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When fast ions penetrate matter, they primarily lose energy due to elastic and inelastic
collisions with the atoms of the stopping material. Furthermore, they change their directions
and may even vary their ionic charge states depending on their velocities and element
numbers. The description of the slowing-down process is characterized by the stopping
power which is defined by the mean energy-loss value per unit path length of the penetrated
matter. Experimental and theoretical studies of the stopping power for both light and heavy

ions have been performed in the past since the discovery of radioactivity.

Although the fundamental forces of the ion-atom interaction are well known, the complex
many-body collisions are difficult to describe, especially for heavy ions at low to intermediate
velocities where charge-changing collisions occur frequently. An example is the longstanding
problem of the dependence of the stopping power on the density of the medium: In 1951,
Lassen et al. experimentally discovered that the mean charge state of fission fragments after
penetrating through solid targets became larger compared to gaseous targets. Soon after, Bohr
and Lindhard explained this observation by the concept of a higher ionization rate in solids
than in gases due to the higher collision frequencies expected in the higher material density.
Consequently, they predicted that the stopping powers in solids should become larger than in

gases.

Such a gas-solid difference (the Bohr-Lindhard density effect) in slowing-down process is still
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neglected in most theories, although experimentally the effect has been clearly observed with
different experimental methods at low energy. Heavy ions showed near the stopping-power
maximum an up to 20% lower stopping power in gases than in solids, which was discovered
by the experiment of Geissel et al. in 1982. Concerning the effect, an important remaining
question is: "How much does the density effect continue and contribute over the velocity range
until it vanishes?" Motivated by this question, we performed measurements of stopping
powers and charge-state distributions of heavy ions in the velocity range, where the

experimental data are scarce.

We performed an experiment with (35, 50, 70, 100, and 280) MeV/u lead (208Pb) ions slowed
down in five gaseous (N2, Ar, Kr, Xe, and CsHe) and five solid (C, Ti, Zr, Sn, and (CsHe)n)
materials, at GSI in Darmstadt, Germany. The partially ionized projectiles were provided by
the synchrotron SIS-18 with a moderate intensity of approximately 103-104 ions per spill.
The FRagment Separater (FRS) was used as the high-resolution magnetic spectrometer for
the experiment. The primary beams first passed through the stripper targets placed at the
FO area of the FRS, populating the incident charge-state distribution. Only one charge state
was selected from the distribution by using the mechanical slits at the first focal plane F1.
The selection was carefully performed so that the charge state distribution could reach the
equilibrium state immediately in the atomic collision targets, which were installed at the
central focal plane F2. From the measurement of the position distribution with the time
projection chamber (TPC) inserted at the third focal plane F3, the energy-loss and charge-

state distributions of lead ions were measured.

We successfully measured the mean charge states and stopping powers within an accuracy
of 1%. The gas-solid differences in mean charge states and stopping powers were clearly
observed for all the applied gas-solid target materials. The effect has systematically
decreased with higher incident velocities and is vanished at 280 MeV/u. The mean charge
states of lead ions emergent from solids were, at the velocity range of (30-100) MeV/u, (3-5)%
higher than for the gases with neighboring Z2 numbers. The corresponding measured

stopping powers in solids were (6-8)% higher than in gases at the same velocity.

The comparison of the mean charge state with the theoretical predictions (e.g., the GLOBAL
program) showed up to about 5% difference for solid materials at the low velocity range, and

for gaseous materials the deviations were found up to about 14%.

The comparison of the stopping powers with the theoretical predictions by the computer
programs (e.g., the ATIMA1.4 program) showed up to about 4% difference for solid materials

at the low velocity range, and for gaseous materials the deviations were found more than
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10%. With the empirical formula fitted to the measured mean charge states, the theoretical
prediction by the ATIMA program was significantly improved to reproduce the experimental

stopping powers within the accuracy of less than 2% for both solid and gaseous materials.

In summary, from the accurate measurements of the charge-state distributions and stopping
powers, the Bohr-Lindhard density effect was clearly observed for all the gas-solid target
materials. The effect vanished at 280 MeV/u, and systematically increased as the velocity
decreased. We have confirmed that the main factor of the Bohr-Lindhard density effect is
due to the difference of the effective charge state of heavy ions inside matter. With our

experimental results, an improvement of theoretical descriptions is expected.
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