
Abstract. Atomic processes of ionization, recombination, and
electron capture in collisions of positive ions with atoms, ions,
electrons, and molecules are considered. The impact of these
processes on the interaction of ion beams with media in a wide
range of energiesÐ from low to super-relativisticÐ is discussed,
focusing primarily on energies E� 10 keV±100 GeV per nu-
cleon. The main features of the effective cross sections of the
processes are described as a function of the collision energy,
atomic structure, and density effects in gases, solids, and plas-
mas. The role of dielectronic recombination in the interaction of
beams of heavymulti-electron ions with a plasma is considered in
detail. The progress in experimental and theoretical studies in
accelerator physics and the physics of collisions of heavy ions
with atomic systems, achieved over the last five to ten years is
reviewed.

Keywords: effective cross sections and rates of atomic pro-
cesses, charge exchange, ionization, dielectronic recombina-
tion, interaction of ion beams with gases, plasma, and foils,
ion beam lifetime

1. Introduction

This review is a continuation of works [1±3] on the study of
elementary processes involving heavy highly charged ions
(such as Bi q�, Au q�, W q�, U q�) in atomic and accelerator
physics and astrophysics at ion energies E � 10 keV/u±
100 GeV/u, i.e., from low to ultra-relativistic energies. The
amount of information on the interaction of heavy ions with
atomic particlesÐelectrons, atoms, ions, and moleculesÐ
has increased significantly over the past 10 years due to the
rapid development of accelerator technology and the advent
of powerful sources of heavy ions, such as NICA (Nuclotron-
based IonCollider fAcility), JINR (Joint Institute forNuclear
Research, Dubna, Russia), CERN (European Organization
for Nuclear Research, Geneva, Switzerland), UNILAC
(UNIversal Linear ACcelerator, Darmstadt, Germany),
BEVALAC (BEVAtron Linear Accelerator, Berkeley,
USA), RHIC (Relativistic Heavy IonCollider, Upton,
USA), RIKEN (Wako, Japan), and HIRFL (Heavy Ion
Research Facility, Lanzhou, China).
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Information on effective cross sections (probabilities) and
rates of processes involving positive ions is required for
research in atomic physics (physics of multiply charged ions,
X-ray radiation spectra, QED (quantum electrodynamics)
effects, stopping power of matter) [3±9] , in the physics of
laboratory and astrophysical plasma (beam diagnostics,
energy and charge losses) [10, 11], in the physics of accel-
erators (lifetimes of ion beams, vacuum conditions, optimiza-
tion of beam-foil interaction) [12±14], in nuclear physics
(detection of superheavy elements using gas-filled separa-
tors, study of exotic isotopes) [15, 16], in medicine [17], in
materials science [18], etc.

The purpose of this review is to present information on the
effective cross sections and rates of elementary processes
occurring with a change in the charge state of incident ions
colliding with atomic systems and to outline the use of this
information in many applications. It is these processes that
play themain role in the interaction of ion beamswith various
media: gases, foils, and plasma. The features of the processes
of electron capture and electron loss during the interaction of
ions with neutral atoms are considered. These processes are
accompanied by a change in the charge state of colliding
particles and determine the lifetime of beams of heavy multi-
electron ions in planning experiments with accelerators and
storage rings in the projects NICA (Dubna) [19±21], Gamma
Factory (CERN) [22], FAIR (Germany) [23], etc.

The interaction of ions with molecules (electron capture
and electron loss) is considered, which is necessary, for
example, for conducting experiments in ion accelerators,
where ion beams interact primarily with molecular gases of
a vacuum facility containing the molecules H2, N2, H2O,
CO2, CH4, etc. To estimate cross sections of interaction with
molecules, experimental data and theoretical calculations for
atomic targets are used, taking into accountBragg's additivity
rule. According to this rule, the cross section for the
interaction of an ion with a molecule is a sum of the cross
sections for interaction with the atoms of which the molecule
consists. Bragg's additivity rule is used in practice to
determine the cross sections for the electron capture and
electron loss of ions in collisions with molecular targets. We
examine the violation of Bragg's additivity rule in the case of
one-electron capture of ions on hydrogen molecules.

The features of the interaction of ions with electrons, in
particular, in processes such as one- and multi-electron
ionization by electron impact and radiative and dielectronic
recombination, are considered. The approximation parameters
for determining one-electron cross sections and ionization rates
of multiply charged ions in a wide range of energies and
temperatures, obtained using numerical calculations, are
presented. Radiative and dielectronic recombination during
the interaction of ions with electrons plays an important role if
an electron beamcooling system is used and strongly affects the
beam lifetime in the accelerator. The role of dielectronic
recombination in the interaction of ion beams with free
plasma electrons is considered for the first time.

The dynamics of the charge state of ion beams interacting
with gas, solid-state, and plasma targets is considered. A new
definition of the equilibrium target thickness depending on
the distribution of equilibrium fractions over the ion charge
has been proposed; the dependence of ion fractions on the
charge of the incident ion in the beam has been studied, etc.
Semi-empirical formulas and parameters for approximating
effective cross sections and process rates are presented in a
form convenient for their practical application.

We use the system of atomic unitsm � e � �h�1, wherem
and e are themass and charge of the electron, and �h is Planck's
constant.

2. Charge-changing processes of ions colliding
with atomic particles

This section provides a list of the main atomic processes
occurring during the interaction of ions with atomic parti-
clesÐ atoms, molecules, ions, and electronsÐwhich are
accompanied by a change in the charge state of the incident
ions. More detailed information about processes and compu-
ter programs for calculating the atomic characteristics of the
processes is presented in [1±6, 10, 11].

2.1 Ion-atom collisions
Collisions of ions with gaseous and solid (foil) media are
primarily characterized by the interaction of ions with target
atoms. The most common process is transfer ionization (TI),
when electrons of both colliding particles are simultaneously
captured and ionized:

X q� �A! X q 0� �Ak� � �q 0 ÿ q� k� eÿ ; �2:1�
where q and q 0 are the charge state of the incident ion X q�

before and after the collision, respectively, and k is the charge
of the target atom A after the collision. Reaction (2.1) is a
multi-electron process accompanied by a change in the charge
states of colliding particles and the production of free
electrons.

The study of effective cross sections for multi-electron
processes (2.1) as a function of ion energy E and charges q, q 0

and k is a fairly challenging problem. In experiments, this
requires the use of a special coincidence technique, and, in
theoretical studies, solving the problem of multi-electron
transitions, taking into account the atomic structure of both
colliding particles (see, for example, [1, 3, 24, 25]). In practice,
such detailed information about processes (2.1) is usually
required quite rarely.

Three important atomic processes are distinguished that
are special cases of the TI reaction.

(1) Direct one- and multi-electron ionization of atoms by
ions, q � q 0 (pure target multi-electron ionization, PI):

X q� �A! X q� �Ak� � keÿ ; k5 1 : �2:2�

Process (2.2) ismore complex than the ionization of atoms
by electrons due to the influence of the atomic structure of the
incident ion.

(2) Direct one- and multi-electron ionization of incident
ions by neutral atoms, or, electron loss (EL):

X q� �A! X �q�k�� �A� keÿ ; k5 1 : �2:3�

(3) Nonradiative one- and multi-electron capture (NRC):

X q� �A! X �qÿk�� �Ak� ; k5 1 ; �2:4�
i.e., a process accompanied by the capture of one or more
electrons, which leads to a redistribution of the charge states
of colliding particles.

(4) Radiative electron capture (REC), which is the capture
of one or more electrons, accompanied by photon emission;
usually, a single electron is captured in REC:

X q� �A! X �qÿ1�� �A� � �ho : �2:5�
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The REC radiation spectrum depends on the incident ion
energy and the atomic structure of the colliding particles.
REC plays an important role in collisions of heavy ions with
multi-electron atoms and at relativistic energies [26, 27].

Shown as examples in Fig. 1a and b are the experimental
effective cross sections of TI processes for the reaction

Ar q� �Ne! Ar q
0� �Ne k� � �q 0 ÿ q� k� eÿ �2:6�

at the argon ion energy E � 1:05 MeV/u. For q � 12, partial
cross sections as a function of parameter k � 1ÿ 9 are
displayed in Fig. 1a. Curve q 0 � 12 corresponds to the
process of pure ionization (2.2), while the remaining curves
are the cross sections of reaction (2.6) at q 0 6� 12; the SUM
curve presents the sum of all cross sections.

Experimental TI cross sections of reaction (2.6) as a
function of the initial ion charge q for various values of
p � q 0 ÿ q and the cross sections summed for all p are shown
in Fig. 1b. The curve p � 0 corresponds to cross section (2.2)
for the ionization of Ne atoms, p � 1ÿ4, to cross sections of
multi-electron loss (2.3) of Ar ions, and p � ÿ�1ÿ4�, to cross
sections of multi-electron capture (2.4).

2.2 Electron-ion collisions
The interaction of ions with electrons is characterized by
atomic processes that play an important role in laboratory
and astrophysical plasmas, the diagnostics of tokamak
plasmas using characteristic emission spectra of ions, accel-
erator systems for electron cooling of ion beams, studies of

the structure of atoms and ions, etc. [2, 12, 28, 29]. The main
processes of interaction with electrons are:

(1) One- and multi-electron ionization (multiple ioniza-
tion, MI):

X q� � eÿ ! X �q�k�� � eÿ � keÿ ; k5 1 : �2:7�
In the case of ionization of heavy multi-electron ions, the
contribution of multi-electron ionization to the total cross
section may exceed 50%.

(2) Three-body recombination (ternary recombination,
TR):

X q� � eÿ � eÿ ! X �qÿ1�� � eÿ ; �2:8�

which is the inverse process to ionization by electrons and
plays an important role in dense and low-temperature
plasma [4, 30, 31].

(3) Radiative recombination (RR), the capture of free
electrons (plasma) by ions with the emission of photons:

X q� � eÿ ! X �qÿ1�� � �ho : �2:9�

Process (2.9), which occurs at all energies of free electrons,
plays an important role in the cooling of ion beams by an
electron beam in accelerating systems (electron cooling)
(Section 5.3.3).

(4) Dielectronic recombination (DR):

X q� � eÿ ! �X �qÿ1��� �� ! X �qÿ1�� � �ho ; �2:10�
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Figure 1. Experimental TI cross sections, reaction (2.6), in the collision of Ar q� ions with Ne atoms at energy E � 1:05 MeV/u. (a) TI cross sections for

collisions of Ar12� ions with Ne atoms as a function of the number of ionized electrons k. Curve q 0 � 12 presents the cross section for multi-electron

ionization of Ne atoms; curves with q 0 6� 12 show transfer ionization cross sections, SUM is the total cross section, (b) TI cross sections as a function of

charge q, summed over all values of k, for various values of p � q 0 ÿ q. Curve p � 0 presents the total ionization cross section of Ne atoms, curves

p � 1ÿ4 are multi-electron-loss cross sections, p � ÿ�1ÿ4� are multi-electron-capture cross sections (2.4). (From [25].)
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a process involving photon emission, which is accompanied
by the capture of a free electron and simultaneous
excitation of an inner electron in the ion [5, 32]. Unlike
radiative recombination, DR has a resonant character,
since it only occurs at certain (resonant) values of the
kinetic energy of a free electron (Section 6.4). Along with
RR processes, dielectronic recombination plays an impor-
tant role in the interaction of heavy ions with plasma and in
the electron cooling of ion beams in accelerator systems
(Sections 6.3 and 6.4).

2.3 Ion-ion collisions
Information about ion-ion collisions is required for studying
processes in nonequilibrium laboratory and astrophysical
plasmas, thermonuclear fusion, the interaction of ion beams
with plasma, etc. (see [3, 5, 6, 33]). The main processes that
occur during ion-ion collisions are:

(1) Direct ionization:

X q� �Aq 0� ! X �q�k�� �Aq 0� � keÿ ; k5 1 : �2:11�

The cross sections of such processes are small compared to
those of ion-atomic processes due to the large influence of the
Coulomb repulsion of colliding ions.

(2) Electron capture:

X q� �Ak� ! X �qÿ1�� �A�k�1�� : �2:12�

Ion-ion electron capture occurs with a low probability for the
same reason (Coulomb repulsion); however, if the charges of
incident ions are small, q � 1; 2, their contribution to the total
cross section can be comparable to that of ionization by
electron impact.

3. Ionization of ions by neutral atoms
(electron loss)

3.1 Role of ionization inner-shell electrons of an ion
Experimental data on ionization cross sections and theoret-
ical methods for calculating cross sections for the ionization
of heavy ions by neutral atoms and molecules (electron loss
cross sections),

X q� �A! X �q�k�� �
X

A� keÿ ; k5 1 ; �3:1�

can be found in [1±3]. The term
P

A in reaction (3.1) is an
indication that the target atom can be excited or ionized.

Experimental data for the cross sections for one- and
multi-electron loss of heavy ions were obtained primarily
for beams passing through gas targets H2, He, N2, O2,
Ne, Kr, Xe, and molecular gases in the nonrelativistic
energy region E < 200 MeV/u. At relativistic energies,
E > 200 MeV/u, experimental data are available primarily
for H- and He-like ions (Section 3.2).

Currently, a large amount of theoretical data on the cross
sections for one-electron loss of atoms and ions has been
obtained in the relativistic approximation using RICODE
and RICODE-M computer codes (see [34] and [35], respec-
tively), which use the relativistic interaction operator. The
more advanced RICODE-M program uses relativistic elec-
tron wave functions for bound states and the continuum,
unlike RICODE, where nonrelativistic wave functions are
used. The RICODE-M program is intended for calculating

the electron-loss cross sections of atoms and ions from the
hydrogen atom to superheavy elements with a nuclear charge
of up toZ � 120 in a collision with an arbitrary heavy particle
from a proton to heavy atoms and ions at an ion energy of
10 keV/u< E < 100 GeV/u. At medium and lower energies,
it is necessary to take into account multi-electron ionization,
which significantly affects the total cross sections even in the
ionization of multiply charged ions (Section 3.3).

In one-electron ionization of a heavymulti-electron ion by
neutral atoms, a significant contribution is made by the
ionization of electrons in the inner shells of the initial ion.
This feature is explained by two main factors: close values of
binding energies I �nl � in heavy ions and a large number of
electrons in the filled p6, d10, and f 14 shells.

Figure 2 shows the electron-loss cross sections of U42� ions
with the electron configuration 1s2 . . . 3s2 3p64s2 4p6 4d10 4f 4

byAr atoms. In the region of themaximumatE � 10 MeV/u,
the contribution to the total ionization cross section of
electrons of the 4d10 and 4f 4 shells is � 40%:
s�4d10� � s�4f 4��1:2�10ÿ18 cm2, and the total cross sec-
tion is stot�2� 10ÿ17 cm2. The binding energies of U42� ion
shells are quite close: IP�4f 4� � 2:0, IP�4d10� � 2:3, IP�4p6� �
2:7, and IP�4s 2��3:0 eV, respectively [36]. In relatively `light'
ions, the I �nl � values rapidly increase in passing from outer to
inner shells [37]. For example, in the Ar6��1s 22s22p63s 2� ion,
the binding energies are IP�3s2� � 124, IP�2p6� � 373, and
IP�2s 2� � 447 eV, respectively.

At high, but not relativistic energies, the cross section of
ionization of an ion by an atomwith a nuclear chargeZT from
a single electron shell decreases according to the Bethe±Born
formula (Born approximation):

sB
EL � Z 2

T

lnE

q 2E
; �3:2�

where q and E are the charge and energy of the incident ion,
respectively. The total contribution of the ionization of inner
electrons of incident ions leads not only to a significant
increase in cross sections but also to a weakening of the
quadratic dependence Z 2

T in Eqn (3.2):

ssum �
X
k

sk � Z
a �q�
T ; 1:34 a�q�4 1:8 : �3:3�
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Figure 2.Cross sections for one-electron ionization (electron loss) of U42�

ions by Ar atoms as a function of ion energy. Curves with the indication of

shells nlN are the cross sections of ionization of these shells, Total is the

total cross section calculated using the RICODE program. Experiment:

square, E � 1:4 MeV/u [38]; dot, E � 3:6 MeV/u [39]. (From [40].)
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Figure 3 shows the dependence of the power exponent a �q�
on the charge q in the ionization of uranium ions U q� by
neutral atoms, obtained using the RICODE program. The
increase in a �q� with increasing ion charge q is associated
with screening of the effective charge acting on the ionized
(active) electron of the incident ion. Namely, for low-charge
ions (q4 10), weakly bound outer-shell electrons are
ionized at large impact parameters, when the charge of the
atom nucleus is screened by its electrons, while electrons of
multiply charged ions (q4 1) are ionized at small impact
parameters, at which the screening of the target atom
charge ZT is much weaker.

Figure 4 shows the experimental cross sections for the
electron loss of U28� ions in collisions with H2, N2, Ne, Ar,
and Kr atoms (symbols) in comparison with calculations
obtained by the classical trajectory Monte Carlo (CTMC)
method (dashed curves) and using the DEPOSIT and
RICODE programs (solid curves). Experimental cross sec-
tions for H2 and N2 molecules were obtained using Bragg's
additivity rule (Section 5.1), i.e., by dividing by 2. The
DEPOSIT program [41, 42] is intended for calculating
cross sections for one- and multi-electron ionization of

ions by neutral atoms at low and medium collision energies
(Section 3.3). It can be seen that the CTMC data over-
estimates the cross sections at high energies, while the cross
sections calculated using the DEPOSIT and RICODE
programs agree with experiment significantly better.

3.2 Specific features of electron-loss processes
at relativistic energies
At relativistic energies, the nature of the ionization of heavy
ions by neutral atoms changes dramatically: the main
contribution is made by one-electron ionization, and the
cross sections no longer decrease with increasing energy and
become quasi-constant, which is due to the influence of purely
relativistic effects of interaction between the ion and the
atom. Born asymptotic behavior (3.2) is replaced by weak
energy dependence of the cross sections, and the dependence
on atomic parameters can be estimated using the semi-
empirical formula [34]

s rel
EL � ZT

2I
ÿ0:01q
P ; �3:4�

where ZT is the atomic number of the target atom, and q,
IP are the charge and ionization potential of the incident
ion.

The quasi-constant behavior of the cross sections is the
most important feature of the electron loss of heavy ions in
collisions with neutral atoms at relativistic energies
E > 200 MeV/u (ion velocity v > c=2, c is the speed of
light). This feature determines the lifetime of heavy ion
beams at relativistic energies (Section 5.3).

In collisions with target ions, the ionization cross section
increases with increasing energy as ln g [45] due to the strong
Coulomb interaction between colliding particles:

s rel
EL � Z 2

T ln g ; g �
�
1ÿ v 2

c 2

�ÿ1=2
; �3:5�

where g is the relativistic factor.
Basic experimental results on ionization cross sections

and ion fractions at energies E � 80ÿ1000 MeV/u of heavy
ions fromXe toU in collisions with gas and solid targets from
Be to U are reported in [46], where a description of computer
CHARGE and GLOBAL programs widely used to calculate
ion fractions in collisions of relativistic beams of heavy ions
with atomic targets is also presented. Currently, one of the
most accurate methods for calculating relativistic electron-
loss cross sections is the relativistic Born approximation,
taking into account the relativistic (magnetic) interaction
between colliding particles and using relativistic wave func-
tions [47±54].

In the relativistic approximation, the matrix element of
ionization (electron loss) has the form

Mif �


f
���1ÿ ba� exp �iQr���i � ; �3:6�

where Q is the momentum transfer, b � v=c is the relativistic
factor, a is the Dirac matrix component, r is the distance from
the ion nucleus, and ji i and j f i are the total wave functions of
the system in the initial and final states.

The first term in Eqn (3.6) corresponds to the `ordinary'
Born approximation, which describes the electric (Coulomb)
interaction between colliding particles, while the second term
represents the relativistic (magnetic) interaction with the
Li�enard±Wiechert potential, the order of magnitude of
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which is

ba � v
c

h pei
m
� v

c

ve
c
; �3:7�

wherem, ve, and hpei are themass, orbital velocity, andmatrix
element of the momentum of the active electron in the
incident ion, and c is the speed of light. Equation (3.7)
shows that the relativistic interaction is greatest (ba � 1)
when both velocities, of the ion v and electron ve, are close
to the speed of light.

Figure 5 shows the contributions of the relativistic and
nonrelativistic parts of interaction (3.6) to the total ionization
cross section of an H-like gold ion in collisions with nickel
atoms. Up to an energy E � 400 MeV/u, the cross section is
well described by the Born nonrelativistic matrix element
h f jexp �iQr�ji i; at E > 400 MeV/u, the cross section rapidly
decreases according to law (3.2), and the contribution coming
from the increasing relativistic part of the cross section
described by the matrix element h f jba exp �iQr�ji i begins to
grow. The calculated total section in the region E � 100 ±
4000 MeV/u is primarily determined by relativistic interac-
tion, weakly depends on energy, and is in good agreement
with experimental data (dots) and relativistic calculations of
other authors [46].

Figure 6 shows the scaled ionization cross sections of
H-like gold ions Au78� and bismuth Bi 82� in passing through
C, Al, Ti, Ni, and Au foils as a function of ion energy.
Experimental data (symbols) are in good agreement with
calculations for K-electrons of incident ions [46] made using
relativistic wave functions and the relativistic Li�enard±
Wiechert interaction potential.

Finally, Fig. 7 presents calculations of the relativistic
ionization cross sections of H-, He-, and Li-like lead ions in
collisions with H, C, O, and Ar atoms, which are the basic
components of the residual accelerator gas. Calculations were
carried out using the RICODE-M program [35] based on the
use of relativistic interaction (3.5) and relativistic wave
functions for electrons in a bound state and a continuous
spectrum. The cross sections displayed in Fig. 7 were used to
estimate the lifetimes of relativistic lead ions in the Gamma
Factory project (CERN) (Section 5.3).

3.3 Multi-electron ionization
At relatively low and medium collision energies, the cross
sections for the ionization of heavy ions by neutral atoms,

X q� �A! X �q�k�� �
X

A� keÿ ; k5 1 ; �3:8�

are characterized by a significant contribution (up to 70%) of
multi-electron ionization, i.e., the large ratio

X
k5 2

sk
stot

; stot �
XN
k�1

sk�v� ; �3:9�
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Figure 5. Cross sections for ionization (electron loss) of H-like Au78� ions

by nickel atoms as a function of ion energy. Circles show experimental

data [53]; dashed line represents a relativistic calculation [46]. Solid curves

are calculations using the RICODE-M program [35], thin curves are the

contribution of relativistic (Rel) and nonrelativistic (Non-rel) parts of

interaction (3.6). TotalÐ total cross section, this work.
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whereN is the total number of electrons in the X q� ion, v is its
velocity, and sk is the partial cross section of k-electron
ionization.

Experimental data on the total electron-loss cross sections
of heavy ions were obtained primarily in the large accelerators
Super-HILAC (LLL), LEIR (CERN), the Texas A&M
cyclotron, and GSI (Darmstadt) at energies E � 1 keV/u±
160 MeV/u (see references in [41]). These data show that stot
cross sections reach the maximum at the velocity

v 2
max � 0:75 IP ; �3:10�

where IP is the ionization potential of the ion in Ry units
(1Ry � 13:606 eV). Table 1 presents experimental data for
the electron-loss cross sections sk and stot of Ar, Xe, and U
ions. It can be seen that, even for the relatively light multiply
chargedAr8� ion with 10 electrons, the contribution ofmulti-
electron processes (3.8) is about 50%. It is also seen that the
contribution of k-electron ionization increases with increas-
ing atomic number of the target atom.

Calculations of multi-electron ionization cross sections sk
and stot for heavy ions, which provide a satisfactory
description of the experimental data, were carried out in the
classical approximation using the Monte Carlo CTMC
method [57±59] and the energy transfer method (DEPOSIT
program) [41, 42]. Both approaches yield approximately the
same accuracy of 50±80% in calculating sections. As an
example, Fig. 8 shows the experimental partial sk (k � 1ÿ4)
and total stot cross sections for multi-electron ionization of
Ba2� ions by oxygen atoms in comparison with calculations
made using the DEPOSIT program [41]. Calculation of
electron-loss cross sections taking into account multi-elec-
tron processes is very quite complicated and requires
information about the binding energies of all inner shells of
heavy ions, which is very scarce. For example, for uranium
ions, calculations of binding energies are often used [36], and
for ions of elements up toZn 4 30 inclusive (up to zinc), semi-
empirical data are employed [37].

In the intermediate-energy region, the classical total
electron-loss cross sections decrease much more slowly than
the Born cross sections for one-electron ionization:

s cl
EL � Eÿa �ZT� ; a �ZT� < 1 ; sB � Eÿ2 ; �3:11�

which is due to the large contribution of multi-electron
ionization of the ion. According to calculations using the
DEPOSIT program [61], the power exponent a �ZT� in
Eqn (3.11) depends on the atomic number �ZT� of the target

atom:

a �ZT� � 0:8

Z 0:3
T

; �3:12�

for example, for hydrogen atoms, a �H� � 0:80, for nitrogen,
a �N� � 0:44, and for others, a �Ar� � 0:34, a �Xe� � 0:24,
etc. Calculations using the DEPOSIT program also showed
that the program can be used at ion velocities

v > 0:1v0 ; �3:13�

where v0 � 2:2� 108 cm sÿ1 is the atomic unit of velocity.
At low and ultra-low energies v��0:001ÿ0:01�v0, to

estimate electron-loss cross sections in atom-atom and ion-
atom collisions, analytical models of the classical impulse
approximation are used [61, 62], the accuracy of which is on
the order of a factor of 3±5.

3.4 Scaling laws for total electron-loss cross sections
In practice, to estimate cross sections for atomic processes,
semi-empirical formulas are often used, which are obtained
on the basis of experimental data and fairly accurate
theoretical calculations. In [63], a large number of experi-
mental data were analyzed for the total electron-loss cross
sections of stot ions from Ar6� to U63� in collisions with
targets fromH2 to Xe in the energy range E � 1ÿ150 MeV/u

Table 1. Experimental electron-loss cross sections (in units of 10ÿ18 cm2) of Ar8�, Xe18�, and U q�, q � 28ÿ42, in collisions with inert gas atoms, where
s1, s2, s3, and stot are the cross-section single-, double-, and ternary ionization and total cross sections, respectively. (From [3].)

Reaction Energy, MeV/u s1 s2 s3 . . . stot
P

k5 2 s=stot, % Source

Ar8� �Xe

Xe18� �He

Xe18� �Ne

Xe18� �Ar

Xe18� �Kr

Xe18� �Xe

U28� �Ar

U31� �Ar

U33� �Ar

U39� �Ar

U42� �Ar

19.0
6.0
6.0
6.0
6.0
6.0
3.5
3.5
3.5
3.5
3.5
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3.0
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13.4
12.5
8.7
8.0
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11
13
16
6.8
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0.2
3.8
5.6
7.2
9.0
4.6
3.9
3.5
2.9
2.0

. . .

. . .

. . .

. . .

. . .

. . .

. . .

. . .

. . .

. . .

. . .

44
4.9
36
56
75
95
40.6
34.7
26.3
19.7
13.8

48
39
56
57
64
64
67
64
67
59
51

[55]
[56]
[56]
[56]
[56]
[56]
[38]
[38]
[38]
[38]
[38]

Total

m � 1

m � 2

m � 3

m � 4

DEPOSIT code
Exp. lo. Fite

Ba2+ + O
10ÿ15

10ÿ16

10ÿ17

10ÿ3 10ÿ2 10ÿ1 100 101

E, MeV/u

C
ro
ss

se
ct
io
n
,c
m

2

Figure 8. Multi-electron-loss cross sections sk, k � 1ÿ4, and total cross

section (Total) of Ba2� ions (Zn � 56) in interaction with oxygen atoms.

Unfilled symbolsÐexperiment [60], curvesÐcalculations using the

DEPOSIT program. (From [42].)
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(i.e., up to the relativistic region E > 200 MeV/u). The cross-
section scaling law was obtained in the form

s sc�u� � stot
I 1:5P

u 2:7 Z 1:3
T

; u � v
2

IP
; �3:14�

where v and IP are the velocity and ionization potential of the
incident ion in atomic units and ZT is the atomic number of
the target atom. Scaled experimental data in coordinates
(3.14) are approximated by a semi-empirical formula accu-
rate to a factor of 2±3 (Fig. 9):

s sc�u� �cm2 atomÿ1� � 1:28� 10ÿ16 uÿ0:934

� 10ÿ2:63 �log u �
2�1:20 �log u �3ÿ0:295 �log u �4�0:040 �log u �5ÿ0:0025 �log u �6 :

�3:15�

In [34], based on numerical calculations using the RICODE
program, a semi-empirical formula was obtained for the cross
sections for one-electron loss of heavy ions in reactions with
neutral atoms in awide energy range, including the relativistic
region:

s�cm2 atomÿ1� � 0:88� 10ÿ16�ZT � 1�2 u

u 2 � 3:5

� I
ÿ�1�0:01q�
P

�
1� 1:31

n0
ln �4u� 1�

�
; �3:16�

u � v
2

IP
� �bc�

2

IP
; �3:17�

where IP and q are the ionization potential in Ry units and the
charge of the original ion, and c is the speed of light
(c � 137 a.u.).

Cross section (3.16) reaches its maximum at u � 2:

smax�cm2 atomÿ1� � 10ÿ16�ZT � 1�2Iÿ�1�0:01q�P ; u � 2 ;

�3:18�

and, in the relativistic region, v! c, the cross section tends to
a constant value

s�cm2 atomÿ1� � 3� 10ÿ20�ZT � 1�2Iÿ0:01qP ; v � c :

�3:19�

Equation (3.16) for u > 2 is accurate up to a factor of 2, as
is shown in Fig. 10 for the cross sections for the electron
loss of uranium ions in collisions with gas atoms. The cross
sections for the electron loss of ions in reactions with
molecules are calculated using Bragg's additivity rule
(Section 5.1).

Finally, the electron-loss cross sections can be represented
in a scaled form, taking into account the properties of semi-
empirical formula (3.16), as shown in Fig. 11 for the cross
sections for ionization of uranium ions by hydrogen atoms. It
can be seen how, with increasing energy and ion charge,
relativistic effects significantly change the shape of the
electron-loss cross sections.

4. Electron capture in ion-atom collisions

4.1 Nonradiative electron capture. Role of capture
of the inner-shell electron of target atoms
We discuss in this section the features of one-electron capture

X q� �A! X �qÿ1�� �A� �4:1�

at energies E > 1 keV/u. Electron capture at low energies
E < 1 keV/u is considered in [1], and multi-electron capture,
in Section 4.3.

At energies E � 1ÿ25 keV/u, the incident ion captures an
electron from the outer shell of the target atom into a large
number of excited states of theX �qÿ1�� ion, the energy of which
is close to the ionization potential of the A atom. Due to the
total contribution of electron capture to the excited states, the
total cross section becomes quasi-constant, i.e., weakly depends
on energy E [67±70]. The cross section is proportional to the
charge q of the incident ion according to themodel of tunneling
of the electron being captured through the Coulomb barrier
created by the atom and the incident ion [70]:

s �cm2� � 10ÿ15
q

I
3=2
T

; q > 5 ; v 2 < IT ; �4:2�

where IT is the ionization potential of the atom in Ry units.
According to this model, primarily populated are the levels of
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X �qÿ1���n� ions with principal quantum numbers n:

n � q 3=4

I
1=2
T

: �4:3�

With increasing energy, E � 25 keV/u±30 MeV/u, the
structure of the electron shells of the target atom begins to
play a more significant role: the capture of electrons from
the inner shells becomes the main, predominant process,
which is a feature of nonradiative electron capture,
distinguishing it from other ion-atomic processes at these
collision energies. The cross section for the capture of a
target electron from one shell of the target rapidly decreases
approximately as � Eÿ5:5 (in contrast to the ionization and
excitation cross sections, which decrease as � Eÿ1), and the
capture of electrons from the inner shells, whose orbital
velocity ve is close to the velocity of the incident ion v,
becomes significantÐ this is the so-called velocity matching
condition. The cross section for the capture of outer
electrons becomes negligibly small in contrast to electron
capture at low and medium energies.

As a result, the electron capture cross section summed
over the target shells decreases according to the law

stot�E � � Eÿa ; 1 < a < 5:5 : �4:4�

The value of the parameter a depends on the
contribution from the capture of inner electrons to the
total cross section; the larger the contribution, the smaller
is a, i.e., the slower the decrease in the total cross section
summed over the shells. The maximum value a � 5:5 is
attained at high energies, when the main contribution
comes from the capture of 1s electrons of the target. For
this reason, the cross sections of electron capture on light
atoms H and He decrease much faster than on heavy
atoms such as Ne, Ar, Xe, which have a large number of
electron shells.

This feature is illustrated in Fig. 12, where the cross
sections of electron capture of Pb 25� ions on argon atoms,
calculated using the CAPTURE program [71], are compared
with experimental data [36]. As the ion energy increases to
E � 0:8 MeV/u, electrons from the outer 3p6 and 3s2 shells of
argon are captured; at E � 0:8±10 MeV/u, electrons from the
inner 2p6 and 2s2 shells are captured; and at E > 10 MeV/u,
the capture of 1s2 electrons (K-shell) makes the main
contribution to the cross section, which in this energy region
decreases as s � Eÿ5:5.

Cross sections for one-electron capture of multiply
charged ions on neutral atoms are often estimated using the
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semi-empirical Schlachter formula [72], obtained on the basis
of experimental data:

s�cm2� � 1:1� 10ÿ8

~E 4:8

q 0:5

Z 1:8
T

�
1ÿ exp �ÿ0:037 ~E 2:2��

� �1ÿ exp �ÿ2:44� 10ÿ5 ~E 2:6�� ; �4:5�

~E � E

Z 1:25
T q 0:7

; q5 3 ; ~E > 10 ; �4:6�

where E is the ion energy in keV/u units. The accuracy of
Eqn (4.5) is no less than a factor of 2.Note that semi-empirical
formulas (4.5) for electron-capture cross sections and (3.16)
for electron-loss cross sections are used to estimate the
lifetime of ion beams in accelerator systems [2].

4.2 Target-density effects in electron capture
and ionization
The high density of target atoms in a solid (foil) or dense gas
significantly affects the probabilities of the processes of
interaction of ions with targets and, consequently, the
macro-characteristics associated with them: energy losses
and equilibrium charges of beams when passing through the
medium, equilibrium thicknesses of the target, etc. This is the
so-called target density (gas-solid) effect, which greatly affects
the electron-capture cross sections, decreasing cross sections
up to a factor of 10, and less significantly electron-loss cross
sections, increasing them by 10±30% (see [1, 71, 73±81]).

In the case of electron capture, the density effect is as
follows. As the density of atoms in the medium increases, the
frequency of collisions of ions with target atoms increases, so
the time between sequential collisions becomes shorter than
the lifetime of excited ionic states formed as a result of
electron capture, which are actively ionized during subse-
quent collisions with target atoms. As a result of the process,
only those ions survive whose principal quantum numbers n
range from the ground state n � n0 to some excited one with
the maximum number n � nmax, n0 4 n4 nmax, while excited
ions with n > nmax are effectively ionized by subsequent
collisions with target atoms. A similar effect of `lowering'
the ionization boundary occurs in a dense plasma during the
ionization of atoms and ions by electrons [4].

Taking into account the target density effect, the total
cross section for one-electron capture

X q� �A! X �qÿ1���n� �A� �4:7�

to all possible states n of the ion X �qÿ1�� has the form

sDE
tot �v� �

Xnmax

n�n0
sn�v� ; nmax � n0 � Dn ; �4:8�

where sn�v� is the cross section of electron capture to the state
with the principal quantum number n, n0 is the ground state,
and nmax is the maximum quantum number Dn � nmax ÿ n0.
In a rarefied gas, nmax !1, i.e., the X �qÿ1���n� ions are
formed in all possible quantum states. In a dense gas or solid,
nmax is limited and determined by the maximum possible
value, which depends on the atomic structure of the colliding
particles and the energy of the ions. In a superdense medium,
electron capture occurs primarily to the ground state, i.e., at
Dn � 0 and nmax � n0. An example of the distribution of
electron-capture cross sections over the principal quantum
number n of the final state of the ion is presented in Fig. 13.

To estimate the parameter Dn in (4.8), two alternative
formulas are used:

Dn � q

�
1018

Z 2
T NT �cmÿ3�

�1=7�
E �keV=u�
250q 2

�1=14

�4:9�

or

Dn � q

�
5� 1016

Z 2
T NT �cmÿ3�

�1=9�
E �keV=u�

q 6

�1=18

; �4:10�

where E is the ion energy [keV/u], andNT is the target density
[cmÿ3]. Formula (4.9), which was derived in [71] based on the
classical formulas of Thompson and Kramers for ionization
cross sections and radiative transition probabilities, corre-
sponds to the pure ionization of ions formed as a result of
electron capture. Equation (4.10) obtained in [82] describes
the maximum number nmax at step ionization, when the
�X �qÿ1���� ion is first excited to an adjacent level and then
ionized. Calculations of the cross section showed that
Eqn (4.10) usually describes experimental data more accu-
rately than Eqn (4.9) does. Note that estimating the influence
of density effects on the cross sections for the electron loss of
heavy ions in interactions with neutral atoms is more
complicated problem than in the case of electron capture
(see [80]).

4.3 Multi-electron capture
Due to the strong Coulomb interaction, the electron capture
of multiply charged ions on atoms leads with a high
probability to the capture of more than one electron:

X q� �A! X �qÿk�� �Ak� ; k5 1 : �4:11�

Multi-electron capture for all charges k5 2 makes a
significant contribution (up to 50%) to the total electron-
capture cross section and occurs at almost all energies.
Multi-electron processes also play an important role in the
electron loss of heavy ions in reactions with neutral atoms
(Section 3.3).

Experimental data on multi-electron capture cross sec-
tions were obtained primarily at low (E�0:01 eV/u±10 keV/u
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Figure 13. Ionization (ion) and electron capture (EC) cross sections in

collisions of Fe9� ions at an energy of 6 MeV/u with graphite foil as a

function of charge qÐcalculation with and without taking into account

the target density effect. (From [80].)
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[83±85]) and medium (E � 1±10 MeV/u) energies [36, 37] in
collisions of multiply charged ions with gas targets H2, He,
inert gases, and molecules (see also [1±3]). For example,
studies [67, 84] present experimental data on the cross
sections sq; qÿk of processes at very low collision energies
E � 1 eV/u±20 keV/u:

X q� �A! X �qÿk�� �Ak�; 14 k4 4 ; 24 q4 8 ; �4:12�

X � Ne;Ar;Kr;Xe ;

A � He;Ne;Ar;Kr;Xe;H2;N2;O2;CH4;CO2 ;

which are described with an accuracy of 35% by the semi-
empirical formula

sq; qÿk � 10ÿ12�cm2 �CqA
ÿ
IT�eV�

�ÿB
; �4:13�

where IT is the ionization potential of the target atom, and A,
B, C are the fitting parameters (see Table 2).

The results of studies [67, 83] showed that electron-
capture cross sections capturing k � 1ÿ4 electrons weakly
depend on the energy and chemical element of the ion, but
depend primarily on the charge of the ion and the target atom.
Figure 14 shows experimental data on the cross sections for
multi-electron capture in collisions of Ar q��Ar and
Ar q��Xe q��Kr as a function of ion energy.

A large amount of experimental data on the cross sections
for one-electron and multi-electron capture and ionization
(electron loss) is presented in [36] for heavy ionsXe, Pb, andU
with an energy of 1.4 MeV/u in collisions with He, N2, and
Ag. Table 3 shows the experimental cross sections for one-
and multi-electron capture of multiply charged lead and
uranium ions on argon atoms at MeV/u energies. It can be
seen that the total contribution of multi-electron capture to
the total cross section is fairly large. Multi-electron processes
of ionization and electron capture of heavy and superheavy
ions play a significant role in the formation of the average
charge of ion beams passing through gas targets (Sections 3.3
and 4.3).

Theoretical calculations of multi-electron capture cross
sections were carried out primarily for two-electron capture
using the strong coupling method [86], based on the quasi-
molecular model [87, 88], and the independent particle
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Table 2. Parameters of approximation (4.12) and (4.13) of experimental
cross sections of electron capture involving k � 1ÿ4 electrons at energies
E � 1 eV/u±20 keV/u. (From [67].)

k C �k� A �k� B �k�
1
2
3
4

1:43� 0:76
1:08� 0:95

�5:50� 5:8� � 10ÿ2

�3:57� 8:9� � 10ÿ4

1:17� 0:09
0:71� 0:14
2:10� 0:24
4:20� 0:79

2:76� 0:19
2:80� 0:32
2:89� 0:39
3:03� 0:86

Table 3. Experimental cross sections of electron capture (in units of 10ÿ18 cm2) involving k � 1ÿ4 electrons and total cross sections of the collision of
xenon, lead, and uranium ions with Ar atoms at energies of 1.4 and 3.5 MeV/u. Relative contribution (%) of the total cross section of multi-electron
capture k5 2 to total cross section stot is also presented.

Ion s1 s2 s3 s4 stot
P

sk=stot, % Energy, MeV/u Source

Xe27�

Xe30�

Xe33�

Pb27�

Pb39�

Pb42�

U27�

U39�

U42�

U28�

U39�

U42�

U52�

154
165
209
115
248
288
95.6
224
247
12.6
52.3
61.6
82.5

38.9
52.8
59.7
13
96.7
99.1
13.2
75.1
81.5
ì
8.1
16.1
35.3

8.06
14.5
22.4
ì
38.4
51.4
0.11
25.5
40.8
ì
0.3
2.0
10.6

ì
ì
ì
ì
ì
ì
ì
ì
ì
ì
ì
ì
1.4

201
232
291
128
383
439
109
324
369
ì
60.7
79.7
130

23.4
29.5
28.2
10.2
35.3
34.3
12.2
33.9
33.1
ì
13.8
22.7
36.5

1.4
ì
ì
ì
ì
ì
ì
ì
ì
3.5
ì
ì
ì

[38]
[38]
[38]
[38]
[38]
[38]
[38]
[38]
[38]
[39]
[39]
[39]
[39]
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method [89] at low and medium collision energies (see review
[90]). In general, the properties ofmulti-electron capture cross
sections, i.e., the dependence of cross sections on the atomic
structure of colliding particles, the velocity of the incident ion,
and other atomic parameters have not been fully studied
experimentally or theoretically and require further considera-
tion.

4.4 Electron capture at relativistic energies
At relativistic energies, an additional process of radiative
electron capture (REC) occurs, which is accompanied by
photon emission:

X q� �A! X �qÿ1�� �A� � �ho : �4:14�

This process is similar to photorecombination,

X q� � e! X �qÿ1�� � �ho ; �4:15�

the difference being that in REC a bound electron of the target
atom is captured, while in (4.15) a free electron is captured.
The REC emission spectrum depends on the incident ion
energy and the atomic structure of the colliding particles (for
more information on REC processes, see review [27]). At high
and relativistic energies, electron capture in ion-atomic
collisions occurs through two competing channels, radiative
(REC) and nonradiative (NRC), so the total cross section is
determined by the sum

stot � sNRC � sREC : �4:16�

The cross sections of each of the processes have the following
asymptotic behavior:

sNRC � q5ZT
5

E 5:5
; sREC � q 4ZT

E 2
; �4:17�

i.e., theNRC cross section decreases with energyE faster than
the REC cross section does, but increases faster with
increasing charge of the incident ion q and the atomic
number of the target ZT. Therefore, the relative contribution
of each process depends on the atomic parameters of the
reactions.

Cross sections for electron capture of heavy ions on atoms
at high energiesweremeasured in the accelerators BEVALAC,
SUPER-EBIT (USA), and LINAC (Germany) (see [1±3, 91±
93]). Relativistic NRC cross sections were calculated in the
eikonal [94, 95] and the Brinkman±Kramers approximation
with normalization based on the CAPTURE program [71].
To calculate the REC cross sections, the Kramers formula
[96] and tables of relativistic cross sections [97], in combina-
tion with recurrence relations described in [27], are used.

Typically, at relatively low energies, NRC is the dominant
process; however, as energy increases, REC processes become
dominant. This situation is illustrated in Fig. 15, which shows
the cross sections for one-electron capture of uranium ions on
argon atoms in a wide energy range. It can be seen that, at
energies E0400 MeV/u, the REC processes start playing a
significant role in the electron capture process.

Figure 16 presents a calculation of the electron-capture
cross sections of Xe54� ions on hydrogen molecules per atom
at energies of 5.5 and 30.9 MeV/u as a function of the
principal quantum number n of the resulting ion. The NRC
cross sections calculated in the eikonal approximation and
using the CAPTURE program are in good agreement with

each other for all values of n. The REC cross sections were
calculated in the nonrelativistic approximation taking into
account recurrence relations [98].

The relative contribution of the calculated electron-
capture NRC and REC cross sections in collisions of
Au78� ions with nickel atoms at relativistic energies is
compared with experimental data in Fig. 17. At energies
E < 300 MeV/u, nonradiative capture prevails; at
E � 400ÿ900 MeV/u, both processes are of importance,
and at E > 1000 MeV/u, REC electron capture makes the
main contribution to electron capture by a hydrogen
molecule.

X-ray spectra arising during REC electron capture are
used in X-ray spectroscopy of multiply charged ions to
determine radiative transition probabilities, photoioniza-
tion cross sections, QED effects, and other characteristics
[27, 100, 101].
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Figure 15. Cross sections for one-electron electron capture and ionization

of U38� ions in collisions with argon atoms as a function of ion energy.

Symbols show experimental data [36, 37]. EC andEL are the cross sections

for one-electron capture and ionization calculated using the CAPTURE

and RICODE programs, respectively [34], REC is the Kramers formula

[96]. (From [34].)
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5. Collisions of ions with molecules

5.1 Bragg's additivity rule
Many physical applications require information on the cross
sections for the interaction of ions with molecules (electron
capture and ionization), for example, to estimate the lifetime
of ion beams in a vacuum accelerator system containing
primarily the molecules H2, N2, H2O, CO2, CH4, etc. For
these atomic processes, Bragg's additivity rule is used,
according to which the cross section for the interaction of
an ion with a molecule can be represented as the sum of the
cross sections for the interaction with the constituent atoms
of the molecule,

smol �
X
i

Nisi�Zi� ; �5:1�

where si�Zi� is the cross section for the interaction of an ion
with an atom,Zi is its atomic number, andNi is the number of
atoms with atomic number Zi. For example, the cross section
for the interaction of an ionwith a CH4 molecule according to
Bragg's rule is represented as

s�CH4� � s�C� � 4s�H� : �5:2�

The use of Bragg's rule is associated with difficulties in
calculating cross sections for molecular targets, even in the
case of the simplest hydrogen molecule H2 (see, for example,
[102]). Bragg's rule is applied in those cases where molecular
effects (chemical bonds, polarizability, vibrations, rotation,
etc.) can be neglected, i.e., when atoms in a molecule can be
considered independent scattering centers. This approxima-
tion is realized at high collision energies, when the collision
time is short, and the interaction with the molecule can be
separated into interactions with the individual atoms of which
it consists.

Study [103] experimentally showed that Bragg's rule is
well satisfied for the cross sections of total ionization
(electron loss) of heavy ions in interactions with diatomic

and polyatomic molecules (with the exception of the simplest
H2 molecule) and even for partial (multi-electron) ionization
cross sections. Figure 18a shows the total electron-loss cross
sections smol=N of Xe18� ions as a function of the total
number of electrons Ne and the average charge of the target
molecule ~Z, determined from the equation based on Bragg's
rule:

smol

Ne
� s� ~Z� ; ~Z �

P
i ZiNi

Ne
; �5:3�

where s� ~Z � is the cross section of ionization by an atom
with average atomic number ~Z. The experimental data
obtained in this way, with the exception of H2 and CH4

molecules, agree with an accuracy of 6% with the values on
the straight line plotted using experimental data for atomic
targets He and Ne. The ratio of the total cross sections for
the electron loss of xenon ions in interactions with
hydrogen atoms and molecules, obtained in [103], is
s�H2�=s�H� � 3:4, i.e., is not equal to 2 (as it should be
according to Bragg's rule: see Section 5.2). It should be
noted that in the general case the average charge ~Z in
Eqn (5.3) is not an integer: for example, for molecules
C3F8 and SF6, it is equal to ~Z�SiH4� � 18=5 � 3:6 and
~Z�SF6� � 70=7 � 10:0, respectively.

Experimental cross sections of k-electron ionization,
k � 1ÿ8, of Xe18� ions in collisions with N2, CO, and CO2

molecules with close average charges ~Z (7.0, 7.00, and 7.33,
respectively) are presented in Fig. 18b in coordinates (5.3).
The scaled multi-electron ionization cross sections for these
molecules agree well with each other.

5.2 Violation of Bragg's rule for cross sections
for one-electron capture of ions on H2 molecules
Bragg's additivity rule (5.1) is also used to determine the
electron-capture cross sections of ions on molecules, where it
is partially justified by the fact that at high energies the main
contribution to the electron-capture cross section comes from
the capture of inner-shell electrons of the target (Section 3.1),
the structure of which in atoms and molecules is approxi-
mately the same.

Bragg's rule is violated in the case of one-electron capture
of ions on H2 hydrogenmolecules, the cross sections of which
are required for many applications in plasma physics and
accelerator physics to find optimal conditions for electron
loss of low-charge ions in gas targets, obtain ion beams with
the maximum average charge, etc.

Study [104] used experimental data to establish that the
ratio of the cross sections for one-electron capture of multiply
charged ions on hydrogen atoms andmolecules is not equal to
2, s�H2�=s�H� 6� 2, and with increasing ion energy it
increases nonmonotonically from 0.8 up to 3.8:

0:84
s�H2�
s�H� 4 3:8 ; 0:14

E �keV=u�
q 4=7

4 103 ; �5:4�

where q is the incident ion charge. A slightly different
dependence of the s�H2�=s�H� ratio was later obtained in
[105] using a different law for scaling the ion charge and
energy.

The ratio of one-electron capture cross sections
s�H2�=s�H� in coordinates (5.4) is presented in Fig. 19,
where the solid curve represents the calculation in the Bohr±
Lindhard approximation [107] and the dotted curve is the

10ÿ19

10ÿ20

10ÿ21

10ÿ22

10ÿ23

10ÿ24

s,
cm

2

0 200 400 600 800 1000 1200
E, MeV/u

EC: Au78+ + Ni

REC

NRC

Figure 17. Relativistic electron-capture cross sections NRC and REC of

Au78� ions interacting with nickel atoms as a function of ion energy.

Circles indicate experimental data [93]. REC: solid and dashed curvesÐ

calculation using the CAPTURE program and the eikonal approxima-

tion, respectively; NRC: solid and dashed curvesÐcalculation using the

Kramers formula and the Stobbe formula [99]. (From [93].)
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approximation of experimental data:

s�H2�
s�H� �

0:76; X < 6

1:76� 0:0328 �Xÿ 6�; 6 < X < 100

3:84; X > 100;

8<:
9=;;

X � E �keV=u�
q 4=7

: �5:5�

The ratio of electron capture cross sections s�H2�=s�H�
has been theoretically studied in a number of works (see, for

example, [108, 109]); however, a sufficiently complete
explanation of the violation of Bragg's rule in the entire
energy range is still absent.

5.3 Lifetimes of ion beams in an accelerator.
Vacuum conditions
Effective cross sections for the interaction of ions with neutral
atoms, accompanied by a change in the charge state of
incident ions (ionization, recombination), are the basic data
for many problems in atomic, nuclear, and accelerator
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a function of the averaged atomic number (5.3): symbols indicate experimental data, solid line is plotted using experimental data for cross sections of
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physics. One of these problems is to determine the lifetime of
ion beams in accelerators for planning experiments in which
ion beamswith high-quality characteristics (smallmomentum
spread, low divergence, etc.) can be created.

The lifetime of an ion beam t in an accelerator is given by
the formula

I�t� � I0 exp

�
ÿ t

t

�
; �5:6�

where I�t� is the time dependence of the beam intensity, and I0
is its initial value, i.e., t is determined by the time at which the
beam intensity decreases by a factor of e.

In general, the total beam lifetime t in an accelerator is
determined by three main factors as per the formula

1

ttot
� 1

trg
� 1

ttg
� 1

tec
; �5:7�

where trg, ttg, and tec are the lifetimes associated with the
interaction of the ion beam with atoms and molecules of the
residual gas in the accelerator, with the gas target, and with
free electrons in the process of electron cooling of the beam,
respectively.

The quantities trg and ttg are determined by the formula

trg; tg �s� �
"
rbc

X
T

YT�sEL � sEC�
#ÿ1

;
X
T

YT � 1 ; �5:8�

where r is the gas density in cmÿ3 units, b � v=c is the
relativistic factor, v is the velocity of ions in the beam, c is the
speed of light (c � 3:0� 1010 cm sÿ1), YT are gas component
fractions, and sEC and sEL are total cross sections for electron
capture and electron loss [cm2], i.e., the cross section summed
over all multi-electron processes. The summation in (5.8) is
carried out over all gas components, and, in the case of
molecular targets, Bragg's additivity rule is used (Section 5.1).
Thus, the ion beam lifetime in an accelerator depends on the ion
energy, the cross sections for the interaction of the beam ions
with atomic particles, and vacuum conditions, i.e., the pressure
and concentration of residual gas atoms and molecules.

Equation (5.8) is used to determine the ion beam lifetime
in accelerating facilities (see, for example, [1, 110]). The
residual gas components are usually H2, He, H2O, O2, N2,
CO,CO2, CH4,Ar, andXe. Satisfactory results for estimating
lifetimes at high energies are provided by semi-empirical
formulas for the electron-capture and electron-loss cross
sections (see [1]).

5.3.1 Lifetimes of ion beams in an accelerator due to collisions
of ions with atoms and molecules of the residual gas. Recently,
as part of the Gamma Factory project at CERN, lifetimes trg
have beenmeasured for beams ofmultiply charged xenon and
lead ions [111]. The goal of the project is to study relativistic
heavy-ion beams with energy E � 26ÿ260 GeV/u as sources
of gamma radiation with wavelengths l � 1 ± 400 MeV and
radiation fluxes of the order of 103 photons per nucleon. The
implementation of the Gamma Factory program is based on
the principle of laser cooling of a relativistic ion beam. The
long lifetimes of Xe39�, Pb80�, and Pb81� ion beams
measured at the Super Proton Synchrotron (SPS) and the
Large Hadron Collider (LHC) have shown that beams of
heavy multiply charged ions can be stored and accelerated to
ultra-high energies (see [111]).

Table 4 shows the experimental and theoretical values of
the lifetimes trg of beams of multiply charged xenon and lead

ions under vacuum conditions corresponding to the opera-
tion of the SPS and the LHC. The long lifetime of the Pb81�

ion beam, trg � 5 h, is associated with a higher vacuum in the
collider, P�4:3� 10ÿ11 mbar, compared to the vacuum in
the synchrotron, P � 2:8� 10ÿ8 mbar. The main compo-
nents of the residual gas in these systems are molecules of
H2, H2O, CO2, CO, and CH4.

Since 2013, the Joint Institute for Nuclear Research
(JINR, Dubna) has been implementing the national project
NICA to produce intense beams of heavy ions and
polarized nuclei to study new forms of baryonic matter,
including quark-gluon plasma [19, 20, 117]. Study [118]
reports the results of the first run (December 2020) for
commissioning the Booster of the NICA project based on
vacuum conditions and measuring the lifetime of a helium
He� ion beam at an injection energy of 3.2 MeV/u. The
measured beam lifetime trg�exp:� � 1:32� 0:06 s is com-
pared with the theoretical calculation (trg�theor:� �
1:74� 0:50 s) using the RICODE-M and CAPTURE
computer programs. Figure 20 shows the theoretical
dependence of the lifetime of an He� ion beam on the ion
energy in the Booster vacuum. Under these conditions, the
He-beam lifetime is determined by ionization of helium
ions by atoms and molecules of the residual gas, while
electron capture plays virtually no role.

Table 4. Experimental lifetimes of beams of multiply charged xenon and
lead ionsobtainedat SPSandLHC(CERN) in comparisonwith theoretical
calculations of electron-loss cross sections using theRICODE-Mprogram.

Ion trg exp. Energy,
GeV/u

Accelera-
tor

trg theor.
[115, 116]

Xe39� 2:550�0:085 s [112] 60 SPS 2.6 s

Pb81� 600� 30 s [113] 270 SPS 330 s

Pb81� � 50 h [114] 6:5� 103 LHC 50 h

Pb80� 350� 50 s [113] 270 SPS 160 s

Pb79� ì 270 SPS 70 s

Pb71� ì 270 SPS 10 s

Pb69� ì 270 SPS 7.6 s

Pb54� ì 270 SPS 2.0 s
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5.3.2 Lifetimes of ion beams in collisions with gas targets. As
part of the FAIR (Facility for Antiproton and Ion Research)
project intended to study heavymultiple-charge ions, the GSI
Helmholtz Centre (Darmstadt) is constructing the High-
Energy Storage Ring (HESR) designed to accumulate and
cool beams of multiply charged ions in the energy range
E � 400 MeV/u±5GeV/u. In [119], to plan experiments at the
HESR, the effective cross sections of electron capture and
ionization and lifetimes of beams of multiply charged ions
U88�, U90�, U92�, Sn49�, and Sn50� were calculated, and
lifetimes related to the interaction of beams with atoms and
molecules of the residual gas and gas targets H2, He, N2, Ar,
Kr, and Xe were estimated.

Figure 21 shows calculated lifetimes ttg of beams of He-
like ions and uranium nuclei colliding with gas targets. For
U92� uranium nuclei, the ttg values are much larger than for
He-like U90� ions, since, in the case of bare nuclei, there are
no electron ionization processes, and the ttg values are only
determined by electron-capture cross sections, which at these
energies are relatively small.

5.3.3 Lifetimes of ion beams when using an electron beam
cooling system. The method of cooling beams of heavy
charged particles with an electron beam, proposed by
G Budker in 1966 [120], is widely used in the world's largest
accelerators to reduce the spread in the longitudinal and
transverse velocities of the beam ions, i.e., diminish the spread

of momentum, diameter, and divergence of the ion beam [8,
12, 121±129].

When an ion beam is cooled by an electron beam with a
longitudinal velocity close to that of the ions, the beam
lifetime in the accelerator tec is determined by radiative
(RR) and dielectronic (DR) recombination of ions during
interaction with the electron beam (Sections 6.3 and 6.4). The
value of tec is determined by the rate of recombination
processes and electron beam density Ne:

tec �
�
Ne�hvsiRR � hvsiDR�

�ÿ1
; �5:9�

where hvsi is the process cross section averaged over the
anisotropic two-temperature electron velocity distribution
function in the beam F �v;Tk;T?�.

Table 5 shows experimental values of the ion beam
lifetime obtained at the Heidelberg-based Test Storage Ring
(TSR) using the electron cooling system (cooled) and
without it (uncooled). Recombination of beam ions on
cooling beam electrons is especially important in the case
of beams of heavy multiply charged ions (for example,
Au51�). This is due to the fact that the rates hvsi of both
processes (RR and DR) depend approximately equally on
the ion charge hvsi � q 2; however, the calculation of the
values hvsi for DR is much more complicated than for RR
due to the resonant nature of dielectronic recombination
processes.

6. Collisions of ions with electrons

This section discusses the features of the collisions of ions
with electrons, leading to a change in the charge of ions: one-
andmulti-electron ionization and radiative, dielectronic, and
ternary recombination. These processes play a significant
role in the interaction of ions with electrons in an isolated
plasma and during the passage of an ion beam through the
plasma.

H2

N2

He

Ar

Kr

Xe

H2

N2

He

Ar

Kr

Xe

U88+

U90+

102

101

100

10ÿ1
0 1 2 3 4 5 6

E, GeV/u

102

103

101

100

10ÿ1

0 1 2 3 4 5 6
E, GeV/u

B
ea
m

li
fe
ti
m
e,
s

B
ea
m

li
fe
ti
m
e,
s

Figure 21. Theoretical lifetimes of U88� and U90� ion beams interacting

with gas targets at a pressure of 6:44� 10ÿ8 mbar. (From [119].)

Table 5. Experimental values of lifetimes t of ion beams at the Heidelberg-
based TSR facility [124].

Ion Energy,
MeV

Pressure,
10ÿ11 mbar

t, s,
cooled

t, s,
uncooled

Proton 21 4 220,000 (60 h) ì

HD� 2 7 ì 5

7Li� 13 6 ì 48

9Be� 7 6 16 16

12C6� 73 6 7470 ì

28Si 14� 115 6 540 260

32S16� 196 5 450 ì

35Cl 15� 157 6 366 306

35Cl 17� 202 6 318 366

56Fe22� 250 5 77 ì

58Ni 25� 342 5 60 ì

63Cu26� 510 6 122 ì

74Ge28� 365 5 45 ì

80Se 25� 480 5 204 ì

197Au51� 710 5 23 51
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6.1 One-electron ionization
One-electron ionization of ions by electrons,

X q� � e! . . .! X �q�1�� � 2e ; �6:1�
plays an important role in almost all sources of laboratory
and astrophysical plasma and in accelerator systems. The
ellipsis in reaction (6.1) indicates that intermediate processes
are possible, ultimately leading to the formation of one
additional electron, i.e., ionization can occur through direct
and indirect (intermediate) processes. Direct processes are
associated with the stripping (knockout) of outer and inner
electrons of target atoms or ions by an incident electron.
Indirect processes include autoionization as a result of the
Auger process when an inner-shell electron is excited into an
autoionization state, and resonant ionization associated with
the capture of an incident electron and subsequent auto-
ionization of the resulting X �q�1�� ion. Thus, the one-electron
ionization cross section of a positive ion consists of threemain
components:

s1ion � sDI � sEA � sRI ; �6:2�
where the subscripts DI, EA, andRI refer to direct ionization,
excitation with autoionization, and resonant ionization,
respectively.

6.1.1 Direct ionization. The cross sections and rates of one-
electron direct ionization (DI) of positive ions by electrons are
often estimated using semi-empirical Lotz formulas [130]:

sL � 2:43N

�
Ry

Inl

�2
ln �u� 1�
u� 1

�cm2� ;

hsLvi�6:0�10ÿ8Nb 1=2

�
Ry

Inl

�3=2

exp �ÿb� f �b� �cm3 sÿ1� ;

f �b� � exp �b���Ei �ÿb��� ; b � Inl
kT

; u � E

Inl
ÿ 1 ; �6:3�

where the function f �x� with integral exponent Ei is
approximated with an accuracy of 5% by the formula

f �x� � exp �x���Ei �ÿx��� � ln

�
1� 0:562� 1:4x

x �1� 1:4x�
�
; x > 0 :

�6:4�

Here Inl is the binding energy of the nlN electron shells of the
X q� ion and T is the electron temperature of the plasma. The
accuracy of Lotz's formulas is of the order of the factor 2±3;
theywere obtained based on calculations in theBorn±Coulomb
approximation for H-like ions, i.e., ions with one electron.

Studies [3, 131] provide analytical approximations of
cross sections and ionization rates with an accuracy of 15%
based on numerical calculations of cross sections for multiply
charged ions in the Born-Coulomb exchange (BCE) approx-
imation for shells nl � 1s; 2s; . . . ; 6h in the form

snl�u� � p

�
Ry

Inl

�2
Cu

�u� 1��u� j� �pa
2
0 � ; u �

E

Inl
ÿ 1 ;

hvsnli�b� � p

�
Ry

Inl

�3=2

exp �ÿb�G�b� �10ÿ8 cm3 sÿ1� ;

G�b� � Ab
b� w

; b � Inl
T
;

04 u4 16 ; 0:1254b4 8 ; �6:5�

where p is the number of equivalent electrons. The fitting
parameters C, j, A, w are presented in Table 6.

6.1.2 Excitation with autoionization. In the case of ionization
of multi-electron ions, the excitation of inner-shell electrons
into autoionization states can make a large contribution to
the total ionization cross section due to the nonradiative
decay of these states. This ionization channel is called
excitation with ionization. For example, in the case of
ionization of Li-like ions, the excitation of the inner 1s
electron to an n5 2 state can lead to ionization:

X q��1s22s� � e! �
X q��1s2snl�����e! X �q�1���1s2� � 2e ;

n5 2 : �6:6�

The double-excited state can decay into the ground state via
another channel emitting a photon:�

X q��1s2snl���� ! X �q�1���1s22s� � �ho ; �6:7�
therefore, the cross section of ionization taking into account
excitation/autoinonization has the form

s � sDI �
X
j

Bj s � j �ex �6:8�

Bj �
X
m4 j

A a
jm

�X
m4 j

A r
jm �

X
l4 j

A a
j l

�ÿ1
; �6:9�

Table 6. Fitting parameters C and j for cross sections and A and w for the
rates of ionization of multiply charged ions by electron impact from the
outer and inner shells nl of a target ion, Eqns (6.5). (From [131].)

nl C j A w

1s 7.96 2.70 5.65 0.40

2s 6.69 2.03 6.23 0.52

2p 6.93 1.47 9.05 0.73

3s 6.00 1.59 7.37 0.70

3p 6.24 1.31 9.11 0.82

3d 6.57 1.08 7.76 1.00

4s 5.77 1.43 9.11 0.76

4p 6.00 1.26 11.7 0.86

4d 6.23 1.11 10.8 0.97

4f 7.06 1.00 13.5 1.07

5s 5.66 1.36 7.96 0.79

5p 5.88 1.23 9.13 0.87

5d 6.08 1.12 10.4 0.96

5f 6.26 1.08 11.1 1.00

5g 6.47 1.04 11.9 1.03

6s 5.60 1.32 8.07 0.80

6p 5.82 1.22 9.13 0.88

6d 6.00 1.13 10.2 0.95

6f 6.24 1.07 11.2 1.00

6g 6.33 1.04 11.7 1.03

6h 6.44 1.01 12.2 1.06
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where Bj is the branching coefficient of the level j, A a and A r

are the probabilities of autoionization and radiative decay,
and s � j �ex is the cross section for the excitation of the inner
electron into the autoionization state j. The probabilities are
usually of the order of A a � 1013ÿ1014 sÿ1 and weakly
depend on the ion charge q, in contrast to the probabilities
of radiative transitions, for which A r � q 4, so that A a 4A r

for ions with charge q910. Therefore, for low-charge ions,
the branching coefficients Bj � 1, and

s � sDI �
X
j

s � j �ex : �6:10�

Excitation with autoionization is of special importance for
heavy atoms and ions that have unoccupied outer shells
and filled inner shells (p6, d10, f 14), since for such systems
the excitation cross sections are proportional to the
number of equivalent shell electrons. The contribution of
excitation/autoionization processes to the total cross
section can be large and greatly exceed that of direct
ionization processes; however, the calculation of branch-
ing coefficients for heavy multiply charged ions is a fairly
challenging problem, since it requires taking into account
relativistic effects, strong coupling effects, and interaction
between configurations.

Figure 22 shows as an example the experimental cross
section for ionization of W12��Z � 74� ions by electrons in
comparison with the theoretical calculation. It can be seen
that theDI andEAprocesses make comparable contributions
to the total ionization cross section.

6.1.3 Resonant ionization. Resonant ionization is multistage
in nature and manifests itself in the form of narrow
resonances in the total ionization cross section. Among the
resonant ionization processes, the largest contribution to the
total cross section is provided by resonant excitation auto
double ionization (READI),

X q��1s22s��e!�X �qÿ1���1s22s2p3l ����X �q�1���1s22s��2e ;
�6:11�

and resonant excitation double autoionization (REDA),

X q��1s22s� � e! �
X �qÿ1���1s22s3p3l ����

! �
X q��1s22s2l 0��� � e! X �q�1���1s22s� � 2e ;

�6:12�

although there are other processes of resonant ionization of
ions by electron impact (see [133]).

The READI and REDA processes were predicted
theoretically in [134, 135] and confirmed experimentally in
[136], while measurements of such complex multi-stage
processes only became possible with the advent of new
methods for measuring and diagnosing reaction products in
crossed beams [137] (for more details, see [133]). The relative
contribution of each process to the total ionization cross
section depends on the incident ion energy and the atomic
structure of the target ion X q�. The main contribution is
usually made by the DI and EA processes. The contribution
of direct and indirect processes to ionization is presented
schematically in Fig. 23.

6.2 Multi-electron ionization of ions by electrons
Multi-electron ionization during a single collision of heavy
(multi-electron) atoms and ions with electrons,

e�X q� ! e�X �q�n�� � ne ; n5 2 ; �6:13�

plays an important role in both basic research and practical
applications. For example, during the formation of ionization
equilibrium in a nonstationary high-temperature (laser)
plasma, such processes are responsible for the high-tempera-
ture `tail' of the ionization distribution, since multiply
charged ions do not have sufficient time to be formed by
means of conventional one-electron stepwise ionization. The
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Figure 22. Cross section of one-electron ionization of W12� ions as a
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contribution of multi-electron ionization to the total cross
section can reach 30±50%; therefore, such processes should
be taken into account along with one-electron ionization.

Currently, quantum mechanical calculations of multi-
electron ionization cross sections are virtually unavailable,
even for two-electron ionization of He atoms and He-like
ions; therefore, for applications, semi-empirical formulas are
usually employed [139±148].

In [141, 142], based on an analysis of experimental data
for atoms and ions ranging from He to U, electron energies
from the threshold to E � 100 keV sufficient for the removal
of n � 2ÿ13 electrons and under the assumption of a Bethe±
Born behavior of cross sections, a semi-empirical formula was
derived:

sn �cm2� � 10ÿ18
a �n�Nb�n�

�In=Ry�2
�
u� 1

u

�c
ln u

u
;

u � E

In
ÿ 15 0 ; �6:14�

where E is the incident ion energy and a, b, and c are fitting
constants. For neutral atoms, c � 1:0, for ions, c � 0:75, and
In �

P
k Ik is the threshold energy of n-electron ionization

equal to the sum of the ion ionization potentials. For
example, for ternary-electron ionization, the threshold
ionization value I3 is equal to the sum of the first, second,
and third ionization potentials of the original atom (ion).

The fitting parameters a�n� and b�n� in Eqn (6.14) for the
ionization of 24 n4 10 electrons are presented in Table 7,
and for n > 10 they are approximated in the form [141, 142]

a�n� � 1350nÿ5:7 ; b�n� � const � 2:00 ; n > 10 : �6:15�

Cross section (6.14) reaches its maximum at umax � 3:2,
i.e.,

smax �cm2� � 2:7� 10ÿ19
a�n�Nb�n�

�In=Ry�2 ; Emax � 4:2In : �6:16�

The accuracy of Eqn (6.14), which is similar to Lotz's
formula (6.3) for the one-electron ionization cross section, is
of the order of the factor 2±3. As an example, Figs 24 and 25
show the multi-electron ionization cross sections of the Kr
atom and the Rb� ion compared with those that follow from
Eqn (6.14).

The multi-electron ionization rate with cross sections
(6.14) for the Maxwell electron velocity distribution has the

form [144]

hvsi�cm3 sÿ1� � 2:5� 10ÿ10 a �n�Nb�n�
�
Ry

In

�3=2

� exp �ÿb�F �b� ; b � In
kT

; �6:17�

F �b� � b 3=2

�1
0

�
u

u� 1

�c
exp �ÿbu� ln �u� 1� du

� b 1=2 ln �1� 0:5=b�
1� 0:25b

; �6:18�

where k is Boltzmann constant.
The universal function exp �ÿb�F �b� is plotted in Fig. 26.
The multi-electron ionization rate (6.17) is maximum at

b � 0:07:

hvsimax�cm3 sÿ1� � 1:24� 10ÿ10 a �n�Nb�n�
�
Ry

In

�3=2

: �6:19�

At b � 1:0, i.e., kT � In, we obtain

hvsi�cm3 sÿ1� � 3:0� 10ÿ11 a �n�Nb�n�
�
Ry

In

�3=2

: �6:20�

Table 7.Fitting parameters a�n� and b�n� for cross sections of ionization of
24 n4 10 electrons (6.14). (From [141, 142].)

n a�n� b�n�
2 14.0 1.08

3 6.30 1.20

4 0.50 1.73

5 0.14 1.85

6 0.049 1.96

7 0.021 2.00

8 0.0096 2.00

9 0.0049 2.00

10 0.0027 2.00
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Figure 24. Cross sections of the ionization of n � 3ÿ5 electrons of argon

atoms as a function of electron energy. SymbolsÐ experiment, solid

curvesÐEqn (6.14). (From [145].)
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Equations (6.14)±(6.19) can be used to solve problems in
plasma kinetics and the interaction of electron and ion beams
with plasma.

6.2.1 Two-electron ionization of heavy ions. Processes of one-
and two-electron ionization of heavy multi-electron ions by
electron impact make the main contribution to the total
ionization cross section.

Equation (6.14) describes multiple ionization cross sec-
tions as a whole, i.e., without taking into account subtle effects
associated with the influence of autoionization processes.
Semi-empirical formulas for double (n � 2) ionization cross
sections s2�E � that are more accurate than Eqn (6.14) were
also derived based on experimental data: for light ions (from
He to Ar) in [146], and for heavy ions (from Ti, Z � 22 to Bi,
Z � 83) in [147].

In the case of double ionization of heavy ions, the formula
for s2�E � has the form

s2�E � �cm2��10ÿ13
��

1ÿ exp
ÿÿ 3�uÿ 1��� A

I 32

uÿ 1

�u� 5�2

� ÿ1� 0:1 ln �4u� 1���X
g

Bg

I 2g

xÿ 1

x �x� 5:0�

�
�
1� 0:3

n
ln �4x� 1�

��
; �6:21�

u � E

I2
5 1 ; x � E

Ig
5 1 ; �6:22�

where E is the incident electron energy, I2 is the threshold
energy of two-electron ionization, Ig is the binding energy of
inner electrons, and A and Bg are fitting parameters; the sum
over g is the sum over inner shells of the ion. The first term in
Eqn (6.21) with the constant A describes the contribution of
autoionization processes, while the sum over g is the
summation of the direct ionization cross sections over the
inner shells of the target ion. Unlike Eqn (6.14), the accuracy
of formula (6.21) for double ionization is higher and amounts
to 20±30% (see Fig. 27).

6.3 Radiative recombination
Radiative recombination (RR) or photorecombination is a
process inverse to photoionization, which consists of the
capture of a free electron by an ion and emission of a photon:

X �q�1�� � e! X q� � �ho ; o � Ee � E �nl � ;
E �nl � > 0 ; �6:23�

where Ee is the kinetic energy of the captured electron, and
E �nl � is the energy of the ion produced in a state with the
principal and orbital quantum numbers nl. RR processes (6.23)
play an important role in the charge balance ofmultiply charged
ions in electron-ion beam experiments, in processes occurring in
laboratory and astrophysical plasmas, when using an electron
cooling system (ECS) for ionbeams, etc. [120, 121, 126, 127, 149].

The effective RR cross sections, averaged over orbital
quantum numbers l, are calculated using the classical
Kramers formula [96]:

sRR�n;Ee� �cm2��2:105� 10ÿ22
Z 4

effRy2

n 3Ee�Ee � Z 2
eff Ry=n 2� ;

�6:24�

where Ry � 13:606 eV, and Zeff is the effective charge of the
produced X q� ion.

The Rydberg formula is often used for Zeff:

Zeff � n0

�������
IP
Ry

s
; �6:25�

where IP and n0 are the ionization potential and the principal
quantum number of the X q� ion in the ground state.

For convenience, the dependence ofZeff on the ion charge
q can be represented in the form of analytical approximations.
For example, for multiply charged ions of uranium, gold,
lead, and bismuth, these dependences have the form

U q�; Zn � 92 : Zeff �q� � 9:0� 1:15q 0:960 ; q > 6 ; �6:26�

Bi q� ; Zn � 83 : Zeff�q� � 5:0� 1:15q 0:966 ; q > 20 ; �6:27�

Pb q� ; Zn � 82 : Zeff�q� � 4:8� 1:15q 0:966 ; q > 20 ; �6:28�

Au q� ;Zn � 79 : Zeff�q� � 5:0� 1:30q 0:938 ; q > 4 : �6:29�

Atoms, c � 1

Ions, c � 0.75

0.6

0.5

0.4

0.3

0.2

0.1

ex
p
�ÿ

b�
F
�b
�

0 0.2 0.4 0.6 0.8 1.0
b

Figure 26. Plot of universal function exp �ÿb�F �b� from Eqn (6.17) vs

parameter b � In=kT. Solid curve: c � 1 for atoms, dashed curve c � 0:75
for ions, dotted curve: Eqn (6.18).

2.0

s,
1
0
ÿ1

8
cm

2

1.5

1.0

0.5

0

0 1000 2000 3000 4000 5000
E, eV

W6+!W8+

Figure 27. Cross sections for double ionization of W6� ions as a function

of electron energy. SymbolsÐexperiment [148], solid curveÐEqn (6.21).

(From [147].)

1196 I Yu Tolstikhina, V P Shevelko Physics ±Uspekhi 66 (12)



The accuracy of Eqns (6.26)±(6.29) is within 10±15%; they
were derived using ionization potentials IP from study [45] for
uranium ions and from [150] for gold, lead, and bismuth ions.
It is worth mentioning that, for H-like ions, Eqns (6.26)±
(6.29) yield values of Zeff that differ from the nucleus charge
Zn. For example, for the U91� ion, according to (6.26),
Zeff � 96:4; while nuclear charge Zn � 92. This difference is
associated with taking into account the influence of relativis-
tic corrections on the potentials IP in [45, 150], which are not
taken into account in simple Rydberg formula (6.25);
however, the use of the formula for calculating the cross
sections of many processes (radiative recombination, radia-
tive electron capture, etc.) usually yields satisfactory results.

The cross section for radiative recombination summed up
over all states n has the form

s tot
RR �n0;Ee� �

�
1ÿ p

2n 2
0

�
sRR�n0;Ee� �

Xncut
n>n0

sRR�n;Ee� ;

�6:30�
where p is the number of equivalent electrons in the n

p
0

configuration of the X q� ion in the ground state, and ncut is
the maximum value of the principal quantum number n
determined by experimental conditions (high density of
plasma electrons, electric field, etc.). For example, in the
case of electron cooling of an ion beam (Section 5.3.3), the
electric field of electrons determines the value ncut according
to the formula [151]

ncut �
�
6:2� 108

Z 3
eff

E
�1=4

; �6:31�

where E is the electric field strength [V cmÿ1].
In the electron cooling of an ion beam, a major role is

played by the recombination rates hvsiRR, i.e., the cross
section of the process averaged over the anisotropic two-
temperature electron-velocity distribution function in the
beam F �v;Tk;T?�, which has the form [123]

F �v;Tk;T?� � me

2pkT?

�
me

2pkTk

�1=2

� exp

�
ÿ mev

2
e

2kT?
ÿme�ve ÿ vrel�2

2kTk

�
; �6:32�

and, consequently, the process rate is determined as

hvsi �
�1
0

vs�v�F �v;Tk;T?� d3v

� me

kT?

�
me

2pkTk

�1=2 �1
0

vs�v� v 2 dv

� p

0

sin y dy

� exp

�
ÿ mev

2

2kT?
sin2 yÿ me

2kTk
�v cos yÿ D�2

�
; �6:33�

ve? � v sin y ; vek � v cos y ; vrel � D � jvek ÿ vikj ;

Erel �a:u:� � meD2

2
; �6:34�

where me is the mass of the electron, k is the Boltzmann
constant, vek; vik is the component of the longitudinal velocity
of electrons and ions in the laboratory system, respectively,
ve? is the component of the electron velocity in the direction
perpendicular to the beam, Tk and T? are the temperatures

characterizing the distribution of relative velocities of elec-
trons and ions in the longitudinal and transverse directions,
respectively, andErel is the kinetic energy of the electron in the
center-of-mass system of the ion beam. Typically,
kTk � 0:1 meV and kT? � 10 meV, i.e., Tk5T?, so the
distribution F �v;Tk;T?� is referred to as `flattened.'

In practice, Eqn (6.33) is used to estimate the lifetime of
heavy ion beams due to electron cooling atErel ! 0; however,
a comparison of a large number of experimental data for
recombination rates a showed that in most cases the
experimental values are much greater than the RR rates,
and the main contribution in this area is made by dielectronic
recombination, accounting for which in theoretical analysis is
a very challenging problem. Figure 28 shows as an example
the experimental rate of recombination of Au20� ions on
cooling-beam electrons as a function of the relative energy of
the electron in comparison with the theoretical value multi-
plied by a factor of 40.

A comparison of theoretical calculations of recombina-
tion rates with experiment showed that, at low values of the
relative electron energy Erel, the difference between the
experimental aexp and theoretical aRR rates of RR processes
in hydrogen-like ions increases greatly with increasing ion
charge Z [129]:

Da � aexp ÿ aRR � �TkT?�ÿ1=2Z 2:8 ; �6:35�

where Tk and T? are the longitudinal and transverse
temperatures of the electron distribution in the cooling
beam. A slightly different dependence of Z on Da was
obtained in [122]:

Da � aexp ÿ aRR � �TkT?�ÿ1=2Z 2:6 : �6:36�

Note that both scaling laws Z 2:8 and Z 2:6 exceed the
quadratic dependence of Z 2 for the RR rate. Figure 29
shows the dependence of the scaled value Da�TkT?�1=2 on
the nuclear charge Z for H-like ions from He2� to U92�. It
can be seen that, with an increase inZ in the rangeZ � 2ÿ92,
the value of Da increases by five orders of magnitude.

6.4 Dielectronic recombination: ions in plasma
and in an incident beam
Dielectronic recombination (DR), a process of interaction of
an ion with a free electron (2.10),

X q� � eÿ ! �
X �qÿ1��

��� ! X �qÿ1���nl � � �ho ; �6:37�

is a two-step process in which a free electron is first captured,
and an inner-shell electron of the ion is simultaneously excited
into a doubly excited state, which then decays into the nl state
with the emission of a photon. DR processes do not occur at
all values but only at certain values of the free electron energy
that satisfy the resonance condition:

Ee � DEÿ q 2Ry

n 2
< DE ; DE > 0 ; �6:38�

where DE is the excitation energy in the X �qÿ1�� ion. Due to
the resonance condition, the DR cross section does not
depend on the electron velocity in a continuous way, as is
the case in other atomic processes, but is characterized by a
structure of resonances with a certain width at energies set by
Eqn (6.38) (for more details, see [3]).
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The intermediate state is formed in two stages: a free
electron is captured into the nl state by an ion with charge q in
the initial state i, and excess energy is transferred to the bound
electron of the ion, which is excited, forming an ion �X �qÿ1�����
in the intermediate state. We consider process (6.37) in more
detail and present its first capture stage in the form

X q��i� � e! �
X �qÿ1��� j � i �nl ���� ;

where j � i �nl is an autoionization doubly excited state,
which decays via two channels: radiative,�
X �qÿ1��� j � i �nl ����!X �qÿ1���h � i �n 0l 0; inl; i �0n 0l 0� � �ho ;

�6:39�

to states h that change the nl state of a captured electron or the
state of an excited electronÐa transition to the initial state i
or to an excited state i �0 lying below the excited state i �; and
autoionization,�

X �qÿ1��� j � i �nl ����!X q��m � i; i �0i 0nl � ; �6:40�

into statesmwith autoionization of a captured electron nl or a
valence electron in the initial state if the inner-shell electron is
excited; the i 0 state corresponds to the initial state without a
valence electron. The states f among the states h in (6.39) that
are stable with respect to autoionization are considered to be
a result of dielectronic recombination (for DR processes, see,
for example, [123,152]).

The total coefficient of the rate of a DR-ion in the initial
state i, which is located in a plasma with electron temperature
Te and Maxwell electron energy distribution, has the form
[152]

a tot
d �i��

�
4pa 2

0 IH
kTe

�3=2X
ilev

1

2gilev

X
j

gj Qd� j; ilev� exp
�ÿEs� j �

kTe

�
;

�6:41�

Qd� j; ilev� �
P

f Ar�i! f �Aa� j! ilev�P
h Ar� j! h� �Pm Aa� j! m� : �6:42�

Here, a0 and IH are the Bohr radius and the ionization energy
of the hydrogen atom, respectively, k is the Boltzmann
constant, and the coefficient �4pa 2

0 IH=k�3=2 � 4:14�
10ÿ16 cm3 K3=2 (K is the Kelvin).

In Eqn (6.42), Ar and Aa are the probability of radiative
and autoionization transitions, respectively. The first summa-
tion in Eqn (6.41) is carried out over the levels ilev of the initial
state i in the coupling scheme used in the calculations; gilev and
gj are the statistical weight of the levels of the initial state and
the intermediate doubly excited state j � i �nl, respectively;
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and Es� j � is the excitation energy of the autoionization state j
relative to the level ilev.

Study [153] examined the DR process that occurs when a
beam of fast heavy ions passes through a cold plasma. Under
these conditions, the total coefficient of the rate of theDR-ion
in the initial state i, which moves at velocity vp through a
plasma with electron temperature Te, is equal to

a tot
d �i� �

�
4pa 2

0 IH
kTe

�3=2X
ilev

1

2gilev

X
j

gj Qd� j; ilev�F �s; t� ;

�6:43�
where Qd� j; ilev� is defined by Eqn (6.41), and F �s; t� is the
shifted Maxwell distribution function (Section 8):

F �s; t� � exp
�ÿ �sÿ t�2�ÿ exp

�ÿ �s� t�2�
4st

;

s �
�
Es� j �
kTe

�1=2

; t �
�

mv 2p
2kTe

�1=2

: �6:44�

If the contribution of doubly excited states j � i �nl should
be taken into account up to large values of the principal
quantum number of the captured plasma electron n � nmax,
the total DR rate coefficient is calculated using the following
approximation:

a tot
d �i� � ad�i; ncut� �

Xnmax

next�ncut�1
a ext
d �i; next� ; �6:45�

where ad�i; ncut� is defined by Eqn (6.43) with the sum over
states j with the principal quantum number of the captured
electron n4 ncut. To estimate the contribution of j-states with
n4 ncut, employed are the data which are calculated for
n�ncut and the following scaling laws: 1=n 3 for autoioniza-
tion rates Aa�next� and probabilities of radiative transitions
Ar�next� for transitions i �nlÿi �n 0l 0, Ar�n��Ar�ncut� for
radiative transitions i �nlÿinl, i �nlÿi �0nl, and

E ext
s

ÿ
j �next�

� � E ext
s

ÿ
j �ncut�

�ÿ q 2
scr

�
1

2
n 2
ext ÿ

1

2
n 2
cut

�
�6:46�

for excitation energy, where qscr � ZÿN is the screened
charge of the ion, Z is the nucleus charge, and N is the
number of electrons in the original ion in the i state. The
probabilities of emission and autoionization in Eqn (6.42)
and s in Eqn (6.44) have the form

A ext
r

ÿ
j �next� ! h

� � � ncut
next

�3 X
h; n 04 ncut

Ar

ÿ
j �ncutl �

! h �n 0l 0 ��� X
h; n4 ncut
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ÿ
j �ncutl � ! h �nl �� ;

�6:47�
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�
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Finally, the expression for a ext
d �next� in Eqn (6.45) can be

represented as

a ext
d �i; next� �
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0 IH
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�
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6.5 Ternary recombination
Ternary recombination (TR) of ions on electrons,

X q� � eÿ � eÿ ! X �qÿ1�� � eÿ ; �6:52�
which is a process inverse to ionization process (6.1), plays an
important role in plasma processes at low temperatures and
high densities of plasma electrons.

The recombination cross section sTR has a dimension
cm4 sÿ1, unusual for cross sections, and the TR rate, unlike
other processes, is not linear in the electron density Ne, but is
proportional to its square:

�TR�N 2
e

� �
v1v2 F �E1�F �E2� sTR�E � dE1 dE2 �sÿ1� ; �6:53�

where F �E � are the velocity distribution functions of two
incident electron beams, usually Maxwell functions.

In an isolated plasma, the TR rate has the form

�TR � C� 10ÿ27 �sÿ1� q 3N 2
e �cmÿ3�Tÿ9=2e �eV� ; �6:54�

where Te is the electron temperature of the plasma, and the
constant C � 8:75 in the classical approximation [154] and
C � 5:5 in the quantum approach [4]. Equation (6.54) shows
that TR processes are of importance at low temperatures and
high plasma densities.

In the case an ion beam interacting with plasma, the TR
rate is determined in the classical approximation by the
formula [155]

�TR � 2:92� 10ÿ31�sÿ1�q 3N 2
e �cmÿ3� vÿ9r �a:u:� ; �6:55�

vr �
�����������������
v 2
P � v 2

th

q
; vth �

����������
8kTe

pm

r
; �6:56�

where vr is the relative velocity in atomic units,
1 a.u.� 2:2� 108 cm sÿ1, vP is the velocity of ions in the
beam, vth is the average (thermal) velocity of electrons in the
plasma, and k is the Boltzmann constant. At vP 5 vth,
Eqn (6.55) transforms into (6.54) with a constant C � 12:3,
close to the classical one in approximation [154].

A comparison of the rates of radiative and ternary
recombination yields the following estimate [156]:

�RR

�TR
� 1:6� 1017

qv 6
r �a:u:�

Ne �cmÿ3� ; �6:57�

from which it follows that the ternary recombination rate is
small and becomes comparable to the radiative recombina-
tion rate only at very high plasma densities Ne. The rates of
ionization and recombination of various atomic processes in
the interaction of ion beams with plasma are compared in
Section 8.3.
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7. Interaction of heavy ion beams with media

7.1 Ionic fractions. Balance equations
The interaction of an ion beam with a medium (gas, liquid,
solid, plasma) leads to the formation of ion fractions Fq�x�
with various charges q as a function of penetration depth x
(target thickness). Each fraction Fq�x� characterizes the
probability of the formation of an ion with a charge q at a
distance x from the entrance to the target. The dynamics of
the fractions depend on competing atomic processes accom-
panied by a change in the charge state, i.e., ionization and
recombination of incident ions by particles of the medium:
atoms, molecules, ions, and electrons.

Information about the dynamics of ionic fractions in the
process of interaction with matter plays an important role in
many areas of physics and applications: atomic physics, the
study of radiative and collisional processes involvingmultiply
charged ions (emission spectra, QED effects, cross sections of
ion-atomic collisions), the stopping power of matter, plasma
physics (beam diagnostics of plasma density and temperature
based on energy and charge losses of the incoming beam of
heavy ions), nuclear physics (detection of heavy and super-
heavy elements, creation of beams of bare nuclei of heavy
ions), accelerator physics (vacuum conditions, lifetimes of ion
beams in an accelerating system), proton and ion therapy for
tumors, the production of new composite materials and
electronic microcircuits using ion implantation, etc. [1±3, 8,
9, 157, 158].

The dependence of ion fractions on the target thickness
has an important feature: at thickness values x much greater
than the mean free path L of ions in the medium, x4L,
fractions Fq�x� no longer depend on x and reach the so-called
equilibrium regime, in which equilibrium is established
between the number of ionization and recombination
events; in this case, the ion fractions and the thickness of the
target are called equilibrium (Section 7.3). Another important
feature of equilibrium fractions is their independence from
the initial charge of ions q0 in the incident beam, i.e., the
values of the equilibrium fractions are the same for all ion
charges from a neutral atom to a bare nucleus: 04 q0 4Zn,
where Zn is the nucleus charge. In the equilibrium regime, the
ions `forget' about the charge of the ions q0 in the incident
beam.

The dynamics of ionic fractions in a medium are studied
using differential equations of balance that relate fractions
Fq�x� to effective cross sections s for recombination and
ionization of ions in the medium. In the case of a gas or solid
target (foil), the balance equations have the form [159]

d

dx
Fq�x� �

X
q 0 6�q

Fq 0 �x�sq 0q ÿ Fq�x�
X
q 0 6�q

sqq 0 �7:1�

X
q

Fq�x� � 1 ; 04 q4Zn �7:2�

with initial conditions at x � 0:X
q

Fq�x � 0� � 1 ; �7:3�

where si j are the cross sections for ionization and recombina-
tion, including multi-electron processes, and the sum over q
means the summation over all possible charge states
04 q0 4Zn.

The dimension of the penetration depth or surface density
x is [atom cmÿ2]. It is assumed that in the system of equations
(7.1)±(7.3) the effective cross sections s do not vary with
changes in the parameter x, i.e., the energy losses of ions after
passing through a layer of thickness x are ignored. The sum of
fractions is normalized to unity as a consequence of the law of
conservation of the number of ions before and after collision
with the medium.

In the case of a plasma target, the coefficients in balance
equations are not effective cross sections, but process rates,
since plasma consists of atomic particles (electrons, atoms,
ions, molecules, molecular ions), the densities of which
depend on the electron temperature and density of plasma.
The balance equations for plasma targets have the form

d

dt
Fq�x� �

X
q 0 6�q

Fq 0 �x� aq 0q ÿ Fq�x�
X
q 0 6�q

aqq 0 ; �7:4�
X
q

Fq�x� � 1 ; x � vPt ; 04 q4ZP ; �7:5�

where ai � Nihvsii are the rates of ionization and recombina-
tion for each type of plasma particle per unit time t.
Equations (7.4) and (7.5) take into account interaction of ions
with all plasma particles: radiative and dielectronic recombina-
tion, ternary recombination, electron impact ionization, etc.,
which are usually absent in the case of gas and solid targets
(regarding atomic processes in the interaction of ion beamswith
plasma, see, for example, [2, 153, 156, 160, 161]).

The surface density of the target x is related to other
characteristics by the formula

x �atom cmÿ2� � N �atom cmÿ3�L �cm� � x �g cmÿ2� NA

M
;

�7:6�
where N is the conventional density of the target, L is the
target thickness, M is the atomic mass of particles of the
medium in a.m.u. (atomic mass unit), andNA � 6:022� 1023

is Avogadro's number. For carbon, M�C� � 12 a.m.u.; for
hydrogen molecules, M�H2� � 2 a.m.u.

An analytical solution to the system of equations (7.4) and
(7.5) for the case of three fractions is presented in [46]. This
case is of interest, for example, for the collision of a relativistic
ion beam with foils, when the main fractions are fractions of
H- and He-like ions and incident ion nuclei. In the general
case, the system of differential equations (7.4) and (7.5) is
solved using the Runge±Kutta the method or by diagonaliza-
tion of the interaction matrix (Section 7.4).

7.2 Equilibrium fractions and average charge
of an ion beam upon interaction with a medium
The average charge of the beam �q�x� depends on the target
thickness x and is determined by the expression

�q�x� �
X
q

qFq�x� : �7:7�

At x!1, the average charge of the ion beam is equal to the
equilibrium charge, which does not depend on the target
thickness:

�q �
X
q

qFq�1� ;
X
q

Fq�1� � 1 ; x!1 ; �7:8�

where Fq�1� are the equilibrium fractions that are the
solution to the system of differential equations (7.1) and
(7.2) at dFq=dx � 0, which transforms into a system of linear
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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 : �7:9�

The equilibrium fractions Fq�1� depend on the cross sections
of the interaction of ions with target particles, but do not
depend on the initial charge of the incident ion q0 (see [10, 107,
160] and Section 7.2), i.e., when a beam of neutral atoms or
bare nuclei passes through the target, the values of the
equilibrium fractions Fq�1� are the same. The target
thickness Xeq at which the ion fractions become equilibrium
is referred to as the equilibrium thickness, which, unlike
equilibrium fractions, depends on the charge of the incident
ion q0.

In the case of beams of heavy multi-electron ions, a large
number of equilibrium fractions are formed, the distribution
of which over q features a wide spectrum. In the case of ions
with several electrons, this distribution has a narrower profile,
i.e., only a few fractions dominate, as is the case, for example,
of relativistic collisions of an ion beam with a target.

The distribution of equilibrium functions Fq�1� over the
charge q at the target exit is described by a symmetric
Gaussian function, which can become asymmetric due to
various physical mechanisms: the effect of target density in
gases and foils (Section 4.2), the influence of dielectronic
recombination in plasma [153,156], relativistic effects, etc.
The Gaussian distribution of equilibrium fractions is
described by the following parameters:

distribution width

d �
�X

q

�qÿ �q �2Fq�1�
�1=2

�7:10�

and the asymmetry parameter

s �
X
q

�qÿ �q�3Fq�1�
d 3

: �7:11�

The average beam charge �q �x� is usually maximum in the
equilibrium regime, i.e., when

Fq�x!1� � Fq�1� ; �q �x!1� � hqi ; �7:12�
however, nonequilibrium fractions for particular charges
may significantly exceed equilibrium fractions, i.e.,
Fq�x�5Fq�1� (see, for example, [13, 162]).

The system of equations (7.1) and (7.2) has a simple
analytical solution if we take into account only one-electron
cross sections, jqÿ q 0j � 1, i.e., if we ignore multi-electron
processes. In this case, the equilibrium fractions are deter-
mined through the ratio of one-electron-loss cross sections to
electron-capture cross sections [46, 160]. Thus, if n fractions
are taken into account, the solution to system (7.1) and (7.2)
takes the form

F1�1� �
�
1� s12

s21

�
1� s23

s32

�
1� s34

s43

�
1� . . .

snÿ2; nÿ1
snÿ1; nÿ2

�
�
1� snÿ1; n

sn; nÿ1

���
. . .

��ÿ1
;

Fi�1�1� � Fi�1� si; i�1si�1; i
; 14 i4 nÿ 2 ;

Fn�1� � 1ÿ
Xnÿ1
i�1

Fi�1� : �7:13�

In the case of a four-charge model, the equilibrium fractions
are

F1�1� � 1

1� s12=s21
ÿ
1� s23=s32 �1� s34=s43�

� ;
F2�1� � F1�1�s12s21

;

F3�1� � F2�1�s23s32
;

F4�1� � 1ÿ �F1�1� � F2�1� � F3�1�
�
: �7:14�

7.3 Equilibrium target thickness
Each fraction Fq�x� attains its equilibrium value Fq�1� at its
own equilibrium thickness Xeq�q�, and the variance of values
Xeq�q� for various charges q can be quite significant. The
equilibrium thickness of the target is the thickness at which all
fractions attain an equilibrium state. The equilibrium thick-
nesses Xeq�q� depend on the rate of interaction processes and
on the initial charge of the ion beam q0, while the equilibrium
fractions Fq�1� do not depend on the charge q0 [10]. In
numerical calculations, the equilibrium thickness is deter-
mined by the condition under which the relative deviation of
each fraction Fq�x� relative to the equilibrium solution Fq�1�
is close to zero. For example, in the BREIT program [160],
each equilibrium thickness Xeq�q� is defined as

x � Xeq�q� ; if
��Fq�x� ÿ Fq�1�

��
Fq�1� 4E ; �7:15�

where x is the depth of beam penetration into the target, and
parameter E � 10ÿ3 can be altered in the BREIT input file.

The dependence of the equilibrium thicknessXeq�q� on the
initial charge q0 was studied theoretically in [13, 162, 163]
using the BREIT program [160] for heavy ion beams passing
through foils, gas targets, and plasma. It has been established
that if the initial charge q0 is close to the equilibrium average �q
(7.8), i.e., if q0 � �q, the Xeq �q; q0 � �q� values are significantly
less than Xeq �q; q0� with q0 5 �q or q0 4 �q. This behavior is
explained as follows: when the initial charge q0 is close to the
equilibrium average charge, the ion beam comes to equili-
brium faster than at q0 6� �q and, consequently, features a
smaller equilibrium thickness.

Figure 30 presents the calculation of the equilibrium
thicknesses Xeq as a function of the initial ion charge q0
(Fig. a, c) and the equilibrium fractions Fq�1� as a function
of the final charge q (Fig. b, d) in the collision of uranium ions
with a Be foil at energy E � 100 MeV/u and H2 gas at
E � 1:4 MeV/u, respectively. It can be seen that the equili-
brium thicknesses exhibit a deep minimum at q0 � �q, i.e.,
q0 � 89, �q � 89:4 for the Be foil and q0 � 27, �q � 26:4 for an
H2 gas target.

In practice, it is often necessary to determine the average
equilibrium thickness of the target �X, which characterizes the
interaction of ion beams with the target on average. In [46,
164, 165], semi-empirical formulas expressed in terms of
ionization and recombination cross sections are used to
estimate the average equilibrium thickness �X. In study [161],
it was proposed to define the value �X as the arithmetic mean
of the partial thicknesses Xeq�q�:

�X �
P qmax

q�qmin
Xeq�q�

qmax ÿ qmin � 1
; �7:16�
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where qmin and qmax are the minimum and maximum charges
of those equilibrium fractions Fq�1� that make the main
contribution to the equilibrium charge �q.

Figure 31 presents calculated equilibrium thicknesses
Xeq�q� and equilibrium fractions Fq�1� as functions of the
final charge q of U40� ions with an energy of 3.6 MeV/u
interacting with hydrogen plasma. The distribution of Xeq�q�
over q is fairly wide, for example, Xeq�q� � 480, 212, and
670 mg cmÿ2 for q � 40, 51, and 64, respectively. As can be
seen from Fig. 31b, the main contribution to the average
charge �q � 50:6 comes from the equilibrium fractions Fq�1�
with 444 q4 58, for which the average thickness is
�X � 440 mg cmÿ2, in accordance with Eqn (7.16). The
average equilibrium thickness determined in this way can be
used for any type of target (gas, foil, or plasma).

7.4 Computer programs for calculating charge fractions
of ions. BREIT program
Currently, five main computer programs are used to study the
dynamics of ion beams in media and to calculate the average
beam charge and the equilibrium thickness of the target:
ETACHA, GLOBAL, CHARGE, MS, and BREIT. A
detailed description of the programs is presented in the
original works (see Table 8 and [2, 3]). The programs are
based on the numerical solution of balance equations (7.1)±
(7.3) using effective cross sections and rates of interaction of
ions with target particles (atoms, molecules, ions, electrons)
and taking into account target density effects, multi-electron
processes, and energy losses of ions in the medium. It should
be noted that the accuracy of determining the experimental
and theoretical values of the cross sections is in the range of
10±50%; therefore, the accuracy of calculating ion fractions
using balance equations is approximately in the same range.
The GLOBAL and CHARGE programs are available for use
online at the websites [166, 167].
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Figure 30. (a) Dependences of equilibrium thicknesses Xeq on initial charge q0 and (b) equilibrium fractions Fq�1� on final charge q in collisions of

uranium ionswith aBe foil at energyE � 100 MeV/u andH2 gas atE � 1:4 MeV/u, respectively. Curves with q � 89; 90 and q � 26; 27 plotted in Fig. a, c
correspond to fractions with charges close to equilibrium �q (Figs b, d). (From [162].)
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Figure 31. Determination of average equilibrium thickness �X of a target

when U40� ions with an energy of 3.6 MeV/u pass through a hydrogen

plasma with electron temperature Te � 3 eV and densityNe � 1020 cmÿ3.
Distributions of equilibrium thicknesses Xeq�q� and equilibrium fractions

Fq�1� over the final charge of uranium ions are shown in Figs a and b,

respectively. Straight line represents average equilibrium thickness
�X � 440 mg cmÿ2 that follows from Eqn (7.16).

1202 I Yu Tolstikhina, V P Shevelko Physics ±Uspekhi 66 (12)



Table 8 shows that the most widely used program in terms
of energy, ion charge, and target type is the BREIT program
[160], which provides a solution for balance equations for
n4 200 fractions by diagonalizing the interaction matrix,
which includes the total effective cross sections (or process
rates) of beam ion ionization and recombination in amedium.
Unlike other programs, in the BREIT program, the interac-
tion cross sections are not calculated but are specified in the
input file, which enables program users to freely select cross
sections obtained from theory or experiment.

Figure 32 shows as an example the evolution of gold ion
fractions upon collision with carbon and aluminum foil as a
function of foil thickness. Calculations using the BREIT
program in the region of the equilibrium regime are in good
agreement with experimental data and calculations made
using the GLOBAL program. One of the important results
provided by BREIT program calculations is the excess of the
fraction of Au77� ions over the maximum equilibrium
fraction of Au78� ions (Fig. 32a), which reflects one of the
specific features of the interaction of heavy ions with foils.

8. Features of interaction
of ion beams with plasma

The specific features of the interaction of ion beams with
plasma were examined in many studies, including reviews

(see, for example, [3, 10, 11, 156, 161, 172, 173]). As noted
above, the main difference between a plasma target and a gas
or solid target is that the former contains free electrons,
leading to the occurrence of additional processes, such as
radiative and dielectronic recombination, ternary recombina-
tion, and electron impact ionization, with dielectronic
recombination playing a special role (Section 8.1). In
addition, an important plasma parameter, the concentration
of neutral atoms, significantly depends on the temperature
and electron density.

In the case of passage of an ion beam through a plasma
with temperature Te, the velocity distribution function
F �v; vp;Te� of plasma particles differs from the usual
Maxwell one; it is called `shifted' and has the form

F �v; vp;Te� �
�

M

2pkTe

�1=2
v

vp

�
exp

�
ÿ M

2kTe
�vÿ vp�2

�
ÿ exp

�
ÿ M

2kTe
�v� vp�2

��
; �8:1��1

0

F �v; vp;Te� dv � 1 ; �8:2�

where v � jvp ÿ ve; ij is the velocity of ions in the beam relative
to the velocity of electrons or the velocity of ions (atoms) in
plasma, Te is the temperature of electrons, atoms, or ions,M
is the reduced mass of colliding particles, and k is the
Boltzmann constant.

At low velocities of incident ions vp ! 0, the shifted
function F �v; vp;Te� transforms into the usual velocity
distribution function

F �v; vp;Te�vp!0!F �v;Te��4pv 2
�

M

2pkTe

�3=2

exp

�
ÿMv 2

2kTe

�
;

�8:3�

vp 5 vth ; vth � 1:13

��������
2Te

m

r
; �8:4�

where m is the electron mass, and vth is the average (thermal)
velocity of electrons in plasma, which is much greater than the
average velocity of atoms and ions due to the difference in
mass.

Usual �vp � 0� and shifted �vp > 0� Maxwell velocity
distribution functions are shown in Fig. 33 for low
(Te � 3 eV, thermal electron velocity vth � 0:06 a.u.) and
high (Te � 2000 eV, vth � 1:58 a.u.) plasma temperatures as
functions of relative velocity v. It can be seen that the shifted
functions are much `narrower' than the usual ones and are
indeed shifted to higher relative velocities v.

Table 8. List of programs available for calculating the parameters of interaction of an ion beam with a target. Nuclear charges of Zn ions, target types,
energy ranges of applicability, and methods for solving balance equations are indicated.

Program Beam ions Target Energy, MeV/u Method Source

¦´¡³¯¡ (old) Zn 4 28 Foil 10 ë 80 RungeëKutta [168]

¦´¡³¯¡ (new) Zn 4 60 Foil 0.05 ë 80 RungeëKutta [169]

Charge Nuclei, ¯-,
¯Ç-like ions

Gas, foil, ZT 4 92 30 ë 2000 Analytic three-component
model [170]

[46]

Global Zn > 30 Gas, foil, ZT 4 92 30 ë 2000 RungeëKutta [46]

MC Zn 4 28 Plasma > 10 Monte Carlo [171]

BREIT 14Zn 4 120 Gas, foil, plasma 0:001ÿ105 Diagonalization of interaction
matrix

[160]
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To calculate the dynamics of interaction of ion beamswith
plasma, balance equations (7.4) and (7.5) are used for ion
fractions Fq�x� with coefficients equal to the atomic process
rates of ai �sÿ1�:

ai � Nihvsii ; �8:5�

where the process coefficients hvsii have dimension [cm3 sÿ1]
and are determined by averaging the effective cross sections
over the shifted distribution function F �v; vp;Te�. To deter-
mine the process rates in plasma, in addition to the effective
cross sections si of the interaction of ions with all plasma
particles (electrons, atoms, ions, molecules), it is necessary to
know the concentration of particles in plasma Ni, which are
very different for each type of particle. Calculating the rates of
dielectronic recombination is especially challenging due to the
resonant nature of the process.

8.1 Role of dielectronic recombination. DRIMP program
To calculate the rate coefficients of DR ions moving in
plasma, the DRIMP (Dielectronic Recombination of Ions
Moving in Plasmas) program was developed in [153]. In the
DRIMP code, level energies and probabilities of radiative and
autoionization transitions are calculated in a jÿj coupling
scheme using the corresponding modified routines of the
flexible atomic code (FAC) [174], based on the relativistic
multi-configuration Dirac±Fock method. In the FAC code,
the calculated level energies can be adjusted using experi-
mental or reference data; however, in DRIMP, such a

function is not implemented, since this code is used to
calculate the DR of any heavy ions, for many of which such
data are not available.

In the case of calculations for a large number of levels (for
example, for ions with an open 3d shell, when the number of
levels taken into account reaches enormous values of the
order of 105 !), full-scale calculations become very problem-
atic. In this case, level energies and transition rates are
calculated in the DRIMP program in the so-called unre-
solved transition array (UTA) mode, implemented in the
FAC code and based on the average configuration approx-
imation [175, 176]. In the UTA mode, the levels are
constructed without taking into account the type of angular
momentum coupling, which leads to a significant reduction in
their number compared to full-scale calculations in the jÿj
coupling scheme.

To check the reliability of calculations using the DRIMP
program, the velocity coefficients of DR ions in plasma (6.41)
were calculated in [153] and compared with theoretical data.

In Figure 34, the results of full-scale calculations (i.e., not
based on the UTA mode) using Eqn (6.45) with ncut � 8 and
nmax � 30;000 are compared with theoretical calculations of
the dielectronic recombination coefficient of O3� ions,
calculated with the same parameters as in [176] and [177].
Low-charge ions were chosen to test the DRIMP code in the
mode least favorable for calculating level energies: the larger
the charge, themore accurate the calculation of the energies in
the code. In [176], energy levels, radiative transition prob-
abilities, and autoionization rates were calculated in the
relativistic approximation using the Hartree±Fock method
(Cowan program [178]) in an intermediate coupling scheme.
The results are obtained in [177] using the AUTOSTRUC-
TURE code [179] based on the multi-configuration Breit±
Pauli approximation, with ncut � 15 and nmax � 1000.

Figure 34 shows that the DR rate coefficients with
ncut � 8 and nmax � 30;000 in Eqn (6.45), calculated using
the DRIMP code, are in good agreement with calculations
made using the Cowan and AUTOSTRUCTURE programs
over the entire range of electron temperatures, which
confirms the reliability of full-scale DRIMP calculations.
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Figure 35 displays the total DR velocities of Zn-like ions
W44� (nmax � 10;000) calculated using the DRIMP program
in the UTA mode [153], which are compared with the
theoretical calculations presented in [180±182]. The DR
velocities in [180] are calculated in the approximation of an
independent process, an isolated resonance, and a distorted
wave. In [181], atomic dataÐenergy levels and rates of
radiative and autoionization decaysÐwere calculated ab
initio using the HULLAC code [183] without taking into
account the interaction between configurations. Data were
obtained in [182] using the multi-configuration Dirac±Fock
method. Figure 35 shows that the results of theDRIMP-UTA
program are in good agreement with all theoretical data
presented over the entire range of electronic temperatures.

8.2 Dielectronic recombination of ions in interaction
of an ion beam with plasma
In [153], the DR coefficients of ions moving in plasma, which
are calculated using theDRIMP program, are compared with
the only available data obtained in [156] for iodine ions Iq�

with an energy of 1.5MeV/u and charges q � 12ÿ50, passing
through a fully ionized hydrogen plasma with an electron
temperature Te � 10 eV and a density Ne � 1020 cmÿ3. The
calculations made in [156] are based on relatively simple
atomic simulations and use screened hydrogen energies,
wave functions, and oscillator strengths (transition probabil-
ities). To compare the DRIMP results with the results of
[156], calculations were made in [153] for the same case using
Eqn (6.42) and taking into account all decay channels of the
doubly excited state (2.3). To take into account the influence
of plasma density, the same formulas are used as in [184]. A
consequence of density effects is a decrease in the continuum
limit due to dynamic screening of a moving ion, when free
electrons screen plasma ions so effectively that the electron in
the nth shell ceases to be bound. In this case, nmax in equation
(6.42) is determined by the condition

nmax �
�
q 2

8p
kTe

Ry

1

Nea
3
0

�1=4�
1� 1

12
�4ÿ p� v 2

p

kTe=m

�1=2
: �8:6�

Another effect is a decrease in the ionization boundary due to
the overlap of the wave functions of themoving ion and target

ions, which yields the following condition for nmax:

nmax �
�

3q 3Te

4pNi a
3
0

�1=6
; �8:7�

where Ni is the density of plasma ions. In the calculations
made in [153] for nmax, Eqn (8.6) or (8.7) was usedÐ
depending on where the value of nmax is greaterÐ the same
as in [156]. Due to the large number of levels (up to 105) in
iodine ions with a 3d shell (q4 34), level energies and
transition probabilities were calculated in [153] in the UTA
mode, based on the average configuration approximation
[175, 176]. The results of full-scale DRIMP and UTA
calculations, along with the results reported in [156], are
presented in Fig. 36. It should be noted that the results of
the two DRIMP modes agree well for all ions up to Ne-like
I 43�. At larger charges, the UTA approximation under-
estimates the DR velocities due to the small number of levels
taken into account.

The results of calculations in twoDRIMPmodes and data
from [156] show that the total DR velocity features a
pronounced n-shell structure: an increase in ad at q � 42
corresponds to the opening of the n � 3 shell, and a decrease
at q � 23, to the opening of the n � 4 shell.

The decrease in ad at q � 23 (Zn-like I, 3s23p63d104s2) is
related to a significant contribution to the autoionization
decay channel of the following process:

I q��3s23p63d104l k� � e! I �qÿ1���3s23p63d94l kn 0l 0�
! I q��3s23p63d104l �kÿ1�n 0l 0� � e ;

q4 23 ; �8:8�
i.e., autoionization of a valence electron with n � 4 after
excitation of an electron from the inner shell with n � 3 (3d
electron in Eqn (8.8)). The excitation of inner-shell
electrons plays a significant role at high relative velocities
of the heavy ion and free electron, and in the case under
consideration makes the main contribution to ad for ions
with q4 23. Compared with the data from [156], the
DRIMP results, in addition to the n-shell structure, reflect
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the structure corresponding to the filling of the nl-subshells
(Fig. 36).

The significant difference between theDR rates calculated
using theDRIMP code and the results obtained in [156] is due
to different calculation methods: the use of relativistic wave
functions, accounting for the interaction between configura-
tions, the jÿj coupling scheme, and the UTA method for
calculating level energies and probabilities of transitions
taking into account states with large n in the DRIMP code
vs. Slater (nodeless) and hydrogen-like wave functions,
screened hydrogen-like energies, and oscillator strengths in
[156]. The difference becomes significant for iodine ions with
charge q4 23.

8.3 Charge-state distribution of process rates with account
for dielectronic recombination
Study [153] examined the electron loss of iodine ions I q�

(q � 13ÿ51) with an energy of 1.5 MeV/u in a hydrogen
plasma with electron temperature Te � 10 eV and density
Ne � 1020 cmÿ3, taking into account all ionization and
recombination rates, including DR rates. Figure 37 shows
the dielectronic recombination rates as a function of ion
charge q. For DR rates, two results are presented in the
figure: the values calculated in [156] and those obtained [153]
using theDRIMP code. Ionization rates (EL) and recombina-
tion rates (EC, without DR contribution) were taken from
[156].

Arrows at the points of intersection of the EL, EC, and
DR curves in Fig. 37 show the approximate average
equilibrium charges for cases with and without DR. The
average charges �q in the cases without DR and withDR taken
into account are equal, respectively: �q without DR � 41, �q
with DR � 31 (from [156]) and �q with DR � 26 (DRIMP).
This implies that the influence of DR processes of the ions
passing through a plasma target is very large and leads to a
significant decrease in the average charge, as indicated in
[156]. More accurate calculations of the DR rates made in
[153] indicate a further decrease in the average charge �q.

Figure 38 presents the calculation of the charge state
distribution of iodine ions with an energy of 1.5 MeV/u in a
cold hydrogen plasma. They were obtained using the BREIT
code [160] by solving the balance equations for rates (7.4) and
(7.5) with rates aqq 0 presented in Fig. 37 used as input to the
code. The three cases (a)±(c) shown in Fig. 39 clearly show
that the average charges decrease from �q � 41:4, which
corresponds to calculations without taking DR into
account, to �q � 31:6, calculated using the DR coefficients
from [156], and to �q � 26:1, obtained using DR coefficients
calculated using the DRIMP code in [153]. The hydrogen
plasma thicknesses at which the equilibrium regime is
attained decrease from Xeq � 5 mg cmÿ2 (Fig. 38a) to
Xeq � 0:5 mg cmÿ2 (Fig. 38b) and to Xeq � 0:05 mg cmÿ2

(Fig. 38c). These results clearly indicate the large influence of
the DR process on the charge state distribution of ions
passing through the plasma target and the importance of
accurate determination of the DR rates. A decrease in the
equilibrium thickness of the plasma also implies that the
plasma source length required to attain the equilibrium
regime can be significantly less than when it is determined
without taking into account theDRof ionsmoving in plasma.

Figure 40 shows the distributions of equilibrium fractions
Fq�1� of iodine ions moving in hydrogen plasma over the ion
charge q calculated using the BREIT code with and without
DR. The final distribution with �q � 26:1, calculated with the

DR rates from [153] (DRIMP code), is narrower than the
other two distributions and has a larger value at the
maximum.

9. Conclusion

The properties of effective cross sections and rates of
elementary processes in collisions of multiply charged ions
with atomic particles are considered. The features of the
processes significantly depend on the atomic structure of the
colliding particles and their relative velocity. For example, in
the case of electron capture of ions on atoms at high energies,
the main feature of the process is the capture of inner-shell
electrons of the target atom, and in the case of dielectronic
recombination, the matching of the kinetic energy of a free
electron with the excitation energy of the incident ion, leading
to the formation of a resonance in the cross section. Collisions
at relativistic energies represent a special case: the cross
sections of ionization of ions by atoms (electron-loss cross
sections) become independent of the ion energy due to purely
relativistic interaction between colliding particles; the cross
sections of nonradiative electron capture decrease muchmore
slowly than in the region of high but nonrelativistic energies
due to the increasing contribution of radiative electron
capture.

The properties of atomic processes determine the effective
cross sections and process rates, their dependence on the ion
energy, and the temperature of the medium, which in turn
affect the characteristics of the interaction of ion beams with
media: gas, solid-state (foils), and plasma. For example, the
ion beam lifetimes in accelerator systems at relativistic
energies are almost completely determined by electron-loss
cross sections, the quasi-constant nature of which leads to
constant values of lifetimes, also independent of energy with
its further growth. Another example is the violation of
Gaussian symmetry of equilibrium functions Fq�1� as a
function of charge q, which is due to several reasons: the
influence of target density effects in gases and foils, the effect of
dielectronic recombination in plasma, relativistic effects, etc.
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New theoretical results regarding the role of dielectronic
recombination during the interaction of heavy ion beamswith
hydrogen plasma are presented. The influence of this process
turned out to be very significant, leading to three main
implications: a decrease in the equilibrium charges of the ion
beam, a reduction in the equilibrium plasma thickness, and a
distortion of the Gaussian shape of the equilibrium distribu-
tions of charge states over the ion charge at the exit from the
target.

The list of unsolved problems that require further
examination includes the study of ionization and electron
capture of heavy low-charge ions interacting with gas targets
(He, N2, Ne, Ar) at low collision energies E � 0ÿ50 keV.

This problem is associated with the study of so-called exotic
nuclei, i.e., nuclei with an unusual ratio of the number of
protons to the number of neutrons compared to stable
isotopes, short-lifetime nuclei and nuclei with an unusual
structure of the nuclear shell with new magic numbers, and
the detection of superheavy elements. Experimental and
theoretical studies in this area being are actively carried out
at accelerator centers based in Russia, Japan, Germany, the
USA. and other countries. The physical properties of exotic
nuclei are of great interest for many problems related to
astrophysics, condensed matter physics, particle accelerators,
medical applications, etc. Information on cross sections of
processes with changes in the charge of exotic ions in various
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gases and on the distribution of charge states of heavy ions
(such as Sr, Cd, Ba, Y, Pt) is extremely necessary for the
efficient production of low-energy rare-isotope beams
(RIBs), effective manipulation using electromagnetic
devices, and the study of their unusual nuclear structure.
Recently, the first experimental results have been obtained in
measurements of the fractions of the heavy low-charge ions
Sr, Ba, and Nd at energies E � 8ÿ60 keV, and cross sections
of the ionization and electron capture of ions in this region
have been calculated [184]. Experimental and theoretical
studies of the properties of heavy ions at ultra-low energies
should certainly be continued.
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