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Background 

In collisions of heavy ions with target atoms the strong Coulomb field of one of the 
`collision partners' can cause simultaneous ejection of several electrons of the second one. 
This process results in a reduction of the nuclear charge screening and increases the binding 
energy of remaining electrons [1]. Consequently, the energies of x-rays emitted from such 
multiply ionized atoms are shifted with respect to the corresponding x-ray energies of singly 
ionized atoms and reflect the actual configuration of electrons during x-ray emission. Finally, 
as a result of the multiple ionization, instead of a single-hole x-ray  transition called the 
diagram line, the structure of x-ray satellites appears. 

Collision processes have been studied extensively for many years but these studies were 
focused mainly on single or multiple K-, L-, M-shell ionization occurring in the target atoms. 
The satellite structure of K and L x-ray lines of the target atoms, observed mainly with high 
resolution spectrometers [2-5], was interpreted as the result of additional vacancies in outer 
shells of the atom. However, more complicated processes are experienced by a projectile as a 
second partner of the ion-atom collision. During the first collision K-vacancy and/or multiple 
L-, M-, N- or higher shell vacancies can be produced. Further, the ion can collide with the 
other target atoms and capture or loss of electrons can occur before its original vacancies are 
filled by outer electrons. The competition between ionization, excitation, electron capture, 
electron loss and decay processes leads to the establishment of an electron-vacancy 
equilibration in different shells of the moving projectile. Collision processes occurring 
between the swift heavy ions and target atoms have been  investigated during last decades [6-
13] but most systematic experiments were performed using high resolution measurements of 
K or L x-rays from different projectiles in solid targets [14-23]. A review of problems 
discussed and experimental works has been published by Beyer et al. [24]. 

For low resolution x-ray spectrometers, such as a semiconductor Si(Li) detector, the 
satellite structure of induced x-rays cannot be resolved. Nevertheless, the measured x-ray 
spectra are strongly affected by multiple ionization, namely the x-ray lines are shifted towards 
higher energies and broadened [25,26] and thus information on probabilities of multiple 
ionization still can be extracted. The method of analysis of multiple ionization from low 
resolution x-ray spectra was used in our works to study the ionization probabilities for M, N 
and O shells of heavy atoms generated by projectiles [25,27-29] and for K, L and M shells of 
sulphur projectiles passing through a carbon foil [30]. We have used the fact that the x-ray 
satellite structure can be well approximated by the Gaussian profile, whose energy shift and 



width depend on the ionization probability for the L and M shells at the moment of x-rays 
emission. In the present paper this method is also used.  

The dependence of x-ray production cross sections of heavy ions on foil thickness has 
been demonstrated in several papers [6,9,23,31-35]. Generally, measured projectile x-ray 
yields are strongly dependent upon whether or not a K vacancy exists in the incoming ion. In 
some works it was found that K vacancy equilibrium is not reached until the ion passes 
through many atomic layers in the foil. Indeed, the works of Scharfer et al. [36] and Gray et 
al. [37]} concerning sulphur ions show directly that the magnitude of K vacancy fractions of 
the ions are dependent on foil thickness. On the other hand, the charge equilibrium state for 
shells higher than K shell is reached very rapidly (in the first few atomic layers), as it was 
shown by Cocke et al. [38]. To describe these results quantitatively a model based on 
formulation of Allison [39] has been widely applied. Betz et al. [6] sed a so called `two 
component' version, in which the beam is considered to consist of two fractions of ions, those 
with and those without the K vacancy. In the case of a collision, when the fraction of ions 
with two K vacancies plays a significant role, Gardner et al. [11] have shown that it is 
necessary to consider a `three-component' version, where the projectile may have zero, one or 
two K vacancies.  
 
 
Experimental details 

Sulphur ion beams with incident energies of 9.6, 16.0, 22.4, 32.0 MeV and with initial 
charge states q=4+, 6+ were obtained from the tandem accelerator at the Institute of Physics of 
the Erlangen Nürnberg University. Other energies 65, 79, 99 and 122 MeV and with incident 
charges of 13+ and 14+ were obtained from the U-200P cyclotron at the Heavy Ion Laboratory 
of Warsaw University. A schematic diagram of the experimental arrangement is shown in 
figure 1. Two collimators located at 24 and 38 cm in front of the target are used to define 2 
mm in diameter beam spot on the target. Self-supporting carbon foils with effective thickness 
of 15-210µg/cm2, were positioned in the target holder at the center of vacuum chamber at an 

angle of 25o to the direction of 
the beam. The geometry of the 
experimental arrangement used 
in this work means that the 
detector should register x-rays 
emitted by projectile inside the 
target as well as from distance 
up to 1.2 cm behind the target, 
so during such experiments x-
rays with lifetimes up to 10-12 
sec are registered.  

The  carbon targets were 
prepared by vacuum evaporation 
and their absolute thickness was 
determined in the separate 
measurements of energy loss of 
5.48 MeV α particles from 
241Am source. The stopping 
power values for α particles in 
carbon needed to calculate the 
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foil thickness were obtained from Biersack and Maggamark [40]  and the final target 
thickness was calculated by the computer code TRIM [41]. Additionally these thicknesses 
were checked using elastic scattered 2.0 MeV 4He+ ions from the Van de Graaff accelerator. 
Absolute target thicknesses were determined with the accuracy of about ± 4%. The targets 
could be considered as `thin' because the ions passing through the foil did not lose energy 
appreciably (∆E was less than 0.15Eo for the thickest target and for the lowest ion energy and 
decreased rapidly up to 0.01Eo for the highest projectile energy). The effective ion energy was 
further used. The self-absorption of the measured x-rays in a target is also small (less than 
4%). Independent measurements of target thickness enabled absolute normalization of the x-
rays intensity on the incident number of projectiles obtained from elastically scattered sulphur 
ions detected in a silicon surface-barrier detector located inside the chamber at 12.5o to the 
beam direction.  

The K x-rays emitted from the moving projectiles were measured in the beam incident 
side of the target at 90o to the beam direction by a Si(Li) detector (30mm2 active area, crystal 
thickness 5 mm and energy resolution of FWHM=170 eV for 6.4 keV) placed outside the 
target chamber. Projectile x-rays passed in their way to the detector through 10 µm metallised 
Mylar chamber window, 25 µm thick beryllium detector window and 5 mm air gap between 
both windows. Since the registered K x-rays of the sulphur projectile were attenuated due to 
transmission through these various absorbers the used x-ray spectrometer was carefully 
calibrated to obtain its detection efficiency. The calibration was performed in x-ray energy 
range of 1.5-120 keV using standard calibrating sources of 57Co, 133Ba, 152Eu, 241Am and by 
PIXE measurements of x-rays from thin calibrating targets (Zt=13-42) according to the recipe 
of Pajek et al. [42]. For the relatively low energy region in this work (2-5 keV) the detector 
efficiency was determined within uncertainty less than 4%. The energetic calibration of the 
spectrometer (a second sensitive parameter at the present study) was checked several times 
during experimental runs by measurements of the x-rays emitted from standard radioactive 
sources (57Co, 133Eu, 152Ba and 241Am) and was determined with an uncertainty of 2-3 eV 

depending on the experimental run. 
 
 
 
Spectra analysis procedure 
 
 

Typical x-ray spectra recorded by 
Si(Li) detector for sulphur ions passing with 
energies of 16, 22.4, 79 and 122 MeV 
through a carbon target are presented in Fig. 
2. The origin of all recorded peaks is 
described in detail in our previous paper [30]. 
The resolved sK 2,1α , sK 3,1β  satellite and 

hK 2,1α , hK 3,1β  hypersatellite peaks are the 
results of the overlapped contributions 
corresponding to transitions of the following 
types: 1s-1→ 2p-1, 1s-1→ 3p-1, 1s-2→ 1s-12p-1 
and 1s-2→ 1s-13p-1, respectively, from highly 
ionized sulphur projectiles. For sulphur ions 
with incident energies of 79-122 MeV an 

102

103

104

102

103

104

103

104

1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8

103

104

22.4 MeV

 

KREC

Kβs

Kαs

 1,3

1,2

1,3

1,2
16.0 MeV

KREC

Kβs
Kαs

 

co
un

ts

1,3
1,3

1,21,2

1,3

1,2 1,2

1,3

79 MeV

Kyh
KβhKβs

Kαh
Kαs

 

122 MeV

Kyh
Kβs Kβh

Kαh
Kαs

 

 

energy   (keV)

Fig. 2. X-ray spectra emitted by sulphur 
ions at energies 16.0, 22.4, 79 and 122 
MeV passing  through  the  carbon  
target.   
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additional highest-energy peak in the measured x-ray spectra labelled as Kyh (see Fig. 2) has 
been detected. This peak corresponds to the hypersatellite transitions from the 4p and 5p 
subshells (i.e. the transitions of the following types: 1s-2→ 1s-14p-1 and 1s-2→ 1s-15p-1) and 
proves that the Kyh satellite transitions (i.e. the transitions of the following types:  1s-1→ 4p-1  
and 1s-1→ 5p-1) also take place. The lack of a separate Kys satellite peak in the observed 
spectra indicates [30] that the contribution of this type of transition must overlap with another 
peak.  The Kys peak intensity has been calculated from hK 3,1β  one according to the procedure 
described by Majewska et al. [30].  

In contrast to the sK 2,1α  and sK 3,1β  diagram lines in the x-ray spectrum of the singly 

ionized sulphur atom, the resolved (see 2) sK 2,1α , sK 3,1β  satellite and hK 2,1α , hK 3,1β , Kyh 
hypersatellite peaks in the x-ray spectrum emitted by multiply ionized sulphur projectiles are 
broadened and shifted towards higher energies (the widths and energy shifts are characteristic 
for individual peaks). In this work all x-ray peaks recorded by Si(Li) detector were formed, in 
fact, by a convolution of a wide ( 150 eV) Gaussian response function of the semiconductor 
detector with the natural structure of the satellite or hypersatellite lines in the K x-ray 
spectrum, having typical energy spacing in the range of tens of eV. In our previous work by 
Banaś et al. [27] we have shown that assuming the binomial character of the intensity 
distribution of x-ray satellites and taking into account their natural widths and their Gaussian 
energy spread in the semiconductor detector, the measured x-ray peaks appear as the Gaussian 
profile which is shifted and broadened with respect to the diagram line. Moreover, we have 
demonstrated [27] that the energy shift and width of each measured x-ray peak can be 
expressed in terms of the multiple ionization probabilities and the energy shift per electron 
vacancy. In the present study we have adopted this method for analysis of the measured K x-
ray spectra of multiply ionized sulphur projectiles passing through a carbon foil. The energies 
and intensities of resolved x-ray peaks were determined from a least-square analysis of the 
spectra using four or five (see Fig. 2) fitting Gaussian functions (with the characteristic width 
of Gaussian function for each peak) and a polynomial form of the background. The energy 
shift and width of each x-ray peak reflect the electronic configurations of highly ionized 
sulphur projectiles at the time of x-ray emission and the results of such studies have been 
published in our previous papers [30,43].  

The measured energies of all of the x-rays emitted from the moving ions were corrected 
for the Doppler effect resulting in transformation of registered energies into the projectile rest 
frame. The stopping power of sulphur ions in the target was taken into account by using 
effective beam energy. The measured intensities of the x-ray peaks were corrected for the 
detector efficiency and for self-absorption of x-rays in the target. 
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Results 

1. A new theoretical model based on the results of the single-configuration DF calculations 
(and using equilibrium charge state distribution and fluorescence yields) has been 
proposed in order to estimate the role of various types of electronic configurations and to 
evaluate the average population of different shells in fast sulphur ions passing through the 
carbon foils from low resolution K x-ray spectra. 

[U. Majewska et al., Configurations of highly ionized fast sulphur projectiles passing 
through a crbon foil evaluated from low-resolution K x-ray spectra. J. Phys. B: At. Mol. 
Opt. Phys. 35 (2002) 1941]. 

2. A new interpretation of low resolution K x-ray spectra parameters of highly ionized 
sulphur projectiles passing through the carbon foils has been proposed using theoretical 
model based on the single-configuration Dirac-Fock calculations, equilibrium charge state 
distribution and fluorescence yields for multiply ionized sulphur ions, the population of L 
and M shells (in the case of 9.6 - 32.0 MeV beam energy), the probability of K-hole 
creation and the average population of L-shell, 3p and 4p subshells (in the case of 65 - 122 
MeV) of sulphur ions have been estimated. Additionally, the lifetimes of discussed highly 
excited states of sulphur ions have been obtained from the studying of dynamics of 
formation of K-hole fractions of sulphur projectiles projectiles inside a carbon foil. 

[U. Majewska, et al., Highly excited states of sulphur projectiles inside a carbon target, 
Nucl. Instrum. and Meth. in Phys. Res. B205 (2003) 799]. 

3. The dependence of the satellite and hypersatellite sulphur K x-ray production cross 
sections on the target thickness has been examined, for the first time separately for each 
line recorded  in spectra of characteristic x-rays of the projectiles at energy range of 65-
122 MeV. The three component model, which expresses the probability of an ion charge-
changing collisions by the cross sections σij was used. For each sulphur projectile energy 
the values of the K-shell vacancy production cross sections and the K-shell vacancy loss 
cross sections (independently for the electron capture and for the radiative and Auger 
decays) have been fitted. The obtained experimental values of all σij cross sections have 
been used later to determine the dynamics of formation of the K-vacancy fractions of the 
sulphur projectiles passing through a carbon foil. 

[J. Braziewicz, et al., Dynamics of formation of K-hole fractions of sulphur projectiles 
inside a carbon foil, Phys. Rev. A69 (2004) 062705] 



4. It has been shown that the energies of K X-ray lines emitted from sulphur projectiles are 
very sensitive to the degree of ionization of their L and M shells. Therefore probably for 
the first time, the projectile low-resolution K X-ray spectra have been used for evaluation 
of a mean equilibrium charge, q  , for sulphur ions passing with energies of 9.6, 16.0, 22.4 
and 32.0 MeV through Al, Ti and Fe targets. 

[J. Braziewicz, et al., Sulphur ion charge states inside solids from low-resolution K X-ray 
spectra, Nucl. Instrum. and Meth. in Phys. Res. B (2004) accepted for publication] 

 
 
 
 
 


