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Introduction  

Excited states of few-electron ions are an ideal object to investigate the dynamics of strongly-

correlated bound electrons. The simplest cases among such systems are H-like and He-like 

ions of which numerous photoexcitation spectroscopies have been performed using 

synchrotron radiation [0.1, 0.2].  However, synchrotron radiation is not applicable to few-

electron high-Z ions because of its limited wavelength and intensities. Another efficient 

instrument to produce excited ions is a polarization-controlled laser field [0.3]. Restrictions 

for laser spectroscopy are usually caused by the frequency ’ of the light emitted by the laser. 

Typically, the energy Ὁ of the photons produced by a visible light laser is about few eV. This 

value can be increased by using a beam of ions accelerated up to relativistic velocities, 

aligned antiparallel to the laser direction.  Due to the Doppler Effect, the energy of the laser 

photons, in the rest frame of the ions, Ὁᴂ can be shifted to a higher value:  

Ὁ
ρ ‍

ρ ‍
Ὁ  ȟ 

(0.1) 

where ‍ is the ratio between the ions velocity ⱳ and the speed of light [0.4].  

Therefore the wavelength becomes: 

’ᴂ
ρ ‍

ρ ‍
’ 

(0.2) 

Considering the limitations of the modern ion accelerators (g < 3) [0.5, 0.6], the highest 

achievable transition energy is about 100 eV for laser spectroscopy (’ å1016 s-1) [0.7].  

The present work is dedicated to an alternative method for controlled production of the 

excited n = 2, 3, 4 and 5 states in few-electron high-Z ions using the electric field of a crystal-

target. Relativistic projectiles passing a thin crystal-target feel the Coulomb potential of the 

crystal atoms as an oscillating electric field with frequency ’ . If the frequency of the 

crystal field ’  being seen by the projectiles is equal to the frequency ’  of the transition 

from the Ὥ into Ὦ state in the ions, Resonant Coherent Excitation (RCE) may occur [0.8]. The 

field frequency ’ , in the rest frame of the projectile ions, is defined by the velocity of the 

ions ⱳ and distance Ὠ between the crystal atoms: 

’
‎ⱳ

Ὠ
Ȣ (0.3) 
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In this case, the frequency of the electric field in the rest frame of the ions is directly 

proportional to the ions velocity ‎ⱳ (here ‎ is the Lorentz factor). The frequency, seen by the 

ions at relativistic velocities becomes very high (’ å10
18
 s-1), which is equivalent to keV 

transition energies: 

Ὁ ᴐ’ ᴐ’
ᴐ‎ⱳ

Ὠ
Ȣ 

(0.4) 

Moreover, a crystal field frequency can be tuned by changing the beam energy and by 

adjusting the target angular orientation with high precision. Whereas, a laser frequency in the 

rest frame of the projectiles can be tuned only by changing the beam energy. This makes the 

RCE phenomenon a universal instrument for production of excited states of highly-charged 

ions in a wide range. 

The RCE phenomenon was predicted by V. V. Okorokov in 1965 [0.8]. An 

experimental investigation of the RCE has been started by S. Datz with light ions at planar 

channeling conditions [0.9]. For the first time coherent excitation of the ions in crystals was 

obtained as a selective resonance process. The experiments were performed with H-like light 

ions (Z = 5 to Z = 9) supplied by the Oak Ridge National Laboratory tandem accelerator. The 

ions with energy of about tens MeV/u were passing thin oriented Au and Ar crystal targets. 

The RCE into levels up to n = 3 (below 1 keV) have been observed from the survival charge-

state fraction of the ions measured as a function of the beam velocity [0.10].  

Later on, high-precision goniometers started to be used for this kind of experiments. A 

possibility to rotate the target with small steps improved the method in many ways. First, it 

replaced the scanning over the beam energy which can be extremely time-consuming. Second, 

it allowed the adjustment of the resonance conditions with high precision. And third, it gave a 

possibility to excite different transitions using the same crystal differently oriented relatively 

to the projectile ions direction. The RCE in N
6+

 and Mg
11+

 ions was observed at planar 

channeling conditions by measuring the initial charge-state fraction as a function of the 

angular orientation of the target-crystal mounted in a goniometer [0.11]. The excitation into a 

2p level has been observed (about 1.47 keV transition energy). 

Developing accelerator technics allowed extending the study towards higher transition 

energies of the heavier ions. Several RCE experiments on highly-charged ions were 

performed at the HIMAC facility in Tokyo [0.5] with beams of Ar and Fe ions at hundreds of 

MeV/u projectile energy. The RCE into the n = 2 level has been clearly demonstrated in Ar
17+

 

(about 3.3 keV) at planar channeling in a thin Si-crystal [0.12, 0.13]. Coherent excitation into 

the n = 3 state (about 3.9 keV) was for the first time seen from the charge-state distribution of 
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Li -like Fe at planar channeling conditions [0.14]. A variation of the X-ray emission from the 

decay of the excited 2p states of Ar
17+

 was studied as a function of the angular crystal 

orientation in [0.15, 0.16]. Nowadays, beams of all ions species are available in a wide energy 

range. The GSI accelerator facility (Darmstadt) can provide highly-charged uranium (up to 

bare) with energy up to 1 GeV/u. The resonant excitation of the 2s1/2 ­ 2p3/2 transition in 

U
89+

 (around 4.5 keV) was observes with a cooled ions beam at 190 MeV/u passing a Si-

crystal target at (220) planar channeling conditions [0.17]. 

Recently, an RCE at non-channeling conditions has been observed for n = 2 transition 

in H-like Ar ion traveling through a Si crystal for the first time [0.18]. This phenomenon was 

called Three-dimensional RCE (3D-RCE). The channeling condition has been required in the 

previous experiments to suppress close collisions with the crystal atoms, which destroy the 

coherence between the transition frequency and the frequency of the crystal field in the rest 

frame of the projectiles. This is particularly essential for low Z and low energy ions. 

However, the ions penetrating a crystal-target in arbitrary directions also feel the crystal 

oscillating potential. In principle, RCE does not require channeling conditions. A 3D-RCE is 

adding two new features to the existing RCE at axial and planar channeling. First of all, it 

allows polarization control of the excited states in the ions using the electric field of the 

crystal [0.15, 0.17]. Furthermore, it gives the possibility for a sequential excitation to higher 

states of the ions using simultaneously the potentials of different crystal orientations.  

The main goal of the present work was to investigate the phenomenon of Double 

Resonant Coherent Excitation (DRCE) into higher excited states, such as n = 3, 4 and 5, in 

relativistic H-like and He-like Ar ions. For this, three experiments have been performed at 

HIMAC accelerator facility (Japan) using beams of Ar
17+

 and Ar
16+ 

with energy of few-

hundred MeV/u.  

The first chapter of the dissertation, ñIon ï atom collisionsò, reviews the main 

processes occurring when ions penetrate matter, such as excitation of the projectile and target 

atoms and charge exchange between the colliding partners. Probabilities of these processes for 

light and heavy collision partners at different energies are discussed in Section 1. The 

interaction of charged projectiles with crystals is different from amorphous targets. Basic 

terms describing the crystal potential and different ions motion modes in crystal-targets, such 

as axial or planar channeling and non-channeling motion, are given in the beginning of 

Section 2. This section further describes the RCE phenomenon and explains the difference 

between RCE and DRCE processes. The section is finalized with a discussion on the possible 
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de-excitation ways of the ions and their probabilities calculated for H-like and He-like Ar 

ions.  

Chapter 2, ñExperimentò, presents the methods and the tools used in this work to 

observe 3D-RCE DRCE of highly-charged ions in crystal targets. This chapter starts with a 

short presentation of the HIMAC facility and methods of the production of the highly-charged 

ions used in the experiments. The parameters of the beams used for different measurements 

are discussed in the second section of this chapter. The experimental setup consisting of the 

high-precision goniometer, the vacuum chamber and the target is presented in section 2.3. 

Section 2.4 reports on the working principle of the detectors used for the measurements of the 

ion yield and X-ray emission. In Section 2.5 the target adjustment to the resonance conditions 

is explained step by step. A scheme of the data acquisition used for the measurements is given 

in the last section of this chapter. 

Chapter 3 is dedicated to the data analysis. The method, used to obtain the resonance 

spectra from the measured ion and X-ray yields, is presented here. 

The results of the performed experiments are summarized in Chapter 4. Possible 

improvements and further applications of the developed method are covered in the last 

chapter, ñConclusionsò. 
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1 Ion ï atom collisions 

This chapter is dedicated to the processes occurring in collisions of energetic ions with atoms. 

The first section deals with the basic processes, such as excitation, ionization and electron 

capture. The special case of in interaction with crystal targets, which is different from the 

interaction with the amorphous ones, is discussed in detail in the second section. Ions motion 

in crystal-targets under axial and planar channeling and non-channeling conditions are 

considered here. 
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1.1 Ion-atom collisions 

In collisions of energetic ions with neutral atoms, the projectile ion often changes its charge-

state by capturing electron(s) from the target or by losing its orbital electron(s). Electron 

capture and electron loss are usually accompanied by other processes like excitation or 

ionization followed by the de-excitation of the colliding partners via photon and/or Auger 

decay. The probability of the electron capture and electron loss is defined by the atomic 

structure of the colliding partners and their relative velocity. Many theoretical approaches and 

semi-empirical formulas have been developed to estimate cross sections of the excitation and 

ionization processes for different combinations of the projectiles and targets for each energy 

range [1.1, 1.2]. This work was completed by a large amount of experimental data mentioned 

below. 

 

1.1.1 Excitation 

A collision of an ion with a neutral atom may result in a single or multiple excitation of one or 

both colliding partners: 

ὢ ὃᴼὢ ὃᶻȟ or 

ὢ ὃᴼ ὢ ᶻ ὃᶻȟ 
(1.1) 

here ὢ  is a projectile ion, ή is the projectile initial charge and  ὃ denotes a  target atom. 

 The excitation cross section of a target atom from the ground state into an excited 

state n for optically allowed transitions (Ўὰ ρȟЎὛ π) can be calculated in the Born 

approximation, known as the Bethe cross section: 

„ ὲ
τ“ ὥὤ

ὝὙϳ
 ὥÌÎ

Ὕ

Ὑ
ὦ

ὧ

ὝὙϳ
ὕ
Ὁ

Ὕ
ȟ (1.2) 

and for optically forbidden transitions (Ўὰ πȟςȟσȣȟЎὛ π): 

„ ὲ
τ“ ὥὤ

ὝὙϳ
 ὦ

ὧ

ὝὙϳ
ὕ
Ὁ

Ὕ
ȟ 

(

(1.3) 

where ὥ, ὦ and ὧ are factors listed in [1.3]; ὥ is the Bohr radius, Ὑ is the Rydberg constant, 

ὤ is the projectile charge,  ὝὙϳ ὺὺϳ  ,  ὺ  is the projectile velocity, ὺ is the Bohr 

velocity and Ὁ is the level energy. The numbers ὲ, ὒ and Ὓ are principal, azimuthal and spin 

projection quantum numbers of the excited state of the target atom, respectively. 
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Formulae (1.1) and (1.2) can be applied for high energy non-relativistic collisions. In the case 

of relativistic collisions the excitation cross section (1.4) for optically allowed and forbidden 

(1.5) transitions are calculated with: 

„ ὲ
ψ“ ὥὤ

άὺ Ὑϳ
 ὃ ÌÎ

‍

ρ ‍
‍ ὅȟ (1.4) 

„ ὲ
ψ“ ὥὤ

άὺ Ὑϳ
 ὄȟ (1.5) 

where ά is the electron rest mass, ‍ ὺὧϳ and ὧ is the speed of light. The factors !ȟ" and ὅ 

are listed in [1.3, 1.4]. 

In figure 1.1 a dependence of the reduced cross section „ on the energy Ὁ calculated for H-

like and He-like ions using the scaling law (1.6) is presented [1.5]: 

„ „  ÁÎÄ     Ὁ ȟ (1.6) 

where q is the ion charge-state,  ‫  - electron transition energy in atomic units and Ὢ  ï the 

generalized oscillator strength  (GOS) for the specific excitation, as 

„Ὁ

ὃ Ὡὼὴ‌Ὁϳ  ὰὲὩ ‎Ὁ

ρ ὅὉ Ὁ
ρπ ȟ (1.7) 

here Ὁ ὉȾρυπ , Ὡ is the Napierôs constant and coefficients ὃȟὄȟ‌ȟ‍ and ‎ are listed in 

[1.5] for H and He-like targets.  

 

Figure 1.1 Excitation cross section scaling by Janev [1.5] for optically allowed transitions. 

The curves are calculated using (1.5) and (1.6) for optically allowed 1s Ÿ np transitions in H 

(upper left curve), 1
1
S Ÿ n

1
P transition in He (lower left curve) and for optically forbidden 

1
1
S Ÿ n

1
S, 1

1
S Ÿ n

1
D transitions in He. Open symbols represent the experimental data taken 

from [1.6-1.10] for different impacts. 
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This scaling rule shows that, for a fixed energy, the nonscaled excitation cross section as a 

function of the ion charge-state q does not saturate at high q values but decreases after 

reaching a maximum. 

 

1.1.2 Charge transfer  

An ion colliding with an atom may undergo a change of initial charge state. A removal of one 

or more electrons from the projectile is usually called projectile ionization or electron loss:  

ὢ ὃᴼὢ ὃ ά Ὡȟ (1.8) 

where ά ρ is the number of the ejected electrons to the target from the projectile. 

A gain of one or more of the target-electrons by the projectile is known as electron-capture: 

ὢ ὃᴼὢ ὃ ȟ (1.9) 

here Ὧ ρ is the number of the captured electrons. 

Electron loss and electron capture have different dependences on the projectile charge, E, 

effective charge of the target atoms ὤ  and on the relative velocity of the collision ὺ. At 

high energies the cross section of the electron capture „  and electron loss „  processes 

scales as: 

„ ͯ
ήὤ

ὉȢ
ȟ     ὺ ḻὍȟ 

„ ͯ
ὤ

ή Ὁ
 ȟ     ὺ ḻὍȟ 

(1.10) 

where Ὅ is the projectile electron binding energy.  

The competition between these two processes at different energy regimes is demonstrated in 

figure 1.2 by the example of the U
39+ 

projectile ions colliding with Ar atoms [1.11, 1.12]. 

The calculation indicates that the two processes are complementary: at energies below 

1 MeV/u the electron capture is a dominated process, whereas at high energies it is overtaken 

by the electron loss. This result is supported also by the experimental data. At the intermediate 

energy, between 1 and 30 MeV/u, where the cross sections have a comparable size, the charge 

transfer is defined by the atomic structure of the projectile and target atoms. Two very 

diǟerent mechanisms contribute to the electron capture: the radiative capture, REC, in which 

the excess energy is carried away by a photon, and the non-radiative capture, NRC. An NRC 

is a capture of electrons bound in the target where the energy difference is compensated by a 

change of the projectile velocity and REC is a capture of a ñfreeò electron. The REC process 
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is dominant in high-energy collisions, whereas the non-radiative capture becomes negligibly 

small. 

 
Figure 1.2 Electron capture (EC) and electron loss (EL) cross sections in collisions of U

39+ 

ions with Ar atoms as a function of the projectile energy. Empty and solid symbols: one-

electron and total cross sections, respectively, from experiments [1.11] and [1.12]. Solid 

curves: calculations by the CAPTURE, DEPOSIT, and RICODE programs [1.13]  

 

The basic methods for calculating the electron capture cross section, such as the close-

coupling method with an atomic or molecular basis [1.17 - 1.20], the electron tunneling model 

[1.21], the absorbing sphere model based on the Landau-Zener theory [1.22], the classical 

overbarrier-transition model [1.23], the distorted-wave approximation with normalization 

[1.24, 1.25] give a satisfactory agreement with the experimental data in their respective range 

of validity. 

In figure 1.3 the electron capture cross section of Pb
25+ 

ions colliding with Ar atoms, 

calculated with the CAPTURE code and a semi-empirical formula (1.11), are compared with 

the experimental data: 

„
Ȣ

Ȣ

Ȣ

Ȣ ρ ὩὼὴπȢπσχὉȢ ρ ὩὼὴςȢττρπὉȢ   

Ὁ
Ὁ

ὤȢήȢ
ȟ   ή σȟ     Ὁ ρπ 

(1.11) 

At high energies the experimental results and the theoretical models are in a good agreement 

but below 3 MeV/u the semi-empirical formula does not describe correctly the data. At the 

lower energy collisions the electron capture process is overtaken by the projectile ionization. 

Generally, the projectile ionization cross section increases with projectile energy Ὁ and it has 

a maximum at around ὺͯρȢυὍςὙϳ  and decreases as Ὁ  at the high energy limit. 
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Figure 1.3 Electron capture cross sections in collisions of  

(a): Pb
25+ 

ions with Ar atoms (empty circles ï experiment [1.11], solid curves ï calculation 

using CAPTURE code [1.14] );  

(b): Pb
39+ 

ions with N2 molecules are solid and empty circles are one-electron and total 

capture cross sections from the experiment [1.11], solid squares - [1.15], dashed curves ï 

calculation with semi-empirical formula [1.16]  

 

According the classical Born theory, neglecting the binding energy of the projectile electron 

[1.26], the electron loss of light ions passing low-ὤ targets at high energy is: 

„ τ“ὥὤ ὤ ὤ
ὺ

ὺ
ȟ (1.12) 

light ions passing intermediate ὤ targets with ὤ ὤ
Ⱦ

: 

„ “ὥὤ ὤ
Ⱦ ὺ

ὺ
ȟ (1.13) 

heavy ions passing low ὤ targets: 

„ “ὥὤ
Ⱦ
ὤ
ὺ

ὺ
 (1.14) 

and heavy ions passing high ὤ targets: 

„ “ὥ ὤ
Ⱦ
ὤ
Ⱦ ὺ

ὺ
ȟ (1.15) 

The electron binding energy was taken into account by Alton et al. [1.27]: 

„ “ὥὔ ὤ
Ⱦ
ὤ
Ⱦ ὺ

ὺ
ȟ (1.16) 

here ὔ ï outermost electrons with ionization energy Ὅ.  
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A semi-empirical formula obtained by Shevelko et al. using the relativistic Born 

approximation (the RICODE program [1.13]) provides electron loss cross sections for heavy, 

many-electron ions in a wide energy range: 

„ ὃὤ ρ
ό

ό σȢυ

Ὑ

Ὅ

Ȣ

τ
ρȢσρ

ὲ
ὰὲτό ρ ȟ 

ό
ὺ

ὍὙϳ

‍ὧ

ὍὙϳ
ȟ  

(1.17) 

here ὃ πȢψψρπ  cm
2
, ὲ denotes the principal quantum number of the projectile outer 

shell electron and  Ὅ is the projectile ionization potential.  

 
Figure 1.4 Electron loss cross sections from different states in H-like (a) and He-like (b) Ar 

ions calculated by the RICODE program [1.13]. 

 

For heavy ions the role of multi-electron processes increases and the contribution of 

the multi-electron loss cross section can be more than 50% to the total one [1.28]. 

The electron loss cross section calculated with RICODE program has been used in the 

present work for investigation of the highly-charged Ar ions penetrating a Si-target. In figure 

1.4 the electron loss cross sections from different states in H-like and He-like Ar ions passing 

a Si-target are shown. The calculation shows higher projectile ionization probability from the 

excited states than from the ground state.  
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1.2 Ion ï crystal interaction 

In the case of a charged projectile passing an ordered structure, like a crystal, the interaction is 

different from a penetration through an amorphous target. Each crystal has a unique structure 

which can by described by an averaged periodic potential. Such a potential may affect the 

trajectory of the projectile in the target.  

 
1.2.1 Crystal structure 

The structure of a crystal can be considered as a Bravais lattice described by three unit vectors 

╪, ╪ and ╪ and the set of integers ὲȟὲ  and ὲ so that each lattice point, identified by a 

vector ►, can be obtained from: 

► ὲ╪ ὲ╪ ὲ╪ȟ (1.18) 

where ὲ, ὲ and ὲ are all possible integers [1.29].  

The Bravias lattice of a crystal is a unit element which repeats in three dimensions to 

the crystal size.  An arbitrary Bravias lattice is sketched in figure 1.5. 

 

Figure 1.5 An arbitrary Bravias lattice. 

 

Depending on the length of the ╪, ╪ and ╪ vectors and the values of the angles ‌, ‍ 

and ‎ between them, there are seven types of crystal systems: triclinic, monoclinic, 

orthorhombic, tetragonal, cubic, trigonal and hexagonal. A crystal system may have different 

types of lattice [1.29].  

In the simplest lattice is the one having an atom in every corner of the lattice polygon. 

This is the so-called primitive lattice. Further, a crystal system may have additionally two 

atoms in the polygons bases centers (base-centered lattice), or an atom in the volume center of 

the polygon (volume-centered lattice) or an atom in the center of every face of the polygon 

(face-centered lattice). Altogether, there are fourteen Bravias lattices.  

An axial orientation is a group of crystal atoms located along the axis which always 

goes from the origin of the coordinate system based on the unit vectors ╪, ╪ and ╪ to the 

point with coordinates (k, l, m). The coordinates k, l and m are integers called Miller indices. 

Ŭ 
ɓ 

ɔ 
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Crystallographic axes are denoted by values of the corresponding Miller indices enclosed in 

square brackets as [k l m]. For indices with negative value the notation becomes [k lӶ m].  

In figure 1.6 few examples of the axial orientations in an arbitrary crystal system are 

shown. In the present notation, the unit vectors directions can be named as [100], [010] and 

[001]. The atoms belonging to the axes [110] and [111] are marked with magenta color in 

figure 1.6 (a) and 1.6 (b), respectively.  

 

Figure 1.6 Different axial orientations in an arbitrary array of atoms. 

 

A planar orientation is a family of planes whose intercept is proportional to the length 

of 1/k, 1/l and  1/m on unit vectors ╪, ╪ and ╪. The interplanar spacing is defined also by 

the Miller indices and can be calculated for a specified crystal system type. Crystallographic 

planes are usually denoted using round brackets, as (k l m). In figure 1.7 (a) and (b) examples 

of (010) and (111) planar orientations are presented.  

 

Figure 1.7 Schemes of planar orientations in a crystal: (010) and (111) in (a) and (b). 

 

The crystal potential of an axial orientation is defined by the distance between the atoms in 

the raw. The planar potential is given by the total field created by the family of planes of a 

specific orientation. Therefore, it depends on the arrangement of the atoms in the plane and on 

the interplanar distance. Examples of axial and planar averaged potentials of Si and Ge 

crystals have been simulated in [1.30 ï 1.32] using Doyle-Turner approximation. 
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1.2.2 Ion motion in a crystal 

An ion penetrating in a crystal feels the periodic structure of the potential and can be captured 

to a specific oscillating motion along the crystal channel, i.e. around a crystallographic  axis 

or between two crystal planes. This phenomenon is called ñchannelingò.  

There are two kinds of channeling motion: axial and planar channeling. The axial 

channeling is a one-dimensional example of this phenomenon. A scheme of the axial 

channeling motion of a projectile is presented in figure 1.8 (a). The particle moves along one 

single row of atoms in Z direction and oscillates in two other directions X and Y. The planar 

channeling is a two-dimensional case, when the projectile particle interacts with the planar 

potential field oscillating between two atomic planes of a crystal. The projectile particle 

moves in Z direction with oscillations perpendicular to the crystal planes (figure 1.8 (b)). The 

particles following such trajectories are called ñchanneledò particles. The trajectory of the 

channeled particle is strongly affected by the potential energy of the crystal and can be 

described by solving the equation of motion [1.33].  

 

 

Figure 1.8 Schematic representation of the channeling motion: (a) axial channeling trajectory 

along a single crystal axis; (b) planar channeling trajectory between two crystallographic  

planes. 

 

The channeling phenomenon occurs only when the particle incident angle — is smaller 

than, the critical channeling angle —, called Linhardôs angle [1.33]: 

— Ὁ Ὁϳȟ (1.19) 

where Ὁ Ὁ— ς ὤὩὠϳ  is a transversal energy of the projectile defined by the 

projectile kinetic energy Ὁ and charge ὤ and by the depth of the crystal potential well ὠ Ȣ 

If — —, the particle will not have enough transverse energy Ὁ  to surmount the 

potential barrier and will be trapped in the transverse potential well. Thus, for a particle to be 

channeled, its entrance angle — must be such that its transverse energy should be of the order 

magnitude of the continuum axial or planar crystal potential. Under these conditions a particle 
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will be guided (steered by the potential) along the crystal channel. Therefore, for an 

occurrence of the channeling phenomenon of charged particles in a crystal certain values of 

the incident angle and incident energy must be satisfied.  

On the other hand, if — —, the penetrating particle will have too large transverse 

energy Ὁ  to be trapped in the channel and will be free to move across the crystal. This is so-

called non-channeling motion. 

The oscillating trajectory at the channeling conditions is caused by the projectile 

scattering on the valence electrons of the crystal atoms, whereas close collisions with nuclei 

of the target atoms are suppressed. 

A concept about continuous potentials of axes and planes and the channeling theory 

has been developed by J. Lindhard [1.33]. Many aspects of fast ions channeling physics were 

reported in the monograph of M.A. Kumahov and G. Shimer [1.34]. The majority of 

theoretical works about channeling radiation has been based on the concept of continuous 

potentials of axes or planes of the crystal forming a trajectory or wave function.  
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1.2.3 Resonant coherent excitation of ions 

A projectile ion passing a crystal-target with a velocity ɡ can be coherently excited by the 

crystal potential.  When the frequency ’  of the crystal field seen by the projectile is equal 

to the frequency ’  of the transition from the state Ὥ into Ὦ in the ion, a Resonant Coherent 

Excitation (RCE) of the ion may occur: 

’ ’ , (1.20) 

here ’ Ὁ ᴐϳ , where Ὁ  is the transition energy and ᴐ is  the Planck constant.  

The transition energy in a projectile ion can be found as, 

Ὁ ᴐ’ȟ (1.21) 

The frequency of the crystal field seen by the projectile moving in the crystal with velocity ⱳ 

is defined as: 

’
‎ⱳ

Ὠ
ȟ (1.22) 

where is ‎ the Lorentz factor and d is the distance between the atoms of the specific crystal 

orientation.  

Therefore, the resonance condition can written as, 

Ὁ
ᴐ‎ⱳ

Ὠ
 

(1.23) 

In the context of the present thesis, a direct resonant coherent excitation of the 

projectile ions from the state Ὥ to Ὦ in a crystal field with ’  frequency is called RCE. When 

the projectile ions ñfeelò simultaneously two fields with frequencies  ’  and ’  induced by 

different crystallographic orientations, a Double Resonant Coherent Excitation (DRCE) may 

occur. The DRCE is a sequential excitation of the projectile ions, first, from the ground state Ὥ 

to the intermediate state Ὦ and then, from the Ὦ to the higher excited state  Ὦ. The second 

step of the excitation is possible due to the additional energy transferred to the ion from the 

third frequency  ’  given by the difference between the frequencies ’  and ’ . 

In figure 1.9 RCE (a) and DRCE (b) mechanisms are shown using the example of a 

one-electron ion, H-like. For instance, an ion can be excited directly from the ground state 

into the n = 5 state by the field with frequency ’ȟ. Or the excited n = 5 state can be 

sequentially reached via an intermediate state n = 2; this is a DRCE.  
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Figure 1.9 Scheme of an RCE (a) and DRCE (b) in a H-like ion. The different excitation steps 

are denoted by red arrows and the different decay path of the excited state is denoted by blue 

arrows. 

 

1.2.4 De-excitation of the ions 

The excited ions can be ionized in random collisions with target atoms or they decay into the 

ground state via X-ray emission. Generally, the probability of the collisional ionization from 

the excited state is higher than from the ground state. Therefore, a decrease of the initial 

charge-state fraction of the ions passing the target is expected at resonance conditions. The 

occurrence of the RCE can be observed also from the radiative de-excitation by measuring the 

X-ray emission. The radiative de-excitation rates of the excited states in H-like Ar and the 

rates of the collisional ionization calculated for Ar at 450 MeV/u are listed in tables 1.2 and 

1.3, respectively. The decay rates of the 2p 
2
P1/2   and 2p 

2
P3/2  states are taken from [1.35] and 

the decay rates of the higher states, n = 3, 4, and 5, are calculated using the classical 

approximation [1.36] omitting the fine structure. The collisional ionization was calculated by 

the RICODE (Relativistic Ionization CODE) considering randomly oriented crystal-target, 

neglecting the density effects of the target [1.13].  

Typically, an RCE is indicated from the sharp decrease of the initial charge-state 

fraction of the ion passing the target. The detection of the photon emitted from the decay of 

the excited state may help to distinguish RCE from DRCE. The theory shows that the 

collisional ionization from the excited states and radiative decay of the n = 2 states in highly-

charged relativistic Ar projectiles occur with probabilities of the same order of magnitude, 

hence, both processes are experimentally measurable. Nevertheless, there are some 

experimental aspects recommending non-coincident accumulation of the ion and X-ray yields 

(see chapter 2).  

The calculated transition rates of the excited states in He-like Ar are presented in table 

1.4. The decay rates of the 1s2p states are taken from [1.37] and the decay rates of the n = 3 

state, are calculated using the classical approximation [1.36] omitting the fine structure. 
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Table 1.2 Calculated decay rates of the excites states in Ar
17+

 [1.35]  

Transition Decay rate, s
-1

 

2p 
2
P1/2   Ÿ 1s 

2
S1/2 (E1) 

2p 
2
P3/2   Ÿ 1s 

2
S1/2 (E1) 

6.5935×10
13

 

6.5538×10
13

 

3p Ÿ 1s 
2
S1/2 (E1) 

4p Ÿ 1s 
2
S1/2 (E1) 

5p Ÿ 1s 
2
S1/2 (E1) 

6.89×10
12

 

1.62×10
12

 

5.29×10
11

 

3s Ÿ 2p (E1) 

4s Ÿ 2p (E1) 

5sŸ 2p (E1) 

4.78×10
12

 

9.68×10
11

 

2.96×10
11

 

 

Table 1.3 Collisional ionization rates in Ar
17+

 in 1 ɛm Si-crystal [1.13] 

State 
Ionization probability  

at 450 MeV/u, s
-1

 

Ionization probability  

at 390 MeV/u, s
-1

 

1s 4.36×10
13 

4.44×10
13 

2p  

2s 

9.12×10
13

 

1.20×10
14

 

9.34×10
13

 

1.22×10
14

 

3p 

3d 

3s 

1.56×10
14

 

1.53×10
14

 

2.02×10
14

 

1.60×10
14

 

1.56×10
14

 

2.07×10
14

 

4p 

4s 

4d 

2.14×10
14

 

2.75×10
14

 

2.08×10
14

 

2.22×10
14

 

2.86×10
14

 

2.16×10
14

 

5p 

5s 

5d 

2.37×10
14

 

3.05×10
14

 

2.31×10
14

 

2.44×10
14

 

3.17×10
14

 

2.40×10
14

 

 

Table 1.4 Calculated transition probabilities in Ar
16+

 [1.37]  

Transition Decay rate, s
-1

 

1s2p 
3
P1Ÿ 1s

2
 S0  (E1) 1.82×10

12
 

1s2p 
1
P1Ÿ 1s

2
 S0  (E1) 1.07×10

14
 

1s3p Ÿ 1s
2
 S0    (E1) 5.48×10

12
 

1s3pŸ 1s2p (E1) 3.80×10
12

 

 

Table 1.5 Collisional ionization probability in Ar
16+

 in 1 ɛm Si-crystal at 381 Mev/u [1.13] 

State 
Ionization probability  

at 381 MeV/u, s
-1

 

1s 1.01×10
14 

2p  

2s 

1.04×10
14

 

1.36×10
14

 

3p 

3d 

3s 

1.77×10
14

 

1.72×10
14

 

2.28×10
14
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In the case of excited He-like projectiles, a de-excitation via collisional ionization or 

radiative decay takes place too. The calculated probabilities of the collisional ionization from 

different states in He-like Ar at 381 MeV/u are listed in table 1.5.  

The probability of the collisional ionization from the 1s2p excited state in Ar
16+ 

and 

the probability of the radiative decay from this excited state into the ground state are 

comparable. Therefore, the occurrence of the RCE in Ar
16+

 into the 1s2p state can be seen 

experimentally from the variation of the X-rays and the charge-states yields.  
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1.2.5 Alignment of the magnetic substates of He-like and H-like ions 

The population of the magnetic substates of the ions coherently excited in a crystal target can 

be controlled by the polarization direction of the oscillating crystal field. 

The X-ray radiation direction from the decay of an excited state into the ground state 

in He-like ions is characterized by the orbital angular momentum of the excited state 

(neglecting the electron and the nuclear spin). The probability of the 1s
2
 ­ 1s2p electric 

dipole transition is determined by the squared transition matrix element: 

ὖ ᴼ  ȿộρίȿἐἬȿρίςὴỚȿȟ (1.24) 

where  Ἤ ộρίȿὩ ἺȿρίςὴỚ is the effective dipole moment and Ἲ is the position operator. ἐis 

the electric crystal field in the rest frame of the ions.  

According to the Lorentz transformation [1.38] from the laboratory system ὧὸȟὼȟώȟᾀ into 

the rest frame of the relativistic ions ὧὸᴂȟὼᴂȟώᴂȟᾀᴂ moving with a velocity ○ in Z direction: 

ὧὸ ‎ὧὸ‍ϽἺ 

Ἲ Ἲ
‎

‎ ρ
‍ϽἺ‍ ‎‍ὧ 

(1.25) 

The Lorentz transformation for electromagnetic field is written as, 

ἐ ‎ἐ ὧ‍Ἄ
‎

‎ ρ
‍‍Ͻἐ 

Ἄ ‎Ἄ
‍

ὧ
ἐ

‎

‎ ρ
‍‍ϽἌ 

(1.26) 

Using a general expression for the crystal potential under the Moliere approximation [1.39] 

the electric field will be defined as, 

ἐ 6ɳἺ ς“Ὥ▌ ὠἯÅØÐ ς“ὭἯϽἺ (1.27) 

Where Çȟȟ Ὧὥᶻ ὰὥᶻ άὥᶻ is a reciprocal lattice vector and k, l and m are the Miller 

indices. The factor ὠἯ is the Fourier coefficient of the potential 6Ἲ. The vectors a1, a2 and a3 

are the unit vectors coinciding with the 110, ππρ and [110] axes of the Si crystal, 

respectively (see figure 1.10 (a)). 

The coordinate system XYZ showed in figure 1.10 (a) is chosen in such a way that the 

ions move along Z axis.  With green and yellow the (220) and (004) crystal planes are 

indicated. A relation of the XYZ system to the detectors alignment is represented in figure 

1.10 (b). 
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Figure 1.10 (a) Si crystal unit cell; (b) the X-ray detectors alignment. 

 

The electrical field ἐ of the crystal in the rest frame of the ions can be defined by substituting 

the expressions for the vector Ἲ obtained from (1.25) and for the electric field ἐ (1.27) into 

(1.26). We consider the case of purely electric crystal field when Ἄ π. 

ἐᴂἺȟὸᴂ ς“ὭὫ ὠἯ
Ἧ

Ἧ
‎

‎ ρ
ἯϽ‍‍ ÅØÐ ς“ὭἯϽἾ◄ᴂ

ÅØÐ ς“ὭἯϽἺ
‎

‎ ρ
‍ϽἺᴂ‍  

(1.28) 

Assuming that the ions move along the Z axis, the electric field components normal to ions 

velocity v are multiplied by ‎, while the parallel components are not affected by the motion of 

the coordinate. Therefore, the amplitude vectors of the electric field in the rest frame of the 

ions are: 

ȿἐᴂȿ ‎ȿἐȿ ς“ὠἯ‎Ὣ 

ἐᴂ ‎ἐ ς“ὠἯ‎Ὣ 

ȿἐᴂȿ ȿἐȿ ς“ὠἯὫ  

(1.29) 

Thus, the polarization direction of the oscillating crystal field is parallel to the vector 

‎Ὣȟ‎ὫȟὫ . The probabilities of the excitation into different magnetic substates 1s2p are 

proportional to the squared amplitudes of the correspondent electrical field components: 

 

   

 X 

 

a
1
 

a
3
 

a
2
 

Z 

Y 

 

 

ű=41 ̄

ɗ=45 ̄

Si target 

X 

Z 

Y 

ñin-planeò 
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π
π
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ὖ ȿͯἐᴂȿ ς“ὠἯ‎Ὣ  

ὖ ͯἐᴂ ς“ὠἯ‎Ὣ  

ὖ ȿͯἐᴂȿ ς“ὠἯὫ   

(1.30) 

The components of the reciprocal vector g,  Ὣȟ Ὣ and Ὣ, can be found using the inverse 

rotation matrix Ὑ  and Ὑ : 

Ὣ
Ὣ
Ὣ

Ὑ Ὑ

άὥᶻ

ὰ ὥᶻ

Ὧ ὥᶻ
 

ρ π π
π ÃÏÓ— ÓÉÎ—
π ÓÉÎ— ÃÏÓ—

ÃÏÓ• π ÓÉÎ•
π ρ π
ÓÉÎ• π ÃÏÓ•

ở

Ở
Ở
Ở
ờ
ά
Ѝς

ὥ

ὰ 
ρ

ὥ

Ὧ 
Ѝς

ὥỢ

ỡ
ỡ
ỡ
Ỡ

 

(1.31) 

ρ

ὥ

ЍςὯÓÉÎ• ЍςάÃÏÓ•

ЍςÓÉÎ— ὯÃÏÓ• άÓÉÎ• ὰÃÏÓ•

ЍςÃÏÓ— ὯÃÏÓ• άÓÉÎ• ὰÓÉÎ—

 

 

 

Here ὥᶻ, ὥᶻ and ὥᶻ are the reciprocal unit vectors. 

The ratio between the X-ray emission measured by the ñout-of-planeò and the ñin-planeò 

detectors in the present experiments is expected to be: 

Ὑ
 ὔ ͼ ͼ

ὔ  ͼ ͼ 

ὖ ὖ

ὖ ὖ

‎Ὣ Ὣ

‎Ὣ Ὣ
 (1.32) 

Assuming — and •ḺρЈ: 

Ὑ
ςὯ ‎ὰ

ςὯ ς‎ά
 (1.33) 

In the case of He-like ions the effect of fine structure were neglected because the spin angular 

momentum  S = 0 for 2p states. The spin-orbit interaction modifies the shape and the 

dynamics of the electronic wave function of the excited states in H-like ions. The intensity 

distribution of the electric dipole radiation into the :solid angle is ‫ 

Ὅ‫ ρςϳ ρ ÃÏÓς‫  (1.34) 

In the geometry of the present experiment (see figure 1.10): 

ÃÏÓ‫
Ὂᴂ

Ὂᴂ
                   ÃÏÓ‫

Ὂᴂ

Ὂᴂ
 

(1.35) 
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The ratio between the ñout-of-planeò and ñin-planeò X-ray emission is defined then as, 

Ὑ
 ὔ ͼ ͼ

ὔ  ͼ ͼ 

Ὅ‫

Ὅ‫

‎Ὣ Ὣ

‎Ὣ Ὣ

ψὯ τ‎ὰ ς‎ά

ψὯ ‎ὰ ψ‎ά
 (1.36) 
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2 The experiment 

In the present work Resonant Coherent Excitation (RCE) and Double Resonant Coherent 

Excitation (DRCE) of H-like and He-like Ar ions passing a Si-crystal have been 

experimentally investigated. This chapter is dedicated to the methods and instrumentation 

used in the experiments performed at the HIMAC facility in Chiba, Japan.  

The beam preparation procedure is discussed in sections 2.1 and 2.2. The experiment 

set-up is presented in detail in section 2.3. The high-precision goniometer and the target 

installed in the vacuum chamber are presented here. Section 2.4 reports on the detectors used 

to measure the charge-state yields of the projectiles and the X-ray emission from the decay of 

the projectile excited states into the ground state. Details regarding the experimental 

conditions used to observe the RCE and DRCE in highly-charged ions using a crystal-target 

are covered in section 2.5.  
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2.1 The HIMAC facility  

The Heavy Ion Medical Accelerator (HIMAC) has been built in Chiba, Japan in 1984 and was 

the first heavy-ion accelerator dedicated to medicine in the world [2.1].   HIMAC was 

promoted by the Japanese National Institute of Radiological Sciences (NIRS) and was 

designed for cancer therapy. To satisfy the medical requirements the accelerator provides 

beams of H
q+

, He
q+

, C
q+

, O
q+

, Ne
q+

, Ar
q+

, Fe
q+

, Kr
q+ 

and Xe
q+

 ions with different charge-states 

q in the energy range from 100 MeV/u to 800 MeV/u with intensities up to 2 × 10
11

 pps (for 

C). In figure 2.1 a cross-sectional view of the HIMAC is presented. It consist of ion sources, 

an RFQ (Radio Frequency Quadrupole) and Alvarez-type linacs, two synchrotron rings, high 

energy beam transport lines, and irradiation facilities for treatment and experiments. 

 
Figure 2.1 Scheme of the HIMAC facility: ion sources, a sequence of linear accelerators, two 

synchrotron rings, experimental area and therapy rooms [2.2]. 

 

The injection system of the HIMAC has two types of ion sources: a Penning Ionization 

Gauge (PIG) and an Electron Cyclotron Resonance (ECR) source.  The PIG source is foreseen 

for a light ions production and the ECR is typically used as a heavy ions source. To match the 

injection energy of the first acceleration stage, the RFQ linac, of 8 keV the ion sources are put 

on high voltage platforms, up to 60 kV.  
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2.1.1 The linear accelerator 

The first acceleration stage of the ions after living the source is a conventional four-vane type 

RFQ linac. The RFQ parameters are presented in table 2.1.  

Table 2.1 The RFQ linac specifications 

Specifications  

Operation frequency 100 MHz 

Input / Output energy 8 / 800 keV 

Charge-to-mass ratio 1/7 

Transmission efficiency  0.92 

Number of unit cells 300 

Acceptance 145 ˊmmĿmrad 

Normalized acceptance 0.6 ˊmmĿmrad 

 

The RFQ linac is followed by the Alvarez-type linear accelerator which consists of three 

independent cavities and each cavity is fed with an RF power of about 1MW peak. The 

Alvarez linac tank is in total 24 m long, and consists of 106 unit cells. The Alvarez linac is 

separated into four tanks longitudinally. 

Table 2.2 The Alvarez linac specifications 

Specification Tank 1 Tank 2 Tank 3 

Synchronous phase  30ę 30ę 30ę 

Ion energy  0.8-2.669  MeV 2.669-4.385  MeV 4.385-6.060  MeV 

Tank length  9.768  m 7.202  m 6.907  m 

Acceleration rate 1.34  MeV/m 1.67  MeV/m 1.7  MeV/m 

Tank diameter  2.20  m 2.18  m 2.16  m 

Drift tube diameter 16 cm 16 cm 16 cm 

Drift tube length 9.85-16.45 cm 17.99-21.72 cm 22.9- 25.73 cm 

Number of the unit cells 56 28 22 

Acceptance 67́  mm·mrad - - 

Normalized acceptance  2.8́  mm·mrad - - 

 

At the end of the Alvarez linac a 100 ɛg/cm
2
 carbon stripper foil is installed in order 

obtain high charge-states of the ions. The ion beams, supplied by the linear accelerator system 

(at 6.060 MeV/u) are further injected into the one of the synchrotron rings. 
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2.1.2 The synchrotron accelerator 

The synchrotron of the HIMAC facility consists of two rings located at the lower and upper 

underground flours at 7 m distance in vertical direction. The rings are operating independently 

from each other in order to provide two different beams in the same or in different therapy 

rooms. The main parameters of the synchrotron are listed in table 2.3. 

Table 2.3 The synchrotron parameters 

Specifications  

Injection energy 6 MeV/u 

Output energy 100 MeV/u ï 800 MeV/u 

Maximum intensities for light ions 10
11

 ppp 

Repetition rate 0.3 ï 1.5 Hz 

Charge-to-mass ratio 0.5 

Vacuum 5·10
-9

 Torr 

 

Both rings are identical and supply H
q+

, He
q+

, C
q+

, O
q+

, Ne
q+

, Ar
q+

, Fe
q+

, Kr
q+ 

and Xe
q+

 

ions with different charge states q in the energy range from 100 MeV/u to 800 MeV/u. Each 

synchrotron consists of 12 dipole magnets, 12 focusing quadrupole magnets and 12 

defocusing quadrupole magnets. The two rings have a multiturn injection channel and slow 

extraction channels. 

The upper ring is designed to have also a fast extraction channel and the lower ring has 

a fast injection channel to receive the ions accelerated by the upper ring. The extraction beam 

system [2.1] transports slowly extracted ions from each ring to the High Energy Beam 

Transport (HEBT) system where the fine beam tuning is done before delivering the 

accelerated highly-charge ions to the experimental area or the therapy rooms.   



33 

 

2.2 The ion beam 

For the present experiments relativistic beams of H-like and He-like Ar ions have been 

supplied by the HIMAC facility. Ar
8+

 ions have been accelerated up to 6 MeV/u by the 

sequence of linacs (RFQ and Alvarez type) and striped to H-like or He-like charge state 

passing a 100 mg/cm
2 

C foil at the end of the Alvarez linac, before the injection into the 

synchrotron. The ions, accelerated by the synchrotron up to the requested energy, are 

extracted from the ring and transported via High Energy Beam Transport (HEBT) system to 

the experimental area.  

The present experiments require a narrow, parallel ion beam to satisfy the resonance 

conditions. Due to radiation therapy needs the HEBT is equipped with numerous beam profile 

monitors and steering magnets in order to provide precise beam positioning on a target. The 

narrow beam was prepared by passing a lead collimator in the beam line. The collimator, with 

a diameter of about 6 mm, was placed at the entrance of the target chamber. Figure 2.2 shows 

the beam profile registered by a fluorescence screen placed at 10 mm in front of the crystal 

target.  

 

Figure 2.2 Profile of Ar ion beam on a fluorescent screen installed before the target, inside 

the vacuum chamber: left ï without collimator, right ï with collimator. 

 

The maximum beam intensity of about 3×10
8
 ppp was used for the X-ray 

measurements and for the ion charge-state measurements the intensity has been reduced to 10
5
 

ppp due to the limitations of the particle detector.  
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2.3 The setup 

In the present experiment the interaction of the highly-charged Ar ions with the Si-crystal was 

studied by measuring the projectile X-ray emission and the charge-state distribution of the 

ions after passing the target.  

The scheme of the experimental setup is shown in figure 2.3. A Si-crystal target was 

mounted perpendicular to the beam direction in the support of a 5-axis goniometer under 

vacuum. The goniometer allows the alignment of the target relatively to the beam direction in 

such a way that the resonant conditions for the ion excitation can be found with high 

precision.  

 
Figure 2.3 The scheme of the experimental setup: placement of the ñin-planeò and ñout-of-

planeò X-ray detectors and Position Sensitive Detector (PSD). 

 

Photons emitted from the target and projectile ions were registered by solid state 

silicon detectors installed ñin-planeò and ñout-of-planeò behind the crystal-target, inside the 

goniometer vacuum chamber. The projectile ions, after passing the crystal, are transported by 

a dipole magnet installed behind the goniometer chamber, and their different charge-states 

crated in the crystal are separated accordingly. At the end of a 5 m long flight path, the ions 

are detected by a two-dimensional position sensitive silicon detector. Due to the fact that for 

high beam intensities the particle detector cannot be used for beam monitoring (see section 

2.4) at the end of the beam line a copper foil was installed. Ions passing the foil excite the Cu 

atoms and the resulting X-ray yield is proportional to the intensity of the penetrating ion 

beam. Emitted photons from the foil were measured by a third X-ray detector and used for a 

relative normalization of the RCE photons accumulated during different time intervals. The 

normalization also corrects possible variations in the beam intensity. 
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2.3.1 The vacuum chamber 

A custom stainless steel chamber, designed for the RCE experiments, was installed in the 

beam line. The vacuum chamber, 59 cm height and 67 cm diameter, was mounted on a 

stainless steel frame which provides access inside of the chamber trough the opening in the 

bottom of the chamber. The exact position of the chamber relatively to the beam axis has been 

adjusted using a telescope. The goniometer is fixed on the upper flange of the chamber. The 

numerous ports though the wall of the chamber are used for the cabling of the detectors and 

electronics installed inside the chamber, for the vacuum pump and as a view port inside the 

chamber. A picture of the vacuum chamber is presented in figure 2.4 

 

Figure 2.4 The goniometer vacuum chamber. 

 

2.3.2 The high precision goniometer 

The goniometer is essential for the precise alignment of the target-crystal relatively to the 

beam direction. The resonance conditions are found in these experiments by careful tuning of 

the crystal position instead of changing the ion energy.  

The goniometer has five moving axes. The different axes are driven by independent 

step motors. The motor stepping is transformed in the movement along or around the three 

axes by a combination of different screw-like shafts.  

The goniometer moves the target in five directions: it can be translated along X and Y 

directions (perpendicular to the beam direction) and it rotates around X, Y and Z axes; these 






































































































































































































