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ABSTRACT

The ISAC charged particle reaction spectroscopy station (IRIS), is an experi-
mental facility stationed at TRIUMF Vancouver. IRIS was developed to study direct
reactions with rare isotope beams. It is a tremendous challenge to create particle
beams in a range far from stability; in the production process beam contamination
with the same mass number can comprise up to 90% of the produced beam. To
identify all beam constituents, IRIS uses a low-pressure ionization chamber. The low
pressure ionization chamber used is a new development, therefore detailed studies on
effect of various parameters on the ionization chamber resolution were carried out
using rare isotope beams of 11Li, and 20Mg, as well as stable ion beams of 10C,
12Be, and 86Kr.It was observed that IC resolution was directly dependent on how
much energy was lost, as well as how large the energy straggling was for each ex-
periment. When considering the more massive beam of 86Kr, changes in the FC/C

ratio showed little to no effect on changes in the resolution.
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CHAPTER 1
Introduction

Nuclear physics is driven by pushing the boundaries to see where a limit lies.
This postulate is fostered by improvements in technology, allowing for a refined
analysis. Isotopes with large nuclear asymmetry in proton neutron ratio serve as the
marker for the edge of stability. Current theories that model the stability of nuclei,
such as the liquid drop or the Bethe-Weizsacker formaula [1], are highly empirical.
This means that they are relying heavily on experimentation for further information
of how nature arranges the structure and distribution of nucleons. This leaves the
mystery, how do the forces governing the smallest components of the universe work.

Therefore, to further our understanding of the subatomic world, modern physics
has worked to create and study rare isotopes. In this work, gradual advancements in
technology have worked towards the creation of high resolution particle identification.
It is these improvements in particle identification that allow researchers isolate their
studies of particle interaction dynamics to reactions of interest, and hopefully solve
the mystery.

1.0.1 Nuclear Modeling and Rare Isotopes

Nuclei are held together by the strong nuclear force, one of the four fundamental
forces governing our universe. The strong force works to bind the positive and neutral
particles, protons and neutrons respectively, to create subatomic nuclei. The strong

force is orders of magnitude stronger than that of the electromagnetic interaction,



the force experienced by particles with a net charge such as electrons or protons.
The strong force, unlike the electromagnetic, requires a close proximity of ~ 1071°
m. For nuclei with large asymmetry in their proton to neutron ratio, the nature of
the strong force leads to large instability. The nuclear chart of stability is shown in

figure (1.0.1).

Z, number of protans

M, number of neutrans

P
L

Figure 1-1: Nuclear Chart [2] depicting all known isotopes

The edges of the chart are known as the Proton and Neutron drip line. These serve
as the boundaries of binding on either side of the chart for increasing protons and

neutrons respectively.



Many models exist that are able to model the complexity of the strong force
on the quantum level; the most predominantly used among physicists is the nuclear
shell model [1]. Analogous to electrons, nucleons form shells within a nucleus that
have increased binding energy at so-called magic numbers. These magic numbers
occur for nuclei with number of neutrons, or number of protons, equal to 2, 8, 20,
28, 50, 82, and 126. The question for physicists is why does nature arrange itself in
such a manner and how can model be postulated to map the interior of nuclei which
is able to correctly explain such phenomena.

1.0.2 Scientific Motivation

The discovery of the atom made by Ernest Rutherford in 1911 [6] serves as the
marker for what is known today as modern physics. This quantum world is radically
different from anything previously discovered in, at the time, traditional physics.
Out of the ashes of classical physics, a new breed of probing technology was needed
to pioneer modern physics research.

Over the past century many innovative studies led by both experimentalist and
theorist alike have worked towards deeply understanding and analytically modeling
the quantum world. These novel discoveries have led to new forms of technology
that have worked to serve an array of fields outside the realm of physics research;
including medicine, imaging, and weapons.

Many researchers now believe that the next step in understanding the strong
force can be accomplished through study of nucleon-nucleon interactions. With this
in mind many aspects of modern physics have been dedicated to the production and

detection of exotic nuclei to study nuclei at the edge of stability.



1.1 IRIS
1.1.1 Overview

ISAC charged particle reaction spectroscopy, abbreviated IRIS, is a research
facility launched by Saint Mary’s university and is stationed at TRIUMF, Vancouver.
IRIS is designed to study the transfer reactions and inelastic scattering of exotic
nuclei rich in neutrons or protons. These reactions will involve an isotope of hydrogen

and be of the form a +b — ¢ + d [3].

Scattering

Figure 1-2: IRIS Layout [4]

The scientific goals are to probe the structure and excitation of exotic nuclei.
The facility uses three main components to study nuclear reactions; first of which
is an ionization chamber (IC) which is used for isobaric filtering of the ion beam.
Following the ionization chamber is a scattering chamber with a solid hydrogen

target. After the beam interacts with the target, a heavy and a light particle will
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be produced and scattered at different angles. A series of detectors are in place to
measure both the scattering angle and the energy of these particles. IRIS works to
understanding fundamental changes in nuclear structure in regions far from stability
and their role in the synthesis of heavy elements [3].
1.1.2 IRIS Ionization Chamber

The first step in the IRIS facility set-up is the ionization chamber. The IC has
the specific goal of particle identification before reaction with the solid hydrogen
target. As a beam passes through the chamber it identifies all the constituents based
on energy loss, which determines the Z number, this will be explained in further
detail in section 1.3. Rare isotope beams are created using the fragmentation process
which can cause contamination comprising up to 90% of the beam [4]. Due to the
high possibility of contamination rate it is vital to identify all beam constituents

before scattering.
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Figure 1-3: IRIS Ionization Chamber [4]

The IC chamber has five main components. The entrance and exit windows, a
field cage, coplanar anode, anode pads and the pressurized box itself. The chamber
measures 195 mm x 62 mm, length by width.

The IRIS facility is dealing with low energy beams, with E &~ 5 AMeV. Due to
the low beam energies it is vital to minimize the energy loss of particles as they pass
through the IC, therefore they will have sufficient energy remaining to interact with
the target. To adress the issue of low beam energy the IRIS IC is designed with
a low pressure design such that it will collect on the order 1 MeV per particle as

it passes through the chamber [4]. The amount of energy the chamber does collect



is proportional to the Z number of the particle. Typical running conditions have
internal pressure of the IC maintained on the order of 20 Torr of isobutane.

As beam particles pass through the IC they will interact with and ionize the
gas, isobutane, creating ion pairs. The IC is able to pull the newly created charged
particles with the use of its field cage (FC) and coplanar anode (C). The field cage is
a series of negatively charged metal strips that wrap the entirety of the IC. The field
cage creates an electric field within the chamber causing the ion pairs to be pulled
towards the anode strips for detection.

Working congruently with the field cage is the coplanar anode. The coplanar
anode is a negatively charged metal plate which surrounds the anode strip. The
purpose of the coplanar anode is to focus charged particles on to the anode strip.
Together the field cage and the coplanar anode work congruently to move and focus
charged particles for detection.

1.2 Recent Modifications to the IRIS IC

Modifications to the IC have been conducted in order to correct for the low pulse

height that was observed for the end anodes using the origonal design. The initial

field cage traces of the end plates before the modification is shown in figure 1-4.



Figure 1-4: Field traces of end plates [4]

Simulations of the field lines at the end section of the chamber showed that the
parallel traces needed to be modified as shown in figure 1-5. The resultant effect of

this modification will be presented in this work.



Figure 1-5: Modified field traces of end plates [5]

Other modifications included; modification to the field cage and coplanar anode
voltage supply, using one supply with a restive divider as opposed to two separate
ones. Separating the two coplanar anode platings on either side of the anodes and
connecting them on the reverse side of the board, previously the platting was contin-
uous around the anodes. Figure 2—1 outlines the improvements these modifications
made to the resolution of the IC. The increases in the resolution will be shown in
section 2.2.

1.3 Particle Interaction with Matter
1.3.1 Energy Resolution

Detector resolution is broadly defined as the ability to measure the energy dis-

tribution of incident radiation, which is one facet under the larger umbrella term,

radiation spectroscopy [7]. One major component of radiation spectroscopy, the



measure of energy distribution of incident radiation, is examining the response of a

detector to a mono-energetic beam as shown in figure (1-6).

dv 4

dE Good resolution g

/ﬁk Poor resolution
A .
H

H,
Figure 1-6: Example of Good Compared to Poor Resolution [7].

Figure 1-6 outlined two distributions correspond to the same mono-energetic
energy source. The two distributions are deemed Good resolution and Poor resolution
because of their ability to resolve between closely spaced different energies. The

analytic definition of Resolution is outlined in figure 1-7.
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dN FWHM
dH Resolution R = T
o

Figure 1-7: Definition of Resolution [7]

Where the FWHM is the full width at half max; and Hj is the peak position of
the distribution; the peak position for the IRIS IC correlates to the mean energy value
deposited, which will be shown further in section 2.3. Resolution % is analytically

calculated as:

FWHM

Resolution =
Hy

100 (1.1)

It is also helpful to note that FWHM can be put in terms of the standard

deviation, o, using the following relation:

FWHM =235-0 (1.2)

Improvements in resolution correlate to a decrease in the analytic value of res-

olution. This can be achieved in two ways, first is a reduction in the spread of the
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distribution, o. The second is an increase in the value of Hj, an increase in the
amount of energy deposited by the beam as it passes through the detector.
1.3.2 Particle Energy Loss

A charged particle will lose energy in a medium by several means. The main
interaction between the particle and matter is via Coulomb force due to fields created
by the particle and atoms of matter. Stopping is mostly due to inelastic collisions be-
tween the particle and bound electrons of the matter but also due to elastic collisions
between nuclei. The latter effect will play a role at low energies, typically near 10 to
100 keV [8]. The effect of nuclear stopping is small, typically under 1%, when the
energy of the particle is above 200 keV /u [8]. Additionally there can be excitations
and radiative losses like Bremsstrahlung or breaking radiation which causes electro-
magnetic radiation produced by the acceleration or deceleration of a charged particle
after passing through the electric and magnetic fields of a nucleus [9]. Stopping power

or stopping force is defined as a sum of its two main components

sgy—E_ (4B 4B

R (1.3)

dx nuclear dx coulombic

The stopping force depends dramatically on the energy of the ion beam, many
models have been dedicated to relating them. The most commonly used is the Bethe-

Bloch formula

S0 =~ = () G S) ¢ ao

where = v/c , m, mass of electron, n electron density of the matter, z charge

state of the particle, ¢, ionization energy, c is the speed of light. After particles have

12



deposited their energy in matter they come to a stop. Stopping will therefore also
determine the range of energetic particles in matter.

The most important component to take away from equation (1.4) is that:

dE 7?2

B
The amount of energy lost by the particle is proportional to its Z number and how
fast it is moving. Most of the energy lost by a charged particle in a medium will
result in ionization of the target matter. The ionization can be either primary ioniza-
tion, created directly by the incident particle, or recoiling ionization which is caused
recoiling atoms of the target.
1.3.3 Energy Straggling

Modeling a beam of particle as it slows is purely a statistical phenomenon and
therefore the energy of similar particles penetrating the same amount of matter will
always have a slightly different energy afterwards. As a result, energy straggling
will eventually be a limitation on the resolution of any ion beam analysis; energy
resolution will be discussed further in section 3.3.

The most used model for straggling is the Bohr theory, which assumes individual
collisions between particles and target electrons transfer small amount of the total
energy. This results in Gaussian energy loss distribution [8].

At high energies electron excitations will introduce more straggling than pre-
dicted by Bohr theory. At low energies charge exchange and effective charge of
the penetrating particle have to be taken into account. The latter corrections are

introduced in the straggling models first by Chu [11] and Yang [12].
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CHAPTER 2
Analysis

To study the resolution of the IRIS IC, many different beams, both stable and
unstable alike, over a wide range of Z were used to understand effects on the resolu-
tion. Each of these experiments, which are detailed in section 2.1, consisted of a large
amount of data collected by the IC, which was then analyzed. Each experiment was
preformed with a specific goal in mind. For the studies of what parameters effect the
resolution of the IC, the *Kr beam will be the predominant experiment of choice.
The other experiments will serve to add supplemental data to understand the effects
of energy and Z number as they pertain to the resolution of the detector. The results
of those analyses are displayed in this chapter.

2.1 Experiments

As a preliminary calculation, approximating the energy loss of an ion beam is

preformed using the software package LISE-++ [15], The beams for the experiments

preformed at IRIS are outlined in table 2—1 and 2-2.
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Table 2-1: Summary of Studied Experiments IC Parameters

Beam Z Stability Energy(AMeV) E-Loss(MeV) Pressure(Torr) IC Window

HLi 3 Unstable 6 1.03 19.5  Mylar (0.9u)
2Be 4 Unstable 9.8 1.61 19.5  Mylar (0.9u)
B 5 Stable 5.5 3.04 19.5  Mylar (0.9u)
19C 6 Unstable 5.5 4.35 19.5  Mylar (0.9u)
Na 11 Unstable 8.5 9.7 19.5 SisNy (0.05u)
Mg 12 Unstable 8.5 11.41 19.5 SigN4 (0.05u)

Table (2-1) summarizes the experimental running conditions for the experiments
considered for the study of IC resolution. Furthermore the running conditions for

the 86Kr experiment are laid out in 2-2.

Table 2-2: Summary or Krypton-86 Experiment Conditions

Beam 7 Stability Beam Energy (AMeV) Pressure(Torr) E-Loss(MeV) FC/C
8Kr 36 Stable 6.987 ) 19.11 2.5,3,3.5,4,5
6.987 10 38.41 3.54,5
6.987 19.5 75.97 3.5,4,6

Calculating the average energy loss is the first step in experimental analysis.
The amount of energy a particle loses as it passes though the chamber should serve

to increase the resolution as outlined in section 2.3; a beam that loses virtually
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no energy will correspond to minimal interactions with the gas in the chamber.
Therefore, having minimal energy loss will correspond to a poor resolution.
2.2 Effects of Recent Modifications to Improve Resolution

The "'1i experiment listed in table 2-1 is the most recent experiment performed
at IRIS, in 2015. There was however, a previous experiment using the same beam
with the same energy performed in 2013, before the modifications of the IC outlined in
section 1.2 were conducted. Figure 2—1 outlines the improvements these modifications
made to the resolution of the IC.

Comparison of 11Li Experiments at 6.0 AMeV
20.5 . . . . . . .

201 ? |

195+ .

18.5 J

18

Resolution FWHM %

175+ .

17 + s

¢

165 1 1 1 1 1 1 1
2012 2012.5 2013 2013.5 2014 2014.5 2015 2015.5 2016

Year of Run

Figure 2-1: Comparison of the 1Li
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With the changes made, the resolution of the chamber was improved by 16% for
the 'Li experiment.
2.3 IC Resolution Calculations

The resolution of the IC is determined by analyzing the raw data collected by
the detector. The detector records digitized information as channel numbers that
are proportional to the energy deposit in the detector. The spectrum of the detector
is fitted using a distribution such that the parameters outlined in eq.1.1 can be
derived. The skewed Gaussian is the choice for its fitting ability to contour to real
experimental distributions. Figure 2-2 is an example IC output which outlines the

superiority of a skewed Gaussian over a standard Gaussian distribution.
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Figure 2-2: Comparison of a Normal and Skewed Gaussian fit of IC Output.
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The difference in the y? values of 2505 for the normal Gaussian to 905.5 for the
skewed Gaussian clearly demonstrates the ability of a skewed Gaussian to fit the IC
outputs. This allows calculation of resolution with much higher precision.
2.4 IC Alpha Source Run

In order to monitor that ionization chamber is working effectively, data using
an a-source is conducted with the chamber segmented into 8 anodes. The data
consists of using an alpha source of a known energy of 5.48 MeV within the ionization
chamber. Comparing the measured values for energy loss within the chamber to the
calculated values, will give insight into the proper functioning of the detector. The

results are shown in figure 2-3.
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Energy Loss within IC using 5.48 MeV Alpha Source
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Figure 2-3: Ionization Chamber Alpha Source Run

Where the y-axis denotes Channel Number which is proportinal to the amount
of energy the IC measures as energy loss from the alpha particle as it passes through
the detector. Based on figure 2-3 there is a 21% change in the amount of energy
lost in the first anode compared to anode fifteen, the last anode. The approximated

energy loss was calculated using LISE4+ [15] and is shown in figure 2—-4.
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Projected Energy Loss within IC using 5.48 MeV Alpha Source using LISE
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Figure 2-4: Projected energy loss of alpha particles as they pass through the IC

The projected energy loss dictates that there will be a 18% change in energy
loss between the first anode and the last anode, anode fifteen. The three percent
discrepancy is acceptable considering that the calculated energy loss would have

uncertainties in the stopping power value used.
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2.5 Energy Straggling Within Ionization Chamber

Expanding on the amount of energy lost within the chamber is the range of

energies deposited, this is known as energy straggling. Figure 2.5 outlines the energy

straggling as a function of the Z-number.

Energy Straggling (MeV)
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Figure 2-5: Energy Straggling within Window and Gas
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There is a positive correlation between both; the magnitude of Z, and the energy at
which the beam with the magnitude of energy straggling the beam experiences as it

passes through the chamber.
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CHAPTER 3
Results

The experimental results will be broken into two components; the first is findings
from the 8°Kr beam which was designed to test the optimal conditions of the IC.
The second set of findings are based on the several experiments preformed at IRIS
using various types of beams.

3.1 Krypon-86 Results
3.1.1 Monte Carlo Simulation to Model *Kr Energy Loss

To check the nature of how ¥ deposits its energy as it passes through the IC
a Monte Carlo simulation was conducted. The Monte Carlo simulation is a much
more robust method of monitoring energy loss. Unlike LISE+4+ which calculates the
average amount of energy loss for the beam as a whole; the Monte Carlo simulation
preforms a particle by particle simulation to model energy loss as the beam passes
through the IC. Figure (3-1) shows a three hundred particle simulation of the IRIS
IC using a radioactive beam of ¥Kr at 6.987 AMeV to model energy loss and IC

pressure of 19.5 Torr of isobutane.
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Figure 3-1: Monte Carlo Simulation to Model Energy Loss of 86Kr Through 1C

As shown in figure (3-1) the rate at which 86Kr deposited its energy was com-
pletely uniform as it passed through the IC. This is a significant finding as it shows
that there should be no increased energy deposition in one area of the detector over
another. As outlined in section 2.3, the resolution is proportional to the energy
deposited by the beam. Having a uniform deposition within the chamber should
correlate to a low o, therefore good resolution.

3.1.2 Effect of Varied FC/C Ratio For Krypton-86
To better understand the effects of the field cage to coplanar voltage ratio, out-

lined in section 2.1, using a stable beam of 8¢Kr the ratio was varied while using
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different pressures with hopes of monitoring the effect on the detector. While main-
taining the pressure of the chamber at 5, 10, and 19.5 Torr the FC/C ratio was varied

for each pressure, figure 3.1.2 shows the findings.

Field Cage to Coplannar Anode Ratio Effect on Resolution of IC chamber at 5, 10 and 19.5
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Figure 3-2: Varied FC/C Ratio with 86Kr

For the ®Kr experiment, varying the FC/C ratio showed no significant effect on the
resolution. The only notable change in the resolution was caused by the difference in
pressure. The change in pressure of the ionization chamber will cause the beam to
have more interaction with the gas within the chamber; the increased interactions will

correlate to a higher energy loss. Resolution, outlined in section 1.3.1 is proportional
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to the amount of energy lost by the beam. The increased energy loss caused by the
increase in pressure improves the resolution of the detector.
3.1.3 Resolution Dependence on IC Pressure Using Krypton-86

Based on the previous finding, pressure changes showed to have the largest effect
on the IC resolution. Figure (3.1.3) depicts the changes in resolution as the pressure
of the chamber is changed from 5 to 19.5 Torr while maintaining a constant FC/C
ratio.

Pressure Effect on Resolution
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105 X ]
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Figure 3-3: Varied Pressure with 86Kr

26



As the pressure was increased from 5 to 19.5 Torr, the increased energy loss
causes the resolution to increase by a factor of two.
3.2 Resolution Results for all IRIS Experiments
3.2.1 Resolution Dependence on Energy Loss

As the amount of energy loss by the beam increases there is a clear improvement
on the resolution of the IC. This approaches a limit however at a value of ~ 5

FWHMY%. This relation is outlined in figure (3.2.1).

Effects of Energy Loss on Resolution in lonization Chamber
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Figure 3—4: Effect of Energy Loss on Resolution
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An increase in energy loss from ~ 10 MeV to ~ 76 MeV showed no signifi-
cant improvement on the resolution. Although there was a clear increase in energy
straggling within the chamber as the energy loss increased; it showed to have no
noticeable effect on the resolution as outlined in figures 2.5 and 3.2.1. The effect of
energy straggling can be assumed no be negligible because it is an order of magnitude

smaller than that of the energy loss within the chamber.
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CHAPTER 4
Conclusion

The recent modifications to the IC showed to improve the resolution by ~ 15%
when looking at the comparison of the MLi experiment that was preformed before
the modifications, to the experiment preformed after the modifications that had the
same running conditions. It was also shown that the changes in the field cage was
able to correct the problem of the lower pulse height at the end anodes. Through the
analysis of the heavy ion beam of ®Kr it was shown that the FC/C voltage ratio had
no significant impact on the resolution of the detector at any pressure. Changes in the
pressure however directly impacted the resolution; the increased pressure increased
the amount of energy loss by the beam, improving the resolution. Analogously, when
considering the several other beams of various Z, all showed that the resolution of
the chamber was directly proportional to the amount of energy loss experienced by
the beam. The best resolution was achieved by the *’Na and %Kr and was ~ 5
FWHM%. It was shown that since the energy straggling was an order of magnitude

smaller than that of the energy loss, it had no significant impact on the resolution.
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