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Photoionization process of the hydrogenlike carbon ion embedded in warm and hot dense plasmas
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Complicated many-body interactions between ions and surrounding particles exist in warm and hot dense
plasmas. It will significantly alter the atomic structures and dynamic properties of the embedded ions. Recently,
the atomic-state-dependent (ASD) screening model has been proposed and shown to be valid for investigating
the screening effect in warm and hot dense plasmas over a wide range of electron densities and temperatures. By
employing the ASD model, we investigate the photoionization process for the hydrogenlike carbon ion embedded
in warm and hot dense plasmas with corresponding Coulomb coupling parameter ranges of 0.05 < I' < 1.16,
where I" characterizes the ratio of the average potential to thermal energy. It is found that there are stronger
plasma screening effects on the ionization energy and photoionization cross section due to the negative-energy
electron distributions considered in the ASD model compared to those considering only free electrons. The
present results from the ASD model show reasonable agreement with the classical Debye-Hiickel (DH) model
in weakly coupled plasmas. However, significant deviations of the ionization energy and cross section between
these two models are observed in moderately and strongly coupled plasmas, due to the approximate treatment
of the plasma-electron density distribution of the DH model. In the region of low photoelectron energies, the
positions of the shape resonance peaks of the cross sections obtained from the ASD model differ significantly

from those of the DH model due to the different screening effects.

DOI: 10.1103/PhysRevE.109.055205

I. INTRODUCTION

Warm and hot dense plasma exists widely in inertial
confinement fusion (ICF) experiments, and in various astro-
nomical objects such as stars and the interiors of giant planets
[1-4]. Tt is crucial to determine the atomic parameters of
the ions embedded in these plasmas for both fundamental
research and practical applications. The photoionization cross
section is a key parameter in the calculation of the radiation
opacity, which plays an important role in the study of stellar
structure and evolution [5,6]. It should be noted that one of the
most significant features of the photoionization cross section
using the Coulomb potential is shape resonance, which ap-
pears due to the centrifugal barrier in the effective potential of
the continuum channel. The cross section of the non-Coulomb
potential reflects more features, including shape resonance,
Cooper minima, low-energy Wigner threshold law, and virtual
state resonances [7—12]. Meanwhile, the plasma environment
effect can decrease the binding energy from the nucleus, re-
sulting in the redshift [13] for the photoionization threshold.
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To investigate the plasma effect on the atomic structure
and dynamic processes, a series of screening model poten-
tials have been developed to describe the interaction between
charged particles in plasmas [14-16]. For weakly coupled
plasmas, Young-Dae Jung et al. have presented energy levels,
photoionization cross sections, and resonance characteristics
near the ionization threshold for alkali-metal atoms [17,18],
hydrogen and helium atoms [19-21], and H-like and He-
like ions [10,18,22] using different computational schemes
with the Debye-Hiickel screening potential [ 14,23]. They have
found that the plasma screening effect significantly impacts
the photoionization cross section, and also plays an im-
portant role in determining the cross-section characteristics,
including phenomena like the Cooper minimum and shape
resonance. In the case of strongly coupled plasmas, the ion
sphere model (ISP) [15] has been proposed to account for
particle interaction in dense plasmas. This model considers
a condition at high plasma density and is temperature in-
dependent. Das et al. have reported the important influence
of plasma screening on energy levels and photoionization
cross sections for H-like [24,25], Li-like [24], and F-like
[26] ions in strongly coupled plasmas. In addition, the cosine
Debye-Hiickel potential has been applied to describe quan-
tum plasma at extremely low temperatures [27,28]. However,
research on warm and hot dense plasma is limited due to the
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complex multibody correlations involved in dense plasma
models. Moreover, the prediction results have discrepancies
with the spectra, line shifts, and ionization potential depres-
sions in the latest high-precision spectroscopy experiment at
warm and hot dense plasmas [29]. It is necessary to investigate
the influence of plasma screening on the physical quantities
related to the photoionization process, including wavefunc-
tions, energy levels, and cross sections, using appropriate
screening models. Recently, Zhou et al. [29] have proposed an
atomic-state-dependent (ASD) screening model. Compared
to the most popular DH and ISP models, the ASD model
takes into account the negative-energy electron density distri-
butions generated by inelastic collision processes containing
three-body recombination, which becomes important in warm
and hot dense plasmas [30]. The ASD screening model can
describe the screening effect in moderately coupled plasmas,
and converges to the DH and ISP models under the conditions
of weakly coupled and strongly degenerate plasmas [29].

In this work, the photoionization process of the hy-
drogenlike carbon ion is investigated by employing an
atomic-state-dependent screening model. We investigate the
photoionization process of the hydrogenlike carbon ion,
which is a significant component in ICF experiments and
simulations [31,32]. In Sec. II, we present the screening model
potential, along with the methodology used to solve the Dirac
equation for the hydrogenlike ion and calculate the photoion-
ization cross section. In Sec. III, we illustrate the results and
discussions of the wavefunctions and ionization energies for
the hydrogenlike carbon ion embedded in warm and hot dense
plasmas, as well as the plasma effects on photoionization cross
sections. In Sec. IV, we show our conclusions based on the
findings.

Atomic units (a.u.) will be used in the remaining part of
this paper unless explicitly indicated otherwise.

II. THEORETICAL METHOD

A. Atomic-state-dependent screening model potential

In weakly coupled plasmas, the well-known Debye-Hiickel
potential is applied to describe the electron-ion interaction
formed as [14,23]

z
V(r) = ——exp(=r/Ap). (D

with Debye screening length Ap = (T,/4mn.)"/?. In the
DH model, the electron density distribution p(r) = po[l +
®(r)/T] is the first-order Taylor approximation of the Boltz-
mann distribution function p(r) = pgexp[—P(r)/T] with
the total effective potential ®(r) at position r. It suggests
that the DH model is valid only in weakly coupled plas-
mas (I'<1), while invalid in moderately coupled (I'~1)
or strongly coupled (I" > 1) plasmas, in which complex
multibody correlation effects play a key role. The Coulomb
coupling parameter I is described by the ratio of the potential
energy of neighboring particles to the thermal energy, and
can be denoted as I' = 1/a7, [14,33]. Here, @ = (3/4mn,)'/?
is the average distance between the electrons, which is also
known as the Wigner-Seitz radius, and 7, and n, are the
electron temperature and density of the plasma, respectively.

For treating the warm and hot dense plasmas with a
wide range of temperatures and densities, an atomic-state-
dependent screening model [29] is proposed that can describe
the interaction between charged particles, including the elec-
tron degeneracy effect. In this model, the plasma free electrons
are assumed to be in equilibrium and described by the Fermi-
Dirac distribution

1
a1 o0 )]

where w is the chemical potential of the plasma free electrons,
®(r) is the total effective potential at position r, and p is
the magnitude of electron momentum. However, in warm and
hot dense plasma, the free electrons are transiently captured
through the inelastic collision process such as three-body
recombination, in which an electron transfers its energy and
momentum to another free electron nearby and then recom-
bines to the target ion with an unoccupied bound state. In the
ASD model, the three-body recombination processes between
the electron and the target ion have been taken into account
in determining the electron distribution. For the convenience
of numerical calculation, the recombined bound electrons are
usually treated as negative-energy ones. For simplicity, the
free electrons of the plasma are assumed to be in equilibrium
and the steady-state approximation is applied to obtain the dis-
tribution of negative-energy state for the specific free-electron
temperature and density. The atom with a specific bound state
J can be formed through the three-body recombination of the
target ion and its number density nZ, . can be determined by
a rate equation:

feo(p, 1) = ) 2)

dn’

atom __ J L J ) J .
dr E :(nenalomKJ'J nenatomKH') NeMyiom%j

i

+ nf,nionﬁj =0. 3)

Here, «;, B, Kj/j, and K;; are the rate coefficients of
electron collision ionization, three-body recombination, exci-
tation, and deexcitation, respectively.

Due to the degeneracy effect between the recombined and
initially bound electrons, the negative-energy electron prefers
to populate the unoccupied outer orbital and its momentum
is larger than /2m.[e, — ©(r)]. Therefore, the total plasma-
electron density is given by

1
V) =m —
o(r) 2n2h3[
o0

+ [ fiolp, r)pzdp], )

po

Po
f feo(p, ) (p, r)p*dp
Ne o]

Here, x (p, r) is the nonequilibrium coefficient obtained by
solving Eq. (3), and ¢, is the energy of the outermost bound
electron, which can significantly affect the negative-energy
electron distribution of the target ion. On the right side of
Eq. (4), the first term represents the distribution of negative-
energy electron density.

Finally, the total effective potential of the target ion can be
obtained from

1
O(r) = / = [Z5(r") — pu(r') — $p()]dr,  (5)
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FIG. 1. Electron density fluctuations of the C>* ion embedded in hot and dense plasmas from the screening model potential of the DH
(solid lines), ASD (dashed lines), and free-electron (dash-dotted lines) models, respectively. The mean electron density n, is (a) 1.0x 10%, (b)
1.0x10%, (c) 1.0x10**, and (d) 1.0x 10% cm~3, respectively, and the temperature 7, is 100 eV. The distance R ranges from 0 to a.

where §p(r) = p(r) — p. is the plasma-electron density fluc-
tuation induced by the presence of the target ion, and ®(r)
and 6 p(r) are dependent on each other and can be calculated
with an iteration approach. The details of the derivation of
the ASD model potential are presented in Ref. [29] and its
supplementary material.

In warm and hot dense plasmas with high-density free
electrons, three-body recombination processes will occur sig-
nificantly as the free electrons approach the target ion, and
then affect the electron distribution of the target ion. As
shown in Eq. (4), the electron density distribution of the
ASD model contains both free electrons and negative-energy
electrons produced by the three-body recombination process
between the plasma electrons and the target ion. However,
in previous screening models, such as the uniform electron
gas model [34] and self-consistent field ion sphere model
[35,36], only elastic collision processes are considered, and
free electrons with momentum p > pg = +/2m,P(r) are also
applied to the Fermi-Dirac distribution to guarantee the pos-
itive electron energy. To illustrate the feature of the ASD
screening model, Fig. 1 presents the plasma-electron density
fluctuations 8p(r) of the C>* jon embedded in warm and
hot dense plasmas obtained from the present ASD model, as
well as the DH and free-electron models. Due to the presence
of negative-energy electrons, the density fluctuation of the
ASD model in Fig. 1 is significantly larger than that of the
free-electron model, in which only the contributions of elastic
collision processes are considered and the plasma-electron
density is obtained by p(r) = 1/(2712}23)fp°0o fen(p, r)p*dp.
As the density increases, the strong degeneracy effect causes
the three-body recombination rate to decrease, indicating a

decrease in negative-energy electron density. Therefore, the
density fluctuation of the ASD model tends to that of the
free-electron model. The density comparison between these
two models above indicates that inelastic collision processes,
especially three-body recombination, are important and can-
not be ignored in warm and hot dense plasmas. As shown
in Fig. 1, at low density, the ASD model exhibits larger
density fluctuations than the DH model. It should be noted
that when electrons are close to the nucleus, the electron
density increases rapidly, and the induced electron degener-
acy effect becomes important. This leads to a lower electron
density fluctuation §p(r) in the ASD model, while the DH
model neglects this effect, resulting in an overestimation of
S8p(r). As the distance R between electrons and the nucleus
increases, the electron density fluctuations of the ASD model
converge to those of the DH model. As electron density
increases up to 1.0x10%° cm™3, the plasma coupling and
degeneracy effect enhance, therefore the electron density fluc-
tuation of the DH model is larger than that of the ASD
model.

These obvious differences in electron density fluctuations
between the ASD model and the other two models are further
reflected in the plasma screening effect and the wavefunction,
which further affect the ionization energy and photoionization
cross section of the embedded ions.

B. Relativistic energies and wavefunctions

After considering the plasma screening effect, the Dirac
Hamiltonian for a hydrogenlike atom is given by

H=ca -p+(B—1DP+V(r), (6)
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where ¢ is the speed of light, « and 8 are Dirac matrices,
and p is the momentum operator. The potential energy term
V (r) includes the nuclear potential and the external field gen-
erated by plasma screening. In the ASD model, this term is
represented as

Sp(r')
r=r
In the DH model, V(r) has the form of Eq. (1).

The Dirac state of a bound or continuum electron is ex-
pressed as

z
Vi) =—=+ dr. 7

w m(Z,)\D;r79’§0)= 1.
# i00c(Z, Aps ) X—em(0, @)

-
where P, (Z;r) and Qg (Z;r) are the large and small com-
ponents of the radial wavefunction, respectively. For bound
states g = n, with n being the principal quantum number of
the bound electron, and for continuum states g = ¢, with ¢ =
(K2 + ¢*)"/? — ¢2 being the kinetic energy of the continuum
electron. (0, ¢) in Eq. (8) is the spin angular function:

1
Xm0, ) =) <lm—o§a

o==+1/2

1[ Poc(Z, D 1) Xoem (B, 0) } -

1
lzjm>Ylm_”(9, 9%, 9

where (lm—o%a |l % jm) are the Clebsch-Gordan coefficients,
Y,m_“ (6, @) are the spherical harmonics, and ¢° are the spin
basis function. The radial wavefunctions for both the bound
and the continuum states of a hydrogenlike ion satisfy the
coupled Dirac equations [37]

V(r) = Eq(2) c(t-4) PaZin)\ _
c2+4)  V()—22 —Ex(2)) \Qu(Z;1)
(10)
with Eg < 0 for bound states and Eg > 0 for continuum

states. Moreover, the radial wavefunctions of the bound and
continuum states satisfy the orthogonality conditions

/ dp[Pnk(Z’ r)Pn/k(Z; r) + an(z; r)Qn’k(Z; r)] = (Snn/,
0

/ dpLPo(Z: FIPor(Z:7) + Qet(Z: P) Qe (Z: )]
0

=8(e — &) 1D

The relativistic Wentzel-Kramers-Brillouin method [38] is
used to normalize the continuum wavefunctions. The modified
GRASP2K [37,39] and CONTWVSA [40] codes are used to obtain
the relativistic bound and continuum wavefunctions.

C. Relativistic photoionization cross section

The relativistic photoionization cross section from the
initial state a with total angular momentum j, to a final con-
tinuum state b is given by

dfab
de’

where « is the fine-structure constant and df,,/de is the
density of the oscillator strength:

ol =21 (12)

dfw me 5O 2
4 - QLI DeLT 1)w2|<1//nk||0 Yer)l . (13)

Here v, and v are the initial- and final-state electron

-~

. . L . . L
wavefunctions, respectively. 0" is the multipole radiation
field operator of order L. The transition matrix element

(W lO" e} for the dipole transitions (L = 1) has the

form of

— 241 12 A
U0 ) = (%) 1y

X <1/éa ()L _jll7/2>1\_/[ah(a), Gr),
(14)

where M, is the transition integral defined in Refs. [37,41].

In this work, the results of photoionization cross sections
are calculated in the Coulomb gauge [41]. For the isolated
C>* ion, the photoionization cross sections are calculated by
employing both Coulomb and Babushkin gauges, and it is
found that the cross sections in these two gauges are in good
agreement.

III. RESULTS AND DISCUSSION

In this work, we investigate the ground-state photoion-
ization process of C3* ions in warm and hot dense plasma
environments with electron density and temperature ranges
of n, = 1.0x10% — 1.6x10* cm™=3 and 7, = 20 — 280 eV,
respectively. Based on the methods discussed above, we ob-
tain the wavefunctions and energy states of the isolated C3+
ion. Additionally, we calculate the wavefunctions and energy
states for the C>* ion embedded in plasmas, incorporating
plasma screening effects through the ASD [29], DH [14,23],
and free-electron models [29]. The present ionization energy
of the ground state of an isolated C°* ion is 18.0086 a.u.,
which agrees well with the National Institute of Standards and
Technology [42] result of 18.0069 a.u.

To understand the behavior of the electron wavefunctions
while considering the plasma screening effect, we calculate
the large components of the continuum wavefunctions &p >
for the C>* ion using the present ASD model with photo-
electron energies of ¢ = 0.5 a.u. and ¢ = 5 a.u., respectively.
For comparison, the results from the DH and free-electron
models, as well as the isolated C>* ion are also calculated,
as shown in Figs. 2(a) and 2(b). The phase and amplitude
of the continuum wavefunction are changed significantly
due to the plasma screening effect. For the case of ¢ = 0.5
a.u., there are noticeable differences in the results between
these three screening models, which is expected to further
affect the energy levels and cross sections. For ¢ =5 a.u.,
the continuum wavefunction from the ASD is close to that
from the DH and free-electron models, and the isolated sys-
tem, in comparison with the case of ¢ = 0.5 a.u. There are
significant discrepancies in the amplitude and phase between
the wavefunction of low- and high-energy electrons, and the
amplitude decreases as the photoelectron energy increases.
This indicates that plasma screening has a greater influence on
the wavefunction of low-energy electrons than of high-energy
electrons. The variation trend between different screening
models of the continuum wavefunctions is consistent with the
density fluctuations [Fig. 1(d)]. It can be seen that the density
distribution of the DH model is the largest, resulting in the

055205-4



PHOTOIONIZATION PROCESS OF THE HYDROGENLIKE ...

PHYSICAL REVIEW E 109, 055205 (2024)

0.8 isolated ion
— — - ASD model
044 —-— DH model
s free-electron
& 0.0 e
=W
0.4
084 (a)
0.6 - -
] isolated ion
044 - — - ASD model
02.] —-— DHmodel
Q i free-electron
& 0.0 e
Q_‘ .
0.2
0.4
] (b)
. (©) /(,;’f':-‘:-‘s\ isolated ion
1.5 27 — — - ASD model
] pad —-— DH model
2 1.0 7 N free-electron
~ ] ,f‘/ N\
m i AN
0.5 ,4/ 3
] == .
] .
00__ _____________
T — T T T —TT T — T T
0.01 0.1 1 10

R (Ia.ui)

FIG. 2. Large components of continuum wavefunctions ep;,, of the C3" ion for the photoelectron energy (a) ¢ = 0.5 a.u. and (b) & =5
a.u. for isolated (solid lines), ASD (dashed lines), DH (dash-dotted lines), and free-electron (short-dashed lines) models, respectively. (c)
Large components of bound wavefunctions 1s,/, for different models. The plasma-electron temperature and density are 7, = 100 eV and

n, = 1.0x10% cm™3, respectively.

strongest screening effect and the weakest attraction effect on
the electron, leading to an increase in the average distance
between the electron and nucleus, as shown in the continuum
wavefunctions in Figs. 2(a) and 2(b).

We also compare the large components of the bound wave-
function of the 1s radial orbital between these models, as
shown in Fig. 2(c). It is found that the screening effect has
a slight impact on the bound-state wavefunction. Considering
its impact on both continuum and bound-state wavefunctions,
the plasma screening effect will alter their overlap integral,
according to Eq. (14), consequently affecting the ionization
energy and photoionization cross section.

In a dense plasma, the strong screening significantly
changes the photoionization cross sections near the ionization
threshold, causing a redshift of the ionization energy [7].
These changes will have an impact on the radiation opac-
ity [5,6]. In Fig. 3(a), we display the photoionization cross
section obtained from the present ASD model together with
the DH and free-electron screening models as functions of
photon energy. These cross sections exhibit a rapid increase
from zero to a maximum at the ionization threshold due to
plasma screening. This behavior is distinct from that of an
isolated ion, where the cross section monotonically decreases
from a definite value at the threshold. The nature of this phe-
nomenon is that the Coulomb potential of an isolated system
is long range, while the screening potential in the plasma
is short range, following the low-energy Wigner threshold
law [15,43]. Moreover, the shape resonance peak appears in
cross section, which manifests as a sudden increase in cross

section at the ionization threshold, as for example shown in
the results of the ASD model at n, = 1.0x10%** cm™3 [green
lines in Fig. 3(a)]. Shape resonance appears due to the cen-
trifugal barrier in the effective potential of the continuum
channel e/’ when I’ > 0 [9,12]. The continuum electron stays
temporarily in the interior of the effective potential, leading
to resonance structures in the photoionization cross sections,
presenting as w radian changes in the phase of the continuum
wavefunctions. With the energy approaching the critical value
(the binding energy becomes zero), the peak of the shape
resonance becomes sharper, corresponding to a larger peak
value, as for example shown in the results of the free-electron
model at n, = 1.0x103cm ™3 [blue line in Fig. 3(a)]. More
details of the shape resonance phenomenon will be discussed
later.

When the target ion is embedded in a plasma, the free
electrons weaken the interaction between the bound electron
and the nucleus. As a result, the bound electron is easier
ionize. The negative-energy electron density has a positive
effect on the depression of the ground-state ionization energy
of the C>* ion, which cannot be neglected. We can see from
Fig. 3(a) that the ionization energy depression of the ASD
model is generally larger than that of the free-electron model.
At lower electron densities, such as 1.0x10%2, 1.0x10%,
and 1.0x10**cm™3, the ionization energy of the ASD model
shows more depression than that of the DH model. However,
at the electron density of 1.0x 10*cm™3, the ionization energy
of the DH model decreases more than that of the ASD model.
To highlight the depression of ionization energy, we compare
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FIG. 3. (a) Density dependence of the 1s — &p;, photoionization cross section of C>* ions from the ASD (solid lines), DH (dashed lines),
and free-electron (short-dashed lines) models as a function of photon energy with electron temperature 7, = 100 eV and densities of 1.0x 10?2,
1.0x10%, 1.0x10%*, and 1.0x 10¥cm 3, respectively. (b) Ionization energy of the ground state of the C3* ion as a function of electron density
in plasmas with 7, = 100 eV and density ranges from 1.0x 102cm™ to 1.6x10®cm™>. The ionization energy results from the ASD model
are compared with those of the DH and free-electron models. The vertical axis on the right provides the Coulomb coupling parameter of the

corresponding electron density.

the ionization energy of the ground state for the C>* ion as a
function of density among these models, as shown in Fig. 3(b).
With increasing density, the screening effect enhances, result-
ing in a decrease in ionization energy.

At the low density, the ionization energy of the ASD
model is consistent with that of the DH and free-electron
models. As the density increases, the ionization energies of
the ASD and DH models decrease rapidly comparing that
of the free-electron model. However, the ionization energy of
the DH model decreases much more than the ASD model,
resulting in a turning point appearing between densities of
1.0x10%* and 5.0x 10** cm 3. This density range corresponds
to coupling parameters between 0.23 and 0.40 with 7, = 100
eV, indicating a moderately coupled plasma. This turning
point is attributed to the fact that the ASD model takes ac-
count of the degeneracy effect through the distribution of
negative-energy electrons, which decreases with increasing
density, as we presented in Fig. 1. It is worth noting that at a
density of 1.6x10*cm 3, the ionization energy of the ASD
model decreases by 51% compared to the isolated system,
and it is 52% greater than the DH model. At this density,
the difference between these two models is at its maximum,
as shown in Fig. 3(b). It can also be noticed that the ion-
ization energy of the ASD model consistently remains lower
than that of the free-electron model. As the density rises,
the discrepancy of ionization energy between the ASD and
free-electron model increases (reaching a maximum of 16%
at n, = 1.Ox10250m’3) before decreasing. Meanwhile, the
interaction distance between the free electrons and target
ion decreases, leading to stronger coupling and more col-
lisions between them. This results in a higher density of
negative-energy electrons. With further increases in density,

the electron degeneracy effect becomes stronger and the den-
sity of negative-energy electrons decreases. Eventually, the
ASD model would converge to the free-electron model.

To analyze the plasma-electron density dependence of
the photoionization cross section and the contribution of
negative-energy electrons to the cross section, we provide
the photoionization cross sections of the ASD, DH, and free-
electron models in cases of different densities at 7, = 100 eV,
as shown in Fig. 4(a). At specific electron temperatures, the
plasma screening effect is enhanced with increasing density,
and the photoionization cross sections of all three models sig-
nificantly increase compared to the isolated ion. To evaluate
the quantitative impact of plasma screening on cross sections,
Fig. 4(b) displays the cross-section ratios of the screened mod-
els to the isolated ion. The results from the ASD model are
larger than those obtained from the DH model, except at the
electron density of 1.0x10%cm™3, where the cross-section
ratios from the DH model are larger than those from the
ASD model. This reversal phenomenon (also shown in Fig. 1)
occurs due to the reversal of the electron density fluctuation
between the ASD and DH models in strongly coupled plasma.
At this density, due to the screening effect, the peak value of
the cross sections from the ASD and DH models increase by
a factor of 4 and 3.5, respectively. Since the ASD model con-
tains the distribution of the negative-energy electrons, it has
a larger influence on the cross section than the free-electron
model.

The shape resonance characteristic of the cross section
strongly depends on the effective potential of the target
ion. For the states with angular momentum [ > 0, the
effective potential V¢ includes a screening potential well
(e.g., the DH model) and a centrifugal barrier, denoted as
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FIG. 4. (a) Photoionization cross sections for 1s — &p,, of the C>* jon from the ASD (solid lines), DH (dashed lines), and free-electron
(short-dashed lines) models as a function of photoelectron energy. (b) Cross-section ratios of these models to isolated results as a function of
photoelectron energy. (c) Effective potential of the 1s — &p;,, channel from the ASD, DH, and free-electron models. The small image in the
upper right corner shows the part where the potential barrier appears at 1, = 1.0x10?cm =2 and n, = 1.0x 10**cm—>. The electron temperature
T, = 100 eV and densities are 1.0x 10%%, 1.0x10%, 1.0x10*, and 1.0x 10¥cm ™3, respectively.

Veir (r) = —Ze 7?0 Jr +1(I + 1)/(2r?). In Fig. 4(c), we
present the effective potential of the C°* ion of three models
with different electron densities. Obviously, for any cross sec-
tion with shape resonance, there exists a barrier of effective
potential. Note that the existence of a barrier is necessary
but not sufficient to assure the existence of shape resonance
of the cross section. Therefore, we will further analyze the
shape resonance phenomenon through the phase shift of a
continuous electron in the following text. Moreover, the trend
in cross-section variation with electron density corresponds to
that of the effective potential barrier.

To explore the dependence of the photoionization cross
section on electron temperature, we present the cross section
in cases of different temperatures at n, = 1.0x 10**cm—3, as
shown in Fig. 5(a). It is found that the photoionization cross
section for both the ASD and the DH models gradually in-
creases as the electron temperature decreases, compared to
the isolated system. For illustrating the quantitative impact
of plasma screening on photoionization cross sections with

varying plasma temperatures, the cross-section ratios of the
screened to isolated ion are displayed in Fig. 5(b). The results
from the ASD model exhibit larger values compared to those
from the DH model, except at an electron temperature of
20 eV, where the cross section of the DH model is larger than
that of the ASD. At this temperature, the coupling parameter
is 1.16, indicating a strongly coupled plasma environment.
The ASD model demonstrates lower density fluctuation than
the DH model, which is attributed to its consideration of the
degeneracy effect in such strongly coupled plasmas. This is
evident in the apparent opposite variation observed in the
cross section between these two models, similar to the trend
depicted in Fig. 4.

In addition, due to the shape resonance, the photoionization
cross section at different electron temperatures shows anoma-
lous increases at the ionization threshold. Using 7, = 20 eV
as an example, the cross section from the DH model shows a
shape resonance peak while the ASD model does not, leading
to a significant increase in the cross-section ratio of the DH
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FIG. 5. (a) Photoionization cross sections for 1s — &p;,, of the C>* jon from the ASD (solid lines) and DH (dashed lines) models as a
function of photoelectron energy. (b) Cross-section ratios of these models to isolated results. The electron density n, = 1.0x 10**cm—3
temperatures are 280, 95, and 20 eV, respectively.

, and
model to the isolated system. At this temperature, the peak
values of the cross section of the ASD and DH models are 2.2
and 8.4 times that of the isolated ion, respectively.

Similar to the DH model, the ASD model also exhibits

However, the photoelectron energy positions related to these
resonance peaks are different, as illustrated in Fig. 6(a). To
explain this discrepancy, the phases of the continuum wave-
function with photoelectron energy & = 1.0x10™* a.u. (ASD

shape resonance peaks in the photoionization cross section. model) and & = 1.0x107> a.u. (DH model) are shown in
10*
o) 3
Q ] — — — T=13eV
g 10°4  (a) | ¢
R 1 - - T=229eV
- ° °
s ASD DH
—
N’
g
)
=
O
o}
|72]
72]
|72]
o
—
U -4
+) Photoelectron energy (a.u.)
23] ) T~7leV T,~223eV T,~228eV
2.4

£=1.0x10"* a.u. (ASD)
£=1.0x10"* a.u. (ASD)
- - -&=1.0x10" a.u. (DH)

Phase (rad)

(=1
=]
PR 1

0.4- lf— }

|
0.0 . . . . . . . . .
60 70 220 230 240 250

T,(eV)

FIG. 6. (a) Photoionization cross section for 1s — ep,, of the C>* ion from the ASD (solid lines) and DH (dashed lines) models as a
function of photoelectron energy with electron density 1, = 1.0x 10 cm~> and temperatures 7, = 73 eV and T, = 229 eV. (b) Phases of the

continuum wavefunction of &p, , for the C>* jon as a function of electron temperature with ¢ = 1.0x 10~* a.u. (ASD model, solid lines) and
e = 1.0x 107> a.u. (DH model, dashed line).
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Fig. 6(b). At T, = 73 eV, the cross section obtained by the
ASD model exhibits a shape resonance peak at the photoelec-
tron energy near 1.0x 10~* a.u., while the DH model does not.
In this case, the photoelectron stays in the effective potential
for a short time, leading to the resonance structure of the pho-
toionization cross section near the ionization threshold and
the sudden change of & radians in the phase, occurring near
T, =71 eV as shown in Fig. 6(b). At T, = 229 eV, the cross
sections of both models exhibit shape resonance peaks at dif-
ferent photoelectron energies, which are near ¢ = 1.0x 1074
a.u. for the ASD model and & = 1.0x107> a.u. for the DH
model, respectively. The resonance peak is reflected by 7
radian changes in the phase of the continuum wavefunction at
T, =228 eV withe = 1.0x 10~* a.u. for the ASD model, and
T, = 223 eV with ¢ = 1.0x107> a.u. for the DH model, as
depicted in Fig. 6(b). The ASD and DH models display differ-
ent energy positions where the phase changes rapidly for the
same transition channel in the same plasma environment. This
difference results in a significant discrepancy in the position
of the shape resonance peak. The effective plasma screening
potential in this case could be inferred experimentally from
the measured photoionization rate.

IV. CONCLUSION

We have employed the atomic-state-dependent screening
model to investigate the photoionization processes of the
hydrogenlike carbon ion embedded in warm and hot dense
plasmas. Photoionization cross-section calculations in the
dipole approximation have been carried out for the ls —
£p1, transition channel in various plasma environments, as
well as the ionization energy of the ground state of the C>*
ion. The results show that the atomic photoionization results
are sensitive to the plasma density and temperature. Due to the

contribution of negative-energy electrons included in the ASD
model, the obtained ionization energies and cross sections are
significantly larger than those obtained from the free-electron
model. The quantitative impact of plasma screening on the
photoionization process is investigated employing the ASD
model, and the difference in the results of ionization energy
and cross section between the ASD and DH models are also
analyzed. In weakly coupled plasmas, the ionization energies
and cross sections from the ASD and DH models are very
close to each other, while significant differences exist in mod-
erately and strongly coupled plasmas. Additionally, the shape
resonance phenomenon is observed in the cross section ob-
tained from the ASD and DH models; however, the positions
of their resonance peaks significantly differ, which may be
utilized for identifying and distinguishing effective screening
potentials in plasma. The proposed approach can be employed
to investigate the plasma effects on the atomic structure and
photoionization process of ions embedded in warm and hot
dense plasmas, which may have promising implications for
understanding the spectra observed in various astrophysical
scenarios. With the advancement of experimental techniques,
it is expected to achieve high-precision photoionization rate
measurements in warm and hot dense plasma environments in
the future. We hope that the present results will be validated
in future studies of laboratory plasmas.
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