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It is well known that the density of the target can have a crucial impact on charge-changing collisions of
partially ionized heavy ions. However, the basic understanding of this experimental observation is hampered by
the difficulty in knowing the charge-state evolution of projectiles inside solids. Therefore, the present experi-
ments with 200 MeV/u bare and H-like nickel ions were performed to study charge-changing cross sections in
different monatomic and compound gases and solids. The experimental results clearly demonstrate that the
electron-loss cross sections in solids increase by about 40% compared to gases. The results support the
Bohr-Lindhard model which predicts this gas-solid difference originating from enhanced ionization of excited
ions. The experimental results are compared with recent theoretical estimates.
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The density of target atoms can strongly affect the charge-
state distribution of partially ionized heavy ions. This has
been discovered in pioneer measurements with fission frag-
ments �1� and is still an unsolved problem which continu-
ously motivates new experimental and theoretical ap-
proaches �2–8�. The first theoretical model for this
phenomenon was postulated by Bohr and Lindhard �9� who
explained the observed density effect by different collision
rates inside the media. As a consequence, the higher charge
states of heavy ions in solids should cause an enhanced stop-
ping power. However, the early experiments could not con-
firm this feature due to restricted projectile-energy combina-
tions. Therefore, Betz and Grodzins �10� proposed a new
model assuming that the observed charge-state difference is
mainly caused by the deexcitation of projectiles via Auger
cascades after emerging from a solid medium. Only much
later, with the invention of new powerful accelerator facili-
ties, was the density effect discovered in the stopping power
of heavy ions �3,11�. Other stopping-power experiments, un-
der preequilibrium target conditions, have also demonstrated
the crucial and complex role of the charge-state evolution
�12�. The dependence on chemical binding and physical state
effects is reviewed in Ref. �13�.

However, a proper understanding of this basic atomic col-
lision problem has not been achieved yet. Quantitative com-
parisons of the experimental results from charge-state distri-
bution and stopping-power measurements reveal that, in
general, the observed enhancement of the mean charge after
passage through dense media is larger than expected from
the corresponding observed increase in the stopping power.
On the other hand, the predicted number of missing Auger
electrons to balance the difference has not been found either

�5,14,15�. This situation motivated our present effort using
the unique experimental conditions provided by relativistic
heavy projectiles.

Our measurements were performed with the heavy-ion
synchrotron SIS �16� and the magnetic spectrometer FRS at
GSI �17�. Projectiles of 200 MeV/u Ni27+ were selected and
focused on monatomic and compound gases and solids
placed at the central focal plane of the FRS. The following
target materials were used for solids and gases: �i� polypro-
pylene �C3H6�n, carbon, aluminum, and titanium in the thick-
ness range of 0.5–45 mg/cm2, and �ii� ethylene C2H4, nitro-
gen, and neon in the thickness range of 1–68 mg/cm2. The
gases were confined in a window-sealed gas cell operated in
flow mode with a precise pressure controlling system. The
windows consisted of 6 �m �C3H6�n foils with 5 mm diam-
eter. The cell length along the beam path was 312 mm. The
gas pressure was variable up to 2000 mbar and was kept
constant at a selected pressure within an accuracy of 0.1% by
an automatically adjusted gas flow. Measurements of the
window deformation as a function of the gas pressure re-
vealed a negligible influence on the actual length of the gas
column.

Details of the experimental setup will be presented in Ref.
�18�. Except for the gas-cell apparatus, the experimental
setup is similar to that employed in our previous atomic col-
lision studies at the FRS �19�. The different charge states of
nickel ions, transmitted through the targets, were spatially
separated by the third magnetic-dipole stage of the FRS and
measured with a position-sensitive two-dimensional multi-
wire proportional counter �MWPC� followed by a plastic
scintillator. The latter detector was required for MWPC effi-
ciency corrections. The intensity of the projectiles was only a
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few thousand per second; thus practically no radiation dam-
age was induced in the target media and detectors. Mainly
bare and H-like ions contribute to the measured distributions
due to the chosen kinetic energy of the projectiles. The equi-
librium fraction of He-like ions was smaller than 3�10−4 for
all targets. Furthermore, the ratio of He-like to H-like ions
was less than 0.04. Therefore, the charge-state evolution of
the incident H-like ions can be described with good accuracy
by considering only the bare and H-like components. Thus
we can apply the two-charge-state model for the analysis of
the measured fraction of H-like Ni27+ ions characterized by
the equation

F27+�t� =
�C

�C + �L
+

�L

�C + �L
exp�− Nt��C + �L�t� , �1�

where �L and �C denote the cross sections for electron loss
of H-like ions and capture of bare ions, respectively. Nt and t
represent the number of target atoms �molecules� per unit
mass and the foil thickness in units of mass per unit area.

An analogous analysis was also performed for the experi-
mental charge-state fractions created in electron-capture col-
lisions of incident bare ions:

F27+�t� =
�C

�C + �L
�1 − exp�− Nt��C + �L�t�� . �2�

The �L and �C values were determined by least-squares fits
to the measured F27+�t� fractions applying Eqs. �1� or �2�.

A representative and important example of the experimen-
tal charge-state fractions is presented in Fig. 1 for the poly-
propylene and ethylene targets. The upper and lower parts of
the figure correspond to the charge-state evolution of inci-
dent H-like �qin=27+ � and bare �qin=28+ � Ni ions, respec-
tively. The charge-state distribution after penetrating the gas
cell was measured at each gas pressure for both incident
H-like and bare projectiles. With these data and the cross
sections separately measured in polypropylene foils, the win-
dow correction for the gas measurements was derived ac-
cording to the matrix formalism �20�. About 76% of the
H-like ions remained in the incident charge state after trav-
eling through the two windows of the evacuated gas cell. The
window measurements were repeated before and after each
series of gas measurements. The agreement of H-like frac-
tions demonstrates that there was no significant deterioration
of the �C3H6�n foils due to the beam irradiation.

An independent check for these results was performed
with �C3H6�n foils of the same thickness as used for the
windows but mounted on the target ladder with the other
solid targets. The excellent agreement of the two measure-
ments confirms that no significant systematic error, due to
the window setup, masks the results for gases and solids.

FIG. 1. Measured charge-state fractions for 200 MeV/u Ni27+

ions emerging from targets of polypropylene ��C3H6�n, solid�, indi-
cated by triangles, and ethylene �C2H4, gaseous�, represented by
circles. The data are shown as a function of the target thickness for
incoming beams of Ni27+ �qin=27+ � and of Ni28+ �qin=28+ �. The
solid and dashed curves represent the weighted least-squares fits
applying Eqs. �1� and �2� for �C3H6�n and C2H4. Where error bars
are not visible, they are smaller than the data points.

TABLE I. Electron-loss �L and -capture �C cross sections for 200 MeV/u Ni ions colliding with gaseous
and solid targets. The label “expt.” indicates experimental data of this work. The theoretical electron-loss
cross sections indicated by DIRAC and LOSS were calculated with the corresponding codes. The total capture
cross sections �NRC+REC� were calculated with the DIRAC �REC� and the CAPTURE �NRC� codes.

Target Phase

�L

expt.
�10−21 cm2�

�C

expt.
�10−23 cm2�

�L

DIRAC

�10−21 cm2�

�L

LOSS

�10−21 cm2�

�C

NRC+REC
�10−23 cm2�

CH2 Gas 5.35±0.16 1.44±0.08 5.76 6.00 1.68

CH2 Solid 6.91±0.20 1.46±0.07 6.47 6.32 1.68

C Solid 6.87±0.21 1.21±0.06 5.76 5.75 1.31

N Gas 6.56±0.20 1.63±0.08 6.75 7.13 1.60

Ne Gas 12.70±0.38 2.71±0.15 12.8 13.8 3.91

Al Solid 30.10±1.03 4.49±0.23 28.2 25.8 8.68

Ti Solid 83.20±2.64 23.9±0.96 82.6 78.5 84.00
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The experimental and theoretical electron-loss and
electron-capture cross sections for gas and solid targets are
given in Table I. All data are from the present study. The
cross sections for the CH2 group were determined from the
polypropylene and ethylene data using Bragg’s additivity
rule.

In Fig. 2 the experimental and calculated cross sections
are presented as a function of the target atomic number Z.
The effective atomic numbers for the CH2 compound of 6.3
and 6.4 were used for loss and capture, respectively. This
follows from the Z2+Z scaling for the ionization, and the Z5

and Z scaling for the nonradiative �NRC� and radiative
electron-capture �REC� processes, respectively. In the upper
panel, the loss cross sections are compared with results from
the DIRAC �22� and the LOSS �23� codes. Both theoretical
models use a four-level scheme following the paper of An-
holt �21�. The scheme includes electron capture, ionization,
excitation, deexcitation, and radiative-decay processes of the
bare and H-like Ni ions in the 1s, 2s, and 2p states. The
influence of the 3s, 3p, and 3d levels of Ni27+ can be ne-
glected at this collision energy. The 1s electron in H-like Ni
ions can undergo a monopole excitation to the 2s state or a
dipole excitation to the 2p state, while the 2s electron can be

further excited into the 2p state. In addition to excitation,
2s and 2p states may also decay to lower levels by
radiative decay, with probability amplitudes A�2s→1s�
�4.64�109 s−1 and A�2p→1s��3.17�1014 s−1, or they
can be depopulated by collisional deexcitation. The popula-
tion dynamics of this four-state model is described by a sys-
tem of rate equations which give the relative populations of
the 1s, 2s, and 2p levels of H-like Ni ions as well as the
fraction of bare ions and the loss and capture cross sections.
Calculations with the DIRAC code apply the relativistic Dirac
wave functions.

In addition, another theory was used to account for the
target–density effects �24� by applying the LOSS �23� and
CAPTURE �25� codes. The LOSS code calculates ionization and
excitation cross sections by taking into account relativistic
effects and the atomic structure of the target atom. The radial
wave functions of atoms and ions are found by solving the
Schrödinger equation in the effective field of the atomic core.
The measured loss cross sections agree well with calcula-
tions applying both the DIRAC and LOSS codes �see Fig. 2�.

The results for the electron-capture cross sections are
shown in the lower panel of Fig. 2. The total capture cross
section is presented as a sum of two contributions, the radia-
tive and the nonradiative electron-capture processes. The
REC cross sections were calculated by the DIRAC code �22�
and the NRC cross sections by the CAPTURE code �25�. In the
lower panel of Fig. 2, the measured capture cross sections are
compared with theoretical predictions. For solid targets the
contributions from REC and NRC are illustrated separately.
The experimental electron-capture cross sections for the light
target materials agree well with the theoretical predictions,
whereas for high-Z targets the dominating NRC description
has to be improved. The experimental capture cross sections
for the light targets show no gas-solid effect as demonstrated
for the CH2 group. Only a very weak target-density depen-
dence can be extracted for neighboring monatomic targets by
a polynomial fit reflecting the theoretical Z dependence for
REC and NRC processes. In this way a systematic enhance-
ment of about �5±2�% in gases is observed, which is quali-
tatively consistent with our theoretical prediction �see Fig. 2�
and the Bohr-Lindhard model.

The situation for the loss cross sections is quite different.
Already in Fig. 2 the experimental and theoretical results
indicate a systematic difference for gases and solids. This
observation is even more clearly demonstrated in Fig. 3,
where the cross sections are scaled by the factor �Z2+Z� for
the different elements. The experimental and theoretical data
clearly split into two well-separated groups, corresponding to
solid and gaseous targets. It is observed that the measured
ionization cross sections are about 40% higher in solids than
in gases. Both theoretical predictions agree qualitatively with
the experimental data, with the DIRAC code being slightly
better.

In the present work, the loss and capture cross sections of
200 MeV/u bare and H-like Ni ions for gaseous and solid
targets were measured. The selected energy lies in the inter-
mediate energy range compared to the previous measure-
ments carried out at 3.0 MeV/u for C ions �4� and
159.3 GeV/u for Pb ions �7�, and has the advantage of fo-
cusing on simple well-defined and conclusive charge-

FIG. 2. Upper panel: Electron-loss cross sections for
200 MeV/u Ni27+ ions in gases and solids. The measured data are
represented by symbols and the theoretical predictions �22,23� by
lines; see legends. �See Fig. 3 for an expanded representation.�
Lower panel: Electron-capture cross sections of 200 MeV/u bare
Ni28+ ions in gas and solid targets. In both parts the measured data
are represented by symbols and the theoretical predictions �22,25�
by lines; see legends.
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changing conditions. Our experimental results agree well
with recent theoretical developments taking the role of pro-
jectile excitation into account. A clear gas-solid difference in
the electron-loss cross sections has been experimentally

demonstrated. The measured data are in good agreement
with both theories except for the capture cross sections in
high-Z materials, thus revealing a challenge for future NRC
theories. In principle, the gas-solid effect is expected to be
even larger at lower velocities, but on the other hand, the
more complex charge distribution and excited-state popula-
tion would obscure the interpretation in simple microscopic
terms.

In summary, our experimental results with relativistic
heavy ions show that the Bohr-Lindhard model is the correct
approach for the microscopic understanding of the experi-
mental observations. Again, as in previous publications
�26,27�, this Rapid communication shows that with the new
powerful accelerator and spectrometer facilities at relativistic
energies, one can select specific experimental conditions
which strongly reduce the complexity of ion interactions
with matter and, thus, can give new insight into the basic
understanding of heavy-ion interactions with matter.
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FIG. 3. Scaled experimental and theoretical electron-loss cross
sections in gaseous and solid targets as a function of the target
atomic number Z. Open symbols represent the gas data and full
symbols the solid ones. The CH2 compounds are indicated by tri-
angles. The theoretical predictions from LOSS �23� and DIRAC codes
�22� are indicated by dashed and solid lines, respectively.
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