections is relatively good among
the different theoretical results, and the maximal difference
between the present and other results is within 5%. For the total
cross sections, the present results are also in good agreement
with other theoretical results. However, all the theoretical
cross sections included in Fig. 1 are slightly larger than the
experimental results.

B. Electron-impact excitation cross sections

On the basis of the above comparison of cross sections,
Fig. 2 presents the total and individual magnetic sublevel
electron-impact excitation cross sections for the 3d3/2 →
5f5/2 and 3d5/2 → 5f7/2 processes of Cu-like to Se-like gold
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FIG. 2. The total and magnetic sublevel cross sections for Cu-like
to Se-like gold ions as functions of incident electron energy. The solid
lines represent the values for the excitation from 3d3/2 to 5f5/2, and
the dashed lines represent the results from 3d5/2 to 5f7/2.

ions as functions of incident electron energy. It is found that
the total cross sections decrease monotonically as incident
electron energy increases; they decrease rapidly near the
threshold energy but slowly within a higher energy region.
For Cu-, Ga-, and As-like gold ions, the cross sections for
excitation to magnetic sublevels Mf = ±1/2 are larger than
sublevels Mf = ±3/2 and Mf = ∓1/2, the cross sections for
excitation to magnetic sublevels Mf = ∓1/2 are the smallest
ones at any given incident electron energy. As for Zn-, Ge-, and
Se-like gold ions, the cross sections for excitation to magnetic
sublevel Mf = 0 are significantly larger than Mf = ±1. For

all of the gold ions, the total and individual magnetic sublevel
cross sections for the excitation 3d3/2 → 5f5/2 are the same
as those for excitation 3d3/2 → 5f5/2. The total and individual
magnetic sublevel cross sections for Cu-like gold ions are
nearly uniform with those of Ga-like and As-like gold ions.
Similarly, the total and individual magnetic sublevel cross
sections for Zn-like gold ions are also approximately the same
as those for Ge-like and Se-like gold ions.

C. Resonant energies and capture cross sections

Dielectronic recombination of Ni-like to As-like gold ions
can also form the same excited states formed in electron-
impact excitation of Cu-like to Se-like gold ions. In Table II, la-
bels of the capture initial states and final states (doubly excited
states) for the first two strongest processes of the six different
charged gold ions from Cu-like to Se-like are presented along
with the corresponding dielectronic recombination resonant
energies. It can be found that for all relevant gold ions
the capture final states are the same as the excited final
states (see Table I) formed in the electron-impact excitation
process, respectively. For all the gold ions, the dielectronic
recombination resonant energies of 3d3/2 → 5f5/2 are greater
than those for 3d5/2 → 5f7/2, and the absolute differences
between the two kinds of energy are roughly 84 eV. Also,
the relative values decrease steadily from 17.7% to 9.6% for
Cu-like to Se-like gold ions.

Total and magnetic sublevel capture cross sections (CCS)
for Cu-like to Se-like gold ions are presented in Table III,
in which Mi → Mf represents capture cross sections from
the magnetic sublevel Mi of the capture initial state to the
magnetic sublevel Mf of the capture final state. It can be
found that some specific magnetic capture cross sections are
equal to zero, such as σM=0→±3/2 for Cu-, Ga-, and As-like
gold ions, σM=±1/2→∓1 for Zn- and Ge-like gold ions, as well
as σM=±1/2→∓1, σM=±3/2→0, and σM=±3/2→∓1 for Se-like gold
ions, which have a common characteristic, that is, �M >

1. Compared with electron-impact excitation cross sections,
capture cross sections are larger than those at all given incident

TABLE II. The dielectronic recombination resonant energies (eV) for the first two strongest capture processes of Cu-like to Se-like gold
ions, where the capture final states are the same as the excited states of the electron-impact excitation process of all gold ions, respectively.

Ion Label Ji → Jf Initial state Final state Resonant energy

Au50+ Cu-1 0 → 3
2 3d10 3d−1

5/24s5f7/2 389.74

Cu-3 0 → 3
2 3d10 3d−1

3/24s5f5/2 473.82

Au49+ Zn-1 1
2 → 1 3d104s 3d−1

5/24s25f7/2 427.45

Zn-2 1
2 → 1 3d104s 3d−1

3/24s25f5/2 511.73

Au48+ Ga-1 0 → 3
2 3d104s2 3d−1

5/24s24p1/25f7/2 556.88

Ga-3 0 → 3
2 3d104s2 3d−1

3/24s24p1/25f5/2 642.23

Au47+ Ge-1 1
2 → 1 3d104s24p1/2 3d−1

5/24s24p2
1/25f7/2 589.27

Ge-2 1
2 → 1 3d104s24p1/2 3d−1

3/24s24p2
1/25f5/2 674.08

Au46+ As-1 0 → 3
2 3d104s24p2

1/2 3d−1
5/24s24p1/24p2

3/25f7/2 897.75

As-5 0 → 3
2 3d104s24p2

1/2 3d−1
3/24s24p1/24p2

3/25f5/2 982.62

Au45+ Se-1 3
2 → 1 3d104s24p2

1/24p3/2 3d−1
5/24s24p2

1/24p2
3/25f7/2 791.75

Se-4 3
2 → 1 3d104s24p2

1/24p3/2 3d−1
3/24s24p2

1/24p2
3/25f5/2 876.05
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TABLE III. Total and magnetic sublevel CCS (cm2) for Cu-like to Se-like gold ions, Mi → Mf represents the capture cross section from
the magnetic sublevel Mi of the capture initial state to the magnetic sublevel Mf of the capture final state.

Ion Label Ji → Jf M-dependent CCS Total CCS

Au50+ 0 → ± 1
2 0 → ± 3

2

Cu-1 0 → 3
2 2.48 × 10−19 0 4.96 × 10−19

Cu-3 0 → 3
2 2.84 × 10−19 0 5.68 × 10−19

Au49+ ± 1
2 → 0 ± 1

2 → ∓1 ± 1
2 → ±1

Zn-1 1
2 → 1 1.29 × 10−19 0 3.22 × 10−21 1.32 × 10−19

Zn-2 1
2 → 1 1.26 × 10−19 0 1.38 × 10−20 1.40 × 10−19

Au48+ 0 → ± 1
2 0 → ± 3

2

Ga-1 0 → 3
2 1.49 × 10−20 0 2.98 × 10−20

Ga-3 0 → 3
2 7.46 × 10−21 0 1.49 × 10−20

Au47+ ± 1
2 → 0 ± 1

2 → ∓1 ± 1
2 → ±1

Ge-1 1
2 → 1 2.99 × 10−20 0 1.17 × 10−20 4.16 × 10−20

Ge-2 1
2 → 1 3.15 × 10−20 0 2.02 × 10−20 5.17 × 10−20

Au46+ 0 → ± 1
2 0 → ± 3

2

As-1 0 → 3
2 3.72 × 10−24 0 7.44 × 10−24

As-5 0 → 3
2 1.63 × 10−25 0 3.26 × 10−25

Au45+ ± 1
2 → 0 ± 1

2 → ∓1 ± 1
2 → ±1 ± 3

2 → 0 ± 3
2 → ∓1 ± 3

2 → ±1

Se-1 3
2 → 1 1.04 × 10−21 0 1.77 × 10−21 0 0 6.54 × 10−21 4.68 × 10−21

Se-4 3
2 → 1 6.47 × 10−22 0 1.53 × 10−21 0 0 5.39 × 10−21 3.78 × 10−21

electron energies for Cu-like to Ge-like gold ions, however,
there is an exception for As-like gold ions around the threshold
energies and for Se-like gold ions at all given incident electron
energies.

D. Degrees of polarization for electron-impact excitation and
dielectronic recombination processes

Figure 3 displays the degrees of linear polarization of the
corresponding lines following the electron-impact excitation
process as functions of incident electron energy in threshold
units. For all the gold ions, the degrees of linear polarization
for the excitation 3d3/2 → 5f5/2 are almost same as the
ones for the excitation 3d5/2 → 5f7/2. The degrees of linear
polarization increase sharply with an increase of incident
electron energy before starting to decrease at the higher energy
region, and reach their respectively corresponding maximum
at roughly two times the threshold energy. The same pattern
had been found in the intermediate coupling calculations for
heliumlike Fe ions by Inal et al. [54] and in the distorted-wave
calculations for several heliumlike ions by Reed et al. [55].
For Cu-like gold ions the degree of linear polarization changes
in the range of 0.1–0.2 within five times the threshold energy,
however, the degree of linear polarization for Zn-like gold
ions changes among the range of 0.20–0.36 within the same
energy range. Therefore, the degrees of linear polarization for
Cu-like gold ions are larger than the ones for Zn-like gold ions
at any given incident electron energies. It can be found that
the cross sections for Ga-like and As-like gold ions are very
similar with Cu-like gold ions, and the situations of Ge-like
and Se-like gold ions are almost same as Zn-like gold ions.

In Table IV, we display the degrees of linear polarization
for the same radiative lines but formed by the dielectronic

recombination process. The degrees of linear polarization of
these radiative lines formed by dielectronic recombination
are quite different for different gold ions. For Cu-, Ga- and
As-like gold ions, because the cross sections for capturing the
individual magnetic sublevel Mf = 3/2 of the resonant doubly

FIG. 3. The degrees of linear polarization for Cu-like to Se-like
gold ions as functions of incident electron energy. The circles
represent the values for the excitation from 3d3/2 to 5f5/2, and the
dark squares represent the results for excitation to 5f7/2 from 3d5/2.
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TABLE IV. Linear degrees of polarization of the corresponding
radiations 5f7/2 → 3d5/2 and 5f5/2 → 3d3/2 following the dielec-
tronic recombination process of Cu-like to Se-like gold ions.

Ion Label Transition Polarization

Au50+ Cu-1 5f7/2 → 3d5/2 0.6

Cu-3 5f5/2 → 3d3/2 0.6

Au49+ Zn-1 5f7/2 → 3d5/2 0.98

Zn-2 5f5/2 → 3d3/2 0.90

Au48+ Ga-1 5f7/2 → 3d5/2 0.6

Ga-3 5f5/2 → 3d3/2 0.6

Au47+ Ge-1 5f7/2 → 3d5/2 0.67

Ge-2 5f5/2 → 3d3/2 0.52

Au46+ As-1 5f7/2 → 3d5/2 0.6

As-5 5f5/2 → 3d3/2 0.6

Au45+ Se-1 5f7/2 → 3d5/2 − 0.59

Se-4 5f5/2 → 3d3/2 − 0.68

excited states from the respectively corresponding ground
states are equal to zero, the degrees of linear polarization of
the resulting lines are equal to 0.6 by using Eq. (10). However,
for other gold ions the situations of linear polarization are
quite different. For example, for Zn-like gold ions the degrees
of linear polarization are equal to 0.98 for the radiative line
5f7/2 → 3d5/2 (labeled by Zn-1) and 0.90 for the line 5f5/2 →
3d3/2 (labeled by Zn-2); for Ge-like gold ions the degrees of
linear polarization are 0.67 and 0.52 for the radiative lines Ge-1
and Ge-2, as well as the degrees of linear polarization prove
to be −0.59 and −0.68 for the radiative lines Se-1 and Se-4 of
Se-like gold ions, respectively. It is found that the degrees of
linear polarization for the line 5f7/2 → 3d5/2 are greater than
those for the line 5f5/2 → 3d3/2 of Zn-, Ge-, and Se-like gold
ions. It is also found that the degrees of linear polarization
of these lines formed by electron-impact excitation are very
different from those for the same radiative lines but formed
by the dielectronic recombination process. Therefore, we
can use these degrees of linear polarization to distinguish
and identify the formation mechanism of the corresponding
radiative lines. Furthermore, the specific plasma conditions
can also be assessed by measuring these linear polarizations of
the corresponding spectral lines. For example, electron-impact
excitation would dominate in hot and dense plasmas and the
dielectronic recombination process would dominate in low-
density plasmas that are cooled and recombining by capturing
the continuum electrons. Admittedly, besides the formation
mechanism of spectral lines, radiative cascade effect and
metastable states can also greatly affect the linear polarizations
of the corresponding lines in some cases. However, according
to our calculations, the excitation and capture cross sections
to the relevant cascading levels are much smaller than those to

the upper level of interest, less than almost four orders, and the
excitation and capture cross sections from a metastable state
into the upper levels are also very small compared with the
cross sections of interest. So the contributions of the cascade
effect and the metastable states should be small.

IV. CONCLUSION

In the present paper, cross sections for electron-impact
excitation and capture to individual magnetic sublevels of
Cu-like to Se-like gold ions have been calculated by using
a fully relativistic distorted-wave method. Furthermore, these
cross sections are further employed in calculating the degrees
of linear polarization of the corresponding first two strongest
5f → 3d radiations. We compare the linear polarizations of
these lines formed by electron-impact excitation with those of
the same lines but formed by the dielectronic recombination
process. It is found that for the electron-impact excitation
process the degrees of linear polarization increase sharply
before starting to decrease at higher energy regions and they
reach the respective maximum at about two times that of the
threshold energies. The degrees of linear polarization change
in a range of 0.1–0.2 within five times that of the threshold
energies for Cu-, Ga-, and As-like gold ions, while for Zn-, Ge-,
and Se-like gold ions the degrees of linear polarization change
among the range of 0.20–0.36 within the same energy range.
As for the dielectronic recombination process, the degrees of
linear polarization change in a very large range with different
gold ions. For Cu-, Ga-, and As-like gold ions the degrees
of linear polarization are equal to 0.6. And for Zn-, Ge-, and
Se-like gold ions, the degrees of linear polarization are equal
to 0.98, 0.67, and −0.59 for the radiative line 5f7/2 → 3d5/2

as well as 0.90, 0.52, and −0.68 for the line 5f5/2 → 3d3/2,
respectively. It is also found that the differences of linear
polarization between both electron-impact excitation and
dielectronic recombination are very large. So we can use
these degrees of linear polarization to diagnose the formation
mechanism of these corresponding lines. Furthermore, the
specific plasma conditions could further be assessed by
measuring the linear polarizations of corresponding spectral
lines. For example, electron-impact excitation would dominate
in hot and dense plasmas and the dielectronic recombination
process would dominate in low-density plasmas that are cooled
and recombining by capturing the continuum electrons.
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