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Zusammenfassung

Die vorliegende Doktorarbeit präsentiert Untersuchungen zum Abbremsprozess
von schnellen Schwerionen in Materie. Im Rahmen dieser Arbeit wurde der
Einfluss der Targetdichte auf den Abbremsprozess untersucht. Die Experimente
wurden mit 48Ca6+–48Ca10+ und 26Mg5+ bei Strahlenergien von 11,4 MeV/u
sowie 5,9 MeV/u in Wechselwirkung mit festen und gasförmigen Targets aus-
geführt. Eine neuartige Diagnosemethode – Röntgenspektroskopie der K-Schalen
Strahlung des Projektils – wurde verwendet, um den Ladungszustand des Pro-
jektils in Abhängigkeit seiner Geschwindigkeit während das Eindringens in das
Medium zu bestimmen. Zum ersten Mal wurde eine ortsaufgelöste Messung der
Projektilstrahlung in einem Festkörper realisiert. Durch den Einsatz von porösen
Materialien wie Silica aerogels konnte die Abbremslänge der Ionen um den Fak-
tor 20–100 im Vergleich zu geẅohnlichen Quarz gestreckt werden. Der bei der
K-Schalen Spektroskopie beobachtete Dopplereffekt wird genutzt, um die Io-
nengeschwindigkeit in Abḧangigkeit zur Eindringtiefe in das Targetmaterial zu
berechnen. Es wird eine vergleichende Analyse der Kα Spektren von Schweri-
onen in festen (Silica aerogel) und gasförmigen (Argon und Neon) Targets bei
gleichen Energien durchgeführt. Es wird gezeigt, dass der dominierende Ein-
fluss von Sẗoßen in dichter Materie zu einer Erhöhung des effektiven Ionisations-
querschnittes bei hoher Geschwindigkeit sowie zu einer Unterdrückung des Elek-
troneneinfangs in angeregte Projektilzustände bei niedrigen Geschwindigkeiten
führt. Daraus resultierend wird eine Erhöhung des Ladungszustands der Io-
nen in fester Materie beobachtet. Diese Effekte werden mittels eines nu-
merischen Modells zur Besetzungskinetik des Projektils erklärt und sind in guter
Übereinstimmung mit den Messungen.

iii



iv Zusammenfassung



Abstract

This thesis presents the study of the slowing down process of fast heavy ions in-
side matter. In the framework of this research, the influence of the target density
on the stopping process is investigated. Experiments on the interaction of48Ca6+ -
48Ca10+ and26Mg5+ ion beams with initial energies of 11.4 MeV/u and 5.9 MeV/u
with solid and gaseous targets have been carried out. A novel diagnostic method,
X-ray spectroscopy of K-shell projectile radiation, is used to determine the ion
charge state in relation to its velocity during the penetration of fast heavy ions in-
side the stopping material. A spatially resolved analysis of the projectile and target
radiation in solids is achieved for the first time. The application of low-density sil-
ica aerogels as stopping media provided a stretching of the ion stopping length by
20 - 100 times in comparison with solid quartz. The Doppler Effect observed on
the projectile K-shell spectra is used to calculate the ion velocity in dependence
on the ion penetration depth in the target material. A comparative analysis of
Kα spectra of fast heavy ions is performed in solid (silica aerogels) and gaseous
targets (Ar and Ne gases) at the same ion energy. It is shown that the dominant
role of collisions in dense matter leads to an increase of the effective ionization
cross section at high ion velocity and suppression of the electron capture to the
projectile ion excited states at low ion velocity. As a result, an increase of the
ion charge state in dense matter is observed. The experimentally detected effects
are interpreted with numerical calculations of the projectile population kinetics,
which are in good agreement with measurements.
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Chapter 1

Introduction

Over the years, the study of the interaction of fast heavy ions with matter has
evolved into a large research field due to new powerful experimental methods
and facilities around the world. The interaction of fast heavy ions with matter is a
unique method to investigate the processes in complex atomic systems, which play
a very important role in the development of modern physics [Geissel et al., 2002].

The actual research in this field of science is motivated by the application
of ion beams for well tailored energy deposition in matter. A large amount of
energy can be deposited to well defined areas of the target at a well defined dose
rate because of the extreme stopping power of heavy ions. The investigation of
physical processes, which take place during the slowing down of fast heavy ions
in matter, is of a great importance. Among the various applications of energy
deposition in matter by heavy ion beams, some of them should be mentioned
explicitly: matter heating, inertial fusion and tumor therapy.

A big progress has been achieved in the field of heavy ion-target interactions
with the advent of the new accelerator facilities. Intense heavy ion beams open
new possibilities to generate high energy density states or warm dense matter
[Hoffmann et al., 2002]. A new generation of experiments has been started with
heavy ions of a large energy region from MeV/u to GeV/u and very high inten-
sities. At these conditions it is possible to use heavy ions for matter heating
[Tahir et al., 2006]. In warm dense matter experiments macroscopic dense vol-
umes can be created due to high energy densities induced by heavy ion beams
in solid targets. Variations of the target material properties during the interaction
process (phase transitions) change the relation between the ion charge and its en-
ergy. The knowledge of the behavior of matter under extreme conditions is of
significant importance for fundamental physics.

In the inertial confinement fusion [Labaune et al., 2000] the kinetic energy
of the ion beam is converted into soft X-ray radiation inside a converter tar-
get (hohlraum). This radiation heats fusion pellet, located in the center of the
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2 Chapter 1. Introduction

hohlraum, and the stopping material is transformed in a fully ionized plasma. In
order to determine the energy deposition in plasma, a detailed information about
the charge dependent stopping power is necessary.

The fast ignition concept offers excellent opportunities to combine intense
heavy ion and laser beams. In the near future heavy ion accelerators and high
power lasers at the Gesellschaft für Schwerionenforschung (GSI, Darmstadt) will
allow to study high energy density physics [Hoffmann et al., 2005]. Moreover,
interaction processes of ion beams with matter require detailed investigations of
material properties of the irradiated targets.

A big success in the study of heavy-ion penetration through matter has been
achieved in tumor treatment [Kraft, 2000]. In contrast to X-rays heavy ions have
a well defined penetration depth in matter. This opens the possibility to use heavy
ions for tumor treatment. Heavy ions have the favorable dose profile to eliminate
deep tumors due to the sharp Bragg peak at the end of the stopping range. The
high ionization at the end of the range leads to a higher biological efficiency in
cells. The key instrument for biomedical investigations and applications is the
detailed knowledge about the penetration of heavy ions in matter.

The topic of heavy ion-target interactions is of fundamental importance for a
wide range of applications. The study of heavy-ion interactions with different kind
of targets requires a reliable knowledge about the slowing down process, first of
all, inside cold matter. From the pioneering discovery of Bohr [Bohr, 1913] the en-
ergy loss of charged particles is proportional to the square of the projectile charge,
which is a function of the projectile velocity . This is correct for protons, but for
heavy ions the charge during the slowing down in matter varies with the projectile
velocity. There are still many open questions about the relation of the ion charge
and projectile velocity during the stopping process in matter. In ion-atom colli-
sions the charge of ions passing through matter is changed due to electron capture
and loss processes, which occur with a high probability. Up to now no accurate
quantitative theoretical descriptions concerning the formation of charge states of
fast heavy ions in collisions with target atoms inside matter exist. In previous re-
searches the energy loss and the charge state distribution of projectile ions having
left the target were traditionally analyzed.

This thesis presents a significant progress in the understanding of the slowing
down process of heavy ion beams in matter. A novel diagnostic method to inves-
tigate the stopping processinsidematter, X-ray spectroscopy of K-shell projectile
radiation, has been introduced. This method allows determining the ion charge
state as a function of the projectile velocity during the penetration of heavy ions
inside the target material. The spectroscopic method is a unique tool for a spa-
tially and spectral resolved analysis inside solids. Using a specific target material,
porous silica aerogel, it is possible to increase the stopping length and better re-
solve the projectile dynamics. In the framework of this thesis, the experimental
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evidence of the influence of the target density, the so called density effect, on the
stopping process is demonstrated.

The presented experiments have been carried out at the Gesellschaft für Schw-
erionenforschung (GSI) in Darmstadt at the Universal Linear Accelerator (UNI-
LAC). The measurements were performed at the Z6 experimental area of the
plasma physics group.

An overview of the experimental results and theoretical approaches of the re-
searches on the interaction of heavy ions with matter is presented in chapter 2.
The stopping-power theory has been considered from the point of view of the
classical and quantum-mechanical treatments. The ’effective charge’ problem was
discussed with the influence of collisional processes in ion-atom interactions and
target parameters such as density and atomic number. Atomic collisions of fast
heavy ions with target atoms at solid density are described taking into account the
target density effect.

The experimental part of the work is described in chapter 3. The diagnostic
method of the stopping process and target materials are presented.

In chapter 4 the results of the performed experiments are reviewed. Chapter
5 presents a numerical model of the projectile population kinetics that allow a
quantitative analysis of the ion charge evolution of the stopping process.

In conclusion, the main results of the work are resumed in chapter 6 and some
suggestions for further energy loss investigations are proposed.
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Chapter 2

Interaction of heavy ions with
matter

The presented chapter is an overview of the research on the interaction of fast
heavy ions with matter. A general survey of the most important theoretical and
experimental investigations of this field of science is summarized.

A significant part of the chapter is given to the attention to atomic processes
between projectile ions and target atoms during their interaction. These processes
are responsible for the slowing down of heavy ions in matter. Theoretical aspects
of the cold electronic stopping are treated using the Bohr-Bethe-Bloch approach.
According to this formula in order to estimate the energy loss of ions it is nec-
essary to calculate their ion charge states during the slowing down process. The
experimental results and theoretical activities concerning the formation of charge
states of heavy ions in collisions with target matter have been discussed. The vari-
ation of the ion charge with target density gave permit to several conclusions as
the mechanism of the collisional processes. The target density effect is explained
with the influence of electron loss and capture processes. The researches concern-
ing the formation of charge states during the stopping process and the influence
of the target density effect are relevant for the presented thesis.

2.1 Historical review

The penetration of charged particles through matter is one of the principal ways
to investigate nature. The charge particles lose their energy during the passage
through the medium in collisions with target atoms. The theory of the slowing
down process is complicated because of a difficult description of the ion and target
charge states during the stopping process.

The greatest scientists of the last century have worked on the subject of
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6 Chapter 2. Interaction of heavy ions with matter

charged-particle penetration in matter. In 1900 Marie Curie found that energetic
particles having left radioactive materials could penetrate thin foils. Than fur-
ther experiments on the interaction ofα-particles with different gases gave rise to
the discovery of the energy deposition maximum, the so called Bragg peak. The
first theoretical treatment about scattering of electrical charged particles was pub-
lished by J.Thomson in his book on electricity [Thomson, 1906]. This work did
not demonstrate directly the calculations of the energy loss, but the author was
interested in the problem of charged particle stopping. In 1911 Rutherford pub-
lished his famous discovery about the atomic structure [Rutherford, 1911]. He
started to investigate the penetration ofα-rays in matter.

Niels Bohr continued the validity of Rutherford’s investigations. His work in
1913 was the first sufficient theory on the energy loss of ions passing through
matter [Bohr, 1913]. Bohr’s classical approach for the electronic stopping power
was unexcelled and served as a basis for the quantum mechanically description of
the stopping problem. The discovery of the nuclear fission gave the possibility for
a detailed investigation of the penetration of high speed particles through matter
[Bohr et al., 1940, Bohr, 1941, Bohr, 1948]. Bohr and Lindhard understood the
difficulty to describe collisions between interacting particles. They connected the
energy loss of fission ions along stopping path with the capture and loss of elec-
trons by such particles [Bohr and Lindhard, 1954]. Bohr also recognized that the
study of the stopping process is limited by knowledge of the ion charge state in-
side matter, which is estimated by the balance between electron capture and loss
processes.

In the 1920s with the discovery of quantum mechanics, Bohr’s classical stop-
ping model showed inconsistencies to describe the atomic phenomena because
the energy transfer occurs in discrete quantities. Hans Bethe used Bohr’s approx-
imation and recreated the classical result in the quantum-mechanical treatment
[Bethe, 1930]. His calculations are valid for relativistic energies [Bethe, 1932].

Later Felix Bloch investigated the classical and quantum-mechanical ap-
proaches and found conditions in which these theories could be used. Bloch made
corrections to Bethe’s model and got the formula, which is valid for Bethe’s result
as well as for Bohr’s [Bloch, 1933].

The Bohr-Bethe-Bloch formula is an unique instrument to estimate the energy
loss process of projectiles. However, this theory was modified due to further de-
velopment of physics. Some features of projectile ions and target atoms such as
energy region of incident particles, type of ions, target density and many other can
significantly change the ion energy loss in matter. Therefore, several corrections
to the basic stopping formula were applied.

In spite of the fact that the stopping process in matter has its roots already in
works of Bohr, Bethe and Bloch, the growing field of applications sets new prob-
lems for physicists in our century. New powerful facilities allow to investigate the
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stopping not only in cold, but as well in ionized matter [Hoffmann et al., 1990].
The presented work describes the spectroscopic approach to investigate the

interaction of heavy ion beam with cold targets using associated K-shell radiation
of projectile ions and target atoms.

2.2 Stopping process in cold matter

The development of the cold stopping theory belongs to the beginning of XX
century. The cold stopping means the energy transfer from projectile ions to the
bound target electrons of the medium. Niels Bohr divided this process into two
ways: nuclear and electronic. The energy loss to positive cores of target atoms
is called the nuclear stopping. The electronic slowing-down process is due to
collisions between electrons in the medium and projectiles. Thestopping power
S of the projectile ions in matter is defined as the differential energy loss for that
particles within the material divided by the corresponding differential path length:

S(E) = −dE

dx
, (2.1)

The minus sign indicates that the energy is lost by particles. The distance at
which charged particles lose completely their energy in the medium is called the
range of the particles. It depends on the initial energy and type of the incident
particles as well as the penetrated material. The energy deposition is described
by the so calledBragg curve. The energy loss increases with the penetration
depth until the sharp maximum, which is called theBragg peak, where ions are
stopped.

The powerful experimental methods of the latest generation are able to inves-
tigate the slowing-down process in different types of material such as partially
and fully ionized plasma. In this case the energy loss of projectiles to free target
electrons takes place. The presented section is addressed to theoretical approaches
concerning the cold electronic stopping process.

2.2.1 Bohr’s model

The baseline for all theoretical approaches of the stopping process in matter was
Bohr’s work [Bohr, 1913]. He characterized ion-atom collisions by impact pa-
rameter on the basis of classical mechanics. Bohr treated the collisional process
as binary process, at which the projectile ion interacts with an target electron as-
sumed to be free at the moment. The distance from the electron to the initial travel
of the projectile ion, which is far from the electron, was defined as the impact pa-
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rameterb. As a result of calculations, Bohr obtained the classical formula for the
energy loss:

−dE

dx
=

4πNZ2e4ZT

mev2
ln

bmax

bmin

, (2.2)

whereZe is the electric charge of a projectile particle,v is the projectile ve-
locity, N is a number of target electrons per unit volume,ZT is the atomic number
of the target atom,me is the electron rest mass. The logarithm expression is called
Coulomb or stopping logarithm, which appears by integrating−(dE/dx) over
b from a minimum to a maximum value. In the casebmin = 0 andbmax = ∞ it
leads to an infinite rate of energy loss. Therefore, the integrating limits should be
apply. Bohr’s theory works for projectile velocity much smaller than the speed
of light, 1 < v/v0 < Z2/3, whereZ is the atomic number of the projectile ion,
v0 is the velocity of the electron in the ground state of the hydrogen atom,v0 =
2.188×108 cm/s [Bohr, 1948].

2.2.2 Bethe’s approach

Bohr’s stopping model was unique for many years. However, Bohr understood
the limits of its application. The model didn’t take into account the discrete en-
ergy of target electrons. Not any energy transfer to target atoms is possible. Some
years later Bohr pointed out that the binding effects are very important during
the slowing-down process. Distant collisions are treated as free-electron scat-
tering by the projectile ion. However, interactions at small distances were con-
sidered as electromagnetic excitations of harmonic oscillators and could not be
described by means of classical mechanics. Hans Bethe treated the energy loss
process by means of the quantum mechanics using the first Born approximation
[Bethe, 1930]. He used the momentum transfer rather than impact parameter to
characterize collisions. Under this condition the energy loss process is written as

−dE

dx
=

4πNZ2e4

mev2
BBethe. (2.3)

The termBBethe is called thestopping number and corresponds:

BBethe = ZT ln
2mev

2

I
, (2.4)

whereZT is the nuclei charge of the target material,I is a mean excitation
potential per electron and is expressed as

I =
1

ZT

∑
n

fnh̄ω. (2.5)
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∑
n fnh̄ω is equal to a number of electrons on then shell of target atoms with

the oscillator strength of discrete transitionsfn with the energȳhω.

2.2.3 Corrections to Bethe’s theory

The energy loss problem went on with the investigations of Felix Bloch. He con-
sidered classical Bohr’s and quantum-mechanical Bethe’s concepts taking into
account the regions of application [Bloch, 1933]. It is expressed with the dimen-
sionless parameter, which allows quantum perturbation theory when small, but
permits a classical treatment when large compared to unity:

η =
Ze2

h̄v
. (2.6)

Bloch considered distant collisions according to the Bohr binary model, at
which the target electrons could be treated as if they would be free. In this case
Bohr’s formula is valid at the limitsη À1. Bethe’s approach is able atη ¿1,
at which close collisions were analyzed quantum mechanically because of the
important role of the binding effects. This in fact is the result that Bloch obtained
and introduced the nonrelativistic correction term

BBloch = ψ(1)−Reψ(1 + i
Ze2

h̄v
), (2.7)

whereψ is the logarithmic derivative of gamma functionΓ.
As a result, the expression for the energy loss is written as

−dE

dx
=

4πNZ2e4

mev2
(BBethe + BBloch). (2.8)

The Bohr-Bethe-Bloch concept is still the starting point to calculate the en-
ergy loss of heavy ions passing through matter. There are many effects that have
significant influence on the energy loss of projectile ions, and some corrections to
the basic stopping formula should be taken into account.

Bethe’s formula was derived using the Born approximation. It is valid if the
velocity of the incident particles is much larger than the velocity of the projectile
orbital electrons. In other case the stopping formula should be modified by calcu-
lating the contribution of the binding effects, the so calledshell correction. It is
expressed as

Bshell = − Ci

ZT

, (2.9)
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whereCi is the function of various parameters for atomic shelli, ZT is the
atomic number of the target atom. Shell correction is especially important for the
inner electrons of heavier elements and low energy region.

Another important correction was the’Barkas effect’ in the 50’s after the
discovery of the fact that the stopping ofπ+ particles is significantly differ-
ent than forπ− particles because of different screening [Barkas et al., 1956,
Barkas et al., 1963]. This correction plays important role at low ion velocities
and can be neglected at high energy region.

The ability of the electrical field of the incident particles to polarize atoms is
responsible for the so called’polarization effect’. The basic Bohr-Bethe-Bloch
formalism described gases at low density. In this case particles can be assumed as
independent. That can not be valid for solids and liquids. Enrico Fermi empha-
sized that the dependence of energy loss in addition to Bethe-Bloch parameters
supplements with material dielectronic properties [Fermi, 1939].

The study of energy loss of partially stripped ions has been in progress with
the development of new generation of high energy accelerators. Analytical formu-
las for the electronic stopping power of swift lithiumlike and berylliumlike ions
have been presented on the basis of first-order perturbation theory by T.Kaneko
[Kaneko, 1994]. He assumed that the charge state of the projectile remains frozen
during its passage and all correction terms were neglected.

Heavy ions become available over a large range of kinetic energies and there
are a lot of applications in modern physics. As a result, relativistic theory of
stopping for heavy ions was developed. Ahlen reviewed the theory of the elec-
tromagnetic interactions between charge particles moving with relativistic veloc-
ities and matter [Ahlen, 1980]. Lindhard and Sørensen have studied the stopping
power for light and heavy ions, whose velocity is comparable to the speed of light
[Lindhard and Sørensen, 1996].

The stopping of nonrelativistic heavy ions has been analyzed as function of the
projectile charge by P.Sigmund [Sigmund, 1997]. The excitation and ionization of
target electrons were described according to Bohr’s classical theory. The influence
of the projectile electrons was taking into account mainly via screening of the
Coulomb interaction.

Some years later, G.Schiwietz proposed a simple method to calculate the
impact-parameter dependence of the electronic energy loss of bare ions for all
impact parameters [Schiwietz and Grande, 1999]. He computed the energy loss
of heavy ions using the impact-parameter scaling and Bloch’s stopping power
treatment . G.Maynard has described the energy loss of partially ionized heavy
ions in the energy range of MeV/u using the convergent kinetic Lindhard theory
[Maynard et al., 2001].

Nowadays, different new theoretical approaches for the stopping of fast heavy
ions in matter are in progress. However, there are still many open questions,
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for example, a lacking knowledge about the charge of ions, which varies with
the projectile velocity during the slowing down in matter. In order to estimate
this charge-changing phenomena the role of elementary processes in ion-atom
collisions should be ascertained.

2.3 Elementary processes in ion-atom collisions

During the interaction of fast heavy ions with matter the exchange electronic con-
figuration of the target atoms and projectile ions takes place. Atomic processes
concerning the projectile ions are describes in this section.

A comprehensive description of the theoretical aspects concerning the interac-
tion of fast heavy ions with matter is complicated because of plenty of projectile
charge states formed during the stopping process. The formation of ion charge
states is a result of atomic processes, which occur with a high probability in ion-
atom collisions. They are divided into collisional

• projectile ionization
• bound electron capture
• collisional excitation and deexcitation
and non-collisional processes
• radiative decay
• Auger decay
A probability of a certain collisional process is characterized by across sec-

tion σ, which is defined as a ratio of a number of given events per unit time per
a target particle to a flux of the incident particles per square unit. In atomic scale
one unit of a cross section isπa0 ' 0.88×10−16 cm2, wherea0 is the Bohr radius.

The ion interacting with a target atom can increase the charge as a result of
loss of a proper electron:

XZ+ + A → X(Z+1)+ + ΣA + e− (2.10)

or decrease the charge as a result of capture of a target electron:

XZ+ + A → X(Z−1)+ + ΣA+, (2.11)

whereXZ+ is the projectile ion,Z is the ion atomic number,A is the target
atom,ΣA are possible states of the target after the collision. These processes lead
to the charge change of heavy ions during the slowing down in matter.

The total charge changing-cross section is defined by sum of ionization and
electron capture cross sections:

σtot = σion + σec, (2.12)
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where the dependence of these cross sections on the atomic parameters of
projectile ions and target atoms is treated as [Shevelko, 1999]

σion ∼ Z2
T

Z2
P v2

, σec ∼ Z5
T Z5

P

v11
, (2.13)

whereZP andZT are, respectively, the projectile and target atomic numbers,
v is the velocity of the incident ions. These expressions are valid at high energies,
v/ZP > 2.188×108 cm/c. The decrease of the electron capture cross section with
the energy increase is significantly faster in comparison with the ionization cross
section. However, the capture process has stronger dependence on the projectile
and target charges. Therefore, the contribution of each process depends on the
energy range, the atomic number of projectile ions and target.

In addition to the charge changing processes the excitation of projectile ions
takes place in ion-atom collisions. This process induced by ion impact with a
target atom and, as a consequence of the interaction, the transition of an bound
electron from the ground to the excited state of the ion occurs:

XZ+ + A → [XZ+]∗ + A, (2.14)

where the asterisk denotes the excited state. The return to the ground state is
accompanied by collisional deexcitation or radiative decay.

In the following subsections a general survey of collisional processes as well
as radiative decay is considered. The Auger decay is explained in the next chapter
in the course of the diagnostic method.

2.3.1 Projectile ionization

The earliest extensive theory about the ionization process of fast heavy ions in col-
lisions with target atoms was presented by N.Bohr [Bohr, 1948]. He pointed out
that the projectile ion losses its electrons which have orbital velocities smaller or
equal than the velocity of the ion. Bohr and Lindhard [Bohr and Lindhard, 1954]
defined the ionization process as the energy transfer to electrons of the ion suffi-
ciently light for electron escape and estimated as

σion = πa2
0q

2Z1/3
(

v0

v∗

)3

, (2.15)

wherea0 andv0 are the radius and velocity of the electron in the ground state
of the hydrogen atom,Z is the atomic number of the projectile ion,q is the ion
charge state,v∗ is the orbital velocity of the most loosely bound electron in the
ground state of the ion.
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The application of Bohr’s theory was limited by heavy-ion velocities, which
are in the range ofv0 < v < Zv0. As later experiments have shown, Bohr’s work
and some theoretical approaches on its basis need modifications [Betz, 1972].

M.Gryzinski described the collisional ionization cross section using a detailed
classical theory of two-particle collisions in the laboratory system of coordinates
[Gryzinski, 1965a, Gryzinski, 1965b, Gryzinski, 1965c]. He assumed that the ini-
tial direction of the second particle (target atom) coincides with thez axis of the
laboratory system. As a result of the interaction with the first particle (projectile
ion), the velocity of the second particle changes in magnitude and direction. The
total ionization cross section was treated as

σion =
∑
n

Nnπ

(
ZT e2

Un

)2

G(V ), (2.16)

whereNn andUn are, respectively, the population number and binding energy
of electrons in then-th shell of the projectile,ZT is the target atomic number,e
is the electronic charge. The summation is performed over all projectile shells. In
this equationG(V ) is a function of the scaled velocityV equal tov/vn, wherev
is the projectile velocity,vn is the velocity of orbital electrons of projectile. The
function is given by J.McGuire as [McGuire and Richard, 1973]

G(V ) = a3/2 1

V 2

{
a +

2

3
(1 +

1

b
) ln(2.7 + V )

} (
1− 1

b

) (
1−

(
1

b

)1+V 2)
,

(2.17)
where

a =
V 2

1 + V 2
, b = 4V 2

(
1 +

1

V

)
. (2.18)

This function is maximal forv = vn and close to the disappearance if the
deviation between velocities is large.

2.3.2 Bound electron capture

The first and the most simple method to calculate the bound electron cap-
ture cross section in ion-atom collisions is well-known Oppenheimer-Brinkman-
Kramers approximation written for hydrogenlike states [Oppenheimer, 1928,
Brinkman and Kramers, 1930]:

σec(ni → nf ) =
8.53× 10−16Z2E

5/2
i E

3/2
f E4

K

[E2
K + 2EK(Ei + Ef ) + (Ei − Ef )2]5

, (2.19)
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whereZ andEK are, respectively, the atomic number and kinetic energy of
the projectile ion,Ei andEf denote the electron binding energy in initial and final
states characterized by quantum numbersni andnf , correspondingly. This equa-
tion is based on the first Bohr approximation, which ignores target-ion interaction
after the capture process has taken place. Therefore, too large values of capture
cross section are observed and a reduction factor should be applied. This prob-
lem was taking into account by Chan and Eichler, who estimated the range of the
reduction factor from 0.1 to 0.4 [Eichter and Chan, 1979, Eichter et al., 1981].

The bound electron capture in collisions between multielectron particles was
attempted to describe by Bohr and Lindhard [Bohr and Lindhard, 1954]. The elec-
tron capture cross section was treated as

σec = πa2
0Z

1/3
T q2

(
v0

v

)3

, (2.20)

wherea0 andv0 are the radius and velocity of the electron in the ground state
of the hydrogen atom,ZT is the atomic number of the target atom,q is the charge
state of the projectile ion,v is the projectile velocity.

An universal empirical scaling rule for the single-electron capture cross sec-
tion by fast highly charged projectiles in gaseous targets has been found by
A.Schlachter et. al [Schlachter et al., 1983]:

σec = 1.1× 10−8 q3.9Z4.2
T

E4.8
, (2.21)

whereq is the projectile charge state,E is the energy of projectile ions and
ZT is the atomic number of the target. The experimental cross sections for a large
variety of projectiles and targets were fitted using reduced coordinates:

σ̃ = σ
Za

T

qb
, Ẽ =

E

Zc
T qd

. (2.22)

A nonlinear least squares fitting routine was used to adjusta, b, c, d parameters.
Schlachter’s formula is valid for the projectile energy range from 0.3 to 8.5 MeV/u
and arbitrary projectile-target combinations.

2.3.3 Radiative decay

The population of the excited levels is governed by competition of collisional
and non-collisional processes. A radiative transition is a spontaneous emission of
photon, which does not depend on the collisional characteristics. The probability
of a radiative decay corresponds to the maximal value of photons per second,
which an ion can radiate. Since the probability of a transition is given per unit of
time it has a dimension of s−1.
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In quantum electrodynamics the probabilitydA per unit of time of a one
transition from an initial excited state|a〉 to a final state|b〉 is given by
[Ahiezer and Berestetski, 1981]:

dA =
e2ω

2πh̄c
|〈b|~α~ε∗e−ikr |a〉|2dΩ, (2.23)

wherec is the speed of light,ω = (Ea−Eb)/h̄ is the frequency of the emitted
photon,~ε is its polarization vector,~α is the Dirac matrix,k is the photon momen-
tum anddΩ denotes space angle for the radiation.

The probability of the radiative decay defines very important atomic charac-
teristics such as intensity of spectral lines and lifetime of the excited states. The
intensityI10 of the spectral line for the transition 1-0 from the upper 1 to the lower
0 state is given by

I10 = N1A10h̄ω, (2.24)

whereA10 is the radiative probability for the transition 1-0,N1 is the number
of ions in the upper level 1 per unit volume,ω is the transition frequency,ω =
(E1 − E0)/h̄, h̄ is the Planck constant divided by 2π.

The radiative lifetimeτκ of an excited stateκ is defined as

τκ =

(∑

i<κ

Aiκ

)−1

[s], (2.25)

whereAiκ is a radiative transition probability from the upper levelκ to all
lower levelsi.

The radiative process drastically depends on the ion chargeZP and the princi-
ple quantum numbern of the projectile:

A ∼ Z4
P

n5
. (2.26)

In order to calculate the radiative decay rates in hydrogen-like systems
the classical Kramers formulas are used [Vainshtein et al., 1973]. The radia-
tive transition probability for any atoms and ions is estimated in the form
[Lebedev and Beigman, 1998]:

A(n1 − n0) = 1.61× 1010 z4

n3
1n0

1

∆n(n1 + n0)

(
1− 0.236

∆n

)
, (2.27)

wherez is the spectroscopic symbol of the ion,n1 andn0 are, respectively, the
principle quantum numbers of the upper 1 and lower 0 levels,∆n=n1-n0.
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2.3.4 CAPTURE and LOSS codes

In the last years the study of the interaction of fast heavy ions with matter
plays a critical role in such applications as the production of long-lived ion
beams in accelerators [Melchert, 1999], the generation of high-density-energy
matter [Hoffmann et al., 2005], heavy-ion inertial fusion [Labaune et al., 2000]
and heavy-ion therapy [Kraft, 2000] . The ion charge states and charge changing-
cross sections of heavy ions are important source of information about atomic
collisions in complex atomic systems. The theoretical predictions of projectile
ionization and electron capture cross sections in the energy range of the 1-100
MeV/u have been performed by V.Shevelko using the LOSS and CAPTURE
computer code accounting to the atomic structure of the target [Shevelko, 2001,
Shevelko et al., 2001]. These numerical programs were used to estimate the
charge changing-cross sections for the experimental conditions of the presented
work.

In the CAPTURE code effective cross sections of one-electron charge ex-
change is calculated using the method of multichannel normalization in the im-
pact parameter representation. This method uses the relationship between the
quasi-classicala(ρ, v) and the quantum-mechanicalf(q, v) charge exchange am-
plitudes [Shevelko, 1980].

The charge exchange between state 0 of the atomic target and state 1 of the
resulting ion is written as

XZ + A(n0) → X(Z−1)+(n1) + A+, (2.28)

whereXZ andA(n0) are, respectively, the projectile ion charge and the target
atom before the interaction process,X(Z−1)+(n1) andA+ the projectile ion charge
and the target atom after the interaction process,n is the principal quantum num-
ber.

In the impact parameter representation, the exchange cross section is estimated
as

σ(v) = 2π

∞∫

0

W (ρ, v)ρdρ, (2.29)

whereW (ρ, v) = |a(ρ, v)|2 is the exchange probability,ρ is the impact para-
meter,v is the relative velocity of colliding particles.

The impact parameter capture amplitudea(ρ, v) is related to the wavef(q, v)
treatments for electron capture and considered in Brinkman-Kramers (BK) ap-
proximation:
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a(ρ, v) =
1

v(2π)2

∫

P

f(q, v)eikρd2q. (2.30)

The integration over vectorq in the eqution is made on the planeP , described
by equationqv− w − v2/2 = 0.

The BK approximation is the most simple and universal method to calculate
the capture cross sections in the region of the relative velocitiesv À √

w, wherew
is the resonance defect of the reaction in atomic units, i.e. the difference between
the binding energies of a captured electron in the initial (0) and final (1) states. In
the BK approximation thef(q, v) value is a multiplication of Fourier components
of the atomic wavefunctions of the initial and final states with interaction potential
[May, 1964, Shevelko, 1978].

At low relative energy,v ≤ √
w, the probability of the capture may ex-

ceed unity which has no physical meaning. The reason is that the relation-
ship (2.30) has been obtained in the first order of the perturbation theory
[Shevelko and Vainshtein, 1993]. The more accurate computing procedures, such
as the method of strong coupling between atomic states or the method of charge
exchange probability normalization in the impact parameter representation is ap-
plied to remove this defect.

The method of multichannel normalization of the exchange probability for the
0-1 transition is written as

WN
01(ρ, v) =

W01(ρ, v)

1 +
∑

j W0j(ρ, v)
, (2.31)

where the summation in the denominator is over all possible final exchange
channelsj for the resulting ionX(Z−1)+, including the exchange into the state 1
under study.

The physical meaning of formula (2.31) is following: if the probabilityW01 is
small, the normalized probability is also small,WN

01 ≈ W01. Even if the probabil-
ity W01 is large (W01 À 1), the normalized value remains small,WN

01 ≤ 1.
The total cross sections of charge exchange for multielectron systems are dif-

ficult to calculate. It can be accomplished with the multichannel normalization
method and using hydrogen-like wave functions for captured electrons. The use
of hydrogen-like functions simplifies the calculation of the exchange total cross
sections, i.e. those averaged over the quantum numbersm andl. The second rea-
son is that the electron capture in the highly excited (H-like) states of a resulting
ion makes a great contribution to the total cross section of the charge exchange.
At high collision energy, exchange cross sections have larger dependence on the
capture of inner shell electrons of the target, which are located near the unscreened
nucleus and are also hydrogen-like.
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The advantage of the presented method is that the total cross sections of the
charge exchange between heavy multielectron atoms and ions can be calculated
with regard for the capture of inner shell electrons of the target and the capture
into excited states.

The LOSS code calculates one-electron ionization cross sections and ion-
beam lifetimes for heavy low-charged ions colliding with neutral atoms in the
momentum transfer representation with account of the atomic structure of the tar-
get. The calculations are performed in the Born approximation when the relative
velocityv of colliding particles is quite high:v > 1a.u. ' 2.2× 108 cm/s.

The Born projectile-ionization cross section with account of the target atomic
structure has the form:

σ(v) =
8π

v2

∑

P

∑

λ

∫ ∞

0
dε×

∫ ∞

qmin

dq

q3
|FP (q, ε, λ)|2|ZT (q)|2, (2.32)

|ZT (q)|2 = [Z −
N∑

j=1

Fjj(q)]
2 + [N −

N∑

j=1

|Fjj(q)|2], (2.33)

Fjj = 〈j|exp(iqr)|j〉, qmin = (IP + ε)/v, (2.34)

whereq is the momentum transfer,ε andλ are the energy and orbital momen-
tum of the ejected electron. IndicesP andT indicate the projectile and the target
states, respectively. The functionFP (q, ε, λ) is the projectile form factor for a
bound-free transitions,ZT (q) is the effective charge of the target which depends
on the momentum transferq, Z andN are the nuclear charge and the total number
of electrons in the target,IP is the binding energy of the ejected electron.

The relation (2.33) consists of two terms. The first term (screening) includes
the electron-electron interactions in the elastic channel when the target electrons
screen the nuclear charge of the target. The second term (antiscreening) describes
the mechanism when the target electrons act as an electron cloud in which every
electron can ionize the projectile by changing its own state.

The sum
∑

j〈j|exp(iqr)|j〉 is the atomic form factor expressed in terms of the
Fourier transform of the electron densityρ(r):

∑

j

〈j|exp(iqr)|j〉 =
∫ ∞

0
ρ(r)

sin(qr)

qr
dr, (2.35)

ρ(r) =
∑
γ

NγP
2
γ (r), (2.36)

∫ ∞

0
P 2

γ (r)dr = 1, (2.37)
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wherePγ(r) are the radial wave funtions of the target electrons; the sum overγ
runs over all electron shells of the target withNγ being the number of equivalent
electrons in the shellγ. The expressions for Fourier transforms of an arbitrary
atom are suggested to obtain in a close analytical form using the Slater nodeless
wave functions [Slater, 1960].

In order to calculate the radial wave functionsP (r) of projectile electrons the
Schr̈odinger equation with the central-symmetrical potentialUc(r) of the atomic
core and a given energyε is solved:

(
d2

dr2
− l(l + 1)

r2
− 2

ω
Uc(r/ω) + ε) = V̂exP (r/ω), (2.38)

whereε is Ry units (1 Ry' 13.6eV ), ω is the eigen-value of the present equa-
tion. The right-hand side of the equation corresponds to the exchange interaction
operatorV̂ex [Shevelko and Vainshtein, 1993]. The effective field of the core elec-
tronsUc(r) is calculated with the same Slater functions, as the effective charge of
the targetZT (q).

The computer code LOSS allows also to calculate the excitation cross sections
of the projectiles, including excitation with autoionization, with account for the
effective charge of the targetZT (q).

Collisional processes such as projectile ionization and bound electron capture,
which occur with a high probability in ion-atom interactions are key parameters
to investigate the stopping process of energetic ions in matter.

2.4 Projectile charge state

As follows from the Bohr-Bethe-Bloch stopping formula, in order to calculate
the energy loss of heavy ions passing through matter it is necessary to estimate
the ion charge as function of the ion velocity. The stopping theory was valid
for the slowing down process of light particles such as protons andα-particles.
Since the discovery of nuclear fission the stopping of energetic heavy particles
was the subject of active investigations. During the penetration of fast heavy ions
through matter several atomic processes as electron loss and capture, excitation,
collisional and radiative decay take place. It leads to fluctuations of the ion charge.
An important quantity is theaverage chargeZav, which is defined by

Zav =
∑
q

qF (q), (2.39)

whereF (q) denotes the fraction of the ions, which carries the chargeq. Tra-
ditionally the average charge is measured for ions emerging from the stopping
material. An excellent review of experimental results and theoretical approaches
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concerning the formation of the average charge state of heavy ions passing solids
and gases up to 1972 was given by Betz [Betz, 1972].

However, it was not clear which ion charge should be applied in the energy loss
formula: the initial ion chargeZP , the average ion chargeZav or someeffective
chargeZeff as a good approximation to the initial, formed under the influence of
the target and ion beam properties. The charge at all considered velocities during
the stopping process is the conception of the effective charge. This is called the
’effective charge’ problem: the traditional energy loss formula can be used when
a degree of ionization for projectiles in medium could be estimated.

2.4.1 Average charge

The pioneering theoretical estimation of the average charge belong to Bohr
[Bohr et al., 1940, Bohr, 1941]. His idea was that fast heavy ions passing through
matter lose electrons, which have an orbital velocity smaller than the projectile ve-
locity. Bohr criterion was based on the statistical Thomas-Fermi model. Irrespec-
tive of Bohr, Lamb determined the average charge from the ionization potential
of projectiles [Lamb, 1940]. He assumed that heavy fragments are stripped until
the ionization potential of the next stage of ionization is greater than the kinetic
energy of target electrons. This approach worked well for some heavy ions.

The first semiempirical estimation for the average equilibrium charge
taking into account Bohr criterion was given by Dmitriev and Nikolaev
[Dmitriev and Nikolaev, 1964]:

Zav = ZP
lg(v/AZδ

P )

lg(BZµ
P )

, (2.40)

whereZP andv are, respectively, the atomic number and velocity of the pro-
jectile ions. A, B, δ, µ are parameters evaluated from experiments with ions
Z ≤ 10 and different for solid and gaseous targets. The formula is applicable for
0.3ZP ≤ Zav ≤ 0.9ZP . In the case ofZav/ZP ≤ 0.3 they gave another definition:

Zav = CvZ
1/2
P , (2.41)

where the parameterC is calculated from experiments with nitrogen and argon
targets.

By summing of experimental data on the passing of sulphur, arsenic, iodine
and uranium ions through different foil and gaseous strippers at energy range of
5-80 MeV Betz calculated the average charge formula as [Betz et al., 1966]

Zav = ZP (1−K(0.71Za
P )β/α), (2.42)
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where the parametersK anda are evaluated from experiments,α is fine struc-
ture constant,α = 1/137,β = v/c.

Some years later due to the development of powerful accelerators, there
was the possibility to carry out experiments with heavy ions at energies
above 100 MeV. Nikolaev and Dmitriev made use of experimental results
and developed an universal expression for all types of ions in solid stripper
[Nikolaev and Dmitriev, 1968]:

Zav = ZP (1 + v(−1/k)
r )(−k), (2.43)

vr =
v

3.6 · 108Z0.45
P

, k = 0.6. (2.44)

The presented formula was in close agreement with experimental results.
Modifications of formulas described above were performed by Shima in 1982

[Shima et al., 1982]. He received empirical expression for the average equilibrium
charge-state of heavy ions behind various foils:

Zav = ZP [1−exp(−1.25vr +0.32v2
r−0.11v3

r)][1−0.0019m
√

vr +0.00001m2vr],
(2.45)

m = ZT − 6, (2.46)

whereZT is the atomic number of the target atoms. The presented formula
is applicable in the energy range ofE<6 MeV/u, for projectiles and targets with
atomic numbersZP ≥ 8 and4 ≤ ZT ≤ 79, correspondingly. For the first time
the empirical expression was calculated for carbon foils because of plenty of the
experimental information, but later corrected for all types of foils.

Attempts to calculate the average charge of projectile ions were created on the
basis of experimental results and, therefore, formulas have a scope of applications.

2.4.2 Effective charge

In the forties Bohr pointed out that the energy loss of fission ions along their path
in matter is estimated by the ion charge, which fluctuates due to electron loss and
capture processes in the medium. He estimated the ion charge, which varies along
the stopping path in matter as [Bohr et al., 1940, Bohr, 1948]

Z∗ = Z
1/2
P

v

v0

, (2.47)

v is the projectile velocity,v0 is the velocity of the electron in the ground state
of the hydrogen atom.
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The effective charge as an empirical parameter first appeared in the paper of
Martin and Northcliffe [Martin and Northcliffe, 1962]. They measured the energy
loss of several heavy ions in various gases as function of gas thickness and cal-
culated the effective charge of the ions from the ratio of experimental stopping
powers for measured ions and for the reference ion (helium) at the same velocity
in the same gas. It was pointed out that the effective charge has a strong depen-
dence on the velocity and charge of ions, the atomic number and density of the
medium. Northcliffe recommended to discuss about stopping power in relative
terms [Northcliffe, 1963, Northcliffe and Schilling, 1970]. In this case the calcu-
lation of the relative stopping powers for different ions requires that ions should
move with the same velocity in the same medium such as proton. He proposed to
introduce the effective charge parameter

γ2 =
S(ZP , ZT , v)

Z2
P S(1, ZT , v)

, (2.48)

whereS(ZP , ZT , v) is the stopping cross section for projectile ions withZP

passing through the medium withZT at velocityv, S(1, ZT , v) is the stopping
cross section of proton in the same matter with the same velocity. The physical
interpretation ofZeff was not clear defined. Northcliffe supposed thatZeff is
equal to the root-mean-square (rms) charge, i.e. the statistical measure ofZP of
a varying quantity.

Pierce and Blann estimated the effective charge parameter of heavy ions for
solids and gases empirically [Pierce and Blann, 1968]:

γ = 1− exp(−0.95vr), (2.49)

vr =
v

v0Z
2/3
P

, (2.50)

wherevr is reduced velocity parameter,v0Z
2/3
P is Thomas-Fermi electron ve-

locity. They did not find the difference in effective charge for these media, but
there is a significant difference inrms charges. It was calculated using average
charges of solid and gaseous media. Measurements showed higher value passing
solids than gases. As a result, the effective charge in gases is in good agreement
with rms charge. However, in solids there is no the same relationship, therms
charge may give values in some times higher, than the effective charge.

The experimental work of Anthony and Lanford showed that a general expres-
sion for the heavy ion effective charge for different target materials is possible
[Anthony and Lanford, 1982]:



2.5. Target density effect 23

Zeff = ZP

[
1− A1(ZT )exp

(−A2(ZT )v

Z
2/3
P v0

)]
, (2.51)

whereA1(ZT ) andA2(ZT ) are empirical functions of the target atomic num-
bers. It appears from this the strong dependence of the effective charge on the
target material.

P. Sigmund asserted that the effective charge can not be referent to hydrogen
or helium and, therefore, the relative stopping power does not have a theoretical
basis [Sigmund and Schinner, 2001].

2.5 Target density effect

As evident from the presented study of the stopping process, the variation of
the projectile charge is estimated by the probability of electron capture and loss
processes. In ion-atom collisions more than one collision occurs and collisions
with excited states are possible as well. Therefore, the final ion charge depends
on collisional frequency, which is directly dependent on the density of the target
medium. This is the so calleddensity effect .

2.5.1 Experimental evidence of the density effect

The first theoretical approaches concerning the energy loss and the charge state
distribution of heavy ions passing through matter were valid only for diluted gases
because of easier description of collisional processes in gases. It was argued by
Lamb in his calculations of the average ion charge of uranium fission fragments
[Lamb, 1940]. The first quantitative data about evidence of the density effect were
received by Lassen. His experimental work with uranium fission fragments clearly
showed that the average charge of projectiles emerging from thin metal foils is
higher than the average charge of ions emerging from gases [Lassen, 1951a]. He
also found that the charge of ions emerging from the gas is function of the gas
pressure [Lassen, 1951b]. If the pressure is higher, collisions become more fre-
quent and the ionization is dominant. Some years later Lassen’s discovery was
explained by Bohr and Lindhard (BL model) [Bohr and Lindhard, 1954]. They
related the gas-solid difference to the influence of excited states in solid target.
Collisions of ions with target atoms lead to the projectile excitation, but in gases
such excitation will be dissipated due to spontaneous radiative transitions to the
ground state. In dense materials, however, the probability of the ion excitation
is high due to the solid density and the radiative relaxation of excited states does
not occur before next collision. The electron loss is the dominant process and
the average ion charge is shifted to higher values inside solids. BL theory was
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confirmed by experiments on the interaction on heavy ions with different density
targets [Nikolaev et al., 1963, Franzke et al., 1967, Ryding et al., 1969].

More recently, Betz and Grodzins made changes to the theory of the
density effect in solids. As follows from their model, the increase of the
charge occurs directly behind the solid target due to multiple Auger emission
[Betz and Grodzins, 1970]. However, the experimental work of Baragiolaet. al
on the Auger decay of 48 - 722 keV argon ions emerging from carbon foils did
not show the influence of the Auger process on the difference between the average
charge in gaseous and solid targets [Baragiola et al., 1976].

A detailed study of the observation of a gas-solid difference in the stopping
powers was carried out at the Darmstadt accelerator facility UNILAC using kryp-
ton, xenon, lead and uranium projectiles in the energy range of 1-10 MeV/u
[Geissel et al., 1982]. It was observed for the first time in experiments with 3.6
and 7.9 MeV/u uranium projectiles that the stopping power in gases is lower by
up to 20% than in solids.

The systematic study of the stopping power of heavy ions in gases during
1984-1985 showed results, which are not in good agreement with BL theory. The
Bimbot’s group in Orsay investigated the gas-solid effect for five projectiles (neon,
argon, copper, krypton and silver) of 2-13 MeV/u energy in twelve gaseous stop-
ping media [Bimbot et al., 1989]. It was observed no gas-solid difference for neon
ions in comparison to the heavier projectiles. It should be denoted that the lack of
knowledge about the gas-solid difference in stopping powers still exists.

2.5.2 Theoretical explanation

The changing of the projectile bound electron structure due to collisional
processes underlies of the target density effect. The influence of the density ef-
fect depends on the projectile energy, target density and atomic features of the
colliding particles, i.e. excitation, ionization, electron capture cross sections and
radiative decay rates of the projectiles. The dependence of collisional cross sec-
tions and radiative decay on the atomic number of projectile ions and target atoms
was previously described in this chapter.

In physics of atomic collisions a termrate coefficient of the process is ap-
plied. The rate coefficient of the collisional process is introduced as

Rcoll = NT vσion, (2.52)

whereNT is the target density in at/cm3, v is the projectile velocity andσion

is the ionization cross section. The quantityRcoll characterizes the number of
interactions per unit time and has dimension of s−1. The non-collisional process
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is characterized by radiative decayA (see subsection ’Radiative decay’ of this
chapter).

In a high-density target collisions occur with a high probability. The bound
electrons of the incident ions can be directly ionized, but they also can be excited.
The time between collisions is not enough to allow relaxation of excited states
to the ground state before next collision occurs. Therefore, through successive
collisions with target atoms the ions from these excited states can be also ionized.
It leads to the higher population of excited states and increase of the effective
ionization rate

σeff
ion = Pn0σion(n0) + P ∗

nσion(n) + P ∗
n+1σion(n + 1) + ..., (2.53)

wheren0 and n, n + 1 are, respectively, the ground and excited states of
incident ions,σion is the ionization cross section of projectiles,P are popula-
tions of the ground and excited (with asterisk) states. The ionization cross sec-
tions of highly excitedn-states are quite large and increase asσion(n) ∼ n2

[Sobelman et al., 1995]. Some increase of the excited state populations with
higher density leads to the increase of the projectile ion charge in dense matter.
There is the highest possible quantum numberncut above which the excited ions
with n > ncut are ionized due to successive collisions with the target particles.
The ions in the states withn ≤ ncut decay to the lower states via radiative chan-
nels. As a result, the total capture cross section can be determine as the sum of the
partial capture cross sectionsσn from the ground staten0 up to a limited number
of the excited statesncut [Shevelko et al., 2005]:

σtot
ec =

ncut∑
n=n0

σec(n). (2.54)

The cut-off principle quantum numberncut can be estimated from the balance
between a competition of radiative decay and ionization rate:

A(ncut) = NT vσion(ncut). (2.55)

In a low-density target the excited projectiles can be created in anyn state
via electron capture [Shevelko et al., 2005]:

σtot
ec =

∞∑
n=n0

σec(n). (2.56)

There is no influence of the density effect on the ionization cross section. The
relaxation of excited states to the ground state occurs via radiative decay. There-
fore, the effective ionization rate is defined mostly by the ground state:
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σeff
ion = Pn0σion(n0). (2.57)

One can make some estimates the ratio of collisional and radiative rates by the
branching factor

β =
Rcoll

A
. (2.58)

It is interpreted in the following way: by increase of the target density, the
rate of collisional processes is governed by depopulation of the ion excited states,
βÀ1. If the radiative decay becomes dominant in the depopulation of excited
states, thenβ¿1. If β∼1 (Rcoll ∼ A) the dependence on the target density is
complicated.

The corresponding ionization and radiative rate coefficients are written as

Rcoll =
Nan

2

Z2
P v

, (2.59)

A =
Z4

P

n5
, (2.60)

whereZP is the atomic number of projectile ions,n is the principle quantum
number. As it should be

β =
Nan

7

Z6
P v

. (2.61)

As follows from this treatment the influence of the target density effect de-
pends on the atomic parameters of the projectile ions and target atoms as well as
collisional and radiative decay rates of particles. The same target density can pro-
vide ’solid’ conditions for projectile ions with low atomic number and low energy,
and’gas’ conditions for highZP and high energy.



Chapter 3

Experimental setup and method

The experimental part of the work is discussed in this chapter. In previous in-
vestigations, the stopping process in matter was traditionally analyzed for ions
emerging from the target. The ion energy loss was determined using e.g. the
time-of-flight method and the ion charge state distribution was analyzed e.g. by
means of a magnetic spectrometer. A novel diagnostic method of the stopping
process, the method of X-ray spectroscopy of K-shell radiation, is presented in
this work. It allows to estimate the ion charge states at all velocities during the
stopping processinside matter. The main experimental goal of the presented
work was: 1) to investigate the charge state as function of velocity during the
slowing-down process of heavy ions inside solids and gaseous targets; 2) to show
the evidence of the influence of the target density on the stopping process. The
following experiments were carried out at the Universal Linear Accelerator (UNI-
LAC) of the Gesellschaft f̈ur Schwerionenforschung (GSI, Darmstadt). The mea-
surements were performed at the Z6 experimental area (figure 3.1).

3.1 UNILAC facilities

The high frequency accelerator UNILAC offers outstanding possibilities for ex-
periments with heavy ion beams to investigate the properties of matter (figure 3.1).

The accelerator provides pulsed ion beams for experiments at the energy range
of 1.4-15 MeV/u. It is able to accelerate all elements from proton up to uranium.
Three different injectors are in use for the UNILAC, equipped with different ion
sources [Sp̈adtke, 2003]. The ion beam is generated at one of the three prein-
jector terminals. The standard injector with PENNING ion source and the high
current injector (with CHORDIS or MEVVA ion source) supply the next section
of UNILAC with the injection energy of 2.2 keV/u. The PENNING ion source
is operated in a pulsed mode, typically 50 Hz with pulse length from 2 to 6 ms.

27
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CHORDIS or MEVVA ion sources are regularly operated in a pulse mode up to
50 Hz and pulse length from 0.5 to 5 ms.

Z6 experimental area
MEVVA
CHORDIS

PENNING

RFQ/IH

High charge injector

Gas stripper

Alvarez

Figure 3.1: Schematic view of the Universal Linear Accelerator at the
Gesellschaft f̈ur Schwerionenforschung and the Z6 experimental area.

The ion beam from the injector is extracted to the section, where it is accel-
erated from 2.2 keV/u up to 1.4 MeV/u. This stage of the accelerator consists of
the RFQ (Radiofrequency Quadrupole) and two cavities of IH-DTL (Drift Tube
Linac). The RFQ works with a frequency of 36 MHz. Then ions pass through a
gaseous target, where they undergo strong collisions and are stripped to different
higher charge states. One of the charges is selected for further acceleration in the
next Alvarez section.

In parallel to the RFQ/IH section an additional injector, the ”high-charge in-
jector”, is operated. It uses a special ion source known as electron cyclotron reso-
nance source (ECR), which enables to produce highly charged ions in a wide mass
range, but with lower intensity. The ECR operates with a frequency of 108 MHz.
The highly charged ions from the ECR ion source are preaccelerated in a very
compact IH-accelerator. After that they can be injected directly into the Alvarez
section. The high-charge injector was used to generate the ion beam for presented
experiments.

The ions are accelerated further in the Alvarez structure, which operates with
a frequency of 108 MHz. It is possible to reach the energy up to 11.4 MeV/u for
all ions, a value corresponding to 16 % of the speed of light.
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Figure 3.2: Time structure of the UNILAC ion beam divided in macro pulse from
the network frequency of 50 Hz and micro pulse with a frequency of 108 MHz.

The time structure of the radiofrequent accelerated ion beam is divided in
a macro- and a microstructure (figure 3.2). The macrostructure arises from the
network frequency of 50 Hz with a pulse length up to 6 ms with an interval of 20
ms.

The ion beam from the accelerator are distributed to the UNILAC experimen-
tal area and used for low energy experiments. One of them is the Z6 experimental
area.

3.2 K-shell projectile radiation as diagnostic
method

In experiments on the interaction of fast heavy ions with matter K-shell radiative
transitions of ions were used to determine the projectile charge state and velocity
during the ion stopping process.

The spectroscopic method is based on the measurement of the characteristic
emission of projectile ions excited in collisions with target atoms. This radia-
tion proceeds predominantly via resonant radiative transitions into the ion ground
state. Their photon energies for elements with a nuclear charge of 6 - 30 cover
wide VUV and X-ray regions depending on the amount of bound electrons of the
projectile (ion charge state).

In close collisions of fast heavy ions with matter the ionization of the K-shell
electron has a high probability. Let’s consider the K-shell photon production in the
case of Be-like ion1s22l2l′ for KLL state (figure 3.3). If the interaction between
the projectiles and target atoms is sufficiently strong to ionize the projectile K-
electron, that a vacancy in the K shell is created (figure 3.3a):

1s22l2l′ + A → 1s2l2l′ + e−, (3.1)

whereA is the target atom.1s2l2l′ is the unstable double excited level (au-
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toionization state), which can decay via theradiative decay (figure 3.3b) or via
theAuger decay (figure 3.3c).

In the first case an electron from the higher L shell makes a transition into the
K shell to fill the gap. A quantum of electromagnetic radiation is emitted in the
form of a photon (Kα-line):

1s2l2l′ → 1s22l + hν. (3.2)

If the transition takes place from the M shell into the K shell, the so called
Kβ-line is appeared.

Also, the emitted energy can be transferred to an bound electron of the L shell
with a non-radiative transition. This electron will be ejected into continuum if this
energy is enough to ionize it. The electron is called the Auger electron:

1s2l2l′ → 1s2 + e−. (3.3)

K

L

e-
a)

hn

K

L

b)

K

L

e-c)

or

Figure 3.3: Schematic view of the K-shell projectile radiation. The creation of
KLL double excited states in Be-like ion due to the ionization of the projectile K-
electron in collisions with target atoms (a). The double excited level can decay
via the radiative decay with the emission of the Kα-photon (b) or via the Auger
decay with the ejection of an electron into continuum (c).

The energy of K-shell radiative transitions does not change significantly with
the ion charge due to shielding effect produced by bound projectile electrons. K-
shell ionization cross sections depend on the projectile ion energy and slightly on
the projectile charge state. It is possible to observe all projectile charge states by
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the same X-ray detector. Figure 3.4 shows the charge and energy dependence of
K-shell ionization cross sections of calcium and magnesium ions interacting with
SiO2 molecules. The cross sections were calculated by the LOSS code described
in the previous chapter [Shevelko et al., 2001].
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Figure 3.4: K-shell ionization cross sections of CaZ+ and MgZ+ ions colliding
with SiO2 molecules as function of the ion energy, calculated by the LOSS code.

3.3 Experimental scheme

The spectroscopic method discussed above was used in experiments on the pen-
etration of48Ca6+ - 48Ca10+ and 26Mg5+ ion beams with initial energies of 5.9
MeV/u and 11.4 MeV/u into two different types of targets: SiO2 aerogel and
gaseous target. The principal experimental scheme is presented in figure 3.5.

The heavy ion beams were delivered to the target chamber evacuated to 10−6

mbar with a focusing spot of 2 mm on the target. The pulsed ion beam current
was varied from 0.1 to 0.5µA for aerogels and 0.1-0.2µA for gaseous targets.
The macro pulse duration was 2-5 ms with a frequency of 2-5 Hz. The exposure
time needed to collect X-ray spectra for aerogel was 1.5-2 hours and 11-12 hours
for gaseous medium.

X-ray projectile radiation has been observed with a high spatial and spectral
resolution by means of a focusing crystal spectrometer and recorded using X-ray
film.
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Gaseous
target

Silica aerogel

X-ray film

X-ray spectrometer

Heavy ion beam

Figure 3.5: Experimental setup for the investigation of theK-shell projectile and
target radiation. Silica aerogel and gas were used as a target material. TheK-
shell spectra were registered using a focusing crystal spectrometer and recorded
with X-ray film.

3.4 Target material

The target material for presented experiments was chosen with the purpose to
investigate two effects. One of them is the spatially resolved analysis of the ion
stopping process inside solid matter. A target with the aerogel structure provides
increased ion stopping range and gives the possibility to resolve the dynamics
of the projectile radiation in solid structure. The second purpose was to show the
influence of the target density on the charge state distribution inside matter. Argon
and neon gas with a pressure of 1.75 - 1.9 bar and silica aerogels with 0.15 - 0.023
g/cm3 mean densities were used to compare the ion charge state distribution in
low and high density media.

3.4.1 Silica aerogel

Spatially resolved measurements are practically impossible in solids. Because
of their high density the stopping length of heavy ions with an initial energy of
5.9 MeV/u and 11.4 MeV/u calculated with the SRIM code is about of 50-100µm
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[Rosmej et al., 2002]. In order to stretch the ion stopping path a new type of target
material - silica aerogel - was used (figure 3.6).

1-10 nm30-50 nm

Figure 3.6: Silica aerogel: view and structure. On the left picture the piece of
aerogel is fixed with the target support in the experimental chamber.

Silica aerogel is a transparent material, it looks like glass and feels like
solidified smoke. The aerogel consists of bounded silicon and oxygen atoms
joined into beads of 1-10 nm in diameter randomly linked together in a
three-dimensional open structure with pores less than 30-50 nm between them
[Borisenko and Merkuliev, 1996]. The combination of the high porosity and ex-
tremely small pores provides its extreme properties, such as high temperature sta-
bility, excellent thermal insulating properties and extremely large surface area.
An important advantage of the non-organic aerogel is the high transparency for
X-ray radiation in the range of the photon energy observed in the experiments.
Silica aerogels with low mean densities of 0.15 - 0.023 g/cm3 transmit 30% - 95%
X-ray radiation of 1.5 keV - 4 keV photon energy.

The exotic nanometer structure of the aerogel provides expanded interaction
volume with small spatial gradient. It allows to stretch the ion stopping length by
10 - 100 times in comparison with solid quartz and resolve spatially the projectile
radiation dynamics.

3.4.2 Gaseous target

In order to demonstrate the influence of the target density on the projectile charge
state distribution inside matter, experiments with 1.75 bar argon gas and 1.9 bar
neon gas were realized. The stopping process of swift heavy ions in gaseous
matter was investigated in visible and X-ray ranges.

The gaseous target was designed as a massive cylindrical copper tube with the
length of 210 mm and 30 mm inner diameter (figure 3.7).

A 5 µm Havar foil separated the vacuum from the gas pressure region. The
foil has density of 8.3 g/cm3. It consists of cobalt (42 %), chromium (20 %),
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Figure 3.7: Schematic view of the gaseous target used in the experiments (in
section). It is constructed as a massive cylindrical copper tube filled with Ar or
Ne gas. Three windows covered with 5µm Havar foil along one side of the target
were used to transmit X-ray radiation. The spectra were recorded with focusing
crystal spectrometers. A quartz window on the opposite side served to register
visible image of the ion beam-gas interaction region using CCD camera.

nickel, tungsten, molybdenum, manganese and iron. When the ion beam pene-
trates through this high-strength non-magnetic metal alloy, it is stripped to a higher
charge state.

Three rectangular windows along one side of the target were used for X-ray
diagnostics. They have a length of 40 mm and were oriented along the ion beam
propagation. The distance from the entrance to the beginning of the first X-ray
window was 20 mm. The windows were covered with 5µm Ti foils to transmit
X-ray emission at 3-4 keV. A 180 mm long quartz window was placed on the
opposite side of the target to recorder visible radiation from the interaction zone.

In order to refresh the gas in the target tube during long time exposition of X-
ray film a special gas flow was designed (figure 3.8). The gas flow was established
through income and outcome apertures for the gas in the target. Two needle valves
were used to regulate the pressure of the gas in the target. The gas pressure was
measured by means of a manometer placed between the entrance needle valve and
the gaseous target. The gas flow system was connected to the gaseous target in the
vacuum chamber using a special flange with two apertures for the entrance and
exit of the gas.
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Figure 3.8: Scheme of the gas flow for experiments with the gaseous target.

3.5 Diagnostics of the projectile radiation

The study of the slowing-down process of fast heavy ions inside matter was real-
ized by means of X-ray spectroscopy of K-shell projectile radiation. In order to
resolve the projectile charge state distribution and ion velocity dynamics a sensi-
tive X-ray spectrometer was used. A spectral resolutionλ/∆λ = 1000 is necessary
to distinguish the Kα-radiation caused by different ion charges. The high spectral
(λ/∆λ = 2000 - 5000) and spatial ( 30-130µm) resolutions were archived using
two-dimensionally curved Bragg crystal and Kodak X-ray film.

3.5.1 Spectrometer design and method of the observation

X-ray spectroscopic techniques enables to measure the most important informa-
tion during the stopping process: the dynamical relationship between the pro-
jectile charge state distribution and ion velocity inside matter. High spatial and
spectral resolutions are required to obtain this information [Boiko et al., 1985].
Bragg diffraction crystal spectrometers provide excellent energy resolution and
cover X-ray range from a few kiloelectron volts to a few thousand kiloelectron
volts. If the crystal is curved, a high spatial resolution is obtained [Thoe, 1986].

Focusing Spectrometer with Spatial Resolution (FSSR)used in
our experiments employs a spherically bent crystal as dispersive ele-
ment (figure 3.9)[Faenov et al., 1994, Pikuz et al., 1995, Skobelev et al., 1995,
Young et al., 1998].

The FSSR design combines two aspects:
1. In the plane of dispersion the crystal works on the principle of the construc-

tive interference in reflection from the crystal lattice for a given angle and X-ray
energy (figure 3.10 a). The angle reflected at particular wavelength is described
by Bragg’s law:

mλ = 2dm sin θ, (3.4)

whereλ is the X-ray wavelength,m is the order of the reflection ,dm is the
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Figure 3.9: Focusing Spectrometer with Spatial Resolution in the experimental
chamber.

crystal plane spacing formth order of reflection andθ is the Bragg angle for the
central wavelength.

2. In the sagittal plane the crystal reflects as a spherical mirror (figure 3.10 b):

1/a + 1/b = 2 sin θ/R, (3.5)

whereR is the radius of curvature of the spherical surface,a is the distance
between the source and the mirror (crystal),b is the distance from the mirror to
the object plane (X-ray film). In this case the plane of dispersion is defined by
X-ray source, the crystal pole and the image of the source. The sagittal plane is
perpendicular to the dispersion plane.

The scheme has a spatial resolution in the sagittal plane, so the length of spec-
tral lines at the detector is a magnified length of the ion beam-target interaction
zone. Linear magnification in this plane is defined by the ratioM = b/a.

In order to span a large energy range and receive the best possible spectral
resolution the crystal and detector are located on the Rowland circle at the distance
b = R sin θ (FSSR-1D scheme). This geometry requires that the angular size of
the source as viewed by the crystal is large enough to span the required Bragg
angles. In such position the spectral resolution is independent on the X-ray source
size. In order to obtain a focused image of the source on the detector the source is
placed at the distancea = R sin θ÷cos 2θ as follows from eq.( 3.5). This distance
corresponds to the best focusing conditions for sagittal rays on the detector and
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Figure 3.10: FSSR-1D scheme: a) the formation of the image in the dispersion
plane (spectral resolution); b) the formation of the image in the saggital plane
(spatial resolution).

provides the best spatial resolution. In this case spectrally resolved images of
the source with one-dimensional spatial resolution in the sagittal direction are
observed. Linear magnification of the source image in sagittal direction is defined
by Ms = b/a = cos 2θ. FSSR-1D allows to receive a high spatial resolution in the
sagittal direction and a high spectral resolution in the dispersion plane for sources
with any size. The spatial field of view for such spectrometer is very large and is
only limited by detector size.

For sources that do not span large angles, the crystal is often used without
satisfying the Rowland conditions (figure 3.11). By changing the distanceb, i.e.
mounting the detector out of the Rowland circle and putting the source at the
distancea = Rb/(2b sin θ − R) (FSSR-2D scheme) the efficienty of the setup
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leads to extended spectral coverage, but the best spatial resolution is achieved as
well.
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Figure 3.11: Focusing Spectrometer with Spatial Resolution: FSSR-2D scheme.

In the case of FSSR-2D scheme the spectral resolution depends on the size of
the X-ray source, and spatial resolution exists not only in the sagittal direction, but
also in the dispersion plane. In the sagittal direction the magnification isMs =
b/a. In the plane of dispersion the spatial resolution is not defined by focusing
properties of the crystal, but the Bragg reflection. The magnification isMd =
R[a−cos θ(2a cos θ−R)]/[(Rcosθ−a)(2acosθ−R)] and depends on the distance
between the Rowland circle and detector. There is some relation between the
spectral resolutionλ/∆λ and the size of the X-ray source in the dispersion plane:

λ/∆λ = RB(a, θ, R)/s, (3.6)

where

B(a, θ, R) = 2 sin α cot θ/[(a/R− sin θ)(tan θ tan γ + 1) + a/R], (3.7)

α is the angle between the incident ray and the line connecting the source and
its image on the detector,γ is the angle between the reflected ray and the same
connecting line. If eq.( 3.5) is fullfilled, thenα + γ = 2θ. The spectral resolution
for FSSR-2D scheme could reach a value ofλ/∆λ ∼ 3000 − 10000 even with a
big (∼3 mm) size of X-ray source.
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In presented experiments two types of crystal (mica and quartz) were used.
Many different varieties of mica and quartz can be found in nature. For mica
crystals, it has been shown that high-order reflections can be quite pronounced
[Pikuz et al., 1995]. Mica has a good reflectivity in the I-V, VII, VIII, X-XIII
orders of reflection. It allows to cover a spectral range from 0.6 to 8.3 keV using
the same crystal in different orders of reflection. Quartz crystal diffracts X-rays in
a smaller spectral range from 1.5 to 8 keV in the I-IV orders of reflection, but has
higher reflectivity in comparison with mica [Sanchez del Rio et al., 2004]. In the
presented experiments mica (2d = 19.937Å) and quartz (2d = 8.492Å) crystals
with bending radius of 150 and 100 mm were used. The size of illuminated surface
was about 14×45 mm2, which corresponds to the sagittal and dispersion plane,
respectively.

X-ray film served as detector for the K-shell radiation. Quantitative measure-
ments of X-ray spectra were determined by the number of incident photons, which
activate the grains in the film emulsion, per unit square. The measured intensity
is a function of the relative darkness of an image on the film, which is called opti-
cal density. The photographic density is determined by measuring the incident to
transmitted light (photon counts) ratio and expressed as logarithm. Kodak Direct
Exposure Film (DEF), which has a high sensitivity in the photon region of 1-10
keV, was used for the spectroscopic analysis [Henke et al., 1986]. In some last ex-
periments the radiation was recorded by Kodak RAR 2492 film, which is sensitive
in the low energy region of 0.1-3 keV [Henke et al., 1984]. The small size of the
silver bromide film grain (1.6µm of Kodak DEF film and 1µm of Kodak RAR
film) provides a high spatial resolution. X-ray spectra were processed with 10 000
dots per inch (dpi) scanner. The film holder was protected by two layers of 1µm
polypropylene filters coated with 0.2µm layers of aluminium on both sides. Such
kind of filters transmits the soft X-ray radiation and blocks a background radiation
with low photon energy.

In experiments spectrometers with film holders were mounted at different an-
gles to the direction of the ion beam propagation.

3.5.2 Analysis of the ion velocity dynamics

The radiation of projectiles moving with velocity of 10% of the speed of light ex-
hibits relativistic Doppler Effect. The projectile ions penetrate into the target with
the maximal velocity. Then passing through the medium they lose their energy.
Therefore, the line Doppler shift is decreased continuously with the ion penetra-
tion depth and, as a result, spectral lines become tilted (figure 3.12). This effect
was observed for the first time and used for spatially resolved measurements of
the projectile velocity along the stopping path in matter [Rosmej et al., 2003].
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Figure 3.12: The line Doppler shift: projectiles penetrate into the target and
undergo the Doppler Effect due to the ion deceleration in matter.

The ion projectile velocity inside the interaction volume was calculated using
the following equation for the total line Doppler shift:

λD =
λ0√

1− (v/c)2
+

λ0(v/c) sin ϕ√
1− (v/c)2

, (3.8)

whereλD is the measured wavelength,λ0 is the wavelength in the rest,v is the
projectile ion velocity,c is the speed of light,ϕ is the angle between the normal
of the beam line and the direction of the observation .

Eq.( 3.8) consists of the transversal and longitudinal Doppler components.
The transversal value depends only on the projectile velocity. The longitudinal
Doppler component depends on the projectile velocity and the angle of the obser-
vation. Figure 3.13 shows three cases of the Doppler line shift in dependence on
the angle of the observation to the normal of the ion beam trajectory.

If the radiation is observed at the angle less than 90◦ to the ion beam prop-
agation direction, the longitudinal Doppler component is positive. The sum of
longitudinal and transversal components gives a large line shift towards the long-
wavelength range, the so called red Doppler line shift.

By observation perpendicular to the ion beam there is no dependence on the
angle of the observation. The transversal red Doppler shift is dominant. Therefore,
spectral lines are shifted to the long-wavelength side, but by smaller value.

The last case corresponds to the blue Doppler shift. The observation of the
radiation at the angle larger than 90◦ to the ion beam propagation direction gives
negative longitudinal Doppler component. The spectral lines are shifted to the
short-wavelength range.

The accuracy of the projectile velocity measurements is determined by spatial
resolution.
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Figure 3.13: Three cases of the Doppler line shift in dependence on the obser-
vation of the radiation to the ion beam propagation direction: red Doppler shift,
transversal red Doppler shift and blue Doppler shift.

3.5.3 Visible diagnostics of the gaseous target

During the interaction of fast heavy ions with matter variations of the target ma-
terial parameters in the interaction region can change the energy loss significantly
[Tahir et al., 2003]. In experiments on the interaction of heavy ions with gaseous
target the energy deposition leads to heating of the medium and, as a result, change
its density in the interaction zone.

The density of argon gas in the interaction area with 5.9 MeV/u calcium ion
beam has been investigated in the presented work. The high intensity of the ion
flux during the macro pulse of 5-5.5 ms led to heating of the gaseous medium in
the ion beam-gas zone and varied the density along the ion beam stopping path and
radius with a time. The construction of the gaseous target is described above in
section ’Target material’. The pressure in the target was about 1.75 bar in order to
provide a complete stopping of the ion beam. The visible image of the ion beam-
gas target interaction region was registered through a 180 mm long quartz window
by intensified gated CCD camera Dicam Pro. This device is a high performance
intensified system with gating times down to 1.5 ns, with 12-bit dynamic range
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and a high resolution sensor of 1280×1024 pixel. The camera was placed outside
the vacuum chamber perpendicular to the ion beam propagation and covered the
full ion stopping path.

Visible images of the ion stopping range during the macro pulse were recorded
with a time resolution of 100µs. Using the dependence of the ion stopping length
on the target density from the numerical SRIM code, the gas density was calcu-
lated in dependence on the measured stopping range. The simulations of the gas
density in the interaction region was done with the VarJet code.

The SRIM code is a Monte Carlo computer program developed by
J.Ziegler to calculate the stopping and range of energetic ions in solid targets
[Ziegler et al., 1985]. It is based on the Bohr-Bethe-Bloch theory. The code is
applicable to a wide range of incident energies from keV to several MeV and to
all ion-target combinations. SRIM is available in the Internet (www.srim.org).

The VarJet code is a numerical simulation of the hydrodynamic response
of the gas heated with the ion beam recently developed by D.Varentsov
[Varentsov, 2006]. This code is able to solve 2D full time-dependent Navier-
Stokes equations for multicomponent gas mixtures, including viscosity, heat con-
ductivity and diffusion effects. The initial and boundary conditions were taken
such as in the experiment whereas the beam induced heating of the gas was calcu-
lated using SRIM stopping power data and neglecting radiative energy dissipation.



Chapter 4

Experiments and data analysis

Experiments on the interaction of fast heavy ions with matter and analysis of the
results are presented in this chapter. The description of the diagnostic method
has been given in chapter 3 of this work. The operation of the focusing crystal
spectrometer with spatial resolution to observe the K-shell spectra as well as type
of targets have been also discussed in the previous chapter.

4.1 Experimental results with solid targets

In experiments on the interaction of fast heavy ions with solids the K-shell pro-
jectile and target radiation have been measured. Spatially resolved analysis of the
stopping process inside solid targets has been performed using low density silica
aerogels. The ion velocity dynamics inside the interaction volume was determined
using the line Doppler shift of the projectile spectra.

4.1.1 Silica aerogel as a solid target

A wide variety of silica aerogels was used in order to stretch the ion stopping path
in solid into the range needed to obtain a spatial resolution of the ion radiation
dynamics.

The first experiments have been carried out to prove the possible influence
of the porous nanostructure on the ion stopping process for given experimental
conditions. The aerogel can be used as a solid if the time-of-flight of the ion
inside the pore in vacuum is shorter than the time scale of the radiative and Auger
processes, which lead to the collisionless relaxation of the projectile excited states.

The energy loss and the charge state distribution of 11.4 MeV/u calcium ions
interacting with aluminium foils and aerogels with practically the same linear

43
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Experiment 1.1 1.2 2.1 2.2 3.1 3.2
Target material Al SiO2

aerogel
Al SiO2

aerogel
Al SiO2

aerogel
Volume density,
[g/cm3]

2.7 0.023 2.7 0.048 2.7 0.019

Linear density,
[mg/cm2]

6.9 7.015 13.81 13.6 12.0 12.0

Energy loss
[MeV/u]
Measurement 1.572 1.692 3.141 3.384 2.882 3.061
SRIM data 1.558 1.77 3.283 3.635 2.812 3.16

Table 4.1: Energy losses of 11.4 MeV/u calcium ions measured after silica aero-
gels and aluminium foils using the time-of-flight method.

density were measured after the target and analyzed. The experimental scheme
is presented in figure 4.1.

The energy loss measurements were performed using the time-of-flight
method (TOF). The method is based on the resonant ion beam acceleration in
the radiofrequency quadrupole that leads to a phase synchronization between the
beam microstructure and the accelerating radiofrequency (rf) voltage structure at
any point along the ion beam line. Micro sphere plate (MSP) with a rise time of
150 ps was used as a stop detector and was positioned at the end of the 473-cm-
long flight path after the target. The stop detector signal and the UNILAC rf signal
were recorded simultaneously by means of a two-channel digital oscilloscope. In
order to initiate a time reference point for the time-of-flight measurements the
phase correlation between the ion beam microstructure and rf-signal were mea-
sured without the target. Then the target was placed in the ion beam path. A
phase shift of the ion beam microstructure relative to the rf-signal was observed.
The time difference together with the time-of-flight distance determines the ion
energy loss in the target.

The energy loss experiments have been realized for three different linear den-
sities of presented targets and compared with values of the SRIM code. The results
are summarized in table 4.1. One can see that experimental results on the calcium
ion loss in Al targets are in good agreement with SRIM values. The energy loss
in aluminium and aerogel targets is not the same because of not exact target linear
density. The difference in Al and SiO2 atomic structures is about 8%.

The charge state distribution of calcium ions after the penetration of alu-
minium foils and silica aerogels has been analyzed by means of a magnetic spec-
trometer. It is based on the deflection of the ion beam in a magnetic field according
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Target

Heavy ion beam

X-ray spectrometer

Vertical slit
MSP plate

Dipole magnets

Scintillator

Figure 4.1: Experimental setup for the measurements of the ion energy loss and
charge state distribution of the projectile ions having left the target. The ion beam
energy after the target was determined using the time-of-flight method and the ion
charge state distribution was analyzed by means of a magnetic spectrometer. The
method of X-ray spectroscopy to determine the projectile charge state during the
ion stopping process inside the target was used at the same time.

to their charge-to-mass ratioQ/m and energy. The ions were deviated with 1.8
T dipole magnet and detected by 1 mm plastic scintillator, viewed by a camera,
which produces intensified images on the Charge Coupled Device (CCD). The
background picture of the foreign lighting and CCD noise was recorded and sub-
tracted for each image. Afterwards, the images were projected along the direction
of the dispersion. Since the ion energy after the target is known from the TOF
measurements, the charge state distribution of the ion can be determined.

The charge state distribution of 11.4 MeV/u calcium ions penetrating alu-
minium foil and silica aerogel with linear densities of 13.81 mg/cm2 and 13.6
mg/cm2, correspondingly, was measured (figure 4.2). The average ion charge af-
ter the aluminium target is 18.5 and after the aerogel is 18.2. A small shift along
the dispersion direction is due to the difference in the final energy of ions, which
was measured 8.3 MeV/u after the aluminium foil and 8.06 MeV/u after the aero-
gel.

The energy loss and charge state distribution investigated after the aerogel tar-
get show a good agreement with results after the aluminium foils. Therefore, the
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porous silica aerogel can be used as a solid target for our experimental conditions.
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Figure 4.2: Charge state distribution of 11.4 MeV/u Ca beam after the magnetic
spectrometer. The black line is the charge state distribution of ions after passing
through the Al foil with a linear density of 13.81 mg/cm2, the line with symbols
corresponds to the charge state distribution after penetration of 0.048 g/cm3 silica
aerogel with a linear density of 13.6 mg/cm2.

4.1.2 K-shell target radiation

The K-shell radiation of silicon target atoms was studied in experiments on the
interaction of 11.4 MeV/u calcium ions with 2.23 g/cm3 quartz and 0.04 g/cm3

silica aerogel.
The K-shell target radiation in the photon energy range of 1.5 keV was re-

solved spatially by means of a focusing crystal spectrometer. Spherically bent
quartz crystal with a radius of curvature of 100 mm was used as dispersive el-
ement. The spectral and spatial resolutions wereλ/∆λ = 3000 and 50-70µm,
respectively. X-ray spectra were observed perpendicular to the direction of the
ion beam propagation and recorded using Kodak DEF X-ray film with optical
resolution of 2820 dpi.

In fast ion-atom collisions the production of a K-shell vacancy in the target
atom can be accompanied by the production of one or more L- and M-shells va-
cancies. This process has a high probability. The K-shell X-rays from decays of
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Figure 4.3: Silicon target Kα spectra produced due to irradiation of 1-mm-thick
quartz plate with a density of 2.23 g/cm3 and 25-mm-thick piece of 0.04 g/cm3

SiO2 aerogel by 11.4 MeV/u calcium ions. The resolved Kα satellites along the
ion beam trajectory in silica aerogel are presented (densitograms).

excited states with different L-shell vacancies are shifted to higher energies than
those from a K-vacancy state with a completed L shell. A spectral resolution of
the detector better thanλ/∆λ = 1000 is required to resolve this group of satellites.

The ion beam was fully stopped in 1-mm-thick quartz plate and 25-mm-thick
piece of silica aerogel. Figure 4.3 shows Si Kα spectra of quartz and silica aero-
gel irradiated by calcium ion beam with the initial energy of 11.4 MeV/u. The
stopping length of ions in the aerogel reached 9 mm. The corresponding length
of spectral lines increased dramatically as well. In contrast to the quartz target
spectrum, one can resolve the dynamics of the Kα satellite intensity distribution
along the ion beam trajectory due to the change of the energy and the charge of
the projectile ions.

Both target spectra show radiative transitions in Si ions having one K-shell va-
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cancy and one or more L-shell vacancies. These transitions are usually designated
as Kα Ln, wheren is the amount of L-shell vacancies. In the Si target K-shell
spectrum radiative transitions in highly ionized Si ions having up to 5 vacancies
in the L shell were observed. The line KL0 accumulates the radiative transitions
in Si ions with a filled L shell and different amounts of M-shell vacancies, which
are not resolved.

In the K-shell target spectrum resolved along the ion beam path the satellite
intensity redistribution was observed. At the end of the ion path, intensities of
satellite groups having many L-shell vacancies KL3 and KL4 are increasing and
even KL5 satellites appear instead of the disappearing KL1. This correlates to the
fact that the L-shell ionization probability increases at lower ion energies.

In the presented experiment a strong dependence of the K-shell target spectra
on the ion charge state and velocity has been shown. It opens perspectives to
use spatially resolved target spectra to analyze the stopping process and ion track
formation.

4.1.3 Velocity dynamics

In the next of the performed experiments on the interaction of 11.4 MeV/u cal-
cium ions with 0.04 g/cm3 silica aerogel the K-shell projectile radiation has been
studied (figure 4.4).

X-ray projectile spectra were registered using a focusing spectrometer with a
spherically bent mica crystal,R = 150 mm. The spectral and spatial resolutions
archived in the experiment wereλ/∆λ = 2000-5000 and 30-70µm, correspond-
ingly. Spatially resolved spectra were observed in the direction of the ion beam
propagation at 80◦ to the ion beam axis. The radiation was recorded using Kodak
DEF X-ray film, which was scanned with optical resolution of 2820 dpi.

In the experiment the radiation of Lyα (Ca19+) and Heα1 (Ca18+) correspond-
ing to the radiative transitions in calcium electronic system with one and two
bound electrons were observed. The detailed information about the ion charge
state is given in the next subsection.

In contrast to the target K-shell spectra having vertical lines, projectile lines
recorded with a spatial resolution are tilted due to the reduction of the line Doppler
shift by the ion decelaration in the stopping medium. The ions enter into the target
with a maximum velocity, which corresponds to the initial velocity of 4.77×109

cm/s. Therefore, the wavelength shiftδλD from the positionλ0 = 3.1773Å (Heα1)
of the ion in rest due to the Doppler Effect is maximum,δλD = 0.1301Å. By
deeper penetration into the target, projectile ions lose their energy and the line
Doppler shift is decreasing continuously.

The Doppler Effect observed on the projectile K-shell spectra was used to
calculate the ion velocity dynamics inside the interaction volume. The relativistic
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Figure 4.4: K-shell spectrum of 11.4 MeV/u calcium ions slowing down in 0.04
g/cm3 SiO2 aerogel. The densitograms for different penetration depths show the
reduction of the line Doppler shift.

equation for the line Doppler shift (eq. 3.8) was used to calculate the projectile
velocity in dependence on the ion penetration depth in the target material. The
detailed description of the equation has been given in chapter 3 of this work.

From the space-resolved analysis of the relative Doppler line shift∆λD, the
experimental dependence of the calcium projectile ion velocity on the ion pene-
tration depth in 0.04 g/cm3 silica aerogel was found (figure 4.5). The stopping
length calculated with the SRIM code for 11.4 MeV/u Ca ions in 0.04 g/cm3 SiO2

aerogel was 8.72 mm. However, the radiation of Lyα and Heα1 has been recorded
at 6.8 mm and 7.6 mm, correspondingly.

At the beginning of Lyα and Heα1 line emission the velocity of ions corre-
sponds to the initial 11.4 MeV/u ion beam energy. The ionization lengthlion of
Ca6+ ions, which enter into the target, to Ca19+ is calculated as

lion = viontion = vion
1

Rion

=
1

σionne

, (4.1)

wherevion is the ion velocity;tion is the time of the ionization process, which
is inversely proportional to the rate coefficientRion; σion is the ionization cross
section of Ca19+ ions colliding with SiO2 molecules at 11.4 MeV/u (figure 3.4)
and equals6.34167× 10−19 cm2; ne is the target density,ne = 6× 1020 at/cm3 for
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Figure 4.5: The experimental dependence of Ca ion velocity on the penetration
depth in 0.04 g/cm3 SiO2 aerogel. The velocity is normalized to the speed of
light. Data measured by means of X-ray spectroscopy (squares and circles) and
the time-of-flight method (triangle) are compared with SRIM calculations.

silica aerogel. The estimated ionization length was about 16µm, which is below
the spatial resolution achieved in the experiment.

The calculations of the projectile velocity were performed for Lyα (circles)
and Heα1 (squares) line emission in dependence on the ion penetration depth.
The accuracy of the measurements is determined by a spectral resolution. At
the beginning of the ion stopping path the measurement error is about 2 % and
becomes larger for smaller ion energies, i.e. for bigger energy losses. At the end of
the ion stopping length the error is 14 %. The experimental data were compared to
the numerical calculations using the semiempirical SRIM code (straight line) and
the time-of flight measurement (triangle). The TOF measurement was performed
to 11.4 MeV/u Ca ions emerged from a 3.4-mm-thick piece of 0.04 g/cm3 silica
aerogel. The measured projectile energy was 4 MeV/u and 3.5 MeV/u for Lyα

and Heα1 lines, respectively. The radiation of lines starts to disappear due to low
K-shell ionization cross sections at low projectile energies (see figure 3.4).

However, it is possible to analyze the projectile energy below 3 MeV/u for pro-
jectile ions with low atomic number having low K-shell electron binding energy.
In this connection the experiment on the interaction of 11.4 MeV/u magnesium
ions with 0.04 g/cm3 SiO2 aerogel was carried out. The ion beam was previ-
ously stripped in a 5µm Al foil up to bare ions and decelerated down to 11.18
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Figure 4.6: The measured dependence of 11.18 MeV/u Mg ions slowing down in
0.04 g/cm3 SiO2 aerogel. The measured data (squares) are compared with SRIM
calculations (straight line).

MeV/u. The experimental conditions were such as in the experiment with Ca ions
described above. The penetration depth of Mg ions in the aerogel calculated with
the SRIM code was 10.55 mm, the measured range was 10 mm. Figure 4.6 shows
the Mg ion velocity dependence on the penetration depth of Lyα line emission
(squares). The projectile energy measured at the end of the stopping path was
2.06 MeV/u. The experimental error is 2 - 11 %.

4.1.4 Projectile charge states

During the study of the charge state of projectile heavy ions interacting with low-
density silica aerogels several series of experiments have been carried out. The
performed experiments are summarized in table 4.2.

In the first two experiments the interaction of 5.9 MeV/u and 11.4 MeV/u Ca
ions with 0.15 g/cm3 aerogel has been studied. Using projectile ions with different
initial energy, various dynamics of the stopping and radiation processes has been
observed. The focusing spectrometers with a spherically bent quartz crystal of 150
mm curvature radius were placed perpendicular to the direction of the ion beam
propagation. The spectral resolution achieved in experiments wasλ/∆λ=1000-
3000, the spatial resolution was 30-100µm. Spatially resolved K-shell spectra
of Ca projectiles in photon energy range of 3-4 keV were recorded by means of
Kodak DEF X-ray film and scanned with optical resolution of 2820 dpi.
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1 2 3 4
Projectile ion 48Ca6+ 48Ca6+ 48Ca7+ 48Ca10+

Ion energy,E [MeV/u] 5.9 11.4 11.4 11.4
Target material SiO2

aerogel
SiO2

aerogel
SiO2

aerogel
SiO2

aerogel
+5µm
Havar

Target density,ρ[g/cm3] 0.15 0.15 0.04 0.023
Spectrometer setup
Dispersive element Quartz,

2d=4.9Å
Quartz,
2d=4.9Å

Mica,
2d=19.9Å

Mica,
2d=19.9Å

Radius of curvature, [mm] 150 150 150 150
Reflection order I I V V
Spectral range, [̊A] 2.98-

3.27
2.98-
3.27

3.02-
3.30

3.05-
3.39

Observation angle (ion beam
direction), [deg]

90 90 80 99

Detection
X-ray film Kodak

DEF
Kodak
DEF

Kodak
DEF

Kodak
RAR

Table 4.2: Experiments on the interaction of calcium ions with solid targets.
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Figure 4.7: K-shell spectra of 5.9 MeV/u and 11.4 MeV/u Ca ions slowing down
in 0.15 g/cm3 SiO2 aerogel. Densitograms correspond to the middle of the ion
stopping path.
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Figure 4.8: K-shell spectra of Ca ions with the initial energy of 11.4 MeV/u slow-
ing down in 0.04 g/cm3 SiO2 aerogel. Densitograms demonstrate the formation of
Kα satellites along the ion stopping path.

In figure 4.7 the obtained spectra are presented for both cases. The radiation
of 5.9 MeV/u calcium projectiles contains the transition, which corresponds Lyα

line 2p 2P1/2,3/2 - 1s 2S1/2 (the electronic system with one bound electron) and
its satellites2l2l − 1s2l, the resonance Heα1 line 1s2p 1P1 - 1s2 1S0 (two bound
electrons) as well as the satellite group 1s2l2l′ - 1s22l (three bound electrons). The
maximum of the line intensity is at the Heα1 in Ca18+. At the ion energy of 11.4
MeV/u line intensities of highly ionized ions (Lyα in Ca19+ and Heα1 in Ca18+)
are observed and Ca17+ ions are not presented. This demonstrates the increase of
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the mean ion charge at higher projectile energy. The increase of the ion energy
provides a larger stopping range for the beam inside the target. The projectile
K-shell radiation was recorded at 1.2 mm and 1.8 mm along the ion stopping path
for ions with an energy of 5.9 MeV/u and 11.4 MeV/u, correspondingly.

In the next experiment projectile K-shell radiation has been recorded for 11.4
MeV/u Ca ions interacting with 0.04 g/cm3 SiO2 aerogel. X-ray spectrum was
observed by means of a focusing spectrometer with a spherically bent mica crystal
of R=150 mm and recorded by Kodak DEF X-ray film. The spectrometer was set
in the direction of the ion beam propagation at 80◦ to the ion beam axis. The
spectral resolution achieved in the experiment wasλ/∆λ=2000-5000, the spatial
resolution was 30-70µm. X-ray film was scanned with optical resolution of 2820
dpi.

The intense long-lasting radiation of Lyα (Ca19+) and Heα1 (Ca18+) lines has
been registered of 6.8 mm and 7.6 mm, correspondingly (figure 4.8). This repre-
sents 75-87 % of the full stopping range. The formation of charge states of heavy
ions was observed in dependence on the ion penetration depth in the target mate-
rial. Table 4.3 shows the measured ion charge states of the presented experiment.
The wavelengths of the radiative transitions of the ion in the rest are given in this
table.

At the beginning of the ion stopping path (2 mm) high ion charge states (Lyα

and Heα1 lines) are the most intense and the blending of their satellites as well
as the intercombination line Heα2 (forbidden transition) are not well pronounced.
By penetrating into the target (3.75 mm) at lower ion energy the intensity of Lyα

is decreased. Kα-satellites are supplemented with series of new He- and Li-like
satellites. Finally, close to the end of the ion penetration length (6.75 mm) the
high ion charge states (Lyα with its satellites) disappear, but the low ion charge
states (Li-like satellites) become relatively intense and a group of Kα-satellites
corresponding to the radiative transitions in the Be-like (four bound electrons)
electronic system of calcium projectiles starts to appear. It was difficult to resolve
the Be-like satellites of calcium ions because of the low intensity of the corre-
sponding radiative transitions at the given energies. Therefore, only the envelope
of the satellites group was observed and compared with theoretical data calculated
by U.I.Safronova and T.G.Lisina [Safronova and Lisina, 1979].

The projectile radiation dynamics along the stopping path shows predomi-
nance of the high charge states at high ion energy and appearance of the low
charge states at low ion energy. The low ion charge states appear and become rel-
atively intense close to the end of the stopping length due to the capture process of
bound target electrons by projectiles at low ion energies. The experimental error
is 0.00016-0.00187̊A.
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Ion
charge
state

λ, Å Transition Line Probability
of radiative
decay (s−1)

H-like 3.0185 2p2P1/2 - 1s2S1/2 Lyα2 1.02×1014

3.0238 2p2P1/3 - 1s2S1/2 Lyα1 1.02×1014

3.03563 2s2p1P1 - 1s2s1S0 9.87×1013

3.04534 2p2p3P2 - 1s2p3P2 1.30×1014

He-like 3.1773 1s2p1P1 - 1s2 1S0 Heα1 1.68×1014

3.18993 1s2p3P1 - 1s2 1S0 Heα2 6.74×1013

Li-like 3.19173 1s2p(1P)2s2P1/2 - 1s22s2S1/2 t-satellite 3.52×1013

3.1988 1s2p(3P)2p2P3/2 - 1s22p 2P1/2 b-satellite 1.09×1013

3.20094 1s2p(3P)2s2P3/2 - 1s22s2S1/2 q-satellite 1.60×1014

3.20277 1s2p(3P)2s2P1/2 - 1s22s2S1/2 r-satellite 1.30×1014

3.2036 1s2p(3P)2p2P3/2 - 1s22p 2P3/2 a-satellite 2.18×1014

3.20709 1s2p(1D)2p 2D3/2 - 1s22p 2P1/2 k-satellite 9.97×1013

1s2p(3P)2p2P1/2 - 1s22p 2P3/2 e-satellite 6.61×1013

3.2101 1s2p(1D)2p 2D5/2 - 1s22p 2P3/2 j-satellite 8.03×1013

Be-like 3.2176 1s2s2p2 3S1 - 1s22s2p3P2 2.28×1013

3.2190 1s2p3 1P1 - 1s22p2 1D2 1.24×1014

3.2205 1s2s2p2 1S0 - 1s22s2p1P1 7.73×1013

3.2209 1s2s22p 1P1 - 1s22s2 1S0 1.28×1013

3.2220 1s2p3 3P0 - 1s22p2 3P1 7.48×1013

Table 4.3: Radiative transitions of Ca ions for the experiment on the interaction
of 11.4 MeV/u Ca ions with 0.04 g/cm3 SiO2 aerogel.
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Figure 4.9: Kα spectra of 10.65 MeV/u Ca ions interacting with 0.023 g/cm3 SiO2

aerogel. The formation ofKα satellites is shown with densitograms along the ion
penetration path.

In order to observe lower ion charge states the experiment on the interaction
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Ion
charge
state

λ, Å Transition Line Probability
of radiative
decay (s−1)

H-like 3.0185 2p2P1/2 - 1s2S1/2 Lyα2 1.02×1014

3.0238 2p2P1/3 - 1s2S1/2 Lyα1 1.02×1014

He-like 3.1773 1s2p1P1 - 1s2 1S0 Heα1 1.68×1014

3.18951 1s2p3P1 - 1s2 1S0 Heα2 6.74×1013

Li-like 3.19145 1s2p(1P)2s2P1/2 - 1s22s2S1/2 t-satellite 3.52×1013

3.19924 1s2p(3P)2p2P3/2 - 1s22p 2P1/2 b-satellite 1.09×1013

3.20047 1s2p(3P)2s2P3/2 - 1s22s2S1/2 q-satellite 1.60×1014

3.20219 1s2p(3P)2s2P1/2 - 1s22s2S1/2 r-satellite 1.30×1014

3.20342 1s2p(3P)2p2P3/2 - 1s22p 2P3/2 a-satellite 2.18×1014

3.20737 1s2p(1D)2p 2D3/2 - 1s22p 2P1/2 k-satellite 9.97×1013

3.20861 1s2p(3P)2p2P1/2 - 1s22p 2P3/2 e-satellite 6.61×1013

3.21359 1s2p(1D)2p 2D5/2 - 1s22p 2P3/2 j-satellite 8.03×1013

Be-like 3.2176 1s2s2p2 3S1 - 1s22s2p3P2 2.28×1013

3.2190 1s2p3 1P1 - 1s22p2 1D2 1.24×1014

3.2205 1s2s2p2 1S0 - 1s22s2p1P1 7.73×1013

3.2209 1s2s22p 1P1 - 1s22s2 1S0 1.28×1013

3.2220 1s2p3 3P0 - 1s22p2 3P1 7.48×1013

3.2222 1s2p3 3P2 - 1s22p2 3P2 1.46×1013

3.2238 1s2p3 3P1 - 1s22p2 3P2 6.92×1013

3.2238 1s2s2p2 1P1 - 1s22s2p1P1 2.32×1014

3.2243 2p22s(4P)1s3P2 1s22s2p3P1 1.85×1013

Table 4.4: Radiative transitions of Ca ions for the experiment on the interaction
of 10.65 MeV/u Ca ions with 0.023 g/cm3 SiO2 aerogel.
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of 11.4 MeV/u Ca projectiles with 0.023 g/cm3 silica aerogel has been performed.
In front of the aerogel a 5µm Havar foil was placed and decelerated the ion
beam from the initial energy down to 10.65 MeV/u. The X-ray projectile radiation
was observed using a focusing spectrometer with a spherically bent mica crystal
installed in the direction of ion beam propagation at 99◦ to the ion beam axis. The
spectrum was recorded with Kodak RAR X-ray film and then scanned with optical
resolution of 1600 dpi.

The projectile ion characteristic spectrum was measured with a high spectral
(λ/∆λ = 1000 − 3000) and spatial resolution (30-130µm) along the ion beam
stopping path.

A 0.023 g/cm3 silica aerogel was used in order to achieve a larger stopping
path and, therefore, to improve the spatial resolution of the radiation dynamics.
Figure 4.9 shows the K-shell spectra of ions for different ion penetration depths of
the presented experiment. In this case the observed stopping length was 9.8 mm
and 11 mm for Lyα and Heα1 lines, correspondingly.

The radiative transitions of Ca projectile ions recorded in the performed ex-
periment are summarized in table 4.4. They are in good agreement with data of
the previous experiment (0.04 g/cm3 SiO2 aerogel). However, the Be-like satellite
group is more pronounced close to the end of the stopping path.

The estimated value of an error for this experiment is 0.00024-0.00369Å.

4.1.5 Analysis of the projectile charge state dynamics

The ion radiation dynamics along the stopping path in experiments on the inter-
action of calcium ions with 0.04 g/cm3 and 0.023 g/cm3 silica aerogels shows the
increase of the Kα-satellite intensity corresponding to the radiation of Ca17+ and
Ca16+ ions due to the capture of target bound electrons by projectile ions at lower
energy.

The spectroscopic analysis of the projectile radiation was complemented by
measurements of the charge state distribution of ions having left the target. Fig-
ure 4.10 shows the charge state distribution of 11.4 MeV/u Ca ions interacting
with a 8.39-mm-thick piece of 0.023 g/cm3 silica aerogel with a linear density
of 19 mg/cm2 analyzed inside the target by the method of X-ray spectroscopy of
K-shell radiation (figure 4.10a) and after the target by means of a magnetic spec-
trometer (figure 4.10b). The K-shell spectrum of excited states was observed with
a spatial resolution by means of a focusing crystal spectrometer in the direction
of the ion beam propagation at 90◦ to the ion beam axis. In the second case the
charge of Ca ions was analyzed using a magnetic spectrometer with a magnetic
field of 1.63 T for the ion beam emerging from the target. The measured ion beam
energy after the target was 6.54 MeV/u.
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Figure 4.10: Experiments on the interaction of 11.4 MeV/u Ca ions with a 8.39-
mm-thick piece of 0.023 g/cm3 SiO2 aerogel. a) TheKα projectile spectrum ob-
served inside the stopping medium using the method of X-ray spectroscopy ofK-
shell radiation. The densitogram corresponds to the end of the penetration depth.
b) The charge state distribution of Ca ions measured after the target. Data were
obtained and analyzed by means of a magnetic spectrometer.

As is well known, the Kα-satellite intensity is proportional to the population
of the projectile excited state1s2pmlk, which gives rise to these radiative transi-
tions. For Ca19+ it is a 2p state, for Ca18+ a 1s2p (1P1) state. The 2p state can
be populated by three different mechanisms: due to the bound electron capture
of a target electron by Ca20+, due to the excitation of a projectile bound electron
from the ground state in Ca19+ (1s-2p) and by ionization of a 1s electron from
the excited state 1s2p of Ca18+. The role of each mechanism depends on the ion
energy and charge state distribution. The same is valid for the 1s2p state of Ca18+.
Therefore, there are at least three projectile charge states involved in the analysis
of Lyα (Ca19+) and Heα (Ca18+) radiative transitions. Kα transitions in Ca17+ and
lower charges arise from autoionization states 1s2sm2pk (m = 0, 1, 2;k = 0, 1, ...,
6 depending on the ion charge and the electronic configuration). These electronic
states are produced due to the K-shell ionization of the projectile ground and ex-
cited states 1s2sm2pk. These configurations can decay not only via radiation, but
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as well due to the Auger effect. Therefore, their line intensities depend on the flu-
orescence factorΓr/(

∑
Γr + ΓA), whereΓr is the radiative decay probability,ΓA

is the Auger decay probability. According to the calculated values of fluorescence
factors, the radiative transitions from excited electronic configurations withm =
0, 1 give the main contribution to the K-shell spectrum. Autoionization levels pro-
duced due to the K-shell ionization of the projectile ground states with 1s2s22pk

(m = 2) have mostly low radiative transition probability.

In the case of the magnet spectroscopy the following fractions of calcium
charge states after the target were measured: 2.8 % for Ca20+; 16.7 % for Ca19+;
44.7 % for Ca18+; 28 % for Ca17+; 6.7 % for Ca16+; 1.1 % for Ca15+.

Certainly, the spectrum observed inside the target (excited states of projectile
ions)(figure 4.10a) and after the target (ions in the ground state)(figure 4.10b) can
not be compared directly. However, it is possible to reconstruct the dynamics of
the projectile ions for the measurement after the target: to simulate the line inten-
sities of projectiles before a complete relaxation takes place. In this case one can
simulate what would be the population of excited levels of the ions measured after
the magnet without having undergone the full relaxation process. The theoretical
calculations were performed and are in good agreement with the measurement
(see next chapter).

The quantitative analysis of the ion charge state distribution inside the stopping
medium using K-shell satellite intensities demands detailed calculations of the
projectile excited and ground state population kinetics caused by collisional and
noncollisional processes. The advantage provided by this experimental method is
the following: in order to calculate the rates of collisional processes, the measured
dependence of the projectile velocity on the ion penetration depth can be used. It
allows to reconstruct the dynamics of the projectile bound electron structure and
the ion charge states along the projectile stopping path.

4.2 Experimental results with gaseous targets

During the study of the interaction of fast heavy ions with matter series of exper-
iments with gaseous targets have been performed. 1.75 bar argon gas and 1.9 bar
neon gas were used as stopping media. Ca ion beams with an initial energy of 11.4
MeV/u and 5.9 MeV/u were decelerated down to 10.65 MeV/u and 5 MeV/u, re-
spectively, using a 5µm Havar foil to separate the vacuum in the chamber from the
gas pressure region. The K-shell projectile radiation was observed with a spatial
resolution by means of a focusing crystal spectrometer. Time resolved diagnostics
of gas density in the ion interaction zone was performed using the VarJet code.
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4.2.1 Projectile radiation

In the following experiments on the interaction of 10.65 MeV/u and 5 MeV/u
calcium ions with 1.9 bar neon gas the K-shell projectile radiation has been inves-
tigated.

The X-ray spectra were observed by means of a focusing spectrometer with
a spherically bent mica crystal of R=150 mm. The spectrometer was installed at
90.4◦ to the ion beam axis in the direction of the ion beam propagation. The K-
shell radiation was recorded by Kodak DEF X-ray film and scanned with optical
resolution of 1600 dpi. The spectral resolution achieved in the experiment was
λ/∆λ=1000-3000, the spatial resolution was up to 130µm.

The K-shell spectra of energetic ions were recorded through the first X-ray
transmission window, which has a length of 40 mm and is oriented along the ion
beam propagation. The distance from the Havar foil to the beginning of this win-
dow was 20 mm. Therefore, the radiation from the first 20 mm of the penetration
length in the gaseous target was not observed.
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Figure 4.11: K-shell spectra of Ca ions with the initial energy of 11.4 MeV/u
interacting with 1.9 bar Ne gas. The ion beam was decelerated down to 10.65
MeV/u by a 5µm Havar foil. The projectile radiation was recorded through the
first X-ray transmission window.
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Ion
charge
state

λ, Å Transition Line Probalility
of radiative
decay (s−1)

He-like 3.1773 1s2p1P1 - 1s2 1S0 Heα1 1.68×1014

3.18927 1s2p3P1 - 1s2 1S0 Heα2 6.74×1013

Li-like 3.19266 1s2p(1P)2s2P1/2 - 1s22s2S1/2 t-satellite 3.52×1013

3.19655 1s2p(3P)2p2P3/2 - 1s22p 2P1/2 b-satellite 1.09×1013

3.20047 1s2p(3P)2s2P3/2 - 1s22s2S1/2 q-satellite 1.60×1014

3.20243 1s2p(3P)2s2P1/2 - 1s22s2S1/2 r-satellite 1.30×1014

Be-like 3.21484 1s2s2p2 3S1 - 1s22s2p3P1 3.21×1013

3.21936 1s2p3 1P1 - 1s22p2 1D2 1.24×1014

3.22213 1s2p3 3P0 - 1s22p2 3P1 7.48×1013

3.22415 2p22s(4P)1s3P2 1s22s2p3P1 1.85×1013

3.23873 1s2p3 3S1 - 1s22p2 1D2 3.67×1012

3.24079 1s2s2p2 3S1 - 1s22s2p1P1 2.07×1012

Table 4.5: Radiative transitions measured in the experiment on the interaction of
5 MeV/u Ca ion beam with 1.9 bar Ne gas.

The projectile radiation of 10.65 MeV/u calcium ions interacting with the
gaseous target is presented in figure 4.11.

The projectile K-shell radiation of Ca19+ (Lyα) and Ca18+ (Heα1-allowed and
Heα2-forbidden transitions) in the 10 - 7.8 MeV/u energy region was recorded.
The significant change of the line intensities was not observed along the penetra-
tion depth.

Figure 4.12 shows the Kα spectra of 5 MeV/u Ca projectiles at energies of
4.37 - 3 MeV/u.

In the performed experiment it was possible to resolve the projectile radiation
in the low energy region. The observed stopping path was 40 mm. The charge
states are summarized in table 4.5.

In this case the radiation of Ca19+ (Lyα) ions is fully absent and Ca18+ (res-
onance Heα1 and intercombination Heα2) ions start to disappear at the stopping
length of 35 mm. The maximum of the spectral line intensity is shifted to the
group of satellites originating from the autoionizing states of Ca17+ and Ca16+.
The group of Li-liketbqr satellites is intensive along the observed ion stopping
length and close to the end of the pathbq satellites starts to be well pronounced.
Kα satellites corresponding to the radiative transitions in the Be-like electronic
system of calcium ions was resolved and is in close agreement with calculations
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of U.I.Safronova and T.G.Lisina [Safronova and Lisina, 1979]. It is important to
note that at the end of the stopping path Ca16+ projectile radiation exhibits two
new satellites, which were not observed in experiments with silica aerogels. As
indicated above the shift to the lower charge states is due to the increase of the
bound electron capture cross sections at lower projectile energy. The measure-
ment error of the experiment is 0.00024 - 0.00285Å.

6.0x10
7

8.0x10
7

1.0x10
8

1.2x10
8

Wavelength [A]
3.19 3.21 3.23

Hea1

tqbr
Be-like

32 mm

6.0x10
7

8.0x10
7

1.0x10
8

1.2x10
8

In
te

ns
it
y

[p
ho

to
ns

/c
m

2
]

Wavelength [A]
3.19 3.21 3.23

Hea1

bq
Be-like

37 mm

20

60

penetration
depth, mm

wavelength,Å

45 Ca
18+

Ca
17+

Ca
16+

4.37

3

2.2

energy,
MeV/u

5 MeV/u Ca ion beam

6.0x10
7

8.0x10
7

1.0x10
8

1.2x10
8

In
te

ns
it
y

[p
ho

to
ns

/c
m

2
]

Wavelength [A]
3.21 3.233.19

He 1a

tbqr

Be-like

20.6 mm

Hea2

Figure 4.12: Kα spectra produced due to slowing down of Ca ions with the initial
energy of 5.9 MeV/u in 1.9 bar Ne gas. The ion beam energy in gas after passing
the stripping foil was 5 MeV/u. The characteristic ion radiation was collected
from the first X-ray transmission window.
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4.2.2 Diagnostics of the gas density

In the experiment on the interaction of 5 MeV/u Ca ions with 1.75 bar argon gas
the influence of the target density on the ion stopping process has been investi-
gated.

The energy of heavy ions and the pressure of the gas were chosen to stop
the ion beam in the target completely. The 2D visible image of the ion beam-
gas target interaction region was recorded through a 180 mm long quartz window
using an intensified gated CCD camera (Dicam Pro). The observed image is the
fluorescence emission of gas atoms induced due to collisional excitation by the
ion beam and secondary electrons. The ion beam deposits its energy to excite and
ionize atoms of the stopping medium. It leads to heating and expansion of the gas
in the interaction region. The gas density varies along the ion beam stopping path
with time and the beam radius.

In the performed experiment the lengthening of the ion beam range in argon
gas during the ion macro pulse of 5 ms was observed over 65 mm. These ion beam
range measurements with a time step of 100µs are presented in figure 4.13. The
measured values are normalized to the range length during the first 100µs of the
macro pulse duration.
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Figure 4.13: Relative range lengthening of Ca ion beam with energy of 5 MeV/u
in gas during the macro pulse of 5 ms. Measured range (squares) is compared
with VarJet numerical simulations (triangles).

The numerical calculations of the stopping range using the SRIM code, 49.79
mm, was not in agreement with the experimental result. In order to understand
the observed range lengthening phenomena numerical simulations on hydrody-
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namic response of the beam-heated gas have been carried out. The VarJet code
has been employed in the simulations [Varentsov, 2006]. The numerical calcu-
lations are in close agreement with experimental results and shown in the same
figure (figure 4.13).

Figure 4.14: Density distribution of Ar gas in the experiment on the interaction
with 5 MeV/u Ca ion beam calculated using the VarJet code. The calculations
were performed during the macro pulse of 5.5 ms, along the ion beam path (X
axis) and across the ion beam radius (Y axis). The density is normalized to the
initial value.

In the presented simulations the following input ion beam data related to the
experimental conditions were used: 5 MeV/u of calcium ions after deceleration
in the Havar entrance foil, 1 mm ion beam radius, homogeneous ion distribution
across radius, 8.6*108 particles in the macro pulse, 5.5 ms pulse duration. The
value of deposited energy reached 2-3 J/g∗cm2. It leads to an increase of the gas
temperature in the interaction zone by 100◦-120◦.

The calculated distribution of argon gas density along the ion beam path in the
target and across the ion beam radius is plotted in figure 4.14 for different time
during the macro pulse. According to simulations the target density is changing
during the long pulse duration across the ion beam radius and along the ion beam
trajectory. The minimum target density (about 70 % from the initial value) was
reached after 5.5 ms in the region of maximum ion energy deposition.
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4.3 Experimental evidence of the gas-solid effect

In the presented work a whole series of experiments on the interaction of fast
heavy ions with solid and gaseous targets was carried out. These investigations
provided a lot of information about the ion stopping process, projectile veloc-
ity dynamics, the charge state distribution of heavy ions in collisions with target
atoms as well as atomic collisional characteristics, such as ionization and electron-
capture cross sections. The charge changing processes, which play important role
in the level population of ions, strongly depend on the density of the stopping
medium.

The influence of the target density on the formation of charge states of heavy
ions has been studied. Spatially resolved K-shell spectra of calcium ions were
compared in solid and gaseous targets at the same experimental conditions (ion
energy). The detailed descriptions of the experiments are presented in this chapter.

Figure 4.15 shows spectra of 11.4 MeV/u Ca ions slowed down in 0.04 g/cm3

silica aerogel and 1.9 bar neon gas and their densitograms at the energy of 9.2
MeV/u. This energy corresponds to a penetration depth of 2.5 mm in the aerogel
and 35 mm in the gaseous target. In both cases the radiation of Ca19+ (Lyα) and
Ca18+ (Heα1 and Heα2) is well pronounced. Kα satellites corresponding to the
radiative transitions in Li-like electronic system start to appear in aerogel. The
ratio of line intensities in solid and gaseous targets is

IS(Heα1)

IS(Lyα)
= 1.4,

IG(Heα1)

IG(Lyα)
= 2.2. (4.2)

The Kα spectra were compared also at lower energy, 4.2 MeV/u, in the ex-
periments on the interaction of 11.4 MeV/u calcium ions with 0.04 g/cm3 SiO2

aerogel and 5.9 MeV/u Ca ions with 1.9 bar neon gas (figure 4.16). The energy
of 4.2 MeV/u corresponds to the penetration depth of 6.75 mm in silica aerogel
and 23 mm in the gaseous target. At this low energy the radiation of Ca19+ starts
to disappear, Ca18+ is dominant and Ca17+ is well pronounced with a blending of
Ca16+. In the case of the gaseous target the radiation of Ca19+ is completely van-
ished, Ca18+ radiative transition is still pronounced, but the spectra line intensity
is shifted to Ca17+ and Ca16+. The ratio of Heα1 and Lyα line intensities in silica
aerogel is following:

IS(Heα1)

IS(Lyα)
= 4.87. (4.3)

As is well known, the intensity of spectral lines is proportional to the popula-
tion of excited states [Sobelman et al., 1995]. In the experiments a difference in
the population of excited states of Ca19+, Ca18+, Ca17+ and Ca16+ ions in solid
and gaseous media has been observed. In solid target the higher population of
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Figure 4.15: Kα spectra of 11.4 MeV/u Ca ions slowed down in 0.04 g/cm3 SiO2

aerogel and 10.65 MeV/u Ca ions in 1.9 barNe gas. Densitograms correspond
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the wavelength [̊A]).

excited states of highly charged ions is observed, but not in gaseous target. The
reason of this is the influence of the target density. The rate coefficient of the
collisional process is defined by the target density,Rcoll ∼ NT . In solid target the
increase of the population of projectile excited states leads to an increase of the
effective ionization rate of the projectile ions due to collisions with target atoms.
At low ion energy the mechanism of the bound electron capture to highn of the
projectile ions is dominant,n is the principle quantum number. Captured electrons
are immediately ionized before the radiative transition to the ion ground state can
stabilized the capture process. As a result, an increase of the projectile ion charge
state arises from the increase of the target density.

The physical effects observed in the experiments have been interpreted with
numerical calculations of the projectile population kinetics, which are given in the
next chapter.
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Chapter 5

Numerical model of the ion
population kinetics

In order to interpret the experimental results, a quantitative analysis of the ion
population kinetics has been performed.

The intensity of a spectral line corresponding to the transition from the upper
energy levelk to the lower leveli of an atom is given by [Sobelman et al., 1980]

Iki = h̄ωkiAkiP (k) [eV s−1cm−3], (5.1)

whereAki is the radiative probability for the transitionk → i, P (k) is the
population density of atoms excited to the levelk, ωki is the frequency of the
transition and̄h is the Planck constant divided by 2π. If the populations of the
atomic states are known, the intensity of the spectral lines can be predicted.

In the presented thesis populations of the ground and excited states of the pro-
jectile ions colliding with target atoms were calculated. The calculations have
been performed for the case of the interaction of Ca ions with SiO2 atoms (ex-
perimental conditions of the given work) in the context of the collisional-radiative
model. The chosen model was limited to the Ca20+, Ca19+, Ca18+, Ca17+, Ca16+

and Ca15+ ions. In every ion the ground and three excited states were taking into
account. The numerical calculations were carried out for energy levels with the
principle quantum numbern without spin-orbital splitting. The scheme of the
model is presented in figure 5.1.

The population and depopulation of the projectile ground and excited levels
is determined by atomic elementary processes. In ion-atom interactions they are
the following: projectile ionization, bound electron capture, collisional excitation
and deexcitation as well as the Auger and radiative decay. The detailed descrip-
tion of them is presented in chapter 2. Autoionization states were not taken into
considerations and, therefore, the Auger decay is neglected.
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Figure 5.1: Energy level scheme of calcium ions used to calculate the population
of the ground and excited states.

Numerical calculations of the projectile ionization and bound electron capture
cross sections have been performed using the LOSS and CAPTURE codes, re-
spectively. The computer code LOSS allows also estimating the excitation cross
sections of the projectile. Cross sections of the deexcitation process were calcu-
lated as the inverse values of the excitation cross sections while taking into account
the statistical weights of the energy levels. The radiative transition probabilities
were estimated using the expression 2.27.

The population of the projectile states has been described by rate equations
of the multilevel kinetics, which connect the ground and excited states of Ca19+,
Ca18+, Ca17+, Ca16+, Ca15+ ions and bare nuclei.

The kinetic equation for the populationP of the energy levelk of the ionZ
can be written as

dPZ(k)

dt
=

∑

Z′

∑

i

BikPZ′(i)−BkkPZ(k), (5.2)

whereBkk is the sum of processes, which depopulate the energy levelk; Bik is
the sum of processes, which populate the levelk as a result of a transition from the
level i of the ionZ ′, andPZ′(i) is the population of the leveli of the ionZ ′. Bik
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are the rate coefficients of elementary processes. For the collisional case the rate
coefficient is determined byRcoll = NT vσion, for the non-collisional by radiative
decayA (see chapter 2).

In equilibriumPZ(k) is defined:

PZ(k) =

∑
Z′

∑
i BikPZ′(i)

BkkPZ(k),
. (5.3)

In order to estimate the population of the energy levels, the system of equations
in regard toPZ(k) should be resolved.

The system of equations was considered as a matrix equation

BP = 0. (5.4)

B is the matrix of collisional and non-collisional rate coefficients, which con-
nects the ground and excited states of ions and is written as

B =




−b11 b12 ... b1m

b21 −b22 ... b2m

... ... ... ...
bm1 bm2 ... −bmm


 . (5.5)

P is the column of populations of the presented states and equals:

P =




P (1)
P (2)
...

P (m)


 . (5.6)

Since−Bkk =
∑

i6=k Bik the matrix system is singular. Therefore, one of the
equation was replaced by the conservation law of number particles:

∑

Z,k

PZ(k) = 1. (5.7)

The matrix equation was resolved by the Gauss method with serial elimina-
tions that leads to a system with a triangular matrix. The calculations were per-
formed using Mathematica.

The calculations of the energy level populations have been performed for three
different densities:1023 at/cm3 (solid quartz),6× 1020 at/cm3 (silica aerogel) and
1019 at/cm3 (gas). The results of these calculations are presented in figure 5.2.

As estimated for targets with1023 at/cm3 density, nuclei and Ca19+ ions are
dominant at high ion energy. This leads to an increase of the average charge. In
the aerogel medium the increase of the population is shifted to Ca18+ ions and
with the energy the decrease of the population of Ca17+ ions becomes significant.
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Figure 5.2: Average charge of calcium ions as function of the projectile energy
calculated for solid quartz, silica aerogel and gaseous medium. It is compared
with Schiwietz calculations for solid target [Schiwietz and Grande, 2001].

The population of low charged ions such as Ca17+, Ca16+ and Ca15+ is dominant
at the density of1019 at/cm3, especially at low velocity.

The theoretical predictions were verified by comparison with the experimental
results. First of all, the evidence of the gas-solid effect at high and low energy are
interpreted with relation to the population density of energy levels.

The influence of the target density on the formation of ion charge states was
investigated in experiments on the interaction of Ca ions with 0.04 g/cm3 SiO2

aerogel and 1.9 bar Ne gas. The relative intensities of resonance lines of Ca19+ and
Ca18+ ions (Lyα and Heα1) were compared at the same ion energy. In calculations
they were estimated as

I(res) =
g(2p)

g(2)
P (2)A2−1. (5.8)

g(2p) is the statistical weight of the energy level from which the transition
takes place,2p 2P1/2,3/2 for Lyα ions and1s2p 1P1 for Heα1 ions. g(2) is the sta-
tistical weight of the energy level with the principle quantum number 2 andP (2)
is the calculated population of this level.A2−1 is the radiative decay of the res-
onant transition. The result of the calculations as well as the average charge are
presented in table 5.1 and compared with measurements. As one can see, the nu-
merical estimations show a good agreement with the measurements. The detailed
calculation of the projectile population kinetics gives the quantitative analysis of
the spectral line intensity.
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I(Heα1)/I(Ly α) Experiment Calculation Zav(calcul.)
9 MeV/u
gas 2.2 2.47 17.99
aerogel 1.4 1.2 18.43
4 MeV/u
gas - 14.6 17.14
aerogel 4.87 4.98 17.54

Table 5.1: Relative intensities of resonance lines of Ca19+ and Ca18+ ions (Lyα
and Heα1) compared at high and low ion energy in gaseous and aerogel media.
The average charge of Ca ions is calculated for these conditions.

A good accuracy of the theoretical predictions was obtained for the measure-
ment of the charge state distribution of the projectile ions having left the target
by a magnetic spectrometer (see subsection 4.1.5). In the experiment on the in-
teraction of 11.4 MeV/u calcium ions with a 8.39-mm-thick piece of 0.023 g/cm3

silica aerogel the spectroscopic analysis of the K-shell projectile radiation was
complemented by measurements of the charge state distribution after the target
by a magnetic spectrometer. The ion beam energy measured by the time-of-flight
method was 6.54 MeV/u. The fractions of Ca charge states observed by means
of the magnet spectroscopy correspond to the calculated population kinetics of
excited ion states at the same energy (figure 5.3).

Certainly, the spectra observed inside the target (excited states of projectile
ions)(figure 4.10a) and after the target (ions in the ground state)(figure 4.10b) can
not be compared directly. However, it is possible to reconstruct the dynamics
of the projectile ions for the measurement after the target: to simulate the line
intensities of projectiles before a complete relaxation takes place. In this case one
can simulate what would be the population of excited levels of the ions measured
after the magnet without having undergone the full relaxation process. Using
population mechanisms of the excited states2p of Ca19+, 1s2p (1P1) of Ca18+

and1s2l2l′ of Ca17+ detailed described in the previous chapter, the relative line
intensities were calculated. The results are in close agreement with measured
K-shell spectrum of the experiment (table 5.2).

In conclusion of this chapter, it should be noted that the quantitative analysis
of the ion charge along the stopping process in matter needs a detailed calculation
of the population kinetics of the ion energy levels. Using measured dependence
of the projectile velocity on the ion penetration depth for the calculation of rate
coefficients of collisional processes it is possible to analyze the behaviour of the
projectile bound structure along the stopping process.
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Figure 5.3: The ion charge state distribution measured by a magnet spectrometer
and calculated population kinetics of the ground and excited states of projectile
ions at energy of 6.54 MeV/u.

Measurement Calculation
I(Ly α)/I(Heα) 0.59 0.57
I(Heα)/I(Li-like) 2.67 2.2

Table 5.2: Measured and simulated data of relative line intensities for the ex-
periment on the interaction of 11.4 MeV/u Ca ions with a 8.39-mm-thick piece of
0.023 g/cm3 SiO2 aerogel.



Chapter 6

Conclusions and outlook

The study of the slowing down process of fast heavy ions inside matter is pre-
sented in this thesis. The main results of the work are following:

• A novel diagnostic method, X-ray spectroscopy of K-shell projectile radi-
ation, to measure the stopping process inside the target material has been intro-
duced.

• For the first time, a spatially resolved analysis of the stopping process inside
solids has been performed. Silica aerogels with the mean densities of 0.15 - 0.023
g/cm3 were used as a stopping medium that provided a stretching of the ion stop-
ping length up to 2 - 11 mm. It has been shown that a porous aerogel structure has
no significant influence on the ion stopping process.

• The spatially resolved K-shell projectile and target radiation has been inves-
tigated. A strong dependence of the spectra on the ion charge state and velocity
has been shown. The ion charge evolution along the ion stopping path in the target
material has been explained with the influence of capture and loss processes.

• The Doppler Effect was observed on the projectile K-shell spectra of magne-
sium and calcium ions with initial energy of 11.4 MeV/u. The line Doppler shift
was used to calculate the ion velocity in relation to the penetration depth in the
target material. In the case of calcium ions the velocity analysis showed a good
agreement with the time-of-flight measurements.

• In order to interpret the experimental results a numerical model of the ion
population kinetics has been developed. Detailed calculations provide a quantita-
tive analysis of the ion charge evolution during the stopping process. The theoret-
ical predictions are in good agreement with the measurements of the ion charge
state distribution recorded after the target by a magnetic spectrometer.

• In the framework of this thesis, the influence of the target density on the
stopping process has been studied. A quantitative analysis of the Kα spectra of fast
heavy ions has been performed in solid and gaseous targets. The higher population
of Ca19+ and Ca18+ excited states in solid in comparison with a gaseous medium
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at the same ion energy has been shown. The experimental results are in close
agreement with the numerical model.

The influence of the target density on the stopping process inside cold matter
has been investigated in this thesis. However, there are still many open questions
to answer whether the gas-solid effect has an influence on the ion charge state dis-
tribution and energy loss in plasma experiments. The main motivation for future
plasma investigations is to minimize the gas-solid effect.

In experiments on Xe ions the energy loss and charge state distribution while
passing through a solid carbon target and a laser produced plasma with a carbon
foil were compared [S̈uss, 1999]. One has expected an increase of the ion energy
loss and the ion mean charge in plasma (plasma effect) [Hoffmann et al., 1990].
However, the charge state analysis of the Xe ion beam has shown an opposite
result: the Xe ion mean charge state decreased from 42 in solid down to 35 in
plasma. This can be explained by the change of the target density, which can be
decreased by more than three orders of magnitude. Therefore, the reduction of the
ion charge in the expanded plasma in comparison to the solid foil can be observed.

The density effect can also be important for experiments with a cold gas and
plasmas produced by explosive driven shock waves or in Z-pinch. An increase of
the projectile ion mean charge due to the increase of the target density by 100-
1000 times can be wrongly attributed to the plasma effect.

Recently, a big progress has been achieved in the field of heavy-ion interaction
with matter due to new powerful experimental methods and facilities. The key
instrument of the modern investigations and applications is the detailed knowledge
about atomic collisions during the ion slowing down in cold matter. This study
has a promising future due to challenging theoretical problems and the growing
field of applications.
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