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and disappearance at higher of density effects in the charge-state distribution and the corresponding
stopping power are directly confirmed and comparisons with widely used theories and simulations for
heavy ions demonstrate strong deviations of up to 27%. However, an unprecedented prediction power
of better than 3% has been achieved for the energy loss when the measured mean charge-states are

Keywords: implemented in the Lindhard-Serensen theory. Our present benchmark data contribute to an improved
Heavy ion understanding of the basic atomic collision processes and to numerous applications in nuclear physics.
Stopping power Extending the GANIL data [1] to higher accuracy and energies, we can now answer at which velocities
Mean charge state the Bohr-Lindhard density effect in stopping will vanish.

Bohr-Lindhard density effect © 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

When fast ions penetrate through matter, they primarily lose
their kinetic energy due to elastic and inelastic collisions with the
atoms of the material traversed [2,3]. In addition, the ions change
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istics of heavy ions and are important over a large velocity range,
contrary to protons or alpha particles, i.e., they affect the energy
loss.

The application of stopping power spans various scientific dis-
ciplines, including ion implantation, radiation therapy, materials
science, nuclear physics, and rare isotope production. The results
of the present experiment have particular relevance for investigat-
ing N=126 nuclei, which are important in astrophysics [4] and can
be produced and spatially separated in-flight using a primary lead
beam. The isotopic separation of rare isotopes in flight is based on
precise energy-loss measurements in thick degraders placed at dis-
persive focal planes of fragment separators. The latter separation
method is worldwide used in nearly all large-scale nuclear beam
facilities, e.g. [5,6]. Additionally, accurate knowledge of stopping
power is essential for tumor irradiation near sensitive organs [7,8],
implantation of rare isotopes in solids and gases [9-11], and par-
ticle identification through energy deposition in ionization cham-
bers. In these applications, precise knowledge is required within
the few-percentage domain or even better.

Fission fragments were the first heavy ions studied [12]. N. O.
Lassen discovered experimentally that the mean charge state of
fission fragments was higher when they emerged from solids com-
pared to gases at the same velocity. N. Bohr and ]. Lindhard [13]
explained this experimental observation by the higher collision
frequency in solids, leading to projectiles excited in successive col-
lisions, whereas the projectiles in a dilute gaseous medium return
to the ground state between collisions. To honor these pioneers,
we name the gas-solid differences caused by ionization of the pro-
jectile inside the target as the “Lassen density effect” for charge
states and the “Bohr-Lindhard density effect” for stopping powers.

Betz and Grodzins [14] postulated a model in which the differ-
ence in the observed mean charge states occurs when the excited
ions emerge from the solids and de-excite via Auger-electron emis-
sion. The experimental observation and the conflicting interpreta-
tion were, for a long period, not solved.

Important improvements were only possible with the advent
of heavy-ion accelerators, which could provide monoenergetic pro-
jectiles with a small emittance. However, this technical progress of
the first-generation heavy-ion accelerators was not sufficient be-
cause the maximum energy was not high enough, and thus the
so-called Zj-oscillation [15] obscured the observation of a gas-
solid difference of neighboring elements. In atomic-collision publi-
cations, Z; and Z; are the element numbers of the projectile and
target, respectively.

Furthermore, the predicted number of Auger-electrons has not
been found despite great experimental efforts over several decades
[16]. An indirect experimental signature of an increased charge
state inside solids was the increased production of inner-shell va-
cancies observed in x-ray emission. A substantial experimental
improvement to solve this puzzle was realized with the univer-
sal heavy-ion accelerator UNILAC at GSI, which could not only
deliver projectiles of all elements up to uranium but also high
energies to bypass the structural electronic target effects, the Z,-
oscillation. With this experimental progress, the Bohr-Lindhard
density effect was for the first time clearly observed in system-
atic stopping-power measurements [17,18]. Independent gas-solid
stopping-power measurements were also performed at the power-
ful INPO and GANIL accelerator facilities in France a few years later
[19]. Those experiments confirmed the gas-solid difference in stop-
ping powers discovered at GSI. The important remaining question
was, at which velocity the effect will vanish. The GANIL exper-
iments with lead and uranium projectiles were at much lower
velocities and do not enter the energy domain where the gas-solid
difference will vanish. Furthermore, they have the disadvantage
that the results for solids are not directly measured but obtained
via an empirical effective-charge scaling [1].
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Despite the experimental observation of the Bohr-Lindhard den-
sity effect, it has not been included in the widely-used theoretical
descriptions and simulations due to the complexity of charge-
changing collisions and strong deviation from descriptions based
on first Born approximation (Bethe theory). Motivated by this situ-
ation, we have performed the first simultaneous measurements of
charge-state distributions and stopping powers for (35-280) MeV/u
208pp projectiles in gases and solids at many energies. The en-
ergy range was selected such that the Bohr-Lindhard effect should
be observed at lower velocities and should have vanished by
280 MeV/u. Furthermore, we aimed at precise stopping-power pre-
dictions using the simultaneously measured charge-state distribu-
tion. These basic investigations are worldwide unique and thus
extend the knowledge and applications of atomic ion-matter in-
teraction.

The experimental goals were achieved with the versatile and
flexible UNILAC and synchrotron SIS-18 accelerator systems [20],
in combination with the fragment separator FRS [21]. The FRS was
used as a multiple-stage, high-resolution magnetic spectrometer to
determine the energy loss and charge-state distribution. FRS, with
its versatile ion-optical system and the particle detectors at the
focal planes, is ideally suited for atomic-collision experiments as
demonstrated in previous experiments [9,22-25]. The charge-state
6771 of the accelerated 298Pb beam extracted from the synchrotron
SIS-18 is fixed for all energies because it is determined by the
stripping section in the synchrotron injection channel. The projec-
tiles from SIS-18 are transported via a magnetic beam line to the
entrance of the FRS. Here, they interact with a charge-changing
foil, see Fig. 1. An appropriate incident charge state for the mea-
surement is selected at the first dispersive focal plane F1 before
the ions impinge on the atomic-collision targets at F2. These tar-
gets can be either solid foils or a gaseous medium confined within
window-sealed gas cells.

The thicknesses of the different solid and gaseous targets were
selected to cause approximately (5-30)% energy loss. The first goal
was to select the incident charge state very close to the mean
charge determined by the targets for each energy provided by SIS-
18. The influence of the solid windows of the gas targets was taken
care of by separate measurements using a single target of the
same material and thickness as was used for the gas-cell windows.
The energy loss and the charge-state distribution were measured
for each target with a position-sensitive time-projection chamber
(TPC) at the dispersive focal plane F3. The position resolution of
this detector was £0.1 mm. An essential part of these measure-
ments was the determination of the absolute magnetic rigidity
value without and with the targets inserted.

The incident energy is known from the synchrotron calibra-
tion with an accuracy of approximately 5x10~4. This calibration is
based on frequency and position measurements of the circulating
beam inside SIS-18 before it is extracted. The energy loss in dif-
ferent charge-changing foils of a known thickness (2-14 pg/cm?)
causes a minor correction for the incident energy. The 298Pb ions,
with a selected charge state, were first centered at both focal
planes, F2 and F3, without a target inserted. With the calibrated
SIS energy, the known mass and charge state, and the calibrated
magnetic field B of the third 30-degree dipole magnet, the mag-
netic rigidity (Bp) was accurately determined. The magnetic field
B was deduced from the field mapping data and the actual cur-
rent measurement applied by the power supply. The position of
the centered beam including the scaling of the B-field for a se-
lected charge state was determined with a precision of 0.2 mm.
When the different targets were remotely inserted on the beam
axis, the centering procedure at F3 was the same as was carried
out without a target. The ion-optical dispersion from F2 to F3 was
employed to take into account possible small deviations from the
exact center at the TPC. The calibration of the ion-optical disper-
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Fig. 1. Scheme of the experimental set up. The accelerated 28Pb ions, extracted at different energies from the SIS-18 synchrotron, are transported to and focused on a
charge-changing foil placed at the entrance FO of the FRS spectrometer. This foil has the function of providing a selected charge state, very close to the mean charge state,
which the ions will populate during their interaction in the atomic-collision targets positioned at the F2 focal plane. The incident charge state is spatially selected at the F1
dispersive focal plane via application of horizontal slits. The energy-loss AE and the resulting charge-state distribution f(q) are simultaneously measured at the focal plane
F3 with a position-sensitive detector (TPC) installed at a distance of 54 m from the entrance of the FRS. A measured characteristic charge-state distribution is illustrated for
a single field setting. The scale of the ion-optical plot is £0.1 m in the dispersive direction.

sion coefficient was especially easy in these experiments, because
in each position spectrum at F3 several charge states were spa-
tially dispersed and well separated. A characteristic example of the
measured charge-state distribution is shown in Fig. 1.

For this experiment, (35, 50, 70, 100, and 280) MeV/u 208 pph67+
ions were slowly extracted from SIS-18 with intensities of the or-
der of 103-10* ions per spill. The spill duration was 10 s. This low
intensity and long spill duration of the primary beam was chosen
to avoid any significant radiation damage of the targets and rate
effects of the particle detector performance.

The FRS was operated in a specially-tuned ion-optical mode
to match the goals of the present experiment. The first require-
ment was that the beam spot size at F2 is smaller than the 5 mm
apertures of the targets to avoid unwanted scattering. This con-
dition must also hold for the 310 mm long gas cells with the
same 5 mm aperture size at each side. We used two gas cells
with different window thicknesses for the different ranges of the
selected gas pressures. Practically, this means that the ion-optical
dispersion (—3.7 cm/%) and the corresponding magnification (0.56)
were approximately halved compared to the standard FRS oper-
ation [21]. In addition, the size of the beam spot at F2 and the
dispersion coefficient from F2 to F3 (—2.0 cm/%) determine the
possible ion-optical resolving power (/2900, for an overall spot size
of 2 mm) for the energy-loss and charge-state distribution mea-
surements. At the highest energies, these ion-optical parameters
enable the measurements of the complete charge-state distribu-
tion with a single magnetic field setting. However, at the lower
energies, different parts of the position spectra, obtained by scal-
ing the magnetic fields, were merged. The efficiency and linearity
of the TPC was measured and taken into account over the full ac-
ceptance range. The unambiguous charge-state identification was
based on the magnetic field calibration and verified by the observ-
able atomic shell-gap signature in the spectra.

Exemplary results of our charge-state measurements are pre-
sented in Fig. 2 for lead ions emergent from different C, N, Kr,
Zr targets at different energies. The data points were obtained
at the different exit energies. In all cases, the targets were thick
enough to provide equilibrium charge-state distributions. Possible
influences of non-equilibrium were avoided by careful selection of
the incident charge states of the projectiles, as explained above. At
lower energies the measured mean charge states in solids (C, Zr)

are systematically higher than in the compared gases (N3, Kr). The
difference is approximately 5-6% at 30 MeV/u and has vanished
by 280 MeV/u. The presented data of the gaseous targets were
corrected for the influence of the gas-cell windows. This small
correction was performed by extended GLOBAL [27] and MOCADI
[28] computer simulations with adjustment of the charge-changing
cross sections to the measurements of the separately measured
pure window material.

A comparison of our measured results with theoretical pre-
dictions indicated deviations of up to 12%. We employed for this
comparison the semi-empirical Schiwietz-Grande formula [26] and
the predictions of the computer code GLOBAL [27]. Another impor-
tant charge-state simulation code is ETACHA [29], which takes into
account the temporary population of excited states during the pas-
sage of the target. Therefore ETACHA has in principle the potential
to reproduce the gas-solid difference as observed in this experi-
ment. However, in the recently improved ETACHA publication, it
was restricted to ion-solid collisions [30]. Our charge-state mea-
surements are presently used to extend and validate the computer
code ETACHA.

The main conclusions from our charge-state measurements are:
1. The mean charge state of partially ionized Pb projectiles emerg-
ing from solids is higher than for gaseous targets. 2. The theoretical
predictions for the mean charge states are not accurate enough to
provide reliable stopping powers in the 1-2% domain and better.
The deviations for charge states would result in approximately a
factor two more deviations for the corresponding stopping-power
values in this energy domain. 3. Guided by our results of the mea-
sured charge-state population, we can expect an observable Bohr-
Lindhard density effect for stopping powers in the selected energy
domain of this experiment.

The equilibrium charge-state distributions and the stopping
powers were measured simultaneously for the same targets in the
present experiment. For the energy-loss determination, the posi-
tion distributions close to the TPC center were transformed on
an event-by-event basis to the corresponding energy spectra. The
measurements were always performed with and without a target
inserted into the beam axis. In this way, the mean energy loss in
different target thicknesses was determined with a typical accu-
racy of a few parts per thousand.
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Fig. 2. Measured mean charge states () of 298Pb ions emergent with different energies from gaseous (N3, Kr) and solid (C, Zr) targets. The number of g data points is
determined by both the number of selected accelerator energies and the number of targets with different thicknesses. The measured q data are connected by a function
approximation using a sum of two exponentials (dotted lines). The deviations of the experimental values from corresponding theoretical predictions are compared in the
lower parts of the gas-solid pairs in a) and b). The experimental errors are illustrated by shadowed bands. The experimental values are compared with an empirical formula
from Schiwietz and Grande (S-G) [26] and the widely-used computer program GLOBAL (GL) [27].

Besides the measurements of the mean energy loss (AE), more
parameters must be considered for accurate stopping-power exper-
iments [31]. From this aspect, it is valuable to remember the basic
definition:

dE = lim
dx  Ax—>0

(AE)
Ax

(1)

First of all, we have assured that in measurements of (AE) all
impact-parameter events are accepted in the detector system, oth-
erwise only restricted energy-loss measurements will be recorded.
Furthermore, the targets should be thin and their thickness very
well known, because the uncertainty of thickness contributes di-
rectly to the uncertainty of stopping power. The practical units of
the thickness x and the stopping power dE/dx are mg/cm? and
MeV/(mg/cm?), respectively. There are several experimental meth-
ods applied in the literature to derive stopping-power values from
different foil thicknesses [32,33]. We have used a method previ-
ously developed and applied by our group, where we have deter-
mined the experimental deviation from the corresponding theoret-
ical prediction for different thicknesses of one target material. The
energy dependence of the stopping power is theoretically well-
known in the range of the present experiment. The procedure can
be illustrated with the applied equation:

AE(X) =/ (%) dx' + P(x) , (2)
Theo.
0

where P(x) is the thickness-dependent difference after subtracting
the theoretical energy loss from the experimental one. Perform-
ing a least-square fit for P(x) and taking both the uncertainties
of the energy loss and thickness x into account, the experimental
stopping power can be deduced by adding the dP/dx term to the
theoretical stopping power:

(dE) B <dE) .
dx Exp. dx Theo.

Note that due to this evaluation procedure, our experimental stop-
ping power values can be given for any energy in the complete
validity range of P(x), thus the comparison of the gas-solid pairs
could be presented in the figure at identical energies. The depicted
five data points are selected at energies close to those correspond-
ing to the mean thickness of the used targets. A function approxi-
mation using a sum of two exponentials of the mean-charge-state
values allows to apply the q values with a precision of better
than 103 for stopping power predictions in the measured energy
range, see Fig. 2.

dp

el (3)
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Fig. 3. Measured stopping powers of 208Pb ions in gases (N3, Kr) and in solids (C, Zr) at different energies. Left panel: Measured stopping-power values in C foils (filled circles)
and N; gas (open circles). The solid lines are a comparison with the modified ATIMA program with the implementation of our measured q values in the Lindhard-Serensen
theory. Right panel: Same presentation and comparison as in left panel but for the experimental values in Zr foils and Kr gas.

Our measured stopping-power values are presented in Fig. 3 for
the same targets as discussed for our charge-state measurements
above. The experimental data are represented by open and filled
circles. The first observation is that the measured stopping pow-
ers in gases are systematically lower than the equivalent results
in the solid targets of neighboring elements at the same velocity.
The difference increases for lower energies up to (8-10)% and has
vanished for the highest incident energy of 280 MeV/u.

In Fig. 3, the solid lines represent the theoretical predictions
by the ATIMA program [34] using the Lindhard-Serensen theory
[35] modified with the input of our measured mean charge states.
For the additional correction terms including the Barkas term [36],
we used also the experimental mean-charge values instead of the
atomic number. The overall agreement with the data is better than
3% and confirms our discussion that accurate knowledge of the
charge-state population is the key to theoretical improvements of
stopping powers for partially-ionized projectiles in this velocity
range. The latter statement is confirmed by strong disagreement
when bare projectiles are assumed or semi-empirical formulas
are applied. Comparisons with widely-used programs and tables
(ATIMA [34], DPASS Version 2.00 [37,38], CasP Version 5.2 [39,40],
Hubert-Tables [41], SRIM Version 2013 [42,43]) are shown in Fig. 4.
The best agreement, as already mentioned above, is exhibited by
ATIMA with the implementation of the measured mean charges
of the present experiment, see Fig. 4. In case the mean charge
of GLOBAL [27] is implemented in ATIMA the agreement is more
than a factor 2 worse on average. Note that in the energy range
of the present experiment, ATIMA applies the Lindhard-Serensen
(LS) theory [35] and can be modified optionally with q taken ei-
ther from the present experiment, from GLOBAL [27], or from the
formulas of Ref. [26]. The widely-used SRIM program is based on
a scaling of proton-stopping powers at the same velocity with an
empirical effective charge. SRIM does not include density differ-
ences for gases and solids. The deviations from our results are
up to 10%. The results from the Hubert tables are slightly better
and show deviations of the order 5-7%. The Hubert Tables use also

the parameterization with an effective charge, derived from fits to
experimental data in a relatively small velocity region, similar to
the SRIM method, but scale the stopping power of alpha particles.
Note that the Hubert Tables are only valid for solids. DPASS ex-
hibits better agreement for the light elements, but deviates up to
27% for the heavier targets. The comparison with the CasP calcula-
tions shows better agreement with the gases and deviations up to
10% for solids.

In general, the widely-used slowing-down theories cannot ac-
curately describe the present data, because the gas-solid difference
is not included or the implementation of the charge-state popu-
lation is inaccurate. One way to significantly improve the agree-
ment between theory and experiment is demonstrated with our
combination of the LS theory and implementation of the experi-
mental data of the equilibrium mean charge states. With this goal
in mind, we had measured also charge-changing cross sections
of few-electron ions [44,45] to understand the different electron
capture and loss processes under simplified conditions. The re-
sults of these experiments are implemented in computer codes,
e.g.,, GLOBAL [46] and CHARGE [47]. However, the dependence of
charge-changing cross sections on Zi, Z and the velocity v is
complex and includes high powers, e.g., non-radiative electron cap-
ture Ocgp o Z3 x Z3 x v~ [48]. Therefore, the limited number
of cross-section measurements cannot directly contribute to im-
proved stopping-power descriptions as the systematic equilibrium
mean charge-state measurements do in the present experiment.
The present excellent agreement with the implementation of the
measured mean charge states also demonstrates that collisions
with an impact parameter larger than the ionic radius of the pro-
jectile dominate the stopping power.

In summary, our stopping-power experiment clearly demon-
strates: 1. The Bohr-Lindhard density effect for stopping powers
is unambiguously verified in the energy range of the present ex-
periment. 2. The charge states inside the solids are higher than
those inside gases, in contradiction with the Betz-Grodzins model.
3. When the projectiles are nearly fully ionized the gas-solid differ-
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Fig. 4. Left panel: The deviation of the experimental stopping powers of 293Pb ions in C foils and in Ny gas from the theoretical predictions of SRIM, DPASS, CasP, Hubert and
ATIMA are presented. Note that the Hubert tables are published for solids only. Right panel: Same presentation and comparison as in the left panel but for the experimental

values in Zr foils and Kr gas. The experimental errors are illustrated by colored bands.

ence vanishes. 4. The ATIMA stopping-power model, including the
present measured mean charge-states and the Lindhard-Serensen
theory, results in an unprecedented accuracy of better than 3% in
the studied energy region. The knowledge of the projectile charge-
state distribution and the deviation from the Bethe theory are
decisive factors to improve the accuracy of the theoretical predic-
tions.

It is worth mentioning that the present experiment represents
also a challenge in beam time and consists of more than 800 spec-
tra due to the many field settings and parameters. The latter con-
dition is in contrast to many other accelerator experiments where
stopping data were obtained in short runs mainly during detec-
tor tests and nuclear physics measurements [9]. We can conclude
that for future experiments, it is essential that stopping-power
measurements for partially-ionized heavy ions are combined with
simultaneous charge-state measurements with the same targets.
Furthermore, the same efforts have to be made for energy-loss and
target investigation as it was performed in the present experiment.
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