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Abstract

The p-nuclei are a group of 35 nuclides on the proton-rich side of the valley stability with A>56,
which cannot be produced through either s- or r- processes. Though their exact production
method is a matter of debate, one scenario involves consecutive (f,n) photodisintegrations from
t/s seed nuclei. As a branching point in this process, *Kr is an isotope of interest and in
particular, the magnitude of its related (r,]) reaction rate has a significant impact on the
abundance of the related p-nuclide, 7*Kr. Determination of the cross section of the reverse
kinematic reaction, 7*Se({ ,f )**Kr (which is more practical to analyse), can be utilised to more
accurately characterise this (r,] ) reaction rate. DRAGON was used to observe this forward
reaction at an astrophysical energy. Upon investigation of the data set, no recoils could be
identified from the background and steps were taken to calculate an upper-limit on the number
of recoils present. From this value an upper-limit on the cross section was calculated, which was

found to be significantly lower than the predictions of current theoretical models.
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Chapter 1
INTRODUCTION

Over their lifetimes, stars are responsible for creating nearly all the elements synthesised in the
universe. Through fusion processes in their cores, and other processes occurring in their higher
layers, such as the s- and r-processes, elements from helium up to some of the heaviest isotopes in
existence are created and, eventually, dispersed at the death of the star. With these stellar objects
being the source of much of the raw material that makes up everything around us (including our
own bodies), it is no wonder that one of the key pursuits in modern physics is trying to understand
how these elements are formed by stars and in what abundances. This field of study is known as
nucleosynthesis and marries the disciplines of nuclear physics and astrophysics together. Studying
nucleosynthesis requires both the experimental and theoretical approaches to science, using data
from experiments to refine the models used to describe and predict physical phenomena.

1.1 P-NUCLIDES

There are 35 nuclides on the proton-rich side of the valley of stability that cannot be synthesised
through neutron-capture or beta-minus processes, such as the s- and r-processes (see figure 1.1).
These naturally occurring nuclei are known collectively as the p-nuclei, and their production is a
matter of ongoing investigation. Both the location and the full mechanism by which these nuclides
are produced are not fully understood.

The model currently favoured (though others have been proposed [1]) involves the nuclei being
produced in the ONe shell of certain massive stars during the process of core collapse [1], but this
fails to account for the observed solar abundances of the nuclei in question. Moreover, the

p-process
isotopes

V.

V.. " rprocess
V... " decay chains

S process

Figure 1.1: The p-isotopes are shielded from r-process decay chains by the s-process and stable
isotopes. Taken from [1].
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ambiguously named p-process, which refers to the exact production mechanisms of the p-nuclei is

relatively unexplored at an experimental level and data are scarce [1].

One such mechanism is the (p, ) reaction. A sequence of these reactions from low mass nuclides
can carry an isotope into the region of the valley of stability where the p-nuclei can be found. The

s/r seed

A . .
Z deflection point (v,1) nuclei

>

zZ|  ® @@ ® O

Figure 1.2: The gamma-process consists of (f ,n) photodisintegration that are occasionally

diverted at deflection points by either (r, {) or (r,p) reactions. Taken from [1].

contribution of this particular phenomena is limited though, by the realities of the astrophysical
energies that these nuclei would be produced at. Coulomb repulsion, the very high temperatures
needed and the dominance of (r,p) photodisintegrations are all contributing factors to this.

Fig 1.2 shows one of a collection of independent processes contributing to the production of p-
nuclides. Another of these is known as the gamma-process [1]. This involves a series of (r,n)
disintegrations from a seed nucleus in the s/r chains that move towards the p-nuclides (see figure
1.2), until they are overtaken by (r, J) and/or (r,p) reactions.

1.2 MOTIVATION

The gamma process provides a method by which the p-nuclides can be produced at astrophysical
energies. Through neutron-photodisintegrations an isotope can move towards the proton-rich side
of the valley of stability. Eventually however, the (r,p) or (r, ) reactions will become dominant
and the path shifts to a lower Z-nuclide. The isotopic location at which these events occur are
known as "branching points" [2]. At branching points, there exists competition between different
reaction channels, and changes to the environment, such as a change in isotopic energy or
temperature can impact the dominance of certain reactions and consequently the prominence of
certain isotopes. When determining the abundance of a given p-nuclide, knowing the location of
the relevant deflection points is vital.
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Only a few reactions in the gamma-process have a noticeable impact on abundances. One of these
reactions is *Kr(r ,{ )7*Se, because °Kr is a branching point. If this reaction or the (r,p) process
dominate over (r,n) at *°Kr then the subsequent production of the p-nucleus ”®Kr would be limited
(see figure 1.3).

[£]

@
o
~

[
L

IS
&

35 75Br 8/Br
80 8lse BZSe 83Se
[ S S R —

Figure 1.3: Possible gamma-process pathway, showing **Kr as a branching point for the process
[2]. If the (r,]) or (r,p) reactions start to dominate over the (r ,n) photodisintegrations at this
point, the pathway will be diverted to either the Br or Se chains. Taken from [3] (can also be

seen in [4]).

Calculating the reaction rates for the gamma-process is difficult though, because high-mass nuclei
have great level densities and high Coulomb barriers. Capture reactions therefore need high
temperatures to overcome the energy requirements. This means the reactions typically occur in a
variety of excited states. Lab experiments can only give data on the cross section of a reaction with
the target nuclei in the ground state though, so any conclusions drawn experimentally must be
supplemented by theory. Nonetheless, without such data (and there is very little in this energy-
region of interest) it is difficult to constrain or refine these theoretical predictions [1]. So, data
must be acquired.

There is a direct relationship between a reaction rate at a given energy and the cross section at the
same energy. By calculating the cross section of a reaction at the relevant energy, the reaction rate
of that reaction can be inferred. The aim of this project was to determine the cross section of the
89Kr (r, | )"°Se reaction. This value cannot be found directly via experimentation, both because of
the energies required to produce meaningful data and the difficulty of producing a stable gamma
beam; the cross section of the reaction can be inferred however, from the cross section of the time
reversed reaction: 7Se(4 h ) °Kr.

1.3 PREVIOUS WORK

As previously mentioned, data for this energy region is scarce, however this thesis (the present
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work) is not the first to explore the 7°Se(r ,{ ) *Kr reaction. This same reaction has been observed
to determine the cross section at beam energies of 1.51 MeV/u and 1.43 MeV/u [4]. The
experimental method utilised was quite similar to the one described in this thesis, with an
accelerated beam of charged 7°Se ions directed at DRAGON’s windowless gas target, containing
pressurised He gas. The recoils were then bent through the mass-separator to filter out leaky beam,
before being detected by the MCP detectors. The difference between the experiment described in
[4] and the one described here is that the author of [4] made use of DRAGON’s ion-chamber (IC)
instead of the DSSSD for the purposes of particle identification. The IC contains an isobutane gas
and has four anodes for collecting charge.

Fast ions, like recoil products, ionise this gas as they travel through the chambers. Pairs of ions and
free electrons are produced and the positively charged ions are attracted to the anodes positioned
along the length of the chamber, inducing a current in them. This represents an output signal from
the detector. By placing these anodes at different positions along the length of the chamber, the
energy loss of the incident ions can be charted as a function of depth. As different nuclei loose
energy at different rates in the gas, with more massive, or more charged isotopes losing energy more
quickly, this data can then be used in the process of particle identification (particle ID) to discover
the yield of recoils in the experiment and generate a value for the cross section.

*  This work

- - - NON-SMOKER
| - TALYS aOMP1
— - —TALYS aOMP2
—— TALYS aOMP3
1 = TALYS aOMP4
== TALYS aOMP5
{ =+=- SMARAGD

'
w
L

&
N
NN

Cross section (log,, (barn))

7 76K 33 GK >

4.75 5.60 5.;’25 5.|50 5.%5 6.|00 6.|25
Energy (MeV)

Figure 1.4: The cross sections for the 7°Se(J ,r ) ®Kr reaction between the centre-of-mass energies
of 4.75-->6.5 MeV as modelled using a variety of computational models by [5]. TALYS is a
modelling software for simulating nuclear reactions. The five curves produced using TALYS used
different | optical modelling potentials ({f OMP). The NON-SMOKER code used to produce
the long-dashed curve uses the same | OMP as TALYS | OMP2, as well as the same nuclear-level
density model, but with different starting parameters. SMARAGD is an improved version of
NON-SMOKER that supersedes NON-SMOKER results [6]. The two data-points with error
bars are the calculated cross sections for the 7*Se(4 ,f ) *Kr reaction at the centre-of-mass energies

5.42 MeV and 5.72 MeV, calculated by [4, 5]. The figure itself is taken from [5].
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In the motivation it was mentioned that experimental data is limited in its effectiveness when in
isolation from theoretical predictions, especially in the field of nuclear astrophysics. For [4] to
measure the success of the experiment and subsequent analysis, the author compared his results to
predictions made by the NON-SMOKER model. NON-SMOKER is a code that allows
calculations of cross sections based on the Hauser-Feshbach (HF) model of nuclear reactions. The
Hauser-Feshbach model makes assumptions about nuclei and their possible energy levels to allow
for the calculation of nuclear cross sections. NON-SMOKER uses a variation of HF [6]to predict
the cross sections of a given reaction at a range of energies. The NON-SMOKER cross sections

for the centre-of-mass energies 4.75A 6.5 MeV, for the 7Se(4 ,r ) *Kr reaction, can be seen in figure
1.4.

Similarly, to how [4] contrasted its results with the predictions of this model, so shall this thesis do
so in the results section, although the results will here be compared to NON-SMOKER's successor
model, SMARAGD, as results from SMARAGD supersede those produced by NON-SMOKER
[6]. This will provide context to the results of the experiment and in doing so highlight potential
areas for further investigation pertaining to this particular reaction cross section.

1.4 THESIS OUTLINE

This thesis will focus on a similar experiment to [4], that aims to contribute to the understanding
of nucleosynthesis. The experiment, performed at TRIUMF Nuclear Laboratory in Vancouver,
examines the *Se(4 ,r ) %°Kr reaction. Understanding this reaction is crucial to understanding its
time-reversed counterpart-reaction, *Kr(r,])"*Se, which represents a key branching point in a
chain of reactions that can lead to the production of p-nuclei, a special group of nuclei heavier
than **Fe, the production mechanisms of which are not well understood.

This chapter of the thesis has given some background information to the above experiment and
explained in more detail its aims and motivation. Chapter 2 presents the theory behind the
experiment and clarifies some key terms that will be later used in the analysis. In Chapter 3 there
will be an overview of the facilities and equipment used in the experiment. Chapter 4 presents the
analysis of the data gathered and features figures demonstrating the reasoning behind decisions
made during said analysis. Chapter 5 displays the results of the experiment and Chapter 6 presents
a summary of the conclusions drawn.
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Chapter 2
THEORY

In general, the end goal of nuclear-astrophysical experiments is to better characterize the reaction
rate of the reaction being investigated, in a stellar environment. The problem with studying
astrophysical reactions in the laboratory is that these reactions typically involve large Coulomb
barriers, whilst simultaneously occurring at temperatures that allow for only sub-Coulomb barrier
energies. To counter this, laboratory experiments make use of thick stationary targets, with high
densities of target nuclei, and advanced particle ID systems placed with maximum possible
coverage around the target to ensure the few successful reactions are captured by the detection
system. Having a thick target also allows for a range of reaction energies to be observed as the beam
loses energy travelling through the target.

2.1 REACTION RATES

In a nuclear environment, it is the reaction rates of the various reactions possible, given the starting
isotopes, that determine the dominance of certain reactions over others and consequently the final
abundance of certain isotopes over others. In modelling stellar explosions and the consequent
production of the p-nuclides then, it is important to accurately characterise the reaction rates of
reactions possible in the stellar environment being simulated.

What causes certain reactions to dominate an environment is having a high reaction rate, which
allows for the rapid utilisation of the isotopes involved as reactants of a given reaction. Reaction
rate being high is dependent on a number of factors that all contribute to how likely a reaction is
to happen in a particular environment, including the availability of energy (often characterised by
the temperature of the environment), and the availability of the constituent reactants (isotopes and
particles such as protons, neutrons, alphas, beta and gammas). This probability of a reaction
occurring is known as the “cross section” of the reaction and is related to the reaction rate of a

reaction by the equation:

C:
C:
o
S)
=y

(1)

where 1 is the reaction rate of two unique particles, 0 and 1, 0 0 is the total number density
of pairs of 0 and 1, and §, W' is the average reaction rate per particle pair, consisting of U, the
relative velocity of the pair (in this case representing the distribution of velocities present in a stellar

environment), and ,, , the cross section of the reaction.

In order to accurately characterise the reaction rate, the cross section of the reaction under the same
conditions (energy region specifically) must first be characterised.

2.2 CROSS SECTIONS

The cross section describes the reaction rate as a function of energy.
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‘ =5 N )

where — is the yield per second, — is the beam current, — is the target density and ,, is the cross

section, which is proportional to the probability that the reaction occurs, expressed in units of area,

normally barn®.

E
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Figure 2.1: Diagram showing how the energy going into a reaction is connected to the level
scheme of the compound nucleus it would produce. Reactions are far more likely when they
match the energy of an excited state in the product nucleus. This is known as a resonance. Taken

from [7].

Sometimes a fusion reaction passes through an intermediate excited state before decaying to a final
state e.g. in the "®F(p,])"O reaction, *F takes on another proton, becoming an excited state of
PNe, before emitting an alpha-particle to become O. Transitions like this increase a reaction's
cross section because of an overlap between the reaction channel and the excited states of the
transition nuclei. When a nucleus is subject to interactions with particles of a certain species, the
probability of a specific reaction is limited unless the energy of the interacting particles is in the
region of a transition energy. The requirement is that the sum of the ground state energy of the
initial nucleus and the added kinetic energy in the reaction is equivalent to an excited state of the
compound nucleus (see figure 2.1). Such transitions are known as resonances and greatly impact
the abundances of certain isotopes.

The cross section is not delta-value centred on one of these resonances but a function that drops
off around either side of a resonance. The function describing this curve is the Breit-Wigner
function:
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where Uis the spin of the compound system, ] is the Dirac-delta function which is equal to 1
when a=b and equal to 0 at all other times, 7Q§ are the spins of the reactant particles, _ is the de
Broglie wavelength and @, are the partial widths of the entrance and exit channels.

In a lab setting, calculating the cross section as above is not practical as isolating a single energy
within a thick target is impossible. Instead, the ratio of reactions to beam particles is calculated.
This is known as the yield per incident ion:

. 0 ﬁ @
W m
U J—
where — is the combined efficiency of the equipment used to detect counts and gather the
data.
In a target where energy loss per unit length is constant, this can be rewritten as:
0 .
w |, B » == Yah (5)

where YWis the target thickness and — is the target’s particle density in volume.

This thesis will seek to extract a yield from the experimental data, which combined with known
values for target thickness and target particle density, can be used to calculate the cross section of
the reaction, ,, :

9 Vs
" 0)6— (6)
2.3 THE GAMOW WINDOW

The cross section of a reaction is of course, dependent on the energy available to the particles
involved. This experiment and others involving the same reaction have chosen specific energies for
the beam, and therefore expect different values for cross section. Determining which energies
should be explored involves knowing at what energies it is possible for the reaction to occur,
theoretically speaking.

The barrier preventing nuclei and other particles from interacting directly is the Coulomb Barrier,

which for positively charged nuclei keeps them from fusing. The energy required to overcome this
barrier is given by:

@)
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where @ is the proton number of the nuclei involved, Qis the charge of a single proton, and i is

the radius at which nuclear attraction overcomes coulombic repulsion. For two protons this value

is around 1 MeV.

The kinetic theory of gas stipulates that gas particles have kinetic energy due to their motion and
collisions with one another. Temperature is a way of characterising the kinetic energy of particles
in a medium. Maxwell-Boltzmann determined that temperature is proportional to the mean
kinetic energy of a medium:

o gdb (oL ®)

NIlQ

where "Qis the Maxwell-Boltzmann constant, 1.38 102 J/K.

Using this equation, it can be seen that even though the temperatures found in a stellar
environment are extremely high, they are still not enough to overcome the Coulomb Barrier.
Considering the core of the sun, where fusion of individual protons occurs, the temperature is Tc
~ 1.5 107 K. Using the Maxwell-Boltzmann constant, this only gives an energy of E = 1 keV, a
factor of 10° from the energy needed to overcome the coulombic barrier.

r

MAXWELL - BOLTZMANN
DISTRIBUTION

OwW PEAK

TUNNELING
THROUGH
~— COULOMB BARRIER
<exp (-VEL/E)

RELATIVE PROBABILITY

kT Eo ENERGY

Figure 2.2: The Gamow window and its relationship to the Maxwell-Boltzmann distribution and

the probability of tunnelling through the Coulomb Barrier. Taken and edited from [8].
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It is nonetheless possible for fusion to occur. Though it only occurs with low probabilities, it is
possible for particles that do not have enough energy to overcome the Coulomb Barrier to engage
in quantum tunnelling and interact with a target nucleus anyway. This becomes more likely as the
kinetic energy of the particle in question increases. The Maxwell-Boltzmann distribution, the
distribution of kinetic energies among particles in a medium of a given temperature, also means
that some particles in a medium, of seemingly too low a temperature to allow for interaction

between nuclei, will have a high enough energy to achieve quantum tunnelling.

As can be seen in figure 2.2, the cross-over between these two regions, the tail of the Maxwell-
Boltzmann distribution and the beginning of the region describing the probability of a particle
having sufficient energy to penetrate a nucleus, is known as the Gamow window, and is the energy
region in which the cross section is sufficiently large for a reaction to occur. This window is roughly
Gaussian in shape and encompasses a relatively small energy range for non-resonant reactions.

It is from this window that the beam energy for this and other similar experiments was selected.
2.4 RECIPROCITY THEOREM

It was established in section 1 that the experiment is not directly investigating the cross section of
interest. Sometimes it is not possible to observe a given reaction due to experimental constraints,
in this case the difficulty of producing a stable photon beam and getting a high enough beam
energy to match the energy available in a high-temperature astrophysical environment. In these
cases, it is possible to instead observe the reverse reaction and then calculate the cross section of the
forward reaction from the result. The relationship between these two values is as follows:

.o CQ pcQ pQ p 1 .
C',‘Q p C',‘Q p'rQ p(]

9)

for the reaction A(a,b)B where A is the initial nucleus (the target particle in this instance), a is the
initial reactant particle (the beam particle in this instance), and B and b the products of the
reaction. In this B(b,a)A being the forward reaction to A(a,b)B’s reverse reaction. b is a Dirac-
delta and k is the wave-number of a free particle [9].
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Chapter 3
EXPERIMENTAL TECHNIQUES

The TRI University Meson Facility (TRIUMF) is Canada’s national particle and nuclear physics
research laboratory and is located on the University of British Columbia campus in Vancouver.
The experiment that is the focus of this thesis was performed there, and this next section will
describe both the facility and the equipment used to conduct the experiment.

The ISAC (Isotope Separator and Accelerator) facility at TRIUMF uses accelerated radioactive
beams to measure cross sections, and features a cyclotron, isotope source and DRAGON (Detector
of Radiation And Gammas of Nuclear reactions). For this experiment isotopes for the beam were
drawn from OLIS, an Offline Ion Source, and then accelerated down the line to the experimental

hall, ISAC-1 (see fig 3.1).

ISAC EXPERIMENTAL HALL

DTL HEBT

.\thill.j" TIE 1] \Ln e U (R

OSAKA

P e

MEBT

ARTRMAMATIRR: + v 07,

GP1{ POLARIMETER :B-NMR-?RAGON \

<)
v
[+4

mn  POLARIZED
BEAM e

{
V&% /GP2 |}
¥ .;,,-.,., e‘
;» viELD LTNO‘

S

Figure 3.1: Schematic of the ISAC-1 facility at TRIUMEF. It shows the path that the beam
particles in the *Kr(r ,{ )’°Se experiment take from OLIS (circled by the author) to DRAGON
itself. Taken from [4].

3.1 EQUIPMENT
3.1.1 Windowless Gas Target

Electromagnets accelerate isotope beam towards the windowless gas target. Before this is reached

however, it is possible to take a current reading with one of the system’s four Faraday cups.
p g y y cup

The target does not suspend the gas in glass, plastic or some other material but uses pumps to keep



21

the gas in the beam’s path and feed leaking gas back into the target [see figure 3.2]. The pressure
regulation in the target ensures that the gas density is uniform over the 1lcm-long target cell
between the two beam apertures inside the target. Ultimately, the length of 11cm was chosen,
because making the target too thick would increase the apparent beam spot size, limiting the
efficacy of the electromagnetic mass separator (EMS). Not thick enough though, and the yield
would be too low. The actual distance between the two beamline apertures (the span of which is a
little greater than the length of the target cell itself) can vary between 12A 13cm [10] depending
on target gas pressure.

The target chamber was designed for a pressure of 4.5 Torr, but this experiment required pressures
of 8 Torr and above as lower pressures would not have produced sufficient yield for meaningful
results. Accepting higher pressures than this would have required more expensive pumps to

recirculate gas post—target.

After the main chamber, the gas is differentially pumped (see fig 3.2), thereby reducing the pressure
to 10 by the beginning of the EMS. This guarantees minimum contamination in the particles
exiting the target. A higher density of gas downstream of the target could cause charge changing
reactions that would weaken the suppression factor of the EMS.

GAS TARGET PUMPING TUBES

10cm 6.15¢cm 7.7em 7.7cm 6.0cm 4.3¢cm 9.9¢cm

o o B s S e B e B BEAM &
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Figure 3.2: The apertures of the DRAGON windowless gas target. Taken from [10].

The design of the target cell (see fig 3.3) itself is a compromise. To count the gamma rays
efficiently, a smaller chamber is needed to allow for a compact array of BGO detectors surrounding
it (see fig 3.4). This however, must be balanced with a need for good pumping regions adjacent to
the chamber. A number of parts of the pumping equipment run into the bottom of the target
chamber. The chamber itself is made of aluminium, to limit the surplus of absorbable mass
between the source and the BGO detectors. This design of the target chamber and the arrangement
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Figure 3.3: Illustration of the DRAGON windowless gas target, with the side piece and inner
workings exploded. Taken from [10].
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Figure 3.4: The arrangement of BGO detectors in the array that surrounds the windowless gas
target. The BGO crystals are positioned so as to provide maximum coverage for gammas

radiating from the target. Taken from [10].

of the BGO array allows for approximately 80% of the (4pi) solid angle to be covered by the array
[10].

When the beam collides with the gas, two things typically occur. Either the target particle is
absorbed by the beam particle and a resultant gamma is ¢jected, in which case the gamma may be
detected by the BGO (Bismuth-Germinate) array that surrounds the target on either side, or the
two particles are elastically scattered from one another. In the latter case, it is possible that the
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scattered target particle is detected by one of two surface-barrier (sb) detectors.
3.1.2 BGO Array

An array of 30 BGO scintillation detectors surrounds the target. These hexagonal columns are
arranged (see fig 3.4) in a formation that allows for 79%-->82% solid angle coverage, with two
banks of 10 tessellated detectors and 10 more placed along the thin edges of the target.

The BGO array measures the energy of prompt gamma rays emitted from the target. This starts a
clock that registers when its partner particle (the coincidence) reaches the DSSSD (double-sided
silicon strip-detector) at the far end of DRAGON’s EMS, just beyond a pair of MCPs (multi-
channel silicon strip detectors). This allows the experimenter to discriminate between “single”
counts and those with associated gamma-ray coincidences when analysing data from DRAGON.

Monte Carlo simulations involve simulating a scenario (in this case the emission of gamma rays
from the target with the proposed orientation of the BGO array) many times to quantify the
relationships between the different parts of a setup. These were used to help optimise the efficiency
of this array for detecting 1-10 MeV gammas originating from the gas target [10]. The array was
designed with two major considerations in mind: (1) to count fast so as to be able to pick out and
reject 511 keV gammas produced by spontaneous particle-antiparticle pair annihilation [11], and
(2) to have an excellent energy resolution, in order to discriminate between captured gammas and
the low-energy gammas, that can occasionally pile-up (appearing as if they were one higher-energy

ray).

BGO crystals were selected as scintillators over other crystals for their simple exponential time-
constant emission decay [12] and their high density [13], the latter of these making for an efficient,
economical array. Fach detector contains one such BGO crystal, surrounded by a mm-thick layer
of MgO, which is highly reflective, to maximise detection efficiency. The two detectors upstream
of the target are offset by 7.3cm to allow for lead shielding, designed to minimise the effect of 511
keV beam induced background from the target openings.

3.1.3 Elastic Scattering Detectors

As can be seen in figure 3.3, two ORTEC Ultra Cam Silicon detectors are mounted within the
central chamber of the target, one at a 30° angle to the beam and the other at 57°. These elastic-
scattering or surface-barrier (sb) detectors give particle counts that can be used to monitor the
number of beam particles that passed through the gas-target during a run; the process of calculating
this value is known as normalisation (see section 4.1).

3.1.4 Charge State Booster

Upon exiting the target, the heavy recoils do not have enough charge to be properly manipulated
by the separator portion of the detector, which was built originally for particles of mass A<30 [14].
So, all particles that successfully exited the target, beam and recoil, pass through a metal foil known
as a charge-state booster (CSB), designed to boost the charge state of ions passing through it, by
stripping them of their electrons [15].

In a higher charge state, the electrostatic dipoles that control which ions successfully navigate the
electromagnetic mass separator (EMS) have more control over which ions make it through and
allows for more choice when selecting which part of a recoil’s charge state distribution to use.
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The foil was designed using 350nm thick, aluminium windows [5], as carbon foils proved unable
to withstand the 8.5 Torr pressures emanating from the gas target [15].

In this experiment, the charge of the 3Kr recoils exiting the target was boosted up to 25+, to
account for the high mass of the ion. There was of course a range of charge states produced, but
this was the one chosen to provide an adequate balance between selection and yield.

3.1.5 Electromagnetic Mass Separator

After passing through the CSB, the remaining particles enter the electromagnetic mass separator
(EMS). The separator has an acceptance cone of +20 milliradians and due to the way momentum
is exchanged in the gas target, and the high masses of the particles involved, nearly all of the
particles that exit the target are able to enter the separator. Here, a series of electrostatic and
electromagnetic dipoles deflect particles in the beam round the curve of the EMS, with a field that
is finely tuned to allow only particles of a certain mass and charge to stay on the path necessary to
navigate the bend.
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Figure 3.5: A schematic of DRAGON, displaying the various components of the EMS and their

arrangement. Taken from [16].

The separator consists of a series of magnetic dipoles (M), magnetic quadrupoles (Q) magnetic
sextupoles  (S)  and  electrostatic  dipoles  (E).  Arranged in  the  order
(QQMSQQQSE)(QQSMQSEQQ), they form two stages of mass separation (see figure 3.5). The
dipoles of both species are used to separate the unreacted beam that accompanies the genuine recoil
counts, whereas the quadrupoles and sextupoles are used for focusing the stream of ions. Each
component is fitted with a Nuclear Magnetic Resonance probe, which can be used for measuring
magnetic field strength at a high precision.
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Typically, the number of leaky beam ions is far higher than the number of recoils produced in such
an experiment, to the order of ~10'°A 10" for astrophysical reactions [4]. The EMS must then be
highly efficient at separating this beam from the recoils, so as to make any analysis that follows
effective. Test measurements of the EMS have shown that it is capable of excellent beam
suppression, reducing leaky beam to ~10"'°A 107" leaky beam events per beam ion on target [17].
It can also deliver recoils at the selected charge state to the end of the separator with an efficiency

of >95% [4].
3.1.6 Multichannel Plate Detectors

After the EMS, the beam reaches a pair of Multichannel Plate detectors (MCPs). The DRAGON
MCPs have a carbon foil positioned so that incident ions can release cascades of electrons as the
beam passes through each detector. The electrons are then deflected away from the beam path by
a grid of biased wires (also known as an “Electrostatic Mirror”), angled at 45° to the beamline [16].
Deflected electrons then meet the MCP itself and upon contact generate a fast timing signal (see
figure 3.6 for this arrangement).

By having a pair of these MCPs, it is possible to calculate an accurate local time-of-flight over a
section of the beamline. This value can be used to estimate the mass of ions in the beam, as particles
of different masses and energies will have different velocities, and so can be used in the particle ID
process of analysis. The carbon foil used in the MCPs is so thin that there is very little interference
with the trajectories of the incident particles [4].

3.1.7 DSSSD
The final part of DRAGON is the DSSSD (Double-Sided Silicon Strip Detector). This detector,

consisting of two layers of sixteen silicon detector strips, is designed to take an energy reading of

¥
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Figure 3.6: A photograph of one of the DRAGON MCP's with the carbon foil removed. The

electrostatic mirror used to deflect the electrons can be seen just below the MCP itself, which is

in the white plastic. Taken from [4].
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ions that reach the end of DRAGON. The two layers of strips are arranged at right angles, the
front strips measuring the horizontal position of the arriving particles, the back strips the vertical
position. Between the two sets of strips, both the energy and pixel-position of an ion can be
measured. The position of incoming particles is important because groupings of hits may suggest
particles of a similar mass-energy ratio.

Sometimes ions hit the small gaps between strips in what are known as “inter-strip events”. In these
events, the energy reading is distributed between the strips on both sides, leading to counts
consisting of only part of an ion’s total energy. When looking at the energy spectrum of the DSSSD
from a run, these events might be recognised by a small peak at approximately half the energy of
the principle peak for a group of ions.

3.2 EXPERIMENTAL METHOD

During the course of the experiment the beam energy used was 1.35 MeV/u. This gave the
experiment a centre-of-mass energy of 5.13 MeV. This energy was selected to compliment the
energies investigated in previous experiments for the same reaction [4, 5], 1.513 MeV/u and 1.434
MeV/u.

The target was initially set to a pressure of 8.7 torr, although this varied slightly between runs to
give an average value of 8.54 Torr. The pressure of the target is directly proportional to the density
of target particles, so this value would impact the number of interactions occurring in the target.
The pressure was chosen to maximise the overall recoil yield, thereby giving a more accurate count
for yield per incident ion, necessary for calculating the cross section of the reaction.

Recoils exiting the target did so in a cone 0.00268 radians in diameter, well within the acceptance
of the EMS, +20 milliradians. The combination of these two factors means that the EMS efficiency
for the experiment is 100% for all practical purposes.

42 runs were conducted with the above settings after DRAGON had been recalibrated following
preliminary test runs, for a total time on target of 1.24x10° seconds. From these runs the author
selected 26 runs, totalling 8.5x10 seconds on target. Runs were excluded for a variety of factors,
including the electric dipoles in the EMS switching off during the run, the run being used to check
the Faraday cups, losing beam during the run or the run simply being too short to provide reliable
results. For the runs that were selected time on target ranged between 1383 and 3396 seconds,
with a median run time of 3389 seconds.
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Chapter 4
ANALYSIS

As demonstrated earlier, cross section from a laboratory experiment can be determined by finding
the ratio of experimental yield to target nuclei density. The yield per incident ion is calculated like
so:

o —h (10)
U

where O is the total number of recoils produced in a run and 0 s the total integrated beam
on target for the duration of the run.

To calculate the actual number of recoils produced in an experiment, systematic inefficiencies must
be factored in. In DRAGON's case the efficiencies that must be considered include: BGO
detection efficiency, separator transmission efficiency, charge state fraction, detection deadtime
(from the data acquisition system, DAQ), MCP transmission and detection efficiencies and
DSSSD efficiency. Dividing the observed number of recoils from a run by these efficiencies results
in the total number of reactions of interest:

0 8 (11)

To find the total number of beam particles, the data gathered by the surface barrier detectors in
the target must be normalised to give a total number of beam particles for the duration of each
run.

4.1 BEAM NORMALISATION

Counts of elastically scattered beam particles are collected by the surface barrier detectors placed at
angles of 30 and 57 degrees to the beam path within the gas target.

In order to calculate the total number of beam particles that impinged on the target during a run,
a normalization factor must be applied to these counts to adjust the value based on the proportion
of particles that would be elastically scattered. This factor is known as an R-factor and was defined
in [18].

For a given time window, Y0, in which the beam intensity is constant, the R-factor is given by:
@ Yo F’l
vl — 12
Q0O ¥ (12)
where O is the number of elastically scattered particles within Y0, "Gs the beam current (measured

by a Faraday cup ~2m upstream of the target), I is the charge state of the ions delivered as beam
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by the ISAC accelerators (in this case 7°Se at 13+), O is the incident beam energy (keV/u), 0
is the helium gas pressure (Torr), and Q=1.602 x 10 C.

When calculating the R-factor, the entire run is not used. The beam current is measured by putting
Faraday cups into the beam line, thereby cutting it off from the target, so only the first and last
two minutes of counts are considered satisfactorily recent so as to be relevant to beam current
readings, which are taken immediately before and after each run. The R-factor is then calculated
for each two-minute period at the beginning of each run and averaged with the corresponding R-
factor for the end of the run, to give a normalisation factor for the entire run.

The total integrated beam on target for a given run is then calculated by multiplying the number
of elastically scattered particles in a run by its R-factor, after the number of particles has been scaled

byO  70.
4.2 PARTICLE ID

Coincidences are particles detected by the DSSSD or MCP detectors whose timings coincide
with a gamma-ray being detected by the BGO array near the target. As the reaction of interest
produces a gamma as a product, the group of counts examined for the presence of recoils was
immediately reduced to those which were also coincidences. This removes a large quantity of the

background counts that would otherwise be present in the data.
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Figure 4.1: The DSSSD energy spectrum of DSSSD counts that registered with a corresponding
count in the BGO array, coincidences. There is a significant peak that includes the expected
energy of an *Kr recoil, 96 MeV, in its width.

Identifying recoil candidates from the coincidences registered by DRAGON meant finding a
group of coincidences characteristically distinct from counts originating from leaky beam. The

DSSSD energy was gated to only include counts greater than 70 MeV, isolating the peak seen in
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the coincidence energy spectrum (see figure 4.1) and including a range of energies that captures

the expected kinetic energy of the recoils, around 96 MeV.

Gamma rays released by the reaction of interest have a maximum possible energy of 10.12 MeV,
which is the sum of the Q-value (the energy released by the reaction), 5.065 MeV, and the
centre-of-mass energy of the reaction, 5.058 MeV. An upper energy gate was placed on BGO
counts at 10.12 MeV to match this upper limit. A conservative lower energy gate was also placed
on the BGO energy at 1.5 MeV. This was primarily to remove counts that happened to coincide
with random background annihilations from particle-pairs, which typically produce low-energy

gamimas.

Finally, an adjustment was made to remove any counts present due to the effects of the pulser, a
device that produces an artificial signal in the pre-amplification stage of data collection to make
sure that the calibration of the electronics is not drifting.

Potential recoil events were first identified in analysis of the DSSSD energy vs MCP time-of-flight
(MCP TOF, the time taken for a particle to travel between the MCP’s two detector foils)
coincidence spectrum. In the spectrum (see figure 4.2), two clear groups of counts are present,

those with MCP TOFs of 3A 20 ns, and those with MCP TOFs of 35A 43 ns. Recoils are only

to be expected around 39 ns, based on a classical approach to calculating the time-of-flight:
0 —

where O is the MCP TOF, @ is the distance between the foils of the MCP and U is the
velocity of the recoil. As such, the lower region of particles was disregarded and an MCP TOF gate

7 0 .120
K 45
= —
% 40; —1100
= =
35—
= —180
30—
25— — (60
20—
15— e
10—
- 20
5—
O: 1 L | L 1 ‘ 1 1 L | 1 “"I“ 1 1 ‘ L 1 L ‘ 1 O
0 20 40 60 100 120 140

DSSSD Energy [MeV]

Figure 4.2: MCP TOF vs DSSSD coincidence spectrum gated on the DSSSD energy > 70 MeV,
the BGO energy 1.5-10.12 MeV, and to remove the effects of the pulser. Two concentrations of
counts can be seen, one with a range of MCP TOFs from 5A 20 ns, and another at 35A 43 ns.
Recoils are expected at around 39 ns, so the lower group of counts was discounted from further

analysis.
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applied to include only counts falling in this upper, 35A 43 ns region of the MCP TOF spectrum.

DRAGON filters particles based on their E/q ratio as they pass through the separator. This means
that for reactions involving high-mass particles, particularly (] ,r) and (p,r) reactions, there is often
a lot of leaky beam detected by the DSSSD, as there are many charge states possible and the relative
difference between the E/q ratio of unreacted beam particles and recoils is similar. In previous
experiments featuring this reaction [4], experimenters were able to use dE vs dE information to
distinguish between these groups, however as the experiment that is the focus of this paper did not
make use of an IC, this was not possible with the current data set. This explains why the DSSSD

spectrum, with the MCP TOF cut applied, features two clear peaks at different energies, one at 89
MeV and another at 95 MeV (see figure 4.3).
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Figure 4.3: The DSSSD energy spectrum with an MCP cut of 35-43 ns applied. Evidence of two
peaks can be seen, one at around 89 MeV and a smaller peak at around 95 MeV.

The expected energy for recoils, 96 MeV, correlates with the second of these two peaks, but whilst
there is overlap between this peak and the one at 89 MeV, it is impossible to isolate these counts
by simply placing a gate on the DSSSD energy. Instead, a DSSSD gate between 92 MeV and 102
MeV was used to see if a more distinct separation existed in another parameter, as demonstrated
by the red lines featured on the DSSSD spectrum in Figure 4.3. When marked on the MCP-tf
TOF vs separator time-of-flight (sepTOF, the time difference between the BGO array and the
heavy ion detectors triggering, for a given event) in figure 4.4, the counts in this gate align strongly
with the band of counts exhibiting an MCP-tf TOF of greater than 275 ns. The MCP-tf TOF is
related to the time taken for a particle to travel from the beam-buncher that releases groups of
particles into the beam, upstream of the target, to the MCP detector.
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By gating on this band in the MCP-tf TOF, it was possible to extract the complete 95 MeV peak
from the DSSSD spectrum with as few remnants from the 89 MeV peak as possible (see figure
4.5). It also had the effect of isolating a single peak from a pair in the MCP TOF spectrum, as
shown by the red region in figure 4.6. The centroid of this peak is at a little over 39 ns, which
falls within the range of expected MCP TOFs for recoils. Combined with the DSSSD energy of



