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The energy levels, transition energies, transition probabilities, weighted oscillator strengths, and line strengths of Li-
like ions (Z = 7-11) in dense plasmas are investigated in this work. The relativistic effects and electron correlation effects
are described by the MCDHF method. The ion sphere model is applied to include the dense plasma screening effect. The
ground configuration 1s22s and the excited 1s22p, 1523/ (I = 0-2) are considered. The configuration sets are enlarged until
n =7 where the calculated energy levels have converged. The critical free electron densities of 15%3d states are estimated.
Except for 1s233—1523p transitions, the transition energies for An = 0 increase, and for An # 0 decrease with increasing free
electron densities. For 1s23s—1s23p transitions, the spectra show blue-shift at lower free electron densities and red-shift at
higher free electron densities, and the energy level crossing phenomens are observed at higher free electron densities.

Keywords: Li-like ions, energy levels, transition energies, transition probabilities
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1. Introduction

In dense plasma environments, the interaction between
the electrons with atomic nucleus is screened, as well as that
between electrons. Electronic structures of atomic systems im-
mersed in dense plasma environment may be remarkably dif-
ferent from their corresponding isolated candidates.!!! Many
interesting phenomena have been observed in dense plasmas,
such as spectral line shift, broadening of spectral lines, line
merging, and so on.!?] Apart from its fundamental importance,
the study of atomic structure in plasma environments has prac-
tical implications in many fields of science, such as atomic
physics in dense plasmas including the famous ionization po-
tential depression (IPD), inertial confinement fusion research,
laser produced plasmas, astrophysics, plasma equation of state

(EOS), plasma fluid, particle simulations and opacity.>=!

[6-101 have

Although several dense plasma experiments
been performed recently by intense short-pulse laser ir-
radiation, the results of these experiments are controver-
sial. The measured IPDs of experiment!® are in line with
the description of Stewart and Pyatt model,'!! but that of
experiments!’~°! show that Stewart and Pyatt model!' ' under-
estimates the IPD, and are more consistent with Ecker—Kroell
model.!"?! The proof-of-principle experiment!'?! performed at
LCLS shows that it is still need highly precise measurements
of the ionization potential to end of the controversy. This
experimentally controversy have motivated several more ad-
vanced theoretical model approaches, ['3-21 but so far, no final

convergence has been reached.*!!

DOI: 10.1088/1674-1056/abea80

Lithium-like ions in plasma are a few of the most abun-
dant ionic species for specific temperature and density attain-
able in the laboratory.!*?! Various spectroscopic properties of
Li-like ions have significant importance in astrophysics due
to evidence of high abundances of these ions in different as-
tronomical systems like active galactic nuclei, x-ray binaries,
quasars, and hot plasmas.[?32*

allowed and forbidden transitions with sufficient intensity are
[25-27
.

1 For such small-sized atoms,

used as diagnostic tools of tokamak plasma ! For exam-
ple, there is long literature on the applications of the isolated
resonance lines having wavelength 1238.82 A and 1242.80 A
for N**, and 1031.91 A and 1037.61 A for O3*.[281

The situation mentioned in the previous paragraph clearly
requires extensive and accurate theoretical study of atomic
structures. Many interesting results about Li-like ions im-
mersed in plasmas have been reported.?°=°! It was found that
for Li-like C**, N**, and O°* jons immersed in Debye plasma
environment, the oscillator strengths associated with 1s225—
1s22p transitions increase, the transition probabilities associ-
ated with 1s*2s—1s%3d E2 transitions decrease, as the screen-
ing strength increases.?*! Base on the code of steady K-shell
model for collision radiative balance, Yu et al.** found that
Li-like satellite intensity ratio is density sensitive and temper-
ature unsensitive. The spectral lines corresponding to An = 0
transitions (Here n is the principal quantum number of an
atomic state, and An = 0 means that the principal quantum
numbers of the two atomic states for one transiton are equal
to each other.) for Li-like C>* and Al'* jons show blue-
shift, whereas the lines associated to An # 0 show red-shift. (331
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These atomic properties reported in the references mentioned
above are general in both weakly and strongly coupled plas-
mas.

However, Das et al.[* found that An = 0 transitions of
Li atom and Li-like Ca!”* and Ti'®* ions in Debye plasmas,
show blue shifts at higher screening lengths and red shifts at
lower screening lengths due to the presence of the screenings
in the electron—electron interactions. As far as we known,
this interesting phenomenon for Debye plasmas was rarely re-
ported, and no cases reported for dense plasmas. The transi-
tion properties of Li-like ions (Z = 7—-11) in dense plasmas are
systematically investigated in this work, and it is found that
the spectra about 1s>3s—1s23p transitons show first blue-shift
and then red-shift with increasing free electron densities.

2. Theoretical method

The transition parameters of Li-like ions (Z = 7-11) in
dense plasmas are investigated by using the MCDHF method
combined with the ion sphere model (ISM). The feasibil-
ity of the ISM for describing the dense plasmas screen-
ing on atomic structures have been tested by many theoreti-
cal research works.[*!=% The MCDHF method and the un-
derlying theories have also been detailly described in many
papers.5134 Here, only a brief description of the MCDHF
and ISM theories is presented.

The wave functions are optimized using the extended op-
timal level (EOL) version of the MCDHF method. The op-
timization is on the weighted energy average of the states in
EOL scheme. The significant interactions between neighbor-
ing levels can be accurately determined by simultaneous op-
timizing multiple levels with a selected J. A configuration
state function (CSF) expansion is generated by the restricted
active space method, and excitations from the reference con-
figuration to the active set of orbitals to obtain the jj-coupled
CSFs of a given symmetry J and parity P. The active set is
defined as a set of orbitals with all orbitals except those com-
mon to all CSFs included in the atomic state function (ASF).
Single and double substitutions from the multireference set to
an active set of orbitals to built the configuration expansions.
Electrons from the active space are excited from the occupied
orbitals to unoccupied orbitals. Because the orbitals with the
same principal quantum number n possess similar energies, to
obtain the convergence and stability of atomic parameters, we
systematically increase the number of orbitals and expand the
size of the active space in layers of principal quantum number
n. Only the newly added orbitals are optimized to increase the
convergence speed and reduce the processing time. For Li-like
ions, the calculated atomic stats are 1s%2s, 1s>2p, 1s%3s, 1s%3p,
and 1s23d, respectively. Initially, the active set (AS) for these
atomic stats is

AS1 = 3s,3p,3d.

Then, the active set is increased in the following way:

AS2 = AS1+ {4s,4p,4d, 4f},
AS3 = AS2 + {5s,5p, 5d, 5f},
AS4 = AS3 + {6s,6p, 6d, 6f},
AS5 = AS4+ {7s,7p,7d, 7f}.

The generated orbitals are used to calculate energy eigen-
values and transition parameters. As we separately optimize
set of orbitals for the 1s%2s, 1s?2p, 1s%3s, 1s?3p, and 1s23d
states respectively, we use biorthogonal transformation!>! of
the ASFs to calculate transition parameters.

The ISM is based on the following principles: the ion is
represented by a point-like nucleus with nuclear charge Z em-
bedded at the center of a spherical cavity containing enough
electrons to ensure global neutrality. The spherical cavity is
called as an ion sphere or Wigner—Seitz sphere. The ion sphere
radius R is determined by the formula

4nR3n./3=2Z—N, 1)

where 7. is the free electron density, and N is the number of
bound electrons. The plasma is assumed to produce an electri-
cally neutral background beyond the ion sphere radius R. For
an N-electron atom, the Dirac—Coulomb Hamiltonian contain-
ing all of the dominant interactions can be written as

N N=1 N

H=YH+Y ¥ —, @
i=1 i=1 j=it17ij

where the first term is the contribution from one-body, and the

second term in the sum is the interaction between bound elec-

trons. H; is defined as
H; = ca-pi+(B—1)c* +Vis(ri), 3)

where the first and the second terms in Eq. (3) are the relativis-
tic kinetic energy of a bound electron. The last term Vis(r;)
is effective nuclear potential as “seen” by one bound electron
within the ion sphere, and is given by the formula

Z Z—N r\2
Vis(r) = fv+ [ ) EFSR? )
-, r>R).

The radial wavefunctions of bound electrons are derived
by the Dirac equations>! below

(%‘Fé)Pnk(r)*% [zczfenk+vIS(r)] an(}’) :7XP(V)7 ®)]
(& BV ol L eut Vs Pulr) =X2(0), ©

where P (r) and Q,(r) are the large and small components of
the radial wavefunctions, respectively. Here & is the orbital
energy eigenvalue, and 7 is the principal quantum number. The
spin—orbital quantum number k = —[ — 1 for j =1+ 1/2, or
k=1for j=1—1/2. XP(r) and X9(r) are the “exchange po-
tentials” which force the orthogonality between orbits of the
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same symmetry. With regard to the electrically neutral con-
ditions supposed by the ISM, the radial wavefunctions P, (r)
and Q,(r) are assumed to satisfy the boundary conditions and
normalization condition respectively, namely,

X(0)=0, X(r)=0, (X="Py or Qu,r>R), (1)
‘R
[ [P+ @n)ar=1. ®)

The ISM mentioned above means that the tested ion is
trapped in the center of a hard sphere cavity of radius R, and
free electrons are uniformly distributed inside and outside the
spherical cavity. That is, if the dense plasma screening effect
is described by the ISM, the tested ion will experience both the
hard sphere confinement and free electron screening effect.

If a tested ion is trapped in the center of a hard sphere
cavity of radius R, and there is nothing in the cavity except the
tested ion. The effective nuclear potential as “seen” by one
bound electron is given by the formula

Z
—Z (<R
. r<m),
oo, (r>R).

Vis(r) = ©)

If the surface of the sphere cavity is no longer hard in
the ISM, the hard sphere confinement does not exist. That is,
a tested ion only experiences free electron screening effect,
and the bound electrons can move outside the ion sphere. The

boundary conditions and normalization condition of the radial
wavefunctions P (r) and O, (r) are

X(0)=0, X(e0)=0, (X =Py or Qu), (10)
[P+ Gnlar=1. ap

The other theory for the calculated atomic structures un-
der the hard sphere confinement or free electron screening is
the same as that of the ISM mentioned above. All calculations
are carried out by using the modified GRASP2K code.[>7-8!

3. Results and discussion

3.1. Transition energies and transition probabilities of free
Li-like ions

The variations of energy eigenvalues for all Li-like ions
(Z =7-11) with the active space are the same as each other,
so just take the Na®* ion as an example to display the en-
ergy eigenvalues change with the active space. It can be seen
from Table 1 that the energy eigenvalues of all states become
more negative with increasing the active space, and the calcu-
lated energy eigenvalues of all states in AS5 space are almost
the same as that calculated in AS4 space, namely the energy
eigenvalues of all states have converged when the active space
is enlarged to the orbital n = 7.

Table 1. The energy eigenvalues (in unit a.u.) of 1s>2s and excited 1s>2p, 1s>3/ (I = 0-2) configurations of Na®* ion as a function of active space.
Here, AS1 = 3s, 3p, 3d, AS2 = AS1+{4s, 4p, 4d, 4f}, AS3 = AS2+{5s, 5p, 5d, 5}, AS4 = AS3+{6s, 6p, 6d, 6f}, AS5 = AS4+{7s, Tp, 7d, 7f}.

Level No. Configuration AS1 AS2 AS3 AS4 AS5
1 1s%2s (251/2) —125.4744 —125.4798 —125.4814 —125.4821 —125.4823
2 1s*2p (2P1/2) —124.8153 —124.8228 —124.8248 —124.8255 —124.8257
3 1s*2p (2P3/2) —124.8021 —124.8096 —124.8117 —124.8124 —124.8126
4 1s%3s (251/2) —119.1923 —119.2091 —119.2110 —119.2116 —119.2118
5 1s%3p (2P1/2) —119.0027 —119.0281 —119.0312 —119.0320 —119.0322
6 1s%3p (2P3/2) —118.9989 —119.0242 —119.0274 —119.0281 —119.0284
7 1s%3d (2D3/2) —118.9562 —118.9625 —118.9643 —118.9648 —118.9650
8 1s%3d (2D5/2) —118.9551 —118.9614 —118.9632 —118.9637 —118.9639

The transition energies and transition probabilities among
n < 3 transitions of free Li-like ions (Z = 7-11) are displayed
in Table 2. It can be seen from the table that the maximum
relative differences between the present calculated transition
energies, transition probabilities and those recommended from
NISTP are 0.78% and 3.46%, respectively. Therefore, it can
be concluded that our calculated transition energies and transi-
tion probabilities among n < 3 for free Li-like ions (Z =7-11)
ions are very accurate, thus the active space of bound elec-
trons of Li-like ions enlarged to the orbital n = 7 is enough to
describe the correlations effect between bound electrons.

3.2. Critical free electron density of 1s°3d state

In plasma environment, the number of excited states de-
creases with the increase of free electron densities due to the
effects of IPD. The maximum free electron density that one

excited state is effectively bound is called as critical free elec-
tron density. The critical free electron density of one state
can be obtaiend by the SP model!'!! or EK model.l'>) When
the excitation energy is less than the ionization energy of the
lower level state, the upper level state is stable, or else, the up-
per level state have become quasibound state or disappeared.
When the excitation energy is equal to the ionization energy
at some free electron density, this free electron density is
the critical free electron density that the upper level is effec-
tively bound. In the high-density limit, the formulas of the SP
model!'" and EK model!'?! used for the IPD of an ion with
net charge z are as follows: %"

3(z+1)
Algy = ——= 12
sp 2R5p ’ ( )
z+1
Al = . 13
ek Rek ( )
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Table 2. Transition energies E (in unit cm~!) and transition probabilities A (in unit s~1) of free Li-like ions (Z = 7-11). The numbers 1, 2,3, ..., 8 represent
states, which are the same as expressed in Table 1. Diff (%) denotes the relative difference between the present calculated value and that of NIST.?! The
values x (y) signify x x 10”.

N4+ o5+

E A E A

Transition Present NIST!  Diff (%) Present  NISTDY  Diff (%) Present NISTDY  Diff (%) Present  NISTDY!  Diff (%)

1-2 80511 80463 0.06 3.366(8)  3.37(8) 0.12 96422 96375 0.05 4.087(8)  4.09(8) 0.08
1-3 80816 80722 0.12 3.407(8)  3.40(8) 0.20 97033 96908 0.13 4.169(8)  4.16(8) 0.22
4-5 21655 21639 0.08 4.107(7)  4.10(7) 0.16 26089 26073 0.06 5.049(7)  5.05(7) 0.02
4-6 21746 21715 0.14 4.160(7)  4.14(7) 0.47 26269 26230 0.15 5.157(7)  5.14(7) 0.33
5-7 6641 6639 0.03 8.113(5)  8.11(5) 0.03 8537 8513 0.29 1.195(6)  1.19(6) 0.44
67 6551 6562 0.18 1.557(5)  1.57(5) 0.82 8358 8356 0.02 2.242(5)  2.24(5) 0.09
6-8 6573 6584 0.16 9.443(5)  9.49(5) 0.50 8405 8407 0.03 1.369(6)  1.37(6) 0.10
1-5 477825 477766 0.01 1.209(10) 1.21(10) 0.12 666206 666113 0.01 2.609(10) 2.62(10) 0.41
1-6 477915 477842 0.02 1.206(10) 1.21(10) 0.37 666386 666270 0.02 2.601(10) 2.62(10) 0.73
2-4 375659 375663 0.00 3.058(9)  3.04(9) 0.58 543695 543665 0.01 5.719(9)  5.70(9) 0.33
34 375353 375405 0.01 6.125(9)  6.07(9) 0.91 543085 543132 0.01 1.147(10) 1.14(10) 0.59
2-7 403955 403941 0.00 3.549(10) 3.55(10) 0.03 578322 578251 0.01 7.319(10) 7.33(10) 0.15
3-7 403650 403682 0.01 7.093(9)  7.0909) 0.04 577711 577718 0.00 1.462(10) 1.46(10) 0.16
3-8 403672 403704 0.01 4.256(10) 4.26(10) 0.10 577759 577769 0.00 8.774(10) 8.78(10) 0.07
Fo+ NeT+
E A E A

Transition Present NIST!  Diff (%) Present  NISTDY  Diff (%) Present NISTDY  Diff (%) Present NISTD®!  Diff (%)

1-2 112308 112260 0.04 4.805(8)  4.80(8) 0.11 128194 128152 0.03 5.524(8)  5.52(8) 0.07
1-3 113406 113236 0.15 4.954(8) 4.93(8) 0.49 130026 129801 0.17 5.774(8)  5.74(8) 0.60
4-5 30524 30507 0.06 5.994(7)  5.90(7) 1.59 34966 34954 0.04 6.942(7)  6.90(7) 0.61
4-6 30848 30793 0.18 6.191(7)  6.10(7) 1.49 35506 35442 0.18 7.276(7)  7.20(7) 1.06
5-7 10513 10491 0.21 1.638(6)  1.62(6) 1.08 12577 12508 0.55 2.144(6)  2.10(6) 2.10
6-7 10189 10205 0.16 2.981(5)  3.00(5) 0.64 12037 12019 0.15 3.758(5)  3.70(5) 1.57
6-8 10277 10292 0.15 1.836(6)  1.83(6) 0.31 12186 12166 0.16 2.341(6)  2.32(6) 0.91
1-5 885267 885128 0.02 4.960(10) 5.05(10) 1.79 1135055 1134840 0.02 8.611(10) 8.67(10) 0.68
1-6 885590 885414 0.02 4.939(10) 5.03(10) 1.80 1135595 1135328 0.02 8.568(10) 8.64(10) 0.84
2-4 742435 742361 0.01 9.771(9)  9.60(9) 1.78 971895 971734 0.02 1.562(10) 1.55(10) 0.77
34 741336 741385 0.01 1.962(10) 1.93(10) 1.64 970063 970085 0.00 3.140(10)  3.10(10) 1.30
2-17 783472 783359 0.01 1.350(11) 1.35(11) 0.30 1019438 1019195 0.02 2.295(11)  2.29(11) 0.21
3-7 782373 782383 0.00 2.696(10) 2.69(10) 0.23 1017606 1017546 0.01 4.582(10) 4.57(10) 0.23
3-8 782461 782470 0.00 1.618(11) 1.61(11) 0.36 1017755 1017693 0.01 2.749(11) 2.74(11) 0.26
Nab+
E A

Transition Present NIST?! Diff Present NISTDY  Diff (%)
1-2 144099 144062 0.03 6.244(8)  6.23(8) 0.23
1-3 146980 146688 0.20 6.642(8)  6.60(8) 0.63
4-5 39418 39420 0.01 7.896(7)  7.93(7) 0.43
4-6 40267 40180 0.22 8.429(7)  8.40(7) 0.34
5-7 14745 14630 0.78 2.728(6)  2.68(6) 1.77
6-7 13896 13870 0.18 4.564(5)  4.56(5) 0.08
6-8 14135 14070 0.46 2.884(6)  2.85(6) 1.19
1-5 1415631 1415370 0.02 1.397(11) 1.40(11) 0.22
1-6 1416480 1416130 0.02 1.388(11) 1.40(11) 0.83
2-4 1232115 1231888 0.02 2.374(10) 2.31(10) 2.75
34 1229233 1229262 0.00 4.780(10) 4.62(10) 3.46
2-17 1286277 1285938 0.03 3.666(11) 3.65(11) 0.43
3-7 1283396 1283312 0.01 7.315(10) 7.27(10) 0.62
3-8 1283634 1283512 0.01 4.389(11) 4.36(11) 0.67
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The relevant radii are defined by

3z

3

= 14

> G a4
3

2 (15)

ek = 4x(ne +m;)’
with n. the free electron number density and n; the the ion
number density. The atomic unit is used for Alg,, ALy, Rsp,
Rek, ne, and n; in formulas (12)—(15). The conversion factor
for number density between atomic unit and cubic centimeter
is 1.0 x 10%*/(0.529)3.

In our previous work, %! we also proposed a new method
of estimating the critical free electron density of one state.
That is, a bound electron will become a quasibound electron, if
the classical turning point radius Ry, of the bound electron is
larger than the ion sphere radius R. When R, of a bound elec-
tron in the highest orbital of one atomic state is equal to R, the
corresponding free electron density is the critical free electron
density for which the atomic state can be effectively bound.
In this work, the selected maximum free electron density for
one Li-like ion is equal to the critical free electron density es-
timated by comparing the classical turning point radius Ry of
3d electron in 1s*3d state and the ion sphere radius R.

The critical free electron densities of 1s23d states for the
Li-like ions (Z = 7-11) are displayed in Table 3. It can be seen
from Table 3 that the critical free electron densities ncy, esti-
mated by the classical turning point radius R, always greater
than those geted by the EK model and SP model, and ncy, is
more consistent with ng, which is obtained by the SP model.
The critical free electron densities estimated by the classical
turning point radius may be little greater, this is caused by
the dynamical effects such as the collisions among electrons
that are not included in the ISM. If another potential term is
added in the ISM to describe the dynamical effects among the
electrons, the calculated atomic structure data will be more
accurate and will be able to evaluate the IPD effects more ef-
fectively.

Table 3. Critical free electron densities (in unit cm3) of 1s23d states
for the Li-like ions (Z = 7-11). nex, ngp, and neyp are the critical free
electron densities obtained by the EK model, SP model, and the clas-
sical turning point radius, respectively. Al is the value of IPD (in unit

a.u.) at the critical free electron densities obtained by the EK model or
SP model.

Ton Al ek nsp Aetp
N*+ 1.4806 3.35(22) 4.97(22) 6.41(22)
o 2.1137 5.88(22) 1.05(23) 1.34(23)
Fo+ 2.8691 9.52(22) 1.98(23) 2.49(23)
Ne’* 3.7674 1.47(23) 3.50(23) 4.25(23)
Nab+ 4.7432 2.10(23) 5.60(23) 6.85(23)

3.3. Energy levels of Li-like ions in dense plasmas

The variation of the energy levels for all states (n < 3) of

Li-like ions (Z = 7-11) with free electron densities is similar

to that of the Na®* ion, thus here only take the Na3* ion as an
example to illustrate the variation of the energy levels with free
electron densities. It can be seen from Fig. 1 that the energy
levels of 1s%2p (*P, /2,3/2) states of the Na®* ion almost linear
increase as free electron densities increase, but as shown in
Fig. 2 that the energy levels of 1s23s, 1s>3p, and 1s23d states
of the Na®* ion decrease with increasing free electron densi-
ties. The inner levels which are close to the nucleus experience
comparably higher free electron screening effects than those
lying near the boundary region®?! [or see Eq. (4)], and the
higher angular momentum (/) energy levels having the same
principal number (n) experience greater free electron screen-
ing effects (see Fig. 4 of Ref. [62]). That is, the greater free
electron screening effect is, the higher increase in the energy
eigenvalue. The energy eigenvalue that of the ground state
15225 (S, /2) 1s raised by free electron screening, is lower than
that of 1s22p (2P1/2’3/2) states, but greater than that of 1s%3s,
1s23p, and 1s%3d states. The energy level is the difference
between both the energy eigenvalue of excited states and that
of ground state. Therefore, as free electron density increases,
the energy levels of 1s2p (2P, /2,3/2) states increase, but the
energy levels of 1s23s, 1s>3p, 1s>3d states decrease.

1.52
—— 1S22p (2P1/2)
—— 1822p (2P3/2)

1.51[

1.50 [
1.491
1.48[
1.47T
1.46 [
1.45[

Energy levels E (105 cm~1)

14471

0 10 20 30 40 50 60 70

Free electron densities n, (1022 cm—3)

Fig. 1. The variation of the energy levels of 1s?2p states of the Na®* ion
with free electron densities.

14.4
~ 142}
: I
g 14.0_-
- 1381
o -
= 13.6 |
R 134[
n - 2 2
B 132 K —a— 1s43s ( Sl/g)
E_, 13.0 I —e— 1s23p (2P1/2)
B A 187D (Pap)
§ 12.8 [ —v— 1523d (Dy)»)
@ 1261 o 1s23d (°Ds))
124 1 N 1 1 N 1 N 1 N 1 N 1 N 1

0 10 20 30 40 50 60 70

Free electron densities n, (1022 cm~3)

Fig. 2. The variation of the energy levels of 1s>3s, 1s23p, and 1s%3d states
of the Na®* ion with free electron densities.
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3.4. Transition parameters of Li-like ions in dense plasmas

Our calculated transition energies, transition probabili-
ties, weighted oscillator strengths, and line strengths, erc.,
transition parameters among n < 3 transitions for Li-like ions
(Z =7-11) in dense plasmas are listed in Tables 1-30 of the
Supplementary file. These data are important in the feild
of plasma diagnosis, astrophysics, and so on. The variation
of transition parameters among n < 3 states of Li-like ions
(Z = 7-11) with free electron densities are similar to each

other. Here only take Na®* ion as an example, to illustrate the
transition energies change with free electron densities. The
variations of transition energies between all states (n < 3)
of the Na®* ion with free electron densities are displayed in
Fig. 3. It can be seen from Fig. 3 that except for 1s23s (251/2)—
1s23p (°P, /2,3/2), the spectra corresponding to An = 0 transi-
tions show blue shifts and An # 0 transitions exhibit red shifts
with increasing free electron densities, and this is similar to
that reported in Ref. [35].

—=—15%2s (2S/2) —1s%2p (°Py/2)

1.52
1.51F 14.2¢ (d)
1.50 F——1s%2s (2S1/2) —1s22p (°P3/2), 14.0
1.49} 13.8F
1.48} 13.6 F
1.47f 13.4F
}ig: 13.2 [ —=—1s22s (2S1/2) —1s23p (2Py)2)
~ 1'44 b (a) 13.0 [ —e—1s22s (2Sy/2) —1s23p (?P3/2)
z 0 10 20 30 40 50 60 70 2870 10 20 30 40 50 60 70
o
S 0.45
— N L
= b 12.4 o
K 0.44f (P) 12.2F (©)
< 043} 12.0F
8 0.2} 11.8 ¢
5 o041l ‘ ‘ et
£ 040 —— 15%3s (2S1/2) —1s23p (®Py/2) 119b —a—1522p (2P1/2) —1523s (2S1)2)
2 0.39 [ g ) ) - .15235 (?31/2)7‘18231)‘(2133/2). 11'0 [ —o—1s%2p (°P3/2) —1s3s (2S1/2)
3 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
1]
g 13.0
& 0.6 F—a—1523p (*Py/2) —1s23d (*D3j2) [ (f)
0.5 | ——1523p (*Py)s) —15?3d (°Dy)s) 12.8
0.4 [ A= 15%3D (Py2) —1%3d (*Ds2) 12.6
0al 1247 4 1029p (2P, ) —1523d (2Ds)n
0.2 12.2F —e—1s22p (2P3/) — 1523d (2Ds)n)
) (c) 19.0 | —A—1522p (*P3/2) —1s23d (*Dsy2)
01 1 1 1 1 1 1 1 1 1 1 1 1 1

0 10 20 30 40 50 60 70

0 10 20 30 40 50 60 70

Free electron densities m. (1022 cm~3)

Fig. 3. The variations of the transition energies between all states (n < 3) of the Na®" ion with free electron densities.

The intensity of plasma screening effect on the atomic
structures can also be evaluated by using the transition energy
shift, transition probability shift, weighted oscillator strength
shift, line strength shift, and so on. The formula of transition
energy shift AE, transition probability shift AA, weighted os-
cillator strength shift Agf, and line strength shift AS, respec-
tively, are AE = Ep — Ey, AA = Ap — Ay, Agf = gfp — gfv,
AS = Sp — Sv, where Ep, Ap, gfp, Sp are values of transition
energy, transition probability, weighted oscillator strength, and
line strength in plasmas, and Evy, Ay, gfv, Sy are values of
transition energy, transition probability, weighted oscillator
strength, and line strength in vacuum, respectively. The cal-
culated transition energy shifts, transition probability shifts,
weighted oscillator strength shifts, and line strength shifts of
different transitions for Li-like ions (Z = 7-11) at free electron
density 5.0 x 10?2 cm~3 are listed in Table 31 of the Supple-
mentary file. Figure 4 shows the variation of transition en-
ergy shifts versus nuclear charge Z at free electron density
5.0 x 10%2 ecm 3. It can be seen from the figure that the tran-
siton energy shifts of all transitons decrease with increasing
nuclear charge Z. This is because in the same free electron
density environment, the larger the nuclear charge Z is, the

more attractive force the bound electrons experience, which
makes the less shift of transiton energy.

—— 1522s (2Sy/2) —1s22p (?Py)3)
—@— 1523s (2S1/2) —1s23p (?P1/2)

o-:/l—l 2 ®

10000 |
5000 +

—5000 -
—10000 +
—15000 + , , ot s
i 51w (P
—25000 | —0— 1522p (2Py)2) —1s23s (2S1)2)
—_30000L —4 1522p (2Py5) —1523d (2D3)2)

Transition energy shift AE (cm~1)

7 8 9 10 11
Nuclear charge Z

Fig. 4. The variation of transition energy shifts versus nuclear charge Z
of different transitions for Li-like ions (Z = 7-11) at free electron density
5.0 x 10% cm™3.

It also shows from Fig. 4 that the transiton energy shifts
for An = 0 transitions are greater than zero (except for Na*+
ion) and those for An # 0 transitions are less than zero, this is
corresponding to the blue shifts and red shifts of the spectra
respectively, which has been mentioned in the previous para-
graph. In addition, figure 4 shows that the transition energy
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shift of 1s*3s(*S; /2)-1s*3p(*P; ;) for the Na** ion is nega-
tive, becasue this transiton has transformed from blue-shift to
red-shift, the reason will be discussed in the third paragraph
below. The variations of transition probability shift, weighted
oscillator strength shifts, and line strength shift change with
nuclear charge Z are similar to that of transition energy shift,
thus they are not discussed again.

However, it is shown in Fig. 5 that for Li-like ions (Z = 7—
11), the transition energies of 15?3s (>S;/2)-1s*3p (P 23/2)
transitions first increase and then decrease with increasing free
electron densities, the corresponding spectra show blue shifts
at lower free electron densities and red shifts at higher free
electron densities. This interesting phenomenon is similar to
the reported spectral’! about An = 0 transitions of Li atom, Ca
XVIII and Ti XX ions in Debye screening potential including
the electron—electron screening.

It also can be seen from Fig. 5 that the energy level cross-
ings occurs between the 1s23p (2P, /2) and 1s23p 2P, /2) states
of Li-like ions (Z = 7-11) as free electron density increase. As
can be seen from Fig. 5 that the both free electron densities of
spectra changing from blue-shift to red-shift and energy level
crossings occuring, increase with increasing nuclear charge Z,
and the two free electron densities for the Na®* ion are very
close to the critical free electron density of 1s>3d state.

In dense plasmas, the atomic structures and transition
properties of ions are influenced by both the hard sphere con-
finement and free electron screening, if the dense plasma
screening effect is described by the ion sphere model which
includes both the hard sphere confinement and free electron
screening effect. Take N** ions as an example, to illustrate
the effect of hard sphere confinement and free electron screen-
ing on the transition energies of 1s>3s—1s23p, respectively. It
can be seen from Fig. 6 that the transition energies of 1s>3s

(*S12)-15*3p (P ) of the N** ion decrease with the de-
crease of hard sphere radius, but increase with increasing free
electron density. That is to say, the direction in transition en-
ergy changes caused by the hard sphere confinement and free
electron screening is opposite. When the N** ion is immersed
in dense plasmas, the transition energies of 1s°3s (2S; /2)-
1s23p (°P, /2) are influenced by both the hard sphere confine-
ment and free electron screening. At lower free electron densi-
ties, as the hard sphere radii are relatively larger [see Eq. (1)],
the red-shift of transition energy due to hard sphere confine-
ment is less than the blue-shift of transition energy due to
free electron screening, thus the transition energies of 1s23s
s, /2)—1523p P, /2) increase with increasing free electron
densities. Namely, the spectra of 1s”3s (3S; 2)-1s?3p (*P; )
show blue shifts at lower free electron densities. However, at
higher free electron densities, because the hard sphere radii are
relative smaller [see Eq. (1)], the red-shift of transition energy
due to hard sphere confinement is greater than the blue-shift
of transition energy due to free electron screening, therefore,
the transition energies of 1s>3s (2S; 2)-1 s23p (2P, /2) decrease
with increasing free electron densities. That is, the spectra of
1535 (381 2)-1573p (P 1) show red shifis at higher free elec-
tron densities. The reasons about the spectra of 1s23s (2S; /2=
1s23p (P, /2,3/2) transitions for the other Li-like ions (Z = 7-
11) are similar to that of the N** ion, thus not repeated again.
In addition, it is shown from Fig. 7 that the transition ener-
gies of 1s%3p (2P1/2)—1523d (2D3/2) of the N** ion always in-
crease with the decrease of hard sphere radius and increase of
free electron density, respectively. Therefore, in dense plas-
mas, the hard sphere confinement and free electron screening
together cause the transition energies of 1s23p (3P, /2)—1s23d
(*Ds /2) of the N** ion always increase with increasing free
electron densities.

27.0
22.0F
21.5} (a) N** | 26.5[ (b) O+
31.0 L 26.0 [
200L 255}
19.5F 25.0 L
~ 190t 245}
L 180f 24.0L
g ]_75 1 1 1 1 1 1 1 235 1 1 1 1 1 1 1 1
2 0 1 2 3 4 5 6 0 2 4 6 8 10 12 14
= 32.0 . 38.0
o 3L8F(c) Fo+ 3751
4 3L6f
S 314t 37.0F
o 31.2F
% 31.0F 36.5 ¢
?g 30.8 | 36.0 [
30.6 | L
2 30.4 | 35.5
S 302F ) ) ) ) : 35.0 1
’é 0 5 10 15 20 25
] 45
ﬁ aal (e) Na®+
43+ —=— 1523s (2S1/2) —1s23p (°P1/2)
42 —e— 15235 (2S1/2) —1523p (2Ps2)
a1
40 [
39 1 1 1 1 1 1 1 1

0 10 20 30 40 50 60 70

Free electron densities n, (1022/cm?)
Fig. 5. The variations of 1s23s—1s23p transition energies of Li-like ions (Z = 7—11) with free electron densities.
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Fig. 6. The variations of 1s23s (23S, /2)7lsz3p P, /2) transition energies of
N** jons with hard sphere radius and free electron density.
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Fig. 7. The variations of 1s>3p (ZPI/Z)—ISZSd (2D3/2) transition energies of
N** jons with hard sphere radius and free electron density.

The phenomenon that the spectra of 1523s (2S; /2)—1523p
(%P, /2,3/2) for Li-like ions (Z = 7-11) show blue shifts at lower
free electron densities and red shifts at higher free electron
densities, can be observed in the laboratory. The experimen-
tal scheme is as follows. Firstly, all bound electrons in the
outer layer of 1s%2s specific energy state are ionized by means
of laser resonance ionization, so the plasma that mainly con-
tains the ground state 1s>2s are obtained. Plasmas with dif-
ferent densities can be obtained by adjusting laser parameters,
the initial state of ion-source, and the cavity size. Secondly,
the ground state of 1s22s is resonantly excited to the high ex-
cited state 1s>3p by the method of laser-resonant-transition
combined with tuning laser wavelength and power density.
Thirdly, the fluorescence wavelengths of 1s*3p — 1s%3s spon-
taneous radiation transition are measured by the measurement
technology of laser emission spectroscopy, thus the spectra of
transition between the two energy states are obtained. Lastly,
the red shift or the blue shift of the spectra for 1s>3p—1s23s
transitions at a certain plasma density can be determined, by
comparing the matching relationship between the plasma den-
sity parameters and the central wavelength parameters of the
fluorescence spectrum. The wavelengths of 1s23s — 1s23p
transitions for Li-like ions (Z = 7-11) in dense plasmas are
listed in Table 4, and these data have important reference value
for future plasma experiments to verify the predicted phenom-
ena that the spectra of 1s%3s (281/2)—1523p (2P1/2’3/2) for Li-
like ions (Z = 7-11) show blue shifts at lower free electron

densities and red shifts at higher free electron densities.

Table 4. Wavelengths (in unit A) of 15235—1523p transitions for Li-like ions (Z = 7-11) in dense plasmas. A; and A, indicate the wavelengths of
1s%3s (251/2)71523p (2P1/2) and 1s23s (281/2)71s23p (2P3/2) transitions, respectively. The values x(y) indicate x x 10”.

N4+ o5+

Ne’+ Nad+

ne M A ne M ) ne

A ne A A ne M A

0  4617.87 4598.76 0
1.00(21) 4616.38 4597.28
5.0021) 4611.70 4592.84
8.0021) 4608.72 4590.31
1.00(22) 4607.02 4589.05
1.50(22) 4607.02 4589.05
2.00(22) 4615.10 4597.70
2.50(22) 4636.93 4620.22
3.00(22) 4676.39 4661.14
3.50(22) 473575 4722.77
4.0022) 4816.26 4806.77
4.50(22) 4918.60 4913.76
4.97(22) 5035.25 5036.77
5.00(22) 5043.37 5045.41
5.50(22) 5191.57 5202.64
6.0022) 5364.81 5387.64
6.41(22) 5527.61 5562.66

3833.18 3806.91 0
1.00(21) 3831.56 3805.32
5.00(21) 3825.26 3799.39
1.00(22) 3817.67 3791.90
2.00(22) 3803.29 3778.15
3.00(22) 3790.89 3766.48
4.00(22) 3782.72 3759.12
5.00(22) 3781.15 3758.41
6.00(22) 3787.74 3766.62
7.00(22) 3804.02 3784.87
8.00(22) 3830.24 3813.88
9.00(22) 3866.68 3854.16
1.00(23) 3913.89 3906.56
1.05(23) 3938.87 3934.37
1.10(23) 3969.20 3968.25
1.20(23) 4038.94 4045.96
1.30(23) 4121.67 4139.07
1.34(23) 4162.85 4185.15

3276.11 3241.81 0
1.00(21) 3274.93 3240.55
5.00(21) 3269.90 3235.83
1.00(22) 3263.71 3229.87
3.00(22) 3239.81 3207.08
5.00(22) 3217.40 3185.63
7.00(22) 3197.54 3166.96
9.00(22) 3181.98 3152.68
1.00(23) 3176.12 3147.62
1.20(23) 3168.67 3142.28
1.40(23) 3167.16 3143.57
1.60(23) 3171.99 3152.39
1.80(23) 3184.10 3169.27
1.98(23) 3201.33 3191.93
2.00(23) 3203.69 3194.89
2.20(23) 3231.75 3230.60
2.40(23) 3269.68 3277.72
2.49(23) 3291.64 3304.80

2859.92 2816.50 0
1.00(21) 2859.02 2815.63
5.0021) 2855.43 2812.15
1.00(22) 2850.87 2807.88
4.00(22) 2824.38 2782.80
7.00(22) 2798.77 2758.62
1.00(23) 2774.54 2735.75
1.30(23) 2752.32 2715.03
1.60(23) 2732.02 2696.36
1.90(23) 2714.07 2680.46
2.20(23) 2698.76 2667.59
2.50(23) 2686.08 2657.95
2.80(23) 2676.37 2652.03
3.10(23) 2670.01 2650.34
3.40(23) 2667.88 2653.29
3.50(23) 2668.16 2655.62
3.70(23) 2670.37 2661.98
4.00(23) 2678.38 2677.09
4.25(23) 2690.12 2695.71

2536.98 2483.48
1.00(21) 2536.33 2482.87
5.00(21) 2533.70 2480.40
1.00(22) 2530.43 2477.39
5.00(22) 2504.82 2453.45
1.00(23) 2473.72 2424.48
1.50(23) 2444.15 2396.87
2.00(23) 2415.87 2370.68
2.50(23) 2389.09 2346.15
3.00(23) 2363.90 2323.47
3.50(23) 2340.33 2302.87
4.00(23) 2318.46 2284.67
4.50(23) 2298.64 2269.01
5.00(23) 2281.39 2256.62
5.50(23) 2267.42 2248.30
5.60(23) 2265.01 2247.09
6.00(23) 2257.49 2244.77
6.50(23) 2252.71 2247.19
6.85(23) 225291 2252.96
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4. Conclusion

In this work, the energy levels, transition energies, tran-
sition probabilities, weighted oscillator strengths, and line
strengths of Li-like ions (Z = 7-11) in dense plasmas are cal-
culated by the MCDHF method combined with the ion sphere
model. We find that the active space of bound electrons of
Li-like ions is enlarged to the orbital n = 7, which is enough
to describe the correlations effect between bound electrons.
Our calculated transition energies and transition probabilities
of free Li-like ions (Z = 7-11) agree well with the recom-
mended value of NIST.!>®! The critical free electron densities
for 1s%3d states estimated by comparing the classical turning
point radius of 3d electrons and the ion sphere radius may be
a little greater, this is caused by the dynamical effects such
as the collisions among electrons that are not included in the
ISM. The energy levels of 1s*2p states increase, and that of
15235, lsz3p, and 1s23d states of all Li-like ions decrease with
increasing free electron densities. Except for 1s°3s (2S; /2)-
1s23p °P, /2,3/2) transitions, the transition energies of An =0
transitions increase, and for An # 0 transitions decrease with
increasing free electron densities.

An interesting phenomenon that the spectra of 1s*3s—
1523p transitions for Li-like ions (Z = 7-11) show blue shifts
at lower free electron densities and red shifts at higher free
electron densities, is predicted at the present work. The rea-
sons are as follows. The dense plasma screening effect is
described by the ion sphere model which includes both the
hard sphere confinement and free electron screening effect.
At lower free electron densities, as the hard sphere radii are
relative larger, the red-shift of transition energy due to hard
sphere confinement is less than the blue-shift of transition en-
ergy due to free electron screening, thus the spectra of 1s>3s—
1s3p show blue shifts. However, at higher free electron den-
sities, because the hard sphere radii are relative smaller, the
red-shift of transition energy due to hard sphere confinement
is greater than the blue-shift of transition energy due to free
electron screening, therefore, the spectra of 1s>3s—1s%3p show
red shifts. This phenomenon can be observed in the labora-
tory, and the experimental scheme is also given. We hope the

phenomenon to be verified by experiment as soon as possible.
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