
Abstract. An overview of experimental data and theoretical
methods is given for charge-changing processes with ion beams
passing through gaseous, solid, and plasma targets. The main
focus is on electron capture and electron loss processes involving
heavy many-electron ions (like Ar q�, Kr q�, Pb q�, W q�, U q�)
at relatively large and relativistic ion energies E � 50 keV/u ±
50GeV/u, including multielectron processes, which increase the
total cross sections to about 50% or more. A large part of the
paper is devoted to consideration of the stopping power of
matterÐ the basic quantity characterizing kinetic energy
losses of ions due to interactions with particles in matter. The
electron capture processes for heavy ions colliding with atoms at
low energies E < 10 eV/u and the arising isotopic effect are
briefly discussed. The formation dynamics of charge-state frac-

tions and average equilibrium charges in the ion beams inter-
acting with medium particles are considered on the basis of the
balance rate equations, including the creation of equilibrium
charge-state fractions and average charges, an equilibrium
target thickness and ion beam average charge, etc. A short
description of the computer programs ETACHA, GLOBAL,
CHARGE, and BREIT for calculating the charge-state frac-
tions as a function of the target thickness is given, and some
applications directly using charge-state fractions, e.g., in the
detection of superheavy elements and in solving problems in
laboratory and astrophysical plasmas, are considered. All phy-
sical processes and effects touched upon in the paper are ex-
plained in terms of atomic physics using the radiative and
collisional characteristics of heavy many-electron ions interact-
ing with electrons, atoms, ions, and molecules.
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are of interest for solving fundamental problems in atomic
and nuclear physics, plasma and accelerator physics, as well
as for mastering many new applicationsÐ from cancer ion±
beam therapy to constructing modern powerful heavy-ion
accelerators, from detecting superheavy chemical elements to
modeling biochemical reactions in living cells [1±10].

The interaction of ions with media particles and the
evolution of ion±beam fractions are determined by the
properties of electron±ion and ion±atom processes, as well
as photo-processes related to radiation and absorption of
photons. Information on atomic characteristics (effective
cross sections, radiative and Auger transition probabilities,
and others) are needed for investigations in many fields of
atomic physics and atomic spectroscopy, plasma physics,
quantum electronics, accelerator physics, and thermonuclear
fusion, as well as for creating reliable methods of spectro-
scopic and corpuscular diagnostics of laboratory and astro-
physical plasmas. Basic features of atomic processes govern-
ing interactions of ions with target particles, such as
dependences on relative velocity and the atomic structure of
colliding particles and target-density effects, are considered in
many review articles and books [11±26].

In recent years, due to intensive development of accelerat-
ing technology, the interest in investigations of atomic
processes involving heavy many-electron projectile ions like
Ar q�, Xe q�, Au q�, W q�, Bi q�, and U q� has significantly
increased because of their key role in thermonuclear fusion
[27, 28], the slowing down of ion beams in matter [29], the
fragmentation of exotic nuclei [30], the generation of extreme
states of matter [31], astrophysics [32], investigations of new
materials structures [33], and other fields. Information about
international databanks on the electronic structure of atoms
and ions and effective cross sections of electron±atom, ion±
atom, and other collisional processes can be found on the
IAEA website [34].

The design of modern heavy-ion accelerators and storage
rings is based on optimization of the so-called vacuum
conditions, i.e., a residual-gas composition and a gas density
in order to reach minimum ion losses and maximum ion±
beam lifetimes. These principles are the focus of international
projects such as FAIR (Facility for Antiproton and Ion
Research), started at GSI, Darmstadt, in 2011 [35]. Another
important example is given by the NICA Project (Nuclotron-
based IonCollider fAcility), a Russian collider of protons and
heavy ions being constructed around the Nuclotron accel-
erator at JINR, Dubna, in order to create a high-density
material in collisions of gold ions (atomic number Z � 79)
with a kinetic energy of about 10GeV/u. The project began to
be developed from 2013, and a construction of the accelerator
was started in March 2016.

Interest in processes of ion interactions with media arose
more than 100 years ago in experimental investigations of ion
neutralization in collisions with gaseous targets [36]. Later on,
a significant contribution to those investigations wasmade by
manywell-knownphysicists, includingLDLandau,PVVavi-
lov,WLBragg,WELamb,NBohr, J Lindhard, NOLassen,
E Teller, H D Betz, H G Berry, and K Shima (see Refs [1, 9,
10]). At the present time, experiments involving heavy ions
are being carried out at leading world-class accelerators
in Dubna JINR (Russia), CERN (Switzerland), GANIL
(France), UNILAC (Germany), NSCL (National Supercon-
ducting Cyclotron Laboratory) and SuperHILAC (Super
Heavy Ion Linear ACcelerator) (USA), RIKEN (Japan), and
HIRFL (Heavy Ion Research Facility in Lanzhou) (China).

In the penetration of a heavy-ion beam with a certain
charge state through matter (gas, plasma, solid), beam ions
interact with the target atoms, molecules, ions, and electrons,
resulting in the formation of charge-state ion fractions Fq�x�
with different charge states q and individual evolutions as a
function of the penetration depth (target thickness) x. At
relatively large x, significantly exceeding ion mean free path
L in the media, x4L, the fractions Fq�x� become indepen-
dent of x and the charge state of ions in the incident beam
and reach the so-called equilibrium distribution. The charge-
state fractions at equilibrium are called equilibrium ion
fractions, and correspond to establishing balance between
the number of ionization and recombination events occur-
ring with ions having a given charge and colliding with the
target particles.

The aim of this survey is to present information about
state-of-the art experimental data on charge-changing
processes involving heavy ions with kinetic energies of
50 keV/u < E < 10GeV/u, which penetrate through gaseous,
plasma, and solid targets, as well as theoretical methods and
computer programs for calculating interaction cross sections,
equilibrium and nonequilibrium charge-state fractions, mean
charges of ion beams, and other characteristics.

The main attention is paid to the consideration of heavy
many-electron projectiles and target atoms, i.e., atomic
systems having more than one electron shell. These systems
are of great interest from both experimental and theoretical
points of view: the presence of a large number of electrons in
colliding systems often leads to situations where the inner-
shell electrons play an essential, and even the main role. For
example, multiple-electron ionization and recombination
(electron capture) of ions in collisions with neutral atoms
leads to an increase in the total cross sections up to more than
50%, which, in turn, strongly influences the evolution of the
charge-state fractions and their mean charges. Explanations
of physical processes and different effects aremade in terms of
the atomic physics, i.e., using the properties of atomic
elementary radiative and collisional processes.

The system of atomic units is used throughout:
m � �h � e � 1, where m and e denote electron mass and
charge, respectively, and �h is the Planck constant. In atomic
units, the Bohr length and velocity are a0 � �h 2=me 2 � 1, and
v0 � e 2=�h � 1.

1.1 Gaseous targets
Usually, H2 andN2 gases are used as targets, as are inert gases
He, Ar, Kr, and Xe in two versions: in a gas cell with solid
windows or jet-based gas injection. In the gas cells, the gas
density is rather high (� 100 mg cmÿ2) to minimize correc-
tions due to passing through solid windows.

The gas-jet targets are used in storage rings or to
determine the collision cross sections, when it is necessary to
provide one-collision conditions, i.e., to take advantage of
relatively low gas densities. One of the main disadvantages of
using gas-jet targets is the large scattering angles (angle
struggling), which make the detection of collision events
quite difficult. For such gas systems, special control methods
are applied, where the gas injection is synchronized with the
pulsed timing of the accelerator (see, e.g., Ref. [29]).

1.2 Solid targets (foils)
Foils are usually made frommetallic elements beginning with
Be (Z � 4) and ending with U (Z � 92), whereZ is the atomic
number. Themanufacturing technique of the foils depends on
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their material and thickness, which varies from a few mg cmÿ2

for keV/u-energy ion beams up to a few g cmÿ2 for relativistic
ions [29, 37]. Carbon �Z � 6� foils are used most often,
because they are produced with a high accuracy. In recent
years, multilayer foils produced from different chemical
elements have come to be of special interest in obtaining an
ion beam with the required charge at the output (see report
[38] and references cited therein).

We note that in a large number of experiments, e.g., on the
detection of superheavy elements, foils should not be
destroyed and retain their atomic properties during long-
term interaction with a high-energy ion beam. To a large
extent, this relates to a thick foil substrate (for example, C), on
which a thin layer of a heavy element (for example, Pb) is
deposited, which actually participates in the synthesis
process. In this case, the foil lifetime, i.e., the time before its
destruction, depends mainly on the radiation interaction with
the incident ion beam and the target evaporation, and varies
from fractions of a second to hundreds of hours, depending
on the type of the foil material, energy, and charge state of the
beam before and after passing through the target [39].
Calculations of the properties of such foils and their lifetimes
are performed taking into account the thermodynamic and
hydrodynamic conditions, which the solid targets have to
satisfy (see, for example, papers [40, 41]).

1.3 Plasma targets
The interaction of heavy-ion beams with plasma targets is
used to study inertial thermonuclear fusion and beam plasma
diagnostics, and to obtain the maximum possible average
charge of the emergent ion beam. For these purposes, special
gas-discharge devices have been designed, consisting mainly
of a quartz tube and a gas in it at a pressure of several Torr [29,
42, 43]. A composition of gas-discharge plasmas (atoms, ions,
molecules, molecular ions, and electrons) depends on the type
of gas, plasma density, and temperature [44, 45]. The
interaction of ion beams with DÿT plasmas is of a particular
interest [46, 47]. The determination of plasma temperature
and density is usually carried out by spectroscopic methods,
laser interferometry, or absorption techniques [48, 49].

An important way to study the interaction of ion beams
with plasma targets is to increase the average charge of the
ion beam at the output (and, hence, the stopping power) 10
or more times compared to a cold gas target made of the
same element. This occurs in the so-called plasma windows,
corresponding to certain ion beam energies, when the
probability of capturing the bound electrons from neutral
atoms is much less than the probability of radiative electron
capturing (radiative recombination) the plasma free elec-
trons [48±50].

1.4 Liquid targets
Besides the pure physical interest in studying the properties of
liquids, the interaction of ion beams with such targets is also
of practical importance for biological research and medicine,
especially for beam therapy of cancer tumors [6, 7]. For
example, ionization of cancer tumors by protons and carbon
nuclei with energies of the order of several MeV/u is
effectively used in many medical centers in Russia, the USA,
Japan, and Germany. That is why the interaction of ion
beams with water molecules, which the human body mainly
consists of (80%), is studied most intensively. Certainly, there
are still many problems to be solved, related to the structure
of complex molecules and secondary electron ionization of

cells, which can lead to a greater cell damage than the primary
ion flux, and some others [51±53].

2. Characteristics of ion beams
interacting with the medium

In its passage through media, an ion beam losses kinetic
energy due to interaction with media particles, and the energy
spread and the scattering angle increase. Below, a brief
discussion is given on the characteristics of ion beams after
passing through media, which depend mainly on the stopping
power of matter (see Section 3).

2.1 Kinetic energy loss
As a result of the ion beam interaction with media particles, it
loses part of its kinetic energy, so that the energy distribution
shifts toward lower energies and becomes wider (Fig. 1a). The
energy loss hDEi, averaged over all collisions, is determined
by collisional-fluctuation losses due to three main pro-
cessesÐ ionization, recombination, and charge-state fluctua-
tionsÐand depends on the penetration depth of the ion beam
in the target.

The energy loss hDEi is defined by the following expres-
sion [10]:

hDEi � Nx
X
i

Tisi � Nx

�
T ds � Nx

�
T

ds
dT

dT ; �1�

where N is the density of target atoms, x is the penetration
depth,T is the energy loss in one collision, and s is the energy-
loss cross section [10, 20, 54]. Angle brackets h. . .i stand for
statistical averaging over all collisions of ions with media
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Figure 1. Properties of an ion beam as it passes through a medium:

(a) losses and broadening of the beam in energy; (b) spread in the

scattering angles, and (c) penetration depth (particle range). (Taken from

Ref. [54].)
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particles. At relatively low ion energies E � 10ÿ100 keV/u,
the energy losses are determined mainly by elastic collisions
with the nuclei of media atoms, and at higher energies
E � 10ÿ100 MeV/u by inelastic collisions with target
electrons, accompanied by electron capture (charge-
exchange) processes and ionization of projectile ions (strip-
ping) and target atoms (Section 3.3).

In practice, the ion kinetic energy loss is defined by the
stopping power dE=dx of ions in media by the formula

DE � ÿ
� L

0

dE

dx
dx ; �2�

whereL is the target thickness, and the function dE=dx can be
taken from various tables (see, for example, Ref. [55]) or
calculated by the SRIM program (Stopping and Ranges of
Ions in Matter) [56] (see Section 3 for more details).

In a dense medium, the energy profile of a beam scattered
due to multiple collisions is close to a Gaussian function with
a width O called the energy loss straggling, which has the
form [10]

O 2 � 
ÿhDEi ÿ DE
�2� � Nx

X
i

T 2
i si

� Nx

�
T 2 ds � Nx

�
T 2 ds

dT
dT : �3�

In general, obtaining O in a closed analytical form is a very
complicated problem, but in the special case of two ion
fractions with charges q0 and q1, the width of the energy
spread due to the influence of atomic processes assumes the
form [57, 58]

O 2 � 2L
F10 F11

N�s01 � s10�
�
dE

dx
�q0� ÿ dE

dx
�q1�

�2
; �4�

where L and N are the target thickness and density,
respectively, s01 and s10 are electron-loss and electron-
capture cross sections, F10; 1 are the equilibrium fractions
(Section 4), and dE=dx �q� are the partial stopping powers.

In a low-density medium (rarefied gas), the energy profile
of the beam is described by the Landau±Vavilov formula [59,
60]. The spread of energy losses in relativistic collisions is
considered in paper [61].

The exact energy distribution of ions escaping the target is
required for many applications, e.g., for the manufacture of
electronic chips and semiconductor detectors and in cancer
therapy, where it is necessary to know accurate values of ion
energies before and after interaction with the patient's body.
Methods for measuring beam energies in the range keV/u±
MeV/u are described in Refs [5, 62].

2.2 Angular straggling. Radiation length
An important property of an ion beam passing throughmedia
is its angular spreading due to elastic scattering on media
particles, when a well-collimated ion beam becomes broa-
dened in scattering angles, as shown in Fig. 1b.

Multiple scattering of ions by particles of the medium has
been considered in various theoretical (e.g., Refs [63±65]) and
experimental (see Ref. [29]) studies. In practice, to determine
the width sa for a Gaussian distribution, the following
expression is used [64]:

s 2
a �rad2� �

Z 2
1 199 MeV2

�pbc�2
L

Lrad

�
1� 1

9
log

L

Lrad

�
; �5�

where L is the target thickness, Z1 and p are the charge and
momentum of the incident ion, Lrad is the radiation length,
and b � v=c.

By the radiation length is meant the distance, at which the
intensity of gamma radiation and the flux of high-energy
electrons are attenuated by a factor of e. Radiation length is
usually given in units of g cmÿ2, i.e., in a form independent of
the aggregate state of matter (liquid, gas, or solid) and can be
estimated by the expression [66]

Lrad � 1432:8M

Z�Z� 1��11:319ÿ lnZ� �g cmÿ2� ; �6�

where Z is the atomic number, and M is the atomic mass of
the target atom. To express the radiation length in cm, one has
to divide Lrad in Eqn (6) by the density of matter in its
aggregate state. For example, substituting Z � 82, M � 207
for lead (Pb) atoms in Eqn (6) one obtainsLrad � 6:37 g cmÿ2,
so that in solid Pb with density 11.34 g cmÿ3 one has
Lrad � 0:57 cm.

2.3 Penetration depth (ion range)
Heavy ions passing through matter interact mainly with
target electrons and deflect little from the direction of their
motion, so their trajectories are close to rectilinear. Therefore,
the range (or penetration depth) of a heavy particle is
determined by the distance from the ion source to the point
at which the ion completely stops. The magnitude of the path
of the beam, like the kinetic energy loss or angular spreading,
is determined by the stopping power dE=dx of the substance,
and the penetration depth R of the ion beam with initial
energy E0 is given by the expression (see Fig. 1c)

R�E0� �
� E0

0

�
ÿ dE

dx

�ÿ1
dE : �7�

The range R is expressed in cm or g cmÿ2, depending on the
units in which the stopping power is specified.

Since the stopping power depends on the characteristics
of the incident ions and penetrable substance approximately
as ���� dEdx

���� � Z 2
1

v 2
r ; �8�

the particle range shows the following dependences:

R �Mv 4

Z 2
1 r
� E 2

MZ 2
1 r

; �9�

where M, v, E, and Z1 are mass, velocity, energy, and charge
of the incident ion, respectively, and r is the density of the
target material. Therefore, for a fixed particle velocity, the
range is proportional to the particle mass and inversely
proportional to its charge, and for a fixed energy the range
is inversely proportional to the particle mass. Since the
stopping power increases with increasing the electron density
of the substance and the ion charge, then the beam range R
decreases. For example, the range of 10-MeV alpha particles
in air and an aluminum target is R � 11:0 and 0.007 cm,
respectively.

Information on the ion ranges in media is required for
many applications in radiation physics, biology, etc. The
ranges of ions in various media are given in books [5, 9, 10].
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The slowing-down time of a particle with an initial energy
E0 in matter is determined by the expression

Tstop �
� E0

0

�
ÿv dE

dx

�ÿ1
dE : �10�

3. Stopping power of matter

3.1 Definition of stopping power
In passing through a substance, a fast ion experiences tens of
thousands of collisions with the target particles, gradually
losing its kinetic energy E. The energy loss is characterized by
the stopping power (SP) of matter dE=dx, where dE is the
energy lost by the ion in a target layer of thickness dx [5, 67]:

ÿ dE

dx

����
E�E1

� lim
Dx!0

E0 ÿ E1

Dx
> 0 : �11�

Here, E0 and E1 are the kinetic energies (in eV) of ions before
and after their passage through a target layer Dx (in cm). The
quantity defined in Eqn (11) is called the linear stopping power
and has the dimension of eV cmÿ1.

The kinetic energy, lost by a charged particle during its
passage through matter, is often called ionization loss because
in many cases the ion energy losses are also related to the
target-particle ionization. Information on the SP for ions in
matter is necessary for solving many problems in accelerator
physics, thermonuclear synthesis, medicine, etc.

Measurements of SPs as a function of the ion energy are
carried out at a fixed thickness of the target and consist in
measuring the beam energy in the presence of the target and
without it in the beam line. At present, SPs in the energy range
ofE � 1 keV/u ±200GeV/u are being thoroughly investigated
starting for protons and ending for uranium ions (see, for
example, Refs [68±72]). For relativistic energies, experimental
data on SPs were obtained mainly at CERN [70], GSI
(Darmstadt) [69, 72], and BEVALAC (Berkeley) [3].

In the relativistic Born approximation, the stopping
power for a heavy charged particle with a charge Z1 as a
function of energy has the form (the Bethe±Bloch approxima-
tion) [67, 73]

ÿdE

dx
� 4pe 4

m

Z 2
1

c 2b 2
Ne

�
ln

2mc 2b 2

I
� ln g 2ÿ b 2

�
; �12�

where m and e are the electron mass and charge, respectively,
b � v=c, with v being the ion velocity, Ne is the electron
density, I is the average excitation energy of the target atom,
and g is a relativistic factor.

Equation (12) was obtained at relativistic energies for bare
nuclei with a chargeZ1 � ZN, whereZN is the nuclear charge,
although it is often utilized for many-electron ions and
nonrelativistic energies by introducing an effective charge
Zeff instead of Z1. Because of the electron screening, the
effective charge of heavy many-electron ions is always less
than the nuclear charge, Zeff < ZN, and, generally speaking,
depends on the ion velocity v (see Section 3.2).

The electron �Ne� and atomic �Nat� densities of matter are
related as

Ne � ZNat � ZNAr
M

; �13�

where NA � 6:022� 1023 is the Avogadro constant, and Z,
M, and r are the atomic number, atomic mass in a.m.u., and

the density of matter in g cmÿ3, respectively. Atomic masses
M of atoms are given in the Periodic Table of elements.

In the nonrelativistic case, formula (12) takes the form

ÿ dE

dx
� 4pe 4

mv 2
Z 2

1ZNat ln
2mv 2

I
; �14�

which coincides with that given in book [74]. Formula (14)
was obtained within the framework of the theory of collisions
for `effective slowing down', i.e., for the average energy loss k
of the incident ion in matter:

ÿ dE

dx
� Natk ; dk �

X
n

�En ÿ E0� dsn ; �15�

where E0 and En are the energies of the ground and excited
states, and sn are the excitation and ionization cross sections
of the target-atom inelastic collisions, respectively. The
summation is made over atomic states in the discrete and
continuous spectra. In the derivation of Eqn (14), the first
order of the perturbation theory in the dipole approximation
for the cross sections is used, and the sum rule for dipole
oscillator strengths f0n of 0ÿn transitions with transition
energies En ÿ E0 is written asX

n

f0n �
X
n

2m

�e�h�2 �En ÿ E0�
���dx�0n��2 � Z ;

where dx � e
P

i xi stands for the x-component of the total
dipole moment of the target atom.

The average excitation energy I of the target atom under
the logarithms in Eqns (12) and (14) is determined by the
relation

ln I �
P

n f0n ln �En ÿ E0�P
n f0n

� 1

Z

X
n

f0n ln �En ÿ E0� :

Thus, the origin of quantities under the logarithm sign
becomes evident from the derivation of this equation: the
dependence Z 2

1 �ln v 2�=v 2 follows from the asymptotic beha-
vior of the excitation and ionization cross sections at high
velocities v, while the average excitation energy I comes from
summation of k over excited states of the target atom.

In Fig. 2, the recommended average excitation energies I
of neutral atoms are given as a function of the atomic number
Z. In the literature, the semiempirical Bloch formula is often
utilized: I [eV] � 10Z, which gives the average value shown in
Fig. 2.

Along with the linear stopping power defined in Eqn (11),
the mass stopping power is used:

ÿ 1

r
dE

dx
�MeV cm2 gÿ1� ; �16�

which is independent of the density of matter r.
A comparison with the experimental data (see paper [29])

showed that the Bethe±Bloch formula (12) is applicable for
the following values of the collision parameter:

Z1a
b
� Z1

v
4 1 ; �17�

whereZ1 and v are the charge and velocity of the incident ion,
respectively, and a � 1=137 is the fine-structure constant.
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As the parameter Z1=v increases, experimental data for
SPs begin to disagree with calculated results using the Bethe±
Bloch formula (12). For a more accurate description of the
stopping power for a large class of ions, atomic targets, and
energies, the Lindhard±S�rensen approximation based on the
Dirac equation [67] is applied with account for higher-order
corrections: the Bloch correction for close relativistic colli-
sions [76], the Barkas correction for polarization effects of the
target atoms [77], the Fermi correction for density effects [78],
the nuclear finite-size correction [67], shell effects [75], and
others.

Figure 3a shows experimental relative SPs for relati-
vistic bare nuclei from O to U in the Be target as a
function of the collision parameter (17) at b � 0:84 in
comparison with the Bethe±Bloch and Lindhard±S�rensen
models. It is seen that with Z1=v increasing, the experi-
mental data come to be in good agreement with the
Lindhard±S�rensen model.

If experiments with relativistic bare nuclei are in relatively
good agreement with the Lindhard±S�rensen theory, the
situation with many-electron ions is not so simple: with
decreasing energy of incident ions, their effective charge Zeff

becomes much less than the nuclear charge due to electron
screening effects and the influence of atomic charge-chan-
ging processes (loss and capture). Figure 3b plots ratios of
the experimental SPs to those calculated in the Lindhard±
S�rensen theory for Au, Pb, and Bi ions with charges close to
equilibrium ones, when the ions with energies of 100 MeV/u±
1 GeV/u pass through foils made of materials from Be to Pb.
At energies E < 300 MeV/u, the ratios become less than
unity, i.e., Zeff < ZN, which indicates the influence of the
strong screening effects on the ion charges in the medium.

3.2 Effective charge of an incident ion.
Stopping power tables
A projectile ion passing through matter changes its charge
due to atomic interactions with medium particles, which
requires the introduction of an average or effective charge
Zeff, depending, in general, on the impact parameter and ion
energy. The effective charge plays an important role in the
theory of the slowing-down of ions in matter and is still the
subject of detailed studies (see Refs [83±89]). DeterminingZeff

of ions in plasmas is an especially difficult task because of the
Debye screening of the Coulomb ion potential by free plasma
electrons (see papers [88, 89] and Section 3.5).
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Since there is no unique general approach to the
definition of Zeff, in practice, empirical or semiempirical
formulas for Zeff are used. So, in tables of the SPs for many-
electron ions, scaling laws are adopted which were obtained
on the basis of experimental data for protons and other light
ions (He�, a-particles) in the form�

dE

dx
�E�
�
Mi;Zeff

� Z 2
eff

�
dE

dx

�
E

Mi

��
proton

; �18�

where Mi, Zeff, and E are the mass (in units of proton mass),
the effective charge, and the ion energy in MeV, respectively.
The effective charge is often determined from simple physical
assumptions or by fitting measured data to those for light
nuclei as the exponential dependence on the ion velocity v. To
estimate the effective charge Zeff, the following formula is
often used [83]:

Zeff�v� � ZN

�
1ÿ exp �ÿ0:95vZÿ2=3N �� ; �19�

where v and ZN are the ion velocity and nuclear charge of the
incident ion. The semiempirical correction of experimental
data for complex ions makes it possible to describe and
predict the stopping-power values rather well for many-
electron ions in a wide energy range.

Figure 4 shows calculated relative values of Zeff=ZN for
He, Ar, and U ions colliding with aluminum foil as a function
of ion energy. For energies E > 50 MeV/u, projectile ions are
completely stripped to bare nuclei. At low energies, heavy Ar
and U ions experience the strongest influence of the screening
effects.

Tables of experimental SP data for many ions and targets
may be found in Refs [5, 82, 90±92], as well as on the NIST
[93] and ICRU [94] (International Commission on Radiation
Units and Measurements) websites. A detailed comparative
analysis of the available experimental and theoretical data on
SPs for ions from Li to Kr at energies of 0.001±1000MeV/u is
given in Ref. [95].

Tables [66] present the SPs for ions with nuclear charges
24ZN 4 103 at energies of 0.0125±12 MeV/u, based on
experimental studies in gases and foils. The semiempirical
scaling formula (18) treating proton SP data was applied for
heavy ions with effective charges Zeff depending on the
nuclear charge ZN and ion velocity v. Since the amount of

experimental information at that time was rather limited,
sometimes the accuracy of the tables [66] is quite poorÐnot
exceeding 50%. The SPs in foils at energies of 2.5±500MeV/u
are given in Refs [85, 92] using the rather complicated
dependences of Zeff on ZN and v. Examples of making use
the fitting tables for estimating the SPs for Pb ions are
demonstrated in Fig. 3c.

3.3 Dependence of the mass stopping power on ion energy
On the basis of available experimental and theoretical data, it
is possible to present schematically a general SP dependence
on the ion energy. The qualitative dependence of the mass
stopping power on ion energy E is illustrated in Fig. 5.

At low ion energies E < 1 keV/u, the SP is formed due to
elastic collisions, accompanied by the transfer of some of the
ion kinetic energy to the target nuclei. With an increase in ion
energy E > 10 keV/u, the slowing-down of ions in a medium
proceeds due to the interaction of colliding particles with
electrons of both target atoms and projectile ions. In the range
of ion velocities of 1 a.u. < v < ve, where ve is the average
orbital electron velocity in the target, the SP increases due to
inelastic processes such as electron loss and electron capture.
Then, according to the Lindhard±S�rensen theory, the SP
reaches its maximum at v � ve, and decreases by the law
� vÿ2 to its minimum, as follows from the Bethe±Bloch
formula (12):

ÿ 1

r
dE

dx

����
min

� 1:7 MeV cm2 gÿ1 ; bg � 3:5 : �20�

In the energy range covering 10ÿ103 MeV/u, the main ion
losses are due to electron excitation and ionization of target
atoms, and a vÿ2 law of SP decrease is the same as for
corresponding collision cross sections. With a further energy
increase, the SP increases as � ln g due to the relativistic
effects described by the logarithmic term in formula (12).

At superrelativistic energies E > 106 MeV/u �bg5 100�,
the relativistic growth in ion energy losses is compensated for
by the density effects, and the function dE=d�rx� becomes
independent of ion energy, reaching a constant value called
the Fermi plateau [78].

Several computer programs were implemented for numer-
ical calculations of SPs for ions: SRIM (Stopping and Range
of Ions in Matter) and TRIM (TRansport of Ions in Matter)
[56], MSTAR [96, 97], and others.
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3.4 Bragg peak
An important property of the stopping power lies in its
dependence on the target thickness, which is exhibited in the
so-called Bragg peak [98]. When a fast ion passes through a
thick target, its velocity drops to zero (a complete stopping),
and its stopping power increases with decreasing velocity due
to an increase in the target-atom ionization cross section as
v 2. Simultaneously, the SP reaches its maximum and
dramatically decreases at a certain distance called the particle
range (Fig. 6).

The presence of a Bragg peak in the ionization loss curve is
widely used in applications for tumor therapy (mainly in
cancer therapy [6, 7, 99]) exploiting proton or heavier ion
beams �C q�;N q��, since in the latter case the radiation dose
peak can be reached at a larger penetration depth into tissue
than with photon radiation. The magnitude and position of
the Bragg peak can be regulated by the choice of energy and
type of ion, allowing great advantages of employing ion
therapy over a short-wavelength photon irradiation, as
shown in Fig. 6.

3.5 Stopping power in plasmas
The theoretical problems of ion deceleration in plasmas
have been considered in many studies (see, e.g., Refs [50, 89,
100±107]). If the projectile-ion velocity v is larger than the
electron thermal velocity vth in plasma, the SP of plasma
free electrons for nonrelativistic ions is determined by the
Bohr formula [100]:

ÿ
�
dE

dx

�
free

�
�
Zeffeop

v

�2

ln
mv 3

Zeffeop
; v4 vth �

����������
kBT

m

r
;

�21�

where T is the plasma temperature, kB is the Boltzmann
constant,Zeff is the effective charge of incident ions, andop is

the plasma frequency, defined as follows:

op �
�
4pNee

2

m

�1=2

: �22�

Here, Ne is the density of free electrons.
In the case of the SP for nonrelativistic ions propagating

in a (gas) target, Eqn (14) can be rewritten in a form similar to
expressions (21) and (22):

ÿ
�
dE

dx

�
gas

�
�
Zeffeop

v

�2

ln
2mv 2

I
; �23�

where Ne now corresponds to the density of the bound
electrons in gas.

Formulas (21) and (23) differ from each other by the
expression under the logarithm sign. This means that even if
the effective charges in plasma and gas targets are the same,
the SP of free electrons in a plasma is always greater than that
in a gas due to the logarithmic term. For a partially ionized
plasma, the ion energy loss is defined by the sum of
expressions (23) for the bound electrons of atoms and ions
in a plasma and Eqn (21) for free electrons, where each term
has to be multiplied by the corresponding particle density in a
plasma.

The presence of free electrons in a plasma significantly
changes the picture of the atomic interactions of the ion beam
with the plasma in comparison with a cold gas. In addition to
free electrons, the presence of ions in a plasma should be
remembered, and the concentrations of all particles depend
strongly on plasma temperature and density. Besides the
electron loss and capture processes occurring in targets of
neutral atoms, interaction with free electrons and plasma ions
leads to the appearance of additional atomic processes like
radiative recombination (ion capture of free plasma electrons
followed by photon emission), dielectronic recombination,
triple recombination, and projectile ion ionization by plasma
electrons and ions (see Section 5.4).

The rates of radiative recombination of free electrons are
much smaller than those of electron capture on bound
electrons, which leads to a substantial increase of the
effective charge Zeff in a plasma compared to a cold-gas
target of the same element. This property, predicted in paper
[101], leads to an increase in the SP of a plasma for ions
because, in the first approximation, ÿdE=dx � Z 2

eff. Experi-
mental studies of heavy-ion SPs in a hydrogen plasma were
carried out in Refs [108±110], where a hydrogen plasma was
created inZ-pinchwith electron densityNe� 1016ÿ1019 cmÿ3
and electron temperature Te � 10ÿ20 eV. The main conclu-
sion made in these papers is that a plasma constitutes a more
effective medium for ion beam deceleration than gas targets.

A comparison of ionization losses in a gas and in a fully
ionized plasma is given in Fig. 7a. As was mentioned before,
the quantity dE=dx for a fully ionized gas is larger than for a
cold gas, because of a different logarithmic dependence of the
stopping power: in a plasma, free electrons are much easier to
excite (plasma waves) than bound electrons in atoms and
ions. This conclusion is confirmed by experimental data (see,
e.g., Refs [109±112]).

Figure 7b plots experimental data on SPs for Kr ions in
a fully ionized hydrogen plasma and in a cold gas as a
function of ion energy. It is seen that at low ion energies
E � 0:1 MeV/u, a 200-fold increase in the energy losses is
observed in the hydrogen plasma compared to a cold gas.
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At the same time, the difference in SP for a gas and plasma
at high ion energies E > 10 MeV/u is about a factor of 2.

At present, intensive studies on the slowing-down of
heavy ions are being carried out in a carbon laser-produced
plasma with high electron densities Ne � 1021 cmÿ3 and
temperatures Te � 60ÿ250 eV (see, for example, Refs [113±
116]). Large values of Ne and Te, as well as the presence of
ions with different charges �C q�� in a plasma,make it possible
to investigate in more detail the effect of physical processes
accompanying an ion beam±plasma interplay, for example,
dielectronic recombination, which does not arise in a
hydrogen plasma because of the absence of doubly excited
atomic states in the hydrogen.

In general, it should be noted that, while the slowing-
down of heavy ions in solid and gaseous targets has been
studied sufficiently well and many theoretical models ade-
quately reproduce the experimental results, the interaction of
charged particles with a plasma has been investigated in less
detail, and the number of available experimental data is very
limited.

3.6 Influence of the target-density effect
on the stopping power
The target-density or gas-solid effect has been first observed
experimentally by Lassen [117, 118] in the study of charge-

state fractions of uranium-ion beams passing through a
carbon foil and a gas target, and later on, in measuring the
energy loss (stopping power) of ions in gas and solid media
[119]. The density effect consists in increasing the average
(equilibrium) charge of ionswhen an ion beampasses through
a solid body in comparison to a gas target. The first
theoretical models taking account of the influence of the
effect on ion fractions and energy losses were presented in
papers [120, 121]. With the development of heavy-ion
accelerating technology, experimental and theoretical stu-
dies of density effects have been continued (see Refs [1, 5,
10, 122±126]. At present, the term density effects is under-
stood more broadly, i.e., the influence of the effect on the
atomic cross sections, the stopping of ions in a dense medium,
the equilibrium charge-state fractions in ion beam passage
through gas, plasma, foils, etc.

A qualitative explanation of the density effect is as follows
(see also Section 5.3.2). As a target density increases, the
frequency of projectile ion collisions with target atoms
increases and the time between neighboring collisions
becomes shorter than the lifetime of the ion excited states in
medium, so that some excited ions experience further
collisions with the target particles. The excited ions do not
have enough time to decay into lower quantum states by
radiative transitions or any other way, which leads to their
ionization in subsequent collisions with the target particles.

As a result, with an increase in target density, the electron
capture (charge exchange) cross sections decrease, because
the number of vacant excited states of the formed ion
decreases, and, in contrast, the loss (stripping) cross sections
increase, because ionization of the incident ion occurs not
only from the ground state, but also from excited states. Since
the average ion charge is formed as a result of establishing the
steady equilibrium between the processes of ionization and
recombination, the combined influence of the density effect
on both processes leads to an increase in the average ion charge
in a denser medium, and, consequently, to an increase in the
stopping power. A quantitative description of the influence of
the density effect on the average charge of many-electron ions
passing through gas and solid targets is given in paper [126] in
terms of the electron-loss and electron-capture cross sections,
which effectively depend on the target density, the relative
collision energy, and the atomic structure of the colliding
particles.

One of the first experiments focused on studying the SP
for heavy many-electron ions with account for the density
effect was performed at the UNILAC/GSI accelerator in
Darmstadt, where partially ionized ions from Kr to U were
studied at energies of several MeV/u, and it was shown that
the SPs in gases are approximately 20% less than those in foils
[124]. These results are presented in Fig. 8.

4. Equations of charge state balance

4.1 Charge-state balance equations
in the passage of ions through matter.
Average charge state and equilibrium thickness
One of the key questions arising in the passage of ion beams
through gas, plasma, or solid targets is information on the
evolution of the ion charge states as a function of the
penetration depth (target thickness), i.e., charge-state frac-
tions Fq with a relative number of ions having a given charge
q. Determination of the ion fractions Fq plays an important
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role in solvingmany experimental and theoretical problems in
atomic and nuclear physics, plasma physics, accelerator
physics, and so on. For example, the effective cross sections
of electron-loss and electron-capture processes, as a rule, are
found from measured Fq values [1].

With increasing target thickness x, the charge-state
fractions Fq�x� change greatly due to the influence of
competing ionization (electron loss) and recombination
(electron capture) processes, i.e., charge-changing processes.
The dependence of the Fq�x� fractions on the target thickness
x is found by solving the balance (rate) equations (first-order
differential equations), which relate Fq�x� fractions with the
cross sections of projectile ion interactions with media
particles [1]. In the case of gas/foil targets, the balance
equations have the form

d

dx
Fq�x� �

X
q 0 6�q

Fq 0 �x�sq 0q ÿ Fq�x�
X
q 0 6�q

sqq 0 ; �24�
X
q

Fq�x� � 1 ; x � NL ; �25�

where x is the target thickness or the areal density. The sum
over qmeans the summation of cross sections over all possible
charge states: si j for i < j are the single- andmultiple-electron
loss (projectile ionization by target atoms), and si j for i > j
are electron-capture (charge exchange) cross sections, respec-
tively, in cm2/atom or cm2/molecule units (see Section 5 for
interaction processes). Here, N is the target density in atom/
cm3 or molecule/cm3 units, and L is the penetration depth of
ions in the target or effective length in cm. The areal density x
has the dimension of atom/cm2 or molecule/cm2. It is
assumed that in system (24), (25) cross sections si j do not

change with varying parameter x (i.e., the change in the ion
velocity v in ion passage through a layer of thickness x can be
disregarded). The sum of all fractions is normalized to unity
as a consequence of the conservation law for the number of
ions before and after collisions with matter.

When the ion beam interacts with the plasma target,
system of equations (24), (25) is solved using the rate
constants Nvs of the processes instead of the cross sections
(N is the plasma particle density) and taking into account
the additional interaction processes of an ion beam with
plasma free electrons and ions: radiative and dielectronic
recombinations, ionization by electron impact, etc., which
are absent in the case of gaseous and solid targets (about the
interaction of ions with a plasma, see, for example, Refs [46,
50, 52, 88, 116]).

Equations (24), (25) with the left-hand sides
dFq�x�=dx 6� 0 have an analytical solution, if the number of
fractions equals 2 or 3 [127]. Analytical expressions given in
review [127] for Fq�x� fractions are used to solve various
problems for ion beams passing through a medium at
relativistic energies, when the three main fractions (bare
nuclei, H- and He-like ions) make a major contribution. In
general, the system of equation is solved numerically, for
example, by the Runge±Kutta method or by the diagonaliza-
tion method for the interaction matrix (see Section 6).

In practice, the target thickness x is often expressed in
g cmÿ2 units of areal density, using the relationships

x �atom=cm2� � N �atom=cm3�L �cm� � x �g cmÿ2� NA

M
;

�26�
whereNA � 6:022� 1023 is the Avogadro constant, andM is
the atomic mass of the particles (atoms or molecules) of the
medium in a.m.u.

Ion charge-state fractions in a medium possess an
important property: at a certain target thickness xeq, they
reach their equilibrium stage, i.e., become stationary, inde-
pendent of the target thickness upon its further increasing,
x > xeq. The quantity xeq is termed the equilibrium thickness,
and the corresponding fractions Fq�1� are called equilibrium
fractions. The equilibrium thickness depends on the interac-
tion cross sections entering into system (24), (25), and, in
general, on the charge q0 of the incident ions [10].

Figure 9 illustrates the evolution of bromine ion fractions
in the collision of Br10� ions with argon atoms at an energy of
13.9 MeV (174 keV/u) as a function of argon density. As is
seen from the figure, for a thickness xeq � 3� 1016 atom/cm2,
all ion fractions reach their equilibrium stage, i.e., become
independent of the thickness x upon its further increasing.
Strictly speaking, each fraction reaches its own equilibrium
value at its specific thickness. The equilibrium thickness is
referred to the target thickness, at which all fractions reach
their equilibrium states.

The mean ion charge �q in a medium at a thickness of x is
identified as

q�x� �
X
q

qFq�x� ;
X
q

Fq�x� � 1 : �27�

The equilibrium average charge is defined by the formula

�q � q�1� �
X
q

qFq�1� ; �28�

where q�1� and Fq�1� correspond to the equilibrium values.
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The maximum value �qmax�x� is reached in the equilibrium
regime, i.e., when all fractionsFq�x� � Fq�1�. Figure 10 plots
experimental dependence of the mean charge �q�x� on the
target thickness x in the collisions of 2 MeV/u-Si q� ions,
64 q4 16, with a carbon foil. For ions with initial charges
q0 � 14ÿ16 and small values of x, the mean charge is greater
than the equilibrium one: �q�x� > �q � 12:68. For all incoming
ions with an initial charge of 64 q0 4 13, the equilibrium
charge �q � 12:68 is the maximum charge of the ion beam at
the exit from the foil.

4.2 Equilibrium ion fractions and charges
Equilibrium fractions correspond to the solution of the
system (24), (25) at dFq=dx � 0, which is transformed into a
system of linear algebraic equations

0 �
X
q 0 6�q

Fq 0 �1�sq 0q ÿ Fq�1�
X
q 0 6�q

sqq 0 ;
X
q

Fq�1� � 1 ;

�29�

and the equilibrium average charge is determined by
formula (28).

System of equations (29) has a simple analytical
solution, if the contribution of multiple-electron processes

is ignored and only single-electron cross sections with
jqÿ q 0j � 1 are allowed for. In this case, the equilibrium
fractions are determined from simple formulas through the
ratios of single-electron loss-to-capture cross sections [1].
Thus, in the 4-fraction approximation, the solution assumes
the form

F1�1� �
�
1� s12

s21

�
1� s23

s32

�
1� s34

s43

���ÿ1
;

F2�1� � F1�1� s12s21
;

�30�
F3�1� � F2�1� s23s32

;

F4�1� � 1ÿ �F1�1� � F2�1� � F3�1�
�
;

where s12, s23, and s34 are single-electron loss (stripping)
cross sections for ion transitions q! q� 1, and s21, s32, and
s43 are single-electron capture (charge-exchange) ones for ion
transitions q� 1! q. Equations (30) can easily be general-
ized to the case of an arbitrary number of charge-state
fractions, if only single-electron cross sections are accounted
for.

Figure 11 shows experimental distributions of equilibrium
fractions in collisions of iodine ions with oxygen molecules
and graphite foils at an energy of 12 MeV (94.5 keV/u). The
shift in the distribution to the right in the case of a graphite
foil is related to the target-density effect (see Section 5.3.2).

The equilibrium fractions Fq�1� depend on cross sections
of ion±target particle scattering but not on the initial charge
q0 of incident ions. This circumstance follows from experi-
mental data (see, e.g., paper [129]) and theory [10], and has a
wide application, for example, for detecting superheavy
chemical elements (see Refs [130, 131] and Section 7.1).

In the case of beams of heavy many-electron ions, a large
number of fractions are formed, the distribution of which
over the charge state q covers quite a broad spectrum. For a
few-electron projectiles, this distribution has a narrower
profile, i.e., when only a few fractions dominate, as it takes
place in relativistic ion±atom collisions.
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Figure 10.Dependence of the average charge �q�x� on target thickness x in

the collisions of 2 MeV/u-S q� ions, q � 6ÿ16, possessing equilibrium

charge �q � 12:68 with a carbon foil. (Taken from Ref. [129].)
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The distribution of equilibrium fractions Fq�1� over
charge states q is usually described by a Gaussian distribu-
tion with the following parameters:
distribution width d is given by

d �
�X

q

�qÿ �q�2 Fq�1�
�1=2

; �31�

and asymmetry parameter s (skewness) is defined as

s �
X
q

�qÿ �q�3Fq�1�
d 3

: �32�

In practice, the equilibrium average charge is found not from
quite complicated system (24), (25), but from the intersection
of the q-dependences of the projectile ionization (loss) and
recombination (charge-exchange) cross sections, i.e., from the
equality

sion��q� � srec��q� : �33�
This method gives a rougher estimate of the equilibrium
average charge �q than formula (28), but is simpler and
clearer. In this case, the values calculated from formulas (28)
and (33) can differ by 15±20% or more from each other (see,
e.g., Refs [132, 133]).

4.3 Equilibrium average charge
There are several semiclassical and semiempirical formulas
for estimating the equilibrium average charge. These for-
mulas are rather simple and give an estimate of the desired
quantities, but have a number of serious disadvantages: they
do not take into account the atomic structure of the colliding
particles or the target-density effect (see Section 5.3.2).
However, these formulas are very useful in many cases and
applications.

The first semiclassical formulas for the equilibrium
average charge were obtained independently in the work of
Bohr [134, 135] and Lamb [136] (for more details, see review
[1]). The Bohr formula was obtained for rarefied gas targets
on the assumption that the incident ion loses all electrons
whose orbital velocity is greater than the ion velocity. The
formula has the form

�q � vZ 1=3
N ; 1 < v < Z

2=3
N ; �34�

where ZN is the incident ion nuclear charge. According to
Eqn (34), a complete stripping of the incident ions to bare
nuclei occurs at ion velocity v � Z

2=3
N . Formula (34), derived

from simple physical considerations, is still used as the basic
formula for ion transportation problems through media (see,
for example, the problem of detecting superheavy elements in
Section 7.1).

The formula reported by Betz et al. [137] was made up on
the basis of experimental data for ions with a nuclear charge
ZN > 10 and energies 5 < E < 80 MeV in gaseous and solid
targets and has the form

�q � ZN

�
1ÿ C exp �ÿvZÿgN �

�
; v > 1 ; �35�

where the approximation parameters are C � 1, and
g � 2=3. If vZ

ÿ2=3
N 5 1, formula (35) coincides with the

Bohr formula (34).
The Nikolaev and Dmitriev formula [138] was con-

structed using experimental data for heavy many-electron

ions passing with energies E > 100MeV through solid targets
and has the form

�q � ZN

"
1�

�
0:608 v

Za
N

�ÿ1=k#ÿk
; �36�

where the approximation parameters a � 0:45, and k � 0:6.
A comparison of the average charge calculated by the
Nikolaev±Dmitriev formula with experimental data for
carbon foils and other elements is given in Fig. 12a.

The dependence of the average charge �q=ZN on the
relative ion velocity v=Z 0:55

N [1], obtained from experimental
data for gaseous targets, is similar to the result calculated with
formula (36), but the parameter kwas not determined because
of the scatter of the experimental data due to the different gas
densities, i.e., because of the density effect, which is not
accounted for in any of the known formulas for the
equilibrium average charge.

For carbon foils, the formula by Shima et al. [139] is often
used:

�q � ZN

�
1ÿ exp �ÿ1:25x� 0:32x 2 ÿ 0:11x 3�� ; �37�

x � 0:608 vZÿ0:45N ; x < 2:4 ;

where ZN is the projectile nuclear charge.
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(Taken from Ref. [142].)
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In paper [140], empirical formulas for equilibrium ion
charges were obtained for gaseous targets:

�qgas � ZN
376x� x 6

1428ÿ 1206x 0:5 � 690x� x 6
;

�38�

x �
�

Z
Z 0:017Zÿ0:03

�1�0:4=ZN

; Z � vZÿ0:52N ;

and solid targets:

�qsolid � ZN
12x� x 4

0:07=x� 6� 0:3x 0:5 � 10:37x� x 4
;

�39�

x �
�

Z
Z 0:019Z

�1�1:8=ZN

; Z � vZÿ0:52N ;

whereZ is the target atomic number. As is seen fromEqns (38)
and (39), the equilibrium charges at low ion velocities do not
decrease exponentially but by a power law:

�qgas � v 1�0:4=ZN ; �qsolid � v1�1:8=ZN : �40�

Figure 12b shows experimental equilibrium fractions of
krypton ions (marked by crosses) in the collisions of
6.0-MeV/u Kr13� ions with a carbon foil as a function of ion
charge in comparison with results calculated using different
semiempirical formulas. The best agreement with experiment
is achieved with the Shima formula (37).

5. Cross sections of heavy ion interactions
with gaseous, solid, and plasma targets

This section briefly describes the processes of ion interactions
with gaseous, solid, and plasma targets, accompanied by a
change in the charge state of the incident ions, as well as the
ionization of neutral target atoms by multiply charged ions.
The probabilities (effective cross sections) of these processes
play a major role in the formation of ionic fractions, average
charge, stopping power, and other characteristics of ion
interactions with various media (see, e.g., review [26]).

Ionization and capture processes proceeding in ion±atom
collisions are described by the general reaction called transfer
ionization, in which simultaneous capture and ionization
occur with the participation of electrons from both colliding
particles:

Xq� � A! Xq 0� � Am� � �q 0 ÿ q�m�eÿ ; �41�
where q and q 0 are the charges of theXq� ion before and after
collision, respectively, and m is the charge of the target ion
Am� after collision.

The following atomic processes are distinguished:
(1) multiple-electron ionization of an incident ion or

stripping (loss or projectile ionization):

Xq� � A! X �q�m�� � A�meÿ ; m5 1 ; �42�
(2) multiple-electron capture (charge exchange or electron

transfer):

Xq� � A! X �qÿk�� � Ak� ; k5 1 ; �43�
(3) multiple-electron ionization of the target atom (target

ionization), in which the projectile charge does not change:

Xq� � A! Xq� � Am� �meÿ ; m5 1 : �44�

At nonrelativistic ion energies, collision processes (41)±
(44) are of a multiple-electron nature, i.e., are accompanied
bymultiple-electron transfers, which is confirmed experimen-
tally. For heavy ions (such as Xe q�, Pb q�, W q�, U q�),
multiple-electron processes contribute significantly (50% or
more) to the total cross sections, summed over all m, and
therefore should be taken into account together with single-
electron processes. With ion energy increasing, the contribu-
tion from multiple-electron processes decreases, and single-
electron processes play a major role.

For relativistic energiesE > 200MeV/u, in addition to the
single-electron nonradiative capture (NRC), process (43),
radiative single-electron capture (REC) with a subsequent
photon emission becomes important:

Xq� � A! X �qÿ1�� � A� � �hoREC : �45�

Process (45) is similar to radiative (photo)recombination, but
in contrast electron capture occurs on the bound, not free,
electrons of the target atoms. At relativistic energies, the total
electron-capture cross section is given by the sum

s tot
EC � sNRC � sREC ; �46�

and the contribution of both capture processes can be of the
same order, especially in the case of heavy targets such as Ar,
Kr, and Xe (for more details about charge-exchange cross
sections and other processes, see reviews [26, 143]).

At large (but nonrelativistic) ion energies E, the single-
electron capture cross sections for NRC, REC, and EL
(electron loss) processes have the following asymptotic
behavior:

sNRC � q 5Z 5

Ea
; 14 a4 5:5 ; v 2 4 IT ; �47�

sREC � q 5Z

Ea
; 14 a4 2 ; v 2 4 IT ; �48�

sEL � Z 2

q 2

lnE

E
; v 2 4 IP ; �49�

where IP and IT are the binding energies of the incident ion
and the target atom, respectively, v is the ion velocity,Z is the
target atomic number, which for neutrals coincides with the
number of electrons, and the power a depends on the
structure of the electronic shells of the colliding particles. At
high energies, as follows from Eqns (47) and (48), the total
electron-capture cross section, given by the sum (46),
increases with the number of target electrons.

At present, considerable material has been accumulated
on the experimental and theoretical cross sections for
electron loss and capture processes. At relatively low ion
energies E9 1 keV/u, experimental data on cross sections
of singly charged ions are given in tables [144, 145], and for
E > 1 MeV/u, the data for multiply charged ions were
obtained mainly at the Helmholtz Centre for Heavy Ion
Research (GSI), Darmstadt [146±151], Texas synchrotron
[152±154], Princeton Tokamak [155], BEVALAC accelera-
tor, Berkeley [156], and the Nishina Center's heavy-ion
accelerators (RIKEN), Japan [157±159]. More detailed
information about electron loss and capture cross sections
of heavy ions can be found in books and review papers [13, 20,
23±26, 160±162].

A typical example of charge-changing cross section
behavior is given in Fig. 13a for collisions of U42� ions with
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argon atoms. For energies E > 1 keV/u, NRC plays a major
role as a recombination process, which prevails up to energies
E � 1 MeV/u. At the energy E � 10 MeV/u, the electron loss
(EL) cross section reaches a maximum, which is also formed
due to multiple-electron ionization. With a further energy
growth, the EL cross section takes on a constant value, and
EL becomes the main charge-changing process.

Figure 13b displays electron-capture cross sections as a
function of energy E for the same case of U42� ions colliding
with argon atoms, but indicating the contribution from
capture of argon inner-shell electrons to the total cross
section (see below).

5.1 Electron capture processes
5.1.1 Basic properties of single-electron capture. Electron
capture is one of the main processes occurring in the
penetration of ion beams through gaseous, plasma, and
solid targets, especially when the beam consists only of bare
nuclei. In this section, we briefly discuss the main properties
of single- and multiple-electron capture processes (43).

At moderate ion energies E � 1ÿ25 keV/u, a capture of
mainly one of the target outer-shell electrons takes place, and

because of the contribution from a large number of excited
states of the resulting X �qÿ1�� ion, the electron capture cross
section features a quasiconstant character, i.e., shows a week
dependence on the energy E. This behavior was predicted in
paper [165], and the cross-section magnitude, close to
experimental data, is estimated from the electron tunneling
model through a Coulomb potential barrier created by the
target atom and the incident ion [166]:

s�v�
�
cm2

atom

�
� 10ÿ15

q

�IT=Ry�3=2
; q5 5 ; v 2 < IT ; �50�

where IT is the ionization potential of the target atom, 1 Ry �
13:606 eV. According to this model, at moderate ion energies,
electron capture occurs predominantly to the levels of the ion
X �qÿ1���n� with the principal quantum numbers n estimated
as follows:

n � q 3=4

�IT=Ry�1=2
: �51�

The cross section in formula (50) is given in cm2/atom, i.e.,
refers to one atom: when calculating cross sections for
molecular targets, Bragg's additivity rule is applied (see
Ref. [167]), according to which effective interaction cross
sections (electron capture, loss) for amolecule target are given
by the sum of the cross sections for its constituent atoms. For
example, in the case of electron capture on a CO2 molecule,
one has s�CO2� [cm2/molecule] � 2s�O� [cm2/atom]�
s�C� [cm2/atom]. The use of Bragg's rule is associated with
difficulties in calculating the cross sections for molecular
targets, but it is partially justified by the fact that, at
sufficiently high collision energies, the main contribution to
the cross sections is made by the capture of target inner-shell
electrons, whose structure in atoms and molecules is approxi-
mately the same.

At higher ion energies, E � 25 keV/u±30 MeV/u, the
electron-shell structure of the target atom becomes signifi-
cant due to the predominant capture of target inner-shell
electrons, and this constitutes the main property of electron-
capture reactions, distinguishing them from other processes
in collisions of fast ions with atoms.

With ion energy increasing, the electron capture cross
section from one fixed target shell decreases rapidly as
� E ÿ5:5, in contrast to the ionization and excitation cross
sections �� Eÿ1�, and the capture of target inner-shell
electrons with an orbital velocity ve, close to the incident ion
velocity, ve � v, begins to play a role. This is the so-called
velocity matching condition, when the electron capture cross
section is close to its maximum value. The orbital electron
velocity ve of deeper target shells increases due to their
binding energy increasing; therefore, with ion velocity v
increasing, the target inner-shell electrons are captured with
a higher probability, for which the velocity matching
condition is satisfied, but the contribution from the target
outer-shell electrons becomes small due to a rapid decrease in
the cross section with increasing collision velocity. As a result,
the electron capture cross section, summed over all target
shells, decreases by a slower law than Eÿ5:5. The latter is
realized only in the region of very high energies, where the
main contribution ismade by the capture of 1s electrons of the
target atoms. For this reason, the electron capture cross
sections for light targets (H, He) decrease much faster than
in the case of heavy targets (Ne, Ar, Kr, Xe), which have a
larger number of electron shells.
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Figure 13. (a) Total cross sections of radiationless capture (EC) and loss

(EL) processes in collisions of U42� ions with argon atoms as a function of

ion energy. Experiment: light and dark symbolsÐ from Refs [146] and

[154], respectively. Theory: solid curvesÐcalculation by the CAPTURE

(EC), DEPOSIT, and RICODE (EL) programs. (Taken from Ref. [163].)

(b) Single-electron capture cross sections of U42� ions on argon atoms as a

function of ion energy. Experiment: light and dark symbolsÐ from

Refs [146] and [154], respectively. Theory: solid curvesÐcalculation by

the CAPTURE programs, dashed curveÐ semiempirical Schlachter

formula (52) (see text). Contributions of the capture of all argon electrons

from 1s2, 2s2, . . . , 3p6 shells to the total capture cross section (totalÐ

calculations using the CAPTURE program). A detailed description of the

CAPTURE, DEPOSIT, and RICODE programs is given in review [26].

(Taken from Ref. [164].)
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The predominant capture of the target inner-shell elec-
trons with increasing ion energy is demonstrated in Fig. 13b
for collisions of U42� ions with Ar, having the electron
configuration 1s22s22p63s23p6. First, the capture of 3s2 and
3p6 electrons of an argon atom occurs, then of 2s2 and 2p6

shells, and only at energies E > 10MeV/u does the capture of
1s2 electrons make the main contribution and the cross
section decrease according to the law � Eÿ5:5.

At present, there are several methods and corresponding
computer programs to calculate electron-capture cross
sections for heavy many-electron ions hitting target atoms: a
classical-trajectory Monte Carlo method (CTMC) for ion
energies E > 1 MeV/u [168], the method of continuum
distorted waves (CDW) [169, 170] for E > 10 MeV/u, the
eikonal method for E > 1 MeV/u) [171], and the normalized
Brinkman-Kramers approximation (CAPTURE program)
for E > 10 keV/u [172]. The accuracy of calculating elec-
tron-capture cross sections by thesemethods is within a factor
of 2. A detailed description of these methods can be found in
review [26].

To estimate single-electron capture cross sections, a semi-
empirical Schlachter formula [173] is often used, which was
obtained from experimental data in the form

sSch

�
cm2

atom

�
� 1:1� 10ÿ8

~E 4:8

q 0:5

Z 1:8

�
1ÿ exp �ÿ0:037 ~E 2:2��

� �1ÿ exp �ÿ2:44� 10ÿ5 ~E 2:6�� ; �52�

~E � E

Z 1:25q 0:7
; q5 3 ; ~E5 10 ; �53�

whereZ is the target atomic number, andE is the ion energy in
keV/u. Equations (52) and (53) reflect the scaling law of the
electron capture cross sections on energy, ion charge, and
target nuclear charge, and are widely used to estimate the
cross sections to within a factor of 2. For collisions of U42�

ions with argon atoms, the cross section calculated from
Eqn (52) is also depicted in Fig. 13b.

5.1.2 Multiple-electron capture. Electron-capture (and loss)
processes involving heavy ions are characterized by a high
probability of multiple-electron capture, which significantly
contributes to the total capture cross sections. The contribu-
tion depends on the ion energy and the atomic structure of the
colliding particles. Table 1 shows the experimental cross
sections of single-electron and total capture cross sections
for collisions of uranium ions with argon at an energy of
3.5 MeV/u. When the ion charge increases, the contribution
of multiple-electron capture increases up to 40%.

At relatively slow collision energies E � 0:01 eV/u±
10 keV/u, experimental data on the multiple-electron capture
of ions on atoms can be found in Refs [173±184]. At higher
impact energies E � 1ÿ10 MeV/u, electron capture cross
sections were measured mainly for heavy Xe, Pb, and U ions
colliding with gaseous targets [146, 147, 154, 184].

In conclusion, we have to pay attention to the following
problems concerning electron-capture processes:

(1) In most cases, in determining capture cross sections,
the number of ions in the final channel is measured, although
correct experimental data can be obtained by simultaneously
measuring both charges of scattered projectiles and target
ions using the coincidence technique. However, the data
obtained by the coincidence technique is very limited, so a

comparison of the calculated cross sections with experimental
ones should be made taking this circumstance into account
(see paper [185]).

(2) In the case ofmolecular targets (H2,N2, CO2, etc.), the
discrepancy between theory and experiment is associated
with, among others, violation of Bragg's additivity rule.
This circumstance was pointed out in Refs [186, 187], where
it was found that the ratio of the electron capture cross
sections of ions on molecules and hydrogen atoms is not
equal to 2, s�H2�=s�H� 6� 2, but grows nonmonotonically
with an energy increase from about 0.8 to 4.0, i.e., the
question of using Bragg's rule for molecular targets requires
further consideration.

(3) Finally, the role of multiple-electron capture by highly
charged heavy ions colliding with target atoms has not been
studied in detail so far (see Section 5.1.2). It is only known
experimentally that the cross sections of multiple-electron
capture increase with increasing ion charge, but their
dependences on the energy and atomic structure of the
colliding particles requires additional theoretical and experi-
mental studies (see, e.g., [146, 147, 154]).

5.1.3 Charge exchange in slow collisions. Isotope effect. The
processes arising in slow ion±atom collisions (relative particle
velocity v5 1 a.u.) play an important role in various
applications of plasma physics and controlled thermonuc-
lear fusion, as well as in astrophysics. For example, the
charge-exchange processes in a low-temperature tokamak
plasma (near-wall plasma, plasma in a divertor) provide
practically the unique mechanism for producing impurity
heavy ions in excited states, the radiative decay of which leads
to short-wave emission used for plasma diagnostics.

The processes of charge exchange of ions on hydrogen
isotopes (H, D, and T) at low collision energies are also
characterized by the presence of the so-called isotope effect
revealing itself in a large difference (by several orders of
magnitude!) in the cross sections: the heavier the isotope, the
larger the cross section (see, for example, paper [188]), i.e., a
heavier target can reach a region of strong rotational
interaction at lower collision energies. The significant
difference in the cross sections for the reactions with H, D,
and T makes it necessary to take into account the isotope
effect in modeling near-wall and divertor plasmas in facilities
using hydrogen isotopes [20].

A strong isotope effect in the process of charge exchange
of alpha particles on hydrogen isotopes, viz.

He2� � A�1s� ! He��n � 2� � A� ; A � H;D;T ; �54�

was predicted in Ref. [188] using the electron nuclear
dynamics (END) method described in work [189]. Later on,
this effect was also found for other shells of the incident ion

Table 1. Experimental electron capture cross sections for collisions of
3.5MeV/u-U q� ions, q � 28ÿ51, with Ar atoms. s �1�EC and s �tot�EC are single-
electron and total capture cross sections, respectively. (Taken from
Ref. [154].)

Ion charge q s �1�EC , 10
ÿ18 cm2 s �tot�EC , 10ÿ18 cm2

28
31
33
39
42
51

12.6
19.7
25.0
52.3
61.6
82.5

12.6
20.8
27.0
60.7
79.7

130.0
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[190] and other collision systems, in particular, for heavy ions
[191±197] using the adiabatic approach [198, 199].

For applications, as a rule, theoretical values of the charge
exchange cross sections are used; there are practically no
experimental data in this energy range. The values of the cross
sections greatly depend on the method of describing the
internuclear motion, i.e., on the relative motion of two nuclei
in the presence of effective interaction between them. In the
presence of a strong isotope effect, theoretical results should
be sensitive to the trajectory of particles' approachingÐ that
is, to details of internuclear interaction. Nevertheless, this
aspect of the dynamics of slow collisions has not yet been fully
studied.

In work [191], the presence of negative scattering angles
was predicted using the END method for reaction (54) at
certain collision parameters,, which cannot be explained by a
purely repulsive Coulomb interaction

VC�R� � Z1Z2

R
; �55�

where R is the internuclear distance, and Z1 and Z2 are the
nuclear charges.

An explanation of the existence of negative scattering
angles was recently given in Ref. [200], where the internuclear
motion is described by the Born±Oppenheimer (BO) potential
corresponding to the initial collision channel:

VBO�R� � VC�R� � E�R� ÿ E0 ; �56�

where E�R� is the electron energy in the field of nuclei fixed in
space at a distance R from each other, which for the present
system is the eigenvalue of the two-center Coulomb problem
[201], and E0 is the electron energy in the initial state. This
potential effectively takes into account the electron±nuclear
interaction, the inclusion of which allows us to explain the
presence of negative scattering angles. The use of the BO
potential proves that the exact ab initio description of the
internuclear motion, required in the END approach adapted
in papers [188, 190, 191], in the case of slow collisions can be
reproduced within the framework of the BO approximation.

The following atomic parameters correspond to reaction
(54): Z1 � 2, Z2 � 1, and E0 � ÿ0:5 a.u. The contribution of
the terms for this system is shown in Fig. 14a. It should be
noted that, while the Coulomb potential is repulsive
�dVC�R�=dR < 0� for all R, the BO potential has a shallow
minimum atR � 3:9 a.u. and is attractive �dVBO�R�=dR > 0�
for larger R, i.e., potentials (55) and (56) describe different
trajectories of the motion of the nuclei.

In work [200], the scattering angle for system (54) was
calculated at a fixed energy E � 50 eV/u, as in work [191],
using the BO potential (56). The results of calculations of the
scattering angles as a function of the parameter rE (r is the
impact parameter) are shown in Fig. 14b by solid (H), dotted
(D), and dotted±dashed (T) lines. They are in complete
agreement over the entire range of rE with END results
[191]. Thus, the internuclear dynamics predicted in the END
approach can be well reproduced using the BO potential (56).
The attractive part of this potential, which appears as a result
of the inclusion of the electron±nucleus interaction, is
responsible for the appearance of negative scattering angles
found in Ref. [191].

In paper [200], the adiabatic approach [198, 199] imple-
mented in the ARSENY code [202] was adapted to calculate
the cross section (Fig. 14c). Thin and thick lines show the

results [200] obtained in the adiabatic approach [198, 199]
with the Coulomb and BO internuclear trajectories, respec-
tively. The dark symbols represent the results obtained in the
END approach [189] from work [190]. The fine dotted line
depicts the results of an adiabatic calculation without
rotational coupling (albeit, for all three targets). The light-
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colored dots give the results of the hyperspherical calculation
by the close-coupling method (HSCC) for the H target [203].

A completely quantum hyperspherical calculation by the
close-coupling method (HSCC) for system (54) with H as the
target was performed in Ref. [203]; the results of this
calculation are shown by light-colored dots in Fig. 14c. This
method solves the quantum three-body Coulomb problem
without any approximations, provided that its numerical
realization yields convergent results. It is noteworthy that
the adiabatic results calculated with the BO trajectory are in
better agreement with the HCC results than are the results of
the END approach. Assuming that both ab initio calculations
[190, 203] converge numerically, this means that the adiabatic
approximation partially compensates for errors associated
with the classical description of internuclear motion.

5.1.4 Charge exchange as a mechanism for creating an inverse
medium in the plasma of a capillary discharge. In this section,
we illustrate the importance of the ion±ion charge exchange
process at low collision energies to create an inverse medium
in the plasma of a capillary discharge with a subsequent
emission in the soft X-ray range.

Recently, the generation on Balmer-a lines (transition
n � 3! n � 2) in hydrogen-like carbon and oxygen ions was
obtained in the ablative capillary discharge in the soft X-ray
range [204, 205] at wavelengths of 18.22 nm �C5�� and
10.24 nm �O7��, respectively. The results were obtained at
Ruhr University of Bochum (Germany) with the facility
described in Ref. [206].

Studies on the creation of inverse population in the soft
X-ray region have been carried out since 1985 at Livermore
and Princeton laboratories using powerful lasers and heavy
targets [207, 208]. At present, this problem is the subject of
intensive research in many laboratories around the world
(see, e.g., Refs [209, 210]).

Studies [204, 205] are notable for the fact that laser
generation in the X-ray range was obtained on a compact
(so-called table-top) laboratory installation using light ions.
It should be noted that the first investigations on the creation
of population inversion in capillary discharges were per-
formed in works [211, 212].

It was concluded [204, 205] that the inversion of the n � 3
level in H-like carbon and oxygen ions is achieved as a result
of ion±ion charge-exchange reactions

C6� � C2��2s2p� ! �
C5��n � 3��� � C3� ; �57�

O8� �O3��2s2 2p 2P� ! �
O7��n � 3��� �O4� �58�

in the regime of hose instability of a plasma formed in a low-
inductance ablative discharge in a capillary made of poly-
acetal �CH2O�n. In the constrictions, a hot plasma of fully
ionized C (or O) atoms is formed, which are directed to colder
regions where, by recharging on less-charged ions, they create
an inverse population by selective charge exchange to the level
n � 3. Thus, a series of thin plasma disks with an inverse
population along the capillary axis is formed, which leads to
enhancing the spontaneous emission on the Balmer-alpha
line.

The assumption that the observed lasing inC andO ions is
due to charge exchange was confirmed by experiments on
collision processes in a laser plasma and by calculations of the
charge exchange cross sections and populations of excited
levels in the collisional±radiative model [213].

In Refs [204, 205], the charge exchange cross sections were
calculated for collisions of bare nuclei with ions of lower
degrees of ionization that exist in cold regions of the plasma.
The calculations were performed in the adiabatic approach
[198] using the ARSENY program [202] based on the method
of hidden crossings. A detailed description of the theoretical
method is given in paper [163].

Figure 15a shows the dependences of the charge
exchange cross sections of oxygen ions on collision
energy; this process populates the ion final states with
principal quantum numbers n � 2ÿ5. As in the case of
carbon ions (57), the largest charge exchange cross sections
at low collision energies are achieved for the reaction (58),
for which the electronic transition occurs due to radial
interaction associated with the change in the internuclear
distance.

In Fig. 15b, a typical example of the time evolution of
the current in a capillary (current I) and the Balmer-a
emission line in the O7� ion at 10.24 nm (PM) is shown.
At a time t � 125 ns, a sharp deep peak is observed in the
PM curve with a duration of about 1 ns, which is
interpreted [204] as the instant of the creation of inverse
population. The results of Refs [204, 205] show the
possibility of Balmer-a line generation in the O6� and C5�

ions in the capillary discharge due to the selective popula-
tion of the level n � 3 by ion±ion charge exchange during
developing m � 0 plasma instability.
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5.2 Electron-loss processesÐ ionization of incident ions
by target atoms
Experimentally and theoretically, the processes of heavy ions
stripping by neutral atoms (42) have been studied in more
detail than the processes of charge exchange, including
multielectron processes �m > 1�, which have large effective
cross sections, especially in the case of many-electron targets
at low and medium collision energies (see, e.g., review [26]).
Experimental data for stripping cross sections of heavy ions
were obtained mainly for gas targets H2, He, N2, O2, Ne, Kr,
and Xe, as well as for complex molecules [214] in the
nonrelativistic energy range of E < 200 MeV/u.

In recent years, the behavior of the stripping cross sections
of heavy ions at relativistic energies, i.e., for E > 200 MeV/u,
has attracted attention due to both purely theoretical interest
and experimental investigations, started in 2011 within the
framework of the FAIR International Project (Facility for
Antiproton and Ion Research) [35]. In the energy range of
80 MeV/u±1 GeV/u, measurements of the stripping cross
sections were carried out mainly for solid targets (foils) from
Be to U [215±223].

When calculating the cross sections of single- and multi-
ple-electron stripping of fast ions by neutral atoms, the
following approaches are applied: the sudden perturbation
method [224], the relativistic Born approximation [225], the
classical trajectory Monte Carlo (CTMC) method [153, 168],
and the classical approach in the energy deposition represen-
tation [226, 227]. Furthermore, a large contribution (up to
50%) to the total stripping cross sections at medium collision
energies is made by multiple-electron ionization of incident
ions (see Section 5.2.1).

Electron-loss cross sections (42) of heavy ions by neutral
atoms reach their maximum at relative velocities
v � �IP=Ry�1=2, where IP is the ionization potential of the
incident ion, mainly due to multiple-electron ionization. In
this energy range, the Born approximation gives highly
overestimated results; therefore, for calculating multiple-
electron loss cross sections, classical methods like CTMC or
energy deposition are used.

Figure 16 plots the dependence of the electron-loss cross
sections for U28� ions with energies of 30 and 50 MeV/u on
the target atomic numberZT fromH to Xe. The experimental
data (dark dots) are in good agreement with calculations of
the cross sections using the DEPOSIT and the RICODE
programs. The CTMC calculations overestimate the experi-
ment by about a factor of 2.

At energies E � 50ÿ500 MeV/u, the stripping cross
sections are described well by the Born approximation
with account for a contribution to the ionization process
not only from outer-shell electrons, but also, importantly,
from inner shells of the projectile ion. Electron-loss cross
sections are scaled by the Bohr formula through ioniza-
tion cross sections by electron �sel� and proton �spr�
impacts:

sEL � Z 2spr�v� � Zsel�v� � Z 2 � Z ; v 2 4 IP ; �59�

where IP is the ionization potential of the incident ion, and Z
is the atomic number of the target atom.

At high velocities, the loss cross sections decrease by a law
in accordance with the nonrelativistic Born approximation:

E!1 ; v!1 ; sEL ! Z 2 ln v

v 2
� Z 2 lnE

E
; �60�

i.e., the heavier the target atom, the more easily the projectile
ion is ionized.

At relativistic ion energies, the electron-loss cross sections
by neutral atoms become quasiconstant due to the influence
of relativistic effects, and, unlike ionization by neutral atoms,
the loss cross sections by ions increase logarithmically with
energy as ln g:

E!1 ; v! c ; sEL � ln g ; for ionic targets ;

sEL ! const ; for atomic targets ; �61�

where g is a relativistic factor.
To estimate the electron-loss cross sections of heavy ions

by neutral atoms at high energies, including the relativistic
domain, a semiempirical formula was obtained in paper [228]
based on numerical calculations and the properties of the
Born approximation in the form
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u � v 2

IP=Ry
� �bc�

2

IP=Ry
; �63�

where v and q are the velocity and charge of the incident ion,
b � v=c, c � 137 is the speed of light, u is the reduced energy,
Z is the atomic number of the target atom, IP is the ionization
potential of the incident ion in Ry, and n0 is the principal
quantum number of the outer shell in the incident ion.

The cross section (62) reaches its maximum at u � 2:

smax

�
cm2

atom

�
� 10ÿ16�Z� 1�2

�
Ry

IP

�1�0:01q
; umax � 2 : �64�

For v! c, cross section (62) tends to a constant value:

s
�
cm2

atom

�
� 3� 10ÿ20�Z� 1�2

�
Ry

IP

�0:01q

; u � c 2
Ry

IP
:

Formula (62) describing electron-loss cross sections is similar
to formula (53) for electron-capture cross sections; these
formulas can be adapted to estimate the lifetimes of ion
beams in accelerators for ions passing through gaseous
media (see review [26]).

5.2.1 Multiple-electron ionization of heavy ions. Ionization of
heavy ions by neutral atoms (loss or stripping collisions),
similar to the processes of electron capture, is characterized
by a high probability of multiple-electron ionization, leading
to its significant contribution to the total cross sections at low
and medium collision energies. The magnitude of the
contribution from multiple-electron ionization depends on
the collision energy and the atomic structure of the colliding
atomic particles. Table 2 collates the experimental cross
sections of single-electron processes and the total electron-
loss cross sections for collisions of xenon and argon ions with
inert gas atoms. It is seen that, even for Ar8� ions with ten
electrons, the contribution of multiple-electron ionization is
about 50%.

5.2.2 Ionization of target atoms. As an ion beam passes
through a medium, information about the degree of ioniza-
tion of atoms and molecules in the medium is of great
importance, especially in estimating the conditions imposed
on the pressure and concentrations of residual gas particles in
high-power accelerators. The ionization of atoms and
molecules of the residual gas by incident ions (44) leads to
the appearance of a long-range Coulomb interaction between
the particles and, at very high beam densities, to so-called
dynamic vacuum effects [229], which significantly affect the
ion±beam lifetimes and losses. In addition, data on ionization
cross sections of neutral atoms and molecules by ion beams
are of interest in beam therapy of various types of tumors, for
example, for taking into account the effect of secondary

electrons in the patient's body, which can lead to damage
much greater than the direct damage by the incident ions.

Experimental and theoretical studies of the ionization of
neutral atoms by multiply charged ions (including multiple-
electron ionization) were carried out mainly in 1980±1995
(see Refs [23, 25, 230] and references cited therein).
Experimental data were obtained mainly for inert He, Ne,
Ar, Kr, and Xe gases at the BEVALAC (Berkeley, USA),
UNILAC (Darmstadt, Germany), and RIKEN NC (Tokyo,
Japan) accelerators for ion beams from protons to bare
uranium nuclei at energies of 1±420 MeV/u. The accuracy of
measuring the ionization cross sections of neutral atoms is
about 30±50%.

Several basic theoretical approaches are used to calculate
the ionization cross sections of neutral atoms by multiply
charged ions: the independent particle method (IPM [231]),
the Monte Carlo method (CTMC) [168], the classical
deposition-energy model [232], and the quantum statistical
approach [233, 234].

Recently, a method has been proposed in paper [230] for
the determination of multiple-electron ionization cross
sections of atoms by highly charged ions in the energy range
of 1 MeV/u± 10 GeV/u with an accuracy up to a factor of 2,
which is based on a combination of classical and quantum
approaches. The contribution from multiple-electron ioniza-
tion, which amounts to 20±35%, decreases with increasing
energy but increases with increasing the atomic number of the
target atom. These properties are illustrated in Fig. 17, where
multiple-electron cross sections for the ionization of Ne and
Ar atoms by multiply charged heavy ions are presented in a
wide energy range, including relativistic energies.

5.3 Relativistic collisions.
Radiative electron-capture processes
At high incident ion energies, a recombination process
competing with the `normal' nonradiative capture NRC
(43) is the radiative electron capture (REC) (45). REC is
similar to the radiative recombination (RR) process, but
differs by the capture of bound, not free, target electrons and
the emission of a photon. The main results on REC
processes, obtained experimentally and theoretically, are
presented in review [143].

At high kinetic energy, the incident ion `sees' that the
weakly bound target electrons are practically motionless, so
electron capture occurs with the emission of a photon as a
third body, which takes away an excessive fraction of energy
and momentum according to the conservation laws. REC
processes are weaker depending on the effective charge of the
target atoms, but with increasing energy their cross sections
decrease much more slowly than NRC cross sections [see
formulas (47), (48)]; therefore, under certain conditions it is
necessary to take into account both recombination processes.
At very high relativistic energies (relativistic factor g > 10),

Table 2. Experimental cross sections of m-electron stripping, sm (m � 1, 2, and 3), and total cross sections stot in collisions of Xe18� and Ar8� ions with
inert gas atoms.

Process Energy, MeV/u s1, 10ÿ18 cm2 s2, 10ÿ18 cm2 s3, 10ÿ18 cm2 stot, 10ÿ18 cm2 Reference

Xe18� �He

Xe18� �Ne

Xe18� �Ar

Xe18� �Kr

Xe18� �Xe

Ar8� �Xe

6

6

6

6

6

19

3.0

16

24

27

34

23

1.7

7.8

11

13

16

10

0.2

3.8

5.6

7.2

9.0

5.5

4.9

36

56

75

95

44

[214]

[214]

[214]

[214]

[214]

[155]
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the electron capture of ions on atoms is accompanied by the
formation of electron±positron pairs (see Refs [143, 237]), but
these processes are not considered here.

X-ray spectra of REC photons play an important role in
the spectroscopy of highly charged ions, in particular, in
determining the polarization of radiation, photoionization of
heavy ions, the probabilities of radiative transitions, studying
the quantum electrodynamics effects, etc. (see Refs [143,
238]).

The first measurements of REC were performed in studies
[239±241] at the BEVALAC accelerator at the Lawrence
Berkeley National Laboratory, Berkeley CA (USA), and
then with the development of powerful heavy-ion accelerators
at other facilities, in particular, at SUPER-EBIT in Berkeley
and at the Helmholtz Centre for Heavy Ion Research (GSI) in
Darmstadt (see Ref. [143]). Calculation of the NRC cross
sections in the relativistic region is carried out in the eikonal
approximation [242±244], and the REC cross sections in the
impulse approximation [143], the density matrix approxima-
tion [237], and the relativistic approximation [245, 246]. For
estimations of the REC cross sections, the formulas of Stobbe
[247] and Kramers [248] are often employed. The results of
calculations of the NRC cross sections in the relativistic

eikonal approximation are given in paper [249], and the
radiative recombination and REC cross sections for bare
nuclei of heavy ions are given in tables [250].

Figure 18a depicts experimental and theoretical cross
sections of radiative and nonradiative electron capture of
H-like uranium ions as a function of energy (on the left) and
of the target atomic number (right). It can be seen that with an
increase in energy and target atomic number, the radiative
capture becomes dominant.

The experimental X-ray spectrum of H-like uranium ions
formed during the radiative electron capture of bare uranium
ions on nitrogen N2 at an energy of 310 MeV/u is shown in
Fig. 18b. It can be seen that the spectrum has a rather complex
structure, where, in addition to transitions to the ground
state, the lines associated with radiative transitions between
excited states are also detected.
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5.4 Target-density effects in electron capture
and loss cross sections
The density effect (target-density or gas-solid effect) consists in
increasing the average (equilibrium) charge of an ion beam in
passing through a solid body in comparison with a gaseous
target. The effect was observed experimentally by Lassen
[117, 118] in studying beams of uranium ions passing through
a carbon foil and a gaseous target, and later in measuring the
energy loss (stopping power) for ions in gaseous and solid
media [119, 125].

Briefly, the density effect consists in the following (see
also review [1] and Section 3.6). In a rarefied medium (gas
at low pressure), ions experience one or two collisions with
the particles of the medium. In a dense medium, the time
between neighboring collisions becomes shorter than the
lifetime of the excited ionic states, which are destroyed by
subsequent collisions with media particles, leading to
ionization of excited ions, i.e., to an increase in their
charge. In a dense medium, the charge exchange cross
sections decrease, and, in contrast, the electron loss cross
sections increase due to the contribution of ionization
from excited states of the ions. The combined influence of
both effects leads to an increase in the equilibrium average
ion charge in a denser medium (see Refs [26, 126, 172,
252]).

The influence of the density effect naturally depends on
the density of the target atoms, as well as on the ion energy
and the atomic structure of colliding particles, i.e., on atomic
energy levels, including inner shells, the probabilities of
radiative transitions, excitation cross sections, and others.
The density of particles, for example, molecules in a gaseous
target, can be small, but the density effect can be very
significant. With increasing target density, the electron
capture cross sections can decrease up to 10 or more times,
and the ionization cross sections increase by a factor of 1.5±2;
therefore, when studying problems involving the passage of
an ion beam through a medium, one must take into account
the density effect generated by any medium: a gas, plasma, or
solid.

The influence of the density effect on the charge exchange
and stripping cross sections of 4 MeV (113 keV/u) chlorine
ions upon passage through a molecular hydrogen target is
illustrated in Fig. 19a at hydrogen densities N � 5� 1013 ±
3� 1016 molecules/cm3. These dependences were obtained
from experimental data on ionic fractions of chlorine ion
beams. It can be seen that the capture cross sections for the
reaction Cl q� ! Cl �qÿ1�� decrease to approximately
1.5 times under the given conditions, but the loss cross
sections for Cl q� ! Cl �q�1�� increase by approximately
20%. The density effect manifests itself more strongly at
high densities, especially when ions pass through a solid
body, where the density of atoms is of the order of
1023 atom/cm3.

Figure 19b demonstrates the dependence of the loss and
capture cross sections for argon ions at an energy of 6 MeV/u
passing through a graphite foil as a function of argon charge
calculated with and without the density effect. Calculated
capture cross sections, when the effect is taken into account,
decrease by approximately an order of magnitude, and the
stripping cross sections increase about twofold. Accounting
for the density effect leads to an average ion charge
hqi � 16:8, close to the experimental one: hqiexp � 17:0,
while the average charge calculated without the density effect
is lower: hqi � 15:0.

5.5 Processes of ion interactions with plasmas
Atomic characteristics of interactions between ion beams and
plasmas are required to solve many problems in beam plasma
diagnostics, e.g., by the heavy-ion beam probe (HIBP)
method [255]), determining stopping power for ions in
plasma (Section 3.5), determining the optimal conditions for
obtaining the maximum charge of exit ion beams leaving
different targets, and others.

The interaction of ions with plasma differs significantly
from processes involving neutral atoms in ion passage
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(b) Effective cross sections for single-electron capture (EC) and loss (EL)

of Ar q� ions with an energy of 6MeV/u passing through a carbon foil of a

density of 1:3� 1023 atom/cm3 as a function of ion charge q, calculated

with and without accounting for the target-density effect. The capture and

loss cross sections, calculated with allowance for the density effect,

intersect at q � 16:8, i.e., for an average ion charge close to the

experimental value hqiexp � 17:0. (Taken from Ref. [254].)
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through gaseous and solid targets, because of the presence of
free electrons and ions in the plasma. In addition, the cross
sections (more precisely, the rate coefficients of the processes)
of the interactions between ions and the plasma highly depend
on the temperature, electron density, and ionic components of
the plasma.

Due to the presence of free electrons and ions in a plasma,
besides the loss and capture processes on neutral atoms
considered in Sections 5.1 and 5.2, additional interaction
processes arise that lead to a change in the charge state of the
incident ions. Let us consider the main additional processes.

(1) Radiation recombinationÐcharge transfer (capture)
of free electrons with a photon emission:

Xq� � eÿ ! X �qÿ1���nl � � �ho ; �ho � Ee � E�nl � ; �65�

where q is the charge of theXq� ion,Ee is the kinetic energy of
a free electron, E�nl � and E�nl � > 0 is the binding energy of
the ion in the state with quantum numbers n, l, whereto the
electron was captured. Process (65) is inverse to photoioniza-
tion and occurs at any energy Ee of a free electron.

(2) Dielectronic recombination:

Xq� � eÿ ! �
X �qÿ1��

��� ! X �qÿ1���nl � � �ho ; �66�

a two-step process, which is first accompanied by the capture
of a free electron with simultaneous excitation of the inner-
shell electron in the ion and the formation of an intermediate
doubly excited state, and then by radiative decay, which leads
to the formation of the ionX �qÿ1���nl �with photon emission,
similarly to reaction (65). However, there is a big difference
between processes (65) and (66): while the process (65) is
possible for any values of the kinetic energy Ee of the free
electron, process (66) only occurs at certain values Ee

corresponding to the resonance condition:

Ee � DEÿ q 2 Ry

n 2
< DE ; DE > 0 ; �67�

where DE is the excitation energy driving transition in the ion
X �qÿ1��.

(3) Ternary (three-particle) recombinationÐ the inverse
process of electron-impact ionization:

Xq� � eÿ � eÿ ! X �qÿ1�� � eÿ : �68�

(4) Multiple-electron ionization of the incident ion by free
electrons eÿ or Ak� ions in a plasma:

Xq� � eÿ; Ak� ! X �q�m�� � Ak� �meÿ ; m5 1 : �69�

(5) Ionization of the incident ion as a result of charge
exchange with plasma ions, i.e., of ion±ion electron capture:

Xq� � Ak� ! X �q�1�� � A�kÿ1�� : �70�

Cross sections and rate constants of processes (65)±(70),
averaged over the Maxwellian energy distribution of the
particles, have been well studied experimentally and theore-
tically under conditions of an isolated plasma (see Refs [11,
13, 26]).

5.5.1 Radiative recombination (RR).Radiative recombination
relates to one of the main recombination mechanisms

occurring in the passage of ions through a plasma target,
since it occurs with a greater probability than electron capture
on plasma atoms and ions.

Cross sections of radiative recombination (65) into
Rydberg levels with n4 1, averaged over the orbital quan-
tum numbers l, are usually determined by the Kramers
formula [73, 256] or by semiempirical formulas [248] using
the effective charge for the resulting ion X �qÿ1��. For low-
lying n levels, theKramers cross sections have to bemultiplied
by the Gaunt factor (see Refs [257, 258]).

The cross section of process (65) covering all levels n of the
ion X �qÿ1���np

0 � is given by the formula with account for
vacancy of the shell n

p
0 of the ground state (p is the number of

equivalent electrons):

s tot
RR�n;Ee� �

�
1ÿ p

2n 2
0

�
sRR�n0;Ee� �

Xncut
n>n0

sRR�n;Ee� ; �71�

where ncut is the maximum principal quantum number,
determined by the experimental conditions (large electron
density, external electric field strength, etc.). We note that the
main contribution to sum (71) is made by recombination to
the ground state n0 and the nearest levels. At large free-
electron energies Ee, the cross section sRR�n;Ee� �
q 4=�n 3E 2

e �.

5.5.2 Dielectronic recombination (DR). Dielectronic recombi-
nation represents an important recombination process that
plays a principal role in the plasma ionization balance, in the
deceleration of ion beams in a plasma and the formation of
the effective charge in it, and in the study of the atomic
characteristics of heavy many-electron ions such as the Lamb
shift, isotope shift, and others (see Refs [259±261]). In
addition, the emission spectral lines, called dielectronic
satellites, play an important role in the diagnostics of hot
plasmas, i.e., in determining its temperature, density, ionic
components, etc. [11, 262].

DR cross sections are expressed in terms of the radiative
and autoionization transition probabilities for the ground,
intermediate, and final states, and manifest themselves as
narrow resonances, the maximum of which increases sub-
stantially (approximately as q 4) with an increase in the ion
charge q.

A diagram of the cross sections for radiative and
dielectronic recombinations is presented in Fig. 20a as a
function of electron energy. At low energies, the RR process
prevails. As the energy increases, DR resonances appear in
states with principal quantum numbers n, whose intensity
decreases with increasing n as nÿ3. Figure 20b shows the DR
cross section (rate constant) of lithium-like Ni 25� ions for the
2sÿ2p transition, averaged over the electron distribution
function; the principal quantum numbers n of resonances
are marked in the figure.

It should be noted that the experimental and theoretical
investigations of recombination processes, involving many-
electron heavy ions, meet with significant difficulties asso-
ciated with the atomic structure of such systems, since the
number of electronic levels is very large even for the ground
state. Figure 20c depicts results of the calculations of the
density of states (the number of levels per energy unit) of
W19� ions which can be populated as a result of the DR of
W20� �4f 8 7F6� ions through doubly excited 4f 8nl states. It
can be seen that the density of levels is enormously high:
107 levels per eV of energy! Naturally, in calculating the cross
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sections and rate constants of recombination of heavy ions,
conventional methods cannot be used; therefore, new
approaches are applied, for example, the quantum chaos
method [265±268] on the basis of a statistical approach to
analyzing the spectrum and eigenvalues of quantum states of
ions, which leads to much better agreement between theory
and experiment (see paper [266]).

The processes of electron capture (65) and ionization (69)
are considered in Refs [13, 16, 17, 23, 26, 50]. To calculate the
cross sections for single-electron ionization by electron
impact, Lotz's semiempirical formulas are widely used [269],
and the cross sections for multiple-electron ionization are
calculated according to the semiempirical formulas given in
Refs [270±274].

5.5.3 Rate constants of the processes. Plasma components
(atoms, ions, electrons) have different concentrations,
depending on plasma temperature and density, so to describe
an interaction of incident ions with a plasma, the rate
constants of the processes are used, i.e., Nhvsi [sÿ1] quantities
averaged over a Maxwellian distribution of particle velocities
v; here, N is the particle density (concentration) in a plasma.

When the ion beam interacts with a plasma, a
Maxwellian function of the electron (or ion) velocity
distribution F�v; vp;T � depends on the projectile-ion velo-
city vp in a beam, and the quantity hvsi [cm3 sÿ1] is given by
expression [15]:

hvsi �
�1
0

vs�v�F�v; vp;T � d3v ;
�1
0

F�v; vp;T � dv � 1 ; �72�

F�v; vp;T � �
�

M

2pkBT

�3=2

exp

�
ÿ M

2kBT
�vÿ vp�2

�

�
�

M

2pkBT

�1=2
v

vp

(
exp

�
ÿ M

2kBT
�vÿ vp�2

�

ÿ exp

�
ÿ M

2kBT
�v� vp�2

�)
; �73�

where v � vp ÿ ve; i is a relative velocity vector, ve; i is the
electron or ion velocity in a plasma,M is the reduced mass of
colliding particles, and T is the electron or ion plasma
temperature.

For low incident-ion velocities vp ! 0, the function
F�v; vp;T � transforms to the `usual' Maxwellian function
F�v;T �, while at a relatively low plasma temperature one
obtains

F�v; vp;T � � d�vÿ vp� ; 2T

M
! 0 ; �74�

hvsi � vps�vp� ; vp 4 vth � 1:13

���������
2Te

m

r
; �75�

where vth is the thermal electron velocity in plasma. Thus, the
rate constants for the processes involving fast projectiles in a
cold plasma are defined by the product of the ion velocity and
cross section of the process. Two important consequences
follow from this inference:

(1) the rate constants of atomic processes for fast heavy
ions do not depend on the plasma temperature or velocity
distribution of plasma particles;

(2) the rate constants are determined only by the cross
sections of the processes.

In the case of low ion velocities, vp 4 vth, the rate
constants of processes are defined by formula (72), i.e.,
using a Maxwellian function which depends on ion velocity
vp and plasma temperature T.

The most often realized case is vp 5 vth, when the rate
constants of all considered processes (except three-particle
recombination) depend linearly on the particle density N:

k � Nvrs�vr� �sÿ1� ; �76�

vr �
�����������������
v 2
p � v 2

th

q
; vth � 1:13

���������
2Te

m

r
; �77�

where vr is the relative velocity of incident ions, N is the
particle density, and Te is the plasma electron temperature.
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Figure 20. (a) Cross sections of radiative and dielectronic recombinations

as a function of free-electron energy Ee. The principal quantum numbers

of the Rydberg states, into which the electron capture took place, are

indicated. (Taken from Ref. [263].) (b) Experimental DR rate constant of

lithium-like Ni25� ions for the 2sÿ2p transition, i.e., the quantity hvsDRi
averaged over the electron energy distribution function in the storage ring;

the principal quantum numbers n of resonance states are indicated in the

figure. (Taken from Ref. [264]). (c) Results of the calculations of the

density of W19� ion states, which can be populated as a result of DR of

W20� �4f 8 7F6� ions through doubly excited 4f 8nl states. (Taken from

Ref. [260].)
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5.5.4 Three-particle (ternary) recombination (TR). Two
incoming electrons participate in the TR process (68): one is
captured by an ion, and the other carries away the excess part
of the energy. The TR rate constant is usually calculated in the
classical approximation [275]:

kTR � 25p2e10

m 5

q 3N 2
e

v 9r

� 2:9� 10ÿ31 �cm3 sÿ1�N 2
e �cmÿ3�

q 3

v 9
r �a:u:�

; �78�

where q is the incident-ion charge, and vr is the relative
velocity (77).

A comparison of the RR and TR rates for the case of
vp 5 vth gives the following estimate [50]:

kRR

kTR
� 1:6� 1017

qv 6
r

Ne �cmÿ3� : �79�

It is seen from the last formula that the rate constant kTR is
small and is comparable to the recombination rate only at
very high electron densities.

A comparison of the rate constants of electron capture
(EC) and radiative recombination (RR) processes gives

kEC
kRR
� 107

Nat

Ne

qZ 5
T

v 8r �a:u:�
; �80�

where Nat and Ne are the densities of neutral atoms and
electrons in a plasma, and ZT is the target atomic number.
The relative contribution of EC andRRprocesses depends on
the density ratio Nat=Ne and the ion relative velocity vr.

Figure 21a depicts concentrations of protons and neutral
hydrogen atoms in the hydrogen plasma as a function of
plasma temperature. In a cold plasma, T � 1 eV, the ratio
Nat=Ne � 30, and for ions with q � 20 and energy 1.5 MeV/u
(vp � 7:7 a.u.), the ratio of the rate constants (80) is on the
order of 103, i.e., in a cold plasma, the rate constant of
electron capture on neutral atoms far exceeds the rate
constant of radiative recombination. In a fully ionized
hydrogen plasma with temperature T � 10 eV, the ratio
Nat=Ne � 10ÿ5, and the ratio of the rate constants reaches

kRR

kEC
� 103 ; �81�

i.e., in a strongly ionized plasma, the RR process is the main
recombination process.

This is confirmed by the data in Fig. 21b, where the rate
constants of recombination and ionization of iodine ions with
charges q < 60 and energy 1.5 MeV/u in a hydrogen plasma
with temperature T � 10 eV and electron density
Ne � 1017 cmÿ3 are given. Rate constants presented in
Fig. 21b were calculated with the following parameters:
iodine charge ranges 04 q < 60, ion energy is 1.5 MeV/u,
and, for H plasma, electron temperature Te � 10 eV and
density Ne � 1017 cmÿ3. For ions with q > 5, the ionization
rates practically coincide for the gas and plasma targets.

As can be seen fromFig. 21b, in a strongly ionized plasma,
the RR rate is much larger than EC rate, and the TR rate is
much smaller than the EC and RR rates. From Fig. 21b, it is
also possible to estimate the average charge �q of iodine ions in
a cold hydrogen gas and a fully ionized plasma: �qgas � 20 and
�qplasma � 40 (indicated by the arrows in the figure). Thus,
plasma is a more efficient medium for stripping heavy ions

than a cold gas of the same element, as discussed in Section 3.
The main difficulty in considering the SP in a plasma relates
to accounting for dielectronic recombination processes,
which play an important role in the recombination of ion
beams in a plasma.

6. Computer programs for calculating
ion charge-state fractions

At present, there are a few computer programs for calculating
the evolution of charge-state fractions, when the ion beam
passes mainly through gaseous and solid media: ETACHA,
CHARGE, and GLOBAL.

6.1 ETACHA code
ETACHA [277] is one of the first programs for calculating ion
charge-state fractions in solid targets (foils) at energies
E � 10ÿ80 MeV/u, corresponding to the range of operation
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Figure 21. (a) Calculated relative concentrations of protons and neutral

hydrogen atoms in a hydrogen plasma as a function of plasma tempera-

ture: the solid curve corresponds to protons, and the dashed line to

hydrogen atoms. (Taken from Ref. [276].) b) Calculated ionization and

recombination rate constants as a function of ion charge q for I q� ions

with an energy of 1.5 MeV/u passing through a cold hydrogen gas and an

almost completely ionized hydrogen plasma with parameters: electron

temperature Te � 10 eV, density Ne � 1017 cmÿ3. EC gas (dashed line)

and EC plasma (solid line) correspond to the rate constants of electron

capture on bound electrons of hydrogen atoms in a gas and a plasma,

respectively. The `ionization' curve fits the ionization rate by the target

particles, which is the same for gas and plasma if q > 5. Curves RRandTR

fit the rates of radiative recombination and three-particle recombination,

respectively. The processes of dielectronic recombination are not taken

into account. The arrows indicate the average charge of iodine ions in a gas

��qgas � 20� and in a plasma ��qplasma � 40�. The rate constants of processes
are taken from Ref. [50].
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of the French accelerator GANIL (Grand AcceÂ leÂ rateur
National d'Ions Lourds). The program is based on the
solution of linear differential balance equations (24), (25) in
the independent particle model for incident ions having up to
28 (Ni) electrons, i.e., containing 1s2; 2s2; . . . ; 3d10 electron
shells. The program also provides calculations of interaction
cross sections in the first order of perturbation theoryÐ loss,
capture, excitation, and de-excitationÐ and takes into
account the ion energy losses, i.e., the stopping power in
matter (Section 3).

Despite the simplicity and ease of use, ETACHA has
several disadvantages: first of all, a large calculation error at
beam energies E > 30 MeV/u and also for ions heavier than
argon, i.e., with ZN > 18 (see Refs [72, 142, 278]).

Recently, a new version of the ETACHA program has
been presented [279], where the range of applicability of
the program has been extended to lower energies E �
0:05ÿ30 MeV/u and also to heavier ions possessing up to
60 electrons (Fig. 22).

6.2 CHARGE and GLOBAL programs
The programs CHARGE and GLOBAL [72] are designed to
calculate ion charge-state fractions in the range of high and
relativistic energies E5 100 MeV/u for ions with charges
ZN 5 30, passing through gaseous and solid targets. The
programs are available for online use on the Internet [280].

The CHARGE program uses an analytical solution to the
fraction problem in Allison's three-component model [127],
and is applied for cases where nuclei and H- and He-like ions
constitute the main fractions. The program also calculates
electron loss, radiative and nonradiative capture cross
sections, and approximately double-electron capture and
ionization cross sections.

The GLOBAL program is based on the numerical
solution of differential balance equations (24), (25) by the
Runge±Kutta method for the number of ionic fractions up to
N4 28, but allows for a large number of significant
simplifications in the calculation of cross sections, which
makes the program rather limited for use, especially, for
large ion charges q and heavy-atom targets. The results of
calculations with both programs coincide for a three-
component problem. The accuracy of calculating fractions
by the CHARGE and GLOBAL programs is within a factor
of 2.

6.3 BREIT code
The BREIT program (Balance Rate Equations for Ion
Transportation) was recently created to calculate ion
charge-state fractions at energies E � 50 keV/u±50 GeV/u
for the number of fractions 34N < 200 [281] in various
media: gases, solids, and plasmas. The program is based on
the analytical solution of the balance equations (24), (25) by
the diagonalization method of the interaction matrix, con-
sisting of electron loss, capture, and other cross sections.
Unlike the programs mentioned above, in the BREIT
program the cross sections are set in the input file, which
includes multiple-electron cross sections, and taking into
account the target-density effect following the results
obtained in Ref. [126]. Users of the BREIT code are free to
choose the interaction cross sections in the framework of any
approximation used for their calculation. Experimental data
can also be utilized as input cross sections. The ability of
taking into account the multiple-electron processes and the
density effect in the BREIT input file is of great importance,

because accounting for the density effect leads to a change in
the average charge by a factor of 1.5±2 [282], and of multiple-
electron processes by 20±30% [133]. The BREIT program is
also available for online use on the Internet [283].
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To calculate the ion charge-state fractions in plasma
targets, the BREIT input file does not lean upon the cross
sections, but on the rate constants hNvsi of reactions with
account for additional (relative to gas and solid targets)
processes, such as radiative and dielectronic recombinations,
and ionization by free plasma electrons (see, e.g., Ref. [50] and
Section 5.5), where N is the density of plasma particles.

Figure 22 plots experimental data for equilibrium and
nonequilibrium fractions of light and heavy ions upon
passage through gas and solid targets in comparison with
calculated results obtained with the above programs (for
more details, see paper [281]).

The fractions Fq�x� of oxygen ions in collisions of
800-keV/u O4� ions with hydrogen gas as a function of the
gas density P4 5� 1017 atom/cm3 are shown in Fig. 22a.
Experimental data [284] are marked by symbols, and the
BREIT calculations by solid curves. In general, the experi-
mental and calculated data are in good agreement with each
other. The density effect was taken into account in
calculating the BREIT cross sections. Since the equilibrium
regime was not achieved in the experiment, equilibrium
fractions calculated by the BREIT program are presented
as follows: F5�1� � 0:066, F6�1� � 0:55, F7�1� � 0:34,
and F8�1� � 0:043, equilibrium charge �q � 6:4, and equili-
brium thickness xeq � 24 mg cmÿ2, which was obtained at
hydrogen pressure P � 120� 1016 atom/cm3.

The evolution of argon ion fractions in carbon foils with
the passage of 13.6-MeV/u Ar10� ions is exemplified in
Fig. 22b. Experimental data [284] are shown by symbols
with experimental errors, new-ETACHA calculations are
given by dashed curves [279] and the BREIT results are
fitted by solid curves. Experimental data for F16�x�, F17�x�,
and F18�x� fractions are in good agreement with calculations
performed by both programs. According to the BREIT
calculations, the equilibrium thickness of the target for this
case is xeq � 1000 mg cmÿ2.

Figure 22c depicts the evolution of the Fq�x� fractions of
gold ions in relativistic collisions of Ne-like Au69� ions with
golden foil at the energy of 1 GeV/u. Symbols denote
experimental data from Ref. [72], the dashed curves are the
GLOBAL calculation [280], and the solid curves are the
BREIT calculation [281]. Experimental data for the max-
imum fractions F79�x�, F78�x�, F77�x�, and F76�x� agree with
the calculations performed by both programs within a factor
of 2.

6.4 Monte Carlo code for calculating
charge-state fractions in plasmas
Recently (see Refs [114±116]), a Monte Carlo (MC)
program was developed for calculating Fq fractions and
energy loss in interactions of fast heavy-ion beams with a
plasma at energies E > 10 MeV/u. The MC program uses a
previous version of the ETACHA program [277] to
calculate cross sections of radiative and nonradiative
electron capture, ion ionization and excitation, as well as
of de-excitation and recombination processes. Similarly to
the ETACHA code, the MC program is able to perform
calculations for ions with the number of electrons up to 28
in a plasma with an ion density of 1018 < Ni < 1023 cmÿ3

and a temperature of 10 < T < 200 eV. In the MC program,
the target-density effect is also taken into account.

As for the use of the programs for calculating the Fq�x�
fractions, it should be noted that the Fq�x� magnitudes,
obtained with the balance equations (24), (25), are very

sensitive to the cross sections employed for description of
ion interactions with the target particles. The accuracy of
calculated nonequilibrium fractions is within a factor of 2,
because experimental and theoretical single- and multiple-
electron cross sections are known with an accuracy of 10±
50%. The accuracy of the equilibrium-fraction calculations in
gases and foils is a little bit higher because it depends mainly
on ratios between single-electron loss-to-capture cross sec-
tions, which are obtained more precisely than the multiple-
electron ones.

7. Use of charge-state fractions in applications

In this section, two examples of the application of equilibrium
ion fractions are considered: the detection of superheavy
elements in nuclear physics, and the synthesis of oxygen in
the atmosphere of a star in astrophysics.

7.1 Detection of superheavy elements
The heaviest natural element on Earth is uranium (atomic
number Z � 92), and chemical elements heavier than ura-
nium, the so-called superheavy elements (SHEs), are produced
by artificial nuclear fusion of the nuclei of two elements.
SHEs exist a very short time and then decay. Recently (2010±
2016), superheavy elements with Z � 113ÿ118 have been
synthesized. Table 3 shows a list of heavy and superheavy
elements, together with their atomic numbers and some other
characteristics.

The properties of atoms and ions of heavy and super-
heavy elements are of great interest in atomic physics (the
structure of electron shells, QED effects), quantum chemistry,
and, naturally, in nuclear physics in studying the structure of
nuclear shells and the stability of isotopes, and in the search
for an `island of stability' (see Refs [131, 299±305] and
references cited therein). Work on the creation and detection
of SHEs is being intensively carried out at JINR (Dubna), the
Institute of Physical and Chemical Research (RIKEN,
Japan), Lawrence Berkeley National Laboratory (USA),
Oak Ridge National Laboratory (USA), and the Helmholtz
Centre for Heavy Ion Research (GSI) in Darmstadt (see
Ref. [300]).

Superheavy elements are usually produced in interactions
between ion beams and foils of heavy atom materials at
collision energies of about several hundred keV/u, when the
rate constants of the synthesis reactions are close to max-
imum. For example, in order to obtain ions of the 277Cn
isotope (nuclear chargeZN � 112, massM � 277 a.m.u.), the
beams of zinc ions (Z� 30, M� 70) collide with lead foils
(Z� 82,M� 208) at an energy of about 350 keV/u:

70Zn p� � 208Pb! 277Cn q� � n ; �82�

where p and q are the charge states of the ions.
One of the main methods for detecting superheavy

elements is based on the property of equilibrium charge-state
fractions of ions (Section 4.2), which do not depend on the
charge state of the incident ions. This property of atomic
interactions of ion beams withmatter has formed the basis for
the method of detecting heavy and superheavy elements. To
detect SHEs, so-called gas-filled separators are exploited with
H2 or He gas or their mixture at a pressure of several mbars
(see Refs [130, 131, 300±305]).

The distribution of Fq fractions of SHE �Cn q�� ions over
charge states q after nuclear reaction (82) is unknown, but if
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ions are directed into a gas-filled separator, i.e., into a gas-
collision chamber, then at a certain target thickness an
equilibrium distribution of the SHE fractions is reached
with an average equilibrium charge state �q determined by
formula (28):

�q �
X
q

qFq�1� ;
X
q

Fq � 1 ; �83�

in which the quantity �q does not depend on the charge state q
of initial ions. The distribution of SHE ions over q after a
separator becomes much more narrow, and a contribution to
sum (83) is made by a small number of fractions Fq. Knowing
the equilibrium charge of the SHE under study, it is possible
to determine the requiredmagnetic rigidity Br of the dipole in
the separator, required for detecting the SHE element with a
given average charge, using the Lorentz formula:

Br �Mv

�q
: �84�

HereB, r,M, and v are the magnetic field induction, radius of
curvature, and mass and velocity of the ion, respectively.

Thus, knowing the equilibrium average charge of the ion
beam at the output from the target, the mass and velocity of
the ion being studied, it is possible to determine the magnetic
rigidity of the dipole magnet required for its detection, i.e., to
determine the value of the required magnetic field B.

Determining magnetic rigidity Br plays an important role
in these experiments, because the number of generated super-
heavy ions is very small and significantly decreases as the
atomic number Z increases: the rate of formation of
synthesized ions can go from several thousand ions per day
for relatively light ions up to one ion in a few weeks (!) for
superheavy elements.

For a rough estimate of the average charge �q of an SHE,
the Bohr formula is usually invoked [Section 4.3, formula
(34)]:

�q � vZ 1=3 ; 1 < v < Z 2=3 ; �85�

which holds true for ions with large ZN and mediate ion
velocities v. Bohr's formula (34) and other semiclassical and
semiempirical formulas for the average charge, considered in
Section 4, have a number of serious disadvantages. First of
all, they do not account for the atomic structure of colliding

Table 3. Periodic Table including atomic number Z of the element, symbol, name, mass M, electronic configuration of four outer shells, ionization
potential IP, and references to experimental (exp.) or theoretical (theor.) papers where IP values were obtained. The half-lives of the most stable isotopes
are also given from wikisite [298]. Elements Uue and Ubn mean 119th and 120th in Latin; they do not yet have a name.

Atomic
number Z

Symbol Name MassM,
a.m.u.

Electronic
conéguration

IP, eV IP, exp. IP, theor. Half-life

80 Hg Mercury 201 4f145p65d106s2 10.44 [285]

82 Pb Lead 207 5p65d106s26p2 7.42 [286]

83 Bi Bismuth 209 5p65d106s26p3 7.29 2� 1019 years

87 Fr Francium 223 5d106s26p67s1 4.07 [287] 22 min

88 Ra Radium 226 5d106s26p67s2 5.28 [288] 1600 years

89 Ac Actinium 227 6s26p67s26d1 5.38 [289] 21.77 years

92 U Uranium 238 6p65f 36d17s2 6.19 [290] 4:5� 109 years

98 Cf Californium 251 6s26p65f 107s2 6.28 900 years

100 Fm Fermium 257 6s26p65f 127s2 6.50 100.5 days

102 No Nobelium 259 6s26p65f 147s2 6.63 [291] 58 min

103 Lr Lawrencium 266 6p65f 147s27p1 4.90 11 h

104 Rf Rutherfordium 267 6p65f 146d27s2 6.01 [292] 1.3 h

109 Mt Meitnerium 278 6p65f 146d77s2 9.55 7.6 s

110 Ds Darmstadtium 281 6p65f 146d87s2 10.38 3.7 min

111 Rg Roentgenium 282 6p65f 146d97s2 11.21 2.1 min

112 Cn Copernicium 285 6p65f 146d107s2 12.03 8.9 min

113 Nh Nihonium 286 5f146d107s27p1 4.10 19.6 s

114 Fl Flerovium 289 5f146d107s27p2 8.54 [293] 1.1 min

115 Mc Moscovium 289 5f146d107s27p3 5.58 [294] 220 ms

116 Lv Livermorium 293 5f146d107s27p4 6.69 61 ms

117 Ts Tennessine 294 5f146d107s27p5 7.64 [295] 78 ms

118 Og Oganesson 294 5f146d107s27p6 8.32 890 ms

119 ì (Uue) ì 6d107s27p68s1 4.79 [296]

120 ì (Ubn) ì 6d107s27p68s2 5.85 [297]
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particles or the target-density effect, both depending on the
gas pressure in the separator. Experiments have shown that
both effects are very significant, and semiempirical correc-
tions must be introduced when applying formula (85) (see,
e.g., Refs [303±305]).

Figure 23 shows experimental average charge values [130]
for heavy and superheavy ions �Z � 89ÿ116� as a function of
relative velocity v � 1ÿ2:6 a.u. measured at a molecular
hydrogen pressure P � 1 Torr. Experimental data [130] are

well approximated by the linear dependence of the average
charge on velocity according to a formula close to Bohr's
formula (85):

�q � 3:26vÿ 1:39 : �86�

At gas pressures of 0.5 and 1.5 Torr, experimental data differ
from the linear dependence, as shown in the inset to figure,
due to the target-density effect, which is not taken into
account in formula (86).

Similar measurements of the average charge �q of heavy
and superheavy elements with atomic numbers Z � 80ÿ114
were carried out on TASCA (TransActinide Separator and
Chemistry Apparatus), GSI, Darmstadt, with He as a filling
gas at pressures of P � 0:2ÿ2:0 mbar and energies of several
hundred keV/u [132]. The measured data are presented in
Table 4 in comparison with Bohr's formula (85), �qB, two
semiempirical formulas SE1 and SE2, and the results �qth of
atomic calculations performed in Ref. [132]. The formula SE1
for �q is based on the semiempirical dependence obtained in
Ref. [132] for SHEs up to Rg �Z � 111� at an H2 gas pressure
of 0.66 mbar. Average charge �q � 6:8 was predicted [132]
using the modified formula ES1 for SHEs with Z � 117 at an
Hepressure of 0.8mbar. This valuewas later used inRef. [305]
to detect the 117th element on a TASCA separator with the
magnetic rigidity Br � 2:20 T m.

The �qSE2 values in Table 4 were estimated from a semi-
empirical formula [140] obtained from analysis of the
experimental data for ions with atomic numbers Z � 1ÿ92
and gaseous targets with Z � 1ÿ54. It can be seen from the
table that Bohr's formula overestimates the experimental
data by approximately a factor of 2. A slightly better result
is given by the �qSE2 formula, and the best agreement is
achieved using the �qSE1 formula.

It should be noted that the determination of magnetic
rigidity by the average ion charge is a very complicated
experimental task, which, as a rule, is usually solved semi-
empirically by calibration of a gas-filled separator with an
average charge of isotopes of stable elements, taking into
account the properties of a particular experimental setup.

7 Ac
Th
Pa
Pu
Cf
Fm
No

Rf
Sg
Hs
110
114
116

�q

6

5

4

3

2

1

7

6

0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6
v=v0

2.4 2.5 2.6

Figure 23. Experimental dependence of the equilibrium average charge �q
for ions with atomic numberZ � 89ÿ116 as a function of relative velocity
v at a molecular hydrogen pressure of 1 Torr, obtained using DGFRS

(Dubna Gas-Filled Recoil Separator). In the inset, the �q values measured

at 0.5 and 1.5 Torr (circles) for the number of atoms are added to those for

No atoms, which are not described by the linear dependence (86) due to the

influence of the density effect (hydrogen gas pressure) in the separator.

(Taken from Ref. [130].)

Table 4. Experimental and theoretical average charges �q for ions of heavy and superheavy elements. The atomic number of the element, the nuclear
reaction for its production, the ion velocity in a.u., and the He pressure in the separator are also given. ER is evaporation residue, �qB is given by Bohr's
formula (85), and �qSE2 is the semiempirical formula [140]. (Taken from Ref. [132].)

ER Z Reaction v, a.u. P, mbar �qexp �qB �qSE1 �qSE2 �qth

180Hg 80 144Sm�40Ar; 4n� 2.84 0.6 6:97� 0:30 12.2 7.40 9.07 6.04

188Pb 82 144Sm�48Ca; 4n� 3.22 0.8 8:45� 0:19 14.0 8.60 10.55 7.83

205; 206Fr 87 181Ta�30Si; 3ÿ4n� 2.04 0.5 5:67� 0:19 9.0 6.06 6.46 5.96

209ÿ211Ra 88 158; 160Gd�54Cr; 3ÿ4n� 3.17 0.6 9:37� 0:31 14.1 9.22 10.47 8.05

215Ac 89 179Au�22Ne; 4n� 1.39 0.8 4:28� 0:42 6.2 4.20 4.22 5.75

221; 222U 92 176Yb�50Ti; 4ÿ5n� 2.89 0.8 8:76� 0:29 13.0 8.64 9.80 8.27

252; 254No 102 206; 208Pb�48Ca; 2n� 2.40 0.8 6:68� 0:18 11.2 6.57 8.30 7.23

254ÿ256Rf 104 206; 208Pb�50Ti; 1ÿ2n� 2.65 0.8 7:32� 0:25 12.5 7.30 9.37 7.02

288Fl 114 244Pu�48Ca; 4n� 2.30 0.8 6:70� 0:37 11.1 6.97 8.28 8.02

287; 288Uup 115 243Am�48Ca; 3ÿ4n� 2.28 0.8 11.1 7.03 8.23 7.70

293; 294Uus 117 249Bk�48Ca; 3ÿ4n� 2.25 0.8 11.0 7.16 8.19 8.58

295; 296Uue 119 249Bk�50Ti; 3ÿ4n� 2.42 0.8 11.9 7.83 8.92 8.73

295; 296Ubn 120 249Cf�50Ti; 3ÿ4n� 2.43 0.8 12.0 7.93 9.02 9.03
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In paper [132], for the first time, the average charges for
SHEs with Z � 80ÿ120 were calculated on the basis of
atomic calculations of electron loss and capture cross
sections, taking into account the density effect and using the
solution of balance equations (24), (25) for equilibrium
average ion charges. In Table 4, the data calculated this way
are indicated by �qth; they agree with the experimental data
within 20%. However, for precise measurements of SHEs, an
accuracy on the order of a few percent is required.

7.2 Role of atomic processes in the stellar astrophysics
Atomic processes and the associated fractions of ion beams
play an important role in the nuclear reactions proceeding in
astrophysical objects. For example, the nuclear reactions

3 4He�� ! 12C ; 12C� 4He! 16O� g �87�

for energies Ecm 4 0:7MeV in the center-of-mass system play
a key role in `burning' helium in stars and determine the
relative carbon-to-oxygen content of 12C=16O [306], which, in
turn, affects the late stages of star evolution and nuclear
fusion reactions in them. Here, g means gamma quanta. The
rate constant of the nuclear reaction 4He�12C; 16O�g has not
been determined experimentally so far, although efforts have
been made for about 50 years. This occurs because of the
small value of the cross section and the energy range that is
not yet achievable under laboratory conditions.

Studies of the measurement of the cross sections for the
4He�12C; 16O�g reaction at energies close to astrophysical
conditions are being intensively carried out at the Kyushu
University accelerator [307], where a 12C beam is injected
into an He gas target, and the resulting oxygen ions 16O in
one charge state are separated from the carbon beam and
other particles by a gas-filled (helium) separator and
recorded by the Si detector. To obtain the total cross section
of the reaction 4He�12C; 16O�g, it is necessary to know all

charge-state fractions Fq of the resulting 16O ions, which
depend on ion energy and He target density (the density
effect, Section 5.4). Thus, in fact, the same experimental
method for measuring ionic fractions and average ion charge
states is used, as discussed in Section 7.1 for detecting
superheavy elements.

Recently, equilibrium and nonequilibrium fractions of
oxygen ions weremeasured inRef. [308] at energies of 7.2, 4.5,
and 3.45 MeV and at He-gas pressure of 6 Torr (density of
2:0� 1017 cmÿ3). The experimental results of the equilibrium
distribution of fractions and average charges are given in
Table 5. As the ion energy increases, the �q value increases, and
at a minimum experimental energy of 3.45MeV, the fractions
F2, F3, and F4 make the main contribution to the average ion
charge.

The experimental equilibrium fractions are described by
a Gaussian distribution, as can be seen from Fig. 24a.
Figure 24b shows the distribution of the equilibrium charge
of oxygen ions at 7.2 MeV in comparison with the theoretical
calculations performed with and without accounting for the
density effect (DE). It can be seen that taking the effect into
account substantially improves agreement between theory
and experiment (for more details, see paper [308]). In the
future, it is planned to carry out similar experiments at the
Kyushu University accelerator at lower ion energies to
determine the cross sections of nuclear fusion with the
formation of oxygen ions.

8. Conclusions

Interactions of heavy ions with gaseous, solid, and plasma
media are considered including ion slowing-down, charge-
state fraction dynamics, charge-changing cross sections of ion
collisions with particles, and the detection of superheavy
elements. All these items are based on atomic interactions of
colliding particles and their atomic structure: electron shells,
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Figure 24. (Color online.) (a) Charge-state fractions Fq (%) of oxygen ions at energies of 7.2, 4.5, and 3.45 MeV: symbolsÐexperimental data, and

curvesÐGaussian distributions. (b) Charge-state fractions Fq (%) of oxygen ions at 7.2 MeV energy: experiment (black curve) and theoretical

calculations of the equilibrium distribution of 16O ions passing through gaseous helium: red curveÐcalculated without DE, and blue curveÐwith DE

accounted for. (Taken from Ref. [308].)

Table 5. Experimental equilibrium Fq (%) fractions of oxygen ions after their passing through gaseous helium at a pressure of 6 Torr at ion energies of
3.45, 4.5, and 7.2 MeV [308]. At the end of the table, average charges �q �P qFq are also given.

Energy, MeV q � 1� 2� 3� 4� 5� 6� �q

3.45

4.5

7.2

5:8� 0:2

ì

ì

23:2� 0:7

11:8� 0:3

0:7� 0:02

43:9� 1:3

38:4� 1:1

10:2� 0:3

24:0� 0:7

38:7� 1:1

39:2� 1:1

3:1� 0:1

10:3� 0:3

39:8� 1:2

ì

0:8� 0:02

10:1� 0:3

2.95

3.50

4.48
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the cross sections of ionization, recombination, excitation
processes, radiative transition probabilities, and other char-
acteristics.

The focus is on the analysis of processes involving heavy
many-electron systems, which are more complicated and at
the same time more interesting than processes involving a
few-electron ions. In processes with many-electron atoms and
ions, the electrons of the inner shells play a large, and often
the major, role. The contribution from multielectron transi-
tions to the total probability of processes increases, for
example, the contribution to multiple-electron capture and
loss of heavy ions in collisions with neutral target atoms
reaches about 50%, which leads to a change in the
equilibrium average charge of ions at the exit from the target
by 20±30% and to an asymmetry of its Gaussian distribution
over charge. The contribution of multiple-electron processes
depends on the kinetic energy of the ions: it is large at low and
medium energies, and becomes small at high and relativistic
energies.

In the interaction of ions withmatter, the role of the target
density effect is also large, which significantly affects the
electron-loss and electron-capture cross sections, the ion
stopping power in matter, the equilibrium average charge of
the ion beam, and so on. Therefore, when creating new
computer programs for calculating the evolution of ion
charge fractions based on solving balance equations with
effective cross sections as coefficients, it is necessary to take
into account two important factors: the contribution of
multiple-electron processes, and the target-density effect. As
for including the density effect, there are still unsolved
problems, for example, the dependences of the multiple-
electron loss and capture cross sections on the target density
are still unknown. Experimental data related to these
dependences are also absent. Theoretically, it is possible to
estimate quite accurately the influence of the density effect on
single-electron cross sections, which is a rather complicated
problem, but it is not yet clear what the role is of the effect on
multiple-electron cross sections, a role that is large and
substantially affects many characteristics of ion interactions
with media.

Another interesting area for future research is the
interaction of ions with plasmas, which has been studied less
deeply in detail both experimentally and theoretically than
gaseous and solid targets (foils). First of all, this is due to the
presence of a larger number of processes of ion beam
interaction with plasma (radiative and dielectronic recombi-
nations, triple recombination, etc.). In this case, the effect of
dielectronic recombination processes on the stopping power
of plasma media and the effective charge of ions in plasmas is
large, which is primarily due to the complex atomic structure
of heavy ions (high density of states). This problem is
currently being solved on the basis of the quantum chaos
method, which is used quite rarely. The processes of
dielectronic recombination are especially important for
studying the energy `windows' of incident ions in a hot
plasma, where the effective charge of the ion beam is much
larger than that in a cold gas, also due to the contribution
from dielectronic recombination processes.
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