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ABSTRACT

Installation and testing of the Isobar Separator for Anions at the A. E.

Lalonde AMS Laboratory using chlorine-36 analysis

Advisor:
Erin Flannigan Dr. W. E. Kieser
University of Ottawa, 2023

Accelerator Mass Spectrometry (AMS) studies of rare isotopes with abundant isobars
that form negative ions often require the use of large accelerators to achieve high sensitivity
measurements. The Isobar Separator for Anions (ISA) is a radiofrequency quadrupole (RFQ)
reaction cell system that provides selective isobar suppression for many of these isotopes in
the low energy system, prior to injection into an accelerator. The ISA can then facilitate the
measurement of these ions using smaller accelerators. A commercial version from Isobarez
Corp. was installed in a separate low energy injection line of the 3 MV accelerator system
at the A. E. Lalonde AMS Laboratory in the University of Ottawa and was tested using the
measurement of 36Cl, suppressing its stable isobar 36S.

The ISA includes a DC deceleration region, a combined cooling and reaction cell, and
a DC acceleration region. The deceleration region reduces the beam energy from the ion
source (20-35 keV) to a level that chemical reactions can occur, scattering is minimized, and
that the reaction cell can accept and contain. RFQ segments along the length of the cell
create a potential well, which limits the divergence of the traversing ions. DC offset voltages
on these RFQ segments maintain a controlled ion velocity through the cell.

Helium was used as a cooling gas to further decelerate the ions, facilitating charge ex-
change between 30S and a reaction gas. Helium provided the highest transmission of 30-80%
for chlorine anions. The reaction gas NOg was chosen to preferentially react with sulfur.

Over seven orders of magnitude reduction of sulfur to chlorine was observed. After exiting

i



the cell, the beam is reaccelerated prior to injection into the tandem accelerator for AMS
analysis.

Using 30CI reference materials, it was determined that linear transmission results could
be obtained for a 36C1/Cl ratio ranging from 107! to 107!5. The measurements were stable
over more than 24 hours of continuous measurement. A blank level on the order of 1015
was observed. The ISA was used to measure unknown 36Cl /Cl ratio groundwater samples

and the results are compared to external AMS measurements.
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Chapter 1

Introduction

1.1 Accelerator Mass Spectrometry

Accelerator mass spectrometry (AMS) is a highly sensitive method of counting single atoms
to measure isotopic ratios in the range 107! to 10716 [1]. AMS evolved from mass spec-
trometry and the ion sources, accelerators, and detectors used in nuclear physics laboratories
during the 1960s and 1970s [2]. The important work of Roy Middleton and Purser et al. [3],
showing that "N does not form a stable negative ion, led to the first detection of C anions
using a tandem accelerator [4, 5]. Prior to these measurements, decay counting was used to
measure "4C concentration. AMS reduced the sample size by a factor of 1000 and reduced
the measuring time by a factor of 100 [1|. Compared to the many other mass spectrome-
try techniques, AMS also has superior suppression of isobaric background and an increased
sensitivity limit.

While the measurement of C is still the most widely used application of AMS, the field
has expanded to include the measurement of many isotopes for a variety of applications [6].
The most common of these isotopes include °Be, 26Al, 36Cl, 4'Ca, and '?°I. AMS is only
able to measure these low isotopic ratios when elemental and molecular isobars, elements
with the same mass as the isotope of interest, can be suppressed. This limits the isotopes
available to AMS study. Current techniques being employed for the suppression of abundent
isobars are discussed in Section 1.1.1.

AMS is an expensive technique that requires large amounts of space. A typical AMS

system will contain a negative ion source (most commonly a Cs™ sputter ion source), an



accelerator that firsts accelerates the negative ions, strips them of a selectable number of
electrons, and then further accelerates the now positive ions, electrostatic and magnetic ana-
lyzers, and a detector that identifies and counts single atoms [7]. While some AMS facilities
have large accelerators with terminal voltages of 5-10 MV or greater, many AMS facilities
use medium accelerators with terminal voltages of 2-3 MV [8, 9]. These medium acceler-
ators are of sufficient energy for the measurement of most commonly studied isotopes. In
recent years, there has been a trend towards small accelerators (0.2-1 MV), which greatly
reduce initial investment, operating cost, and space required [9]. These machines are pre-
dominately used to study “C but have also been applied to isotopes such as °Be, 26Al,

1291 and 24Pu [10].

1.1.1 TIsobar Suppression

The ability to separate isobars from an ion beam has been essential to the development
of AMS. Molecular isobars are removed in the stripping canal of a tandem accelerator
or following a single stage AMS system. At the terminal of the tandem accelerator, the
electrons are stripped from the anion to create a cation that is further accelerated. During
this stripping process molecules are dissociated, with most molecules dissociating at a charge
state over 2+ [11].

The first of the elemental isobar removal techniques occurs in the negative ion source;
isobars with negative electron affinities will not form stable anions. This separation technique
is only available in rare cases, including the removal of N, 26Mg, 5Mn, and '?Xe in the
detection of C, 26Al, 5°Fe and '2°I, respectively [12, 2]. Most atomic isobars will form
stable anions and therefore require different removal techniques.

In the case of the removal of '°B in the measurement of '°Be, degrader foils may be
used to separate the isobars through differential energy loss [10, 13]. Additional techniques
such as complete stripping of ions [14], or gas-filled magnets |15] are also used. Often these
separation techniques are only possible with large, high energy accelerators and despite these
techniques, even large accelerators are often unable to achieve the separation necessary to
study some heavier elements |2].

As smaller accelerators have advantageous costs and size, isobar suppression techniques



that do not require high energies must be developed. The suppression of these isobars in the
low energy end of the AMS system has been of great interest in recent years. Two methods
of on-line, low energy isobar suppression are currently being investigated. One of these
methods uses a gas-filled reaction cell to facilitate ion-gas molecule reactions or collisional-
induced dissociation at eV energies. The focus of this thesis involves the use of the Isobar
Separator for Anions (ISA), discussed further in Section 1.2 to apply this technique.

The second of these techniques uses non-resonant laser photodetachment to remove un-
wanted isobars. This method exploits the difference in electron affinities between an isobar
and the isotope of interest. Inside a cooling gas-filled radiofrequency quadrupole (RFQ) ion
guide, the ion beam is exposed to an intense laser beam. When an ion has an electron affinity
below the energy of the laser, the ion will become a neutral element through photodetach-
ment; ions with higher electron affinities will pass through unaffected [16]. The Ion-Laser
InterAction Mass Spectrometry (ILIAMS), which exploits this technique, is currently being
used at the Vienna Environmental Research Accelerator (VERA) to study 3¢Cl, 26Al, °Sr,
and 13°Cs with 3 MV AMS [17]. The use of the ILTAMS is also currently being investigated
for the measurement of 4'Ca, %Tc, and 82Hf.

The work on the ILTAMS has also successfully tested a combination of both laser pho-
todetachment and ion-gas molecule reactions for the measurement of isotopes ?°Sr, and
I82Hf [18, 19]. The Anion Laser Isobar Separator (ALIS), which will be an RFQ ion cooler
with both element-selective laser photodetachment and ion-gas reaction capabilities, is being

developed for installation on the 6 MV AMS system of CologneAMS [20].

1.2 The Isobar Separator for Anions

The ISA is a gas-filled RFQ reaction cell that has been developed for the removal of isobars
in the low energy end of an AMS system. It suppresses isobaric interferences using ion-
gas molecule reactions, including specific collision-induced dissociation or electron transfer
reactions. The ions should be at low energy to allow for thermal or near thermal reactions
between the ion and reactions gases; reactions are much more likely to occur at these low

energies. To confine and reduce scattering effects of these low energy ions, an RFQ ion guide



is used. An RFQ creates a confining potential for the ions using a high frequency alternating
field. These ion guides are described in more detail in Section 1.2.1. A brief history of the
development of RFQ reaction cells and their application to isobar suppression in AMS is

provided in Section 1.2.2.

1.2.1 JIon motion in RFQ ion guides

0O
o0

Figure 1.1: An RFQ made of four parallel cylindrical rods placed symmetrically around the
central z-axis. The views from the front face and the side profile are included. Ions are
injected along this central axis. Electrodes pictured in the same colour are set at the same

time-dependent potential given by Equation 1.1. The neighbouring electrodes are set to the
same magnitude potential but with opposite sign.

"!

The ISA uses four cylindrical electrodes, a quadrupole, to confine ions in the x- and y-
direction, while the ions travel in the z-direction. The face and profile of the RFQ structure
can be seen in Figure 1.1. The electrodes are symmetrical around the central axis, with their
inside surfaces on a radius of rg. To create a pure quadrupole field, the electrodes should
have a hyperbolic cross-section [21]. However, the cylindrical rods pictured in Figure 1.1 are
widely used due to the ease of manufacturing this shape. To give the best approximation
of a quadrupole field using round rods, the radius of the rod should be equal to 1.13rg [22].

Diametrically opposite rods are given a time-dependent potential:



V(t) = %cos(wt) -U (1.1)

where V, is the peak-to-peak amplitude of the radiofrequency (RF) voltage, U is a DC
voltage applied to the rods, and w is 2xf for a fixed frequency. Neighbouring rods have the
same magnitude potential but with the opposite sign.

The resulting 2-dimensional potential, ¢o, in the Cartesian plane is restoring in one
direction and repulsive in the other. This potential is well known for a quadrupole, given

by the equation [23]:

M(U — Vppeoswt) (1.2)

t p—
(ﬁg(.’L’,:g, ) 27“0

The force on an ion with mass m and charge q is determined by:

- dv
F=m_ = —qVda(z,y,1) (1.3)

With no collisions, the ions would move freely along the z-axis. The motion in the x-

and y-direction can be determined using Equations 1.2 and 1.3:

0%z q
2T mirg[U — Vppeoswt|z =0 (1.4)
Py q

The motion in x and y are decoupled from each other for a quadrupole. A parameter £

can be defined as:

e= (1.6)

This provides the following substitutions:

0%r  w? %z
o2~ 1 oe (17)



0%y  w? 0%
a2~ 1o (18)

Using these substitutions, Equations 1.4 and 1.5 can lead to the differential equations

known as the Mathieu differential equations [23]:

2
g; + [ag — 2qac08(28)]x =0 (1.9)
0%y
967 [az — 2q2c08(26)]y =0 (1.10)

where the dimensionless parameters qo and ag are defined as:

2qV,

= —5 (1.11)
mrow
4qU

ay = —— (1.12)
mrow

where the subscript ‘2’ identifies the order of the pole symmetry of a quadrupole. The
parameters qo and ag are referred to as ‘stability parameters’. The solutions of the Mathieu
differential equations describe the trajectories of the ions and are classified as stable or
unstable. This stability is often demonstrated on a stability diagram which can be found
in Tanner et al. [24] and Dawson [25]. An as-qs stability diagram shows where the ion
trajectories are stable in both the x- and the y-direction.

With both g2 and ay dependent on the m/q ratio of a particle, these quadrupoles may
be used as a mass filter if as/qs is kept constant [25]. However, the ion guide used for the
ISA does not require mass filtering and so the DC potential, U, is set to 0. This results in
ap=0 and the stability of the ions is therefore only dependent on go. When a quadrupole
system is operated with these parameters, it is referred to as a quadrupole ion guide.

The solutions discussed here are only applicable to single charged ions in a vacuum and
are not, complete when the ion guide includes a cooling or reaction gas or when space charge

effects are present.



1.2.2 Radiofrequency Quadrupole Reaction Cells

Using RF fields to confine and guide ions was proposed by Paul and Steinwedel in the
1950s [26]. The first devices were created in the 1960s but research using RFQs as linear
ion guides and mass filters did not pick up until the 1970s-1980s when they were used as
collision or reaction cells.

RFQ reaction cells are an extension of these ion guides. They allow for ion chemistry
or reaction studies; collisional reactions between an ion and a neutral gas molecule are
promoted in the RFQ environment. The products of these reactions can then be studied
downstream of the RF(Q) reaction cell. The applications include trace gas analysis, elemental
or isotopic analysis, and organic analysis [25].

Tandem mass spectrometry or mass spectrometry/mass spectrometry (MS/MS) with an
RFQ ion guide was applied to isobar suppression in the late 1980s. These instruments use
an RFQ as a mass filter to select out an ion of interest, a second RFQ as an ion guide or
collisional cell, and then a final mass filter RFQ to separate the daughter products from
the collisions. This technique was successfully used in inductively coupled plasma mass
spectrometry (ICP-MS) using Ar gas [27, 28]. Previously, magnet-based instruments were
used. The RFQs had higher resolving power, faster scanning times, and could be used at
much lower kinetic energies [29].

RFQ reaction cells have also been applied to measure the masses and nuclear decay of
short-lived nuclides. The reaction cells are used to cool, accumulate, and bunch ion beams
for these applications. In 2007, Liu et al. modified the RFQ ion guide typically applied
to positive ions to improve the transmission of more fragile negative ions [30]. The ions
are decelerated to eV energies prior to injection into the quadrupoles. The modification
of Liu et al. involved minimizing the buffer gas (also referred to as a cooling gas in this
thesis work) that interacts with the ions before they are decelerated below the threshold
energy for electron detachment. This RFQ ion cooler was used for the suppression of isobar

contaminants in negative radioactive ion beams using laser photodetachment [31].



1.2.2.1 Isobars suppression by chemical reaction for AMS

Studies by Dunkin et al. found that NOs gas would react with S™, creating neutral S,
while transmitting C1~ [32]. In an internal report from IsoTrace Laboratory, University of
Toronto Kilius et al. and later Doupé et al. proposed using these ion-gas molecule reactions
for isobar separation at keV energies in AMS measurements [33]. The multiple scattering
resulting from these reactions reduced the ion beam quality and therefore the efficiency of
the method [34]. In 2007, Litherland et al. proposed decreasing the energy of the ions from
the sputter sources used for AMS down to eV energies [35]. To control these low energy
ions, the use of a linear RFQ was proposed.

A prototype device using an RFQ reaction cell, called the ISA, was built at the IsoTrace
Laboratory. This device contained a deceleration region, an RFQ column, and a reaccel-
eration region [36, 37]. Tt was applied to the measurements of 36Cl [38], and “°Sr and
135,137Cg [39].

This thesis uses a commercial [SA from Isobarex Corp., which is upgraded from the
IsoTrace Laboratory prototype with a segmented RFQ column to allow easy alterations to
the configuration for testing [40]. The deceleration and reacceleration regions have been
upgraded with a high vaccuum in that region and a lower vacuum surrounding the RFQ
column. The column is also easily inserted and removed from the chamber, allowing for
measurements along the beamline without the ISA. It should make it possible to study
many new isotopes on the 3 MV AMS system but this work focuses on the benchmark case

of 36CL.

1.3 Chlorine-36

Chlorine has two stable isotopes, °Cl and 37Cl, and a naturally occurring radioisotope,
36C]. Table 1.1 includes the natural abundances and the masses of these three chlorine
isotopes. 30Cl has a half-life of 302 x 102 years with 98.1% of 36Cl decaying via beta-minus
to the ground state of 30Ar [41]. The remaining 1.9% disintegrates by electron capture to

the ground state of 35S. A further 0.0015% beta-plus decays to the ground state of 30S.



Isotope Mass (AMU) [42] Natural Abundance (%) [43]

35C1 34.9689 75.78
36C1 35.9683 trace
37C1 36.9659 24.22

Table 1.1: The masses and natural abundances of the three naturally occurring chlorine
isotopes.

The two daughter products of 36Cl are also its two stable elemental isobars. Table 1.2
includes the natural abundances, masses, and mass difference to 6Cl of both of these iso-
topes. Both isobars are more abundant than the trace element 6Cl and have very small

mass differences with 36CL.

Isotope Natural Abundance (%) [43] Mass (AMU) [42] Mass Difference to 2Cl1 (AMU)

363 0.02 35.9671 0.0012
36Ar 0.3365 35.9675 0.0008

Table 1.2: The natural abundances, mass, and mass difference to 36Cl of the mass 36 stable
isotopes.

1.3.1 Production of chlorine-36

36Cl is a cosmogenic and subsurface radionuclide, naturally produced in the atmosphere and
in the Earth’s surface. It is produced in the upper atmosphere through interaction between
cosmic rays and atmospheric “°Ar or 36Ar. Approximately 66% of the 39Cl produced in the

atmosphere is produced via the reaction [44]:

VAr+p—=3Cl+n+a (1.13)

The remaining 2°Cl in the atmosphere is produced by the reaction [44]:

B4r 40 —30Cl+p (1.14)

The 35Cl produced in the atmosphere is then deposited to the surface of the earth by
precipitation or dry fallout, with the deposition varying with latitude [44]. In regions of

increased precipitation, such as near the equator or coastal regions, there will be an increase
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in 30CI fallout. In coastal regions the 3Cl/Cl ratio is diluted by marine aerosols, which
contain no 3¢Cl [45].

The 3CI in the Earth’s surface is produced via spallation reactions, muon reactions,
and thermal neutron activation [46]. The reactions from cosmic rays interacting with rocks

exposed at the surface of the earth are:

YK +n—=35Cl+2n+2p (1.15)

Voo +n—3Cl+2n+3p (1.16)

These reactions dominate at high elevations where the majority of the cosmic ray flux is
neutrons. At sea level and below, negative muon flux is comparable or greater than neutron

flux and the following two muon reactions can occur [46]:

Voa+pu~ —3Cl+a (1.17)

YK +u~ —3%Cl+p+2n (1.18)

In groundwater, thermal neutron activation with neutrons produced in the decay of U

and Th may occur through the reaction [46]:

BCl+n —3Cl+~y (1.19)

1.3.2 Applications of chlorine-36 measurement

The measurement of 3°Cl can be applied to many research areas: the production of ra-
dionuclides by cosmic rays, dating or tracing groundwater, paleoclimate studies (using ice
sheets and glaciers), solar variability studies, bomb-peak records, exposure dating of rocks,
studies of nucleosynthesis in stars, nuclear waste management, and neutron dosimetry of
the Hiroshima bomb [1|. Many of these applications are geological or hydrological, with

groundwater dating and tracing as the predominant application of 26Cl measurement.
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The 36Cl half-life of 302 x 103 years means that it can be used to date groundwaters that
are up to a million years old [45]. For groundwater dating and tracing, 6Cl is measured
relative to stable chlorine, with 36C1/Cl ratios in the range of 1071° to 10713 or higher [47].
The 36Cl concentrations in water are low and therefore the radioactivity of groundwater
samples is also low. The determination of the 36Cl1/Cl ratio, along with the decay of the initial
concentration and groundwater recharge, may be used to date a sample. Between decay of
36C1 to 30Ar and recharge of 36Cl from 3°Cl following Equation 1.19, the 36Cl/Cl ratio will
reach a secular equilibrium. This occurs after approximately five half-lives, after which
only a minimum groundwater age can be determined. This dating is complicated by the
multiple production mechanisms discussed in Section 1.3.1 and the variation in atmospheric

production of 36Cl based on latitude [47].

1.3.3 Measurement methods of chlorine-36

Two main techniques are used for the detection and quantification of radioisotopes: ra-
diometric or mass spectrometry. The first of these techniques measures the characteristic
radiation emitted when a radioisotope decays. The specific technique used is dependent on
the type of radiation emitted (alpha particles, beta particles, gamma rays) and its energy.
This type of detection works most efficiently for radioisotopes with short half-lives, leading to
a higher decay frequency. It is unable to measure stable isotopes, so if measurement of both
the radioisotope and its stable isotope is required, two different measurement techniques
are required. It is also impractical to measure radioisotopes with small concentrations in a
sample or radioisotopes with long half-lives (> 1 x 105 years).

36C1 decays via 8~ decay, emitting a beta particle with an energy of 708.6 keV [48], with
a half-life of 302 x 103 years. With these characteristics, liquid scintillation counting (LSC)
is the most widely used radiometric technique. LSC involves mixing the sample with a liquid
that fluoresces when exposed to radiation. The resulting emission of light is measured and
the activity of the sample may be used to determine the concentration of the radioisotope.

For 36Cl measurement, LSC has the advantage of low equipment costs [49]. While
the sensitivity is low enough for ‘young’ water dating or for applications such as nuclear

waste, it does not have the sensitivity for many common applications [45, 50]. For example,
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groundwater dating or tracing is often measuring samples with 3¢Cl/Cl ratios in the range
of 10713 to 10717, which may result in single digit decays per day [47]. LSC also requires
larger sample sizes (20 g of Cl for LSC compared to 2 mg of Cl for AMS), and has lower
sample throughput than mass spectrometry techniques. A study of a 36Cl/Cl dilution series
for use as AMS standards found that LSC measurement of the samples in the range of 1072
to 107® had uncertainties of + 1-2% [51]. These samples are at ratios that are typically
too high for AMS measurement. The sample with a 35C1/Cl ratio of 107!, which could be
measured by both AMS and LSC was only measured by the latter with considerable effort.
They required approximately 5 g of solution with uncertainty up to 4+ 3%. It was unable to
measure the samples in the 3C1/Cl range of 107! to 10713,

Many forms of mass spectrometry exist, varying based on the type of mass analyzer
used to separate ions (time-of-flight, magnetic sector, quadrupole, etc) and the ionization
technique involved (ICP-MS, electron impact, chemical ionization, etc). AMS is the most
widely used measurement technique for 36Cl and is discussed in more detail in Section 1.3.3.1.
Other mass spectrometry techniques are not able to sufficiently separate the stable isobars

36 Ar and 35S for measurement of 35Cl [52, 53, 54].

1.3.3.1 AMS of chlorine-36

AMS is capable of producing high ion currents from small sample sizes (approximately 2 mg
of Cl), has high sample throughput, and has relatively low time requirements per sample. It
is currently the only measurement technique capable of reaching 39C1/Cl ratios lower than
107, This is necessary for many of the applications of 36Cl measurement discussed in
Section 1.3.2. The disadvantage comes from its cost and large space requirements. It is also
more difficult to perform AMS measurements when stable, abundant isobars exist.

36C1 has two stable elemental isobars with significantly higher abundances: 3¢S with a
natural abundance of 0.02% and 36Ar with a natural abundance of 0.3365% [43]. With such
low abundances for 9Cl, any interfence from these isobars can have a large effect on analysis
or overwhelm the gas ionization chamber (GIC) with counts. 36Ar~ is either not produced
in the ion source or is not stable enough to make it to the final detector [55]. However, 35S

is still a significant problem for measurement of 36CI.
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To reduce the presence of 6S in AMS measurement of 6Cl, partial purification is first
performed on all samples being studied. This involves either removing some S by passing
the AgCl solution through resin columns or precipitating S as BaSOy4 [56]. The Cu and
Al targets typically used in AMS may have traces of S high enough to interfere with the
measurement of 36Cl. To minimize this contamination, many laboratories surround their
AgCl targets with AgBr with a low S content [57].

Even with partial chemical purification, some sulfur will remain in the spectra, possibly
from the Cs™ beam used to ionize the sample or from residual gas in the system. Only
large accelerators, with terminal voltages of 5 MV or higher, are capable of measuring
361 without additional isobar suppression techniques [58]. The high energy accelerators
produce larger yields of 3¢Cl in higher charge states. 36Cl is typically measured on these high
energy machines in the 5+ or 7+ charge state [57]. The resulting high energy of the beam
(approximately 30 MeV to 105 MeV) allows for sufficient separation between the 36Cl and 363
in the GIC. The laboratories measuring 36Cl on 5 MV accelerators are only capable of these
measurements due to advances in technology, including updates to the entrance windows
of GICs [58]. Additional high energy techniques for the removal of 36S include differential
energy loss in a gas-filled magnet [59] and, at extremely high energies (performed on a 25
MV tandem accelerator), the complete stripping of 26Cl and 36S to 36CI1!7+ and 36516+ |60].
This work using a 25 MV tandem accelerator reported a 36C1/Cl ratio of (5 + 3) x 10716,
the highest sensitivity for 39Cl1 at that time [60]. Since these measurements in 2007, other
laboratories have reported similar capabilities |61, 62]. The current chemical preparation
and high energy requirements for the measurement of 36Cl without the interference of 363
mean that it is one of the most expensive isotopes to measure by AMS.

The ILIAMS technique, mentioned in Section 1.1.1, is well suited to the measurement
of 36ClI because laser photodetachment takes advantage of the difference in electron affinity
between an isotope and its isobar. The electron affinity of 36C1 (3.6 eV) is 1.5 €V greater than
that of 36S (2.1 eV). The ILIAMS has shown a reduction of more than 10 orders of magnitude
in 36S counts [63]. VERA is now routinely measuring *Cl on a 3 MV accelerator [17].

Using the ISA to suppress the 36S through ion-gas molecule electron transfer reactions

has also been explored for the measurement of 36Cl on prototype instruments. The history
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of the technique and the [SA are discussed in Section 1.2. This work details the integration
of the Isobarex Corp. ISA into the existing 3 MV André E. Lalonde accelerator mass
spectrometry (AEL-AMS) system at the University of Ottawa. The transmission of the ISA
is characterized before it is applied to the measurement of 36Cl standards and groundwater

samples.
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Chapter 2

Integration of the Isobar Separator
for Anions into the 3 MV AMS

system at the AEL Laboratory

The research work detailed in this thesis involves the construction of an additional beamline,
referred to as the Research Line, connected to the main beamline of the AMS setup at
AFEL-AMS Laboratory. The main components of the original beamline and the Research

Line, including the electronic controls, are detailed in this chapter.

2.1 Accelerator Mass Spectrometry at A. E. Lalonde

The 3 MV AMS system was installed in the Advanced Research Complex at the University
of Ottawa in 2014 [64]. It replaced the University of Toronto IsoTrace Laboratory as the only
remaining AMS facility in Canada. This system was designed for multi-element analysis,
capable of analyzing isotopes such as 1“Be, 4C, 2?1, and actinides. The installed system,
indicated as the Main Line in Figure 2.1, was built by High Voltage Engineering Europa
BV (HVEE). This main line includes the basic functions of a typical tandem AMS system,
with a low energy (LE) mass spectrometer before the accelerator, the 3 MV accelerator,
and a high energy (HE) mass spectrometer after the accelerator. In addition to the major
components labelled in Figure 2.1, there are a number of focusing lenses, steerers, apertures,

and slits.

15



"I0jomI01900ds AZ10U0 3T oY) PUE I03BIS[OIOB AJA € O3 03Ul 329[Ul Ued 9UI] IoYIY "39USeU UO0IIOa (Ul 9UI] Uret oY)
JO @0uRIYUL ST} 0} 20In0s I9YINds JSOWYSII S} WOIJ SPUIJXS SUIT YDIBISIY O], "joudews UOT0(Uul pue IozATeUR DII}IS[6 ‘9INOS JSOUI]
o1} SOPNOUI OUI[ UTRU 9], "SOUI] UOI}I0[Ul 0M] [IIM WDPSAS I0JRIO[EIDE GINY OPUO[RT “H "V oY) JO MOIAIOAO DIJRUWOYDS Y :T'g oInsIg

1oUS N
BuIyoNMS

UI'T YIIBISNY UIT UIBJA]
22IN0S UO] 20IN0§ UO]
ronndg 4D ronndg +sH
= A1ddng romog AN €
10zZA[RUY L
ProRd 10zA ey 91O JoUSeIA SUIZATRUY
JouSe sdny) Aepereg _ B
uonoalug
' _ e ]

suotuy I10j jPuSeN  JOUSRN
rojeredag 1eqos] ¢y uonoaluy T0JRIS[DDY Wapue] AN ¢

—

UoN2I(] Weay uo]

16



2.2 Low Energy Mass Spectrometer

The low energy mass spectrometer of the main line on the 3 MV system can be seen in
Figure 2.1. This line is not used in this work but is an important part of the 3 MV AEL-AMS

system. Section 2.2.1-Section 2.2.3.1 detail the major components of this line.

2.2.1 Ion source

The ion sources on the 3 MV system are HVEE SO-110C Cs™ sputter ion sources [65].
Because of Cs’s high-efficiency negative ion formation, Cs™ sputter ion sources can provide
the stable currents required in AMS measurements [66]. Measurement of volatile isotopes,
like Cl, also require low source memory and background. The SO-110C version of the source
improves the sputtering area over previous versions; the sputter region is decreased to the
sample area thus reducing contamination from the copper targets [65].

The Cs reservoir is externally mounted to the source body. The reservoir heats Cs to
a vapour which is injected into a shroud with holes that spray Cs atoms onto the ionizer.
The Cs is ionized into Cs™, which is accelerated towards the target using a voltage set by
the user (Target Voltage). The Cs™ liberates negative ions from the samples which are
accelerated away from the target. They are further accelerated by another user-set voltage
(Extraction Voltage). Typical AEL-AMS measurements run with a target voltage of 7 kV
and an extraction voltage of 28 kV, resulting in a 35 keV anion beam.

Chemically-prepared powdered samples are pressed into copper targets that are inserted
into a 200 sample wheel. This wheel is mounted into the source carousel shown in Figure 2.2.

A pneumatic cylinder is used to inject the targets into the ion source.

2.2.2 Electrostatic analyzers

The electrostatic analyzer (ESA) acts as an energy filter that will only transmit anions of a
specific energy. It consists of two spherical or cylindrical plates with a potential difference,
VEsa, across them. Vgga is determined by the kinetic energy of the beam, E, the separation

of the two plates, d, the radius of curvature, p, and the charge state of the beam, q:
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Figure 2.2: The High Voltage Engineering SO-110C 200 sample wheel on the Research Line
with inserted copper targets.

2dFE
VeEsa = — (2.1)
Pq

The voltage is typically evenly divided between the two plates, minimizing the required
voltage from a power supply and reducing aberrations from the fringe fields. For negative
ions, the inner plate is held at a positive voltage and the outer at the negative of that value.

An ESA is often used in both the LE mass spectrometer and HE mass spectrometer, as

shown in Figure 2.1.

18



2.2.3 DMagnetic analyzers

After analysis by the ESA, the beam is injected into a 120° injection magnet. The ions,
with varying masses, will have the same kinetic energy from the ESA but different momenta
and will be separated by their momenta. The magnetic field, B, required to inject ions with

mass M is given by:

2ME
Pq

B=

(2.2)

where E is the kinetic energy, p is the radius of curvature for the magnet, and q is the
charge state of the beam. The 120° injection magnet has a bending radius of 0.455 m
and a bending power of 12 MeV-amu [64, 67]. With the beam from the ion source at 20
keV, the bending power of the magnet can accommodate ions with a mass up to 600 amu.
The injection magnet is required to inject all isotopes of interest. However, magnetic fields
are slow to change and hysteresis makes tuning more difficult. To avoid hysteresis during
tuning and analysis, a Hall probe is used to control the magnetic field [68]. To allow for
rapid changes between the isotope being injected, the magnetic field is held constant while
a voltage is placed on the vacuum chamber of the magnet to accelerate or decelerate the
ions to the correct energy for the magnetic field. This isotope selection process is known as

‘bouncing’ and is further discussed in Section 2.2.3.1.

2.2.3.1 Isotope Selection Electrode (‘Bouncer’)

Sequential injection or ‘bouncing’ is used to measure two or more isotopes. On this injector
magnet, a positive or negative voltage can be applied to the entire vacuum box inside the
magnet. This changes the momentum of the ions when they pass through the magnet and
restores the original momentum when the ion leaves the magnet. The voltage is cyclically
changed to inject all masses of interest. The voltage control on the HVEE bouncer allows
for both fast sequential injection (FSI) and slow sequential injection (SSI) [69].

In both bouncer modes, voltages are set to allow the injection of different isotopes. The
magnetic field is tuned to accommodate this voltage offset for the rare beam. Because the

magnetic field in Equation 2.2 will remain constant, the voltages required for the stable beam
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are calculated based on just the masses, the energy of the beam, and the energy change in

the beam resulting from the small voltage offset used for the rare beam:

Mrare (4tatle)2(F o+ VyareGrare) — Estable s

qstable

‘/stable =

FSI uses a cycling frequency of 100 Hz, with a measurement time of 9.75 ms on the rare
beam and 100 us on the stable beam. During the work completed in this thesis, this was not
adjustable by the user. The user can adjust the gate delay of the detector, the flight time
delay for Faraday cup measurements, and the wait time between switching voltages. For
the 3 MV system, the typical value for a gate delay on the GIC and for a delay on Faraday
cup measurement is 250 ns. A delay of 300 us is also applied to allow each voltage to settle.
During this time, an ultra-fast beam blanker is used to stop the beam [69].

SSI mode uses the same adjustable parameters as FSI mode but permits the adjustment
of many components on the system, e.g. lenses, steerers, and even the accelerator terminal
voltage. It can include up to five rare radioisotopes but only one stable isotope. It takes 7.5
s to switch between isotopes. The amount of time spent measuring the isotopes is adjustable
by the user on the seconds scale. Typical settings for the 3 MV AEL-AMS system use 2-5
s on stable beams and 10-100 s on the rare radioisotopes depending on typical count rates.

DC mode is also available, allowing for the continuous injection of one isotope. However,
a batch analysis of multiple samples requires the use of the bouncer. It is possible to set all

bouncer voltages to the same voltage to inject only one isotope.

2.3 The Research Line

The Research Line, shown in Figure 2.1, is a new injection line added to the previously
installed 3 MV AMS system at the AEL-AMS Laboratory. The line is comparable to a
typical AMS LE mass spectrometer with the exception of a novel component, the ISA.
This is a commercial version of the earlier proof-of-principle system developed by Isobarex
Corp. [40] in collaboration with the IsoTrace Laboratory [35, 38|.

The Research Line has the same SO-110 Cs™ sputter ion source discussed in Section 2.2.1.

However, work completed in this thesis used a target voltage of 7 kV and an extraction
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voltage of 13 kV, resulting in a 20 keV anion beam. The reason for these lower voltages
are discussed in Section 2.3.1. The Research Line has a 45° spherical ESA with a radius
of 0.406m [70]. The ESA is rotatable, allowing for the addition of a second source. The
injection magnet prior to the ISA is the same as the 120° injection magnet of the main line.
At the time of writing, the power supply of the main line injection magnet is temporarily
disconnected from the main line and connected to the Research Line injection magnet when
it is used. To eliminate any possible remnant magnetic field on the injection magnet of the
main line, a degaussing unit is connected during accelerator runs using the Research Line.

Following the ISA is a 45° magnet with a radius of 1.32 m. An electron multiplier system
may be added at the end of the 45° exit line of this magnet to enable stand-alone analysis of
the beam when the main injection line is in use for other analyses. During analysis through
the entire AMS system the field of the magnet is set to zero.

The voltage settings for the experimental work detailed here can be found in Table C.1

of Appendix C.

2.3.1 The Isobar Separator for Anions

The ISA is an RFQ reaction cell that uses selective anion-gas molecule reactions to remove
isobars. It decelerates a keV beam from the ion source down to eV energies to facilitate
electron transfer and ion dissociation reactions within the RFQ-lined reaction cell. The
ISA integrated into the Research Line is a commercial version manufactored by Isobarez
Corp. [40], shown in the lower panel of Figure 2.3.

The ISA consists of deceleration optics, an RFQ ion guide, and acceleration optics in
a single, 1 m long vacuum chamber. A schematic and photo are given in Figure 2.3. To
facilitate the deceleration of the incoming ions, all components in the ISA (referred to as
the ‘deck’) are held at a voltage slightly more positive than the sum of the ion source target
and extraction voltages (both negative). An Einzel lens is included in both the deceleration
and acceleration optics to focus the respective incoming and outgoing beams.

The ISA vacuum chamber is differentially pumped by two triple channel Leybold Turbovac

400/300/50 iC pumps, with the 300 L/s ports pumping each end of the central section and
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Figure 2.3: The top panel shows a schematic drawing of the ISA column. The bottom panel
shows the ISA column within its vacuum chamber.

the 400 L /s ports pumping the higher vacuum in the deceleration and acceleration sections,
as indicated in Figure 2.3. These maintain the pressure of the central cavity in the range
of 1 x 1075 to 1 x 10~* mbar when reaction and cooling gases are admitted into the RFQ
ion guide and leak out through the cell entrance and exit apertures. The 400 L/s high-
capacity vacuum port are used to maintain the deceleration and acceleration optic cavities
at pressures of 1 x 1076 mbar.

The RFQ ion guide is composed of 13 modules, each containing a 36 mm long quadrupole
with space at the end for an aperture plate. With the guide assembled, the rods are separated
from each other and from aperture plates by a 2 mm gap. Together they form a 496 mm
continuous segmented ion guide. Because of the modular design, the location, number, and
size of aperture plates can be varied. The configurations studied in this work are detailed
in Section 3.1.

Two RF amplifiers are used: one to drive the first 7 segments, the second, the last 6
segments. The frequency is fixed at 2.5 MHz and the RF amplitude is adjustable over
100 to 5000 peak-to-peak RF voltage, Vp,. This ensures that the system can achieve a
confinement value of qu=0.3 up to 275 amu, where qs is the dimensionless Mathieu parameter
derived from the solution of the Mathieu equations that describe the motion of an ion in

the RFQ [24], given by the equation:
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Component Value

Deceleration Lens 1 0oV
Deceleration Lens 2 -20,000 to 0 V
Deceleration Lens 3 0 to 1000 V
Deceleration Cone* -6000 to 6000 V
RF quadrupole (peak-to-peak)* 100 to 5000 V,
RFQ offsets* -250 to 250 V
Apertures™ -250 to 250 V
Acceleration cone* -6000 to 6000 V
Acceleration lens 1 0 to 1000 V
Acceleration lens 2 -20,000 to O V
Acceleration lens 3 Y

Table 2.1: The voltage ranges for the ISA components. *Values are relative to the deck
voltage

L
G2 = W?DTOV (2.4)

In Equation 2.4 q is the charge, m is the mass of the anion, f is the radiofrequency, and
ro is the inscribed radius of the quadrupole electrodes. The rg of this model of the Isobarex
ISA is 6.9 mm. The RFQ segments are capacitively coupled to each other for their RF
connections, but each can be raised individually with a DC potential from -250 V to 250 V
relative to the high voltage deck. An axial field is generated between segments to maintain
coherent movement of the ions through the gas cell. Table 2.1 contains the voltage ranges
of the ISA components.

The introduction of cooling and reaction gases to the ISA cell is controlled by two
separate mass flow controllers (Horiba SEC-Z500X), each programmable over the range

0-10 standard cubic centimeters per minute (SCCM).

2.3.1.1 User interface

The user interface for the ISA, shown in Figure 2.4, is on an ISA control computer separate
from the control computer for the rest of the 3 MV system. The ISA deck voltage, deceler-
ation Einzel lens, and acceleration Einzel lens are controlled by the 3 MV system computer

(indicated in Figure 2.5). The ISA communicates with its control computer through a 5G

23



Wi-Fi bridge. A Wi-Fi repeater is located on the ISA deck and another is located in the
electronics enclosure below the ISA at ground potential; the two form a stable link.

(54 ISA Controller - Connected (RT State=Ready] - X

System  Help

TRANS2 TRANS1 CONF3 CONF2 CONF1
C2FIN C2INI 7 C1FIN C1INI

T Sy W
| | [ |

Set Paint

v

ACC 0 GAP2 0 0 GAP1 [ DEC
o 2 T o CENT  C1EXIT i 1 ENT o Beaback
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) ) Display Mode
Method | Operation Service
Method Path: % C\Users\ISA\Desktop'\Cenfiguration test He 20230110.ism
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Gas Call A Voltage 1 (RF1) 0 36 1 0
) Voltage 2 (RF2) 0 100 2 40
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Figure 2.4: The user interface for the Isobarer Isobar Separator for Anions.

The user interface allows you to adjust the voltage on each component within the ISA
with a resolution of 0.1 V and the gas flow has a resolution of 0.01 SCCM. The user interface
allows the user to read back the voltage. The temperature of the RFQ and the pressure of

the vacuum chamber can be monitored. The settings can be saved and recalled later.

2.3.1.2 Two Einzel lens focusing

The column of the ISA may be removed from the vacuum chamber and the Research Line
can be used as an injection line without the ISA. The alignment of the ISA is controlled by
the baffles when clamped in place in the vacuum chamber. When the clamps are released,
the ISA may easily slide in and out of the chamber. The Einzel lens pair remaining in the
ISA vacuum chamber may be used in telescopic mode to focus the beam as a single Einzel

lens [71, 72].
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2.3.2 Electronic Controls

Figure 2.5 shows a schematic of the Research Line and the power supplies that control
them. These power supplies also connect to HVEE controlled area network (CAN)nodes,
programmable logic controllers used to monitor and control elements in a local area on
the 3 MV system. CANnode boxes have multiple functions, including Digitial and Analog
Input and Output. They have fibre links to the 3 MV control computer. As discussed in
Section 2.3.1.1, the ISA components are controlled by a separate computer.

In Figure 2.5 red dashed lines indicate the output on components connected to power
supplies. Blue solid lines indicate an input and output (I/O) connection between compo-
nents. Finally, a green dash-dotted line indicates that an interlock is connected to that
component.

The voltage of the majority of the components are controlled by Glassman EH or ER
Series 100 Watt high voltage DC power supplies. The ISA deck voltage is controlled using
a negative 0-40 kV power supply, the central electrodes of each Einzel lens is controlled
using a negative 0-30 kV power supply, and the ESA is controlled by two £+ 20 kV power
supplies. The steerers are controlled by homemade power supplies from 0-1000 V. The
injection magnet uses a pair of 0-70 V, 0-90 Delta Elektronika power supplies. The final
Einzel lens has a -30 kV power supply attached to its main body. Due to an external
high voltage connection between the electrodes and power supplies, the voltage is currently
limited to less than 20 kV. This will be modified to reach the normal operation voltage of
the ion source. In turn, this limited the incoming beam energy to -20 keV despite a deck

voltage tested to -40 kV.

2.3.3 Additional components

The Research Line also contains steering electrodes, focusing electrodes, and slits, indicated
in Figure 2.6. At the source, there is an Einzel lens for focusing the beam into the ESA.
Following the Einzel lens there are a pair of x- and y-steerers. An additional pair of x-
and y-steerers are located between the ESA and the injection magnet. Just prior to these

steerers, at the image plane of the ESA and the object point of the injection magnet, are
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a set of adjustable x- and y-slits. Following the injection magnet, there is an injectable
3 mm aperture and a pair of adjustable x-slits, located at the image of the 120° magnet
and which define the object point of the ISA decelerating lens. These are followed by an
insertable Faraday cup, addressed in detail in Section 2.6.1. Following the ISA, are a pair
of adjustable x- and y-slits, which define the object point of the ISA acceleration lens and
are followed by another insertable Faraday cup. Next comes an Finzel lens which is kept
externally grounded for analysis on the full AMS system and will be used to focus the beam
during analysis with the 45° magnet discussed in Section 2.2.3. The addition of adjustable
x- and y-steerers following the Einzel lens are planned for analysis with the 45° magnet.

Finally, an Einzel lens is located following the 45° magnet for focusing into the main line.

Einzel Lens

Figure 2.6: A schematic overview of the Research Line. The locations of steering electrodes,
Einzel lenses, slits, and apertures are indicated on the line.

2.4 3 MV tandem accelerator

The HVEE 3 MV tandem is considered a medium-sized system; small systems have ter-
minal voltages less than 1 MV compared to large systems with terminal voltages 5 MV or
greater [73]. A high voltage, up to +3.0 MV, is applied to the centre of the accelerator
terminal and is distributed evenly, using resistor divider networks along the electrodes of

the low and high energy vacuum tubes. The anion beam is accelerated by this electric po-
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tential. When the beam has reached the terminal, it is injected into a stripper canal filled
with argon gas. Collisions with the gas strip the anions of some of their electrons, resulting
in a cation beam. The charge state of the beam can then be selected during tuning of the
HE mass spectrometer components. A charge state of greater than or equal to 3+ will dis-
sociate molecular isobars that energy and mass analysis have not removed [2]. The cation
beam is then accelerated away from the accelerator terminal and injected into the HE mass

spectrometer.

2.5 High energy mass spectrometer

Following the accelerator in Figure 2.1, there is an additional analyzing magnet, an ESA,
and a switching magnet. The analyzing magnet separates the beam by momentum in the
same way as described in Section 2.2.3 but in this case, no bouncer is necessary. It is a
90° magnet with a radius of curvature of 2000 mm and a bending power of 351 MeV-
amu [64]. The magnet is tuned to allow the rare beam to travel the full 90° while the stable
isotopes are dispersed at different angles into the Faraday cup box detailed in Section 2.6.1.

The HE ESA separates a beam by energy as described in Section 2.2.2. A 65° cylindrical
ESA with a radius of curvature of 1.700 m, a plate separation of 0.040 mm and an energy
resolution of 3000 can be seen following the Faraday cup box in Figure 2.1.

Finally, a switching magnet with nine detection ports follows the ESA. The GIC is
connected to the 20° port, with no other ports currently being used. This magnet further

minimizes the background entering the detector.

2.6 Detectors

Two types of detectors are currently used on the 3 MV AEL-AMS system based on the
sensitivity required. Faraday cups (Section 2.6.1) are used to measure stable beams with
high currents. The rare radioisotope, with single atom counts, are measured using a GIC
(Section 2.6.2). Ports are available after the switching magnet for additional detectors or

analysis lines.
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2.6.1 Faraday cups

Faraday cups are metal cups that capture the charged particle beam and record the resulting
current. The number of ions can be determined based on the charge state of the beam. The
Faraday cups are distributed throughout the beamline to measure the current of the stable
isotopes during tuning. They are then retracted during measurement to allow the beam to
pass through for final measurement.

In the HE end of Figure 2.1, a Faraday cup chamber contains two off-axis adjustable
Faraday cups, an inner and an outer cup. Similarly, following the injection magnets of the
Research Line and the LE end of the main line have Faraday cup boxes with off-axis ad-
justable Faraday cups. The position of the Faraday cups are optimized to capture the stable
beam during the measurement of the rare isotope. The two HE cups allow measurement of
two stable beams in cases where two stable isotopes are available, for example, the measure-
ment of 12C and 3C when studying '*C. These Faraday cups have higher precision than
the on-axis cups along the beamline and are typically used to calculate the isotopic ratio of
samples. In the case of chlorine measurements in this work, the Research Line off-axis Fara-
day cups are used for the stable 3°Cl and 37Cl beams prior to injection into the ISA. The

reasons for this unusual stable beam measurement technique are discussed in Section 4.2.

2.6.1.1 Electron suppression

When the anions of the beam hit the surface of the Faraday cup secondary electrons will
be liberated from the material or the anions themselves. If these secondary electrons are
backscattered out of the Faraday cup, the current read from the Faraday cup will decrease
and therefore be less accurate. Multiple techniques are used to reduce the losses from
backscattered secondary electrons |74]. The most common of those techniques is the use of
a suppression plate at the entrance of the Faraday cup. A negative voltage is placed on the
suppression plate to repel the electrons back into the cup without repelling the incoming
higher energy beam. FElectron suppression is applied to all Faraday cups along the main 3
MYV line and was added to all of the Faraday cups on the Research Line. To determine the

required voltage, the current was measured in the cup while the voltage on the suppression
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Figure 2.7: The voltages required for electron suppression on the ISA entrance (LE on-axis)
and exit (ISA exit on-axis) Faraday cups. The LE on-axis Faraday cup is indicated by the
square symbols. The ISA exit on-axis Faraday cup test is indicated by the circle symbol.
The current increase can be seen after -20 V is applied to the suppression plate.

plate was gradually increased, shown in Figure 2.7. Setting the voltage on the suppression
plate showed an immediate increase in the current in both cups. A voltage of -140 V was
selected for the final suppression voltage, as it showed a small increase over lower voltage

settings but no improvement was seen at higher voltage settings.

2.6.2 Gas ionization chamber

Rare radioisotopes are measured by single-atom counting in the GIC at the end of the
beamline. Before entering the detector, the beam passes through a 75 nm thick SizNy foil
window. This isolates the isobutane gas that fills the GIC from the vacuum of the line.
The cation beam collides with the isobutane, producing ion-electron pairs. These electrons
are collected on anodes within the detector. The detector on the 3 MV AEL-AMS system
has two anodes, shown in Figure 2.8, with the anodes kept at approximately +300 V and

the cathode at approximately -200 V. Additional anodes in GIC detectors can be used to
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Figure 2.8: A schematic of the internal set up of a gas ionization detector. The beam enters
through a 75nm thick SizNy window. The detector is filled with 5-25 mbar isobutane gas
(15 mbar for 30Cl).

provide extra discrimination between isobars for systems with higher energy accelerators.
The energy lost by the ions in the detector corresponds to the number of electrons measured
by the first anode. The shower of electrons that hit the anode causes an electronic pulse,
the area of which is proportional to the energy lost under the anode. The second anode
measures the final energy of the ions.

The pressure in the GIC is chosen based on the mass of the isotope being studied, the
energy of the ions, and the SRIM stopping tables for isobutane [75]. The pressure should
be high enough that the ions do not reach the end of the second anode.

In the energy spectrum, the final energy of the ions from the second anode is presented
on the y-axis and the x-axis measures the energy loss measured from the first anode. FAST
ComTec GmbH’s MPANT software [76] allows the user to freely draw the region of inter-
est (ROI). Only the ions that fall within the ROT are included in the count for the rare
radioisotope of interest. Counts outside of the ROI are considered background. The software
is then able to report a ratio of the stable isotopes measured by the Faraday cups discussed

in Section 2.6.1 and the rare radioisotope counted by the GIC.
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Chapter 3

Characterization of the Isobar
Separator for Anions

The configuration of apertures within the ISA cell, the selection of the cooling and reaction
gases, and the voltage and RF settings of the ISA components need to be characterized
prior to its application to standards and samples. These characteristics will depend on the
isotope of interest; this work studied the trace isotope, 6Cl. For the initial measurements,
small currents (100-300 nA) of 3°Cl and 3"Cl were used to represent the behaviour of 36Cl
because it is not practical to characterize the ISA using counts from a rare radioisotope.
The targets were a mixture of AgCl and Nb at a 1:3 volume. Details on the preparation of
targets can be found in Appendix B.

The main goals of the characterization of the ISA are to determine the conditions that
provide the highest transmission of Cl anions while also suppressing the S anions. It is
important that the transmission of Cl anions remains high when studying trace amounts
because low transmission will lead to a decrease in count rate, precision, and accuracy.
Low transmission may eliminate the possibility of measuring lower ratio samples that are
often found in 36Cl applications. These lower counts may also necessitate an increase to the

counting time required for each target and thus a large increase in overall accelerator time.

3.1 Cell configuration evolution

As mentioned in Section 2.3.1, the Isobarexr ISA consists of 13 RFQ modules, which can

be altered to provide various cell configurations. Four main configurations were studied in
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this work. Schematics of these configurations, referred to as 1, 2, 3, and 4, are shown in
Figure 3.1. The configurations differ in the location and number of apertures within the
cell. The acceleration and deceleration optics and the number of RFQ segments remained
constant throughout the configuration tests. The transmission of 3’C1~ through each con-
figuration was tested and this parameter was used to determine the viability of that config-
uration. These configurations changes were completed in tandem with the tests discussed
in Section 3.2, which tests the transmission of Configuration 3 in vacuum, with a cooling
gas, and with a reaction gas filling the ISA cell. Therefore, many of these transmission tests

look at transmission either in vacuum or with He gas.

3.1.1 Configuration 1

Configuration 1, shown in Figure 3.1a), uses four apertures to create a separate cooling
and reaction cell. The first aperture was placed after three RF(Q) segments. An additional
aperture was placed four RFQ segments after the first; these four segments make up the
cooling cell. Following another RFQ segment there is an aperture, which makes the entrance
to the reaction cell. The reaction cell is four RF(Q segments long, with an aperture making
the exit. There is one RFQ segment prior to the acceleration optics. Reaction and cooling
gases, discussed in Section 3.2, are feed separately into their respective cells. The cells not
boxed in by an aperture are open, such that they are being pumped by the vacuum system.
Tests were completed using apertures with a 2.5 mm diameter.

In this configuration, tests did not result in transmission through the ISA for either
1203 or 37C1 anions. To determine where the current was lost, tests were completed using
Faraday cups or current measuring plates inside of the ISA. Because these devices were
inside the high voltage deck of the ISA, the ammeter used to measure the impinging current
also needed to be at this high voltage. They were not electron suppressed.

The first test removed the RFQ segments from the ISA to allow for placement of a Fara-
day cup directly after the deceleration cone. The ratio of the current entering the Faraday
cup to the current measured before the ISA vacuum chamber was 90% or higher. This

implies that the majority of the current was entering the first RFQ segment, as expected.
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Figure 3.1: Schematics of the ISA configurations studied for best Cl~ transmission. The
configurations changed the location and number of apertures within the cell. The number
of RFQ segments and acceleration and deceleration optics remained constant. rg is defined

in Section 2.3.1
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The aperture at the entrance of the cooling cell in Configuration 1 of Figure 3.1a) was
replaced with a metal plate to measure the current. This showed that 85% of the incoming
current was making it past the first three RFQ segments. However, this could not determine
if the beam had a low enough energy to be contained by the RFQs or if the beam could
be sufficiently captured by the RF field to continue through the first 2.5 mm aperture. A
plate was placed at the end of the cooling cell but no cooling gas was added. With only
7% transmission to this plate, the configuration was changed to Configuration 2 for further

tests.

3.1.2 Configuration 2

Configuration 2, Figure 3.1b), kept separate reaction and cooling cells but moved the aper-
ture at the entrance of the cooling cell to just one RFQ segment from the deceleration optics.
This would allow for the anions to travel a shorter distance through the ISA before colliding
with a cooling gas and losing further energy. With a plate at the end of the cooling cell,
this improved transmission from 7% to 9% with no cooling gas.

Increasing the diameter of the first aperture to 4 mm provided minimal improvement
to the transmission but the addition of He gas to the cooling cell improved transmission to
25%. Further increasing the first aperture to 6 mm diameter increased the transmission to
48% to the plate at the end of the cooling cell. Finally, testing an 8 mm diameter at the
first aperture resulted in a decrease to the transmission to 42%. This is likely a result of a
lower gas pressure in the cooling cell, resulting in fewer collisions between the anions and
the gas.

These promising results led to a transmission test through the ISA. In Configuration 2, a
maximum transmission of 2% was found. While this was an improvement over Configuration
1, where no current could be transmitted, additional adjustments to the configuration were

made.

3.1.3 Configuration 3

Configuration 3, shown in Figure 3.1¢), merged the two cell configurations into a joint cooling

and reaction cell. This resulted in a configuration with an entrance aperture at one RFQ
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Aperture diameters (mm) 6-13-2.5 6-13-4 8-13-2.5

He pressure (u bar) 13.5 13.7 10.2
Incoming Current (nA) 281 360 180
Transmission (%) 44 47 49
DC Voltage on Entrance Aperture 74 80 90
DC Voltage on Central Aperture -6 -5 -2
DC Voltage on Exit Aperture 37 12 39

Table 3.1: Transmission of 37Cl anions for three aperture tests in Configuration 3. The
aperture diameters are given as: entrance aperture-central aperture-exit aperture. The
incoming current and optimized He gas pressure (calculated based on the method described
in Section 3.2.2) are included.

segment from the deceleration optics, a large aperture six RFQ segments from that, and an
exit aperture five RFQ) segments from the centre aperture and one RF(Q segment from the
acceleration optics. The central aperture was maintained to divide the load from the two RF
amplifiers but would allow the flow of both gases through the entire ‘one cell’ configuration.

The final aperture diameters chosen were 6 mm at the entrance, 13 mm at the centre,
and 4 mm at the exit. The best transmission achieved with this configuration was 47%.
Additional aperture test comparisons can be found in Section 3.1.3.1. If not otherwise
stated, work in this thesis used Configuration 3 with these aperture sizes. For a more

detailed label refer to Figure 2.3.

3.1.3.1 Aperture size determination

Multiple aperture sizes were tested in Configuration 3. The transmission of 3”Cl anions for
three aperture tests are shown in Table 3.1. The aperture sizes are given in the format
entrance aperture diameter-central aperture diameter-exit aperture diameter. These tests
used only He gas; the pressures provided are optimized for the maximum current through
the ISA and are calculated based on the method described in Section 3.2.2. The incoming
current is given as reference. Due to the transmission dependence on current discussed in
Section 4.2.6, the test for the 6-13-4 aperture set will have a slightly lower transmission than
if an incoming current less than 300 nA was used.

The transmission is further improved from 44% to 47% when increasing the exit aperture
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diameter from 2.5 mm to 4 mm. The He pressure of the 8-13-2.5 aperture set corresponds
to the maximum setting on the mass flow controller that provide gas to the cell. Therefore,
this aperture setting may be capable of higher transmission if a higher He gas pressure was
possible. Using the mass flow controllers currently on the ISA, the 6-13-4 aperture set was
chosen for the work completed in this thesis. With a lower incoming current, it will have a
comparable transmission to the 8-13-2.5 set but the higher He pressure may result in lower
energy anions that are more likely to react with the reaction gas when it is added to the

cell.

3.1.3.2 SIMION 8.1 simulations of deceleration region

The field and particle trajectory simulator, SIMION 8.1 [77], was used in this work to model
the deceleration optics and first two RF(Q segments of Configuration 3 of the ISA. A 2D
image of the 3D SIMION ISA simulation is shown in Figure 3.2. This was created by
converting STL files from the SolidWorks software to the Potential Array (PA) files required
in SIMION. These simulations used 2 grid units per physical mm. A higher density of grid
units would be preferred but this was sufficient for these studies and limited the time per
simulation [78].

The programming language LUA was used to control electrode voltages and to import
a hard-sphere, elastic ion-neutral gas atom collision model for interactions with up to two
gases using a modified Hard Sphere scattering code (HS1) included in SIMION. It did not
model reactions between the ion and neutral gas atoms or molecules. The mass of the
gas, temperature, pressure, velocity and collisional cross section are adjustable. In these
simulations, a gas pressure of 12 ubar was only included after the first aperture. However,
the code allows for the user to set a pressure gradient along the entire region being simulated.
For He and Cl anion interactions, the cross section was estimated as 3.0 x 10~ m? based

on the equation:

o= TF(THe + TCl)Q (3.1)

Simulations done in this work used ten thousand mass 36 anions flown from a circular
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source with a 2 mm radius. The source was placed at the edge of the simulation (0, 0, 0)
with a normal of (1, 0, 0) (flown along the x-axis in Figure 3.3). It was given a filled cone
distribution with a half angle of 1.5°. The starting kinetic energy of the beam was -20.00

keV with an energy range up to -20.01 keV.

Ion beam direction

Beam waist

L
"

Figure 3.3: SIMION 8.1 3D simulation of the ISA deceleration optics and first two RFQ
segments. The upper panel shows the simulated beam envelope traveling in the x-direction.
The bottom panel is the field lines for the ISA settings used in this simulation.

Figure 3.3 shows the beam envelope and the potential field lines for the electrode settings
listed in Table 3.2. This shows that the beam waist is located just inside the first RFQ
segment, as predicted as the optimal location in Kieser et al. [34]. This allows the RF field
to capture the diverging beam. Table 3.2 compares the settings used to generate these results

to the average settings optimized for experimental transmission. The average experimental

39



Element Simulation Setting Average Experimental Setting
Beam Energy (eV) -20,000 -20,113
ISA Deck Voltage (V) -19,950 -20,083
Einzel Lens Electrode 1 (V) 0 0
Einzel Lens Electrode 2 (V) -18,000 -16,500
Einzel Lens Electrode 3 (V) 300 0
Deceleration Cone (V)* 0 326
Frequency (MHz) 2.5 2.5
RF Amplitude (Vpp,)* 1100 1150
RFQ Rod 1 Offset (V)* 15 43
Aperture (V)* 20 62
RFQ Rod 2 Offset(V)* 25 16

Table 3.2: The settings of the electrodes used in SIMION 8.1 simulations of the ISA’s
deceleration optics and first two RFQ segments. *Voltages are relative to the deck voltages;
others are with respect to the lab ground.

settings were obtained after simulation work and therefore there are some differences in the
values.

SIMION exports an axial velocity, v, and the components of transverse velocity, v, and
v,. Using v, a kinetic energy can be determined. This will be referred to as the ‘axial’
kinetic energy. The y- and z- component velocity can be used to find the total transverse
component velocity that can then be used to find a kinetic energy. This will be referred to
as the ‘transverse’ kinetic energy. Figure 3.4 shows the simulated distribution of ion energies
associated with the transverse and axial components of the ion motion that reach the end
of the second RF(Q segment. This location is indicated by a red line in Figure 3.2. The
starting energy of the ions was -20 keV. Row a) of Figure 3.4 shows the energy distribution
with no cooling gas in the reaction cell. Row b) shows the energy distribution with 12 pbar
of He.

Without a gas in the cooling cell the average ‘transverse’ component kinetic energy was
19 eV and the maximum was 207 eV. When 12 ubar of He is added to the reaction cell of the
ISA in the simulations, the average ‘transverse’ component kinetic energy is slightly reduced
to 17 eV and the maximum is increased to 230 eV. The difference in the ‘transverse’ kinetic
energy between the two simulations is minimal, as expected. The average ‘axial’ energy of

the ions with no cooling gas is 119 eV and the maximum is 230 eV. When 12 pbar of e
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Figure 3.4: SIMION 8.1 simulation of the ‘transverse’ component and ‘axial’ energy (eV)
distribution for ions with a -20 keV starting energy. The energy was measured at the end
of the second RFQ segment (red line indicated in Figure 3.2). Row a) shows the energy
distribution with no cooling gas in the reaction cell. Row b) shows the energy distribution
with 12 pbar of He.
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is added, the average ‘axial’ energy is reduced to 62 eV and the maximum is decreased to
222 eV. The large decrease in the average ‘axial’ energy is expected, as collisions with gas
should directly impact this energy. An ion energy of 62 eV would result in a center of mass
energy of:

Ejgpomay, 62eV * damu

T (mp +mg)  (damu + 36amu) c (32)

An E.;, of 6.2 €V is higher than the electron affinity of Cl (3.61 V). Therefore, a reduction
in incoming ion energy would be beneficial to chlorine transmission through the ISA.

Simulations were also run to determine if the starting parameters of the ions affected
which ions travelled to the end of the second RFQ segment. The starting location and
energy of the ions with no transverse component motion did not have a noticeable effect.
However, a smaller starting angle (lower energy of the ‘transverse’ component) increased
the probability that the ion would reach the end of RFQ segment 2. Figure 3.5a) shows the
starting ‘transverse’ energy for all ions flown through the SIMION 8.1 simulation. These
energies ranged from 0-14 eV. Figure 3.5b) shows the same energy for those ions that were
transmitted to the end of the second RFQ segment. The energy range of 0-14 ¢V remains
the same. However, it is clear that the majority of the low energy ions are transmitted, while
only approximately 50% of the ions with starting ‘transverse’ component energies from 10-14
eV were transmitted to this point. The average starting ‘transverse’ energy of all of the ions
was 7 eV. The average starting ‘transverse’ energy of the ions that were transmitted to the
end of the second RFQ segment was decreased to 6 eV. It is beneficial to keep the ‘transverse’
energy of incoming ions relatively low. However, the incoming ‘transverse’ energy can only
be modified by altering the angles of the deceleration cone. This value is fixed and would
require further simulation to determine if it would be beneficial to alter this parameter in
future versions of the ISA.

Table 3.3 shows transmission and ion energy at four points along the deceleration path-
way, indicated in Figure 3.2. The settings used were those in Table 3.2. The transmission
results show that all of the initial ions will make it through the deceleration cone. This

agrees with experimental measurements discussed in Section 3.1.1. Approximately 13% of
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Figure 3.5: SIMIONS 8.1 simulation of starting ‘transverse’ component energy for ions trans-
mitted to the end of the second RFQ segment. Plot a) shows the energy of the ‘transverse’
component for all ions flown through the simulation. Plot b) shows the same energy for
those ions that were transmitted to the end of the second RFQ segment.

the ions are lost to the first RFQ segment to just before the first aperture. This is likely
due to the deceleration cone voltage attracting ions away from the first segment or with
higher energy ions not being confined by the RF. The transmission further decreases to
74% making it through the first aperture. If ions are not properly controlled by the RF
at this point, they may not be guided through the 6 mm aperture, leading to transmission
losses. Finally, the transmission is further decreased to 66% at the end of the final RFQ.
These transmission values align with experimental transmissions through the deceleration
cone and to the first aperture.

At all four measurement locations in Figure 3.2, the average ‘transverse’ energy of the
ions remains in the 10-17 eV range but may slightly increase due to the RF field [79]. The
‘axial’ energy begins at an average of 86 eV after the deceleration cone. This energy is
increased to approximately 115 eV after the first RFQ segment. The increase in energy is
from the DC voltage on the RFQ segment and first aperture plate. The collisions with He

gas reduces the ‘axial’ energy signficiantly, to 62 eV at the end of the second RF(Q segment.
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Transmission Transverse Axial

Location (%) Eavg (V)  Fauy (eV)
After Decel Cone (6 mm) 100 12 86
Before 1st Aperture (6 mm) 86.8 15 116
After 1st Aperture (6 mm) 74.1 11 114
End of 2nd RFQ 66.1 17 62

Table 3.3: SIMION 8.1 simulation of the average ‘transverse’ component and ‘axial’ energy
(eV) for ions with the electrodes set at those listed in Table 3.2. The size of the deceleration
cone aperture and first aperture plate are listed in brackets. The four locations are indicated
in Figure 3.2.

Simulations of Configuration 1 were tested and showed that by the second RFQ segment,
the ions had gained too much energy to be properly captured by the RF field. By the
third RFQ segment, and thus the first aperture, most were too energetic to be transmitted
through the aperture and into the cooling cell. This may explain why no outgoing current
was measured in this configuration. Future work will compare the SIMION 8.1 simulated ion
energies and transmission of the same region in Configuration 4, discussed in Section 3.1.4,

to improve understanding of the experimental increase in transmission.

3.1.3.3 Simulations using experimentally determined settings

Experimental measurements with the ISA were performed after the simulation tests de-
scribed above. The optimized electrode settings were determined experimentally and are
listed in Table 3.2. These electrode settings were used in the SIMION 8.1 simulation of the
ISA deceleration region to compare the results to those found with the previous electrode
settings. Additionally, the starting energy of the beam was changed to a uniform distribu-
tion from -20.123 keV to -20.083 keV. A plot of the beam trajectory is shown in Figure 3.6.
It is comparable to the trajectory shown in the upper panel of Figure 3.3. However, the
increase in deceleration cone voltage attracts some ions away from the entrance of the RFQs
and back towards the cone. The beam waist is slightly further into the first RFQ.

The transmission and average energy at each point along Figure 3.2 for these experimen-
tal settings are listed in Table 3.4. The transmission from the cone is now 4.3% lower than

the original simulation settings. This agrees with experimental transmission measurements
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Ton beam direction

Figure 3.6: SIMION 8.1 3D simulation of the ISA deceleration optics and first two RFQ
segments using the experimentally optimized ISA settings from Table 3.2. The simulated
beam envelope is traveling in the x direction.

of 90% or greater through the deceleration cone, discussed in Section 3.1.1. Before and after
the first aperture the transmission values are comparable between the two electrode settings.
The agreement in transmission at these locations, despite the lower transmission to the exit
of the deceleration cone, indicates that the transmission from the deceleration cone to before
the first aperture is improved with the experimental settings. At the end of the RFQ the

transmission is 11% lower for the experimental settings.

Location Transmission  Transverse Axial
(%) Eavg (eV)  Eavg (eV)
After Decel Cone (6 mm) 95.7 18 291
Before 1st Aperture (6 mm) 86.6 17 108
After 1st Aperture (6 mm) 74.2 15 97
End of 2nd RFQ 55.0 24 27

Table 3.4: SIMION 8.1 simulation of the average ‘transverse’ component and ‘axial’ energy
(eV) for ions with the electrodes set at those listed under experimental settings in Table 3.2.
The size of the deceleration cone aperture and first aperture plate are listed in brackets.

Due to the increase in starting kinetic energy of the beam, all locations have a slightly
larger ‘transverse’ component energy than the initial simulation results. The axial energy
exiting the cone is significantly larger due to the increased voltage on the deceleration cone.
However, after travelling through the first RFQ the axial energy is reduced to less than the

values found with the original simulation settings.
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3.1.3.4 Deceleration cone voltage range

The deceleration cone was programmed to have a voltage adjustment from -6000 to 6000
V. During transmission tests, it was often optimized to approximately 600 V. Because this
voltage range is large, it may be hard to achieve stable voltages at low settings. The voltage
placed on the deceleration cone will increase or decrease the energy of the anions. Depending
on the energy of the anions and the setting of the deceleration cone, it may also attract anions
towards the exit side of the cone and away from the first RFQ segment. Therefore, it is
important to have fine control in the low voltage region.

To test if a setting of 0 V was beneficial to transmission, the cone was externally grounded
and the ISA settings were optimized for best transmission. With the cone grounded, the
transmission dropped from 47% to 28%. A voltage divider was then added to the deceleration
cone. This changed the range to -400 to 400 V but allowed for finer control of the voltages
in this range. This improved the transmission very slightly (approximately 1-2%). The new
setting for the cone is used in the majority of the work in this thesis. The optimized cone

values typically fall with the 300-400 V range.

3.1.4 Configuration 4

While other tests (Chapters 4 and 5) of the ISA continued with Configuration 3, trans-
mission above 50% is still desirable and configuration changes to achieve this were further
investigated. Configuration 4, Figure 3.1d), has an additional aperture placed before the
first RFQ segment, immediately following the deceleration cone. This RFQ segment is still
open to the I[SA vacuum chamber and so should not contain high gas pressures even when the
reaction and cooling cell is at higher pressures. The aperture was placed here to counteract
the attractive potential field exerted on the anions by the deceleration cone after they have
exited it and block the ions from seeing the RF field prior to being captured by it. Placing
a DC voltage of 240 V on the new aperture (with a maximum of 250 V in this system), a
transmission of 81% of the beam was observed through the ISA when filled with He gas.
The approximately 35% increase in transmission between Configuration 3 and Configu-

ration 4 is promising for increasing count rate in Cl runs. While the studies in Chapter 4
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and Chapter 5 were completed prior to this transmission improvement, plans are in place

to repeat these studies with Configuration 4.

3.2 Transmission based on cooling and reaction gas pressures

The gas cell of the ISA is filled with two gases: an inert cooling gas and a reaction gas. Prior
to injection into the cell, the beam is first decelerated using the deceleration cone of the ISA.
This reduces electron detachment losses from initial collisions between the anions and the
gases [30]. The cooling gas is used to further lower the ion energy through collisional cooling.
This should improve the transmission of the C1~ beam because a lower energy beam will be
better confined by the potential well of the RFQs. The reaction gas is used to preferentially
react with the interfering isobar. It is chosen on the basis that its reaction rate with the

interfering isobar is maximized and that rate with the isotope of interest is minimized.

3.2.1 Transmission in vacuum

The transmission of the anions through the ISA with no gas in the cell was tested. Figure 3.7
shows the transmission at 0 pbar of incoming gas; this corresponds to a vacuum in the
reaction and cooling cell in the range of 1076 ybar. The transmission values are a ratio of
the incoming and outgoing current measured in on-axis Faraday cups at the entrance and
exit of the ISA | respectively. The best transmission achieved was 5% of the incoming beam.
With no cooling gas to decrease the anion energy, the low transmission is likely due to the

anions being too energetic (hundreds of eVs) to be contained by the RFQs.

3.2.2 Gas pressure determination from flow rate

As described in Section 2.3.1.1, the user sets the flow of both a cooling and a reaction gas
using two mass flow controllers. The user sets the flow rate in units of SCCM and the
ISA cell does not contain a vacuum gauge. Therefore, the pressure of the two gases in the
cell cannot be directly measured and needs to be mathematically determined. All cooling
and reaction gas pressures presented in this work are approximate pressures calculated by

a formula provided by Isobarez. It is based on the user-set flow rate and includes correction
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Element/Molecule Mass (AMU) [42] Electron Affinity (eV) [80] Ionization Energy (eV) [42]

He 4.00 -21.80 24.59
CHy 16.04 -0.25 12.61
Ne 20.18 -4.39 21.56
Ny 28.01 -2.006 15.58
S 32.06 2.08 10.36
Cl 35.45 3.61 12.97
Fo 38.00 3.00 15.70
Ar 39.95 -2.08 15.75
NO, 46.01 2.27 9.99
BF3 67.81 2.65 15.70

Table 3.5: The mass, electron affinity, and ionization energy of the various atoms and
molecules studied as anions or gases in the ISA.

factors from the mass flow controller supplier, based on the gas type being used. It is
dependent on the aperture sizes of the ISA configuration being used, the pumping speeds of

the turbo pumps, and a conductance correction factor.

3.2.3 Cooling gas selection

The cooling gas selection was completed by measuring the transmission of Cl anions through
the ISA with the reaction cell filled with a range of pressures of each gas studied. The
cooling gas should be non-reactive with Cl and therefore is selected based on the best
transmission achievable. The gases He, Ne, and Ar were tested as possible cooling gases for
the measurement of Cl. The mass, electron affinity, and ionization energy of these elements
can be found in Table 3.5.

Figure 3.7 shows the transmission of a 190 nA 37Cl anion beam through the ISA filled
with He, Ne, or Ar at a range of pressures. The points on the plot connected by a line
used ISA component settings tuned for optimal transmission at 13.7 pbar (9.99 SCCM) of
He. The same voltage settings were used to scan the pressures for transmission of Cl anions
through only He, NOo, Ne, Ar, or a mixture of 11 pgbar He and NOs. The individual triangle
point and individual square point correspond to the best transmission achievable with Ne
(7.2 pbar or 2 SCCM) and Ar (3.6 pbar or 1 SCCM), respectively. In these two cases, the

ISA components were tuned for these gas pressures. The maximum transmission achieved

48



with Ne was 22% and 5% with Ar.

Early tests also measured Cl transmission using Ny, CHy, and a mixture of Ne and He.
Mixing any Ne into a He-filled cell reduced the transmission to values comparable to a cell
with only Ne gas. The transmission through No and CH4 was comparable to NOo with best

transmission at 11% and 8%, respectively.
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Figure 3.7: Transmission of 37Cl through the ISA using various cooling and reaction gases
at a range of pressures. Connected points used voltage settings optimized for 13.7 pubar He.
The He + NOs points are a measure of the total pressure of the two gases with a constant 11
ubar He. The individual points use voltage settings optimized for the respective gas being
tested. The extent of the He curve is limited by the maximum flow rate of one mass flow
controller. [81]

The best transmission with Configuration 3, detailed in Section 3.1, was 50% of the
incoming beam at 13.7 pbar (9.99 SCCM) of He. This pressure corresponds to the maximum
flow rate allowed by one mass flow controller. A test was completed with He flowing through
both mass flow controllers to provide a higher pressure of He within the ISA but a plateau
was observed and additional He did not improve the transmission.

All of the possible cooling gases chosen have low electron affinities, listed in Table 3.5,

but low transmission was still observed due to the mass ratio between the gas and Cl. Ar
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was the only gas tested with a larger mass than Cl. The transmission achieved with Ar is
lower than the transmission with no cooling gas.

Although small angle elastic collisions between heavier gas atoms and Cl~ would result
in greater energy loss and more controllable ions, initial large angle collisions would result
in significant scattering losses and electron detachment. To achieve the same beam cooling
with the lighter gas, He, higher pressures than the heavier gases are required. This is shown
in Figure 3.7, with the best transmission of Ille occuring at higher pressures than with the

heavier gases.

3.2.4 Reaction gas selection

The ISA is filled with a reaction gas that exploits the difference in reaction rate between
an isotope and its isobar. For Cl7, this gas is chosen such that an anion-neutral gas atom
reaction will be energetically favourable for the interfering isobar but not for the isotope of
interest. In the case of 3Cl, the difference in electron affinity between Cl and S, shown in
Table 3.5, means a gas with an electron affinity between these two could produce a charge
transfer reaction with S~ that would be exothermic but would be endothermic with Cl1~.
Previous work by Dunkin et al. [32] found the following pressure-dependent reaction

rates, k, for the charge change reactions:

Cl” +NOy — Cl+ NOy k=< 6x10"2cm3/s (3.3)

ST+ NOy = S+ NOy k= 1.3x10"%m3/s (3.4)

With an electron affinity of 2.27 eV (Table 3.5), NO gas will have an exothermic reaction
with ST and an endothermic reaction with Cl~ and was a good candidate for a reaction gas.
Using a pre-commercial ISA, NO2 was tested by Litherland et al. |35] and Eliades et al. [36]
with over six orders of magnitude suppression in S~ compared to Cl~. Suppression in Oq
was also tested but only a weak attenuation was observed. Suppression of S~ in this work
is discussed in Section 3.5.

The transmission of Cl™ in a range of NOy pressures or a mixture of 11 pbar He and
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a range of NOg pressures are also included in Figure 3.7. Poor transmission is seen with
all pressures of NOg when tested without the addition of He as a cooling gas. While the
addition of NOs reduces the transmission from pure He gas, the reaction gas only reduces

the C1~ transmission to 20%, higher than any of the heavier cooling gases tested.

3.2.5 Transmission in Configuration 4

Figure 3.8 shows the transmission of 37Cl~ through Configuration 4 of the ISA with 11
pbar of He and an increasing NOg pressure. This is compared to the transmission found
in Configuration 3 with the same He pressure and increasing NOs. Not only is the overall
transmission improved by over 25%, the addition of NO2 does not decrease the transmission
at the same rate. At approximately 24 ubar of He and NOs in the ISA cell, corresponding

to usual running conditions, the transmission differs by over 30%.
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Figure 3.8: Transmission of 37Cl with 11 pbar of He and a varying NOy pressure through
the ISA in two configurations. The red circles are data from Configuration 3, used for the
majority of the measurements in this work. The black squares are from Configuration 4.
The green line indicates typical running pressures.
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3.2.6 Equilibrium between NO, and N,0,

NOg undergoes a reversible reaction with itself to form NoOy. At room temperature and
atmospheric pressure, there will be more NoO4 than NO,. In a gas cylinder, the NoOy4 will
condense as a liquid [82]. It is important that the majority of gas flowing through the mass
flow controllers and in the reaction cell is NOo. This can be calculated for room temperature
at a range of pressures to determine the ratio of NOs to NoOy4. The pressure within the cell
is measured in the 0-40 pbar range, much smaller than the 1 atm (1.01 x 10% pbar) where
N3Oy is dominant. This ratio can be determined using the partial pressures and equilibrium
constant, K, [83].
(Pno,)? (Pno,/Po)?

5= Pryon) = o (Pyou/P0) (3:5)

where Pg is 1 atm. Using the room temperature K, of Roscoe and Hind [82] of 0.137,
Pxno, in Equation 3.5 can be solved using the quadratic equation. At 1 pbar in the ISA
reaction cell, more than 99.99% of the nitrogen oxides are in the NOg form. At the maximum

cell pressure of 40 pbar, the nitrogen oxides are still 99.97% NOs.

3.3 Transmission dependence on ISA deck voltage

To facilitate the deceleration of the anion beam, the entire ISA vacuum chamber, referred to
as the ‘deck’, is kept at a voltage close to the energy of the beam. In this work, the source
voltage, and thus the ion beam energy, is set to a nominal -20 keV. To determine the actual
voltage, a Fluke-189 True RMS Multimeter was connected to the external portion of the
source head using a Fluke 80K-40 High Voltage Probe, with the voltage set to -20 kV. An
actual voltage of -20,113 V £ 10 V was measured.

Because the ISA deck voltage will be scanned during tuning, a calibration curve between
the voltage set on the control computer and the actual voltage measured by the Fluke
multimeter and high voltage probe was used to measure the deck to lab ground voltage.
The ISA deck voltage was scanned and the outgoing current was measured in the Faraday

cup at the exit of the ISA (ISA exit on-axis).
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Figure 3.9: The outgoing current of 37Cl as the deck voltage of the ISA is changed. The
upper x-axis provides the voltage setting of the ISA. The lower scale is the difference between
the ISA deck setting and the energy of the beam. Tests were completed in 13.7 pubar He

and a mixture of 11 ybar He and 10.8 pbar NOs.
Figure 3.9 shows the measured currents in Amperes with the calibrated ISA deck voltage
on the top x-axis. The bottom x-axis is the voltage difference between the source voltage
and the voltage of the ISA given by:
AV = ‘/}SA - ‘/source (36)

Figure 3.9 shows that non-zero transmission only occurs over a range of 110 V, with the
highest transmission at a voltage difference of 27-33 V. However, this measurement range
has a large error of 14 V. A voltage-divider system has been designed to measure the voltage
difference between the two systems more accurately and during use of the ISA.

Previous work on an RFQ ion beam cooler by Liu et al. [30] found the best transmission

of anions at -20 keV was at a deck voltage difference of 40 V. Using an ISA prototype,

Eliades et al. [84] found the best transmission at a deck voltage difference of approximately

60 V.
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3.4 Transmission dependence on the Mathieu q; parameter

The dimensionless RFQ stability parameter, q2, was discussed in Section 2.3.1 and defined
by the equation:
qVop

ERETC e .

The region of stability for ion trajectories through an RFQ ion guide is q2 < 0.908 [85].
Low transmission is seen at qo < 0.2. The best transmission in the ISA is typically found
around g2 = 0.55-0.8.

The ISA has a fixed inscribed radius and the frequency is fixed to 2.5 MHz. Tests were
completed using a 37Cl beam. With all other values fixed, the gy is proportional to the Vop
set by the user. Figure 3.10 shows the current measured in the ISA exit on-axis Faraday
cup with a fixed incoming current. The V,, on the bottom x-axis was scanned, and the
g2 parameter on the top x-axis was calculated from the varied V,,. While typical ISA
measurement tune the V, of the first 7 segments and last 6 segments separately for best
transmission, this test applied the same V,, to both sets of RFQ segments.

Two methods were used to measure the dependence of the outgoing current on g of
the ISA. The red circles in Figure 3.10 optimized all components of the ISA for best
transmission. The DC offset voltages on the RF(Q segments and apertures were adjusted
for each V,, value. The black squares in Figure 3.10 used the same ISA settings for each
value of Vp,. In this case, all voltages were optimized for the best transmission, including
Vpp- Vpp was then scanned with all other settings remaining constant. The two peaks in the
black square curve indicate that these voltage settings worked well at multiple qo values.

The use of cooling and reaction gases may keep the energy of the ions sufficiently low
despite them gaining energy from the field at higher V,,. Our measurements show that
transmission remains relatively high until qo = 1.2, after which it begins to rapidly decrease.
The incoming beam may have a large energy spread that cannot be sufficiently trapped by
low V,,,, resulting in better transmission at higher qs.

The apertures in place to contain the gas inside of the ISA reaction cell may also decrease
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Figure 3.10: The outgoing current of 3’Cl from the ISA as a function of the RFQ V,, and
the o parameter calculated from it. The black squares were using ISA settings optimized
for the maximum transmission. The red points used ISA settings retuned for maximum
transmission at each V.

transmission depending on the qg parameter. If the amplitude of the ion trajectory is larger
than the aperture at the exit of the ISA reaction cell, then transmission could be decreased.
However, the tests discussed in Section 3.1.3.1 show that increased aperture diameter at the
end of the ISA do not have large effects on the transmission. This indicates that the ions
are at a sufficiently low energy that they can be focused through the aperture with a small
DC voltage applied. The amplitude of ion trajectory at this point should not have large

effects on the transmission.

3.5 Cl™ and S~ attenuation in NO;, in Configuration 3

It is important that the reaction gas, NOo, attenuates the S~ while allowing the C1~ to pass
through the reaction cell. In Configuration 3, the count rate of 3363~ and the current of
35,37TC1~ were measured as the NOg pressure in the reaction cell was increased. Figure 3.11

shows the results using an AgCl and Nb target. For these tests, the ISA settings were tuned
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for the highest transmission of a stable Cl beam, which uses approximately 15 pbar of He.
However, during the measurements in Figure 3.11 approximately 11 pbar of He was used.
Higher He pressures resulted in lower transmission when NOg is also present. The data
taken in each measurement are normalized to the highest current or count rate measured in
the Faraday cup or GIC of the measurement date.

The data recorded in August 2020 and July 2021 used 35S~ while the October 2021
data used %S~ as a proxy for 36S~. The higher abundance (4.25%) of 3*S™ provides a
starting current two orders of magnitude greater than S~ without using a target with
a high S concentration that could lead to contamination in the source or ISA and affect
future data collection. 3*S™ also does not have any interfering isobars that would affect the
measurement. Both 36S~ and 3*S™ counts were measured in the GIC. However, with no
NO; in the reaction cell the 3*S™ had currents of 2-500 fA, too high for the GIC. These
were measured in the Faraday cup before the GIC.

The Cl measurements used 3>37Cl~ as a proxy for total Cl, including 36C1~, and were
measured in the GIC on-axis Faraday cup. The 37C1~ had input currents ranging from 50
to 300 nA. 3°C1~ was measured in July 2021 and had an input current of approximately 700
nA. No difference in the suppression of 3°Cl~ and 37Cl~ was found. Variations in the source
were monitored using the incoming stable chlorine current. This current was measured at
the beginning and end of the tests; the variations were <2 nA, so no corrections were applied.

More than seven orders of magnitude reduction in the ST to Cl™ was achieved with
approximately 13 pbar of NOg, shown in Figure 3.11. The C1~ was only reduced to 25-40%
of the original outgoing current. In Figure 3.11, the weighted average of multiple days of
data collection is shown in the fit line.

The loss of C1~ may be due to electron detachment and scattering at the relatively high
energies that the anions enter the ISA cell. The initial collisions between C1~ and NO2 may
also have a high enough centre of mass energy to overcome the energy difference in electron
affinity, causing a charge change reaction.

Each test showed an increase in S counts at 14.7 ubar of NOy. The previous measure-

ments by Eliades et al. [38] on a pre-commercial ISA noticed a plateau in S suppression.
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Figure 3.11: The suppression of S and Cl based on the pressure of NOy within the ISA
reaction cell. 3*S was used for the Oct 2021 points and 36S was used Aug 2020 and July
2021 points. 37Cl was measured Aug 2020, July 2021 and Oct 2021. 35Cl was measured in
July 2021. The currents and count rates were normalized to the maximum current on their
respective measurement date. [81]

This bump and plateau in the data in Figure 3.11 may be due to a reverse reaction with
the neutral S that remains in the cell after the charge change reaction with NOg or to the
creation of molecular anions that will dissociate in the accelerator terminal and add to the
mass 36 beam. Eliades et al. [86] found that the S~ that neutralized and then gained an
electron within the ISA cell accounted for 10-30% of the increased S counts. Future work
may study the reaction products leaving the ISA using a detector system placed after the
45° magnet discussed in Section 2.3. This may help to clarify the process behind the plateau

and bump seen in the S suppression curve in Figure 3.11.
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3.6 Conclusion

The Isbarex Corp. ISA has been integrated into the AEL-AMS 3 MV system and character-
ized for best transmission of Cl anions and suppression of S anions. The configuration of gas
cells and apertures have been studied and found that a transmissions of 80% for 37Cl~ in
He and 62 % in normal pressures of He and NOg are possible using Configuration 4. This is
comparable to the ILTAMS at VERA. Lachner et al. [63] and Martschini et al. [17] found an
average Cl transmission of 64% and a maximum transmission of 80%. The pre-commercial
ISA studied by Eliades showed tranmission comparable to Configuration 3 [84].

He has been selected as the cooling gas and NOs the reaction gas for Cl studies. The
use of NOg as the reaction gas showed more than 7 orders of magnitude reduction in S.
In comparison, the ILIAMS has achieved 10 orders of magnitude suppression of S using a
532 nm laser with 10 W of power [63, 17]. The pre-commercial ISA achieved 5-6 orders
of magnitude S suppression [84]. Work is continuing to enhance the suppression further.
The addition of a detector system after the 45° magnet following the ISA may help to
characterize the interference produced in the ISA reaction cell. Table 3.5 indicates that
the gases Fo and BF3 have electron affinities that will produce exothermic reactions with
S anions but endothermic reactions with CI anions. The decrease in mass from NOs to Fy
may result in fewer collisional losses. However, all reaction gases listed are toxic and may

not be possible to use in routine tests.
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Chapter 4

ISA-AMS measurements of 3°Cl1/Cl
reference standards

With Configuration 3 (Section 3.1) tested for the best transmission of 3¢Cl and the attenua-
tion of 35S in NOsy, the 35Cl analytical capabilities of the ISA were tested using standards of
known 39Cl1/Cl ratios. In the following chapter, the measurement technique and accelerator
settings used to measure *C1/Cl standards are detailed. The ISA-AMS measured 3°C1/Cl
ratios can then be compared to the nominal values of a standard set and a dilution series.
Using these measurements, the stability of the system and the 39Cl blank level of ISA-AMS

can be determined.

4.1 Chlorine standards

One set of reference standards and one dilution series were used to test the 6Cl analytical
capabilites of the ISA. The 36C1 reference standards were previously used in the thesis work
of Eliades [84] and were provided by Dr. Mark Caffee of Purdue Rare Isotope Measure-
ment (PRIME) Lab, Department of Physics, Purdue University. The four standards, listed
in Table 4.1, were in solid AgCl form. They had not been stored in a dry, dark environment,
causing them to undergo photodecomposition. This produces Ag metal and Cly gas, chang-
ing the colour of the standards to a purple/grey. The standards were dried prior to mixing
with Nb but were still sticky and difficult to break into powdered form. This produced less
homogenous AgCl:Nb mixtures and reduced the C1~ current that the targets could produce.

The National Institute of Standards and Technology (NIST) standard reference material
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36C1/Cl Ratio  Standard Supplier

4.16 x 10711 PRIME Lab®
442 x 10712 PRIME Lab®
1.20 x 10712 PRIME Lab®
4.08 x 10713 PRIME Lab®

1.48 x 10~ NIST®
1.52 x 10712 NIST®
7.18 x 10713 NIST®
1.59 x 1013 NIST?
73x 10714 NIST®
1.2x 10714 NIST?

3x 1071 NIST®

Table 4.1: 36C1/Cl standards and dilution series measured by ISA-AMS. The supplier of the
standards are listed. “PRIME labs AMS standard reference [51], "SSRM 4943 [87]

(SRM) 4943 NaCl solution [87] was used for the dilution series to extend the 36C1/Cl ratios
measured by the ISA beyond the 107! provided by the PRIME standards. The six 36C1/C1
ratios in the dilution series are listed in Table 4.1. This series also includes one blank
material with a 3¢Cl/Cl ratio in the 107! range. The preparation of the dilution series is
detailed in Appendix A. The ratios were externally validated by 6 MV AMS measurement
at Eidgendssische Technische Hochschule (Zurich, Switzerland) (ETH). The details of these
measurements are in Section 4.1.0.1.

For all work in this chapter, the targets were an AgCl + Nb mixture at 1:3 ratio by

volume. The AgCl precipitation and target preparation method are detailed in Appendix B

4.1.0.1 ETH measurements

The NIST SRM 4943 dilution series was sent to ETH for external measurement. At the
ETH AMS facility, 2Cl is measured on a 6 MV EN tandem accelerator [88]. It is measured
with a terminal voltage of 5.8 MV and in the 7+ charge state. The blank level is a 36C1/Cl
ratio of 2 x 10715,

Figure 4.1 compares the calculated 36Cl/Cl ratio to the ratios measured by ETH. The
theoretical 3C1/Cl ratio was calculated based on the calculated NIST SRM 4943 ratio of 7.28
x 1072 [89] and the Pugwash chlorine ratio provided by Dr. John Gosse 5.05 x 107° [90].

This calculation is detailed in Appendix A.
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Figure 4.1: A comparison of the expected and the ETH measured values of the NIST SRM
4943 dilution series. The error bars are the standard deviation provided by ETH. The solid
line represents the 1:1 agreement between the measured and expected value.

Figure 4.1 shows a systematic disagreement between the measured ratios and those cal-
culated. The ETH measurements are consistently 30-40% higher than the ratios calculated
from the parameters used in the dilution procedure detailed in Appendix A. This systematic
difference could be due to the presence of excessive 35S in the spectra. ETH has reported
that their sample preparation method includes the chemical removal of excess S [91]. This
is necessary to achieve their usual accuracy. The standards were simply precipitated using
AgNO3 and did not undergo chemical removal of S, so may contain excess 6S. A mismea-
surement of the mass of one of the high ratio dilutions, which required very small volumes
of NIST SRM 4943, could also provide a systematic discrepancy in t