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The rate coefficients for dielectronic recombination and electron-impact excitation processes with H-like
to Be-like silicon ions (Si13+-Si10+) are calculated using relativistic distorted-wave approach. The prominent
�n = 1 and the weaker �n = 2 and 3 dielectronic recombination (DR) resonances with K-shell excitations are
presented, and compared with the existing DR experimental rate coefficients of Si13+, Si12+, and Si11+ ions, it is
found that the theoretical DR rate coefficients are in very good agreement with the experimental results. With the
same approach, the direct and resonant electron-impact excitation (EIE) cross sections associated with 1s − n′l ′

core excitations are calculated for the ground states of Si13+-Si10+ ions and found in excellent agreement with
the available experiment. Finally, we present the synthesized DR and EIE rate coefficients for the sum of all
detected (13+ ∼ 10+) charge states of Si and these agree well with the experimental results.
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I. INTRODUCTION

Collisions of electron with highly charged ions (HCIs) are
of fundamental interest, and are among the most important
processes in astrophysical and laboratory plasma [1]. In these
collisions electrons might recombine with ions through differ-
ent reactions. Dielectronic recombination (DR) is a resonant
electron-ion recombination process, in which a free electron
is captured into the HCI with the simultaneous excitation
of a bound electron, thus forming an intermediate double
excited state that is stabilized by decaying radiatively to an
energetically lower state [1–3]. Since DR changes the charge
state of ions, it strongly affects both the charge-state distri-
bution and the emitted x-ray spectrum [2,3]. On the other
hand, if the double excited state decays by autoionization
the ion returns back to its original charge state. This pro-
cess is called resonant excitation (RE). Besides that occurs
also nonresonant or “direct” excitation (DE). The impacting
electron loses energy by exciting the ion which stabilizes by
photon emission [1]. Electron-impact excitation (EIE) pro-
cesses occur usually at higher electron energies than DR, and
will significantly influence the electron-impact reaction rates
and line emission intensities of the HCIs. Therefore, accurate
knowledge of DR and EIE cross sections and rate coefficients
are needed for modeling of astrophysical and fusion plasmas
[1–4].

Highly charged silicon ions widely exist in high-
temperature astrophysical and laboratory plasmas [1–4].
Silicon is an important element in the solar system.
Consequently, prominent photoemission lines from silicon

*xiely@nwnu.edu.cn
†dongcz@nwnu.edu.cn

ions are observed in solar emission and absorption spectra
such as from the solar corona [5,6]. Observations of emission
and absorption lines of various charge states of silicon range
from hot astrophysical objects to the intergalactic medium
such as stellar atmospheres [7], Doppler imaging analysis of
star atmospheres; star abundances [8], supernova remnants
[9,10], active galactic nuclei [11], quasars with high redshifted
lines [12] and black hole, neutron star physics and binaries
studied by Doppler spectroscopy [13]. Thus, accurate atomic
data of silicon ions are required in order to identify spectral
lines, derive ion abundances, and carry out plasma diagnos-
tics.

After the pioneering work of Burgess [2], it took around
20 years until the first experimental studies of the DR pro-
cess have been performed. Then, in the end of the 1980s the
advent of heavy-ion cooler storage rings [14] and electron
beam ion traps (EBIT) [15] caused a revolutionary devel-
opment in electron-ion collision experiments. These devices
allow investigations of reactions between electrons and ions
in almost any charge state with high resolution and luminosity
and signal-to-background ratio [16].

In the literature there are now several experimental results
of DR rate coefficients for highly charged silicon ions in
various charge states [17–22]. But comparably few systematic
studies for the EIE process with highly charged ions over
the whole nuclear charge range (see, e.g., Refs. [23–26])
were done, almost all of them at EBITs, where the combined
DR and EIE processes are detectable in the photon spectra
and by discrimination in the photon energy, EIE is identified
[23,25,26].

Recently, Lindroth et al. [27] reported measurements of
electron-impact recombination and excitation rates of charge-
state-selected H-like Si13+ to Be-like Si10+ ions at the
Stockholm electron beam ion trap. We shall try to model
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the experimental spectra of Ref. [27], in order to test our
theoretical model and to identify the important DR and EIE
reaction channels.

In this work, we follow the analysis done in Ref. [28] and
give first an account of the calculations of the electron-ion
recombination rate coefficients, and DE and RE rate coeffi-
cients using the flexible atomic code (FAC) [29] based on a
relativistic configuration interaction (RCI) method. In Sec. III,
the theoretical calculations of DR and EIE rate coefficients are
presented, followed by a comparison with the experimental
results.

II. THEORETICAL METHODS

In general, for a particular electron-impact process, such as
DR or EIE, the rate coefficients are related to the correspond-
ing cross sections as follows:

α(εe) =
∫

σv f (v)dv, (1)

where εe is the kinetic energy, v is the velocity of the im-
pacting electrons, and f (v) denotes the Gaussian resolution
function (mainly the velocity distribution of the electron beam
in EBIT [27]). The integration over v runs from 0 to infinity
(+∞).

A. Dielectronic recombination

As stated above, the DR process can be formulated as

Aq+ + εe− → [A(q−1)+]∗∗ → [A(q−1)+]∗ + hν, (2)

where Aq+ denotes the initial target ion (i), [A(q−1)+]∗∗ is
the resonant doubly excited state (d ), and [A(q−1)+]∗ is the
recombined ion after the radiative decay process ( f ), in any
bound state which is energetically below its autoionization
threshold. In the isolated resonance approximation [30], the
DR cross section can be well approximated by a Lorentz
resonance profile L(εe) = �/2π

(Eid −εe )2+�2/4 and a strength Sd as
a function of the electron energy εe as follows:

σ (εe) = Sd Ld (εe). (3)

In this approximation, the natural width � of the doubly
excited state d has been assumed to be much smaller than
the spread of the electron energy εe and the energy separation
from neighboring resonances. Eid denotes the energy separa-
tion of the doubly excited state d from the initial state i, i.e.,
the DR resonance energy. The integrated DR cross section,
that is, the DR strength Sd for a given double excited d , is
proportional to the autoionization rate Aa(d − i) to i times the
radiative branching ratio B(d ) to all radiative final states f [1]
(atomic units are used throughout unless specified),

Sd = gdπ
2

2giEid
Aa(d → i)B(d ), (4)

where gi and gd are the statistical weights of the states i and
d , respectively. The branching ratio for DR through the level

d is

B(d ) =
∑

f Ar (d → f )∑
k Aa(d → k) + ∑

f Ar (d → f )
, (5)

where Aa and Ar denote the autoionization and radiative decay
rates, respectively. In the sums, k denotes all excited states
which are attainable by autoionization of the state d , and f
runs over all radiative final states which lie below d . For HCIs,
the DAC effect on DR strength is usually so small [29,31] that
it can be ignored in the present calculations.

The radiative decay rate Ar is given by

Ar = 4ω3
p

3c3gd
|〈ψ f |T (t )|ψd〉|2, (6)

where ψd and ψ f are atomic-state functions (ASFs) for the
states d and f , respectively, c is the speed of light, and ωp is
the frequency of the decay photons. T (t ) denotes the multipole
radiative tensor operator. The autoionization (Auger) decay
rate can be given by

Aa = 2
∑

κ

|〈ψi, κ; JT MT |Vee|ψd〉|2; (7)

similarly, ψi represents the ASF of the combined system
“the initial target ion plus the impacting electron.” κ is the
relativistic angular quantum number of the free electron, Vee

denotes the usual electron-electron interaction operator, which
consists of the Coulomb and Breit operators, and is given by

Vee =
∑
p<q

(VCoul + VBreit ), (8)

where VCoul = 1
rpq

denotes the Coulomb operator, and VBreit is
the Breit operator [32,33].

To compare the theoretical calculations with the EBIT
experimental results, each of the individual DR resonance
strengths Sd is subsequently convoluted with the resolution
function, which is here approximated by a �E = 18-eV-wide
(FWHM) Gaussian distribution [27]. The total DR cross sec-
tion σ DR

i from the level i can be obtained by summing over all
intermediate resonant states d [31]:

σ DR
i (εe) =

∑
d

2

�E

(
ln2

π

)1/2

exp

[
−4 ln2

(εe − Eid

�E

)2]
Sd .

(9)

B. Electron-impact excitation

In the isolated resonance approximation, total EIE cross
section from an initial state i to an excited final state f consists
of DE and RE contributions

σ EIE
εe

(i → f ) = σ DE
εe

(i → f ) + σ RE
εe

(i → f ), (10)

where interference effects between the DE and RE are ne-
glected. The DE cross section can be expressed in terms of
the collision strength

σ DE
εe

(i → f ) = π

k2
e gi

�DE
εe

(i → f ) (11)
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in this expression ke is the relativistic wave number of the
impacting electron [34]

k2
e = 2εe

[
1 + α2

4
εe

]
, (12)

where α is the fine-structure constant.
The collision strength �DE

εe
(i − f ) can be expressed as [29]

�DE
εe

(i − f ) = 2
∑
κiκ f

∑
JT

(2JT + 1)|〈ψiκi, JT MT |

×
∑
i< j

1

ri j
|ψ f κ f , JT MT 〉|2, (13)

where κi and κ f are the relativistic angular quantum numbers
of the incident and scattered electrons, respectively. JT is the
total angular momentum when the target state is coupled to
the continuum orbital, and MT is the projection of the total
angular momentum. The RE process can be treated as a two-
step process, i.e., resonant electron capture by an N-electron
ion in the initial state i to form a (N + 1)-electron resonant
excited state d followed by autoionization to the final state
f . With such a theoretical treatment, the resonance excitation
cross section σ RE

εe
(i → f ) is given by [23,35]

σ RE
εe

(i → f ) = gdπ
2

2giEid

∑
d

Aa(d → i)B(d → f )L(εe). (14)

In this equation, B(d → f ) represents the autoionization
branching ratio and is expressed as

B(d → f ) = Aa(d → f )∑
m Aa(d → m) + ∑

m′ Ar (d → m′)
,

(15)

where the radiative decay rate Ar and the autoionization rate
Aa are given by Eqs. (6) and (7), respectively.

As seen from Eqs. (1), (3), and (10), the calculations of
the rate coefficients can be traced back to evaluate the DR
resonance energies, EIE excitation energies, and collision
strengths as well as the radiative and autoionization decay
rates.

III. RESULTS AND DISCUSSION

A. DR rate coefficients

In this study, we employed the FAC [29] to calculate the
electronic structure of Si13+ ∼ Si10+ ions, and a relativis-
tic distorted-wave approximation to describe the continuum
states. In the calculation of wave functions and energy levels
for the initial, intermediate resonance states and the radia-
tive final states, the contributions from electron correlations,
quantum electrodynamics (QED), and Breit interaction were
considered. First, the following DR processes of Si13+ ∼
Si10+ ions have been studied:

εe− + Si13+(1s) →
{

[Si12+(2l ′nl )]∗∗ → [Si12+]∗ + hν (�n = 1, DR),

[Si12+(n′l ′nl )]∗∗ → [Si12+]∗ + hν (�n � 2, DR),

(16a)

(16b)

εe− + Si12+(1s2) →
{

[Si11+(1s2l ′nl )]∗∗ → [Si11+]∗ + hν (�n = 1, DR)

[Si11+(1sn′l ′nl )]∗∗ → [Si11+]∗ + hν (�n � 2, DR),

(17a)

(17b)

εe− + Si11+(1s22s) →
{

[Si10+(1s2s2l ′nl + 1s2p2nl )]∗∗ → [Si10+]∗ + hν (�n = 1, DR + TR),

[Si10+((1s2s + 1s2p)n′l ′nl )]
∗∗ → [Si10+]∗ + hν (�n � 2, DR + TR),

(18a)

(18b)

εe− + Si10+(1s22s2) →
{

[Si9+((1s2s2 + 1s2s2p + 1s2p2)2pnl )]
∗∗ → [Si9+]∗ + hν (�n = 1, DR + TR + QR),

[Si9+((1s2s2 + 1s2s2p + 1s2p2)n′l ′nl )]
∗∗ → [Si9+]∗ + hν (�n � 2, DR + TR + QR)

(19a)

(19b)

For H-like Si13+(1s) and He-like Si12+(1s2) ions, we con-
sidered the dominant DR channels as shown in Eqs. (16)
and (17), respectively. Taking the Si13+ (1s 2S1/2) in the
ground state as an example, Eqs. (16a) and (16b) describe
the inner K-shell resonant states in the �n = 1 and �n � 2
DR processes. Here and below, n′ and l ′ denote the princi-
pal quantum number and orbital angular momentum number,
respectively, of the electron excited in the parent ion upon
recombination (core excited electron), and nl are the analo-
gous quantum numbers of the captured (Rydberg) electron.
For DR a distinction is made whether the core electron is
excited to the next higher shell (1s → 2l ′) (�n = 1 DR) or
it is excited to a higher shell (1s → n′l ′) (�n � 2 DR). The
n′ = 3–4, maximum �n up to 3, and n up to 30 are included

in our calculations. The same way was used for the other
silicon ions. Both DR and trielectronic recombination (TR)
[36] channels are incorporated for Li-like Si11+ (1s22s) ions
due to complex electron correlations. The quadruelectronic re-
combination (QR) [37] channels are further added for Be-like
Si10+(1s22s2) ions. In this work, we carried out the detailed
level-by-level computations including configuration mixing
between the DR, TR, and QR resonance states as described
above. It is found that those configuration mixings influence
the total DR strengths or cross sections up to about 12%, and
have very small effects on resonance energies of H-like to
Be-like silicon ions. For �n = 1 DR processes as an example,
when the TR channels were included in the calculations, it
reduced the total strength of Li-like Si11+ ions considering
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FIG. 1. The calculated total electron-ion recombination rate co-
efficients (black curves) of H-like to Be-like silicon ions in the
ground states compared with the EBIT measurements (gray area)
[27]. Inset: Partial enlarged detail. The red and blue curves indicate
theoretical recombination rate coefficients for �n = 2 and 3 DR
processes, respectively. The colored vertical bars show the resonance
positions for each of the individual resonances.

only the DR channel by 2.11%. For Be-like Si10+ ions, when
the TR and QR channels were further included, the total DR
strength was reduced by 12.24%.

In Fig. 1, the theoretical results of the total electron-ion
recombination rate coefficients of Si13+, Si12+, Si11+, and

Si10+ ions in the ground states are presented, and compared
with the EBIT measurements by Lindroth et al. [27]. The DR
resonances located at lower resonant energy regions associ-
ated with �n = 1(1s − 2l ) excitation show a series of strong
peaks identified by the standard notations KLL, KLM, KLN ,
and KLO. Each of the resonant peaks contains a number of
individual resonances. Their resonance energy positions are
shown as colored vertical bars in the figure, and are also listed
together with the resonance strengths in Tables I and II for
KLL and KLM mainfolds, respectively. From the data given in
the tables, we find that our calculated resonant energies agree
well with available theoretical calculations using MCDF and
RCI method by Baumann et al. [21], and the experimental
values from the NIST database [38], with a deviation less than
0.44% for H-like to Be-like silicon ions. The difference of res-
onance strength between our results and the theoretical results
of Baumann et al. [21] are within 10% for most of the stronger
resonances with Sd > 10−20 cm2 eV. However, for weaker
resonances, such as ((1s1/22p1/2)12p3

3/2)5/2 of Si10+ ions
which Eid = 1478.4 eV, Sd = 4.61 × 10−24 cm2 eV, there are
larger differences of around 46% existing. In Tables I and
II, we identified the excitation types including DR, TR, and
QR processes. There it can be seen that the TR contributions
are important, that is, 0.79% and 1.59% to the total strength
of Si11+ and Si10+ ions, respectively. Furthermore, the QR
contribution is 0.07% for Si10+ in KLL manifolds. In KLM
manifolds, the TR contributions are 3.35% and 2.50% for
Si11+ and Si10+ ions, respectively. The QR contribution is
0.11% for Si10+ ions. Compared to the �n = 1 resonances,
the recombination rate coefficients of �n = 2 and 3 DR pro-
cess are rather weak, and decrease rapidly with increasing
�n.

Comparisons are made between our calculated DR rate
coefficient and the EBIT experimental values [27]. It is found
that the theoretical results of H-like Si13+ ions agree very
well with the experimental results. For He-like Si12+ ions, the
theoretical results are multiplied by a factor of 0.64 to make
them consistent with the measured results [27]. For Li-like
Si11+ ions, there are some differences existing between our
calculated recombination rate coefficients and the measured
values (see Fig. 1). It should be noted, however, that the Li-
like DR data of Ref. [27] have larger statistical and systematic
error bars than the H- and He-like data. To explore such
differences for Li-like Si11+ ions further, Fig. 2 plotted the
theoretical cross sections folded with the experimental energy
resolution of 7 eV (FWHM), and compared with the measured
absolute cross sections by Kenntner et al. [17] at the Hei-
delberg heavy-ion storage ring TSR. The theoretical results
agree well with the experiment [17] for KLn, n > 3, Rydberg
series of DR resonances, and also for �n = 2 (1s − 3l ) series
located at higher energies above 1860 eV. It should be noted
that the KLL resonant peaks have not been observed in the
experiment, and the KLM peaks are about 20% lower than
theory.

In Fig. 3, the synthesized �n = 1, 2, and 3 recombina-
tion rate coefficients of Si13+, Si12+, Si11+, and Si10+ ions
are shown, together with the experimental measurements by
Lindroth et al. [27]. It can be clearly seen that the theoretical
results are in very good agreement with the experimental
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TABLE I. The KLL resonance energies (in eV) and resonance strengths (in cm2 eV) for DR, TR, QR processes of Si13+, Si12+, Si11+, and
Si10+ ions. [a(b) denotes a × 10b.]

Resonance energies Resonance strengths

Ions Resonance states Type This NIST [38] MCDF [21] FAC [21] This MCDF [21] FAC [21]

(2s2
0 )0 DR 1383.5 1382.7 7.90(−22)

Si13+ (2s1/22p1/2)0 DR 1386.3 1386.0 7.52(−22)
(2s1/22p1/2)1 DR 1386.8 1386.5 2.07(−20)
(2s1/22p3/2)2 DR 1387.9 1387.6 3.19(−20)

(2p2
1/2)0 DR 1399.3 1398.7 2.20(−22)

(2p1/22p3/2)1 DR 1399.7 1399.3 6.21(−23)
(2p2

3/2)2 DR 1400.7 1400.3 1.84(−20)
(2p1/22p3/2)2 DR 1407.6 1406.7 1.65(−19)
(2s1/22p3/2)1 DR 1408.8 1407.6 5.50(−20)

(2p2
3/2)0 DR 1429.7 1427.9 9.80(−21)

(1s1/22s2)1/2 DR 1294.3 1296.6 1295.4 1296.5 5.98(−23) 6.74(−21) 7.81(−21)
((1s1/22s1/2)12p1/2)1/2 DR 1300.6 1303.2 1302.1 1302.1 1.42(−23) 1.54(−23) 1.89(−23)
((1s1/22s1/2)12p1/2)3/2 DR 1300.9 1303.4 1302.4 1302.3 3.36(−24) 1.85(−24) 2.00(−26)
((1s1/22s1/2)12p3/2)5/2 DR 1301.6 1304.1 1303.1 1303.0 2.67(−27) 3.76(−25) 3.90(−25)
((1s1/22s1/2)02p1/2)1/2 DR 1319.8 1321.6 1320.0 1322.3 3.06(−20) 3.31(−20) 4.70(−20)

Si12+ ((1s1/22s1/2)02p3/2)3/2 DR 1320.3 1322.1 1320.7 1322.8 3.02(−20) 3.57(−20) 5.79(−20)
(1s1/22p2

1/2)1/2 DR 1327.5 1328.5 1327.8 1327.8 2.85(−26) 4.83(−25) 1.03(−24)
((1s1/22p1/2)02p3/2)3/2 DR 1327.8 1329.0 1328.2 1328.2 7.13(−23) 6.49(−23) 5.33(−23)

(1s1/22p2
3/2)5/2 DR 1328.4 1329.5 1328.7 1328.7 5.19(−22) 4.99(−22) 4.44(−22)

((1s1/22s1/2)12p3/2)1/2 DR 1328.5 1330.6 1330.6 1331.3 1.64(−20) 1.66(−20) 1.50(−20)
((1s1/22s1/2)02p3/2)3/2 DR 1328.7 1330.4 1330.7 1331.6 1.81(−20) 1.96(−20) 1.52(−20)
((1s1/22p1/2)12p3/2)5/2 DR 1340.0 1340.4 1340.8 1341.2 1.74(−19) 1.78(−19) 1.87(−19)
((1s1/22p1/2)02p3/2)3/2 DR 1340.1 1340.5 1340.9 1341.4 1.20(−19) 1.24(−19) 1.29(−19)
((1s1/22p1/2)12p3/2)1/2 DR 1343.4 1343.4 1343.3 1344.4 2.40(−22) 2.42(−22) 2.59(−22)

(1s1/22p2
3/2)3/2 DR 1344.3 1344.4 1344.2 1345.4 1.61(−20) 3.24(−20) 1.76(−20)

(1s1/22p2
3/2)1/2 DR 1357.1 1357.1 1358.2 1358.7 3.28(−20) 3.24(−20) 3.51(−20)

(1s1/22s2
1/22p1/2)0 DR 1340.9 1340.4 1342.3 2.78(−22) 7.92(−22) 3.38(−22)

(1s1/22s2
1/22p1/2)1 DR 1341.1 1340.6 1342.5 9.43(−22) 2.72(−21) 1.15(−21)

(1s1/22s2
1/22p3/2)2 DR 1341.8 1341.4 1343.2 1.41(−21) 4.11(−21) 1.73(−21)

((1s1/22s1/2)12p2
1/2)1 DR 1346.5 1346.3 1346.1 1.91(−23) 2.95(−23) 2.62(−23)

(((1s1/22s1/2)12p1/2)1/22p3/2)2 DR 1346.8 1346.7 1346.5 1.84(−23) 2.24(−23) 1.45(−23)
((1s1/22s1/2)12p2

3/2)3 DR 1347.3 1347.1 1346.9 6.99(−23) 7.23(−23) 6.46(−23)
Si11+ (1s1/22s2

1/22p3/2)1 DR 1351.8 1352.3 1350.5 1353.5 2.53(−22) 7.78(−22) 2.81(−22)
(((1s1/22s1/2)12p1/2)3/22p3/2)3 DR 1368.8 1368.2 1369.3 1369.5 8.30(−20) 9.44(−20) 8.99(−20)
(((1s1/22s1/2)12p1/2)3/22p3/2)2 DR 1368.9 1368.3 1367.5 1369.5 6.74(−20) 9.90(−20) 7.03(−20)
(((1s1/22s1/2)12p1/2)1/22p3/2)1 DR 1368.9 1368.4 1366.9 1369.6 4.63(−20) 5.43(−20) 4.51(−20)
(((1s1/22s1/2)12p1/2)3/22p3/2)0 DR 1369.1 1368.5 1366.6 1369.9 5.88(−23) 1.08(−22) 6.26(−23)
(((1s1/22s1/2)02p1/2)1/22p3/2)1 DR 1369.5 1369.0 1369.6 1370.3 3.68(−20) 4.73(−20) 2.16(−20)

((1s1/22s1/2)12p2
3/2)2 DR 1370.1 1369.5 1369.5 1370.9 2.97(−20) 7.13(−20) 1.88(−20)

((1s1/22s1/2)12p2
3/2)1 DR 1380.0 1380.0 1380.2 2.62(−20) 3.48(−20) 3.04(−20)

(((1s1/22s1/2)02p1/2)1/22p3/2)2 DR 1383.1 1382.3 1381.2 1384.8 3.12(−20) 6.43(−20) 2.75(−20)
(((1s1/22s1/2)12p1/2)3/22p3/2)0 DR 1383.6 1384.2 1385.0 2.45(−24) 2.14(−22) 2.58(−24)
(((1s1/22s1/2)02p1/2)1/22p3/2)1 DR 1384.0 1384.6 1385.4 3.18(−23) 1.38(−21) 1.51(−23)

((1s1/22p1/2)12p2
3/2)2 TR 1384.3 1383.4 1383.4 1382.5 3.31(−24) 2.42(−23) 4.82(−24)

((1s1/22s1/2)02p2
3/2)2 DR 1384.5 1385.0 1382.5 1.10(−21) 8.34(−21) 1.68(−21)

(((1s1/22s1/2)12p1/2)3/22p3/2)1 DR 1392.6 1391.1 1893.4 1394 4.02(−23) 8.62(−23) 3.66(−23)
((1s1/22s1/2)02p2

3/2)0 DR 1394.4 1391.9 1395.8 4.11(−21) 1.15(−20) 4.16(−21)
((1s1/22p1/2)12p2

3/2)3 TR 1398.8 4.91(−29)
((1s1/22p1/2)02p2

3/2)2 TR 1399.1 1398.8 1398.4 4.18(−24) 7.91(−23) 6.25(−24)
((1s1/22p1/2)12p2

3/2)1 TR 1399.1 1398.8 1398.4 1.34(−24) 2.59(−23) 2.02(−24)
((1s1/22p1/2)12p2

3/2)1 TR 1404.1 1402.3 1403.1 4.11(−23) 5.31(−23) 5.02(−23)
((1s1/22p1/2)12p2

3/2)2 TR 1408.7 1405.3 1408.0 1408.3 4.57(−22) 4.15(−21) 8.81(−22)
((1s1/22p1/2)12p2

3/2)1 TR 1409.5 1409.4 1409.1 7.11(−22) 7.12(−21) 1.09(−21)
((1s1/22p1/2)02p2

3/2)0 TR 1409.6 1409.6 1409.2 2.29(−22) 2.33(−21) 3.51(−22)
(1s1/22p3

3/2)2 TR 1409.9 1406.9 1409.6 1409.4 1.13(−21) 9.20(−21) 1.65(−21)
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TABLE I. (Continued.)

Resonance energies Resonance strengths

Ions Resonance states Type This NIST [38] MCDF [21] FAC [21] This MCDF [21] FAC [21]

(1s1/22p3
3/2)1 TR 1419.5 1416.0 1418.9 1419.4 2.91(−23) 6.29(−23) 6.72(−24)

(1s1/22s2
1/22p2

1/2)1/2 DR 1393.7 1391.5 1395.2 7.86(−25) 2.71(−22) 1.17(−24)
((1s1/22s2

1/22p1/2)02p3/2)3/2 DR 1393.9 1391.9 1395.6 1.01(−25) 5.55(−23) 7.68(−22)
(1s1/22s2

1/22p2
3/2)5/2 DR 1394.4 1392.3 1396.1 5.13(−24) 1.65(−21) 4.56(−24)

((1s1/22s1/2)12p1/2)1/22p2
3/2)5/2 TR 1398.5 3.52(−30)

((1s1/22s2
1/22p1/2)12p3/2)5/2 DR 1405.7 1403.6 1407.5 6.14(−20) 1.48(−19) 6.19(−20)

((1s1/22s2
1/22p1/2)02p3/2)3/2 DR 1405.8 1403.7 1407.6 4.25(−20) 1.03(−19) 4.26(−20)

((1s1/22s2
1/22p1/2)12p3/2)1/2 DR 1408.0 1405.8 1410.1 1.23(−21) 4.71(−21) 2.44(−21)

(1s1/22s2
1/22p2

3/2)3/2 DR 1408.9 1406.7 1411.0 4.94(−21) 1.74(−20) 3.73(−21)
(1s1/22s2

1/22p2
3/2)1/2 DR 1412.6 1409.7 1413.7 1.71(−20) 4.44(−20) 1.93(−20)

(((1s1/22s1/2)12p1/2)3/22p2
3/2)7/2 TR 1422.8 5.16(−29)

(((1s1/22s1/2)12p1/2)1/22p2
3/2)5/2 TR 1423.0 1.25(−28)

(((1s1/22s1/2)12p1/2)1/22p2
3/2)3/2 TR 1423.1 1.62(−25)

(((1s1/22s1/2)12p1/2)3/22p2
3/2)1/2 TR 1423.1 1.46(−25)

(((1s1/22s1/2)02p1/2)1/22p2
3/2)3/2 TR 1424.4 1.32(−24)

(((1s1/22s1/2)12p1/2)3/22p2
3/2)3/2 TR 1430.1 2.05(−25)

((1s1/22s1/2)12p3
3/2)5/2 TR 1430.1 1.06(−26)

(((1s1/22s1/2)12p1/2)1/22p2
3/2)1/2 TR 1430.1 1.51(−25)

Si10+ (((1s1/22s1/2)02p1/2)1/22p2
3/2)3/2 TR 1439.8 5.39(−24)

(((1s1/22s1/2)02p1/2)1/22p2
3/2)5/2 TR 1439.9 1.88(−27)

(((1s1/22s1/2)02p1/2)1/22p2
3/2)3/2 TR 1444.9 7.00(−25)

(((1s1/22s1/2)02p1/2)1/22p2
3/2)1/2 TR 1446.9 9.43(−23)

((1s1/22s1/2)02p2
1/22p3/2)3/2 TR 1446.9 1.45(−22)

(((1s1/22s1/2)02p1/2)1/22p2
3/2)5/2 TR 1449.0 3.41(−29)

(((1s1/22s1/2)12p1/2)1/22p2
3/2)3/2 TR 1449.3 4.95(−25)

((1s1/22s1/2)12p2
1/22p3/2)1/2 TR 1456.1 5.68(−22)

((1s1/22s1/2)02p3
3/2)3/2 TR 1456.2 9.00(−22)

(((1s1/22s1/2)12p1/2)3/22p2
3/2)1/2 TR 1457.5 3.37(−22)

(1s1/22p2
1/22p2

3/2)5/2 QR 1467.2 1461.6 1465.8 5.14(−26) 8.49(−23) 6.07(−26)
((1s1/22p1/2)02p3

3/2)3/2 QR 1467.9 1462.3 1466.6 6.64(−27) 1.93(−23) 1.05(−26)
(1s1/22p4

3/2)1/2 QR 1468.3 1462.6 1466.9 1.38(−25) 1.60(−23) 1.58(−25)
((1s1/22p1/2)12p3

3/2)5/2 QR 1478.4 1473.5 1477.8 4.61(−24) 2.40(−20) 8.59(−24)
(1s1/22p2

1/22p2
3/2)3/2 QR 1478.6 1473.6 1477.9 3.03(−24) 1.55(−20) 5.75(−24)

((1s1/22p1/2)12p3
3/2)3/2 QR 1481.4 1476.2 1480.5 1.34(−25) 4.95(−22) 4.94(−25)

((1s1/22p1/2)12p3
3/2)1/2 QR 1481.9 1476.8 1481.1 7.00(−25) 4.74(−23) 8.46(−25)

(1s1/22p2
1/22p2

3/2)1/2 QR 1493.0 1488.2 1492.5 7.96(−23) 1.08(−20) 1.30(−22)

values. The sizes of contributions from different charge states
can be distinguished from the detailed theoretical calculation
in the mixed spectrum. For instance, the first three peaks are
mainly due to the KLL resonance contributions of He-like
Si12+ ions, Li-like Si11+ and H-like Si13+ ions.

B. EIE rate coefficients

In the EIE process, both DE and RE processes need to
be considered to explain the experimental rate coefficients in
the energy range 1.8–2.5 keV. The mainly DE and RE pro-
cesses for Si13+, Si12+, Si11+, and Si10+ ions are described as
Eqs. (20)–(23). Where Eqs. (20a)–(23a) are for DE processes,
Eqs. (20b)–(23b) are for RE processes in which first a doubly
excited state is formed by dielectronic capture (DC), followed
by an autoionization process to the DE final states, leaving the

charge state of the ion unchanged. The excited states decay by
x-ray emission, which are given by Eqs. (20c)–(23c).

In order to illustrate the reliability of the present calcu-
lations, some DE excitation energies from the ground states
of Si13+, Si12+, Si11+, and Si10+ ions are listed in Table III
and compared with the NIST values [38]. It is found that the
theoretical results agree reasonably well with the experimental
results (within 0.12%). In Fig. 4, the contributions of the
DE and RE excitation-rate coefficients for silicon ions are
shown. As seen clearly from the four figures, the resonant
contribution is quite large. Similar phenomena have also been
reported, e.g., by Pindzola et al. [39] and Jiang et al. [40]. The
graphs in Fig. 4 show that the contributions are different in
different energy regions for each of the ion charges.

In Fig. 5, the synthesized EIE rate coeffcicents of silicon
ions are compared with the EBIT experimental measurements
[27]. In our theoretical simulation, the separate contributions

012823-6



CALCULATIONS OF ELECTRON-IMPACT EXCITATION … PHYSICAL REVIEW A 105, 012823 (2022)

TABLE II. The resonance energies (in eV) and resonance strengths (in cm2 eV) for Si13+, Si12+, Si11+, and Si10+ ions in the KLM
manifold. Only the resonance states with Sd > 10−22 (cm2 eV) are tabulated for the Si11+ and Si10+ ions. [a(b) denotes a × 10b.]

Ions Resonance states Type Resonance energies Resonance strengths

(2s1/23s1/2)1 DR 1733.4 1.15(−21)
(2s1/23p3/2)1 DR 1735.1 3.25(−22)
(2s1/23s1/2)0 DR 1737.4 4.86(−21)
(2p1/23s1/2)0 DR 1738.1 2.57(−21)

Si13+ (2p1/23s1/2)1 DR 1738.5 7.91(−21)
(2p1/23p1/2)1 DR 1738.6 2.76(−24)
(2s1/23p3/2)2 DR 1739.3 1.25(−20)
(2p1/23p3/2)2 DR 1739.5 2.08(−21)
(2s1/23p1/2)0 DR 1740.0 9.95(−22)
(2s1/23p1/2)1 DR 1740.2 1.92(−21)
(2p3/23p3/2)1 DR 1740.2 8.43(−24)
(2p3/23p3/2)3 DR 1740.4 5.86(−23)
(2p3/23s1/2)2 DR 1740.6 3.36(−22)
(2p1/23d3/2 )2 DR 1743.2 9.96(−21)
(2p1/23p1/2)0 DR 1744.1 3.38(−22)
(2p1/23d5/2)3 DR 1744.2 1.67(−20)
(2s1/23p3/2)1 DR 1744.6 6.27(−24)
(2p3/23d5/2 )2 DR 1744.7 2.58(−21)
(2p1/23p3/2)2 DR 1744.9 5.21(−20)
(2p3/23d5/2 )4 DR 1745.0 2.13(−20)
(2p3/23p3/2)2 DR 1745.7 5.14(−20)
(2s1/23d3/2 )1 DR 1746.2 2.82(−21)
(2s1/23d5/2)2 DR 1746.4 8.67(−21)
(2s1/23d5/2 )3 DR 1746.6 6.89(−21)
(2p3/23p3/2)1 DR 1747.3 1.81(−22)
(2p1/23d3/2)1 DR 1747.6 3.97(−21)
(2p3/23d3/2 )2 DR 1748.1 2.13(−22)
(2p3/23d5/2)3 DR 1748.5 7.62(−22)
(2p3/23s1/2)1 DR 1748.9 2.68(−20)
(2p3/23d5/2 )2 DR 1751.3 2.95(−23)
(2p3/23d3/2)1 DR 1751.5 6.20(−22)
(2p3/23d3/2)0 DR 1751.7 5.23(−24)
(2s1/23d5/2)2 DR 1752.4 2.79(−20)
(2p3/23d3/2)3 DR 1754.2 4.82(−20)
(2p3/23d5/2)1 DR 1755.9 3.41(−21)
(2p3/23p3/2)0 DR 1756.9 3.58(−21)

((1s1/22s1/2)13s1/2)3/2 DR 1599.9 1.23(−27)
((1s1/22s1/2)13s1/2)1/2 DR 1605.5 1.39(−21)
((1s1/22s1/2)13p1/2)1/2 DR 1608.1 2.98(−24)
((1s1/22s1/2)13p1/2)3/2 DR 1608.2 1.33(−22)
((1s1/22s1/2)13p3/2)5/2 DR 1608.4 6.56(−25)
((1s1/22s1/2)13p3/2)3/2 DR 1609.2 6.66(−21)
((1s1/22s1/2)13p3/2)1/2 DR 1609.2 2.92(−21)
((1s1/22s1/2)13d3/2)1/2 DR 1613.1 2.67(−25)
((1s1/22s1/2)13d3/2)3/2 DR 1613.1 8.80(−25)
((1s1/22s1/2)13d5/2)5/2 DR 1613.2 2.14(−25)
((1s1/22s1/2)13d5/2)7/2 DR 1613.3 4.89(−27)
((1s1/22s1/2)13d3/2)5/2 DR 1616.4 4.03(−21)
((1s1/22s1/2)13d5/2)3/2 DR 1616.4 3.02(−21)
((1s1/22s1/2)03s1/2)1/2 DR 1617.0 8.26(−21)
((1s1/22p1/2)03s1/2)1/2 DR 1618.0 3.02(−25)
((1s1/22p1/2)13s1/2)3/2 DR 1618.3 1.05(−22)
((1s1/22p3/2)23s1/2)5/2 DR 1619.0 5.84(−25)
((1s1/22s1/2)03p1/2)1/2 DR 1622.3 1.64(−22)
((1s1/22s1/2)03p3/2)3/2 DR 1622.6 2.30(−23)
((1s1/22p1/2)03p1/2)1/2 DR 1623.3 2.29(−24)
((1s1/22p1/2)13p1/2)3/2 DR 1623.5 4.17(−23)
((1s1/22p1/2)13p3/2)5/2 DR 1624.0 3.01(−22)
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TABLE II. (Continued.)

Ions Resonance states Type Resonance energies Resonance strengths

((1s1/22p3/2)23p3/2)7/2 DR 1624.6 3.01(−27)
Si12+ ((1s1/22p1/2)13p3/2)1/2 DR 1624.7 2.97(−23)

((1s1/22p3/2)23p3/2)3/2 DR 1624.8 2.71(−22)
((1s1/22p1/2)13s1/2)1/2 DR 1625.8 1.34(−20)
((1s1/22p1/2)13p3/2)3/2 DR 1626.5 4.47(−23)
((1s1/22p1/2)13p1/2)1/2 DR 1626.6 5.17(−24)
((1s1/22p3/2)23s1/2)3/2 DR 1626.7 1.76(−20)
((1s1/22p3/2)23p1/2)3/2 DR 1627.1 1.79(−23)
((1s1/22p3/2)23p3/2)5/2 DR 1627.3 3.66(−22)
((1s1/22p1/2)03d3/2)3/2 DR 1627.5 4.45(−25)
((1s1/22p1/2)13d3/2)5/2 DR 1627.8 1.54(−22)
((1s1/22p1/2)13d5/2)7/2 DR 1628.2 1.46(−22)
((1s1/22p3/2)23d5/2 )9/2 DR 1628.6 2.64(−29)
((1s1/22p1/2)13d5/2)3/2 DR 1628.9 1.15(−22)
((1s1/22p3/2)23p5/2)5/2 DR 1629.0 2.35(−23)
((1s1/22s1/2)03d3/2)3/2 DR 1629.4 7.48(−21)
((1s1/22s1/2)03d5/2)5/2 DR 1629.6 5.46(−21)
((1s1/22p1/2)13p3/2)3/2 DR 1630.0 3.05(−20)
((1s1/22p3/2)23p3/2)5/2 DR 1630.7 6.34(−20)
((1s1/22p1/2)13d3/2)1/2 DR 1631.2 9.41(−23)
((1s1/22p3/2)23d3/2 )3/2 DR 1631.3 7.89(−23)
((1s1/22p3/2)23d3/2 )5/2 DR 1631.5 2.62(−23)
((1s1/22p3/2)23d5/2 )7/2 DR 1631.7 9.35(−23)
((1s1/22p3/2)13s1/2)3/2 DR 1631.8 3.11(−20)
((1s1/22p3/2)13s1/2)1/2 DR 1631.9 1.97(−20)
((1s1/22p1/2)13d5/2)5/2 DR 1632.6 6.70(−22)
((1s1/22p3/2)23d5/2 )5/2 DR 1633.0 1.32(−23)
((1s1/22p3/2)23d3/2 )3/2 DR 1633.3 7.45(−23)
((1s1/22p3/2)23d3/2 )1/2 DR 1633.4 2.30(−23)
((1s1/22p3/2)23d3/2 )7/2 DR 1633.5 4.55(−22)
((1s1/22p3/2)23p3/2)1/2 DR 1634.2 8.09(−21)
((1s1/22p3/2)23d5/2 )3/2 DR 1636.3 7.40(−22)
((1s1/22p3/2)23d5/2 )1/2 DR 1636.8 3.47(−22)
((1s1/22p3/2)13p1/2)3/2 DR 1638.1 9.71(−20)
((1s1/22p3/2)13p3/2)5/2 DR 1638.1 1.45(−19)
((1s1/22p3/2)13p1/2)1/2 DR 1638.2 7.87(−24)
((1s1/22p3/2)13p3/2)3/2 DR 1638.6 1.76(−20)
((1s1/22p3/2)13d3/2)3/2 DR 1641.9 1.25(−26)
((1s1/22p3/2)13d5/2)5/2 DR 1642.0 1.21(−21)
((1s1/22p3/2)13p3/2)1/2 DR 1642.2 2.18(−20)
((1s1/22p3/2)13d5/2)7/2 DR 1642.9 1.01(−19)
((1s1/22p3/2)13d3/2)5/2 DR 1643.2 7.42(−20)
((1s1/22p3/2)13d3/2)1/2 DR 1645.7 1.51(−22)
((1s1/22p3/2)13d5/2)3/2 DR 1645.9 3.66(−22)

(1s1/22s2
1/23s1/2)1 DR 1610.5 7.15(−22)

(1s1/22s2
1/23s1/2)0 DR 1613.7 1.47(−22)

(((1s1/22s1/2)12p1/2)1/23s1/2)0 DR 1624.4 1.77(−22)
(((1s1/22s1/2)12p1/2)3/23s1/2)1 DR 1624.6 5.04(−22)
(((1s1/22s1/2)12p3/2)5/23s1/2)2 DR 1625.2 6.80(−22)
(((1s1/22s1/2)12p3/2)5/23p3/2)1 DR 1626.1 1.04(−22)
(((1s1/22s1/2)12p3/2)5/23p3/2)2 DR 1626.3 3.58(−22)

(1s1/22s2
1/23d5/2)2 DR 1629.0 1.55(−22)

(((1s1/22s1/2)12p1/2)1/23p3/2)1 DR 1630.9 9.34(−21)
(((1s1/22s1/2)12p1/2)3/23p3/2)2 DR 1631.1 1.55(−20)
(((1s1/22s1/2)12p3/2)5/23p1/2)3 DR 1631.5 2.15(−20)
(((1s1/22s1/2)12p3/2)5/23p3/2)1 DR 1634.5 5.91(−21)
(((1s1/22s1/2)12p3/2)5/23d3/2 )1 DR 1636.8 1.80(−22)
(((1s1/22s1/2)12p3/2)5/23d3/2 )1 DR 1636.8 1.12(−22)
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TABLE II. (Continued.)

Ions Resonance states Type Resonance energies Resonance strengths

Si11+ (((1s1/22s1/2)02p3/2)3/23s1/2)2 DR 1637.1 5.45(−22)
(((1s1/22s1/2)12p1/2)1/23d5/2 )2 DR 1639.4 2.59(−22)
(((1s1/22s1/2)12p3/2)5/23d5/2)3 DR 1639.7 4.32(−22)
(((1s1/22s1/2)12p3/2)5/23d3/2 )4 DR 1640.2 6.60(−22)
(((1s1/22s1/2)02p3/2)3/23s1/2)1 DR 1640.5 2.70(−21)
(((1s1/22s1/2)02p1/2)1/23p1/2)1 DR 1642.7 1.62(−22)
(((1s1/22s1/2)02p1/2)1/23p1/2)1 DR 1644.7 8.85(−21)
(((1s1/22s1/2)02p1/2)1/23p3/2)2 DR 1645.1 1.71(−20)
(((1s1/22s1/2)12p3/2)1/23s1/2)0 DR 1645.2 1.04(−22)
(((1s1/22s1/2)12p3/2)1/23s1/2)1 DR 1645.3 2.65(−22)
(((1s1/22s1/2)02p3/2)3/23s1/2)2 DR 1645.4 2.84(−22)
(((1s1/22s1/2)02p3/2)3/23p3/2)3 DR 1645.5 2.85(−20)

((1s1/22p2
3/2)5/23s1/2)3 TR 1646.7 1.08(−22)

(((1s1/22s1/2)12p3/2)1/23p3/2)2 DR 1646.8 3.48(−20)
(((1s1/22s1/2)02p1/2)1/23p3/2)1 DR 1647.1 1.97(−22)
(((1s1/22s1/2)02p3/2)3/23p3/2)2 DR 1647.3 6.57(−22)
(((1s1/22s1/2)02p3/2)3/23p3/2)1 DR 1647.7 4.85(−21)
(((1s1/22s1/2)02p3/2)3/23s1/2)1 DR 1648.0 1.46(−21)
(((1s1/22s1/2)12p3/2)3/23p3/2)0 DR 1649.3 6.09(−22)
(((1s1/22s1/2)12p3/2)1/23p1/2)0 DR 1649.7 1.52(−21)
(((1s1/22s1/2)12p3/2)1/23p1/2)1 DR 1652.7 3.08(−21)
(((1s1/22s1/2)12p3/2)1/23p3/2)2 DR 1652.7 4.35(−21)
(((1s1/22s1/2)02p3/2)3/23p3/2)3 DR 1652.7 4.88(−21)
(((1s1/22s1/2)02p1/2)1/23d3/2 )2 DR 1652.7 1.03(−20)
(((1s1/22s1/2)02p1/2)1/23d5/2)3 DR 1653.0 1.49(−20)
(((1s1/22s1/2)02p3/2)3/23d3/2 )2 DR 1653.2 1.13(−21)
(((1s1/22s1/2)02p3/2)3/23d5/2)3 DR 1653.3 5.68(−21)
(((1s1/22s1/2)02p3/2)3/23d5/2 )4 DR 1653.3 2.71(−20)
(((1s1/22p1/2)02p3/2)3/23p3/2)3 DR 1653.4 1.06(−21)
(((1s1/22s1/2)02p3/2)3/23d3/2 )2 DR 1654.4 6.19(−22)
(((1s1/22s1/2)12p3/2)1/23p3/2)1 DR 1655.4 1.39(−21)
(((1s1/22s1/2)02p3/2)3/23d5/2 )2 DR 1655.7 1.35(−21)
(((1s1/22s1/2)02p3/2)3/23d3/2)1 DR 1655.8 9.24(−22)
(((1s1/22s1/2)02p3/2)3/23d3/2)0 DR 1655.9 3.30(−22)
(((1s1/22s1/2)12p3/2)3/23d3/2)3 DR 1657.1 1.84(−20)
(((1s1/22s1/2)02p3/2)3/23p1/2)2 DR 1657.3 3.91(−21)
(((1s1/22s1/2)02p3/2)3/23p3/2)2 DR 1657.7 1.48(−21)
(((1s1/22s1/2)12p3/2)3/23d5/2)1 DR 1660.0 6.77(−22)
(((1s1/22s1/2)12p3/2)1/23d3/2 )2 DR 1660.2 5.06(−22)
(((1s1/22s1/2)12p3/2)1/23d5/2)3 DR 1660.3 5.68(−22)
(((1s1/22s1/2)02p3/2)3/23d5/2 )4 DR 1660.3 5.35(−22)
(((1s1/22p1/2)12p3/2)5/23p3/2)2 TR 1660.4 1.05(−22)
(((1s1/22p1/2)02p3/2)3/23s1/2)2 TR 1660.7 5.40(−22)
(((1s1/22p1/2)12p3/2)5/23s1/2)3 TR 1660.7 6.92(−22)
(((1s1/22p1/2)02p3/2)3/23s1/2)1 TR 1660.7 3.28(−22)
(((1s1/22s1/2)02p3/2)3/23p3/2)0 DR 1660.8 6.03(−22)
(((1s1/22s1/2)02p3/2)3/23d5/2)3 DR 1663.7 7.00(−22)
(((1s1/22p1/2)12p3/2)5/23p3/2)3 TR 1668.1 1.22(−22)
(((1s1/22p1/2)12p3/2)5/23p3/2)4 TR 1668.5 3.93(−22)

((1s1/22p2
3/2)3/23p3/2)3 TR 1668.5 3.01(−22)

(((1s1/22p1/2)02p3/2)3/23p3/2)2 TR 1668.5 2.43(−22)
(((1s1/22p1/2)12p3/2)5/23p3/2)1 TR 1670.1 1.07(−22)
(((1s1/22p1/2)12p3/2)3/23p3/2)1 TR 1670.3 2.55(−22)

((1s1/22p2
3/2)1/23s1/2)1 TR 1675.7 3.29(−22)

(((1s1/22p1/2)12p3/2)5/23d5/2)3 TR 1676.6 1.35(−22)
(((1s1/22p1/2)12p3/2)5/23d3/2)2 TR 1676.6 1.08(−22)
(((1s1/22p1/2)02p3/2)3/23d5/2)2 TR 1676.8 1.22(−22)

((1s1/22p2
3/2)1/23s1/2)0 TR 1677.7 1.12(−22)

((1s1/22p2
3/2)1/23p1/2)0 TR 1685.4 2.48(−22)
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TABLE II. (Continued.)

Ions Resonance states Type Resonance energies Resonance strengths

((1s1/22p2
3/2)1/23p1/2)1 TR 1685.4 7.58(−22)

((1s1/22p2
3/2)1/23p3/2)2 TR 1685.5 1.26(−21)

((1s1/22p2
3/2)1/23p3/2)1 TR 1687.7 1.57(−22)

((1s1/22p2
3/2)1/23d5/2)3 TR 1692.7 3.06(−22)

((1s1/22p2
3/2)1/23d5/2)2 TR 1692.8 2.13(−22)

((1s1/22p2
3/2)1/23d3/2)1 TR 1692.8 1.31(−22)

((1s1/22s2
1/22p3/2)23s1/2)3/2 DR 1639.3 1.98(−22)

((1s1/22s2
1/22p3/2)13s1/2)1/2 DR 1646.6 1.09(−22)

((1s1/22s2
1/22p1/2)13p3/2)3/2 DR 1649.5 5.51(−21)

((1s1/22s2
1/22p3/2)23p1/2)5/2 DR 1650.2 7.97(−21)

Si10+ ((1s1/22s2
1/22p3/2)23p3/2)1/2 DR 1652.4 1.06(−21)

((1s1/22s2
1/22p3/2)13p1/2)3/2 DR 1656.5 2.01(−20)

((1s1/22s2
1/22p3/2)13p3/2)5/2 DR 1656.6 3.33(−20)

((1s1/22s2
1/22p3/2)13p3/2)3/2 DR 1656.8 7.10(−21)

((1s1/22s2
1/22p3/2)13p3/2)1/2 DR 1659.5 6.22(−21)

((1s1/22s2
1/22p3/2)13d5/2 )7/2 DR 1668.2 1.25(−20)

((1s1/22s2
1/22p3/2)13d3/2 )5/2 DR 1668.5 9.04(−21)

((((1s1/22s1/2)12p1/2)3/22p3/2)33s1/2)5/2 TR 1668.5 3.85(−22)
((((1s1/22s1/2)12p1/2)3/22p3/2)23s1/2)3/2 TR 1668.5 3.17(−22)

(((1s1/22s1/2)12p2
3/2)23s1/2)3/2 TR 1669.2 1.94(−22)

((1s1/22s2
1/22p3/2)13d3/2 )1/2 DR 1669.7 2.42(−22)

((1s1/22s2
1/22p3/2)13d5/2 )3/2 DR 1669.8 4.64(−22)

(((1s1/22s1/2)12p2
3/2)13s1/2)1/2 TR 1679.1 3.10(−22)

(((1s1/22s1/2)12p2
3/2)13p1/2)3/2 TR 1687.1 1.53(−22)

(((1s1/22s1/2)12p2
3/2)13p3/2)1/2 TR 1687.3 1.24(−22)

(((1s1/22s1/2)02p2
3/2)03p3/2)3/2 TR 1700.3 2.20(−22)

(((1s1/22s1/2)02p2
3/2)03p1/2)1/2 TR 1700.3 1.10(−22)

(((1s1/22s1/2)12p1/2)3/22p3/2)13d3/2)3/2 TR 1709.0 1.15(−22)
(((1s1/22s1/2)12p1/2)3/22p3/2)13d5/2)5/2 TR 1709.0 1.92(−22)

FIG. 2. Dielectronic recombination cross sections of
Si11+ (1s22s 2S1/2) in the ground state resulting from �n = 1
(black line), �n = 2 (red line), and �n = 3 (blue line) resonances.
The theoretical cross section was folded with the resolution function
of a linewidth of 7 eV FWHM and is here compared to the
experimental measurements by Kenntner et al. [17] (gray area).
The colored vertical bars show the resonant positions for individual
resonances.

from the different charge states (50% H-like Si13+, 42% He-
like Si12+, 6% Li-like Si11+, and 2% Be-like Si10+ target

FIG. 3. The theoretical DR rate coefficients (black solid line)
compared to the EBIT experimental results by Lindroth et al. [27]
(gray area). The stronger peaks have been identified to come from
H-like Si13+(41%) and He-like Si12+(38%) ions, the red line and
blue dotted line show the contributions from Li-like Si11+(17%) and
Be-like Si10+(3%) ions, respectively.
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TABLE III. The calculated DE excitation energies (units of eV) from the ground states to part of K-shell excited states of
Si13+, Si12+, Si11+, and Si10+ ions, compared with the NIST values [38]

Excitation energy

Ions Excited states This NIST [38]

1s1/2 0.0 0.0
2p1/2 2004.4 2004.3
2s1/2 2004.4 2004.4
2p3/2 2006.1 2006.1

Si13+ 3p1/2 2376.1 2376.1
3s1/2 2376.2 2376.1
3d3/2 2376.7 2376.6
3p3/2 2376.7 2376.6
3d5/2 2376.8 2376.8

1s2 1S0 0.0 0.0
(1s1/22s1/2)1 1839.8 1839.4
(1s1/22p1/2)0 1855.1 1853.5
(1s1/22p1/2)1 1855.3 1853.8
(1s1/22s1/2)0 1855.8 1854.7
(1s1/22p3/2)2 1856.2 1854.6
(1s1/22p3/2)1 1867.2 1865.0
(1s1/23s1/2)1 2174.7 2175.5

Si12+ (1s1/23p1/2)0 2178.7 2179.4
(1s1/23p1/2)1 2178.8 2179.5
(1s1/23s1/2)0 2178.9 2179.5
(1s1/23p3/2)2 2179.0 2179.7
(1s1/23d3/2)1 2181.4 2181.9
(1s1/23d3/2)2 2181.4 2181.9
(1s1/23d5/2)3 2181.5 2182.0
(1s1/23d5/2)2 2181.7 2182.1
(1s1/23p3/2)1 2182.0 2182.6

1s22s1/2 0.0 0.0
(1s1/22s2

1/2)1/2 1820.9 1820.4
((1s1/22s1/2)12p1/2)1/2 1827.9 1826.6
((1s1/22s1/2)12p1/2)3/2 1828.2 1826.8
((1s1/22s1/2)12p3/2)5/2 1828.8 1827.5
((1s1/22s1/2)02p1/2)1/2 1847.0 1845.0
((1s1/22s1/2)02p3/2)3/2 1847.6 1845.5

(1s1/22p2
1/2)1/2 1855.1 1851.9

((1s1/22p1/2)02p3/2)3/2 1855.5 1852.4
(1s1/22p2

3/2)5/2 1856.0 1852.9
((1s1/22s1/2)12p3/2)1/2 1856.2 1854.0
((1s1/22s1/2)02p3/2)3/2 1856.4 1853.8
((1s1/22p1/2)12p3/2)5/2 1867.7 1863.8
((1s1/22p1/2)02p3/2)3/2 1867.8 1864.0
((1s1/22p1/2)12p3/2)1/2 1871.2 1866.9

(1s1/22p2
3/2)3/2 1872.1 1867.8

(1s1/22p2
3/2)1/2 1885.0 1880.5

Si11+ ((1s1/22s1/2)13s1/2)3/2 2127.9
((1s1/22s1/2)13s1/2)1/2 2134.9
((1s1/22s1/2)13p1/2)1/2 2136.0
((1s1/22s1/2)13p1/2)3/2 2136.0
((1s1/22s1/2)13p3/2)5/2 2136.2
((1s1/22s1/2)13p3/2)3/2 2139.5
((1s1/22s1/2)13p3/2)1/2 2139.7
((1s1/22s1/2)13d3/2)1/2 2140.9
((1s1/22s1/2)13d3/2)3/2 2140.9
((1s1/22s1/2)13d5/2)5/2 2141.0
((1s1/22s1/2)13d5/2)7/2 2141.0
((1s1/22s1/2)13d3/2)5/2 2144.3
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TABLE III. (Continued.)

Excitation energy

Ions Excited states This NIST [38]

((1s1/22s1/2)13d5/2)3/2 2144.3
((1s1/22s1/2)03s1/2)1/2 2145.4
((1s1/22s1/2)03p1/2)1/2 2151.9
((1s1/22s1/2)03p3/2)3/2 2152.3
((1s1/22s1/2)03d3/2)3/2 2157.3
((1s1/22s1/2)03d5/2)5/2 2157.4

1s22s2 1S0 0.0 0.0
(1s1/22s2

1/22p1/2)0 1819.2
(1s1/22s2

1/22p1/2)1 1819.4
(1s1/22s2

1/22p3/2)2 1820.1
((1s1/22s1/2)12p2

1/2)1 1825.5
(((1s1/22s1/2)12p1/2)1/22p3/2)2 1825.8

((1s1/22s1/2)12p2
3/2)3 1826.2

(1s1/22s2
1/22p3/2)1 1830.3 1828.6

(((1s1/22s1/2)12p1/2)3/22p3/2)3 1848.1 1844.5
(((1s1/22s1/2)12p1/2)3/22p3/2)2 1848.2 1844.6
(((1s1/22s1/2)12p1/2)1/22p3/2)1 1848.2 1844.7
(((1s1/22s1/2)12p1/2)3/22p3/2)0 1848.3 1844.8
(((1s1/22s1/2)02p1/2)1/22p3/2)1 1848.7 1845.2

((1s1/22s1/2)12p2
3/2)2 1849.3 1845.8

((1s1/22s1/2)12p2
3/2)1 1859.0

(((1s1/22s1/2)02p1/2)1/22p3/2)2 1862.3 1858.6
(((1s1/22s1/2)12p1/2)3/22p3/2)0 1863.2

((1s1/22p1/2)12p2
3/2)2 1863.4 1859.7

(((1s1/22s1/2)02p1/2)1/22p3/2)1 1863.5
((1s1/22s1/2)02p2

3/2)2 1867.0
(((1s1/22s1/2)12p1/2)3/22p3/2)1 1872.5 1867.4

Si10+ ((1s1/22s1/2)02p2
3/2)0 1873.3

((1s1/22p1/2)12p2
3/2)3 1878.0

((1s1/22p1/2)02p2
3/2)2 1878.2

((1s1/22p1/2)12p2
3/2)1 1878.3

((1s1/22p1/2)12p2
3/2)1 1883.6

((1s1/22p1/2)12p2
3/2)2 1888.0 1881.6

((1s1/22p1/2)12p2
3/2)1 1888.8

((1s1/22p1/2)02p2
3/2)0 1888.8

(1s1/22p3
3/2)2 1889.1 1883.2

(1s1/22p3
3/2)1 1898.9 1892.2

(1s1/22s2
1/23s1/2)1 2094.0

(1s1/22s2
1/23s1/2)0 2097.7

(1s1/22s2
1/23p1/2)0 2100.3

(1s1/22s2
1/23p1/2)1 2100.4

(1s1/22s2
1/23p3/2)2 2100.7

(1s1/22s2
1/23p1/2)1 2105.8

(1s1/22s2
1/23d3/2)1 2113.2

(1s1/22s2
1/23d3/2)2 2113.2

(1s1/22s2
1/23d5/2)3 2113.3

(1s1/22s2
1/23d3/2)2 2113.5

ions) are considered. As can be seen there, the theoretical
rate coefficients are in overall excellent agreement with the
experimental results of Ref. [27]. Of course, there are still
certain differences between theoretical and experimental res-
onance peaks in certain energy ranges. For instance, there
is a slight difference around the electron energy 1.85 keV.
Probably some RE contributions are missing from the calcu-

lation. In order to find a possible explanation, we calculated
the RE rate coefficients of metastable states and other ex-
cited states, but did not find any obvious excitations in this
energy region. Another possible reason could be that there are
contributions to the rate coefficient from other silicon charge
states aside from those considered. In addition, the theoretical
values are slightly lower than the experimental values in the

012823-12



CALCULATIONS OF ELECTRON-IMPACT EXCITATION … PHYSICAL REVIEW A 105, 012823 (2022)

FIG. 4. The theoretical EIE rate coefficients of Si13+, Si12+,
Si11+, and Si10+ ions as functions of electron energy. The black solid
lines describe the total (RE+DE) rate coefficients and dotted line for
the DE. The vertical arrows show 1s → n′l ′ excitation thresholds.
Colored vertical bars show resonance positions. The dominant reso-
nance peaks belonging to different resonance groups are labeled.

FIG. 5. Synthesized EIE rate coefficients (black solid line) of
Si13+, Si12+, Si11+, and Si10+ ions as formulated by Eqs. (20)–(23),
compared with the EBIT experimental results by Lindroth et al. [27]
(gray area). The DE rate coefficients are given by the dotted line. The
vertical arrows show 1s → n′l ′ excitation thresholds of H-like and
He-like silicon ions, and the colored vertical bars show dominant RE
resonance positions.

electron energy range between 2.15 and 2.4 keV. We think
that this could be due to collisional cascade processes and
high n′ [see Eqs. (20)–(23)] resonance excitations [41], that
have not been taken into account in the calculations. It should
be noted that in the experiment, the EIE rate coefficient is not
directly measured separately from the DR rate coefficients. In-
stead, they measured the total photo rate-coefficient spectrum
and the DR rate-coefficient spectrum separately, and then the
EIE rate-coefficient spectrum is extracted based on these two
spectra:

εe− + Si13+(1s) →
{

ε′e− + [Si13+(n′l ′)]∗ (n′ = 2–3, DE),

ε′e− + [Si12+(n′l ′nl )]∗∗ → [Si13+(n′l ′)]∗ (n′ = 3–4, n = 3–30, RE)

(20a)

(20b)

→ Si13+(1s) + hν, (20c)

εe− + Si12+(1s2) →
{

ε′e− + [Si12+(1sn′l ′)]∗ (n′ = 2–10, DE),

ε′e− + [Si11+(1sn′l ′nl )]∗∗ → [Si12+(1sn′l ′)]∗ (n′ = 2–7, n = 2–30, RE)

(21a)

(21b)

→ Si12+(1s2) + hν, (21c)

εe− + Si11+(1s22s) →
{

ε′e− + [Si11+(1s2ln′l ′)]∗ (n′ = 2–10, DE),

ε′e− + [Si10+(1s2sn′l ′nl )]∗∗ → [Si11+(1s2ln′l ′)]∗ (n′ = 2–4, n = 2–30, RE)

(22a)

(22b)

→ Si11+(1s22s) + hν, (22c)

εe− + Si10+(1s22s2) →
{

ε′e− + [Si10+(1s2l2n′l ′)]∗ (n′ = 2–10, DE),

ε′e− + [Si9+(1s2l2n′l ′nl )]∗∗ → [Si10+(1s2l2n′l ′)]∗ (n′ = 2–4, n = 2–30, RE)

(23a)

(23b)

→ Si10+(1s22s2) + hν. (23c)
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IV. CONCLUSIONS

We demonstrate in this paper that the FAC code based on
a fully relativistic distorted-wave approach is able to calculate
photorecombination rate coefficients of few-electron Si13+ ∼
Si10+ ions to a high accuracy of a few percent in the rate scale
and better than 0.1% in the energy scale. This is concluded
from comparisons with recent experimental results. Our the-
oretical DR rate coefficients are in very good agreement with
the experimental results of Ref. [27] for H-like Si13+ and
He-like Si12+ ions. For Li-like Si11+ ions, there is in part a
disagreement found with the experiment [27], but here our cal-
culation agrees somewhat better with the data from Ref. [17].
Also, the DR rate coefficients for �n = 2 and 3 transitions of
Si13+, Si12+, Si11+, and Si10+ ions were calculated and found
in good agreement with the experiments, although they are
much smaller than the �n = 1 rate coefficients. We calculate
the direct and resonance EIE rate coefficients of Si13+, Si12+,
Si11+, and Si10+ ions and found the total EIE rate coefficients
in excellent agreement with the experimental results [27].
It should be noted that in a certain energy range, DR and
EIE processes coexist. A large interest concerns, therefore,

a comparison of the photorecombination rate coefficients in
absolute scale, as these are of particular interest for plasma
applications. Based on the detailed calculation of DR and
EIE rate coefficients, we combined both rate coefficients and
found good agreement within the statistical and systematic
error bars of the experiment.
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