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Abstract

135Cs has an estimated half-life between 1.3 and 3 Myrs [I]. It is present in the
general environment with an isotopic ratio '3°Cs/Cs in the order of 107 or below.
The combination of low concentration, low beta end-point energy of 269 keV [2] and
long half-life make it specifically hard to determine via radiometric methods [3]. The
detection of 1%5Cs and in particular the isotopic ratio ¥5Cs/!3"Cs can be used to assign
sources of anthropogenic cesium input, such as global fallout or nuclear accidents like
in Chernobyl or in Fukushima [4][5]. !35Cs and '37Cs are decay products of the highly
volatile 13°Xe and '3"Xe, which get produced by nuclear fission and are easily trans-
ported into the environment. Due to the high thermal neutron capture cross-section of
135Xe, a "shielding effect” appears for all isobars which are in the decay chain of *°Xe,
including '3°Cs. Therefore, the fission product ratio of 13°Cs/137Cs varies with the num-
ber of thermal neutrons emitted in a reactor and can be used as an "isotopic fingerprint”.

In classical AMS the separation of interfering isobars is achieved by chemical preparation,
selection of suitable negative ions and elemental analysis methods in the detection
system. This approach is not possible for cesium detection because '**Ba (6.59 %) and
137Ba (11.23 %) occur at high concentrations in environmental samples such as soils
and sediments and are also not distinguishable from cesium by means of stopping power
in a gas-filled ionization chamber in typical AMS energy regimes [3]. In this master
thesis the method of lon Laser InterAction Mass Spectrometry (ILIAMS) at the Vienna
Environmental Research Accelerator (VERA) was investigated and further improved
for cesium detection. This method can utilize differences in the electron affinities of
negative ions or molecules [6].

BaF; has a lower electron affinity than CsF; and by overlapping the ion beam with
a laser beam of photon energy in between those two electron affinities, the electron
of the unwanted isobar gets detached, while the CsF;-ions are not affected. The
ions get "cooled” in a helium buffer gas filled radiofrequency quadrupole, so that the
time for interaction between photons and beam particles lengthens and therefore the
suppression gets enhanced. In this master thesis a suppression of more than five orders
of magnitudes of these isobars via laser photodetachment was achieved.

In first tests in-house materials but also IAEA reference materials were investigated
and results were compared with other groups pursuing different mass spectrometric
approaches. The limit of detection was reduced by a factor 100 in this master thesis.
The next steps are improving the reproducibility of the samples and minimizing the
cross contamination in the ion source, so that eventually environmental samples can be
measured at VERA.
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Zusammenfassung

135Cs hat eine geschatzte Halbwertszeit von 1.3 bis 3 Millionen Jahren. Es kommt mit
einer Haufigkeit von 13°Cs/Cs~ 1072 in allgemeinen Umweltproben vor. Die Kombina-
tion aus dieser niedrigen Konzentration, einer geringen Betazerfallsenergie von 269 keV
und der langen Halbwertszeit machen es schwierig via radiometrischen Methoden zu
detektieren. 135Cs, und im speziellen das Isotopenverhaltnis 3°Cs/!37Cs, kann beniitzt
werden um Quellen eines anthropogenen Casiumbeitrags, wie durch Global Fallout oder
Nuklearunfalle in Tschernobyl und Fukushima, zuzuordnen. '33Cs und '37Cs sind Zerfall-
sprodukte der Edelgasnuklide '3*Xe und '37Xe, welche leicht in die Umwelt transportiert
werden. Durch den hohen Wirkungsquerschnitt zum Einfang thermischer Neutronen von
135Xe tritt ein " Abschirmungseffekt” fiir alle Isobare in seiner Zerfallskette auf. Dadurch
ist das Verhaltnis der beiden Spaltprodukte 33Cs und 3"Cs abhangig von der Zahl der
emittierten Neutronen in einem Reaktor und kann dem zufolge als " Fingerabdruck” der
anthropogenen Quelle beniitzt werden.

In der klassischen Beuschleunigermassenspektrometrie unterdriickt man Isobare durch
chemische Praparation, Wahl geeigneter negativer lonen und elementsensitiver Analyse
im Detektorsystem. Fir Cs Messungen ist dies aufgrund der hohen Konzentration von
Barium in Bodenproben und der Ununterscheidbarkeit der beiden Elemente durch ihr
Bremsvermogen in einer gasgefiillten lonisationskammer in typischen AMS Energiebere-
ichen nicht moglich. In dieser Masterarbeit wurde die Methode der lon Laser InterAction
Mass Spectrometry (ILIAMS) am Vienna Environmental Research Accelerator (VERA)
untersucht und weiter verbessert. Diese Methode benutzt Unterschiede in den Elektro-
nenaffinitaten der betrachteten negativen lonen.

BaF, hat eine niedrigere Elektronenaffinitat als CsF;. Durch Uberlappen des lo-
nenstrahls mit einem Laserstrahl mit Photonenenergie, welche zwischen den beiden
Elektronenaffinitaten liegt, wird ein Elektron des Isobars gelost, wahrend das zu betra-
chtende Isotop unbeeinflusst bleibt. Die lonen werden in einer mit Heliumgas gefiillten
Radiofrequenzfalle " gekiihlt”, um die Zeit der Interferenz zwischen Photonen und
lonen zu verlangern und somit die Unterdriickung des Bariums zu verbessern. In dieser
Masterarbeit wurde so eine Unterdriickung von mehr als fiinf GroBenordnungen erzielt.

In ersten Tests wurden hausinterne Materialien, aber auch IAEA Referenzmaterialien,
untersucht und die Ergebnisse mit denen anderer Gruppen mit unterschiedlichen Mes-
sansatzen verglichen. Das Detektionslimit konnte um einen Faktor 100 im Rahmen
dieser Masterarbeit verbessert werden. Die nachsten Schritte sind die Reproduzierbarkeit
der Messung zu verbessern und die Kreuzkontamination in der lonenquelle zu verringern,
sodass schlieBlich Umweltproben bei VERA gemessen werden konnen.
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1 Motivation

Cesium is an element with one stable (**3Cs), one long- (***Cs) and two medium-lived
(134137Cs) radioactive isotopes. All other isotopes of cesium have half-lives shorter
than two weeks. The precursor of cesium in the 5~ decay chain is Xenon, a highly
volatile noble gas which transports cesium into the environment. 37Cs with a half-life
of 30.02 years [7] has important applications, especially after nuclear accidents such as
in Chernobyl and Fukushima. 1*7Cs is quite easily detectable by the 662 keV gamma
emission line of its decay product '3™™Ba. Another cesium isotope of interest is 3Cs.
Chino et al. [8] showed that the activity ratio of 131Cs/137Cs can be used to identify
the source of contamination and to even assign it to a certain reactor unit of the
Fukushima Daiichi Nuclear Power Plant after the accident. '3*Cs has a half-life of only
2.06 years [7]. This makes it impractical as a long-term tracer for source identification
(fig. [1.1). Also, its decay chain is shielded by the stable '3*Xe, so the only relevant
way to produce it is over *3Cs neutron capture. Since its independent fission yield is
orders of magnitudes lower than for the other relevant radiocesium isotopes, 134Cs is
more than one order of magnitude less abundant than its sister isotope 37Cs in the

environment right after nuclear accidents.

Another isotope of cesium is 13°Cs with an estimated half-life between 1.3 and 3 million
years [1]. This isotope is especially interesting as it has a long-enough half-life for
long-term measurements but also because of its appearance in the decay chain of 13°Xe,
which is also known as a "reactor poison”. 3°Xe has the largest neutron capture cross
section of all isotopes and also a medium range half-life of about 9 hours [7]. Therefore
there is a strong probability of 133Xe catching a neutron, transforming to stable 136Xe

before it can decay further into 3Cs.The transformation rate per unit time is given by

dN

T = ¢ - o(n,y) - N (1.1)
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CHAPTER 1. Motivation
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Figure 1.1: Comparison of long-time effects on the two mostly for nuclear forensic
investigated isotopic ratios of radiocesium. In each case the abundance of
the shorter lived isotope is given relative to the longer-lived one.

where ¢, is the thermal neutron flux and o(n,~y) is the thermal neutron capture cross
section. As the thermal neutron flux in different nuclear reactors can differ by orders of
magnitude, this rate varies massively from facility to facility [5]. For !37Cs there is no
such "shielding effect” as for the mass-135 decay chain, thus the ratio of 1¥3Cs/!37Cs

can be used as an "isotopic fingerprint” .

The 13°Cs/137Cs atomic ratio is useful as a geochemical tracer, indicating nuclear power
plant operations [9], dating nuclear fuel burn-up samples [10], performing source term
attribution of unknown industrial emission sources [11], studying erosion [12], dating
sediments [12], and improving models of anthropogenic radionuclide dispersion in the
ocean [13]. Therefore, a database of 1*Cs/13"Cs values in the environmental samples

would be useful for future applications [4].
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135Cs is a pure beta emitter and because of its low end point energy of only 269 keV
and the relatively long half-life, it is hardly detectable via radiometric methods. First
approaches by TIMS and ICP-MS/MS were done but these methods require extensive
chemical treatment and often suffer from effects such as peak-tailing from '33Cs and
molecular isobars [14]. While these mass spectrometric methods do not often reach
the required limits of detection in means of activity/sample, they achieve very stable

measuring environments and great reproducibility.

In fig. 1.2 a modified chart of nuclides is shown to give an overview of the theoretical
"shielding effects” for the cesium isotopes but also for better understanding the problems

of isobaric interferences when using mass spectrometry for the detection of Cs isotopes.
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CHAPTER 1. Motivation

Isotope
o(n,7)
Ti/2
IFY(?%5U)

Figure 1.2: This figure shows a picture of the chart of nuclides with information for our interest. In the first line of each
square we see the name and the mass number of each isotope. The second line reads the thermal neutron
capture cross section o(n,~) in barn. For isotopes marked with a "?" in this line, o(n,~) is not known. The
third line displays the half-life. The fourth line gives the independent thermal neutron fission yield of 235U for
each isotope. The colour code shows the decay mode, were grey means stable, purple means long-lived so that
it can be seen as nearly stable and blue means 3~ decay. [7]
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2 Introduction

2.1 Production of *°Cs and 3"Cs

135Cs and '37Cs are produced anthropogenically in nuclear fission reactors but also
naturally by spontaneous fission from 238U. For the anthropogenic case, the so called
"reactor poison” 135Xe alters the isotopic ratio 1*Cs/!37Cs, which makes it possible to

identify certain reactors and differentiate it from the natural occuring background.

2.1.1 Fissile and fertile nuclides

Only few nuclides have a sufficiently high cross section to undergo neutron induced
fission. These nuclides are distinguished in two groups: fissile and fertile nuclides [15].
Fissile nuclides will undergo fission when a neutron of any energy hits the nucleus.
Fertile nuclides however only have a small probability to undergo fission but rather catch
a neutron and transform directly or over radioactive decay into some fissile nuclide. The
probability for fertile nuclides to undergo fission is strongly dependent of the neutron
energy which induces the fission process. For neutrons in the MeV range, fertile nuclides

also undergo fission [15].

Fig. 2.1 displays the difference between fertile and fissile nuclides by means of their cross
section for thermal neutron energy (25 meV). 23U and 2*°Pu both can catch a neutron
and in the case of uranium transform over two consecutive beta decays into 23°Pu,

a fissile nuclide, and in the case of 24°Pu directly into 2**Pu which is also a fissile nuclide.
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Figure 2.1: (n,f) cross sections for a) uranium and b) plutonium. For both elements
one can distinguish between fertile and fissile materials. Data taken from
JANIS, JENDL 4.0 [16]

An important nuclide for a long-term sustainability of nuclear power is the fertile nuclide
232Th. After catching a neutron, it decays to 233U, a fissile nuclide [15]. This is
important because of the significantly higher abundance of thorium in the earth’s crust

( Non,crust & Nu crust - 5.2 [I7]), which assures a longer availability as nuclear fuel.

2.1.2 Fission fragments

In a fission process two new nuclides and on average 2.43 fast neutrons arise for
thermal neutron fission on 233U [15]. 99.35% of these neutrons are prompt, so they
emerge directly at the fission process within 107'*s. 0.65% are delayed neutrons,
which are an accompanying effect of the beta-decay the fission products undergo
[15]. There is a small probability of three or even four nuclides emerging from fission,
called ternary fission, but in this chapter the focus is on the much more abundant
case of only two charged nuclei as fission products. For stability reasons, these two
nuclides usually differ largely in mass. The fission yield curve for induced thermal
neutrons therefore has two maxima. One at approximately mass 95 amu and the
other at about 140 amu. The fission products are neutron-rich and decay towards

the valley of stability. The cumulative fission yield gives the integrated probability of
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2.1. PRODUCTION OF 35CS AND 137CS

the individual fission yields of one isobar decay chain to occur. The nuclides far from
the valley of stability often have half-lives ranging from several orders of magnitude
below one second to a few hours. When studying environmental samples, the inde-
pendent fission yields have been summed up to the accumulated fission yield for every

mass chain as the fission yield for the first stable or long-lived nuclide in the decay chain.

0.08

0.06
o
Q0
>

& 0.04-
[}
(2]
U=

0.02

0.00 -

80 100 120 140 160
mass [amu]

Figure 2.2: Mass vs. yield curve for the four mentioned fissile nuclides. Data taken

from JENDL [18] [19]

For radiation protection purposes, especially the medium-lived fission products such as
137Cs and °Sr, both with approximately 30 yrs of half-life, are of big interest. For AMS

the long-lived fission products, which are not detectable over radiometric methods are
even more interesting.

In tab. 2.1] an overview of medium-lived and long-lived fission products is given.
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CHAPTER 2. Introduction

Radionuclide | Ty, (yrs) | Fissile Nuclide AFY [107%]
137Cs 30.0 241py 6.649 + 0.047 )
0Gy 28.9 251 5.77 £ 0.59
121mgp 43.9 29py 0.0031 £+ 0.0018 medium-lived
151G m 88.8 241py 0.913 +£0.013
H3mCq 13.1 241py 0.00243 4+ 0.00065
135Cs 1.3-3.0-10° 239py 7.617 4 0.054 )
MTe 2.11-10° 29py 6.233 = 0.090
97y 1.53 - 10° 251 6.340 = 0.045 long-lived
107pd 6.50 - 10° 241py 4.88 +£0.39
129 1.57 - 107 239py 1.321 £0.074

Table 2.1: Prominent fission products which are important for radiation protection
(medium-lived) and AMS detection (long-lived). For the AFY the maximum
value for thermal neutron fission on 233235 and 239:241Py is displayed. Data
taken from [7] [20]

2.1.3 Anthropogenic and natural fission yields

The fission product ratio 35Cs/137Cs varies massively with the number of thermal
neutrons emitted in a reactor due to the presence of 3*Xe as a precursor in the decay
chain of 13°Cs. This strong alteration of the isotopic ratio with the thermal neutron flux
is unique as '?3Xe has the highest thermal neutron capture cross section of all isotopes.
The dependence of 135Cs/137Cs on the thermal neutron flux is given in fig. 2.3 While
the neutron capture cross section for 3°Xe is well studied, there is no known value for
the neutron capture cross section of any isobaric precursor of *"Cs. For calculating
the 13°Cs/137Cs ratio, it was assumed, that op,c137c5(n,7) =0, so only the accumulated
fission yield is decisive for the ¥7Cs abundance. The production yield PY of 133Cs

depends only on the thermal neutron flux and is given by
)\(135Xe)
A(135Xe) + o (135Xe)dg,

where A(13°Xe) =1n(2)/9.14 h, o(**%Xe) = o(n,v) = 2.665 - 10° barn, AFY(**Xe) =
0.065 is the accumulated fission yield of 13°Xe and FY(!3°Cs) = 2.5 - 1076 is the
independent fission yield of 13°Cs [7].

PY = - AFY (*¥5Xe) + FY (**°Cs) (2.1)
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2.1. PRODUCTION OF 35CS AND 137CS
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Figure 2.3: Dependence of !35Cs/!37Cs as a function of typical thermal neutron fluxes
in nuclear reactors [4][14][21]. For this calculation the global fallout value
was obtained for ¢y, = 0.

The accumulated fission yields for both 133Cs and !37Cs are nearly the same. So, the
135Cs /137Cs ratio from global fallout is well distinguishable from that of reactors and

reprocessing plants (see tab. and fig. [2.3)).

Fissile Nuclide | '¥"Cs AFY [%] | '**Cs AFY [%] | Ratio '¥5Cs/!"¥"Cs

235 6.175 + 0.034 | 6.524 4+ 0.028 | 1.0565 + 0.0074
239py 6.605 + 0.033 | 7.617 + 0.054 | 1.153 + 0.010
241py, 6.649 + 0.047 | 7.163 + 0.073 | 1.077 + 0.014

Table 2.2: Accumulated fission yields (AFY) for 3*Cs and !37Cs for thermal neutrons
E=25.3meV [2][22]

Natural spontaneous 238U fission with an accumulated fission yield of 0.0521 for 135Cs

delivers the natural background of '3°Cs [23]. 238U has two decay channels: alpha decay
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CHAPTER 2. Introduction

() and spontaneous fission (SF). The half-lives of two competing decay channels add
reciprocally:
1 1 1
=y (2.2)
Ttot Ta TSF
The probability of a radioactive decay to happen can be derived from the radioactive

decay law as

p=1—e (2.3)

By rearranging this equation and making use of the relation In(1-p) ~—p for small p,
we get
[ S (2.4)

This means that the probability ratio of two decay channels is independent of the
time frame, in which it is observed, as long as it is small against the half lives of the

respective decays. For 23U this ratio was found to be

PSE _ To _54.1077 (2.5)
Pa TSF

Since we know 7,y = 4.468 Gyrs [24], we can calculate the half live for spontaneous
fission by plugging this value into eq. to be

Tep = (p_“ + 1) Tiot = 8.27 - 10" yrs (2.6)
Psr

The half-live of 13°Cs is much shorter than this, which leads to a secular equilibrium:

d N5 g
dt

= )\SFNQSSU - A13505N13ECS = O (27)

which can be rewritten as Nissgg/Nassy = Tusscs/Tsp. By considering that only 5.21%
of nuclides of the higher mass peak are '*°Cs [23], '*Cs/*U can estimated to
be 1.5 - 107!t As both elements are nearly equally abundant in the earths crust
(Ncs = 3.7ug/9, Ny = 2.5 ug/g [17]), 23U has a natural abundance of 99.3% and
Cs is a mononuclidic element, a natural abundance of ¥°Cs/!3Cs ~ 6 - 107! can be

estimated.
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2.2. ACCELERATOR MASS SPECTROMETRY

2.2 Accelerator Mass Spectrometry

Accelerator Mass Spectrometry (AMS) is a powerful tool to measure long-lived ra-
dionuclides, which are not or only difficult to measure via their radioactive decay. It is
capable of determining the mass number of an atom as well as the proton number. The
use of an accelerator system as a mass spectrometer improves the abundance sensitivity
by many orders of magnitude with respect to standard mass spectrometer without an

accelerator.

2.2.1 lon source

The first of the three fundamental elements of an AMS system is the ion source where
negative ions are extracted from the sample material. This process will be explained in
more detail in section 3.1.1. The negative ions get accelerated by a voltage of 10—100
keV (summing up from the cathode voltage, the extraction voltage (Uexi =2—3-Ucay)
and the source high voltage) before entering the low-energy mass spectrometer. A big
advantage of extracting negative ions is, that some isobars of important radionuclides
do not form anions, like N, an isobar of *C, Mg, an isobar of the cosmogenic

radionuclide 2°Al, and '??Xe which would interfere with 2| [25].

2.2.2 Principles of mass spectrometry

A standard mass spectrometer consists in principle of two components: a bending mag-
net (BM) and an electrostatic analyzer (ESA). lons moving in an electric or magnetic
field undergo an acceleration. For a stable circular path to occur, the centripetal force

and lorentzian force acting on the particle have to be of equal magnitude.

ESA:
MY _ 4B (2.8)

where m is the mass, ¢ the charge and v the velocity of the ion, r is the radius of the
circular path and E the electric field. By rearranging this equation and substituting
T = mv?/2, we get

T
— = const. (2.9)
q
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CHAPTER 2. Introduction

for a constant electric field and a fixed geometry (e.g. a constant radius). Practically,

this means that an ESA selects ions by their energy over charge ratio.

BM:

mv2

— =quB (2.10)
,
For the bending magnet we can rearrange this equation in the same way and use again
T = mv?/2 to obtain

—— = const. (2.11)

This equation displays that the ESA and the BM in combination in fact select ions by
their m/g-ratio.

2.2.3 Tandem accelerator

After the low-energy mass filter the ions get accelerated in a with SF¢ as insulating
gas filled tandem-accelerator to 1-15 MeV (depends on the facility and the isotope).
In the center of the tandem accelerator electrons get stripped from the negatively
charged ions by gas (either helium, argon or oxygen) or foils and the ions therefore
get positively charged. The charge state distribution of the outcoming particles is a
function of the accelerator voltage and the stripper agent. The positively charged ions
now get accelerated in the second half of the tandem by the same potential again. The

energy of the ions on the high-energy side is given by

m
THE = dqLE - (Uacc + Upre) LB + Uacc * JHE (212)
mLE

The mass of the cation on the high-energy side of the tandem accelerator can differ
from the mass on the low-energy side if the injected ion is a molecule. Molecules in
high positive charge states are not stable because of their lack of binding electrons.
Generally, small molecules of light elements are not stable in the charge state 3", since
the coulomb explosion is considered to be energetically more favorable over molecular
ionization [26][27][28]. There are few molecules, which were observed to form molecules
in the 3% charge state such as CS3" or COS** but they do not interfere with common
applications in AMS. However, for heavier elements Lachner et al. 2013 [28] at the
TANDY AMS facility at ETH Ziirich showed that 3% charged molecules as UH3* and
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2.2. ACCELERATOR MASS SPECTROMETRY

ThH3T can deliver some relevant background, especially for low-energy AMS actinides
measurements. In general, the stripping process in AMS has the huge advantage that it
totally suppresses molecular interferences by choosing a suitable charge state. Molecular
isobars are a major problem in other mass spectrometric techniques. On the high-energy

side again a mass spectrometer filters the ions by m/q before they enter the detector.

Electrostatic
Acceleration

Detector

C

Figure 2.4: Schematic view of an AMS facility

&

Elemental isobars are the major problem to overcome in most AMS measurements.
So called m/qg-interferences (e.g. '3°Cs3* and °Zr?*, both have m/q=45) can be
avoided by a suitable charge state selection or distinguished in the detector system if

the m/g-interference is not too intense.

2.2.4 Detection system

A standard method in AMS is to distinguish between isobars by their different energy
loss in matter since the stopping power is dependent on the nucleus charge number.
The heaviest radionuclide which can be measured this way is *Tc, where the intense
stable ruthenium is blocked by a gas-filled magnet [29]. Through charge exchange

interactions between the ions and the gas each element forms a different average charge
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state and can thus be separated by the magnet [30]. For °Be measurements '°B gets

stopped in a gas cell or a foil before even entering the detector [29].

2.3 Vienna Environmental Research Accelerator

The Vienna Environmental Research Accelerator (VERA) was installed 1995 and is
operated by the Isotope Physics group of the University of Vienna. The initial scientific
goal was to establish an AMS facility which is capable of serving the dual purpose of
interdisciplinary research but also technical development and education for students.
The heart of the facility is the 3 MV pelletron accelerator by NEC. A pelletron is a
type of electrostatic accelerator which resembles the van de Graaff generator. The
electric charge is generated by a mechanical transportation system made of a chain

of pellets, which are short conductive tubes connected by links of insulating material [31].

The first isotopes which were measured at VERA were 4C, 26Al and '°Be for radiocar-
bon dating, nuclear cross section research and paleoclimatology [32]. Today, thanks
to additions such as the high-energy ESA, the ILIAMS setup, a switching magnet and
another high-energy magnet to the "original” VERA, a vast variety of isotopes can be
measured. An overview is given in tab. 2.3.

now possible at VERA \ 10Be 1291 l4C 23236y  206A  239=24p,  36(]

candidates forILIAMS‘E’?’Mn B7Zy P9Tc 107pq  135Cg 990Gy 182§

Table 2.3: Overview of already routinely measured isotopes at VERA, where 26Al und
36C| are measured with ILIAMS. The second line displays further candidates
in different progression stages for ILIAMS which should be eventually added
to the routinely measured repertoire of VERA.

Presently VERA has two MC-SNICS (Multi-Cathode Source of Negative lons by Cesium
Sputtering). One of these ion sources is located on the ILIAMS beamline and used for
the CsF, measurements. The low energy side of the VERA structure consists further
of two electrostatic analyzers (ESA) and two magnets where one is equipped with a
magnet chamber to obtain fast switching between beams of similar mass. After the

magnet chamber three offset Faraday cups are located for detection of similar masses as

Page 14



2.3. VIENNA ENVIRONMENTAL RESEARCH ACCELERATOR

the injected ion mass. These can also be used by choosing a suitable magnet chamber
voltage to monitor the transmission through the accelerator by fast switching between
the two beams. On the ILIAMS-beamline the ion cooler and Faraday cups before and
after it are installed to monitor the transmission through the cooler (see dotted box in
fig. [33]. On the high energy side two 90°-bending magnets and one switching
magnet are placed. After the first high energy magnet offset cups are disposed as on
the low energy side. Before the switching magnet an isobutane-filled ionization chamber
is installed for detecting 4C, 26Al, 135Cs, 36Cl and “°Sr. After the switching magnet
there are four different beamlines: at -20° for proton induced x-ray emission (PIXE), at
0° for 1“Be detection, at +20° an additional bending magnet which is followed by a
Bragg-type detector and at +40° a multi anode ionization chamber for 35C| detection.
An overview of the whole facility is given in fig. [2.5
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Figure 2.5: Scheme of the whole VERA facility

Page 16



2.4. ILIAMS

2.4 ILIAMS

ILIAMS stands for lon Laser InterAction Mass Spectrometry, and is an additional
isobar selecting element after the second ion source at VERA [33]. ILIAMS itself was
installed in 2015 after testing it on an independent test bench not connected to the
accelerator [0] [34]. ILIAMS overcomes isobaric problems via laser photodetachment.
The negative ions get extracted from the ion source, momentum over charge separated
by an analyzing magnet and afterwards injected into the ion cooler. The ion cooler is
the key element for isobar suppression. It is basically a linear Paul trap containing four
radiofrequency rods and four guide electrodes (see fig. [6].

Figure 2.6: Internal structure of the ion cooler with the the four radiofrequency rods
(RF Rods) and the four guide electrodes (Gelec)

2.4.1 Linear Paul trap and Mathieu equations

In a linear Paul trap the force acting on a charged particle is defined by the electric

field, which is induced by an electric potential.

F=qE=—qV® (2.13)

At VERA the ions see no potential in the beam direction (which is represented by

the z-coordinate), so only the two-dimensional Paul trap will be discussed here. As
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a boundary condition ® has to fulfill the Laplace equation A®=0. This leads to a

potential of the form

o) = 22 oy (2.14)

where (x,y) is the plane orthogonal to the beam direction and ®¢(t) = Uy + Vj cos(wt).

ro is half the diameter between two opposing RF-Rods. When choosing circular rods
instead of hyperbolic ones, only an approximation of a quadrupole field can be achieved.
The best approximation is done for r/ro =1.1468 and since the rods have a radius of
r=>5.00 mm, this yields a value of ro =4.37 mm [35].

The key element is @ as oscillating electric potential with a static component. Since
this induced field is inhomogeneous, the net force, which acts on the particle is not
necessarily zero. Dependent on the amplitude and on the frequency of the oscillating
field, this can lead to confinement or to divergent behaviour. lons that move along
the z-axis get pushed towards the optical axis in z-direction but diverge in y-direction.
By reversing the polarity of the electrodes a net effect of focusing can be achieved by
choosing a suitable frequency w [36].

The mechanical analogue is a sphere, which lays near the top (which means in our
case that \/m # 0) of a saddle-formed surface in a gravitational potential. If the
surface were kept static, the sphere would just roll down, but by rotating the saddle
with the right frequency the sphere can be upheld (fig. 2.7).

The equations of motion for one charged particle in vacuum can be written as the

so-called "Mathieu equations” [38]

2
de

dt?

+ (aj — 2¢; cos(27))u; =0 (2.15)

where u; = (z,y) for j=1,2 and a and ¢ are the so-called Mathieu parameters. The
Mathieu parameters are antisymmetric for  and y, since the potential is antisymmetric

in the x-y-plane.
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Figure 2.7: Mechanical analogue for the linear Paul trap [37]
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cooled to the center of the potential [36].

(2.16)

(2.17)

By solving the Mathieu differential equation, one gets bounded solutions, which physi-
cally means ion confinement for 7 — oo dependent on the values a; and g;. A section
of the boundary conditions in the a—g-plane is shown in fig. 2.8 For practical reasons
the stable area near the origin is most important because the ions are supposed to be
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Figure 2.8: Stable solutions (a,q) of the Mathieu equation in x- and y-direction are
depicted in white. Stable solutions in only one of the two directions are
given in light-gray. Solutions in the dark-gray area are unstable. Figure
taken from [35].

In case of ILIAMS no static component of ® is applied, so it acts only as a ion guide
and as a weak mass filter. This means, that a =0 and we can only move on the ¢-axis
in the region 0 < ¢ < 0.908. Martschini et al. [34] showed that a stable ion current

is achieved at ¢ =0.5, whereas for all ¢ below 0.3 and above 0.7 no confinement is

reached (see fig. [2.9).

The equation for the Mathieu parameter is

A%
q 38y

(2.18)

With this we can calculate, that e.g. for 3°Cl the mass interval, for which confinement

is achieved, is 25—58 amu.

40V 40V

35amu = 05 1202 — 202 = 17.5 amu = const. (2.19)
Mmax = 17.5amu/0.3 ~ 58 amu (2.20)
Mupmin = 17.5amu /0.7 = 25 amu (2.21)
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Figure 2.9: Transmission through the ion cooler for three ions with the RF voltage kept
constant and varying RF frequency. The ion cooler acts as a weak mass
filter in the interval of 0.3 < ¢ < 0.7 (FWHM) [34].

lons of higher or lower mass cannot pass the ion cooler in the 3°Cl settings.

The ion cooler is equipped with a power supply, which can decelerate the incoming
ions electrostatically by a voltage of up to 30kV. For focussing on both sides of the
ion cooler lenses are placed, which, especially on the entrance of the cooler, have to
compensate for angular divergence due to deceleration. A weak electric field guides the
ions to the exit of the cooler where the ions get reaccelerated to —30-Q keV. Inside
the cooler buffer gas is dampening the ion motion but also suppressing isobars due
to collisional detachment and chemical reactions with the gas. The chemical and the

kinetical effect can be reinforced by mixing the helium with O5—gas or Hy —gas.

2.4.2 Buffer gas cooling

lons in the ion guide are moving in two overlapping periodic paths. The micro-motion,

which is caused by the RF-field and the macro-motion which is simply the oscillation
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of the particle, often called secular motion. The energy of the micro-motion is fixed,
since the radio-frequency is fixed, so the only way to reduce this energy is to damp the
amplitude of the macro-motion or the secular motion, respectively. So, by collisions

with a light gas on average a cooling effect is visible [36].

Buffer gas cooling is a wide spread technique but mostly done with positive ions, since
the ionization potential is often one order of magnitude higher than the detachment
energy. For negative ions to survive the entrance into the cooler, the center of mass
energy must not exceed the electron affinity of the incoming ions. This has to be taken
into account for choosing the power of the electrostatic deceleration and the injecting
ion energy [34].

Myas

Eion - < EA (2.22)

mgas + Mion

2.4.3 Laser photodetachment

The process of photodetachment is described by the equation
AT+y—> A+e (2.23)

where A is some atom or molecule and v is a photon with adequate energy to detach
the electron. This detachment is a threshold process, so it is sufficient that £, > EA,
where EA is the so called electron affinity. The probability for this process to happen
depends on the cross section o, the photon flux ¢ and the interaction time t [34]. The

number of depleted ions is given by
Ndepleted = NO : (]- - egd)t) (224)

The cross section around the threshold energy is modelled by the Wigner law, where ¢

is some proportionality constant and L is the angular momentum of the photoelectron.

() 0, E < FEA
o =
c-(E—FEA)M2 E>EA
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A sketch for L=0 is given in
fig. [2.10l One can see by ex-
periment that a green laser with
532 nm, respectively 2.33 eV has

a suitable energy for detachment

photodetachment
cross section (~Mb)

of the unwanted isobar in the

case of CsF,. The cross sec- 0 [

photon energy (~eV)

tion for detachment for the ex-

tracted Cs-molecule is virtually
Figure 2.10: Photodetachment cross sections for a

zero, while there is a non-zero
s=0wave - AL =0

cross section for detachment for
the Ba-molecule. Experimental electron affinities for both molecules are not known at

the moment.

Armin Shayeghi from the Philip Walther group [39] has performed an estimation for
the vertical detachment energy VDE. In general, the VDE can be used as an upper
limit for the electron affinity (see fig. . While the electron affinity is defined as
the energy difference between the two ground states of the anion and the outcoming
neutral atom/molecule, the VDE is defined as the energy difference in the ground state
of the anion and an excited state of the neutral atom/molecule (see fig.

The VDE's are VDECSF; = 3.88 eV and VDEBaF; = 0.61 eV, which matches with our
observations from experiment. The green laser at 2.33 eV photon energy detaches the
barium-difluoride and does not affect the cesium-difluoride. With these estimations, we
can calculate the collisional detachment energy for CsF; to ~ 170eV. This means that
the ions have to get decelerated just below this energy for entering the cooler and still

achieve maximum suppression for BaF; .
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Figure 2.11: Qualitative diagram of the surface potential of a molecule. VDE and
VAE as upper and lower limits for estimating the electron affinity EA are
indicated by the arrows [40].
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In this chapter an overview of the status of '3°Cs-measurements, respectively 3°Cs/137Cs
measurements, around the world will be given with a special focus on the status of the

measurements at VERA prior to this master thesis.

3.1 Previous Cs measurements at VERA

The preliminary work was done 2014-2015 by Magdalena Kasberger in her diploma
thesis [41]. At that time, the ILIAMS-Setup was not yet installed at the second injection
beamline at VERA. The aim of the work was to establish a suitable ion current output,
to maximize the transmission through the accelerator and to find a way to distinguish
between cesium and barium in the detector. A big issue at the beginning was the
handling of the ion source. In all other AMS measurements at VERA, a cesium oven is
used for sputtering. To avoid a distortion of the isotopic ratio by diluting the sample
material with the stable cesium from the oven and maybe introducing a new source for

radiocesium, a different sputter agent had to be found and tested [41].

3.1.1 Rubidium sputtering

Cesium and rubidium are both alkali metals and process therefore as electron donator.
The efficiency of negative ionization is one key parameter of every AMS measurement,
which leads to the fact that the processes in the ion source are well studied (see e.g.

[42]). A schematic image of the functionality of an ion source is given in fig. [3.1]

The sputter agent, e.g. cesium or rubidium, in the heated oven vaporizes and rises
trough a heated capillary to the volume in front of the sample. The Cs/Rb atoms get

ionized on a hot tantalum surface, the so-called ionizer, and get accelerated towards
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Figure 3.1: Schematic picture of the functionality of an AMS ion source. Picture taken
from [43]

the sample by the cathode voltage. There, these ions "knock out” atoms from the
sample material and as these atoms move through a neutral condensed Cs/Rb-layer
and the Cs/Rb plasma, which have built in front of the sample, the sample atoms get
negatively charged due to the electron donator behavior of Cs/Rb. The acceleration of
the sample anions is done by the same voltage as for the positively charged sputter
agent but now in the opposite direction.

Tests for already established AMS molecules/atoms were made to characterize the
sputtering efficiency for the rubidium sputter agent [3]. For many anions it makes
no difference at all and the biggest differences occur for carbon and beryllium with a

reduction of the output by a factor of =~ 2.

Element | ex. Anion | Rb [uA] | Cs [pA]
C 12¢- 17 30
Be 9Be!'®0~ 0.8 1.5
F 19F= 0.65 0.65
Al 2TAI 0.1 0.1
Cl BCI- 6 6
Cs 133Cs™ 0.01 -

Table 3.1: lon current output of different established AMS-elements [3] [41]

Page 26



3.1. PREVIOUS CS MEASUREMENTS AT VERA

3.1.2 Matrix material tests

The matrix material is some additional mixed in metallic material to maximize ion
current output and ionisation efficiency of the measured isotope. It can also increase
the thermal and electric conductivity and help therefore minimizing cross contamination

in the ion source.

Barium has a very low electron affinity of 0.14 eV, so it hardly forms negative ions
[44]. So the first approach was to extract Cs~. As a chemical carrier cesium sulfate
(Cs3S0O,4) was chosen due to its high melting point. Cs~ was more intense than the
also forming oxides CsOy. Additionally barium does form oxides much better, so no

suppression in the ion source was achieved.

Eliades et al. [45] at the IsoTrace Laboratory report a reduction factor of BaF, /CsF; =
5-107%. For this molecule to form tests with mixing Cs,SO, with PbF;y and LaF3 were
made. While Kasberger could not reproduce the reduction factor of Eliades, she only
found BaF, /CsF; = (8+3)-1072, CsF; was clearly the molecule to investigate further
[41]. CsF; is a superhalogen molecule, which promises stable and high ion currents but
also high electron affinities. This makes the production of superhalogen anions easy, as
long as the precursor neutral atom is stable enough and a highly fluorinating matrix
material is added [46].

3.1.3 Suppression in the detector

Without ILIAMS the differentiation between barium and cesium has to take place in the
detector. Barium has stable isotopes on mass 130, 132, 134, 135, 136, 137 and 138,
cesium on the other hand only on mass 133. For comparison the bary centers of 132Ba
and '3'Ba in the Multi-Anode lonization Chamber (MAIC) were linearly interpolated
to simulate ¥3Ba and compare it with 33Cs. The measurements were done at an ion
energy of 25.8 MeV in 8" state. There is far too little difference in the barycenters to
distinguish the two elements, even at that high energy (see fig. [3.2).
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Figure 3.2: Comparison between the barycenters in the MAIC detector. **Ba was
simulated by linear interpolation of '32Ba and '3*Ba. Figure taken from [41]

3.1.4 Chemical suppression in the ion cooler

In the time between the end of the masters thesis of Magdalena Kasberger and the
beginning of this one, tests for chemical suppression in the ion cooler were made. The
normally used helium buffer gas was mixed with oxygen in the ratio He:O, =100:1.
Since barium forms oxides very well, BaF; could catch an additional oxygen atom and
gets therefore separated at the bending magnet after the ion cooler due to its now

different mass to charge ratio [47].

Similar behavior was already seen for '82HfF;, where a suppression of the isobar
IB2WF; of a factor Wye/Whet0, ~ 160 with respect to pure helium buffer gas was
achieved while the hafnium stayed nearly unaffected by the additional oxygen input of
He:O, =30:1 [43].
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Unfortunately we do not see the same effect for barium. Scans over the buffer gas

pressure show that pure helium has a slightly higher damping effect per millibar than

the helium-oxygen mixture (see fig. [3.3)). Further tests with hydrogen admixture are

planned. In this master thesis all measurements were performed with pure helium.

1.0 1

0.8 +

0.4 1

Normalized BaF,~ Countrate

\
0.2 _
A
0.0 + A — A A A A A A i
I 1 1 I 1
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pressure (mbar)

0.35

Figure 3.3: The ion current decreases exponentially in dependence of the buffer gas

pressure.

Since this means the damping X is constant one can fit an

exponential curve and determine its value. The damping is larger for pure
helium (in red on the right) than for He+O, (in blue on the left). Here the
intensity of a 13°BaF, -beam is shown normalized to its maximal value in
the measurement series. Data taken from [49]

3.2 AMS measurements of *°Cs at the IsoTrace

Laboratory

At the IsoTrace AMS Laboratory in Toronto operated by the University of Ottawa first

measurements of Cs by AMS were done. The original goal was to apply this technique

Page 29



CHAPTER 3. 135Cs - State of the Art

] E\ o ]
0013 - 4 0.01

c

% . ~-m- Cesium 02 | 3

2 B ~-O-- Barium O2

2 ] —m— Cesium NO2

< 3 XK - —o—BariumNO2| 1 '5°
@ ] ]

N ] ]

g 1E4 ‘ 1E-4
S

SR L 5 -
] \\ O.. ]
1E-5 3 — 4 1E-5

1 E-6 et —r——r——r———————————1——| 1E-6

Gas Pressure * Length of Reaction Chamber (Pa*cm)

Figure 3.4: MacDonald et al. [50] at the IsoTrace Laboratory found barium suppression
factors of 2 - 1075 by using O, and NO, in their reaction cell. Due to the
different configurations of the ISA gas cell (15cm long for NOy vs. 23cm
long for O5) the suppression curve is represented as attenuation per cm of
gas cell per Pa of Oy pressure [50].

to measure the half-life of 3°Cs [50]. The isobar problem there is solved with the so
called ISA (Isobar Separator for Anions): In this gas-filled reaction cell the negative ions
get decelerated and captured in a radiofrequency field. There they react with, in the
case of Cs, NOy or O, [50] [47]. The ions then get reaccelerated into the AMS system.
Barium reacts much stronger with oxygen than cesium. By analyzing the outcoming
ions again by their m/q ratio the interfering isobar gets separated. Barium suppression
of 2-107° was achieved that way (see fig. . In contrast to VERA, cesium sputtering
was performed for these measurements. 3*Cs was added to the sample and by tracking
the amount of this isotope through sample preparation and measurement, the absolute

amount of ¥°Cs could be calculated.

The abundance sensitivity reached by this method is in the order of 135Cs/?33Cs = 10719,
which is similar to TIMS (see chapter 3.3.2). The limitation of the method is the high

cross contamination in the ion source [50].
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OF ENVIRONMENTAL SAMPLES

3.3 Cs measurements by other mass spectrometric

approaches of environmental samples

In this section a short overview on other measurement techniques (ICP MS, TIMS and

NAA) and results for determining the '3°Cs/137Cs ratio is given.

3.3.1 Inductively Coupled Plasma Mass Spectrometry (ICP
MS)

ICP MS is a widely used technique to determine trace isotopes in environmental sciences.
The samples are introduced into a plasma and ionized positively. The emerging ions
are filtered by means of m/q. The problem of peak tailing of stable isotopes to trace
isotopes is limited by the use of a quadrupole as a mass filter [14]. A common way to
suppress molecular isobars (e.g. Mo*?Ar™, 195n160* for 135Cs™ measurements) is
to introduce a reaction cell between two quadrupole mass filters, where the chemical
reactions should change the m/q of either the interfering isobar or the isotope of
interest. This technique is called ICP MS/MS or triple quadrupole ICP MS and is
commercially available since 2012. For **Cs N,O is chosen as a reaction gas since
barium likes to form oxides, whereas the cesium doesn't react [51] (see fig. [3.5).

NZO 13583 0*
1358a0*-N,O
| § | Bl .7
y 4
r ~5 ( ) r
Fad
Shadad  *alabababateastadadl, P o e e e o et e .
_____ B 135Cg+ 3 135C ¢+ '
L ‘!' ) . 1

Figure 3.5: Scheme of a ICP MS measurement for '3°Cs. Picture taken from [51]
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The limit of detection for most 33Cs and !37Cs measurements with this method is
< 1-1078. This is sufficient to measure environmental samples which were contaminated
by global fallout, but requires large amounts of up to 40g soil [14] [5I]. Zhao et al.
[46] propose that an abundance sensitivity of 13°Cs/Cs ~ 10* is required for most

oceanic and environmental samples.

3.3.2 Thermal lonization Mass Spectrometry (TIMS)

TIMS is a measurement technique with higher precision than ICP MS. The suppression
of barium happens mostly in the ion source by choosing a suitable filament current at
which cesium gets ionized and barium does not due to its higher ionization potential.
The abundance sensitivity is about ten orders of magnitude in terms of 3°Cs/133Cs
which is sufficient to neglect the peak tailing effect. Other matrix materials (mostly Ca,
Fe, Al, Mg, K, Na & Rb [14]) suppress ionization of cesium. So, chemical separation

of these elements is absolutely necessary.

The precision of TIMS measurements at a level of 10fg of 135137Cs is still less than
10 %, which makes it practicable for comparing reference materials of environmental

samples [14].

3.3.3 Neutron Activation Analysis (NAA)

By irradiating cesium samples with neutrons, one can determine the '**Cs/137Cs isotopic
ratio, by measuring the gamma lines of 13Cs at 340.55 keV, 818.51 keV and 1.048 MeV
[52]. The number of '37Cs before and after the irradiation will stay nearly constant,
since the thermal neutron capture cross section for 13°Cs is by a factor ~ 35 larger than
that of '37Cs [7]. For normalization and as irradiaton monitor '**Cs and its 604.72 keV
and 795.86 keV gamma lines can be used [53]. '31Cs is shielded by '3*Xe and has a very
low independent fission yield, therefore it can only be produced by neutron capture of
133Cs. The limit of detection for this method is similar to that of ICP MS and basically
limited by the uncertainties, which arise from the evaluation of the peak area due to the
presence of the Compton background and of other Cs isotopes [54]. '3*Cs is the most
interfering gamma radiator and is disturbing the low '3Cs countrate [2I]. A spectrum
of two samples measured by NAA is shown in fig. [3.6]
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OF ENVIRONMENTAL SAMPLES
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Figure 3.6: Two samples measured by Chao et al. [2I] by neutron activation analysis:
a) a 137Cs tracer and b) a sample from a nuclear power plant.
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Conclusion

TIMS is the most advanced measurement technique at the moment for 13°Cs mea-
surements. It delivers great reproducibility at 13°Cs/!33Cs abundance sensitivities in
the order of 10° or higher which makes it possible to measure the 135Cs/137Cs ratio in
Chernobyl contaminated samples. However, for measuring environmental samples the

abundance sensitivity would have to be improved by another four orders of magnitude.
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4 AMS measurements for
determining '*°Cs/!3'Cs with
ILIAMS

In this chapter results of AMS measurements with ILIAMS and isobar suppression via
laser photodetachment will be shown. Further, an overview of used materials will be
given. The measurement principle and tuning process will be explained, results on isobar
suppression, isotopic ratios found in in-house reference materials and finally test-runs

on IAEA reference materials will be presented.

4.1 Choice of basic materials

4.1.1 Cesium carrier and barium spike

Carrier are materials which do not contain any radioactive isotopes. The purity of the
carrier material therefore is crucial for the blank level of an AMS measurement. The
carrier is necessary to obtain macroscopic amounts of a sample. If we would extract the
cesium from a sample without adding a Cs carrier no macroscopic amount of material
could be found in typical environmental sample sizes. Spikes are materials where the
interfering isobars are mixed in on purpose. Spikes are produced for tuning processes
but also for measuring and monitoring the isobar suppression via laser photodetachment

throughout a measurement.

As a carrier for the reference materials but also for the blank and the barium spike
cesium sulfate and cesium chloride were used. These materials are in crystalline form

and hygroscopic [55][56]. In first measurements no difference in ion current output of
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CsF; (CsySO,/CsCl+PbFy) or blank level was seen, so Cs;SO, was further used due
to its higher melting point of 1010°C in contrast to 646 °C of CsCl.

Further, two spikes were mixed in atomic ratios of Ba:Cs=1:100 and 1:10. Especially
the 1:100 mixture spike is of high importance, as it represents the abundance one
expects in natural samples quite well without any chemical Ba separation. BaF, was

used as barium carrier [57].

4.1.2 In-house reference material

Reference materials have predetermined ratios of the radioactive isotope with respect
to one stable isotope. Isotopic ratios of unknown samples can be corrected by the
measured isotopic ratio of the reference material. The alteration in the isotopic ratio of

the sample is mostly due to losses of the rare isotope through the accelerator.

As a reference material in Cs measurements at VERA, a '37Cs solution from the UK
Amersham radiochemical centre which was available in the institute's collection from
1964 was used. The 137Cs activity is measured by gamma radiation. For the 135Cs
abundance no values are known. Therefore, this reference material can only deliver
a nominal 137Cs/!33Cs value, but no '3°Cs/!33Cs. The solution was mixed with 0.1M

HNO; and milli-Q water to obtain a 100 Bq/ml and a 2 Bq/ml solution.

The radioactive solution was mixed with a solution of a Cs carrier in milli-Q water, so a
definite 37Cs/!33Cs ratio can be obtained. In this master thesis materials were used

with 137Cs/133Cs ratios ranging from 10~® down to 107!

4.1.3 Fluoride extraction

As we want to extract the superhalogen molecule CsF, we need to introduce fluorides
into the sample matrix. For this purpose, tests with different Cs;SO4:PbF, ratios were
made. To obtain the right ratio, samples with Cs;SO4:PbFy mass ratios from 1:2 up to
1:6 were made and their CsF; current was measured. The ion current was measured
after the first magnet BMI1-1 (see fig. and a wide mass range was chosen for

measuring the Cu; and Cug ion current extracted from the cathode material (see fig.
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Figure 4.1: Picture of the original Amersham 37Cs solution and the 100 Bq/ml solution
mixed with milli-Q water and 0.1M HNO; [49]

. These Cu-signatures can help identifying the general output of the ion source and

can serve therefore as a normalizing factor. The normalization follows

CSF2
"CsFy : Cu” = 4.1
S " CU.Q + CU.QF + CU.3 ( )

where always the highest peak for each Cu-signature was taken. Since we assume that
every target was sputtered optically equal, there should be no difference between a
normalization to the integral of each Cu-signature or only the highest peak of each
Cu-signature.

The ion currents for this measurement are shown in There was no additional
copper mixed to the samples. The high Cu currents only arise from the sample holder

and the sample wheel, which are both made out of copper. PbF; from Sigma-Aldrich
was used to obtain CsF; [58].
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Figure 4.2: Massscan of a PbF5:Cs,SO, =2:1 sample. Copper signatures are clearly
visible and are used to monitor the general ion source output.

| PbF,:Cs,50, (mass) | CsF, (nA) | CsFy:Cu |

2:1 9.72 0.53
3:1 16.82 0.79
4:1 15.71 0.76
5:1 17.99 0.74
2:1 7.57 0.42
3:1 17.20 0.84
4:1 10.49 0.67
5:1 11.64 0.58
6:1 17.39 0.79
6:1 17.05 0.75

Table 4.1: lon current output for the massscans in the beamtime Cs1912a in chronolog-
ical order for the CsF; -peak and the normalization factor. The chronological
order is important for interpreting this data, since the introduction of fluorine
into the ion source can have a delayed effect on the ion current output. That
is also the reason why at first samples with low normalized PbF; proportions
were measured.

The desired molecule CsF, builds much better in the ion source for PbF; mass
proportions > 0.75. From there, the additional mixed in fluorine seem to have no big

influence on the molecule building mechanism.
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Figure 4.3: Normalized CsF; ion currents in dependence of the additionally mixed
mass proportion of PbF, (e.g. PbF2:Csy;SO, =4:1 leads to a mass propor-
tion of 0.8 and so on). The shaded area depicts the uncertainty of the
measurements.

4.2 Transmissions

The transmission through the accelerator is estimated as

133 13+
Transmission = —————— (4.2)

3. 133CsFy
A single value for the transmission is of no great value, since it depends strongly on
the pressure of the stripper medium and the terminal voltage with which the ions get
accelerated. In fig. the transmission is plotted against the stripper gas pressure
in the measuring cell after the accelerator tank. A maximum can be found at about
5 - 1078 mbar with 20 % transmission on average. A theoretical maximum value of
about 25 %, where no losses due to kinetic reactions occur, is nearly reached at this

pressure.

For the stripper medium and accelerator voltage Lachner et al. 2015 [3] reported tests

with helium and argon in the range from ~ 2.1 MV to ~ 3.0 MV using Cs~ (see fig.
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Figure 4.4: The accelerator transmission depends on the stripper gas pressure. For this
test helium was used. While low gas pressure does not lead to stripping in
the 3" state, the curve shows linear regression for higher pressure values,
since the losses due to collisional effects increase. The linear part can
be extrapolated to obtain a theoretical 31 yield, where no losses due to
collisions occur. The function used for fitting here is: T = az® exp(—cx),
where the fit parameter a, b and c have no physical meaning.

. The low charge states 2" and 3" are clearly the options to further investigate.
The two stripper agents helium and argon show no major differences. Measurements
will be repeated with CsF; injection. Since we do not need high energies to separate
isobars in the detector the most efficient settings would be at around 2.1 MV or even

lower, 2% with Argon stripping.

The transmission through the ion cooler is calculated by dividing the m/q selected ion
current after the ion cooler by the injected current. The transmissions through the
ion cooler are known to be current dependent [59)]. Source regulation has therefore to
be performed to have similar ion current outputs before injecting into the cooler to

maintain the principles of a reference measurement. The ion current at VERA can be
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Figure 4.5: Transmission trough the accelerator for helium and argon stripping injecting
Cs™. For lower voltages here no shorting rods were applied, but steerers
and lenses were adjusted. Figure taken from [3]

influenced by three parameters: the temperature of the oven, the power of the ionizer
and the temperature of the lineheater. The lineheater is a small capillary connecting the
Cs/Rb reservoir with the volume in front of the sample wheel. For Cs measurements
source regulation would lead to some problems during the PbF,; measurements, since
the current outputs there are much lower and the regulation on the source would heat
up the ionizer/oven/lineheater unnecessarily, so we do not use any regulation. We look
to find settings to extract currents at around 100-200 nA after the first magnet, as the
ion cooler showed the best transmissions in this range. Values of maximum 34 % were
achieved at 0.3 mbar helium. Note that the value on the ion cooler pressure read is
only the Ny equivalent pressure and has to be corrected by a factor 1.24 to obtain the

real pressure of the helium gas.
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4.3 Cross contamination and blank levels

Cross contamination is the unwanted transfer of small amounts of one sample material
to a different one. Cross contamination can have different origins: unsanitary handling
at preparing the samples in the chemistry laboratory and at the sample press procedure,
but also in the ion source due to source memory effects. In both cases, this mixing of
materials alters the measured isotopic ratio. Cross contamination is a major issue for

Cs isotope measurements with AMS.

The blank level is the isotopic ratio found on material which only consists of the Cs

carrier mixed with PbFy without the radiocesium solution.

4.3.1 Rubidium sputtering

As we have no other measurement technique available for determining the 3°Cs blank
level, we cannot rule out the effects of radiocesium content in the oven and the carrier.
But of course we can control the blank level for 37Cs by measuring the 662 keV gamma
line. For a sample size of 1 mg, the blank level found in the measurements where Rb
sputtering was applied, corresponds to an activity of ~ 0.55 Bq, so a clear signal should
be seen with the HPGe detector. But neither for the oven nor for the carrier materials
any gamma activity was found. This leads to the conclusion, that high blank levels
have their origin in the cross contamination from high reference materials used in the

same or in previous beamtimes.

In this master thesis two completely different approaches in terms of negative ion
extraction were examined. In the first two beamtimes, the approach of rubidium sput-
tering was continued as described by Kasberger [41]. With Rb sputtering the extracted
CsF; -current after the first magnet was only in the order of ~ 10-100 nA (see also tab.
. Further, reference materials with high 137:135Cs/133Cs ratios were found to distort

the samples with lower isotopic ratios.

Fig. displays this effect by showing the nominal versus the measured isotopic ratios.

Three different reference materials were mixed with the two different Cs carriers. The
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Nominal vs. measured ratios normalized to the mean of the highest reference
material sputtered with Rb. The low reference materials are far above the
1:1-line. This indicates a mixing effect of the materials in the ion source.
Sputtering of source cleaning materials and introducing of lower reference
materials into the ion source were done in the following beamtimes to solve
this problem.

highest reference material had an isotopic ratio of '37Cs/!33Cs = 1-107® and the lowest

187Cs/133Cs = 3 - 1077. The relative ratios between those materials were not found to

be 10:3 though due to cross contamination. The higher and the lower standards are

"mixing” in the ion source, therefore resulting in higher concentrations for the lower

reference materials. However, the '3°Cs/!37Cs ratio was found to be nearly constant
with a mean value of **Cs/137Cs = 1.99 4 0.10 (see fig. [4.7). This is expected, since

the samples are all produced from the same radiocesium solution and only diluted

differently with the 133Cs carrier, so the cross contamination from one sample to another
should have no effect on the 33Cs/!37Cs ratio.
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Figure 4.7: Results for the three reference materials measured on the first test runs with
ILIAMS. Sample 26 and 29 were Cs,SO, carrier with 137Cs/!33Cs=1-1078,
sample 27 and 30 were CsySO, carrier with 137Cs/133Cs=3 - 107 and
sample 28 and 31 were CsCl carrier with 37Cs/133Cs =3 - 107°.

The blank level for these measurements was roughly two orders of magnitude below

the nominal isotopic ratio of the highest reference material:

Cs /1% Cs = (2.59 £0.18) - 107" (4.3)
7Cs /1% Cs = (1.69 £ 0.15) - 10717 (4.4)

This corresponds to a '3°Cs/13"Cs ratio of 1.53 + 0.18, which is a bit lower than that
of the reference material. It is not clear whether the counts on the blank arise from
source memory effects, i.e. cross contamination as discussed above, or whether they
have different origin. As an external source for radiocesium the cesium oven used in
other measurements and the rubidium oven used in this measurement are possible.

The Cs carrier could also be a source of radiocesium but this suspicion was refuted by
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gamma measurements of the carrier and spike material and no !37Cs gamma activity

was found.

4.3.2 Normalization factor

The normalization factor f is the ratio of the nominal isotopic ratio to the measured
isotopic ratio of a reference material. It is given by the equation
1370 /133 Cs o

f: 137CS/133CSmeasured (45)

In most AMS measurements f > 1, due to losses of the rare isotope through the
accelerator. It is a powerful tool to monitor the measurement over a period of time
and the scattering of the normalization factor can be used as a quality feature of the
stability of a measurement. Typical normalization factors for standard AMS isotopes
at VERA are given in tab. [4.2] For 36Cl, which is the most successfully measured
radioisotope with ILIAMS, the normalization factor is 1.3. [60]

Isotope | 1°Be
normalization factor ‘ 1.2-1.3

MC | MCa | 1 | %Al | Actinides | %l
12 [12-15[1314] 12| 12 [13-14

Table 4.2: Typical normalization factors for most relevant AMS nuclides [61] [62]. The
value for 36Cl in this table was obtained by classical AMS, although it does
not differ significantly from that achieved with ILIAMS.

For the Cs measurements this factor was found to be 1.61 £ 0.20 (fig. in
measurements without Rb reservoir. For the measurements with Rb sputtering a mean

value can not be given due to high cross contamination.

4.3.3 Suppressing Cross Contamination
MacDonald et al. [47] found that this source memory effect is especially severe for Cs

(see fig. [4.9).

At VERA, in the beamtime Cs1902a it was found that the ion current output of fluorides

from the MC-SNICS ion source is very sensitive to the ionizer power and not so much
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Figure 4.8: Normalization factors for two different measurements: one where Rb sput-
tering was applied and one without filled and heated Rb reservoir. For the
Rb sputtering calculating a mean value would not make sense, because of
the systematical error in this dataset, which can be also seen in fig. [4.6]
The values at around ~ 4 derive from the highest reference material, while
the lower values are from the lower reference materials. For the dataset
without Rb reservoir, all runs were performed on samples with the same
nominal isotopic ratio. The mean value for this set is 1.61.

to the oven temperature. Even at low Rb™-sputter currents, a significant CsF, output
was achieved, once enough fluorine was introduced into the ion source by sputtering
on pure PbF,-targets. Similar results had been found by Zhao et al. 2016 [46] for
135Cs in an PbF, matrix. They suggested that for fluoride sputtering only low Cs*
currents are needed since PbF, undergoes a so called 'diffuse phase transition’ above
250°C and causes high mobility and therefore a high mixing of atoms in the ion source.
Similar effects were found for AgF and AgFs but no other fluoride. This lead to the
idea of a self-sputtering ion source type. Measurements on graphite were made without

Cs reservoir and the source was cleaned prior to the measurement to get rid of the
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Figure 4.9: Three consecutive measurements at the IsoTrace ISO-AMS system by
Macdonald et al. 2015 [47] on three different targets, where, despite the
labeling of the three bars, only the first one contains ¥Cs. ~ 50% of
countrate was transported to the next sample. Similar behaviour was found
at VERA, where this factor ranges from 1% for targets mixed with copper
to >80 % for high reference materials not mixed with copper (see also fig.
4.14)

cesium implanted in the source from other AMS measurements by Zhao et al.: Graphite
was measured in a fast-bouncing mode, were the '>?C~ and the ¥C~/!2C™ ratio were
monitored. After 30 cycles of fast-bouncing a CsF+PbF, target was inserted and
then again switched back to the graphite target. The goal was to obtain a stable
self-sputtering ion beam. The additional sputter ion inserted in the ion source showed
that a substantial and sustainable ion beam could be produced for a acceptable amount
of time, but also the 3C~/!2C~ ratio was altered by the new sputter ion by 5 per mil
indicating some major difference in the sputter ions from Cs*. As always in relative
measurements as performed in AMS, it is hoped that a similar measured standard
material can correct this offset by normalization (see fig. [46].
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Figure 4.10: Zhao et al. 2016 [46] at the Lalonde AMS Laboratory, Ottawa, showed
that a sustainable ion beam can be produced by a self-sputtering process
for a period of time. The '2C flux prior to inserting the PbF, target was
generated by some low Cs™ flux which could apparently not be cleaned
completely. The altered 1*C~ /12C~ ratio indicates a different sputter agent
for the measurement part after inserting the PbF; target.

The base sputter ion flux of Cs™ coming from remnant Cs in the ion source must be
reduced as much as possible. This can be achieved by cleaning the ion source prior to
the measurement and by lowering the ionizer power. On the other hand enough photon
radiation has to be produced to initiate the self sputtering effects, so a compromise
has to be found. For cesium targets mixed with PbFy; Zhao et al. did not find very
stable currents, also high source memory effect for the PbFs-blanks were found with
Blank/Cs-Target ~ 0.25. The target containing of 2.5 mg Cs was mixed CsF:PbF; =1:6

by weight (fig. |4.11)) [46].
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Figure 4.11: CsF+-PbF,-Targets were tested by Zhao et al. [46] at the Lalonde AMS
laboratory and yielded an average ion current of 400 nA, while the Blank
showed a very high ion current on mass 133 of 100 nA. [46]

Since PbF, has a relatively high vapor pressure of 0.28Pa at 600°C [63], a pure
PbF,-target evaporates quickly and does not yield a constant ion current output. For
this reason metallic binders such as copper (4 nPa at 600 °C) or silver (4 uPa at 600 °C)
[64] are used to improve thermal conductivity and lower the overall temperature of the
target. Of course this dampens the fluorine mixing properties but should improve the

stability of the ion current.

With similar effects of a self-sputtering sample seen at VERA, for the next beamtimes
(following Cs1902a) the ion source, especially the ionizer was cleaned prior to the
measurement to reduce the base sputter Cs™ flux as much as possible. In addition to
the mechanical cleaning, the source was rinsed with Os. In normal AMS measurements
we use graphite in Al holders as park cathode on position 0 of the sample wheel. The
well studied output of C~ makes it easier to monitor source sensitive effects like ionizer
poisoning or whether the sputter agent in the reservoir is used up. These graphite
targets originate from old *C measurements and were therefore heavily sputtered by

Cs™. For Cs measurements it was avoided to put in those targets into the sample wheel.
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Empty aluminum cathodes with only a copper pin in them were used as a park cathode
instead. After the cleaning and prior to the beamtime the ionizer was outgased at
33 A (& 250 W) to let the cesium which survived the mechanical and chemical cleaning
move off the ionizer. Instead of the Rb reservoir an empty reservoir was installed. The
so called "lineheater”, the heated capillary which connects the, in our case, empty

reservoir with the sample wheel volume was synchronously turned on with the ionizer.

For the beamtime Cs1902b, the first one without Rb sputtering, copper was added to
some materials because of its low vapor pressure and high conductivity. Additionally,
so called "offset blanks” containing no cesium were measured between the Cs samples

to quantify the source memory effects.

Name Material Comment

Cs10 Cs,S0,+PbF, reference material 137Cs/133Cs=1-1071°

Blank Cs,S0,4+PbF, only Cs carrier + PbF,

PbF, PbF, offset blank for monitoring source memory effect
CuinAl empty copper pin in Al cathode as park cathode

Cs10+Cu | Cs3SO4+PbFy+Cu reference material 137Cs/133Cs=1-1071°
Blank+Cu | Cs3S0,+PbFs+Cu only Cs carrier + PbF, + Cu

PbFo+Cu | PbFo+Cu offset blank for monitoring source memory effect
Spike BaF;+CsySO4+PbF, | Ba Spike for monitoring suppression

Table 4.3: Materials used during the first beamtime without rubidium sputtering
(Cs1902b). Copper was added to some materials to increase the thermal
conductivity.

The presented results of the measured isotopic ratios for the Cs10(+Cu) reference
materials in fig. and fig. show a comparison between the two different
sets of targets over a range of six measurements. The idea of increasing the thermal
conductivity by adding copper is that more stable measurement conditions can be
achieved and the cross contamination can be lowered. Only low reference materials
were used (137Cs/133Cs=1-1071°, which is two orders of magnitude lower than the
maximum values in earlier beamtimes) to further decrease the source memory effects.
The ionizer for these measurements was set to 32.5A (=~ 230 W) which gave a suitable

ion current in the order of 100 nA but also increased the effect of cross contamination.

Page 50



4.3. CROSS CONTAMINATION AND BLANK LEVELS

2.8x1071° T T T T T o 135CS/133CS
8 2.4x107 1 % A "Cg/'¥cs

3 2.0x10™ o O 1
o P -- —i— e - - 3
£ 1.6x107 4 u| .
B 1 J
S 1.2x107 4 .

& 8.0x107" A __ .

3.5

@ 3.0 i i/{\i -

O 4
(E 2.5+ §/ -
G 204 g
a 1 |
< 1.5 § -

1.0 -

T T T T T T T T T T T T T
6 7 8 9 10 11
Turn

Figure 4.12: Six consecutive turns of a low reference material of 137Cs/133Cs = 1-1071°
with copper (Cs10+Cu) yields a good first result for the 3°Cs/137Cs ratio
in our reference material.

Interestingly the two stable '3°Cs/!3"Cs-measurements of the samples mixed with copper
and the ones without copper result in two different ratios of 2.38 + 0.28 and 3.28 +
0.10 (shaded areas in fig. and fig. . If we neglect the deviating measurement
during Turn 8, the value increases from 2.38 to 2.62 4+ 0.15 for Cs10 with copper,
still being significantly lower than for the other measurement. We can think of three
potential explanations for the observed deviation between the Cu mixed and the pure
Cs3SO,4 samples: As we know from the experiments by Zhao et al. (fig. the
isotopic ratio can be altered by the sputtering process and the sputter agent. If the
copper really has that major impact on this self sputtering process, it would be possible
that this results in this observed slight difference between the ¥3Cs/137Cs ratios. While
we have found it to be very difficult to obtain a stable '33CsF, -beam over a long time
span, it seems at the moment more realistic to justify these measured differences in the
135Cs /137Cs isotopic ratio with setup issues, as one of the two rare isotopes was not

optimally tuned. The third possibility is the position of the wheel in the ion source, as
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Figure 4.13: Measurements of a reference material without copper (Cs10). Both, ion
current and isotopic ratio are stable throughout the six turns, however a
difference in the '3°Cs/'37Cs-ratio compared to the measurement shown

in fig. is seen.

these two compared samples had nearly opposite placements in the wheel (position 14
vs position 32 in a sample wheel with 40 positions) and the ion beam is only optimized
for one initial position for tuning the mass 171 beam, which in this case was at position
5. The eccentricity of the wheel is the major problem of optimizing the reproducibility
of the wheel position. So, normally the wheel should be centered at at least 4 positions,

which lay opposite each other.

If we take the average of the values found for Cs10 and Cs10+Cu, we obtain an isotopic
ratio of 13°Cs/13"Cs=0.73 4+ 0.08 decay corrected to 1964 which corresponds to a
3.5-10"¥ cm~2s7! neutron flux according to eq. 2.1} which is in a realistic range if we

consider fig. 2.3

For better understanding of the source memory effect countrates on PbF,-targets were

compared between samples with copper and samples without copper. For a longer
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sputter process a "cleaning” effect is seen (fig. [4.14]). As we expected, the countrates
on the targets mixed with copper were significantly smaller than on the targets without

copper, which suggests a reduction of the source memory effect.

Interestingly, the isotopic ratio 133Cs/133Cs for the PbF, targets is higher by a factor 2
than on the blank containing cesium. This is a strong indicator that the strength of the
source memory effect is dependent on the amount of PbF; in a sample, which leads us to

a dilemma since we need much fluorine in the source to operate it at a high CsF; output.
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Figure 4.14: 135Cs countrates for six consecutive sequences (= 2 Runs) on targets not
containing cesium: PbFy; and PbF;+4Cu. The countrates are averaged
from several targets. Each sequence was measured 160s with about 30s in
between. The countrates on the reference materials measured right before
the non-Cs targets were 1.76/s (orange line) for the PbF,+Cu-target and
0.31/s (blue line) for the PbFo-target. This gives a source memory effect
from reference material to the non-Cs targets of 25 % for the materials not
mixed with copper and only of 0.5% for the materials mixed with copper.

Page 53



CHAPTER 4. AMS measurements for determining !35Cs/!37Cs with ILIAMS

For examining the sputter agent in the measurements without Rb reservoir and quan-
tizing the qualitative effect of cross contamination reduction seen in fig. [4.14} the
deposits on the sample wheel where investigated by PIXE at VERA.

4.3.4 PIXE measurements of sample wheel

PIXE stands for Proton Induced X-ray Emission and is a precise and non-destructive
method for elemental analysis used in archaeology, geology and by conservators. A
proton beam of few MeV is produced in the accelerator and focused on the target. Inner
shells of the bombarded atoms will be ionized, which causes outer electrons to fill this
gap and release a photon with, as only certain transition energies are allowed, definite
wavelength. These x-ray emissions get detected by a SiLi-detector and unambiguous

elemental analysis is possible.

Figure 4.15: Picture of the current PIXE structure at VERA. One can see the sample
wheel, which is movable into a helium surrounding to suppress the promi-
nent argon peak from air. On the left the beamline with slits, beam profile
monitor and ZnS-shield for orientating the proton beam can be seen.
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Figure 4.16: Sample wheel measured with PIXE: Two spots were examined and the
difference in sputtered Cs-material on the surface of the wheel was calcu-
lated.

The PIXE beamline at VERA was originally installed in 2004 with the purpose of
measuring renaissance silverpoint drawings of Albrecht Diirer [65]. Today it is mostly
used for monitoring chemical sample preparation as it can quantify large stable isotopic
abundances precisely [66]. In our case we wanted to measure what kind of elements
were deposited on the surface of our sample wheel, as it could bring some information
about the sputter agent and the severity of the cross contamination. For this purpose
3MeV protons were produced using a TiH-sample in the ion source and two spots
of our sample wheel were examined. One spot which lies between a Blank and a
PbF,-target and the other spot lies between a Blank mixed with copper and and a
PbF-target mixed with copper (see fig. . The results are shown in . Both
spectra were measured 650s and the proton rate was determined by a gas ionization
chamber, located just before the PIXE beamline, to be about 300/s before and after
the measurement. In general proton countrates between 300 and 1000 per second were

observed during other PIXE measurements [67].
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A strong indicator for the comparability of the two measurements are the Ka and the
K(3-Peaks of copper, which origin mainly from the copper wheel. The additionally
mixed in copper is thought to make no difference in these scales (> 10? counts in
650s). In fig. one can see, that the cesium peaks and the sulfur peak are much
higher for the spot between the cathodes without copper. We should take into account
that both samples were not equally long measured and also gave not equal ion current
output. For that reason we normalize to the charge output ) of each blank, which
turned out to be similar (AQ/Q < 10%). As we do not monitor the ion current in
the faraday cup right after the ion source, we use the high-energy side ion current
for calculation and assume direct proportionality between those two values. Although
the ion cooler and accelerator transmission are ion current dependent, the output of
these two blanks should differ sufficiently small, so that we still get an estimation of

deposition of material on the sample wheel.

Spot 1 \ Spot 2
Counts in 650s 47620 £ 470 | 27980 £+ 530
Sputtered charge from Blank [C] 9.849-107° | 9.120-107°
Normalized Cs-Peaks [Counts/(C - s)] | 7.44-10° 4.72-10°

One can see that the additional mixed copper indeed results in a suppression of cross
contamination by a factor 7.44/4.72 =1.58. The same calculation can be done for the
sulfur peak. There the reduction factor was found to be 2.12, which is 34 % higher
than the value found for the Cs peaks. Although these two factors should be equal,
uncertainties in the range of the relative difference between those values are reasonable.
Therefore, this confirms the qualitative effect we saw in the PbF;+Cu countrates: The
additionally mixed in copper improves the thermal conductivity and lowers the overall
temperature of the target. This dampens the fluorine mixing and inhibits the ion source

memory effect.
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4.4 Suppression of m/q interferences

As explained in chapter 2.2, ions in AMS are selected by their mass over charge ratio.
So called m/q interferences can therefore not be distinguished from the isotope of
interest by a basic mass spectrometer. However, as far as these interferences are not
too intense, the ions can be separated by their stopping power due to their different
proton number. For 135Cs™3, there are two m/q interferences: “°Zr** and **Sc!*. For
137Cs no m/q interferences are possible. In fig. two measurements on a barium
spiked material and a reference material with laser off and on, respectively, are shown.
One can clearly identify the m/q interferences and separate it from cesium. Barium
can not be distinguished from cesium events in the detector at the terminal voltage we

operate.

The detection efficiency is assumed to be 100 %. With the high suppression factors for
barium, we assume that only cesium ions are counted in the region of interest if the
laser is turned on and that mainly barium is detected if the laser is turned off. This is
a good approximation due to the overwhelming amount of stable barium which leads
to countrates of 104/3, while for cesium the countrates on high reference materials are

10/s at maximum.
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Figure 4.18: M/g-interferences are well separated from 3°Cs in the gas-filled ionization
chamber. For the barium spike there is no separation of the 3°Ba3* events
on the two anodes from the 3°Cs3* counts

4.5 Isobar suppression with ILIAMS

As we cannot differentiate between Ba®" and Cs** in the detector (see fig. and
4.18)) we have to find other ways to monitor the barium suppression throughout a
measurement. It is immanently important to suppress barium completely via photode-
tachment, so we can assume that every count in the detector is from cesium or one of
its m/g-interferences, which are separable in the detector. For this reason we monitor
mass 134 and 136 during the measurement, where no cesium should be seen. So all
counts on these masses show us an insufficient suppression behaviour. On mass 136 the
countrate is unexpectedly high. It stems from CeF;, which has a very small electron
affinity and is completely destroyed at transmitted laser powers of 0.1 W or even lower.

CeF; is therefore no problem while monitoring the barium suppression.
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Figure 4.19: Cooler pressure dependent countrate for mass 136. It is not a priori clear in
which shares barium and cerium divide but both are completely suppressed
by the laser. For this measurement the laser was operated to transmit
10 W power. The extracted molecules from the ion source were CeF; and
BaF; .

For the reference materials and the blanks, it is expected that the cesium stays unaf-
fected by the buffer gas pressure and the laser. For the relevant masses 135 and 137,
no cerium interference is possible, since cerium has stable isotopes only on masses 136,
138, 140 and 142.

The goal of the buffer gas scans is to determine the buffer gas pressure at which the
barium gets suppressed. In fig. [4.20] one can see both the suppression of barium by one
order of magnitude by kinetic reactions with the gas by raising the buffer gas pressure
from 0.15 mbar to 0.37 mbar and the additional four orders of magnitude suppression
done by turning on the laser. Again the laser was operated to transmit 10 W power
trough the ion cooler. At mass 136 (fig. , we observe no counts at all for the
measurement with the laser turned on. At mass 137 (fig. the blank countrate is

non-zero, even with the laser turned on, which could be due to cross contamination
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of 137Cs. The drop in this countrate with rising buffer gas pressure could be more of
a chronological effect of the measurement, rather than one of rising pressure. This
should be checked by a repeated measurement scanning the buffer gas pressure in both
directions. In this measurement the cesium stays completely unaffected by the buffer

gas pressure over a wide range.
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Figure 4.20: Cooler pressure dependent countrate for mass 137

For mass 135 this result was only partly reproducible. While the overall suppression
is the same, a stronger reduction of the countrate by raising the buffer gas is seen
(fig. [4.21)). This can only be explained by setup issues, since it affects both blank and
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reference material and a stable measurement environment at higher buffer gas pressures
was not given anymore. Theoretically, there should be no difference in behavior in the

ion cooler between the two masses.
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Figure 4.21: Cooler pressure dependent countrate for mass 135

In general the barium counts decrease exponentially with the rising buffer gas by kinetical
interactions. On the relevant masses 135 and 137 for high buffer gases only partly
reproducible results could be obtained. The complete suppression of barium and cerium
on mass 136 with usage of the laser leads to the suspicion that the countrate on the

blank at high gas pressures stems from cross contamination.

Measurements on the Ba spike without the laser were done to give an estimation of
the overall suppression of barium which can be achieved by VERA. For this reason two
measurements were done on mass 136 and 134, where only mass 136 suffers from Ce
interference. With the known natural abundances of 13¢:13Ba and the measurement of
the total number of counts on these masses, one can estimate the share of *Ba counts.

For 0.15 mbar of buffer gas pressure we found 720 counts per second on mass 134,
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with the laser turned off. On the same target a few minutes afterwards, we found 8000
counts per second on mass 136. One can calculate from the natural '**Ba/!3Ba=3.25

that ~ 30% of the counts on mass 136 are barium counts.

So we get an isotopic ratio of 13°Ba/!33Cs = 1.5 - 107° on the spike with turned off
laser, while with the laser turned on the relatively low 33Cs ion current output limits
us to blank level of 1¥Ba/!3Cs < 3.5-107'2. The cesium stays unaffected from the
overlapping laser beam, but collisions with the buffer gas lead to losses of ion current.
At the moment we reach transmissions of about 25-30 % through the ion cooler for
133Cs. This gives a suppression factor of > 10° by ILIAMS. As there is no suppression
possible in the gas filled ionization chamber and Kasberger et al. found a suppression
factor of &~ 12 in the ion source in earlier studies [41], an overall suppression factor of
> 10° was achieved at VERA.
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4.6 Reference materials with determined *°Cs/"¥"Cs

ratio

In this section a short overview of reference materials with determined '33Cs/!37Cs ratio
by other techniques will be given. Also first test runs on these materials at VERA were
performed. The investigated reference materials should show the isotopic signature of
global fallout and the Chernobyl nuclear accident. The 1#3Cs/!37Cs ratio for the latter
is already well studied by different groups with a consensus value of 0.297 £ 0.001 [14]
[68] [69].

4.6.1 Chemical treatment

In-house reference material

For the in-house reference material the with HNO; diluted 2 Bq/ml Amersham solution
was mixed with a solution made from the Cs;SO,4 mixed with milli-Q water in the right
amounts to obtain the desired 37Cs/!33Cs ratio. This solution gets dried at about
70°C for several hours on a heating plate. To this dried powder PbF, gets added in
Cs:F = 1:4 ratio (atomic) which can be calculated to CsySO,:PbFy, =1:2.8 (weight). To
this powder again a few ml milli-Q are added and again dried at 70°C. Note that PbF,
is defined as "very slightly soluble” with a low solubility of 0.65g/I [70]. On the other
hand the fluorine is very mobile in the ion source, so no homogeneity problems should
occur. This powder then gets mixed with metallic copper in Cs:Cu=1:1 ratio (atomic).

It was found to be sufficient to mix the copper just with the spatula into the material.

IAEA reference material

For the IAEA reference materials the chemical treatment was done by our colleague
Maki Honda. The recipe for extracting cesium from the material is shown in fig.
[71]. In the final step the solution is mixed with 1% H,SO, and dried up. The mixing

ratio of Cs:F:Cu=1:4:1 (atomic) is the same as for the in-house reference material
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2, Leach Cs with conc.HNO; 4. Mix with 20 mg AMP 6. Dissolve AMP-Cs with 4 M Ammonia
(4h, 250°C) (pH < 1, 1h, RT)
2 mL of Anion exchange resin
(AG 1% 8, 100 -200 mm, Bio-Rad)
) ® 6.5-28.5 mm PP column
o
) g | >
PFA V 2 — 20 mL of Cation exchange resin
' Dowex 50W X 8, 100 - 200 mm, Alfa Aesar
j @ 6.5—8.5 mm PP column (2 mL)
__L @ 10— 11 mm PP column (10 mL)

® 9.5 mm PTFE column (20 mL)

1M HNO,

© L

Figure 4.22: Chemical extraction of cesium for the IAEA reference materials [71]

4.6.2 IAEA 372

The grass for this reference material was obtained in 1990 from Kiev, Ukraine. Its
intended use is for calibration due to its high “°K (1060 + 56 Bq/kg) and '3"Cs (11320
+ 360 Bq/kg) activity [72] [73]. We aim to detect the 135Cs/137Cs-signature of the Cher-
nobyl nuclear accident in this sample. Bu et al. obtained a value of 3°Cs/!37Cs =0.612
+ 0.008 (decay corrected to January 15* 2018) with TIMS [14]. As one can see in [4.23]
our measurement series in this beamtime suffered from stability issues. Problems with

the ion source did not allow us to gain data in a stable measurement environmentfl]

The 37Cs concentration, calculated with measured '37Cs/133Cs ratios, was found to
be measured more than one order of magnitude lower than expected from the activity
given in the data sheet, which is another strong indicator that this measurement series

has to be done again to get more reliable data.

'Due to our measurement method of sputtering without any oven, the the ion current output is
very sensitive to the wheel position. The wheel has to be centered in the focus of the ionizer.
Between the ionizer and the sample wheel a tantalum shield is located, which was at that time
(Cs1908) slightly bent, so it was not possible to rotate the sample wheel in the optimum position
without hitting this shield. The wheel had to be backed up a few millimeters before rotating and
then had to be put back in optimum position. Unfortunately, this procedure resulted in unstable
measurement conditions.
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Figure 4.23: Comparison between measurements on IAEA372 with TIMS by Bu et al.
[14] and the measurements done at VERA. The shaded areas depict the
uncertainty of the mean value of all measurements. All values are decay
corrected to January 15 2018

4.6.3 IAEA 447

The moss-soil for this reference material was collected in an abandoned marble mine in
the north-west of Hungary in 2007. The undisturbed moss growth is ideal to use it as a
memory record for the radioactive fallout (*37Cs massic activity: 425 + 10Bq/kg) [74]
[75]. Unfortunately we could not measure any radiocesium in the material. A control
measurement after the AMS measurement was performed with the HPGe detector on
the sputtered target. It showed no gamma activity (see fig. although one could
have expected that 0.3 Bq are present in the processed sample. This indicates that the
Cs was lost in the chemical processing. Yang et al. [4] found a '3°Cs/!37Cs ratio of
1.44 + 0.23 decay corrected to November 15" 2009, which is the reference date in the
IAEA 447 reference sheet.
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Figure 4.24: Gamma measurements performed with the HPGe detector to control the
AMS measurements. As a reference to IAEA 477 a in-house reference
material (Cs10), with similar activity was tested too. The expected value
for IAEA 447 at 662 keV was calculated for a 8 mg Cs10 target (2mg
CsySO4, 6 mg PbFy) and 1 mg of added Cs carrier to the IAEA 447
sample. Further, no losses during the sample press procedure for IAEA
447 are assumed. Still we should see a countrate significantly above the
background.

4.6.4 Other reference materials to investigate

In this table a brief summary of all reference materials is given, in which the 13°Cs/137Cs

ratio was already determined.

The reference materials with the Chernobyl signature are already well studied with
uncertainties in the range of less than one percent. The higher uncertainties for the two
NIST materials derive presumably from the much lower activity in these samples (29 and
14 Bq/kg) despite being measured by the same group with the same technique. The

measurements performed by ICP MS have much larger uncertainties with 16 % and 31 %.
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Name 185Cs/137Cs | Reference Method
IAEA 372 | 0.296 + 0.004° | [14] TIMS
IAEA 330 | 0.297 4+ 0.001“ [14] TIMS
IAEA 375 | 0.30  0.01° 6] TIMS
IAEA 156 | 0.299 4+ 0.003 [69] TIMS
IAEA 447 | 1.44 +0.23" @ | ICP-MS/MS
IAEA 385 | 0.52 + 0.16" @ | ICP-MS/MS

NIST 4353a | 2.81 + 0.19° [14] TIMS
NIST 4354 | 3.16 + 0.13° [14] TIMS

Table 4.4: “values are decay corrected to April 26" 1986, ®values are decay corrected
to reference date given in their respective reference sheet, “values are decay
corrected to January 1%° 2018
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5 Conclusion & Outlook

135Cs was successfully measured with respect to its sister isotope *"Cs and the sta-
ble 133Cs. By using the new approach of a self-sputtering ion source without any
external sputter agent, high CsF; currents in the range from 100 nA to 1 uA from a
Cs9S04+PbF54+Cu matrix were extracted. Further, the blank value was decreased by
almost two orders of magnitude with respect to the method of rubidium sputtering.
Still the anticipated goal of an abundance sensitivity of ¥Cs/Cs &~ 1074, which is
necessary for measuring environmental samples, was not yet achieved. Problems with
cross contamination from high reference materials and source memory effects are major
challenges for successful measurement of the radioactive Cs isotopes. Nevertheless, the
suppression of the interfering isobars 13*Ba and !3"Ba by laser photodetachment was in
the order of 10° on top of the suppression in the ion source by extracting F; -fluorides.

This makes the barium interference nearly irrelevant for practical applications.

In the near future, measurements on reference materials with already determined
135Cs/137Cs ratio will be investigated and compared with other mass spectrometric
methods. For even better suppression factors tests with different buffer gases such as
hydrogen will be made. Also, the ionization efficiency for CsF; was not yet investigated,

which is a big factor for making the measurement procedure as effective as possible.

The final aim is to make '**Cs a routine measurement isotope at VERA. At the moment
Z6Al and 35Cl are already measured routinely with ILIAMS. The new isotopes **Cs and

90Sr are to follow in foreseeable future.
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