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Abstract

Zeman, Jakub. Development and utilization of IBAhi@ques for material analysis.
[Dissertation thesis]. Comenius University in Bsiva, Faculty of Mathematics, Physics
and Informatics.

Supervisor: prof. RNDr. Pavel Povinec, DrSc. Leskeprofessional qualifications: PhD. in
the field of Nuclear and Subnuclear Physics. Biates FMFI UK, 2017. 153 p.

lon beam analysis (IBA) techniques have been deeel in order to retrieve
information about material compositions avoidingstdection of investigated samples.
Individual techniques employed various approachesis process. The common aspect of
IBA techniques is analysis of processes occurriitgiwinteractions of ion beam with the
material. High demands are being put on of wellraf ion beams which can be used for
such research. Proper adjustment of the detectitup sas been crucial to obtain reliable
results.

The first part of the presented thesis comprisegscription of the IBA techniques.
The emphasis is put on five main IBA techniques:SRERDA, PIXE, PIGE and NRA.
Principles and possible utilization of mentionedtimes are briefly explained. Further, a
description of the experimental setup of the CEN&Boratory is presented. Information
on ion sources, on the injection beam-line systemthe tandem accelerator, and on the
focusing and analyzing systems is provided togethtr corresponding figures. lon beam
optics devices used for the beam manipulation &adullization are presented as well.

The experimental part comprises of four chaptergaining optimization of ion beam
trajectories, calibration and adjustment of detectsetup, and results of PIXE analyzes
carried out in the laboratory in past year and H. Hemportant results on successful
evaluation of the iron distribution in a sampleraf brain using GUPIXWIN software are
presented as well.

Conclusion summarizes all results, giving an obvenaight into the topic. Stripping
efficiency measurements, beam profile simulatidghXE chamber adjustment and results
of material analyzes show how much effort had tospent to achieve the objectives of
presented thesis.

Key words:IBA techniques, tandem accelerator, transmissitiniency, SIMION beam
profile simulations, PIXE, GUPIXWIN, elemental coogition.



Abstrakt

Zeman, Jakub. Vyvoj a vyuZzitie IBA metdd na analymaterialov. [Dizerténd pracal.

Univerzita Komenského v Bratislave. Fakulta matekyatfyziky a informatiky. Katedra

jadrovej fyziky a biofyziky.

Skolite: prof. RNDr. Pavel Povinec, DrSc. Stuipedbornej kvalifikacie: PhD. v odbore
Jadrova a subjadrova fyzika. Bratislava : FMFI 2R15. 153 s.

IBA metddy (z anglického lon Beam Analysis, analygomocou ionového zvazku) su
vyvijané so zamerom zistzlozenie materialu, prom sa dbéa na to, aby sledovany material
nebol poskodeny. Jednotlivé IBA metddy vyuZivajan® pristupy, ptiom spol@nym
prvkom je analyza procesov, ku ktorym dochadzaapointerakcie zvazku iénov
s materialom. Na zvazky ionov, ktore je mozné wy&fi kladené vysoké naroky. Spravne
nastavenie celého detalého systému je nutné pre dosiahnutie hodnovermysliedkov.

Prvacag’ predkladanej prace sa zaobera opisom IBA tectivdkaz je kladeny na 5
hlavnych IBA metdd, menovite: RBS, ERDA, PIXE, PIGENRA. Ich principy a mozné
vyuzitia st strine zhrnuté v tejt@asti. Dalej tato¢as’ obsahuje opis experimentalneho
vybavenia CENTA laboratéria. Hlavné informécie tijkae sa idnovych zdrojov, vstupnej
urychlovacej trasy, tandemového uryohata, fokusujuceho a analyzujuceho kanala spolu
so zodpovedajucimi obrazkami sa nachadzaju na higkb stranach. Tiez su tu opisané
prvky idbnovej optiky, ktoré slizia na manipulacmzrdzkom a jeho stabilizaciu.

Experimentalnacag’ prace pozostdva zo 4 kapitol, ktoré sa venujunwizacii
trajektorie ionového zvazku, kalibracii a nastavemhetekného systému a vysledkom PIXE
analyz, ktoré boli realizované v laboratériu zalpdsého jeden a pol roka. NajdolezitejSim
vysledkom je ohodnotenie koncentracie Zeleza vorkeza mozgu potkana vyuZzitim
programu GUPIXWIN.

Zaver prace zia vSetky vysledky poskytujic celkovy dald do problematiky.
Meranie @innosti stripovania, simulacie profilu ibnového zké, nastavenia PIXE
komory a vysledky analyz ukazuju, aké Gsilie mudsidovynaloZzené, aby sa dosiahli ciele

predkladanej prace.

KllGcové slova: IBA techniky, tandemovy urydbvas, €innog’ stripovania, SIMION
simulacie profilu zvazku, PIXE, GUPIXWIN, prvkovéZenie.



Foreword

The author of presented work was fascinated bysiphysince his early youth. After
high school he chose to study physics at Facultylathematics, Physics and Informatics
of the Comenius University in Bratislava, and hasited by successful master graduation
in nuclear and sub-nuclear physics. Then he waspéed by professor Povinec to start his
dissertation thesis at the newly formed CENTA fcilThe scope of his thesis concerned
the IBA techniques which have been under developmeahe CENTA facility.

Four years have passed and the subject of thésthes investigated into details.
Principles and possible utilization of individu8lA techniques have been understood. The
whole time period was rather exciting and pionegrirandem accelerator installed in the
CENTA laboratory was first of this kind in Slovakigherefore the staff together with PhD
students had to handle many technical difficultaegether with involved physics behind.

Developments in the CENTA laboratory proceededeveral steps and this process is
still ongoing. At the beginning, after the firsblaratory installation in summer 2013, first
test measurements were carried out. The authotdhbe very flexible and patient because
all of the things were new to him as well as todoleagues. Many measurements had to
be repeated to obtain reliable results. Later,@pt&nber 2015, an additional PIXE/PIGE
beam line was installed so PIXE analyzes of difiereaterials could be carried out.

The thesis goals were followed in order to achiealeiable results. Many, many hours
spent in the laboratory and afterwards processiaglata and performing analyzes lead to
successful completion of the thesis. The authoebldpat the presented results will satisfy
the expectations.

The setup of the CENTA laboratory is still undentinual development. Every month
brings something new and novel approaches are lezl/éa optimize the performance of
utilized detection and analytical systems. Hopgfldliccessfully solved projects will bring

new possibilities and physics’ directions in furtllevelopments of the CENTA facility.



Goals of the dissertation thesis
The goals of the thesis may be summarized as fellow

(1) lon beam trajectory simulations using SIMIObftsvare.

(i) lon source optimization for proton and heliubeams production using the
ALPHATROSS ion source, and for beryllium and carbmams using the MC-

SNICS ions source.

(i) Investigations of tandem accelerator transsions for protons, helium, beryllium

and carbon ions.

(iv)  Optimization of the analyzing beam line.

(V) Development of IBA techniques (PIXE, PIGE) tdemental analyzes of materials.

(vi)  Calibration methods and interpretation of aceg results.
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1. Introduction

In November 2015 a new laboratory for nuclear andrenmental research and for
development of nuclear technologies was establishélge Department of Nuclear Physics
and Biophysics at the Faculty of Mathematics, Ris/sand Informatics, Comenius
University in Bratislava. This laboratory was givamame CENTA (Centre for Nuclear
and Accelerator Technologies). The facility is qupad with a system that is capable of
various ions production and their further applicatand analysis. The main device in the
laboratory is an electrostatic linear tandem aca#&de, which is designed for obtaining of
ion beams with acquired attributes (energy, intgresic.). The main scientific purpose of
the laboratory is the gradual implementation andseoutive utilization of ion beam
techniqgues and methods primary in nuclear and enwiental sciences. The idea is to
extend the area of research on new material dewelopand surface treatment of materials

using ion beams.

The basic equipment of the laboratory consistswaf ton sources — Alphatross for
gaseous targets and MC-SNICS for solid targets; \3 ®&lectrostatic linear tandem
accelerator Pelletron; electrostatic analyzer; tivending magnets and a magnetic

quadrupole triplet.
The techniques that are being developed in thedatuy can be divided in 3 groups:

1.) IBA — lon Beam Analysis, techniques for materiadl sample analysis.

2.) AMS — Accelerator Mass Spectrometry, specifyingsotope content in various
samples.

3.) IBM — lon Beam Modification, techniques for matérisurface treatment,

material aging in high ion flows etc.

IBA techniques are used for various material asedyfor physical and technological
sciences. Results are more and more introducedti@andustry as well. The leading
techniques in the world are PIXE, RBS, ERDA and N&#alysis. They are used for new
material development for nanotechnology, as wellirasthe area of medicine and

biotechnology. Via proper application of these teghes a chemical elemental

11



composition and depth profiles can be obtained.ebdmg on the specified material, the
surface layers from nanometers up to several hdsdoé nanometers (and possibly up to
microns) can be analyzed. The IBA techniques regmtean important role at material
studies in the new generation of nuclear fissiactas development and development of
thermonuclear fusion reactors. Further, specificlear reactions are being studied using
NRA (Nuclear Reaction Analysis) method. These lieast are interesting mainly for
astrophysical research, but other reactions areruadalysis for different purposes. The
importance of the IBA techniques is in the analygignvironmental samples and samples
of great historical and cultural value. These tégives are nondestructive, so the is a wide
range of possible analysis options for preciousptasnand materials such as sculptures,
paintings, etc.

AMS is the most sensitive method for long-livedlicactive isotopes analysis. The
AMS is implemented in various research fields sashnuclear physics, environmental
physics, nuclear astrophysics and geophysicsQate.of the main advantages of the AMS
is the low requirement for the sample amount (gndims down to micrograms are
sufficient).

IBM methods are used for modification and treatmeoit materials for
nanotechnologies. The ions penetrating ability specified depths depending on the ion
type and energy are introduced. Such ions can feomtinuous layers with different
properties in the involved material in desired HdeptThese techniques can monitor the
influence of various ion beams on the studied nadter sample. In this way, the IBM
methods utilize the development of new materialg, eonstruction materials for nuclear

fission or thermonuclear reactors.

12



2. lon Beam Analysistechniques

Several methods have been developed for materialyang purposes. The
implementation of particular technique depends aritiple factors. The first and most
affecting factor is the availability and accessipibf required technique or method, since
the majority of the IBA techniques put high demandshe involved technical equipment.
The initial investments to the laboratory deviced aecessary equipment can reach several
hundreds of thousand Euro. Furthermore, the invéatoich is usually some university or
scientific company) should bear in mind that préypeducated scientific stuff for operation
and servicing of the whole system is obligatorye Hiext fundamental factor for analytical
technique selection is the matter how can be thwks of interest treated. The analysis of
rare and precious samples requires an extraordaaeful treatment. The possible damage
or any harm to the sample must be reduced to tlmnmam. In this case, the value of
analyzed samples can have in two aspects. Firschgpthat the samples can be of some
historical and cultural value, e.g. paintings, ptues etc. The other aspect is that the
sample is precious because it originates from e maaterial. It means, that it is possible to
analyze fraction of some meteorite or archeologaigkct, but such samples cannot be
damaged in any way. For this purpose, multiple eshdctive analytical methods were
developed, while the possibilities of these methads still proceeding. The majority of
nondestructive analytical methods have the basth@mpplied atomic and nuclear physics
because the chemical analysis often requires shemical procedures which lead to the
partial damage or total destruction of samples, Bus not always a rule, that a sample
must be treated carefully. The destructive anajtimethods still have an important
position in sample analysis because these methedsiach cheaper in comparison to the
nondestructive techniques and they can even reasined results faster. The method is
therefore chosen according to the sample attribanesthe optimal approach, which takes
into account the sample properties and analytieahod accessibility is selected.

lon Beam Analysis (IBA) methods are being developethe CENTA laboratory for
samples and materials analysis purpose. IBA teciesiqare modern analytical techniques
which utilize ion beams with energies of severaMVe order to determine the chemical
composition of material involved and to investigéite depth profiles in solid samples

13



[Mayer, 2012]. All IBA methods are extremely seiv&@tand they can lead to obtain a depth
profile in very thin layers. Depending on the azaly material the typical depth resolution
varies between few nanometers to several tentheaobmeters. The depth which is
reachable with the IBA techniques varies from naetams up to tenths of micrometers
[Nastasi, 2015]. The best IBA laboratories can nethe uncertainty of few percent in the

determination of sample composition.
The most employed IBA techniques are:

1.) RBS and EBS: Rutherford BackScattering and Elagtien — Rutherford)
BackScattering. The RBS technique is especiallysifea for detection of
heavier elements (and isotopes) in a material edeby lighter elements. The
EBS technique is sensitive also to lighter eleméfite combination, on the one
hand of incidents particle mass and energy, anth@wother hand of mass of the
elements presented the matrix is crucial in thedydital technique.

2.) ERDA: Elastic Recoil Detection Analysis. This tecjue is used for
determining the content of light elements (and dpes) in the matrixes
consisting of heavier elements. With the increasimags of elements presented
in the matrix, the sensitivity drops. The ERDA teitfjue is a complementary
technique to the RBS. For one sample, RBS measuteca@ determine the
content of heavier elements and ERDA can deterrtiieecontent of lighter
elements in the same matrix.

3.) PIXE and PIGE: Particle Induced X-ray Emission &adticle Induced Gamma
ray Emission. These techniques are specializedatert elements contents
determination. They can be used for mostly all elet® contents evaluation
depending on the sample structure. The number é Mhich induce the
emission of detected radiation has to be treatesfuddy.

4.) NRA: Nuclear Reaction Analysis. This method is garesto particular isotopes
and can provide us information about tracer elemant depending on incident
particle energy as well as about most of the iseggpresented in the sample.

The proper intensity and energy of incident ionrbes obligatory.
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2.1. Rutherford Backscattering

Rutherford Back-Scattering (RBS) technique is ufmddetermination of material
chemical composition without using any addition@nslard material or sample. The RBS
technique provides information about the targetkiess and depth profile. Usually ion
beams consisting of light ions, e.g. protons orune| are for this analysis. The basis of the
technigue stands on the kinematics of two bodysiofi (Figure 1).

Target atom Projectile

¢ \\‘\ 0= 0
(- 220

o

M,
VI'EI

Fig. 1: The RBS technique principle [Chu, 1978]

The incident particle (often denoted as a prdgctivith mass M, velocity w and
kinetic energy Ek collides with a stable atom (often denoted asrgeta in the sample
matrix. The target atom has a massavid since it is considered as a stable atomnitiki
energy equals to zero. In this collision the inoidprojectile ion transfers a part of its
energy to the target atom, which gains energgrifl is moving with velocity After this
collision the projectile ion is scattered from tlaeget atom at an angé® with a different
velocity v and energy E The RBS technique focuses on the detection ofstadtered
incident particles with the energyi;,Emass M under the angle®. Applying the
conservation of energy and the conservation of nmbame the kinematic factor K can be
obtained [Chu, 1978]. This value represents thie k&t Ei/Eo. The higher this ratio is the
better is the resolution in the detector. Theretbre technique is widely used in a way of
using light particles as projectiles to determime ttontent of heavier elements (and
isotopes) in material matrixes. It is recommendeglace detector very close to the beam
axis because the amount of backscattered ionsasesein this direction [Chu, 1978].
Depending on the energy of backscattered ions famdwmber of ions with such energies,

the particular element concentration can be caedlal'he ion beams that are usually used
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for the RBS measurements consist of light ions weitiergy of several MeV and beam
diameter approximately one millimeter [Sério, 201pstly surface barrier detectors are
installed in the RBS reaction chamber in the arulpse to the beam axis, e .g. 140°
backscattered angi@ [Magalhaes, 2012].

In the transmission process when projectile ioesefrate through the specimen
material the registered ions are backscatteredruamtigle ®. While the incident ions are
losing their energy not only via Rutherford scatigrthe energy &Ecannot be well defined
in the higher depths in the measured material. Wewehis energy can be estimated and
hence the value of energy just before the collisian be calculated. If the matrix material
is known then the energy loses can be convertedting depth scale. This is the principle
of using the RBS technique to obtain informatiorowthseveral micrometer thick layer
from the surface of the sample. Depth profileslefrents presented in the sample matrix
can be calculated depending on the particular eles@mposition.

The independence of this technique lies in thesipbes overcrossing of detected E
energy. In the layered sample it is a high posgittib measure the energy of backscattered
ions in various ranges. Depending on the occurreheéements in various depths different
backscattered spectra can be obtained and furttedysis of the same sample has to be
done. Therefore, it is recommended to use anoBweitéchnique to help to understand the
nature of measured sample. Usually, laboratorieshwbarry out the RBS measurements
also possess a system for at least one differehtéBhnique, e. g. ERDA, PIXE, NRA or
all of them.

2.2. Elastic recoil detection analysis

The ERDA technique is focused on analysis of neltsurface and the area near the
surface of material using beam of positive ionse Timajority of projectile ions is being
elastically scattered from target atoms, but someusnt of projectile ions can get close to
the nuclei of atoms in the matrix. Here, the trangd energy can be high enough for target
nucleus to leave the material. These recoiled numte subsequently detected. The
principle of ERDA is shown in Fig. 2. From the plogspoint of view, ERDA deals with a
two-body elastic collision process in a centrat®field, where Coulomb interaction plays

the main role. It is important that within this pess the RBS still occurs. The detailed

16



physics of this process can be found in [NastakisP One the crucial aspects for ERDA
is that the detection system for recoiled nucles tmbe placed in angle greater than the
angle for RBS in order to prevent excessive deaé &and energy overlap due to the large
elastic yield coming from the scattered beam.

Recoil atoms + _
Scattered inc. ions |

ions

E=f(M,Z, 1)

JJJI 9J

sample QOO OGO QOQ |

7 JIIIIIIIID
GIIIIIIIII

Fig. 2 The ERDA technique principle [ERDA, 2016]

For the detection of recoiled nuclei two approaches usually chosen. The technique is
then done as transmission or reflection ERDA.

At the transmission ERDA the geometry is desigs@the beam of projectile ions hits
the sample material in the direction of sampleaaafnormal. For thin target material, e.g.
foils, thin films, etc., the majority of projectiiens and recoiled nuclei comes out of from
the back side of the sample. For thicker targetg particles with higher energy can pass
through the material. In both cases the recoiledlenare detected at certain angle behind
the sample. This technique is limited by the tatbetkness. For thick samples, i.e., the
projectiles and recoils cannot pass through theemadt transmission ERDA cannot be
applied.

At the reflection ERDA the geometry is differeifibe incident angle of projectile ion
beam is carefully selected so the recoiled nudei lse detected at desired angle. At this
technique a proper option for these angles is atumecause of unwanted detection of
scattered projectiles. It is common to set thesgleanto high values, e.g. 140°. The
detection system of recoiled nuclei has to covevide range of these nuclei. For this

purpose different detection systems have been dgedland involved. The most common
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in ERDA technique is the Time-Of-Flight (TOF) ddien system. For the recoiled nuclei
identification magnetic detectors or gas ionizatitmtectors are used. The best results can
be reached with combination of multiple detectdilse qualitative analysis has to handle
the characterization of recoiled nuclei massestiveaenergy transfer in the elastic recoil
interaction in the process. The quantitative anslysquires the determination of recoiled
nuclei yield, which can be converted into the ataunm@ of certain isotope in the analyzed
sample material. This yield is determined by etastoss section for each pair of projectile
— target and the angular distribution which is cedeby the detection system [Martin,
2003].

The ERDA technique can be used for determining eotmation depth profiles or areal
densities of hydrogen isotopes (H, D, and T) widlium ion beam as projectiles. The
energy of such beam is ~ MeV [Reiche, 2006], [@alo, 2001]. For detection of other
light isotopes in analyzed samples an ion beameaf/ nuclei as projectiles is used, e.g.
35C| [Sério, 2012]84Kr [Msimanga, 2012]+?7l [Petersson, 2012]. The energy of projectiles
is set from tens of MeV up to ~ 200 MeV.

2.3. Particleinduced X-ray emission and gamma-ray emission

Both, PIXE and PIGE techniques, are considereabaslestructive material analytical
techniques. This statement is valid within standamaditions for both methods. Obviously,
if the intensity and energy of the incident beancesd certain level then the analyzed
material can be damaged even destroyed, espettiailgamples. This is valid for RBS and
ERDA as well. For low beam intensities ~ nanoampénd) and short measurement times
~ few minutes the effects caused by incident pagiare usually negligible.

The PIGE technique represents a modification ofBP1t higher energy of ion beam,
sufficient for inducing gamma quanta emission fri@ target nuclei. The PIGE technique
is more sensitive for lighter elements presentethensample material (Z = 3 — 20). For
higher values of proton number Z the Coulomb rapelpotential rises. This prevents the
projectile ions to interact with the target nucdeid thus to excite target atoms nucleons
what would lead to emission of gamma-rays from dieation process. With the increasing
proton number Z of target nuclei the probability pbjectile ions interactions with the

target nuclei decreases. The projectile ions th&ract only with atomic shells leading to
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emission of X-rays. This is the main reason whRIGE limited by the Z number and thus

can be used as a complementary technique for PhéEysis.

A possible PIXE detection system geometry is shwfigure 3.

Collimators Sample Faraday cup
| N —
Beam b
i T
Current
Detector integrator

@ Amplifier =

Computer Analyser

Fig. 3: A schematic view of possible PIXE detection sysfitartin, 2003]

The ion beam passes through a collimation systém the chamber with mounted
sample. For thin samples a Faraday cup is plackimhde¢he sample. The X-rays produced
in the interaction among projectiles and targetrst@re detected with detector. The most
employed detectors for X-rays are semiconductoedatets, e.g. Si(Li) which have good
energetic resolution and high detection efficiefmy X-rays. The signal from detector is
then processed with a computer and proper softw@he explanatory principle of
PIXE/PIGE technique is shown in the Figure 4 [Nak#015]. In this example, a thin
proton beam is used for X-ray and gamma-ray pradoicin a thin sample material.
Induced radiation is being detected by two detsgbteiced as shown.

Depending on the projectiles energy PIXE is dididgo 3 groups. Within the range of
1 - 10 MeV it is classical PIXE, then with energiedow 1 MeV it is low-energy PIXE
and with energy above 10 MeV it is used to speauthigh-energy PIXE technique. The
X-rays that are necessary for PIXE analysis haeg tirigin in the interaction of charged
particles (projectile ions) with the atoms in thample matrix (target atoms). The
projectiles interact with the target atoms electsbells and these atoms are being ionized.
The empty places left behind by excited electrores l&eing filled with electrons from

higher orbital levels. This process is accompabiethe emission of X-rays, which energy
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Is characteristic for each element. Detection awerpretation of these X-rays is the crucial
feature of PIXE analysis.
i

Sample mounted on thin film |

Proton beam 1um ¢

In a vacuum In air

e
Fig. 4: The principle of PIXE/PIGE technique [Nakai, 2015]

The amount of X-rays produced in the sample ip@rional to the amount of the
target atoms presented in the sample. There i®agstependence among X-ray emission
and the properties of ion beam that induces thissgamn. The probability of X-ray
production is dependent on the projectile ion béatensity and on the projectiles energy.
It is used to indicate the beam intensity in ampeneits. Commonly used intensities are
about ~1 mA down to tens of nA. The higher thisreat is, the higher the X-ray
production probability is and vice versa. This mbitity is also bound to the projectiles
energy loses in the sample matrix. According toghgectiles mass and the target nuclei
mass the projectiles sequentially loses their gneg they pass through the matter of
sample. For PIXE measurements light particles guwotons or helium ions are used. With
heavier target atoms in the sample the projedtiles the energy and below a certain value
they lose the ability to induce X-ray emission. Mieole situation can be imagined as a
ball on a snooker table. Although the energy transf a single interaction is small, the
high amount of interactions significantly reducdse tprojectiles energy. Since the
calibration of whole detection system is done fartigular projectiles energy, it is
necessary to be aware of the energy loses, anubte &xact values for energy loose of the
projectile — the matrix system. The determinatdrparticular element abundance in the
sample is being done regarding these values as Wl changing projectiles energy as
they pass through the matter influences the firemnination of the concentration of

certain element in the sample. For PIXE analysis thost employed detectors are
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semiconductors, e.g. lithium drifted silicon detest Si(Li) [Chéne, 2012], [Karydas,
2014], [Pichon, 2010], [Tripathy, 2010], [ZucchiatR015], High Purity Germanium
detectors HPGe [Denker, 2005], Silicon drifted detes SDD [Calzolai, 2015], [Manuel,
2014], or combination of more detectors [Moril®12], [Ortega, 2010], [Suarez, 2011].

2.4. Nuclear reaction analysis

The NRA technique focuses on the nuclear reactidrish are caused by the incident
ion beam on the material surface. The projectifesimteract with atomic structure of the
specimen and after entering the sample matternbjeqgtiles begin to lose their energy via
interactions with electron shells of atoms presgimethe analyzed material. Depending on
the projectiles initial energy these ions penettata certain depth into the matter. These
energy loses correspond to the Bragg curve so thenmum of energy loss is in the end of
the ion path in the matter. The whole NRA techniduas the basis standing on these
phenomena. The fact that a certain ion loses i&sggnto a certain value allows using
nuclear resonances to maximize the yield from rauckeaction taking place between
projectile and a specific nucleus inside of the garmatter. Via evaluation of these
reactions products energy distributions measuresnentis possible to obtain the
information about depth distribution of target raiclSince the nuclear reactions are isotope
specific, NRA results can provide information abmatopic composition of the sample.

An example of NRA technique can be monitoring o€lear reaction?’Al (p, y) ?’Si
where the emitting gammas were measured to ohtéanmation about’Al displacement
[Martin, 2003]. A schematic view for NRA is shown Fig. 5. The incident ions induce
nuclear reactions which products can be detectedrdctice are used mostly gammas but
other reaction products can be detected as welEZdlvZnik, 2016] a reaction BHle, p)a
was monitored and emitting protons were analyzeith \&i partially depleted Passivated
Implanted Planar Silicon (PIPS) detector.

The NRA technique uses the resonance energy fdeaureactions to observe even
small amount of target nuclei in the sample. Whtile projectile ions lose their energy in
the matter at certain depth where is this energgecto the resonance energy the cross
section for the process rises what makes possiblmaasure small abundant isotopes

presented in the sample. A nice example of res@nanergy exploitation can be found in

21



[Mathayan, 2016]. They analyzed the lattice logatid O isotope. This can be analyzed
by the out comingi-particle yield from the nuclear reaction®Jp, o) N*®> which has a
broad resonance at 820 keV and Q-value of 3.981.Mé&¥ idea of the resonance energy
reaction exploitation is both simple and brilliak¥hen an incoming particle has higher
energy than the resonance energy of the monitoredeps then there is a well-defined
depth in the material where the projectile’s inigaergy drops to the reaction resonance
energy. In this depth the reaction cross sectisesrrapidly and thus the yield of products
rises as well. The signal in the detector, whiclseas for the searching products, will be
stronger. Depending on the particular isotopestdrest concentration in the sample the
probability to find desired signal from the wantegaction rises above the level of
unwanted signals from reactions with other isotqpesented in the sample.

¢ 7-Quants

N

¥ or particle from
nuclear reactions

Light ions
Energy ~ 0.5- 10 MeV

Fig. 5: The principle of NRA technique [NRA, 2016]

The detection of protons, deuterofide and*He nuclei can be used silicon surface
barrier detectors [Guillou, 2014], [Paneta, 20#atronis, 2014], Passivated Implanted
Planar Silicon (PIPS) detectors [Carella, 2014t@mbination of more detectors to cover
range of possible products in the reactions [BoysP014]. Another example of NRA
study can be [Martin, 2012]. They analyzed the eotr@tion and depth profile of helium
implanted into uranium dioxide lattice. The monédrreaction wasHe (d, p)*He. The
projectile deuterons energy was 900 keV and 2 tmteander 0° a 150° angles were
detecting the emitting protons. For spectra analyise SIMNRA software is commonly
used. This program simulates the spectra for nucksctions and computes the data and
results [Bykov, 2012], [Pellegrino, 2012].
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3. Experimental setup of the CENTA laboratory

The main intention of CENTA laboratory birth andvdmpment was to build a
national laboratory that will be able to unify amediate the scientific research in Slovakia.
The range of possible impact of this laboratorguge broad. The principal focus is aimed
at the most recent nuclear technologies that irevalv acceleration process to gain ions in
various energy states. These ions can be eithgzadadirectly (in AMS measurements) or
can be used for further analysis of samples anénmah{IBA techniques), or the ion beam
can be utilized for material modification (IBM metls). At present, the laboratory is
collaborating with more foreign laboratories in &pe on multidisciplinary levels. The
AMS measurements are carried out with the VERA fatooy in Vienna, Austria, with the
laboratory CIRCE in Naples, Italy and with the ledtory in Debrecen, Hungary. The IBA
measurements were performed at the ETH in Zuriehtz8rland and then the PIXE line
with chamber for sample irradiation was installed€CENTA. The current equipment in the
CENTA laboratory was limited by available funds. Atesent (April 2017), two ion
sources, the injection system, 3 MeV electrostititdem accelerator, and high energy
analyzer with 2 channels for ion beam measuremargsavailable. All equipment was
designed and manufactured in the USA by Nation&ctibstatic Corporation (NEC,
Middleton). The funding of the laboratory buildiagd equipment was done thanks to more
sources. The main contributions were achieved weoean structural and investment
funds and the IAEA (International Agency for Atonfitaergy).

A floor scheme of the CENTA laboratory is illusedtin the Figure 6. The previous
scheme which does not include PIXE/PIGE beam lare lee found in [Povinec, 2015B].
Hopefully, in the near future an AMS beam line via#l installed. The plan is to install this
line on the place where the switching magnet isetuty. The whole beam line in forward
direction of accelerated ion beam should be shiiitéal a special laboratory room which
was built with double concrete walls for radiatishielding. IBM and further IBA
measurements are planned to be carried out indidhi® shielded space. The AMS
extension should contain a 90° bending magnet wivilichange the ion trajectory to the
left direction of accelerated ion beam. For reddeester imagination, the extensions are

shown in the Figure 7.
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Fig. 6: A floor scheme of the CENTA laboratory (April 2017

24



Q) o gate valve
¢ Faraday cup
» xandy slits

endstation

,x slits

gate valve

v x slits

ionisation
chamber

Faraday cup

beam profile monitor

 magnetic y steerer

7 gate valve

beam profile monitor

.
S
- =
o c
T @ )
o £ o E
- o 3
< o e
> 2 > &
2o 2 8%y 3MV Pelletron
S > T © 2 =
>2 £ > C @
'R-] s 8 Eg
58 S 5L 30
DE T o g 2>
sa—=_0 52 - N v
=V Ay - vV ry
" w o avs
analyzing S % 3 ‘_;", 2
magnet - 5S35
e 8§ E
E S s co
i © 5 8=
w %%
4
offset Faraday cups o 1
" £
»|« xandy slits S 1
Q2

" beam profile monitor
mLJ Faraday cup

g gate valve

Q

=

electrostatic
analyzer

Alphatross

beam profile monitor

Faraday cup

gate valve

end gas
5L ] ionisation
detector

Fig. 7: A floor scheme of the CENTA laboratory with pladrextensions

25

bending magnet

x and y steerers

electrostatic analyser
gate valve

>« xandy slits
beam profile monitor

/ Faraday cup

y steerer




The planned AMS line should contain an electrastapectrometer and a gas
ionization chamber detector. Faraday cups and tofgeaday cups with a proper ion beam
and vacuum components will be installed as welk €ktension in the forward ion beam
direction should contain IBM and NRA techniquelinith proper endstation chamber, the
existing IBA line with chamber for these analyzesl anodified existing line with added
ionization chamber. The plans for IBA and IBM maa&soents incorporate a nuclear
microscope, raster scan and biomedical statiomftterial analysis. The proposed outlined
laboratory completion should be able to fully mamagsearch in wide area including
nuclear physics, environmental physics, nuclearopbysics, biomedical sciences and
adjacent research. The purpose of the smaller d&dryr room, where should be IBA and
IBM measurements realized, is to afford a propetiatéon protection for the staff
executing these measurements. This shelter is edweith roughly one meter thick soil
layer and has a double reinforced concrete wals. ilea of whole laboratory project was
to achieve an environment where various experimetitts different radiation exposures
should be managed, more or less, at the same hmhis way, the AMS line will be
separated from the environment with increased tiadiawhile the neutron and gamma-ray
detectors will continuously monitor the radiatioevéls in the main laboratory where

operators and scientific staff will carry out theasurements.

The detailed description of devices installed & iboratory is given in the next sections.
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3.1. lon sources

The CENTA laboratory is equipped with 2 ion sostca@lphatross and MC-SNICS.
The Alphatross is a radio frequency ion sourceghesl to produce ions from gas or a
mixture of gases. The MC-SNICS (Multi-Cathode Seudof Negative lons by Cesium
Sputtering) is designed for ion production fromigahaterial. Both sources are able to
produce negative ions. Negative ions are necegsatandem acceleration process which
is described in section 3.5.

3.1.1. Alphatross
The structure of Alphatross was originally desiyremly for negative helium ions
productions [Alph, 2011]. But with further upgradéss capable of production variate of

ions, e.g. H NH, O. The principle of Alphatross operation for He idasshown in the

Figure 8.
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Fig. 8: The Alphatross operation principle for He ionsdarction [Pelletronl, 2017]

An RF (radio frequency) ion source produces pasitons. A gas or gas mixture is
bled into a quartz bottle; an RF oscillator conadcto the quartz bottle dissociates the
neutral gas. The frequency of 100 MHz is appliedioftage difference (usually about 2-6
kV) is used to push the ions out of the chambeough the exit aperture, making a
continuous beam. To produce a negative beam, thiéiygobeam is immediately injected

into a charge exchange cell with rubidium vapore Tabidium is used due to its low
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electron affinity. Positive He ions which pass tigh this vapor can easily pull more than
one electron from rubidium and become negative.idRuim is used also because the cross
section for He negative ions production is highempared to other elements. The charge
exchange process efficiency is about 1-2 %. Negadiie ions are consequently extracted

into the beam line. Typical ion beam current frotphatross is ~ 2mA.

3.1.2. MC-SNICS

This source is used for negative ion beam prodndtiom solid targets with masses
ranging from lithium to transuranic elements. Tloadition for proper utilization of ion
beam is that the target material must be able tm fstable negative ions. The Multi-
Cathode in its name means that this source is pgdipiith a rotary carousel for 40 target
positions. The target material is pressed into kralders and placed into these 40
positions in the carousel. During the operatior,\lnole carousel is being held on positive
potential, therefore the target material holders wsually denoted as cathodes. Hence the
MC-SNICS is designed for rapid cathode change aretige, repeatable positioning
without cathode exposure to air and keeping thé kicuum stable inside of the source.
Negative ions are produced in cesium sputteringgs®. The principle is shown in the
Figure 9.

Cs+ focus

7 loni Extractor
onizer

Cathode

Cathode

Oven

Fig. 9: The MC-SNICS operation principle for negative igmeduction [Pelletron2, 2017]

The primary parts of this source consist of cathdlder disk, oven with liquid
cesium, ionizer, focusing electrode (Cs+ focus) arttactor electrode. Cesium is being

heated up to ~200°C causing its evaporation. Tip@ivases to small space between the
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hot ionizer surface and cooled cathode wheel. Somaunt of the cesium vapor condenses
on the cathode wheel and the rest is thermallyzexhion the ionizer surface. Positive
cesium ions are than attracted by negative catpotintial (— 5 kV in standard operation).
In the path from ionizer surface to the cathoddéaserthese ions are accelerated and their
energy is sufficient for material sputtering frohrettarget material placed in the cathode.
Some materials prefer to form negative ions in $ipigttering process. But, there are certain
materials which suppress negative ion formation @neder to form positive ions or neutral
particles. The design of the MC-SNICS takes thid fato account. Inside of the source,
there is a small space close to the cathode swiheee is the cesium vapor. Positive ions
or neutrals can easily pick some electrons from ¢lesium because of low electron affinity
of cesium and hence become negative. The extradtatrode which is held at high
positive potential (~+16 kV) extract negative iggreduced in the MC-SNICS and further

ion optics devices accelerate them into the beaen li

3.2. Low energy part

Description of main devices installed among the smurces and the accelerator is

presented in this section. Specifically, the listh@se main devices includes:

1.) Electrostatic analyzer
2.) Bending magnet
3.) Electrostatic steerers

4.) Einzel lens

3.2.1. Electrostatic analyzer

Electrostatic analyzer (ESA) is installed in theaim trajectory after the pre-
acceleration of ions in the sources and it is deetieam selection from one of the sources.
ESA operates on the principle of rotation tablehwt vertical electrodes. The table is
capable of rotation in horizontal plane and hasgtmns; one for Alphatross and other one
for MC-SNICS. The electrodes’ curvature radius @c3n. A schematic view of ESA is
illustrated in the Figure 10. The figure represetofs view of the device. The vertical
electrodes which determine the ions’ trajectory laghlighted on purpose. The adjustable

electrostatic potential of these electrodes endbleeflect ion beams of desired quality. In
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this way, the ESA represents an energy filter. $&garation of ions is guided by thé&
criterion (whereE represents the energy agdhe charge state of ion) for different ions
coming out of the sources. The possible chargestfabm the sources can be Z... but
the majority of produced ions are in thechharge state from both sources.

BEAM

Fig. 10: A schematic top view of the Electrostatic analy&8A) [ESA, 2011]

Vertical electrodes are highlighted for better otédion in the figure. Arrows represent the beam
direction as shown.

3.2.2. Bending magnet

The most important device in the low-energy sectiepresents a bending magnet
(BM). It is a dipole magnet which deflects the iomam to 90°. A uniform magnetic field,
perpendicular to the ions’ trajectory, causes aature of this trajectory. In this way, the
BM represents a momentum filter. The ion separasoguided byp/q criterion (wherep
represents the momentum aqdhe charge state of ion) and thus the BM can leel tsr
mass spectrometry. The distance between magnet k8 cm, the curvature radius is
45.72 cm and whole magnet weights 2473 kg. Maxiebettrical current in the coils is
96.3 A [Bend, 2011]. A schematic view of the BMsisown in the Figure 11. The poles are
specially formed into shape (highlighted part ie flgure) that meets the best performance

results for ion trajectory deflection accordinghe manufacturer, the NEC.
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Beam

Beam

Fig. 11: A schematic top view of the bending magnet (BMgiig, 2011]

Magnetic pole is highlighted on purpose for betigentation. Arrows have been added for beam
direction as shown.

3.2.3. Electrostatic steerers

In the beam line among the BM and ion sourcesgiapéevices for ion trajectory
affection in horizontal and vertical direction amestalled. These devices are called
electrostatic steerers (ES). The name for thesieeteis really peculiar. Each device is able
to deflect or “steer” the ion beam in a certairediion. The design of ES is quite simple. It
consists of 2 parallel plane electrodes which aceinted in certain distance from each
other. The space between the electrodes is suppjiech adjustable electrostatic potential
and thus ions passing through the ES are forced¢henge their trajectory in this
electrostatic field. Depending on the directioretd#ctrostatic field intensity vector and the
charge state of the ion the trajectory can be diftkinto desired direction. A schematic
view of ES is shown in the Figure 12. Two typesES are installed in the low energy
section; vertical steerers (for beam deflectiorYiaxis) and combined horizontal-vertical
steerer (for beam deflection both in horizontaédiion — X axis and vertical direction — Y
axis). In the Figure 12, a scheme of the vertitedrer (ES-Y) is shown on the left side and
a scheme of combined horizontal-vertical steer&-Xg) is shown on the right side. In the

ES-XY, two pairs of planar electrodes are instalidile they are 90° rotated along the
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beam axis to each other. As can be seen in the $ldeeme of CENTA laboratory (Figure
6), there are one and one ES installed among tirees® and the ESA and one ES installed
between the ESA and the BM. The ES which are ilestddetween each source and the
ESA is vertical (ES-Y) and the other one is comdifar both directions (ES-XY).

(N v m—— J
1 - e———

o nl-l:
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Fig. 12: A schematic side view of electrostatic steere®)([ESXY, 2011]. On the left side the ES-
Y scheme is shown, one is installed between théathpss and the ESA and another one between
the MC-SNICS and the ESA. On the right side thelmoed ES-XY scheme is shown. This ES is
installed between the ESA and the BM. The planesteddes are highlighted on purpose in both
cases.

3.2.3. Einzel lens

The ion beam before entering the Pelletron isipggfrough Einzel lens (EL) which
are installed between the BM and the Pelletronufféig). This device consists of three
cylindrical electrodes which are mounted in a rdang the beam axis. A longitudinal

section view is shown in the Figure 13.

0 volts +V volts 0 volts
—

Plates

Electric field lines
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lon path

————
0 volts +V volts 0 volts

Fig. 13: A longitudinal section view of the Einzel lenstiated in the laboratory [EL1, 2017]

The two outer electrodes are grounded while thadhaione is being held on adjustable
positive potential. Hence the electrostatic potdns symmetrical so ions’ energy remains
unchanged when they pass through such systemel€HNTA laboratory model Einzel
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Lens EL 76-60 is installed. The maximal appliedtagé on the middle electrode is 60 kV,
inner diameter of electrodes is 76 mm and the fenfthe EL is 219 mm [EL2, 2011].

3.3. lon beam monitoring devices

Along the whole beam line multiple different deascoperate in order to monitor the
ion beam. The ions produced in the ion sources fonrbeam which has to pass through
the pre-accelerating and accelerating system, qoesdly through the focusing and
separation system and finally, in the end, thess are either monitored or used for some
application. Obviously, during this process, thatfiees and characteristics of the ion beam
variates because devices used for beam trajectefigction, ions’ acceleration and
focusing affect the main features of the beam sscknergy, intensity and shape, i.e., the
cross section or the beam shape on the targetcsurzepending on the ions which are
subject of interest, the whole acceleration sydtasito be tuned with individual approach
to settings of beam features affecting devices. this purpose Faraday cups and beam
profile monitors are installed along the beam liaemonitor and record these changes in

ion beam qualities.

3.3.1. Faraday cups

The Faraday cup (FC) is a device formed by comdeichetal cylinder (alternatively
cone) designed to capture charged particles inwacuncident charged particles cause
induction of electric current in the volume of (F@)a precise measurement of this current
the intensity of ion beam can be calculated oinasommon practice, the intensity of ion
beam can be directly used in Amperes [Wiedemanh5Psually mA and less). In the
CENTA laboratory two models of FCs are installe@5P and FC18.

Faraday cup model FC50

This model consists of cylinder with a groundededang aperture, an electron

suppression electrode and a tantalum collectoch®&matic view of this model is shown in
the Figure 14; a view from the beam direction andpaview of the device. The position of
the FC is controlled with an air pneumatic systanded from the computer. This system
simply retracts or inserts a metal bar which hohdsFC, so the cylinder moves in or out of
the beam axis. The electron suppressor is desifgmeslippression of secondary electrons

emitted from the cylinder since the ion beam preduthese electrons when it hits the
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surface of the FC. The suppressor’s diameter getathan the diameter of FC’s entering
aperture, so it does not capture the ions whichnaeasured in the FC. The negative
suppressor potential prevents the emission of skggrelectrons; suppressor of this model
is powered by -200 V power supply. The electricrent induced in the cylinder

corresponds then to the intensity of the ion beB@ine amount of particles depends on the

presented charge state of ions captured by the FC.

Fig. 14: A front and top view of Faraday cup model FC50%BC2011].The front view is in the
beam direction. The FC is moved in or out of thebeam with an air pneumatic controller. The
labels were added for reader’s better orientatiathé figure.

Faraday cup model FC18
In contrast with the previous model, model FC18sists of tantalum cone for capture

of charged particles. The conical shape of the $=@esigned in such way that the major
part of the surface is exposed to the incidentieam while avoid melting of tantalum with
intense radiation. This model is illustrated in tRgure 15. The cone is electrically
insulated from the cooling system which is realizgth circulation of cooled water in a
spiral tube wrapped around the cone. This cooliatd) @bsorbs the heat produced by
incident beam. The position of the cup is contbligth air pneumatic system mounted on
the top of the FC. The difference compared with GCGbodel is that this model is
positioned into the beam axis via partial rota@waund axis above the FC. On the left side
of Figure 15 is shown the view from the beam dicgcand the FC. The cone is moved out

of the beam axis by movement to the left (pneumsggtem retracts the metal bar which
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hold the cone). To move the cone into the beam, déixés system inserts the bar and the
cone moves to the right (from the view in the Fegd5). The ion beam enters the cone
through a grounded molybdenum aperture. The diamoéthis aperture is smaller than the
diameter of suppressor electrode which has the $amegéion as in model FC50. The FC18

suppressor installed in the laboratory is powereedb0 V power supply.

Pneumatic
N1 : control

Fig. 15: A front and side view of Faraday cup model FC181B, 2011] 4The front view is in the

beam direction. In the side view the beam is indideom the left. The FC is moved in or out of the

ion beam with an air pneumatic controller (moventerthe left or right, see text). The labels were
added for reader’s better orientation in the figure

3.3.2. Beam profile monitors

This devices are installed along the whole beara 1o monitor the position and the
intensity of ion beam in horizontal (denoted asXshand vertical (denoted as Y axis)
direction. The beam profile monitor (BPM) is abte measure these qualities while the
beam is passing through the device. It is posslbke to its design which allows beam to
pass without significant change. The main parhef BPM is a wire bowed into 45° spiral
which is rotating along the spiral axis with cemt&iequency. In the laboratory two models
of BPMs are installed: BPM81 and BPM80. The BPM8ddsi rotates with frequency of
18 cps with radius of 2.25 cm; the BPM81 model tetaat 19 cps frequency with 2.7 cm
radius [BPM, 2011]. The very important feature loé 8BPM is a proper mounting on the

beam line. The device has to be mounted in a 4%team order to provide proper
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functionality. The scheme of BPM is shown in thgufe 16. The rotating wire cuts the
beam axis in two orthogonal planes while collectinfprmation about X, in one section
and then about Y axis, in the next section. Seagnelactrons’ electric current induced in
the wire by passing ion beam is measured and redorth a properly calibrated
oscilloscope two signals appear: one for X androtme for Y axis. This information is

consequently transformed into the horizontal articad profiles of the beam.

Fig. 16: A schematic view of BPM [BPM, 2011]. Informatiobaut beam direction and label for
wire were added on purpose. The whole device ismealuon the beam line at 45° angle.

A final exemplary BPM output is shown in Fig. 17.

1 200v/ 2008/ 31.60% 5.8003/ Auto

Fig. 17: An oscilloscope BMP output of ion beam profile {i*ec, 2015]. On the left side Y profile
(vertical) and on the right side X profile (horizal) are displayed. Specifically, tABe** ion beam
at 7.1 MeV energy after focusing is shown. One sgjoathe grid represents 10 mm.
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3.4. The Pdlletron accelerator

The superior device installed in the CENTA laboratis a linear tandem electrostatic
accelerator Pelletron model 9SDH-2 with maximalmieal electrode voltage 3 MV.
Inseparable component of the Pelletron is a smipptolumn in the middle of the
acceleration tube. The column if filled with a gping gas which provides charge exchange
among accelerated ions and this strips gas mokechlectrons are being stripped out from
the originally negative ions so these ions are tm#eg positive. This is the core of tandem
acceleration; negative ions are in the first halfhe acceleration tube attracted by positive
terminal electrode potential and consequentlyr atecessful stripping of electrons, these
ions are repelled by the same positive terminaitedde potential. The energy yield from
tandem accelerators is hence doubled comparec¢tesstage accelerators for the same
potential of terminal electrode. Presently, thgptng column is filled with a nitrogen gas.
The column is equipped with a step valve and twbdtmolecular pumps. The step valve
provides delicate control of pressure what is n&ggsfor stripping process. The pumps are
mounted on the sides of the column and they mairgtairculation of nitrogen inside of the
column. Another purpose of the pumps is to prevaéinbgen escape the stripping column
what would lead to degradation in vacuum in thenbdme and possible automatic
shutdown of the system in a case when the pressule beam line vacuum rises above
certain level. The charging of terminal voltagersvided by circulating chains consisting

of small pellets. The principle with a chain detaishown in Fig. 18.

Pelletron Charging System
(Positive configuration shown)

Terminal hell

Suppressor

Charging Chain--metal
Inductor pellets, nylon links

e i A Y AN G 0P TR (R AT S #

Drive pulley

___________

Charging
Current

Fig. 18: Charging process scheme and detail ohegatg chain [Pelletron3, 2011].
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The charging chains are made of metal cylindesdlggs) connected by insulating
nylon links. The pellets are charged by an inducteheme that does not use rubbing
contacts or corona discharges. For a positive teirPelletron, the negatively-charged
inductor electrode pushes electrons off the peNetdle they are in contact with the
grounded drive pulley. Since the pellets are stdide the inductor field as they leave the
pulley, they retain a net positive charge. The mhien transports this charge to the high-
voltage terminal, where the reverse process octingn it reaches the terminal, the chain
passes through a negatively-biased suppressoragecivhich prevents arcing as the
pellets make contact with the terminal pulley. As pellets leave the suppressor, charge
flows smoothly onto the terminal pulley, giving tkerminal a net positive charge. The
motors which provide the chains’ movement are stpdoon movable platforms which are
counterweighted, automatically providing proper inhtension [Pelletron3, 2011]. The
accelerator tube is placed in a pressure tank Wi2B m diameter and 5.64 m length. This
vessel is filled with an insulating gas, specifigaulfur hexafluoride (Sé} at pressure of
several bars (usually 5 bars of¢SB used). This gas has excellent insulating gealit
hence it is used for suppression of undesirablaited electrode discharge. On the other
hand, SF6 is a highly potent greenhouse gas sgogemic vacuum system is used for the

manipulation and storage of this gas during théeReh maintenance.

3.5. Focusing and analyzing beam line

Accelerated ion beam leaves the Pelletron andeprxto the focusing beam line. The
principal device in this section is the tripletrofgnetic quadrupoles (QP) that focuses the
ion beam using different magnetic intensities agplmong the poles of the triplet in QP.
Consequently, the focused ion beam passes throdgioke magnet which provides the ion
beam trajectory deflection into desired directidme dipole magnet, called switching
magnet (SM), is designed for 7 possible directidnfgrward, 3 to the left and 3 to the right
side. In terms of angles, these positions are £2%°, + 30° and + 45°, with respect to the
beam axis. At present, 2 channels are being ustittilaboratory. Both are oriented on the
left side in direction of passing beam (Figure/RIXE/PIGE beam line is installed at 15°
position and a channel used for calibration andingss installed at 45° position. The

PIXE/PIGE chamber is used for this measurementgl@dhamber itself will be explained
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in the next section. For ion beam positioning intical direction additional magnetic
steerers are installed. Faraday cups and BPMsnatalled in this section as well for ion
beam monitoring. Details of these devices are giveprevious sections. Next sections
give more information about the QP, SM and magrstgerers.

3.5.1. Triplet of magnetic quadrupoles

The device comprises of three magnetic quadrupol@snted in common rack. The
magnetic field formed by a magnetic quadrupole (@Pgonvenient for beam focusing.
The intensity of such field rapidly rises with ieasing distance in direction from the
longitudinal axis of QP. The ion beam passing tgiothe QP is being focused in one axis
and defocused in axis perpendicular to the prevomes Thus, in practice, multiple QPs are
usually installed in a row while they are 90° rethilong the beam axis to each other. The
focusing of ion beam depends on the intensity aadous strength of magnetic field
formed by individual quadrupoles. Depending onrtftementum of ions forming the beam,
the beam diameter can be focused down to ~ mm. Sdmarious ion beam applications
demand defocused beam which is incident on a laagea of the specimen. With proper
settings of QPs the defocusing effect can be ledams of large diameters (1-2 cm). This
technique is limited by construction of beam linedaalso by factors that rises from
utilization of different devices in next steps aftiefocusing. The QP triplet installed in the
CENTA laboratory is described later into detailsgjpter 5).

3.5.2. Analyzing magnet

The next step in AMS or IBA technique is selectafraccelerated ions which undergo
focusing process in the QP. For this purpose al@ignalyzing magnet is installed as can
be seen in the Figure 6. This magnet was desigridApossible exiting beam lines. At
present, two of them are used for research indberhtory. The magnet itself is called
switching magnet (SM) for its obvious functionaldf switching among possible channels.
The distance of magnet poles is 3.18 cm, the pdde eadius is 46.63 cm, and radius of
curvature for 45° channel is 60.93 cm, 90.09 cm3@t channel and 178.64 cm for 15°
channel. The total weight of magnet with coils 62 kg. The magnet is designed for

maximal 200 A of electric current in the coils [$ofi, 2011]. The scheme of the SM is
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shown in the Figure 19. More details about the S#®! given in the chapter 5 which

describes the ion beam trajectory simulations énQ® and SM.

-
i

Fig. 19: A schematic top view of the SM [Switch, 2011]. Tpwe boundaries are highlighted on
purpose for better orientation in the figure. Iisthiew, the ion beam passes through the SM in
upward direction.

3.5.3. Magnetic steerers

Two magnetic steerers (MS) are installed in thelyamag and focusing beam line. The
scheme is shown in the Figure 20. As can be seémdriigure, the MS are installed from
the outer side of the beam line. MS comprises af pwles (vertical plates in the figure)
and corresponding coils. It “sits” on the beam lamefour screws and the orientation of MS
can be rotated around the beam line. The magnetit $trength depends on the electric
current in the coils. This current is controlled e command computer in the laboratory.
This design is very convenient, because it givgsodpnity to change the position of MS,
if needed, within few minutes. Depending on itstatiation, various ion beam deflection
can be achieved. Under standard circumstancesyrizohtal or a vertical deflection is
desired, so a corresponding installation of MStikzad. At present, both MS are installed

as shown in the Figure 20, so the deflection géttary is in the vertical direction.
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Fig. 20: A schematic view of the MS [MS-Y, 2011]

Magnetic poles are highlighted for better undeditagn of deflection process. In this mounting
option, the magnetic field vector is horizontalaayed particle moves toward (or away from) the
figure thus the Lorentz force vector is verticalshing the charged particle down or up (depending
on the particle’s charge sign and the magnetid fiector orientation — left or right). Labels for
pole, coil and horizontal and vertical directionsres added. The dimensions in the figure are in

inches.
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4. Pelletron transmission efficiency measurements

The principal device of the CENTA laboratory iadar tandem accelerator Pelletron
with two ion sources and several ion optics devioeson beam manipulation. For proper
functionality of the whole system many calibratiand optimization measurements were
elaborated. Tandem accelerator transmission dfigidor various ions is one of the key
features of this system. Further development of heam applications depends on the
determination of this characteristic feature. Fordem accelerators is crucial the usage of
negative ions which are being stripped in accelangirocess inside the Pelletron.

Tandem acceleration in Pelletron proceeds in ttepss firstly, negative ions are
accelerated towards the positive potential of #nminal electrode (where ions change their
charge in the stripping process) and secondly,tigesions are accelerated by positive
potential of the terminal electrode. In this waye energy gained in tandem acceleration is
doubled compared to a single acceleration procesy)the same potential voltage on
terminal electrode. Stripping is being done byddtrcing either foils or stripper gas into
acceleration tube inside the volume of the termalattrode, which is held on a positive
potential. The quality of the stripping processedetines the amount of ions, which change
their electric charge from negative to positiveNOR’s Pelletron system incorporates gas-
stripping technology with nitrogen as stripper gdsgative ions are produced in ion source
where they gain certain injection energy (tens @¥)k Using ion optics devices for beam
transmission through the system, certain type o$ ican be selected and injected into the
Pelletron. These ions are accelerated to enerdisgeweral MeV, separated using high-
energy ion optics devices installed in the focusang analyzing beamline and detected in
the end of the beam line detector.

The quality of stripping process is defined byhsmission efficiency. In literature it is
possible to find different terms such as strippefficiency or stripping yield [Steier, 2000],
or charge state fraction [Winkler, 2015], or tramssion efficiency [Maxeiner, 2015], but
all of them describe the same quantity. Transmissifficiency is used for description of
stripping process effectivity for different ionsdadifferent charge states of a certain ion.
Negative ions enter stripping channel, i.e., voluohideam line which contains stripper

gas. Via interactions with gas molecules, electiamesbeing stripped from negative ions so
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the ions become positive. Depending on the ion massstripper gas pressure and the
energy of ions, various final charge states of tpasiions are being accelerated in the
second phase of the tandem acceleration processeGaently, ions gain various amount
of acceleration so they are leaving the Pelletrodifferent energies. Knowledge of the
stripping process quality is very important for s of ions and for further applications.
Pelletron is designed for maximal terminal voltageBMV. All of the measurements
were carried out for 6 values of terminal voltages MV, 1.8 MV, 2.1 MV, 2.4 MV, 2.7
MV and 3.0 MV. Unfortunately, some of the resulte aisleading, since the position of
Pelletron was changed. During the time period fittwn laboratory establishment it was
found out that the position of accelerator shifteddlownward direction. One of possible
explanations can be that the floor underneath tloelarator was pressed by its weight.

More details are given in the end of this chapter.

4.1. Transmission efficiency calculation

The transmission efficiency was determined ¥oir “He, °Be and!°C ion beams.
Protons and helium ions were produced in Alphajrossyllium and carbon ions were
produced in MC-SNICS (details in chapter 3.1.). Tibes’ injected energy from the
sources was set to 52 keV fot and*He and 61 keV fofBe and'?C. Pelletron is designed
for maximal terminal voltage of 3MV. Most of the asirements were done for 6 values of
terminal voltage: 1.5 MV, 1.8 MV, 2.1 MV, 2.4 MV,2MV and 3.0 MV.

For Pelletron transmission efficiency determinatiwe measured intensities of ion
beams with Faraday cups before the acceleratitimi®elletron (at a low energy side) and
after the acceleration at the end of the beam I@@nsequently, for the transmission
efficiency calculation we used the equation (1.):

_ FC05/n
~ FCO02

100 [%] 1)

where theFCO05is the beam electric current at the end of therbikae measured by
Faraday cup, denoted as FCO5, 4, 2, 3 ...represents the charge state of ions in the

analyzed beam, arfelC02is the beam electric current measured by Faradpydenoted as
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FC02, before the acceleration. Our aim was to deter the dependency of the
transmission efficiency on the gas pressure ip@itng channel of the Pelletron.

The pressure of stripping gas was slowly increasegveral steps from the starting
point at 2ubar up to the end point at ar. For each value of this pressure we measured
values of electric currents in Faraday c&@¥2 andFCO5 for calculation of transmission
efficiencies. Two approaches were used for thesesarements. Some measurements were
performed manually and some were performed usingtscManual measurements contain
less measured points compared to the script measats. The script controls the pressure
level (by slowly valve opening in the stripping eoin) and continuously record values
from corresponding Faraday cups in the whole raxigripper gas pressure. In the manual
measurements, the pressure was changed manuatbiu®/opening and measuring values
from Faraday cups after the pressure stabilizaid@pending on the current gas pressure in
the stripping column, the measured points were sheodor low pressure levels up to ~ 15
pbar, becoming scattered to the end of monitored gassure region. For script
measurements this fact is still valid, but lessmib@uous because the amount of measured

points is much higher compared to the manual measemts.

4.2. Transmission efficiency for *H ion beam

Beam of'H ions was produced in the Alphatross ion sour@gdtive Hion beam was
extracted from this source with energy 52 keV aadspd through the accelerator. The

energy of acceleratéth* ions was calculated using the equation (2.):

E=E;+(n+1)eTV (2.)

whereE; represents the injection energy of ions enteriegatceleratom is the charge
state of accelerated ionsjs the elementary charge amy is the terminal voltage. Since
the protons can reach only 1+ charge state, thatiequ(2.) is quite simple and protons’
energy equals simply to double the TV multiplied dplus injection energy. Values of

total gained energy of accelerafétt* ions are listed in Table 1.
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Terminal Voltage (MV) 1.500 1.800 2.100 2.40¢ 2.700 3.0(LO

'H™ Total energy (MeV) | 3.052 3.652 4.252 4.857 5.452 6.052

Table 1: Total energy of acceleratéd’* ion beam for individual values of terminal voltage

The transmission efficiency was calculated usingaéiqn (1.) with charge state n =
1 for monitored'H'* ion beam. Stripper gas pressure dependencyHbf transmission
efficiency is shown in next figures. The measuretsevere performed using script, thus
the amount of measured points reaches ~ 100. Ttertamties were calculated using 2 %
uncertainties of Faraday cups.
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Fig. 21: *H Transmission efficiency for 1.5 MV terminal voltag
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Fig. 22: 'H'* Transmission efficiency for 1.8 MV terminal voleag
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Fig. 23: 'H'* Transmission efficiency for 2.1 MV terminal voltag
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Fig. 24: 'H'* Transmission efficiency for 2.4 MV terminal vol&ag
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Fig. 25: '"H'* Transmission efficiency for 2.7 MV terminal voleag
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Fig. 27: *H'* Transmission efficiency for all measured termiatages

As can be seen in the Figures 21 - 27, a strargtnission efficiency dependency on

the stripper gas pressure was observed. In somsumasaents, especially at the terminal

voltages 2.1 MV and 2.7 MV (Fig. 23 and Fig. 25)asge bumps occurred at gbar and

40 pbar pressures. A possible explanation could bettteae was some instability in the

stripping column. The stripping gas pressure in ¢b&umn is not equally distributed.
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Therefore, there can exist for some trajectoriemi$ (beam shifts in mm) a space where
this difference causes instability in the strippprgcess and final efficiency variates.

A much more disturbing result is in comparisontldt* transmission efficiencies for
all measured terminal voltage values (Fig. 27). @esumption is that the transmission
efficiency for one value of stripper gas presswg. for 30ubar, should show some
smooth dependency on the terminal voltage. Fopiseneasurements performed in the
laboratory no such dependency was observed. Thevalf transmission efficiency in Fig.

27 are disarranged considering the assumptions.

4.3. Transmission efficiency for “Heion beam

Beam of*He ions was produced in the Alphatross ion souxdesative, Heion beam
was extracted from this source with energy of 5¢ &ed it passed through the accelerator
(the injection energy conditions were the sameoagHe 'H- ion beam). The energy of
acceleratedHe ions was calculated using the equation (B§ ions passed through the
stripping column and two charge states of acceddrimtns were observettiel* and*He?".
Values of total energy for eaéHe charge state are listed in Table 2.

Terminal voltage (MV) 1.500 1.800 2.100 2.40¢ 2.700 3.000

*He'* Total energy (MeV) 3.052 3.652 4.252 4.857 5.45p 6.032

“He* Total energy (MeV) | 4.552 | 5.452| 6.352] 7.252 8.152  9.052

Table 2: Total energy of acceleratéde™* and*He** ion beams for individual values of terminal
voltage. The values were calculated accordingecetjuation (2.)

The transmission efficiency was calculated usiggagion (1.) with charge state= 1
andn = 2 for monitored*He'* and*He?* ion beams. Stripper gas pressure dependency of
“He transmission efficiency is shown in next figurBach figure contains values for both
charge states. Sum of these values for individugdper gas pressure values is denoted as
“total”. The measurements were performed usingpscthus the amount of measured
points is similar to'H!*. The uncertainties were calculated using 2 % uairgies of
Faraday cups.
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Fig. 28: “He'" and*He?* Transmission efficiency for 1.5 MV terminal voleag
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Fig. 29: “He!" and*He** Transmission efficiency for 1.8 MV terminal voltag

50



- “He' v *He* - Total
TV=2.1 MV

N w H ul D ~ [0}
o o o o o o o
1 1 1 1 1 1 1

Transmission efficiency (%)

=
o
I

o

0 10 20 30 40 50 60 70
Stripper gas pressure (pbar)

Fig. 30: “He'* and*He?* Transmission efficiency for 2.1 MV terminal voleag

90
ol He™ v “He” - Total
o] TV =2.4 MV

Transmission efficiency (%)

0 10 20 30 40 50 60 70

Stripper gas pressure (pbar)

Fig. 31: *He'* and*He?* Transmission efficiency for 2.4 MV terminal voleag
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Fig. 35: “He?* Transmission efficiency for all measured termiviatages
First of all, the results for 2.7 MV terminal vaffe seem to be incorrect. The

assumption is that there was some instability ia #nalyzing beamline during this

measurement. This instability pulled down valuesnfrFaraday cup FCO5 causing low
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transmission efficiency calculation results (seeatigpn 1). A possible explanation could be
that the ion beam trajectory was shifted, thus iomsld not reach the Faraday cup. This
shift could be caused by different setting of igptics. Individual measurements were
performed in a way that for each terminal voltaggasurement, the ion optics settings were
different. It seems, that the settings for 2.7 M\érgv done incorrectly, therefore the
transmission efficiency drops. Another explanatonld be that there was some instability
in the injection beamline. If the ion beam wastghifso it hit the suppressor of Faraday cup
FCO02, then the current read value was incorrectededated. The FC02 value would be
elevated because of secondary electron emission tine suppressor. Secondary emitted
electrons cause induction of positive current m Baraday cup. If the monitored ion beam
hit the suppressor, then these electrons causedten@meted beam current in the Faraday
cup. This higher value would have pulled the fitransmission efficiency value down,
since the FCO02 value is in the denominator of theagon 1.

Measurements show some interesting aspects ppstg efficiency dependent on the
stripping gas pressure. The stripping process fartharge state increases with increasing
pressure to maximal values, and then it decreasesery low efficiencies. The maximal
value for*He'* transmission efficiency, nearly 40%, was obsemedind 1Qubar. The tail
(pressure above ~ 4fbar) in the Figure 34 exhibits the assumed depearydeom terminal
voltage, which influences the energy of helium iamghe stripping process. lons with the
lowest measured energy (1.5 MeV gain in first am@ion step), are stripped more
compared to the ions with the highest energy (3 aw).

All results for 2+ charge state exhibit increasiegdency with increasing stripping gas
pressure. In all measurements, there were observgas pressure level from which the
transmission efficiency remains stable. Dependingtlte terminal voltage this level is
increased with increased terminal voltage. At 1.9, Nhis level is approximately at 30
pbar. Towards to 3.0 MV, this value rises to gbar of stripping gas pressure (gray

triangles in Fig. 28 and Fig. 33).
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4.4. Transmission efficiency for °Beion beam

Beam of°Be ions was produced in the MC-SNICS. As a souraterial for this beam,
beryllium oxide (BeO) was used. Beryllium was ecteal from the ion source MC-SNICS
in a form of molecular ion$Be**O. These ions then formed an ion beam, which was
accelerated in the Pelletron at different valueseahinal voltage. Molecular ior#8e*®O
passing through the stripping channel are dissediatto atomic ions dBe and®O. In the
stripping process most of these ions gain certasitipe charge, and according to this
charge state they gain certain acceleration irekbetrostatic field of the terminal electrode,
which is held at high positive voltage. The enefysuch accelerated ions can be

calculated using the equation (3.):

E=%(Ei+eTV)+neTV (3.)

wherem is the atomic mass of accelerated idMgs the atomic mass of molecular ions
entering the acceleratdg; is the injection energy of ions entering the aexabr,e is the
elementary electric chargd&V is the terminal voltage and is the charge state of
accelerated ions. We were intereste@Ba ions, therefore then andM were selected as 9
and 25 respectively. The injection energywas set to 61 keV. After acceleration we
observed charge state§ 2" and 3 of °Be ions. Fully stripped ions, i.e., charge stdte 4
were not measured because Faraday cups’ lowertidetéinit is 0.1 nA, and the intensity
of °Be** beam was in most cases below this value. Tablo®s the energies 8Be ions
according to the charge state and terminal voltaged for transmission efficiency

measurements and calculations.

Terminal voltage (MV) 1.500 1.800 2.100 2.400 2.700 3.00
°Be'* Total energy (MeV) | 2.062 2.470 2.878 3.286 3.694 4.10
°Be** Total energy (MeV) | 3.562 4.270 4.978 5.686 6.394 7.10
°Be* Total energy (MeV) | 5.062 6.070 7.078 8.086 9.094 10.102

o

N

N

Table 3: Total energy of acceleratée'*, °Be** and®Be* ion beams for individual values of
terminal voltage. The values were calculated adngrb the equation (3.)

Stripper gas pressure dependencyBx transmission efficiency values are shown in
next figures. Notice that the transmission effickefior 3+ charge state has a different scale

on the right axis, because these values are tooctompared to the other values in the
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graphs. For better viewing these scales and caynelsipg plots are in gray color (figures 36

— 41). The transmission efficiency for charge stdte, 2+ and sum of all three efficiencies

(“Total”) are in black color with scale on the ledixis. The individual charge states

transmission efficiency plots for all monitoredrténal voltages are shown in the Figure

42. The total transmission efficiency (sum of traission efficiencies for individual charge

states) for all monitored terminal voltages is f@dtin the Figure 43.
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Fig. 36: Beryllium transmission efficiency for 1.5 MV temil voltage. ThéBe* values were
measured from the pressure ~2far (below only the lower detection limit of FCOasweached)
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Fig. 37: Beryllium transmission efficiency for 1.8 MV temnal voltage

56



100 6
. Be" o °Be* - ‘Be** - Total
80 TV=2.1MV °

60+

40-

Transmission efficiency (%)
w
°Be’* Transmission efficiency (%)

o

Stripper gas pressure (pbar)

Fig. 38: Beryllium transmission efficiency for 2.1 MV terndl voltage
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Fig. 40: Beryllium transmission efficiency for 2.7 MV temal voltage

This measurement was done manually, therefore theuat of points is lower compared to
previous script measurements [Zeman, 2016]
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Fig. 41: Beryllium transmission efficiency for 3.0 MV temnal voltage

58



40

g
2y
c
K3
o
© Terminal voltage
S - 1.5MV
(2]
Ué 1.8 MV
@ 2.1 MV
©
S 2.4 MV
5 2.7 MV
£ s - 3.0 MV
10 T T T T T T T T T T T T T T
0 10 20 30 40 50 60 70
60
;\3 Furyes
3 501 . Eﬂﬂﬂ}}ﬂfﬁﬂﬂﬂﬁﬂ%}ﬁﬁ% SRR
] .
@ % % ETELINS i Terminal voltage
S 40- ? mm ;gmm E%HEIE R S . 15 MV
“q_) HH HE L) EEE:{{E iiﬁﬁ [) i + 3 3
S . A A - - 1.8MV
=2 E [y : .
2 B L T ’ 2.1 MV
£ FEET s gy, - 24 MV
@ 20
3 - 2.7MV
= 3.0 MV
10+ 9 2+
) Be
£
0 T T T T T T T T T T T T T T
0 10 20 30 40 50 60 70
° 9 A3+
S Be
> 5 3 :
= AR R T 1F 8 7 5 3 Terminal voltage
S 4] + 1.5MV
© . 1.8 MV
S 3l ! S ©21MV
(2]
2 - 24MV
%} 2 iiii Tgsegaes® %, %3 s s 8 % s . 27 MV
1: . /}M;Iﬁr: e xTaama= s o E o= - 3.0MV
t"Jm .
40 eearianne e a e e e e aan
O T T T T
0 40 50 60 70

Strlpper gas pressure (ubar)
Fig. 42: Beryllium transmission efficiency values for albnitored terminal voltages. The stripper

gas pressure scale is the same in all graphs.rahsnission efficiency scales are different for
individual charge states.

59



§90
> S et
©'80+ f \nmm||||\u!m}:}:::‘,::}:::H:::m':‘
W
5 W s |
S701 4 E%% %‘%‘ﬂ@ﬁ VT E%E EHHHHH b1y Terminal voltage
= 5 T34 4 ) i T t f
S 0l 7 e IR R A T S B S
c b - gy i
Q50 & WO R . T 2.1 MV
E 1 F Piig . 24MV
£ 401 L 27wy
cU .
F 304 3.0 MV
<
S 204* Total
Q
210 : : : : : : :

0 10 20 30 40 50 60 70

Stripper gas pressure (pbar)

Fig. 43: Total Beryllium transmission efficiency values fdlf monitored terminal voltages. Each
total value represents sum of transmission effagfaralues of individual charge states for
corresponding stripper pressure level and monitteadinal voltage.

All of the measurements were performed using thgts For each terminal voltage
this script ran usually over-night. The script waswly lowering stripping gas pressure
(starting around 7Qbar) and it controlled the switching magnet figltensity to record the
Faraday cups’ values for each charge st&e transmission efficiency measurements were
also performed manually earlier (beginning of 201Bhese results can be found in
[Zeman, 2016]. The majority of script measuremesnbibit satisfying results. Only 2.7
MV script measurement went wrong. The reason i$ thaing the night the Pelletron
voltage was not stable, thus these results wersalmer Therefore, values from manual
measurements were used in the figures. This isgdsa for comparison to see that the
previous manual measurements more or less folleve¢hipt measurements.

The beryllium 1+ charge state transmission efficiebehavior exhibit a rapid increase
with increasing stripping gas pressure. At pressainge 4 — Gubar this efficiency reaches
maximal level ~ 38% for 1.8 MV terminal voltage gbre 42, top graph). Depending on the
terminal voltage level, the efficiency subsequerntfcreases or increases with pressure
increment more rapidly or slowly. For 1.8 MV tharismission efficiency decrement is the
lowest, for 1.5 MV and 2.1 MV the decrement is l@gtand for the rest of monitored
voltages is this decrement even higher. The terdnwodtage transmission efficiency
dependency at ~bar pressure is shown in the Figure 44.
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The beryllium 2+ charge state transmission efficie exhibit different behavior
compared to 1+ charge state. The increment witreasing pressure is similar, but not as
rapid. For all monitored terminal voltages, thensmission efficiency increases with
increasing pressure. On the contrary tacarge state the increment reaches the maximal
value, and subsequently remains more or less stabke certain region of pressure. Then
the efficiency slowly decreases. The increment hhegacits maximal values at different
stripping gas pressures. For 1.5 MV this presssirat i~ 8ubar, with increasing terminal
voltage this pressure rises, ending at ~+wb&r for 3.0 MV (Figure 42, middle graph). The
transmission efficiency increment with the termimaltage was observed as well. For 1.5
MV the transmission efficiency reaches ~ 25% leVdilis level is rising with increasing
terminal voltage, reaching ~ 53% for 3.0 MV.

The beryllium 3+ charge state transmission efficie values were very low. For
1.5MV terminal voltage of the Faraday cup FCO5 heacits lower limit (0.1 nA) at 25
pbar of stripping gas pressure. Therefore in theiféig 36 and 42 the values start from this
level. Nevertheless, increasing behavior of tragsmn efficiency was observed with
increasing terminal voltage. The efficiency stats- 0.22% level for 1.5 MV (Figure 36,

right axis) and increases with terminal voltage %% level for 3.0 MV (Figure 42, bottom
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graph). Compared to the other 2 monitored chargestthe 3+ charge state transmission

efficiency exhibit with increasing pressure slowerement with a long stable plateau.

4.5. Transmission efficiency for 2C ion beam

Measurements and results BC ion beam transmission efficiency are included in
Appendix B [Zeman, 2016] and also some results’Be and'?C were published in
[Povinec, 2016], Appendix D.

4.6. Transmission efficiency summary

Maximal values of the transmission efficienciesd, ‘He, °Be and'?C ions are listed
in Table 4. Some maximal values were observed lHerdame charge state at different

terminal voltages. These values are recorded both.

lon Charge | Terminal voltage | Strip. gaspressure | Transmission efficiency
state (MV) (ubar) (%)

H 1+ 1.8 43 53.6+15
1+ 2.1 9 393+1.1

‘He 2+ 2.1 51 62.6+1.8
2+ 3.0 60 63.5+1.8
1+ 1.8 6 38.2+1.1

“Be 2+ 2.7 13 529+14
2+ 3.0 16 53.8+15
3+ 3.0 41 5.0+0.2
2+ 1.8 11 42.3+1.1

2c 3+ 2.7 27 47.7+1.2
4+ 2.7 40 20.5+0.9

Table 4: Maximal measured values of transmission efficieiocyndividual ion beams.

Values for smooth dependencies were taken fromhitfigest points, but the efficiency was more-
less stable at wide range of stripping gas pressure
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5. lon beam profile ssimulations at the end of the beam line

Two main ion optics devices installed in the CENIBAoratory at the end of current
beam line (Figure 6) are magnetic quadrupole triples (QP) and switching magnet (SM).
The aim of simulations is to find out how the tre@se beam profile changes at the end of
the beam line when passing through the QP and SMItHis purpose SIMION software
was used. This program enables user to create &Isnémr ion optics devices for 2D
symmetric and/or 3D asymmetric electrostatic andgme#ic fields. A specific model
consists of individual points in space. A certdectostatic potential or magnetic field flux
density (referred to as B in equations and litesgdtwalue can be assigned to each point of
this modeled device. The units that are used inlISMare volts for electrostatic potential
and so-called “Mags” for magnetic field flux dems{this is special unit used by SIMION
which can be easily converted into Gauss or Te3lag program is capable of creating
potential field up to 20.EPoints (190 GB) while the RAM capacity remainsciall

More methods of ion optics devices simulation banused. The SIMION software
itself is capable of this modeling, but it is pddsito use other software (C++, Perl,
Python...). Each modeled device can contain eithectelstatic or magnetic field.
Combined electromagnetic fields are not suppome8IMION. This fact can be overcome
since the simulations run in an environment caliedrkbench” which enables to combine
more models, to set their dimensions, geometry spatial orientation. A workbench
strategy allows positioning, size, and orienting@200 instances (3D images) of potential
arrays of different grid densities and symmetrizpérmit the simulation of much larger
systems that don't easily fit into a single ardaythis way it is possible to model complex
systems and also the whole experimental setup.

There are also more options how to define andcttiae ion movement as well. It is
possible to choose between individual and groughfliwhile the trajectories can be
visualized as lines or flying dots. The trajectoajculations are guided by user pre-defined
field, electrostatic or magnetic. The Runge-Kuttatmod with relativistic corrections is
used for differential and Laplace equations calouts. The values for particle mass,
charge, energy and other parameters can be dgfieetsely or can be distributed with a

certain probability density. Once the system is ebted, individual parameters can be
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varied “on-line”, i.e., during the ion movement, iss possible to simulate various effects
(RF fields, ion traps, focus, deflection ...).

SIMION is also capable of processing ion repulsidrat can be used for space-charge
effects calculations. It is possible to track flyirons in different layers and cross sections
of 3D modeled devices. The program output can bgisstl according to user's
requirements. User can set what parameters todesa when these parameters should be
recorded. This enables to monitor the position sihgle ion or of a whole ion beam before
it enters the device, inside the device (in morgitpms, if desirable) and in the exit off the
device. Depending on the modeled field dimensidnis, possible to track ions in certain

distance from the ion optics device and to studjous effects on the ion beam.

5.1. lon optics principles
Electricfields

The movement of particle with chargein homogenous electric field with electric

intensityE is affected by electric fordeés according to the equation (4.):
Fp=qE 4.)

Trajectory of ion passing through the transveedacttric field is being curved. This
curvature can be calculated using relation betwamtripetal forceFc and the electric

force Fe implementing equation (5.):

FC == RE = q E == FE (5)

Implementing the relation for kinetic energy:E

1
Ex = 3 m v? (6.)

the radius of ion trajectory curvature Eaused by electric field can be calculated:

R =ZEK )
E qE "
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Result of the equation (7.) is that electrostatic optics devices can be used as filters
for ions with the same charggbut different kinetic energik; or for ions with the same

kinetic energy but different charge.

Magnetic fields

A charged particle (with chargp moving in a magnetic field is affected by magoeti
force Fm. If the particle’s velocity vector is perpendicular to the magnetic field flux

density vector B, then the magnetic force equals to
Fy=qvB 8.

Trajectory of ion passing through the transversagnetic field is being curved. This
curvature can be calculated using relation betwestripetal forcd~c and the magnetic

force Fm implementing equation (9.):

2

F. =

=q17B= FM (9)

Implementing the relation for momentym= m v, the curvature radius in magnetic
field Rv can be calculated as follows:

p

Ry = —
Result of this equation is that magnetic ion agpgtements can be used as filters for
ions with the same charge q but different momenturd vice versa (in practice, the

momentum filters utilization is more common).

Determining field potentials

The electrostatic or magnetic field potential (8/glts or Mags - SIMION's magnetic
potentials) at any point within an electrostatic sbatic magnetic lens can be found by
solving the Laplace equation with the electrodespfes) acting as boundary conditions.
The Laplace equation assumes that there are nce-spacge effects and boundary
conditions are sufficiently constrained [SIMION, 120. The Laplace equation constrains
all electrostatic and static magnetic potentialdBeto conform to a zero charge volume
density assumption (no space-charge). This is teateon that SIMION uses for
computing electrostatic and static magnetic poa¢figlds (equation (11.)).
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V2V = V.YV =0

AW AW av
VV:(&)W(a—y)“(E)k:E (11)
[SIMION, 2017]
OE, OE, OE,

VZV=V.E =
0x * dy 0z

The Poisson equation:
V2V = V.VV = —ps/e (12.)

allows a non-zero charge volume dengity(space-charge). When the density of ions
becomes great enough (high beam currents) they (il their presence) significantly
distort the electrostatic potential fields. In thesnditions, Poisson's equation should be
used (instead of Laplace's) to estimate potenigédd. SIMION does not support Poisson
solutions to field equations. It does however empibarge repulsion methods that can
estimate certain types of space-charge and parépl@sion effects [SIMION, 2017].

5.2. Reaults of the SIMION simulations

The magnetic quadrupole triplet lens (QP) and fWwéching magnet (SM) models
were created in order to monitor the beam profillha end of beam line. The devices were
modeled using 3D CAD software Autodesk Inventore§ér models were “installed” into
SIMION’s workbench environment in proper geometrifor this purpose the
manufacturer's (NEC, USA) drawings of QP and SMevased (Figure 45). The SM’s
magnetic flux density (B) was set in simulationsbend the trajectory into 45° analyzing
beam line. Next, in the distance correspondindnéoend of this beam line, a target foil was
placed to obtain information about transversal beaofile after ions incidence. For better
imagination, this distance was 2085 mm from th¢ edge of the SM.

66



Beam direction 45° beam line

N
Al T}w%lﬁ, \ [—
| o 1 \
,:'

L
Y1
1
‘.

L\

©

T

| RRRI=
® c/) o &

o—1F

Fig. 45: A top view on the QP and SM [Switch, 2011].

Labels for beam direction and 45° analyzing beane livith arrows were added for better
orientation in the figure.

6 — entrance into the C 11- magnetic steer

7 - QP holde 12— gate valv

8 — magnetic quadrupole triplet lens (¢ 13- bellows

9 - zero length reduc 14— switching magnet (SN
10— drift tube 15-flange

Models of SM and QP

Proper SM and QP dimensions were taken from thaufaaturer's (NEC, USA)
documentation (Figures 46, 47). Note that all dishems are stated in inches. Beam of
4He? ions was used for simulations. The devices werdethed and placed into SIMION
workbench according to the geometry (Fig. 45). Adsarget foil was placed into a proper
distance corresponding to the real target distancte 45° analyzing beam line. The
purpose of this foil was to monitor the displacetmeh ions after incidence. SIMION
workbench layout for simulations is displayed ie figure 48. The monitored energy was
3.052 MeV. The initial transversal beam profile weet to symmetrical circular with
Gaussian distribution around the center (positi).0rhe FWHM was set to 5 mm. This
value was selected because this is the assumptidgrahsversal profile of beam exiting the

Pelletron and entering the focusing beam line.
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Fig. 46. Schematic view of the Switching Magnet (SM).

Top view and side view as documented by the maturfac Dimension are inches [Switch, 2011].
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Switching magnet Quadrupole triplet

Fig. 48: SIMION workbench layout of simulations for SM a@dP. The upper figure shows top
view of models; the lower figure is the side viewthAdbeam incoming from the right into the QP.
The target represents a small plane which was as¢arget foil where the beam profile was
monitored. The target was placed into 2085 mm adégtdrom the exit edge of SM what

corresponded to the real target distance in 43%zing beam line.

The profile of 3.052 MeV*He?* ion beam can be seen in the Figure 49. The X s axi
represents horizontal and the Y — axis verticalafisions. Each simulation result contains
10 000 ions. Note that the magnetic field flux dgnsnit is Gauss in the SIMION software
(1T = 10 000G). Therefore the simulations operath these units as well.
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Fig. 49: Transversal profile ofHe?* ion beam used in simulations (A), horizontal disien (B)
and vertical dimension (C). lons in the beam weaaisSian distributed around the center — position
(0,0). The FWHM was 5 mm. The amount of ions wa9Q0.

The simulations were performed as follows:

1.) Firstly, the proper magnetic field flux density thle SM’s magnetic field for ion
beam trajectory deflection had to be found. Thé exannel was 45° beam line and
ions had to hit the middle of the target foil pldc the end of this beam line. For
these conditions, the magnetic field flux densitySé1 was found to be 3914.73
Gauss.

2.) Next, the magnetic field of the QP was varied. TP consists of 3 magnetic
lenses. For performed simulations, symmetric magrfeglds of whole QP were
considered. This meant that the magnetic flux demngas gradually increased with
a 50 Gauss step while the field was keeping symaecagti.e., the middle lens was
kept stable and the outer ones were varied.

3.) The next step was to perform simulations for swvétthpolarity of QP. The
procedure was the same as in the step (2.), iCe.G&uss steps with keeping
symmetrical magnetic field.

4.) Finally, the proper adjustment of QP’s magnetiddfiead to be found in order to
obtain focused ion beam.

Results of simulation are shown in the next figufEransversal profile of beam which
passed through the system with QP set to 0 Gauslsoisn in the Figure 50. Next, the
magnetic field of QP was varied with 50 Gauss step, +50, +100, +150 and +200 Gauss
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magnetic field flux densities (B) were simulatedy(fres 51 — 54). Then, the same levels of
B were used but with changed polarity of QP (Figus®& — 58). The coordinates were
chosen so that the beam is entering the targen(the readers’ point of view, the paper).
The X — axis represents horizontal direction, the dxis represents the vertical direction.
The positive X coordinate represents right sidehef target foil, negative represents left
side. Positive Y coordinate means up from the cesutel negative down from the center
(0,0).

Transversal profile of “He?* ion beam with QP set to 0 Gauss
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Fig. 50: Transversal profile dfHe** ion beam passed through the SM with QP “turned dtfe
magnetic field of QP was set to 0 at all lense® b&am profile was monitored at the target foil.

Profile of “He?* ion beam with QP set to +50 Gauss
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Fig. 51: Transversal profile dHe** ion beam (A), horizontal (B) and vertical (C) dinséon.
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Profile of “He?* ion beam with QP set to +100 Gauss
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Fig. 52: Transversal profile dHe?* ion beam (A), horizontal (B) and vertical (C) dinsen.

Profile of “He?* ion beam with QP set to +150 Gauss
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Fig. 53: Transversal profile dHe** ion beam (A), horizontal (B) and vertical (C) dinséon.

Profile of “He?* ion beam with QP set to +200 Gauss
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Fig. 54: Transversal profile dHe*" ion beam (A), horizontal (B) and vertical (C) dinséon.
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Profile of “He?* ion beam with QP set to -50 Gauss
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Fig. 55: Transversal profile dHe*" ion beam (A), horizontal (B) and vertical (C) dinséon.

Profile of “He?* ion beam with QP set to -100 Gauss
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Fig. 56: Transversal profile dHe?* ion beam (A), horizontal (B) and vertical (C) dinsen.

Profile of “He?* ion beam with QP set to -150 Gauss
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Fig. 57: Transversal profile dHe*" ion beam (A), horizontal (B) and vertical (C) dinséon.
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Profile of “He?* ion beam with QP set to -200 Gauss
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Fig. 58: Transversal profile dHe*" ion beam (A), horizontal (B) and vertical (C) dinséon.

QP settings of symmetrical magnetic fields weré leading to satisfying results for
beam focus to small diameter. Some of the settimgsmulations exhibit better focus in
one direction but the beam was defocused in thesfgone. Some kind of this result was
expected, but with better focusing power of symimoalrQP settings. The assumption was
that there had to exist a setting for QP which doeglad to focused ion beam. In this
purpose, another strategy for focus#te’* beam was used. The whole triplet lens’s
magnetic field was varied with keeping one of ougeladrupoles at certain level and
varying the magnetic fields on the other ones. Tecedure was quite long and
exhausting. Numerous simulations were performecdh witore-less zero results. The
positive aspect was that during the simulation @sec some settings of magnetic field
exposed a direction which should be taken.

Profile of “He?* focused ion
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Fig. 59: Transversal profile dfHe?* ion beam (A), horizontal (B) and vertical (C) dinsen.
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Finally, an appropriate setting of QP’s magnetieldf flux density was found.
Satisfying results are shown in the Figure 59. dhginal beam with 5 mm diameter was
focused into smaller diameter of ~ 1.4 mm. Curse(lpril 2017), these settings are the
best reached. With further adjusting of QP in satiohs larger beam diameters were

observed.

Comment

Note, that each of simulation figures containsODD points representing 3.052 MeV
4He?* ions which hit the target foil. The density ofrgsiis different for individual figures.
Therefore, the histograms for X and Y coordinatesevadded for proper understanding of
beam profiles. The dimension scales are the samesdoh figure intentionally. The
histograms were taken from the data for individdiakctions. The displayed interval from
-10 mm to +10 mm was divided into 1000 bins (résglin 0.02 mm bin thickness). Each
bin contains corresponding amount of ions incidentthe target foil at a corresponding
distance from the foil center. Thus, the countexalre varying depending on the beam
dimension in corresponding direction. For focusezhin directions (e.g. for vertical, Y
focus) the count scales have higher values becaase ions hit the foil near the center in
that direction compared to the defocused beam timeavhere count scales exhibit lower

values (ions were spread in wider range).
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6. PIXE analysis methodsin the CENTA laboratory

A PIXE chamber was installed in the laboratorypt8enber 2015) thanks to the IAEA
funding. Details about the chamber can be foundZeman, 2016B]. The chamber is
equipped with a sample holder capable of mountog thick samples of about 2x2 cm
dimension. The holder can be rotated around itscatiaxis, so the angle how the incident
beam should hit the sample can be fixed. For tlaegehcollection, digital current integrator
(Ortec Model 439) is used. A schematic top vievihef chamber is shown in the Figure 60.
The chamber itself is formed by a 6-way cross, ehiEGe detector (CANBERRA) and a
sample holder (NEC) are placed (detector endcapbeaseen in Fig. 60 on the right
photography). The detector has a carbon window rffh6thickness). The detector is used
for detection of emitted X-rays. It covers the @yerange from 3 keV to 3 MeV, with
energy resolution of 390 eV for 5.9 ke¥’Re) and 1.8 keV for 1332 ke\°Co). Necessary

vacuum components (gate valves, turbo pump...) atallad as well.

gate valve support

beam profile
monitor
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turbo pump
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beam
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Fig. 60: Top view of the PIXE/PIGE chamber (left), and mmshpressed metallic powder samples
inside the chamber (right) [Zeman, 2016B].

The original installation of detector was chandgter in summer 2016. The detector
was shifted outside from the chamber using additigmipe. The purpose was to improve
the detector background. At PIXE measurements, rdbpg on the parameters of used
beam (ion type, energy, intensity), and also ortdihget angle to the incident beam, various
background was observed in BEGe detector. The majof this unwanted background
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originates from the bremsstrahlung. The idea wasethuce this effect by shifting the
detector further from the interaction point. Theogetry is shown in the Figure 61.

Fig. 61. BEGe detector shifted using additional pipe. Thecap distance from the center of PIXE
chamber increased to 25 cm.

This shift had a positive effect on the backgroweduction (Figure 62). The same
beam (3 MeV protons, for the same time as afteshiit) used before, created on the glass
sample higher background compared to the shiftedtsdn. The increased distance, on the
other hand, resulted in detection efficiency Id4ss loss is acceptable, since the reduction
of background brought better resolution for low rgmes. In Fig. 62, the gray spectrum
(corresponding to BEGe shift) exhibit better retioly, so peaks in the beginning could be
resolved better. Additional aluminum plates wereunted on the inner walls of the
extension pipe. Their purpose is to shield the matéom unwanted X — ray production
by scattered beam in the pipe material (steel)mitum X — rays energies are below the
BEGe detector sensitivity (3 keV). These platespardially visible in the Figure 65.
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Fig. 62: Background spectra before (black) and after (gtta)BEGe detector shift.

The very important role in the PIXE measuremerits/ the sample holder. For
analytical purposes, the total amount of ions wichuce the X — ray (or gamma) emission
have to be known precisely. This is obtained via tharge collection from the sample
holder. The holder is electrically insulated frone tthamber (there is a ceramic insulator,
which can be seen in Fig. 60 on the right photdgyapm the top of the sample holder). But
a thin wire mounted to the sample holder is tramisig the signal through the feedthrough
on the top of the chamber. The incident ions bamgpsitive charge, which is collected by
this wire. The signal is processed by Ortec digitatent integrator with inaccuracy 1.81 %
for low beam current (1 —2 nA). Depending on tharge state of incident ions, their
amount can be calculated.

The qualitative PIXE analyzes do not require avkedge of amount of incident ions,
detector efficiency, additional sample — detecwwrgetry information or information about
sample structure. For qualitative purposes, sinaplyenergy calibration of the detector is
needed and an ion beam of certain energy (usubtlyeal MeV) and intensity (~ nA)
which is inducing the X—ray emission. Properly lbedied energy spectra can be interpreted
in a way that certain elements are present inpgkeisen.

The quantitative PIXE analyzes are much more cwaigd. The knowledge of
detection efficiency, geometry, sample structuré amount of incident ions is crucial. In
contrast to classical gamma spectrometry, wher& pesas can be directly converted into
activities (if the detection efficiency is knowi), PIXE measurements the spectra analyzes
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are more complex and even ambiguous. Presencesiwerts with overlapping X — ray
lines (e.g. K lines of lighter elements and L -ebrof heavier ones) cannot be confirmed or
disapproved and the qualitative analysis of suanpéa should be done with another
technique for better understanding of its compaositiDetailed information can be found
e.g. in [Nastasi, 2015].

In the CENTA laboratory, after the PIXE/PIGE bemalinstallation, the technique

development proceeded in 3 steps:

1.) BEGe detector calibration and efficiency determorat
2.) Additional adjustment for proper charge collection

3.) PIXE spectra interpretation

6.1. BEGedetector calibration and efficiency deter mination

BEGe detector calibration was performed usingocaled X — ray variable sources and
gamma ray sources. The calibration was performeeériergy range up to ~ 60 keV. The
range was selected in order to observe X — ra Ifmrem the lower energy spectrum. In
PIXE measurements, only X — ray lines up to 30 kave been observed. The MCA was
set to 2048 channels. More details are given furtiibe linear calibration curve is
displayed in the Figure 62. The constaiitandB play important role in samples analyzes
using GUPIXWIN software for PIXE measurements eatitn (chapter 7).

The detector efficiency was determined using psinirces measurements and detector
efficiency modeled using DETMC software (created Dlge Guelph PIXE Group,
Department of Physics, University of Guelph, Canadais software was supplied with
the GUPIXWIN software, which was a part of PIXE/BElGeamline package. The DETMC
program is a Monte Carlo tool for calculating S)(LEDD, and Ge detector efficiency.
The detector dimensions, source — detector georaetiyother information must be given
into the software calculations. Software enabledetiine the source geometry for non-point
sources as well. The efficiency for point sourceswia our interest. The point source
detector efficiency output of the DETMC is displdyi@ the Figure 63 as a gray line. The
output from the DETMC program contains values fothbabsolute and intrinsic efficiency
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of BEGe detector. The intrinsic efficiency is imfant in PIXE spectra concentration

evaluation process (section 6.4.).
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Fig. 63: BEGe detector energy calibration for 0 — 60 kehgea

Calibrated point sources (with known activitiesyres placed at 25 cm distance from
the detector endcap. Each point source was measnddddually and spectra were
analyzed in order to determine peak areas anddilenlate the absolute efficiency. List of
energies used for detector efficiency calculat®given in the Table 5. Unfortunately, the
sources’ energies that were at disposition staated 30 keV, thus the efficiency for lower
energies can be taken only from the model. At endry1 keV the efficiency drops
because of germanium K-absorption edge. Energyhotgm in close proximity to this

value is more likely to be absorbed.

81



o
o

S BEGe detector efficiency for point source at 25 cm
=)
0.4
c
(O]
9O
03
S
o
5 0.2
©
e
>
501 * measured
2 —— modelled
<
0.0

0 5 10 15 20 25 30 35 40 45 50 55 60
Energy (keV)

Fig. 64: BEGe detector efficiency for point source at 25distance. The gray line represents the
modelled values (DETMC program). The black dotscateulated efficiencies from measurements.
Areas of some peaks used for evaluation were sthaliefore some values exhibit higher

uncertainties (e.g. 37.35 keV).

Energy (keV) | Efficiency (%)| Uncertainty (%)

Eu 30.63 0.28 0.01
“Eu 30.97 0.28 0.01
“'Cs 31.82 0.28 0.02
B'Cs 32.19 0.29 0.01
“Ba 35.09 0.30 0.01
“Ba 35.90 0.30 0.01
“'Cs 36.49 0.31 0.02
H'Cs 37.35 0.31 0.04
“Eu 39.52 0.31 0.02

Eu 40.12 0.31 0.01
“Eu 4551 0.32 0.01
“Eu 46.69 0.32 0.02
“Ba 53.16 0.33 0.01

Table 5: List of energies used for detector efficiency daiaation with calculated efficiencies

The general fall in X-ray absorption coefficienttiwincreasing energy of incident

photon is interrupted by a sharp rise when thegner equal to the binding energy of an
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electron shell (K, L, M, etc.) in the absorber (Fég). In our case the absorbing material is
germanium. The least energy at which a vacancybeaoreated in the particular shell is
referred to as “edge” or critical excitation energy this energy for germanium (11.1 keV)
the efficiency drops because of this effect. Charatic X-ray lines are generated when an
‘initial’ vacancy in an inner shell, created by Xyr or electron excitation, is filled by
transfer of an electron from another shell, thawileg a ‘final’ vacancy in that shell; the
energy of the line is equal to the difference indog energies of the shells with the

‘initial’ and ‘final’ vacancies.”

6.2. Additional adjustment for proper charge collection

As mentioned previously, the information aboutumate amount of particles which
induce the X-ray emission have to be known pregigselorder to perform quantitative
analysis. Incident ions interact with the samplecivhis mounted on a sample holder inside
the PIXE chamber. The sample holder is conductigelynected via thin spring wire with
digital current integrator (DCI). The DCI is contett with the software which collects the
data during the measurements (spectra, time pesattings of MCA ...). The total amount
of ions is important in element concentration chtians. This process is explained later,
in section 6.4.

First PIXE measurements (starting in SeptembebP@kre performed without charge
collection in order to obtain information about tjadive composition of selected
materials. Results can be found in [Zeman, 2018Bpéndix A).

For quantitative analyzes, the charge collectiad to be done precisely. The original
setup for sample holder inside the chamber (Fig.rigt photography) did not include
system for secondary electron suppression. Thisngghenon plays important (and
negative) role in the charge collection procesgdat of positive ions causes emission of
secondary electrons. In this process, as the resdtectrostatic induction, the irradiated
material is charged positively. This excess of fesicharge is collected by the DCI
together with the positive charge brought by theident ion beam. Therefore, after
conversion of collected charge, it seems that trebis formed by more particles than it

really is. Consequently, misleading results araioled from sample composition analysis.
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The negative effect of secondary electrons emissian be suppressed using more
methods. In the CENTA laboratory, option for seamydelectrons suppression electrode

was chosen.

Secondary emitted electrons suppression electrode
The idea of this device is to suppress the secgneiaission of electrons from the

target material in order to obtain proper inforraatabout amount of incident particles. The
electrode was designed so that the beam could/freath the sample. Copper was used as
structure material and the whole electrode is farbg one rod bend into desired shape.
The electrode design is shown in the Figure 65. finetographs were taken during the
electrode installation into the chamber. The etetdr was painted with carbon paint
(suitable for vacuum conditions). Purpose of thasnpis to avoid the scattered beam to
induce X — ray emission from the electrode’s matersince the BEGe detector is not
sensitive to X — rays below 3 keV, the carbon fribra paint is not visible in measured

spectra.

Fig. 65: Front and top view of the suppressor electrodéewaas installed into the chamber

The design of this suppressor electrode is basedIMION simulations. More
combinations of rod thickness, diameter of the siagd vertical distance of the 2 rings
were simulated. Finally, 5mm thick rod, 80 mm didéen®f rings and their vertical distance
of 30 mm came out as the most suitable solutioriferchamber conditions. The SIMION

model and results of simulations are shown in igeré 66.
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Fig. 66: SIMION model of secondary electrons suppressioctrelde. The model in 3C
SIMION view (left) and result of simulations foreetrons suppression depending on the
voltage of the electrode (right). The suppressias ealculated as ratio of difference between
amount of created electrons and escaped eleco@radunt of created electrons.

Fig. 67: SIMION electrostatic potential field surroundirigetsample holder. The electrostatic
potential of the suppressor electrode was -400Vsi8@b view with sample holder in the middle at
0 V (left) and top view with rings surrounding tb@mple holder in the middle with emitting
electrons (right). Electrons (energy 100 eV) wexadpced in the middle of the sample holder.

The suppressor field forced them to turn back erstimple holder (“fountain” trajectory).

The electrostatic potential field inside of thegs was, more-less, independent on the
vertical straight rod, thus this rod was omittednirthe model. Secondary electrons were
simulated as source of electrons in the middle haf sample holder. The energy of
secondary electrons was set to 100 eV. This vale averestimated. Considering Figure

68 [Dapor, 2016], the amount of electrons with leiganergy rapidly drops. The energy of

85



simulated electrons was simulated with quite wideusdian distribution (mean 100 eV,
FWHM = 30 eV). The source position had also Gawusdistribution (1 mm FWHM).

The electrostatic potential fields are shown ia Eigure 67. The equipotential levels
are displayed as deformed circles around the saimgider. In the left figure, the side
sectional view is displayed with grounded samplé&éoin the middle (0 Volts), and
suppressor rings around are forming decreasingresgatic field down to -400 Volts. On
the right, the top view of the system is shown. €hextrons were produced in the middle
of the sample holder under condition mentioned t@efbhe repulsive electrostatic potential

curved their trajectories, so the electrons gokhadhe sample holder (the trajectories look
like a fountain, black lines in the middle of thgufre).
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Fig. 68. Energy distribution of secondary electrons produzg 1 MeV and 5 MeV protons in
PMMA [Dapor, 2016].

6.3. PIXE spectrainterpretation

In the CENTA laboratory the PIXE measurementsbaiag performed using proton or
helium beam. Energy of protons is chosen as 3.08¥ TV = 1.5 MV, 1+ charge state)
and energy of helium 4.552 MeV (TV = 1.5 MV, 2+ gl state). The intensity of beam is
rather low (hundreds of pA to 20 nA as maximum) fbe purpose of suppressing
bremsstrahlung. The low intensity of beam is befiberresolution as well. The collected
charge for a single measurement is usuallyu€2r less, depending on the actual sample.

The sample tilt angle is adjustable in horizonie¢ction and 2 positions are preferred; 10°
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and 45°. This is the angle between the sample danththe beam axis. Option for one of
positions depends on the specimen.

X — Rays are detected by BEGe detector and thealsigare processed through
preamplifier into MCA and software which collecteet data. Measured spectra are
analyzed using software GUPIXWIN, which was devebbpgn University of Guelph,
Canada [Maxwell, 1989], [Maxwell, 1995], [Campbel2000], [Campbell, 2010].
GUPIXWIN is a program for the non-linear least-sgsafitting of PIXE spectra and the
subsequent derivation of element concentrationm fthe areas of X-ray peaks in the

spectrum. The output from the program can be seérei Figure 69 (exemplary figure).
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| with 4.552 MeV helium beam
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Fig. 69: GUPIXWIN fit of thin film (SrF,) measured spectrum

The GUPIXWIN fit the spectrum considering manytéas. The database includes: X-
ray energies and emission rates, element denaiésatomic weights, ion induced X-ray
production cross-sections, proton stopping powghnstoelectric cross-sections and X-ray
mass attenuation coefficients. Within the calcoladi GUPIXWIN computes also
corrections for escape and summation peaks.

A special file with information about detector leato be created (or modified) by user.
The BEGe detector dimensions, materials and streignformation have been used to
create such file for GUPIXWIN. The software cal¢atathe line shape for use in fitting the
spectrum, the detector’s relative efficiency, whismeeded both in spectrum fitting and in
determining concentrations; the weighting schemieetaised in the leastquares fit of the

spectrum.
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6.4. PI XE concentration calculation

Peak areas could be converted to element contensan absolute way, i.e., without
standards, if the aspects of the analyzing syswohd(angle, detector thickness, beam
proportions, etc.) are given into GUPIXWIN. Thaeisfundamental parameters" approach.
Alternatively all analyses could be conducted reéato single-element standards or to
standard matrices containing various trace elem@&his X-ray intensity or yield (principal
X-ray line),Y (Z,M)for an elemenZ in a matrixM can be written:

Y(Z,M)=Ye (ZM)* C;5Q *fgx QxexT (13))

where:

Y1tis the theoretical (from GUPIXWIN database) inténsr yield per micro- Coulomb of
charge per unit concentration per steradian;

C: is the actual concentration of elem&nh matrix M;

Q is the measured beam charge or quantity propaitittmereto; if the latter, thef

converts
the Q to micro- Coulombs; if the former thefy is 1.0 assuming proper electron
suppression at the target;

Q is the detector front face solid angle in stenasljia

¢ is the intrinsic efficiency of the BEGe detector;

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

The equation (13.) includes multiple possible destwhich influence the final
element’s concentration. In the CENTA laboratory,fitters are used between the sample
holder and detector, thus equals to 1.0. Parametegsand Q can be combined into an
instrumental constant, which characterizes the PIXE detection systene @pproach
taken in GUPIXWIN employs the physics database tteegewith a single quantity of H
value. Depending on the system characterizatisnHhvalue is a constant or it is function
of X-ray energy. Implementing these facts, the eenhtoncentration using the equation
(13.) can be calculated as follows:

3 Y (Z,M)
Y (Z,M) x HxQ * ¢

C, (14.)
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Measured X-ray yield is converted to concentratmmall elements fitted. The detector
efficiency was determined in chapter 6.1. In thH®otatory, both thin and thick samples are
being analyzed. Thin samples are considered aslesuwgth thickness insufficient to stop
the beam completely. Incident particles (in ourecpsotons or helium ions) can penetrate
through the sample. These ions have to be collegeadkell, so a Faraday cup was placed at
the end of the beam line. For thin samples, thimd&y cup’s and sample holder’s charge
signals were collected by the current integratdiclness of thick samples is sufficient to
stop the beam, thus no ions penetrate through tbasgles and the whole charge is
collected from the sample holder. The necessitysaxfondary electrons suppression is
described in section 6.2.

The H values for thin samples were determinedguiim standards ordered from the
MICROMATTER ™ Company [MicroM, 2017]. Thin films gesited on Mylar foils with
known concentration of elements forming these fiwere analyzed. The H values for
thick samples were determined using samples prépareur laboratory. These samples
consist of pressed clean metallic powders (supgbedilfa Aesaf). Single — element
samples were prepared from Fe, Cu, Zn, Ag powdausity more than 99.9 %). Each
metallic powder sample was prepared using a pnecrpadss to form flat, coin-like,
pellets. This samples were analyzed using prot@mband determining the H value for
thick samples. Results for thin and thick samptessammarized in the next chapter.

In well-defined system the H value is a constbiawever, small Z dependences of H
value can arise from database imperfections or frmperfect knowledge of filters or
absorbers or detector efficiency. In GUPIXWIN,stpossible to use a file of pre-prepared
H versus X-ray energy values. The software thes tlss file to interpolate an appropriate
H value for each element Z. Consequently, the aunatton Cz of element present in the
sample can be determined using GUPIXWIN. The so#tvessigns correspondingZ,M)
and Y1(Z,M) values to measured peak areas for individual »-rayitting by elements

forming the measured sample.

89



7. Results of the analyzes

7.1. Qualitative analysis of Slovak coins

The very first PIXE analyzes were performed onv&lo coins. There were no
adjustments of the PIXE chamber within these amalyzhus results were preliminary,
containing information on the presence of elemémtthe investigated samples. For the
purpose of these analyzes, pressed samples of powdmprising of multiple elements
were prepared which have been used as PIXE lalvgratandards. The standards used
clean metallic powders, supplied by Alfa Aésaand they were used throughout the
measurements. The samples were prepared by mixjnigeT Cu, Zn and Ag powders in
various proportions. The purity of the powders wasollows: Ti (99.99 %), Fe ([99 %),
Cu (99.9 %), Zn (99.9 %) and Ag (99.9 %). Each thietpowder mixture was prepared
using a pneumatic press to form flat, coin-likellgis. A relative elemental concentration
of each sample was calculated as a ratio of thmezlepowder mass to the total mass of the

mixture. The relative concentrations of elemenésmesented in Table 6.

Sample m (mg) Ratio (%)
Fe 1367.36 62.19
PIXE2 Cu 831.43 37.81
Ti 287.64 18.65
Fe 694.57 45.03
PIXE3 Cu 282.03 18.29
Ag 278.10 18.03
Fe 326.06 19.56
PIXE4 Cu 1107.75 66.45
Zn 233.34 14.00

Table 6: Composition of prepared pressed metallic powders.
For each sample, labeled as PIXE2, PIXE3 and PDé&E4irst, powders were weighed on digital
scale. Then they were mixed to form 3 individuahpkes. Each mixture was afterwards pressed by
pneumatic press to form flat, coin-like, pellet/®ie elemental concentration of each sample was

calculated as ratio of the element powder masstéb thass of the mixture.
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These samples served as a reference material dmparison of further PIXE
qualitative analyzes. Details can be found in AgjpeA [Zeman, 2016B]. Results of PIXE

analyzes of Slovak coins are shown in Figure 70.

1000000 T T T T T T T T 1000000 § T T T T T T T T
A 1941 Slovak silver coin B cuk 1990s Slovak coin
1000004% © ... Measurement 3 100000+ YR Measurement

Fit ] CukK — Fit

Energy (keV) Energy (keV)

Fig. 70: PIXE analyzes of Slovak coins. Older silver caionfi 1941, and a younger one from
1990s were analyzed. The spectra show presencar&éthelements [Zeman, 2016B].

Measurements of two Slovak coins using 4.5 MeMuhelbeam were performed. A
silver Slovak coin of nominal value 20 crowns whigas issued in 1941 during the Slovak
State, and a Slovak coin of nominal value 1 crowmnctv was used as a former currency
(from 1993 to 2004) in the Slovak Republic werelyred. GUPIXWIN was used for the
composition determination of these coins. The 1SW¥ak silver coin was measured using
50 pA beam intensity for 10 min (Fig. 70A). The ma@ment showed presence of silver
and copper characteristic X-ray lines. Since theceatration of silver in this coin was
higher than 50 %, two escape peaks were observieiapectra. The coppenkand K3
lines were sufficiently resolved. There was anc¢atlon of iron occurrence. At 6.4 keV,
which corresponds to the ironoKline, possible peak appeared, but the presengeroin
the spectrum is questionable. The measurement @slSlovak coin (Fig. 70B) proved
presence of copper, tin and small amount of irdms Toin was measured using higher
beam intensity (200 pA), and the measurement tilmse 20 min. The bremsstrahlung
background was more than an order of magnitude ehighan for the silver coin
measurement. The estimated concentration of ditvidre Slovak silver coin was 65 + 5 %,
and the rest was copper. The Slovak coin from 1880Da dominating copper concentration
of 85 £ 5 %, and the rest was tin (14 %) and irch %) [Zeman, 2016B].
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7.2. Determination of H valuesfor thin and thick samples

The H values for thin samples were determined froeasurements of thin films
supplied by MICROMATTER™ Company. All MICROMATTER™standards are
prepared by vacuum deposition resulting in a higifiform deposit. The analyzed films
were deposited on a 3.5 micron Mylar® polyestenfilThe individual films’ thicknesses
are recorded in Table 7. The manufacturer decldreghickness (inug/cn?) with 5.0 %
accuracy. For better imagination, these values weneerted into nanometers, as well. The
geometry setup scheme for the measurements isagégpin Figure 71. The figure displays
a top view of the chamber with sample holder, be@ection and BEGe detector position.
The measurements were performed using the 3.052 ptetbn beam, and later using
4.552 MeV*He?* ion beam. The intensities of the beams could heen quite high, 2 — 5
nA (comparing to the thick targets), because trarsewere penetrating through the films

keeping the undesired effects low.

film Fe Cu Ga Sr Cd SN

Thickness 498 48.8 23.4 54.9 45.3 52.4

(Hg/cn)

Thickness 63.2 545 396 208 52.4 72.1
(nm)

Table 7: The thickness of thin films stated by the manufeatwith 5.0 % accuracy@/cnt) and
calculated values in nanometers.

@ Beam

BEGe

PIXE chamber

Sample tilt: 10° to detector
80° to beam

Fig. 71. A scheme of the geometry setup for thin film measents (a top view).
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For the purpose of H value determination, the filins were analyzed several times
with different charge collection (from 0.5 to 2.€ {Coulomb). The aim was to compare
results from more than just one measurement afiglesfilm. The exemplary PIXE spectra
of thin Sn film measurement with 3.052 MeV protanre displayed in Figure 73. The
collected charge was 1.0 pC. Measurements withumelbeam were performed with
doubled charge collection to obtain X—ray speatchuced by the same amount of particles,
i.e., for the Sn film analysis with helium beamQ 21C were collected. The charge was
collected both from Faraday cup placed at the eéndeam line and the sample holder.
Since the samples are thin the beam penetratesgthrihe material and charge of such
particles has to be collected in order to knowahmunt of particles which induced X-ray

emission in the specimen.

Counts Thin Sn film PIXE analysis
220 with 3.052 MeV proton beam

200

180 Sn K lines

160
140
120
100

60 SnLlines

escape peaks

"chamber peaks"

Fig. 72: Example of PIXE spectra and fit processed by GWRIX for thin pure Sn film analysis

with protons. The total charge collected was[1@ The “chamber peaks” originate from X-rays

produced by scattered beam. Protons scatter gathple, and they consequently interact with the
chamber construction material (mostly Fe, Cu aeidt thixtures).

Figure 63 in section 6.1 displays energy calibratf the BEGe detector. ConstaAts
and B were used as input for spectra calibration in GURIN. A file with intrinsic
efficiency suitable for GUPIXWIN was created usiDgETMC values. According to the
equation 14 (section 6.4.), for known intrinsici@é@ncy of BEGe detector and collected
charge, the H value can be determined for sampglbskwown concentration.

The PIXE spectra of thin films were analyzed byRBX\WIN in a way that the spectra

were fitted so the concentration (layer thicknegk)the element corresponded to the
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manufacturer’s declaration (Table 7). This was doyéoking for proper H value for each

spectrum obtained from measurements of individudhsf Values from multiple

measurements of the same film were averaged an@spanding uncertainties were

calculated. The total uncertainty consists of chatgllection and tilt angle uncertainty

(3.5%) and fitting uncertainty (~ 2—6 %) varying fodividual spectra.
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Fig. 73: Results of H value determination for thin standarsiag 3. 052 MeV proton ar
4.552 MeV*He?* beams. For the proton beam the energy dependeasynwasured as can
be seen in the upper figure. The helium analyzagh@xnore-less constant H value. A
dash line at H value = 0.02831 was added to obgkevdifference between the fit and the

constant value.
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H values for thick samples were determined froiEPanalyzes of the pressed powder
samples prepared in our laboratory. The weightpuré Fe, Cu, Zn, Ag powders (purity
more than 99.9 %) used in individual samples atedi in Table 8. Each powder was
consequently pressed into small pellets with 1.5deameter. The thickness of the pellets
has been varying by ~3 mm, depending on the ammiunsed material and power of the
hydraulic press (~15 tons).

Powder Fe Cu Zn Ag
Weight (g) 2.07 2.08 1.35 1.52

Table 8: Weights of powders used for preparation of thioksged samples.

PIXE analysis of such prepared pellets was cawigdising 3.061 MeV proton beam.
The thickness of thick samples was sufficient tjpghe beam, thus the beam charge was
collected only from the sample holder to obtain itifermation about amount of protons
which caused X—ray emission. The GUPIXWIN fittingppedure was the same as for thin
samples, i.e., H value was varying until the propencentration in each sample was
reached. Samples were measured more times andyavidraalues for individual K-line
energies are shown in Figure 74.
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Fig. 74: Results of H value determination using 3.061 Medt@n beam.

95



The H value uncertainties are little bit highemparing to thin samples. One of the
reasons is that H values (e.g. for 6.4 keV iranliKe) from individual measurements were
more spread comparing to the thin samples. The o#ason is that the thick H values were
determined also for Klines (9.572 keV zinc and 24.942 keV silver) whithibit higher
uncertainties in fitting procedure (lower peak ajedhe uncertainties in Figure 74 vary
between 5-12 %.

The reason that the thick H values are determifredh 3.061 MeV proton
measurements is that there were some difficultiéis Alphatross source. The proton beam
(used for pressed powders analyzes) was produdbdM@-SNICS from TiH target. The
ion source has different settings of injection ggetherefore the energy slightly differs
from the 3.052 MeV value from the Alphatross. Thiphatross maintenance problems
caused that the thick samples have not been anbhpetewith helium beam (April 2017).
Hopefully these issues will be overcome soon.

Results for proton beam measurements are compafédure 75. The thick samples
exhibit higher H values. A possible explanation t@nin different X—ray self-absorption
by samples. The GUPIXWIN in calculations for thisamples uses standard values for
density of material. The thick samples have difierdensities since the material was
pressed a by hydraulic press. This difference ctedd to different X—ray yields used in
equation 14 for element concentration calculation.
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Fig. 75. Comparison of H values for thick and thin sampisisig proton beam for PIXE.
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7.1. Concentration of iron in arat brain sample

The CENTA laboratory has already been cooperatitiy several research institutions.
In cooperation with Medical faculties of the Comenlniversity in Bratislava and Martin
a rat brain slice was received to determine ironceatrations and map its distribution in
the slice. The aim of this study has been to evaluancentrations of iron in this slice on
various spots. It is expected that the iron inrdiebrain was produced by electromagnetic
radiation similar to one generated in mobile teteps. The observed effects in the brain
tissue may be due to electromagnetic radiationchvbauses agglomeration of iron in the
tissue. A map of iron distribution with measuredoentration (which may be regarded as a
simple nuclear microscopy map) should provide irtgodrinformation for further medical
research. At present it is not well understood Ittwe/iron agglomerates in the brain tissue,
but there are hypotheses that the electromagrediatron may cause this effect, [Terzi,
2016], [Kaplan, 2016], [Kostoff, 2013].

A thin slice of the rat brain (+#n) was prepared for investigation. The slice was
attached on a thick silicon wafer. Consequentlye ttu SEM measurements, a thin gold
layer (~ 30 nm) was deposited on the surface ofifseie. The sample was then inserted
into the PIXE chamber of the CENTA laboratory fovestigations.

The rat slice represents a special type of intdiate sample which can be handled by
the GUPIXWIN software. The brain slice with a tigald layer on the top and mounted on
a thick substrate can be specified in GUPIXWIN'puhparameters. The concentration of
elements present in the sample can be evaluatethdasuring the number of X-ray
inducing particles (charge collection) and by knesge of H value for such sample
(equation 14). For the layered samples (a simdathe slice) the H value has not been,
however, determined. For this purpose, a layeraddstrd material (of known elemental
composition in each layer) was prepared and andlgpea proper H value dependency on
the energy of X-rays could be determined.

For the rat brain analysis it was decided to felkpecial procedures. Several standard
samples were prepared and analyzed by PIXE useg eV proton beam. Samples were
prepared in a way so that they copy the propedifethe rat brain slice sample. Firstly,
solutions with known concentrations of iron weregared. Next, droplets of solutions

were dropped on a silicon wafer. After drying, thesamples were analyzed in PIXE
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chamber. Consequently, the measured spectra afassthiayered samples were processed
by the GUPIXWIN software. Important information tme peak areas was obtained and a
dependency of these areas on the element concentiat each sample was plotted.
Finally, the concentration of iron in the rat brauas determined using these values. To
each Fe i§ peak area (from multiple measurements of therahlslice on different spots)
a concentration from standard samples measuremamntagsigned. Results are shown in

Fig. 76.
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Fig. 76: Iron (Fe) concentration in rat brain sample. Meedspots on the sample are labelled as
RBO - RB10, Si wafer was measured as well. Sontkeopositions were analyzed twice (Al and
A2 labels). The evaluated Fe concentration forasponding spots exhibits the same values.

All spots were analyzed under the same beam aadjelcollection conditions. The
beam intensity was 0.5 nA, charge collection wass®.2 uC, and the geometry was the
same as in Figure 71. The incident proton beam eti@anwas ~1.5 mm. This was achieved
by careful and tedious setting of whole beam limel on optics devices. During the
measurements the sample was moved in the vertisétign. The horizontal position of the
beam spot was adjusted in a way that the sampleemagved from the chamber, manually
shifted on the sample holder and put back insiédecdmamber for further analysis. The
exemplary spectrum from measurements is showngn . Table 9 contains values for
determined Fe concentrations. The uncertaintiesnidividual spots were calculated and

evaluated. The main source of uncertainties wasstidigstics in the fitting process. Some
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spots, especially with low Fe concentrations (<pfhp positions RB1 — RB3, RB10 and Si
wafer, have uncertainties from 28% to 48%.

Counts PIXE spectrum and data fit of the rat brain slice sample

3.052 MeV protons (0.5 nA), 0.5 micro Coulombs
position RB4, Fe concentration ~ 45 ppm

1000

W p
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\
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Fig. 77: Measured PIXE spectrum of rat brain slice sampdsi{on denoted as RB4). The output

from GUPIXWIN contains spectrum data (black line}idit values (gray line). Au L lines (9.7,

11.4 and 13.4 keV) and Fe K lines (6.4 and 7.1 ke&fe observed together with 3.3 keV escape
line (from 13.4 keV Au L line) and 8.6 keV escap®|(from 9.7 keV Au L line).
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Measured spot
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RBO A1 44.1¢ 5.1
RBO AZ 43.1¢ 5.1¢F
RB1 9.7¢ 2.71
RB2 Al 5.21 2.21
RB2 A2 4.3¢ 2.1C
RB3 Al 8.81 2.8(
RB3 AZ 6.7C 2.6¢
RB4 44.6¢ 5.0¢
RB5 47.3¢ 5.4
RB6 35.0:2 4.7(C
RB7 42.9¢ 5.0¢
RB8 35.7( 4.7¢
RB¢ 27.4¢ 4.3¢
RB1C 2.8 1.32
Si waf Al 4.3¢ 2.1z
Si waf Az 4.9¢ 2.1F

Table 9: Values of iron (Fe) concentration in rat braicelon different spots. Concentration
determined by PIXE measurement with proton beaneettainties are displayed in ppm and % for
better imagination. All spots were analyzed untierdame conditions. Therefore low concentration

are determined with higher inaccuracy (low peakgye
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The values for concentrations above 25 ppm wereutzded with 11 — 15 % uncertainties.
For better statistics, a different set of measurgsmeith higher charge collection should be
performed in order to determine the concentratiah fetter accuracy.

A map of surface iron displacement is plottedigp 8. Important note is that only 12
different spots on total sample area ~ 4 erare analyzed. The map was done by computer
simulation with regard to determined concentratiohmeasured spots. For a more precise
surface distribution of Fe in the sample, more spbiould be analyzed using a raster scan
device for sample positioning. Currently, the vatisample position is adjusted by manual
manipulation with sample holder rod (from the tdptloee PIXE chamber). The sample
cannot be moved in the horizontal direction at @nés(April 2017). The horizontal
“movement” was achieved by a manual sample shifiNeyertheless, the results are quite
interesting, clearly showing a gradient, i.e. a -maiform iron displacement in the
investigated rat brain slice. Surprisingly the alied Fe concentrations are quite high.
Medical evaluations are in progress, as well apgaions of new brain slice samples.

The obtained results have confirmed that the PI¥&nbline in the CENTA laboratory can
be used for nuclear microprobe research in the foéane.
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Fig. 78. Fe concentration map of the rat brain slice. Tdmae photograph (converted into
negative and grayscale) is shown in the backgroBndafer is bright and the brain slice forms
darker areas. Although only 12 different spotsnfitual distance of several millimeters, black
dots) were analyzed, the picture shows a clealigmtoh the Fe distribution in the sample. The
scale is displayed from 6 to 12 cm in both dirawiorhe coordinates are chosen with regard to

sample holder position.
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7.2. Ongoing experiments

Many more samples were analyzed in the laboratsiyg the PIXE system. Some of
the spectra were obtained before the mentionedstw@nts (detector shift, electrode
installation). These experiments are ongoing, dedsamples will have to be measured
again. Only some qualitative information about sksipcomposition can be retrieved from
current status of these analyzes (April 2017).

PIXE analysis of meteorites

Canyon Diablo iron meteorite from Arizona was gaatl by helium PIXE beam. Iron
and copper peaks are well visible. New analysesngpeeparation with adjusted geometry
and lower beam intensity to suppress the backgrowrldn is to perform PIXE
measurement in new condition in the chamber witbper charge collection and lower
background to possibly observe more elements. Absotoncentration of individual
elements will be hopefully determined after applyid values for thick samples (chapter
7.2).

Counts

first PIXE spectrum of the Arizona meteorite
100000 4.5 MeV helium beam, ~ 20 nA, 250 s

10000
1000
100
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300 600 900 1200 1500 1800 21.00 2400 27.00 Energy (keV)

Fig. 79: First PIXE spectrum of the Canyon Diablo iron noeite from Arizona. PIXE conditions
as described in figure. The measurement was peefbmith high beam intensity without charge
collection and before the adjustments in the PIX&naber.

Meteorites are included into the group of rare @as) therefore a non-destructive
analysis is preferred to retrieve more informatatiout their elemental composition. Both
PIXE and PIGE techniques can bring more light itits area. On the other hand, the

necessity for proper setting of detection systeravislent as well as proper handling the
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data acquired via such measurements. Therefonetitbke procedure with determination of
the H values and the detector efficiency had tpé&dormed carefully (chapters 6.1. and
7.2).

PIXE analysisof uranium in zirconium mineral
Zirconium mineral was analyzed by PIXE using tletgn beam. The GUPIXWIN

spectrum is shown in Figure 80. Plausible presaficaore elements is described in the
figure comment. This material is being analyzedomder to test whether via PIXE
technique it would be possible to determine uranoamtent in this mineral. The idea is to
detect low concentrations of this element in vasigaological samples as well as in reactor
fuel materials (fast measurements in the case ahium smuggling). The recent
measurements showed that GUPIXWIN was able to @irmhium peak in the measured
spectrum, however, it has not been possible yetatoulate its concentration because
uranium L-lines lie in the region of zirconium Ka& energies. It seems that a different
approach should be taken in order to search famwmain zirconium minerals, namely a

use of a high resolution Si detector for low-enexgsays.

PIXE spectrum of the zirconium mineral:
Counts 3 MeV proton beam, very low intensity < 5pA,
sample tilt 10°, 0.01 micro Coulombs

1000
100 ‘

I N

10 /\ |
| \f\/ ik f \r’ ’
/‘\/ IR . ‘s_oul

3.0 6.0 9.0 12.0 15.0 1

210 240 270  Energy (keV)

Fig. 80: PIXE spectrum of zirconium mineral. The PIXE coiatis as described in the figure. The
GUPIXWIN output with data and fit is displayed. @mium Ka lines are well visible together with
escape peaks. Small amount of Hf can be visibleedigL-lines at 7.9, 9.0 and 10.5 keV).
Problematic is overlapping with Zr escape peakss®e Ti presence in 4.5 — 4.9 keV region, but
more probable is it a Zr escape peak. Presenceoféry plausible. GUPIXWIN found itsoLline
at 13.6 keV, but it lies in the “tail” of Zr & line. The other uranium L lines lie in the Zr iKdis,

region; 15.7 — 17.7 keV.
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PIGE measurements

Although the beam line is equipped with PIXE/Pl@&ector, because of the absence
of the radiation shield around the PIXE/PIGE chamaegainst neutrons, detail PIGE
investigations have not been carried out yet,yasy preliminary estimations. It is planned
the all beam lines after the switching magnet bdlshifted to the bunker so reactions with
production of neutrons could be carried out as.well

First PIGE spectrum was measured from Teflon teypéch is rich on fluorine (Teflon
— PTFE). 3 MeV proton beam was used for this mesmsent, spectrum displayed in Fig.
79. Protons were non-elastically scattered on therihe nuclei what can be seen from
spectrum and visible lines at 110, 197, 1236 aP1&V. Reactions with protons took
place®F (p, pY) [Kiss, 1985]. Possibly other materials with shieaproton reactions will

be analyzed.
100000
PIGE spectrum of Teflon tape
110 keV 3 MeV protons, measured for 130 s
197 keV
10000+
]
< 511 keV
3 10004
@)
1236 keV 1349 keV
100+

10

0 250 500 750 1000 1250 1500

E (keV)
Fig. 81: PIGE spectrum of Teflon (PTFE) tape.

Detected gamma lines with energies 110, 197, 12861849 keV indicaté’F (p, pYy) reactions.
511 keV annihilation line was detected as well. Pl&alyzes have not been performed yet, only
some spectra were measured in order to test teetdefor possible further PIGE analyzes.
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Conclusions

The main results achieved in this thesis can bersanmed as follows:

Transmission efficiencies fdH, “He, °Be and*?C ions were determined for different
values of terminal voltage, and their dependenctherstripper gas pressure was observed.
Individual ions exhibit different behavior, depenglion the charge state, terminal voltage
and nitrogen pressure (the stripping gas). A comreature of all dependencies is a
successive increase of the transmission efficievitty increasing stripper gas pressure to a
certain point followed by a decrease of the tragsimon efficiency towards higher stripper
gas pressures. This decrease is stronger for lohamge states’fle’*, °Be'* and'2C?*).
Towards to higher charge states this decreasessladent and becomes more flat (charge
states*He?*, °Be?* and even more fdBe** and for'?C**). The reason for such behavior is
that with increasing the stripper gas pressurd) bot electron stripping (which affects the
transmission efficiency) and the ion scatteringnoolecules of the stripper gas are rising.
Each ion has a combination of charge state, enggded by the terminal voltage of the
tandem accelerator) and a certain value of strigaer pressure at which the scattering
process starts to reduce the final transmissioicieficy. The smooth decrease of
transmission efficiency for higher charge can bedufor better stability of ion beams at
these regions of stripper gas pressure for vam@gdications, e.g. for ion irradiation or for
applications of IBA techniques, which require séaldn beams. Working in these stable
regions, the transmission efficiency is not affdchy slight changes in the stripper gas
pressure.

Simulations of*He?* ion beam transversal profile were performed usiiyllON
software. The beam trajectories through the magmgtadrupole triplet lens (QP) and the
switching magnet (SM) were simulated. The finalrhgaofile was monitored at the target
distance (~2 m from the SM exit) in 45° channel.ddls of these devices were created
using the 3DCAD software Autodesk Inventor. Suchdais were placed into SIMION'’s
workbench and the ions were flown through the syst&€he initial beam profile was
circular with Gaussian distribution (5x5 mm FWHMNnd the beam trajectory was in the
axis of the beam line. Magnetic field of SM was giated so the beam hit the center of
target foil. For 3.052 MeVHe?* ion beam the SM’s magnetic field flux density vé@44.7
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Gauss. Different setting of QP was simulated ireotd obtain focused beam at the target
distance. Various settings of QP exhibited bothusireg as well as defocusing effects on
the beam profile. Finally, proper setting of QP i@snd and focusetHe?* ion beam with
1.4 mm diameter was simulated.

The PIXE chamber was installed in September 26iStly, the BEGe detector was
calibrated using point radioactive sources covetimg energy spectrum of the detector.
Three different settings of MCA’s amplifier werelibeated; for low energies (up to ~ 60
keV), for medium energies (up to 500 keV) and faghhenergies (up to 3 MeV). Only
results for low energies are stated in this workabse the other are not important for
purposes of PIXE measurements performed in therdédny (they will be used for PIGE
analyzes). First PIXE analyzes were performed awwvaX coins and laboratory PIXE
standards consisting of pressed clean metallic pow{Ti, Fe, Cu, Zn and Ag). Each
metallic powder mixture was prepared using a pnéign@ess to form flat, coin-like,
pellets. These analyzes had mostly qualitative adtar; we were able to observe a
presence of elements in the samples and estimat@dssible concentration comparing
with the pressed powders standard samples. As wefband out later, the composition of
such prepared mixtures is not uniform. We performadtiple PIXE measurements on
different spots of each mixed powder sample an@mvesl different relative concentrations
of elements present in one sample depending omtesured spot. Therefore, for thick
samples, another pressed powders samples weredgsihg only single element powder
to form pressed pellets. Nevertheless, the vesy RtXE analyzes of Slovak coins taught
us how to interpret the measured PIXE spectra ssudhow important is the knowledge of
detector specifications.

For further fully quantitative PIXE analyzes, soadjustments in PIXE chamber had
to be done. At first, in Slovak coins analyzed wbserved high bremsstrahlung
background. Therefore the BEGe detector was shiitéd larger distance from the
interaction point (center of the PIXE chamber). Tiegv distance from this center increased
from original 2.5 cm to 25 cm with impact on theckground suppression. This distance
was chosen for further analyzes, and is used diyréApril 2017), as well. Next,
additional electrode was installed into the PIXErmber. Its purpose is to suppress the

secondary emission of electrons after ion impacthensample surface. This is important
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for quantitative PIXE analyzes due to proper chaagdlection process. SIMION
simulations were used to find the proper dimensminthis electrode. The final shape and
dimensions had to be suitable into the inside ef ¢thamber and satisfy the SIMION
simulations as well.

Quantitative PIXE analyzes require knowledge & precise detector efficiency in
order to retrieve information about absolute coteions of element constituting
monitored samples. For this purpose, BEGe detegffariency was both measured and
modelled. The measurements were performed usingt gmiurces of known activities
placed in 25 cm distance from the detector endeafhe detector axis. The efficiency of
BEGe detector was modelled using DETMC program.eBtet characteristics (from
manufacturer’'s datasheet) were used. Distance iot gource was chosen the same (25
cm) and energy range from 2 — 60 keV was monitonedtig.The modelled efficiency
below 5 keV drops below a reasonable value. Thezefguantitative analyzes of X-rays
below 5 keV is complicated. This means that digeantitative PIXE analysis can be
performed starting with vanadium for K lines (4.962V) and praseodymium for L lines
(5.033 keV). However, employing special strategiessample treatment and spectra
evaluation can reach lower X—ray energies, and eWendetector efficiency can be
“bypassed” using well-defined standard samples.

For direct quantitative analyzes a knowledge ofvddue is crucial together with
detector efficiency. Depending on the detectiontesys characterization, the energy
dependency of H value can be observed. In wellhddfisystem, the H value should be
constant, independent on the X-ray energy. Any imgs@arameter or misinterpreted
parameter can lead to dependency on the enerdyEMTA laboratory, H values for thin
and thick targets were determined separately. iddal values were determined using pure
elemental standards. For thin samples (ion beampeaetrate through the sample) this
values were determined from analyzes of thin fitandards (MICROMATTER™). Both,
proton and helium beams were monitored and finghles for individual X-ray energies
were determined using GUPIXWIN software. For thimmgles, H value for protons
exhibits energy dependency, but H value for helhgam is more-less constant. For thick
samples, only H values for protons were determberhuse of technical issues (difficulties

with Alphatross ion source). These H values exhibiiergy dependency similar to thin
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samples measurements. Determined H values candak fas further PIXE analysis of
different materials. Depending on the structurenohitored samples (whether it is thick or
thin), these H values can be used in GUPIXWIN dal@ons of element concentration.

A special sample of rat brain slice was analyzethgi the PIXE technique. This
sample forms a special layered system of materfatiwcould have been analyzed by
GUPIXWIN. The 3 MeV proton beam with 1.5 mm diamesas utilized for this analysis.
The rat brain slice mounted on a silicon wafer aodered by thin gold film was placed
into the PIXE chamber, and thin proton beam PIXElyes were performed on 12
different spots across the sample surface. Thewaslto determine the iron concentration
in this sample. For this purpose, special samplesevprepared in the laboratory. Iron
solutions of known concentrations were dropped emesal silicon wafers to form
individual samples. After drying these samples wastalled into PIXE chamber and
analyzed under the same conditions as the rat Beample. GUPIXWIN was used for all
analyzes. Comparing FeoKareas in laboratory samples’ spectra with Kreas from
multiple measurements of rat brain sample spots,fittal concentrations of iron in rat
brain slice were determined on monitored positisith values up to 50 ppm, showing a

clear gradient of .concentrations.

Achieved results concerning development and atilin of IBA techniques show the
range of taken effort to obtain reliable conclusio®nly 4 years before the laboratory hall
was built (February 2013), then it was equippedhwandem accelerator and other units, so
first calibration and optimization measurementsl@dae carried out. lon sources settings
were adjusted to optimize yields for individual égpof ions. Pelletron transmission
efficiency was determined for different ion beamsl aarious stripping gas pressures. lon
beam irradiation effects were monitored firstlydne channel on a target foils. Later, in
September 2015, a new PIXE/PIGE beam line wasliedtand PIXE analyzes began.
Several adjustments were done in the PIXE chantberaximize the utilization of PIXE
technique. The fact, that an iron concentratiomaifiological sample was determined
reveals potential use of this technique, and ntefissare directed to nuclear microprobe

utilization.

107



Future of IBA techniques in the CENTA laboratory aimed at PIXE analyzes
performed on atmosphere using glass capillariesxtact the beam from vacuum have a
strong potential. Research of precious and biolgsamples can be developed in novel
dimensions. The crucial basis of PIXE analyzes hmen handled successfully and current
effort is aimed to this objective - raster scansahples. Several laboratories have already
settled up this research worldwide, but the rarfghis area is so wide and unexplored, that
investigation of samples can bring interesting enportant results. Precious samples such
as paintings, sculptures, meteorites and variootodical materials (which cannot be
exposed to vacuum) can be analyzed within few remuDepending on the range of
desired information about specimen, various depatide can be investigated including
depth profiles, surface distribution of elements, which can lead to better understanding
of investigated sample origins or possible contatim from outer sources (e.g. piece of

art manipulation or falsification).
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Abstract Optimization of the proton and helium beams
from the alphatross ion source through the injection beam-
line, the 3 MV Pelletron tandem accelerator, the high-en-
ergy analyzer and the PIXE chamber were carried out.
Results obtained with the “He ion beam showed better
detection limits when compared with protons of the same
energy and beam intensity. For detection of produced
X-rays, a BEGe detector has been used, covering the
energy range from 3 keV to 3 MeV. First measurements
with “He ions of 3.5 MeV energy included calibration runs
with PIXE laboratory standards, as well as analyses of old
silver coins.

Keywords PIXE - X-ray spectra - Elemental analysis -
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Introduction

Particle-induced X-ray emission (PIXE) is one of the
leading analytical technique for determination of the ele-
ment occurrence in variety of samples. One of the major
PIXE advantages is that this technique is non-destructive.
Therefore, it is possible to carry out analysis of samples,
which have high cultural, historical or social value, and
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destructive analysis of such samples could not be consid-
ered. Such samples include paintings, statues, archeologi-
cal artifacts, etc. For materials of this importance non-
destructive method for analysis is crucial, and the PIXE is
one of them used worldwide for this purpose.

PIXE technique is based on ejection of inner-shell
electrons from target atoms by the energetic incident par-
ticle impact, and subsequent registration of emitted X-rays
during their de-excitations. Evolution of the PIXE has a
long history, but as an analytical tool with wide applica-
tions can be dated back to 1976, when a review article
dealing with X-ray emission induced by charged particles
and the use of this process as an analytical technique has
been published [1]. Principles of the PIXE technique have
been discussed by several authors and the most recent
summary can be found in [2]. The main advantage of the
PIXE method, e.g. for analysis of material and environ-
mental samples, is in its higher sensitivity when compared
with other X-ray analysis techniques. For calculation of the
limit of detection for the PIXE method usually an X-ray
peak is declared to be detectable if it exceeds three stan-
dard deviations of the underlying background. Therefore in
X-ray spectrometry the treatment of peak background is
essential. The background contributions are from different
sources such as bremsstrahlung, low energy gamma-rays
from nuclear reactions, overlapping X-rays, etc. Another
issue in the treatment of X-ray spectra is an occurrence of
artificial peaks, which should be well classified and their
origin should be known [3]. The analysis of real X-ray
spectra affected by a background and presence of artificial
peaks influence the final evaluations of results with impact
on the calculation of element concentration in specimen.

Energy dispersive X-ray spectroscopy (denoted as EDS
or EDX) compared to PIXE technique suffers higher
background since in the EDS electrons are inducing
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production of X-rays, while in the PIXE method only
protons or heavier particles are used for X-ray production.
Background in the PIXE measurements is approximately
by two orders of magnitude lower than in the EDS mea-
surements [4]. This background suppression depends on a
particular sample material and can vary within certain
limits, but generally, this means that PIXE is one hundred
times more sensitive than EDX.

Another method similar to PIXE is an X-ray fluores-
cence spectroscopy (XRF). Both methods can reach the
region of sensitivity down to ppm levels. The XRF method
can be preferred for large samples as it is cheaper and
easier to operate, but for small samples or microprobe
applications, the PIXE is more advantageous technique.
The difference is due to the fact that PIXE is a near surface
technique due to small penetration of incident particles
(protons, alphas and heavier nuclei), and a smaller
absorption of characteristic X-rays. Although the incident
X-rays which are used in XRF analyses have a greater
range in the material than particles used in PIXE, both the
characteristic and the inducing X-rays are attenuated in the
XRF method [5]. The PIXE compared to XRF has another
advantage in analysis of bulk samples, where in the PIXE
method the thickness reachable by particles is relatively
constant, while for XRF there is usually a wide variation.

Another important parameter for PIXE applications
depends on particles, which are being used for X-ray pro-
duction in sample material. Protons are mainly used, but
other, heavier particles show different features, and
depending on a specimen, different detection limits can be
reached. In principle, heavier ions produce less gamma-
background through nuclear reactions within the analyzed
material. Thus obtained detection limits are better with
alphas than with protons. The energy of incident beam has
to be within reasonable limits. On one hand, the lower the
energy of incident ions is, the lower background in spec-
trum is achieved. But, with decreasing energy of particles
the ionization cross-section for X-ray production decreases,
and for sufficient statistics the measurement have to be
very long so the specimen heating could become an issue.
On the other hand, with increasing beam energy ionization
cross section rises so the production of X-rays is higher,
and thus the measurements can be swift. But, the higher the
energy of incident particles, the higher the gamma-back-
ground from nuclear reactions, and thus the detection limit
is worse. For this reasons, energy of protons from 1.8 to
3 MeV, and energies around 5 MeV for alphas are rec-
ommended. Explanatory examples for detection limits
using different ions of various energies can be found in [6].
Under these conditions, detection limits below 0.1 ppm are
reachable with PIXE technique using 5 MeV alphas.

Very interesting upgrade in the PIXE technique repre-
sents a micro-PIXE [7-9]. This modification of the

@ Springer

standard PIXE method involves very small and well-de-
fined beam spots, which are used for sample analysis.
Depending on a specific micro-PIXE design, spots of
several micrometers to tens of micrometers can be created,
and via a precise beam movement over the sample, raster
images can be produced. There are two common ways how
this small beam spots are achieved. Firstly, micro-capil-
laries are used for beam collimation, secondly, the beam is
focused to small spots using electromagnetic lenses. Using
a special sample positioning system, it is possible to make
raster scans over specimen, and thus obtain element con-
centration maps.

There are large varieties of samples that can be inves-
tigated by the PIXE technique, one group of samples that
are being analyzed worldwide are coins [10-12]. PIXE
non-destructive analyses of historical coins are usually
conducted, when an elemental composition of samples with
high precision can be obtained. The next group of samples
that are being widely investigated are aerosols. The
chemical composition of aerosols collected at lower layers
of the atmosphere is helpful for studying various effects on
human health and the environment. Aerosols are usually
collected by impactors, and depending on specific mea-
surement conditions, different sampling times are used.
They are being deposited on different materials, mostly
foils (Kapton, Teflon, Nuclepore) or nitrocellulose filters.
Investigation of aerosol pollution, e.g. due to emissions
from industry, vehicles, ships, as well as analysis of clean
air samples from mountains has been carried out by several
laboratories [13—17]. Biological materials are also fre-
quently analyzed samples using the PIXE technique,
focusing usually on the presence of heavy metals in human
or animal tissues [18-21].

The aim of the present work has been to optimize the
proton and helium beams from the alphatross ion source
through the injection beam-line, the 3 MV Pelletron tan-
dem accelerator, the high-energy analyzer and finally at the
PIXE chamber. First measurements with “He ions of
3.5 MeV energy included calibration runs with PIXE lab-
oratory standards, as well as analyses of old silver coins.

Methods

A Centre for Nuclear and Accelerator technologies
(CENTA) has been established recently at the Comenius
University in Bratislava (Slovakia) comprising of a state-
of-the art tandem accelerator laboratory designed for ion
beam analysis (PIXE and PIGE), nuclear reaction analysis,
ion beam modification and accelerator mass spectrometry
studies [22]. The laboratory is consisting of three main
parts: ion sources for gas and solid targets, injection system
of ions, Pelletron tandem accelerator, and analyzer of
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accelerated ions. The equipment has been supplied by
National Electrostatic Corp. (USA). Proton and helium ion
beams are produced in an alphatross ion source (Fig. 1).
Alphatross is a radio frequency (RF) ion source, which
produces positive ions. A gas or gas mixture is bled into a
quartz bottle; an RF oscillator connected to the quartz
bottle dissociates the neutral gas. A voltage difference
(usually about 2-6 kV) is used to push the ions out of the
chamber through the exit aperture, making a continuous
beam. To produce a negative ion beam for the tandem
accelerator, the positive beam in the alphatross is injected
into a rubidium charge exchange cell [23].

The ions after passing the injection system consisting of
an electrostatic deflector and an injection magnet are
injected into 3 MV linear tandem accelerator 9SDH-2
Pelletron, which is used for acceleration of selected ions to
desired energy. The maximal possible energy for proton
beam is 6 MeV, for “He Q" charge state) ion beam this
energy is 9 MeV. The accelerated ions are then focused in
a quadrupole down to the diameter of 1 mm, and passing
through the switching magnet they are introduced into the
PIXE chamber (Fig. 2). A magnetic steerer in front of the
PIXE chamber is used for beam shifts. The measurements
were performed with sample holder at the 45° angle to the
beam line. Characteristic X-rays were detected at the 45°
angle by the broad energy germanium (BEGe) detector (the
endcap with carbon window is visible on the left side of the
image in Fig. 3).

The chamber is equipped with a sample holder capable
of mounting four thick samples of about 2 x 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 (Fig. 3). For the charge collection,
digital current integrator (Ortec Model 439) is used. BEGe
detector with carbon window (0.6 mm thickness) from
CANBERRA is used for detection of emitted X-rays. The
BEGe detector covers the energy range from 3 keV to

Fig. 1 Alphatross ion source with helium plasma inside

Fig. 2 PIXE beam line (left) at the CENTA laboratory

3 MeV, with energy resolution of 390 eV for 5.9 keV
(>Fe) and 1.8 keV for 1332 keV (*°Co).

Laboratory PIXE standards consisting of pressed clean
metallic powders (supplied by Alfa Aesar®) were used
throughout the measurements. The samples were prepared
by mixing Ti, Fe, Cu, Zn and Ag powders in various
proportions. The purity of the powders was as follows: Ti
(99.99 %), Fe (>99 %), Cu (99.9 %), Zn (99.9 %) and Ag
(99.9 %). Each metallic powder mixture was prepared
using a pneumatic press to form flat, coin-like, pellets. A
relative elemental concentration of each sample was cal-
culated as a ratio of the element powder mass to the total
mass of the mixture. The relative concentrations of ele-
ments are presented in Table 1.

Samples were mounted on the sample holder and placed
into the PIXE chamber (Fig. 3). Each sample was mea-
sured both with proton and helium beams, the energy of
incident ions was 3 and 4.5 MeV, respectively. Since high
levels of bremsstrahlung were measured by the BEGe
detector, the intensity of the beam had to be pulled down
below 1nA, so peaks with sufficient resolution
(400-500 eV for 6.4 keV K, peak from iron) could be
observed. The time for spectra acquisition was varying
from 5 to 12 min. Digital pulse processor DP5 OEM sup-
plied by Amptek® was used for data acquisition. Measured
PIXE spectra were processed by software package
GUPIXWIN [24].

Results and discussion

Measured PIXE spectra and fits of characteristic X-ray
lines are displayed in Fig. 4. Proton and helium beam
measurements for each sample are showing similar peak-
area ratios. The main difference is in the bremsstrahlung
background. The proton-induced X-ray spectra indicate
higher levels of background compared to the helium

@ Springer
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Fig. 3 Scheme of the PIXE/
PIGE chamber with sample
holder (left), and mounted
pressed metallic powder
samples (right)

beam profile
monitor

q

o)

Faraday
cup
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—

==

Table 1 Composition of laboratory PIXE standards

Standard Element Mass Ratio
(mg) (%)
PIXE2 Fe 1367.36 62.19
Cu 831.43 37.81
PIXE3 Ti 287.64 18.65
Fe 694.57 45.03
Cu 282.03 18.29
Ag 278.10 18.03
PIXE4 Fe 326.06 19.56
Cu 1107.75 66.45
Zn 233.34 14.00

measurements. This phenomenon is more obvious because
of the significant difference in charge collection within
proton and helium beams. Measurements with proton beam
were performed using approximately ten times lower
integrated beam charge compared to measurements with
the helium beam (Table 2).

Due to different elemental composition of laboratory
standards various effects were observed in the measured
spectra. For PIXE2 sample, which consisted only of iron
and copper (Table 1), the K, and Kg peaks were suffi-
ciently resolved (Fig. 4). This resolution was approxi-
mately the same for proton and helium beam
measurements. The PIXE3 sample measurement showed a
slight difference in the measured X-ray spectra. The tita-
nium K,, and Ky peaks were better resolved in the helium
than proton beam measurements. The same region (from
4.5 to 5 keV approximately) in proton-induced spectra
exhibits a worse resolution of these peaks. Possible

@ Springer

gate valve

turbo pump

BEGe
detector

explanation could be in a higher bremsstrahlung back-
ground, or that the sample contained some impurities such
as chromium or manganese (or both), and corresponding
characteristic X-ray lines (5.4 keV from Mn and 5.9 keV
from Cr) are contributing to this energy region. Both,
proton and helium-induced spectra had a tail to the lower
energies from 6.4 keV K, line of iron. Because of high
iron concentration in the PIXE3 sample (Table 1), possible
low concentration of Mn or Cr is questionable. Similar
situation is presented in PIXE4 measurement. This sample
contained iron, copper and zinc (Table 1). Compared to the
PIXE2 sample, the concentration of copper in the mixture
was higher. This resulted in a worse resolution of K, and
Kpg peaks from iron in both spectra. In addition, a separa-
tion of zinc characteristic X-rays (8.6 and 9.6 keV) was not
possible. The zinc K, line was between the copper K, and
Kg lines (8.1 and 8.9 keV). This decreased the resolution
of the copper K, and Kg lines compared to the PIXE2
sample.

Integrated beam charge was measured by digital current
integrator. Since there was no suppression of secondary
electron emission, the charge collection by current inte-
grator was ambiguous. Measurement conditions concerning
the duration of each sample with corresponding measured
integrated beam charge are shown in Table 2. Because of
high bremsstrahlung radiation background the intensity of
beam had to be decreased to pA level. The estimated
uncertainty of charge integration was about 30 %. For the
absolute element concentration calculations a knowledge
of this value is crucial [25-29].

The detector efficiency was determined using calibrated
gamma-ray sources with energies from 15 keV to 1.5 MeV.
Due to large uncertainties in the integrated beam charge
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Fig. 4 Measured and fitted X-ray spectra of laboratory standards PIXE2, PIXE3 and PIXE4 (each sample was measured using proton and helium
beams)

future. Using the present set of parameters, the elemental
composition of standards listed in Table 1 could be repro-
duced with relative standard deviations of about 10 %.

measurements and in the determination detection efficiency
below 15 keV, the precision of data presented in Table 2 is
still not satisfactory, and it should be improved in the near

@ Springer
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PIXE measurements of two Slovak coins using 4.5 MeV
helium beam were performed (Fig. 5a). A silver Slovak
coin of nominal value 20 crowns which was issued in 1941
during the Slovak state, and a Slovak coin of nominal value
1 crown which was used as a former currency (from 1993
to 2004) in the Slovak Republic were analyzed. GUPIX-
WIN was used for the composition determination of these
coins. The 1941 Slovak silver coin was measured using
50 pA beam intensity for 10 min. The measurement
showed presence of silver and copper characteristic X-ray
lines. Since the concentration of silver in this coin was
higher than 50 %, two escape peaks were observed in the
spectra. The copper K, and Kglines were sufficiently
resolved. There was an indication of iron occurrence. At
6.4 keV, which corresponds to the iron K, line, possible
peak appeared, but the presence of iron in the spectrum is
questionable. The measurement of 1990s Slovak coin
(Fig. 5b) proved presence of copper, tin and small amount
of iron. This coin was measured using higher beam inten-
sity (200 pA), and the measurement time was 20 min. The
bremsstrahlung background was more than an order of
magnitude higher than for the silver coin measurement.
The calculated concentration of silver in the Slovak silver
coin was 65 £+ 5 %, and the rest was copper. The Slovak

Table 2 Parameters of ion beam during PIXE analysis of laboratory
standards

Sample Ton beam Time (s) Charge (nC) Current (pA)
PIXE2 Proton 500 1.3+£04 26 £0.8
Helium 700 9.6 £29 13.7 + 4.1
PIXE3 Proton 325 2.0 £ 0.6 62+19
Helium 302 20+ 6 66 + 20
PIXE 4 Proton 716 2.0+ 0.6 2.8 £0.8
Helium 506 20+ 6 40 + 12
1000000 T T T T T T T T
A 1941 Slovak silver coin
1000004 e Measurement
@ 10000 Fit
g CuK A K
S 10004 CukK, 9
o Vs
100 4 Ag escape peaks
104,

Energy (keV)

Fig. 5 PIXE analysis of two Slovak coins

@ Springer

coin from 1990 had a dominating copper concentration of
85 + 5 %, and the rest was tin (14 %) and iron (<1 %).

Conclusions

First results obtained with the PIXE beam line installed at
the Bratislava CENTA tandem accelerator facility are
presented. The PIXE reaction chamber is equipped with a
vertically movable sample holder for positioning of up to
eight samples depending on their dimensions. The holder is
capable of rotation around its vertical axis to adjust the
angle how the incident beam should hit the sample. Proton
and “He ion beams produced in the alphatross ion source
and accelerated in the 3 MV Pelletron were used in the
investigations. Optimization of the proton and helium
beams from the alphatross ion source through the injection
beam-line, the Pelletron tandem accelerator, the high-en-
ergy analyzer and the PIXE beam line were carried out.
Results obtained with the “He ion beam were showing
better detection limits when compared with protons of the
same energy and beam intensity. For detection of produced
X-rays, a BEGe detector has been used, covering the
energy range from 3 keV to 3 MeV. Analyses of PIXE
laboratory standards and old silver coins with “He ions of
3.5 MeV energy showed reproducible results, however, the
uncertainties of single measurements were about 10 % that
requires further improvements.

Further plans at the CENTA laboratory include devel-
opments of the PIXE technique for aerosol analysis, and a
nuclear capillary microprobe [30] line for analysis of bio-
logical and historical samples.
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Abstract: A new CENTA (Centre for Nuclear and Accelerator Technologies) laboratory was established
at the Faculty of Mathematics, Physics and Informatics of the Comenius University in Bratislava. The
research field of this facility can be divided in two main parts: Accelerator Mass Spectrometry (AMS),
and ion beam applications, which include Ion Beam Analysis (IBA) and Ion Beam Modification (IBM)
techniques. Transmission efficiency calculations and measurements for "Be and “C ions accelerated by
the Pelletron tandem are presented. Measurements were done for different terminal voltage and stripper
gas pressures of the tandem accelerator.

1. Introduction

The principal device of the CENTA laboratory is linear tandem accelerator Pelletron
with two ion sources and several ion optics devices for ion beam manipulation. For proper
functionality of the whole system many calibration and optimization measurements were
elaborated. Tandem accelerator transmission efficiency for various ions is one of the key
features of this system. Further development of ion beam applications depends on the
determination of this property. For tandem accelerators is crucial the usage of negative
ions which are being stripped in acceleration process inside the Pelletron.

Tandem acceleration in Pelletron proceeds in two steps: firstly, negative ions are
accelerated towards the positive potential of the terminal electrode (where ions change
their charge in the stripping process) and secondly, positive ions are accelerated by
positive potential of the terminal electrode. In this way the energy gained in tandem
acceleration is doubled compared to a single acceleration process using the same potential
voltage on terminal electrode.

Stripping is being done by introducing either foils or stripper gas into acceleration tube
inside the volume of the terminal electrode, which is held on a positive potential. The
quality of the stripping process determines the amount of ions, which change their electric
charge from negative to positive. CENTA’s Pelletron system incorporates gas-stripping
technology with nitrogen as stripper gas.

Negative ions are produced in ion source where they gain certain injection energy
(tens of keV). Using ion optics devices for beam transmission through the system, certain
type of ions can be selected and injected into the Pelletron. These ions are accelerated to
energies of several MeV, separated using high-energy ion optics devices and detected in
the end of the beam line detector.

*) Dedicated to Prof. V. MartiSovit§ 75-th anniversary



96

J. ZEMAN, M. JESKOVSKY, J. PANIK, J. STANICEK, P. P. POVINEC

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 [1], or
charge state fraction [2], or transmission efficiency [3], but all of them describe the
same quantity. Transmission efficiency is used for description of stripping process
effectivity 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 quality of the stripping process is very important for analysis of ions
and for further applications.

2. Experimental

The CENTA laboratory has been equipped with these main units:

(i) MC-SNICS ion source for solid targets

(i) Alphatross ion source for gaseous targets

(iii) Ion injection system with electrostatic and electromagnetic analyzers

(iv) Tandem Pelletron accelerator

(v) High-energy analyzers with switching magnet and beam-line detectors.
All equipment has been supplied by National Electrostatic Corp. (USA).

3. Transmission efficiency calculation

For the production of *Be and *C ion beams the MC-SNICS ion source has been
used [4]. The injected energy from the source was set at 61 keV. Pelletron is designed
for maximal terminal voltage of 3 MV. Measurements were done for 4 values of termi-
nal voltage: 1.8 MV, 2.1 MV, 2.4 MV and 2.7 MV. For Pelletron transmission effi-
ciency determination we measured intensities of ion beams before the acceleration in
the Pelletron (at a low energy side) and after the acceleration at the end of the beam line.
Consequently, for the transmission efficiency calculation we used the equation:

T= I()ut /n

100 [%] (1)
where [, is the beam electric current at the end of the beam line measured by Faraday
cup, denoted as FCO5 [5], the n = 1, 2, 3 ... is the charge state of ions presented in the

beam, and /,, is the beam electric current measured by Faraday cup, denoted as FC02 [6],

before the acceleration. Our aim was to determine the dependency of the transmission
efficiency from the gas pressure in stripping channel of the Pelletron.

We also determined a stripping gas pressure dependency of the transmission effi-
ciency for °Be and '*C ions. The pressure of stripping gas was slowly increased in sev-
eral steps from the starting point at 2 pbar up to the end point at 70 ubar. For each value
of this pressure we measured values of electric currents in Faraday cups FC02 and
FCO5 for calculation of transmission efficiencies.
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3.1. Transmission efficiency for *Be ion beam

As a source material for Be ion beam we used beryllium oxide (BeO). Beryllium was
extracted from the ion source MC-SNICS [7] in a form of molecular ions BeO™. These
ions then formed an ion beam, which was accelerated in Pelletron at different values of
terminal voltage. Molecular ions BeO™ passing through the stripping channel are dissoci-
ated into atomic ions of *Be and '°0. In the stripping process most of these ions gain cer-
tain positive charge, and according to this charge state they gain certain acceleration in the
electrostatic field of the terminal electrode, which is held at high positive voltage. The en-
ergy of such accelerated ions can be calculated using the equation:

E:%(Ei+eTV)+neTV @)

where m is the atomic mass of accelerated ions, M is the atomic mass of molecular ions en-
tering the accelerator, E is the injection energy of ions entering the accelerator, e is the ele-
mentary electric charge, TV is the terminal voltage and 7 is the charge state of accelerated
jons. We were interested in °Be ions, so m = 9 and M = 25. After acceleration we observed
charge states 17, 2" and 3" of *Be ions. Fully stripped ions, i.e., charge state 4°, were not
measured because Faraday cups’ lower limit is 0.1 nA, and the intensity of *Be** beam
was below this value. Table 1 shows the energies of *Be ions according to the charge state
and terminal voltage used for transmission efficiency measurements and calculations.
Stripper gas pressure dependency of *Be transmission efficiency is shown in Figure 1. No-
tice that the transmission efficiency for 3" charge state has a different scale on the right axis.

Table 1. Energy of °Be ions depending on the terminal voltage and the charge state. Energy of ions was
calculated using the Equation (2).

Terminal voltage (MV)
Ton
1.8 2.1 24 2.7
°Be'" 2.47 MeV 2.88 MeV 3.29 MeV 3.69 MeV
‘Be? 427 MeV 4.98 MeV 5.69 MeV 6.39 MeV
*Be*" 6.07 MeV 7.08 MeV 8.09 MeV 9.09 MeV

3.2. Transmission efficiency for C ion beam

For the '*C ion beam produced in the MC-SNICS ion source we used a target in the
form of graphite deposited on iron powder. C-ion beam was extracted from this source.
The energy of accelerated '>C ions was calculated using the equation:

E=E+(n+1)eTV 3)
where E_ is the injection energy of ions entering the accelerator, 7 is the charge state of ac-
celerated ions, e is the elementary charge and TV is the terminal voltage.

After the acceleration we observed only these charge states of '*C ions: 2*, 3" and 4"
We were not able to measure charge state 1*. The reason was that the switching magnet [8]
which deflects the beam to 45°beam line, where all charge states were measured, was not
able to deflect the '>C'* beam at 1.8 MV of terminal voltage. For this mass, the charge state
and the energy of ions, the magnetic induction of the switching magnet should be around
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Fig. 1. °Be transmission efficiency for 1.8 MV, 2.1 MV, 2.4 MV and 2.7 MV terminal voltage. There are
shown values for each charge state and the total transmission efficiency (i.e., the sum of transmission
efficiencies of individual charge states).

1.5 T, but the maximum value of the magnetic induction that is switching magnet capable
to reach is only around 1.4 T. Charge states 5" and 6" were not observed because of Fara-
day cup’s lower detection limit at 0.1 nA, so we were not able to determine the transmis-
sion efficiency for these ions. Table 2 shows calculated energies for '>C charge states
according to the terminal voltage used for tandem acceleration. The energy values were
obtained using the equation (3).

Table 2. Energy of '2C ions depending on the terminal voltage and the charge state. Values of energy
were calculated using the equation (3).

Terminal voltage (MV)
fon 1.8 2.1 24 2.7
e 5.46 MeV 6.36 MeV 7.26 MeV 8.16 MeV
2c3 7.26 MeV 8.46 MeV 9.66 MeV 10.86 MeV
2ct 9.06 MeV 10.56 MeV 12.06 MeV 13.56 MeV

Transmission efficiencies for "C ions dependent on stripper gas pressure are shown in Fig. 2.
Values of transmission efficiency for 4" charge state has different scale on the right axis.

For the *Be ions, the maximal transmission efficiency was measured at 2.7 MV termi-
nal voltage for 2* charge state at a region of stripper gas pressures from 10 to 20 pbar. The
energy of these ions at this terminal voltage was 6.39 MeV, and the transmission effi-
ciency was roughly 53 %. Maximal transmission efficiency for '*C ions was achieved at
terminal voltage of 2.7 MV for 3" charge state at a region of stripper gas pressures from 20
to 33 pbar. The energy of these ions was 10.86 MeV, and the transmission efficiency
reached almost 48 % (Table 3).
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Fig. 2. '2C Transmission efficiency for 1.8 MV, 2.1 MV, 2.4 MV and 2.7 MV terminal voltage. There are
shown values for each charge state and the Total transmission efficiency, i.e., the sum of transmission
efficiencies of individual charge states.

Table 3. Maximal values of transmission efficiencies measured for °Be and '2C ions. These values
were obtained at 2.7 MV terminal voltage. The energy of ions was calculated using the equations (2)
and (3).

Parameters ’Be™", E = 6.39 MeV "C*,E = 10.86 MeV

Stripper gas pressure [pbar] 10.67 13.33 20.00 20.00 26.66 33.33
Transmission efficiency [%] 52.88 52.86 52.68 46.71 47.72 47.08
Standard deviation [%] 1.32 1.32 1.32 1.17 1.19 1.18

4. Conclusions

Transmission efficiencies for *Be and '*C ions were determined for four values of
terminal voltage and their dependence on the stripper gas pressure. A successive increase
of the transmission efficiency with increasing stripper gas pressure to a certain point was
observed, followed by a decrease of the transmission efficiency towards higher stripper
gas pressures. The reason for such behavior is that with increasing the stripper gas
pressure, both the electron stripping (which affects the transmission efficiency) and ion
scattering on molecules of the stripper gas have been rising. Each ion has a combination of
charge state and energy (guided by the terminal voltage of the tandem accelerator) that at a
certain value of stripper gas pressure the scattering process starts to reduce the final
transmission efficiency. This decrease is stronger for lower charge states, Be'* and '>C*",
than for their higher charge states. The decrease of transmission efficiency for higher
charge states is much smoother which 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
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applications of IBA techniques, which require stable ion beams. Working in these stable
regions of transmission efficiency is not affected by slight changes in the stripper gas
pressure.

Acknowledgements

A support provided by the EU Research and Development Operational Program
funded by the ERDF (projects Nos. 26240120012, 26240120026 and 26240220004) has
been crucial for establishing the CENTA laboratory. The authors are also acknowledging
support from the Technical Cooperation Program of the International Atomic Energy
Agency (project No. SLR008). They are thankful to the staff of the Faculty of Mathematics,
Physics and Informatics for assistance during various stages of preparation and building
of the CENTA facility.

References

[1] P. Steier Exploring the Limits of VERA: A Universal Facility for Accelerator Mass Spectrometry,
Dissertation, p. 57-64, Institut fiir Isotopenforchung und Kernphysik, VERA Labor, Vienna, 2000.

[2] S.R.Winkler et al. He Stripping for AMS of 23°U and Other Actinides Using a 3 MV Tandem Accelerator,
Nuclear Instruments and Methods in Physics Research B 361 (2015) 461.

[3] S.Maxeiner etal., Simulation of Ion Beam Scattering in a Gas Stripper, Nuclear Instruments and Methods
in Physics Research B 361 (2015) 242.

[4] National Electrostatics Corp., Instruction Manual No. 2JT045500 for MC-SNICS Ion Source.
Middleton, 2011.

[5] National Electrostatics Corp., Instruction Manual No. 2ET925001 for Faraday Cup Model no. FC18.
Middleton, 2011.

[6] National Electrostatics Corp., Instruction Manual No. 2ET952300 for Faraday Cup Model no. FC50.
Middleton, 2011.

[71  http://www.pelletron.com/negion.htm

[8] National Electrostatics Corp., Instruction Manual No. 2BA017470 for Switching Magnet.
Middleton, 2011.



Appendix C

Development of the Accelerator Mass Spectrometry technology

at the Comenius University in Bratisdava



Nuclear Instruments and Methods in Physics Research B 361 (2015) 87-94

journal homepage: www.elsevier.com/locate/nimb

Contents lists available at ScienceDirect

Nuclear Instruments and Methods in Physics Research B

i INTERACTIONS

i|WITH
<IMATERIALS
i AND ATOMS
i

Development of the Accelerator Mass Spectrometry technology
at the Comenius University in Bratislava

@ CrossMark

Pavel P. Povinec *, Jozef Masarik, Miroslav JeSkovsky, Jakub Kaizer, Alexander Sivo, Robert Breier,
Jan Panik, Jaroslav Stanicek, Marta Richtarikova, Miroslav Zahoran, Jakub Zeman

Comenius University, Faculty of Mathematics, Physics and Informatics, SK-84248 Bratislava, Slovakia

ARTICLE INFO ABSTRACT

Article history:

Received 25 November 2014

Received in revised form 7 February 2015
Accepted 8 February 2015

Available online 16 March 2015

An Accelerator Mass Spectrometry (AMS) laboratory has been established at the Centre for Nuclear and
Accelerator Technologies (CENTA) at the Comenius University in Bratislava comprising of a MC-SNICS ion
source, 3 MV Pelletron tandem accelerator, and an analyzer of accelerated ions. The preparation of targets
for '*C and '?°I AMS measurements is described in detail. The development of AMS techniques for

potassium, uranium and thorium analysis in radiopure materials required for ultra-low background

Keywords:

Accelerator Mass Spectrometry (AMS)
Pelletron

SNICS ion source

14C line

CENTA

underground experiments is briefly mentioned.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Radiocarbon [1-5] and gamma-ray spectrometry laboratories
[6-9] have been in operation at the Comenius University in
Bratislava for over forty years focusing on investigations of long-
lived cosmogenic radionuclides (e.g. in wine samples [10,11], in
tree-rings [12,13], in lunar samples and meteorites [14-18]), as
well as studying anthropogenic radionuclides in the environment
[19,20]. We have been collaborating with several AMS laboratories
on the analysis and evaluation of cosmogenic and anthropogenic
radionuclides ('°Be, '*C, '?°I, uranium and plutonium isotopes) in
different matrices, including atmospheric aerosols, rainwater, sea-
water, and marine sediments [21-33]. Knowing the benefits of
AMS for ultra low-level isotope analyses, it was therefore very
natural that this technology has been of great interest for our
future developments.

Following our previous experience and close cooperation with
AMS laboratories in Tucson [34], Toronto [35] and Vienna [36] with
a wide range of AMS applications, we have focused on a develop-
ment of a tandem accelerator complex, which could cover a wide
range of applications. A Centre for Nuclear and Accelerator
Technologies (CENTA) has been established recently at the
Comenius University in Bratislava (Slovakia) comprising of a

* Corresponding author. Tel.: +421 260295544; fax: +421 265425882.
E-mail address: povinec@fmph.uniba.sk (P.P. Povinec).

http://dx.doi.org/10.1016/j.nimb.2015.02.021
0168-583X/© 2015 Elsevier B.V. All rights reserved.

state-of-the art tandem accelerator laboratory designed for ion
beam studies and AMS [37]. In this paper, we focus on the
laboratory design for AMS studies, preparation of targets, and
discussion of the main characteristics.

2. Tandem accelerator laboratory

The present laboratory design for AMS was due to limited finan-
cial support restricted to an ion source for solid targets, the injec-
tion system, the 3 MV tandem accelerator, and a simple high
energy analyzer with ion beam end station (Fig. 1). All available
equipment was supplied by the National Electrostatics
Corporation (NEC, Middleton, USA). The installation, which we
expect to be completed in the near future, will include a fully
equipped AMS line with 90°magnet, an electrostatic spectrometer,
and the end of the line detector. A dedicated hall to accommodate
the tandem accelerator laboratory has been built at the Comenius
University campus at Mlynska dolina. The hall design separates the
AMS line (the large magnet will be placed just after the Pelletron)
from the ion beam channels (which will be shifted together with
the switching magnet into a bunker covered by soil), enabling work
in different radiation environments (Fig. 1). A detail description of
the tandem accelerator laboratory is given in [37], here we present
only the main characteristics.

The MC-SNICS source (MultiCathode Source of Negative lons by
Cesium Sputtering) to be used in AMS measurements has a wheel
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accommodating up to 40 solid targets [38]. A wide range of ele-
ments (from lithium to transuranics) can be used in the SNICS
ion source (Figs. 1 and 2). After the production and extraction of
ions from the SNICS source, the first E/q separation of the ions is
made by an electrostatic analyzer (ESA) with electrodes of radius
300 mm, mounted on a rotatable platform. The momentum analy-
sis (ME/q?) and separation of ions before acceleration in the
Pelletron is made by a double focusing 90° magnet with bending
radius of 0.4572 m. The mass resolution of the injection magnet
is m/Am = 305. After the proper mass is selected, set of slits is used
for parameterization of the beam, and a Faraday cup is used for
measurements of ion currents. Negative ions are then injected into
the tandem accelerator. The 3 MV tandem electrostatic accelerator
(NEC Model 9SDH-2 Pelletron) [39] is used for accelerating ions
over a broad range of energies (Figs. 1 and 2). The terminal has a
nitrogen gas stripping system. After acceleration, ions are analyzed
by the switching magnet (ME/Z2 = 300 amu-MeV @ + 15°), which is
equipped with seven ports at +45°, £30°, +15°, and 0° with respect

to the accelerator. The beam line at +45° is currently equipped with
slits, X-Y electromagnetic steerers, Faraday cups for current mea-
surements and with beam profile monitor. A dedicated beam line
for AMS analysis consisting of a 90° magnet (ME/Z? =170 amu-
MeV), will be installed soon just after the Pelletron, followed by
an electrostatic analyzer, and the end of the line detector.

The first AMS studies at the CENTA laboratory focused on trans-
mission characteristics of accelerated Be ions with different energy
and charge states, and varying gas pressure in the gas stripper of
the Pelletron [37]. As the AMS line at the CENTA laboratory does
not yet include a fully capable analyzing system, the possibility
of measuring !°Be using only a switching magnet as the ion ana-
lyzer was tested. A detail description of the method is presented
in [37], here we mention only that even with a small switching
magnet a good separation of °Be?* and °Be>* ions can be obtained.
A detection limit for °Be/°Be of the order of 10~!? was achieved,
which was mainly limited by scattering of °Be?* ions (energy of
7.059 MeV) on residual gas inside the switching magnet.

switching 3MV Pelletron
magnet
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Fig. 1. Scheme of the tandem accelerator laboratory used for AMS measurements.

Fig. 2. Photos of the main parts of the tandem laboratory.
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3. Preparation of targets for AMS measurements
3.1. Production of graphite targets

The vacuum line for preparation of graphite samples for 4C
measurements using AMS is of the same design as described by
Liong Wee Kwong et al. [40], however, hydrogen used in the reac-
tion is supplied directly from a gas cylinder. The graphitization line
is located in a clean laboratory dedicated for preparation of radio-
carbon samples. It is made of borosilicate glass and is used for
extraction of CO, from various samples, e.g. groundwater, sea-
water, solid carbonates and organic samples that require either
combustion or acid evolution of CO,. The line has also advantage
in extracting carbon dioxide and its graphitization in the same
place, what substantially lowers a risk of contamination. The vac-
uum in the line, which is constantly monitored by Pirani and
Magneton gauges (Edwards), can reach down to ~10~> torr with
the use of rotary and diffusion pumps.

The well-known Bosch reaction [41] is exploited for graphite
preparation:

Fe, 550-990 °C

CO, + 2H, C(s) + 2H,0 (1)

The reaction is consecutive:

Fe, 550-990 °C Fe, 550 °C

CO; +H; CO +H,

~H,0 ~H,0

C(s) 2)

Prior to reaction (1), an appropriate amount of Fe catalyst is
weighed into a reaction tube, which is mounted on a graphitization
reactor, and pre-heated in the presence of hydrogen. Hydrogen gas
(purity of 99.9%), used for the catalyst activation and graphitization
itself, is supplied from a pressurized gas bottle, which can be
directly connected to a graphitization reactor. The amount of
hydrogen used for graphitization equals approximately double
the amount of the CO, sample. Typically, the reaction is ended in
less than 4 h with a yield of 98%, which is calculated from the
pressure decline during the reaction, and also confirmed
gravimetrically.

A graphitization reactor is comprised of a reaction tube (with
the iron catalyst inside), heated with an electric oven, a water trap
(a tube cooled with methanol and liquid nitrogen to about —45 °C)
and a pressure transducer (for monitoring of the pressure during
the graphitization). All parts are joined together by stainless-steel
connectors (Swagelok) and FPM O-rings (Fig. 3). There are 4 reac-
tors altogether in the graphitization line, one with total volume
of 18.2 mL, and three with total volume of 9.1 mL.

To reduce time consumption and increase the final yield of the
graphitization, several parameters including reactor volume,
amount of iron catalyst and its type, temperature and catalyst
activation conditions, were optimized. Results of the optimization
can be summarized as follows:

to the line

Fe catalyst

pressure transducer

water trap

(i) Increasing the reactor volume from 9.1 mL to 18.2mL
enhanced the yield by 6%, and shortened the reaction time
by 80 min.

(ii) Varying of the Fe-catalyst amount has a little or no effect; an
optimal value was set at 4-6 mg.

(iii) Three types of iron powder from three different suppliers -
Acros (97%, 325 mesh), Aldrich (97%, 325 mesh) and Alfa
Aesar (99%, 200 mesh) were tested. The Aldrich powder
had the best performance, and it has been used therefore
in routine work.

(iv) As it has been reported in [42], the first step of the overall
reaction (1) - the reduction of CO, to CO - could be
improved if done at higher temperature, i.e. 900 °C. After
0.5 h the temperature is lowered to 550 °C for the rest of
the graphitization.

(v) Heating of the iron powder in the presence of hydrogen
(600 °C, 1 h) was chosen as the standard catalyst activation
procedure, though, if compared to heating in the open atmo-
sphere and vacuum, respectively, the yield and time differ-
ences were rather small.

A comparison of the history of two graphitization processes,
expressed as the reactor pressure — one with and one without imple-
mented optimized parameters, is presented in Fig. 4. Clearly, the
optimization resulted in a much faster reaction (a time saving of
more than 1.5 h), and slightly increased yield (from 94% to 98%).

Graphite targets from samples of different origin were prepared,
e.g. from atmospheric carbon dioxide, tree rings, groundwater,
painting canvas, parchment sheets from books, archeological sam-
ples, etc. As the Bratislava laboratory does not have at present a fully
equipped AMS line for '#C analyses, measurements have been car-
ried out in Tucson, Vienna and Debrecen AMS laboratories.

3.2. Production of Agl targets

Two methods for total inorganic '?°I separation from water
samples were studied at CENTA: solvent extraction and anion
exchange chromatography. Both methods result in the preparation
of silver iodide as the most suitable target material for '?°I AMS
measurements [43,44].

3.2.1. Solvent extraction

The solvent extraction procedure, which exploits the solubility
difference of the solute in two immiscible solvents, is based on
the method described in [21], though some minor modifications
have been applied. The procedure is shown in Fig. 5. After passing
the water sample through a 0.45 pm membrane filter, an appropri-
ate amount of iodine carrier with known '2°1/'?’] ratio (e.g.
Woodward iodine) is added to the sample. Then, the sample is
acidified with 65% w/w HNOs to pH value around 2, and a part of
the total iodine, which is present in 103 form, is reduced to the
iodide form by addition of 1 M NaHSOs solution:

Fig. 3. Scheme of the graphitization reactor (left), its real image (center) and the graphitization line.
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Fig. 4. Relative pressure in the reactor before (the upper line) and after (the bottom line) implementing the optimization.
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Fig. 5. Schematic diagram of '?°I separation by solvent extraction procedure.

10; +3HSO; — I” +3HSO, (3)

As the reaction between 103 to [~ is slow, it is necessary to wait
for a few minutes to maximize the reduced fraction. Afterwards,
iodide ions are oxidized with 0.5 M NaNO, solution to form water
soluble I,:

[" +NO; +2H" — 0.5I; + NO + H,0 (4)

The sample of yellowish-brownish color is transferred to a
clean separation funnel in which molecular iodine is extracted to
CCly (kp = [I2]org/[12]aq ~ 86.2). The organic phase with dissolved
iodine is separated and a fresh portion of carbon tetrachloride is
added. The extraction step is repeated 3-4 times. All violet-colored
organic phase is poured into another separation funnel,
together with a small amount of distilled water and 0.1 M
NaHSOs solution. Here, molecular iodine is reduced to the iodide
form and back-extracted to the aqueous phase:

I, + HSO; +H,0 — 21" +S0% +3H* (5)

The organic phase is discarded, and the water phase is acidified
with 65% w/w HNOs to pH ~ 2, followed by the precipitation of Agl
with low-concentrated 0.1 M AgNOs solution. Finally, the precipi-
tate is filtrated (2.5 pm Whatman filter paper), washed intensively
with dilute NH,OH and distilled water, and dried in the oven at
60 °C overnight.

The chemical recovery of iodine, i.e. the chemical yield of the
procedure, determined by the weight of prepared Agl precipitate
is 60-70%. However, the yield can be overestimated by the pres-
ence of undesired silver salts, which do not dissolve completely
in the washing step with NH4OH solution. Furthermore, the
method is limited by the sample volume (<1 L), and by the fact
that one cannot work on two samples simultaneously.

To verify the quality of the final product, a sample prepared
during the testing phase of the method was analyzed by a scanning
electron microscope (SEM, TS 5136 MM, TESCAN Brno, Czech
Republic) and energy dispersive X-ray spectrometer (EDS, INCA
x-sight, Oxford Instruments Analytical, High Wycombe Bucks,
UK). Fig. 6 shows results of this analysis, which can be compared
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Fig. 6. (a) SEM micrograph (magnification 300x) and (b) EDS spectrum of Agl sample prepared during the testing phase of the solvent extraction method.
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Fig. 7. (a) SEM micrograph (magnification 300x) and (b) EDS spectrum of ‘standard’ Agl sample prepared by direct precipitation of iodine carrier.
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Fig. 8. Schematic diagram of '?°I separation by anion exchange chromatography.

with a ‘standard’ sample prepared by direct precipitation of Agl, i.e.
by mixing iodine carrier with AgNOs solution in slightly acidic con-
ditions (Fig. 7), which is in a good agreement with the result
reported in [45]. The EDS spectrum of the testing sample
(Fig. 6b) contains silicon and oxygen peaks, which are higher than
in the spectrum of the ‘standard’ sample (Fig. 7b). This is
supported by the clear difference in the surface structure
(see Figs. 6a and 7a), suggesting a presence of the silicone grease

(polydimethylsiloxane) in the final Agl precipitate. The silicone
grease is used as a lubricant for the stopcock in separation funnels.
It is expected, however, that this will not impact on AMS
measurements.

3.2.2. Anion exchange chromatography
The second method (Fig. 8) for '2°I separation is based on the
high selectivity of iodide ions for anion exchange resin and its
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Fig. 9. Mass scan of ions from a copper target in the SNICS ion source at the entrance of the Pelletron accelerator (showing mostly Cu copper clusters of *Cu and ®*Cu ions).

consequent elution to the mobile phase by the use of a low concen-
tration HNOs solution [46]. The first steps (filtration, carrier addi-
tion, acidification and reduction of 103 fraction to I7) are done in
the very same way as in the case of solvent extraction (see above).
Next, a clean chromatographic column (10 x 150 mm) is prepared
and filled with strong anion exchange resin (DOWEX 1 x 8, 100-
200 mesh, ClI~ form). By passing 1 M HNOjs solution through the
column the resin is first converted to NO3 form:

| ~NR{Cl" +NO; — |- NR{NOj + CI° (6)

The process is controlled by addition of AgNO3 solution to the
effluent; the white precipitate in the effluent suggests unfinished
conversion. The pH value in the column is adjusted to the value
of the sample which is then loaded on the column; anion exchange
occurs as follows:

| ~NR;NO; +1~ — |- NR{I™ +NO; (7)

The effluent is discarded and the resin is washed with 0.1 HNO3
to remove interfering elements (e.g. Cl7). Finally, the iodide ions
strongly bound to the resin are eluted using 0.5 M HNOs. The silver
iodide precipitation and its additional treatment are executed in a
similar way as in the case of the solvent extraction method.

Anion exchange chromatography, which can also be used for
iodine speciation studies [47], is suitable for water samples with
larger water volumes (1-5L), in which the iodine concentration
is quite low. On top of that, with this procedure it is easy to process
two or even more samples at once. However, it is indeed more
laborious and time-consuming than the solvent extraction method.
The chemical yield is comparable with the solvent extraction
method.

The AMS target itself is prepared in both methods by mixing Agl
with silver powder (Alfa Aesar 99.9%, 635 mesh) in a weight ratio
of 1:1, and pressing the mixture into a copper holder. Both meth-
ods were tested using seawater samples collected offshore of
Fukushima, however, as the CENTA laboratory is not yet capable
to analyze '?°, AMS measurements were carried out in the
Tucson and Vienna laboratories.

4. Radiopurity measurements of construction materials

One of the most important problems in underground physics
experiments e.g. searching for neutrinoless double beta-decay of
nuclei [48] or dark matter [49], is background from radioactive

contamination of materials (mostly “°K, and 23°Th, 23°U, 238U and
their decay products) used for construction of detectors.
Radiopurity measurements of construction materials have mostly
been carried out by non-destructive gamma-ray spectrometry with
detection limits around 10 nBq/g [50]. A new generation of these
experiments requires, however, decrease the detection limits at
least by a factor of 50. Such very low-radioactivity measurements
can be carried out only by AMS, preferably without any chemical
treatment of samples, as this process could add radioactive con-
tamination from chemicals used during sample processing. On
the basis of previous experience with analysis of uranium in
environmental samples, it is expected that measurable levels
below 1 nBq/g (or around 0.1 pg/g) could be achieved. Typical sam-
ples for radiopurity tests include electrolytical copper, Mylar foils,
stainless steel wires, various glues, etc. We have been focusing on
radiopurity measurements of copper as this material is usually
closest to the detector, and therefore its radiopurity has the domi-
nant impact on the detector background.

We did preliminary tests with analysis of uranium in copper
wire targets in the SNICS ion source. The copper wire was made
of electrolytical copper with known 238U concentration (~10 nBq/
g), which we plan to use as a reference standard. There are two
possibilities to extract uranium ions from the copper - either as
uranium oxides or as a uranium compound with copper.
Preliminary tests indicate that the first option is probably more
advantageous. Fig. 9 shows mass spectra of ions measured after
the injection magnet where ion clusters of °3Cu and 5°Cu have been
observed. The UO ions with mass of 254 can be expected in the first
mass peak. Further investigations are on-going with optimization
of ion acceleration as well as post-acceleration ion analyses.

5. Conclusions

The main results obtained in this study may be summarized as
follows:

(i) The main characteristics of the AMS system, consisting of
the SNICS ion source, the ion injection system, the
Pelleteron accelerator with 3 MV terminal voltage, and the
analyzer of accelerated ions were described.

(ii) A vacuum-cryogenic line for production of 'C graphite tar-
gets was developed and operational characteristics were
studied. Target developments for AMS analysis of '%°I in sea-
water were also presented. AMS '“C measurements of
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graphite targets prepared in Bratislava from different matri-
ces such as seawater, groundwater, atmospheric carbon
dioxide, wood, charcoal, bones, tree rings, and canvases,
were carried out in collaboration with several AMS
laboratories.

(iii) Development of AMS technique for potassium, uranium and
thorium analysis in radiopure materials required for ultra-
low background underground experiments was briefly men-
tioned as well.
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Abstract Developments of solid targets and optimiza-
tions of ion sources were carried out with the aim to pro-
duce high ion yields for applications of tandem accelerators
as mass spectrometers. A comparison of Al™ yields from
different aluminum targets showed that the best results
were obtained with AIN targets. Transmission studies of
Be and 'C ions through the Pelletron accelerator showed
highest efficiencies for *Be*" and '*C*'. First results
obtained with a simplified version of the AMS line are
presented as well.

Keywords Accelerator mass spectrometry (AMS) - Ton
beam analysis (IBA) - Tandem accelerator - Pelletron -
CENTA

Introduction

Nuclear physics research, especially development of tan-
dem accelerator technologies has had important impact on
applications of small accelerators in environmental,
biomedical and material sciences. The recent developments
in accelerator technologies for AMS and IBA analyses
have been an inspiration for creation of a Centre for
Nuclear and Accelerator Technologies (CENTA) at the
Comenius University in Bratislava (Slovakia). A state-of-
the-art tandem accelerator laboratory has been designed
for (i) AMS studies of long-lived radionuclides in

D< Pavel P. Povinec
povinec @fmph.uniba.sk

Department of Nuclear Physics and Biophysics, Faculty of
Mathematics, Physics and Informatics, Comenius University,
84248 Bratislava, Slovakia

environmental, life and space sciences, (ii) IBA applica-
tions in environmental, life and material research, includ-
ing cultural heritage studies, (iii) nuclear reaction studies
with charged particles for new generations of fission
reactors, for thermonuclear reactors, and for astrophysics
investigations.

The AMS analyses of long-lived radionuclides [1-12]
represent the most important development in radioanalyt-
ical techniques since the development of HPGe detectors
and their operation in underground laboratories [7, 11, 13—
15]. The AMS technology has been widely used in envi-
ronmental studies, both terrestrial and marine. Specific
applications included tracing of long-lived radionuclides
(loBe, 14C, 36C1, 129I, U-isotopes, etc.) in climate change,
atmospheric, hydrology, marine, geology and geophysics
studies [2, 10, 16-19]. Some of the cosmogenic radionu-
clides (e.g. '°Be, '*C, %°Al, *°Cl, *'Ca, >*Mn, etc.) have
been widely applied in space research, e.g. in analysis of
meteorites and lunar samples [7, 20-23]. The AMS tech-
nology has also been frequently used in radioecology
research, e.g. in atmospheric radioactivity monitoring (e.g.
14C, 1291, U and Pu isotopes, etc.) around nuclear repro-
cessing and nuclear power plants [24-26]. Actinides (U
and Pu isotopes), and other long-lived radionuclides on the
other hand have been playing an important role in the case
of nuclear accidents (e.g. the Chernobyl accident), in long-
term storage of radioactive wastes, or their dumping in the
sea (e.g. 'C, %I, '3°Cs, etc.) [9, 10, 27-29].

Recently the AMS techniques have been widely applied
in tracing radionuclides released during the Fukushima
accident to the terrestrial and marine environments [30].
Except the most frequently studied '**Cs and '’Cs
(gamma-ray emitters easily measured with HPGe detectors
[31, 32]), which have been important for delivery of post-
accident radiation doses to the public and biota [33], there
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have been many other radionuclides released during the
accident [30, 34-36], requiring our attention. This has been
motivated first of all because of delivery of radiation doses
to the public and biota by long-lived radionuclides (e.g.
14C, 1291, 135Cs, U and Pu isotopes, etc.), where especially
the AMS technology (together with Inductively Coupled
Plasma Mass Spectrometry (ICPMS), and Thermal
Tonization Mass Spectrometry (TIMS)) has been recog-
nized as the most sensitive analytical technique [7, 8, 10,
11, 37, 38].

The IBA technologies (e.g. PIXE, PIGE, RBS, etc.)
together with the Nuclear Reaction Analysis (NRA) of
environmental and material samples, and Ion Beam Mod-
ification (IBM) of materials (e.g. for construction of new
generations of nuclear and thermonuclear reactors) repre-
sent the most successful applications of small accelerator
technologies in various branches of science [39, 40]. The
IBA technologies may also help better understanding of
behavior of long-lived radionuclides in the environment via
studying suitable stable elements as their analogues.

In this paper we present a short description of the
CENTA laboratory, focusing on the laboratory design,
description of the basic equipment and discussion of its
characteristics. The first results obtained with a simplified
version of the AMS line are presented as well.

Experimental
Description of the tandem accelerator laboratory

The CENTA laboratory because of financial constrains has
been built per partes, comprising the main equipment
required for AMS and IBA analytical work. The design of
the laboratory has been driven by general needs to establish
in Slovakia a national laboratory devoted to ion beam
studies and applications, and to assure for the future wide-
range research capabilities and successful participation in
international programs. The present laboratory design
comprises of two ion sources (for gas and solid targets), the
injection system, the 3 MV tandem accelerator, and a high
energy analyzer with two ion beam end stations for PIGE/
PIXE, NRA and AMS applications. All available equip-
ment was supplied by the National Electrostatics Corpo-
ration (NEC, Middleton, USA). A floor scheme of the
tandem accelerator laboratory is presented in Fig. 1. The
near future installation will include a fully equipped AMS
line with 90° magnet, an electrostatic spectrometer, and the
end of the line detector. Later installations will include a
nuclear microscope, a raster station for IBM studies of
materials, and a station for biomedical research.

A dedicated hall to accommodate the tandem accelerator
laboratory has been built at the Comenius University
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campus at Mlynska dolina. The hall design separates the
ion beam channels (placed in a bunker covered by soil)
from the AMS line, enabling thus work in different radia-
tion environments (Fig. 1). Neutron and gamma-ray
detectors monitor radiation situation in the main hall.

The laboratory is equipped with an Alphatross ion
source (radio frequency plasma source producing ions from
gases), and with MC-SNICS source (MultiCathode Source
of Negative Ions by Cesium Sputtering) having a wheel
accommodating up to 40 solid targets (Fig. 2). All ele-
ments, which can exist in gaseous form and can form
negative ions (either atomic or molecular) could be con-
sidered candidates for ion production in the Alphatross ion
source. The MC-SNICS ion source is used for production
of ions from solid targets (from lithium to transuranics).

The ion beams from the Alphatross and MC-SNICS
sources are forwarded to an electrostatic analyzer (ESA)
with 300 mm radius of electrodes, mounted on a rotatable
platform (Figs. 1, 2). The ion beams from both ion sources
are chosen for analysis, where the first E/q separation is
made. The X-Y steerers and slits can be used for beam
tuning, attenuation and analysis before entering the injec-
tion magnet. The momentum analysis ME/q®, and separa-
tion of ions before acceleration is made by double focusing
90° magnet with bending radius of 0.4572 m. The mass
resolution of the injection magnet (for a 3 mm beam spot
and the dispersion constant D, = 4) is m/Am = 305. After
the proper mass is selected, another set of slits is used for
parameterization of the beam, and a Faraday cup is used for
measurements of ion currents. Negative ion beams pro-
duced in Alphatross or MC-SNICS ion sources, pre-ac-
celerated to modest energies (40-100 keV), are then
injected into the tandem accelerator.

A 3 MV tandem electrostatic accelerator (NEC Pelletron
Model 9SDH-2) can accelerate a variety of ion species over
a broad range of energies for use in AMS, IBA, IBM, and
nuclear physics/astrophysics studies. The terminal is pro-
vided with a gas (presently nitrogen) stripping system. The
energy of accelerated ions depends mainly on the terminal
voltage and on the charge state of accelerated ions. The
accelerator is housed in a pressure vessel (diameter of
1.22 m and length of 5.64 m), which allows an evacuation
and subsequent filling with sulphur hexafluoride (SF6)
insulating gas required for high voltage operation. A
cryogenic-vacuum/pressure apparatus used for the evacu-
ation, transport and storage of SFg gas has been supplied by
the DILO company (Germany).

The ions accelerated in the Pelletron are then focused in
the high-energy beam line with a magnetic quadrupole
triplet lens, and a Y-axis electrostatic steerer (Figs. 1, 2).
The quadrupole magnet is primarily used for IBA and NRA
applications. The switching magnet, presently also used as
an analyzing magnet for AMS (ME/Z* = 300 amu-MeV



J Radioanal Nucl Chem (2016) 307:2101-2108

2103

3MV Pelletron

switching magnet

bending magnet

gate valve [X]

magnetic y steerer 11

quadrupole lens &
Faraday cup

gate valve &

PIXE/PIGE chamber
Faraday cup
magnetic y steerer

ionisation
chamber
beam profile monitor

Fig. 1 Floor scheme of the tandem accelerator laboratory

@ £ 15°), is equipped with seven ports at =+
45°, £30°, £15°, and 0° with respect to the accelerator.
The beam lines from these ports will be used for IBA
(channeling, RBS, PIXE, PIGE), IBM, nuclear reaction
studies, nuclear microscope and for biomedical applica-
tions. The +45° and +15° beam lines are currently
equipped with slits to control the divergence of the ion
beam, with X-Y electromagnetic steerers, with Faraday
cups for current measurements and with beam profile
monitors. A PIXE/PIGE end station has been installed at
the +15° port. The other end of the line detectors (an
ionization chamber, silicon detector, time of flight detector)
for the total energy analysis of ions, for analysis of their
energy loses and their residual energy will also be installed
soon. The switching magnet can also be used to select the
energy and charge state of the ions to be delivered to the
end station as a dedicated beam line for AMS analysis will
be installed later.

Preparation of graphite targets for '*C analysis
by AMS

A vacuum-cryogenic apparatus was constructed to produce
CO, either by combustion of samples in oxygen atmo-
sphere, or by acid evolution (Fig. 3). The graphitization
apparatus is located in a clean laboratory dedicated for
preparation of radiocarbon samples. The line is made of
borosilicate glass and is used for extraction of CO, from
various samples, e.g. groundwater, seawater, solid car-
bonates and organic samples. The line has an advantage in
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extracting carbon dioxide and its graphitization in the
same place, what substantially lowers a risk of contami-
nation. The vacuum in the line can go down to ~ 107>
torr with the use of rotary and diffusion pumps. The CO,
after its extraction from samples is purified by passing
through water vapor traps kept at —45 °C and silver
(wool) plus copper (granules) furnaces heated to about
900 °C. After the purification the CO, is then injected
into the graphitization reactor. Precisely known volumes
of the pure CO, were then reduced to graphite in four
graphite reactors.

We compared two graphitization procedures: one is
using for the graphitization reaction Zn and Fe [41], the
second method is using externally supplied hydrogen from
a gas cylinder [42]. In the first reaction

CO; + Zn — CO + ZnO
2CO — CO; + C (graphite)

the reduction was carried out with Zn in the presence of
dendritic Fe (200 mesh). Both chemicals were carefully
weighed and introduced into the glass tubes. They were
then connected to the graphite apparatus, together with a
tube filled with purified CO, extracted from a sample. The
air above was pumped out and the CO, was transferred
cryogenically to the reactor. The Zn tube was then heated
to 450 °C, which pre-reduced CO, to CO. After 1 h, the Fe
was heated to 550 °C and graphite was produced and
deposited onto the Fe. The pressure was constantly moni-
tored until the reaction was completed, which usually takes
between 8 and 10 h. The produced graphite was then
carefully weighed.
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Fig. 2 View of the main components of the tandem laboratory.
a Alphatross (left) and MC-SNICS ion sources (right); b Injection
line; ¢ Pelletron accelerator with control system; d Ion analyzer with
switching magnet and ion beam lines
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Fig. 3 Combustion-graphitization line for preparation of '“C targets
for AMS measurements

The second method is based on the following reaction
[42]:
ML 0

e

CO; + 2H,

A graphitization reactor is comprised of a reaction tube
(with the iron catalyst inside), heated with an electric oven,
a water trap (a tube cooled with methanol and liquid
nitrogen to about —45 °C) and a pressure transducer (for
monitoring of the pressure during the graphitization). There
are four graphitization reactors altogether. High-purity iron
powder (325 mesh) is used as the catalyst. An appropriate
amount of Fe catalyst is weighed in a reaction tube
mounted to a graphitization reactor, which is then pre-
heated in the presence of hydrogen. Hydrogen gas (purity
of 99.9 %) used for the catalyst activation and graphitiza-
tion itself, originates from an external gas bottle. The
amount of hydrogen used for graphitization equals
approximately double the amount of the CO, sample.
Typically, the reaction is ended in less than 4 h with a yield
of 98 %, which is calculated from the pressure decline
during the reaction, and also confirmed gravimetrically.

Results and discussion

Several studies have been carried out till now in the
CENTA laboratory, including investigations of character-
istics of ion sources, ion transmission efficiency studies
[43, 44], optimization of ion yields from UF,; and UO
targets for analysis of uranium isotopes by AMS [25],
analysis of '°Be by AMS [43], development of "*C and '*°I
targets for AMS analyses [44, 45], and '*C analysis in
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single tree-ring samples [25, 45]. Here we shall focus only
on a few recent results.

Comparison of methods for preparation of graphite
targets

The full procedure of preparation of graphite targets was
tested by burning several samples of the oxalic-acid stan-
dard reference material (HOxII, NIST SRM 4990C) of the
National Institute of Standards and Technology’s
(Gaithersburg, USA). The graphite yields as obtained by
both methods were calculated gravimetrically and also
barometrically from pressure readings. In the case of the
first method about 2 mg of carbon was found to be the
appropriate amount for synthesis. For complete reduction,
the pressure should drop to zero, meaning all gaseous CO,
and CO has been reduced to solid graphite. Figure 4,
depicting the variation of pressure with time, shows that a
successful synthesis with a yield of about 98 % was
reached. Sometimes a lower synthesis, with a yield of
about 95 % was reached, as the curve did not return to a
zero pressure state, probably because of the presence of
water vapors in the system. The mass of Fe used, enabling
to reach an acceptable ionic current in the AMS source,
was twice the amount of carbon that needed to be reduced.

Several parameters, including reactor volume, amount
of iron catalyst and its type, temperature and catalyst
activation conditions were studied in the hydrogen method
with the aim to reduce a reaction time and increase a final
yield of the graphitization. Increasing the reactor volume
from 9.1 ml to 18.2 enhanced the yield by about 6 %, and
shortened the reaction time by about 80 min. Varying of
the Fe catalyst amount has little or no effect, an optimal
value was set between 4 and 6 mg. It has been found that

—— Fe reaction
------ Zn reaction

p relative

0,0

time [h]

Fig. 4 Comparison of pressure—time records obtained with different
graphitization methods (fop line a reactor without external hydrogen;
bottom line a reactor with external hydrogen)

the first step of the overall reaction—the reduction of CO,
to CO—has improved if done at higher temperature, i.e.
900 °C. After 0.5 h the temperature is lowered to 550 °C
for the rest of the graphitization. Heating of the iron
powder in the presence of hydrogen (600 °C, 1 h) was
chosen as our standard catalyst activation procedure,
though if compared to heating in the open atmosphere and
vacuum respectively, the yield and time difference was
rather small.

Figure 4 compares history of two graphitization pro-
cesses, with and without external supply of hydrogen,
expressed as the reactor pressure and the reaction time. It is
clearly seen that the optimization in the hydrogen proce-
dure resulted in a much faster reaction (below 4 h), and
slightly increased yield up to 98 %. Therefore, the method
with external hydrogen has been routinely used for
preparation of graphite targets for AMS '“C measurements.

Investigation of aluminum targets for AMS analysis

Different aluminum samples were tested as possible targets
in the MC-SNICS ion source for preparation of Al ions for
25Al measurements by AMS. It is well known that alu-
minum does not have high yields of negative ions as for
example chlorine, carbon or beryllium. As it is disadvan-
tageous to use metallic aluminum in the ion source (e.g. in
the form of aluminum powder, wires or sheets) because of
low ion yields, synthesized targets should be prepared. The
Al,O5 target could be a compromise because it is stable at
high temperatures used in the ion source, it is not toxic, it is
stable on the air, and relatively easy to be prepared from
geological or biological samples. However, there are also
disadvantages, e.g. a high concentration of oxygen, and a
high electrical resistance of the oxide. Therefore it should
be mixed with good conductor, e.g. iron, copper or silver.

On the other hand AIN could be a promising target
material as it could produce higher ion yields, and as
nitrogen does not form negative ions, it should not interfere
with production of Al™ ions. The disadvantages of AIN
include more complicated preparation chemistry (an air-
free Schlenk-type technique), its sensitivity to water vapors
(formation of AIOHj;), and lower electrical conductivity
[46, 47].

Several aluminum samples (Al,Oz, AlF3;, AIN, and
Al,SO,) were tested in the MC-SNICS ion source with the
aim to study Al™ ion yields. A comparison of mass spectra
obtained with Al,O; and AIN targets mixed with Fe
powder at the ratio 2:1 shows that the best yields have been
obtained with the AIN target (Fig. 5). Lower Fe mixing
ratios, or mixing of the targets with Cu or Ag (for getting a
better thermal and electric conductivity) gave lower yields.
In both mass spectra we also see “*Cu and ®*Cu peaks from
the copper cathode in which Al + Fe mixtures were
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pressed. The peak with mass of 26 seen in the AIN mass
spectrum is not due to the radioactive *°Al for which we
are looking for in AMS measurements, but this is inter-
ference from '*C"*N™.

Transport of ions through the accelerator system

The Alphatross and MC-SNICS ion sources were opti-
mized for IBA and AMS operations, including studies of
transmission characteristics of accelerated ions with dif-
ferent energy and charge states. The nitrogen gas pressure
in the gas stripper has been optimized for different ions and
charge states. For example, the maximum transmission
efficiencies at 3 MV obtained for *Be'™, *Be?* and °Be’*
ions used for AMS measurements of '°Be were about 30,
52 and 5 %, respectively (Fig. 6). The “Be?"-beam tuned
to the end Faraday cup had the diameter of 2 mm.

In the case of 'C ions the maximum transmission
efficiencies at 3 MV obtained for '2C**, 12C? + 12C4+ and
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120" were about 45, 33, 23 and 0.6 %, respectively
(Fig. 6).

AMS analysis of '’Be standard and background
samples

As an example of the first AMS measurements carried out
at the CENTA facility we present an analysis of '°Be [48].
AMS analysis of '°Be using only a small switching magnet
as the ion analyzer (Fig. 1) was tested. The method for
suppression of '°B ions, based on a silicon nitride foil stack
used as a passive absorber was developed earlier at the
VERA laboratory. The AMS analysis of '°Be is mainly
limited by the stable isobar 10B, while the requirements for
mass separation are the least stringent of all standard
radionuclides analyzed by AMS. The MC-SNICS was used
for the production of '°BeO™ ions, which were mass sep-
arated and injected into the 9SDH-2 Pelletron, operating at
3 MV terminal voltage. As already mentioned, the '°Be*"
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Fig. 6 Transmission of °Be and '>C ions on the stripper gas (N,)
pressure at the terminal voltage of 3 MV

ions were selected for analysis because of highest trans-
mission efficiency. The 10 ions, as well as of most
background ions from heavier masses were absorbed in the
silicon nitride stack introduced in front of the ionization
chamber consisting of two anodes (based on the ETH
Ziirich design [49]), which was used for the ion detection.
The standard '°Be source (S555 developed at ETH Ziirich
[50]) with the '°Be/’Be mass ratio of (8.71 £ 0.24) x
10~"" was used in these measurements. Using this setup, a
detection limit for '°Be/’Be of the order of 107'? was
achieved, which was mainly determined by scattering of
Be?" ions (energy of 7.059 MeV) on residual gas inside
the switching magnet.

Conclusions

The ion sources, the Pelletron accelerator and the analyzer
of accelerated ions installed in the CENTA laboratory have
been described. Preliminary results indicated a reliable
operation of all parts of the system. A vacuum-cryogenic
apparatus has been constructed and a method for prepara-
tion of graphite targets for '*C AMS analysis has been
developed. It has been shown that the method using
external hydrogen for graphitization of samples has been

faster and more reliable than the Zn method. A comparison
of Al” yields from different aluminum targets in the MC-
SNICS ion source showed that the best results were
obtained with AIN and Al,O; targets mixed with iron
powder at the ratio of 2:1. Transmission studies of *Be and
'2C jons on the pressure of nitrogen gas in the gas stripper
of the Pelletron accelerator and on the charge states of the
ions showed that the highest efficiencies were obtained for
“Be*™ (52 %) and "*C*" (45 %). A simplified system for
AMS analysis of '°Be using the switching magnet (as the
analyzing magnet) and an ionization chamber with a silicon
nitride stack absorber for '°B isobar suppression achieved a
detection limit for '°Be/’Be mass ratio of the order of
107"

A wide range of samples were used for '*C AMS
analysis including, atmospheric CO,, tree-ring, ground-
water, seawater, sediment, canvas, pergamon, charcoal,
mortar, and bone samples. It is planned that a complete
AMS line will also be available soon. The scientific pro-
gram of the CENTA will be devoted mainly to nuclear,
environmental, material and life sciences.
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