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The electron-impact ionization of lithium-like ions C3+, N4+, O5+, Ne7+, and Fe23+ is studied using a combination
of two-potential distorted-wave and R-matrix methods with a relativistic correction. Total cross sections are computed for
incident energies from 1 to 10 times of ionization energy and better agreements with the experimental results are obtained
in comparison with the theoretical data available. It is found that the indirect ionization processes become significant for
the incident energy larger than about four times of the ionization energy. Contributions from the exchange effects along the
isoelectronic sequence are also discussed and found to be important. The present method can be used to obtain systematic
ionization cross sections for highly charged ions across a wide incident energy range.
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1. Introduction
Electron-impact ionization is an important physical pro-

cess in plasma environment. Nonequilibrium plasma simu-
lations, such as magnetic confinement fusion, inertial con-
finement fusion, and astrophysics, require a large amount of
data on cross sections of electron-impact ionization, in which
ionization cross sections directly affect the charge transfer
and energy transport of the plasma state.[1–6] A great deal
of attention has been paid to the electron-impact ionization
for lithium isoelectronic sequence due to the K–L excitation-
autoionization process, which plays an important role in ion-
ization dynamics.[7,8] Although much work has been devoted
to improving the theory of electron-impact ionization, there
are still discrepancies between theoretical predictions and
experimental data for some members of the sequence.[9,10]

Therefore, it is of vital importance to investigate behavior of
electron-impact ionization along the isoelectronic sequence.

Experimentally, the modulated crossed-beam technique
is commonly used in measurements of electron-impact ion-
ization. Lithium isoelectronic sequence has been extensively
investigated in low Z ions. Absolute cross sections have
been measured for Be+, B2+, C3+, N4+, O5+, and Ne7+

ions[7,11–17] in the energy range of 18–2000 eV. Wong et al.[18]

measured cross sections for Ti19+, V20+, Cr21+, Mn22+, and
Fe23+ ions at approximately 2.3 times ionization energy with

typical uncertainties of 10%. Moreover, Ba53+ ion was mea-
sured at 22 keV,[19] and U89+ ion was also be measured.[20]

Theoretically, extensive calculations have been per-
formed with various methods. The most commonly
used method for direct ionization is the Coulomb–Born
approximation,[21] in which the continuum electrons are
regarded as Coulomb or distorted waves. Younger[22,23]

introduced several applications of the Coulomb–Born and
distorted-wave approximations, which produced results for
hydrogen-, helium- and lithium-like ions. However, perfor-
mance of the Coulomb–Born method is poor and, in many
cases, it overestimates total cross sections. The electron ex-
change in transition matrix elements and Coulomb distortion
waves are observed to be vital. Jakubowicz and Moores[9] dis-
cussed the Coulomb–Born exchange and distorted-wave ex-
change approximations, which solved the problems in the in-
clusion of exchange for the positive ions. When the indi-
rect process is dominant, the close-coupling method is con-
sidered to be an effective prescription to describe the quasi-
bound states of the target ion.[9] Fursa and Bray[24] presented
the electron-helium scattering with convergent close-coupling
formulations. This method requires numerous computations
and applies only to a system with few valence electrons. The
initial and final states of electron-impact ionization process for
neutral helium were studied in the R-matrix basis,[25] which is
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a combined distorted-wave and close-coupling approach. A
special feature of this method is the consistency of the initial
bound state and the final continuum state of the ions. Fur-
thermore, the R-matrix method, which is independent of the
energy of the scattered electrons in the inner region, was ex-
tended to the electron-impact ionization of Ne7+.[10]

In recent years, the two-potential distorted-wave (TPDW)
approximation, which uses different asymptotic charges for
the distorting potential to study the mutual screening of the
faster and slower electrons, has been developed and widely
used in the calculation of electron-, positron-, and proton-
impact ionizations of hydrogen-, helium-, and beryllium-like
ions.[26–34] Compared with other theoretical and experimen-
tal data, generally more reliable results are obtained in these
works.

In this study, the ionization cross sections of C3+, N4+,
O5+, Ne7+, and Fe23+ ions are computed using the TPDW ap-
proximation along with the R-matrix method. TPDW calcu-
lations are performed using different sets of distorting poten-
tial models, which consider the exchange interactions between
scattered and bound electrons. This technique can generate
accurate wavefunctions for the initial and continuum states
composed of the ejected electron. The indirect ionization pro-
cesses become non-negligible in higher incident energies, and
the R-matrix code[35,36] is applied to obtain the excitation-
autoionization cross sections. A brief review of the general
theory for electron-impact ionization is presented in Section 2.
Numerical results and discussions are given in Section 3, and
the conclusion is provided in Section 4.

2. Theory
The total cross sections of electron-impact ionization of

lithium-like ions are predicted by the two-potential distorted-
wave method and the R-matrix calculation, where both the
direct ionization and excitation-autoionization process are in-
cluded. The helicity eigenstate, linear momentum, and en-
ergy of the incident electron are denoted by |𝑘i𝜇i〉, 𝑘i, Ei,
respectively. After the collision, two outgoing electrons are
described by

(
𝑘pEp𝜇p

)
and (𝑘sEs𝜇s). Then according to the

energy conservation law, we have

Ei +Eb = Ep +Es, (1)

where Eb represents the energy of bound electron. By inte-
grating over the triple-differential cross section equation,[26]

the single-differential cross section is calculated as

dσ

dEs
=

(2π)4

c6

[
kpEpksEsEi

ki

]∫
dΩp

∫
dΩs ∑

( f i)

∣∣Tf i
∣∣2

=
2π3

k2
i (2J0 +1) ∑

α

dα , (2)

where J0 is the total angular momentum of the target, and Tf i

is the appropriate transition amplitude. The real amplitude dα

is defined by the reduced matrix element of the partial-wave
amplitude in channel α ,

dα exp(iδα) = iIi−(Ip+Is) exp
[
i(σκp +σκs)

]
×
〈
α
− [Jα( jp js) j

]
J ‖HI‖( jb ji)J

〉
, (3)

where σκp and σκs are the Coulomb phase shifts of the two
outing electrons, the index i refers to the incident electron, Jα

and J are the total angular momentum of the residual ion and
of the entire collision complex, and HI is the appropriate inter-
action Hamiltonian.

The direct-ionization cross sections can be calculated as

σ =
∫ (Ei+Eb)

c2

dσ

dEs
dEs. (4)

For electron-impact ionization of Li-like ions, the total
Hamiltonian H(Li) in atomic units can be split into the unper-
turbed part Ki and the interaction potential part Vi,

Ki =
4

∑
i=1

(
cαi ·𝑝i + c2

βi
)

− Z
r2
− Z

r3
− Z

r4
+

1
r23

+
1

r24
+

1
r34

, (5)

Vi = −
Z
r1

+
1

r12
+

1
r13

+
1

r14
. (6)

Here, αi and βi are the Dirac 4×4 matrices, and 𝑝i represents
the momentum operator. Before the collision, subscript 1 rep-
resents the incident electron, and i = 2, 3, 4 are the indices for
bounded electrons. According to two-potential distorted-wave
formulation, the potential Vi is separated into the distorting po-
tential Ui and the residual potential Wi. They are defined as

Ui =−
Z
r1

+νi(r1), (7)

Wi =
4

∑
i=2

1
r1i
−νi(r1), (8)

where νi(r1) is the effective potential. In the prior form, the
transition amplitude can be reformulated exactly to the form

Tf i =
〈

Ψ
(−)
f |Wi|ψ(+)

i

〉
. (9)

Here, the wave functions Ψ
(−)
f and ψ

(+)
i are eigenfunctions of

H(Li) and Ki +Ui with the incoming-wave and the outgoing-
wave boundary conditions, respectively. The transition ampli-
tude is not dependent on the choice of potential Ui, as long as
the wave function is sufficiently accurate. In the present calcu-
lation, we choose a reasonable distorting potential Ui to make
the disturbed effects of Wi as small as possible.

In our numerical calculation, the transition amplitude can
be antisymmetrized following the general process of dealing
with exchange effects in the scattering process. The final state
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Ψ
(−)
f and initial state ψ

(+)
i will be evaluated as the semisym-

metrized wave functions φ
(−)
f and φ

(+)
i , respectively. The de-

tailed description can be found in Ref. [34]. The matrix el-
ement in Eq. (9) by full antisymmetrization can be rewritten
as

Tf i = D f i +R f i +C f i, (10)

D f i =
〈
(1−2Q23)φ

(−)
f |Wi|φ (+)

i

〉
, (11)

R f i =−
〈
(1−2Q23)Q12φ

(−)
f |Wi|φ (+)

i

〉
, (12)

C f i =−2
〈
(1−Q23−Q24)Q13φ

(−)
f |Wi|φ (+)

i

〉
. (13)

Here, D f i denotes the direct term, in which the incident elec-
tron becomes the faster electron after the collision. R f i is the
interchange term, in which the incident electron becomes the
slower electron, and the bound 2s electron becomes the faster
one. C f i is the capture part, in which the incident electron be-
comes an 1s electron, and two bound electrons are knocked
out. Qi j represents the exchange operator of particle. The dis-
torted wave χ

(+)
i of the incident electron with the outgoing-

wave boundary condition can be solved from the equation[
cα1 ·𝑝1 + c2

β1 +Ui−Ei
]

χ
(+)
i (𝑟1) = 0, (14)

For a lithium-like ion target in ground state configuration
(1s22s), the average screened potential νi(r1) in Ui is defined
as

νi(r1) = 2
〈

ϕ1s(𝑟3)

∣∣∣∣ 1
r13

∣∣∣∣ϕ1s(𝑟3)

〉
+

〈
ϕ2s(𝑟2)

∣∣∣∣ 1
r12

∣∣∣∣ϕ2s(𝑟2)

〉
. (15)

Wave functions χ
(−)
p and χ

(−)
s of the outgoing electrons satisfy

the equation with distorting potentials Up and Us, respectively,[
cα1 ·𝑝1 + c2

β1 +Up−Ep
]

χ
(−)
p (𝑟1) = 0, (16)[

cα1 ·𝑝1 + c2
β1 +Us−Es

]
χ
(−)
s (𝑟2) = 0. (17)

The distorting potentials can be approximated as
Coulomb potential from the nuclei and the average screened
potential, corresponding to the asymptotic charges Zp and Zs.
In this work, three models of distorting potential are applied
in the calculation, and some information of these potentials
is listed in Table 1. Models TPDW00 and TPDW11 are two
extreme models for the electron-impact ionization process.
In model TPDW00, the scattered electrons are completely
screened from each other, so they experience the same distort-
ing potential as the incident electron. In model TPDW11, it is
completely free from the mutual screening effects by scattered
electrons, thus both outgoing electrons are only affected by
the bound electrons and the nucleus. The model TPDW01 is
closer to the real scene, where the faster electron is completely

screened by the slower electron in the asymptotic region, so
that the faster electron is affected by the asymptotic charge of
Z− 3, and the slower electron is affected by the asymptotic
charge of Z − 2. The average screened potential due to the
residual electrons of helium-like ions in Up and Us is given by

ν f (r1) = 2
〈

ϕ
′
1s(𝑟3)

∣∣∣∣ 1
r13

∣∣∣∣ϕ ′1s(𝑟3)

〉
. (18)

Considering the important contributions from the indirect
ionization process, we calculate the cross sections of indirect
ionization using the R-matix method,[37] in which the config-
uration space is divided into two regions at a spherical radius
r = a. For the boundary of r < a, the scattered electron and
the target ion with N electrons form a (N+1)-electron system,
where the (N+1)-electron exchange effects are important and
must be taken into account. For the boundary of r > a, the
amplitude of the bound wave function is negligible, and then
the exchange interaction between the bound and the continu-
ous electrons can be ignored. For electron-impact ionization
of lithium-like ions, the K–L excitation-autoionization process
will cause a rapid enhancement of the cross sections at about
four times the ionization energy. In present work, the interme-
diate states 1s2l2l′ formed by the 1s electron excited to n = 2
orbitals are included and partial wave contributions up to an-
gular momentum L = 7 are included to obtain converged ion-
ization cross sections, in which the 1s2l2l′ 2Se, 2Po resonances
dominate the excitation-autoionization contributions.[9,10]

The indirect-ionization cross sections is calculated as

σEA = ∑
i

σ
ex
i BA

i . (19)

Here, σ ex
i is the electron-impact excitation cross sections

and BA
i is the corresponding branching ratios, represented by

Aa/(Aa +Ar), Aa and Ar being the Auger and radiative transi-
tion probabilities, respectively.[9,38]

Table 1. Distorting potentials and asymptotic charges by the outgoing
electrons in Li-like ions using three models of TPDW00, TPDW01, and
TPDW00, respectively.

Distorting potential Asymptotic charges
Model Up Us Zp Zs

TPDW00 −Z/r1 +νi(r1) −Z/r2 +νi(r2) Z−3 Z−3
TPDW01 −Z/r1 +νi(r1) −Z/r2 +ν f (r2) Z−3 Z−2
TPDW11 −Z/r1 +ν f (r1) −Z/r2 +ν f (r2) Z−2 Z−2

2.1. Total cross sections

In the present work, we have calculated the total cross
sections of electron-impact ionization for C3+, N4+, O5+,
Ne7+ and Fe23+ ions with incident energies ui in the range
of threshold energy units from 1 to 10. The two-potential
distorted-wave method is used in the lower energy region,
and when the incident energy is above the autoionization
threshold, the distorted-wave combined with the R-matrix
method is employed to calculate the contributions from the
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excitation-autoionization process. The bound-state wavefunc-
tions and ionization energies of Li-like ions are generated
from a multi-configuration Dirac–Fock (MCDF) calculation,
which is implemented in the relativistic MCDF code written
by Desclaux.[39]

One distinct feature of the ionization cross section for
lithium-like ions is the important role played by the excitation-
autoionization mechanism at the energies between three and
five times the direct ionization threshold, which is completely
different from the cases of beryllium and boron sequences.
For example, this effect contributes approximately 17% of the
total ionization cross section of Ne7+, while it is smaller in
Ne6+ and not observed for Ne5+.[7] In addition, the contribu-
tion from the excitation-autoionization process is dominated

by 1s2l2l′ intermediate states. Therefore, the configurations
of 1s2s2, 1s2s2p and 1s2p2 are included, where the configu-
rations of 1s2s2 2Se and 1s2s2p 2Po dominate the excitation-
autoionization contributions; the other resonances have mini-
mal contributions to the cross sections.[9,10] The energies and
total cross sections are given at autoionization resonance hump
in Table 2, along with the other theoretical results and exper-
imental data. Our calculations are close to the experiments
and the Coulomb–Born exchange approximation with close-
coupling results.[9] Generally, the model TPDW11 is in good
agreement with the experimental measurements for the largest
difference less than 5%. The only exception is for Ne7+ ion,
where the TPDW00 model behaves well and there is a 10%
discrepancy between TPDW00 and TPDW11 models.

Table 2. Energies E (eV) and total cross sections σ (10−3 a.u.) at the positions of autoionization resonances for lithium-like ions.

Our work Experiment Theory
Ion E σ01 σ11 σ00 E σ E σ

C3+ 309 109.757 114.954 141.154 312 115.450a 306 112.846d

N4+ 425 52.032 54.150 63.561 420 53.280b 431 52.852d

O5+ 580 27.119 28.078 32.106 590 27.711b 572 27.604d

Ne7+ 920 9.546 9.820 10.852 950 11.427b 918 9.856d

921 11.463c 917 10.290e

Fe23+ 6754 0.135 0.136 0.141 6726 0.139 d

aRef. [15], bRef. [17], cRef. [7], dRef. [9], eRef. [10].

The total cross sections produced by using the models
TPDW00, TPDW01 and TPDW11 for the ions C3+, N4+,
O5+, Ne7+ and Fe23+ are presented in Figs. 1–5, along with
available experimental data and theoretical results. Gener-
ally the ionization cross section is a slow and smooth vary-
ing function of the incident electron energy, but sharp peak
appears at about four times the ionization energy. The cross
sections using three models appear to be very similar with
each other at the low energies, so we present the results in
Table 3. The results generated by the TPDW00 model are
smaller than TPDW01 and TPDW11 at less than 1.25 times
the ionization energy and are larger in higher incident en-
ergy. At small incident energies, the model TPDW00 accu-
rately describes continuous electrons because two electrons
are screened each other by sharing a small kinetic energy. At
large incident energies, the model TPDW01 or TPDW11 is ex-
pected to be more reliable, since at least one scattered electron
possesses a large kinetic energy, which generates small screen-
ing effects. The results of three models become similar as the
nuclear charge Z increases because the nuclear potential dom-
inates the cross section of highly charged ions such that the
mutual screening effects of continuous electrons affect negli-
gibly. We also present the excitation-autoionization contribu-
tions for C3+, N4+, O5+, Ne7+ and Fe23+ ions from Figs. 1–
5. Obviously, the excitation-autoionization mechanism plays a
significant role for all the ions. The contributions are approxi-
mately 15% of the total cross section at formant in C3+, N4+,

O5+, and Ne7+ ions, while it is less than 7% for Fe23+ ion.
Another interesting feature is the shift of the resonant peak
toward the lower energy with an increase in the number of
nuclear charges. The peak position is about five times the ion-
ization energy for C3+ ion, but drops to about three times the
ionization energy for Fe23+ ion. Note that the cross sections
caused by the direct inner-shell ionization are also considered
when the incident electron energy is greater than the 1s ion-
ization energy threshold, and this contribution never exceeds
15%.

Table 3. The total cross sections σ (10−3 a.u.) are calculated
for lithium-like ions near the threshold with the models TPDW00,
TPDW01 and TPDW11, respectively.

Ion ui σ01 σ11 σ00

C3+ 1.1 37.4985 38.0874 35.3090
1.25 73.2185 75.0885 72.3630

N4+ 1.1 16.1024 16.4381 15.3391
1.25 31.5493 32.4770 31.2827

O5+ 1.1 8.0618 8.2331 7.7490
1.25 15.8234 16.2869 15.7462

Ne7+ 1.1 2.6872 2.7398 2.6163
1.25 5.2893 5.4271 5.2899

Fe23+ 1.1 0.0371 0.0374 0.0369
1.25 0.0735 0.0743 0.0739

Figure 1 shows the total cross sections for C3+, along
with the theoretical values[9] and the experimental results[15]

with their uncertainty of about 12%. The agreement between
the Coulomb–Born exchange results and experiment is good

013401-4



Chin. Phys. B 31, 013401 (2022)

below 2.5 times the ionization energy. After that, the dis-
crepancy has become more pronounced. As is expected, the
TPDW00 model results are much higher than experiment ex-
cept near the threshold. The TPDW01 or TPDW11 model
appears to be somewhat larger compared with the measure-
ments before the peak of direct ionization, with a difference
less than 6%. The TPDW11 model is in better agreement
with experiment in the autoionization region than Coulomb–
Born exchange. Figures 2 and 3 depict the two-potential data
for N4+ and O5+ together with the experimental results,[17]

and the theoretical values with the Coulomb–Born exchange
method,[9] respectively. Here, the theoretical results contain-
ing the excitation-autoionization contributions are discussed.
Similarly, the TPDW00 model is higher than experiment,
while, this difference becomes smaller with the nuclear charge
increasing. The Coulomb–Born exchange approximation is
again smaller than our results of two-potential distorted-wave
in direct process. However, since the distortion effects will
be small at the high energies of autoionization region, the
coulomb-wave and distorted-wave results tend to be close. For
both ions, the TPDW11 results are in excellent agreement with
the experiments.
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Fig. 1. Electron-impact ionization cross sections of C3+ (ionization
energy = 64.385 eV). The solid curves represent the two-potential
distorted-wave calculations with models TPDW00, TPDW01, and
TPDW11 and the results of excitation-autoionization. The Coulomb–
Born exchange results[9] with dashed curve and the experimental
data[15] with solid dot are shown for comparison.

Figure 4 shows the theoretical results of Ne7+, which in-
clude the excitation-autoionization contribution using close-
coupling approximation[9] and with the distorted waves-R-
matrix method.[10] The Coulomb–Born exchange calculation
underestimates the direct ionization contribution below the au-
toionization threshold, whereas the excitation-autoionization
contribution is consistent with the present results. More-
over, the direct ionization cross sections of Riahi et al.[10] are
lower than others and the excitation-autoionization contribu-
tions seem to be overestimated using the R-matrix method.
With the nuclear charge increasing, the TPDW00 model is
found to be closer to the measurements.[7,17] Our two-potential

results provide an excellent estimation for incident energies in
the ranging of threshold energy units from 1 to 10.
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Fig. 2. Electron-impact ionization cross sections of N4+ (ionization
energy = 97.777 eV). The solid curves represent the two-potential
distorted-wave calculations with models TPDW00, TPDW01, and
TPDW11 and the results of excitation-autoionization. The Coulomb–
Born exchange results[9] with dashed curve and the experimental
data[17] with solid dots are shown for comparison.
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Fig. 3. Electron-impact ionization cross sections of O5+ (ionization
energy = 138.006 eV). The solid curves represent the two-potential
distorted-wave calculations with models TPDW00, TPDW01, and
TPDW11 and the results of excitation-autoionization. The Coulomb–
Born exchange results[9] with dashed curve and the experimental
data[17] with solid dots are shown for comparison.
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Fig. 4. Electron-impact ionization cross sections of Ne7+ (ionization
energy = 238.996 eV). The solid curves represent the two-potential
distorted-wave calculations with models TPDW00, TPDW01, and
TPDW11 and the results of excitation-autoionization. The Coulomb–
Born exchange results[9] with dashed curve, the distorted waves-R-
matrix results[10] with dotted curve, and the experimental data[7,17] with
solid dots are shown for comparison.
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Figure 5 shows our data of Fe23+ ion, as well as theo-
retical data[9] and the experiment.[18] Our results are slightly
higher than those of Coulomb–Born exchange approximation,
in which the relativistic effect is not included. However, the
relativistic corrections are important for the case of Fe23+ ion.
The effect of distortion decreases with increasing charge as
expected, and all calculations are more or less consistent.
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Fig. 5. Electron-impact ionization cross sections of Fe23+ (ionization
energy = 2046.634 eV). The solid curves represent the two-potential
distorted-wave calculations with models TPDW00, TPDW01, and
TPDW11 and the results of excitation-autoionization. The Coulomb–
Born exchange results[9] with dashed curve and the experimental
data[18] with solid dots are shown for comparison.

2.2. Contributions from exchange effect

Since the transition matrix element has been separated
into direct, interchange, and capture parts in Eq. (10), we can
explore the contributions from different terms in the poten-
tial, which is also of great interest in the studies of ionization
dynamics. As an example, a separation of the contributions
on the total cross sections of C3+ and Fe23+ ions from model
TPDW01 are presented in Fig. 6. Obviously, the direct part
plays a major role in both ions. The interchange terms in-
crease the cross sections by 50% near the threshold and de-
crease them by about 10% after the peak. For C3+ ion, the
contributions from capture terms are negative and influence on
the cross sections is less than 2%. For Fe23+, the trend of the
capture terms is similar to the low-Z ions, but the proportion
decreases to 0.2%.

It is observed that the capture terms have more contri-
bution for lower-Z ions, but become negligible for higher-Z
ions in the selected targets. The bound electrons of lower-Z
ions spread wider, so that there is more opportunity for inci-
dent electron to overlap and exchange energy with bound elec-
trons. Simultaneously, because the incident electron spends
more time to interact with target near the threshold, the ex-
change effects become more significant. Moreover, the ra-
dial integral

〈
WpbRλWsi

〉
in the interchange terms[40] become

larger; thus the interchange terms contribute significantly near
the threshold. However, the bound electrons are more tightly
bound together, so there are fewer opportunities to exchange
with the incident electron for higher-Z ions.
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Fig. 6. Contributions from exchange effects on the cross sections of
C3+ and Fe23+ in the model TPDW01.

3. Conclusion
We have applied the two-potential distorted-wave and R-

matrix methods to describe the electron-impact ionization with
direct and indirect mechanisms for selected lithium-like ions.
Several sets of asymptotic charges in three models TPDW00,
TPDW01 and TPDW11 are used to characterize the effects of
mutual screening from scattered electrons. The total cross sec-
tions obtained in the present work for the lithium isoelectronic
sequence show good agreement with experimental results. It
is found that the model TPDW00 better describes the electron-
impact ionization process at lower incident energies, whereas
the model TPDW01/TPDW11 works better at higher incident
energies. With the nuclear charge increasing, the TPDW00
model becomes more reliable. The contributions from the
exchange amplitudes, including the interchange and capture
parts, are also discussed in the present work. The interchange
term is important for all the isoelectronic sequence and the
contribution of capture term only becomes non-negligible for
the case of lower-Z ions. Furthermore, the K-L excitation-
autoionization processes are non-negligible for lithium-like
ions, which contribute at most 7%–15% in the present total
cross section calculations. This work can provide a set of high-
precision ionization cross section data for related plasma sim-
ulations, and it can also provide a reference for future studies
with more sophisticated methods.

Acknowledgements
This work is supported by the National Natural Science

Foundation of China (Grant Nos. 11934004 and U1832201),
the Science Challenge Project (Grant No. TZ2016005), and
the CAEP Foundation (Grant No. CX2019022).

013401-6



Chin. Phys. B 31, 013401 (2022)

References
[1] Mark T D 1992 Plasma Phys. Contr. F 34 2083
[2] Capitelli M, Colonna G, D’Ammando G, Laporta V and Laricchiuta A

2013 Phys. Plasmas 20 101609
[3] Stillman C R, Nilson P M, Ivancic S T, Golovkin I E, Mileham C, Be-

gishev I A and Froula D H 2017 Phys. Rev. E 95 063204
[4] Beiersdorfer P, Brown G V, McKelvey A, Shepherd R, Hoarty D J,

Brown C R D, Hill M P, Hobbs L M R, James S F and Morton J and
and Wilson L 2019 Phys. Rev. A 100 012511
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