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ABSTRACT

Direct and resonant photoionization of Al-like W®'" ions from their ground state 15*25*2p°3s?3p2P;/, and four lowly excited states
1522572p83523p 2Py 5, 1572522p5353p* *Py 15 3, and 15*2522p°3s3p* 2D; , is studied by using the multiconfigurational Dirac-Fock method and
the relativistic R-matrix method. Emphasis is placed upon exploring direct and resonant ionization limits and also upon identifying possible
resonance channels of W*'* ions. To do so, the photoionization cross sections are calculated with the use of the Dirac Atomic R-matrix
Code. For the ground-state photoionization, the direct and resonant ionization limits are obtained, and the identified resonance peaks are
found to be associated with the resonances 1522s22p®3s3Inl’ and 1s*2s22p®3p3inl’ (I,I' = p,d) at a level of fine-structure energy level or config-
uration. For the excited-state photoionization, however, although the respective direct ionization limits are obtained, the resonant ionization
limits and resonance peaks are hardly distinguishable due to much more densely spaced resonance peaks and complex resonance structure. It
is expected that the present work could fill the vacancy of studies on the photoionization of W't ions and be helpful to the diagnosis and
simulation of the thermonuclear fusion plasmas together with other available photoionization data of tungsten ions with other charge states.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0201766

I. INTRODUCTION

The interaction of light with matter through photoionization of
atoms and ions is a significant process in nature. This process occurs
often in a variety of laboratory plasmas' ~ and astrophysical plasmas* *
existing in the vicinity of intensive radiation sources, such as binary
stars, accretion disks, and magnetized neutron stars. A systematic
study of atomic and ionic photoionization is particularly significant in
the fields of atomic physics, plasma physics, and astrophysics. For

also plays a key role in high-temperature environment of controlled
thermonuclear fusion devices.'”

During the past few decades, great emphasis has been laid upon
photoionization studies of atoms and ions."” In particular, photoioniza-
tion data are strongly needed in many fields, such as astrophysical
modeling for opacities, modeling of laboratory plasmas, astrophysical
plasmas and fusion plasmas, spectral analysis, ionization balance, and
recombination cascade matrix,'" and it is also a potential tool for
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example, photoionization studies can be used to study electronic struc-
ture of ions, characterization of ionization thresholds, autoionizing res-
onances, isotope shifts, and fine-structure effects.” As the interaction of
photons with atoms or ions is a fundamental atomic process in a vari-
ety of plasma environments," laboratory investigations of photoab-
sorption and photoionization are, therefore, important in the context
of a wide range of modeling and applications."* Moreover, the process

exploring the role of intermediate multiply excited states in photon-ion
interactions by performing photoionization measurements along with
detailed theoretical calculations.'” Actually, a number of theories have
been developed for detailed and accurate study of the photoionization
process of atoms and ions. The widely known theoretical approaches
include the fully relativistic distorted-wave method,'® the multi-
configurational Hartree—Fock method,'” the quantum defect I;heory,IS
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the multi-configurational Dirac-Fock (MCDF) method,"” and the
R-matrix method.”’ By using these methods, atomic and ionic pho-
toionization processes have been extensively studied for light ele-
ments.” >’ Among these studies, the effects of an electronic structure
of atoms and ions, the electron correlation, the hyperfine interaction as
well as the quantum many-body and relativistic effects on the photo-
ionization processes have been also explored.”* On the basis of these
studies along with other relevant research, several important databases
were established, such as the opacity project”®”” and the iron project.”*

Tungsten has become the focus of attention on fusion research,
being considered as the main candidate for the cover of the plasma-
facing component in next-generation fusion devices like the
International Thermonuclear Experimental Reactor Tokamak (ITER).
This is due to the fact that tungsten has excellent physical and chemical
properties, such as high sputtering threshold energy, low sputtering
yield, high re-deposition efficiency, and low tritium retention.”
However, tungsten impurity ions are produced due to the interaction
between the edge plasma and the cover materials. These ions may be
transported to the fusion core plasmas and further be ionized to pro-
duce even highly charged tungsten ions. The resulting highly charged
tungsten jons could cause a large radiation loss by emitting high-
energy photons, which leads to plasma disruption when the relative
concentration of tungsten ion impurities in the core plasma is higher
than about 10~° magnitude.”” Monitoring and controlling the flux of
these highly charged tungsten impurity ions is important to retain the
fusion.”” To monitor and control the tungsten impurity ion flux pro-
duced by the interaction between the edge plasma and the cover mate-
rials, the atomic data of tungsten ions are indispensable.’’
Furthermore, in the existing thermonuclear fusion, facilities with tung-
sten as the facing material tungsten ions with medium and high charge
states can be generated, while in the ITER, the highest charge state is
expected to be higher than W®*" and the electron temperature of the
corresponding fusion plasmas is higher than 30 keV.”>" At such high
electron temperatures, high-energy x-ray radiations with several tens
of kiloelectron volt exist extensively in the fusion plasmas, which
makes the photoionization of highly charged tungsten ions possible.
As one of the dominant atomic processes for altering the charge state
of ions, photoionization of tungsten and its ions plays a very important
role in the ionization balance and energy transfer of fusion plasmas.
The analysis of photoionization of tungsten ions furnishes valuable
information about the role of tungsten atoms and ions in a plasma.”*
Therefore, a great number of theoretical and experimental studies have
been carried out for the direct and resonant photoionization of tung-
sten and its ions with various charge states.

For example, Boyle et al.”” calculated photoionization cross sec-
tions of atomic tungsten for photon energies ranging from the ioniza-
tion threshold of tungsten to 150eV by using the many-body
perturbation theory. Sladeczek et al. measured the first photon yield
spectra of W' and W*" ions in the range of 30-60 eV using atomic
tungsten beam and monochromatic synchrotron radiation excitation
method.” Ballance and McLaughlin performed large-scale theoretical
calculations of total photoionization of the 4f, 5s, 5p, and 6s orbitals of
neutral tungsten atoms using the Dirac-Coulomb R-matrix approxi-
mation.””*® Photoionization cross sections of W -W>" ions were
studied both experimentally and theoretically by Miiller et al.””** The
experiments were carried out at the photon-ion merged-beam facility
of the Berkeley Advanced Light Source, and the theoretical results
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were obtained by the Dirac-Coulomb R-matrix method. In addition to
neutral tungsten atoms and lowly charged tungsten ions, the photoioni-
zation of highly charged tungsten ions has been also studied extensively.
Trzhaskovskaya and Nikulin calculated photoionization cross sections
for W W5, WH_W2 W _W** and WY -W’' ions,
which are important to fusion plasma research associated with facilities
such as the ITER, ASDEX-U, and FElectron Beam Ion Trap."l:”"ls
The direct photoionization of W*** and W*** ions was studied using
the perturbed dipole method and the Sturmian model by Lépez
et al." Khatri et al. calculated the photoionization cross sections of
Ne-like W*" ions from the ground state 152522p° 'S, by using the
Dirac-Coulomb R-matrix method under the close-coupling approxi-
mation.”* Moreover, we also performed relativistic R-matrix
calculations for the photoionization of W**" ions from their ground
state [Ne]3s2S;/, and four lowly excited states [Ne]3p>P;,3/, and
[Ne] 3d2Ds)55,.”"

Nevertheless, the existing studies of the photoionization of tung-
sten ions with very high charge states and the relevant photoionization
data are still scarce.”’ In the present work, the resonant photoionization
processes from the ground state [Mg]3p 2P, /, and the first four excited
states [Mg]3s3p?P;)5, [Nel3s3p**Py)53/5, and [Ne]3s3p? 2Ds/, of
Al-like W®'™ jons are studied by using the relativistic Dirac-Coulomb
R-matrix method.

This contribution is structured as follows: In Sec. 11, the R-matrix
method for the study of atomic and ionic photoionization is given
briefly. In Sec. III, we discuss the presently obtained results for the
photoionization of W' ions, in particular, the corresponding cross
sections and resonance peak structure. Finally, a brief conclusion is
summarized in Sec. IV. Atomic units have been used throughout this
paper unless stated otherwise.

Il. THEORY AND COMPUTATION

Winger and Eisenbud initiated the R-matrix method in 1947 for
the study of nuclear reactions.”’ As the development of the R-matrix
method, it has been employed nowadays to describe various atomic
collision and photoionization processes. A major breakthrough is the
release of the Dirac Atomic R-matrix Code (DARC) in 2004 based on
the relativistic R-matrix method,”” which facilitated the study of colli-
sion and photoionization processes of highly charged ions, which can
be strongly affected by the relativistic effects.

Since the relativistic R-matrix method has been described in great
detail by Norrington,” in this paper we just describe briefly the main
elements of the method. In the R-matrix method, the Dirac-Coulomb
Hamiltonian of a (N + 1)-electron system is expressed as”

N+1

- . V4
HN* —Z (—wwvi—l—(/)’—l)cz—z)—i—

i=1

N+1

“ \rvir-| - @
Jj=it+1 ! J

Here, & and f represent the Dirac matrices constructed in terms of
the Pauli matrices and a 2 x 2 identity matrix. The four terms in
the Hamiltonian represent the single-electron momentum term, the
single-electron mass term, the Coulomb interaction between the (bound)
electron and the nucleus with nuclear charge Z, and the Coulomb
repulsion between the ith and jth electrons. The angular variables
of the corresponding Hamiltonian matrix elements are calculated
by using the Racah algebra, while the radial part is calculated
numerically.
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In the close-coupling approximation, the wavefunction of the
(N + 1)-electron system in the internal region can be formally
expressed as” "

N Jn
W =S [0 ] D deo) @)
ij q

In this expression, A[®Y, u,j]] ™ denotes the coupled wavefunction of
the (N + 1)-electron system with total angular momentum J and
parity 7, which is approximated by using the N-electron target-state
wavefunction @ = [J! 7!} and the basis functions u;; = |exm) of the
continuum orbltals with kinetic energy ¢ and relativistic quantum
number xk = *+(j 4 1/2) for [ = j=1/2. A denotes the antisymmetric
operator to consider the exchange effect between the target electrons
and the continuum electron. 0{1\’ *1is a correlation function of the

(N + 1)-electron system constructed based on a set of square-
integrable orbitals to include additional correlation effects that are not
sufficiently incorporated due to a cutoff in the sums over i and j, which
is required to make the orbital wavefunctions orthogonalized and com-
plete. The boundary between the internal and external regions is cho-
sen in such a way that the magnitude of the radial spinor of the bound
electrons is negligibly tiny at the boundary and the exchange effect
between the bound and the continuum electrons outside the R-matrix
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sphere is negligible. Both c¢; and dg represent the corresponding
expansion coefficients, which are determined by diagonalizing the
Dirac Hamiltonian matrix of the (N + 1)-electron system. In addition,
here i indicates the channel index, j the continuum basis function

index, and k the eigenvector index.
The basis function |exkm) of continuum orbitals is approximated

by a single-particle wavefunction as
Toem 0 @) ) 3)

L[ Py(r)
jerem) = (zom Lm0, )

Here, P(r) and Q(r) are the (so-called) large and small components of
the radial wave functions, respectively, and y,,, is the spin-angular
functions.

With the wavefunctions of the (N + 1)-electron system and of
the N-electron target ready, they can be used to obtain total photoioni-
zation cross section, which is given within the electric-dipole (E1)
approximation as’”

8naC
3(2 + Z ¥

i

D1, (4)

where the minus sign in the wavefunction ¥, means that it has the
asymptotic form of a Coulomb-modified plane wave in the final-state

channel. D, represents the E1 transition operator of the radiation field

TABLE I. Energy levels (in units of Ryd) of W** ions compared with other available results. A% = |MCDF — NIST|/NIST x 100%.

© Author(s) 2024

Index Configuration )" DARC MCDF RMBPT" NIST™* ! A%
1 35 ("So)° 0.00 0.00 0.00 0.00

2 3s3p Cpy)° 10.32 10.23 10.27 10.26°7°! 0.32
3 Cp)° 11.52 11.40 11.41 11.404™ 0.04
4 3p? Cpry)* 24.80 25.05 24.49

5 3s3p Cp,)° 37.75 37.32 37.40 37.40°%° 0.22
6 (‘'P)° 40.52 40.05 40.12 40.0827° 0.07
7 3p? ('Dy)* 50.97 50.72 50.44

8 Cp) 51.10 50.97 50.59

9 3s3d CDy)* 53.66 53.14 53.10 53.10°%¢ 0.08
10 CD,)* 54.69 54.35 54,04 54,042°° 0.56
11 CDs)* 59.97 59.41 59.21 59.21°"¢ 0.33
12 ('D,)* 61.28 60.61 60.49 60.49°"°! 0.20
13 3p3d CR)° 64.84 64.61 64.16

14 CDy)° 67.41 67.23 66.70

15 Cpy)° 72.49 72.13 71.67

16 CF)° 72.77 72.34 71.89

17 3p? Cpy)* 79.10 78.61 78.26

18 ("So)* 80.66 80.23 79.66

19 3p3d CD,)° 93.21 92.65 92.25

20 Cpy)° 93.90 93.40 92.99

21 Cpy)’ 93.99 93.42 93.03

22 ('F;)° 94.01 93.44 92.99

23 CFE,)° 98.64 97.88 97.54

24 ('D,)° 99.49 98.37 98.40

25 CDs)° 100.92 99.80 99.77

26 (‘p)° 101.82 100.76 100.70

Phys. Plasmas 31, 043301 (2024); doi: 10.1063/5.0201766 31, 043301-3
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of ionizing light. o is the fine-structure constant. C = @ in the length
gauge, while C = 1/ in the velocity gauge. Note that in the photoion-
ization process, non-dipole effects have been well known to be tiny
from the infrared to the soft x-ray domains.”* >

In the present work, all calculations are performed within the
El approximation. The GRASP2K package on the basis of the
MCDF method™ is used to calculate all the desired bound-state
wavefunctions and energy levels of W**" ions. In order to acquire
accurate atomic data for further calculations, 16 relativistic orbitals
(Is1/2, 251725 2P1j2s 2P3j2s 3172, 3P1j2s 3P3j2, 3dspas 3dspay 45152,
4py1/2, P32, 4ds)y, 4dssy, 4fsja, and 4f;) and 8 configurations
(15°25%2p%3s%, 15°25%2p%3s 3p, 15°2s72p%3s 3d, 1s*2s*2p°3p?, and
15*2522p%3s 4l with | = s, p,d, f) are used, which results in 40 fine-
structure energy levels. As performed in our previous work,” the
obtained orbital wavefunctions are then used in the DSTG0 mod-
ule of the DARC to produce the formatted file “TARGET.INP”
which is required by the modules DSTG1 and DSTG2 for calculat-
ing the continuum orbitals and Hamiltonians, the radial and angu-
lar integrals, and the E1 matrix elements of the photoionization.
Then, the associated Hamiltonian matrix is diagonalized in the
module DSTGH and the photoionization cross sections are finally
calculated with the use of the module PDSTG3. To obtain accurate
wave functions and energy levels, the configurations chosen in the
calculation of module DSTG2 are the same as those used in the
GRASP2K package for the calculation of wave functions and
energy levels. The boundary radius of the R-matrix sphere is taken
to be r = 1.15a.u., which is sufficient to have all orbitals with
n < 4 of W* ions incorporated and hence can guarantee that the
orbital wavefunctions are complete in the R-matrix. In the calcula-
tion of resonant photoionization cross sections of W' " ions we
adopt 10° energy grid points with a step of 10~ Ryd in order to
find as many channels as possible. Of course, a small energy step
and the resulting subtle cross sections can provide better under-
standing of the resonance structure associated with (narrow)
innershell excitation channels.” For the resonant photoionization
from the ground state 15*2522p°3s23p (J))™ = (1/2)° of W*'" ions
(channels =73, Hamiltonian size =2256), there are two possibili-
ties allowed for the corresponding intermediate resonant states
after photoexcitation, that is, (J)* = (1/2)° (channels =73,
Hamiltonian size =2258) and (J)" = (3/2)° (channels =128,
Hamiltonian size = 3945).

I1l. RESULTS AND DISCUSSION

In Table I, we tabulate the presently calculated energy levels of
W jons associated with the configurations considered with the use
of the DARC and GRASP2K packages. The present results are marked
by DARC and MCDF, respectively, and compared with other results
available from Refs. 58-62. Note that these energy levels are arranged
energetically from low to high and that the ground-state energy level
1522522p%35 (1 Sp)° is set to be zero as a reference. As is clearly shown,
the present DARC energy levels are slightly higher than the MCDF lev-
els. This is because only the relativistic effect is incorporated into the
DARC calculations but other contributions from the Breit interaction,
the quantum-electrodynamical, and finite-nuclear-size effects are not
taken into account.”” It is found that the present MCDF energy levels
agree excellently with the RMBPT results of Kanti et al.”” and also
with the NIST data.”® °" The maximum discrepancies are found to be
less than 2.25% and 0.56%, respectively. Moreover, the present DARC

pubs.aip.org/aip/pop

energy levels are also compared with the NIST results and a maximum
discrepancy 1.31% is obtained. The excellent agreements obtained
guarantee that the present energy levels and wavefunctions of W®**
ions further used to calculate the photoionization cross sections are
reliable.

Figure 1 shows the cross sections of direct and resonant photo-
ionization processes of W°'" ions from their ground state
[Mg]3p 2P, to all possible channels with (J)" = (1/2)° and (3/2)",
as functions of photoionizing energy. To further explain the reliability
of the present calculations, the obtained results are presented for both
the length and velocity gauges. The total photoionization cross sections
are obtained by summing over the partial ones corresponding to the
two types of channels with (J)™ = (1/2) and (3/2)°. As seen from
the figure, the (total) photoionization cross sections obtained under
the two gauges agree well with each other. Moreover, by comparison
with the direct photoionization cross sections of Trzhaskovskaya and
Nikulin,"* a good agreement of the present results is also obtained, as
can be seen from Table II for several photoionizing energies selected
arbitrarily. In addition, it is found that the partial cross sections for the
channels with (J)* = (3/2)° are larger than those for the channels
with (J)" = (1/2)°. Owing to the gauge consistency obtained, below
we shall take only the results within the length gauge, for example, for
further discussions.

In order to find direct and resonant photoionization limits and
identify possible resonance channels of W' ions, the total photoioni-
zation cross sections within the length gauge are plotted solely in
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0.01 F b Ly Al e i b T TN R S e
: umwww, .
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FIG. 1. Partial and total photoionization cross sections for direct and resonant pho-
toionization of We'* ions from their ground state [Mg]3p (2P /2)°- Resdlts are pre-
sented for the length (top panel) and velocity (middle) gauges, along with the ratio
a1 /ay (bottom) of the total cross sections for both gauges.
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TABLE II. Comparison of the present direct photoionization cross sections (x10’3 Mb) with the results of Trzhaskovskaya and Nikulin*® for several photoionizing energies

(Ryd).

Index Level Photon energy (Ryd) Reference*’ Present Discrepancy (%)
1 2P1/2 495.2008 6.478 877 6.479 895 0.016
2 498.0443 6.399 094 6.395748 0.052
3 499.2103 6.366 775 6.363 634 0.049
4 503.1703 6.258 697 6.261 990 0.053
5 504.0098 6.236 115 6.233 637 0.040
6 2P3/2 468.1759 6.892788 6.896 974 0.061
7 470.3169 6.818 801 6.817 968 0.012
8 474.2249 6.686 539 6.688 221 0.025
9 477.0009 6.594722 6.595 365 0.010
10 482.5269 6.417 035 6.416171 0.013

Fig. 2. It is found that the ionization limit of the direct photoionization
of WO ions is 495.07 Ryd, which has a difference of 0.01% from the
NIST result of 495.00 Ryd.”” Such a difference results again from an
incomplete inclusion of high-order corrections in the R-matrix
method but hardly affects the photoionization cross sections. In addi-
tion to the direct ionization limit, several ionization limits of the reso-
nant photoionization of W' ions are found as well. To be specific,
the sudden changes in the continuous background of the photoioniza-
tion cross sections indicate different resonant ionization limits, which
correspond to the convergence of a particular Rydberg series. Take the
obtained resonant ionization limit 519.87 Ryd for example, it is related
to the convergence of the Rydberg series corresponding to the energy
level 3p?3P,, which is determined by the direct ionization limit
495.07 Ryd plus the excitation energy 24.80 Ryd of the level 3p? *P,.
The convergence limit of the Rydberg series at the energy point
505.39 Ryd is the ionization limit for the 1s?2s*2p%3s3p (J;)" = (0)°
level of W ions. This is because the Rydberg line system limit is
where one successive electron of W®'™ ions is at a very high principal
quantum number, at which point the electron is just at infinity.

u

\\l‘ ‘M “ i “iu:. M ; Dszsd °D,
0.00r " . . ) . ) . . )

490 500 510 520 530 540 550 560 570 580 590
Photon energy (Ryd)

0.05
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0.02

Cross section o (Mb)

m_# %L

0.01

FIG. 2. Total photoionization cross sections for direct and resonant photoionization
of W8 ions from their ground state [Mg]3p( Py /2) Results are presented only
for the length gauge.

Therefore, when labeling the Rydberg line system limit, the energy
level of W®*" ions is used. The Rydberg series convergence limit at the
energy of 506.59 Ryd is the 1522522p°3s3p (J;)" = (1)° level of W+
ions, which is the convergence of two different series of Rydberg states.
There are also seven Rydberg series convergence limits for the photo-
ionization in the energy range of 507-550 Ryd, which are listed in
Table TIT together with the corresponding energy levels.

Apart from the photoionization limits, we also identify dominant
resonant photoionization channels by elaborate analysis of the
obtained energy levels of W®' " ions. These resonant photoionization
channels are found to be associated with the resonances 3s3Inl’ and
3p3inl’ (1,1 = p, d), which are listed explicitly as follows:

WO [3s23p2P ] ) /2+h1/
— WL [322 18y + ¢ (s, d)L/z 32
— WO [3s3p 1Py + e~ (p.f)] |

1/23/2
— WO [3s3p3P) 1, + e~ (pf)}

1/2,3/2
— WO [3p2 15, + e ( sd)]1/23/2
— W [3p2 1D, + e ( sdh)L/”/2

[
[
[
[
— WO [3p23Pg 15 + € (s,d, h)]1/z3/2
— WO [353d 1D, + e (s, d, h)]l/zg/z
— WO [3s3d3Dy 55 + e~ (s,d, h) |
— WO [3p3d Py + e (p.f)];
— WOt [3p3d 'D, + e (p, f)] 1/23/2
— WO [3p3d 'F; + e (p, f, )]1/2 3/2
— WO [3p3d3Py 15 + e~ (p.f)]] 1/23/2
— WO [3p3d3Dy 55 + e (p,f, i) 1/23/2
— WO [3p3d3Fy 54 + e (p,f,1)]; 1/23/2"

It is found that the obtained resonance peaks corresponding to an
identical or various different Rydberg series are densely spaced in the
photon energy range 495-570Ryd. These resonance peaks overlap
partially or even fully with each other and are hardly distinguishable.
Actually, this kind of resonance peaks is very narrow and the corre-
sponding Rydberg resonance series converges quickly to its excitation
threshold.”* From a theoretical point of view, the overlap of these

1/2,3/2

1/2 3/2
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TABLE IIl. lonization limits for the resonant photoionization processes of W&'* ions
from their ground state.

Index Level Energy (Ryd)
1 3p? 3P, 519.87
2 3s3p3P, 532.82
3 3s3p P 535.59
4 3p? 1D, 546.04
5 3p?3P, 546.17
6 3s3d°D; 548.73
7 3s3d3D, 549.76

resonance peaks is caused by a relativistic intermixing and coupling of
the channels listed above.” It is also found that the resonance peaks
beyond the energy of 570 Ryd become extremely weak and, hence, fur-
ther calculations for higher photon energies are not performed in the
present work.

As the obtained resonance peaks are densely spaced and thus are
hardly identified, we select two areas with relatively sparse peaks in the
energy ranges 520-526 and 536-539Ryd (i.e., the areas in the blue
boxes of Fig. 2) to identify more specifically the corresponding reso-
nant photoionization channels, as shown in Figs. 3 and 4, respectively.
By detailed analysis of the energy levels of the obtained W' ions and
comparison with the positions of these peaks, eight and six relatively
isolated resonance peaks are identified at a fine-structural or configura-
tional level for the two areas, respectively, as labeled in Figs. 3 and 4 as
well as listed in Tables IV and V, respectively. For example, the reso-
nance peak at the photon energy of 520.86 Ryd is identified to be asso-
ciated with the fine-structure energy level 3s3p19p (J)" = (3/2)°.
Nevertheless, the resonance peaks in other areas are densely spaced
and hence indistinguishable even at a configurational level.

In addition to the photoionization of W®'* ions from their
ground state [Mg]3p P, ,, the direct and resonant phot01omzat10n of
WO jons from four lowly excited states (i.e. [Ne]3s3p?*P, /2,3/2>
[Mg]3p2P; /2> and [Ne]3s3p? 2Ds /2) are also studied. The obtained

pubs.aip.org/aip/pop

0.05
= 0.04
=)
g 0.03 + 3S3d\l~)d
.8
k3]
2 0.02}
7 3s3d20p
S . | )
O 0.01 r 3s3d19d | 353d20

0.00 | , ,

536 537 538 539
Photon energy (Ryd)

FIG. 4. The same as Fig. 2 but for the energy range 536-539 Ryd.

very similar results to the case of the ground-state photoionization are
obtained for the photoionization of W' ions from the four lowly
excited states. The direct photoionization limits 456.49, 457.90, 468.07,
and 482.64 Ryd are obtained for the excited states >Ds /25 4p, /25 2p, /2>
and *Py,, respectively, which have discrepancies of 0.09%, 0.07%,
0.04%, and 0.01% in contrast to the NIST data 456.89,"""" 458.23,
468.27,” and 482.69 Ryd,”” respectively. Once again, these small dis-
crepancies result from an incomplete inclusion of high-order correc-
tions in the R-matrix method, which hardly affect the reliability and
accuracy of the presently obtained photoionization cross sections. As
for the resonant photoionization limits and resonance peaks for these
excited states, they are hardly distinguishable and thus are not pre-
sented in the present work due to much more densely spaced reso-
nance peaks and more complicated resonance structures than the case
of the ground-state photoionization. We expect that the present photo-
ionization data of W®'* ions could be helpful to the diagnosis and sim-
ulation of the thermonuclear fusion plasmas together with other
available photoionization data of tungsten ions with various charge

© Author(s) 2024

total cross sections in the length gauge are plotted in Fig. 5. Overall, states
0.05 IV. SUMMARY
To be summarized, the direct and resonant photoionization of
—_ W' jons from their ground state [Mg]3p 2P, , as well as four lowly
= 0.047 353p20d |, 383p20f
~ N TABLE IV. The energies corresponding to the resonance peaks of the ground state
2 0.03 1 2P, 5 of WE'™ fons in the energy range 520-526 Ryd.
2 3r1Pi 3s3020p
3 0.02 Index Level Energy (Ryd)
7] . ui 5
2 I L 353%i?ﬂjj P I - 1 3s3p19p ()" = (3/2)° 520.86
S 0.01 [ % 2 3s3p20p (]): (5/2): 521.93
3 3s3p20p (J)" = (1/2 522.02
p20p (/)" = (1/2)°
4 353p20d ()" = (9/2) 522.07
0.00 . . . . . 5 353p20f (J)" = (3/2)° 522.12
520 521 522 523 524 525 526 6 3s3p19i (J)" = (11/2)° 524.06
Photon energy (Ryd) 7 3s3p20s (J)" = (3/2)° 524.84
8 3s3p20p ()" = (3/2)° 524.88
FIG. 3. The same as Fig. 2 but for the energy range 520-526 Ryd.
Phys. Plasmas 31, 043301 (2024); doi: 10.1063/5.0201766 31, 043301-6

2S:€L:TL ¥20T Aen €2


pubs.aip.org/aip/php

Physics of Plasmas

TABLE V. The same as Table |V but for the energy range 536-539 Ryd.

Index Level Energy (Ryd)
1 3s3p19d (J)" = (1/2)° 536.73
2 3s3p19d (J)* = (5/2)° 537.24
3 3s3p19d ()" = (3/2)° 537.26
4 3s3p20d (J)" = (5/2)° 537.78
5 3s3p20d (J)" = (7/2)° 537.81
6 3s3d20p (J)* = (5/2)° 538.17

0.05
0.04
0.03
0.02
0.01
0.00
0.05
0.04
0.03
0.02
0.01
0.00
0.05
0.04
0.03
0.02
0.01
0.00
0.05
0.04
0.03
0.02
0.01
000 .

460 480

Cross section o (Mb)

1 1 " 1 n 1 L

500 520 540 560 580 600
Photon energy (Ryd)

FIG. 5. The same as Fig. 2 but for the photoionization of W8’ ions from the excited
states [NeJ3s3p? 4P; 2, [NeJ3s?3p 2P 5, [NeJ3s 3p? *Py 5, and [Ne]3s 3p? 2Ds 5.

excited states [Ne]3s3p> *Py 5 32, [Mg]3p P32, and [Ne]3s3p* *D; ),
is studied by using the relativistic R-matrix method and the MCDF
method. All the required wavefunctions and energy levels are pro-
duced from the GRASP2K package. Good agreements with other avail-
able energy-level results are obtained. With the use of the obtained
MCDF wavefunctions, the photoionization cross sections are calcu-
lated by means of the DARC package. For the ground-state photoioni-
zation, we obtain the direct and resonant photoionization limits and
identify part of resonance peaks at the level of fine-structure energy
levels or configurations. The identified resonance peaks are found to
be associated with the resonances 3s3Inl’ and 3p3inl’ (I,I' = p, d). For
the excited-state photoionization, however, the corresponding resonant
ionization limits and resonance peaks are hardly distinguishable due to
much more densely spaced resonance peaks and more complicated
resonance structure than the case of the ground-state photoionization,
although the respective direct photoionization limits are obtained. It is

ARTICLE
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expected that the present work could fill the existing vacancy of stud-
ies on the photoionization of W®'" ions and be helpful to the
diagnosis and simulation of the thermonuclear fusion plasmas
together with available photoionization data of tungsten ions with
other charge states.
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