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Fig. 1. Variation of hydrogen atom density in a hydrogen
plasma as a function of electron density and electron tem-
perature, obtained using the FLYCHK code.
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Fig. 2. Variation of the “shift” DR rate coefficients with free electron temperature for 80 keV/u C ions: (a) Rate coefficients of C1+

ions; (b) rate coefficients of C2%t ions; (c) rate coefficients of C3%1 ions; (d) rate coefficients of C*t ions.
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Fig. 3. At a plasma electron temperature of 10 eV, the variation of both individual core-excitation sequences and the total “shift”
DR rate coefficients for (a) C'*, (b) C**, (¢) C3* and (d) C** ions over an incident energy of 1keV/u—100 MeV/u.
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Fig. 4. Dependence of ionization and recombination rates (Processes 1)—7)) on the charge state g for carbon ions interacting with

hydrogen plasma at a fixed electron density Ne = 108 cm—3

under different electron temperatures: (a) For electron temperature

kT. = 3 eV with hydrogen atomic density Ny = 2.57 x 1016 cm™3 (b) for electron temperature kTe = 8 eV with hydrogen atom-

ic density Ny = 7.65 x 101% cm—3 .
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Fig. 6. Charge state distribution of C't with an energy of 0.5 MeV/u passing through hydrogen plasma and hydrogen gas under
different parameters: (a) Electron density Ne=10'® cm~3 | electron temperature kTe =3 eV ; (b) electron density Ne = 1019 cm—3 |
electron temperature kT, = 10 eV ; (c) electron density N, = 10'® ecm™3 | electron temperature kT, = 8 eV ; (d) electron density

N. = 1029 cm~3 | electron temperature kT. = 10 eV ; (e) hydrogen gas target.
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Fig. 7. Equilibrium charge state distribution of C'* with an energy of 0.5 MeV/u passing through hydrogen plasma and hydrogen

gas under different parameters: (a) Equilibrium charge state distribution for electron density Ne = 10'8 cm—3 , electron temperat-

ure kTe =3¢V and 8eV as well as hydrogen gas target; (b) equilibrium charge state distribution for electron temperature

ETe = 10 eV, electron density Ne = 1019 em™—3 and 1029 cm~2 as well as hydrogen gas target.
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Abstract

In this paper, the charge state evolution behavior of carbon ions interacting with hydrogen plasma is
systematically investigated based on a cross-sectional model. First, the influence of introducing a “shifted”
Maxwellian velocity distribution on the dielectronic recombination rate coefficients is investigated within the
range of carbon ion incident energies from 1 keV/u to 100 MeV/u and hydrogen plasma electron temperatures
of kT.=1-1000 eV. The rate coefficient data for this system are provided. On this basis, this research
specifically solves the equilibrium rate equations by taking into account various ionization and recombination
processes for projectile carbon ions with an energy of 0.5MeV/u, plasma electron temperatures of kT, = 3 eV
and 8eV, and electron densities ranging from 10'® cm™® to 10%° cm™® . The results show that the abundance of
both non-equilibrium and equilibrium charge states of carbon ions passing through hydrogen plasma varies with
plasma thickness, revealing how plasma conditions such as temperature and density, along with projectile ion
energy and initial charge states, influence the evolution of the ion charge states. Furthermore, a comparison of
the dynamic behaviors of carbon ions in hydrogen plasma and neutral gas (hydrogen) shows that the unique
effects of the plasma environment on ion charge exchange are elucidated. The mean equilibrium charge state of
projectile ions exhibits a positive correlation with electron temperature and a negative correlation with electron
density. It is particularly important that the calculated equilibrium charge states in hydrogen gas targets are
notably lower than those in plasma environments. As the initial charge state of projectile ions approaches its
equilibrium value, the equilibrium thicknesses for all charge states demonstrate a decreasing trend, accompanied
by a corresponding reduction in the mean equilibrium thickness. This phenomenon is consistently verified in
both plasma and gas targets, with the mean equilibrium thickness values in gas targets being significantly
smaller than those in plasma environments. Most importantly, when the initial charge state of projectile ions
exceeds the equilibrium value, these ions display more pronounced energy loss characteristics in non-equilibrium
regions. This study will provides important references for investigating the dynamic evolution and energy

transport characteristics of ion-plasma interactions in the field of high-energy-density physics.
Keywords: effective charge, charge exchange, dielectronic recombination, charge-state distribution
PACS: 52.40.Mj, 52.20.Hv, 52.25.Jm, 34.80.Dp DOI: 10.7498/aps.74.20250668

CSTR: 32037.14.aps.74.20250668

* Project supported by the Natural Science Foundation of China (Grant Nos. 12374384, 12204382), the Central Leading Local
Science and Technology Development Fund Programm, China (Grant No. 23ZYQA293), the National Key Research and
Development Program of China (Grant No. 2022YFA1602500), and the Young Teachers Scientific Research Ability
Promotion Plan of Northwest Normal University, China (Grant No. NWNU-LKQN2021-05).

1 Corresponding author. E-mail: dongcz@nwnu.edu.cn

185203-14


http://doi.org/10.7498/aps.74.20250668
https://cstr.cn/32037.14.aps.74.20250668
mailto:dongcz@nwnu.edu.cn
mailto:dongcz@nwnu.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

BETELAEE TR R SR ACERAT A
Ram LR FHR ARAE ERA

Theoretical study on charge—-state evolution of carbon ions passing through hydrogen plasma
ZHANG Chongrui  HE Wenliang  CAO Shiquan  XIE Luyou = DONG Chenzhong

5| {5 B, Citation: Acta Physica Sinica, 74, 185203 (2025) DOI: 10.7498/aps.74.20250668

CSTR: 32037.14.aps.74.20250668

TELR T2 View online: https://doi.org/10.7498/aps.74.20250668

A ZE View table of contents: http://wulixb.iphy.ac.cn

AT ARG HAh SCEE

Articles you may be interested in

AT FL Ay S SR DN DA o SR A B XS e SRR 4 A
Experimental measurement of state—selective charge exchange and test of astrophysics soft X—ray emission model

PyFEEEAR. 2021, 70(8): 080702  https:/doi.org/10.7498/aps.70.20201685

FETHIAF T 5 H A S B U, T8 S ks 25 IR AL TT 5T

Simulation study of precision spectroscopy of dielectronic recombination for highly charged heavy ions at HIAF

YrH2E 4. 2025, 74(4): 043101 https:/doi.org/10.7498/aps.74.20241589

B TETFFRCSRe FREMKe B TIN5 SR Bl SE B B 5

Dielectronic recombination experiment of Na—like K> at heavy ion storage ring CSRe

WIFRZEAR. 2024, 73(12): 123402 https:/doi.org/10.7498/aps.73.2024021 1

BWOCIMHAR RERK B T HRAECHO IR T i) i far e A% ot

Charge transfer process of laser—accelerated low—energy carbon ion beams in porous CHO foams

YIHAEAR. 2025, 74(15): 154102 hitps:/doi.org/10.7498/aps.74.20250634

TR W B AN R 2858 10 A XS 2 S B D1 3 s

Influence of different charge—state ion distribution on elastic X—ray scattering in warm dense matter

YAz, 2021, 70(7): 073102 https://doi.org/10.7498/aps.70.20201483

T LA NGB 5 B Tl P A R o A M R RS R

Theoretical study of state—selective charge exchange processes in collisions between highly charged N®* jons and H atoms

WIBEAEA. 2025, T4(15): 153402 hitps://doi.org/10.7498/aps.74.20250541


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.74.20250668
http://wulixb.iphy.ac.cn
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.70.20201685
https://doi.org/10.7498/aps.70.20201685
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.74.20241589
https://doi.org/10.7498/aps.74.20241589
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20240211
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20240211
https://doi.org/10.7498/aps.73.20240211
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.74.20250634
https://doi.org/10.7498/aps.74.20250634
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.70.20201483
https://doi.org/10.7498/aps.70.20201483
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.74.20250541
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.74.20250541
https://doi.org/10.7498/aps.74.20250541

	1 引　言
	2 理论方法
	2.1 炮弹离子穿过等离子体的原子碰撞过程
	2.2 炮弹离子穿过等离子体的电荷态分布计算公式
	2.3 各种速率计算公式
	2.3.1 电离速率
	2.3.2 复合速率


	3 结果与讨论
	3.1 碳离子的“shift”DR速率系数随自由电子温度的演化规律
	3.2 碳离子的“shift”DR速率系数随入射能的变化
	3.3 各原子碰撞过程的速率随电子温度和电子密度的变化规律
	3.4 碳离子穿过氢等离子体的电荷态分布及其与气体靶的比较
	3.5 初始电荷态对平衡厚度和平均电荷态的影响

	4 结　论
	参考文献

