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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.
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