





Abstract

Within the scope of this Master’s thesis Accelerator Mass Spectrometry (AMS) was
chosen for the detection of long-living fission products. For this purpose, two differ-
ent approaches have been tested: at first, Time-of-Flight measurements using a pas-
sive absorber and additionally, experiments with the Gas-filled Analyzing Magnet Sys-
tem (GAMS) setup were done. In order to develop both techniques, the example of %*Zr
was used, the fission product which is most challenging for AMS, due to its isotopic
and isobaric background.

In the first experiments with the GAMS the background was characterized and the
suppression of the isobar “*Nb was tested at varying gas pressures in the Gas-filled
Magnet and in the ionization chamber, and at different energies of the ions. The best
background suppression resulted in a detection limit of ¢(*Zr)/c(Zr)=3-107".

The preparation of the experiment using the passive absorber included the choice of
the material and the thickness of the passive absorber in order to achieve a maximal
separation of %3Zr and its isobar ®*Nb. For this purpose, simulations with SRIMO03
and CORTEO were performed. The interpretation of the simulation results required
an intensive study of energy loss and energy straggling theory. By the comparison of
the stopping power curves for *Zr and **Nb in silicon nitride (SiN) and beryllium (Be)
obtained from the simulations with those, which were calculated with the help of stop-
ping power tables, a severe difference was discovered, having a considerable influence on
the experimental conditions. Due to the shortcomings of the simulations, the optimal
thickness of the absorber had to be determined experimentally.

In contrast to what was expected from the simulations, the experiment showed a much
higher energy straggling when Be was used as passive absorber instead of SiN. Conse-
quently, we were able to confirm the high degree of uniformity of SiN foils which lead
to the better performance with regard to energy straggling. In order to determine the
transmission of the setup, a standard sample of ZrF, with two different concentrations
of 9Zr was produced from an irradiated, metallic Zr plate with a defined concentration
of 3Zr which we had received from the Radiochemistry Munich (RCM). Due to a very
unstable performance of the ion source caused by the Fluoride ions, no **Zr events from
the standard sample could be detected. Therefore, a different method for the determi-
nation of the transmission was developed which is based on the “*Nb concentration in
the sample. From the measurements a *Nb concentration of (15.0 & 8.3) ppm in ZrO,
was deduced. With this information an upper detection limit of ¢(**Zr) /c(Zr)=6 - 10~
for the use of SiN foils as passive absorbers could be established. The current data
suggest a stopping power curve as the one implemented in the simulation programs.
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1. Introduction

One major argument which supporters of the immediate nuclear phaseout often put
forward, are the extremely long storage times of radioactive waste until the activity has
dropped considerably. Apart from other minor producers, such as medicine, military
or research, the largest fraction of nuclear waste originates from nuclear power plants.
Radioactive waste can be divided into three categories depending on the radioactivity:
Low Level Waste (LLW), Intermediate Level Waste (ILW)and High Level Waste (HLW).
Responsible for the long time-scales of more than 10° years [1] are ILW and LLW which
produce only little heat, but have a very long half-life. Nuclear waste, which belongs to
those two categories, presents only 1% of the overall radioactivity but 90% of the volume
of the total accumulated waste [2]. Since every year 2500t! of spent fuel accumulate
in the EU [3], it is obvious, that solving the nuclear waste problem is one of the most
challenging and urgent tasks of our days.

The problem of the already vigorously debated geologic repositories is that it is hardly
possible to guarantee their safety on the required timescales. Furthermore, the major-
ity of the population has serious concerns about final storage and incidents like in the
repository "Asse’ [4], where final storage is tested, reduce the confidence in this proce-
dure even further. Therefore, a number of institutes and cooperations around the world
do research on the concept of "Partioning and Transmutation’, in order to decrease the
timescales on which nuclear waste has to be isolated from the biosphere. This is to be
achieved by converting the long-living isotopes into nuclei with shorter half-lives with
the help of nuclear fission or neutron capture.

With this background, the "Bundesministerium fiir Bildung und Forschung" (BMBF)
approved the joint research project "Transmutationsrelevante kernphysikalische Unter-
suchungen langlebiger Aktinide" (TRAKULA), in which several universities and insti-
tutes throughout Germany participate. In addition to the development of a Compton
Camera, the Technische Universitdt Miinchen (TUM) has to demonstrate the feasibil-
ity of measuring small amounts of long-lived isotopes by Accelerator Mass Spectrome-
try (AMS) in order to be able to characterize the composition of the nuclear waste in
the long run.

The complete characterization of the nuclear waste is essential for the process of trans-
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mutation, since the several components of the waste have to be separated radiochem-
ically and the neutron spectrum has to be adjusted in order to obtain a maximum
transmutation to isotopes with shorter half-lives either by neutron absorption or by fis-
sion. However, especially long-lived isotopes, which cause the main fraction of the long
term radiotoxicity, are hard to detect by conventional methods such as decay counting.
By contrast, the highly sensitive method of AMS does not depend on the half-life of
the isotope, but simply counts the single ions which are present in the sample.

Aim of this Master’s thesis was the development and testing of methods for AMS to
be able to detect those long-living isotopes using the example of the abundant fission
product %Zr, which was declared to have high priority for Transmutation Research
(ch.2). Regarding the background due to neighboring stable isotopes and isobars, %3Zr
is the most challenging isotope to be measured with AMS compared to other long-
living fission products. Consequently, the successful approach in detecting *3Zr can
also be applied to other isotopes in this mass range, such as *Tc for example. The
measurements were performed at the Maier-Leibnitz-Laboratory (MLL) of the Ludwigs-
Maximilians-Universitat and the Technische Universitdt Miinchen, where a complete
setup for AMS is available. The ?3Zr samples were produced by neutron capture on
927r at the Forschungsreaktor Miinchen 1T (FRMII).

After a short introduction to Transmutation Research (ch. 2), the general characteristics
of Zirconium and the production ways of *Zr in a Nuclear Power Plant are explained
(ch.3). This is followed by a description of AMS and the present setup at the MLL
(ch.4). Then, the production of the standard samples is shown (ch.5) and afterwards
the two detection methods and the measurement are presented where the results are
compared and discussed (ch.6 and ch.7). Finally, the findings of this Master Thesis
are summarized and an outlook to future projects in using AMS as a tool for research
in Nuclear Waste Transmutation is given (ch.8).



2. Transmutation Research

This chapter shall give a motivation, why the characterization of the long-living isotopes,
which are present in the nuclear waste, is necessary for transmutation. For that reason, a
general, but short overview of transmutation is presented covering the questions: What
is transmutation?, Why do we think, that we need transmutation? and How does it
work?. Furthermore, it is to be shown, that only a few selected isotopes are considered
to be transmutated in the near future, so that a complex partitioning process is needed
which, in turn, requires a good knowledge of the components of the radioactive waste.

2.1. The Nuclear Waste Problem

Every year, 10500 tHM (tones of heavy metal ') [5] of spent fuels from Nuclear Power
Plants (NPP) accumulate worldwide, which can be divided into High Level Waste (HLW)
and Low Level Waste (LLW), where the latter represents around 90 % of the total vol-
ume. Although, 94.5 wt%? of the spent fuel is made up of Uranium with a concentration
of 0.7wt% of fissile 2°U [6], which could be separated and reused, only a few coun-
tries, such as France or Great Britain, operate reprocessing plants. Thus, the other
nations have to store the complete amount of discharged spent fuel, if they cannot send
their nuclear waste to the few existing reprocessing plants. At first, the waste is stored
in temporary repositories which are often on-site and have a limited capacity. This
means, that in certain cases the repositories are gradually running out of space. Thus,
all countries using Nuclear Power have to find a final storage, where the waste is sepa-
rated from the biosphere until its activity has decreased at least to the activity of the
initial, natural Uranium ore. Fig. 2.1, in which the radiotoxity of several components of
the nuclear waste depending on time is plotted, shows that this is the case after more
than 105 years [7]. More pessimistic estimations even arrive at a timescale of more than
10° years, in which the waste must not have contact with the environment [6, 8|.

From Fig.2.1 it is obvious, that the Actinides and especially the transuranic ele-
ments (TRU), e.g. Plutonium, are responsible for the long-term radiotoxicity, whereas

!Contains all actinides and fission products, but not for example the Zirconium of the cladding of the
fuel rods.
2wt%: weight percent.



2.1. THE NUCLEAR WASTE PROBLEM
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Figure 2.1.: Radiotoxicity of different components of the radioactive waste in compar-
ison depending on the time after discharge from the Nuclear Power Plant.
The long term radiotoxicity of the TRU are responsible for the storage
times in the order of 10° to 10° years until the radioactivity has decayed to
the magnitude of the Uranium ore. Source [7].

the fission produts (FP) decay rather quickly. However, there also exist long-living fis-
sion products in the radioactive waste, such as '?°I, %3Zr or *Tc, which also have a
half-life in the order of 10° years. Furthermore, some of those fission products, e.g.
1297 and ?°Te, have a much higher mobility than the heavy actinides, so that there is
a elevated risk that those isotopes leak from the containers and can reach the ground-
water [3|. Therefore, it is essential to shorten the storage times of the nuclear waste
in order to reduce the risk and the burden of future generations due to the radioactive
waste originating from our present electricity production.

One possible solution for this problem, which is currently investigated by many different
nations (amongst others China, Europe, Russia and USA [9-12]) is the transmutation
of the long-living TRU and FP into isotopes with shorter half-lives, which is explained
in the following section in more detail.
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CHAPTER 2. TRANSMUTATION RESEARCH

2.2. General Principle of Transmutation

Transmutation shall be achieved by neutron absorption in the case of the FP, and via
fission in the case of the TRU, leading to a nuclide with a shorter half-life or even a
stable isotope. In this way, the storage time shall be reduced by a factor of 100, to
approximately 10*a [7], which would be an enormous progress in the radioactive waste
management. Fig. 2.2 compares the time evolution of the radiotoxicity in case of direct
storage with an expected, theoretical dose evolution after transmutation which clearly
indicates a reduced dose in the second case.

109 e BB T 21 ] =TT TTT TSI T L L E R

10° direct final storage
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Figure 2.2.: Comparison of the time evolution of the radiotoxicity of nuclear waste di-
rectly stored after discharge on the one hand and of nuclear waste having
been treated by transmutation. Different symbols represent different trans-
mutation scenarios (compare text). Source [7].

The symbols in Fig.2.2 represent different transmutation scenarios, since there is a
multitude of different concepts concerning the technical realization of the transmutation
process. A major distinction is drawn between the two most promising types of neutron
sources in which the nuclear reactions for the conversion of the isotopes take place: a
critical Fast Reactor (FR) or a sub-critical Accelerator Driven System (ADS). In both
cases, a fast neutron spectrum has to be used to obtain a reasonable fission rate of
the TRU [8], since most of the fission cross-sections for thermal neutrons are only in
the order of 0.04 to 1b3. In the case of 23"Np for example, the fission cross-section
can be increased by a factor of 100 if fast neutrons are used [13,14]. The FR uses a
self-sustaining chain-reaction for the burning of the nuclear waste with several of the

3There are TRU, such as 239Pu which have a high fission probability for thermal neutrons (o a~ 700b).
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2.2. GENERAL PRINCIPLE OF TRANSMUTATION

inherent safety features of a thermal reactor not being implemented due to the missing
moderator. By contrast, ADS is operated with an effective neutron multiplication factor
(ker) which is smaller than one by construction. In general, kg is around 0.95-0.97
[1,8], which means that there is no possibility for a nuclear runaway and a subsequent
uncontrolled chain-reaction.

As it is obvious from the name, the ADS produces the neutrons necessary for the fission
reactions in the core, by a proton beam which is accelerated to an energy of 1 GeV and
then hits a target (usually Pb or Pb-Bi eutectic) from which neutrons are emitted
via spallation processes. In the case of the ADS presented schematically in Fig.2.3,
the coolant of the reactor serves also as the target. Lead is reasonable as coolant,
because neutrons which collide with this heavy nucleus loose only little of their initial
velocity (energy and momentum conservation) and thus, the fast neutron spectrum can
be maintained.

Proton heam

i
e
Accelerator ~ Collirnator

Sub-Critical Reactor

Fission
(23371 - Fission fragments

Figure 2.3.: Schematic of an accelerator driven system, which uses Pb as coolant and
233U as fuel which is bred from the fertile material 232Th by neutron ab-
sorption. Source [1].

The schematic in Fig.2.3 shows the ADS design strongly supported by the EU by
now, which was proposed by C.Rubbia in his work on the Energy Amplifier [15]. The
basic concept of the Energy Amplifier was to use 232Th/?*3U as fuel which is needed
as a startup for the system [8]. Of course, the major part of the energy should be
provided by the burning of the nuclear waste, especially of the TRU, in order to make

12



CHAPTER 2. TRANSMUTATION RESEARCH

the ADS also economically interesting. The 2*2Th serves as fertile material from which
the fissile 223U is bred by neutron absorption. This idea is now also supported by the
TAEA [16], since ?*3U has the advantage that there is a larger mass difference to the
Minor Actinides (MA) and TRU than in MOX (Mixed Oxide) fuel , which one actually
wants to destroy in the ADS. Thus, there is a lower probability that those nuclides are
built up by neutron absorption during the operation of the ADS, so that more TRU are
destroyed than are produced. Furthermore, 2*2Th has a large abundance in the earths
crust [8], which means that it will be available for quite a period of time.

Since 99.995% of the long-lasting radiotoxicity is represented by only 1% of the spent
fuel (8], it does not make sense to insert the whole radioactive waste into a transmu-
tation system. By contrast, this could make things even worse as initially stable or
short-lived nuclei may absorb neutrons in the transmutation reactor and thus also be-
come long-lived nuclei increasing the long-living waste. To prevent this, the nuclides
to be transmutated have to be carefully separated from the rest of the nuclear waste.
However, since most of the separation processes are extremely complex, the transmu-
tation of only a few nuclides have been given top priority. But which nuclides are most
important and most promising for transmutation?

2.3. Candidates for Transmutation

The choice of the candidates for transmutation critically depends on the following char-
acteristics: The radiotoxicity, the mobility, the feasibility of partitioning and fuel pro-
duction from this isotope and the heat output. Partitioning here denotes the general-
ization of reprocessing in order to extract not only U and Pu from the nuclear waste but
also to recover entirely the TRU and FP for transmutation. It is obvious from Fig. 2.1,
that with regard to the overall radiotoxicity the most pressing nuclides to be transmu-
tated are the TRU. However, the development of the partitioning processes in order to
recover the most important TRU (Pu, Np, Am, Cm) is quite advanced. The extraction
of U and Pu by the PUREX process [17| for example is a standard procedure, which is
already applied in the reprocessing plants La Hague and Sellafield. Also the other TRU
mentioned can be already recovered to about 99.5% [5] by methods which are already
available such as the advanced PUREX process.

Thus, the rest of this section is dedicated to the FP since they turn out to be an
elevated risk for the population, though the major part of it is decayed after 300 to
500 years. This is because of the already mentioned high mobility of those isotopes
in geologic repositories. Some working groups also concentrate their attention on the
short-lived FP 37Cs, %°Sr which are responsible to a large fraction of the heat output
of the nuclear waste and Mo which decreases the durability of the vitrified HLW [18].
Both characteristics lead to a challenging situation with regard to the final disposal.

13



2.3. CANDIDATES FOR TRANSMUTATION

However, most efforts are made in order to investigate the feasibility of partitioning
and transmutation (P&T) for the long-lived fission products (LLFP) 2T, %Tc, %7Zr,
1%5Cs and the activation products *°Cl (T}, = 3.01 - 10°a) and *C (T}, = 5.7 - 10%a).
Tab. 2.1 gives an overview of the critical characteristics of the mentioned LLFP which
have to be considered to estimate the risk for humans.

Isotope || half-life (a) | mass (g/tUranium) | activity (Bq/tUranium)
BZr 1.6 - 10° 1056 9.8 .10
9Te 2.1-10° 1115 7.0- 10"
1291 1.7-107 263 1.7-10°
135Cs 2-10° 531 2.3-10%°

Table 2.1.: Half-life, accumulated amount and activity after 1000 years of decay time
of the most important LLFP in spent fuel. Source [19].

The table shows that %Zr and ?°Tc represent the largest part of the LLFP in spent
fuel, both regarding the accumulated mass and the activity. Although ?°T accumulates
to a much lower extent than %*Zr it has been given a higher priority for transmutation
Research since similar to Technetium, Iodine is readily soluble in water whereas Zirco-
nium is not. Consequently, there is an increased risk that atoms of those two isotopes
reach the groundwater and thus the food chain if there is water penetrating into the
final repository. Whereas there already exist highly developed partition schemes for
9Te and 271, the situation is much more complex for ®Zr and *°Cs. Both require
an isotopic separation which is not available, yet. This is especially problematic for
1%5Cs since it occurs in company with the very radioactive isotope *"Cs (71,2 = 30a)
which makes the handling extremely difficult [5]. Since there is no partitioning process
for 13°Cs available yet, this isotope is consequently not considered for transmutation at
present. Conditions are a little bit different for the separation of *3Zr which is discussed
in the next section.

Summing up, P&T is reasonable and feasible only for a few selected LLFP. Due to the
varying neutron absorption cross-sections of the different isotopes, a certain amount of
the LLFP is left behind after one passage of the P&T process. In order to arrive at the
goal of destroying at least 95% of the LLFP, the waste has to circulate through this
P&T loop. Thus, the characterization of the complete radioactive waste, before and
after each P&T step is essential. Especially after a run through the loop, an activity
measurement to determine the remaining concentrations of the radioisotopes is not
the optimal choice, as the long half-lives of the isotopes of interest lead to a rather
low activity. Therefore, efforts are made to establish the activity-independent method
of Accelerator Mass Spectrometry (AMS) to perform this task. This is also the case
for the Germany-wide project TRAKULA (transmutationsrelevante kernphysikalische
Untersuchungen langlebiger Aktinide) in which the TUM participates. One of the goals
of this project is to show the feasibility of the detection of the LLFP by AMS using the
example of ®Zr which is explained in the following chapters.
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3. Zirconium (Zr)

It was shown in the previous chapter that Zirconium is an essential component of the
nuclear waste, since relatively large amounts of *3Zr accumulate in a nuclear reactor.
But what are the reasons for this high concentrations of Zr in general and what are the
production paths of ?3Zr? This chapter shall give an overview of the most important
characteristics of Zirconium which lead to the usage of Zirconium in nuclear engineering
and to the high production rate in a reactor during operation. Furthermore, it has to be
discussed why %Zr was chosen for the demonstration measurement with AMS although
it is not the most pressing isotope regarding the radiotoxicity.

3.1. General Characteristics Zr

Zirconium, the 40th element of the periodic table, abbreviated by Zr, is a rather soft,
ductile, lustrous silver-gray metal, which is remarkably heat and corrosion resistant [20].
Fig. 3.1 shows a photo of a metallic Zr rod. An overview of the most important physical
characteristics is given in Tab.3.1. Zr has 5 stable isotopes, with “°Zr being the most
abundant one, making up more than half of the total Zr resources.

Figure 3.1.: Photography of a metallic Zr rod. Source [21].

In nature, Zr appears most commonly as Zirconiumsilicate (ZrSiO4) which is often
referred to as zircon, or it can be mined as Zirconiumdioxide (ZrO;). Both compounds
are mechanically, thermally and chemically very resistant and thus are often utilized for
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3.1. GENERAL CHARACTERISTICS ZR

atomic number 40
atomic weight 91.224 amu
electronic configuration | |[Kr|4d?5s?
density 6.508 g/cm?
melting T 2128 °C
boiling T 3578 °C
stable isotopes N7Zr (51.45%)
N7 (11.22%)
9271 (17.15%)
97y (17.38%)
%7r (2.80%)

Table 3.1.: Important characteristics of Zr. Source [20)].

the production of chemical equipment [20]. Synthetically produced cubic ZrOs often
serves as a cheap alternative for diamond in jewelry. Another remarkable property of
Zr0,, is its electrical conductivity at temperatures higher than 600°C [22]. Due to the
electronic configuration given in Tab. 3.1, Zr frequently appears in compounds with the
oxidation degree IV, but smaller oxidation degrees are also possible [20].

Elementary Zr is obtained from the reduction of Zrl; at high temperatures which is
produced in the reaction of ZrOs, I, and coal [20]:

ZrOy + 21, +2C — Zrl, +2CO,

Since Zr, especially Zr powder, can be easily oxidized back to an Oxide or a Nitride by
the reaction with Oxygen and Nitrogen from air, Zr is often in use as getter material in
getter pumps which are needed for high-vacuum installations. At normal pressure, the
reaction of Zr powder with air can be violent leading to a spontaneous ignition of the
Zr powder [23]. This reaction can be aggravated, if pressure is imposed upon the Zr
powder. Thus Zr powder needs to be handled with care, particularly during the sample
preparation for AMS, where the material is hammered into the holder (compare ch.
5&6). Until now, Zr and its salts are considered as non-toxic for humans, since most
of the up taken Zr is eliminated from the human body without being absorbed, so that
an accumulation of this heavy metal takes place only to a small extent [23,24].

Zirconium cannot be dissolved by most of the usual solvents but is rapidly attacked by
Hydrofluoric Acid (HF) and Aqua Regia, a mixture of concentrated hydrochloric acid
and nitric acid at the ratio of 3:1. Besides, with a melting temperature of 2128°C Zr is
extremely heat resistant and it has a thermal conductivity more than 30% higher than
stainless steel [25]. These two characteristics and above all the very low absorption
cross-section for thermal neutrons of 100mb (90Zr) and 250 mb (*2Zr) [14] render Zr
especially interesting for nuclear engineering in thermal NPPs, where as little neutrons
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CHAPTER 3. ZIRCONIUM (ZR)

as possible may be lost. Thus, Zr is the main component of Zircaloy, a Zirconium alloy
from which the fuel rod cladding of Nuclear Power Plants is made up. Apart from more
than 95 % Zr, Zircaloy-2 which is widely used in Boiling Water Reactors, consists of
the alloying materials Sn (1.5%), Fe (0.15%), Cr (0.1%) and Ni (0.05%). In Pressurized
Water Reactors the cladding consists of Zircaloy-4, which has a similar composition as
Zicaloy-2 but with Ni left out and an increased Fe content [25]. A huge disadvantage
of Zr in nuclear industry is the reaction of hot Zr with water producing hydrogen:

Zr + H,0 — 7ZrO, + 2 H,

In case of a so-called Loss-of-Coolant-Accident, where the cooling of the fuel rods cannot
be sustained, the Zr cladding heats up, which leads to a high rate of the given reaction.
Thus, hydrogen accumulates in the reactor causing an overpressure which may result
in an explosion as it happened in the case of the Fukushima accident in spring 2011.

In spite of the small neutron absorption cross-sections, a certain percentage of the
stable Zr in a NPP will be transmutated into radioactive nuclei by the irradiation with
neutrons, with % Zr and 3Zr being the two most important ones (compare Fig.5.1).
However, this is not the most important production way of radioactive Zr isotopes,
which is then an essential component of the radioactive waste accumulated in a NPP.
The second production way as well as the relevance of %Zr for the disposal of the
nuclear waste is discussed in the next section. Since % Zr has a quite short half-live of
Ti/5 = 65.5d, it is highly radioactive indeed, but will have decayed to a negligible level
while the fuel rods are stored in the spent fuel pool near the reactor core. Consequently,
it does not pose a problem for the final storage in a geological repository and thus, has
not to be considered for Transmutation.

3.2. 3Zr: a long-living component of the Nuclear
Waste

97r has a half-life of 1.61 - 10%a [26] and is therefore only weakly radioactive compared
to most other isotopes if related to an unit mass. It decays via S~ emission:

BZr — BONb+e +7
with the metastable state **™Nb decaying by the isomeric transition

BmNb — BZr + v + 1.9keV

17



3.2. BZR: A LONG-LIVING COMPONENT OF THE NUCLEAR WASTE

Whereas the half-life of *3Zr given in both pictures of Fig.3.2 and the value stated
above deviate only negligibly from each other, the branching ratio of a 3~ decay to
93mNb compared to a direct decay to %Nb of formerly (97.5 + 2.5%) had been revised
in a recent publication. The authors indicate a considerably lower branching ratio of
(73+6%) [27]. The corresponding decay schemes are given in Fig. 3.2. This discrepancy,
however, is of no concern for the present work.

932r 8- Decay 1972FIZM

37y T, = (164 £0.06)- 1052
Intensity: I(v+ce)
per 100 parent decays

- | %8-=100 o
40 é?\
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P
Ee- 1B Logft \ 1”2 S a077
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2.5 >12.8 e ge Nb
93
Nb

Figure 3.2.: Left: Decay scheme of 3Zr presented in Nuclear Data Sheet 1997 by Ar-
gonne National Laboratory (ANL). Right: Decay scheme of %Zr published
in 2010. Source [27].

In nature, *Zr occurs only in traces, mainly originating from nuclear fallout. However,
it can also be present in the soil near NPPs and reprocessing plants [28], as it is
accumulated in the radioactive waste to a rather high extent.

There are in general two production ways of this nuclide in a nuclear reactor: The
neutron absorption of 2Zr which is present in the Zircaloy cladding of the fuel rods
(compare ch.4.1) and directly by fission of ?*>U. Due to the low cross-section of only
0.25b for the reaction 92Zr(n,y)%Zr, the reaction rate caused by absorption is rather
low. However, since large amounts of Zr are installed in NPPs, the *3Zr produced in
this way is considerably large.

The significant fraction of %Zr in nuclear waste can be found in the spent fuel. The
fission yield of ®Zr from the fission of 23°U is around 6 % and thus relatively high
compared to that of T (0.71%) [29]. The reason for the high yield is the asymmetric
fission of 2*°U in a lighter and a heavier fragment leading to two maxima in the mass
distribution of the fission products. This is represented graphically by the plot in
Fig. 3.3 where the fission yield depending on the mass of the FP is shown. %Zr as well
as PTc are apparently located in the maximum of the lighter fragement whereas '2°I
has a mass below the second maximum.

Although the produced amount of °Tc is even larger than that of *Zr (compare
Tab2.1), the elementary ratio of Zr and Tc is the other way round: 11.54% of all
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Figure 3.3.: Mass distribution of the Fission Products from the thermal fission of *>U.
Source [30], modified.

fission products after 1000 a of decay is Zr whereas Tc accounts for only 2.15% [19].
This reveals an enormous difficulty which is associated with the P&T of %3Zr: This iso-
tope is always accompanied by a large quantity of stable Zr which means that an isotopic
separation process is necessary. The %3Zr/Zr ratio becomes even more unfavourable, if
the Zircaloy is considered, where the *3Zr atoms are embedded in an almost entirely
stable Zr matrix. Therefore, this obstacle of developing an applicable partitioning pro-
cess has to be overcome before the Transmutation of *Zr can be tackled. Along with
the low mobility of %Zr this is the reason why the Transmutation of **Zr is deferred.

However, %Zr was chosen by the TRAKULA project to show, that Accelerator Mass
Spectroscopy is able to measure even small concentrations of this isotope in relation
to stable Zr. This choice was determined to a lesser extent by the importance of this
isotope for Transmutation than by the challenges it poses to the methodology of AMS.
The difficulty of detecting **Zr is that it is surrounded by two stable isotopes and one
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stable isobar (®*Nb) which cause an increased background during the measurements
with AMS. Consequently, a methodology developed for the detection of *3Zr, can easily
be applied to the other LLFP which were mentioned previously, since demands on the
setup are not that high for those isotopes. A more detailed explanation will be given
in the next chapter.

3.3. Further applications of %Zr

Apart from the importance of the detection of %Zr for Transmutation Research, the
development of a method to detect smallest concentrations of ?Zr is also relevant for
environmental aspects, i.e. the tracing of the North Atlantic Current and for a better
understanding of the stellar nucleosynthesis in Astrophysics.

3.3.1. Seacurrent Tracing

Several publications claim to have observed a weakening of the North Atlantic Current
as a consequence of the present climate change [31,32]. This could be confirmed ex-
perimentally by using long-living radioisotopes such as *Zr, Tc and '*°T emitted into
the sea by the reprocessing plants La Hague (France) and Sellafield (Great Britain) as
tracers. This is possible because the emission pattern of the two reprocessing plants are
very well known and the change in concentration due to radioactive decay is negligible.
Thus, peaks in the emission such as that of ®Tc in the case of Sellafield in the late
1990s [33| can be traced over several decades. To diminish uncertainties because of
mixing of the water it is more reasonable to measure a ratio of two radioisotopes such
as 97Tc/%Zr instead of the ratio ®3Zr /Zr. Regarding the low activity and concentrations
in the sea water of those isotopes, AMS lends itself to determine those concentrations.
If conventional methods such as decay counting are used instead, large quantities of
seawater (80-100 liters) [33] have to be gathered for each measuring point to obtain suf-
ficient statistics. With AMS this could be reduced to 1 liter per measuring point, which
means, that more samples could be taken from different positions in the sea, thus, im-
proving the data on the dispersion of the radioisotopes. Therefore a method for AMS in
order to detect low concentrations of **Zr and with it, of *Tc has to be established.

3.3.2. Astrophysics

Elements heavier than iron are not built up by stellar burning but predominantly by
neutron capture processes, i.e. by the so-called s- and r-process, where s’ denotes slow
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and 'r’ rapid. This means, that in the first case the neutron capture happens quite
slowly, so that a large fraction of the nuclei has decayed via 3~ emission before another
neutron is captured. Consequently, the s-process closely follows the valley of stability
which is indicated in Fig. 3.4 by the solid red arrow. By contrast, in the r-process an
additional neutron is captured with a high probability before the nuclide has decayed.
Thus, very neutron rich nuclei far away from the valley of stability can be built up.
However, for the neutron capture to happen very fast, a high neutron density and high
temperatures are required. Therefore, the r-process is believed to take place primarily in
supernovae, whereas for the s-process more moderate environments are sufficient, like in
the He-core or C-shell burning of massive stars or the Asymptotic Giant Branch (AGB)
phase of low- and intermediate mass stars.

971, however, has a half-life which is comparable to the timescales of the s-process, so
that nucleosynthesis either follows the successive neutron capture to **Zr or the 3~ decay
to Nb, which is demonstrated in Fig. 3.4. Thus, *Zr is referred to as (weak) branching
point. As a consequence, the s-process has a small contribution to the production of
nuclides which are predominantly built up by the p-process!, e.g. *Mo. In order to
predict the production rates of those isotopes in the stars correctly, it is essential to
know the 2Zr(n, )% Zr cross section. However, there are considerable discrepancies in
the experimentally determined cross sections of this reaction where the method of choice
was activation and successive TOF measurements [34]. A complementary investigation
of this cross section by AMS is therefore recommendable to obtain a result which is
independent from the TOF measurements.

'Nucleosynthesis process which builds up the proton rich nuclei.
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Mo 96
5,92 16.68 S-process

Figure 3.4.: Path of the s-process in the Zirconium region (solid red arrow). Despite
the long half-life of *3Zr, a small fraction decays to **Nb and thus opening
a second branch of the s-process. Source [35], modified.
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4. Accelerator Mass Spectrometry
(AMS)

4.1. Introduction to AMS

AMS is an ultra-sensitive method to detect small concentrations of not necessarily ra-
dioactive isotopes. To determine the concentration of isotopes with short half-lives,
activity counting is the detection method of choice. It has the advantage, that it is a
cheap and simple method which does not need a large setup containing an accelerator.
However, the activity of isotopes with half-lives in the order of thousands of years is
accordingly low, which limits the application of this detection method. By contrast,
AMS does not detect the decay products of the isotope of interest but directly counts
the ions itself. In addition to each measurement of the radioisotope, the current of a
macroscopically occurring isotope is also recorded, to which the events corresponding
to the radioisotope in the detector are normalized. Thus, a concentration of the ra-
dioisotope in the sample is obtained which is independent of the measuring time. In
this way, concentrations down to Nyaq/Nstable = 10716 as in the case of ®Fe/Fe, can be
detected [36].

Similar to usual mass spectrometry (MS), AMS uses different electrical and magnetic
components to filter or to suppress the interfering background. One main difference
to MS is the energy of the ions, which is around several MeV in AMS compared to
only keVs in the case of MS. The high energies of AMS enable the separation of ions
with an identical mass [37] in the first place. Whereas first AMS test measurements
in the 1970s used a cyclotron (Berkeley) for the acceleration of the ions, subsequent
experiments dedicated to *C dating showed the superiority of electrostatic Tandem
Accelerators [38]. The use of this type of accelerator leads to efficient suppression of
the molecular background (compare ch.4.2.2) and thus, an even higher sensitivity is
achieved. Furthermore, the extraction of single negatively charged ions from the ion
source leads in some cases (e.g.'*C) to an additional suppression of background, since
not all atoms form negative ions (e.g.'N). Consequently, AMS has the advantage for
longer lived radioisotopes that often less sample material has to be employed which can
be investigated in a shorter time compared to MS or decay counting [38].
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Though '*C dating remained the driving force for the fast development of AMS, this
technique was then also successfully applied to other isotopes. The isotopes already
detected by AMS until now are marked in Fig.4.1 which plots the half-life depend-
ing on the mass of the isotopes. The different colours represent different eras in the
development of AMS, starting with the light isotopes of °Be, 26Al, 36Cl apart from
14C. Whereas “C is attaining an increasing relevance in the field of biomedicine and
environmental science [38], the other three isotopes have a great importance for geo-
physics. Their concentration in rocks, for example, contains useful information about
the timescale the rocks were exposed to cosmic radiation and thus were uncovered (e.g.
by a glacier). More recently, methods were developed to measure also Actinides by AMS
which are marked in blue in Fig.4.1. The determination of the relevant cross sections
enables us to gain insight into nucleosynthesis processes of heavy nuclides in stars and
especially supernovae. Furthermore, the detection of Actinides is also relevant for the
observation of emissions of nuclear facilities and for transmutation research (see ch.1).

Since the beginnings in the late "70s, AMS has been applied to many different scientific
problems! but with an increasing relevance for environmental science. As an example
the detection of *C in atmospheric science can be mentioned, which is used to study
CO,, CO or CHy4 production rates in the atmosphere in order to comprehend the reasons
for the climate change [37]. Another field of application is the investigation of possible
consequences of the climate change, as for example expected effects on the sea currents.
As already mentioned (see ch. 3.3.1), *Zr would be suited for this task, apart from '2°7].
However, Fig. 4.1 shows that 3Zr has not been successfully measured, yet, owing to the
challenges it poses to AMS. Therefore, changes to a conventional AMS setup, as it is
presented in the next chapter by using the example of the setup at the MLL, had to be
tested within the scope of this Master’s Thesis.

4.2. Setup at the Maier-Leibnitz-Laboratory (MLL)

An overview of the complete AMS setup at the MLL is given in Fig. 4.2. The ions have
to pass several mass and velocity filters in order to get rid of the background which are
magnetic and/or electric. Furthermore, the beamline is equipped with several Faraday
cups to measure the ion current and hence, to monitor the guiding and focusing of the
beam, which is done by several dipole and quadrupole lenses.

The following sections describe the different components and the beam guiding system
in more detail.

! An extensive discussion of the applications of AMS can be found in [37].
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Figure 4.1.: Diagram showing various isotopes which are plotted depending on their
mass and their half-life. The isotopes already studied by AMS are high-
lighted by coloured circles. The three colours represent different eras in
the history of AMS. Red: detected until 1981, orange: detected until 1996,
Blue: detected until 2008. Source [39].

4.2.1. Low Energy Components

The section of the beamline which is located in front of the accelerator is referred to as
low energy side. The two most important components in this section are the ion source
on the one hand and the Injection Magnet on the other hand.
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Figure 4.2.: Schematical drawing of the AMS setup at the MLL.

lon source

To produce single charged ions from the sample material, a modified negative ion source
of the Middleton type [40,41] is used, whose schematic setup is presented in Fig.4.3.
In the source, positively charged Cs ions sputter ions, atoms and molecules from the
sample. The sample material, which has been chemically prepared if necessary, is
hammered into the sample holder and placed into the ion source. To increase the
thermal and electrical conductivity, the material is usually mixed with Ag or Cu powder
with a volume ratio of 1:1. In order to sputter material from the samples the cesium
reservoir has to be heated, so that Cs evaporates and arrives at the spherical ionizer.
There, the Cs atoms are ionized at the approximately 1000°C hot Tantalum surface of
the Ionizer. Besides, Cs atoms are deposited on the water cooled sample surface, so that
a Cs layer on the sample is formed. The C's™ ions are then accelerated onto the sample
surface by a voltage of 6 kV. The resulting kinetic energy is sufficient to knock out single
ions, but also metallic clusters or molecules from the sample material. The sputter
products may be positively or negatively charged, but the majority of the particles will
be neutral. However, the produced ions have to cross the layer of Cs which has a very
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Figure 4.3.: Schematical drawing of the negative ion source used for the AMS mea-
surements. X~ denotes all negative sputter products, accelerated out of
the source. A description of the sputtering process is given in the text.
Source [42], modified.

low work function. Hence, Cs tends to donate electrons to the sputter products, causing
a higher yield of negative ions/molecules which increases the overall efficiency of the ion
source. Those particles which are now single negatively charged are then extracted by a
voltage of 28 kV and subsequently enter the Injector magnet. By contrast, owing to the
electric potentials, positive ions cannot leave the source and therefore remain available
for further sputtering and charge transfer processes. Neutral atoms or molecules, which
are sputtered off the sample holder are lost from the experiment.

In order to increase the produced particle current, it is sometimes much more convenient
to extract a single negatively charged molecule of the isotope of interest instead of using
the atomic ion. For instance, preliminary measurements have shown, that the current
of 2Zr~ is in the order of only 0.04nA whereas currents of around 30 nA were obtained
by using %2ZrFs.
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The Injector Magnet

The Injector Magnet is a 90° dipole magnet, which acts as a first mass spectrometer
selecting only the interesting mass. When the single negatively charged ions enter the
magnet with a defined energy of 34keV, they get bend by the Lorentz force. When
the equilibrium of Lorentz- and Centrifugal force is reached, the ions move on circular
trajectories with radius r. According to the magnetic rigidity

V2mFE

q
(

B-r=

(4.1)

with B being the magnetic field, q the charge (for single negatively charged ions: q is
equal to e = 1.602-107'2As) and m the mass of the ion, the radius variies only with the
mass for a given magnetic field, since q and E are fixed. Thus, by adjusting the magnetic
field, only the ions of interesting mass (e.g. m=109 for ®*ZrO~) will be transmitted to
a 18° electrostatic deflector (see Fig.4.2. This is a capacitor which guides the ions onto
the beam axis of the accelerator to a short pre-acceleration stage of 150kV.

However, one has to keep in mind, that at this point of the separation process, any
background with a identical mass is still present. Thus, if the magnet is set to *ZrO~,
also ions, molecules and metal cluster with the same mass, e.g. “Ag, can pass the
magnet. Furthermore, the system consisting of ion source, extraction and Injector
Magnet has a certain limited mass resolution which means that it is not possible to
select exactly one mass, but a Gaussian mass distribution with a certain full width
half maximum (FWHM) is transmitted. Hence, the mass resolution of the magnet is
approximately

Am AB
—9. 27 S )
=22 21/400 (4.2)

4.2.2. The Tandem Accelerator

After the pre-accelerating, the negative ions are injected into the Tandem accelerator
which is a 14 MV Van-de-Graff Accelerator. The high voltage required to accelerate the
ions/molecules is generated by charges which are transported to the central terminal
by chains. In the terminal, which is located in the middle of the tank, the ions have
to transverse a thin carbon foil with a surface density of 4 ug/ cm®. The advantage
of a Tandem accelerator is, that the applied voltage can be used twice since negative
ions are accelerated in the direction of the terminal, where a certain number of their
electrons are stripped off in the carbon foil, so that the now positively charged ions are
accelerated a second time. Additionally, the molecular bondings are cracked due to the
stripping process which leads to a complete suppression of the molecular background,
which is one of the important advantages of AMS compared to conventional MS.
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The final energy of the ions depends on their charge state after the stripping process.

The description of the responsible collision processes and the charge distribution itself

after passing the foil, is not a trivial question (see also ch.7.1). However, the average

charge state of heavy ions can be approximated by applying the Bohr’s Criterion. It

states, that there is a high probability that electrons with a orbital velocity smaller

than the velocity of the ion get lost from the ion in consequence of the collisions with

target atoms [43]. Though, one has to be aware of the limited validity of the Bohr

criterion, so that ¢ is often overestimated. For the general case of molecules arriving at

the terminal the final energy E; of the ions can be calculated as
Ef:M-EPA+<M+q)-e-UT (4.3)

Mmolecule molecule

with

Ur: Terminal voltage

Epa: Energy of ions after the pre-acceleration stage.

q: chosen charge state

Equation (4.3) demonstrates, that the final energy of the ion decreases with increasing
mass of the injected molecule. As a consequence of this, %3Zr~ ions originating from
97rF; will have a lower energy after the accelerator than ions which were produced
directly from metallic Zirconium for a given terminal voltage. However, especially for
heavy ions with isobaric background, it is very important to obtain high energies with
the accelerator in order to arrive at a maximal separation of the radioisotope and its
isobar (sect.4.2.4). Therefore, the mass and the number of ligands should be kept as
low as possible. Additionally, the charge states of 157 or 16 were chosen to further
increase the energy of the ions, even if the theoretically calculated yields are very low,
e.g. for 157 only 0.63% in the case of *ZrF~ at a terminal voltage of 11.96 MV.

Behind the accelerator, another 90° dipole magnet, the so-called Analyzing magnet, is
located. Similar to the Injector magnet, the magnetic rigidity B - r of the Analyzing
magnet determines the ratio of the momentum of the ions over their charge p/q, that
can be transmitted (compare equation (4.1)). This means, that for a given mass the
charge state is chosen with the magnet. In general, the magnetic rigidity is kept, if the
setup has to be changed from one isotope to another with the exception of the Injector
Magnet which, apart from the electric fields of the Wien filter and the terminal voltage
has to be adjusted accordingly.

4.2.3. Wien filter

To get rid of isotopic background with the same magnetic rigidity as the selected isotop,
we are using several Wien filter. A Wien filter (WF) is a velocity filter which uses a
magnetic and a perpendicular electric field. In total three of them are installed at
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the AMS setup as can be seen in Fig.4.2: two before the switching magnet (WFI +
WEFII) and a third one (WFIII) was installed in the actinide beamline in the course of
a Diploma thesis [44]. Along with a photograph of WFIII, the working principle of a

Figure 4.4.: Working principle of a Wien filter, whith the shown red path correspond-
ing to a particle whose velocity does not match the ratio of electric and
magnetic field, so that it gets deflected (left). Picture of the recently in the
Actinide beamline installed Wien filter (right). Source [44].

Wien filter is demonstrated in Fig. 4.4. Only isotopes with a velocity v, which fulfill the
following equilibrium condition

qg-v-B=gq-E (4.4)

can go straight through the Wien filter and pass the slit at the end of the filter. Tons
with a different velocity are deflected and thus cannot pass the filter.

The following table, Tab.4.1, gives an overview of the mass resolutions of the three
Wien filter, which were determined within the frame of the work by maximizing the
current. However, these values also depend on the position of the slits behind each

WEF | AM/M
I 1/34
11 1/8
I | 1/113

Table 4.1.: Resolution of the Wien filter installed at the AMS setup

WF which is a possible explanation for the unusually low resolution of WFI and WFII.
Characteristic resolutions of WFI and WFII are 1/65 and 1/45, respectively.
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4.2.4. GAMS beamline

Depending on whether there is stable isobaric background expected or not, the beam is
either guided to the Gas-filled Analyzing Magnet System (GAMS) detection system or
to the Actinide beamline, which is equipped with a Time of Flight (TOF) path and a
gas ionization chamber. Since there is a stable isobar in the case of *3Zr, namely **Nb,
the GAMS setup was used for the detection of Zirconium in the first place. The two
main components of this beamline is a Gas-filled analyzing Magnet (GFM) on the one
hand and a gas ionization chamber on the other hand. Additionally, a TOF path in
front of the GFM using two microchannel plates (compare ch.4.2.5) as start and stop
detectors can be added if it is required.

Gas-filled Analyzing Magnet

The challenge of the separation of two isobars is, that they have the same p/q ratio
and hence, cannot be filtered out by a usual mass spectrometer or velocity filters.
The idea of the gas-filled magnet is, that an average charge state depending on the
atomic number of the ion will be obtained due to collisions with the atoms or molecules
of the gas in the magnet. Accordingly, the average charge state of the radioisotope
and its isobar will be different so that the deflection in the magnetic field will also
differ which leads to a spatial separation. The separation process is demonstrated
schematically on the left side of Fig.4.5. If the magnetic is adjusted correctly, only ions
of the radioisotope have the appropriate radius to pass the slit at the exit of the GFM
whereas ions of the isobar cannot enter the ionization chamber. This is, of course, an
idealized consideration. In the experiment, an intensity distribution can be expected,
so that the isobaric background cannot be suppressed completely. Nevertheless, the
reduction of the isobaric count rate in the ionization chamber is a major advantage
of the GFM. In this way, the currents from the source and thus the count rate of the
radioisotope can be increased considerably before we risk a break down of the ionization
chamber because of a count rate higher than 2 kHz. The right picture of Fig. 4.5 shows
a photograph of the GAMS setup. At the MLL, a 135° dipole magnet with a maximal
field of 1.25 T is used, whose magnet chamber is filled with several mbar of nitrogen. The
gas volume is separated from the vacuum in the beamline by a 0.9 um thick Mylar foil.
Theoretically, the average charge state g can be estimated by the previously mentioned
Bohr’s Criterion (see ch.4.2.2) resulting in the following dependency on the atomic
number of the projectile Zp and its velocity vp [43]:

vp - Zp'l?
g=—2F (4.5)

Vo
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Figure 4.5.: Trajectories of the two isobars Zr and *Nb in a gas-filled magnet (left).
Top view of the GAMS magnet and the Actinide beamline in the back-
ground (right).

with

62

Vg = — 4.6
0= (16)
where vy denotes the Bohr velocity and A = h/27 with h being Planck’s constant. A
quite precise possibility to calculate the expected charge state is the use of the semi-

empirical formula of Sayer [45] for a dilute gas:
T=Zp- (1 —1.08 e 012"y (4.7)

with 8 being equal to vp/c where ¢=3.0 - 10%m/s denotes the speed of light.

With the result from this formula, the magnetic rigidity B - p of the respective isotopes
can be obtained, as it was done for *Zr and “*Nb which is plotted depending on the
initial energy of the ions in Fig.4.6. The lower average charge state of “*Zr leads to a
higher magnetic rigidity. The difference in magnetic rigidity, which increases only very
weakly with the energy in this case, is a measure for the separation of the two isobars by
the magnet. Consequently, only a small improvement of the separation in the magnet
can be achieved by choosing higher initial energies of the ions.

However, it has to be mentioned that the previous considerations do not include the
width of the resulting gaussian intensity distribution which causes a worse resolution.
Depending on the initial energy, the type and pressure of the gas in the magnet (typi-
cally 4-5mbar) and the charge changing cross-sections the peaks are broadened which
makes it more difficult to distinguish between the two isobars. But tuning one of these
parameters in order to minimize the peak width after the GFM may cause a worse
separation of the signals in the detector. For example: On the one hand, increasing the
pressure in the magnet, in order to increase the number of collisions and thus decrease
large fluctuations in the charge state is one possibility to reduce the peak width. On
the other hand, this means that the ions loose much more energy in the magnet, so that
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Figure 4.6.: Magnetic rigidity of *3Zr and ?3Nb isotopes in a gas-filled magnet depending
on their initial energy. The respective charge states were calculated by the
Sayer parametrization.

the resolution of the subsequent Energy Loss Detector becomes worse. Therefore, it is
reasonable to choose the highest initial energy of the ions which can be provided by the
accelerator. For a more detailed discussion of the GFM characteristics see [46].

Energy Loss Detector

In order to identify the transmitted ions after the GFM, an energy loss detector is used,
which is a ionization chamber with a segmented anode and a Frisch-grid. Fig.4.7 shows
a picture of the open detector, where the important features are marked. In this picture,
the ions enter the detector, which is filled with isobutane, from the bottom. Similar to
a normal ionization chamber, the ions collide with the atoms of the gas, so that those
themselves get ionized. Thereby, the number of produced charge carriers is proportional
to the energy of the ions, which are then collected by the anode (electrons) and by the
cathode (ions). Since the drift of the ions is very slow, only the signal created by the
electrons is analyzed. In the first place, all ions have the same energy which means
that with regard to the energy there is no isobar separation. However, the energy loss
of the ions in the gas, depends on the atomic number as described by the Bethe-Bloch-
formula for completely ionized particles (see ch.6.1.1). This means, that Nb ions are
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Figure 4.7.: Picture of the energy loss detector where the direction of the incoming
beam, the 5 energy loss sections of the anode, the direction of the position
axis and the Frisch grid are indicated. The diagonal separation of the first
two sections which provides the horizontal position information, is clearly
visible. Further explanations are given in the text.

decelerated more rapidly than Zr, which allows an additional differentiation of the two
isobars. Therefore, the anode is divided into 5 segments perpendicular to the direction
of the incoming beam. The gas pressure in the chamber is chosen, that the ions are
completely stopped in the detector, i.e. in the 5th section. In this way, the complete
energy of the ions is transfered to the detector gas which enhances the relative difference
in energy loss of the isotopes which leads to a better separation. For the measurements
of Zr the gas pressure was set to values between 45.7 and 48 mbar. Additionally, the
first two sections are divided diagonally in order to obtain the horizontal position of
the ions, which depends on the trajectory in the GFM. From the difference in time
between the first and the third section, the vertical angle can be determined. Last
but not least, the Frisch grid, which is positioned parallel to anode, measures the total
energy deposited in the ionization chamber independently from the position. In total,
we measure 9 parameter independently from each other. The respective signals are then
amplified, digitized and read out by the Software MARaBOU [47]. Further information
about the data acquisition can be found in [46]. The evaluation of the resulting data is
described in ch. 4.3.
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4.2.5. Time of Flight measurements in the Actinide beamline

In general, the Actinide beamline with its TOF path is used to detect very heavy
isotopes, such as actinides [48| or to search for Super Heavy Elements [44]. Since there
are no stable isobars for isotopes with masses larger than 209 amu, there is no need
for an additional isobar separation. The ions have a fixed magnetic rigidity given by
the Analyzing Magnet when entering the TOF path, which means that the following
expression applies to all ions:

2mE
q

= const. (4.8)

Inserting the non-relativistic formula for the kinetic energy leads to

m-v m-L m
— —. 4.9
q q-TOFO(q (4.9)

where L is the length of the TOF path, E the energy of the ions and m the mass of the
respective isotopes. With the TOF path fixed to L=2.9m, the TOF is proportional to
the ratio m/q which can be used to separate the ions. Ions with a comparable %—ratio
as the radioisotope of interest can be distinguished by a ionization chamber at the end

of the TOF path, similar to that of the GAMS but with only two AE and E,.

Fig. 4.8 shows a schematic drawing of the TOF set-up in the Actinide beamline. The
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Figure 4.8.: Schematical drawing of the TOF setup, showing the micro channelplate
detector on the left side and the ionization chamber with the semiconductor
detector on the right side. The START signal for the TOF measurements
is created if the ions pass the channelplate detector and the STOP signal
is created by the ions being stopped in the Silicon detector (surface barrier
detector). The ionization chamber with the segmented anode is needed to
distinguish between isotopes with the same “?-ratio. Source [44].

ions enter the TOF path by passing through a micro channelplate (MCP) detector
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where the START signal is produced. The MCP consists of a 7 2& thick Carbon foil
in which secondary electrons are produced by the passing ions. The electrons are then
accelerated by a first grid and reflected by a 3rd grid which is at an angle of 45° to
the carbon foil towards the CP where they are multiplied and finally produce the start
signal. The applied voltages can be looked up in Fig. 4.8.

At the end of the TOF path, the ions have to pass the ionization chamber which is
filled with 2-7 mbar Isobutane. This detector is very similar to the energy loss detector
of the GAMS whose working principle is explained in ch. 3.2.4 (section "‘Energy Loss
Detector"’). By contrast, the anode is separated only in two sections. Again, the
segmented anode detects the different energy loss of isotopes with a different atomic
number whereas the Frisch grid provides a signal for the total energy loss in the chamber.
The ions are stopped in a silicon surface barrier detector, where the rest energy of the
ions is measured. The ions create electron-hole-pairs in the silicon, where the number
of pairs depends on the energy of the ions. This signal, created by the electron-hole-
pairs also serves as the STOP signal of the TOF measurement. A more fundamental
description of the working principle of ionization chambers and semi-conductors detector
is given e.g. in [49].

The carbon foil of the start detector causes energy straggling and hence, a broadening
of the signals, which means that the resolution in the detector at the end of the TOF is
worse. Furthermore, angular straggling leads to a lower transmission of ions from the
MCP to the detector since the ions are scattered off the beam axis and thus do not reach
the detector. However, the TOF measurements were solely performed with a passive
absorber (several SiN foils) placed in front of the MCP in order to separate %*Zr and its
stable isobar “*Nb (see ch. 7). With thicknesses between 2 and 4 % the passive absorber
causes energy and angular straggling to a much a higher extent, so that the contribution
of the carbon foil is negligible. The resolution of the TOF measurements without passive

absorber using two Constant Fraction Disciminators was 370 ps (FWHM) for *Nb.

4.3. Measurement Procedure

The previous section describes how to suppress the background and how to detect
the ions of interest with the help of electrical and magnetic components of the setup.
However, the spectra are rarely completely free of background which is demonstrated
by a characteristic spectrum of %°Fe in Fig.4.9. The quantity, which we finally want to
determine from the %Fe events in the spectrum, is

number of ions of the radioisotope  N(®Fe)

(4.10)

number of ions of the element ~ N(Fe)
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Although, %°Fe is an isotope frequently measured with the GAMS, it is not possible to
clearly identify at first glance whether the individual events belong to the radioisotope
or to the background. Thus, a careful data analysis and proceeding during the measure-
ment are equally important. The following sections explain the characteristic procedure
for an AMS measurement at the MLL, where %Zr represents any radioisotope which
shall be detected by AMS in order to simplify the notation.
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Figure 4.9.: Untreated spectrum of a sample with %Fe content, where the energy loss
signal of the 4thanode depending on the position is plotted. It is not
possible to identify at first sight which events belong to ®*Fe and which to
the background. A large fraction of the background is made up of %°Ni
events.

First of all, we assume that we have clearly identified those events in the detector
which correspond to the radioisotope, i.e. %Zr. In accordance with eq.(4.9), those
events have to be related to the number of Zr ions. Additionally, the number of %Zr
counts has to be normalized to the measured time and the currents provided by the
source and transmitted by the beam guiding system. Both can be achieved by recording
the macroscopic current of a stable isotope (e.g. *Zr) before and after the measurement
of the radioisotope ? (I; and I;) and to calculate the rate of Zr ions, i.e. the number
of Zr ions per unit time t. By taking the average of both values, a possible change of
the current during the measurement, is taken into account. This leads to the following

2This procedure also serves for monitoring if the current has changed significantly during the mea-
surement
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expression:

N(Zr)  NCZr) (L +1)))2

R(Zr) = _ _
(Z7) ¢ 17.38% -1 17.38% -q - ¢

(4.11)

e=1.602 - 1079As: elementary charge
q: selected charge state

17.38%: natural abundance of *Zr
R(Zr): rate of Zr ions

In order to obtain a rate of *3Zr, the corresponding number of events in the detector
simply has to be normalized to the measured time. The ratio of those two rates can be
rewritten so that the desired concentration is obtained:

R(%Zr) B N(BZr)/t B N(%3Zr)
R(Zr) — N(Zr)/t — N(Zr)

(4.12)

However, this consideration assumes, that all ions at the cup where the current is
measured are indeed transmitted to the detector. In general, this is not the case. On
the one hand, because of scattering, especially if a passive absorber is used and on the
other hand, events which can not be clearly identified as **Zr have to be neglected.
How is this taken into account?

Irrespective of whether the GAMS or the Actinide beamline is chosen, an AMS mea-
surement therefore always requires a sample without radioisotopic content, a so-called
blank, a sample with a defined concentration of the radioisotope, the so-called standard
sample, and finally the sample whose radioisotope concentration shall be determined,
itself.

The blank sample is used to adjust the different components of the setup, to optimize
the beam guiding system and to analyze the background in the recorded spectra. By
studying these spectra, one can conclude if there will be a strong interference with the
events from the radioisotope. Although it is often possible to derive the position in the
spectrum, where the *3Zr events are expected from the location of the stable isotopes
in the blank sample, this can be verified by measuring a standard sample. With this
information, it is possible to develop a set of windows on the various signals (E1-E5,
Er, TOF, etc), which is similar to a region of interest in other experiments, where the
events of the radioisotope from the real sample are expected. Those windows have to
be chosen such, that they are rather free from background (i.e. only few events in case
of the blank sample) in order to be sure, that events from the real sample which are
located in those windows have to be due to the radioisotope. This sometimes requires
very narrow windows, which means that only a fraction of the Gaussian distributed
events is considered as real “3Zr counts. If the concentration was calculated from those
events without correction, this would lead to a result which is too small.
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This is taken into consideration by multiplying the number of Zr ions at the cup by
the so-called transmission T, which is the percentage of particles that is really detected
within the region of interest and is determined by the measurement of the standard
sample. The transmission is defined in the following way (e.g. for Zr):

T number of **Zr ions in the window (4.13)
~ number of %Zr at the cup before detector '

Since the ratio of %*Zr/Zr in the standard sample is known, the rate of %3Zr events at the
cup before the detector can be calculated from the *Zr current at the cup by rewriting
eq. (4.10):

c-NZr) c-(Li+1))2

93 = = 4.14
R(™Zr) } 17.38% - q - ¢ (4.14)

T is obtained by dividing the rate of ?Zr events in the window by the rate of %Zr
events at the cup given by eq. (4.13). It is now possible to calculate the number of Zr
events corresponding to a given number of ®Zr events in the windows if a real sample
is investigated, leading to a correct normalization of the *3Zr events to the *Zr events
at the Cup.

However, measurements with ?Zr and the passive absorber in the Actinide beamline re-
quired a slightly modified procedure, as currents had to be held quite low to avoid count
rates much larger than 2 kHz in the ionization chamber. Thus, a current measurement
was not always possible, so that events in the detector had to be normalized to the count
rate of the channel plate at the TOF entrance. Further modifications of the procedure
to determine the transmission are explained in ch.7.3. where the measurements with
the passive absorber are presented.
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5. Sample Preparation

For a measurement with AMS, a standard sample with a defined ratio of Zr/Zr, is
required, apart from a blank sample without **Zr content!. Whereas the blank sample
can simply be bought from almost all suppliers of chemicals, the standard material is
not available. Therefore, it must be produced by irradiation of Zr with neutrons in order
to obtain a measurable %Zr content by %?Zr(n,y)%Zr reactions. The Radiochemistry
Munich (RCM) kindly provided the blank sample and also carried out the irradiation of
a piece of metallic, natural Zirconium in the Forschungsreaktor Miinchen II (FRMII).
Due to the high initial activity of %Zr (T;/,=64.0d) the sample had to be stored for
more than a year before it could be used further.

5.1. Irradiation of natural Zr

The high-purity Zr sample (99,8 %) was placed in the capsule irradiation facility for
t=18h, which is one of several irradiation systems of the FRMII [50]. The sample
consisted of a small plate (m(Zr)=22,04 mg) of metallic Zr with a natural isotope ratio.
In order to be able to calculate the Zr/Zr afterwards, it is crucial to know the neutron
flux during the irradiation at the respective position. Therefore, two more Zr foils
were also irradiated close to the sample, serving as flux monitors to determine the
thermal to epithermal flux ratio (Pinermal/ Pepithermal) Dy the reations *Zr(n,y)**Zr and
%7r(n,v)°"Zr. From the investigation of these additional Zr foils a thermal neutron flux
of (1.4440.09) - 10" 1 /cm?s and an epithermal flux of (3.14 £ 0.19) - 10'! 1 /cm?s could
be deduced. With these information, and the initial number of *2Zr atoms N(*?Zr) in
the sample
m(2Zr)  17.15%-99.8% - m(Zr)

N(*2r) = M(2Zr) ~ M(*2Zr) (5.1)

where m(%Zr) is the mass of Zr in the sample and M(%Zr) is the mass of a ¥ Zr
nucleus in g, one can now calculate the number of Zr nuclei N(**Zr) produced in the
sample during the irradiation:

N(g?’Zr) = N(92ZT) -t (Uthermal : (I)thermal + Uepithermal : q)epithermal)- (52)

!The ?3Zr concentration in this sample has to be below the sensitivity of the setup.
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5.1. IRRADIATION OF NATURAL ZR

The required neutron capture cross-sections oihermal = (0.22 £ 0.06) b and Gepithermal =
(0.64 £0.02) b, can be looked up in e.g. [51] or in the EXFOR database [14]. From this
result, the final %3Zr concentration relative to *2Zr

N(%Zr)

_ —6
and in relation to the total number of Zr nuclei
N(QSZT) .
— 2 =(3.5240. -10™ A
N{Zr) (3.5 0.97) - 10 (5.4)

is obtained.

Whereas it was taken into account, that the number of *?Zr atoms in the sample is
reduced by the number of produced *Zr nuclei for the N(93Zr)/N(??Zr) ratio, the
number of Zr atoms in general was assumed to stay constant. In order to check if
eq. (5.4) is a good approximation, the following consideration were made. Fig.5.1 shows
the Zr region on the nuclide chart, in which the relevant processes during irradiation
are marked. The figure demonstrates, that the absorption of neutrons does not only
produce the desired 3Zr, but also other unstable Zr isotopes, such as *Zr, with a much
shorter lifetime than %3Zr. These isotopes then decay via S~ -decay into another nuclide
(Nb, in this case) and therefore may reduce the overall Zr concentration of the sample.

Mo 92 Mo 95

14.77 : . 5 15.90

W2 1.15-10"%a
+ 740; 182,
I a13.4 2. 784, 25
o 2E-7 + 0.06 0.0 . o 0.000030 an,  4E- o 0. m; g =2
Nb 91 Nb 95 Nb 98 Nb 99
609d | B80a 866h |3497d i 289s | 26m | 158
£ P32
5 2 98, 254,
2642, W
2854, | v138;
1205 h3657 |98
Zr 90 Zr 98
51.45 . 2 D ; 64, 3 658 h 30.7 s
5 gT23
Y757, 724... no vy
g 0,020 m g
Y 94 Y 95 Y 96 Y 97
319h | 6440 | 497 m | S85d 187 m 103 m 06s | 534s | 12s | 3758
4208 ;4.4... 5 = el LR
50, : S e B 29.. pT49.. 54; 2176; : b &
- s-(ziis b} s o % : 947, 919; 1139; 3577:1324: ;11::‘53‘17; 71 15’1’.'?7&. o
2313:.)| #<B3 Iy 556 ol 561;449... 1918.., 251... 2633... 107, 31 by (688) | Bn

Figure 5.1.: Detail view of the nuclide chart, where the relevant nuclear processes,
namely neutron absorption and 5~ decay, are indicated by arrows. Modi-
fied from source [52].

However, the cross-sections for the reactions *Zr(n,y)**Zr and %Zr(n,7)*Zr are both
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smaller by a factor of 10 than the cross-section for the neutron absorption of “2Zr

(compare Fig.5.1 or [14,52]). Correspondingly, the ratio NO52Y) i in the order of 1078

N(Zr)
. . . . . N("Z
since %Zr has a similar isotopic abundance as ?2Zr whereas the ratio z\(f(zr)r )

smaller (=~ 107?) due to the isotopic abundance of °Zr of only 2.80%. Thus, even if
it is assumed that all Zr and %°Zr nuclei have decayed to the respective Nb isotopes
in the meantime, the amount of Zr is not changed significantly and can therefore be
neglected. Consequently, equation (5.4) is a good approximation.

will be even

5.2. Choice of Molecules

Besides the isobaric suppression by means of nuclear physics methods on the high energy
side, also the use of the appropriate molecules in the ion source is essential. This is
nicely demonstrated by the prominent example of *C whose stable isobar N does
not form negative ions, so that it is not extracted from the ion source. Due to the
lack of isobaric background, measurements of **C can be done also at smaller Tandem
accelerators with 1-3 MV terminal voltage. In general, elemental ions or low mass
molecules (small number of light ligands) are preferred in order to obtain higher energies
after the accelerator for a given terminal voltage (compare equation 4.4). However, the
choice of molecules also strongly depends on the current that can be extracted from the
ion source and its stability.

In the case of Zr, a suppression of Nb in the ion source is not known so far. By
contrast, investigations done by other institutes show a similar behavior of Zr and
Nb [53]. However, there are only little data available for the direct comparison of
different Zr cathodes. Therefore, different molecules were tested with regard to the
currents from the source and the *Nb interference. The following itemization gives an
overview of the results of this investigation along with a discussion of further advantages
and disadvantages.

Zr~— Negligible energy loss in the accelerator due to stripping, because no ligands.
Injection of only the desired mass into the tandem, in agreement with [53| very

small currents of 0.04nA (**Zr) at the Faraday-Cup in front of the accelerator
(C1) (see Fig.4.2).

ZrH_ Only small energy losses in the accelerator for all Hydrides. Currents in the
order of 5nA at C1 for all Hydrides. Consequently, neighboring isotopes are also
injected into the accelerator as molecules with a lower or higher number of ligands
which form a background in the detector which is difficult to discriminate from
the events of interest. For example: If the injector magnet is set to *3ZrH™ all
molecules with mass equal to 94 amu pass the magnet. This means elementary

43



5.2. CHOICE OF MOLECULES

947r~ but especially 2ZrH, which can be extracted from the source with a similar
current as a monohydride, are injected into the accelerator. In the detector, the
events of mass 92, 93 and 94 are very close to each other (compare ch.6).

ZrO, The large mass of the ligand leads to an increased energy loss and a worse trans-
mission through the Tandem accelerator due to Coulomb explosion 2, so that
only ZrO~ comes into consideration. In comparison with other investigated Zr
molecules, highest currents of 30nA (**Zr) at C1. ZrO is even at high temper-
atures chemically very stable. A disadvantage is, that the mass of %ZrO cor-
responds to the mass of 1%Ag which is present in the ion source due the silver
powder mixed with the sample material. Thus, 1% Ag is directly injected into the
accelerator, but can be very well distinguished from ?3Zr, respectively *Nb, in
the detector (compare ch.7.3).

ZrF_ The large mass of the ligand leads to an increased energy loss and a worse trans-
mission through the Tandem accelerator, so that only ZrF~ comes into considera-
tion. Currents of around 20nA (**Zr) at C1. However, it was observed in previous
experiments with fluoride ions, that the performance of the ion source decreases
rapidly. A possible explanation is based on the generally known high reactivity
of fluoride ions. Those ions form a compound with the Tantalum atoms of the
ionizer which has a lower work function for Cs* than the elementary Tantalum,
thus reducing the efficiency of the ionizing process of the Cs atoms to Cs* ions.
This in turn, worsens the efficiency of the sputtering process and finally reduces
the currents coming from the source. However, with regard to the chemistry, Zir-
conium fluoride is the easiest compound to be produced from elementary Zr, as
only dissolution in HF and a subsequent evaporating step is necessary (compare
ch.5.3).

Regarding these advantages and disadvantages, first measurements with the GAMS
setup were performed using ZrH™ as it is essential in this case that ions enter the
GAMS with the highest energy which is available from the accelerator (compare ch. 6).
In a short beamtime of only three days, first measurements with a passive absorber were
done with ZrF, powder as blank material. By contrast, for the longest beamtime lasting
one week, the degradation of the ion source due to the fluoride ions was expected to
be too severe, so that we switched to ZrO, powder as blank sample. Since the currents
produced by elementary Zr are too small, it was decided to convert the elementary Zr
of the standard sample into a compound. Within the scope of this Master’s thesis this
was only accomplishable for Zirconium fluoride.

2Positively charged remnants after the stripping repulse each other, since the valence electrons which
were responsible for the chemical bonds are separated from the atoms [54].
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5.3. Production of the ZrF, Standard sample

Compared to the concentrations of the standard sample of other isotopes already de-
tected by AMS e.g. %°Fe/Fe~ 107! the concentration of approximately 107 of the Zr
standard sample, described in the previous section, is exceptionally high. This might
cause a contamination of the ion source with %Zr, so that successive blank measure-
ments will be misleading. Therefore, it was decided to reduce this concentration during
the conversion of the metallic Zr into ZrF4. In order to do this, the small, metallic
Zr plate (compare ch.5.1) has to be dissolved, which is only possible either with hy-
drofluoric acid (HF) or with aqua regia (compare ch.4.1). In this case, the choice of
HF suggests itself, since Fluoride ions are already present in the aqueous solution of
HF and thus, ZrF, can be obtained by simply evaporating the solution.

The Inorganic Chemistry group of the Chemistry Department kindly provided their
laboratory and their assistance for the handling of the HF. There, the Zr sample was
first divided into two parts, of which only one of 10.2mg was then dissolved with an
excess of HF p.a.® (40%) in a small Platinum (Pt) crucible whereas the second half
was kept for later use. The dissolution process of the Zr piece in HF took place almost
instantaneously. Afterwards, the solution was heated from above by a quartz lamp
to evaporate the liquid so that only ZrF, remains in the Ptcrucible. Compared to
the heating from below with a heating plate, this method has the advantage, that the
solution does not start to boil, which reduces the probability that spillings escape from
the crucible and cause a loss of material or serious injuries.

The ZrF, dried in this way was then divided again into two parts with a mass of 9.0 mg
and 9.6 mg where different amounts of Zirconylchloride Octahydrate (ZrOC!, - 8 H50)
were added to obtain two samples which differ in the *3Zr concentration. Since the Zr
Hydrate has a natural isotopic ratio, one arrives at Zr/Zr=3.1-10"% by adding 0.18 g of
ZrOCly - 8H,0 to the first and a ratio of %3Zr/Zr=6.7-10? is obtained by adding 0.97 g
of the Zr Hydrate to the second part of ZrF,. Both samples were then dissolved in HF
and subsequently evaporated several times, to make sure that the Fluoride ions entirely
displace the 0053* ions in the compound with Zr. This is possible, since the Fluoride
ions are smaller and have a higher electron affinity than the Chloride or Oxygen ions.
Therefore the bonding with Fluoride is much stronger and thus preferred. Finally, one
arrives at two standard samples: 0.11 g of ZrF, with a %*Zr concentration in stable Zr of
3.1-107% and 0.49 g of ZrF, with a %Zr concentration of 6.7 -107%. Fig.5.2 summarizes
the whole chemical processing of the Zr sample in a flow-chart.

3p.a. means pro analysi and denotes a higher degree of purity.
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Figure 5.2.:

20.04 mg Zr (metallic)
932r/2r=3.52-107
I
Cut into 2 pieces
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| 10.2 mg Zr (metallic) |
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Evaporation of solution into solid
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18.8 mg ZrF,
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Flow-chart of the chemistry done on the irradiated, metallic Zr sample in

order to obtain 2 Standard samples of ZrF, with different *3Zr concentra-
tion.
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6. Separation of 3Zr and **Nb by a
Passive Absorber

The general idea is to insert a thin foil into the Actinide beamline before the TOF
start detector acting as a passive absorber, in which the ions loose energy depending on
their atomic number. Consequently, isobars will enter the TOF path with a different
energy and therefore will cover the distance with a difference in time which can be used
for isobar separation. Earlier experiments with 82H f and its isobar ¥2I/ have shown
promising results [55]. The question is, how thick does the foil have to be in order to
achieve an optimal separation of the two signals with the current time resolution of
our setup? Furthermore, one has to consider the fact, that multiple scattering in the
foil causes energy and angular straggling which leads to the broadening of the peak
width on the one hand, and on the other hand, it leads to a lower detection efficiency.
Both effects complicate the separation of two peaks and are expected to increase with
the thickness of the foil since more scattering processes take place. This means, a
compromise between the difference in energy and straggling has to be found in order to
obtain a optimal separation of *Zr and **Nb. Thus, simulations of the energy loss and
the two kinds of straggling were performed, to find the optimal material and thickness
of the foil.

Before the results of the simulations are presented, some theoretical approaches for
the description of heavy ions passing through matter are discussed in the following
section, in order to be able to interpret the results of the simulations and the experiment
correctly.

6.1. Theoretical Background on Heavy lons Passing
Through Matter

At first it is important to clarify, what is meant by separation in this context. The
relevant variables are indicated in Fig.6.1, which shows two Gaussian distributions
that represent the TOF signal of a radioisotope and its stable isobar. The difference in
energy and therewith the difference in TOF is called distance D, the width of the peaks
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is denoted as W and the Full Width at Half Maximum as FWHM. We define, that it is
possible to clearly distinguish two peaks, if

D>1-FWHM. (6.1)

Thus, the width of the peaks has to be included in the considerations of the separation
which is done by defining the separation S as

S = % (6.2)

where W depends on FWHM by the usual expression

FWHM
W=

vV 2In2. (6.3)

2,0

Count

0,51+
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Figure 6.1.: Graphical representation of the quantities distance D, Full Width at Half
Maximum FWHM and width W using the example of the Gaussian distri-
butions corresponding to the Zr and ?Nb signals from the TOF measure-
ment.

The passage of ions through matter and the resulting energy loss is a complex process,
which is difficult to describe theoretically, since the ions get scattered repeatedly on
the potentials in the solid. Naturally, this is a statistical process. Consequently, over
the last century a variety of theoretical models with different regions of application
depending on the initial assumptions were developed in order to derive a formula to
describe the energy loss per unit path length. This quantity is called the stopping
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power. The contribution of N.Bohr to this field has to be emphasized, who expressed
some fundamental ideas of ion stopping around 1915 [56,57|. His work on the stopping
of fission fragments lead to a comprehensive paper published in 1948 [58| covering
the most important aspects of ions passing through matter. His concepts were then
reviewed and amended amongst others by Bethe and Bloch, Lindhard, Scharff and
Schiott [59,60] and Northcliffe. (Semi-)empirical formulae such as the Sayer formula
given in eq. (4.7) [45] could be derived by fitting the experimental data, which are very
helpful for the use in experiments. Within the scope of this Masters Thesis, only the
most relevant theoretical concepts can be presented in the next two sections. A detailed
description of the theoretical models can be found in [61] and [62].

6.1.1. Energy Difference

If an ion passes trough matter, it is slowed down by scattering on the atoms of the
target. In these collisions, energy is transfered from the ions to the target atoms, which
is a complex many-particle problem. A simplification was stated by Bohr, who proposed
to distinguish between the following two types of interaction [58]:

e clectronic interaction: the energy of the ions is transferred to the electrons of the
target, which can be assumed to be free or quasi-free.

e nuclear interaction: the energy of the ions is passed as recoil energy to the target
nuclei, which can be described very well as an elastic scattering process of two
screened charged particles.

The separate determination of the stopping power of both interactions and adding
them up in order to obtain the total stopping power of the target is a reasonable
approximation, since the response of the much heavier nuclei to the passage of a charged
particle is much slower than that of the electrons. Therefore, the movement of the nuclei
can be assumed to be not connected to the lattice of the solid.

Within the scope of the LSS-theory [59] (named after the authors Lindhard, Scharff
and Schiott), it could be shown that in general, electronic stopping is much larger
than nuclear stopping. Only for small energies, where the electronic stopping decreases
linearly with the velocity, the nuclear contribution to the total stopping power becomes
relevant. This is shown in Fig. 6.2 where the total stopping power of different ions in
Aluminum (solid line) in addition to the electronic part (dashed line) is plotted over the
initial energy per atomic mass unit (amu). A large discrepancy between the two curves
can only be observed for heavy ions for energies smaller than 0.1 MeV /amu. Since in
our case, the %3Zr ions are accelerated to energies between 150 and 200 MeV, the major
contribution comes from the electronic part, so that we will focus on the description of
the electronic stopping power from now on.
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Figure 6.2.: Stopping Power of different ions in Aluminum depending on the energy.
The solid line represents the total Stopping Power, the dashed line only the
electronic part of it. Clearly, the nuclear stopping power is only relevant
for very small energies. Source [63].

Electronic stopping combines a variety of different processes, which lead to the energy
loss of the ion, e.g. excitation and ionization of the target atoms which is equivalent with
an energy transfer to the strongly bound electrons, but also the excitation of band-or
conduction-electrons is possible [62]. Apart from this, already Bohr pointed out, that
additionally, ionization and electron capture of the ion itself may occur, which strongly
influences its behaviour in the solid. Therefore, the average degree of ionization, the
so-called effective charge, is an important concept in stopping theory. Depending on
the effective charge, the heavy-ion stopping is divided into three energy regions, each
described by a different theory [62]:

e Low-velocity regime (E < 25keV /amu): The stopping cross-section is described
by the formulae derived by Lindhard and Scharff [59] or Firsov [62], which both
show a direct proportionality to the velocity of the ion.

e Intermediate regime (25keV/amu < E < 200 keV/amu), characterized by the
effective charge which takes into account reduced shielding in close collisions. This
model was developed by Ziegler [62] and is based on ideas of Brandt, Kitagawa
[64] and others.

e High-velocity regime (E > 200keV /amu): Scaling of the proton stopping power
curve with an effective charge parameter, introduced by Bohr [43] and modified
by Northcliffe [65].
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e Bethe-Bloch regime (E > 10MeV /amu): The well-known Bethe-Bloch formula
can be applied since the ions can be assumed to be completely ionized.

In our case, the Zr ions enter the passive absorber with energies a little higher than
2MeV/amu and are slowed down to energies around 0.2 MeV /amu. Therefore, only
a description of the high-velocity regime is required to estimate the energy loss of
the Zr ions in the passive absorber. However, the Bethe-Bloch formula explains the
fundamental dependencies of the energy loss on the target material, so that it will
also be discussed in more detail in the next two sections apart from the high-velocity
regime.

Bethe-Bloch regime

As early as 1913, Bohr was able to derive a formula describing the energy loss of charged
particles in matter by simply considering the classical scattering problem where the ion
and a target electron interact via the Coulomb force [56]. In order to estimate the
energy transfered from the ion to the electron, Bohr adopted Rutherford’s atom model
for the description of the target atoms. He concluded, that the passing ions initiate a
vibratory motion of the electrons with the vibration time of the electron being much
larger than the collision time. Otherwise, the interaction would be adiabatic, which
means that an energy transfer would not take place [58]. Therefore, he assumed the
orbital frequency v of the electrons to be distinctively smaller than the ratio V//\ where
V is the velocity of the incoming ion and \ is defined in the following way [56]:

_9QM +m)

A=t (6.4)

In this formula, capital letters represent quantities of the ions and small letters those
of the electrons, with q denoting the charge and m the mass.

Finally, he obtained the following expression for the stopping cross-section per target
electron with mass m, for a projectile with atomic number Z, and velocity v [66]:

2.4
47TZp€ Cmv3

S = o In (27er62u) . (6.5)

C is a constant which is equal to 1.1229 and e is the elementary charge.

This result is very similar to the expression for the stopping power which was obtained
by Bethe, Bloch and others in the 1930s, who considered the electrons of the target
atoms as quantum mechanical harmonic oscillators and solved this problem in the first
Born approximation [67]. The respective expression for the stopping power reads as
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follows:

dE  4mn.Zlet [l <2mev272)
= n

Cdr mev? 1

5 0
#-5 (6.6
with

Ne = j—; prN4: the electron density of the target

Zr: atomic number of the target material

Ar: mass number of the target material

pr: density of the target material

N4: Avogadro’s number

v=1/y/1-p

B=uv/c

I: mean excitation energy of the target

d: correction term for the density effect!

For the calculation of the mean excitation energy, there are several empirical formulas
available. The following expression, adopted from [68|, differentiates between three
regions with respect to the atomic number in order to take valence effects into consid-
eration:

19.0¢V : Z=1
I~ 11.2¢V +11.7- ZeV : 2<Z<13 (6.7)
52.8¢V +8.71eV - ZeV : Z >13

The ionization potential for a compound X,Y} is calculated by using the formula
(a+0) - In(Ixy) =a-In(X,) +b-In(Yy) (6.8)

which leads to the following values for the ionization potential of Silicon Nitride (SiN)
and Beryllium (Be):

I(SiN) = 141.6 eV
I(Be) = 58¢V

For non-relativistic heavy ions, which is the case for our measurements, the Bethe-
Bloch formula can be simplified, since 5% is much smaller than one, and therefore can
be neglected and v becomes equal to one. In addition, the correction term can be
left out, since the density effect is only relevant at relativistic velocities. Writing the
simplified formula in terms of the initial energy £, of the projectile, one obtains:

dE 217, mpyet Zr 2m.E
—— =P T 5N L 6.9
dx E,m, ATPT Al Im (6.9)

P

! An explanation of the density effect can be found in [67].
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The stopping power of %Zr and **Nb in Be and SiN was calculated using eq. (6.9). Its
dependence on the energy is shown in Fig.6.3. More precisely, %%, the mass stop-
ping power, is plotted in this diagram. The following stopping power graphs always

show the mass stopping power which is referred to by dE/dx. The picture shows the

_\\ ———  9ZrinSiN
3 ———-  9Nbin SiN

50_\ ——  9ZrinBe
] ———° 9NbinBe

1/p-dE/dX (MeV/(mg/cm?))

100 T ooo
Energy (MeV)

Figure 6.3.: Mass Stopping Power calculated with the non-relativistic Bethe-Bloch for-
mula in eq. (6.9) for the two isotopes %*Zr and **Nb in two different materi-
als, SiN and Be. Due to the smaller ionization potential of Be, the stopping
power is larger than that of SiN.

two main dependencies of the stopping power: Due to the higher Z/A ratio of SiN
which corresponds to a higher electron density than in Be, there is a higher probabil-
ity for scattering. Thus, one would expect in the first place that the ions loose their
energy more rapidly in SiN than in Be. However, the considerable smaller ionization
potential of Be, compensates the higher electron density of SiN, though there is only
a logarithmic dependence on the ionization potential. Consequently, the electrons of
Be are ionized more easily, which is the dominating energy loss process for slow heavy
ions. Furthermore, the stopping power of Nb ions is larger than that of Zr ions owing
to their higher atomic number. However, especially for energies below 100 MeV the
stopping power curves in Fig. 6.3 differ considerably from those which were obtained
experimentally [63]. The experimental curves show a flattening or even a maximum at
these energies below the lower limit of validity of the Bethe-Bloch formula.

Since the energy loss increases with decreasing energy of the ions, the energy deposited
in the solid reaches its maximum shortly before the ions are completely stopped i.e.
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at the end of the particle tracks. In order to characterize this behaviour the stopping
power is plotted depending on the penetration depth, which is called the Bragg curve.
The corresponding maximum at the end of the track which rapidly drops down to 0 for
higher depths, is called the Bragg peak.

The lower limit for the application of the Bethe-Bloch formula is caused by the assump-
tion of completely ionized particles, which is not valid if the velocity of the ions has
dropped to the order of the electron velocity. At these velocities charge changing effects
become important which screen the nuclear charge and therefore decrease the stopping
power.

High-velocity Regime

A more correct description is that the ion which passes the solid continuously absorbs
and looses electrons in a large number of collisions with the target atoms and thus
an equilibrium charge distribution with an average net charge arises. In the simplified
picture of Bohr, which was already mentioned in ch.4.2.4, an electron is permanently
captured if its orbital velocity is larger than the velocity of the ion. By contrast, Lamb
assumed the kinetic energy of the electron and the ion to be the key parameter which
determines the permanent capture of an electron. However, by an extensive study
of stopping power curves of different heavy ions which he related to the well-known
stopping power of protons, Northcliffe was able to show that the approach of Bohr was
more promising.

Since the absorbed electrons screen the nuclear charge, the idea was to derive an ex-
pression for the remaining fraction of the charge, the so-called effective charge, which is
responsible for the energy loss of heavy ions. In this way, already known concepts (e.g.
the Bethe-Bloch formula) should have been able to be applied by just replacing the
atomic number by the effective charge of the ion. A very common method to determine
the stopping power of a heavy ion (Syy) with a velocity vy and an atomic number Zy;
is to start from the stopping power of a proton (Sp) and to scale it according to the
effective charge Zj; [62,63]:

Sur = (Z3,)*- Sp. (6.10)

where Zjj; can be expressed in terms of the atomic number by introducing an effective
charge parameter 2

Zij =7 Zur- (6.11)

The effective charge parameter 42 can be derived from Bohrs condition for the capture
of an electron by using Thomas-Fermi atomic theory to describe the heavy ions which
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leads to the expression given in eq. (4.7) for the effective charge and thus for v
VHT

vo - Ziiy

where vy = « - ¢ is the Bohr velocity, a the fine-structure constant and c¢ the speed of

light. The expression for v which Northcliffe has obtained by fitting the experimental
data [63,65]

v= (6.12)

(7)? =1 —exp <i> (6.13)

2/3
Vo ZHI

can be expanded which leads to the result of Bohr in eq. (6.12).

Fig. 6.4 demonstrates how very well the experimentally obtained data is described by
the scaling technique based on Thomas-Fermi atoms. The experimentally reduced stop-
ping which is plotted on the y-axis, which is equal to the square of the effective charge
parameter 72, which is obtained by solving eq. (6.10) for v when Sy; and Sp are de-
termined experimentally. Correspondingly, the calculated reduced stopping plotted on
the x-axis is equivalent to v? calculated in eq. (6.12). The data points can be fitted very
well by a straight line which is described by the equation y = z indicating an excellent
agreement between experiment and theory. However, below a certain velocity i.e. when
the ion is almost neutral, it is not longer correctly described as a Thomas-Fermi atom,
so that Bohr’s formula for the effective charge is not valid for ions with vy < 3 - vy.

Just as the Bethe-Bloch formula, also the scaling method shows a dependence of the
stopping power on the atomic number. Thus, Nb is supposed to leave a passive absorber
of a given thickness d with a lower energy F; than Zr which means that Nb ions have
a lower velocity and hence, a higher TOF than Zr which enables the separation of the
two isobars. Owing to the fact, that the stopping power itself is a function depending
on the energy F(E), one has to solve the Differential Equation

dE
F(E)=— 14
(B) =" (6.14)
by separation of variables
/ Yo dFE / ‘ d ( )
——dFE = 1-dz 6.15
Eo F(E) 0
which can be simplified to
/ Y up—g (6.16)
g F(E) '

in order to calculate the final energy of the ions after a target of thickness d. The last
equation, in which Fj is the initial energy of ions, can be rewritten to obtain an explicit
expression for E; as F(E) can be obtained by fitting the values of the Stopping Power
given in tables [63] or in simulation programs (e.g. SRIM [62]). The corresponding
results for Nb and Zr will be discussed in ch. 6.2.
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Figure 6.4.: Comparison of experimental values for v plotted on the y-axis and theo-
retical values for v plotted on the x-axis which were obtained by applying
the Bohr’s criterion for a Thomas-Fermi atom. For the line which fits the
data very well, the equation y=x holds. Thus, there is a good agreement
between theory and experiment. Source [62].

6.1.2. Energy and Angular straggling

Due to the statistic nature of the energy loss, the energies after the solid are described
by a Gauss distribution. This broadening of a single initial energy to an energy dis-
tribution is called energy straggling. Furthermore, the multiple scattering processes
are responsible that particles leave the solid under an angle to the beam axis, which
is known as angular straggling. Particularly energy straggling worsens the resolution
in the detector since the width of the signals is increased. Therefore, the separation
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S of two peaks shown in Fig.6.1 decreases and thus has also to be considered in our
experiment.

One of the earliest approaches of describing energy straggling was also made by Bohr
[58], who derived a formula for the variation of the energy loss just by mechanical
considerations with the Coulomb force being the interacting force. Thus, he arrived at
the expression for 2 which corresponds to the width (FWHM) of the resulting energy
distribution

0% = 4nZ%Zre* Nd (6.17)

Zp: atomic number of projectile
Zrp: atomic number of target

d: thickness of target

N: atomic density

e: elementary charge

where the subscript ‘B’ denotes the straggling which is called 'Bohr straggling’ from
now on. The Bohr straggling shows a linear dependence on the thickness and the
atomic number of the target material, which means that a thin foil with low atomic
number would be favorable. However, Bohr straggling systematically overestimates the
straggling for slow heavy ions, since Bohr assumed fast and fully stripped ions which
is not the case according to Bohr’s principle (see previous chapter). Furthermore, he
approximated the electron density in the solid by using the free electron gas model.
There were strong efforts in the following years to develop models for energy straggling
which are based on more realistic electron distributions in the solid. For example, Chu
derived a formula for the energy straggling of protons and He ions using Hartree-Fock-
Slater charge distributions [69]. The disadvantage of such models is, that they are often
much too complicated for the practical use.

For this purpose, empirical formulae which were obtained by fitting the experimental
data are much more suitable. To estimate the energy straggling in our measurements,
the Yang-formula [70] has been used which provides a correction factor to the Bohr
straggling. Yang-straggling is based on the fitting of Chu’s calculations where the fit
has the form

02 _
<—§2’W> = (14 A E* 4 AgEM) ™ (6.18)
B

where A;-Ay are Zr dependent fitting factors. Similar to the stopping power, also the
energy straggling of heavy ions has to be scaled according to the fractional effective

charge parameter +:
i), (o) (5)
— =7 | == |+ | = (6.19)
(QQB Hr 0 0% ) i
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The additional term takes into account correlation effects and is given by a rather com-
plex empirical formula which can be looked up in [70]. Fig. 6.5 demonstrates graphically
the dependence of the Yang straggling normalized to the Bohr straggling on the energy
for the target materials Be, C, SiN, which were available for the experiments. The
curves were calculated using **Zr as projectile. As expected, the Yang-straggling gets
close to the Bohr straggling for high energies. However, for the energies, which were
expected to occur in the experiment (starting with an initial energy of 200 MeV and
slowing down to a final energy of around 20 MeV) approximating the straggling just with
the Bohr straggling would not be correct, since there are large deviations expected from
this graphs. Especially Be shows a very large ratio, which possibly originates from shell
effects. Those have an increased importance for light atoms. Since the Bohr straggling
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Figure 6.5.: Deviation of the empirical Yang straggling formula from the Bohr straggling
for %3Zr ions in the target materials beryllium (Be), carbon (C) and silicon
nitride (SiN) depending on the energy of the ions. This ratio was calculated
with eq. (6.19). Whereas the energy straggling can be approximated very
well by the Bohr straggling for energies above 1000 MeV, it is considerably
underestimated in the energy range between 200 MeV and 20 MeV which is
relevant for our experiment.

does not depend on the energy (see eq.6.17) and thus, is only a constant factor which
has to be multiplied with the straggling functions shown in Fig. 6.5, the final result for
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the Yang straggling which is presented in Fig. 6.6 has approximately the same shape.
In the calculation using eq. 6.17, an identical surface density of 1mg/cm? for all three
materials was assumed. Owing to the fact, that SiN has the highest atomic number of
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Figure 6.6.: Empirical Yang straggling for %3Zr ions in the target materials beryl-
lium (Be), carbon (C) and silicon nitride (SiN) depending on the energy of
the ions. The curves were calculated by multiplying the correction factor
shown in Fig. 6.5 with the corresponding, energy independent Bohr strag-
gling (eq.6.17).

the three materials, it shows the largest energy straggling for high energies and also in
the largest part of the energy range relevant for our experiment. Though, it has to be
taken into account, that the Zr ions pass through each energy in the relevant energy
range when they are decelerated in the solid. Therefore, it is necessary to integrate the
Yang formula to compare the different materials.

Furthermore, the homogeneity with respect to the thickness of the material has to be
considered. According to Besenbacher et al [71], the corresponding additional term to
the straggling scales with the square of the stopping power, if it is assumed that the
foil thickness distribution is Gaussian:

O3 = (dE/dx)*(Ad)? (6.20)
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Hence, this additional term is suggested to be much larger for Be than for SiN, due to
the larger stopping power which we have calculated using the Bethe-Bloch formula in
eq. (6.9) and which is presented in Fig.6.3. Furthermore, according to this expression
the variations of the thickness should be kept as small as possible. It is known, that
SiN foils can be produced with an outstanding uniformity which cannot be reached
with C or Be foils. Since it was experienced in previous experiments that C foils
are inapplicable because of this reason, only Be and SiN foils were considered in the
simulations. However, this additional straggling term cannot be simulated and we are
not able to calculate it, since the variations of the thickness are not known precisely.
Thus, this higher term for Be might outweigh the lower Yang straggling of Be so that
the total energy straggling of SiN might be lower. Consequently, we had to find out
experimentally and have to keep eq. (6.20) in mind when discussing the results.

Since angular straggling does not decrease the separation in the first place, it was not
a determining factor for the choice of the target material. Therefore, the theory of
angular scattering was not studied in detail, but the extent which has to be expected
in the experiment was estimated by simulations with SRIM03 [62] which is described
in the next section.

6.2. Simulations

6.2.1. Stopping Power in SiN

The idea of doing simulations was to determine the optimal thickness of the passive
absorber where the separation S has its maximum, in order to minimize the time which
has to be invested in rearranging the setup during beamtime. However, the stopping
power curves for *Nb and ?*Zr in SiN and Be which were obtained by SRIMO03 and
CORTEO [72], showed some interesting deviations from the stopping power curves
which were calculated by using the tables provided by Northcliffe and Schilling [63].
Both results are plotted in Fig. 6.7 for comparison. Whereas the result from Northcliffe
(left picture) shows the behavior which was expected from eq. (7.10), i.e. a consistently
higher stopping power for Nb than for Zr owing to the Z%? dependence, there is an
intersection point in the SRIMO03 stopping power plot (right picture) at around 165 MeV
and a second one at approximately 23 MeV, indicated by two vertical lines. This dif-
ference has an essential influence on the choice of the thickness of the absorber or the
initial energy of the ions.

If the Northcliffe curve describes the stopping correctly, an energy loss as large as

possible would lead to the largest difference in TOF. This in turn means that the
highest energy of the ions which is available should be chosen and the passive absorber
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Figure 6.7.: Left: Stopping power for Nb and Zr in SiN depending on the energy calcu-
lated from the tables of Northcliffe & Schilling [63]|. Right: Stopping power
for Nb and Zr in SiN depending on the energy obtained from SRIMO03 [62].

should be chosen as thick as possible as long as the straggling is not considered and the
ions have enough energy left to be detected at the end of the TOF path. In contrast,
in the case of the SRIM stopping power plot, using the maximal available energy of
around 190 MeV would not cause any benefit compared to the case when the energy
of the intersection point is chosen. The small difference in TOF at energies above the
intersection point which is not sufficient for the separation of Nb and Zr, is reversed
during slowing down in the passive absorber.

This is demonstrated in Fig. 6.8(a-d), which shows the results of the TRIMO03 simula-
tions of the energy loss of *Nb and %*Zr ions with an initial energy of 210 MeV in a
SiN passive absorber at different thicknesses. For this purpose, the energy distribu-
tions, which were obtained from the simulations, were converted into a Gaussian TOF
distribution by using eq. (4.8). The width of the TOF distributions were calculated by
quadratic error propagation from the width of the energy distribution and the ampli-
tude was chosen arbitrarily equal to 10 (a.u.). In a real spectrum from a measurement
we do not expect the Nb and %Zr peak to have the same amplitude, since we suppose
a considerably larger concentration of **Nb in the samples.

In the case of Fig. 6.8(a), the SiN is rather thin (1.0 mg/cm?), so that the larger part of
the energy loss happens in the energy range above the intersection, where the stopping
power of Zr is larger than that of Nb, leading to a higher TOF of Zr than of Nb.
This is reversed in the pictures Fig. 6.8(c-d), where the ions are decelerated to energies
well below the intersection point. At a certain thickness, the part of the stopping
with Nb having the higher stopping power starts to dominate the total energy loss.
Consequently, the TOF of Nb is larger than that of Zr (Fig.6.8(b)). With further
increasing thickness of the passive absorber, the distance between the center of the Nb
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peak and Zr peak also becomes larger, since the stopping power of Zr constantly stays
below that of Nb in that energy range (Fig.6.8(c+d)). Furthermore, the peaks broaden
owing to the increasing energy straggling. The calculations made in (Fig. 6.8(b-d)) are
consistent with the theoretical models, explained in chapter 6.1.
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Figure 6.8.: Result of the simulations with TRIMO3 for different thicknesses of SiN (a-
d). The final energy F; which corresponds to the TOF of the **Zr Gaussian
is given in the pictures.

The results of the simulations presented in Fig. 6.8(a-d), in turn mean, that for a given
energy the optimum of the separation S is shifted to higher thicknesses compared to the
Northcliffe scenario. Hence, the maximum of S was found to be at d=4.5mg/cm? by
performing SRIM simulations and at d=3.5mg/cm? for the Northcliffe stopping power
curve. In the second case, S was obtained by fitting the stopping power which is shown
in Fig.6.7 as solid lines and integrating the corresponding functions using eq. (6.16)
which was rewritten into an expression for the final energy. For the calculation of the
energy straggling the Yang-formula (eq.(6.19)) was used.

The interesting question is: Which of the two scenarios does describe the energy loss
correctly? The Northcliffe tables seem to be more reasonable since they are in good
agreement with the theory of scaling. This point of view was also supported by J.Ziegler
who explained the deviations of the SRIM stopping power in the following way: Origi-
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nally the Nb stopping power obtained from theoretical modeling was between the curves
of Zr and Mo, but was then modified by all the experiments, whereas there was not
enough data to revise the Zr and Mo stopping [73]. It is assumed, that the program
CORTEOQ uses the same stopping power tables as SRIM and thus arrives at the same
results. Therefore, it can be expected that the stopping power of Zr and Mo should also
be below the theoretical values but this has to be verified experimentally. In general,
the response of J.Ziegler suggests that the Northcliffe scenario has to be applied and
thus, the optimal thickness is d=3.5 mg/cm?.

6.2.2. Stopping Power in Beryllium

Apart from the simulations for the energy loss in SiN, simulations with SRIM03 and
CORTEOQO were also performed for Be as target material. The energy dependence of the
stopping power of Zr and Nb in Be as well as in SiN are shown in Fig. 6.9 for comparison.
The presence of the intersections points which were discussed in the previous section are
clearly independent of the target material, as they are also present in the Be plot. The
absolute value of the stopping power in Be is much larger in the energy range between
400 and 20 MeV than that of SiN, though Be has a smaller atomic number. However,
this is in very good agreement with the predictions of the Bethe-Bloch formula (see
ch.6.1.1 and Fig.6.3).

The stopping power of Be has a much steeper slope for energies below the maximum
than SiN. This makes Be especially interesting as passive absorber, since the relative
difference in the stopping power of Nb and Zr for a given energy will be larger in Be than
in SiN, which is indicated in Fig. 6.9 for an arbitrarily chosen energy of the ions. The
relative difference in the stopping power which can be read off this graph is 0.092 for Be
and 0.089 for SiN. Hence, a larger difference in the TOF of the isobars can be expected
if Be is used as passive absorber. In good agreement with straggling theory (compare
ch.7.1.2; Fig.6.6), the SRIM and also the CORTEO simulations showed a lower energy
straggling for Be than for SiN as long as the final energy of the Zr ions is above 20 MeV.
If the final energy drops below this value, the straggling increases much faster than
in the case of SiN. Consequently, the two peaks in Fig.6.10(b) where the SRIMO03
results for %Zr and %Nb with an initial energy of 210 MeV passing through Be with
d=2.77mg/cm? are better separated than in Fig. 6.8(c) with a slightly higher thickness
of d=3.0mg/cm?. The thicknesses of the Be in the simulations were chosen according
to the Be foils which were available for the experiment. These are foils with d=bum
(£0.92mg/cm”) and d=10pm (£1.85mg/cm”) which can be combined in a stack to
obtain thicker absorbers. Fig.6.10(a) shows the result from the SRIM03 simulation for
Be with a thickness of 10um which is obviously not sufficient for a clear separation of
the two isobars. The maximal separation which can be achieved in the case of Be is
considerably larger than that of SiN (see Fig.6.11) and at a lower thickness, due to the
larger stopping power and its sharp decline at lower energies. At higher thicknesses the
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Figure 6.9.: Comparison of the Stopping Power of Zr and Nb in SiN and Be. An ar-
bitrary energy was chosen (indicated by vertical black line) and the corre-
sponding relative difference in stopping power of ®*Zr and ?*Nb was evalu-
ated for SiN as well as for Be (indicated by black arrows).

separation in Be drops down to the level of SiN, which is caused by two reasons: On
the one hand, the stopping power of * Nb approaches that of ?3Zr for small energies and
on the other hand, the Yang-straggling increases to a much higher extent in the case of
Be than of SiN (see Fig.6.6). The ions in Be are slowed down to much smaller energies
than ions having passed a SiN absorber of comparable thickness (compare Fig. 6.8(c)
and Fig.6.10(b)). Thus, the integrated area under the Yang-straggling curve for Be
then prevail over the area under the curve for SiN.

It has to be kept in mind, that a certain final energy has to be left so that the ions can
be detected, especially when we want to use the ionization chamber in addition. Hence,
the final energy in case of the optimal thickness of Be obtained from the simulations
of approximately 30 MeV would be too small, but similar to SiN it is expected that
the maximal separation can be expected to be at lower thicknesses because of the
intersection in the SRIM stopping power. Furthermore, even if not the optimal thickness
of the Be absorber is used, Fig. 6.11 suggests that Be is nevertheless better suited to be
used as passive absorber than SiN. However, it is known that SiN foils can be produced
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Figure 6.10.: Result of the simulations with TRIMO03 for two different thicknesses of
Be (a-b). The final energy E; which corresponds to the TOF of the %Zr
Gaussian, is given in the pictures.

with much higher uniformity than Be foils and thus, the straggling because of variations
of the thickness should be much smaller. This additional straggling is not considered
in the simulations and has to be tested experimentally. Therefore, both, SiN and Be
were used as passive absorbers in the experiments.

6.2.3. Angular Straggling

Last but not least, also the angular straggling was studied with the help of the SRIM
simulations. In Fig. 6.12(a) the angle distribution of *Zr ions leaving the SiN absorber
is plotted for different thicknesses. It is evident, that the center of the distribution
moves to larger angles with increasing thickness, since the number of collisions also
increases. Consequently, also the deviation becomes larger which leads to a broadening
of the peaks. This in turn means, that ions emitted under a rather large angle from the
passive absorber miss the stop detector, which causes a lower transmission. In order
to calculate the percentage of particles which can be detected by our STOP detector
with a diameter of 2cm, the angle distribution has to be convoluted with the spatial
distribution of the beam behind the absorber, which is a Gaussian with its center on the
beam axis. However, the corresponding width of several pum is negligible compared to
the width of the spatial distribution at the STOP detector due to the angle distribution.
For example, the maximum of the angle distribution for the 3.5mg/cm? thick absorber
is located at an angle of 1° which corresponds to a radius of 5cm for the TOF path
of 2.9m. For this reason, the absorber was assumed to be a point-like source. This
simplifies the calculation to trigonometric considerations, which result in the radial
intensity distribution at the STOP detector shown in Fig.6.12(b). The vertical black
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Figure 6.11.: Dependence of the separation S on the thickness of the absorber for Be
and SiN. S was calculated with the data from the SRIM simulations, which
leads to the negative values of S for small thicknesses. From this plot Be
looks much more feasible as passive absorber than SiN.

line indicates the acceptance of our detector. To calculate the percentage of ions which
can be detected with this active area, the respective curves have to be integrated from
zero to the radius of our detector and have to be divided by the total area under the
curve. The results obtained in this way are listed in Tab.6.1.

For a thickness of 1.0 mg/cm? which is well below the calculated optimal thickness, the
transmission already is very small. Assuming, that the transmission is 100% without
any absorber, the further decrease in transmission by using an 2.5mg/cm? thick SiN
absorber instead of a 1.0mg/cm? thick one is relatively small. Thus, we can conclude,
that once a passive absorber is placed into the beam a further increase of the thickness
does not worsen the transmission considerably, as long as the thickness is in the order
of magnitude of the simulated thicknesses.
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Figure 6.12.: (a) Angle distribution of %*Zr ions at the exit of a SiN absorber, presented
for different thicknesses, simulated with SRIM03. (b) Corresponding ra-
dial distribution of the %Zr ions at the entrance of the STOP detector.

thickness (mg/cm?) | Transmission (%)
1.0 6.1
1.5 2.2
2.5 0.5
3.5 0.2

Table 6.1.: Theoretical transmission from the START to the STOP detector of the TOF
path.

6.3. The Experiment

6.3.1. The Settings

For the experiment, a stack of SiN foils with the maximal available thickness of 1um
each were placed into a holder which in turn was fixed at a target ladder. SiN foils of a
larger thickness are not produced by the supplier Silson Ltd., as intrinsic stress builds
up and limits the stability of the foil. However, the use of a stack of thin foils instead
of one thicker absorber provides a higher flexibility during the experiment. Since the
thickness of the absorber for the optimal separation could not be exactly determined
by the simulations, it had to be found out experimentally by varying the number of
foils inserted into the beam. Fig.6.13 shows a photography of the target ladder before
it was installed in front of the START detector for the TOF path. The horizontal white
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line indicates the lowest position which can be placed into the beam with the current
setup. Two of the four positions available are equipped with different numbers of SiN
foils and one position with a 10um (=1.85mg/cm®) Be foil. At the position left, a
4.3 mm aperture is installed for beam adjustment. In total, we investigated the energy
loss of 92Zr, %4Zr and *3Nb in a 10um thick Be foil and in 6, 7, 8 and 13 foils of SiN, in
order to determine the maximal separation.

8 SiN foils

| 4.3 mm aperture |

1 Be foil

7 SiN foils

Figure 6.13.: Photo of target ladder with already installed passive absorbers, a Be foil
and 2 different numbers of SiN foils. The horizontal white line marks the
lowest position which can be placed into the beam.

When the magnetic rigidity of the transmitted ions is fixed, it is possible to compare
the spectrum of 22Zr, **Zr and ?*Nb. Even the use of the Blank sample where oxide
ions are extracted, along with the Standard sample which was available as a Fluoride
does not pose a problem, since the position of the ions in the detector have to be
the same in both cases. For this purpose, the magnetic field of the analyzing magnet
(B=767.893mT) was kept constant when the setup was switched from one isotope to
another. Consequently, the magnetic field of the Injector Magnet, the terminal voltage
of the accelerator and the settings of the Wien filter were adjusted accordingly. In
general, stable isotopes which give a measurable current at the Faraday cups in front of
the detector, lead to a count rate in the detector considerably higher than 2 kHz which
the ionization chamber cannot cope with. Therefore, an attenuator has to be placed in
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the beam, which is a plate made out of tungsten with certain number of holes which
determines the attenuation factor. There are 2 attenuators available, which reduce the
count rate by a factor of 1000 each and one by a factor of 33. This factor has to be
considered in the calculation of the concentration of the radioisotope.

Due to the uncertainties concerning the stopping power of **Nb and 3Zr which were
discussed in ch. 7.2, we decided to investigate the energy loss of the ions in the passive
absorber at two different energies, i.e. we selected the charge states 147 and 157.
Furthermore, we tested the influence of gas in the detector on the separation of “*Nb
and Zr. In general, the use of the ionization chamber is preferable, since it provides 3
additional signals which can be evaluated to distinguish between the isobars. Otherwise,
only the TOF and the F, signal of the surface-barrier-detector have to be sufficient
for the separation.

6.3.2. Qualitative Discussion of the Measurement Results

In contrast to what was expected from the simulations and theory, the energy straggling
of the Be foil (peak width of %2Zr15T: 5=6.72ns) observed in the experiment was much
larger than the straggling caused by 6SiN foils (peak width of 2Zr!®*: 5=0.57ns)
which have a comparable surface density. A spectrum of 277!+ events depending on
their TOF and E,. after passing through the Be foil is shown in the left picture of
Fig.6.14. For comparison, the corresponding spectrum of 6 SiN is given in the right
picture Fig.6.14. Both spectra were detected with a gas pressure of 11 mbar in the
ionization chamber. From measurements without passive absorber, we were able to
calibrate the TOF axis in ns and the E . axis in MeV, since in this case the energy and
the TOF of the detected ions is known. Fig.6.14 demonstrates that the energy loss of
the 22Zr'5* jons in Be is considerably larger than for SiN, which is in a good agreement
with the results from the simulations (see ch.6.2). The observation of a large energy
straggling suggests a low uniformity of the Be foil with considerable variations of the
thickness. This leads to an additional energy straggling that was already mentioned in
ch.6.1.2. It is obvious from Fig.6.14, that the usage of the Be foil as passive absorber
is not feasible due to the large peak width. Therefore, further experiments were done
with SiN foils only. However, first measurements with a stable Zr isotope demonstrated,
that the energy left after passing 13 SiN foils is not sufficient for the identification of the
peaks with the ionization chamber. Furthermore, the peak width was also very broad,
so that separation with 13 SiN foils was not further investigated, but we concentrated
on 6, 7 and 8 SiN foils, which seemed much more promising.

From the measurements with the settings on *?Zr and °*Zr using a blank sample, the
expected position of *Zr in the spectrum was determined by linear interpolation be-
tween the two detected isotopes. The difference between this calculated position and
the actually detected **Nb ions was used to qualify the separation of *Zr and **Nb. In
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Figure 6.14.: Two Erest over TOF spectra of “2Zr'®" after having passed a 1.85 mg/cm?
thick Be foil (left picture) and a 1.8 mg/cm? thick SiN passive absorber,
respectively (right picture). Especially the TOF distribution in case of
the Be foil possesses a much broader width than the peak resulting from
the SiN foils.

order to demonstrate the separation at the different settings graphically, the spectra of
927y, 947r and *Nb were superimposed in Fig. 6.15 and Fig. 6.16, where the first figure
presents the measurements with charge state 15" and the second one those with charge
state 147, Those two charge states correspond to an initial ion energy of approximately
193 MeV and 168 MeV. Each picture does not show one measurement with the settings
to m=93 but three, which were done after another with the settings either on m=92,
m—=93 or m=94. The black square indicates the interpolated position of **Zr. The width
of the square was taken to be 2 - o of the 2Zr and **Zr peaks which is demonstrated
in Fig.6.15(d) using the example of a Zr% TOF distribution. Consequently, the square
represents only a fraction around the peak’s maximum of the entire Zr% distribution.
In the Fig.6.15(a-c) and Fig.6.16(a-b) Ei. is plotted on the y-axis which is the sum
of the rest energy F,e detected by the Silicon detector and the energy loss AE in the
ionization chamber. In Fig.6.16(c) Ees is plotted, since this spectrum was recorded
without gas in the ionization chamber. Thus, in this case Ei, and El are identical
as there is no energy loss in the ionization chamber. AE itself is plotted in Fig.6.16(d)
for ions with an initial energy of 168 MeV and using 8 SiN as passive absorber.

In the green spectra, which corresponds to the settings on m=93, in addition to the
9Nb in the center, peaks with a lower intensity in the upper right corner are visible.
It can be assumed, that these counts are artefacts of °?Ag which is also injected into
the accelerator (compare ch.4.2.1). However, those counts do not interfere at the po-
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sition where Zr'®" is expected and hence, do not pose a problem. Complementary

to Fig.6.15 and Fig.6.16, Tab. 6.2 lists the relevant parameters for each of the mea-
surements and the distance between the center of the measured *Nb peak and the
interpolated ?3Zr peak for comparison.

picture #SIN | E (MeV) | pgas (mbar) | ATOF (ns) | AE,est (a.u.)
foils
Fig. 6.15(a) || 6 193 11 2.23 85.0
Fig. 6.15(b) | 7 193 11 3.27 74.4
Fig.6.15(c) | 8 193 11 4.13 65.6
Fig.6.16(a) || 7 168 11 4.28 48.4
Fig.6.16(b) || 8 168 11 6.32 40.5
Fig. 6.16(c) | 8 168 0 5.90 66.5

Table 6.2.: Settings during the measurements shown in Fig.6.15 and Fig.6.16, with
# SiN foils being the number of SiN foils inserted into the beam, E the
initial energy of the ions, pg.s the gas pressure in the ionization chamber.
Additionally, the difference in TOF (ATOF (a.u.)), and the difference in
Erest (AELest), of the Nb and the calculated %3Zr peak center is listed.

It is obvious from the spectra and also from ATOF-column in Tab. 6.2, that a better
separation in the TOF can be expected by using an initial energy of only 168 MeV.
Though, the difference in F,. decreases, because the energy of the ions itself is lower,
the separation in all the plots of Fig.6.16 seems to be increased with respect to the
plots in Fig.6.15 due to a larger difference in the TOF. However, this suggests the
conclusion, that the ’share’ in the difference in stopping power of higher energies is
negligible or even negative. Consequently, this observation can be better explained
with a stopping power curve as it is implemented in the SRIM03 program (see ch. 6.2).
The only possibility to verify this observation, is to detect actual *3Zr ions at varying
energies in order to experimentally determine the corresponding stopping power curve.
For this purpose, we first have to be able to definitely identify the %*Zr events, where a
first approach was done with this work.

Within the uncertainties, there is no difference in the separation of ®*Zr and **Nb regard-
ing to the TOF between a measurement with 11 mbar gas pressure in the ionization
chamber (Fig.6.16(b)) and without gas in the chamber (Fig.6.16(c)). However, the
background due to *?Zr and ?*Zr seems to be reduced in the second case. The advan-
tage of applying a gas pressure in the ionization chamber is that we have an additional
dE signal on which we can apply a window for %Zr (compare ch.6.3.4). Fig.6.16 (d)
shows that the separation of *Nb and the region of interest is very good, but mainly
with respect to the TOF. In general, the distance between the maximum of the *Nb
peak and the calculated center of the %3Zr distribution is increasing with increasing
number of SiN foils. This is rather hard to see in the spectra, but whereas the “*Nb
peak shows the same TOF as the *Zr peak in Fig. 6.15(a), it is shifted to higher TOF
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Figure 6.15.: Superimposed are the spectra obtained from the measurements with set-
tings on m=92 amu (black), m=94 amu (red) and m=93 amu (green) with
an initial ion energy of 193 MeV using 6 SiN foils (a), 7SiN foils (b) and
8 SiN foils (¢). A gas pressure of 11 mbar isobutane was applied in the
ionization chamber. Picture (d) demonstrates the choice of the region of
interest, indicated by the black square in picture (a-c). The black square
indicates the expected position of %Zr'®*. 8.6a.u. on the x-axis corre-
spond to a TOF of 1ns and 27a.u. on the y-axis correspond to 1MeV
Erest-
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Figure 6.16.: Superimposed are the spectra obtained from the measurements with set-
tings on m=92amu (black), m=94amu (red) and m=93amu (green) with
an initial ion energy of 168 MeV using 7 SiN foils (a), 8 SiN foils (b) and
8 SiN foils (¢). A gas pressure of 11 mbar isobutane was applied in the ion-
ization chamber for picture (a) and (b) whereas (c) was detected without
gas in the ionization chamber. Picture (d) presents the energy loss signal
dE versus TOF spectrum for 8 SiN foils. The black square indicates the
expected position of PZr'**. 8 4a.u. on the x-axis correspond to a TOF
of 1ns and 28 a.u. on the y-axis correspond to 1 MeV E,¢.
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with respect to the center of the *4Zr distribution. The same behaviour can be observed
in Fig.6.16(a) and (b).

To sum up, one can conclude from this very qualitative considerations, that the best
choice for the detection of %3Zr are 8 SiN foils, using an energy of 168 MeV and no
gas in the detector. However, it has to be kept in mind, that so far there was no
normalization on time or the ion current, so that measurements with different statistics
(but differing less than one order of magnitude) were compared, leading to a quite
subjective comparison. For this purpose, usually the transmission from the cup where
the current of a stable Zr isotope is measured to the detector has to be determined.
However, the currents of stable isotopes we could extract from the ion source were
particularly low (5nA of '®Ag at Cup 1). Although, this was an advantage for the runs
with the settings on mass 93 amu since we did not have to use an attenuator to stay
below a rate of 1kHz, the currents in the Actinide beamline were hardly measurable.
Therefore, we decided to normalize the events in the ionization chamber to the number
of 92Zr at the channel plate, the START detector of the TOF measurement. Hence, the
following chapter describes the determination of the transmission from the START to
the STOP detector.

6.3.3. Transmission from the START to the STOP detector

As explained in ch. 4.3 the transmission of the setup, which is necessary to calculate
the concentration of the radioisotope in the sample from the events in the detector, can
be determined with the help of a standard sample. The low transmission calculated
from the angle distribution of the SRIM simulations of 0.5 % to 6 % because of angular
straggling should be verified experimentally. Due to the low currents, we decided to
insert the standard sample with the higher **Zr concentration of 3.1 -107® (compare
ch.5.3). Unfortunately, no *Zr'>* event could be detected before the measurement
had to be stopped after approximately one hour because of technical problems on the
low energy side. The corresponding E, versus TOF spectrum is presented in red in
Fig.6.17 superimposed on a spectrum of a ZrO~ blank spectrum(in black) extracted
from a ZrO, sample with the settings also on m=93amu. The black square again
indicates the position where we would have expected the **Zr events, but in which
no events from the standards are located. The second intensive peak in the ZrO~
blank spectrum is again assumed to originate from ®°Ag events (see ch.4.2.1). The
accumulation of events left of the ?*Nb peak in the ZrF~ spectrum are located at a
distance to the region of interest, so that those events do not come into consideration
as %7Zr events. The current data suggest, that those events are scattered ions.

However, there is one event from the standard sample which is very close to the expected

position of %Zr'"*. How do we know, that this count is not a real **Zr event but belongs
to the background? Actually, we cannot tell definitely, but a simple estimation shows,
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Figure 6.17.: Spectrum of a ZrF4 standard sample with a concentration of 3.1-107% (in
red) superimposed onto a spectrum of a ZrO, blank sample (in black).
8.06 a.u. on the x-axis correspond to a TOF of 1ns and 25a.u. on the
y-axis correspond to an energy of 1 MeV. The black square indicates the
expected position of *3Zr'®* in which no event from the standard is lo-
cated. The standard sample could only be measured for a short time (1h)
at a low count rate.

that statistically there was only a small probability for **Zr counts from the standard
sample within the measured time. Since the rate of *Zr events R(**Zr) is related to
the rate of Zr events in total R(Zr) by the known concentration c¢(**Zr), the following
equation can be set up:

R(™Zr)  R(™Zr)
c(BZr)  c(®Zr)’

(6.21)

With the rate of “Zr events R(**Zr) from the run done before the standard measurement
and the isotopic ratio c¢(**Zr)=17.38% inserted into the equation, a rate of 1.2 - 1074
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937Zr events per second is obtained. Based on a Poisson distribution of N events

AN
=S¢ (6.22)

P(N)
where A corresponds to the rate of *Zr events per hour, we arrive at an probability of
27.9% for detecting one event after measuring 1 h.

Therefore, it is not possible to use this measurement of the standard to monitor the
transmission. Instead, we used the *Nb events for this purpose, assuming equal nega-
tive ion yield from the ion source for NbO~ and ZrO~ [53]. In order to do this, first, the
9Nb concentration in the ZrO,; sample had to be determined. This was estimated by
relating the rate of %Nb to the rate of %2Zr or “Zr events similar to eq. (6.21), which is
only reasonable for measurements done with similar conditions (e.g. same charge state,
same number of SiN foils, etc.). The number of events of each isotope was obtained
by fitting the respective peaks in the F,. over TOF spectra with a Gauss fit. Thus,
eq. (6.21) can be rewritten accordingly

R(Nb) - c(®**Zr)
R(®*Zr)

¢(®*Nb) = (6.23)

which leads to a *Nb concentration in the ZrO, of (15.0 & 8.3) ppm? averaged over all
evaluated runs. The error given is the standard deviation due to the averaging.

Now, we have a sample with a defined concentration of *Nb, which means we can
apply the procedure, which was described in ch. 4.3 to the **Nb distribution. Hence,
the Transmission T is now defined in the following way:

T rate of *Nb ions in the window (6.24)
 rate of ®*Nb at the channel plate detector '

Consequently, a window which is applied to the %Zr distribution, has to be applied
to the ®*Nb distribution in exactly the same way as well. Therefore, it is reasonable
to define windows for **Zr always with respect to the maximum of the Gaussian, so
that this window simply has to be shifted to the maximum of the **Nb distribution, to
calculate the corresponding transmission. In order to calculate the rate of “*Nb at the
channel plate detector, eq. (4.13) has to be adapted accordingly

BNb) - N(Zr)  c(PNb) - (Ri(**Zr) + Ry (M Zr) /2

93 _ _
ROONG) = t B 17.38% (6.25)

where R;(%*Zr) and R ;(**Zr) are the rates of **Zr measured at the channel plate detector
before and after the run with settings on m=93 amu and t denotes the time. The results
for the transmission which were obtained in this way are listed in Tab.6.3, where d is the
total thickness of the SiN passive absorber, q the selected charge state and pg,s the gas
pressure in the ionization chamber. The reasonable transmission of 77% without passive
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# SiN foils | d (mg/cm?) | E (MeV) | pgas (mbar) | transmission (%)

0 - 193 11 77
6 1.8 193 11 5.0
7 2.1 193 11 3.2
7 2.1 193 11 7.6
8 24 193 11 6.2
7 2.1 168 11 5.1
8 24 168 11 1.8
8 24 168 0 1.6

Table 6.3.: Transmission from the CP to the ionization chamber in %, depending on the
number of SiN foils (# SiN foils), the total thickness of the SiN foils (d), the
initial energy of the ions (E) and the gas pressure in the ionization chamber

(Dgas)-

absorber but with the 4.3 mm aperture placed into the beam, justifies the presented
method to determine the transmission by using the **Nb distribution.

As it was expected, the small angular scattering in the SiN foils lead to a considerable
broadening of the beam spot and therewith to a reduction of the transmission compared
to the measurements where the 4.3 mm aperture was placed into the beam. The listed
transmissions with a passive absorber are all in the same order of magnitude and are
in a reasonable agreement with the values obtained from the simulations in ch.7.2.3.
However, it has to be noticed that there is only a small decrease of the transmission if
one SiN foil is added. By contrast, there will be a considerable decrease in transmission
when the windows drawn in Fig.6.15 and Fig.6.16 are applied on the spectra. This
is quite evident if those windows are imagined to be placed on the center of the “Nb
peak, which then cut out only a small fraction of the total *Nb events and hence,
decreases the transmission accordingly. Since the aim was to develop a method for the
detection of *3Zr, we were not short of sample material, so that a small transmission
was considered a secondary issue.

From a theoretical point of view, there is no explanation why the transmission should
be lower with no gas in the ionization chamber than with gas. It is to be expected, that
the transmission of the last two line in Tab. 6.3 should be at least equal. Consequently,
this deviation can be considered as uncertainty of the transmission and hence, give the
order of magnitude of the corresponding error.

2ppm: parts per million.
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6.3.4. Upper limit of ?*Zr concentration

Since we did not detect any ?Zr event we are only able to present an upper limit of the
937r concentration in the samples by choosing the windows such, that they are free from
background. In this case, that gives us a minimal concentration of *3Zr which we could
distinguish from background and hence, would be measurable with the current settings.
Consequently, this is a more objective way to evaluate the measurement results shown
in Fig.6.15 and Fig. 6.16. In general, this concentration is calculated as it was explained
in ch. 4.3, but with the measured currents of the stable isotope replaced by its count
rate at the channel plate. As already pointed out, the counts in the window, N(%3Zr), of
a blank sample is zero if the windows are chosen correctly which, of course, corresponds
to a concentration of zero, too. Since this is a low-statistics problem, it is not possible
to estimate the dominating statistical error (AN(?*Zr)) according to the error of the
Gauss distribution

AN(PBZr) = £/N(9%Zr), (6.26)

but the error interval according to Feldman and Cousins [74] at a 1o (=68.27%)
confidence level has to be used. Thus, the detection of zero events corresponds to an
error interval from 0.00 to 1.29 events. The resultant error of the concentration is then
calculated by quadratic error propagation, where the upper limit of the error interval is
equivalent to the detectable concentration of **Zr and is therefore denoted by c(**Zr).
Tab. 6.4 lists the obtained results of ¢(%Zr) for the corresponding pictures in Fig.6.15
and Fig.6.16 along with the relevant parameters, such as the initial kinetic energy of
the ions E, the gas pressure pg,s, the rate of Zr ions at the channel plate, Rep(Zr), and
the transmission T for the corresponding set of windows.

picture # SiN foils | E (MeV) | pgas (mbar) | Rep(Zr)| T (%) | c(%37Zr)
(Hz)

Fig.6.15(a) 6 193 11 6.8-107 | 0.0036 | 2.0-10°7
Fig. 6.15(b) 7 193 11 6.8-10" | 0.073 | 1.3-10°8

7 193 11 1.6 - 10° 1.5 50-10"8
Fig. 6.15(c) 8 193 11 3.1-10° | 0.66 |1.5-1078
Fig.6.16(a) 7 168 11 1.0 - 107 0.99 1.1-10°8
Fig. 6.16(b) 8 168 11 1.3-107 | 0.56 | 7.0-10°°
Fig.6.16(c) 8 168 0 4.9.10° 0.65 57-107°

Table 6.4.: Upper detection limit for *Zr (last column) along with the corresponding
count rate of Zr at the CP (Rgp(Zr)), the transmission of the final set of
windows (T) and the used settings (see text for further explanations).

The results are grouped according to the settings and changes of the setup, e.g. between
the first two groups the beamline had to be opened to replace the 6 SiN foils by 8 and
WFI and II were off line in the first group. Therefore, 7SiN foils are listed twice,
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but with a different upper detection limit. The second measurement leads to a higher
detection limit since the zero counts in the window are compared to a smaller rate of Zr
ions, although the transmission is considerably larger. If the transmissions are compared
to the values given in Tab. 6.3, the transmission of the first group has decreased to a
higher extent than the other groups which indicates that in the first case the windows
had to be chosen more restrictive to achieve the aim of being background-free. In
general, the upper detection limit calculation confirms the observation which were made
from Fig.6.15 and Fig.6.16, that the background at the expected position of *3Zr is
lowest if the charge state 14+, i.e. an initial energy of 168 MeV and 8 SiN foils are
chosen.

It has to be kept in mind, that the concentrations given in the last column of Tab. 6.4
must not be taken as absolute values as only the statistical error is considered. How-
ever, there are several other uncertainties which were not taken into account, since
many quantities as the transmission and the concentration of “*Nb only are estimates.
The determination of the *Nb concentration for example, assumes that Nb ions are
extracted from the ion source in the same way as Zr ions. Although we cannot proof
this, it can be expected since both elements show a very similar chemical behaviour
and previous investigations observed a similar behaviour in the ion source with respect
to the molecule formation [53|. Furthermore, as already pointed out, the ion source
was quite unstable in this beamtime, which has a considerable influence on the particle
currents. Therefore, an exact error analysis is not reasonable as it is hard to estimate
the error corresponding to the mentioned uncertainties. Consequently, the values given
for the upper detection limit in Tab. 6.4 shall demonstrate the order of magnitude only
and can only be compared relative to each other.
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7. Measurements with the GAMS

Previous measurements of **Mo with the GAMS, which has a very similar isotopic and
isobaric background situation as ?3Zr, were very promising. An upper concentration
limit of %Mo/**Mo < 107 could be measured |75]. Therefore, we did complementary
measurements with the GAMS setup in addition to the measurements using a passive
absorber in order to detect *3Zr. However, those measurements have not been finished,
yet. The primary aim of this first experiment to clearly identify the position of %*Zr,
97r and **Nb and to deduce a region of interest for *3Zr. Similar to the approach
which was chosen for the passive absorbers, this region of interest should be calculated
from the center and width of the ?2Zr and **Zr peaks by linear interpolation. With this
expected position of *3Zr the distance to the center of the *Nb distribution should be
investigated qualitatively at varying parameters such as pressure in the detector and
in the Gas-filled Magnet (GFM) and the energy of ions according to the discussion in
ch.4.2.2 and in [46]|. Furthermore, the GFM provides the opportunity to suppress the
isobar if the magnetic field is chosen correctly, since then the *Nb ions are prevented
from reaching the ionization chamber by an aperture due to their higher magnetic
rigidity. However, Fig. 4.6 already suggests, that the difference in the magnetic rigidity
is quite small, so that we are not able to shift the *Nb events completely out of the
spectrum without loosing a considerable part of the *Zr distribution.

Since the *Nb count rate has a large share in the total count rate of particles with
m=93 amu, its reduction by the GAMS has the additional advantage, that higher cur-
rents of ions with m=93 amu can be extracted from the ion source compared to the mea-
surements with the passive absorber. In this way, higher count rates of the radioisotopes
could be detected without having to use an attenuator to protect the ionization cham-
ber, which could lead to scattered particles. Consequently, the suppression of “*Nb
depending on the magnetic field was investigated. For this purpose, no quantitative
measurement of a *3Zr sample was done, but blank samples only were used.

7.1. The settings

In this beamtime, we tested ZrH, as blank material, which was extracted from the
ion source as ZrH™ (compare ch.5.2). In accordance to the discussion in ch.4.2.4 we
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chose the high charge states of 157 and 16" which corresponds to energies of 198 and
225 MeV, although the expected stripping yield is only 2.45% and 0.95%, respectively.
The low stripping yields even were an advantage in this case as the count rate of “*Nb
was reduced, so that we were able to detect the full ®*Nb distribution without having to
use attenuators. Thus, all measurements of ions with a mass of 93 amu could be done
without attenuators. We recorded spectra for 2 different gas pressures in the detector,
45.7 and 48 mbar. In general, one would assume, that a higher pressure leads to a
better separation. However, if the density of the gas is too high, in the worst case
both isobars are already stopped in the fifth segment (see Fig.4.7) of the anode and
hence both naturally deposit an energy there which is equal to zero. Thus, the last
segment E5 does not provide any information about the separation and cannot be used
to set windows. Furthermore, we tried the three different gas pressures of 3.5, 4.5 and
5.5mbar in the GFM in order to study its effect on the separation in the ionization
chamber.

Both Wien filters located before the switching magnet were used for these measure-
ments. However, Fig.7.1 demonstrates, that WFI and WFII were not sufficient to
completely suppress the isotopic background, since there are two different species of
events to be seen in this E2 versus position spectrum, although the setup was adjusted
to m=93 amu. As charge state 167 was chosen and the detector pressure was set to
45.7mbar. In order to identify the two peaks, we inserted a Tantalum sample into the
ion source, which is a chemical homologue to Niobium, which means that an increased
concentration of Nb can be expected but no Zr. Those measurements with the settings
on m=93 showed a peak at the same position in the spectrum as the peak with the
lower E2 value, which suggests that these events are “*Nb!0" events. With the settings
on m=92amu using again a ZrH, blank sample, we detected a peak at the position
of the upper peak. However, the peaks of the respective isotopes are positioned very
close together and thus, a proper identification of the events is quite difficult from
this spectrum which is why a question mark is put on the labels in Fig.7.1. It has
to be mentioned, that the separation in the rest of the energy loss segments is even
worse. Furthermore, there ought to be also **Zr events, since they are injected into
the accelerator as metallic *Zr~ ions because of the use of Zirconium Hydrides. In
order to separate the events originating from different masses, the TOF path in front
of the GAMS was added. For a fixed magnetic rigidity of the beam guiding system we
can clearly identify the peaks corresponding to the masses m=92 amu, m=93 amu and
m=94 amu with the help of the expression

m -1

W = const. (71)
q .

In the TOF spectrum presented in Fig. 7.2 which was recorded with the settings on
9Nb!* the three peaks are labeled accordingly. The width of the peaks in this spec-
trum of approximately 480 ps FWHM could be further decreased to 260 ps FWHM by
using a Pico-Timing Discriminator in the electronics for the data processing. This TOF
spectrum demonstrates, that both neighbouring isotopes reach the ionization chamber.
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Figure 7.1.: 2 dimensional spectrum (E2 versus position) of the detected events with
the settings on m=93 amu. Two different species of events are visible and
are marked with black circles. The identification of the peaks was based on
the measurement of a Tantalum sample and of the ZrH™ with the settings
on m=92 amu and has to be verified. For further explanations see text.

Thus, the **Zr have also to be present in Fig. 7.1, but probably are covered by the “*Nb
events. Since the peaks of the three masses are very well separated from each other,
we are now able to select only those events with m=93 amu by applying a window on
the peak in the middle. A possible choice of this window is represented by the two
vertical black lines in Fig. 7.2. Similar to the procedure explained in the chapter on the
passive absorber, events with m=93 amu in the wings of the Gauss distribution are ne-
glected which reduce the transmission from the channel plate detector to the ionization
chamber. However, this procedure ensures that the isotopic background is efficiently
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suppressed in the spectra of the ionization chamber.
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Figure 7.2.: TOF spectrum corresponding to the spectrum shown in Fig. 7.1. The three
peaks of m=92 amu, m=93 amu and m=94 amu are labeled. The two ver-
tical black lines indicate a possible choice of the limits for a window on
m=93, to reject the isotopic background.

7.2. Results

Fig. 7.3 shows the resulting E2 over position spectrum, if the window indicated in
Fig. 7.2 was applied to the spectrum in Fig.7.1. Only one peak is left, which has then
to correspond to the ?Nb ions. Similar to the distributions in Fig. 7.1, also the present
one has a rather long tail towards lower energies and larger radii corresponding to
smaller positions in the spectrum (compare Fig.4.7) which is due to scattering of the
ions on the gas molecules of the GAMS. By repeating this procedure for the masses
92 amu and 94 amu, the position of the two isotopes in all the available spectra (E1-E5
over position) can be obtained and hence, we could calculate a region of interest for the
9371 events by linear interpolation which is indicated by the black square in Fig.7.3.
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The width was chosen to be 1o in each direction, which was calculated from the width
of the 92Zr and *Zr distributions. It became obvious, that the peak of **Zr is located
at the same energy as **Nb and at a slightly smaller position. Consequently, the peak
labeled with *%*Nb” in Fig. 7.1 actually is composed of the two peaks of *Nb and *Zr.
Thus, the 1sigma region of interest for **Zr is also positioned on the wing of the “*Nb
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Figure 7.3.: E2 versus position spectrum of Fig. 7.1 after a window was placed on the
peak corresponding to the events with m=93 amu in Fig. 7.2. Only the peak
of %Nb is left, since events with different masses are discarded. This peak
has a long tail towards smaller energies and larger radii caused by scattered
ions. The black square indicates the expected position of ®Zr with a 1o
confidence level.

distribution. The spectra of the other energy signals look similar, so that it is very
difficult to obtain a background-free spectrum for the detection of *3Zr with this set of
windows which is centered around the interpolated maximum of the **Zr peak.

Since the background is only interfering from one direction, it is more promising to shift

the window to the wing of the %*Zr distribution which is opposite of the background. In
order to demonstrate this graphically, Fig. 7.4 shows two Gaussians depending on the
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energy which represent the *Nb distribution in Fig. 7.3 and a possible %Zr distribution
projected onto the energy axis. The amplitude of the two distributions was chosen
arbitrarily. The yellow area in the left picture demonstrates the current choice of the
window on E2, where we expect a huge level of background due to the very close *Nb
peak. The corresponding peak-to-background ratio of A(**Zr)/A(%*Nb)=2.0 can be
estimated by integrating both peaks in the limits of the window. If we now shift this
window to the left wing of the ?3Zr peak which is presented in the right picture, we
are able to significantly reduce the background by 98 % compared to the original choice
of the window. Since we have background coming only from the low energy side, we
can further expand the window to lower energies to increase the transmission, which
explains the larger width of the window. This leads to a considerably improved peak-
to-background ratio of A(*3Zr)/A(%Nb)=19.3. However, even if the larger window is
applied, the transmission is only approximately 20 % of that in the left picture. As
it was explained in the chapter about the measurements with a passive absorber, this
is not a problem in the first place, since for the development of the method there is
enough material available.
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Figure 7.4.: The two pictures demonstrate, how the level of background (grey shaded
area) due to a closely positioned **Nb peak (black line) interfering with a
937r distribution (dashed, red line) can be reduced by choosing the window
at the wing of the %Zr peak (right picture) instead of choosing it around
the center of the %3Zr peak (left picture). The yellow area represents the
chosen window.

In addition, the ?*Nb peak can be shifted to even smaller bending by increasing the
magnetic field of the GFM, so that it is stronger cut off by the entrance slit in front of
the detector. But, due to the limited separation of *Nb and *Zr which can be achieved
by adjusting the pressure in the GFM (see ch.4.2.4 and [46]) a considerable part of the
9371 events will also miss the entrance into the ionization chamber. This results in a
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lower transmission similar to shifting the window to the left wing of the peak in the
right picture of Fig.7.4. In order to get an idea of how many orders we are able to
suppress the isobaric background, we studied the rate of **Nb events detected by the
ionization chamber at varying magnetic field, pressure in the GFM and charge state.
Those rates were normalized to the rate of *Zr in the detector, to be independent of
the current. The resulting ratios were all related to the “*Nb rate of a measurement
where a low magnetic field of 975mT was chosen, so that the entire *Nb peak was
located in the spectrum. The inverse of this ratio was called the **Nb suppression and
is plotted on the logarithmic y-axis of Fig. 7.5 depending on the magnetic field of the
GFM. The two different symbols represent the measurements with a kinetic energy
of the ions of 198 MeV and 225MeV. As it was expected from the formula for the
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Figure 7.5.: The ?*Nb suppression in the ionization chamber is plotted depending on
the magnetic field of the GFM for the an energy of 198 MeV and 225 MeV.
For the interpretation of this data see text.

magnetic rigidity eq. (4.1) with increasing B-field, the center of the *Nb peak is shifted
to smaller radii, so that a higher percentage of ions cannot pass the entrance slit to the
ionization chamber resulting in a higher suppression of *Nb. However, the slope of the
suppression seems to decrease at magnetic field above 1050 mT which suggests, that
the maximum of the *Nb peak is already cut off by the aperture. In general, Fig. 7.5
suggests that the suppression is better for the higher energy of 225 MeV, which is not
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readily understandable from theory. Inserting eq. (4.6) for the average charge state in
eq. (4.1) leads to an expression for the magnetic rigidity which does not depend on the
energy of the ions. However, if we look at Fig. 4.6, where the average charge state was
calculated with the formula of sayer, an energy dependence of the magnetic rigidity
can be noticed. But increasing the energy leads to a higher magnetic rigidity of the
ions, which means that the radius of the trajectory in the magnet increases for a given
magnetic field. This is in contrast to our observation, since a higher suppression of **Nb
requires a smaller radius, so that the “Nb peak is stronger cut off by the slit.

It has to be mentioned, that in general the gas pressure in the GFM was not kept
constant, which might be an explanation for the higher suppression for the ions with
the higher energy. In this case, the gas pressure in the GFM was considerable higher,
e.g. there was a different of 2mbar between the black data point at B=1055mT and
the two red points at 1053 mT. Thus, we have a better separation from the expected
position of %Zr (see [46]) on which the setup was adjusted. Furthermore, due to the
higher density of the gas, we assume more angular straggling, which decreases the
transmission into the ionization chamber. Hence, the better suppression for the red
data points could be a consequence of the higher gas pressure in the GAMS and not of
the higher energy. Higher energies of the ions are advantageous for the separation of
the isobars (compare p.34-35).

For each pair of red data points at the same magnetic field, the gas pressure in the GFM
was left unchanged. Here, the only varied parameter was the pressure in the detector
which does not have, as expected, a significant influence on the “*Nb suppression. The
error bars contain two sources of uncertainties: On the one hand, the error of the
number of events in the Gaussian distribution which was used to fit the **Nb peak
and the instability of the count rate measured at the MCP, on the other hand, which
was assumed to cause an uncertainty of 5% to the count rate. The total error of the
suppression was calculated by quadratic error propagation. It has to be pointed out,
that the initial *Nb peak which was used to estimate the unsuppressed “>Nb count rate
possibly includes ?2Zr events, since the TOF path was not used for this measurement.
Consequently, the absolute value of the suppression might be smaller than it is shown
in Fig.7.5.

Similar to the experiment with the passive absorber, we wanted to derive an upper
detection limit also for the measurements with the GAMS in order to compare the runs
which were done with different parameters, i.e. different gas pressure and/or magnetic
field in the GFM (pgrm, Barm), charge state (q) and gas pressure in the ionization
chamber (pqet). However, since we do not detect the entire Nb distribution with the
GAMS, we cannot proceed as described in ch. 6.3.3. to determine the transmission from
the channel plate to the ionization chamber. The following approach enabled us to get
a rough estimate of the transmission nevertheless.

The general idea was again to apply the windows for ®*Zr on the **Nb distribution but
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to introduce a factor which takes into account the suppression. This means, we assume
the ’virtual’ 3Zr distribution to be completely detected by the ionization chamber.
This assumption is valid as long as the magnetic field of the GFM and the windows
are chosen as it was done for Fig. 7.3, but if we go to higher magnetic fields, also the
937r window is shifted to the right and thus, also ®*Zr ions are blocked by the entrance
slit to the ionization chamber. This factor is called the GAMS factor and relates the
number of detected events in the ionization chamber (Ng;) to the events detected at
the channel plate (Nop):

o Ndet

G
Nep

(7.2)
In contrast to the “*Nb suppression considered in Fig. 7.5 the GAMS factor does not
distinguish between the isotopes. Therefore, we cannot not tell if the count rate in the
detector is lower than at the channel plate because *Nb events were pushed out of the
spectrum or because ??Zr events were suppressed. Consequently, it is assumed that the
9Nb count rate is suppressed in the same way as the overall count rate. Of course, this
leads to considerable uncertainties, which unfortunately cannot be estimated. Hence,
an exact error analysis is not reasonable with the current data.

To obtain a transmission of the ®3Zr events, the ?*Nb events in the windows were
additionally divided by the GAMS factor. With only a window on the TOF, to filter
out events of m=93 amu, this method yielded a transmission between 20 % and 35 %.
It is interesting, that the GAMS factor which is listed in the 6th column of Tab. 7.1 is
smaller for a higher magnetic fields in the GFM which is opposite to the result for the
93Nb suppression shown in Fig. 7.5. This could be explained by an increased suppression
of the isotopes “2Zr and **Zr in the case of higher B-fields. Apart from the application
of the GAMS factor, the method to estimate the upper detection limit was identical
to that described in the ch.6.3.4. The corresponding results are also listed in Tab. 7.1
along with the relevant measurement parameters, the Zr count rate at the channel plate
and the transmission for the final set of windows. Only measurements where an energy
of 225 MeV was selected, were evaluated in this way, because the Constant Fraction
Discrimators (CFD) with the resolution mentioned in ch.7.1 were available for those
TOF measurements only. Otherwise, the resolution of the TOF spectra was too low to
apply resonable windows on the mass.

The concentration of **Nb in the ZrH, was estimated with the help of measurements
with the injector magnet set to ZrH, and ZrH; and the *Nb peak was not suppressed
in the ionization chamber. Thus, 2Zr, **Zr and *Nb could be identified in the spectra,
even without using the TOF path. However, the currents we could extract from the
ion source were very small, i.e. approximately 1nA at Cupl. A %Nb/Zr ratio of
6 - 107° was obtained. Since this result was calculated from only two measurements,
the uncertainties are accordingly high.

In general, the resulting values for the upper detection limit are rather high, although
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7.2. RESULTS

BGFM PGFM E(MeV) Pdet RCP(ZI') G T (%) c(93Zr)
(mT) (mbar) (mbar) | (Hz)

1065 | 45 225 457 | 121-10° [12-10°] 150 |7-10 7
1065 4.5 225 48 1.16-10% | 1.1-1072| 0.72 | 2-10°¢
1053 9.5 225 48 6.20-10" | 81-107*| 1.58 |1-10°¢
1053 5.5 225 45.7 5.19-107 | 83-107*| 8.04 |3-1077

Table 7.1.: Upper detection limit for *Zr (last column) along with the corresponding
count rate of Zr at the CP (Rcp(Zr)), the transmission of the final set
of windows (T), the Gams-factor (G), the gas pressure in the ionization
chamber (pget), the gas pressure in the GFM (pgpum) and the magnetic field
in the GFM (BGFM)

those results must not be directly compared to results of the passive absorber or mea-
surements where a standard sample was used to determine the transmission. In this
first attempt, the windows were chosen asymmetrically around the expected maximum
of 937Zr. In case of the spectra listed in the second line in Tab. 7.1, it was not possible
to choose the windows such, that they were free from background without reducing the
transmission to zero. In order to calculate the upper detection limit, the error interval
according to Feldman and Cousins considering the presence of background had to be
used |74]. Thus, applying windows according to the right picture of Fig. 7.4 may cause
an improvement. Since the transmission will drop considerably in this case, the samples
have to be measured much longer at the same settings than it was done during this
beamtime. It has to be mentioned, that without having measured a standard sample
and having thus detected real *3Zr events, the choice of windows is governed by a certain
level of subjectivity.

However, since we proceeded in exactly the same way for the four measurements listed
above, we can compare the results relative to each other. These results suggest, that
using a lower magnetic field but a higher gas pressure in the GFM is more promising.
Even though, the upper detection limit in the first line of Tab. 7.1 is quite similar, the
transmission is considerably lower, which means that the window had to be chosen
narrower in oder to obtain no counts. However, in case of the run in the 3rd line, no
947r events were detected in the 5th segment of the anode, which means the ions were
stopped before. Consequently, there was no separation in the E5 signal which caused
the higher upper detection limit.
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8. Conclusion and Outlook

Within this Master’s Thesis, the detection of fission products by AMS has been tested
for the first time using the example of *Zr, which is especially challenging due to its
isobaric background in addition to the isotopic background. For this purpose, two
different approaches were studied: On the one hand, we used a passive absorber to
separate the isobaric background from the interesting events, which seemed to be very
promising since we thus could achieve an upper detection limit of 6 - 107, and on the
other hand we did first experiments with the GAMS setup where we could efficiently
suppress the isotopic background by adding TOF measurements. With the GAMS
setup a preliminary upper detection limit of 3 - 1077 was obtained. However, those
experiments have not been finished, yet. The GAMS measurements showed that we
can suppress the isobaric background to approximately 0.16% of the initial *Nb count
rate. From the performed simulations and measurements with the passive absorber the
optimal material and thickness for the detection of **Zr ions at an energy of 190 MeV,
ie. 24mg/ cm” of silicon nitride, was determined. By comparing the stopping power
of 7Zr and ?*Nb from the simulations with those calculated with tables, a significant
discrepancy was observed with our current data favoring the stopping power curves
implemented in the simulation programs.

With the passive absorber, an upper detection limit was achieved, at which the ?3Zr
events from the standard sample can be distinguished from the background. Conse-
quently, the next step to develop this method further is to really detect *3Zr counts to
determine the transmission reliably. Especially for future investigations of sea water
samples with regard to their *Zr concentration, we need to improve the detection limit
even further, since we expect concentrations which are at least two order of magnitude
lower. In the first place, we may increase the currents from the ion source, since we
were well below the upper limit for the count rate in the ionization chamber. To avoid
this upper limit which is given by the speed of the data acquisition and the charge
collecting time, it is possible to use the surface-barrier-detector without the ionization
chamber, since the measurements showed no enhancement of the upper detection limit
if the ionization chamber is used (see ch.7.3.4). According to what we have learned
from the simulations, Be foils would be a better choice as passive absorber material
than silicon nitride if they could be produced very thin and highly uniform. Hence, Be
foils from other producers should be tested.

In the case of the GAMS setup a run with a standard sample is necessary for a significant
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determination of the upper detection limit, which should be done next. We have learned
from those experiments done within the scope of this Master’s thesis, that adding a TOF
measurement to the usual measurements with the GAMS is essential to suppress the
isotopic background. In order to keep the isotopic background extracted from the ion
source as low as possible, it is proposed to extract Zr from the ion source using a
molecule different from ZrH~ as ?2Zr and %*Zr cannot be suppressed by WFI and WFII
sufficiently and thus cause a considerable background. However, the possible candidate
ZrF, is known to reduce the performance of the ion source and during the last beamtime
using ZrO, we frequently observed electrical discharges in the ion source, whose origin
still is not completely understood. We assume, that ZrO, which is electrically and
thermally isolating, forms an isolating layer on the ionizer, which may explain the
electrical discharges. Therefore, a thorough study of the behaviour of ZrO, in the ion
source is recommendable. Furthermore, ZrC~ may also be a feasible candidate which
should be tested.

Another idea is to combine both methods, the usage of a passive absorber and the
GAMS setup. For this purpose, the passive absorber has to be installed in front of the
GFM, which has to be evacuated, since the gas in the magnet further decreases the
energy of the ions and increases the energy straggling. The energy difference of the
isobars caused by the passive absorber leads to trajectories with different radii, which
then can be distinguished by their position in the ionization chamber. We are aware
of the fact, that we are limited by the position resolution of our ionization chamber.
Another challenge is the focusing of the beam which has to be done by the beam guiding
system, since the GAMS magnet itself is a dipole magnet and thus does not perform this
task. Furthermore, if the magnet is evacuated, we have to select only one charge state
which reduces the count rate of the radioisotope in the ionization chamber and thus
increases the measuring time. As a first step, it is suggested to estimate the required
position resolution before doing test experiments which would require changes to the
setup. However, to be able to do this, we have to settle the question on the stopping
power curves of ?3Zr and **Nb. This could be done by using the passive absorber setup
in the Actinide beamline and detecting “*Zr ions at different energies after having passed
through a rather thin SiN foil to keep the error made by interpolating the energy loss
linearly over the thickness of the foil as low as possible. The energy of the particles
after the foil can be deduced from measuring the TOF.
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