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Abstract

The first measurements of the radioactive '3*Cs and '**Cs isotopes were made on an
accelerator mass spectrometer. The natural Ba interference was suppressed using an
isobar separator for anions (ISA) in order to measure the less abundant isobaric **Cs
and 13°Cs isotopes. It was found that the Ba interference could be suppressed by a factor
of 2 x 10° while 25% of Cs was transmitted. Furthermore, through comparing the known
natural abundance of Ba isotopes to the measured concentration in a sample it was shown
that the ISA does not introduce significant mass dependant fractionation at the level of
0.8%. A slow sequential injection analysis technique was developed to measure 3°Cs
using *Cs as a reference isotope. This technique also permitted the monitoring of Ba
interference. The ionization efficiency of Cs when analyzed in the molecular anion form,
CsF; , was on the order of 1077 while the total measurement efficiency was 1.7x107%. The
abundance sensitivity of this system was found to be 3°Cs/ 133Cs = (1.3 £ 1.7) x 1071°
, corresponding to a 30 detection limit of 132.5 pg of analyte per target. Lastly, using
the developed AMS techniques, beta spectroscopy, gamma spectroscopy, and isotope
production, a measurement of the half life of 13°Cs was made. The two measurements of

the half life of 13°Cs were 0.72 4+ 0.32 Ma and 0.99 + 0.42 Ma.
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Statement of Originality

Chapter 3: Barium Suppression and Development of Measurement Tech-

niques

The concept of accelerating the sample Cs as a fluoride superhalogen anion was outlined
in previous work done by Dr. Xiaolei Zhao et al. These methods were developed before
I began the thesis work. I tested other measurement techniques (various initial anions,
operating parameters, target compositions etc.) however none of the tests proved more
effective than the procedures that were already in place for measuring Cs. This majority
of this work was largely qualitative so I did not included in the thesis.

Tests had not been done prior to my work involving Cs in solution. Only CsF powder
had been used for target creation. Therefore, new procedures needed to be developed. 1
was aided by Dr. Chris Charles in the development the sample preparation and target
creation procedures. Once these procedures were in place, however, no further aid was
given in experimental sample creation other than requested supervision while I worked
with particularly radioactive samples or other hazardous materials.

In order to measure Cs, samples with high abundance of the desired isotopes were
needed. I calculated the required exposure time of the CsCOg3 to achieve the required
amount of 3*Cs without ®°Cs contamination. The neutron activation of '33CsCO4
was done by the Royal Military College (RMC) Slowpoke facility (Kingston, Ontario,
Canada). The '35Cs sample (in the form of a pipe section) was sent to Dr. Cornett from
Atomic Energy of Canada Limited (AECL) (Chalk River, Ontario Canada). Dilutions
of these samples were done with the aid of Dr. Jack Cornett.

The thesis goes on to describe isobaric attenuation of barium and detection of Cs.
All of the data presented in these paragraphs were collected and analyzed without aid.
This includes all manipulations of the isobar separator and accelerator mass spectrometer
components in obtaining the suppression curves and natural abundance measurements

of barium as well as the measurements of various Cs isotopes.
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Chapter 4: Measurement of Caesium by AMS

All of the data presented in this chapter was collected without aid. The sample prepara-
tion was accomplished as described in the previous section. The procedures were devel-
oped with the aid of Drs. Charles and Zhao and all the experimental sample preparation
was done alone or with supervision if necessary.

While I collected the first data showing unexpected interference after the suppression
of barium, it was Dr. Zhao who identified it as Zn dimers and suggested a method of
suppressing the molecular interference. Dr. Zhao and I experimentally found the optimal

stripper gas pressure to eliminate the Zn dimer interference.

Chapter 5: Half Life Measurement

The ¥*Cs and '3°Cs samples were produced, as mentioned previously, by RMC and
AECL respectively. Dr. Cornett and I did the dilutions of these samples. In order to
quantify the amount of activity in the samples, they were analyzed by beta and gamma
spectroscopy. I performed the beta spectroscopy while the gamma spectrometry of the
134Cs and *°Cs was done by RMC personnel and Dr. Cornett respectively. The analysis
of all these spectra was done alone.

Dr. Cornett and I developed the protocol for purifying the Cs samples with AMP

while the actual purification and analysis was done myself.

In summary, while aid was given in the development of new protocols/procedures
(sample purification, sample preparation, target creation, measurement techniques, etc.),
all of data presented in this thesis were collected and analyzed myself, save for the gamma
spectrometer measurements of the Cs samples, which were collected by and Dr. Cornett

and RMC personnel. (Figures 5.1 and 5.3 in the thesis)
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Chapter 1

Introduction

1.1 Radioisotopes and Their Detection

Following the substantial advancements of knowledge concerning the atom in the 19th
century, experiments unveiling the structure of the atom began emerging. The cumula-
tive efforts of many scientists including J. J. Thompson, Marie Currie, Ernest Rutherford,
Frederick Soddy, Neils Bohr, and James Chadwick have lead to a comprehensive under-
standing of the periodic table. It was found that atoms are not elementary particles,
but rather are made up of subatomic particles including protons, neutrons, and elec-
trons. Together, these particles were found to dictate the characteristics of the atom.
The number of protons determined the chemical nature of the atom, an excess or lack of
electrons determines the overall charge of the atom, and the neutrons aid in the stability
of the nucleus.

Experiments done in the 20th century unveiled the concepts of nuclear stability and
radioactivity. It was also discovered that atoms of different masses could occupy the
same location on the periodic table. These atoms were called isotopes. However, in
general, only a few of these isotopes maintain nuclear stability while others undergo

radioactive processes to attain a more energetically favourable state. When the process



of radioactive decay occurs the isotope emits characteristic particles and, depending on
the method of decay, can change the chemical nature of the atom, shifting its position
on the period table.

Analysis of these isotopes was quite difficult, as they could not be separated chem-
ically. Therefore, new methods of separation and detection techniques needed to be
developed. This was accomplished by exploiting the two principle differences of isotopes,
their characteristic radiation and mass. The particles given off through decay are gener-
ally alpha (helium nucleus), beta (electron or positron), or gamma (photon) particles and
can be measured using a corresponding spectrometer which separates the particles by
energy. This process works well for isotopes with short half lives, but sometimes isotopes
can be extremely long lived or even stable. Mass spectrometry resolves this problem by
separating isotopes from each other based on their mass.

The combination of these measurement techniques generated an abundance of new
information regarding isotopes such as natural abundances and well defined half lives.
Furthermore, it was observed that environmental and temporal processes can alter the
relative abundance of isotopes through isotopic fractionation and radioactive decay. Ac-
cordingly, by analyzing isotopic ratios, the processes themselves could be observed in
detail. Applications requiring the quantification of isotopic ratios are numerous; some
notable examples include carbon dating, the comparison of the *C and '2C ratio in an
organic material to the isotopes’ known natural abundance to deduce its age, or deducing

a source of water through the observation of O and 'O ratios.[6, 7]

1.2 Mass Spectrometry

Every type of mass spectrometer for isotopic analysis requires three components to ana-
lyze a sample: a source that generates a beam of ions, mass filters to separate the beam

of ions and a detector to quantify the beam.



A thermal ionization mass spectrometry (TIMS) source consists of a metal filament,
most commonly Re or Ta, on which a liquid sample is suspended. After drying, the
heated filament begins to thermally ionize the atoms in the sample. The sample atoms,
vapourized and ionized by the hot filament, are focused and accelerated out of the source
into the mass analysis section. There are many variations in how a beam can be separated
as well as the number of separation steps in the analysis. The simplest method of mass
separation is to pass the beam through a curved electromagnet. The mass spectrum
generated from the magnet can then be analyzed in a number of ways. A Faraday cup
(FC) is used to analyze large ion currents. By focusing the sample ion flux into an
FC while varying the magnetic field of the electromagnet, a relationship of current vs.
magnetic field, and by extension current vs. mass, may be obtained. Alternatively, the
magnetic field can be focused into an array of FCs lying on the magnet focal plane. This
produces a discrete mass spectrum across a smaller range than the former method. For
smaller ion currents, an electron multiplier detector can be used. The ion currents or
counts from the analysis of the beam directly correlate to the intensity of the atomic
concentration in the sample.[8]

Inductively coupled mass spectrometry (ICPMS) introduces the sample as solution
or fine particles entrained in a gas flow. Drying and ionizing of the sample occurs
in an Ar plasma, rather than on a filament as done in TIMS. The sample solution
is fed through fine tubing into a nebulizer and is subsequently aspirated into the Ar
plasma channel. The high temperature of the plasma first dries the aerosol droplets,
atomizes the dried sample, and finally ionizes the resulting atoms. The cations are then
focused and accelerated through the mass separation components. While some systems
use electromagnets to spatially separate the beam, the majority of ICPMS systems use
quadrupole mass analyzers. In the quadrupole, the ions are exposed to a varying electric
field. The frequency and intensity of the electric field can be set such that ions without the

desired mass to charge ratio will attain degenerate trajectories leaving only the desired



ions to transmit through for detection. Detection is accomplished similarly to TIMS,
using FCs or electron multiplier detectors. [9]

Accelerator mass spectrometry (AMS) sample introduction methods involve the sput-
tering by cations, most commonly Cs™, of a solid sample target in order to atomize the
sample and generate anions of the desired analyte. This is accomplished by feeding
Cs gas into the source vacuum where it becomes thermally ionized by collisions with a
heated (1200° C) spherical tungsten electrode. The cations are focused onto the target
which acts as a cathode. As the sample becomes atomized, the anions that are generated
will be accelerated out of the source. The components used in mass filtration include:
electrostatic analyzers (ESA) (which separate the beam according to ion energy), elec-
tromagnets, and a tandem accelerator. The tandem accelerator accelerates the anion
beam, strips the ions of electrons, and reaccelerates the cation beam up to very high
energies. The electron stripping also breaks apart most molecular interferences. Thus,
the accelerator enables the measurement of very low concentration samples where the
spectrum would normally be dominated by neighbouring mass interferences. Detection
and quantification of the beam is accomplished through the use of Faraday cups, which
handle large beam currents, and gas ionization chamber (GIC) detectors, for single atom
counting where beam currents are too small to be measured by Faraday cups. [10, 11]

The following section outlines the physical principles behind the anion beam genera-
tion, mass filtration (such as the ESA and electromagnet), and ion detection techniques

used in AMS.

1.3 Principles of Accelerator Mass Spectrometry

Mass spectrometry analyzes a sample by ionizing the atoms then, using the Lorentz force

(Eq. 1.1), separates them according to their mass.

F=q(E+7x B) (1.1)



This is accomplished by, first, adding an overall charge to the atom. To produce negative
ions, the sample target is sputtered with an energetic ion, most commonly Cs* as it is
a good electron donor, that releases and ionizes the surface atoms. The ion source used
for this research can be seen in figure 1.1 with a more detailed diagram in figure 1.2.
Once a sample atom has been ionized, the ions of charge state (¢q) are focused and
accelerated through a voltage potential (V') giving them an initial kinetic energy (K).

This exchange in energy can be represented as a conservation of energy equation:

AU, +AK =0
1 0.9
1
§mvg = —qAV

where U, is the electric potential as determined by the source, m is the ion mass and
v is the ion velocity. As can be seen from equation 1.2, all ions leaving the source that
have the same charge state, have the same energy, but different momentum depending
on their mass. Each ion will have some fraction of their energy in the radial direction.

Therefore, to ensure the ions remain on the beam line axis, various electrostatic lenses

S0O-110 Source
Injection Magnet

1)
2)
3)ISA
4) Research Injection Line k‘
5) Production Injection Line 9
6) Tandem Accelerator ;
7) 90° Magnet

8) ESA

9) GIC Detector 8
------ Path of ions

----------- Sy

Figure 1.1: Diagram of the IsoTrace AMS system as viewed from above.



are used in between analyzing components.

1) Target Holder

2) Sample Target (Cathode)

3) Cs Inlet

4) Cs lonizer

5) Extraction Electrode (Anode)
-------- Path of lons

Figure 1.2: Cross sectional diagram of the SO-110 Sputter Source.

> To 90° Magnet

The next step is to make the initial separation by mass. This is done using a curved

electromagnet. The ray of ions enters the magnet where they are exposed to a magnetic

field (B). The magnetic field applies a perpendicular force (Fg) to the beam of ions

which causes it to follow a curved trajectory of radius (r). Equation 1.3 demonstrates

how the magnet selects the desired mass to analyze.

ﬁB:quE
2
mv—:qu
Lmo?
21 m_(’I“BV
34 4
Km  (rB)?
qq 2
B 2Km
— a

(1.3)

Since all the ions have the same kinetic energy, letting r be the magnet’s radius

of curvature, g the overall charge of the ion, and m the mass of the ion we want to

measure, the magnetic field can be found. At this field, the mass of interest will follow

the curvature of the magnet while heavier masses will curve less and lighter masses will



curve more.

This simple form of a mass spectrometer produces a rudimentary mass spectrum. This
spectrum, however, is often insufficient for determining the specific atoms that make up
the beam due to interferences from: isobars (molecules or isotopes of different atoms with
the same mass), tailing from neighbouring masses (due to energy spread of the abundant
isotope), and atoms or molecules with equal mass to charge ratios. Therefore, additional
separation techniques are required.

In accelerator mass spectrometry, following the bending magnet phase, the ion beam
is sent into a tandem accelerator. Here the anions that were generated in the source are
accelerated to the center of the tandem through a large electric potential. The anion beam
loses electrons to the electron stripper, gaining an overall positive charge, and is then
reaccelerated as cations, utilizing the same electric potential to accelerate the beam out
of the tandem. The purpose of the tandem is twofold: it removes molecular interferences
through collisional dissociation in the stripper gas, and facilitates the detection of the
ions by high energy particle detectors, such as a GIC detector. The energy of the ions

after acceleration is defined by equation 1.4.

m
Ktotal - QIM(‘/source + ‘/:candem) + q2‘/;:andem (]-4)

Where M is the mass and ¢ is the charge of the initially accelerated atom or molecule.
Likewise, m and ¢» are the mass and charge of the analyte ion after charge exchange
occurs in the stripping canal of the tandem. The term ; is required here for the case
when the isotope of interest is initially accelerated as a molecule. When this molecule is
dissociated in the tandem, the kinetic energy is apportioned, leaving the atom with its
fraction of the initial energy.

Following the tandem, another magnet bends the high energy beam. However, due

to the increase in kinetic energy, the magnetic field must have a higher magnitude to

bend the beam (Eq. 1.3).



At this stage, however, the combination of sputtering, molecular fragmentation, and
collisional scattering of the ions results in an energy spectrum with poorly defined peaks.
The large tails of the energy spectrum can severely limit the resolution of neighbouring
masses. The tailing of the spectrum can be improved with the use of an electrostatic
analyzer (ESA) which manipulates the cation beam using an electric field (£) much like

a bending magnet does with a magnetic field. The beam separates in the ESA according

to:
FE = qE
2
me = qb
K rE (1.5)
q 2
2K
E=—
rq

By using the K. calculated for the atom of interest the desired E for the ESA can be
determined. An ESA can also be used at the low energy end before the injection magnet
to remove the tailing from the sputter source before acceleration.

Finally, the beam must be collected in a detector for quantification. This is often
a GIC detector. The only remaining particles in this beam should theoretically be the
atoms of interest as well as any atoms that exhibit equal mass to charge ratios. It is the
role of the detector to differentiate among these remaining atoms. Due to the difference
in proton number, the atoms will lose their remaining energy at different rates within the
isobutane gas. By measuring the amount of energy lost within the detector, the atoms
can be identified. The GIC detector is one of the key elements which allows an AMS
system to measure very low abundance samples as the background interference in the
region of interest is effectively zero counts. A diagram of the AMS system used in the

following experiments can be seen in figure 1.1.



1.4 Purpose

The purpose of these experiments was to: demonstrate the removal of interferences from
a Cs anion beam, develop measurement techniques to produce the first measurements of
rare Cs isotopes by AMS, and apply these techniques to make a measurement of the half

life of 135Cs.



Chapter 2

Background

2.1 Techniques for Measuring Long Lived Caesium
Radioisotopes

Techniques for the detection and quantification of radioisotopes in a sample can be
divided into two types. The first approach involves the detection of decay products
from the sample. As a radioisotope decays it emits characteristic radiation that can be
detected through spectroscopic methods. The decay scheme for 3°Cs and 37Cs can be
seen in equation 2.1. Depending on the kind of radiation emitted, this can be alpha, beta,
or gamma spectroscopy. This type of detection is most efficient for samples with short
half lives that decay quickly, emitting their characteristic products frequently. However,
this method of isotope detection is impractical for the detection of long-lived (>1Ma)
isotopes and cannot be used for stable isotopes, whereas the second technique excels in
these respects. This method involves separating the isotopes by their mass and counting
the number of ions of the mass(es) of interest individually. This can be done in several

ways, each with their own advantages and disadvantages.

10
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While there are many variants, mass spectrometry for radionuclides can be divided
into three general forms: thermal ionization mass spectrometry (TIMS), inductively
coupled mass spectrometry (ICPMS), and accelerator mass spectrometry (AMS).

TIMS techniques for Cs isotopes have been reviewed by Lee et al. TIMS is generally
considered to be a more precise technique than AMS and ICPMS and is frequently
used for isotope ratio measurements. With respect to the long-lived Cs isotopes, TIMS
has been shown to measure 3°Cs precisely in samples containing abundance ratios of
135Cs/133Cs = 1079.[1] However, this technique requires a large time investment in the
sample preparation to ensure analyte purity.

ICPMS is another mass spectrometry technique. It’s applicability to radioisotope
measurement was reviewed by Lariviere et al. ICPMS doesn’t require as exhaustive
sample preparation procedures as those needed for TIMS and has been shown to be able
to measure samples which contain fg levels of Cs (10 fg mL~* of 3°Cs and 6 fg mL~! 37Cs)
by utilizing an on-line reaction cell to minimize isobaric interferences. Furthermore, this
process has allowed ICPMS to measure 3°Cs at an abundance sensitivity of 1.3 x 1072,
2, 12]

AMS is the third mass spectrometry approach used for radioisotope measurement
and was recently reviewed by Litherland et al and Hellborg and Skog. AMS consistently
reports faster sample turn around times and has abundance sensitivity reaching as low
as 1078, This technique had yet to be used to measure radioactive isotopes of Cs. The
detection limit of AMS for radioactive Cs isotopes, just as it is with other forms of
mass spectrometry, is limited by interferences from atomic isobars, among other things.

10, 11]

11



2.2 Accelerator Mass Spectrometry and Isobaric In-
terferences

Accelerator mass spectrometry is most commonly used for the measurement of radiocar-
bon for the purpose of carbon dating.[13] This is due to the ability of AMS to remove
the abundant N from the desired '*C signal. As the electron affinity of the N atom is
negative, N does not form a negative ion while the C is ionized to produce the C~ beam.
Additionally, due to high particle energy after the tandem accelerator, the interference
from the large abundance difference between *C and '2C is minimal.

Often, however, the electron affinity of the interfering isobar is positive, complicating
the isobaric elimination. In the case of Cs, the Ba interference can be attenuated by
analyzing the ions in molecular fluoride form, CsF; . Since Ba preferentially forms BaFy,
there is an immediate suppression of >99% of Ba interference.[14] This is often not a
sufficient suppression. Therefore, additional processes are required.

To date, the method of isobar separation has involved lengthy column chemistry pro-
cedures. The Cs samples are mixed with a Cs specific resin, ammonium 12-molybdophosphate
(AMP), which binds the Cs atoms in a Cs-AMP complex. This resin can then be dis-
solved afterwards to release the Cs for analysis. This process has been used in a wide
range of nuclide detection techniques either to remove isobaric, 3"Ba, or radioactive,
87Rb, interferences.[1, 15, 16] This process alone however, is not capable of eliminating
the ubiquitous Ba contamination to the levels that are needed for any measurement
of '¥Cs in environmental samples.[12] This, and similar requirements have led to the
development of more advanced techniques for the elimination of isobars in MS.

Recently, the on-line removal of isobaric interferences has been accomplished with
collision or reaction cells, incorporating radiofrequency quadrupole ICPMS for many
isobar/analyte systems, including '**Cs and '3Ba.[16] In conjunction with the AMP

chemistry mentioned previously, these procedures have reported sensitivities as low as

12



10 fg/ml for *°Cs with a Ba attenuation of 10*.[17] With the success of on line isobaric
attenuation mechanisms for ICMPS, a similar device, the Isobar Separator for Anions

(ISA) was constructed to test for similar results using AMS.[18§]

2.3 Isobar Separator for Anions

The basic functions of the ISA [19] are to:
e Accept the beam of anions coming from the injection magnet.

e Decelerate the beam.

Capture the beam in a radiofrequency field.

React the beam with a gas.

Reaccelerate the beam into the rest of the AMS system.

The ISA for AMS has shown a lot of promise since its inception, demonstrating the
ability to suppress the isobars of wide range of isotopes (e.g. *Ca, 35Cl, %°Sr,82Hf, and
135Cs). [4, 20] In the case of 135Cs, the ISA has been shown to suppress the isobaric **Ba
signal by a factor of 2 x 107 using NO, reaction gas, attenuating the signal 20 times
more than the on-line suppression reported for ICPMS.[17] Tests on Cs however, have
only characterized the ISA in terms of its suppression and transmission. Actual isotopic

analyses have yet to be completed using the ISA.

2.4 Determining Half-Lives of Nuclides

An accurate measurement of an isotopes half life is required if it is to be used for radio-
metric dating or to compare mass spectrometry and nuclear decay measurements. To
measure half life, two values are needed: the amount of radioisotope in a sample and
the decay rate of that sample. The half life of 3"Cs was determined by gamma decay

counting a standard amount for over a decade, finding the half life to be 30.17 £ 18%
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years. [21] Currently, there are two measurements of the *°Cs half life, each reporting
large uncertainties in the values. Due to the difficulty of obtaining and measuring *°Cs
directly, these experiments measured a known amount of **Xe and allowed it to decay
into ¥ Cs which was then beta counted to determine the activity.[22, 23] With the advent
of isobar separation in mass spectrometry, the ability to measure *>Cs directly is now
possible, allowing for a potentially more accurate measurement of its half life.

The half life of *Cs must be determined if it is to be used to supplement the well
established '3"Cs radiometric dating applications.[1] Previously, an effective technique
for measuring the half life of a long lived isotope, *!Ca, involved measuring the activity
by liquid scintillation counting (LSC) and determining the analyte composition using
TIMS.[24] Therefore, by utilizing this technique with *°Cs and the ISA-AMS system,

this thesis reports a new measurement of the half life of 13°Cs.
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Chapter 3

Barium Suppression and
Development of Measurement

Techniques

This chapter has been accepted for publication in Rapid Communications in Mass Spec-

trometry.

3.1 Introduction

The usefulness of 3*Cs and '3"Cs as analytical tools has been well established in radiation
protection, age dating, environmental analysis, and nuclear forensics.[25, 26, 16, 27]
Some of these applications rely completely on the *"Cs that was created in atmospheric
nuclear weapons testing in the mid 20th century which effectively spiked the planet with
fission product isotopes that would not occur otherwise. 3Cs and '3"Cs, however, have
relatively short half lives (2.3a and 30a respectively) which means that the amount of
137Cs that was created during weapons testing has undergone a few half lives already,
making it increasingly difficult to measure. '**Cs is not created in weapons fallout and

any released into the environment from the Chernobyl reactor accident has all decayed.
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In 2011, the Fukushima incident released a large amount of 13*Cs, however this will all
decay away soon. °Cs is created with nearly the same fission yield as 37Cs (6-7%)
and has a half life of 2.95 Ma[23] making it a possible candidate for long term analysis.
With such a long half life, traditional methods of decay measurement become impractical
promoting the development of measurement by mass spectrometry. TIMS and ICPMS
have been used to measure *°Cs.[28, 16, 1] We are therefore motivated to develop AMS
for the measurement of Cs isotopes.

The current detection of Cs by AMS (135Cs/133Cs 5 x 1077)[29] is about 10° times
higher than levels in the environment from weapons test fall out and the detection limit is
determined by isobaric interferences, Ba being the most prominent. The Isobar Separator
for Anions has proven quite effective at on-line removal of isobars (e.g. *'Ca, 3¢Cl,
9Sr 182Hf and 1%°Cs)[4, 20]. The purpose of this report is to describe the first detection

of 135Cs by AMS at the IsoTrace Laboratory, University of Ottawa.

3.2 Methods

The largest challenge for measuring Cs isotopes by AMS is the isobar interference from
Ba. Although Ba contamination can be greatly reduced by sample preparation tech-
niques, it is still insufficient when it comes to the detection of rare long-lived *°Cs at its
natural levels. [28, 15] Previous ISA configurations have proved effective at eliminating
Ba from a CsF; ion beam using NO, reaction gas; however the transmission of the Cs
analyte was also poor.[4] In these experiments, Os was used in the gas cell in an attempt
to reduce potentially severe losses of CsF; by adduct formations with the radical species
NOs.

It is difficult to make Cs anions due to its valence electron structure, so it is necessary
to accelerate it as a molecular ion, CsF, . To accomplish this, the samples used in these

experiments were prepared as follows. PbFy (Alfa Aesar Puratronic 99.999%) was added
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into pre-weighed clean 15 mL round-bottom Savillex PFA vials. Known amounts of 134Cs,
135Cs and Ba solutions were drawn into PTFE micro-tubing and weighed on a precision
Mettler-Toledo microbalance before being expelled into the Savillex vials. 20 drops of 28.9
M HF were then added from a clean PFA Teflon dropper bottle directly into the Savillex
vials containing the PbFy + Cs or Ba. The mixture was capped tightly and fluxed inside
an isolated, vented plexiglass box at 90°C on a hotplate in their same Savillex capsules
with occasional swirling for at least 2 hrs. Samples were slowly evaporated to dryness for
>5 hrs on the same hotplate at 90°C by removing the lids of the Savillex capsules; HF
fumes were withdrawn under mild suction from inside the plexiglass. The final samples
consisted of a dry material that were then loaded into 1.3 mm diameter stainless steel
target pieces and pressed under 0.6 GPa of pressure.

While *Cs and *"Cs can be purchased as standards, the *°Cs contamination in
them is not quantified. Therefore, the samples of pure **Cs and '3*Cs had to be pro-
duced. The '**Cs was made through the neutron activation of *3Cs,COj3 at the Royal
Military College of Canada Slowpoke reactor and the *°Cs was supplied by Chalk River
Laboratories via a section of pipe from their Xe isotope production facility. This pipe
was washed with distilled water to collect the Cs that had been deposited there by Xe
decay. Through beta and gamma spectroscopy, the wash was shown to contain only
135Cs with minimal *"Cs contamination.

The isobaric attenuation in this experiment utilized the stability of Cs in its super-
halogen form. When the anions were produced in the source, Ba preferentially forms
BaFj3 (the formation ratio of BaF; to BaFy is <1%) while Cs preferentially forms CsF5
(>99% compared to other CsF; molecules).[14] Therefore, by selecting this anion, there
is an immediate elimination of >99% of the Ba contamination. This phenomena was
further exploited in the gas cell where BaF; has a greater chance of reaction compared
to the more stable CsF5 superhalogen.

In order to maximize the efficiency of Cs transmission while still eliminating the Ba
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background, an attenuation profile was created. This was accomplished by measuring
the transmission of ?3Cs and '3°Ba at increasing gas cell pressures using PbFy+133Cs
and PbF,+Ba targets . The ISA-AMS system was tuned using a '33CsF, — 133Cs™?
pilot beam for gas cell pressures ranging from 0 to 0.8 Pa of Os. The system tuning
for each pressure was recorded and reapplied for the ¥5BaF, — 35Ba™3 transmission
measurement. A comparison of the relative transmissions can be seen in figure 3.1.

The ISA was tested for mass dependent bias. Ba is an ideal surrogate for Cs for
this test as all operating parameters are identical to measuring Cs, specifically: masses
of interest, initially accelerated molecule, and charge state after the accelerator electron
stripping canal. The results were compared with the known natural abundance of Ba
isotopes.

The measurement of an unknown amount of *Cs by AMS was demonstrated using
134Cs as a yield tracer. The ISA-AMS system was tuned using the 3Cs pilot beam at 0.53
Pa of Oy in the ISA gas cell. Tons of 1**Cs and '35Cs were accelerated as CsF, — Cs™ and
measured in the final gas ionization chamber (GIC). 3Ba (7.9% natural abundance) was
measured periodically throughout analysis to ensure that there was no Ba contamination

in the 134 (2.4% natural abundance) and 135 (6.6% natural abundance) mass spectra.

3.3 Results and Discussion

Figure 3.1 demonstrates the effectiveness of O, for the attenuation of Ba. The operating
pressure of 0.53 Pa was able to attenuate the Ba beam by a factor of 2 x 10° while 25%
of Cs was transmitted through the ISA.

Relative to the NOy attenuation, the Os in the ISA had greater attenuation of Cs
and poorer attenuation of Ba. At higher pressures, however, the CsF, transmission
starts being suppressed in NO, while CsF; transmission in O, plateaus. Therefore,

NO, reduces the BaF, beam more effectively than O, at lower pressures while at higher
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Figure 3.1: Normalized attenuation curves of Cs and Ba in O, and NOs. Due to the
different configurations of the ISA gas cell (15cm long for NOy [4] vs. 23cm long for
Oy [5]) the attenuation curve is represented as attenuation per cm of gas cell per Pa of
Oy pressure.

pressures, >16 Pa-cm, the transmissions are similar. Further experimentation could
be done in order to better understand the mechanism of suppression by analyzing the
attenuated beam for BaF; 4+ NO,/O, reaction products, electron detachment products,
and molecular destruction products.

The ability of the ISA-AMS to maintain consistent efficiency for each isotope is
demonstrated in figure 3.2. Here, the measured abundance of Ba isotopes (134, 135,
137, and 138) in the sample is compared to the known natural abundance. The ISA-
AMS system performed well, producing a slope of 0.991+0.0083 (R?=0.9997). Therefore,

there does not appear to be any significant mass dependent bias (at the level of +0.8%)
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in the sample preparation, isobar separation, or measurement phases of the experiment.
Additional experiments are needed to test for mass fractionation at the per mil level.
The process of isotope dilution or yield tracing is a powerful tool in radioanalytics used
to account for losses in analyte during the sample preparation and measurement process.
In order to analyze '3°Cs, 13*Cs can be used as a yield tracer because it can be produced
with negligible 3°Cs contamination. The results from the Ba isotope measurements

support the use of yield tracing for measuring Cs isotopes by ISA-AMS.
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Figure 3.2: Comparison of measured abundance of Ba isotopes in sample targets to the
known natural abundance. The dotted red line represents the linear fit of the data,
having a slope of 0.991 + 0.0083. The uncertainty in counting statistics is smaller than
the symbols in the figure.

Normally, when analyzing a sample by AMS, the rare and abundant isotopes are

measured concurrently in different detectors. This practice, however, was not possible
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as the sputter source uses 33Cs™ (the abundant isotope) to sputter the samples. In
this instance, the ISA-AMS system had to be sequentially tuned for each isotope to be
measured in the final detector as fast isotope switching was not possible on the ISA
injection line at IsoTrace. In the future, a different anion, such as rubidium, could be
used to sputter the samples.

Figure 3.3 shows a typical spectrum for Cs analysis. The GIC is able to separate
cations that have equal mass to charge ratios, this proved very important for measuring
135Cs*3 due to interferences from #3Sc*! and °Zr*2. Although these cations can produce
large signals (e.g. #*Sc™! in figure 3.3) the separation is large enough that there was no

interference from tailing.
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Figure 3.3: The GIC spectrum of ?*Cs and '3°Cs with 0.53 Pa of O, in the gas cell.
These samples contain approximately 1.8x10'? atoms of 3*Cs and 5.3x10'3 atoms of
135Cs. The #°Sc*! peak is located at 30 au.

All measurements made on the ISA with 0.53 Pa of Oy had 0 counts of mass 136 in
20 minutes. By extension it can be concluded that there was no Ba interference in the
mass range of interest as **Ba and '*Ba are less abundant than 3*Ba. Had there been
1 count of Ba in the 20 minute analysis period this would correspond to a detection limit
of 5 x 10'% atoms per target. No counts were obtained at mass 137 which was expected

as the amount of 37Cs present (5 x 105 atoms per target) was below detection limits.
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Currently, work is being done to further develop this analytical technique by increasing
Cs current and decreasing the detection limit. Since Cs preferentially forms a cation the

use of cation injection single stage AMS should be explored.

3.4 Conclusion

The ISA suppressed the Ba isotope interference by 5 orders of magnitude while trans-
mitting 25% of the original Cs beam. The Ba beam was suppressed by NOy and O, in
similar amounts. There was no fractionation of Ba isotopes (at the 0.8% level) using this
ISA-AMS procedure. Further experimentation is still required to increase efficiency of
the Cs in ISA-AMS in order to measure samples containing naturally abundant Cs. The

use of ISA-AMS for 1¥3Cs analyses in environmental studies is very promising.
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Chapter 4

Measurement of Caesium by AMS

In order for a technique such as ISA-AMS to be relevant as a routine analytical method
its operating parameters must be optimized and its sample requirements and limitations
must be determined. These latter data provide a baseline for experimenters to evaluate
the technique and to determine whether the technique is suitable for their purposes. In
order to analyze Cs isotopes by AMS, a Cs anion beam must be produced in the ion
source with a high enough efficiency to minimize the use of valuable sample material and

analysis time. Many factors can affect the efficiency of an isotope. These include:
1. Tonization efficiency: The production of the desired ion by the ion source.

2. Isobar suppressor efficiency: The transmission of analyte through the on-line sep-

aration of isobars.

3. System efficiency: The transmission of the ion beam through mass filters, electron

stripping canal, and other system components.

The purpose of this chapter is to examine these factors to determine the best operating

conditions and the limitations.
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4.1 Experimental Approach

These experiments were done at IsoTrace Laboratory, the accelerator mass spectrometry
facility operated by the University of Ottawa.

After sample preparation and target creation (described in chapter 3.2), the tar-
gets were loaded into an SO-110 sputter source (High Voltage Engineering B.V. the
Netherlands) for analysis. Due to the relatively large mass of the molecular anion being
accelerated (m[CsFs] = 171 amu) the initial extraction voltages were kept low to permit
the analysis of the beam by the injection magnet, the field of which could not exceed 0.5
T. The SO-110 operating parameters for these experiments can be seen in table 4.1.

Table 4.1: SO-110 operation parameters for Cs measurements.

Parameter Value
Target Voltage -7 kV
Extraction Voltage -10.5 kV
Cs Boiler 90 °C
Ionizer Current 17 A

Following the source, the beam goes through a low energy injection magnet, isobar
separator for anions, tandem accelerator, high energy bending magnet, electrostatic an-
alyzer, and finally gas ionization chamber detector. Due to the inability of the system to
switch automatically between desired ion beams, the system had to be manually tuned
for each mass. The operating parameters are listed in table 4.2.

Table 4.2: Operating parameters for sequential measurements. B1 and B2 are the fields
of the injection and high energy magnets.

Isotope Mass 1 (amu) B1 (T) Terminal (MV) Mass 2 (amu) B2 (T)

Cs133 170.9022534  0.43390 1.3505 132.90544 0.98656500
Cs134 171.9035064 0.43514 1.3500 133.90670  0.99026279
Cs135 172.9026964  0.43642 1.3496 134.90589 0.99397331
Bal36 173.9013764  0.43770 1.3491 135.90456  0.99762948
Cs137 174.9038764 0.43900 1.3487 136.90707 1.00132165

Using these procedures, Cs was measured on an ISA-AMS to perform the first as-

sessments of the behaviour of radioactive Cs beams and the efficiencies and limitations
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of different approaches for analysis.

4.2 Caesium Beam Current and Efficiency

Cs does not produce an atomic negative ion due to its valence electron structure; this
effect immediately diminishes the efficiency of Cs measurement by AMS unless an intense
molecular beam can be obtained from the ion source. Initial tests to determine the
optimal operating parameters for Cs were done using targets that had high concentrations
of CsF in the PbF, matrix, each target containing approximately (0.5 — 2) x 10 atoms
of 33Cs. Due to the hygroscopic nature of CsF, targets were only created up to a
concentration of 30% CsF to PbFy by mass. Concentrations higher than this quickly
absorbed environmental moisture, compromising the integrity of the sample. Typical Cs
currents measured at the Faraday cup located just after the injection magnet can be
seen in figure 4.1. It was found that lower concentrations of CsF, 7% by mass, produced
around 75 nA. Additionally, mixing the samples by fluxing (as described in section 3.2)
in HF produced more stable currents due to the better homogenization of the material.

During experimentation with Cs radioisotopes, however, samples were produced at
much lower Cs concentrations. Targets composed of **Cs and/or *3Cs contained ap-
proximately 2 x 1012 and 5.5 x 1013 atoms respectively, a factor of ~ 10° times less than
stable Cs samples. Sample compositions for these tests can be seen in table 4.3. Mass
134 and 135 measurements were taken at the final GIC detector. Here, count rates of
0.340.2 cps and 4 £ 3 cps for **Cs and ¥5Cs were recorded. All reported currents were
normalized to 1 nA of 133Cs current.

Table 4.3: Samples used in the Cs radioisotope experiments.

Sample  PbF, (mg) !3Cs atoms '¥5Cs atoms

Blank 46.1 0 0
134y 32.3  1.9x 10" 0
135Cig 33.2 0 54x108
134/135 g 33.9 1.8x 102 56 x 10"
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Figure 4.1: Average 33Cs currents over 20 minutes measured after the injection magnet.
Samples marked with (e) were mixed using a stir rod and the samples marked with (x)
were mixed by fluxing with HF. Error bars represent the stability of the beam over the
20 minute analysis period.

Table 4.4: The measured efficiencies of the AMS system components.

Component Efficiency
ISA @ 0.53 Pa of O, 25%
274 Tnjection Magnet Box 57%
Tandem 45%
HE Magnet + ESA 26%
Total 1.7%

Two factors limit the detection of Cs: the transmission efficiency of the AMS system
and the ionization efficiency of Cs. The efficiency of the components of the Isotrace
Laboratory AMS system can be seen in table 4.4. The magnet box listed in this table is
the section of beam line between the ISA and the tandem that is occupied by the injection

magnet of the production injection line. Ionization of Cs and formation of CsF;, has a
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much larger impact on efficiency. The low concentration radio-caesium targets produced
a total measurement efficiency of 1.7x 107 which, accounting for AMS efficiencies, results
in an ionization efficiency of 10~7. It should be noted however, that these efficiencies
are based on the sequential measurement method outlined in section 3.3. This process

results in only 25% of the target measurement time being spent on a particular isotope.

4.3 Interferences and Crosstalk

All isobaric interferences need to be eliminated in order to measure a concentration
of 135Cs. The Isobar Separator for Anions (ISA) described in section 2.3 was used to
suppress the isobaric interferences from */13°Ba. It was found that 0.53 Pa of O, gas
in the reaction cell of the ISA was sufficient for the removal of Ba while maintaining a
usable Cs signal.

In addition to Ba, there was an unanticipated interference from Zn dimers which
span the mass range of interest (figure 4.2). The mechanism of interference can be seen
in table 4.5. These molecular interferences were eliminated by increasing the stripper
pressure in the tandem accelerator until no counts were seen in mass 136. It was found
that all dimer interferences were suppressed at a stripper gas pressure which resulted in
a pressure of 2.1 x 1077 mBar at the low and high energy ends of the tandem accelerator.
This corresponds to a stripper gas thickness of 0.5ug/cm?.

Source memory effects introduce crosstalk between samples inside the source. This
occurs when a target ejects some material into the source environment, contaminating
subsequent target measurements. This process was observed in the Cs measurements
(figure 4.3).

During analysis, a large emission of target material was observed after a few minutes
of sputtering as indicated by a drop in target voltage, due to the emission of ions and

electrons, and a spike in target current, caused by the source attempting to maintain
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Figure 4.2: Abundance of the interfering Zn dimers that can interfere with Cs isotope
measurements. The dimer abundance is calculated by determining the probability that
any two Zn isotopes will add to a given mass. These probabilities were then normalized
to the most abundant Zn dimer, mass 134. For example, a dimer of mass 136 can be a
combination of Zn isotopes of mass 66 (28% abundance) and 70 (6% abundance) or 68
and 68 (19% abundance).

voltage. It is hypothesized that this event is due to the inefficient removal of heat from
the sputtered surface, causing instability in the target material. Any un-ionized Cs
ejected from the target during this emission event creates a partial pressure of sample
Cs in the source. This partial pressure remains in the source during the analysis of
subsequent targets. Cross contamination occurs when previously ejected Cs from the
source environment becomes ionized by the source ionizer. The ion optics of the source,
which are designed for Cs*, focus the ionized Cs to the target surface, allowing it to be

reemitted and accelerated through the machine.
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Table 4.5: Comparison of Cs and Zn energy and mass characteristics as they would be
analyzed by different AMS mass filters. A source voltage of -17.5 kV and tandem accel-
erator voltage of 1.3496 MV was used for these calculations. Values expressed in units
of elementary charge, MeV, and atomic mass units. The initially accelerated molecule
of Zn was not directly measured, therefore the molecule is represented as Zn,[38] .

Cs 135 Zn Dimer
AMS Component | Form mE/q®> E/q Form mE/q? E/q
Source CsFy 3.026  0.01750 | Zny[38]~ 3.025 0.01750
Injection Magnet | CsFy 3.026  0.01750 | Zny[38]~ 3.025 0.01750
Tandem (Mid) Cs*™  143.900 1.06667 | Znj? 143.827 1.06655
Tandem (End) Cs™  76.679 1.70282 | Znj? 76.646 1.70278
HE Magnet Cs™  76.679 1.70282 | Znj? 76.646 1.70278
ESA Cst  76.679 1.70282 | Znj? 76.646 1.70278
Sample 1: Cs135 Sample 2: Cs135 Sample 3: Cs135
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Figure 4.3: 13Cs signal in 3 consecutive samples. The first sample contained *°Cs
and the following 2 contained none so the signals in samples 2 and 3 are from cross
contamination.

4.4 Reproducibility

A rigorous test for reproducibility of Cs measurement on ISA-AMS was not included in

these experiments due to the scarcity of analyte and limited availability of the ISA device.
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However, through examination of the data, a qualitative assessment of consistency can

be made.
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Figure 4.4: The GIC spectrum of 3*Cs and '33Cs samples with 0.53 Pa of O, in the gas
cell. These samples contain approximately 1.8x10'? atoms of 3*Cs and 5.3x10'3 atoms
of 135Cs.

The sequential analysis procedure adjusts the system such that all measured ions will
have the same energy as they are measured by the GIC detector. Figure 4.4 demonstrates
the consistency of the sequential measurement procedure. Here, eight separate measure-
ments are shown, four of **Cs and four from ?*Cs. Each spectrum lies within the chosen
energy range and also displays significant separation from the equal m/z interferences.

Being limited by sample material, targets were created in duplicate rather than trip-
licate. The results from the analysis of the duplicate targets containing 3*Cs and '35Cs
can be seen in table 4.6. The values found from this analysis do not agree with the
expected value or themselves within statistical error. Therefore, while the ISA-AMS
system can consistently detect rare isotopes of Cs, the procedures’ ability to reproduce

reliable isotope ratios must be developed in future work.
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Table 4.6: Ratio of 131Cs/!°Cs measurements of duplicate targets. Two measurements
were done per target. The expected ratio is the ratio of isotopes added to the target.
The results from the first target were not corrected for the Cs memory effect, the second
target results were.

Target Content 1°* Measurement 2"¢ Measurement Expected Ratio
134/135 (g 0.46 + 0.36 0.01 £ 0.01 0.03
134/135 (g 0.08 4 0.03 0.11 4 0.05 0.03

4.5 Detection Limit and Abundance Sensitivity

The tests performed on the ISA-AMS system provide measurements for the abundance
sensitivity of **Cs. In 200 seconds, 3 counts of **Cs were obtained (0.015 cps) with
a 133Cs™ current of 0.056 nA as measured by a FC located just before the final GIC
detector. The counts of these two isotopes can be used to calculate the abundance
sensitivity of 13Cs/ 133Cs = (1.3 £ 1.7) x 107! which is comparable to the sensitivities
reported for TIMS analysis.[1]

It is not clear, however, whether the source of ¥°Cs counts were truly from the
neighbouring 33Cs peak or from source contamination from preceding tests. The latter
situation appears more reasonable as initial experiments had demonstrated 0.002 cps of
134Cs from a blank target. Regardless of the source contamination, however, a detection
limit of 3°Cs can be obtained. The 3¢ detection limit of ¥*Cs measurement on the

ISA-AMS system was found to be 6 x 10! atoms or 132.5 pg of analyte per target.

4.6 Conclusions

These experiments outline the methods by which the detection of 3°Cs by AMS was
achieved. Cs anion formation remains the limiting factor in Cs analysis with a measured
efficiency of 1077, Including the AMS system transmission efficiency of 1.7% the total
efficiency of Cs measurement was found to be 1.7 x 107?. A comparison of routine

efficiencies can be seen in table 4.7.
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Table 4.7: Comparison of different isotope efficiencies on the AMS system.

Element Efficiency
Iodine 1.2 x 1072
Plutonium 1.3 x 10~
Carbon 9 x 1072

Caesium 1.7 x 107°

Using the ISA, all Ba interferences were reduced to 0 counts in 20 minutes with 0.53
pa of Oy in the reaction cell. Zn dimer interference was easily removed by the increasing
of stripper pressure in the tandem accelerator. The remaining interference stems from
sample crosstalk in the source environment. The expulsion of large amounts of material
at the onset of sputtering is not unique to PbFy targets; the process also occurs in lo-
dine and other targets. For iodine, the expulsion is minimized by gradually increasing
the sputtering current on the target, a process known as “conditioning”. Doing so pre-
serves the structural integrity of the sample material and improves the lifetime of the
target. A similar procedure should be developed for the Cs+PbF; targets. Additionally,
copper target pieces, due to their superior thermal conductive properties, in lieu of stain-
less steel, should be tested on the sputter source since this should also reduce residual
contamination.

Reproducibility of the system was not tested at length. However, qualitative de-
ductions can be made regarding the data from this initial test. The low count rate
and prevailing interferences result in repeated measurements that were not reproducible.
Further experimentation should be done to examine the reproducibility of the system
once the source cross talk is eliminated.

A summary of the detection limits and abundance sensitivities for each TIMS, ICPMS,
and AMS can be seen in table 4.8. The measurements reported here for AMS were col-
lected from targets containing only *3Ca and '3*Cs. While the AMS abundance sensi-
tivity matches the order of magnitude reported for TIMS, the detection limit is over 100

times larger than reported for MC-ICPMS. The abundance sensitivity requires further
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exploration as the *°Cs measured in these cases may be from source memory effects.

Table 4.8: Comparison of AMS, TIMS, and ICPMS Cs measurement characteristics. [1, 2]

Technique  On-line Ba Suppression Limit of Detection '3Cs/1#3Cs

TIMS N/A N/A 3% 10710
MC-ICPMS 1 x 10~* 0.01 pg/mL~! 1x 1079
I[SA-AMS 2 x 1070 132.5 pg 1.3 x 1010

The successful first measurements of 13°Cs are an important first step in the advance-
ment of Cs analysis by AMS. By reducing the source memory effects, Cs measurement
should report higher reproducibility as well as lower abundance sensitivity and detection

limit.
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Chapter 5

Caesium-135 Half Life Measurement

5.1 Purpose

The long lived '3°Cs isotope has the potential to be a powerful tracing tool and to replace
the shorter lived 37Cs in many applications. In order for '3°Cs to be an effective tool,
however, its half life (t;/2 ) needs to be accurately determined with a high degree of
precision.

Currently, two independent studies of the t, » have been performed, both in 1949. The
first, conducted by Sugarman, reported two values: 1.85 and 2.3 Ma with an estimated
error of 20%.[22] The value quoted in many tables of isotopes is 2.3Ma. The second
measurement was performed by Oak Ridge National Laboratory, which determined the
half life to be 2.95 £ 10%Ma.[23] Both of these values were obtained by allowing a known
amount of 13Xe to decay and measuring the beta decay from the resulting 3°Cs. Beta
spectroscopy is the only method of decay measurement since 3°Cs is a pure beta emitter.

The uncertainty from these values arises from the difficulty of obtaining pure ¥°Xe
and then accurately measuring the '3°Cs decay rate. Additionally, the amount of *Xe
needed to produce a measurable amount of 13°Cs is large. A total of 66 curies of 3°Xe

was used in Sugarman’s tests.
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Mass spectrometry has proven to be an accurate tool for half life measurements and
eliminates the need to handle 3Xe directly.[24] Both thermal ionization mass spectrom-
etry (TIMS) and inductively coupled plasma mass spectrometry (ICPMS) can measure
Cs. AMS, however, has the ability to measure lower concentrations of isotopes and, with
the addition of an isotope separator for anions (ISA), can eliminate the interferences of
131Ba, 13°Ba, and 3"Ba. The experiments outlined herein were performed at IsoTrace
Laboratory, University of Ottawa, ISA-AMS facility. The purpose of this study was to

remeasure the half life of 1*3Cs using AMS and beta counting.

5.2 Methods

The decay of an atom follows the differential equation for exponential decay:

dN

- = )N 1
o (5.1)

Where, N, is the number of atoms in the sample and A is the decay constant of the atom.

This differential equation has a solution of the form:
N(t) = N,e™™ (5.2)

By definition N(t1/2) = N,/2. Therefore the decay constant can be found to be:

A = @) (5.3)
t1/2

Substituting equation 5.3 into equation 5.1, defining dN/dt as radioactivity, A, and

ez () o

Therefore, the measurement of the ty/, of ¥Cs can be done in two discrete parts as

solving for t;/, we get:
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represented in equation 5.4. The number of 13°Cs atoms in the sample, N, was measured
by AMS and the corresponding activity, A, was measured by liquid scintillation counting
(LSC). However, since *°Cs is not available as a pure material, this isotope as well as

others used in this experiment had to be produced as part of this work.

5.2.1 Isotope Production

Quantities of two separated isotopes were required for this measurement: '3°Cs for the
half life measurement and '3*Cs as a yield tracer and reference material. Yield tracing
is a useful technique for determining the amount of a component in a sample. This
is accomplished by spiking the analyte, in this case *°Cs, with a known quantity of
comparable substance. Ideally, neither the sample of interest nor the spike would contain
its counterpart isotope. In AMS this substance is commonly a different isotope of the
element of interest. Since 3°Cs and '3"Cs are both created by nuclear fission in similar
amounts and are of interest in AMS Cs measurements, it was determined 3*Cs would

be the most appropriate yield tracer.

Caesium-134

A sample of 13*Cs was produced for these experiments by exposing a sample of Caesium
Carbonate (Aldrich AB8824CHM), 133Cs,COs3, to the neutron flux of the Slowpoke re-
actor at the Royal Military College of Canada for 210s. By exposing a compound to
a neutron flux, ¢, there is a probability, represented by the constituents’ neutron cross
section, o, that heavier isotopes will be created. For a given element in the sample, the

rate of neutron capture is derived below.

If the losses due to decay of the daughter isotope or its capture of an additional

neutron is negligible, the primary activation product due to neutron capture will increase
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as:

dN g44
N .
o AT AP (5.5)
Nayi(t) = Naoadt (5.6)

Where A denotes an atomic mass and t is time. When a second neutron is absorbed, the

secondary activation product will be produced as follows, using equation 5.6:

dN
dljf+2 = NA+1(t>O’A+1¢ (57)
dN
% = NAUAO'A+1¢2t (58)
1
NA+2 (i) = §NA0A0A+1¢2t2 (59)

It was imperative, therefore, that the exposure time be kept to a minimum as 3°Cs,
the next heaviest isotope, is also created by this process from the **Cs. The rate of
contamination (ratio of 1*3Cs to 131Cs) given the activation parameters listed in table 5.1

is defined for this system as:

Niss 1
= Z t 1
Niss 20134¢ (5 0)
~ (3.6x 107 M)t (5.11)

Table 5.1: The parameters used for the neutron activation of the 33Cs,COs3. [3]

Activation Parameters

Slowpoke neutron flux 5x 101 em—2s7!
133Cs neutron cross-section | 2.9 x 10723 c¢m?
134Cs neutron cross-section | 1.4 x 10722 c¢m?
Exposure Time 210 s

A sample of 13*Cs was produced with a calculated contamination of approximately
8 ppb ¥°Cs which was low enough for this application. The resultant gamma spectrum

from the irradiation can be seen in figure 5.1.
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Figure 5.1: Gamma spectrum from the neutron activated CsyCO3.

Caesium-135

135Cs is not available as a separated isotope and its production by neutron capture was
not feasible due to **Cs contamination. Therefore, the 3°Cs was obtained through the
decay of Xe.

1%5Xe, which undergoes beta decay to '*Cs (t12 = 9.14 hr), is created in nuclear
reactors during the fission of ?*U. In order to preserve the neutron flux of a reactor, the
Xe gas has to be extracted, as the large neutron capture cross section of *>Xe causes it
to act as a reactor "poison”.

A section of Xe exhaust pipe was supplied by Chalk River Laboratories from their
xenon gas collection facility. Due to the relatively short half lives of 13°Xe and '¥"Xe, and

the stability of 3*Xe, any Cs which would have collected in this section of pipe by Xe
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decay (equation 5.12) would have been either *°Cs or 37Cs. The pipe was rinsed with
distilled water to collect any Cs that had built up in the pipe. The solution was then
analyzed by LSC (Perkin Elmer 1220 QUANTULUS Ultra Low Level Liquid Scintillation

Spectrometer) to determine its total activity (figure 5.2).

135X6 M 13505 -+ ﬁi +v (tl/g = 914h>
(5.12)

18Ty ZACW 054 BT 4y (ty), = 3.818m)

It was determined from the LSC beta spectrum that there was *7Cs and '3°Cs in the
pipe sample as predicted. Therefore, in order to resolve the partial activity of 13°Cs, the
activity of 1¥7Cs had to be determined. This was accomplished by gamma counting the
pipe sample (figure 5.3). The spectrum also showed that 3"Cs was the sole radioactive
contaminant.

It was found that '37Cs accounted for 0.39 £ 0.04 Bq per gram of pipe solution.
Applying this correction to the LSC measurement, it was found that the activity of

B5Cs was:

Ameasured - A137771

Ay = (5.13)
72
~(2:32£0.02) — (0.39 £ 0.04)(1.13 £ 0.01) (5.14)
N 0.84 +0.03 '
= 2240.2Bq/g (5.15)

Where 7 is the efficiency of the LSC for a given decay scheme. As no '**Cs standard
exists, ¥Ca (Perkin Elmer 12M406B) was used to establish the LSC efficiency, n, for
beta particles in the same energy range as those emitted by the decay of 3°Cs. The

properties of the two decay schemes can be seen in table 5.2.

Table 5.2: Comparison of decay schemes between 3°Cs and °Ca

Isotope Decay Mode Branching (%) Energy (keV)
4Ca Beta - 100 256.9
135Cs  Beta - 100 268.7
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Figure 5.2: Beta decay spectra from the pipe extraction and a '37Cs standard (Amersham
CDZ24).

The activity, Aj3s, satisfies half of equation 5.4. The remaining half, the number of
135Cs atoms, N, was found by AMS.

5.2.2 Sample Preparation

To test that the activity of the pipe sample was due only to **Cs or 37Cs, the Cs was
extracted from the solution and analyzed by beta and gamma spectroscopy. This was
accomplished using the compound ammonium molybdophosphate (AMP), a resin that
selectively binds to Cs. 1g of the '3°Cs solution (approximately 1 Bq of Cs) was mixed
with 25mg of AMP and shaken by hand for 1 hour. This mixture was placed in a vacuum

filtration box and allowed to drip through a glass micro fiber filter (1.6 pum pore size)
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Figure 5.3: Gamma spectrum from the water and dissolved Cs isotopes from the Chalk
River Xe exhaust pipe. The small peak at 511 keV is the characteristic annihilation
photon. The large peak at 661 keV is the gamma photon from *7Cs decay.

at atmospheric pressure. Once the mixture finished dripping through, the remainder of
solution was pulled through the filter by gradually increasing the vacuum box pressure
to 15 psi across the filter, leaving only the AMP-Cs complex in the filter paper. To
collect any remaining material, the AMP vial was rinsed with 1g of 1% HCI which was
subsequently filtered using the same procedure outlined above.

To ensure no loss of analyte in this step, the filtrate was analyzed by gamma and
beta spectroscopy. Neither spectrum exhibited activity above background levels. This
filtrate was discarded and a new collection vial was added to the column.

The Cs was released from the AMP by adding 1g of 1.5M ammonium hydroxide,

an AMP solvent. After pulling the NH4OH through the filter at 15psi, the filtrate was
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shown to contain approximately 80% of the activity of the initial sample aliquot.

Cs atoms do not readily form anions, a characteristic of alkali metal valence electron
structures. Therefore, to maximize Cs efficiency, the samples were analyzed as molecular
ions, specifically, CsF5 . This was accomplished by mixing the Cs samples with PbF, prior
to ensure conducting and fluorine rich targets. A detailed description of this process can

be seen in section 3.2. The samples created for this experiments can be seen in table 4.3.

5.2.3 AMS Procedure

A common practice in AMS is to measure the desired analyte and its abundant isotope
concurrently. This practice reduces the need to correct for deviations in the target
output current. In the case of Cs however, this is not a suitable practice since the
target is bombarded with the abundant isotope, *3Cs. Therefore, the known amount of
134Cs introduced as a yield tracer was also used as a reference isotope to determine the
concentration of the **Cs in the sample. In order to measure this equally rare isotope
and monitor the sample for Ba contamination, slow sequential injection of the isotopes
of interest was used for the half life measurement.

The mass units that were monitored throughout this experiment include: 34Cs, 13°Cs,
1%6Ba, and '3"Ba/Cs. Masses 134 and 135 were measured to determine the amount of
135Cs in the sample while 136 and 137 were observed to ensure consistent suppression of
Ba interferences. As a consequence of the instability of the Cs targets and the require-
ment of sequential measurement, the isotope currents had to be individually normalized.
This was accomplished by observing the current of *3Cs in a Faraday cup, located just
after the injection magnet, before and after the measurement of an isotope. The value
recorded for each isotope was then normalized to the average of the two 33Cs currents,
the assumption being that the current decayed linearly with time. While this normal-

ization procedure proved effective for the measurement of Ba in section 3.2, further
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experimentation is needed to deduce the relationship between the *3Cs currents and the
radioisotopes as a portion of the 133Cs current is due to the sputtering of the sample with
133CS_

This sequence was completely twice per target. Results from one sequence of mea-

surement can be seen in table 5.3.

Table 5.3: Example ?3Cs Half Life Experiment Results.

Sample 134 (counts/s) 135 (counts/s) 136 (counts/s) 137 (counts/s)

1340 0.2 0.015 0 0
135Cg 0.096 0.87 0 0.005
134/135Cg (.61 7.6 0 0

From these experiments the concentration of '3°Cs in the Chalk River samples could
be calculated using the count rates of 3Cs and !3°Cs. That is, tracking the counts
of 13Cs as a reference, and applying that efficiency to the 3°Cs. This estimates the

remaining variable in equation 5.4, the ¥Cs concentration N.

5.3 Results and Discussion

The values obtained for the half life of '**Cs in these, and previous, experiments can be

seen in table 5.4.

Table 5.4: Half lives for 3*Cs. This study reports uncertainties to 95% while it is believed
the other studies report a 66% uncertainty.

Experiment Measure Half Life (Ma) Uncertainty (%)
Sugarmann (1949) 1.85 20

2.3 20
ORNL (1949) 2.95 10
This study 0.99 42

0.72 45

The discrepancy and uncertainty in these calculated values emerge from multiple
sources. The low number of counts, most significantly of 1¥3Cs, heavily limit the precision

of the final measurement. This issue is directly correlated with the limited measurement
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lifetime of the targets as well as the low efficiency of Cs ionization. There are many
modifications to the target preparation and measurement procedures that require testing
to optimize the target lifetime and signal as outlined in section 4.6

Compounding the issue of low count rates is the cross-contamination of **Cs and
135Cs from one sample to the next. The memory effect needs to be eliminated and/or well
characterized so effective corrections can be made. The target preparation adjustments
outlined previously should reduce this effect as less material will be ejected into the
source environment. While the samples and targets appeared adequate, it is difficult to
quantify the amount of '3Cs in the '3*Cs reference using decay measurements. However,
this can easily be done using AMS as long as there is no residual Cs in the system from
previous experiments and the memory effect has been rectified.

Interference from Zn dimers (section 4.3) was not conclusively eliminated from the
134Cs signal. The stripper pressure was increased to ensure the elimination of mass 136.
However, referring back to figure 4.2, it can be seen that 134 is the abundant molecule.
Therefore, there could have been residual Zn dimer signal in this range, adding more
bias to the final measurement. In future, this problem can be eliminated by observing

the Zn dimer background prior to the analysis of samples.
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Chapter 6

Conclusions

The principle contribution of this thesis is describing the first detection of the ¥°Cs
isotope. Previous experiments have only observed macro-beams of the stable 33Cs iso-
tope. Accomplishing this allows for the development of quantitive techniques which can
be used for new applications as well as already established applications involving the
radiometric measurement of other Cs isotopes. The 10 main findings of this thesis are

summarized below.

1. 135Cs was detected by AMS for the first time. An on-line isobar separator for anions
was used to suppress the isobaric interferences of Ba using a selective reaction

process.

2. The ISA performed extremely well with O, gas in the reaction cell, demonstrating
a relative Ba suppression of 2 x 10 while transmitting 25% of the input Cs signal.
Suppression in NOy gas however, was more efficient at lower pressures ( <16 Pa

cm), eliminating more Ba and transmitting more Cs.

3. The ISA does not introduce any significant mass dependent fractionation to the
AMS system. Without a reaction gas in the ISA, the system was tested for mass

dependent fractionation using Ba isotopes. The measured relative abundance of the
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six barium isotopes agreed with the natural abundance of the isotopes (correlation
0.991 £ 0.008). No isotope fractionation was detected in the ISA-AMS system over

this mass range.

. The abundance sensitivity of 1¥3Cs/!33Cs using the IsoTrace ISA-AMS system was

1.3x 1071 a comparable sensitivity to TIMS and a factor of 10 lower than ICPMS.

. 135Cs concentrations were measured by ISA-AMS using isotope dilution with a
known amount of **Cs. The lower limit of detection of ¥°Cs in the Isotrace ISA-
AMS system was 132.5pg of 13°Cs per target; a factor of 10* times larger than the
lowest limit reported by ICPMS. The detection limit is controlled by the relatively

poor efficiency of CsF; negative ion production as well as the Cs memory effect.

. The production of Cs ion beams was enhanced by accelerating the Cs as CsF5
which was produced by fluxing Cs and PbFy; in HF. The poor efficiency of Cs
anion production limits the detection of 3°Cs; even with the advancements made
during this thesis research. Most targets rarely produced more than 30 nA of Cs

current measured after the first injection magnet.

. Samples of pure ¥*Cs and '°/'37Cs, were produced by neutron capture and 23U
fission, respectively. The 3°Cs sample contained 2.2 0.2 Bq/g. This activity was
determined by beta counting on a liquid scintillation counter. This is the first time

such a large quantity of '**Cs has been produced as a pure isotope.

. The '3°Cs half life was calculated by measuring the activity of 13°Cs by LSC and the
number of atoms in the sample by ISA-AMS. The number of atoms was measured
twice and the half life was calculated to be 0.7 + 0.3 Ma and 0.99 + 0.4 Ma. This
value is significantly lower than the value reported by previous measurements in

1949.[22, 23]
. The largest uncertainty arises from the intensity of the Cs memory effect in the
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10.

SO110 ion source. It is hypothesized that the memory effect originates from the
material discharge that occurs on the initial sputtering of targets that contain
PbF5. A correction was made for the Cs memory bias, however due to the limited
data and incomplete understanding of the effect, the adjustment introduced a large
uncertainty which was compounded in the detection limit determination and in the

half-life calculations.

The discharge of ions during the initial sputter introduces additional complications.
In order to ensure consistent data, analysis of the target could only begin after the
discharge. Consequently, the functional lifetime of the targets was very short,
lasting only approximately 30 minutes. The combination of short target lifetime
and small Cs currents resulted in the inability to obtain more counts of Cs isotopes

and better precision measurements for each isotope.
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