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Abstract
We study the stopping power of H2 for Li ions and atoms. We consider the charges and electronic states

of Li for various densities of H2. It is found that from the excited states of ions, the decay processes of
radiative transition and electron loss of the projectile play an important role in the low density and high
density, respectively. This leads to the fact that the stopping power depends on the density.
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1．Introduction
For stopping powers for ions, the charge number

of the ions plays an important role [1]. When ions
pass through matter, the charge number changes as a
function of times. Therefore, the population of charge
numbers gives a significant contribution to the stopping
power.

When we treat protons as a projectile, the charge
numbers are determined by processes of charge trans-
fer (Az+ + B → A(z−1)+ + B+), and electron loss of
the projectile (Az+ + B → A(z+1)+ + B + e−), where
Az+，B and e− are a heavy particle, a target molecule,
and an electron, respectively, and z is the charge num-
ber of the particle [2]. Suppose that the cross sec-
tions of the electron loss of the projectile and charge
transfer are σELP and σCT , respectively, then, the rates
of the electron loss of the projectile and charge trans-
fer become ntσELPvi and ntσCT vi, respectively, where
nt and vi are density of the target and the velocity of
the projectile, respectively. Then, by using a scaling
parameter r (= ntvit), the rate equations [3,4], which
solve the populations of protons (Pp) and hydrogen
atoms (Ph), become dPp/dr = σELPPh − σCT Pp and
dPh/dr = −σELPPh+σCT Pp, where t is the time. There-
fore, the populations become independent of nt and can
be expressed by analytical functions of σCT and σELP

[2]. The stopping power, which depends on the charge
numbers [1], can also be given as a simple function of
nt. This comes from the fact that the charge transfer pro-
cesses produce the ground state of hydrogen the most
often.

For heavy particles, except for protons, charge trans-
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fer processes have often produced excited states of ions
or atoms. Then, the excited states also revert to stable
ones through not only electron loss of the projectile but
also radiative transition and auto-ionization processes.
After radiative transition processes occur, the ionization
energy of the ions becomes larger, as a result, σELP de-
creases (see Fig. 1, the details will be discussed later).
Namely, after radiative transition processes, the elec-
tron loss of the projectile processes seldom occur, that
is, radiative transition processes play the role of retain-
ing the charge number. Radiative transition probabili-

Fig. 1 Measured electron loss of the projectile cross sec-
tions [8, 9] scaled by I 1.5

A / Ne vs. ion energy for
various projectile and a target ( H2 ), where IA and
Ne are the ionization energy and total number of
electrons of the projectile.
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ties are independent of nt, on the other hand, the elec-
tron loss of the projectile processes, which increase the
charge number, are in proportion to nt as mentioned be-
fore. Therefore, it becomes more difficult to solve the
rate equations. Resulting, the target density dependence
of the stopping powers for the heavy particles becomes
more complex.

In this paper, in order to study the effect of the ex-
cited states of ions on stopping powers, we treat the
passing of Li ions through various densities of H2. We
consider the ground state and the excited states (prin-
cipal quantum number n = 1 − 3) of the Li atom and
Li(1−3)+ ions. The rates of radiative transition processes
from n = 2 to1 ( A2−1

r ) are about 1010/s. On the other
hand, σELP of Li2+( n = 1) and vi at Ei of ∼ 100 keV
are about 10−17 cm2 and 108 cm/s, respectively. Since
the rate of electron loss is rELP = ntσELPvi ∼ 10−9nt,
it is comparable to the rate of the radiative transi-
tion at nt ∼ 1019 cm−3. The densities we employ are
1015 cm−3( A2−1

r � rELP), 1019 cm−3( A2−1
r ∼ rELP), and

1022 cm−3( A2−1
r � rELP).

The effect of target densities on charge transfer pro-
cesses was already studied by Shevelko et al. [5]. They
solved cross sections of the charge transfer of O7++

He as a function of densities. They considered ex-
cited states of O6+ produced through charge transfer
processes and employed the processes of charge trans-
fer and electron loss of the projectile as one successive
process. On the other hand, we treat the two processes
separately and solve rate equations [3,4], which esti-
mate the populations of the electronic states of the Li
ions or atom as a function of times. Further, we calcu-
late the stopping power by using the populations.

2．Method of calculations
We assume Li3+ ions with the energy of 1 MeV/u as

an initial projectile. Then, we calculate ion energies by
using stopping powers and the populations of the elec-
tronic states of the Li ions or atoms from the rate equa-
tions as a function of times. The stopping powers are
calculated by the same method given in Ref. [2].

Here the atomic data treated here and the produc-
tion of the excited states of the Li ions and atom are
shown. We have employed the measured cross sec-
tions of impact ionization [6], charge transfer [7], and
electron loss of the projectile [8], respectively. No pa-
per giving cross sections of Li + H2 and of the excited
states of Li ions has been found. Suppose that the to-
tal number of electrons and ionization energy are Ne

and IA, respectively, then, we derive the scaling for
the electron loss of the projectile from the measured
cross sections of H (1s) + H2 [9], H (2s) + H2 [9],

He + H2 [9], He+ + H2 [9], Li++ H2 [8], Li2+ + H2

[8]. Namely, the cross section of the electron loss of
the projection (σELP) ∝ Ne/I1.5

A . Further, for ion en-
ergy (Ei) lower than 300 keV/u, σELP ∝ Ei

−0.6. Fig-
ure 1 shows the cross sections scaled by using these
scaling from the experimental data [8,9]. For ion en-
ergies higher than 100 keV/u, the errors of the scaling
are lower than 50 %. On the other hand, for energies
lower than 100 keV/u, the cross sections of the projec-
tile of ions show a trend different from those of neutral
atoms. Therefore, we employ the cross sections of Li
atoms and Li ions scaled from those of He atom and
Li+(or2+) ions, respectively. For the radiative transition
probabilities and auto-ionization rates, we use atomic
data calculated by the Cowan code [10].

Suppose that ionization energies of the projectile of
A(z−1)+ and the target of B are IA and IB, respectively,
then, energy loss by charge transfer processes is given
by

∆E =
1
2

mev2
i + IB − IA (1)

where vi and me are the velocity of the projectile and
the mass of the electron, respectively. We assume that
the charge transfer process occurs only where ∆E shows
the minimum value. This comes from the following
points. Janev et al. mentioned that the maximum of
σCT appears at vi ∼ (IB − IA)1/2for high energy ions
(vi ∼ 3(a.u.)) [11]. On the other hand, Ryufuku et
al. assumed for low energy ions (vi � 1(a.u.)), where
the term (1/2mev2

i ) is ignored, that charge transfer pro-
cesses often take place at (IB − IA + (z − 1)/R) ∼ 0
and σCT ∝ R2, where R is the nuclear distance between
Az+ and B [12]. Namely, σCT increases as the value of
(IB − IA) becomes smaller. They also showed that σCT

given by their assumption agrees well with some exper-
imental results [12].

3．Results and discussions
Figures 2 (a)–(c) show the stopping power as a func-

tion of ion energies for nt of 1015, 1019, and 1022 cm−3,
respectively. It should be noted that the atomic and
molecular data for Li atom treated here may not be
valid at the density of 1022 cm−3 because the bound
electrons of the Li atom overlap with those of hydro-
gen molecules. However, we judge that we can sat-
isfactorily discuss the density effect. The reason will
be discussed later. The contribution of processes of the
impact ionization, charge transfer, and electron loss of
the projectile to the stopping power is also shown. The
charge transfer and electron loss of the projectile play
an important role at the low energy region (less than a
few 100 keV/u). Among Figs. 2 (a)–(c), we see five
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Fig. 2 Stopping powers vs. ion energies for target den-
sities of (a) 1015 cm–3 , (b) 1019 cm–3 , and (c)
1022 cm–3 . The contribution of processes of the
impact ionization, charge transfer, and electron
loss of the projectile to the stopping power is also
shown.

peaks, which we call them Peak I to V (shown in Figs.
2), respectively. Peak IV comes from the relationship
between ionization and charge transfer. Namely, the
stopping powers of charge transfer and impact ioniza-
tion increase and decrease, respectively. Peak V corre-
sponds to the maximum value of charge transfer pro-
cess. The heights of Peak II and III depend on the den-
sity, where the peaks become higher as the density in-
creases.

Firstly, we will show that the production of Peak II
and III is caused from the peaks shown in Fig.3. Fig-
ure 3 shows the averaged ion charge number (Zav) as
a function of ion energies for nt of 1015, 1019, and
1022 cm−3. In this figure, we mark the corresponding
energy to Peak II and III whose average charge num-
bers are also on the top of the peaks. As seen in Ref.
[6], the impact ionization cross sections increase as the
charge number becomes larger. The increase of Zav cor-
responds to the increase of impact ionization cross sec-
tions, furthermore, to the increase of the stopping pow-
ers. Namely, the peaks in Fig. 3 bring about Peak II
and III. As mentioned before, the atomic and molecu-
lar data for Li atoms may not be valid for the density
of 1022 cm−3. However, the Peaks II and III appear at
Zav ∼ 1.5 and Zav ∼ 1, respectively. Namely, the atomic
and molecular data for Li atoms have a little effect on
the production of these peaks. This is the reason why it
is judged that we could satisfactory discuss the density
effect here.

Fig. 3 Averaged charge number vs. ion energies for
target densities of 1015 cm–3 , 1019 cm–3 , and
1022 cm–3 .
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Next we show the reason why the peaks exist in Fig.
3 only at high densities. In the energy region higher than
that Peak II, the charge transfer processes produce the
ground state of the projectile ion. However, near Peak II
and III, the excitation states of n = 2 and 3, are formed,
respectively because the energy of the term of 1/2mevion

in eq. (1) becomes comparable to the bound energies of
n = 2 and 3. As mentioned before, the rates of the
electron loss of the projectile for n = 2 and 3 become
much larger than those for n = 1. At high density, the
processes of the electron loss of the projectile occur just
after charge transfer processes. Namely, it looks as if
charge transfer processes seldom occurred and for the
existing electrons in the projectile ions, processes of the
electron loss of the projectile continue to occur. This
gives rise to the increase of the charge number and the
peaks in Fig. 3. On the other hand, in the lower density
region, the decay of the excited state to the ground state
is faster than the processes of the electron loss of the
projectile. Namely, only processes of the electron loss
of the projectile from n = 1 appear. As a result, no
peaks are seen in Fig. 3 for low density.

In this paper, we show the reason why the density
effect appears. The effect comes from the fact that the
charge number of the projectile ions becomes larger as
the density increases. This result is consistent with that
given in Ref. [5], where the charge transfer cross sec-
tions becomes smaller as the target density increases.
Our model given may not be sufficient in the intermedi-
ate ion energy region. However, in this region, we show
that the electronic states must be treated in the calcula-
tion of the stopping power because some excited states
of ions are definitely produced.

4．Conclusion
We study the effect of the density of the target for the

stopping power of H2 for Li ions. We have found that
the stopping power increases as the density becomes
larger when charge transfer processes produce the
excited states of the projectile ions. The electron loss of
the projectile ions and the decay processes of radiative
transition occur more often in the higher and lower
energy region, respectively. As a result, in the higher
density, the charge number becomes larger. This gives
rise to larger stopping power because impact ioniza-

tion cross sections increase according to charge num-
ber. For projectile ions with larger atomic number, the
ion energy, which produces the excited states of ions,
increases because the ionization energy of the ground
state becomes larger. Namely, the electronic states may
be more important even in the higher energy region.

We expect that the density effect and the peaks such
as Peak I-V in Fig. 2 (c) shown here can be measured.
This measurement may give us some new information
such as the density of targets and ion energy there. The
information of the density may be also useful for plasma
diagnosis.
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