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Theoretical investigations of L-shell An =1 (2s — 31) and 2 (2s — 41) as well as K-shell An =1 (1s — 2I) electron-
ion resonant recombination for both the ground state (252 1SO) and the long-lived metastable state (2s2p 3PO) of Be-like
Si'%* are performed. The calculations include not only the dominant dielectronic recombination (DR), but also high-
order trielectronic (TR) and quadruelectronic recombination (QR) processes. Level-by-level calculations are performed
for resonance energies and resonance strengths using the relativistic configuration interaction method. The theoretical rate
coefficients are presented and compared with the experimental results measured at the heavy-ion storage ring TSR. When
considering fractional populations of 93% and 7% for the ground state 2s> 'Sy and the metastable state 2s2p 3Py, the
present rate coefficients agree well with the experimental measurements. The contributions of TR are important, which is
about 9.26% to the total rate coefficient of L-shell recombination. The plasma rate coefficients are also calculated, and an
analytical formula is presented for convenient modeling of astrophysical and fusion plasmas.
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1. Introduction

Resonant recombination processes are important
electron-ion collision processes in photoionized and colli-
sionally ionized plasmas.['™* These processes include di-
electronic recombination (DR), high-order trielectronic re-
combination (TR),>®! and quadruelectronic recombination
(QR).158] Since resonant recombination changes the charge
state of ions, it significantly influences charge distribution,
level population, and radiative spectra in most plasmas. (%0l
In DR, an electron is captured resonantly from the contin-
uum into highly charged ions while exciting a bound electron,
forming an intermediate doubly excited state. Subsequently,
the intermediate doubly excited state undergoes radiative de-
cay, stabilizing into energetically lower states.'”!'] When con-
sidering electron correlation effects, higher-order resonant re-
combination including TR and QR may also occur.®! The dif-
ference is that TR and QR involve the simultaneous excitation
of two or even three bound electrons.!*! TR was first observed
in the recombination spectrum of Be-like C1'** ions at the
TSR heavy-ion storage ring, ! and found it contributes to the
total recombination rate up to 20%—40% for plasmas with tem-
peratures ranging from 1 eV to 100 eV. Since then, many theo-

retical and experimental efforts have been made to investigate
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TR for Be-like ions.>!?~18] These studies mainly focus on the
resonances associated with L-shell An = 0 (2s — 2p) transi-
tions. Beilmann et al.[%7-1°! expanded the measurements of
TR and QR to K-shell An =1 (1s — 21) transitions for the Ar,
Fe, and Kr ions at Heidelberg electron beam ion trap (EBIT),
and found that the resonance strengths of higher-order pro-
cesses become stronger as the atomic number Z decreases.©!
Shah et al.'*?%211 measured the x-ray emission asymmetries
in the K-shell recombination of Fe?** to Fe!¥*, and Kr30+
ions at the FLASH-EBIT, and proved that TR and QR play an
important role in x-ray polarization. [*!

Silicon is an abundant astrophysical element. Its emission
and absorption spectral lines have been extensively detected

5.[22727] Interpreting

across various astronomical environment
and analyzing these spectral lines require precise atomic pa-
rameters for silicon. In recent years, Gul?! calculated the
rate coefficients for L- and K-shell DR of H- to Ne-like isose-
quences, including Si*T—Si!3*. Colgan er al.*! calculated the
rate coefficients associated with L-shell resonant recombina-
tion of Be-like isoelectronic sequence including Si'%*, using
AUTOSTRUCTURE. Orban et al.!'* measured the L-shell re-
combination rate coefficients of Si'%* across electron energies

ranging from 0 to 43 eV at the CRYRING electron cooler. In
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2016, Bernhardt et al.[3%! extended the previous measurement
of Orban et al." to a much wider collision energies up to
2000 eV, at the TSR heavy-ion storage ring. The new mea-
surements reveal high-energy L- and K-shell resonances that
have not been reported before.

The Sil®" ion has the ground state 252 1So, and
its metastable state 2s2p 3Py has long lifetime with r =
16.64 s,130311 which might exist in the ion beams used for

115301 1y this work, we focus on

10+

recombination experiments. !
theoretical investigations of resonant recombination for Si
in both the initial ground state and the metastable state, for the
L-shell An =1 and 2, as well as the K-shell An = 1 processes.
Level-by-level calculations for resonance energies, resonance
strengths, and rate coefficients are carried out utilizing the
flexible atomic code (FAC).[?21 Based on these calculations,
the experimental spectra reported by Bernhardt et al.’%! are
modeled and identified. This paper is structured as follows. In
the subsequent section, the theoretical method is presented. In
Section 3, the theoretical recombination rate coefficients for
Si'%* are presented and discussed. Finally, a conclusion is
given in Section 4.

2. Theoretical methods

The electron-ion resonant recombination can be formu-
lated as

AT (i) +ee” — [AOD]7(d) = A () v, ()

Here, A97(i) denotes the ion in its initial state (i).
[Ala=D+]**(d) is the resulting unstable intermediate excited
state (d). [A4~D+)*(f) is the radiative decay finial state (f)
of the recombined ion.

In isolated resonance approximation,*3 the resonance
strength for a particular intermediate excited state (d) can be
expressed as!”]

gdﬂz

- 2giEy

In the above expression, the resonant capture rate is described

y AYd — i)B(d). 2)

by its time-reversed autoionization rate A*(d — i). The g; and
gq are the statistical weights of the initial state i and interme-
diate state d. E; denotes the resonance energy. B(d) is the
radiative branching ratiol'!]

B Y A (d— f)
- YsA(d— i) +Y A (d— f1)

B(d) 3)
where A'(d — f) represents the radiative decay rates from
the state d to radiative decay finial state f. Yy A*(d — i) +
Y. A'(d — f') takes the sum over all the individual autoion-
ization and radiative rates of state d. The radiative decay rate
AT is expressed as!!!]

3

4
A(d = ) = 30 v I T lva) P )

here ¥, and Yy denote the atomic state functions for the in-
termediate and final states of the recombination system. 7')
represents the multipole radiative tensor operator, here only
the electronic dipole allowed (E1) transition is considered. ¢
is the velocity of light, while @, denotes the frequency of the
photons emitted during decay.

The autoionization rate A*(d — i') from the intermediate
state d to autoionization final state (initial charge state) i can

be expressed as!!!!

A*(d — 1)

= 22‘<Wi’>K;JTMT| Z (VCOlll +VBreit) |Wd>|27 5
K p<q

similarly, w are the atomic state functions of the state i/, k

is the relativistic angular quantum number,!'!! |y, x; JrMr)

is the coupling wavefunction,!'!] with total angular momen-

tum Jt and z component Mt. Besides the Coulomb operator

Veou = 1/ rpq,mj the Breit operator Vpej¢ given in the zero-

frequency limit is also incorporated 3>-36]

N
1 Ap-T X, T
WVBreit = — Z P ap.aq+( p Pq)( q pq) . (6)
2r )
p<q “='Pq g

where o, and o, are the Dirac matrices.
The resonant recombination cross section can be well ap-
. . . . I'/2r
proximated by a Lorentzian line-shape L(g) = e 2T2A
and the resonance strength S, by

o (&) =SqLa(&). (7)

For comparison with experimental rate coefficients, the
calculated cross section has to be convoluted with the relevant

electron velocity distribution!3”!

ae)= [ olrus(r)d. ®)

where f(v) is the velocity distribution of the electron beam.
For electron—ion merged beam experiments conducted at stor-
age rings, a Maxwell distribution!'>38! with longitudinal and

transverse temperatures 7j and 7| is employed!?’]

_(me N me (v —vo)”
fl) = <2ﬂkT> P [_ 2T

2
e nmev
“ ok, P ( 2T, > ’ ©)

where k stands for the Boltzmann constant, and m, denotes the
electron mass. v and v represent the longitudinal and trans-
verse components of the electron velocity, respectively. The
detuning velocity vo = \/m defines the relative energy.*"!
Ultimately, the recombination rate coefficient can be calcu-
lated as follows:

Sava exp (_ Vi =382 >

meo3 o?

o(e) =
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x [erf <V"ngcz> —erf (V(’Gvg(szﬂ . (10)

where v; denotes the relative velocity corresponding to
the resonance energy Ey4, and o) | = (ZkTH,L/me)l/z, (=
(1=1y/7.) 20

In astrophysical and fusion plasmas, electrons exhibit a
broader Maxwellian—Boltzmann velocity distribution charac-
terized by the electron temperature 7;

Me 3/2 mev?
o) = (3 ) oo (-5 ).

an
|
[Si%F (2s31nl")] ™
Si’* (2p3inl’)] ™
ge” +Si'"T(2s* 1Sg) — [ ;
e ST IS0 7 (69 (g4
[Si%F (2p4inl’)] ™"

Here Eqs. (13(a)) and (13(b)) denote the An = 1 DR (2s — 31)
and TR (2s?> — 2p + 31) processes, which form the interme-
diate doubly excited states [Si®T(2s31nl’)]** and triply ex-
cited states [Si®T (2p3Inl’)]***, respectively. Equations (13(c))

and (13(d)) denote the An = 2 DR (2s — 41) and TR (2s2 %‘

[Si%F (1s2s22pnl’)]”
[Si%F (1s2s2p?nl’)]™"
[Si%* (1s2p*nl’)]™

ge” +Sil% (15?25 1Sg) —

Here Eqgs. (14(a))-(14(c)) denote the DR (1s — 2p), TR (1s+
2s — 2p?), and QR (1s + 2s> — 2p?) processes, respectively.
[Si%* (1s2p>nl’)]**** is the quadruply excited states associated
with QR. The states with 2 <n <25 and 0 < [’ < 15 are in-
cluded in our calculation.

The resonant recombination of Si'%* ion in the initial
metastable state 2s2p Py resembles that of the ground state.

The plasma rate coefficient is temperature-dependent,
which can be expressed as follows: 40!

I B G W
(2amk3T3)"/? P\kz )

(T, (12)

3. Result and discussion

The L-shell resonant recombination associated with An =
1 and 2 transitions of Si'* in ground state 2s> 'Sy can be

written as (the core electrons 1s2 are omitted)

An=1 DR, (a)

DT (21al)] 4 . 13
An=2 DR, (c) [S17 ()] + (13)
An=2 TR, (d)

\
2p +41) processes. Here, nl’ is the captured (Rydberg) elec-

tron. All the excited states with 3 < n < 25,0 </’ <15 are
included.

The K-shell An = 1 resonant recombination for Si'%* can
be described as follows:

*

DR, (a)
TR, (b) — [Si®" (1s21%l")]" +hv. (14)
QR, (¢

For the sake of conciseness, we omitted details.

Using FAC code,*?! we calculated the energy level and
wave function for L- and K-shell resonant recombination of
Silo+, Strong configuration mixings among the DR, TR, and
QR resonance states are considered. The Breit interaction in
the zero-frequency limit and quantum electrodynamics (QED)
corrections are fully considered.

-1800

2000+ si'%* 3

(2p3/23d5)2)1

4
(2P.§/z)n '3

2s3Inl'+2p3lnl’
R, Pt

500+

Energy levels (eV)

Tonization limit

0_

,,,,,,,,,,,,,,,,,,,,,,,,,,,, =100

J1700
J1600
1500

400
300
1200

Resonance energy (eV)

Si9+

Fig. 1. The energy level diagram for Be-like Si'** (left), and B-like Si®* (right) formed by L- and K-shell resonant recombination in the ground
state. The colored horizontal bars show the autoionization final states |i) (green); doubly (black), triply (red), and quadruply (blue) excited states
|d) in DR, TR, and QR processes; as well as the radiation final states |f) (orange) of the Si'®* ions. The horizontal dashed line indicates the
calculated ionization limit for Si'T ions (see Table 1), which exhibits good agreement with the NISTM! (star).
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3.1 Energy level Table 1. The calculated energy levels (in eV) of Si®*, as well as the first

. . i i i i i 2 1 A i 2
To obtain accurate energy levels, especially for the res- ionization limit 2s~ and the highest level of the configurations 21-, 2p3]l,

onance states involved, we carried out a relativistic configu-

2p4l, and 1s21% of Si'%* ions, together with the NIST values.!!]

ration interaction (CI) calculation for Sil0*  and formed Si°* Tons Label State Energies (eV)
ions. The resonance states (including DR, TR, and QR) and ra- This NIST*1  Diff.
diative decay final states involved in the present work are given siot 1 (25221 /2)1 2 0 0 0
in Egs. (13) and (14). Four CI models, labeled CI(n = 10), 2 (2522p3)2)3)2 0.86 0.87 —0.86%
CI(n = 15), CI(n = 20), and ClI(n = 25), were considered to 3 (252p] 2)1/2 1961 1996 -1.74%
check the convergence of calculated energy levels for Si%* 4 (2S2p1/222p3/2)3/2 19922027 —1.74%
) ™ del duall d the C1 calculati i 5 (223 ))s/2 2036 2071 —1.71%
ions. These models gradually expand the CI calculation wit 6 (S2pupZpan)sa 3607 3569 134%
including more higher (n double, triple) excited states and 7 (252p122p32)32 3607 3569 1.34%
more radiative final states. It is found that excellent conver- 8 (2s2p? /2). 2 4622 4559  1.39%
gence of the calculations is achieved when 7 is increased to 25 9 (22pi1a2p3pp)ip 4924 4836 1.82%
2
for Si%*. Compared to the energy obtained with n increased to 10 (252p35)32 49.73 4885 1.81%
20, wh o 1025, (0 n lioht ch 11 (201/2293),)32 6321 6315 0.10%
.,w enn.ls increased to 25, the energy shows slight changes o (212202 )33 D13 7135 110%
with the difference less than 0.0003 eV and 0.004 eV for L- 3 (2p1/22p§/2)3/2 7213 7134 1.11%
shell and K-shell transitions, respectively. Table 1 presents the 14 (2p1 2293 212 8125  80.19 1.32%
calculated energies of Si’* (labeled 1-49), along with the first 15 (2p3 13/ 81.33 8027 131%
ionization limit 2s” and the highest energy level of the config- 16 (25°3d3/2)3/ 244.84 24540 -023%
2 —
urations 212, 2p31, 2p4l, and 15213 of Si!%* (labeled 50-54). 17 (253dsp)sjy 24490 24546 -0.23%
k 4] 18 (252p1238)12  246.13  247.08 —0.38%
For comparison, the values from the NIST'*'! are also tabu- 19 (252p1/235)3 2 246.41 24737 —0.39%
lated. The calculated results are in good agreement with the 20 (2s2p3 1238)5/2 246.93 24792 —0.40%
NIST values, with deviations less than 1.82%. 21 (252p1/238)12 251.04 251.82 —0.31%
Figure 1 presents the energy levels diagram for Be-like 22 (22p3,3)3, 25162 25241 —0.31%
10+ . b o 23 (282p123pija)iy 25572 25598 —0.10%
i lef nd B-lik right) form L- and K-
S (left), and .e sl ) (right) formed by L- and 24 (252p123pija)3n 255.84 25624 —0.15%
shell resonant recombination in the ground state. The black, 25 (22p1)23pspn)sp 26046 261.08  —0.24%
red, and blue horizontal bars represent the doubly, triply, and 26 (282p3;3p3p)s, 26101 261.64 —021%
quadruply excited states associated with DR, TR, and QR pro- 27 (22p3a3psjn)iy 263.86 26441 —021%
cesses of Si'%, respectively. In the resonance energy range 28 (22p1p3dsp)1p 26591 266,68 —0.29%
) i 29 (282p23ds))3, 26597 26668 —0.27%
of E; = 92.96 eV-317.87 eV, the 2s3Inl’ (DR) and 2p3ln/ 30 (22p1p3dsp)sy 26607 26674 —025%
(TR) (n = 3-25) excited states contribute to the L-shell An =1 31 (252p303dspn)7n 26629 267.04 —0.28%
process. Above the resonance energy of 266 eV, the L-shell 32 (282p323dspp)3p 26646 267.02 —0.21%
3 _ 0
An = 2 process will occur, and form the 2s4lnl’ (DR) and 33 (292p3p3dy)sy 266,54 267.12 —0.22%
; ) 34 (252p33dsp)s, 26718 26792 —0.27%
2p4Inl’ (TR) (n = 3-25) excited states. When the resonance 35 (22p3p3dsn)sy 26733 26807 —027%
energy exceeds 1398 eV, the K-shell resonant recombination 36 (252p3238)3)2 26749 267.60 —0.04%
will take place, and form the 1s2s*2pnl’ (DR), 1s2s2p?nl’ 37 (22pip3dsp)sp, 27099 27135 —0.13%
(TR), and 1s2p*nl’ (QR) (n = 2-25) excited states. 38 (22p3p3dspn)yy 27152 27192 —0.15%
39 (22p33dspn)sn 27223 27267 —0.16%
. 40 (252p33dsp)1n 27254 27299 —0.17%
3.2. The L-shell rate coefficients A 2pdmp)i, 27728 27851 —044%
We calculated the resonant recombination rate coeffi- 42 (22p323dsp)yy 28545 28515 0.11%
. 21 . 43 (292})3/23(13/2)5/2 285.48 285.15 0.11%
cients for both the gr30und 'state 2s '?&F(Flg. 2) and the 44 (252pap3dan)ss 28674 28647 0.09%
metastable state 2s2p Py (Fig. 3) of Si"*" ion. In the cal- 45 (22p3p3ds)y)s,  286.82 286.58  0.08%
culation, three CI models, labeled CI(n = 10), CI(n = 15), and 46 (2p1/22p3/23dsp)sp 30296 303.07  —0.04%
CI(n = 25), have been considered. When the CT calculation is 47 (2p3),3d32)32  303.15 30330 —0.05%
2 _
further extended to the CI(n = 25) model incorporating more 48 (25 4d3/2)32 31338 314.34 - —0.31%
) - 49 (25%4ds5)s5) 31340 31434 —0.30%
resonant excited states and radiative final states up to npax =
25, more resonance peaks appear in the high - energy region sttt 50 (25%)o 40025 40138 = ~0.28%
’ P PP £ £y region, 51 (202 ,)0 477.54 47686  0.14%
and the calculated results show better agreement with the ex- 50 (2p3/2’3 ds ), 72140 72162 —0.07%
periment. Thus, our theoretical results are presented by em- 53 (2p324ds2)1 799.68  799.95 —0.03%
ploy]ng the model CI(n = 25) (nmax = 25) 54 (152p§/2)1 2294.61 2293.61 0.04%
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Figure 2 illustrates the calculated rate coefficients associ-
ated with the L-shell An = 1 and 2 transitions of Si'%* in the
ground state 2s” 'Sy. For comparison, the cross sections have
been convoluted with the experimental electron velocity distri-
bution characterized by the temperatures of the electron beam
kT| = 0.093 meV and kT, = 0.5 V1% in longitudinal and
transversal directions. The total (DR 4 TR) rate coefficients
(black line) and the contributions of TR (red areas) are shown
in Fig. 2(a). The TR process is important, contributing 8.67%
to the total rate coefficients. Obviously, the An = 1 resonance
forms (2s/2p)3Inl’ (DR/TR) resonance states located at the
resonant energy regions of 87 eV to 320 eV, which can be di-
vided into three partial channels including 213sn!’, 213pnl’, and
213dnl’ (see Figs. 2(b)-2(d)) according to 3! (I = s, p,d) values.
Those resonant peaks are identified by the standard notations
LMM, LMN, LMO, and LMP. Compared to the An = 1 reso-
nance, the An = 2 resonance is rather weak, located at a higher
resonance energy range of 261 eV to 399 eV, which are mainly
from (2s/2p)41nl’ (DR/TR) resonances state (see Fig. 2(e)).

14
(a)
121 An=1
LMM LMN

10 i r 1 r

8

6 .

4

2

0

84 (b)rmufi M m wemmimm DR 213snl’

LY L [} N amrEm TR

44

04—t LMMM
10'(: T [T CEC T T

( ) i — o — 213pnl’
5
Y A M |
1(d) - ! [0 _-. -:ll- A l3dnl’

Rate coefficient (107 cm®s71!)

NO R 0O
1

—_—

=

[
I
2141nl’ —
LNn ll !

100 200 300 400
Resonance energy (eV)

o

Fig. 2. The calculated resonant recombination rate coefficients of Si'0+
associated with L-shell An = 1 and 2 transition in ground state 2s> 'S.
The black line represents the DR + TR rate coefficient, and the red areas
denote the contributions of TR. (a) The total rate coefficient. (b)—(d) The
contributions from 213snl’, 213pnl’, 213dnl’ resonant channels of An = 1
transitions, respectively. (e) The contributions of An = 2 transitions. The
black and red vertical bars show the DR and TR resonance positions.

Figure 3 presents the calculated total (DR + TR) rate co-
efficients (black line) (see Fig. 3(a)) for L-shell An =1 and 2
resonant recombination of Si'®* in the metastable state 2s2p
3Py. The contributions from the three resonant channels of
An =1, as well as the contribution of An = 2 process, are

approximately 13.58%, 19.80%, 62.28%, and 4.34%, respec-
tively. The resonance from the 213dn!’ channel is the strongest.
It is found that the TR contributes 13.35% to the total rate co-
efficients in the metastable state, which is larger than that in
the ground state.

24
(2) An=1 LMP 252p °P,
o - LMO
20 LMM
r 1
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= &
\({) .
(2] -
=
3]
= O -
‘O 8 1 (0] 213snl’
S g7 ()
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2 27 ; - —
< T 213dnl
~
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0 " —
2 (e) ' ' i |*;
T —
i LNn 2141Inl’
0 . : dodan _Aa. A
100 200 300 400

Resonance energy (eV)

Fig. 3. Same as Fig. 2 but for the rate coefficients of Si'®* in the
metastable state (2s2p 3Po).

In Table 2, the total recombination strength summed over
213snl’, 213pnl’, and 213dnl’, and 2141n!’ contributions for Si%+
ions in the ground states (2s% 1Sy) and the metastable state
(2s2p 3Py) is listed. It is found that the most significant contri-
bution originates from the 213dn!’ channel, which is largely at-
tributed to this channel’s prominent resonant capture strength.

Table 2. Total resonant recombination strength (in cm?-eV) summed all
213snl’, 213pnl’, and 213dnl’, and 2141nl’ contributions for Si®* ions in

the ground states (25> 1Sg) and the metastable state (2s2p 3Py). (A(B)
denotes A x 105)

Initial state ~ 213snl’ 213pnl’ 213dnl’ 2141nl’
2218, 9.30(—19) 121(—18) 1.39(—18) 1.93(—19)
22p3P)  9.56(—19) 1.39(—18) 4.38(—18) 3.05(—19)

In Fig. 4, the present rate coefficients for L-shell An =1
and 2 resonant recombination of Si'®* are compared with
the TSR experimental results by Bernhardt et al.*") When
considering that the initial Si'* ion consists of 93% ground
state (2s> 'Sg) and 7% metastable state (2s2p >Py), the the-
oretical results show good agreement with the experimental
measurements. In the figure, the blue lines show the contri-
bution of the metastable state (2s2p 3Py) to the recombina-
tion spectrum. It can be seen that in the resonance energy
ranges from 66.428 eV to 377.204 eV, the metastable state
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2s2p 3Py reveals a significant contribution to L-shell resonant Table 3. Calculated resonance energies E; (in eV) and resonance

recombination of Si'* ions. Except for the LMM peak, the

strengths (in cm?-eV) for Si!®F ions in the LMM resonant recombina-
tion process. Only the resonance states with S; > 5 x 1072! (cm?-eV) are

other peaks are mixed together. In Fig. 5, the LMM reso- tabulated. (A(B) denotes A x 10%).
nance peak is identified in detail. The resonance peak encom- ks Resonance Initial Resonance Resonance
passes multiple individual resonances, with their resonance state state energy  strength
energies and resonance strengths listed in Table 3. Most of a ((2535)13d3))1 2 252p3Py DR 8659  1.90(—20)
the strong peaks originate from the ground state, however, the ((253s)13d3)2)32 2s2p3Py DR 86.61  2.39(—20)
peaks labeled a, ¢, and e could be entirely attributed to the ((2535)13d3/2)52 2s2p 3Py DR 86.63 6.82(—21)
252p 3Py state. The strongest peaks (labeled g) are mainly ((253s)13ds5/2)7/2 2s2p°Pg DR 86.67 3.85(-20)
. 3
from resonance ((253s)o3ds5)3/2,5/2 With Eq = 114.19 eV, ((2838)13ds/2)3/2 2s2p°Po DR 87.05  1.37(-20)
20 .2 ' b (25382 /5 2s>1Sy DR 92.96 1.68(—20)
S;=5.28x10"% cm*-eV, and E; = 114.24 eV, Sy = 7.74 x (253,34 / ) 2% DR 9566 194(_20)
. . c SIS S. - R . —
10720 cm?2-eV, respectively. In Table 4, we analyze and iden- 1=75/273/2 P ; 0
i resonan n resonan i
y the 721630 2a e peak, only the resonance states w ((23p32)13d52)32  252pPg DR 9597  6.80(~21)
Sd > 5 X 10 cm 'eV are tabulated. ((2531)3/2)13(13/2)5/2 25213 3P0 DR 9773 533(720)
((2s3p32)13ds)2)72  2s2p3Pg DR 97.85  6.07(-21)
Total
12 - o ‘";Szp sp, ((253p3/2)23d3)2)32  252p3Pg DR 9831  2.22(-20)
Tw An—1 253161’ Bernhardt (Expt. ) ((253})3/2)23(13/2)5/2 2s2p 3P0 DR 98.37 5.02(—20)
= i . ((253p3/2)23ds)2)s2  252p3Pg DR 99.14  1.63(—20)
° f b ! ((2s3p3/2)23d3p0)12 2s2p°Pg DR 99.18  1.37(—20)
TO 8 - 253131/ d (2p12)1/235%)1)2 2s2p 3Py DR 100.07 8.37(—21)
o 283141 ((283p12)13dsj2)32 2s2p°Pg DR 101.19  6.12(—21)
g 23151 ((2s3p3/2)23dspa)sp 2s2p°Pg DR 10125 5.01(—21)
g ((2s35)13p3/2)12 25> 'Sy DR 102.10 8.53(—21)
g 4+ ((2538)13p3/2)3/2 252 1Sy DR 102.18 1.43(—20)
o
o An=2 e ((2p1/235)03p1/2)12  2s2p°Pg DR 103.60 8.13(—21)
3 2edInl’ ((2p1238)13p1/2)32  252p 3Py DR 103.83 7.78(-21)
((2s3d3/2)13ds/2)52  2s2p°Pg DR 104.01 6.11(—20)
0- ” 00 a0 o ((2s3d3/2)23ds)2)72  252p3Pg DR 104.05 1.09(—19)
Resonance encray (V) ((2s3p1/2)03dsy2)s, 2s2p°Pg DR 10445 2.31(-20)
((253p3/2)23d3)2)72  252p3Pg DR 10451 5.68(-21)
Fig. 4. Comparison of the calculated resonant recombination rate coeffi- 3 _
cients (black line) for L-shell An = 1 and 2 transitions of Si'*, with the f ((2p1/23s)13p3/2)3/2 2s2p 3P0 DR 105.64  8.86(-21)
TSR measurements (gray area).[>") The ion beam composition of 93% (253d3 /z)l /2 2s2p°Pg DR 106.62 6.53(-21)
ground state 2s% 'Sy +7% metastable state (2s2p >Py) is considered. The ((253S)o3p1/2)1/2 2521S, DR 106.72 3.75(=21)
blue line shows the contribution from the metastable state. ((2s3d y )13d ’ ) y 252p 3py DR 10674 1 32(—20)
SIU3/2 5/2)3/2 . . -
10 = ((2535)03p3/2)3/2 252 1Sy DR 106.84 7.45(—21)
a Total
. . g 7;5 ZSQP sp, ((283p3/2)23ds/2)3/2  252p°Pg DR 107.49  1.06(—20)
Bernhardt (Expt.)™ | ((2s3s)13d3/2)5/2 2s*'Sy DR 108.16 1.03(—21)
~ 6 S ((253p12)13p32)s2 25> 1Sy DR 108.58 1.81(—20)
;@ b ; s ((253s)13ds)2)3/2 252 1Sy DR 108.58 1.21(—20)
g4 d f i (2532 ,)s2 2s2p3Py DR 108.96 2.48(—20)
=, b ; s ((2s3d3/2)13ds)2)72  252p3Pg DR 109.03 6.17(—20)
e Z
S a A c q )! 4 =z g ((2p1238)13d3)2)s2  252p°Pg DR 11258 6.58(—21)
g 0 —A . A, - - ® ((2p1238)03ds)2)s2  252p3Pg DR 11370 6.69(-21)
j§ (b) 15 & ((2535)03d3/2)32 25> 1Sy DR 114.19 5.28(—20)
= pt 1 o ((253)03ds2)s /2 2s21S, DR 114.24 7.74(—20)
0
§ 0 £ h ((2p123%)03ds /)5, 2s2p°Pg DR 11671 1.63(—20)
= (©) - B % B 110 § ((2535)13ds)2)3/2 2521S; DR 117.19  2.09(—20)
~ 2 B & ER-I R e ((253p12)13p32)s)2 252 1Sy DR 117.22 3.21(—20)
« 2 @ b ) s2p b .
‘ f & [ && ‘L‘ ! i (((2p32)3239)13ds2)32 252p°Pg TR 124.07 5.89(—21)
1 | . Dy dhodid vae Jooo b R} . 3
T T T T 1 T T 0 (((2p1/2)1/23p1/2)13d5/2)3/2 282p ’Po DR 125.64 8.90(721)
70 80 90 N 100 110 120 \}30 140 150 ((2s3p]/2)03d5/2)5/2 221S, DR 12598 7.54(~21)
esonance energy (eV) ((253p32)23d32)72 2% 'Sg DR 12604 1.01(—20)
Fig. 5. The LMM resonant recombination rate coefficients and resonance 2 3 3d 262p3Py TR 126.13 5.76(—21
strengths of Si'* ion. (a) Comparison of the calculated rate coefficients ) (« P3/ 2)3/ 2Py 2)2 3 2)5/ 2 2p1 0 ’ 76( )
(black line) with the TSR measurements (gray area).!*") (b) and (c) The J ((253(13/2) 1 3d5/2)7/2 2s°'Sg DR 130.56  2.72(-20)
resonance strengths from the state 2s> 'Sy (orange line) and 2s2p 3Py ((253d3/2)23d5/2)9/2 252 1Sy DR 130.56 3.40(—20)

(blue line). The dominant resonances are also listed in Table 2.
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Table 4. Same to Table 3, but for LMN resonant recombination process. Table 4. Continued.
Initial Resonance Resonance Initial Resonance Resonance
Resonance state Type Resonance state T
state energy strength state energy strength
((23p3j2)24ds)n)ss 252p°Pg DR 17125 5.05(-21) ((253ds2)24s)5/2 28*'Sy DR 196.66  1.06(—20)
((283p12)o4ds)a)s/s 252p°Py DR 17129 1.31(—20) ((283dsp2)24s)32 28%'Sp DR 196.68  7.30(—21)
((253ds/2)34s)7/2  2s2p3Pp DR 17133 1.28(-20) ((253psn)i4fs )72 257 'Sg DR 19840  7.39(-21)
((23p1)2)14f52)s)s  252p°Pg DR 17376 5.12(-21) ((253p3)2)24fsn)en 2s2'Sg DR 19842  8.87(-21)
((253p3/2)24ds)2)s, 2s2p°Pg DR 17377  5.88(-21) ((2p1/23dsj2)ads)s;y  2s2p°Pg DR 199.23  6.31(-21)
((2s3d32)14p1/2)32 2s2p°Pp DR 174.88  1.65(—20) ((2s3ds5)2)34f5/2)72 2% 'Sy DR 20122 5.43(-21)
((283d3/2)14p3)a)s/2 252p°Py DR 174.92  1.31(-20) ((2s3d3)2)24p32)72 2% 'Sp DR 20125  6.55(—21)
((23d5)2)24s)3,  252p°Py DR 17515  7.61(-21) ((283d3/2)24d3)2)7/2 25 'Sg DR 201.83  7.07(-21)
((283ds/2)14p3/2)32 22p°Pg DR 17531  1.02(-20) ((2s3d5/2)24d3)2)9, 257 'Sg DR 20190  8.76(-21)
((23ds)2)34p1ja)ss 252p°Pg DR 17535  2.31(—20) ((253d3)2)24f5)0)9/2  2s2'Sg DR 20256  8.25(-21)
((283d32)14p32)12 252p°Pg DR 17589  1.21(—20) ((283dsp2)24f70)112 28* 'Sy DR 202.62  1.00(—20)
((283ds/2)34p1/2)s/2 2s2p°Pg DR 17592 6.78(-21) ((253d3/2)24f7)2)s2 25° 'Sy DR 203.09  6.74(-21)
((283d3/2)14p3)a)s/2 252p°Pg DR 177.23  1.75(—20) ((253ds)2)34f70)7/2 2s2'Sg DR 20312 9.09(-21)
((2s3d32)14d3)2)s2 252p°Pg DR 177.44  4.66(—20) ((2p3/23d3/2)14p1/2)32 252p°Pg TR 203.97  8.66(—21)
((2s3d3)2)24d3/2)7, 252p°Py DR 17749  8.95(-21) ((253d32)24ds)n)es 287 'Sg DR 20421 6.66(—21)
((23ds)2)34ds)n)7/s 252p°Py DR 177.54  3.27(-20) ((283ds)2)24d32)72 2% 'Sg DR 20421  5.32(-21)
((2s3ds/2)34ds/2)112 2s2p°Pg DR 177.56  1.08(—20) ((253ds)2)2470)72 25 'Sg DR 206.12  5.03(—21)
((253s)14s)1 2 2s21sy DR 177.63  6.87(-21) ((2p1/23ds/2)24872) 112 252p°Pg DR 206.69  7.17(-21)
((23ds)2)34ds)n)7/2 252p°Pg DR 177.76  2.25(—20) ((283d32)24f72)112 287 'Sp DR 20699  2.45(—20)
((2s3d3)2)14ds)2)s2 2s2p°Pg DR 178.67  2.29(—20) ((253ds)2)24fs52)02 27 'Sg DR 207.00  2.04(—20)
((23d32)14f5)72 2s2p3P; DR 178.68  5.04(—20)
((253ds52)34d3 )72 252p°Pg DR 17870 3.97(~20) 3.3. The K-shell rate coefficients
((253d32)24f52)92  2s2p°Py DR 17873 2.24(-20)
((253ds)y)34d3/0)32 2s2p°Pg DR 17921  6.64(-21) In Fig. 6, the calculated rate coefficients for K-shell An =
((isij?/z)lj?/z)wz iszp Z}F:O BE i;g; 1-23(_28) 1 (Is — 2I) resonant recombination of Si'®* are compared
Egzzs dz; 32 4; z;jj z 222§ 3})2 DR 179.68 8:25572& with the experimental results by Bernhardt er al.'**l. Good
((253ds2)34f72)92  252p°Py DR 179.69  3.53(—20) agreements are obtained. We identify the resonance peaks and
((253ds2)24p12)s;2 2s2p°Po DR 179.69  1.03(—20) find that there is an identification error for the experimental
((253ds2)34d32)32 - 252p°Py DR 18015 1.17(~20) peak in Ref. [30]. The strong states are listed in Table 5. From
((253ds2)34ds)0)s 2s2p°Pp DR 180.15  5.45(-21) )
((253d32)04d32)s, 252p°Pg DR 180.17  1.43(~20) the table, we can see that the resonance (1s2s 2p1/22p3/2)5/2
((283d32)24d30)7/2 2s2p°Pg DR 18030  2.87(—20) is the strongest, with the resonance energy E; = 1405.10 eV,
((253d32)24f52)9/2  252p°P; DR 181.03  2.55(—20)
((283d32)24f52)72 2s2p°Pp DR 18125  2.62(—20) 4 '
((2s3ds/2)34f5/2)9/2 252p°Py DR 18128  3.96(—20) (fQ_ KLL g :;‘3;52 -
((253ds)2)34f72)72  252p°Py DR 18159  1.67(—20) - ; Bernhandt (Expt)®| S
((23ds)2)34f55)s2 2s2p°Pp DR 181.93  6.94(-21) o F i KLM o ; o
((2s3ds5/2)24ds)2)s2 252p°Pg DR 18240  1.09(—20) 5 g
((253d32)14f72)52  2s2p3Py DR 18258  7.51(-21) = 21 DKL | 8
((253dsj2)24ds/2)72 2s2p3Pp DR 182.68  1.86(—20) = 1s2s°2p* ; fas?ophl S
((2s3s)14d32)5/2 25 'Sg DR 184.05  2.14(—20) 2 14 l | REPTE =
((2s3s)14ds /)32 2s2'Sg DR 184.06  1.43(—20) X }L J\ ‘go
((283dsj2)24f7)7/2 2s2p°Pp DR 18459  6.46(—21) % 0 ) S ; ; 6 2
((2s3s)04p12)1/2 2s2'Sg DR 18462  5.48(-21) 3 C;; ; . i z
((2538)04p3/2)32 2s2'Sp DR 184.69  1.10(—20) Q = | £ L4 2
((283ds2)24f5)92  2s2p°Pp DR 18547  1.28(—20) o b & & ; g
((2p1/235)04p1/2)1/2 252p°Pg DR 18570  5.22(-21) . & ; g 419 2 2
((2p1/235)04p3/2)32 252p°Pp DR 186.05  8.07(-21) 1| e E. el E. N 0 ~
((23s)04ds0)3n 257 1'Sy DR 18756  1.95(—20) 1350 1450 1550 1650 1750 1850
((2s3s)04ds;2)s;,  2s2'Sg DR 187.61  2.87(—20) Resonance energy (eV)
((2p1/23s)odds/a)3/y 252p °Pp DR 188.20  5.90(-21) Fig. 6. (a) Comparison of the calculated resonant recombination rate co-
((253p3/2)14d3/2)5/2 2> 1Sy DR 194.81  2.27(-20) efficients (black line) for K-shell An = 1 transition of Si'%* with the ex-
((2s3p3/2)14ds/2)7/2 2s'S, DR 194.94  3.29(—20) periments results (gray area).[3 The blue lines represent the contributions
((253d32)24s)3)2 2521S, DR 195.14  1.73(—20) of the metastable state 2s2p *Py. The strong resonances are also listed irzl
((253d5/2)34s)5/2 221S, DR 19520  2.59(—20) ’ll“able 5. The calcglated re‘sults are considered the contribution of 93% 2s
So and 7% 2s2p °Py. (b): The resonance strengths from the ground state
((253P1/2)14f5/2)7/2 2s* 'Sy DR 195.67  1.08(-20) (orange line). The electron-beam temperatures are k7 = 0.093 meV and
((253p1/2)|4f7/2)9/2 252 'S, DR 19578 1.48(-20) kT, =5 eV in longitudinal and transverse directions.
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Table 5. Calculated resonance energies (in eV) and resonance strengths
(in cm?-eV) in the KLL DR of Si'%* jons in the ground state. Only the
resonance states with Sy > 1 x 1072 (cm?-eV) are tabulated. (A(B) de-
notes A x 108).

Peaks Resonance Resonance Resonance
state energy strength

k ((1525*2p1 2)12p3)2)52 1405.10 5.99(—20)

((1525%2p; 2)02p3/2)32 1405.20 4.19(—20)

((152872p; 2)12p3/2) 12 1407.20 1.10(-21)

l ((1s2522p§/2)3/2 1408.00 6.01(—21)

((1s2s22p§/2)1/2 1412.10 1.68(—20)

m ((1525*2p 2)13p3/2)32 1653.60 4.87(—21)

((152872p35)23p12)5/2 1654.50 7.66(—21)

n ((1525*2p35)13p1/2)32 1659.60 6.97(—21)

((1525*2p35)13p3)2)52 1659.80 3.24(—20)
((152572p35)13p3/2)3/2 1660.10 1.94(—20)
((152572p35)13p3/2)12 1663.90 5.19(=21)

0 ((1525*2p35)13ds/2)7/2 1672.10 1.05(—20)
((152572p35)13d3)2)5/2 1672.40 7.62(—21)

and resonance strength S; = 5.99 x 10720 cm?-eV. It is found
that for the K-shell An = 1 process, the contribution of the

3

metastable state is negligible.

3.4. Plasma rate coefficient

Figure 7 displays the plasma rate coefficients of Si'%* in
the ground state 252 1S, (red solid line). It includes the L-shell
2s — 31, 2s — 41, and K-shell 1s — 2] resonant recombinations
(black solid lines). For comparison, the experimental result
from Bernhardt et al. (black dashed lines)3% and the theoreti-
cal result from Gu (blue dash-dotted line)28! are also plotted.
Our calculations are in good agreement with the result from
Gu?® for temperatures T < 1000 eV. The discrepancies at
high temperatures may arise from the additional contributions
of the TR and QR processes incorporated in the present calcu-
lations. Both our theoretical results and those from Gu!??! are
larger than the experimental results reported by Bernhardt et

al.,[30]

within the systematic uncertainty (26%) of the experi-
ment. These discrepancies could be due to collisional cascade
processes!*>#3] that have not been taken into account in the

calculations.

Table 6. Fitting parameters ¢; (in cm’ s levd/ 2y and E; (in eV) of plasma rate coefficients for resonant recombination of

Sil%*. (A(B) denotes A x 108).

2s — 31 2s — 41 1s — 21 Total
i ci E; ci E; ci E; ci E;
1 —1.746(—12) 1.941 4.728(—10) 361.473 3.928(—09) 1405.764 2.307(—09) 110.414
2 2.466(—09) 111.644  4.728(—10) 361.473 3.995(—09) 1405.490 1.748(—12) 0.158
3 4.032(—08) 265.511 4.679(—10) 361.252  4.313(—09) 1735.829 2.884(—08) 1550.444
4 —1.162(—12) 1.941 4.469(—10) 350.648  4.910(—09) 1405.861 —8.916(—13) 0.129
5 1.148(—08) 196912 4.357(—10) 299.243 4.332(—09) 1652.316 4.169(—08) 272.207
6 —2.244(—13) 1.942 4.370(—10) 286.801 4.313(—09) 1735.829 —8.564(—13) 0.190
7 3.133(—12) 1.941 4.480(—10) 268.594  4.292(—09) 1632.603 1.341(—08) 197.204

10° the function!'!!
. Total
—-—--Gu (Theo.)”®

- - - Bernhardt (Expt.)?]

Rate coefficient (107! cm?3s~1)

1073

102 10° 104

Temperature (eV)

10!

Fig. 7. Comparison of the calculated plasma rates coefficients (solid
lines) of Si'%* in the ground state (2s> ! So) with the TSR measurements
(black dashed lines)3Y and theoretical results from Gu (blue dash-dotted
lines).m] The red solid line is the total rate coefficient, and the black
solid lines are contributions associated with L-shell 2s — 31, 2s — 41, and
K-shell 1s — 21 resonant recombination.

For the convenient use of the calculated results in plasma
modeling, the present plasma rate coefficients are fitted with

a(Te):E_3/2Zcixexp (kl;i > (15)
i e

The fitting parameters ¢; and E; are summarized in Table 6.

4. Conclusion

Electron-ion resonant recombination of Be-like Si'0F
forming B-like Si" in the ground state (2s> 'Sp) and the
metastable state (2s2p 3Pg) has been systematically studied
based on a fully relativistic distorted-wave approximation.
Significant resonant recombination channels associated with
L- shell An =1 and 2 (2s — 31 and 41) DR and TR, as well
as K-shell An =1 (1s — 21) DR, TR, and QR were consid-
ered. The present rate coefficients are in excellent agreement
with the experimental measurements by Bernhardt et al.3!
Moreover, we find that the contributions from the TR process
and the metastable state ion are important for the L-shell rate
coefficients and cannot be neglected. Finally, plasma recombi-
nation rate coefficients are presented in the temperature range
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of 10 to 107 eV, and convenient analytic fits are provided for
modeling astrophysical and fusion plasmas.

Acknowledgments

Project supported by the National Key Research and De-
velopment Program of China (Grant No. 2022YFA1602500),
the National Natural Science Foundation of China (Grant
Nos. 12064041, 11874051, 12104373, 12374384, and
12464036), Central Leading Local Science and Technology
Development Fund Projects (Grant No. 23ZYQA293), funds
for Innovative Fundamental Research Group Project of Gansu
Province (Grant No. 20JR5RA541), and Research and Innova-
tion Project of Gansu University of Political Science and Law
(Grant No. GZF2025XQN18).

References

[1] Savin D W, Gwinner G, Grieser M, Repnow R, Schnell M, Schwalm D,

Wolf A, Zhou S G, Kieslich S, Miiller A, et al. 2006 The Astrophysical

Journal 642 1275

Schippers S, Schnell M, Brandau C, Kieslich S, Miiller A and Wolf A

2004 Astronomy & Astrophysics 421 1185

Zhang C'Y, Wu S J, Wang K, Si R, Yao K, Huang Z K, Wen W Q, Ma

X W, Chen C Y and Badnell N 2023 Phys. Rev. A 108 022801

[4] Shah C, Amaro P, Steinbriigge R, Bernitt S, Lopez-Urrutia J R C and

Tashenov S 2018 The Astrophysical Journal Supplement Series 234 27

Schnell M, Gwinner G, Badnell N, Bannister M, Béhm S, Colgan J,

Kieslich S, Loch S, Mitnik D, Miiller A, et al. 2003 Phys. Rev. Lett. 91

043001

Beilmann C, Mokler P H, Bernitt S, Keitel C H, Ullrich J, Lopez-

Urrutia J R C and Harman Z 2011 Phys. Rev. Lett. 107 143201

Beilmann C, Harman Z, Mokler P, Bernitt S, Keitel C, Ullrich J and

Lépez-Urrutia J C 2013 Phys. Rev. A 88 062706

[8] Xie L'Y,LuS M, Cheng X S, Zhang D H, Jiang J and Dong C Z 2019

X-Ray Spectrometry 48 657

Xie L' Y, RuiJ L, Zhang J M, Schuch R and Dong C Z 2022 Phys. Rev.

A 105 012823

[10] Dou L J, Xie L Y, Zhang D H, Dong C Z, Wen W Q, Huang Z K and
Ma X W 2017 The European Physical Journal D 71 1

[11] RuiJ L, Xie L Y, He W L, Ma Y L, Schuch R and Dong C Z 2024
Phys. Scr. 99 125406

[12] Fogle M, Badnell N, Glans P, Loch S, Madzunkov S, Abdel-Naby S A,
Pindzola M and Schuch R 2005 Astronomy & Astrophysics 442 757

[13] Orban I, Bohm S, Loch S D and Schuch R 2008 Astronomy & Astro-
physics 489 829

[14] Orban I, Loch S D, Béhm S and Schuch R 2010 The Astrophysical
Journal 721 1603

[15] Huang Z K, Wen W Q, Xu X, Mahmood S, Wang S X, Wang H B, Dou
L J, Khan N, Badnell N R, Preval S P, Schippers S, Xu T H, Yang Y,
Yao K, Xu W Q, Chuai X Y, Zhu X L, Zhao D M, Mao L J, Ma X M,
LiJ,MaoR S, Yuan Y J, Wu B, Sheng L N, YangJ C, XuH S, Zhu L
F and Ma X 2018 The Astrophysical Journal Supplement Series 235 2

[16] Wang S X, Xu X, Huang Z K, Wen W Q, Wang H B, Khan N, Preval
S P, Badnell N R, Schippers S, Mahmood S, Dou L J, Chuai X Y, Zhao
DM, ZhuXL,MaoLJ,MaXM,LiJ,MaoR S, Yuan Y J, Tang M T,
Yin DY, Yang J C, Ma X and Zhu L F 2018 The Astrophysical Journal
862 134

2

—

3

—_

[5

—

[6

=

[7

—

[9

—

[17] Schippers S, Schmidt E W, Bernhardt D, Yu D, Miiller A, Lestinsky M,
Orlov D A, Grieser M, Repnow R and Wolf A 2007 J. Phys.: Conf. Ser.
58 137

[18] Orlov D A, Krantz C, Bernhardt D, Brandau C, Hoffmann J, Miiller A,
Ricséka T, Schippers S, Shornikov A and Wolf A 2009 J. Phys.: Conf.
Ser. 163 012058

[19] Beilmann C, Postavaru O, Arntzen L, Ginzel R, Keitel C, Mickel V,
Mokler P, Simon M, Tawara H, Tupitsyn I, et al. 2009 Phys. Rev. A 80
050702

[20] Shah C, Jorg H, Bernitt S, Dobrodey S, Steinbriigge R, Beilmann C,
Amaro P, Hu Z, Weber S, Fritzsche S, et al. 2015 Phys. Rev. A 92
042702

[21] Shah C, Amaro P, Steinbriigge R, Beilmann C, Bernitt S, Fritzsche S,
Surzhykov A, Crespo Lépez-Urrutia J R and Tashenov S 2016 Phys.
Rev. E 93 061201

[22] Fletcher L 2024 Annual Review of Astronomy and Astrophysics 62 437

[23] Mancuso S, Giordano S, Barghini D and Telloni D 2020 Astronomy &
Astrophysics 644 A18

[24] Mernier F, de Plaa J, Pinto C, Kaastra J S, Kosec P, Zhang Y Y, Mao
J, Werner N, Pols O R and Vink J 2016 Astronomy & Astrophysics 595
Al126

[25] Simionescu A, Nakashima S, Yamaguchi H, Matsushita K, Mernier
F, Werner N, Tamura T, Nomoto K, De Plaa J, Leung S, et al. 2019
Monthly Notices of the Royal Astronomical Society 483 1701

[26] Mernier F, Biffi V, Yamaguchi H, Medvedev P, Simionescu A, Ettori S,
Werner N, Kaastra J, de Plaa J and Gu L 2018 Space Science Reviews
214 1

[27] Dufresne R, Del Zanna G and Storey P 2021 Monthly Notices of the
Royal Astronomical Society 505 3968

[28] Gu M 2003 The Astrophysical Journal 590 1131

[29] Colgan J, Pindzola M, Whiteford A and Badnell N 2003 Astronomy &
Astrophysics 412 597

[30] Bernhardt D, Becker A, Brandau C, Grieser M, Hahn M, Krantz C,
Lestinsky M, Novotny O, Repnow R, Savin D W, et al. 2016 J. Phys.
B: Atom. Mol. Opt. Phys. 49 074004

[31] Cheng K T, Chen M H and Johnson W R 2008 Phys. Rev. A 77 052504

[32] Gu M F 2008 Canadian Journal of Physics 86 675

[33] Pindzola M, Badnell N and Griffin D 1992 Phys. Rev. A 46 5725

[34] RuiJL, Xie L Y, Ma Y L and Dong C Z 2023 Euro. Phys. J. D 77 174

[35] Jonsson P, Godefroid M, Gaigalas G, Ekman J, Grumer J, Li W, Li J,
Brage T, Grant I P, Bieron J, et al. 2022 Atoms 11 7

[36] Savelyev I M, Kaygorodov M Y, Kozhedub Y S, Malyshev A V, Tupit-
syn I T and Shabaev V M 2023 Phys. Rev. A 107 042803

[37] HahnY 1997 Reports on Progress in Physics 60 691

[38] Andersen L H and Bolko J 1990 Phys. Rev. A 42 1184

[39] Schuch R, Barany A, Danared H, Elander N and Mannervik S 1989 Nu-

clear Instruments and Methods in Physics Research Section B: Beam
Interactions with Materials and Atoms 43 411

[40] Behar E, Mandelbaum P and Schwob J 1999 Phys. Rev. A 59 2787

[41] Kramida A, Yu Ralchenko, Reader J and and NIST ASD Team 2023
NIST Atomic Spectra Database (ver. 5.11), [Online], [2024, Octo-
ber 17]. National Institute of Standards and Technology, Gaithersburg,
MD.

[42] Hahn Y 1985 Advances in Atomic and Molecular Physics vol. 21 (El-
sevier) pp. 123-196

[43] McLaughlin D and Hahn Y 1982 Journal of Quantitative Spectroscopy
and Radiative Transfer 28 343

033402-9


http://dx.doi.org/10.1086/apj.2006.642.issue-2
http://dx.doi.org/10.1086/apj.2006.642.issue-2
http://dx.doi.org/10.1051/0004-6361:20040380
http://dx.doi.org/10.1103/PhysRevA.108.022801
http://dx.doi.org/10.3847/1538-4365/aaa4c0
http://dx.doi.org/10.1103/PhysRevLett.91.043001
http://dx.doi.org/10.1103/PhysRevLett.91.043001
http://dx.doi.org/10.1103/PhysRevLett.107.143201
http://dx.doi.org/10.1103/PhysRevA.88.062706
http://dx.doi.org/10.1002/xrs.3081
http://dx.doi.org/10.1002/xrs.3081
http://dx.doi.org/10.1103/PhysRevA.105.012823
http://dx.doi.org/10.1103/PhysRevA.105.012823
http://dx.doi.org/10.1140/epjd/e2016-70680-8
http://dx.doi.org/10.1088/1402-4896/ad8e04
http://dx.doi.org/10.1088/1402-4896/ad8e04
http://dx.doi.org/10.1051/0004-6361:20040559
http://dx.doi.org/10.1051/0004-6361:200810295
http://dx.doi.org/10.1051/0004-6361:200810295
http://dx.doi.org/10.1088/0004-637X/721/2/1603
http://dx.doi.org/10.1088/0004-637X/721/2/1603
http://dx.doi.org/10.3847/1538-4365/aaa5b3
http://dx.doi.org/10.3847/1538-4357/aacc69
http://dx.doi.org/10.3847/1538-4357/aacc69
http://dx.doi.org/10.1088/1742-6596/58/1/025
http://dx.doi.org/10.1088/1742-6596/58/1/025
http://dx.doi.org/10.1088/1742-6596/163/1/012058
http://dx.doi.org/10.1088/1742-6596/163/1/012058
http://dx.doi.org/10.1103/PhysRevA.80.050702
http://dx.doi.org/10.1103/PhysRevA.80.050702
http://dx.doi.org/10.1103/PhysRevA.92.042702
http://dx.doi.org/10.1103/PhysRevA.92.042702
http://dx.doi.org/10.1103/PhysRevE.93.061201
http://dx.doi.org/10.1103/PhysRevE.93.061201
http://dx.doi.org/10.1146/annurev-astro-052920-010547
http://dx.doi.org/10.1051/0004-6361/202039094
http://dx.doi.org/10.1051/0004-6361/202039094
http://dx.doi.org/10.1051/0004-6361/201628765
http://dx.doi.org/10.1051/0004-6361/201628765
http://dx.doi.org/10.1093/mnras/sty3220
http://dx.doi.org/10.1093/mnras/sty3220
http://dx.doi.org/10.1007/s11214-017-0435-8
http://dx.doi.org/10.1007/s11214-017-0435-8
http://dx.doi.org/10.1093/mnras/stab1498
http://dx.doi.org/10.1093/mnras/stab1498
http://dx.doi.org/10.1086/apj.2003.590.issue-2
http://dx.doi.org/10.1051/0004-6361:20031362
http://dx.doi.org/10.1051/0004-6361:20031362
http://dx.doi.org/10.1088/0953-4075/49/7/074004
http://dx.doi.org/10.1088/0953-4075/49/7/074004
http://dx.doi.org/10.1103/PhysRevA.77.052504
http://dx.doi.org/10.1139/p07-197
http://dx.doi.org/10.1103/PhysRevA.46.5725
http://dx.doi.org/10.1140/epjd/s10053-023-00752-z
http://dx.doi.org/10.3390/atoms11010007
http://dx.doi.org/10.1103/PhysRevA.107.042803
http://dx.doi.org/10.1088/0034-4885/60/7/001
http://dx.doi.org/10.1103/PhysRevA.42.1184
http://dx.doi.org/10.1016/0168-583X(89)90384-4
http://dx.doi.org/10.1016/0168-583X(89)90384-4
http://dx.doi.org/10.1016/0168-583X(89)90384-4
http://dx.doi.org/10.1103/PhysRevA.59.2787
https://physics.nist.gov/asd
https://physics.nist.gov/asd
https://physics.nist.gov/asd
https://physics.nist.gov/asd
http://dx.doi.org/10.1016/S0065-2199(08)60142-6
http://dx.doi.org/10.1016/S0065-2199(08)60142-6
http://dx.doi.org/10.1016/0022-4073(82)90034-6
http://dx.doi.org/10.1016/0022-4073(82)90034-6

	1. Introduction
	2. Theoretical methods
	3. Result and discussion
	3.1. Energy level
	3.2. The L-shell rate coefficients
	3.3. The K-shell rate coefficients
	3.4. Plasma rate coefficient

	4. Conclusion
	References

