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Introduction 

In November 2015 a new laboratory for nuclear and environmental research and for 

development of nuclear technologies was established at the Department of Nuclear Physics 

and Biophysics at the Faculty of Mathematics, Physics and Informatics of the Comenius 

University in Bratislava. This laboratory was given a name CENTA (Centre for Nuclear and 

Accelerator Technologies). The facility is equipped with a system that is capable of various 

ions production and their further application and analysis. The main device in the laboratory is 

an electrostatic linear tandem accelerator, which is designed for obtaining of ion beams with 

acquired attributes (energy, intensity etc.).  The main scientific purpose of the laboratory is 

the gradual implementation and consecutive utilization of ion beam techniques and methods 

primary in nuclear and environmental sciences. The idea is to extend the area of research on 

new material development and surface treatment of materials using ion beams.  

The basic equipment of the laboratory consists of two ion sources – Alphatross for 

gaseous targets and MC-SNICS for solid targets; 3 MV electrostatic linear tandem accelerator 

Pelletron; electrostatic analyzer; two bending magnets and a magnetic quadrupole triplet. 

The techniques that are being developed in the laboratory can be divided in 3 groups: 

1.) IBA – Ion Beam Analysis, techniques for material and sample analysis. 

2.) AMS – Accelerator Mass Spectrometry, specifying of isotope content in various 

samples. 

3.) IBM – Ion Beam Modification, techniques for material surface treatment, material 

aging in high ion flows etc. 

 The thesis presents developments of IBA techniques and their utilization in material 

research. Basic and crucial characteristics of IBA techniques are described. PIXE analyzes 

have begun after successful installation of PIXE/PIGE chamber in September 2015. The 

journey to presented achieved results contains of calibration and optimization of whole 

acceleration and detection system. Experimental setup installed in the CENTA laboratory is 

described and main ion optics devices highlighted. Results of Pelletron transmission 

efficiency measurements, SIMION simulations of helium beam profile at the end of beam 

line, calibration and optimization of PIXE/PIGE chamber are presented. Results of performed 

PIXE analyzes are concerned as well. 
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Goals of the dissertation thesis 

The goals of the thesis may be summarized as follows: 

(i)  Ion beam trajectory simulations using SIMION software. 

 

(ii)  Ion source optimization for proton and helium beams production using the 

ALPHATROSS ion source, and for beryllium and carbon beams using the MC-SNICS 

ions source. 

 

(iii)  Investigations of tandem accelerator transmissions for protons, helium, beryllium and 

 carbon ions. 

 

(iv) Optimization of the analyzing beam line. 

 

(v) Development of IBA techniques (PIXE, PIGE) for elemental analyzes of materials. 

 

(vi) Calibration methods and interpretation of acquired results. 
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Achieved results 

Results of system calibration, optimization and analyzes can be divided into 4 categories: 

A) Pelletron transmission efficiency measurements 

B) Ion beam profile simulations at the end of the beam line 

C) PIXE analysis methods in the CENTA laboratory 

D) Determination of H values for PIXE analyzes and analyzes themselves 

 

A) Pelletron transmission efficiency measurements 

 The quality of stripping process is defined by transmission efficiency. In literature it is 

possible to find different terms such as stripping efficiency or stripping yield [Steier, 2000], or 

charge state fraction [Winkler, 2015], or transmission efficiency [Maxeiner, 2015], but all of 

them describe the same quantity. Transmission efficiency is used for description of stripping 

process effectiveness for different ions and different charge states of a certain ion. Negative 

ions enter stripping channel, i.e., volume of beam line which contains stripper gas. Via 

interactions with gas molecules, electrons are being stripped from negative ions so the ions 

become positive. Depending on the ion mass, the stripper gas pressure and the energy of ions, 

various final charge states of positive ions are being accelerated in the second phase of the 

tandem acceleration process. Consequently, ions gain various amount of acceleration so they 

are leaving the Pelletron at different energies. Knowledge of the stripping process quality is 

very important for analysis of ions and for further applications. 

 The transmission efficiency was determined for 1H, 4He, 9Be and 12C ion beams. Protons 

and helium ions were produced in Alphatross, beryllium and carbon ions were produced in 

MC-SNICS. The ions’ injected energy from the sources was set to 52 keV for 1H and 4He and 

61 keV for 9Be and 12C. Pelletron is designed for maximal terminal voltage of 3MV. Most of 

the measurements were done for 6 values of terminal voltage: 1.5 MV, 1.8 MV, 2.1 MV, 2.4 

MV, 2.7 MV and 3.0 MV. Results for protons and helium are shown in Fig. 1. Beryllium 

results are displayed in Fig. 2. Measurements and results of 12C ion beam transmission 

efficiency can be found in [Zeman, 2016] and also some results for 9Be and 12C were 

published in [Povinec, 2016]. 
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Fig. 1: Transmission efficiency of protons and helium for all measured terminal voltages 

0 10 20 30 40 50 60 70
0

10

20

30

40

4 H
e1+

 T
ra

ns
m

is
si

on
 e

ffi
ci

en
cy

 (
%

)

Stripper gas pressure (µbar)

Terminal voltage
 1.5 MV
 1.8 MV
 2.1 MV
 2.4 MV
 2.7 MV
 3.0 MV

4He1+

0 10 20 30 40 50 60 70
0

10

20

30

40

50

60

70

4He2+

4 H
e2+

 T
ra

ns
m

is
si

on
 e

ffi
ci

en
cy

 (
%

)

Stripper gas pressure (µbar)

Terminal voltage
 1.5 MV
 1.8 MV
 2.1 MV
 2.4 MV
 2.7 MV
 3.0 MV



8 
 

 
Fig. 2: Beryllium transmission efficiency values for all monitored terminal voltages. The stripper gas 
pressure scale is the same in all graphs. The transmission efficiency scales are different for individual 

charge states.    

Maximal values of the transmission efficiencies for 1H, 4He, 9Be and 12C ions are listed in 

Table 1. Some maximal values were observed for the same charge state at different terminal 

voltages. These values are recorded both.  
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Ion Charge 
state 

Terminal voltage 
(MV) 

Strip. gas 
pressure (µbar) 

Transmission 
efficiency (%) 

1H 1+ 1.8 43 53.6 ± 1.5 

4He 

1+ 2.1 9 39.3 ± 1.1 

2+ 2.1 51 62.6 ± 1.8 

2+ 3.0 60 63.5 ± 1.8 

9Be 

1+ 1.8 6 38.2 ± 1.1 

2+ 2.7 13 52.9 ± 1.4 

2+ 3.0 16 53.8 ± 1.5 

3+ 3.0 41 5.0 ± 0.2 

12C 

2+ 1.8 11 42.3 ± 1.1 

3+ 2.7 27 47.7 ± 1.2 

4+ 2.7 40 20.5 ± 0.9 

Table 1: Maximal measured values of transmission efficiency for individual ion beams. Values for 
smooth dependencies were taken from the highest points, but the efficiency was more-less stable at 

wide range of stripping gas pressure. 
 

B) Ion beam profile simulations at the end of the beam line 

 Two main ion optics devices installed in the CENTA laboratory at the end of current 

beam line are magnetic quadrupole triplet lens (QP) and switching magnet (SM). The aim of 

simulations was to find out how the transverse beam profile changes at the end of the beam 

line when passing through the QP and SM. For this purpose SIMION software was used. This 

program enables user to create a models for ion optics devices for 2D symmetric and/or 3D 

asymmetric electrostatic and magnetic fields. 3D CAD models were “installed” into 

SIMION’s workbench environment in proper geometry (Fig. 3). The SM’s magnetic flux 

density (B) was set in simulations to bend the trajectory into 45° analyzing beam line. Next, in 

the distance corresponding to the end of this beam line, a target foil was placed to obtain 

information about transversal beam profile after ions incidence. 

 3.052 MeV 4He2+ ion beam was monitored. The initial transversal beam profile was set to 

symmetrical circular with Gaussian distribution around the center (position 0,0). The FWHM 

was set to 5 mm. This value was selected because this is the assumption for transversal profile 

of beam exiting the Pelletron and entering the focusing beam line. Transversal profile of 4He2+ 

ion beam is shown in Fig. 4. This beam was passing through QP and SM in simulations. 
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Fig. 3: SIMION workbench layout of simulations for SM and QP – side view with beam incoming 
from the right into the QP. The target represents a small plane which was used as target foil where the 
beam profile was monitored. The target was placed into 2085 mm distance from the exit edge of SM 

what corresponded to the real target distance in 45° analyzing beam line. 

 

Fig. 4: Transversal profile of 4He2+ ion beam used in simulations (A), horizontal dimension (B) and 
vertical dimension (C). Ions in the beam were Gaussian distributed around the center – position (0,0). 

The FWHM was 5 mm. The amount of ions was 10 000. 

 Various settings of QP were tested and finally, an appropriate setting of QP’s magnetic 

field flux density was found. Satisfying results are shown in the Fig. 5. The original beam 

with 5 mm diameter was focused into smaller diameter of ~ 1.4 mm. Currently (April 2017), 

these settings are the best reached. With further adjusting of QP in simulations larger beam 

diameters were observed. 

 

Fig. 5: Transversal profile of 4He2+ ion beam (A), horizontal (B) and vertical (C) dimension. 
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C) Development of the PIXE analysis methods in the CENTA laboratory 

 A PIXE chamber was installed in the laboratory (September 2015) thanks to the IAEA 

funding. Details about the chamber can be found in [Zeman, 2016B]. The chamber is 

equipped with a sample holder capable of mounting four thick samples of about 2×2 cm 

dimension. The holder can be rotated around its vertical axis, so the angle how the incident 

beam should hit the sample can be fixed. For the charge collection, digital current integrator 

(Ortec Model 439) is used. A schematic top view of the chamber is shown in Fig. 6 (left part). 

The chamber itself is formed by a 6-way cross, where BEGe detector (CANBERRA) and a 

sample holder (NEC) are placed (detector endcap can be seen in Fig. 6 on the right 

photography). The detector has a carbon window (0.6 mm thickness). The detector is used for 

detection of emitted X-rays covering the energy range from 3 keV to 3 MeV, with energy 

resolution of 390 eV for 5.9 keV (55Fe) and 1.8 keV for 1332 keV (60Co). Necessary vacuum 

components (gate valves, turbo pump…) are installed as well. 

 
Fig. 6: Top view of the PIXE/PIGE chamber (left), and mounted pressed metallic powder samples 

inside the chamber (right) [Zeman, 2016B]. 

 The original installation of detector was changed later in summer 2016. The detector was 

shifted outside from the chamber using additional pipe. The purpose was to improve the 

detector background. At PIXE measurements, depending on the parameters of used beam (ion 

type, energy, intensity), and also on the target angle to the incident beam, various background 

was observed in BEGe detector. The majority of this unwanted background originates from 

the bremsstrahlung. The idea was to reduce this effect by shifting the detector further from the 

interaction point. This geometry is shown in the Fig. 7.   
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Fig. 7: BEGe detector shifted using additional pipe. The endcap distance from the center of PIXE 
chamber increased to 25 cm. 

 This shift had a positive effect on the background reduction (Fig. 8). The same beam (3 

MeV protons, for the same time as after the shift) used before, created on the glass sample 

higher background compared to the shifted situation. The increased distance, on the other 

hand, resulted in detection efficiency loss. This loss is acceptable, since the reduction of 

background brought better resolution for low energies. In Fig. 8, the gray spectrum 

(corresponding to BEGe shift) exhibit better resolution, so peaks in the beginning could be 

resolved better.  

 
Fig. 8: Background spectra before (black) and after (gray) the BEGe detector shift.  

 The very important role in the PIXE measurements plays the sample holder. For 

analytical purposes, the total amount of ions which induce the X – ray (or gamma) emission 

have to be known precisely. This is obtained via the charge collection from the sample holder. 
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incident ions bring a positive charge, which is collected by this wire. The signal is processed 

by Ortec digital current integrator with inaccuracy 1.81 % for low beam current (1 –2 nA). 

Depending on the charge state of incident ions, their amount can be calculated. 

 In the CENTA laboratory, after the PIXE/PIGE beam line installation, the technique 

development proceeded in 3 steps: 

1.) BEGe detector calibration and efficiency determination 

2.) Additional adjustment for proper charge collection 

3.) PIXE spectra interpretation 

 

BEGe detector calibration and efficiency determination 

 BEGe detector calibration was performed using calibrated X – ray variable sources and 

gamma ray sources. The calibration was performed for energy range up to ~ 60 keV. The 

range was selected in order to observe X – ray lines from the lower energy spectrum. In PIXE 

measurements, only X – ray lines up to 30 keV have been observed, as is described later. 

 The detector efficiency was determined using point sources measurements and detector 

efficiency modeled using DETMC software (created by The Guelph PIXE Group, Department 

of Physics, University of Guelph, Canada). This software was supplied with the GUPIXWIN 

software, which was a part of PIXE/PIGE beam line package. The DETMC program is a 

Monte Carlo tool for calculating Si(Li), SDD, and Ge detector  efficiency.   

 

Fig. 9: BEGe detector energy calibration for 0 – 60 keV range 
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order to determine peak areas and then calculate the absolute efficiency. Unfortunately, the 

sources’ energies that were at disposition started at ~ 30 keV, thus the efficiency for lower 

energies can be taken only from the model. At energy 11.1 keV the efficiency drops because 

of germanium K-absorption edge. Energy of photon in close proximity to this value is more 

likely to be absorbed. 

 
Fig. 10: BEGe detector efficiency for point source at 25 cm distance. The gray line represents the 

modeled values (DETMC program). The black dots are calculated efficiencies from measurements. 
Areas of some peaks used for evaluation were small, therefore some values exhibit higher 

uncertainties (e.g. 37.35 keV). 
 

Adjustments for proper ion charge collection 

 Information about accurate amount of particles which induce the X–ray emission have to 

be known precisely in order to perform quantitative analysis. Incident ions interact with the 

sample which is mounted on a sample holder inside the PIXE chamber. The sample holder is 

conductively connected via thin spring wire with digital current integrator (DCI). The DCI is 

connected with the software which collects the data during the measurements (spectra, time 

period, settings of MCA). The total amount of ions is important in element concentration 

calculations. 

 For quantitative analyzes, the charge collection had to be done precisely. The original 

setup for sample holder inside the chamber (Fig. 6, the right photography) did not include 

system for secondary emitted electrons suppression. This phenomenon plays important (and 

negative) role in the charge collection process. Impact of positive ions causes emission of 

secondary electrons. In this process, as the result of electrostatic induction, the irradiated 

material is charged positively. This excess of positive charge is collected by the DCI together 
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with the positive charge brought by the incident ion beam. Therefore, after conversion of 

collected charge, it seems that the beam is formed by more particles than it really is. 

Consequently, misleading results are obtained from sample composition analysis. The 

negative effect of secondary electrons emission can be suppressed using more methods. In the 

CENTA laboratory, option for secondary electrons suppression electrode was chosen. 

  
Fig. 11: Front and top view of the suppressor electrode as it was installed into the chamber 

 The design of this suppressor electrode is based on SIMION simulations. More 

combinations of rod thickness, diameter of the rings and vertical distance of the 2 rings were 

simulated. Finally, 5 mm thick rod, 80 mm diameter of rings and their vertical distance of 30 

mm came out as the most suitable solution for the chamber conditions. The SIMION model 

and results of simulations are shown in the Figure 12. 

 
Fig. 12: SIMION model of secondary electrons suppression electrode. The model in 
3D SIMION view (left) and result of simulations for electrons suppression depending 

on the voltage of the electrode (right). The suppression was calculated as ratio of 
difference between amount of created electrons and escaped electrons to amount of 

created electrons. 
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PIXE spectra interpretation and concentration calculations 

 In the CENTA laboratory the PIXE measurements are being performed using proton or 

helium beam. Energy of protons is chosen as 3.052 MeV (TV = 1.5 MV, 1+ charge state) and 

energy of helium 4.552 MeV (TV = 1.5 MV, 2+ charge state).  

 X – Rays are detected by BEGe detector and the signals are processed through 

preamplifier into MCA and software which collects the data. Measured spectra are analyzed 

using software GUPIXWIN, which was developed in University of Guelph, Canada 

[Maxwell, 1989], [Maxwell, 1995], [Campbell, 2000], [Campbell, 2010]. GUPIXWIN is a 

program for the non-linear least-squares fitting of PIXE spectra and the subsequent derivation 

of element concentrations from the areas of X-ray peaks in the spectrum. The output from the 

program can be seen in the Fig. 13 (exemplary figure). 

 

Fig. 13: GUPIXWIN fit of thin film (SrF2) measured spectrum 

 The GUPIXWIN fit the spectrum considering many factors. The database includes: X-ray 

energies and emission rates, element densities and atomic weights, ion induced X-ray 

production cross-sections, proton stopping powers, photoelectric cross-sections and X-ray 

mass attenuation coefficients. Within the calculations, GUPIXWIN computes also corrections 

for escape and summation peaks.  

 Peak areas could be converted to element concentrations in absolute way, i.e., without 

standards, if the aspects of the analyzing system (solid angle, detector thickness, beam 

proportions, etc.) are given into GUPIXWIN. That is a "fundamental parameters" approach. 

Alternatively all analyses could be conducted relative to single-element standards or to 
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standard matrices containing various trace elements. The X-ray intensity or yield (principal X-

ray line), Y (Z,M) for an element Z in a matrix M can be written: 

 �	��,�� = �	
	��,�� ∗ 	� ∗ � ∗ �� ∗ 	Ω ∗ � ∗ � (1) 

where:  

Y1t is the theoretical (from GUPIXWIN database) intensity or yield per micro- Coulomb of  

 charge per unit concentration per steradian; 

Cz is the actual concentration of element Z in matrix M; 

Q is the measured beam charge or quantity proportional thereto; if the latter, then fq converts  

the Q to micro- Coulombs; if the former then fq is 1.0 assuming proper electron 

suppression at the target; 

Ω is the detector front face solid angle in steradians; 

ε is the intrinsic efficiency of the BEGe detector; 

T is the transmission through any filters or absorbers between target and detector. 

 The equation (1) includes multiple possible factors which influence the final element’s 

concentration. In the CENTA laboratory, no filters are used between the sample holder and 

detector, thus T equals to 1.0. Parameters fq and Ω can be combined into an instrumental 

constant H, which characterizes the PIXE detection system. The approach taken in 

GUPIXWIN employs the physics database together with a single quantity of H value.  

Depending on the system characterization this H value is a constant or it is function of X-ray 

energy. Implementing these facts, the element concentration using the equation (1) can be 

calculated as follows: 

 � =	
�	��,��

�	
	��,�� 	∗ 	� ∗ � ∗ 	�
 (2) 

 Measured X-ray yield is converted to concentration for all elements fitted. The detector 

efficiency was determined in section before. In the laboratory, both thin and thick samples are 

being analyzed. Thin samples are considered as samples with thickness insufficient to stop the 

beam completely. Incident particles (in our case protons or helium ions) can penetrate through 

the sample. These ions have to be collected as well, so a Faraday cup was placed at the end of 

the beam line. For thin samples, this Faraday cup’s and sample holder’s charge signals were 

collected by the current integrator. Thickness of thick samples is sufficient to stop the beam, 

thus no ions penetrate through these samples and the whole charge is collected from the 

sample holder. 
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D) Determination of H values and PIXE analyzes  

 The H values for thin and thick samples were determined from measurements of thin 

films supplied by MICROMATTER™ Company (Table 2) and pressed powder samples 

prepared in our laboratory (Table 3). Measurements were performed under same conditions. 

The geometry setup scheme for the measurements is displayed in Fig. 14. The figure displays 

a top view of the chamber with sample holder, beam direction and BEGe detector position. 

The measurements were performed using the 3.052 MeV proton beam, and later using 4.552 

MeV 4He2+ ion beam. 

film Fe Cu Ga Sr Cd Sn 

Thickness 
(µg/cm2) 

49.8 48.8 23.4 54.9 45.3 52.4 

Thickness 
(nm) 

63.2 54.5 39.6 208 52.4 72.1 

Table 2: The thickness of thin films stated by the manufacturer with 5.0 % accuracy (µg/cm2) and 
calculated values in nanometers. 

 

Powder Fe Cu Zn Ag 

Weight (g) 2.07 2.08 1.35 1.52 

Table 3: Weights of powders used for preparation of thick-pressed samples. 

 

Fig. 14: A scheme of the geometry setup for thin film measurements (a top view). 

 

Results of H value determination for thin and thick samples are shown in the Fig. 15. For 

proton measurements energy dependency was observed. Helium analysis exhibits more-less 

constant values.  
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Fig. 15: Results of H value determination for thin and thick standards using 3. 052 MeV 

proton and 4.552 MeV 4He2+ beams. Dash line at 0.02831 was added for better imagination 
of difference from constant value. 

0 5 10 15 20 25 30 35
0.00

0.02

0.04

0.06

0.08

 H value 1H1+ beam
 Fit

bottom = 0.0  (fixed)
   top    = 0.04922

H
 v

al
ue

_t
hi

n 
sa

m
pl

es

Energy (keV)

0 5 10 15 20 25 30 35
0.00

0.02

0.04

0.06

0.08
 H value 4He2+ beam
 Linear fit : H value = A +B*Energy

               A = 2.831E-2
               B = 8.079E-5

H
 v

al
ue

_t
hi

n 
sa

m
pl

es

Energy (keV)

- - -  line at H value = 0.02831

0 5 10 15 20 25 30 35
0.00

0.02

0.04

0.06

0.08

H
 v

al
ue

_t
hi

ck
 s

am
pl

es

Energy (keV)

 H value 1H1+ beam
 Fit

bottom = 0.0  (fixed)
top = 0.0622



20 
 

Concentration of iron in a rat brain sample 

  The CENTA laboratory has already been cooperating with several research institutions. 

In cooperation with Medical faculties of the Comenius University in Bratislava and Martin a 

rat brain slice was received to determine iron concentrations and map its distribution in the 

slice. The aim of this study has been to evaluate concentrations of iron in this slice on various 

spots. It is expected that the iron in the rat brain was produced by electromagnetic radiation 

similar to one generated in mobile telephones. The observed effects in the brain tissue may be 

due to electromagnetic radiation, which causes agglomeration of iron in the tissue. A map of 

iron distribution with measured concentration (which may be regarded as a simple nuclear 

microscopy map) should provide important information for further medical research. At 

present it is not well understood how this iron agglomerates in the brain tissue, but there are 

hypotheses that the electromagnetic radiation may cause this effect, [Terzi, 2016], [Kaplan, 

2016], [Kostoff, 2013]. 

 A thin slice of the rat brain (~5µm) was prepared for investigation. The slice was attached 

on a thick silicon wafer. Consequently, due to SEM measurements, a thin gold layer (~ 30 

nm) was deposited on the surface of the tissue. The sample was then inserted into the PIXE 

chamber of the CENTA laboratory for investigations. Results of this analysis are shown in 

Fig. 16. 

 
Fig. 16: Iron (Fe) concentration in rat brain sample. Measured spots on the sample are labelled as RB0 

- RB10, Si wafer was measured as well. Some of the positions were analyzed twice (A1 and A2 
labels). The evaluated Fe concentration for corresponding spots exhibits the same values.  

   

 

R
B

0 
A

1

R
B

0 
A

2

R
B

1

R
B

2 
A

1

R
B

2 
A

2

R
B

3 
A

1

R
B

3 
A

2

R
B

4

R
B

5

R
B

6

R
B

7

R
B

8

R
B

9

R
B

10

S
i w

af
 A

1

S
i w

af
 A

2 --

0

10

20

30

40

50

60

F
e 

co
nc

en
tr

at
io

n 
(p

pm
)

Measured spot (label)



21 
 

Ongoing experiments 

 Many more samples were analyzed in the laboratory using the PIXE system. Some of the 

spectra were obtained before the mentioned adjustments (detector shift, electrode installation). 

These experiments are ongoing, and the samples will have to be measured again. Only some 

qualitative information about samples’ composition can be retrieved from current status of 

these analyzes (April 2017). 

PIXE analysis of meteorites  

 Canyon Diablo iron meteorite from Arizona was analyzed by helium PIXE beam. Iron 

and copper peaks are well visible (Fig. 17). New analyses are in preparation with adjusted 

geometry and lower beam intensity to suppress the background. Plan is to perform PIXE 

measurement in new condition in the chamber with proper charge collection and lower 

background to possibly observe more elements. Absolute concentration of individual elements 

will be hopefully determined after applying H values for thick samples. 

 

 

Fig. 17: First PIXE spectrum of the Canyon Diablo iron meteorite from Arizona. PIXE conditions as 
described in figure. The measurement was performed with high beam intensity without charge 

collection and before the adjustments in the PIXE chamber.  

PIXE analysis of uranium in zirconium mineral 

 Zirconium mineral was analyzed by PIXE using the proton beam (Fig. 18). Plausible 

presence of more elements is described in the figure comment. This material is being analyzed 

in order to test whether via PIXE technique it would be possible to determine uranium content 

in this mineral. The idea is to detect low concentrations of this element in various geological 

samples as well as in reactor fuel materials (fast measurements in the case of uranium 

smuggling). The recent measurements showed that GUPIXWIN was able to find uranium 
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peak in the measured spectrum, however, it has not been possible yet to calculate its 

concentration because uranium L-lines lie in the region of zirconium K-line energies. It seems 

that a different approach should be taken in order to search for uranium in zirconium 

minerals, namely a use of a high resolution Si detector for low-energy X-rays.  

 

Fig. 18: PIXE spectrum of zirconium mineral. The PIXE conditions as described in the figure. The 
GUPIXWIN output with data and fit is displayed. Zirconium Kα lines are well visible together with 

escape peaks. Small amount of Hf can be visible as well (L-lines at 7.9, 9.0 and 10.5 keV). 
Problematic is overlapping with Zr escape peaks. Possible Ti presence in 4.5 – 4.9 keV region, but 

more probable is it a Zr escape peak. Presence of U is very plausible. GUPIXWIN found its Lα line at 
13.6 keV, but it lies in the “tail” of Zr Kα line. The other uranium L lines lie in the Zr K lines, region; 

15.7 – 17.7 keV. 

 

PIGE measurements 

 Although the beam line is equipped with PIXE/PIGE detector, because of the absence of 

the radiation shield around the PIXE/PIGE chamber against neutrons, detail PIGE 

investigations have not been carried out yet, just very preliminary estimations. It is planned 

that all of the beam lines after the switching magnet will be shifted to the bunker so reactions 

with production of neutrons could be carried out as well.  

 First PIGE spectrum was measured from Teflon tape, which is rich on fluorine (Teflon – 

PTFE). The 3 MeV proton beam was used for this measurement, spectrum is displayed in Fig. 

19. Protons were non-elastically scattered on the fluorine nuclei what can be seen from visible 

lines at 110, 197, 1236 and 1349 keV. Reactions with protons took place 19F (p, p’γ), as 

described in [Kiss, 1985]. Possibly other materials with suitable proton reactions will be 

analyzed in the near future.  
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Fig. 19: PIGE spectrum of Teflon (PTFE) tape. Detected gamma lines with energies 110, 197, 1236 
and 1349 keV indicate 19F (p, p’γ) reactions. 511 keV annihilation line was detected as well. PIGE 

analyzes have not been performed yet, only some spectra were measured in order to test the detector 
for possible further PIGE analyzes.  
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Summary 

 

The main results achieved in this thesis can be summarized as follows: 

 Transmission efficiencies for 1H, 4He, 9Be and 12C ions were determined for different 

values of terminal voltage, and their dependence on the stripper gas pressure was observed. 

Individual ions exhibit different behavior, depending on the charge state, terminal voltage and 

nitrogen pressure (the stripping gas). A common feature of all dependencies is a successive 

increase of the transmission efficiency with increasing stripper gas pressure to a certain point 

followed by a decrease of the transmission efficiency towards higher stripper gas pressures. 

This decrease is stronger for lower charge states (4He1+, 9Be1+ and 12C2+). Towards to higher 

charge states this decrease is less evident and becomes more flat (charge states 4He2+, 9Be2+ 

and even more for 9Be3+ and for 12C4+). The reason for such behavior is that with increasing 

the stripper gas pressure, both the electron stripping (which affects the transmission 

efficiency) and the ion scattering on molecules of the stripper gas are rising. Each ion has a 

combination of charge state, energy (guided by the terminal voltage of the tandem 

accelerator) and a certain value of stripper gas pressure at which the scattering process starts 

to reduce the final transmission efficiency. The smooth decrease of transmission efficiency for 

higher charge can be used for better stability of ion beams at these regions of stripper gas 

pressure for various applications, e.g. for ion irradiation or for applications of IBA techniques, 

which require stable ion beams. Working in these stable regions, the transmission efficiency is 

not affected by slight changes in the stripper gas pressure. 

 Simulations of 4He2+ ion beam transversal profile were performed using SIMION 

software. The beam trajectories through the magnetic quadrupole triplet lens (QP) and the 

switching magnet (SM) were simulated. The final beam profile was monitored at the target 

distance (~2 m from the SM exit) in 45° channel. Models of these devices were created using 

the 3DCAD software Autodesk Inventor. Such models were placed into SIMION’s 

workbench and the ions were flown through the system. The initial beam profile was circular 

with Gaussian distribution (5×5 mm FWHM), and the beam trajectory was in the axis of the 

beam line. Magnetic field of SM was simulated so the beam hit the center of target foil. For 

3.052 MeV 4He2+ ion beam the SM’s magnetic field flux density was 3914.7 Gauss. Different 

setting of QP was simulated in order to obtain focused beam at the target distance. Various 

settings of QP exhibited both focusing as well as defocusing effects on the beam profile. 
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Finally, proper setting of QP was found and focused 4He2+ ion beam with 1.4 mm diameter 

was simulated. 

 The PIXE chamber was installed in September 2015. Firstly, the BEGe detector was 

calibrated using point radioactive sources covering the energy spectrum of the detector. Three 

different settings of MCA’s amplifier were calibrated; for low energies (up to ~ 60 keV), for 

medium energies (up to 500 keV) and for high energies (up to 3 MeV). Only results for low 

energies are stated in this work because the other are not important for purposes of PIXE 

measurements performed in the laboratory (they will be used for PIGE analyzes). First PIXE 

analyzes were performed on Slovak coins and laboratory PIXE standards consisting of 

pressed clean metallic powders (Ti, Fe, Cu, Zn and Ag) [Zeman, 2016B]. Each metallic 

powder mixture was prepared using a pneumatic press to form flat, coin-like, pellets. These 

analyzes had mostly qualitative character; we were able to observe a presence of elements in 

the samples and estimate the possible concentration comparing with the pressed powders 

standard samples. As we have found out later, the composition of such prepared mixtures is 

not uniform. We performed multiple PIXE measurements on different spots of each mixed 

powder sample and observed different relative concentrations of elements present in one 

sample depending on the measured spot. Therefore, for thick samples, another pressed 

powders samples were created using only single element powder to form pressed pellets. 

Nevertheless, the very first PIXE analyzes of Slovak coins taught us how to interpret the 

measured PIXE spectra and also how important is the knowledge of detector specifications. 

 For further fully quantitative PIXE analyzes, some adjustments in PIXE chamber had to 

be done. At first, in Slovak coins analyzed we observed high bremsstrahlung background. 

Therefore the BEGe detector was shifted into larger distance from the interaction point (center 

of the PIXE chamber). The new distance from this center increased from original 2.5 cm to 25 

cm with impact on the background suppression. This distance was chosen for further 

analyzes, and is used currently (April 2017), as well. Next, additional electrode was installed 

into the PIXE chamber. Its purpose is to suppress the secondary emission of electrons after 

ion impact on the sample surface. This is important for quantitative PIXE analyzes due to 

proper charge collection process. SIMION simulations were used to find the proper 

dimensions of this electrode. The final shape and dimensions had to be suitable into the inside 

of the chamber and satisfy the SIMION simulations as well. 

 Quantitative PIXE analyzes require knowledge of the precise detector efficiency in order 

to retrieve information about absolute concentrations of element constituting monitored 

samples. For this purpose, BEGe detector efficiency was both measured and modelled. 
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Results are shown in Fig. 10. The modelled efficiency below 5 keV drops below a reasonable 

value. Therefore, quantitative analyzes of X–rays below 5 keV is complicated. This means 

that direct quantitative PIXE analysis can be performed starting with vanadium for K lines 

(4.952 keV) and praseodymium for L lines (5.033 keV). However, employing special 

strategies in sample treatment and spectra evaluation can reach lower X–ray energies, and 

even the detector efficiency can be “bypassed” using well-defined standard samples. 

 For direct quantitative analyzes a knowledge of H value is crucial together with detector 

efficiency. Depending on the detection system characterization, the energy dependency of H 

value can be observed. In well-defined system, the H value should be constant, independent 

on the X–ray energy. Any missing parameter or misinterpreted parameter can lead to 

dependency on the energy. In CENTA laboratory, H values for thin and thick targets were 

determined separately. Individual values were determined using pure elemental standards. 

Both, proton and helium beams were monitored and final H values for individual X–ray 

energies were determined using GUPIXWIN software. For thin samples, H value for protons 

exhibits energy dependency, but H value for helium beam is more-less constant. For thick 

samples, only H values for protons were determined because of technical issues (difficulties 

with Alphatross ion source). These H values exhibit energy dependency similar to thin 

samples measurements. Determined H values can be used for further PIXE analysis of 

different materials. 

 A special sample of rat brain slice was analyzed using the PIXE technique. This sample 

forms a special layered system of material which could have been analyzed by GUPIXWIN. 

The 3 MeV proton beam with 1.5 mm diameter was utilized for this analysis. The rat brain 

slice mounted on a silicon wafer and covered by thin gold film was placed into the PIXE 

chamber, and thin proton beam PIXE analyzes were performed on 12 different spots across 

the sample surface. The goal was to determine the iron concentration in this sample. 

GUPIXWIN was used for all analyzes and the final concentrations of iron in rat brain slice 

were determined on monitored positions with values up to 50 ppm, showing a clear gradient 

of concentrations. 

 Achieved results concerning development and utilization of IBA techniques show the 

range of taken effort to obtain reliable conclusions. Only 4 years before the laboratory hall 

was built (February 2013), then it was equipped with tandem accelerator and other units, and 

recently, PIXE measurements begun. The fact, that an iron concentration in a biological 

sample was determined reveals potential use of this technique, and next steps are directed to 

nuclear microprobe utilization.  
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