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Abstract

Formed in a region where most material is captured onto the compact object remaining
at the end of the collapse, the observation of 44Ti offers the best diagnostic tool for Core-
Collapse Supernovae. The destruction of *4Ti is controlled by the *Ti(a,p)*"V reaction.
Direct measurements are challenging due to the low cross sections and radioactive ion beam
intensities so statistical models are used to predict reaction rates. Predictions for a-induced
reactions on N=7 nuclei might not be reliable due to the lower effective level density in
the compound nucleus. High resolution 0° 3°Cr(p,t)**Cr measurements were performed
using the K600 magnetic spectrometer at iThemba LABS to identify natural parity levels in
48Cr. The number of levels observed was compared to level-density calculations, indicating a
theoretical overestimation of the level density. Further work is required to better understand

the implications of this for the reaction rate.
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Chapter 1

Scientific motivation

1.1 Introduction

The evolution of core-collapse supernovae (CCSNe) depends on a number of nuclear reactions
consuming and producing freshly synthesised radionuclides. One such radioisotope that can
help us to understand CCSNe is #4Ti, a radioactive isotope with a half-life of 59 years.
44T} decays primarily by electron capture into excited states in 4*Sc which undergo further
radioactive decay into the excited states of #*Ca (see Figure . The ~-rays from #4Sc and
44Ca may be observed using v-ray telescopes [1]. 4*Ti is believed to be produced during the
a-rich freeze-out expansion phase from inside the silicon-burning envelope (see Figure
of CCSNe proginators, a region that marks the transition between material that is captured
onto the compact object remaining at the end of the collapse and material that is ejected
during the explosion [2]. Since most material from this region is captured into the compact
object remaining at the end of the collapse, the observation of 4*Ti offers the best diagnostic

tool for the underlying physics of such supernovae.

1.2 Astrophysical background

The calculated ejected mass of 44Ti in supernova remnant Cassiopeia A from astronomical
observations, with COMPTEL [5], BeppoSax 6], INTEGRAL [7] and NuSTAR [§g], yields a
mass of 1.254:0.3x107* Mg, of 4474 [7,8]. This mass value and that from supernova remnant
1987A 9] show that *4Ti is under-produced in standard, spherical supernova explosion
models [10,|{11]. Although the current models are falling short in the synthesis of 4Ti, it
has been argued from discrepancies between the galactic supernovae rate and the observed
sources of *4Ti in the all-sky surveys that **Ti-producing supernova are the exception not

the norm [12}[13].

*The solar mass (M) is a standard unit of mass in astronomy, equal to approximately 2 x 1030kg.
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Figure 1.2: Schematic diagram of a massive star (mass > 8 Mg) with its onion-layered envelopes
marking the ashes of the different burning stages of the star, from hydrogen burning to the silicon

burning, ultimately forming a nickel-iron core H

A possible reason behind the enhanced production of 44Ti in observations as compared to
model calculations may be due to the asymmetry of supernovae explosion. Two-dimension
asymmetric explosion models performed by Nagataki et al. show that the bipolar ex-
plosion scenario could account for the enhancement of 44Ti production along the poles, and
evidence of an asymmetric explosion mechanism has recently been observed in the spatial
mapping of **Ti in Cassiopeia A by NuSTAR . To address ideas such as **Ti-producing
supernovae being an anomaly or asymmetric explosion scenarios and to use the ejected mass

as a probe, it is necessary to precisely understand the synthesis of 44Ti.



1.3 Sensitivity and experimental studies of the “Ti(a,p)*"V

reaction

1.3.1 Sensitivity studies on *Ti

The amount of *4Ti produced in CCSNe has been shown to be strongly dependent on a num-
ber of nuclear reactions, most importantly the *4Ti(a,p)*”V which controls the destruction
of #4Ti as shown in the sensitivity studies performed by Magkotsios et al. [15] and The et
al. [12]. From these studies it’s shown that the final mass fraction of **Ti depends strongly
on the **Ti(a,p)4"V rate. As this reaction falls out of equilibrium, the *Ti mass fraction
departs from the local quasi-statistical equilibrium (QSE) structure. Since this reaction de-
termines the temperature at which *4Ti departs from the QSE mass fraction curve, it has a

direct effect on the final **Ti mass fraction.

1.3.2 Experimental studies: “Ti(a,p)*"V

There have been only two experiments investigating this reaction at astrophysically relevant
energies (Ee., = 2.1 - 6.1 MeV): Sonzogni et al. [16] and Margerin et al. [17]. The two
experiments were inverse kinematics reactions with radioactive beams of **Ti incident on
a “He gas target. Radioactive beam contaminants and extremely low cross sections within
this energy window were the main experimental challenges. Additionally, the Margerin et
al. data suffered from considerable amount of background coming from reactions on the
gas cell, even without the *He gas for the reaction of interest. This background spanned
the region of interest and constrained them to produce only a limit on the cross section
instead of a determinant value. Lacking cross-sections in the relevant window, the calculated
44Ti(a,p)*"V reaction rate used in stellar models is based on statistical Hauser-Feshbach

(HF) model predictions.

1.3.3 Uncertainties in the HF model

The HF formalism [18] rests upon the hypothesis that populated states in a compound
nucleus form a continuum - an overlap of nuclear levels because they are so many that their
spacing is much less than the widths of the individual nuclear levels [19] - and that the
outgoing channel after the formation of a compound nucleus is independent of the incoming
channel that created the compound nucleus. It is generally understood that for a HF model
to give a reliable prediction of a reaction rate, the average level spacing, (D) has to be

smaller than, or similar to, the average resonance width (< T >),

D <<I'> (1.1)

= p(E, J,7)



in each partial wave [20]. In the equation, p(F, J,7) represents the level density. However,
this might not be suitable for a-capture reactions on even-even nuclei where the effective
level spacing increases because only isoscalar natural-parity resonances in the compound
nucleus participate, limiting the effective level density. When the HF model is applied for
a compound nucleus where the level density is not sufficiently large, the statistical model
calculation results in a misestimation of the actual reaction cross-section and therefore,
reaction rate.

Constraints on the *4Ti(a,p)*”V reaction rate have been recently studied in the work of
Chipps et al. [21]. The work accessed the available data on the reaction and compared it
to statistical models using standard optical model parameters to constrain the reaction rate
across a temperature range. However, uncertainties remain, due to the lack of experimental
data on resonance level contributions and cross-sections which are required to allow for a

direct comparison to the HF model.

1.4 The present work

The compound nucleus of the 4 Ti(a,p)*"V reaction is **Cr (see Figures[l.3|and[L.4). **Cr is
an even-even nucleus, with a ground state spin-parity of J™ = 0. Spectroscopic information
on this nucleus is scarce especially in the region of astrophysical importance. With no
experimental information to infer resonance level contributions from, the level densities
used in the HF model are based on theoretical models. From this knowledge, the present
experiment was proposed at iThemba LABS to indirectly study the *Ti(a,p)*"V reaction
by precisely measuring the excitation energies a-unbound natural parity states in 4*Cr. It is
these natural parity states in **Cr that can act as resonances in the **Ti(a,p)*"V reaction.
The main goal of this present work is aimed at obtaining, for the first time, precise energies of
the a-unbound states in the compound nucleus, *8Cr. This is achieved by creating the 48Cr
compound nucleus of the desired **Ti(a,p)*"V reaction, through a *°Cr(p,t)*8Cr reaction

(see Figure[1.3)).

1.4.1 5°Cr(p,t)*®Cr measurements

The use of the two-neutron pick up reaction, (p,t), to study the level structure of “8Cr is
ideal since for high proton beam energies it excites mainly natural parity states in *3Cr, the
same states that would be expected to be excited in a **Ti(a,p)*”V reaction. This occurs
because, during a double pick-up reaction as this one, a neutron pair (S=0) is removed from
50Cr which has a spin-parity of 07 in its ground state and this leaves behind a *3Cr isotope
with mainly natural-parity states excited. The spin and parity of the states in the recoil

48Cr are solely determined by the orbital angular momentum transfer, thus only natural
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Figure 1.3: Sketch of the °Cr(p,t)**Cr and **Ti(a,p)*"V reactions forming the **Cr compound

nucleus.

%

a1y

Figure 1.4: Schematic view of the resonant capture of a-particles in the **Ti(a,p)*"V reaction.
Ec.m. is the center-of-mass energy, S, is the Q-value of the radiative capture reaction (see text) and

E. is the excitation energy.

parity states will be populated through this direct mechanism. It should be noted that this
reaction mechanism competes with a S0, multistep process : *°Cr(p,d)*?Cr(d,t)**Cr [22].
However, this reaction mechanism is much weaker than the pair transfer at higher proton
incident energies. Evidence of the selectivity of the (p,t) reaction at 100 MeV proton beam

energies has been observed in previous experiments with well known natural parity states

being strongly favored [23][24].



1.4.1.1 (p,t) measurements using the K600 magnetic spectrometer

The (p,t) setup at iThemba LABS has in the past achieved an energy resolution of 35
keV in the focal plane of the K600 magnetic spectrometer [25]. With a high resolution
magnetic spectrometer setup, the (p,t) allows for high energy resolution measurements in
which closely spaced levels at higher energies in 8Cr can be resolved and identified. Using
the astrophysical energy window approximation (Section 2.1), the energy range where states
in *8Cr will be the most influential in governing the *4Ti(a,p)*"V reaction is E., = 2.1 -
6.1 MeV. This translates to an excitation energy range of the astrophysically relavant states

from about 9 to 14 MeV. The excitation energy is given by:
E,=FEcnm + Sa (12)

where E.,,. is the center-of-mass energy, and S, is the Q-value of the radiative capture
reaction: *Ti + a — v + #8Cr, see Figure (Sa = T698(7) keV [26]). Given that this
range of interest goes up to 14 MeV in excitation energy, high energy resolution techniques
are needed to resolve possible closely spaced states.

To get to the a-unbound states (9 to 14 MeV in E,) in *8Cr, the *°Cr(p,t)*8Cr reaction
was performed at a high energy of 100 MeV to ensure a high selectivity to natural-parity
states and that the tritons have enough energy to be detected at the focal plane of the K600
magnetic spectrometer following the (p,t) reaction which has a large negative Q-value of

-15.101(7) MeV.

The current work will allow for the extraction of nuclear level cumulatives by the direct
counting of the states in ®Cr through obtaining precise energies of the a-unbound states in
the compound nucleus. This result can be compared to theoretical level density calculation

models used in the HF model.

This dissertation is structured as follows: Chapter 2 describes the theoretical background
involving stellar reaction rates, the HF model and nuclear level densities. Chapter 3 describes
the experimental method which includes the equipment used for this study as well as the
data acquisition procedure. Chapter 4 outlines the data analysis. The experimental and
theoretical results are presented and discussed in Chapter 5. Concluding remarks as well as

an overview of future work is given in Chapter 6.



Chapter 2

Theoretical considerations

2.1 Introduction

Nuclear reaction cross-sections (o(F)) indicate the likelihood of a nuclear reaction taking
place at a particular energy. Cross-sections are a function of energy and decrease faster than
exponentially at low energies for charged particle reactions. Due to this, the experimental
measurement of these cross-sections at energies available in stellar environments is hard. In
the absence of experimental data, statistical models are an important substitute. Statistical
models have been studied for many years with application to many nuclear reactions inac-
cessible via direct experimental means. However, no one has verified for in the *4Ti(a,p)*"V
reaction, whose compound nucleus is *8Cr, that such models are applicable for 8Cr as it
is not a heavy nucleus and it is a-conjugate. The applicability of these statistical models
in this reaction is an important property to check. In this chapter, a brief account of the
energies encountered in stellar environments, the so-called Gamow-window (Section 2.2),

the statistical models and its ingredients (Section 2.3) are presented.

2.2 Nuclear reaction rates

The energy (F) averaged nuclear reaction rate per particle pair at a given stellar temperature
T is determined by folding the reaction cross section with the Maxwell-Boltzmann velocity

distribution of the projectile [27]:

< ov>= (ﬂi)m (I:T)W /OOO Eo(E)exp (_If;) dE, (2.1)

where p is the reduced mass (u = mima/(mi + ma), my and mo are the masses of the
colliding particles) and k is the Boltzmann constant. Numerically, the reaction rate is given

by:



7318 x 1010 / 1\ Y2 poo 11.605E
Na<ov>= (2D X10° <> / Eo(E)exp <6%) dE, (2.2)
T9/ A 0 Ty

where N4 is Avogadro’s number, Ty is the temperature in stellar environments in 109K [27]
and A is the reduced atomic mass (A = My My/(M;+ Ms)), My and M, is the atomic masss
of the colliding particles.

For charged particles, the cross-section is strongly suppresed at low energies due to the
Coulomb barrier. The cross-section is approximated as:

o(E)= %exp(f%rn)S(E) (2.3)

with 7 being the Sommerfeld parameter and S(F) the astrophysical S-factor. In this ap-
proximation, o(FE) is split into 2 parts; Coulomb penetration, exp(—27n) and the nuclear

structural input, S(E). Substituting o(E) into Equation 2.1 gives:

S\Y2 /1 \V? e E b

where the term b = (2u)'/2me?Z, Zy/h arises from the barrier penetrability. For particles
having energies less than the Coulomb barrier, the product of the penetration factor and
the Maxwell-Boltzmann distribution function results in the Gamow peak, in which energy
region most of the reactions will take place. Taking the first derivative of the integrand
yields the location of the Gamow peak, Ej, and the effective width of the energy window,
A:

Ey = 0.122(Z22Z2uT2)'/® MeV and (2.5)

A = 0.2368(Z2Z2uT3)"® MeV, respectively, (2.6)

with Z; and Zs the charges of the involved nuclei. The location and width of the Gamow

depend on the charges of the reactants, and on the temperature of the interacting plasma.

The Gamow window for the **Ti(a,p)*"V reaction is shown in Figure The figure taken
from the work of Hoffmann et al. [3], studying the competing *°Ca(a,y)**Ti reaction which
is not part of this work. Effective Gamow windows for *4Ti(a,p)?”V are calculated at Ty
= 2 and Tg = 5. Shown are the true Gamow windows as given by the real integrand of
the reaction rate formula (solid line; see Equation 2.2). Shown in a dot-dash line on the
same figure is the product of the high-energy tail of the Maxwell-Boltzmann distribution
with the simple Coulomb barrier penetration factor (denoted as “exp(-E/KT - b/sqrt(E))”;
see Equation 2.4). In addition, a Gaussian approximation (“Gauss approx”) is shown with
a dotted line. The Gaussian approximation is widely used to estimate the Gamow window

but predicts it at too high an energy, especially for the capture reaction. For purposes of



illustration, all curves were renormalized to the arbitrary unit scale shown; for Tg = 5 all
three quantities peak at 10, for T9 = 2 they peak at 6. The stars denote the energy values
at which experimental data were measured from Sonzogni et al. (**Ti(a,p)*"V) and
Hoffmann et al. [3] (“°Ca(a,y)**Ti). The effective temperature range for the synthesis of
4T is 2.0 < Ty < 4.0. This corresponds to a center-of-mass energy range of E.,, = 2.1 -
6.1 MeV. The present work studies resonance states well within this temperature range (see

Section 1.4).
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Figure 2.1: Effective Gamow windows for **Ti(a,p)*”V and the competing *°Ca(c,y)**Ti reaction
at T9 = 2 and T9 = 5. Shown are the true Gamow windows as given by the real integrand
of the reaction rate formula (solid line; see Equation 2.2), the product of the high-energy tail of
the Maxwell-Boltzmann distribution with the simple Coulomb barrier penetration factor (denoted
as “exp(-E/kT - b/sqrt(E))”, dot-dash line; see Equation 2.4) and the Gaussian approximation
(“Gauss approx,” dotted line). Stars denote the energy values at which experimental data were
measured from Hoffmann et al. (*°Ca(a,y)**Ti) and from Sonzogni et al. (**Ti(a,p)*"V).
The figure taken from Ref. H

2.3 Statistical models

2.3.1 Compound nucleus model

The term ‘compound nucleus’ arises from a type of nuclear reaction in which a projectile is
absorbed in the target with which it then shares all its energy to form a compound system.
In such a process, the formation and the decay of the compound nucleus are independent.
In other words, a compound system loses the memory of the way it was created. This

compound nucleus amnesia hypothesis was developed by Niels Bohr and is written in



terms of reaction cross sections as [27]:

Lpy
UX(aJJ)Y = Zgg)J(VZ (27)

chan L'chan '
In this equation, the reaction X (a,b)Y cross section corresponding to the decay in channel
b from the compound nucleus formed in the entrance channel a, is given by the product of
the compound nucleus formation cross section 0’ N at a given energy, spin and parity by the
probability to decay in channel b given all open channels chan. In the compound nucleus

model, the decay in a given outgoing channel

Iy
Zchan Fchan

depends on the ratio of the probability to decay in this specific channel with respect to all

(2.8)

possible decay probabilities. I' is the width of a nuclear state whose decay time is given by
At ~ 1 /Ty, (2.9)
in accordance with the Heisenberg relation :

AEAt ~ h. (2.10)

2.3.2 Hauser-Feshbach model

As discussed above, a compound nucleus can be decribed in two seperate parts; its formation
and its subsequent decay. The Hauser-Feshbach model builds on these foundations [18]. At
high excitation energies the resonances (I') in the compound nucleus become broader and
overlap. The levels overlap considerably such that little structure remains in the cross
section. The cross section varies smoothly with energy and its properties can be averaged

over the resonance structure. From this, Equation 2.8 can be approximated as [27]:

[y Tyy
= 2.11
Echan 1—‘chom EchunTchan ( )

where T are the transmission coefficients corresponding to the decay probabilities. With

the addition of angular momentum .J in the compound nucleus formalism, the HF model is

then given by
O')I}I(Fa,b)Y Z%x D) (2.12)

chan chan

CN

where o5 is written as

A\° 2J +1
CN
=2 W Tox. 2.13
Tax ”<w) 2J, + 1)(2Jx +1) 7 (2.13)

where A = h/\/2uFE is the deBroglie wavelength (size) of the projectile a. Wy is called the
width fluctuation correction factor. The correction factor enters the formalism to account

for deviations from the independence hypothesis. In this regard, it enhances the elastic
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channel and decrease the other competing channels at low energies or in situations when the
number of competing channels is low.

The basic elements to calculating the Hauser-Feshbach cross section are: the transmission
coefficient for the entrance channel (T, x) which can be obtained from an optical potential
or -strength function in the case of photon induced reactions. The transmission coefficient
for all exit channels (Tpy). And last but not least, the number of available levels (and
their energies) for all exit channels which may be obtained from level density models. In
Section 1.3.3 it was mentioned that, generally for a HF model to give a reliable prediction
of a reaction rate, the average level spacing, D has to be smaller than, or similar to, the
average resonance width, < I' > (see Equation 1.1). In this light, one of the most important
ingredients of the HF model are level densities. When the HF model is applied to a compound
nucleus where the level density is not sufficiently large, the statistical model results in a
misestimation of the actual reaction cross-section and therefore, reaction rate. The following

section discusses level densities.

2.3.3 Nuclear level densities

When the compound system energy is high enough, the system may decay by the emission
of a photon or a particle in the level continuum of the compound nucleus. A nuclear level
density (p(F, J, 7)) has to be introduced and the transmission coefficients entering the HF

equation are given by the integral |29]:

VY
T(E,J7) = S T(B.Jom, B T i) +
v=0

E
/ > T(E,J,m, By, Joy, my)-p(Evy, Joy, Toy )dEpy . (2.14)

E
Y Jyy, ey

In this equation, the variables (E, J, 7) correspond to the excitation energy F, spin J and
parity 7 of the excited states in the compound nucleus. The variables (Epy, Jpy, Tpy)
correspond to the excitation energy FE, spin J and parity @ of the channel bY. In the
Hauser-Feshbach formalism, reasonable input choices for nuclear level densities can lead to
significant variation in the cross sections and reaction rates.

Nuclear level densities (NLDs), p(F, J, ) have been widely studied for decades. In this
section, a summary of the main qualitative features are presented. NLDs are defined as
the number of nuclear levels per MeV around an excitation energy F, for a certain spin J
and parity m. NLDs are an important ingredient to the statistical HF model. In such a
statistical model, nuclear level densities are used at excitation energies where discrete level
information is not available or incomplete. An important aspect of level densities is that
they characterize the excitation structure of compound nuclei and have its global behaviour

as a function of excitation energy. Experimentally, for low-lying excitation energies, level
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densities are extracted often by directly counting of the observed levels. Experimental data
suggests an exponential increase of the cumulated number of discrete levels N(E) with

energy. This leads to an expression of level density for energies less than E [30]:

dN(E)
E) = 2.15
p(E) = —0r (2.15)
with the nuclear level cumulatives N(E) given by
E+AE
N(E) :/ p(E', J,7)dE'. (2.16)
E

In theory, level density models come in two categories; phenomenological effective models and
microscopic models. Phenomenological effective level density models are based on empirical
observations and a proper choice of the energy-dependent level density parameter values.
The various different phenomenological models are the constant-temperature, Fermi gas
model, the back-shifted Fermi gas model, and the generalised superfluid model. These
models are detailed in Ref. [31] and the references therein. For the purpose of this work, the
focus will be on the microscopic approaches known as Hartree-Fock-Models, in particular the
Hartree-Fock-Bogolyubov (HFB) description due to its detailed information about nuclear
energy levels, masses, spin and parity into the calculation of the level density.

The HFB (Skyrme force) from Hilaire’s combinatorial tables [32] is the microscopic nu-
clear model used to calculate level densities in this work. The model evaluates particle-hole
level densities as a function of energy, spin and parity, taking the collective behaviour of
nuclei such as rotation and vibration into account. These HFB calculations within the
Skyrme framework are performed using an effective interaction adjusted for nuclear masses
and nuclear matter properties. This microscopic approach is based on a consistent treat-
ment of shell effects, pairing correlations, deformation effects and collective excitations in
both spherical and deformed nuclei. HFB plus combinatorial model level densities for more
than 8500 nuclei are catalogued and made available in tabular format, for excitation energies
up to 200 MeV and for spin values up to J = 49 in the online Reference Input Parameter
Library (RIPL-3) [33]. These calculated level densities are compared to the experimental

results by inspection of the cumulative distributions N(E).
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Chapter 3

Experimental setup

3.1 Introduction

The 5°Cr(p,t)*®Cr experiment discussed in this dissertation is the first to resolve and provide
precise excitation energies of the c-unbound states in the region of astrophysical interest (9
to 14 MeV in excitation energy). The use of forward-angle, high resolution (p,t) measure-
ments to investigate possible (a,p) resonances in isospin T, = (-1,0,1) nuclei using the K600
magnetic spectrometer came after the development of the high energy-resolution 0° facility
used to perform such (p,t) reaction measurements at iThemba LABS [25]. In the past, the
0° setup has been utilised successfully to study the natural parity resonances in **Ca [23]
and 22Mg [24].

A brief overview of the iThemba LABS facility which houses the Separated Sector Cy-
clotron (SSC) and other accelerators which were used in this study to deliver a proton beam
of 100 MeV to the K600 spectrometer is presented in this chapter. The beam was then
transported through a set of magnetic components along the beam line to the scattering
chamber at the target position of the K600 magnetic spectrometer. A description of the
spectrometer and its settings during the experiment will also be presented along with the

focal-plane detector system and the associated data-acquisition system.

3.2 The iThemba LABS accelerator facility

iThemba LABS is a multidisciplinary institution with interests ranging from nuclear physics
research to nuclear medicine [34]. The main accelerator building floor plan is shown in
Figure It hosts 3 accelerators: the smaller pre-accelerator Solid Pole Cyclotrons (a
K8 SPC1 and a K11 SPC2) and a K200 Separated Sector Cyclotron (SSC). In a classical
picture, cyclotrons are made up of 2 semi-circular capacitive electrodes called “dees” under

a homogeneous magnetic field, B, and constant revolution time which are used to accelerate
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charged particles. The K-value in the name of a cyclotron (e.g. K200) is the kinetic energy

reach for protons from bending strength in non-relativistic approximation:

62

K= 5 (B0 (3.1)

where m,, is the mass of a proton in amu, e is the electric charge and p is the gyroradius.
K is given in MeV. The SSC can accelerate protons up to an energy of 200 MeV. K can be

used to rescale the energy reach of protons to other charge-to-mass ratios:

E=K %2, (3.2)
where Q and A are the charge state and mass number of the accelerated charged particle,
respectively.

During the experiment, a proton beam was produced from hydrogen gas in an Electron
Cyclotron Resonance (ECR) ion source and pre-accelerated by SPC2. To obtain the requisite
proton beam energy of 100 MeV for this experiment, the proton beam coming from the SPC2
was injected via the K-beam line into the K200 SSC (see Figure [3.1)). The acceleration of
the beam is made possible by the SSC’s characteristic radio frequency (RF) which is used as
a rapidly alternating electric potential applied to its dees in order to change the direction of
the field which enables the acceleration. To be able to obtain a cleaner focal plane particle
identification, the accelerator system pulse selector was used. The pulse selector is an RF
component located before the K200 cyclotron which deflects a portion of the beam pulses.
A pulse selection of 1 in 6 was used for this experiment. This means that only 1 in every 6
beam pulses was allowed to travel down the beamline and impinge upon the target.

After attaining an energy of 100 MeV from the SSC, the pulsed beam is extracted into
the X-line. Once exiting the X-line, the beam moves to the P-line using the bending magnet,

B1P, before reaching a second bending magnet, B3P, to enter the S-line that leads to the
K600 spectrometer.

3.3 Scattering chamber

After moving into the S-line, the beam enters the small-angle mode scattering chamber (see
Figure just before it reaches the spectrometer. This scattering chamber was designed
with the intention of having a silicon-detector array, the CAKE [36] placed inside it. Inside
the chamber is a target ladder on which a number of targets were mounted. The ladder can
hold up to six targets at a time. The targets (listed in Table used during the experiment
in question, were either for diagnostic purposes, calibration or as targets to investigate the
states of interest.

A 1.052 mg/cm? 2C target was used to check that the K600 is working properly. It

was also used to calibrate the reaction product scattering angles via an elastic scattering
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Figure 3.1: Layout of the iThemba LABS SSC facility .

reaction and to identify possible contamination peaks coming from the carbon-backed *°Cr
target. A 0.2 mg/cm? Mylar (C1oHgO4) target was used to identify possible contaminant
peaks in the focal plane coming from %O and °C. A 0.7 mg/cm? 2*Mg target was used

2 carbon-backed

for magnetic rigidity calibration of the focal plane. Finally, a 1.15 mg/cm
50Cr target was used to populated states in 8Cr (0.75 mg/cm? ®°Cr evaporated onto a 0.4
mg/cm? 12C backing). Such a target contains 2 main sources of contamination: the carbon
from the target backing and the oxygen that gets infused into the target during the *°Cr

deposition process.

Table 3.1: List of targets used the experiment and their purposes.

Target Thickness(mg/cm?) Purpose
carbon-backed ®°Cr 1.15 Primary target
12¢ 1.052 Diagnostics, scattering angle

calibration and background
Mylar (C1oHgOy) 0.2 Background
Mg 0.7 Focal plane calibration

The scattering chamber is connected by a flange to the collimator which allows ejectiles
within a scattering angle of +2° into the K600. The charged particles that are permitted to
enter the spectrometer aperture were momentum analysed by the K600 magnetic spectrom-

eter and observed in the focal plane detection system, giving us precise energy information

15



Figure 3.2: Picture showing a transverse view of the new small angle scattering chamber . The
beam direction is from left to right. (a) The target ladder, (b) beam entrance, (c) beam exit, (d)
window to view the targets, (e) feedthrough connectors for the CAKE, (f) inlets/outlet pipes that

can be used to channel gases/liquids into or out of the chamber.

on excited states populated in *8Cr.

3.4 The K600 magnetic spectrometer

The K600 magnetic spectrometer at iThemba LABS is a high-resolution spectrometer used
to momentum analyse ejectiles coming from nuclear reactions. This particular magnetic
spectrometer can bend protons and a-particles of up to 600 MeV and tritons up to 200 MeV
(see Equation 3.2). The spectrometer can be set up to perform measurements at different lab
angles including at 0°. Figure[3.3shows a diagram of the spectrometer at a 0° configuration.
The function of the spectrometer is to momentum analyse scattered particles, with the
primary detection principle of the spectrometer based on the concept of magnetic rigidity.

Throughout the text, magnetic rigidity is given in its non-relativistic form:
Bp=—= (3.3)

where B is the magnetic field, p is the linear momentum of the ejectile and p is the gyroradius.
The ion-optics of the spectrometer governed by Equation 3.3, imply that the focal plane
position p can be interpreted directly in terms of linear momentum, p, for scattered particles
of the same charge. The focal-plane position (p) of the ejectiles is thus important for this
experiment as it allows for an easy conversion between position and momentum; giving,
through reaction kinematics, the excitation energy of the recoil nucleus. Experimentally, p
is determined by way of multi-wire drift chambers (see Section 3.5).

In this experiment, tritons corresponding to “8Cr excitation energies ranging from 9 to

14 MeV were observed on the focal plane. With this reaction, 59Cr(p,t)**C, occuring at
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Figure 3.3: A diagram of the K600 spectrometer at 0° . Note: The focal plane detectors were
placed at the medium dispersion focal plane and the collimator carousel was not in place for this

experiment.

the beam energy of 100 MeV and at a lab angle of 0°, the triton energy range of interest is
70 to 75 MeV. The program TRACK v8.6 was used to calculate the trajectory of the
corresponding unreacted proton beam and tritons, taking into account excitation energies
needed for calibration and their placement on the focal-plane. Figure shows a TRACK
trajectory simulation with the trajectories of the minimum and maximum energy of tritons

from the 59Cr(p,t)*¥Cr reaction with energies 69 MeV and 78 MeV, respectively.

FOCUS- @9kcn MA
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Figure 3.4: TRACK v8.6 simulated triton trajectories following the *°Cr(p,t)**Cr reaction. Image
taken from Ref. .
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From these calculations, the beamstop position was also determined. The beam stop, a brass
block (see Figure , was placed inside the first dipole magnet. An accurate indication of
the position of the beamstop is important because if it is misplaced, the unreacted beam
would cause a large amount of unwanted reactions within the spectrometer and the focal-

plane detector.

Figure 3.5: The (p,t) beamstop. Note that it consists of two separate brass blocks, each with
dimensions 70 mm (deep) x 55.5 mm (wide) x 55 mm (high). These dimensions includes the lip,

which is 5 mm wide and 10 mm deep.

The ejectiles emerging from the scattering chamber enter the K600 at the first active
element of the spectrometer, the vertically focusing quadrupole magnet. This component
ensures the transmission of the ejectiles through the spectrometer. Four other elements are
encountered along the way. The momentum dispersion of ejectiles is controlled by dipole
elements, D1 and D2. The ratio, R is given by:

B(D1)
B(D2)

(3.4)

where B(D1) and B(D2) are the magnetic field magnitude of the 1st and 2nd dipole of
the K600, respectively. The ratio gives the choice of high-/medium-/low-dispersion focal
planes according to the kinematics and the energy resolution required for the experiment.
These focal-planes are situated after the second dipole (D2) (see Figure[3.3). The medium-
dispersion focal plane was used for this experiment. The technical specifications of the
spectrometer for use at the medium dispersion focal plane are reported in Table

The other 2 elements are the 2 higher multipole coils (H- and K-coil). The K-coil, a pole
face current winding which introduces both a dipole and quadropole component, is used to
adjust for first-order kinematic variations of momentum with angle of the form (z|f). The
H-coil, a pole face current winding which introduces both a dipole and hexapole component,

is used to correct for (z|6?) aberrations.
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Table 3.2: The calculated ion-optic matrix elements of the K600 magnetic spectrometer for the

medium-dispersion focal plane [39).

Matrix element/ Medium dispersion

characteristics R = 1.00
(x]x) -0.52
(019) -1.89
(vly) -5.45
(619) 0.20

(x|52) -8.4 cm/%
Pz /Pmin 1.097

3.5 Focal-plane detectors

The task of the focal-plane detector system is to detect the position (to get excitation energy)
and to identify particles by providing timing, energy loss, position and angular information
of the ejectile at the focal plane. The K600 magnetic spectrometer focal plane detector
system consists of up to two wire-chambers and up to two plastic scintillators. For this
experiment, the detectors were ordered as follows: the XU VDC detector (VDC1), the X
detector (VDC2), a 6.35 mm plastic scintillator (Paddle 1) and lastly, a 12.5 mm plastic scin-
tillator (Paddle 2). The two wire-chambers provide position and, when combined, angular
information about the ejectile while the two plastic scintillators yield timing and energy loss
information to perform particle identification. Details about the detection systems follows

below.

3.5.1 Vertical Drift Chambers

Data of the respective positions and scattering angle of the ejectiles on the focal plane were
recorded by the vertical drift chambers. The position at which the incoming ejectile hits
the wires and the scattering angle is obtained from the reconstruction of the ejectile tracks
within the focal plane. To obtain the reconstruction of the ejectile tracks, an XU signal wire
configuration found in the new VDC of the drift chamber was used along with X only signal
wire old VDC, leading to an overall XUX multi-wire drift chamber configuration. Figure[3.6
shows a computer generated picture of the XU VDC detector. In these drift chambers, the X
signal-wires are perpendicular to the scattering plane i.e. vertical, while the U signal-wires
are angled at 50° in relation to the scattering plane.

The X-wire-planes in both the old and new VDCs are lined with 198 gold-plated tungsten
signal wires placed 4 mm apart. Each wire has a diameter of 20 pym. Interspersed between

these wires are 199 gold plated tungsten field-shaping wires. These wires are thicker (50 pum
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Figure 3.6: The computer generated design layout of the new XU VDC detector. Taken from .

diameter). The U wire plane is made up of 143 signal wires and 144 field shaping wires spaced
4 mm apart. A cross-section of the XU wire chamber are shown in Figure Additional
Ni-Cr (80%/20%) guard wires are located at the ends of the wire planes. These 125 pm
diameter wires reduce the electric fields at the ends of the drift chambers. This prevents
spontaneous discharge and reduces leakage currents. The X and U wire planes, in the case
of VDCI1, are positioned between three 20 pum thick negative high-voltage aluminium foils,
each with a distance of 16 mm apart. VDC2 only has 2 high-voltage aluminium on either
side. The chamber is filled with a gas mixture of 90% Ar and 10% CO2 and sealed off by
two 25 pum thick Mylar windows.

Mylar window

J HV plane

! ......................... X wire plane

HV plane

.................... U wire plane
/ HV plane

Mylar window

Ejectile trajectory

Figure 3.7: A schematic top-view cross section of an XU VDC . The wire-planes and high-
voltage planes are all spaced 8 mm apart. The entire assembly is enclosed by two frames with 25

pm thick Mylar windows to isolate the internal chamber and detection gas from the environment.

When the charged ejectiles leave the spectrometer through the medium-dispersion focal
plane they enter the VDC chamber and begin to ionise the argon gas producing electrons
that drift towards the nearest anode signal wires, where an avalanche occurs. For the (p,t)
settings, high-voltages of -3500 V and -3660 V were applied to the cathode foils to VDC1 and
VDC2, respectively. The guard wires were set at -500 V for both VDCs. The high-voltages

biases for each VDC are chosen to optimise the efficiency for each wireplane. The efficiency

20



for each wireplane is defined as:

Number of accepted events

Efficiency = (3.5)

Total number of events
The conditions for accepted VDC events are that a minimum of 3 and a maximum of 8 wires
must be activated. Within a group of activated wires, no wires can be seperated by more
than 3 inactive signal wires. Each of the activated wires must yield a drift time within the
valid mapping region. The efficiencies of the VDC wire planes for the chained *°Cr(p,t)*8Cr
runs are tabulated in Table 3.3

For the specific drift chamber used, drift distances of 8 mm can be expected correspond-
ing to drift velocities and times of the order 4-6 x 10* m/s and 133-200 ns, respectively [40].
Thus, by making use of this drift time to drift distance mapping, together with the mea-
surement of the time taken for electrons to drift from the primary point of ionization to the
point where avalanching occurs, it is possible to accurately reconstruct the particle position
on the focal plane. A detailed explanation of timing to position conversion is given in section

4.2.

Table 3.3: Efficiencies of the VDC wire planes for the chained *°Cr(p,t)**Cr runs.

VDC wire plane Efficiency [%]

X1 98.4
U1 96.4
X2 98.5
Total 93.4

3.5.2 Plastic Scintillators

The plastic scintillator paddles were used to generate the experimental trigger for data
collection and to measure of the energy loss experienced by the ejectiles. The paddles are
a BC-408 type plastic scintillator [41]. BC-408 scintillators have a large area, they are
suitable for time-of-flight (TOF) measurements and are used to detect charged particles,
such as protons, tritons and a-particles. The two rectangular plastic scintillator detectors
were, respectively, 12.7 and 6.35 mm thick and covered an area of 1219 x 102 mm?. Coupled
on both ends of the paddles, via light guides, are photo-multiplier tubes (PMTs) which are
operated in coincidence mode. The PMTs are Hamamatsu R329-02 PMT tube [42], coupled
with a Hamamatsu E934 base. The timing resolution of the PMT, (i.e. anode pulser rise
time) is about 8-9 ns. The gain is a function of the voltage supplied to the PMT. Aluminized
Mylar sheeting was used to isolate the paddles from the environment.

Coincidence signals from these PMTs are used for particle identification and the gener-

ation of fast timing signals which provide trigger signals for the Data Acquisition (DAQ)
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system. Due to the outgoing energies of the triton ejectiles, most reaction products are
stopped within millimeters in paddle 1, with only a few high energy tritons reaching the sec-
ond scintillator. The energy deposited in the scintillator depends on the type of particle and
the kinetic energy of the particle. With aid from the time-of-flight measurements together
with energy loss particle identification (PID) spectra, reaction products can successfully be

observed.

Figure 3.8: Plastic scintillator paddles of the K600 focal plane detector system \ .

3.6 Electronics and DAQ

The DAQ for this experiment was carried out over 3 weekends; 01-04, 08-11 and 16-18
October 2015. The total beamtime is tabulated in Table[3.4 The DAQ involved the merging
of the MIDAS data acquisition system (MIDAS DAQ) with the Versa Modula Europa
(VME) based DAQ of the K600.

Table 3.4: Beamtime tally on targets used during the experiment.

Target Beam Time [hr:min:s]

0Cr 23:13:2
12¢ 3:9:29
Mylar 3:54:34
Mg 6:17:21

3.6.1 Trigger logic

Figure[3.9)shows a flow chart of the trigger electronics used in this work. For this experiment,
a single paddle trigger was used. Two PMTs attached on either end of the paddle, provided
the signals for the trigger electronics. The signal provided by each PMT was sent to a
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Figure 3.9: The trigger electronics flow diagram for this experiment %h

Linear Fan (Lin Fan) which duplicates the input signal and sends an output to the Charge-
to-Digital module (QDC) to be digitised. Another signal is sent to the Constant Fraction
Discriminator (CFD) which converts the linear signal to a logical signal. This enables the
timing of the output signal to be independent of the amplitude of the signal. The output
from the CFDs are then sent to the mean timer. The mean timer allows the signal to be
independent of the position where the ejectile passes through the paddle. The signal coming
from the mean timer is shaped by the discriminator (Disc) before being sent to the four-Fold
Logical Unit (4FLU). This unit operates on an AND logic, replying on the signals coming
from the PMT’s of the paddle in coincidence.

The output signal from the AND logical unit was sent to the QDC gate input which
triggers the DAQ. Several copies of the signal are created, shaped by a Disc and each sent
to an individual Time-to-Digital Converter (TDC) to be recorded. Another signal from the
AND logical unit is shaped and used together with the RF signal from the SSC in an AND
logical operation to produce a TOF signal. Several copies of this TOF signal are created
and sent to the TDCs.

Given the control loop nature of the electronics, inevitable dead time is encountered.
To measure the dead time, a pulser and 2 scaler modules (inhibited and unihibited scalers)
were utilised. An uninhibited count is generated by sending the pulser signal to one scaler

module. The same pulser signal is also counted by the other scaler, which is vetoed by the
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system busy signal from the QDC to create the inhibited count. The system dead time could

be determined by comparing the number of pulses measured by the two scaler modules.

3.6.2 Pre-amplifiers and TDCs

Signals from the VDC wire-planes are pre-amplified and sorted by Technoland PTM 005 16-
channel electronic cards, which are located on the VDC PC board. The pre-amplifier cards
amplify the signals from the signal wires, and perform a discriminatory function to ensure
that only proper signals will be processed by the TDCs. Using 16-channel twisted-pair
ribbon cables, the signals are transported to the CAEN V1190A TDCs. The TDCs store
the K600 timing information and are capable of 100 ps resolution. In total, 35 pre-amplifier
cards were used. 13 pre-amplifiers for the 198 signal wires of of the X wire plane of VDC1,
9 pre-amplifiers for the 143 signal wires in the U-wire plane of VDC1 and lastly, 13 pre-
amplifiers for the 198 signal wires for the X wire plane of VDC2. These timing signals are
used for the purpose of particle identification. See Section 4.2.1 for a detailed explanation

of particle identification.

3.6.3 DAQ

The digitisation of the electronic signals was carried out by three Versa Modula Europa
(VME) modules: VME TDCs (CAEN V1190), VME scalers (CAEN V830) and VME QDC
(CAEN V792). Coupled with the VME modules is the Maximum Integrated Data Acqui-
sition System (MIDAS), a software package that contains libraries which are used for data

transport and a set of programs for recording data and system management.

24



Chapter 4

Data Analysis

4.1 Introduction

A 100-MeV pulsed beam of protons initiated a *°Cr(p,t)*¥Cr reaction. The outgoing tritons
from the reaction were momentum analysed by the K600 magnetic spectrometer. Tritons
with energies ranging from 69 to 78 MeV were observed at the focal plane. This chapter
outlines the analysis of these tritons to establish the excitation energies of 4Cr.

To begin with, it is necessary to distinguish between the triton ejectiles and other charged
particles that may be detected at the focal plane. This particle identification process is
outlined in section 4.2. Ejectile trajectory reconstruction follows particle identification. The
reconstruction included the determination of the focal-plane positions and scattering angles
associated with tritons passing through the focal-plane. Next, in section 4.3, the position

information is used to establish the triton momenta and the associated excitation energies.

4.2 Data Extraction

4.2.1 Particle Identification

Particle identification (PID) is a process of selecting focal-plane events belonging to the
desired reaction channel. Following PID, we obtain the K600 data analysis optimization
parameters such as the cable lengths, the look up tables (LUT) and the scattering angles for
the selected particles. These optimisation parameters are used to reconstruct the focal-plane
positions of the ejectiles as recorded by the VDCs. PID is carried out using time-of-flight
(TOF) and energy losses of ejectiles in the plastic scintillators of the focal-plane. The TOF
is measured as the relative time elapsed between a coincident scintillator signal and the next
RF signal from the SSC.

Figure shows such a TOF vs scintillator energy matrix. The spectra shows ejectiles
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observed on the focal-plane during this experiment. These ejectiles are the tritons coming
from the (p,t) channel (for illustrative purposes, delimited in red) and possibly deuterons
coming from a (p,d) channel [24] or some other reaction channel which is not of interest for
the current experiment. Because of the cleanliness of the data, only one software gate on
the tritons locus was sufficient for use across all data runs. The unreacted beam of protons
does not reach the focal plane, it is swept away by the magnetic fields into a beam stop

located inside the first dipole magnet (D1) of the K600.
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Figure 4.1: The particle identification (PID) spectrum. The tritons locus is delimited in red. The
rigidity of the triton ejectiles is highest making the locus easily identifiable in the spectrum. The
locus on the left of the tritons locus might be due to (p,d) reactions where the deuterons are able

to reach the focal plane.

4.2.2 Focal-plane event reconstruction
4.2.2.1 Cable lengths

An important input needed to reconstruct the focal-plane positions is the time between
signal creation in the VDC and signal storage. For each drift cell in the VDC the conversion
of measured drift times to drift distances is achieved by a lookup table (LUT) (see LUT
section below). There is only one lookup table per drift plane. Therefore one must ensure
that the measured time range for the drift times of all the wires per wireplane are similar.
After a VDC wire is triggered, there is a delay between the creation of the electrical
signal at the pre-amps and the arrival of this signal to the TDCs. The relative differences
in the delays, by and large, are dominated by the differences in the physical cable lengths
between the preamplifiers and the TDC modules. These relative delays between each of
the TDC channels must be corrected to ensure accurate focal plane position calculation.

The correction was done by aligning the trailing edge of the TDC channel vs TDC time
2D-spectra (see Figure [4.2).

26



The cable length offsets, which provide the necessary corrections, were generated using
a custom in-house algorithm described in Ref. . The algorithm determines the minimum
gradient of the peak on the short drift time side of the drift time spectra for each individual
channel, and calculates the necessary offset relative to a fixed parameter which is defined in
the C++ script. Although the algorithm is automated, if a channel has low statistics, the
algorithm does not provide an accurate offset. Additional manual corrections were made to
the generated cable length offsets. Figures [£.2] and [£:3] show the spectra of TDC channels
versus uncorrected and corrected drift times, respectively. In Figure [4.3] the spread of the

drift time distributions in Figure .2 have been removed.
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Figure 4.2: Spectrum showing the uncorrected TDC channel number versus TDC time of the VDC
wires for a typical run. Note: the strong response around channel number 520 is due to wires with

a lot of noise.
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Figure 4.3: Spectrum showing the corrected TDC channel number versus TDC time of the VDC
wire following the cable length corrections for a typical run. Note: the strong response around

channel number 520 is due to wires with a lot of noise.
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4.2.2.2 LUT

Following the correction of the relative time delays between the TDC channels, a mapping
of the drift time to drift distance in the VDCs was established. This mapping is called the
Look Up Table (LUT). During the operation of the experiment, the drift time is measured
from the triggering of a wire (after cascading event) to the beginning of the subsequent RF
pulse of the cyclotron. As a result, a larger recorded drift time corresponds to a shorter
physical drift time and distance. Shown in Figure [£.4]is the average timing response of all
the X1 wire-plane signal wires. The flat region corresponds to electrons of constant drift
velocity. The large peak to the right in the spectrum is associated with relatively short drift
times of cascading events that are originating near the signal wires. Ideally, this procedure
is performed using white runs (runs without strong structure). This ensures a homogenous
probability distribution function of drift distances which correspond to a flat positional
distribution on the focal plane which can be used to map the measured drift times to drift
distances. In the case of this work, a chain of (p,t) runs was used, this is made possible by
the cleanliness of the data and sufficient software gates used for the PID.

Once the characteristic drift-time distribution is known, it is possible to determine the

drift distances of the electrons for each signal wire using:

y(t) = (‘g)l/t; %dt’ (4.1)

where tg is the initial time the particle strikes the drift cell, ¢ is the time at which the anode
registers a pulse and dN/dt is drift-time distribution. dN/dy is the spatial distribution of
events in the drift cell, which is assumed to be constant. From this, Equation 4.1 can be

re-written as:

YdN
— 4.2
o) o [ S (12)

From Equation 4.2 and the drift-time distribution, a LUT is generated (see Figure [4.5)),
where drift-distances are correlated with drift-times. The corresponding drift distance is

shown in Figure |4.6

4.2.2.3 LUT offsets

The position resolution of the VDC is given by:

LTi41 — Ti—1
A=Al 4.3
Sy (4.3)
where x; and x;11 are the drift distances for consecutive wires ¢ and i 4+ 1 (see illustration in
Figure[4.7)). Ideally the measure of position-resolution (A) for a measurement would be zero.

However, due to uncertainties in the drift-time measurements, A is a uniform distribution

around zero. It is nearly impossible to measure entirely accurate drift times, e.g. delays in
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Figure 4.4: Spectrum of the drift times of the X1 wire plane.
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Figure 4.5: The lookup table (LUT) for the X1 wire plane.
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Figure 4.6: The spectrum of drift distances corresponding to the drift time spectrum in Figure 4.5.

the trigger signal commencing drift time measurements are unavoidable. Inaccurate drift

times translate into poor drift distances constructed from the LUT. This results in a non-zero
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offset in the LUT.

A tool to indicate whether it is necessary to correct for the offset in the LUT is a two-
dimensional resolution spectrum of A vs (pos-abs(pos)) (see Figure[4.8). The variable (pos-
abs(pos)) is the distance between the signal wire (abs(pos)) and the calculated position
at which the particle crossed the wire plane (pos). The LUT shifts are evident in the
discontinuity in the spectrum shown in Figure[4.8a] In this matrix, the straight locus above
the resolution zero point corresponds to all the events below the halfway mark between two
signal wires, and the straight locus below the resolution zero point corresponds to all events
above the halfway mark between two signal wires. The discontinuity in the locus on the
two dimensional resolution spectrum can be removed through an appropriate shift of the
lookup-table (see Table for the LUT offsets). The spectrum becomes a straight line as
in Figure thereby optimising the VDC resolution.

x
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x

Figure 4.7: An illustration of a particle trajectory through the VDC. x; and x;+1 are the drift

distances for consecutive wires i and i+1.
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Figure 4.8: A 2D resolution plot for the X2 wire-plane. (a) Before the LUT offset was applied and
(b) after LUT offset.
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Table 4.1: Look up table offsets.

VDC wire-plane  offset

X1 20
U1l 20
X2 15

4.2.2.4 Scattering angle calibration

The objective of this experiment was to study the excitation energies of the recoil nucleus
48Cr. These excitation energies are not observed directly, they are calculated via two body
kinematics (see Section 4.3.2). An important quantity required to obtain the excitation
energies is the ejectile scattering angle (0scar). Oscar is the angle between the projection
of the ejectile momentum vector onto the horizontal laboratory plane and the beam axis.
Oscar is reconstructed from Opp, the trajectory angle from the focal-plane calculated using
the X1 and X2 wireplanes of the VDCs.

A series of measurements to calibrate the scattering angle were taken at a lab angle of
4° with a pepperpot collimator (see Figure placed at the entrance of the K600, 862.3
mm away from the target. The holes of the pepperpot only allow ejectiles coming from
fixed scattering angles to pass through to the K600. The trajectory angle from the focal-
plane, O p, of these ejectiles is then calculated from the X1 and X2 wireplanes of the VDCs.
Figures and shows the calculated 0pp angles at a focal-plane position of 484 mm.
These plots exhibit a pattern of alternate maxima and minima for the angles for the strong
state at 484 mm. The maxima correspond to the holes of the pepperpot. From this, a
mapping between the fixed scattering angles of the pepperpot and the trajectory angle of

the focal-plane can be created.

Figure 4.9: A picture of the pepper-pot collimator for the small angle mode. The back of the
collimator, i.e. the side facing the K600, is 862.27 mm from the target. The first hole from the
middle on either axis is positioned at 0.63°, the second hole at 1.26° and the third hole at 1.79°,
spanning approximately 4.64 mrad .
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Figure 4.11: Spectra showing focal-plane trajectory angle 8rp at a focal-plane position of 484 mm.

The scattering angle calibration is given by:
Oscar = (a1xrp + a2)0rp + (bizrp + ba) (4.4)

where a1, as, by and by are the calibration parameters and xpp is the focal-plane position
from the X1 wire-plane. The calibration is completed in 2 steps: firstly, a mapping of the
Orp to Oscar is obtained for each of the focal plane positions (see Figure . Secondly,
the values of the slope and offset from each of these five mappings were plotted as a function
of xpp (see Figure to obtain the parameters a; and as, by and by, respectively (see
Table . The reconstruction of the scattering angle (fscar) is shown in Figure m
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Table 4.2: The parameters obtained for the angle calibration corresponding to equation 4.4. The

uncertainty quoted are the fit uncertainties.

Parameter Value Uncertainty Units
ay -0.000078  0.0000059 mm !
az -0.55 0.0028
b1 -0.0018 0.000202 deg/mm~1
ba 20.23 0.096 deg
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Figure 4.14: 2D Spectra showing focal-plane trajectory angle (fscar) versus at a focal-plane posi-

tion (Xrp) of 484 mm.

4.3 Data Optimisation and Calibration

4.3.1 Line-shape corrections

Tritons emerging from the target at the same excitation energy of the residual nucleus but at
different reaction angles (6scar) have different spread in energies across the finite aperture
size. This influences the resolution of states in the focal plane. Experimentally, the K- and
H-coil were used to minimise this effect as mentioned in Section 3.4. However, additional
corrections were required. The spectrum on the top left panel of Figure shows the
dependence of the focal-plane position on the scattering angle and the bottom left panel
in the same figure shows the poor resolution of the position spectrum before the required
correction.

24Mg(p,t)*2Mg data were used to perform the line shape corrections. These calibration
runs have well-defined states in the focal-plane [24]. The line shape correction is achieved by
ensuring that the slanted vertical lines in the 6scar vs focal plane position spectrum (top
left panel of Figure , were corrected to be vertical (top right panel of Figure [4.15]). To
obtain the extent to which the line shape of a state must be corrected, point markers were
placed at regular intervals along the slanted state in an attempt to reproduce the overall
shape of the line, shown in Figure These shape marking points (fscar, xpp) were

fitted with a second order polynomial, given by:
fOscariab,c) = abscar® + biscar + c. (4.5)
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Listed in Table are the resulting correction parameters a, b and c¢. When performing
these corrections, care was taken to ensure that all the other states were not over-corrected.
These software corrections were achieved by adding a value that is sensitive to 0gcar to the

original xpp until the curvature is removed. The lineshape correction equation is thus:
Trpp = -T/FP - (aescat2 + bescat) (46)

and its application improves the resolution substantially going from a FWHM of 11.12 mm
to 2.741 mm for the ground state of 22Mg at 601 mm, as can be observed by comparing the
bottom panels of Figure [£.15]
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Figure 4.15: The effect of line shape correction on the **Mg data. Top left panel: xpp versus
O0scar with no line shape correction applied. Top right panel: xgp versus Oscar following line
shape correction. Bottom left panel: The xpp spectrum with no line shape correction applied.

Bottom right: The xpp spectrum following line shape correction.

The kinematics between ?Mg and “8Cr (and contaminants) are different. However, this is
not a problem, the lineshape correction carried out on ?2Mg is sufficient for the **Cr data
as well. Figure shows the lineshape correction effect on the “®Cr data. The resolution
also improves substantially going from a FWHM of 10.79 mm to 2.89 mm for the prominent
10C ground state contaminant situated just over 400 mm in bottom panels of Figure m
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no lineshape correction applied (b) a graph of the points used to reproduce the lineshape of the
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Figure 4.17: The effect of line shape correction on the 48Cr data. Top left panel: xpp versus Ogcar
with no line shape correction applied. Top right panel: xpp versus Oscar following line shape
correction. Bottom left panel: The xpp spectrum with no line shape correction applied. Bottom

right: The xpp spectrum following line shape correction.

4.3.2 Energy calibration

Energy calibration converts the focal-plane position spectrum to excitation energy. In Chap-

ter 3, it was detailed how spectrometers are used to momentum-analyse ejectiles in order to

36



Table 4.3: Lineshape correction parameters for Equation 4.5.

Parameter Value Uncertainty Units
a 0.53 0.063 mm /deg?
b 5.33 0.063 mm/deg
¢ 601.0 0.11 mm

relate a physical focal-plane position to magnetic rigidity. This rigidity must be converted to
excitation energy since we are interested in the excited states of the residual nucleus. From
the ion optics of the spectrometer (Equation 3.3) the focal-plane position can be interpreted
directly in terms of linear momentum, p. This interpretation is made possible because the
position spectrum is of only tritons which were selected as explained in Section 4.2.1.

To perform the energy calibration, the well-defined peaks of the 2*Mg(p,t)?2Mg calibra-
tion runs were used. These peaks correspond to well known excited states in 2?Mg found by
performing similar 2*Mg(p,t)??Mg reactions [44]. The focal-plane positions (labelled (a)-(f)
in Figure were paired with the corresponding known excitation energy values. Table
shows the correspondence between the focal-plane positions and excitation energies. The
sections below describes the energy calibration process which comprises of 2 steps; position

to momentum calibration and momentum to energy conversion.
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Figure 4.18: The corrected focal-plane position spectrum (xpp) for 2Mg.
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Table 4.4: The focal-plane positions with resolution (FWHM), corresponding excitation energies
and spin-parities (J™) for the dominant states in the focal plane spectrum are listed. These are

used to determine the energy calibration.

Label xpp [mm] FWHM [mm] Excitation energy [MeV] [44] J™ [44]

(a) 601.4 2.741 0 0+
(b) 531.7 2.721 1.24702(3) 2+
(c) 417.1 2.811 3.30822(6) 4t
(d) 356.4 2.790 4.402(3) 2+
() 321.4 2.892 5.0354(5) 2+
(f) 284.1 2.766 5.7114(7) 2+

4.3.2.1 Position to momentum calibration

The focal-plane position of each state is extracted by fitting with an exponentially tailed
Gaussian function and extracting the mean position of the state. Exponentially tailed Gaus-
sian functions are typically used to model processes where some fraction of the ejectile energy
is lost [45]. In this case the energy lost is due to target energy losses. The exponentially

tailed Gaussian function is given by [45]:

_(@=w)? _
Ae 202 K> r—p

. _ ? - lea
Gl o) = A ~nlom/o) |y < 2ot o
where A is the amplitude of the functions, p is centroid energy, o the resolution for the
contaminant state and k is the matching parameter giving the number of standard deviations
from the centroid where the function switches from the Gaussian form to the exponential
form.

Following the pairing of the focal plane position and the excited states in 22Mg, the
focal plane triton energies of the identified states were then calculated using a relativistic
kinematics code and were subsequently converted to rigidity (Bp) values. This is the position
to rigidity calibration. The calculated Bp values of the identified states are shown in Table
[4.5] To complete the rigidity calibration, the focal plane positions were then plotted against
calculated rigidity values, as shown in Figure and were fitted with a second order

polynomial given by:
Bp=g(v;d.e, f) = dvip + expp + f. (4.8)

The resulting calibration parameters, (d, e and f) are listed in Table To complete the
position to momentum calibration step, the value for momentum is obtained by multiplying

the Bp in Equation 4.8 by the charge of the tritons (41) as Equation 3.2 suggests.
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Table 4.5: Table showing the focal-plane position and corresponding Bp values for the
*'Mg(p,t)**Mg reaction.

Label xpp [mm] Bp [T mm] Excitation energy [MeV] [44]

(a)  601.403 2217.96 0
(b)  531.734 2200.63 1.24702(3)
) 417.079 2171.68 3.30822(6)
) 356.345 2156.15 4.402(3)

321.422 2147.11 5.0354(5)
284.048 2137.41 5.7114(7)
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Figure 4.19: The rigidity calibration.

Table 4.6: Focal-plane position to momentum calibration parameters

Parameter Value Uncertainty ~ Units
d -2.09x107°  5.7x1077  T/mm
e 0.2723 0.00051 T
f 2061.7 0.11 T mm

4.3.2.2 Momentum to energy conversion

The excitation energy, F, derived from two-body kinematics [46] is given by:

E,=FE{+mo+ /p3Z —m32 — (1012 + p3? — 2p1p3 cos O + m42)% (4.9)

where the subscripts 1, 2, 3 and 4 represent the projectile, target, ejectile and recoil nuclei,

respectively. The value for p3 (the ejectile momentum) is obtained from the Bp calculation
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as mentioned in the section above.

The targets used in this experiment are thick and tritons travelling through it will in-
evitably lose energy. This energy does not reach the focal plane detector system. This makes
the calculation of the excitation energy to be sensitive to the target thickness. Corrections
to account for this energy loss were made according to the energy losses from SRIM [47], see
Appendix A for detailed description of the energy losses. The incorporation of the energy

loss into the kinematics calculations is detailed in Appendix B of Ref. [39].

4.3.2.3 The excitation energy spectra of 22Mg

The calibrated 22Mg excitation-energy spectrum can be seen in Figure The identified
states used in the calibration are labelled (a)-(f). All the identified peaks were fitted with an
exponentially tailed Gaussian distribution and the position of the peak was then determined
by the mean of the Gaussian part.

A comparison of the energy values for the excited states of 22Mg obtained in this work
and those given in the Evaluated Nuclear Structure Data File (ENSDF) [44] can be found in
Table These comparisons were made for the verification of the peak identification and
rough calibration. The final uncertainties in all identified levels are quoted as statistical and
systematic seperately. The statistical uncertainty (calibration uncertainty) is taken from the
fit. Systematic uncertainties include that of the target thickness (+0.07 mg/cm?), target
energy loss, and the reaction Q-value of 2*Mg(p,t)?>Mg (0.3-keV [26]), or in other words the
uncertainty in the masses of the nuclei involved. Table shows the systematic uncertainty

budget.

Table 4.7: A comparison of the energy values for the excited states of **Mg obtained in this

experiment and those from the ENSDF. Systematic of 4 keV in the current experiment.

J™ |44]  Excitation energy [keV] |[44] This work [keV] Residual [keV]

0t g.s. g.s. -
o+ 1247.02(3) 1247.6(0.6) (4) 0.6
3308.22(6) 3308.5(0.85)(4) 0.54
2)* 4402(3) 4404.4(0.6) (4) 2.43
(2)* 5035.4(5) 5035.3(0.7)(4) 0.32
o+ 5711.4(7) 5710.8(0.7)(4) -0.16
o+ 5953.8(8) 5955.4(0.6)(4) 1.93
0+ 6036.2(8) 6036.6(0.8) (4) 2.99
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Figure 4.20: The calibrated excitation energy of **Mg. The states labelled (a)-(f) corresponds to
the same states from the xpp spectrum used in the calibration (see Figure and Table .

Table 4.8: Systematic uncertainty budget for this data analysis. For the origin of each contribution
of the uncertainty, see the text. The total combined systematic uncertainty is the sum in quadrature

of the individual components.

Origin Magnitude Contribution [keV]
Target thickness 10% 2
Energy loss 0.01% 3
Mass From Ref. [26] 0.3
Total 4

4.4 The excitation energy spectra of **Cr

Figure shows the generated excitation energy spectra of *8Cr. The spectra has two
important features: the first being the observed states in the region of astrophysical im-
portance (9 - 14 MeV in excitation energy). These states in **Cr along with others are
discussed in detail in Chapter 5 of this dissertation. The second main feature of the spectra
eminates from the contaminants associated with the 5°Cr target used in the experiment.
These contaminant states appear due to (p,t) reactions on the 2C and O contaminants
present in the 59Cr target. Section 4.4.1 below detail how these contaminant states were

identified in the **Cr spectra.
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Figure 4.21: The excitation energy spectra of “*Cr. The blue bar represents the region of astro-

physical interest (ROI).

4.4.1 Contaminant states

The impurities of 12C and %0 have larger (p,t) cross sections and similar reaction Q-values
(see Table . This makes the natural parity states of 1°C and '*O a dominant feature in
the experimental spectra. The magnetic field settings of the spectrometer also places most
of these states in the region of astrophysical interest, making the background identification
indispensable. To illustrate this, Figure shows the magnetic rigidity of tritons coming
from selected ground, and excited states in the different recoil nuclei present in the target.
The momentum acceptance of the focal-plane in terms of magnetic rigidity is given for
the K600 magnetic field settings used in the experiment (horizontal black line). The field
settings were chosen such that the region of interest (labeled as ROI in Figure in 48Cr
fall within the middle of the focal plane which was previously calibrated by the low-lying
states in 22Mg (see Section 4.3). To identify the possible background peaks from reactions

involving 12C and 0, (p,t) data was taken at 0° with a thin Mylar (C1oHgO,) target.

Table 4.9: Q-values of different reactions on targets used in the experiment.

Target Reaction Q-value (MeV)

50Cr S0Cr(p,t)*8Cr -15.101(7) |26]
Mylar (12C and *°0)  '2C(p,t)!°C  -23.35951(0.07) [26]
60(p,t)1 0 -20.40562(0.03) [26]
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Figure 4.22: Magnetic rigidities (Bp) of tritons coming from selected ground, and excited, states in
different recoil nuclei. The black bar represent the momentum coverage of the focal plane for the
magnetic field settings of the K600. The regions labeled ROI represents the regions of astrophysical

interest in *3Cr.

4.4.1.1 Carbon contaminants

The location of the 1°C contaminating 0 ground-state, 3353.7(6)-keV 2% and the doublet
5220(40)-keV 2% and 5380(70)-keV 27 states listed in ENSDF [48] were identified (shown as
dashed vertical blue lines in Figure [4.23)). Figure m shows the Mylar (p,t) spectra (red)

superimposed on the 5°Cr (p,t) spectra (black) using *2C(p,t)'°C reaction kinematics.

4.4.1.2 Oxygen contaminants

Using the same procedure outlined for the carbon contaminants but this time with *°O(p,t)**0O
reaction kinematics, the location of the 14O contaminating ground state 0, 5920(10)-keV
0%, 6272(10)-keV 37, 6590(10)-keV 27, 7768(10)-keV 27 and the doublet 9715(20)-keV (2)"
and 9915(20)-keV 47 states listed in ENSDF [49] were identified (shown as dashed vertical

blue lines in Figure [4.24]).

4.4.1.3 Background

The Mylar spectra in Figures [£:23] and [£:24] was scaled to match the oxygen ground state
peak. With this normalization the other oxygen peaks match their Cr spectra contaminants
counterparts. Interestingly, the background does not scale as much which suggests that the
apparent background may be due to the natural broadening of the states at higher excitation

energies.
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Figure 4.24: Mylar(p,t) spectra (red) superimposed on the °°Cr(p,t) spectra (black) using
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4.4.2 Low-lying states in **Cr

Previous %0Cr(p,t)*¥Cr measurements |50-52] have observed states of up to 7.5 MeV. For
this work, these states fall outside the calibration region as described in Section 4.4.1. In
this section, these states are used to evaluate the calibration. To check the calibration, a
residual energy plot between the evaluated low-lying natural parity states in **Cr [53] and
those observed in this work was plotted (see Figure and Table [£.10). The goodness of
fit (Figure is x2 = 0.672, indicating a good agreement.
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Figure 4.25: Residual energy plot from using low lying states in **Cr. The goodness of fit is x2 =
0.672. Error bars taken from ENSDF [53].

Table 4.10: Energy values of the low-lying excited states of “8Cr obtained in this experiment and

those provided by the ENSDF.

This work [keV]  Excitation energy [keV] |53] J™ 53|

4075(1)(10) 4067(5)
4285(1)(10) 4280(5) (0)*+
4429(2)(10) 4432(5) (4t
4630(2)(10) 4640(10) 2+
5788(1)(10) 5790(10) 4+
5962(1)(10) 5960(10) 0)*
6099.3(0.5)(10) 6100(10) 2+
6409(1)(10) 6420(10) (5)
6857(1)(10) 6855(10) 0t
7550(1)(10) 7550(10)
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The final uncertainties in all identified levels are quoted as statistical and systematic seper-
ately. The statistical uncertainty (calibration uncertainty) is taken from the Gaussian fit of
the observed states. Systematic uncertainties include that of the target thickness (+0.115
mg/cm?), target energy loss, and the reaction Q-value of *°Cr(p,t)*8Cr (7 keV [26]). Table
shows the systematic uncertainty budget.

Table 4.11: Systematic uncertainty budget for this data analysis. For the origin of each contribution
of the uncertainty, see the text. The total combined uncertainty is the sum in quadrature of the

individual components.

Origin Magnitude Contribution [keV]
Target thickness 10% 5
Energy loss 0.01 % 6
Mass From Ref. [26] 7
Total 10
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Chapter 5

Results and Discussion

5.1 Level structure of *Cr

In total, 55 states were identified in *Cr from this work. Twenty-one (21) states were
observed below the a-threshold (7698(7)-keV [26]) and 34 states above the a-threshold up
to 14 MeV in excitation energy. Of the 34 states above the a-threshold, 24 lie in the region
of astrophysical interest. Forty-five of the 55 observed states were observed for the first time.
In this section the observed excited states in *3Cr are presented along with states published
in previous works for comparison. All the identified peaks in the focal plane spectra were
fitted with symmetric Gaussian peaks using binned likelihood statistics owing to the low
statistics and the position of the peak was then determined by the centroid. The average
energy resolution (FWHM) for the states below the a-threshold is 80 keV, while for states

above it is 115 keV. The quoted uncertainties are discussed in section 4.4.2.

5.1.1 States below the a-threshold

To date there have been three experiments performing the (p,t) reaction on 5°Cr to study
the level structure of the *8Cr nucleus [50H52]. All of these past experiments were conducted
in the early 1970s, with beam energies ranging from 27-51 MeV, focusing on states below
the a-threshold. Table shows a compilation of the natural parity states observed in these
previous studies including from #6Ti(*He,n)*Cr measurements [54,55] and those from this
work. Figure [5.1] shows the excitation energy spectrum for states below the a-threshold. In
this figure, the locations of the evaluated states are superimposed into the spectra. Solid
blue lines show states previously observed in (p,t) measurements [51]. Red dotted-dashed
lines show states previously observed in (*He,n) measurements [54,55]. The purple dashed

lines shows a state previously observed in ®Mn 3+ decay measurements [56].
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Table 5.1: List of states in *3Cr below the a-threshold.

This work Shepard et al. M Dorenbusch et al. ‘ij Bruandet et al. ‘ﬂ Alford et al. M Evers et al. |§l

50Cr(p,t)*8Cr %0Cr(p,t)*¥Cr 50Cr(p,t)*8Cr 20Cr(p,t)*¥Cr 46Ti(3He,n)*8Cr  *0Ti(3He,n)*®Cr
E, [keV] B, [keV] JT  E, [keV] JT E, [keV] J*  E, [keV] J° E, [keV] J7
4075(1)(10)  4050(20) 2t 4067(5) 3- - - i _ . _
- - - - - 4140(30) 4+ - - - -
4285(1)(10) 4240(20) 0t 4280(5) 0t - - - - - -
- - - - - 4360(30)  OF - ; ; _
4429(2)(10) - - 4432(5) 4+ - - - - - -
. - - . . 4520(30)  4F . . . .
4530(4)(10) - - - - - - - - - -
4630(2)(10) - - 4640(10) 2+ - - - - - -
4858(4)(10) - - - - - - - - - -
5020(3)(10) - - - - - - - - - _
5228(2)(10) - - - - - - - - - -
5468(4)(10) . . - - - - 5480(50) 0T 5430(30)  OF
5609(1)(10) - - - - - - - - - _
- 5670(20) O+ . - - - . _ . _
5788(1)(10) - - 5790(10) 4+ . B} B ) ) B
- - - - - 5880(30) 4+ - - - -
5962(1)(10) - - 5960(10) o+ - - - - 6010(30) -
6099(0.5)(10) - - 6100(10) 2+ - - - - - _
- . . . . 6180(30)  2F B, - . B,
6236(1)(10) - - ; - - - . ] . ,
6409(0.5)(10) - - 6420(10) (5)~ - - - - - _
6857(1)(10) § - 6855(10) o+ - - - _ . _
6951(2)(10) - - - - - - - - - -
7127(3)(10) - . - - - . _ . . _
7306(5)(10) . . - - - - . _ . _
7465(5)(10) - - - - - - - - - _
7550(0.5)(10) . - 7550(10) . - - . _ . _

48



10°

102

counts / 10 keV

10

5 55 6 6.5 7 75 8
Excitation energy [MeV]

=
P
w

Figure 5.1: Excited states below the a-threshold in *Cr. The fine-dashed red line shows the a-
threshold (7698(7)-keV [26]). Solid blue lines show states observed in (p,t) measurements [51].
Red dotted-dashed lines show states previously observed in (*He,n) measurements [54,[55]. Purple
dashed line shows a state observed in **Mn 3" decay measurements [56]. The state marked with a

black triangles is the 'O ground state contaminant.

The work of Dorenbusch et al. [51] offers the most comprehensive number of states. Almost
all of the states agree well with previous works with the exception of the 4067(5)-keV state
that is slightly lower than the value obtained in the present work (4075(1)(10)-keV) but is
in agreement within the uncertainties. The state may be a doublet as suggested in the work
of Shepard et al. [52].

Only 3 states from the work of Shepard et al. fall within the excitation energy range
covered in this work. The 4050(20)-keV and the 4240(20)-keV states agree well with the
present work. However, the 5670(20)-keV J™ = 0" state is an outlier. It is not observed in
the present work nor is it observed in the works of Dorenbusch et al. and Braundet et al.
It has a J™ = 07 assignment which should be strongly excited in a 0° measurement such
as the one analysed in this dissertation. The state is not discussed in detail in the work
of Shepard et al. and its 0 assignment is based on the “strong enhancement of this state
relative to its neighbors at low scattering angles” [52]. This 5670(20) keV state may be the
5609(1)(10)-keV state observed in this work or it may indeed be a different excited state.

None of the states observed in the work of Braundet et al. [50] match the states observed
in this work and the works by Shepard et al. and Dorenbusch et al. Judging from the
J7 assignments in the Braundet et al. work in comparison with the J”™ assignments from
Shepard et al. and Dorenbusch et al., the states in the work of Braundet et al. have an

apparent +100 keV energy-shift. By shifting all the states in Braundet et al. (see Table
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by -100 keV, there is a much better agreement between the states observed in Braundet et
al. and those observed in this current work and previous. This plausible systematic up-shift
in the energy values may be due to the mass uncertainty used to calculate these excitation
energies. In the 1985 nuclear data sheets for A = 48, the energy-shift is quoted as an ~ 80
KeV calibration error [57].

A common theme amongst the previous studies [50H52] are the missing states between
4640(10)-keV and 5790(10)-keV. From the present work, 4 states have been observed within
this gap. These states may be weakly populated at higher scattering angles. The only
evidence of natural-parity states within this gap comes from a strongly excited J™ = 07 state

observed in 49Ti(*He,n)*Cr measurements [54,55] and “*Mn ST decay measurements [56].

5.1.2 States above the a-threshold

Few levels are known in 8Cr above the a-threshold. The known states are observed in
(3He,n) measurements by Alford et al. [54] and Evers et al. [55] looking for J™ = 0% states
in the fp-shell. Figure shows the excitation energy spectrum of “8Cr above the a-
threshold. Due to the low statistics and the increase in the natural width of the states at
higher excitation energies, we increased the binning from about 10 keV for states below the
a-threshold to about 22 keV for states above the a-threshold. Table shows a compilation
of the natural parity states observed in %6 Ti(*He,n)*¥Cr measurements [54455] and this work.

A good agreement between this work and the (*He,n) measurements [54,55] is observed.

10°
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Figure 5.2: Excited states above the a-threshold in *®Cr. The fine-dashed red line shows the a-
threshold (7.698(7)-MeV). Blue dotted-dashed lines show states observed in (*He,n) measurements
by Evers et al. [55]. Red dotted-dashed lines show states observed in (*He,n) measurements by
Alford et al. [54] (see Table . States marked with black triangles are **O contaminants, states

marked with black squares are 1°C contaminants.
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Table 5.2: List of states in *®Cr above the a-threshold.

This work Alford et al. [Iﬁ' Evers et al. dﬁn
50Cr(p,t)*¥Cr  “0Ti(3He,n)*8Cr  46Ti(3He,n)*®Cr

E. [keV] Ey [keV] J™ Eu [keV] J7

7700(2)(10)

7817(2)(10)

7982(1)(10) - - 7940(30) Ot

8142(1)(10) - - -
)
)
)

8379(2)(10
8465(1)(10
8630(1)(10
8779(0.3)(10)  8800(50) 0t  8770(30)  OF
8969(3)(10)
9145(1)(10)
9253(1)(10)
9487(1)(10) 9540(50) 0+  9530(30) O+
)
)
)

9668(2)(10
9777(1)(10
9863(3)(10
10198(3)(10)
10332(6)(10)
10565(1)(10)
10697(5)(10)
10837(5)(10)
10970(4)(10)
11133(3)(10)  11200(100) 0+t -
11243(2)(10)
(10) - - 11320(30) ot
(10) - - -
(10)
(10)
(10)
4)(10)
12262(3)(10)
(10)
(10)
(10)
(10)

3

)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
5)
)
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This end of the spectrum (above the a-threshold) has most of the contaminant states with
the expection of the '*O ground-state which is locate below the a-threshold. The most
prominent contaminant peak is the '°C ground state sitting just over E,, 4Cr = 10 MeV,
with a FWHM of 57 keV. The state is well within the excitation energy range of interest.
Its broad footprint will conceal some *®Cr states. For example, one of these states can be
seen on the shoulder of this state at about E,, *Cr = 10.2 MeV. Since this is a zero-degree
measurement, kinematic shifts between the Cr states and the contaminant states are very
small, making it easy for prominent contamimant states to conceal states of interest. The
same applies to the 3.353-MeV 19C state sitting just over E,, ¥*Cr = 13 MeV and the 6.590-
MeV O state sitting below E,, “8Cr = 13 MeV. Looking at the normalised spectra in
Figures and which were normalised such that the ground-state of 1O matches the
experimental data, most of the other 14O states also scale to fit the experimental data. The
two 'O states; the 5.920- and 6.272-MeV sitting at E,, 8Cr = 12.2- and E,, *®Cr = 12.6-
MeV respectively, do not explain all of the experimental strength to match the experimental
data as the other '*O states. It implies that, unlike the other states which are completely

dominated by a contaminant, this excitation region comes from potential 48Cr states.

5.2 Nuclear-level cumulatives

In this section the observed and microscopic nuclear-level cumulatives of **Cr are presented.
The experimental nuclear-level cumulatives are extracted by the direct counting of the ob-
served states from this work and previous works. For a more complete comparison, the ex-
perimental nuclear cumulatives from this work were supplemented with the 7 known natural-
parity states in **Cr from 0 to 4 MeV obtained in previous (p,t) measurements [50-52] (see
Tables and as well as black cumulative staircase in Figure . The comparison
of the results is conducted under the assumptions that all the observed states are natural-
parity states. The validity of these assumptions eminate from the tendency of (p,t) reactions

favouring natural-parity states (see Section 1.4).

Table 5.3: Energy values of the first 7 excited states of **Cr provided by the ENSDF [53).

Excitation energy [keV] |53] J™ [53]

0 ot
750(5) 2+
1845(5) 4)*

3420(20) o)+
3452(5) 6, (5)
3527(5)

3630(5) (2,3)
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To compare with the experimental results, we made use of the microscopic Hartree-Fock-
Bogolyubov (HFB) level densities with Hilaire’s combinatorial tables [32]. These level den-
sities are available in the online Reference Input Parameter Library (RIPL-3) [33]. From
these table we selected only natural parity states ranging from J™ = 07 to J™ = 49~ to
compute the nuclear level cumulatives (see red cumulative staircase in Figure . This
is in accordance with the original assumption that only natural parity states are involved
in the *Ti(a,p)*"V reaction (see Section 1.4). These (p,t) measurements, conducted at
high energies and at a scattering angle of 0°, highly favour low-spin states and therefore, to
include a spin-cut off, we selected only natural parity states: J™ = 0%, 17, 2%, 37 and 4T

(see green cumulative staircase in Figure [5.3)).
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Figure 5.3: Nuclear level cumulatives in “®Cr. The black staircase are the experimental nuclear level
cumulatives obtained from this work and previous work (see text for details). The red staircase
nuclear level cumulatives are the microscopic Hartree-Fock-Bogolyubov (HFB) (Skyrme force) with
Hilaire’s combinatorial tables for J = 0 - 49 extracted from RIPL [32]. The green staircase nuclear
level cumulatives are the microscopic Hartree-Fock-Bogolyubov (HFB) (Skyrme force) with Hilaire’s

combinatorial tables for J™ = 07, 17, 27, 37 and 4T extracted from RIPL.

The observed experimental nuclear cumulatives in Figure [5.3| are low as compared to the
HFB predicted cumulatives. The microscopic model predict a steep increase in the level
cumulatives starting at about 2 MeV. This is in contrast with the experimental cumulatives
which gently increase and begin to saturate at higher excitation energies. In the Hauser-
Feshbach formalism (see Section 2.2.1), the number of levels are expected to be high at
higher excitation energies. The observed cumulatives level-off at excitation energies greater
than 9 MeV. This leveling off hints that the levels are packed closely together suggesting
that the experimental resolution is not good enough to resolve states. This may also mean
that the states in *Cr are not numerous. In the energy region, 0 - 9 MeV, the experimental
resolution is better than the seperation of states. Fewer levels in this region are observed

compared to the HFB model calculations with and without limited spin (red and green
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cumulatives in Figure respectively). The small number of levels at this low energy
range where the resolution is good enough hint that as you go higher up in energy there are
fewer levels in “8Cr than HF predictions. This implies low level density in 48Cr.

Since the red and green cumulative staircases in Figure[5.3|reveal an overestimation of the
levels in “®Cr by the HFB model, the use of microscopic level densities in the HF formalism
may lead to a misestimation of the reaction rate. However, further experimental work is
required to obtain the spin and parity assignments of the observed states. With the energies
and spins of resonance states identified, a reaction rate calculation can be performed using
as input experimental nuclear cumulatives and compared to the HF rate using microscopic

models.
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Chapter 6

Conclusion and Outlook

A 59Cr(p,t)*8Cr reaction was measured by the K600 magnetic spectrometer with an inten-
tion to excite natural parity state in “8Cr that could act as resonances for the *Ti(a,p)*"V
reaction that controls the distruction of *4Ti in core-collapse supernovae. By analysing
data from a 5°Cr(p,t)**Cr, this dissertation has reported 55 excited states observed in 8Cr.
Forty-five (45) of 55 states are observed for the first time in this work. Most important of
these states are the 24 states observed in the region of astrophysical interest. These are the

states that could act as resonances for the 4Ti(a,p)*”V reaction.

From this spectroscopic data, nuclear level cumulatives were extracted and compared with
microscopic level cumulatives. The result shows an overestimation of the cumulatives by the
microscopic HFB level density model. Nuclear level cumulatives and hence, nuclear level
densities being one of the most important inputs in the HF model, this result implies that

when microscopic levels may lead to a misestimation of the cross sections and reaction rates.

However, to better understand the implications of these results, it will be good in future
studies to obtain the spin and parity assignments of the observed states. This can be achieved
by looking at charged particle decays from the excited states in **Cr. In addition to this,
charged-particle decays from *8Cr may reveal hidden “8Cr states that were unresolved or
obscured by contaminents. With the energies and spins of resonance states identified from
the (p,t) reaction along with shell model calculations or mirror nucleus information for reso-
nance strengths, an indirect 4Ti(a,p)*”V reaction rate can be calculated and thus, offering

a direct comparison of the reaction rate calculated using the Hauser-Feshbach model.
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Appendix A

Target energy loss calculations

Following the lineshape corrections, the states in the position spectra were observed to be
having some high energy tail. Amongst other things, the high energy tail in the spectrum
gives a hint that there are energy losses experienced by the tritons. A bulk of the losses
occur in the target. A correction for the energy loss of tritons in the target has to be taken
into account in the calibration procedure. Target energy losses are governed by Bethe-Bloch

equation is given by [27]:

dE  Ame'Z? Z 2mev?
- = Nap— |1 . Al
dx mev? ( Ath> n( I ) (A-1)

where e is the electric charge, m. is the rest mass of an electron, v is the velocity of the
ionising projectile, Z,, and Z; is the proton number of the projectile and target, respectively,
M, is the atomic mass of the target, N4 is Avogadro’s number, p is the density of the target
material and lastly, I is an average excitation and ionization potential of the target material.

To model for the energy losses, the Stopping and Range of Ions in Matter software
known as SRIM was used [47]. In SRIM, a projected range was obtained and plotted against

particles energy. The projected range is the distance travelled by an ion before coming to

R= /OEO (‘g) - dE (A.2)

This projected range was then converted in terms of areal density in accordance to the

rest and is given by [27]:

specification of the targets by multiplying with the density of the target. The projected

range-energy model given by:
h(E;i,j,k) =iE? + jE + k (A.3)
The energy loss models are shown in Figure and the parameters of the models in Table
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The assumption is that on average the 2*Mg(p,t)??Mg reaction takes place at the center
of the 2*Mg target and the °°Cr(p,t)*®Cr reaction take place at the center of the *°Cr
part of the carbon backed 5°Cr target. Following this assumption, the triton energy loss is
calculated for half of the target thickness in the case of the ?Mg target and in the case of
the 59Cr target, the tritons lose more energy as it travels through the 2C thickness. Figure
shows the geometry of the °°Cr carbon-backed target.

By solving for energy in the model, the energy losses experienced by the beam and
the ejectiles were accounted for and implemented included in relativistic kinematics code

calculations of the excitation energies.

50Cr 50Cr 12C
t t
> P £ >
£
|__ 0.375 mg/cmy 0.375 mgiem: | 0.4 mg/cre J
I 1

Figure A.1: Target geometry of the *°Cr target used in this experiment. The beam is from left to

right. p = protons and t = tritons.

Table A.1: Table showing the parameters of the energy loss models.

Model Parameter Value Error + Units
i 0.625  0.0078 mg/cm>MeV?
protons in
41 1.5 mg/cm?MeV
24Mg
k -975 69.9 mg/cm?
i 0.299  0.0022 mg/cm?MeV?
tritons in
124 0.34 mg/cm?MeV
24Mg
k -195 12.7 mg/cm?
i 0.702  0.0082 mg/cm?MeV?
protons in
47 1.6 mg/cm?MeV
5001“
k -1041 73.5 mg/cm?
i 0.325  0.0078 mg/cm?MeV?
tritons in
17 1.18 mg/cm?MeV
50C1"
k -306 43.58 mg/cm?
i 0.276  0.0053 mg/cm?MeV?
tritons in
9.7 0.805 mg/cm?MeV
120
k -155 29.7 mg/cm?
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protons on **Mg
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Figure A.2: Graphs of energy and projected range.
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