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Abstract

Experimental and theoretical results on charge-exchange cross-sections and charge-state distributions of relativistic

heavy ions penetrating through matter are presented. The data were taken at the Lawrence Berkeley Laboratory's

BEVALAC accelerator and at the heavy-ion synchrotron SIS of GSI in Darmstadt in the energy range 80±1000

MeV/u. Beams from Xe to U impinging on solid and gaseous targets between Be and U were used. Theoretical models

for the charge-state evolution inside matter for a given initial charge state are presented. For this purpose, computer

codes have been developed, which are brie¯y described. Examples are given which show the successes and limitations

of the models. Ó 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

The advent of relativistic heavy-ion accelera-
tors, as well as new applications with relativistic
heavy-ion beams, require a detailed knowledge of
atomic collision processes. For instance, accelera-
tors need e�cient strippers which induce only
small emittance blow-up. High ionic charge states
allow for lower power consumption and/or smaller
machines, thus reducing their price and their oper-
ational costs. It is desirable to use as few stripper
stations as possible in order to minimize losses of
beam intensity.

For the design and operation of storage rings
for heavy ions and colliders such as ESR (Darm-
stadt), RHIC (Brookhaven) and LHC (Geneva),
one has to know precisely the interaction cross-
sections with the residual gas and colliding beams
in order to estimate beam lifetimes and loss rates.
Also, in the multiple-turn passage through these
devices, the charge-state distribution of the beam
will evolve, with subsequent beam loss.

State selective atomic-collision experiments,
such as radiative transfer and excitation (RTE)
measurements, require known initial charge states.
For the interpretation of many nuclear-physics
experiments, a knowledge of ionic charge-state dis-
tributions is decisive, for instance for the determi-
nation of the nuclear-charge yields of ®ssion
products.
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Indeed, the ®rst experimental results on ionic
charge-state distributions for heavy ions were ob-
tained with ®ssion fragments by Lassen [1]. Inter-
esting e�ects, such as the gas±solid di�erence in
the mean charge state were discovered. However,
due to the wide energy spread of ®ssion fragments,
these experiments could not be very detailed.
Moreover, the huge charge-changing cross-sections
at low energies and the target preparation tech-
niques at the time, did not allow for cross-section
measurements under single-collision conditions.

Pioneering theoretical work was done by Bohr
[2] and Bohr and Lindhard [3]. The so-called Bohr
criterion that projectile electrons are stripped o�
during the penetration of matter if their orbital ve-
locity is smaller than the projectile velocity, was es-
tablished and proven to be in good agreement with
experimental ®ndings. Although this criterion is
very useful and can be applied successfully even
at relativistic velocities, it does not incorporate
any target dependence. In later years, many semi-
empirical parameterizations were developed, see
e.g. [4], to describe the energy and target depen-
dence of the mean charge and the width of
charge-state distributions.

Once the cross-sections are known, the charge-
state evolution for ions having any initial charge
state can be obtained from the solution of rate
equations. For up to three charge states, they
can be easily solved analytically [5]. Beyond this
number of charge states, numerical approaches
are used frequently. A general analytical scheme
for an arbitrary number of charge states has been
derived by Sigmund [6]. For heavy ions, many
charge states typically contribute to the charge-
state distribution. Thus, in principle, one needs
to know all the relevant cross-sections for excita-
tion, decay, ionization and capture for all contrib-
uting ground and excited states. One may
overcome these di�culties, by using 'e�ective'
cross-sections for capture and loss, derived from
the measured target-thickness dependence of
charge-state fractions [7]. For relativistic heavy
ions, the situation generally is simpli®ed compared
to low energies, since at charge-state equilibrium
even the heaviest ions carry only few electrons dur-
ing their passage through matter. Fig. 1 compares
equilibrium charge-state spectra of U projectiles in

carbon at 1.4, 11.5 and 950 MeV/u. As depicted in
this comparison, at low energies the charge-state
spectrum is broad and bare ions cannot be pro-
duced whereas at high enough energies the
charge-state distribution receives contributions
only from bare, H- and He-like ions in charge-
state equilibrium. At still higher energy, the bare-
ion fraction dominates. At low energies, carbon
is the best stripper whereas at high energies carbon
is a poor stripper as compared to heavier target
materials. The reason will be explained below.

New experimental techniques have been devel-
oped which give detailed insights into speci®c
charge-changing processes [10]. The observation
of photons emitted in radiative electron capture
(REC) is possible [11] and coincidence techniques
[12] allow the measurement of di�erential REC
cross-sections. Subshell resolved excitation cross-
sections also can be obtained [13,14]. A striking
feature of atomic-collision experiments with
relativistic heavy ions is that charge-changing
cross-sections can be studied under single-collision
conditions in solids. Gas-jet targets at storage

Fig. 1. Equilibrium charge-state spectra of U projectiles behind

C foils: the left spectrum was measured at the UNILAC of GSI

behind a 40-lg/cm2 thick target for an entrance energy of 1.4

MeV/u [8], the distribution depicted in the middle of the ®gure

was obtained behind a 490 lg/cm2 target and an incident energy

of 11.5 MeV/u (courtesy of B. Franzke) [9], and the spectrum

displayed on the right was measured at SIS behind a 400 mg/

cm2 target at an entrance energy of 940 MeV/u.

442 C. Scheidenberger et al. / Nucl. Instr. and Meth. in Phys. Res. B 142 (1998) 441±462



rings, such as at the ESR at GSI, open up unique
new experimental opportunities in this respect.

The purpose of this paper is to summarize the-
oretical and experimental results on charge-chang-
ing cross-sections, charge-state evolutions, and
equilibrium charge-state distributions. The data
are derived from experiments carried out at the
BEVALAC (Berkeley) and at the heavy-ion synch-
rotron SIS of GSI (Darmstadt) and associated fa-
cilities. Representative data, partly unpublished so
far, are given for Xe, Au, and U projectiles im-
pinging with kinetic energies from 80 to 1000
MeV/u on targets ranging from Be to U. For ex-
perimental details, the reader is referred to [15±
25]. Phase-state, directional, and ultra-relativistic
e�ects are beyond the scope of the present paper.
Only charge states of relativistic projectiles are
considered throughout this paper. Theoretical
models and their range of applicability are discus-
sed. The models are implemented in two computer
codes developed for practical applications and able
to take into account, respectively, up to three and
up to 28 electrons attached to the projectile. The
results are compared with experimental data.

2. Physical background

The modeling of charge-state distributions of
ion beams passing through matter requires the
knowledge of the basic interaction mechanisms be-
tween highly charged ions and neutral matter, i.e.,
the processes of projectile excitation, deexcitation,
and ionization, and of electron capture into empty
projectile states. The lifetimes of excited ionic
states may have to be taken into account, particu-
larly for solid targets. The high atomic density in a
solid target may lead to important charge-chang-
ing e�ects caused by sequential collisions in the
target. However, since lifetimes of excited states
decrease dramatically with the increase of the nu-
clear charge number ZP of the projectile (e.g. as
1=Z4

P for allowed dipole transitions and 1=Z10
P for

spin-forbidden magnetic dipole transitions), these
e�ects generally play a minor role for high-Z pro-
jectiles.

In the following, we discuss brie¯y the cross-
sections for the basic processes on the basis of

available experimental data. For clarity, we restrict
the discussion to the simple cases of high-Z bare,
H- and He-like projectiles. One ®nds that the gen-
eral scaling laws of the charge-changing cross-sec-
tions for these ions explain the overall features of
equilibrium charge-state distributions in the entire
relativistic velocity domain, even quantitatively.

2.1. Cross-sections for ionization and excitation

As long as asymmetric collision systems are
considered (ZT � ZP, where ZT and ZP denote the
nuclear charge of target and the projectile, respec-
tively), the ionization of H- and He-like high-Z
projectile ions can be reasonably well described
within ®rst-order perturbation theory, such as
the semiclassical approximation (SCA) or the
plane-wave Born approximation (PWBA). Here,
the basic assumptions are that only an electronic
perturbation of the projectile atomic wave function
is caused by the target nuclear charge and that the
trajectory of projectile is not disturbed by the col-
lision. Within the non-relativistic PWBA, the K-
shell ionization cross-section rion for a H-like pro-
jectile follows the simple scaling law:

rion: � r0f
v

vK

� �
: �1�

In this equation, r0 � 4pa2
0Z2

T=Z4
P, a0 is the Bohr

radius, and f �v=vK� is a slowly varying function
of the projectile velocity v, which reaches a maxi-
mum near v � vK, where vK denotes the velocity
of the active K-shell electron. Tabulated values
of this function can be found in various publica-
tions (see, e.g., [20]). Even this non-relativistic ap-
proach describes the electron-loss data for
relativistic high-Z projectiles reasonably well. This
is shown in Fig. 2, where all available cross-section
data for K-shell ionization of H- and He-like high-
Z ions are summarized, which were measured for
low-Z targets [18,22,27,28,26].

For comparison, all the data are scaled to the
collision system Xe53� ! H� by applying the scal-
ing relation (1). The data cover an energy range
between 80 and 1000 MeV/u and a projectile range
between xenon and uranium. The data are plotted
as a function of the reduced velocity �v=vK�2 and
are compared with the non-relativistic PWBA
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predictions for Xe53� ! H� collisions. Most of the
data deviate by less than �20% from Eq. (1).

To account for the relativistic e�ects on bound-
state wave functions of high-Z projectiles, Anholt
used a quasi-relativistic approximation to derive
the following correction factor for the non-relativ-
istic cross-section [29]:

F � 1� ZPa=2� �2
h iÿ2

; �2�

where a ' 1=137 is the ®ne-structure constant.
In addition, corrections due to the Lorentz

transformation of the Coulombic target potential
into the projectile frame must be considered, which
yield the Li�enard-Wiechert potential. The resulting
transverse contribution to the ionization cross-sec-
tion rtrans is approximately given by

rtrans: � r0

lnc2 ÿ b2

ln�2mc2b2=EK�
; �3�

where b � v=c is the projectile velocity in units of
the speed of light and EK is the K-shell binding en-
ergy of the projectile. The transverse contribution
always leads to an increase of the ionization
cross-section with increasing b values. The ®nal ex-
pression for the K-shell ionization cross-section
for a H-like projectile rl

K is obtained from the
combination of Eqs. (1)±(3) yielding

rl
K � r0Ff

v
vK

� �
1� lnc2 ÿ b2

ln�2mc2b2=EK�

" #
: �4�

The target electrons also may cause a loss of
projectile electrons by impact ionization. Within
®rst-order perturbation theory, at high collision
energies this process is the same as for proton im-
pact. Hence, the ionization by the impact of target
electrons can be included approximately by substi-
tuting Z2

T in Eq. (1) by Z2
T � ZT.

In Fig. 3, the relevance of the di�erent
relativistic e�ects for the ionization cross-sections

Fig. 3. Projectile ionization cross-sections for H-like Au78� ions

colliding with carbon (solid squares) and nickel atoms (solid up

triangles) are given as a function of beam energy [22,26]. The

cross sections for nickel are normalized to those for carbon

(see text). The prediction of the non-relativistic PWBA approx-

imation is represented by the dash-dotted curve and the one

which includes the correction factor Eq. (2) is given by the dot-

ted curve. The transverse ionization part, Eq. (3), is displayed

separately by the dashed curve. The total ionization cross sec-

tion, Eq. (4), is shown by the solid curve.

Fig. 2. Experimental ionization cross-section data per K-shell

electron for H- and He-like high-Z ions impinging on low-Z tar-

gets (ZT < ZP=3). The data cover a bombarding energy range

between 80 and 1000 MeV/u [26]. Open circles: results from

GSI for Au and Bi projectiles in solid targets; open squares: re-

sults from GSI for Au, Pb, and U projectiles in gas targets; solid

triangles: results from the BEVALAC for Xe and U projectiles

in solid targets. The data, scaled to H-like Xe ions colliding with

protons, are plotted as a function of the reduced velocity

�v=vK�2. The solid curve gives the non-relativistic PWBA predic-

tion and the dashed lines indicate deviations of �20%.
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is illustrated. Projectile ionization cross-sections
measured at the magnetic spectrometer FRS [22]
for H-like Au78� ions colliding with carbon and
nickel atoms are plotted as a function of the beam
energy. For presentation purposes, the cross-sec-
tions obtained for the nickel target are normalized
to the ones measured for the carbon target by ap-
plying the Z2

T scaling law of Eq. (1). The non-rela-
tivistic PWBA calculation, which includes in
addition the correction factor for the relativistic
wave functions, Eq. (2), is shown by the dotted
curve, whereas the result obtained from Eq. (4) is
given by the solid curve. Within the considered en-
ergy regime the cross-sections vary only slightly
with energy, even if the transverse ionization term
is included. These ®ndings indicate that the correc-
tions applied here for all relativistic e�ects are
rather small [26].

Recently, ionization cross-section data were
measured for H-like Au ions at 11 GeV/u, where
the transverse interaction is very pronounced
[30]. Even these data are in good agreement with
the above simple ionization model, where relativis-
tic e�ects are considered in an approximate way.
At ultra-relativistic energies screening becomes im-
portant and the experimental data obtained for
160 GeV/u Pb ions cannot be explained any longer
by means of the description outlined here [31].

For more symmetric collision systems such as
Au78� ! Ag collisions, the simple Z2

T scaling for
projectile electron loss breaks down. Here, various
e�ects such as multiple projectile electron loss and
screening of the nuclear charge by the target elec-
trons start to play an important role. For a de-
tailed discussion of these e�ects we refer to Ref.
[32]. On the other hand, for the stripper targets
of most practical relevance, such as Al and Cu,
the simpli®ed treatment of the ionization process
appears to be su�cient.

Excitation of projectile electrons in ion±atom
collisions is mediated by the same basic mecha-
nism as projectile ionization, except that the active
electron is excited into a discrete bound state and
not into a continuum of states. Similar to ioniza-
tion, one may use non-relativistic ®rst-order per-
turbation theory as a starting point for cross-
section estimations, as done by Anholt [15] and
by Anholt and Meyerhof [18]. However, already

for He-like ions, the situation is rather complicat-
ed, since selection rules and the exact coupling of
the electrons in each excited state must be consid-
ered [24,26]. The complexity of this process in-
creases with the number of available projectile
electrons. To date, almost no experimental data
for excitation of high-Z projectiles are available
[24]. With regard to charge-state distributions, ex-
citation of projectile electrons is of importance
only if the lifetimes of the excited states become
comparable to the time between charge-changing
collisions. Then, the e�ective ionization and cap-
ture cross-sections may change drastically (see Sec-
tion 3.4).

2.2. Cross-sections for electron capture

Besides projectile ionization, also electron cap-
ture contributes to charge-changing channels in
collisions between few-electron projectiles and
neutral target atoms. The two most important pro-
cesses are radiative electron capture (REC) and
non-radiative electron capture (NRC).

REC dominates in high-energy collisions of
high-Z projectiles with low-Z targets. Here, elec-
tron capture is accompanied by the emission of a
photon. This process is the inverse of the photo-
electric e�ect [33,34,14] and has been studied in
great detail both theoretically and experimentally
even for the heaviest ions up to bare uranium
[35,23,14]. The non-relativistic dipole approach de-
rived by Stobbe [33] provides a universal cross-sec-
tion scaling law for the REC cross-section, valid
for all non-relativistic ion±atom collision systems.
The projectile atomic number ZP and the velocity
v enter the REC cross-sections through the
adiabaticity parameter g, which for K-shell elec-
trons reads

g � Ekin

EK

; �5�

where Ekin is the kinetic energy of a target electron
in the rest frame of the swift ion and EK is the K-
shell binding energy. An estimate for REC into the
projectile K-shell REC can be obtained by using
the non-relativistic dipole approach and multiply-
ing the result with the number ZT of quasi-free
electrons in the target:
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rK-REC

� ZT � 9165 barn
j3

1� j2

� �2
exp�ÿ4jarctanjÿ1�

1ÿ exp�ÿ2pj�
�6�

where j � 1=
���
g
p

.
Exact relativistic radiative recombination calcu-

lations by Ichihara et al. [35] demonstrate that this
simple dipole approximation yields reasonable re-
sults even for high projectile charges (e.g. uranium)
and relativistic beam energies up to a few hundred
MeV/u. This is shown in Fig. 4, where the total
electron capture cross-sections per target electron
measured for bare high-Z ions (from xenon to ura-
nium) in collisions with light target atoms are plot-
ted versus the g-parameter [23].

The predictions of the dipole approximation
are given by the dotted curve. The solid curve
shows the results of the rigorous relativistic calcu-
lations performed for ZP� 80 [35]. The data cover
a range from ZP� 54 to ZP� 92 and beam energies
from 80 to 1000 MeV/u. At high energies, the re-
sults of Stobbe's dipole approximation start to

deviate from rigorous relativistic calculations. In
this energy range, the latter can be better approx-
imated by the Sauter formula [34], which is derived
within a relativistic ®rst-order treatment in aZP.

With increasing nuclear charge of the target,
the NRC process gains importance. NRC is medi-
ated by a three-body interaction, where the third
particle involved in the collision is the target atom.
The active electron is transferred radiationless
from a bound target state into a bound state of
the projectile. The target recoil takes up the excess
momentum. At medium and high collision ener-
gies (g P 1), only the most strongly bound target
electrons determine the total NRC cross-section.
In general, a precise theoretical description is di�-
cult, as the Coulomb ®eld of the projectile leads to
distortions of the atomic wave functions in the tar-
get even at in®nite distances. However, already the
simple ®rst order OBK approximation gives the
non-relativistic cross-section scaling dependence:

rNRC � Z5
PZ5

T

E5
kin

: �7�

In the relativistic regime, the energy dependence
approaches asymptotically a 1=Ekin-dependence
[32].

The strong dependence of the NRC cross-sec-
tion on the nuclear charges of the projectile and
the target implies that at not too high energies this
is by far the dominant capture process in collisions
of high-Z projectiles with medium or high-Z target
atoms. As discussed in detail by Eichler and Meye-
rhof [32], a reliable cross-section prediction from
non-relativistic to relativistic energies can be ob-
tained on the basis of the relativistic eikonal ap-
proximation.

Eichler [36] has derived an approximate analyt-
ical equation which allows the calculation of NRC
cross-sections averaged over the subshells of arbi-
trary initial and ®nal principal states n�P �. In par-
ticular, for low-Z targets, these predictions are well
con®rmed by experiments and one can estimate
that this theory provides reliable predictions with-
in a factor of two. In Fig. 5, the total cross-sec-
tions for electron pick-up from a N2 gasjet target
into bare uranium ions, measured at the ESR stor-
age ring, are displayed. The data cover the projec-
tile energy range from 50 to 360 MeV/u [25]. The

Fig. 4. K-shell REC cross sections vs. adiabaticity in compari-

son with experimental data (see text for details) [23]. The pre-

dictions of Stobbe's dipole approximation [33] are given by

the dotted curve. The solid curve shows the results of the rigor-

ous relativistic calculations for ZP � 80 [35]. The dash-dotted

curve is the (relativistic) Sauter prediction [34]. The data cover

a range from ZP� 54 to ZP� 92 and beam energies from 80 to

1000 MeV/u.
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solid curve is the sum of cross-section calculations
for REC (dipole-approximation) and the eikonal
approach for NRC. The calculation takes into ac-
count the capture of the nitrogen K-shell electrons
into projectile states up to n�P � � 20. Good agree-
ment between experiment and theory is obtained,
illustrating the di�erent energy dependencies of
NRC and REC.

Depending on the projectile nuclear charge, in
narrow energy regions resonant transfer and exci-
tation processes may become additional important
electron capture mechanisms [37]. As an example,
for resonant K-electron excitation of Xe, Au, and
U, the main resonances lie in the energy range 30±
40, 80±100, and 110±150 MeV/u. However, this
resonant capture process will not be considered
in this paper.

In Fig. 6, the comparison between experiment
and theory is extended to capture cross-sections
for Au78� and Bi82� ions colliding with C-targets
and Ni-targets [12,22]. Here, both, the predicted
scaling of the total capture cross-section with the

nuclear charge of the targets and with the beam
energy is con®rmed by the experiments.

3. Models

In this section, models are described, which are
useful for charge-state preparations and predic-
tions for relativistic heavy ions [32].

Although it is common to label ionic ground
states by their charge q, for the present purpose
it is more convenient to label them by the number
of electrons n � ZP ÿ q on the ion, where ZP is the
projectile atomic number.

Many problems related to the statistics of the
transport of an ion beam penetrating through lay-
ers of matter can be described analytically and ef-
®ciently with the Bothe±Landau scheme [38].
General expressions for energy-loss distributions,
Coulomb-scattering distributions, and the
charge-state spectrum of charged-particle beams
as a function of target thickness have been given

Fig. 6. Measured total electron capture cross sections for H-like

Au (solid symbols) and Bi projectiles (open symbols) in C (cir-

cles) and Ni (squares) targets compared with theoretical predic-

tions [12,22]. REC has been calculated in the dipole

approximation (dashed curves), NRC has been calculated in

the eikonal approximation (dotted curves). The total cross sec-

tion (solid curves) is the sum of REC and NRC, and for C tar-

gets the solid line almost coincides with the dashed line. The

calculations are shown only for Bi.

Fig. 5. Total one-electron-capture cross section of bare urani-

um ions in collision with N2 molecules. The solid curve is the

sum of the radiative (dashed curve) and non-radiative (dotted

curve) electron-capture cross sections, which have been calcu-

lated using the dipole and eikonal approximations, respectively.

The experimental data were measured at the ESR gas target

[25].
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by Sigmund [39]. Contributions from the collision
and from deexcitation are treated within the
framework of a matrix formalism which is out-
lined in Ref. [6].

Basic assumptions for the applicability of the
transport equations to the speci®c case of charge-
state distributions are (i) that the cross-sections
leading to transitions between projectile states do
not depend on the penetration depth, i.e., the slow-
ing down of projectiles is neglected, and (ii) that
the transition probabilities obey Poisson statistics.
From Sigmund's treatment, the usual rate equa-
tions for the yield Yn�x� of projectile ions in state
n can be retrieved:

dYn�x�
dx

�
X
n0 6�n

r�n0; n�Yn0 �x� ÿ rtot�n�Yn�x�: �8�

Here, x is the penetration depth (expressed in at-
oms/cm2) in the target, r�n; n0� is the cross-section
(in cm2) for a transition from projectile state n to
state n0, and

rtot�n� �
X
n0 6�n

r�n; n0� �9�

is the total charge-changing cross-section for an
ion with n initially attached electrons. The sumP

n Yn�x� is normalized to unity.
Once the cross-sections r�n; n0� are known, the

charge-state fractions Yn�x� of ions with n electrons
at a distance x in the target medium can be evalu-
ated from the set of Eqs. (8). In practice, to solve
Eq. (8), one has to limit the number of excited
states. A typical calculation is that of Betz and
H�oppler [40]. Their model includes ions with up
to seven electrons, distributed over 20 states
among which 157 di�erent transitions can occur.

Rozet [41] has developed a computer program
based on an independent-electron model with up
to 28 electrons on the ion, which can be distributed
over the 1s, 2s, 2p, 3s, 3p, and 3d subshells. The
model takes into account electron loss, capture,
and excitation from and to all the subshells. It uses
non-relativistic cross-sections adjusted to the ener-
gy of the ion at the location in the target where the
particular collision occurs. For non-relativistic col-
lisions, we have found the program ETACHA de-
veloped by Rozet [41] to be very accurate up to
energies of 30 MeV/u. Unfortunately, in the energy

range between �30 and 100 MeV/u, at present no
program provides reliable predictions.

In many cases of relativistic collisions it is not
necessary to use such re®ned models. Especially
in heavy projectiles, the relevant electronic transi-
tions typically are so fast that the contributing (in-
ner) electrons are in their ground state by the time
the next collision occurs. If this is not the case, it is
possible to take into account the most important
excited-state e�ects through the use of e�ective
ground-state cross-sections. Such a model is de-
scribed in Ref. [18] and is discussed in Section 3.4.

Furthermore, spontaneous processes such as
Auger decay of multiply excited ions upon leaving
a solid [42] appear to be very small and can thus
safely be neglected in the present context.

3.1. Ground-state model

The most important cross-sections are those for
one-electron loss and capture, respectively given
by

r�n; nÿ 1� � nKrl
K � nLrl

L � nMrl
M; �10�

and

r�n; n� 1� � 2ÿ nK

2
rc

K �
8ÿ nL

8
rc

L

� 18ÿ nM

18
rc

M � rc
H: �11�

These relations assume that the ion carries at most
28 electrons which ®ll the shells in succession up to
the M-shell, with nX electrons in shell X, so that
n � nK � nL � nM. In principle, each nX can take
values from zero up to the maximum number of
electrons in the shell. The cross-section rl

X is the
loss cross-section for a single electron in shell X;
for simplicity, Eq. (10) assumes that this cross-sec-
tion does not vary with n, although such e�ects can
be taken into account (see Section 3.4). The cross-
section rc

X is the non-radiative plus radiative cap-
ture cross-section from all ®lled target states into
a completely vacant projectile shell X, again as-
sumed to be independent of n, and rc

H is the cap-
ture cross-section into all shells higher than M.

Similar to Eqs. (10) and (11), one can write ex-
pressions for r�n; n� m� in terms of the m-fold
multiple-attachment and stripping cross-section,
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respectively. Unless simplifying assumptions are
made, these expressions are quite complicated be-
cause multiple processes in a single collision can
involve more than one shell [18]. Fortunately,
cross-sections decrease rapidly with increasing
multiplicity, typically by an order of magnitude
for each unit increase in multiplicity, so that mul-
tiple processes can be neglected.

Even with these simplifying assumptions the set
of Eqs. (8) is not easily solved in general, because
for projectiles of atomic number ZP it involves
�ZP � 2��ZP � 1� cross-sections, assuming that the
negative ion with �ZP � 1� electrons is stable.
Therefore, it is appropriate to examine still more
restricted model solutions.

3.2. Pure stripping model

For heavy projectiles of several hundred MeV/u
energy and for light stripper foils, approximately
up to ZT6 13, capture is negligible compared to
loss for the M-, L-, and possibly K-shells of the
ions. If one also neglects multiple stripping com-
pared to one-electron stripping, a simple statistical
argument provides an analytical solution to
Eq. (8). From this solution, the choice of stripper
thickness for maximum yield of the desired charge
state can be obtained, as well as the width of the
charge state distribution [43]. If stripping takes
place only within one shell (M, L, or K), the ex-
pressions are particularly simple. A small amount
of capture does not a�ect the results signi®cantly,
except at thicknesses close to charge-state equilib-
rium, so that the results can be of practical value.

We start with a schematic one-shell model in
which a n-electron ion has a one-electron stripping
cross-section, given by Eq. (10),

r�n; nÿ 1� � nrl; �12�
where rl is the average loss cross-section per elec-
tron. On traversing a thickness x in the target me-
dium, an electron has the probability

s � eÿrlx �13�
of surviving on the ion and �1ÿ s� to be stripped.
Hence, if the ion enters with N electrons, the prob-
ability that just n electrons survive on the ion at x
is given by the binomial expression

Yn�x� � N !

n!�N ÿ n�! s
n �1ÿ s�Nÿn

: �14�

By substitution, one ®nds that Eq. (14) is a solu-
tion of Eq. (8) which satis®es

PN
n�0 Yn�x� � 1.

From Eq. (14), one concludes that the mean
number of electrons n on the ion is

n � Ns: �15�
Also, one can show that at s � n=N , Yn�x�s�� has a
maximum at n � n given by

Yn ' N
2pn�N ÿ n�
� �1=2

; �16�

where Stirling's approximation has been used for
each factorial in Eq. (14).

For the more realistic case of an ion with elec-
trons in several shells X, it is convenient to write
the cross-section for one-electron stripping,
Eq. (10), in the form

r�n; nÿ 1� � �nX � gX�rl
X; �17�

where, for the M-shell,

gM � �8rl
L � 2rl

K�=rl
M; �18�

for the L-shell,

gL � 2rl
K=r

l
L; �19�

and

gK � 0: �20�
Eq. (14) still gives the correct result for stripping
within one shell, if one substitutes

N ! NX � gX and n! nX � gX; �21�
where NX is the initial number of electrons in shell
X. For typical relativistic ions, one ®nds gM ' 2±3
and gL ' 0:2±0.3. Substitution into Eq. (16) then
gives peak values Yn ' 0.2 or 0.3 for stripping to
the middle of the M- or L-shells, respectively.
For stripping to nM � 0 or nL � 0, Eq. (14) shows
that peak values Yn ' 0:6 can be obtained. These
maximum yields are independent of ZT (6 13),
ZP, or ion velocity v, except through a slight ZP

and v dependence of gX. Of course, to obtain a
peak yield at a desired value of nX, the stripper foil
thickness must be chosen so that Eq. (15), with the
substitutions (21), is ful®lled. For this purpose, the
stripping cross-sections must be known.
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3.3. Equilibrium ground-state model

Before discussing general non-equilibrium solu-
tions of Eq. (8), we turn to the equilibrium solu-
tions, obtained by setting dYn�x�=dx � 0. These
solutions are treated in detail by Betz [4]. We re-
strict the discussion to relativistic collisions where
for the present purpose one can neglect multiple
processes. Then, one ®nds that the equilibrium
fractions Fn of Eq. (8) obey the iterative relation

Fn�1r�n� 1; n� � Fnr�n; n� 1�; �22�
where the de®nitions of Eqs. (10) and (11) for the
one-electron stripping and attachment cross-sec-
tions are used. The relation (22) is most easily de-
rived by starting with n � 0 or n � ZP and iterating
Eq. (8) step by step, with the condition
dYn�x�=dx � 0.

To solve Eq. (22), it is convenient to write it in
the form

Fn � rnFn�1; �23�
where

rn � r�n� 1; n�=r�n; n� 1�: �24�
Iterating Eq. (23) from Fn to FZP

(which represents
the ± minute ± equilibrium fraction of neutral pro-
jectile atoms), one ®nds

Fn � rnrn�1 . . . rZPÿ1FZP
; �25�

where

FZP
� 1�

XZPÿ1

n0�0

rn0rn0�1 . . . rZPÿ1

 !ÿ1

: �26�

Since (i) FZP
� 1, so that unity can be neglected

with respect to the sum in Eq. (26), and (ii) rn � 1
until n � 2 is reached, one ®nds that

�FZP
�ÿ1 ' rZPÿ1rZPÿ2rZPÿ3 . . . r2�1� r1�1� r0��: �27�

Using Eq. (25), one can now compute any Fn, in
particular the two-electron, one-electron, and
bare-ion yields

F2 � 1=D; F1 � r1=D; F0 � r1r0=D; �28�
where

D � 1� r1 � r1r0: �29�

From Eq. (24) one obtains

r1 � 2rl
K

r�0; 1� ÿ rc
K=2

; �30�

r0 � rl
K

r�0; 1� : �31�

Here, rl
K is the loss cross-section for a single elec-

tron in the projectile K-shell, r�0; 1� is the one-
electron attachment cross-section into the bare
projectile from all ®lled target shells, and rc

K is
the capture cross-section into the empty K-shell.

The minimum foil thickness necessary to pro-
duce charge-state equilibrium, to a good approxi-
mation is given by the expression [44]

xeq ' 4:6

rl
K � r�0; 1�=2

; �32�

although the relation xeq ' 1=rl
K has also been

proposed [45]. In numerical calculations the equi-
librium thickness can be determined by requiring
that the relative variation of the charge-state frac-
tions with penetrated thickness approaches zero.

3.4. Quasiground-state model

As noted above, in a solid, excited-state e�ects
can occur which are not always negligible. This
has two consequences. (i) Capture to excited states
will be reduced if these states are still occupied
when the next collision occurs. Hence, the e�ective
attachment cross-section to higher states is re-
duced. (ii) There can be electron loss from occu-
pied excited states. Then, the e�ective ground-
state stripping cross-section is increased, since the
loss cross-section from an excited state is larger
than that from the ground state.

These qualitative statements have been quanti-
®ed in calculations by Anholt, ®rst, assuming an
ion in which one electron can occupy the 1s, 2s,
or 2p states, or be absent [15], and, second, allow-
ing two electrons to occupy these states [18]. Since
the former case is more transparent than the latter,
we restrict the discussion to it.

From Eq. (6) of Ref. [15], one can show that
the equilibrium ratio F1=F0 of one-electron to bare
ions can be written in the form
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F1=F0 � rc�eff�=rs�eff�; �33�
where the e�ective attachment cross-section is

rc�eff� � r�0; 1� ÿ f r�1; 2� �34�
and the e�ective stripping cross-section is

rl�eff� � rl
K � f rtot

ex : �35�
Here, the same notation is used as in Eq. (31),
r�1; 2� is the one-electron attachment cross-section
for the one-electron ion, and rtot

ex is the total (to a
good approximation, 1s!2s plus 1s ! 2p) excita-
tion cross-section from the one-electron ground
state. The factor f is less than unity and is given by

f � �rl
L ÿ rl

K�=�rl
L � rde � rtot

ex �; �36�
where the cross-section rde represents a radiative
and collisional deexcitation cross-section given by

rde � 3

4

k�2p! 1s�
nTcv

� 1

4
rex�1s! 2p�: �37�

Here, k�2p! 1s� is the 2p!1s radiative decay
constant, nT is the number of target atoms per unit
volume, v is the projectile velocity (' c), and c is
the projectile Lorentz factor.

If the deexcitation process dominates, f ! 0
and the ratio (33) reduces to the ground-state
model value obtained from Eq. (28)

�F1=F0�gs � r�0; 1�=rl
K: �38�

On the other hand, if deexcitation is small, as
might be the case if metastable states are formed,
there can be noticeable excited-state e�ects.

3.5. Three charge-state model

The three charge-state model of Allison [5] is
very useful in cases where either the heavy-ion ve-
locity and charge state is high enough that only
three charge states occur or if soon upon entering
the target medium, the projectile is stripped down
to the K-shell. In practice, it is usually applicable if
the Bohr criterion (Section 1) is ful®lled for K-
shell electrons. As shown by Allison [5], for three
charge states the rate Eqs. (8) can be easily solved
analytically. Applied to electrons in the K-shell,
this model includes the multiple cross-sections
r�2; 0� and r�0; 2� and provides the complete solu-
tions of Eq. (8) for a maximum number of two

electrons on the projectile. Using the present nota-
tion, the solutions are of the form

Yn�x� � Fn � �A�N ; n�efx � B�N ; n�eÿfx�er
TOT

x=2: �39�
Here, Fn is the equilibrium charge-state fraction,
which is obtained in the limit x!1, i.e., by ne-
glect of energy loss of the projectile. The quantities
A and B depend on the initial electron number
N �� 0; 1; 2� on the ion, as well as on n. The
quantity f is a function of the cross-sections; it,
as well as A and B, is listed in Ref. [5] (care must
be taken to change from the charge-state to the
electron-number notation). The cross-section
rTOT �

P
n rtot�n�, where rtot�n� is de®ned in

Eq. (9).
The Fn's can be obtained directly from the

cross-sections. If multiple processes can be neglect-
ed, the expressions for the Fn's are identical to
Eq. (28) [assuming r�2; 1� � 2rl

K, r�1; 0� � rl
K].

For the case of pure stripping, the solutions (39)
reduce to Eq. (14) �N 6 2�. This model reduces to
a two charge-state model if cross-sections involv-
ing the third charge state vanish.

4. The codes CHARGE and GLOBAL

Over the last decade, we have developed two
di�erent computer codes which provide solutions
of Eq. (8) for relativistic collisions (E=A P 100
MeV/u) of heavy projectiles (ZP P 30). In this sec-
tion, we outline their features and the used approx-
imations.

The code CHARGE [46] uses the analytical so-
lutions of Allison's [5] three-state model and is
thus restricted to describe the charge-state evolu-
tion in the high-energy domain where only bare,
H-, and He-like ions occur. The cross-sections
for projectile ionization are calculated according
to Eq. (4) and screening is taken into account by
means of the Slater screening constants [47]. Elec-
tron capture cross-sections are calculated accord-
ing to Section 2.2. The NRC cross-section is
obtained by summing up over all projectile princi-
pal quantum numbers up to 10 and over all target
principal quantum numbers up to 3, the REC
cross-section is calculated using the Stobbe formu-
la [33]. Rough estimates for double processes are

C. Scheidenberger et al. / Nucl. Instr. and Meth. in Phys. Res. B 142 (1998) 441±462 451



made by assuming the double capture cross-sec-
tion to be one tenth of the NRC cross-section into
the bare projectile and by assuming the double
ionization cross-section to be one tenth of the sin-
gle-ionization of the H-like projectile.

The code GLOBAL [48] takes into account up
to 28 charge states. As noted by Betz [4], the most
useful numerical method for solving Eq. (8) is the
Runge±Kutta method [49]. The main task is to pa-
rameterize the cross-sections r�n; n0� in such a way
that they are useful over the widest range of appli-
cability.

Eq. (10) is used for the stripping cross-section.
To obtain the cross-section for the di�erent shells
and subshells, the K-shell binding energy EK in
Eq. (10) is replaced by the ionic binding energy
EX of shell or subshell X taken from Ref. [50]. In
the program, screening e�ects are taken into ac-
count by interpolating each rl

X linearly between
its ``unscreened'' value (corresponding to the 1s2

2s or 1s2 2s2 2p6 3s electron con®gurations for
the L- or M-shells, respectively) and its ``screened''
value (corresponding to the 1s2 2s2 2p6 or 1s2 2s2

2p6 3s2 3d6 3d10 con®gurations), as each shell is
®lled. Double K- and L-shell loss are taken into
account schematically, using the work of Ref. [27].

Eq. (11) is used for the attachment cross-sec-
tions. Each non-radiative capture cross-section
rc

X is computed with the eikonal approximation,
using the analytical K-shell formula derived by
Eichler [37] and adapted to other shells in Ref.
[16]. Screening e�ects are taken into account in a
manner similar as for rl

X. The radiative electron
capture cross-section is taken as a mean between
the Sauter and Bethe-Salpeter cross-sections [23].
Double and triple capture are considered schemat-
ically, using the work of Ref. [27].

Excited-state e�ects are treated in an approxi-
mate manner by modifying the stripping and at-
tachment cross-sections consistent with Eqs. (35)
and (34), respectively. In principle, these modi®ca-
tion are appropriate only for the equilibrium situ-
ation. But, the work of Ref. [18] suggests that
excited-state e�ects are not important at small tar-
get thicknesses. A further compromise is made by
modifying only the K- and L-shell cross-sections
for excited-state e�ects, since these cross-sections
play a more important role at larger target thick-

nesses. On the other hand, at small target thick-
nesses, the M-shell stripping is not well
represented by the model (see Section 5.1).

Using ®tted range-energy relations, the pro-
gram GLOBAL is able to determine the projectile
energy at a certain penetration depth in the target.
This allows the ionization and capture cross-sec-
tions to be adjusted to the projectile energy at
the point of collision. The adjustment is specially
important for thick targets, where the continuous
change of projectile energy can prevent the attain-
ment of a charge-state-equilibrium situation (see
Fig. 11).

5. Comparison with experiment

In the following sections we compare the pre-
dictions of CHARGE and GLOBAL with experi-
mental data measured at GSI (Darmstadt) and at
LBL (Berkeley). By applying the program to over
one hundred collision systems with 546 ZP6 92
and 46 ZT6 92 for which experimental data are
available from LBL and GSI, we have found that
at collision energies in excess of �100 MeV/u the
charge state yields generally are predicted to better
than a factor of two. The exceptions are mostly in
the electron number range in which stripping in
the M shell takes place (see below). For small
charge-state yields of the order of one percent or
less, the predictions can deviate more from exper-
iment. Few experimental data are available for
lighter projectiles at relativistic energies because
there the projectiles are nearly completely stripped
[15].

The following examples have been selected to
give representative results for light, medium heavy,
and very heavy targets and medium and very hea-
vy projectiles with kinetic energies from about 80
to 1000 MeV/u.

5.1. Non-equilibrium distributions

In Figs. 7±11 the calculated evolution of vari-
ous charge-state distributions with target thickness
is presented and compared with experimental data.
Figs. 7 and 8 depict the charge-state evolutions for
the ions Au and U at about 1 GeV/u in three
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di�erent target materials. For comparison, Fig. 9
shows examples for Xe projectiles at lower ener-
gies.

The dependence of the charge-state distribu-
tions on the electron number turns out to be the
most sensitive test of the predictive power of mod-
el calculations. In Fig. 10 we present two mea-
sured thin-target charge-state distributions which
are typical of stripping in the M and L-shells, re-
spectively. As mentioned previously, the predicted

M-shell distribution is only in qualitative agree-
ment with experiment, whereas the predicted L-
shell distribution is quite accurate.

Fig. 11 is an example for the charge-state
evolution of bare projectiles (U) impinging on
thick targets (Ti). The displayed theoretical curves
are calculated with CHARGE and are almost
identical with the predictions of GLOBAL. As
can be seen from the ®gure, in very thick targets
the energy loss is considerable, thus a�ecting

Fig. 7. Charge-state evolution as a function of target thickness for 955-MeV/u U68� ions in thin Al, Ag, and Au targets impinging with

24 electrons. The lines represent the predictions of GLOBAL. The numbers written next to the lines denote the electron number n on

the projectile. If not explicitly de®ned otherwise, throughout this paper solid lines are used for n � 0; 4; 8; . . . ; dashed lines for

n � 1; 5; 9; . . . ; dotted lines for n � 2; 6; 10; . . . ; and dash-dotted lines for n � 3; 7; 11; . . . ; respectively.

Fig. 8. Charge-state evolution of 1000-MeV/u Ne-like Au ions impinging on Al, Ni, and Au targets. Due to the much larger cross sec-

tions in high-Z materials, charge-state equilibrium in Au targets is reached much earlier than in Al and Ni [22]. The curves are the

results of GLOBAL. The symbols used for the experimental data denote the electron number n attached to the projectile and are used

from now on throughout the paper with the same meaning.
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charge-changing cross-sections and charge-state
distributions. While GLOBAL takes into account
the slowing-down automatically, CHARGE calcu-
lations require the corresponding energy as user
input.

On the whole, the predictions of GLOBAL and
CHARGE agree with experiment to better than a
factor of two. Therefore, these programs are quite
well suited for stripper design and for other appli-
cations.

Fig. 10. Calculated (solid line) and measured (full circles) charge-state distribution for stripping as a function of the number of elec-

trons on the emerging projectile. Left: 1000-MeV/u Au69� impinging on 11-mg/cm2 Al. Right: 955-MeV/u U68� ions behind 1.13-mg/

cm2 Al.

Fig. 9. Charge-state evolution of 82-MeV/u F-like Xe ions in Ag and in Cu, respectively, and of 200-MeV/u F-like Xe ions in Cu. Here,

the energy loss of the projectiles in the target was not taken into account in the calculations using the program GLOBAL. The symbols

have the same meaning as in Fig. 8.
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5.2. Equilibrium distributions and equilibrium thick-
nesses

Figs. 12 and 13 give predictions of GLOBAL
for equilibrium charge-state distributions, as a
function of target atomic number and projectile
energy, respectively. In general, the predictions
are very satisfactory. The results of CHARGE
coincide almost with those of GLOBAL as long
as as only bare, H-, and He-like ions are observed.
From experience, we can conclude that CHARGE
gives reliable predictions as long as the He-like
fraction is approximately equal to or smaller than
the bare-ion fraction.

The equilibrium charge-state distributions for
the collision systems shown in Fig. 10 (Au and U
in Al) are displayed as a function of electron num-
ber in Fig. 14. Here, the model calculations repre-
sent the data very well, even at low energies where
many charge-states contribute to the equilibrium
distribution.

We complete this survey with a prediction of
the target thicknesses required to achieve

charge-state equilibrium for heavy projectiles.
Fig. 15 shows calculated equilibrium thicknesses
of C, Cu, and Au targets. Finally, we present cal-
culated equilibrium charge-state distributions for
Xe, Dy, Au, U ions in various target materials
in Table 1.

6. Limitations of the models

Despite the good overall agreement between ex-
perimental data and the predictions obtained from
CHARGE and GLOBAL, certain limitations of
the applied charge-state models must be stressed.
Electron-correlation processes such as resonant
transfer and excitation (RTE), i. e., the time-re-
versed Auger e�ect, are not considered. RTE takes
place when the adiabaticity parameter g is smaller
than unity, and may enhance considerably the
electron capture cross-sections in low-Z targets.
Consequently, for stripper targets such as Be or
C, this may have large impact on the charge state
distribution.

In general, in the computer codes only approx-
imations are used which were derived from ®rst or-
der perturbation theories (see Section 2). This
implies, that in particular for symmetric collision
systems, where high-Z targets and high-Z projec-
tiles are involved, the calculated charge-exchange
cross-sections are questionable. Moreover, since
we are essentially dealing with relativistic collisions
of high-Z projectiles in the b regime between 0.4
and 0.9, relativistic e�ects start to play an impor-
tant role. However, most of the charge-exchange
cross-sections are calculated by using non-relativ-
istic theories and relativistic e�ects are added in
an approximate way. In some particular cases,
e.g., K-shell excitation to p-levels, this may lead
to deviations from more appropriate theories by
a factor of two [24].

Summarizing the various limitations of the ap-
plied models, we emphasize that the aim of the de-
veloped computer codes is to provide a reasonable
basis for the prediction of charge-state evolutions
and distributions in matter. The cross-sections cal-
culated by CHARGE and GLOBAL should be in-
terpreted as e�ective cross-sections for high-Z ions
interacting with solid matter rather than precise

Fig. 11. Charge-state evolution of 950-MeV/u bare U ions im-

pinging on Ti targets. Here, the three-state program CHARGE

is su�cient to describe the measured data, and gives essentially

the same results as the program GLOBAL. For very large tar-

get thicknesses, the slowing down of the projectile must be ta-

ken into account.
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Fig. 12. Calculated and measured equilibrium charge-state distributions of Xe, Au, and U projectiles at di�erent energies in various

target materials. The curves are predictions of GLOBAL, which almost coincide with the predictions of CHARGE.
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predictions of cross-sections for all atomic colli-
sion processes under single-collision conditions.

7. Applications

We illustrate a typical application by discussing
the design of a stripper used at the CERN

Pb-beam project [51]. The problem is to chose the
best material and the optimum thickness for a strip-
per placed between PS and SPS accelerators at
CERN. The incident beam (extracted from the
PS) is 4.25 GeV/u Pb53�. Behind the stripper, the
ions should be fully stripped in order to reach the
highest possible energy in the subsequent accelera-
tor SPS. In addition, transverse and longitudinal

Fig. 13. Calculated and measured equilibrium charge-state distributions of Xe, Au, and U projectiles in various target materials dis-

played as a function of the projectile energy. The curves are predicted by GLOBAL.
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emittance blow-up, i.e., angular and energy-loss
straggling, respectively, should be small because
of the restricted phase-space acceptance of the SPS.

The performance of several stripper materials
ranging from Be to Au was investigated. Fig. 16
shows the calculated equilibrium thicknesses
which are required to achieve the highest yield of
bare ions. Except for Be and C, in all materials
more than 99% of the ions become fully stripped.
Since capture and ionization cross-sections scale

with high powers of ZT, in high-Z target materials
the cross-sections are much larger than in low-Z
materials. Therefore, in these materials, equilibri-
um conditions are reached at smaller target thick-
nesses and thinner strippers can be used.

The longitudinal emittance blow-up is governed
by the energy-loss straggling. Although from this
point of view a high-Z material would be advanta-
geous (see lower part of Fig. 16), the energy-loss
straggling [52] is negligible as compared to the

Fig. 14. Calculated (solid lines) and measured (full circles) charge-state distributions for stripping as a function of the number of elec-

trons on the emerging projectile: Upper left: 1000-MeV/u Au ions ! 501-mg/cm2 Al; upper right: 950-MeV/u U ions ! 377-mg/cm2

Al; lower left: 120-MeV/u Bi ! 228 mg/cm2 Al; lower right: 105-MeV/u U ions ! 43-mg/cm2 U.
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relative momentum spread of the beam (which is
of the order of a few times 10ÿ4 for the Pb beam
extracted from the PS).

Multiple scattering, which determines the trans-
verse emittance blow-up, increases with the atomic

number of the penetrated material, but this in-
crease is slightly overcompensated by the decreas-
ing stripper thickness required for charge-state
equilibrium. Therefore the transverse emittance
growth depends only weakly on ZT.

Finally, Al was chosen for the stripper be-
cause of practical considerations. Transmission
measurements con®rmed that a 1-mm-thick Al
stripper has the best performance with respect to
stripping e�ciency and emittance blow-up [53].

8. Conclusions

From our measurements and the comparison
with model predictions, we can conclude that in
general charge-changing processes of highly-
charged projectiles during their passage through
matter are well understood to predict charge-state
distributions in the energy range from 80 to 1000
MeV/u. A striking result is that even for the heav-
iest projectiles only few charge states occur at equi-
librium conditions. In the modeling of charge-state
evolutions, some simplifying assumptions can be
made, such as the neglect of multiple processes
and excited-state e�ects. This knowledge and expe-
rience has been implemented in the codes GLOB-
AL [48] and CHARGE [46], which are useful
tools for charge-state predictions of relativistic
heavy ions and for applications.
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Fig. 15. Equilibrium thicknesses calculated according to

Eq. (32) for Xe (upper part), Au (middle), and U (lower part)

impinging on targets made of C, Cu, and Au, respectively, in

the energy range �100 . . . 1000� MeV/u.
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Table 1

Calculated equilibrium thicknesses and charge-state distributions of Xe, Dy, Au, and U ions in Be, C, Al, Cu, Ag, and Au targets at

various projectile kinetic energies E (in MeV/u)

Projectiles in

E Be C Al Cu Ag Au

Xenon projectiles

(90) (64) (35) (10) (5) (3.3)

50 16:47:35:1:0 19:46:34:1:0 5:25:58:11:1 1:13:56:23:5 1:13:53:23:7 1:10:44:25:12

(97) (66) (35) (11) (6) (3.8)

65 28:50:22:0:0 34:47:18:0:0 18:41:38:3:0 4:25:56:12:2 3:23:57:14:2 2:19:55:17:5

(105) (71) (38) (13) (7) (4.6)

85 41:46:13:0:0 50:41:9:0:0 42:42:16:0:0 14:40:41:4:0 9:36:48:6:1 7:31:53:8:1

(112) (74) (40) (15) (8) (5.1)

100 49:42:9:0:0 58:36:6:0:0 55:36:8:0:0 24:45:29:2:0 16:43:37:3:0 12:39:44:4:1

(130) (86) (45) (20) (11) (6.9)

150 66:30:4:0:0 74:24:2:0:0 79:19:1:0:0 58:35:7:0:0 45:43:12:0:0 36:46:17:1:0

(210) (130) (70) (33) (21) (13.2)

500 93:7:0:0:0 94:6:0:0:0 97:3:0:0:0 98:2:0:0:0 96:4:0:0:0 94:6:0:0:0

Dysprosium projectiles

(115) (93) (67) (24) (8) (6)

50 1:18:73:7:0 1:19:72:8:0 0:6:59:28:6 0:3:31:35:21 0:3:26:31:22 0:4:20:26:22

(140) (107) (70) (26) (11) (7)

75 6:35:56:3:0 8:39:51:2:0 5:26:59:9:1 1:12:56:24:6 1:11:53:26:8 1:12:47:26:10

(165) (120) (76) (30) (13) (8)

100 12:45:42:1:0 17:48:34:1:0 17:43:38:2:0 5:26:56:12:1 3:22:58:15:2 3:21:56:16:3

(200) (145) (84) (37) (18) (11)

150 26:50:23:1:0 35:48:17:0:0 46:42:12:0:0 25:45:28:2:0 15:42:40:3:0 12:39:44:4:0

(270) (180) (100) (47) (27) (16)

250 49:42:9:0:0 59:36:5:0:0 74:24:2:0:0 67:29:4:0:0 51:39:9:0:0 42:44:13:0:0

(380) (240) (130) (62) (39) (24)

600 83:16:1:0:0 87:13:0:0:0 93:7:0:0:0 95:5:0:0:0 93:6:0:0:0 89:10:0:0:0

Gold projectiles

(135) (110) (95) (52) (19) (14)

70 0:8:75:15:1 0:10:75:13:1 0:5:61:27:5 0:2:26:35:23 0:2:22:31:24 0:4:20:28:23

(170) (140) (110) (57) (23) (15)

100 1:16:72:10:1 2:21:70:7:0 2:19:67:11:1 0:7:53:30:8 0:7:47:31:11 1:10:44:29:12

(230) (180) (130) (66) (30) (18)

150 4:31:60:5:0 7:37:53:3:0 12:42:43:2:0 5:27:57:10:1 3:22:59:14:2 3:22:57:15:3

(290) (225) (150) (75) (38) (22)

200 9:41:47:3:0 14:46:39:1:0 26:48:25:1 17:42:38:3:0 10:37:47:5:0 9:36:49:6:5

(440) (310) (190) (96) (55) (32)

350 27:50:22:1:0 36:48:16:0:0 56:38:6:0:0 61:33:6:0:0 48:41:11:0:0 39:45:16:0:0

(620) (410) (225) (111) (70) (43)

700 62:34:4:0:0 70:27:3:0:0 83:16:1:0:0 89:10:0:0:0 88:12:0:0:0 82:17:1:0:0

Uranium projectiles

(145) (130) (115) (85) (40) (18)

100 0:4:62:28:5 0:5:69:22:3 0:5:62:27:5 0:1:26:36:24 0:2:21:32:25 0:2:17:27:25

(210) (180) (155) (100) (50) (23)

150 0:9:69:19:2 1:13:72:13:1 2:18:69:10:1 1:9:57:26:6 0:7:50:30:9 0:9:47:29:11

(275) (225) (190) (115) (60) (28)

200 1:16:69:13:1 2:23:66:8:0 5:33:57:4:0 3:22:61:12:1 2:18:60:17:2 2:17:59:18:3
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