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Abstract
The charge state approach has been applied to treat the electronic stopping powers of swift O,
N and B ions in carbon foil. According to the charge state model, the contributions to the
electronic stopping power of energetic projectiles passing through solid targets are due to
collisional interactions and from the charge exchange process. The definition of fractional
effective charge from Brandt and Kitagawa has been combined into the current charge state
model. Extensive applications of this approach require data of the equilibrium charge state
distributions and knowledge of charge-exchange cross sections—involving electronic capture
and loss processes. Both measured data and empirical calculations of the equilibrium charge
state fraction are used in the study, and the electronic capture cross sections are obtained with
the eikonal Brinkman-Kramers approximation (EBK). By comparing the numerical results
with the latest experimental data as well as empirical values, it is shown that the present
approach slightly overestimates the energy loss at the intermediate velocity region.

1.Introduction
The advent of MeV ion implantation and the application of heavy ion beams for surface
analysis have stimulated a renewed interest of the stopping power of ions in solids. In the
past, a large amount of experimental data has been accumulated. Based on these data,
comprehensive compilations and empirical formulas for stopping power have been produced
[1]. Among the data in the compilations, those corresponding to high and low velocity regime
are reasonably accurate, however, some experimental data in the intermediate velocity region
are less accurate. In the intermediate velocity region, where the projectile velocity is around
Z2/3vo , the interaction between a projectile and the target atom is complicated and the
mechanism of charge-exchange process is only now becoming clearly understood.

The charge state approach has been successfully applied almost exclusively for the case of
light ions in aluminium [2], but so far few other systems have been investigated yet. The
reason is possibly due to difficulties for determining precisely the charge-exchange cross
section of heavy ions in a solid target. The purpose of the present study is to calculate the
stopping powers for B, N and O ions in carbon over the intermediate and high velocity regime
by the charge state approach, and to compare them with the experimental results.

2. Charge state approach
In the charge state model, the fractional stopping power of singly charged projectiles can be
obtained by scaling to that of the bare nucleus of the projectile. The collision term in the
stopping power is determined from all individual charge states weighted by their equilibrium
charge fraction. The total stopping power consists of the collision term and charge-exchange
term as follow [3]

s=X/Cca^+E X / f l < w w
where Q is the charge state from +1 to +Z,/Q the equilibrium charge state fraction, GQ^Q/ the
charge exchange cross section from the charge state Q to Q', and UQ^Q- is the energy transfer
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in the related charge exchange processes. The fractional effective charge £ is a function of
ionization fraction q and solid property, which can be derived from the Brandt and Kitagawa
theory [4].

3.Charge exchange parameters and calculations of stopping power
It can be seen from the charge state description of stopping power that the equilibrium charge
fraction /g as well as the charge exchange cross section are the two most important parameters
to describe the charge exchange process of energetic ions moving in the solid target. The
measured data of equilibrium charge distribution have been compiled by Shima et al. [5].
Although a wealth of experimental data for various heavy ions passing through thin carbon
foils have been available from compilations, some data for a given projectile only cover a few
sparse energy values. For unavailable data at some energy position, the Shima empirical
method [5] has been utilized to calculate the equilibrium charge distribution in the study. In
addition, we have performed some measurements about O and B ions in carbon.

Another important parameter is the charge exchange cross section, which involves the
electron capture and loss processes. Three different charge transfer processes—Auger
process, Resonant process and Shell process, have been proposed to understand electronic
charge exchange mechanisms [6]. Full calculations of the electronic capture and loss cross
sections for the three processes are very complicated. Fortunately, in the case of high
projectile energies, the problem appears relatively simple, because it has been demonstrated
that the capture cross section is dominated by the shell process while the loss cross section is
mainly due to the resonant process, whilst the above three processes can occur inside the
target simultaneously. The capture cross section of the shell process can be calculated with
eikonal Brinkman-Kramers approximation (EBK). On the other hand, the electron loss cross
section can be obtained by considering the single-electron process. For single-electron
processes there exists a relationship between electron capture and loss cross section
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4. Results and discussions

o
•

"—calculation

— ZBL

experiment 1C

experiment 2C

0
0 10 20 30 4%/$Utfp 70 80 90 100

Figure I The stopping powers oi u ions in carbon clculatcd by the charge
state model approach and compare with the ZBL and experimental values.
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figure 2 Comparison of stopping powers by the charge stale approach calculations
with the ZBL for N ions in C.

Using the charge state fractions and EBK cross sections as well as the fractional effective
charge values, the stopping powers for swift O, N and B ions in carbon have been calculated .
The results are shown in figures 1-3, along with the latest measured data [7]. Measurements
of stopping power with O ions (beam 19, 30, 43, 60 and 80MeV) through carbon foils with
two sets thickness have been performed recently at the Australian National University [7].
From figure 1, the data of different thickness sample are reasonably consistent within the
uncertainties of the foil thickness. The measured data for O ion in carbon are higher from
1.4% to 7.5 % than Ziegler et.al. (ZBL) [1] values in the case of one carbon foil, and higher
around 14% for the case of two carbon foils. The calculated results from the charge state
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Fig.3 Comparison of stopping powers by the charge state model calculations
with the ZBL [1] for B ions in C.

model agree with the latest measurements well. On the other hand, the calculated stopping
power are higher from 3% to 18.5% than ZBL values, depending on the incident energy of
projectile. The greater deviation between calculated and the ZBL values for those below
15MeV may be attributed to the BK model of effective charge being a poor approximation at
the lower boundary edge of the intermediate velocity regime. From figure 1, it is also
obviously seen that the charge exchange contribution to stopping power is small at high
energies. This is a tendency as expected, as the projectile is stripped increasingly till fully
stripped with higher incident energy and meantime the charge-exchange decreases to zero.

The wide application of the charge state approach requires comprehensive knowledge of the
equilibrium charge distribution and charge-exchange cross sections. Since equilibrium charge
state distributions for any combination of projectile and solid material are incomplete,
extensive calculations using this approach seem seriously being hampered. However, a recent
experiment [8] reveals that the equilibrium charge state distributions of energetic ions through
target depend very weakly on the target material. If more experimental evidences confirm this
conclusion, it will shed a light for extending the charge state model to calculate stopping
power of any combination of incident ion and target material.
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