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Fig. 1. Experimental setup. A picosecond laser is focused
onto a copper foil, generating an intense carbon ion beam
through the TNSA mechanism. The energy spectra of car-
bon ions passing through the foam target and the empty

hole are measured with a dual-channel TPS coupled to the
1P.
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Fig. 2. Carbon ions distribution of laser-accelerated: (a) The energy spectra of passing through without target; (b) the energy spec-

tra of passing through foam target; (c) charge state distribution of passing through without foam; (d) charge state distribution of

passing through foam target.
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Fig. 3. Experimental data of average charge state of carbon

ions before and after passing foam target.
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SPECIAL TOPIC—Dynamics of atoms and molecules at extremes

Charge transfer process of laser-accelerated low-energy
carbon ion beams in porous CHO foams”
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( Received 15 May 2025; revised manuscript received 18 June 2025 )

Abstract

Charge transfer processes in ion-matter interactions are crucial for ion beam-driven high-energy density
physics, material irradiation damage, and charge state stripping in accelerator techniques. Here we generate
carbon ion beams in the MeV energy range through target normal sheath acceleration (TNSA) mechanism, and
measure the average charge state of 1.5-4.5 MeV carbon ion beams passing through porous CoH ;404 foam with
a volume density of 2 mg/cm?. The measured average charge states are compared with the average equilibrium
charge-states predicted by semi-empirical formula and rate equation. The results show that the predictions from
the rate equation that fully considers the ionization, capture, excitation, and de-excitation processes are in good
agreement with experimental results. The prediction from the rate equation by using gas target cross-section
data underestimates the experimental data, because the target density effect caused by the solid fiber filaments
in the foam-structured target increases the ionization probability through frequent collisions, reduces the
electron capture probability, and thus leads to an enhancement of ion charge states. In the projectile energy
range above 3 MeV, the experimental data agree with the predictions from the rate equation using solid-target
cross-section data. However, a significant deviation emerges in the energy region below 3 MeV due to the fact
that in this energy range, the lifetime of ion excited states is shorter than the collisional time scale. In this case,

excited electrons have time to de-excite the ground state before the second collision occurs. Consequently, the
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Science Basic Research Plan in Shaanxi Province, China (Grant No. 2024JC-TBZC-10), the Innovation Capability Support
Program of Shaanxi Province, China (Grant No. 2024ZC-KJXX-049), the Postdoctoral Research Funding Project of Shaanxi
Province, China (Grant No. 2024BSHYDZZ014), the Fundamental Research Funds for the Central Universities (Grant No.
xzy012025080), and the Qinchuangyuan “Scientists+Engineers” Program of Shaanxi Province, China (Grant No. 2023KXJ-
226).
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target density effects are weakened, and the charge states are reduced. The experimental results agree well with
predictions from the ETACHA code that considers excitation and de-excitation processes in detail. This work

provides the data and references for better understanding ion-matter interactions and distinguishing various
charge exchange models.

Keywords: laser acceleration, carbon ion beam, charge transfer, target density effects
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