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Experiments in Solenoidal Spectrometers — from Isospin Breaking to Nuclear
Fission

ANNA KAWECKA
Department of Physics and Astronomy
Chalmers University of Technology

Abstract

The outcome of two nuclear physics experiments extracting very different physics
information is presented. They both employ (d,p) reactions in inverse kinemat-
ics, demonstrating the versatility of solenoidal spectrometers.

The first experiment at Argonne National Laboratory, using the HELIOS
setup, studied breaking of the isospin symmetry in excited states of ¥0 and
I8F. Relative spectroscopic factors of the populated states are compared to
investigate the similarity of isobaric analogue states in the isospin multiplet
A = 18. The results show overall good agreement between analogue states and
consistency with shell-model predictions for most levels. No statistically signifi-
cant evidence for enhanced isospin symmetry breaking was observed within the
experimental uncertainties.

The second part of the thesis focuses on extending the ISS setup at ISOLDE;,
CERN, to allow studies of fission of neutron-rich isotopes. To cope with the
limited intensity available at radioactive beam facilities, an efficient setup for
the detection of fission fragments was designed, installed, and commissioned.
The setup performed as expected and enabled a proof-of-principle measurement
of the fission of 233U. While the full extraction of physics observables has not
yet been performed, the work demonstrates the feasibility of the method and
establishes a foundation for future studies of fission in exotic nuclei.

Keywords: Nuclear Physics, Isospin, Isobaric Analogue States, Nuclear Shell
Model, Nuclear Fission, r-process, ANL, HELIOS, CERN, ISOLDE, ISS
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reactions, proposed by Jack Henderson, University of Surrey. The author
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part of this work and were provided by collaborators. The author actively par-
ticipated in the subsequent interpretation of the results and discussions with
the spokesperson of the project.

The decision to participate in the HELIOS experiment was motivated on
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time for the other part of this project, fission studies with solenoidal spectrom-
eters, was scheduled later than planned. This opened the possibility to not only
participate in the HELIOS experiment, but also to work on the data analysis
resulting from it.

Fission studies with solenoidal spectrometers, originally thought to be the
entire focus of this project, were performed within the IS739 experiment at
ISOLDE, CERN, using the ISOLDE Solenoidal Spectrometer (ISS) with a num-
ber of new detectors developed within this project (Chapter 3). The author was
one of the spokespersons of the experiment. The design of the experiment was
a collaborative effort of the members of the Chalmers group. The author of this
thesis was one of two PhD students working on this project. She worked on
the design of the experiment from the early stages, the choice of detector types
and their configuration, the preparation of analysis tools, the writing of the
proposal, the mounting and testing the detectors. Moreover, the author worked
on testing digital data acquisition modules and the development of the data
acquisition system used in the IS739 experiment. After the experiment, the
author was responsible for the calibration of the ISS silicon array and worked
within the Chalmers group on extracting physics information, which is ongoing
as of the writing of this text.

The author of this thesis participated in several other experiments at ISOLDE,
CERN. The reason for participating in those experiments was twofold: to ob-
tain experience with the ISS and ISOLDE and, because members of the ISS
collaboration, are expected to help others with their experiment, enhancing
support during IS739. In particular the author participated in the following



experiments: IS659 — B-decay of °Li and ®He at IDS; 18677 — ''Be(d,p)?Be
reaction at ISS; IS710 — 2"Na(d,p)?®Na reaction at ISS; IS686 — spectroscopy
of 107:108,109Gy through (d,p) transfer reactions at ISS; IS587 — %8Ni(d,p)%Ni
at ISS; IS727 — 59Ca(d,p) at ISS; IS742 — 132Sn(d,p) at ISS. The author also
participated in a fusion-fission experiment at INFN Legnaro studying exotic
N = 50 nuclei via fusion-fission using the AGATA-PRISMA setup, and in an
experiment at Argonne National Laboratory investigating the d(*8Ca,t)*"Ca
and d(*8Ca,p)*?Ca reactions.
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Chapter 1

Introduction

Atomic nuclei are extremely small—on the order of 1072 to 1073 cm in
diameter—and can contain anywhere from a single proton to a few hundred
protons and neutrons. These nucleons give rise to a mean field potential and
interact primarily through the nuclear and Coulomb forces. As a result, the
nucleus is a highly complex many-body system, where the interplay between
nucleon-nucleon interactions and many-body dynamics gives rise to diverse be-
haviour (see e.g. [1-3]).

Understanding the structure of atomic nuclei is challenging. Despite more
than a century of study [4], no single theoretical framework has succeeded in
describing all known isotopes and their excitations across the entire nuclear
chart. The complex nature of the nucleon-nucleon interaction and the collective
behaviour of many interacting particles give rise to a wealth of phenomena [3],
including diverse nuclear shapes and the appearance of halo structures [5].

Nuclear physics seeks to explain these emergent many-body features and to
understand one of nature’s most fundamental systems—the atomic nucleus. It
aims to describe the underlying nuclear forces and determine how they shape
the properties of nuclei from the lightest to the heaviest elements. Achieving
this understanding is essential for explaining the wide range of observed nuclear
phenomena and how and why the manifestations of these phenomena change
from one nucleus to another. In turn, this knowledge is crucial for understand-
ing processes in the universe, such as the creation of elements, as well as for
applications, including energy production and medical utilisation [6].

To deepen our understanding of nuclei, experimental investigations are es-
sential. They typically aim to populate specific nuclear states and probe their
properties. A state can be populated using direct or compound nuclear reac-
tions or decay processes that bring the nucleus into an excited configuration of
interest. Note that this is not a complete list, e.g. electromagnetic processes
such as Coulomb excitations, can serve the same purpose. Ideally, the popula-
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tion is done selectively so that only the state of interest is populated and there
is no interference from other states.

Once populated, the state is probed by measuring observables such as excita-
tion energies, spins, parities, lifetimes, and transition strengths. It is important
to note that only a limited number of nuclear properties can be measured di-
rectly, and most of the quantities mentioned above are inferred from transitions
to and from the state. These measurements allow quantum numbers to be
assigned and key properties of the populated states to be determined. This
provides us with deep insights into nuclear forces and symmetries. For exam-
ple, the approximate isospin symmetry [7], the evolution of shell structure [8],
and pairing correlations [9] can be tested and quantified. Measurements provide
essential input for theoretical models.

There are many experimental approaches to study nuclei (see for exam-
ple Ref. [10] for a modern overview). These include scattering experiments,
which probe the internal structure of nuclei by observing how projectiles are
deflected; spectroscopy studies, which detect and characterise excited nuclear
states through the particles or radiation they emit; decay studies, which explore
how unstable nuclei transform spontaneously over time; and nuclear reaction
experiments, in which nuclei are formed through collisions between projectile
and target nuclei.

Nuclear reactions typically require sufficient kinetic energy to overcome the
Coulomb repulsion arising from their positive charge, although quantum tun-
nelling permits some processes to occur at sub-barrier energies. Above the
Coulomb barrier, a wide variety of reaction mechanisms can become accessible.
Among them is an important class — transfer reactions [11], in which a small
number of nucleons are transferred between the reactants during the interaction.
Transfer reactions can be divided into two groups: direct transfer reactions [12]
and compound nuclear reactions. For direct reactions, the transfer occurs in
a single, relatively fast step and involves only a limited number of degrees of
freedom. It is typically considered peripheral. Direct reactions differ from the
compound nuclear mechanism, where the projectile and target form a highly
excited intermediate system where the energy is distributed across the avail-
able internal degrees of freedom before one or several ejectiles are emitted in a
process known as fusion-evaporation.

Direct transfer reactions allow for the study of excited states in nuclei and
serve as sensitive probes of single-particle structure, pairing correlations, and
shell evolution. What makes them particularly valuable is their ability to pro-
vide information on the angular momentum transferred during the reaction,
which in turn helps to determine the spin and parity of the populated nuclear
levels. The angular distributions of the reaction ejectiles exhibit characteristic
shapes that depend on the transferred orbital angular momentum. This is il-
lustrated in Fig. 1.1, which shows theoretical angular distributions calculated
for different angular momentum transfers in a (d, p) reaction (neutron adding).

2



For more details, see Section 2.2.

Figure 1.1: Distorted-wave Born approximation (DWBA) [11] calculations of
differential cross sections for the 17O(d, p)'®*O neutron transfer reaction at a
170 beam energy of 10.12 MeV/u. The angular distributions are shown as a
function of the centre-of-mass angle for different orbital angular momentum
transfers /.

In heavier nuclei, where collective states and high level densities lead to
strong configuration mixing, transfer reactions may also populate so-called door-
way states [13]. These states serve as a gateway, allowing the redistribution
of excitation energy from single-particle-like configurations into more complex
compound-nucleus formation.

Traditionally, nuclear physics experiments have been performed using a light,
accelerated beam (typically protons, deuterons, and helium isotopes) impinging
on a stable, often heavier, targets. This method is therefore called normal kine-
matics and was a necessity, given the technical challenges associated with accel-
erating heavy ions in earlier periods of the field. The target material must also
be a stable or at least long-lived isotope for practical, safety, and production-
related reasons. However, of more than 3300 isotopes discovered to date, only
about 250 are stable, which significantly restricts the range of nuclei accessible
with conventional techniques. To break this limitation, experiments began to
employ inverse kinematics, in which a heavier ion, potentially radioactive, is
accelerated and directed onto a lighter target. This became possible only with

3
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the technical developments of accelerator and beam-production technologies,
which now allow the delivery of sufficiently intense and high-quality heavy-ion
beams. Inverse kinematics opens up a much wider variety of beam-target com-
binations than normal kinematics and enables studies of unstable nuclei far from
the valley of § stability [14].

1.1 Scope of the thesis

The work presented in this thesis addresses two fundamental questions in nu-
clear physics using a versatile experimental approach. First, a study of isospin
symmetry and its breaking [15], with an investigation whether the observed
symmetry breaking can be reproduced by theoretical calculations. Second, it
aims to deepen our understanding of fission of neutron-rich nuclei, which plays
an essential role in the formation of the heaviest elements in the universe [16—
18].

Although these two topics are very different in nature, they are connected by
the experimental approach—mneutron addition in solenoidal spectrometers [19]
in inverse kinematics—used to study them. The experimental method used is
sufficiently flexible to address both problems.

The original motivation was the study of fission barriers in neutron-rich
nuclei through the (d,pf) reaction with a solenoidal spectrometer. However,
experimental delays opened an opportunity to apply the same experimental ap-
proach to an investigation of isospin symmetry breaking through studies of the
mirror nuclei 180 and '8F, formed via 170(d, p)'®0 and "F(d, p)*®F reactions
in inverse kinematics. As a result, this thesis demonstrates how a single experi-
mental approach can address two different but fundamental problems in nuclear
physics: the origin of heavy elements in the universe and the nature of isospin
symmetry in atomic nuclei.

1.2 Transfer reactions in normal and inverse kine-
matics

Inverse kinematics enables the use of unstable ion beams for direct reaction
studies and therefore provides access to nuclear structure properties far from
stability. However, it also introduces kinematic effects that limit the achievable
experimental energy resolution. To understand the origin of these effects, it is
instructive to consider the kinematics of a transfer reaction in both inverse and
normal kinematics.

A diagram of a transfer reaction in the centre-of-mass (CM) and laboratory
frame is presented in Fig. 1.2. A heavy beam and a light target, with masses
me and m; respectively, interact to produce ejectiles of masses my (the light

4



Transfer reactions in normal and inverse kinematics

product) and mqy (the heavy recoil). The velocity of particle ¢ in the laboratory
frame is denoted as ;, and its velocity in the centre-of-mass frame is denoted
¥;. The corresponding scattering angles are written as 6,1 ; in the laboratory
frame and 6.y, ; in the centre-of-mass frame. This general description applies,
for example, to neutron-adding (d, p) reactions, where m; is the outgoing proton
and mso is the recoil nucleus.

In the centre-of-mass frame, transfer reactions in normal and inverse kine-
matics are indistinguishable. In the laboratory frame, however, the emission
angle of the light ejectile changes considerably in inverse kinematics. This is
illustrated in Fig. 1.3, which shows the relationship between the centre-of-mass
frame velocity, Uen,, the ejectile velocity in the laboratory frame u;, the ejectile
velocity in the centre-of-mass frame v;, and the corresponding scattering angles
elab,i and ecm,i-

Figure 1.2: A schematic representation of a two-body reaction in the centre-of-
mass and the laboratory frames in inverse kinematics. Definitions of symbols
are given in the text.
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Inverse kinematics Normal kinematics

Figure 1.3: Schematic illustration of the relationship between centre-of-mass
and laboratory quantities for normal and inverse kinematics.

The relationship between the velocity of a particle ¢ in the centre-of-mass
frame and its velocity in the laboratory frame is

U; = @; — Vem, (1.1)
where the centre-of-mass frame velocity, U, is given by

. Mg + Myt
T = 0 T 070 (1.2)
Mg + My

Since the target is stationary in the laboratory frame, 4, = 0, V¢, reduces
to

, Mg
VUem =

—ee 1.3
p—— (1.3)

In inverse kinematics, the projectile is the heavy nucleus, so the numerator
mai, in Eq. (1.3) is large, leading to a significantly larger ¢, than in normal
kinematics, where the light particle is the moving projectile.

Using Eq. (1.1), the centre-of-mass velocities of the projectile and the target
can be expressed as

- my .

= —— 1.4
Vq ma+mbua7 ( )
. me

S — 1.5
Ty e (1.5)

The initial kinetic energies in the centre-of-mass frame, 7™, and in the
laboratory frame, T}*P, are expressed as

1 1

e = imavi + §mbv2, (1.6)
lab 1 2

T, = 3 Mallq: (1.7)
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Using the centre-of-mass frame definition, m,v, + mpvp = 0, and Eq. (1.4),
TP can be written as

1 m 1 my mp
T™ = —mav2 (14— ) = smau? =T . 18
gMava ( + > g'Matla Mg + My Y omg +my (1.8)

The final kinetic energy in the centre-of-mass frame is

1 1
Tf™ = gmavt + gmavs = T + Q = By, (1.9)

where F, is the excitation energy of the residual nucleus and @ is the ground-
state Q-value® of the reaction given by

Q = [(ma +mp) — (M1 —ma)] 2. (1.10)

It is useful to determine the relationship between the velocity of the light
ejectile (proton) in the centre-of-mass frame and the centre-of-mass frame ve-
locity, Ve From the definition of the centre-of-mass frame

T = — L. (1.11)
ma

Inserting this into Eq. (1.9) gives

v = \/2m2 T+ Q= Fy) (1.12)

mq (m1 + mg)

Together with the centre-of-mass frame velocity that can be expressed as

a*a 2T1ab a
Maba _ v ™ (1.13)

va = =
Mg + My Mg + My ’

and their combination gives

v \/m2mb Ma 1 (1 + Q_EI) (1.14)

Uem m1Mmg m1 + ma ™

Equation (1.14) expresses the ratio of the ejectile velocity in the centre-of-
mass frame, v, to the centre-of-mass velocity, ven, and therefore characterises
the kinematics of a two-body transfer reaction. There are three different sce-
narios: (1) v1 = vem, (2) v1 > Vem, (3) v1 < Uem. The first case, v1 = Vem,
corresponds to elastic scattering, where the internal structure of the interacting

1Q-value of a decay or reaction is the total energy released during the decay or reaction,
representing the difference between the initial (parent) and final (daughter) atomic masses.
Note that reactions with a negative Q-value are only allowed if energy is provided.

7
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nuclei remains the same, and no excitations are induced, @ = E, = 0. The
second case, v1 > Ve, corresponds to nucleon-adding reactions, such as (d, p),
where the projectile transfers a nucleon to the target. Here, the mass factor in
Eq. (1.14), zfzs %, is greater than 1 because m; < my and m, ~ mo. The
third case, v1 < vem, corresponds to nucleon-removal reactions, such as (p, d).
Expanding on the (d,p) case, the kinetic energy of the proton, 77, can be

expressed as

1 .
T = 5ty - i

1 Lo Lo
=3m (¥ + Uem) * (U1 + Vem) (1.15)

1 2 1 2
= §m1v1 + §m1vcm + M1V1Vem €08 Oem 1

The measured energy of the proton is dependent on its emission angle and
the centre-of-mass frame velocity. In normal kinematics, ven, is close to zero,
and the last term of the above equation is almost negligible. This makes T}
less sensitive to the emission angle. However, in inverse kinematics vep, is sig-
nificantly larger than in normal kinematics. Thus, T becomes more dependent
on the emission angle. This is illustrated in Fig. 1.4, which shows the varia-
tion of the measured energy of the proton with 6., for different excited states
populated in the ?22Ac(d,p)?3°Ac reaction at a beam energy of 8 MeV /u.
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0 20 40 60 80 100 120 140 160 180
Oan, (°)

Figure 1.4: The light ejectile energy as a function of laboratory angle for differ-
ent excited states populated in the 229 Ac(d,p)?3° Ac reaction at a beam energy
of 8 MeV /u. Solid lines show calculations performed in inverse kinematics, while
dashed lines show calculations in normal kinematics.
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The derivative of Eq. (1.15) with respect to fiap,1 is

dnh miv1v sin 6, 1
— —M10U1Vcm,1 cm,1 .
d Oran,1 d Olab,1

(1.16)

The derivative is dependent on vem,1 as well. Therefore, for a detector
measuring the outgoing proton with an opening angle A, 1, the associated
measured energy spread is significantly larger in inverse kinematics than in
normal kinematics. This effect is known as kinematic shift and it affects the
experimental energy resolution in inverse kinematics.

The second kinematic effect in inverse kinematics is kinematic compression.
If we consider protons corresponding to two different excited states populated
in the recoil of energy E, o and E; 1, respectively, the difference in the ejectile
energy, ATy, is

m
ATl = 2 (Ex,O - Ex,l)

mi + me

oy [Ma mame 1T 1.17
mp (Mmq + my)(mq + ms) (1L.17)

X (\/Ticm +Q—-FE;1 — \/Ticm +Q — ELo) €0s O, 1-
This can be expressed as

AT, =A+B %cosﬁcm,l. (1.18)
mp

The factor , /’TZ: is large in inverse kinematics and small in normal kine-

matics. Because of this, AT} has a stronger dependence on ., ; in inverse
kinematics, and the states are more compressed, especially at forward angles
(small O, 1).

10
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No kinematic effects Kinematic shift

|

Kinematic compression Kinematic shift and kinematic compression

Figure 1.5: Schematic illustration of kinematic shift and kinematic compression
in the excitation energy spectrum of protons calculated based on their measured
kinetic energy in a (d,p) reaction in inverse kinematics.

In inverse kinematics, both kinematic shift and kinematic compression sig-
nificantly limit the energy resolution of the measured ejectile, with the latter
providing the dominant contribution. Figure 1.5 illustrates how these kinematic
effects limit the achievable energy resolution in a (d, p) reaction in inverse kine-
matics. By using a solenoidal spectrometer, it is possible to mitigate these
effects, in particular the kinematic compression.

1.3 The solenoidal spectrometer concept

In a solenoidal spectrometer [19] the reaction takes place inside a large-bore
superconducting solenoid that provides a strong, uniform magnetic field along
the beam axis. The beam is directed onto a thin target located in the centre of
the magnet along the magnet’s symmetry axis. The reaction products are then
separated according to their mass-to-charge ratios, thanks to circular motion
due to any transverse velocity.

Protons emitted in a (d,p) reaction thus follow helical trajectories in the
magnetic field and return to the beam axis after T;y. (one cyclotron period),
where they are detected by an array of position-sensitive silicon detectors that is
hollow to allow the beam to pass through it. A schematic layout of a solenoidal
spectrometer is shown in Fig. 1.6.

For a given excitation energy of the populated recoil, the kinetic energy in
the laboratory frame of the ejectile proton, 77, depends linearly on the distance
from the target, z:

11
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Figure 1.6: Schematic layout of a solenoidal spectrometer — HELIOS. The beam
enters the superconducting large-bore solenoid magnet (92.5 cm diameter), trav-
els through a hollow silicon array up to a target (CDs), where the (d,p) reaction
can occur. Ejectile protons emitted in the reaction are detected in the silicon
array positioned upstream of the target, whereas the recoils are detected in the
downstream recoil detector. Figure from Ref. [20].

1
T = ;q —my + afz. (1.19)

Note that, in contrast to previous expressions derived classically, this expression
is obtained from a relativistic treatment, where v denotes the relativistic Lorentz
factor.

In contrast to Eq. (1.15), where the ejectile energy depends linearly on
cos 0., and, therefore, non-linearly on 6., leading to kinematic shift and kine-
matic compression, the solenoidal geometry provides a linear relationship be-
tween T and z for a fixed excitation energy. The use of a solenoidal spectrom-
eter thus mitigates these kinematic distortions. A detailed derivation of the
above expression and definitions of the «, §, and ¢ symbols can be found in
[21].

An illustration of this relationship is shown in Fig. 1.7, which presents cal-
culated examples for the 222 Ac(d,p)?3° Ac reaction at a beam energy of 8 MeV /u
in a magnetic field of 2.5 T. The upper panel shows the relationship assuming
an on-axis ejectile detector of zero radius. In reality, however, the finite radius
of the hollow silicon array causes protons to be detected slightly before com-
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The solenoidal spectrometer concept

pleting a full orbit, which leads to the characteristic low-energy end-point shape
observed in the lower panel.

By measuring both the proton kinetic energy 77 and its axial hit-position z,
it is possible to reconstruct the excitation energy and the emission angle of the
residual nucleus in the centre-of-mass frame using the following expressions:

By = —moy + \/Mg +m2 — 2YM,(E — afz), and (1.20)
co8lem1 = VES — az) (1.21)
T VA(E - afz)?

where E = T} + m; is the total energy of the detected proton.
Moreover, by measuring the cyclotron period of the particle, it is possible to

identify different particle species according to their mass-to-charge (%) ratio,

2 m
cB 7’
where B is the magnetic field strength and c is the speed of light.

The heavy recoil nucleus, in contrast to the light ejectile, continues primarily
in the forward direction and is only weakly deflected in the magnetic field due
to its larger mass. Importantly, in experiments of this kind, the beam energy is
nearly constant while states of different excitation energies are populated. This
allows to study a whole range of excitation energies within a single measurement.
A full derivation of the kinematics of the transfer reaction in the solenoidal field
is provided in [21].

From the angular distributions of the emitted protons, the orbital angu-
lar momentum transferred in the reaction can be determined, as discussed in
Section 2.2.

The solenoidal spectrometer method is particularly well suited for study-
ing the (d,p) reaction by detecting protons emitted in the backward direc-
tion in the laboratory frame. Due to the reaction kinematics, with the light
target essentially all other ejectiles are forward-focused [22]. By focusing on
backward-emitted protons, the background from unwanted reaction channels is
significantly reduced.

There are currently three solenoidal spectrometers suited for this kind of
experiments: the HELIcal Orbit Spectrometer (HELIOS) at Argonne National
Laboratory (ANL) [19], the SOLenoid spectrometer Apparatus for ReactIon
Studies (SOLARIS) [23] at FRIB, and the ISOLDE Solenoidal Spectrometer
(ISS) [24] at CERN. The designs of ISS and SOLARIS were inspired by HELIOS,
shown in Fig. 1.6, and therefore share similar layouts.

Although originally designed for nuclear structure studies, the solenoidal
spectrometer technique can also be applied to transfer-induced fission measure-
ments [25]. The combination of high efficiency, good resolution, and the capa-

Tcyc = (122)
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bility to measure multiple reaction products in coincidence makes it a powerful
and versatile tool. This allows not only for spectroscopy of nuclear states but
also for investigation of more complex processes like fission, where correlations
between emitted particles carry important information. The ability of such
a spectrometer to address both nuclear structure and transfer-induced fission
studies is demonstrated in this thesis, where the same experimental approach
is applied to investigate isospin symmetry (see Chapter 2) and transfer-induced
fission (see Chapter 3).
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Figure 1.7: Kinetic energy T; of the proton as a function of the axial dis-
tance z of its detection from the target for several excitation energies in the
229 Ac(d,p)*3° Ac reaction at a beam energy of 8 MeV /u and a magnetic field of
2.5 T (a) assuming an infinitely small detector, and (b) for an on-axis ejectile
detector with a radius of 25 mm.

15



Introduction

16



Chapter 2

Transfer across an isobaric
multiplet:
(d,p) on F and 7O

This chapter presents the analysis of data from an experiment studying the
1F(d,p)*®F and 70(d,p)'®0O reactions, performed at Argonne National Lab-
oratory, using the HELIOS setup. The chapter begins with an introduction
to the concept of isospin, isobaric multiplets, and isobaric analogue states in
Section 2.1, followed by discussion of mechanisms that break the isospin sym-
metry. A theoretical framework is then outlined in in Section 2.2, including
a simplified description of the nuclear shell model, nuclear potentials, optical
model approaches, and the distorted-wave Born approximation (DWBA).

The motivation for studying '®F and 20 is subsequently presented in Sec-
tion 2.3, highlighting their suitability for investigating isospin symmetry and
its breaking, together with a summary of the known experimental properties of
these nuclei. The experimental approach is described in Section 2.4, including
an overview of the ATLAS accelerator, the HELIOS setup, and the detector
systems used in the measurement.

The data analysis procedure is described in Section 2.5, presenting the steps
taken to extract the excitation energies and the angular distributions for states
populated in '8F and 80 via the (d, p) reactions. These angular distributions
are used to extract spectroscopic factors, with the corresponding DWBA cal-
culations presented. The chapter concludes with a discussion of the results
(Section 2.6) and an outlook (Section 2.7).
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Transfer across an isobaric multiplet:
(d,p) on 1"F and 17O

2.1 Studying mirror nuclei

Isospin is an approximate symmetry that treats protons and neutrons as two
states of the same particle—the nucleon. Both consist of up (u) and down (d)
quarks: a proton contains two up and one down valence quarks (uud), while a
neutron contains one up and two down valence quarks (udd). The up and down
quarks differ slightly in mass, and exchanging one for the other (converting a
proton into a neutron or vice versa) changes the nucleon’s mass only marginally
compared to its total mass.

However, the up and down quarks carry different electric charges—+2/3 e for
the up quark and —1/3 e for the down quark—resulting in total charges of +1e
for the proton and 0 for the neutron. Consequently, although the strong nuclear
interaction acts similarly on both states, their electromagnetic interactions differ
because of the Coulomb force. Their weak interactions also differ, since the weak
force couples differently to up and down quarks.

While the strong nuclear force dominates nucleon-nucleon interactions, it
is not identical for proton-proton, neutron-neutron, and neutron-proton pairs.
Small differences arise from charge-symmetry breaking (the fact that the proton-
proton and neutron-neutron interactions are not identical) and charge-indepen-
dence breaking (the average proton-proton and neutron-neutron interactions
differ slightly from the neutron-proton interaction). Nevertheless, these differ-
ences are small compared to the overall strength of the strong nuclear force.
As a result, when the Coulomb force is neglected, protons and neutrons be-
have similarly under the nuclear interaction and they can be treated, to a good
approximation, as two isospin projections of a single particle—the nucleon.

In this framework, both the proton and the neutron share the same isospin
quantum number 7" and are distinguished only by their isospin projection T,
with T, = —% for the proton and 7., = +% for the neutron (this conven-
tion follows that of Ref. [15] and is used throughout this text). For a system
containing both protons and neutrons, the total isospin projection is given as
T. = (N — Z)/2, where N is the number of neutrons and Z is the number of
protons.

Because the nuclear interaction is approximately charge independent, nuclei
with the same mass number A but different numbers of protons and neutrons—
known as isobars—can exhibit states characterised by the same isospin T'. Such
related nuclei form an isobaric multiplet, and states across a multiplet that share
the same isospin quantum number are called isobaric analogue states (IAS). Al-
though isospin is not an exact quantum number, it provides a useful framework
for organising and interpreting nuclear structure and reactions. Deviations from
exact isospin symmetry, arising from the Coulomb interaction and small charge-
dependent components of the nuclear force, offer important information about
the nature of the nuclear interactions.

The TAS have nearly identical wave functions (except for the Coulomb in-
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teraction) and therefore exhibit similar excitation energies and decay proper-
ties. The study of TAS provides a powerful probe of isospin symmetry and
its breaking, especially in nuclei near the N = Z line. Energy differences be-
tween analogue states arise primarily from isospin non-conserving forces, such
as the Coulomb interaction between protons. By examining Coulomb energy
differences (CED) between members of an isobaric multiplet, one can study the
degree of isospin breaking in nuclei.

To illustrate this, consider a neutron and a proton in a nuclear mean field.
The neutron experiences only the attractive nuclear force and occupies a deeply
bound potential well. The proton, however, feels both the attractive nuclear
potential and the repulsive Coulomb potential from other protons in the nu-
cleus. This Coulomb repulsion raises the energy of proton single-particle states,
making them less tightly bound than the corresponding neutron states in the
same orbitals. These shifts in binding energy give rise to the observed CED
between states in an isobaric multiplet, which differ only by the exchange of a
proton and a neutron in the same orbital.

Consequently, IAS in a pair of mirror nuclei M; and Ms appear at slightly
different excitation energies. The CED for a given isobaric analogue state i at
excitation energy E, ; is defined as:

CED; = Ey (M) — Eyi(Ma). (2.1)

At the same time, the Coulomb interaction changes the total binding energy
of a nucleus when a neutron is replaced by a proton. The Coulomb displacement
energy (CDE), defined as the energy required to replace a neutron with a proton
in TAS (aside from the neutron-proton mass difference), corresponds to the mass
difference between the higher-Z and the lower-Z members of an analogue pair.
Thus, while the CED describes the energy differences between specific analogue
states within a multiplet, the CDE reflects the overall energy shift between
mirror nuclei.

However, theoretical CDE calculations that include only Coulomb effects
systematically underestimate the experimental values. This discrepancy is known
as the Nolen-Schiffer anomaly [26]. Tt reflects additional charge-dependent com-
ponents of the nuclear force, such as charge-symmetry breaking and charge-
independence breaking.

Another important aspect is the investigation of the effects of weak bind-
ing. In weakly bound states (for excited states at excitation energies close to
or above the neutron or proton separation energy), the observed CEDs often
significantly exceed those of deeply bound states (i.e., states well below the
particle separation threshold). This can be illustrated as follows. When both
the proton and the neutron states are deeply bound, their wave functions are
mostly confined inside the nucleus, and the Coulomb force shifts all proton lev-
els upward relative to neutron levels. However, for weakly bound states near
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the particle-emission threshold, the wave function can extend far outside the
nucleus into the continuum, meaning that the nucleon spends more time out-
side the nuclear core. The nucleon also experiences a centrifugal barrier arising
from its orbital motion:

R20(0+1)

V::en =
‘ 2ur?

, (2:2)
where & is the reduced Planck’s constant, ¢ is the orbital angular momentum
quantum number, p is the reduced mass, and r is the distance from the centre
of the nucleus. For s-wave states (¢ = 0), the centrifugal barrier vanishes, allow-
ing the particle to “leak out” more easily. Consequently, the average Coulomb
repulsion experienced by a weakly bound proton is actually smaller than ex-
pected, as it spends less time in the region with high-charge density of the
nucleus. This lowers its energy relative to what would be predicted by a simple
Coulomb shift. This effect is known as the Thomas-Ehrman shift [27, 28] and
leads to enhanced energy shifts between analogue states involving weakly bound
or unbound single-particle configurations.

TAS and mirror nuclei also play an important role in nuclear astrophysics.
Thanks to the symmetry in their structure, one can infer the single-particle
properties of an unbound state in a neutron-deficient nucleus from those of a
bound state in its isobaric mirror. These more stable isobaric mirrors are often
experimentally more easily accessible and can therefore be used to accurately
determine the strengths of resonances [29]. Reactions involving such mirror
states are key to understanding nucleosynthesis processes, such as the rapid
proton-capture (rp) process in explosive stellar environments [30].

2.2 Single-particle structure of atomic nuclei

Describing atomic nuclei from first principles is extremely difficult. To address
this challenge, the shell model was introduced. It aims to reproduce the wide
range of phenomena observed experimentally across the nuclear chart while rely-
ing on relatively simple assumptions. In particular, the shell model successfully
explains the existence of the magic numbers’.

Within the shell model framework, nucleons move independently in a com-
mon mean-field potential, which effectively replaces the individual two-body
interactions between nucleons. The nuclear potential describing this motion re-
flects the attractive nature of the strong nuclear force. Simple approximations
of this potential include the square well and the harmonic oscillator potentials.
While these models are easy to use, they fail to reproduce the observed magic
numbers. In contrast, the Woods-Saxon potential with an additional spin-orbit

1Magic numbers (2, 8, 20, 28, 50, 82, 126) are specific numbers of protons or neutrons in
nuclei that lead to exceptionally stable configurations.
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coupling term successfully accounts for them. The spin-orbit coupling term
arises from the coupling of the orbital angular momentum, ¢, and the spin of
the nucleus, s. Examples of mean-field potentials are shown in Fig. 2.1.

Figure 2.1: Square well, harmonic oscillator, and Woods-Saxon potentials plot-
ted as a function of distance to the centre of the nucleus (r). R and Uy represent
the nuclear radius and the potential well depth, respectively.

Nucleons moving in this mean-field potential occupy discrete single-particle
states, commonly referred to as orbitals. Each orbital is characterised by a spe-
cific set of quantum numbers that arise from solving the Schrédinger equation
in the chosen potential. Due to the Pauli exclusion principle, each orbital can
be occupied by only a limited number of nucleons.

A shell consists of a group of orbitals that are close in energy and separated
from other such groups by large energy gaps. As nucleons fill successive orbitals,
large energy gaps appear after certain numbers of nucleons that have been
accommodated. These numbers correspond to the magic numbers. When all
orbitals in a shell are completely filled, the shell is said to be closed, and the
resulting nucleus exhibits enhanced stability compared to nuclei with shells that
are only partially filled. This description, the so-called independent particle
model (IPM), is necessarily simplified and does not account for effects such
as residual nucleon-nucleon interactions, pairing correlations, and configuration
mixing. A more detailed discussion of the nuclear shell model can be found, for
example, in Ref. [1].

A schematic representation of the single-particle energy levels and the result-
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ing shell structure predicted with a harmonic oscillator potential, Woods-Saxon
potential, and Woods-Saxon including spin-orbit coupling is shown in Fig. 2.2.

The shell model provides a framework for a basic understanding the arrange-
ment of nucleons in orbitals. However, it is a simplified model, and experimental
data are needed to refine its predictions. To probe the structure of nuclei ex-
perimentally, direct reactions are particularly powerful. In these reactions, the
projectile interacts with the target nucleus in a single-step, allowing for the
selective study of specific nuclear degrees of freedom. Single nucleon transfer
reactions, such as the neutron adding (d, p) reaction, are especially valuable. In
this reaction, a neutron is transferred from the deuteron to the target nucleus.
The final state can be described as the original core plus one neutron. Because
only a single nucleon is added, the final state is relatively simple to describe
theoretically, and the measured cross section is directly related to the degree of
overlap between the initial and final nuclear states.

The transferred neutron can occupy different single-particle orbitals in the
residual nucleus. The orbital angular momentum £ of the transferred neutron
determines which orbital is populated. Conservation of angular momentum links
the angular momentum of the emitted proton to the orbital angular momentum
of the transferred neutron. By measuring the angular distribution of protons in
the (d, p) reaction, it is possible to determine the angular momentum transfer
¢ in the reaction and identify which orbital has been populated in the residual
nucleus. Each /-transfer produces a characteristic angular distribution, reflect-
ing the spatial structure of the corresponding neutron wave function, which can
be used to assign the quantum numbers of the populated single-particle state.
An example of calculated angular distributions for different angular momentum
transfers is shown in Fig. 2.3.

Interpretation of the measured angular distributions in (d,p) reactions re-
quires a theoretical framework to account for the interaction between the in-
coming deuteron, the target nucleus, and the outgoing proton. This description
is provided by optical model potentials, which represent an effective interaction
between the projectile and the target in the the incoming channel, and between
the ejectile and the recoiling nucleus in the outgoing channel. Optical potentials
typically use simple, parametrised forms such as the Woods-Saxon potential and
its derivatives, often including a spin-orbit term and a Coulomb potential for
charged particles. The parameters of these potentials are fitted to experimen-
tal scattering data and reflect the average interaction of the projectile with all
nucleons in the target.

Optical models and DWBA

Optical potentials usually include a real part, which describes elastic scattering,
and an imaginary part, which accounts for absorption into non-elastic channels.
Elastic scattering can be treated as the leading order contribution in the plane-
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Figure 2.2: Diagram of the orbitals in the shell model predicted with the har-
monic oscillator potential, Woods-Saxon potential, and Woods-Saxon potential

including the spin-orbit coupling. Magic numbers are shown in the circles.
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Figure 2.3: Distorted-wave Born approximation (DWBA) calculations of dif-
ferential cross sections for the 7O(d, p)'8O neutron transfer reaction at a 17O
beam energy of 10.12 MeV /u. The angular distributions are shown as a function
of the centre-of-mass angle for different orbital angular momentum transfers £.
The upper panel presents the results on a linear scale, while the lower panel
uses a logarithmic scale on the y-axis.
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wave Born approximation (PWBA), in which the projectile and ejectile are
described by plane waves. However, this approximation neglects the distortions
of the wave functions caused by the interaction with the target and recoil nu-
cleus. These distortions are included by replacing plane waves with distorted
waves, giving rise to the distorted-wave Born approximation (DWBA).

DWBA provides a practical and widely used method for calculating the
probability amplitude of single-neutron transfer reactions, such as (d,p). In
this approach, the incoming deuteron and outgoing proton are represented as
distorted waves generated from the optical potentials, while the transferred
neutron is treated as a perturbation. The resulting transition amplitudes de-
pend explicitly on the quantum numbers of the orbitals involved, particularly
the orbital angular momentum /¢, linking measured angular distributions to the
single-particle structure of the residual nucleus. Many DWBA codes exist, in-
cluding the PTOLEMY reaction code [31] used in the present work.

Spectroscopic factors

Spectroscopic factors quantify the single-particle character of nuclear states pop-
ulated in nucleon transfer reactions. In a transfer reaction, a nucleon is added or
removed from the target nucleus, leading to the formation of final states in the
residual nucleus. Final states that can be well described as a simple configura-
tion of the target nucleus with a single nucleus added or removed from that core
in the independent-particle model (IPM) are expected to be strongly populated.
Other states, which do not have a single-particle structure, such as collective ex-
citations or configurations involving strong correlations among several nucleons,
are generally populated with lower probability in transfer reactions.

The spectroscopic factor is defined as a ratio between the experimental cross
section of the populated final state and the theoretical cross section expected
for a pure single-particle configuration. In practical terms, the theoretical dif-
ferential cross sections are calculated within the DWBA approximation, which
assumes that the transferred nucleon occupies a well-defined orbital in the IPM
and that there are no correlations between nucleons in the nucleus. DWBA
calculations provide reference cross sections corresponding to a fully occupied
single-particle state.

In real nuclei, residual interactions between nucleons lead to configuration
mixing and correlations that produce more complex wave functions. As a re-
sult, the single-particle strength associated with a given orbital is fragmented
over several nuclear states. Consequently, spectroscopic factors extracted from
experimental data are generally less than one.
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2.3 Single-neutron transfer in the A = 18 iso-
baric multiplet

Motivated by the considerations listed in the previous sections, an experiment
was performed to investigate the single-particle structure within the A = 18 iso-
baric triplet using neutron transfer reactions. States in '®F and 2O were pop-
ulated through the "F(d,p)'®F and 7O(d,p)'®0 reactions, respectively, both
carried out in inverse kinematics. The nuclei 18F and O have the same mass
number (A = 18) and, under exact isospin symmetry, their 7" = 1 configurations
would be identical. Figure 2.4 shows a portion of the nuclear chart around the
1BF and 80 region.

Figure 2.4: Portion of the nuclear chart around the '8F and 0 region. Half-
lives are indicated for each isotope. Data from [32].

To probe this structure, the (d,p) reaction was chosen. In this reaction,
performed in inverse kinematics, a neutron is transferred from the deuteron
target to the projectile nucleus, forming a residual nucleus with one additional
nucleon. The proton is ejected from the deuteron, and by measuring its energy
and position, as described in Section 1.3, information can be obtained about
the single-particle states populated in the reaction. The proton energies pro-
vide information on the excitation energies of the populated states, while their
angular distributions allow for the extraction of the transferred angular mo-
mentum. From this, spectroscopic factors can be derived, which quantify the
single-particle structure of the populated states.

Alternative approaches to studying TAS include charge-exchange reactions,
such as (p,n) or (3He,t), and S-decay measurements. However, these methods
are generally less selective for individual single-particle states or, as in the case
of B-decay, are constrained by selection rules and limited by decay @-values,
which restrict access to many states of interest.
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The (d, p) reaction, by contrast, offers a direct and sensitive probe of single-
particle configurations through neutron transfer. It enables the population of
specific nuclear states, allows for extraction of spectroscopic factors, and can be
applied in inverse kinematics to short-lived radioactive beams such as “F.

Some basic information about the studied final nuclei is summarised in Ta-
ble 2.1. In '%0, only T = 1 states are populated, while in '®F, population
of both T'= 0 and T = 1 is possible. The T = 1 states in these two nuclei
are isobaric analogue states and, assuming perfect isospin symmetry, should
be identical. Studying both systems under the same experimental conditions
enables a direct comparison of analogue states in '*0 and ®F.

Figure 2.5 shows low-lying positive-parity states in *®F and 0. IAS with
T = 1 are connected by a dashed line. The CED for states above 5 MeV in
180 and their IAS in '8F are significantly larger than that for the states below
5 MeV.

Nucleus | Z | N | T, = (N — Z)/2 | Populated states Sp
BE [ 9|9 0 T=01 5.6 MoV
0 8 | 10 +1 T=1 15.9 MeV

Table 2.1: Basic properties of the final nuclei studied in the (d,p) transfer
reactions. S, denotes the proton separation energy. Data taken from [32].

As shown in the table, exchanging a proton for a neutron results in a sig-
nificant change in the proton separation energy, from S, = 5.6 MeV in ®F to
S, = 15.9 MeV in '80O. The chosen beam energies (see Section 2.4.2 for more
details) were selected to populate states up to excitation energies approaching
and beyond the proton separation threshold S, in '®F, while the corresponding
analogue states in 80 remain deeply bound.

This approach allows for the investigation of weak-binding effects on the
single-particle structure of isobaric analogue states. These effects are probed
through the analysis of spectroscopic factors extracted for states in both ¥F
and '80. As discussed earlier, weak binding near or above the particle-emission
threshold can significantly modify the low-£ (especially s-wave, ¢ = 0) orbitals.
Because the s-wave experiences no centrifugal barrier, its wavefunction extends
further outside the nucleus when weakly bound. This extension reduces the
overlap between the single-particle wave function and the core wave function,
leading to a smaller spectroscopic factor.

Comparing spectroscopic factors for analogue states in 8F and 30 allows
to investigate whether weak binding modifies the single-particle character of
IAS, particularly for s-wave or states with a s-wave component.

The final nuclei, '¥F and '®0, can be viewed as systems consisting of a pair
of nucleons outside of the doubly-magic 10 core. This simple structure makes
them suitable candidates for comparison with shell-model calculations, allowing

27



Transfer across an isobaric multiplet:
(d,p) on 1"F and 17O

Figure 2.5: Positive-parity states in *F and '#0. IAS with 7' = 1 are connected
by a dashed line. Data taken from [32].

for detailed tests of nuclear structure models.

2.3.1 What do we know about 0 and '8F?

The 17O(d, p)*®0 has previously been studied in normal kinematics in the 1960s
[33-36]. This is because 17O is a stable isotope, making it possible to fabricate
a target?, and the final nucleus '®0, which lies only two nucleons beyond the
doubly-magic 0 core, is of particular theoretical interest for nuclear struc-
ture studies. Table 2.2 summarises the known levels in 8O populated via the
170(d, p)*®0O reaction. The spin and parity (J™), angular momentum trans-
ferred in the reaction (¢), and spectroscopic factors (SF) are indicated for each
state where available.

2The referenced experiments used nickel oxide targets [34] and tungsten oxide targets [33,
35] enriched in oxygen.
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E (level) (MeV) J7 l SF

0.000 0F 2 1.22

1.982 2t 0+2 0.21+0.83
3.552 4+ 2 1.57

3.630 ot 2 0.28

3.920 2t 0+2 0.35+0.66
4.460 1~ 1 0.03

5.100 3” 3 0.03

5.255 2+ 0 0.35

5.340 0+ 2 0.16

5.375 3t 0 1.01

6.200 1~ 1 0.03

6.350 (27) 1 0.03 — 0.04
7.100 4t 2

7.855

7.962

9.000 4+

Table 2.2: Energy levels in 180 populated via the 17O(d, p)'®O reaction. Spin
and parity (J7™), transferred angular momentum ¢, and spectroscopic factors
(SF) are indicated where available. Data from [37, 38].

On the other hand, the energy levels in '3F are generally known, but not
through the "F(d, p)!®F reaction. Since !“F is an unstable isotope, this reaction
could not be studied in normal kinematics. The work presented in this thesis
investigates this reaction for the first time.

Earlier studies have examined the 1"O(3He, d)'®F reaction in normal kine-
matics, in which a proton from the *He beam is transferred to 7O [39, 40].
In this reaction, only the states listed in Table 2.3 for which the transferred
angular momentum and spectroscopic factors are indicated were observed. The
other states, known from different reactions, were not populated in this reac-
tion. For the observed states, the angular momentum transfer corresponds to
the single-particle orbital of the added proton, which is effectively the same
as in the "F(d,p)!®F reaction. This makes the spin-parity assignments and
spectroscopic information directly comparable for these states.
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E (level) . E (level)

(MeV) JT 4 SF (MeV) J ? SF
0.000 1t 4.963 2 0+2 0.17 +0.51
0.937 3t 042 0.102+ 0306  5.298 4t 2 0.02
1.042 ot 2 0.96 5.502 3()

1.081 0~ 5.603 1t 2 0.12
1.121 5t 2 0.89 5.605 1~

1.701 1t 2 0.035 5.673 1~ 143 0.006 4+ 0.014
2.101 2= 143 0.01+004 5.786 2 143 f
2.523 2t 0+2 0014 +0.011  6.096 4-

3.062 2t 042 0.21 + 0.62 6.108 (1t)

3.134 1= 143 0.007+0.039 6.136 ot

3.358 3t 0 0.014 6.163 3+

3.724 1t 6.240 3~

3.791 3~ 6.242 3~

3.839 2+ 6.262 1t

4.116 3t 0+2 0.17 + 0.68 6.283 2+

4.226 2= 143 0.012+ 0018  6.310 3+

4.360 1t 2 0.074 6.385 2t

4.398 4= 143 0.022+ 0015  6.485 3t

4.652 4t 2 1.04 6.567 5t

4.753 ot 2 0.18 6.633 1

4.848 5~ 6.644 2~

4.860 1- 3 0.078 6.647 1~

T Upper limit of spectroscopic factor: < 0.002 + < 0.004.

Table 2.3: Energy levels in '®F. Only states for which transferred angular mo-
mentum £ and spectroscopic factors (SF) were populated in the 1"O(*He, d)**F
reaction. Spin and parity (J™), transferred angular momentum ¢, and spectro-
scopic factors (SF) are indicated where available. Data from [32, 40].

2.3.2 Shell-model calculations

The extracted spectroscopic factors are compared with those predicted using
shell-model calculations. Shell model calculations were obtained from Ref. [41].
These calculations were performed using the NuShellX@MSU code [42], a widely
used shell-model framework for describing nuclear structure within a restricted
valence space. In these calculations, the nucleus is treated as a 10 core with
valence nucleons occupying the 0 ds/2,1 81,2, and 0 d3 /o single-particle orbitals.

The calculations were carried out in the full sd-shell space using the USDI
interaction, which includes isospin-breaking terms derived from ab initio theory
[43]. Shell-model spectroscopic factors were computed as overlaps between the
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initial and final shell-model wave functions corresponding to one-nucleon trans-
fer, providing a theoretical estimate of the likelihood of populating specific final
states in transfer reactions.

For comparison, the FSU interaction was also employed. This interaction
allows for 1p—1h cross-shell excitations and includes configurations spanning
the s-p-sd-fp shells, thereby accounting for intruder configurations beyond the
conventional sd-shell. Further details on the FSU interaction can be found in
Refs. [44, 45].
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2.4 Experiment

This section presents the experimental approach employed to investigate the
single-particle structure within the A = 18 isobaric triplet using the 1"F(d, p)!8F
and 170(d, p)'®0 reactions. The reactions were studied in inverse kinematics,
meaning that a heavy beam was used in combination with a light target, con-
trary to the conventional approach. This choice is motivated by the fact that
I7F is a radioactive isotope with a 64.4 s half-life, and it is not possible to create
a target lasting for the duration of the experiment out of it.

The measurement was carried out at the Argonne Tandem Linac Accelerator
System (ATLAS) at Argonne National Laboratory. In this section, an overview
of the ATLAS facility and beam production is first presented, followed by a
description of the experimental setup and procedures.

2.4.1 ATLAS

ATLAS is a superconducting linear accelerator for heavy ions that provides
beams with energies of up to approximately 18 MeV /u. A schematic layout of
the facility is shown in Fig. 2.6. ATLAS delivers both stable and radioactive
ion beams.

The stable ion beams originate in Electron Cyclotron Resonance (ECR) ion
sources [46]. First, neutral atoms of the material from which the beam is to
be produced are fed into the source. A plasma is formed from a gas (or from
a material that has been volatilised into a gas or vapour) that fills the plasma
chamber. The plasma is confined by a combination of axial solenoidal coils and a
radial hexapole magnet, which together generate a magnetic field configuration
that traps charged particles. The magnetic field is weakest at the centre of the
chamber and strongest near the walls. The high magnetic fields surrounding
the volume of the plasma prevent the escape of both electrons and ions.

Microwaves are injected into the chamber at a frequency that matches the
electron cyclotron frequency in the magnetic field, allowing electrons to absorb
the microwave energy resonantly. The heated electrons ionise the gas through
collisions with atoms, stripping them of their electrons. The ECR plasma traps
the ions long enough (several milliseconds) for multiple collisions with the en-
ergetic electrons to occur, which, in turn, leads to the production of ions with
high charge states (i.e. with several electrons removed).

Currently, there are two ECR ion sources at ATLAS — ECR2 and ECR3 [47,
48]. In this experiment, the ECR3 source was used.
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Once the desired charge state population is reached, the ions are extracted
from the ECR through an aperture at the end of the source and injected into
the subsequent acceleration stages. For the experiment presented in this thesis,
a 17O primary beam at charge state 6+ was used. The extracted beam is first
magnetically analysed and then bunched. It is subsequently passed through a
higher-resolution magnetic analyser. A beam chopper then removes unbunched
ions, and a second buncher rebunches the beam to maintain high beam quality
[50]. The primary beam has a fixed time structure of one pulse every ~82.47 ns,
corresponding to a frequency of 12.125 MHz. These pulses are typically less
than 1 ns in width (on the order of a few hundred picoseconds). The beam is
then injected into the linear accelerator system, which consists of several main
sections: the Positive Ion Injector (PII) linear accelerator (linac), the Booster
linac, and the ATLAS linac.

The PII begins with a normal-conducting radio-frequency quadrupole (RFQ)
that bunches and accelerates the continuous beam from the ECR source. Down-
stream from the RFQ, the superconducting PII linac further accelerates the
ions and injects them into the superconducting Booster and ATLAS linac sec-
tions. Together, these linacs form a single accelerating structure that has been
expanded over time. The linacs comprise arrays of radio-frequency (RF) accel-
erating resonators alternating with focusing solenoids, which together increase
the beam energy and maintain beam focus.

There are two techniques for producing radioactive beams at ATLAS: the
in-flight method, used in the presented work, and the nuCARIBU approach.

The nuCARIBU facility [51] is an upgrade of the Californium Rare Isotope
Breeder Upgrade (CARIBU). Its goal is to provide beams of neutron-rich iso-
topes far from stability. nuCARIBU uses neutron-induced fission on an actinide
foil via a neutron generator. In this setup, neutrons are produced by a 6 MeV
proton beam from a compact cyclotron that accelerates H™ ions and strips them
to protons using carbon foils. These protons strike a 7Li target to produce neu-
trons, which are moderated to thermal energies and directed onto an actinide
foil, such as 23°U, to induce fission.

The fission fragments are slowed down by passing through ultra-high purity
helium gas inside a gas-catcher. They are then extracted into the beam line and
mass-separated to select the desired components. If the beam is to be further
accelerated, its charge state is increased using an Electron Beam Ion Source
(EBIS) [52] coupled to nuCARIBU.

In the EBIS, ions of relatively low charge state are injected into a trap
containing a high-current, focused electron beam confined by strong magnetic
and electrostatic fields. The electrons collide with the trapped ions and strip
additional electrons from the ions, increasing their charge state. After a time
corresponding to maximise the probability of reaching the desired charge state,
the ions are extracted and injected into the linac, where they are accelerated
using the same structures described previously for the ECR-based beams.
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The in-flight technique, which is relevant to the present work, uses the Ar-
gonne In-Flight Radioactive Ion Separator (RAISOR) system [53]. In this ap-
proach, a stable beam from the ECR source is accelerated through the linac
and then directed onto a production target located immediately upstream of
RAISOR. A 6 T superconducting solenoid placed upstream of the target fo-
cuses the primary beam. The production target can be either a self-supported
solid foil or a cryogenically-cooled gas cell [54]. In the experiment described in
this thesis, a hydrogen gas cell was used as the production target.

RAISOR is a magnetic separation and purification system designed to se-
lect the desired reaction products produced in the target [53]. It consists of
a sequence of quadrupole and dipole magnets for selecting and focusing of the
secondary beam, along with adjustable midplane slits that act as a primary
beam dump, as shown in Fig. 2.7. The system also includes a superconducting
RF cavity for beam rebunching and an RF sweeper for further purification of
the separated beam. The RF sweeper is located about 21 m downstream of
the production target while the RF resonator is located approximately 23 m
downstream of the target.

Figure 2.7: A partial side view of the layout of RAISOR. Quadrupoles (Q) and
dipoles (D), have been labelled. The RF Sweeper and second RF (re)bunching
cavity are not shown as they are 21 m and 23 m downstream of the production
target, respectively. Figure from [53].

The purpose of the sweeper is to remove the remaining unreacted primary
beam and other unwanted species that survive the slit separation after magnetic
selection when they have the same magnetic rigidity as the radioactive beam
of interest. Although such contaminants can have the same magnetic rigidity,
their velocities will differ from the desired reaction products. The RF sweeper
exploits that time/velocity difference. By applying a time-dependent trans-
verse magnetic field synchronised to the bunch structure, the sweeper deflects
contaminant particles out of the beam. This technique significantly improves
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secondary-beam purity and reduce background [55].

In the present experiment, the sweeper was set to transmit a “F6* sec-
ondary beam. The purified secondary beam from RAISOR is then delivered to
downstream experimental areas — such as the HELIOS spectrometer.

2.4.2 Beams used in the experiment

The 7F6" beam, with an energy of 9.95 MeV/A and a typical intensity of
~ 3 x 10° particles per second (pps), was produced in flight from the stable
176" primary beam via the 7O(p,n)!"F reaction. The main contaminant in
the '"F beam was '7O. A stable 7O beam was delivered directly from the ion
source at an energy of 10.12 MeV /u. Before the experimental setup, a beam
attenuator was inserted to limit the 17O beam intensity to ~ 10° pps.

The '"F beam was used at the experiment for two and a half days, and the
stable 170 was used for one day.

2.4.3 Experimental setup

The experimental setup was located inside the HELIOS spectrometer. HELIOS
is the first solenoidal spectrometer to have been built, and it was commissioned
in 2010 [20]. The device consists of a large-bore superconducting solenoid (re-
purposed MRI magnet) with an inner diameter of 0.92 m and a length of 2.35 m,
operated at a magnetic field strength of 2.85 T for this experiment.

The experimental setup consisted of an on-axis silicon array for detecting the
protons, and a silicon telescope in a AE — E configuration, mounted downstream
from the target, for detecting the recoils. The secondary beam passed through
the hollow array of twenty-four position-sensitive silicon detectors (PSDs) ar-
ranged around the magnetic field axis, with six detectors mounted along each of
the four sides of the array. The array was positioned within the uniform mag-
netic field region and covered distances between 220 and 570 mm upstream of
the target, where the beam impinged on a solid deuterated polyethylene (CD3)
foil target. In the experiment, targets of 231 pg/cm? and 132 ug/cm? were used
for the '"F and 'O beams, respectively. The use of CDy targets is motivated
by the fact that it is not possible to manufacture a solid pure deuteron target.
The recoil detector was placed 100 cm downstream the target.

In the following sections, a detailed description of the detectors used in the
experiment will be provided.

36



Experiment

2.4.4 Silicon array

To detect ejectile protons, the HELIOS silicon-detector array was used. The
array consists of 24 position-sensitive silicon detectors (PSDs) mounted on a
four-sided aluminium support rod, with six detectors on each face (see Fig. 2.8).
Each PSD has a size of 12 mm x 56 mm and a thickness of 700 &+ 15 ym. The
active area is 9 mm x 50.5 mm. This is due to the fact that the detectors are
bonded at the edges, which reduces the active area. The aluminium rod has an
outer diameter of 20.3 mm and an inner diameter of 10 mm, allowing the beam
to pass through its centre. The total length of the rod is 710 mm long [56].

Figure 2.8: The HELIOS silicon-detector array. Six detectors are mounted on
each of the four sides. The target would be in the lower-right corner of the
picture. The red piece in front shields the array from low energy protons which
would complete multiple turns in the magnetic field before hitting the array
(multi-turn protons). The insert gives the dimensions of the front plate of the
array. Figure from Ref. [20].

A photograph of one of the PSDs from the Si array is shown in Fig. 2.9.
Each silicon wafer is mounted on a printed circuit board. Each PSD has three
readout channels: a total energy output ¢, collected from the back face, and
two energy readouts at both edges of the front face of the detector, ¢, and c;.
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Figure 2.9: One Si PSD from the HELIOS Si array. There are electrical contacts
at both short edges of the front face of each PSD (the lighter-colour part of a
PSD) as well as one full-area contact at the back face. Figure from Ref. [20].

The resistance between the front edges of a detector is approximately 17 k{2,
and using resistive division of the signals between ¢, and ¢¢, the position of the
hit along the z-axis can be extracted with a resolution of approximately 1 mm
[56].

The relative position along a PSD can be represented as x, z € (—1,1):
%, where ¢; and ¢, are gain-matched to the energy signal c.

The ¢ and ¢, signals arise from resistive division of the charge deposited in
the PSD by a particle. When a particle hits the centre of a PSD, amplitudes
of both signals ¢ and ¢, are equal. It could however be that a particle hits
very close to one side of the detector, for example the f edge, and produces
a high-amplitude ¢¢ signal. At the same time, the corresponding ¢, would be
small and depending on the electronics settings, it could be below the detection
threshold. In principle, three situations are possible:

xr =

1. both ¢; and ¢, are available, as well as ¢,
2. only ¢, is available together with c¢; and ¢ is missing,

3. only ¢ is available together with ¢y and ¢, is missing.

Thus x can be calculated in three ways:

1. o
Ce — C
T = fCt n (2.3)
2. y
C
r=1- cTn (2.4)
3. »
C
= th —1 (2.5)
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The absolute hit position along the z-axis can be calculated as

z = (.’E — 1)% - dtarget - di7 (26)
where [ is the length of one PSD, diarget is the distance between the upstream
edge of the active area of the Si array and the target (220 mm for the present
experiment), and d; is the distance from the end of the Si array to the centre of
detector 1.

Each PSD also provides flight times of the impinging particles relative to the
recoil detectors, with a time resolution of ~10 ns full width at half maximum
(FWHM). This allows for a clear identification of single-orbit protons returning
to the axis and thus a significant reduction of the background from multi-turn
trajectories and other particles, which will have a different cyclotron period in
the solenoid.

Because the silicon detectors do not cover the entire aluminium rod, a single
PSD has an azimuthal angle ¢ angular coverage of approximately 42.7°, leading
to a total geometrical efficiency in ¢ of about 47%.

Depending on their position along the axis of the solenoid, different PSDs
have a different laboratory polar angle 6,1, coverage. In HELIOS, 6y, of the
proton is mapped onto the z position along the axis of the magnet at which the
particle returns to the axis. Therefore, different PSDs have a different polar
angle coverage, which also depends on the excitation energy of the populated
state.

The PSDs have intrinsic energy resolutions between 27 and 53 keV FWHM,
depending on the detector, decreasing with lower energy. These values have
been determined by measuring a proton beam at varying energies between 2.0
and 5.0 MeV elastically scattered on a carbon target [56].

The silicon array can be calibrated with an alpha source (detailed description
provided, for example, in [21]) or using known states of the studied isotope. In
the presented experiment, the silicon-detector array was energy-calibrated using
well known states in 80 which was not a part of the present work.

In the present experiment, two out of the 24 PSDs in total were not func-
tional.
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2.4.5 Recoil detectors

For the detection of recoils, two layers of annular single-sided silicon detectors
were used in a AE — E configuration. Each layer consisted of four segments
(quadrants). The first layer measured the energy loss (AF) in a 80 pm thick
Si layer. The second layer measured the residual energy (F) and was 1000 pum
thick, sufficient to stop the recoils. Both layers consisted of Micron Semiconduc-
tor QQQ1 detectors [57]. The detector is shown in Fig. 2.10 and the dimensions
of each quadrant are detailed in Table 2.4. The detector was placed 100 cm
downstream the target.

The purpose of the recoil detector is to measure and identify recoils from the
reactions of interest. The beams delivered onto the secondary target contained
some impurities, while only the 1"F(d,p)!*F and 7O(d,p)*®O reactions were
relevant for this study. By gating on events that populate only 8F (for the !"F
beam) and 20 (for the 17O beam), background from contaminant reactions and
other unwanted channels (specifically fusion-evaporation) could be significantly
reduced.

The recoils are identified in AF — E detectors based on the unique energy-
loss patterns that ions exhibit in the two layers. For the same initial energy,
ions of different charge deposit different amounts of energy in the AFE and F
layers, allowing them to be distinguished from one another.

Radii (mm) Thickness and angular coverage

Si chip inner ~ 11.50  Azimuthal angular coverage (°) 82
Si chip outer 103.00 AFE thickness (pm) 80
Si inner 18.00 E thickness (pm) 1000
Si outer 100.00

Table 2.4: Dimensions of the individual QQQ1 detectors [57].

The recoils and the protons emitted in the reactions are geometrically cor-
related through two-body kinematics. As already mentioned in Section 2.4.4,
the Si array does not cover the full azimuthal angle ¢ and only a limited range
of proton trajectories are detected. Therefore, the recoil detector was rotated
so that its active area covered the trajectories of the recoils associated with the
protons detected in the silicon array.

The recoil detector was not calibrated in absolute energy units in the present
experiment. The relative differences between individual recoils in a AE-FE plot
are sufficient for the analysis.
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Figure 2.10: A photograph of the recoil detector used in the experiment. It
consists of two layers of four quadrants each. In total eight signals are read
from the detector. It was placed 100 cm downstream the target.
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2.5 Data analysis

Figure 2.11 shows the energy of the detected ejectiles plotted against their dis-
tance of return to the solenoid axis relative to the target (the E versus z plot).
The plot includes all data taken with the 17O beam, without software cuts ap-
plied. Diagonal structures are visible on top of an otherwise approximately uni-
form background. These diagonal bands correspond to different excited states
populated in the recoil nucleus. The wavy pattern at the bottom is caused by
the higher threshold for detection with all three signals (¢, cf, ¢,) above the
threshold in the middle of each Si strip detector. Based on the detected energy
of the ejectile and its hit position, the excitation energy of the recoil can be
reconstructed. The resulting excitation energy spectrum is shown in Fig. 2.12.
The diagonal structures in Fig. 2.11 map onto peaks in the excitation energy
spectrum. However, the spectrum in Fig. 2.12 is dominated by background.
The first step in reducing this background is to require a recoil detected in
coincidence with each proton in the Si array.
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Figure 2.11: Energy of the ejectiles detected in the Si array versus their hit
positions relative to the target for the 17O beam. No software gates are applied.
Clear “upwards-slante” lines correspond to various excited states in '80. The
uppermost line corresponds to the ground state of 0. The wavy pattern at
the bottom shows the higher threshold for detection with all three signals above
the threshold in the middle of each Si strip detector.
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Figure 2.12: Excitation energy spectrum for the 7O beam with no software
gates applied. This spectrum corresponds to a one-dimensional projection of
the diagonal structures in Fig. 2.11. Peaks are clearly visible, although the
spectrum is dominated by background.

2.5.1 Recoil selection

Figure 2.13 shows the AE — E spectra for the four QQQ1 quadrants obtained
with the 17O beam. Recoils of the same mass form distinct groups and can be
readily identified. These groups corresponding to 2O recoils are indicated by
black lines. An analogous set of spectra obtained with the '7F beam, highlight-
ing the '8F recoils, is presented in Fig. 2.14.
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Figure 2.13: AFE — FE spectra for the four QQQ1 quadrants obtained with the
170 beam. The bands corresponding to '#O recoils are indicated with black
lines.
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Figure 2.14: AE — E spectra for the four QQQ1 quadrants obtained with the
ITF beam. The bands corresponding to '®F recoils are indicated with black

lines.
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By requiring the ejectile in the Si array to have a corresponding recoil in
the Recoil Detector Telescope (RDT), and further requiring that the recoil lies
within the '®O detection region, the background is significantly reduced, and
the excitation energy spectrum shown in Fig. 2.15 is obtained. Note how few
counts are lost in the peaks between Fig. 2.12 and Fig. 2.15.

A corresponding spectrum plotted separately for each Si sensor is shown
in Fig. 2.16. In this figure, each row represents sensors located on the same
side of the array. The leftmost column corresponds to sensors placed furthest
from the target, while the rightmost column corresponds to sensors closest to
the target. As shown, sensors positioned at different distances from the target
cover different excitation energy ranges.

Figure 2.17 shows the same spectra, but gated on recoils detected in recoil
detector segment 3. It is evident that protons detected on a given side of the
Si array have corresponding recoils detected in one of the four recoil detector
segments.

E, spectrum, gated on RDT
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Figure 2.15: Excitation energy spectrum for the 17O beam with software gates
applied to the recoils.
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Data analysis

2.5.2 Coincidence time

Additional background reduction can be achieved by applying a gate on the
coincidence time between the Si array and the recoil detectors. This allows
to select only ejectiles corresponding to single-turn protons in the solenoidal
magnetic field.

Figure 2.21 shows the coincidence time between the Si array and the recoil
detectors plotted as a function of the x position along each sensor. Sensors 10
and 11 were not operational during the experiment. As shown in the figure, the
coincidence time exhibits a clear dependence on the distance from the centre of
the sensor, introducing nonlinearities that vary from detector to detector.

Multiple bands are visible for each detector. These bands correspond to
particles with different times of return to the solenoid axis, such as particles
with different mass-to-charge ratios or particles completing multiple turns before
reaching the detector.

The position dependence of the coincidence time can be described by a
polynomial function, with the polynomial degree varying from sensor to sensor.
This is likely a walk effect due to the amplitude of the signal changing when
the position changes. As an example, a comparison between sensors 8 and 22 is
shown in Fig. 2.18. For sensor 8, the dependence can be described as a second-
order polynomial, while for sensor 22 a fourth-order polynomial is required. By
gating on the band corresponding to single-turn protons and fitting each sensor
with a polynomial of the appropriate degree, the correlation can be linearised.

Detector 8 Detector 22

200 T T T T T

200 — T T T T
150 | 3 150 ) ) . B
100 F B 100 F B » B

50 . B 50

Coincidence Time (ns)
Coincidence Time (ns)

-15 -1 -0.5 0 0.5 1 15 -15 -1 -0.5 0 0.5 1 15
Position x, (relative units) Position x,, (relative units)

Figure 2.18: Coincidence time between Si array and recoil detector as a function
of the x position along the Si array segment for sensor 8 (left) and 22 (right),
before applying any correction, for the 17O beam.

Figure 2.19 shows the same distributions for sensors 8 and 22, gated on the
single-turn proton band and fitted with polynomial functions of degree 2 and 4,
respectively. The corresponding rescaled spectra are shown in Fig. 2.20. The
degrees of the polynomial functions used for each detector are summarised in
Table 2.5.
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Figure 2.19: Coincidence time as a function of the z-position along the sensor
plotted for sensors 8 (left) and 22 (right) gated on a band corresponding to
single-turn protons and fitted with a polynomial of degree 2 (for detector 8)

and degree 4 (for detector 22) for the 7O beam.
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Figure 2.20: Corrected coincidence time as a function of the z-position along
the sensors plotted for detectors 8 (left) and 22 (right) for the 17O beam.
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Table 2.5: Degrees of polynomials for Detectors 0 — 23
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Transfer across an isobaric multiplet:
(d,p) on 1"F and 17O

As can be seen in Fig. 2.20, the relationship between the coincidence time
and the position z remains nonlinear near to the edges of the sensors even
after correction. This behaviour originates from the bonding regions at the
edges of each PSD, where the particle positions cannot be reconstructed reliably.
Consequently, only events with hit positions in the range = € (—0.95,0.95) are
considered in the further analysis.

Figure 2.22 shows the combined, corrected coincidence time spectrum for
all detectors for the 17O beam, gated on events with 8O recoils. Peaks corre-
sponding to particles with different mass-to-charge ratios or particles completing
multiple turns before reaching the detector can be clearly distinguished. The
highest peak corresponds to single-turn protons, for which the time resolution
is estimated to be approximately 10 ns FWHM.
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Figure 2.22: Combined, corrected coincidence time between ejectile proton and
recoil spectrum for all Si array sensors for the 7O beam, gated on events with
180 recoils.

Figure 2.23 shows the energy of the detected ejectile plotted against its
distance of return to the solenoidal axis relative to the target, with gates applied
on 180 recoils, the z position along the PSD z € (—0.95,0.95), and the single-
turn proton band in the coincidence time spectrum (time window from —20 ns
to 15 ns). Compared to Fig. 2.12, the background is strongly reduced, and the
remaining structures correspond to excited states populated in 2O.

Figure 2.24 shows the resulting excitation energy spectrum. Peaks associ-
ated with individual excited states in #O are clearly visible, with the peak at
0.0 MeV corresponding to the ground state.
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Figure 2.23: Energy of the ejectile detected in the Si array versus its hit position
relative to the target for the 17O beam with software gates applied to the recoils,
the x position along the PSD, and the single-turn proton band in the coincidence
time spectrum.
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Figure 2.24: Excitation energy spectrum for the 7O beam with software gates
applied to the recoils, the position = along the PSD, and the single-turn proton
band in the coincidence time spectrum.
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It is also instructive to consider protons completing two or three turns be-
fore reaching the Si array. The upper panel in Fig. 2.25 shows the FE vs z
distribution gated on the double-turn proton band, while lower panel shows the
corresponding distribution gated on the triple-turn proton band. The slopes of
the diagonal structures corresponding to different excited states populated in
180 change for double- and triple-turn protons. However, due to limited statis-
tics, events corresponding to double- and triple-turn protons were not analysed
further. In addition, the two-turn flight time for protons coincides with the
single-turn flight time for alpha particles, leading to an unavoidable ambiguity.
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(b) Gated on the triple-turn proton band.

Figure 2.25: Energy of the ejectile detected in the Si array versus its hit position
relative to the target for the 17O beam with software gates applied to the recoils
and the z position along the PSD. (a) Double-turn protons. (b) Triple-turn
protons.

55
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(d,p) on 1"F and 17O

Figures 2.26, 2.27, 2.28, 2.29 and 2.30 repeat the analysis for the !"F beam
data. Figures 2.26 and 2.27 show the ungated E vs z plot and the corresponding
excitation energy spectrum obtained with the '"F beam. After applying gates
on the 8F recoils (Fig. 2.28) and subsequently applying additional gates on
the z position along the PSD (z € (—0.95,0.95)) and the single-turn proton
band in the coincidence time spectrum (Figs. 2.29 and 2.30), a clean excitation
energy spectrum is obtained in Fig. 2.30. Distinct peaks are observed up to
an excitation energy of approximately 5.5 MeV. This upper limit corresponds
to the proton separation energy of F, S, = 5.6 MeV (see Table 2.1). States
populated above this energy are proton unbound and decay before reaching the
recoil detector.
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Figure 2.26: Energy of the ejectile detected in the Si array versus its hit position
relative to the target for the '"F beam. No software gates are applied.
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Figure 2.27: Excitation energy spectrum for the '"F beam with no software
gates applied.
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Figure 2.28: Excitation energy spectrum for the !”F beam with software gates
applied to the recoils.
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(d,p) on 1"F and 17O
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Figure 2.29: Energy of the ejectile detected in the Si array versus its hit position
relative to the target for the 1”F beam with software gates applied to the recoils,
the position x along the PSD, and the single-turn proton band in the coincidence
time spectrum.
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E, spectrum, gated on position, RDT and coincidence time
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Figure 2.30: Excitation energy spectrum for the '"F(d, p) reactions with soft-
ware gates applied to the recoils, the position z along the PSD, and the single-
turn proton band in the coincidence time spectrum. No states are observed
above the '®F proton separation energy S,('*F) = 5.61 MeV [32].
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Inspection of Fig. 2.14 shows that reactions with the !“F beam also populate
170 recoils, visible as a band below the '®F recoils. In addition, a band cor-
responding to *N recoils is visible below the 7O recoils. By gating on events
with 17O recoils, it is possible to study proton-unbound states populated in the
17F(d, p)'®F reaction that decay via proton emission to 17O, and by gating on
events with 14N recoils—unbound states populated in the "F(d, p)*®F reaction
that decay via o emission to '*N.

The difference in efficiency for the detection of '®F recoils, compared to the
efficiency of detecting recoils after proton emission (17O recoils), was calculated
using the excitation energy spectrum for the '"F beam with no software gates
applied (Fig. 2.27). In this spectrum, peaks around 1.2 MeV and 6.8 MeV
are visible above the background. The lower-energy peak, below the proton
separation energy in 18F, S,(18F) = 5.61 MeV, corresponds to a deeply bound
state. In contrast, the state around 6.8 MeV lies above the proton separation
energy and is therefore unbound, decaying via proton emission to 7O.

By calculating the integrals of the states in the excitation energy spectrum
with no software gates applied and comparing them to the integrals obtained
from the excitation energy spectra gated on the corresponding recoils, the posi-
tion = along the PSD, and the single-turn proton band in the coincidence time
spectrum (Fig. 2.30 for the 18F recoils and Fig. 2.31 for the 7O recoils), it is
possible to determine the difference in detection efficiency between *F recoils
and 170 recoils. The calculated scaling factor between the 7O and the '8F
recoils, €, equals

e =1.4(2).

The same scaling factor is assumed for detecting the 4N recoils.

Figure 2.31 shows the excitation energy spectrum obtained with the '"F
beam after applying software gates on the x position along the PSD, the single-
turn proton band in the coincidence time spectrum, and the 7O recoils. The
observed peaks correspond to the proton-unbound states in 3F.

2.5.3 Statistics

The gated excitation energy spectra contain different numbers of events for the
various beam and recoil combinations. A summary is provided in Table 2.6.
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Figure 2.31: Excitation energy spectrum for the !“F beam with software gates
applied to the x position along the PSD, the single-turn proton band in the
coincidence time spectrum, gated on 7O recoils. The states correspond to
proton-unbound states in '8F, i.e. above S,(**F) = 5.61 MeV [32].

61



Transfer across an isobaric multiplet:
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Beam Recoil # of events

170 180 12 723
7R 18 6 997
7R 170 8 534

Table 2.6: Number of events remaining after all analysis gates for the different
beam and recoil combinations.

2.5.4 States observed in the experiment

The schematic level scheme in Fig. 2.32 lists the states observed in the experi-
ment for 180 and 8F. As can be seen, not all states listed in Tables 2.2 and 2.3
were observed. Isobaric analogue states between 80 and '8F are connected by
arrows, with their corresponding spin and parity J7 indicated. While the states
were identified in the present experiment, the excitation energy values as well
as J7™ listed are generally taken from the NNDC database [32]. Due to the lim-
ited excitation energy resolution of the Si array, states that are close in energy
cannot be resolved individually. Such states are therefore grouped together and
indicated using braces.

2.5.5 Excitation energy resolution

By inspecting well-isolated peaks in the excitation energy spectra, the excita-
tion energy resolution of the silicon detector array can be determined. The
resolution was extracted by fitting a Gaussian function to the selected peaks.
Using the 1.982 MeV state in the 0 spectrum and the 3.062 MeV state in the
I8F spectrum, the excitation energy resolution was found to be approximately
230 keV FWHM for 20 and 290 keV FWHM for '8F. The poorer resolution
observed in '®F can be attributed to the worse quality of a radioactive beam,
which displays a larger energy and emittance spread compared to the stable
180 beam.

2.5.6 Calculating differential cross sections

The differential cross section can be expressed as

do Y

dQ  AQs’
where Y is the yield of a given excited state, Af) is the solid angle acceptance,
and s is a scaling factor. The scaling factor s takes into account the product
of the detector efficiency and the total number of beam particles and target
particles per unit area (luminosity).

2.7)
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Figure 2.32: Energies (MeV) of the experimentally observed states in *¥0 and
I8F . Isobaric analogue states are connected with arrows. Excitation energies
and J7 are taken from NNDC [32]; unresolved nearby states are grouped with
braces.
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The standard normalisation procedure employed by HELIOS involves mea-
suring deuterons elastically scattered from the target within a defined angular
range and comparing the measured yields with theoretical calculations, for ex-
ample, using the code PTOLEMY [31]. This allows to determine the total
number of incident beam ions times target particles per unit area. Since the
necessary hardware was not available in the present experiment, absolute dif-
ferential cross sections and absolute spectroscopic factors cannot be extracted.
Consequently, the differential cross sections presented in the following sections
are given in arbitrary units and are calculated without applying the scaling
factor s.

As described in Section 2.4.4, the silicon detector array consists of four
sides, each equipped with six PSDs. This configuration naturally provides six
distinct angular ranges for the extraction of differential cross sections. For
states populated with sufficient statistics, each PSD can be further subdivided
into two halves, effectively yielding twelve angular ranges.

The angular ranges covered by each detector (or detector half) and their cor-
responding solid angle acceptances were calculated using the digios code [58],
an analysis package developed for HELIOS experiments. In general, the centre-
of-mass emission angles covered by each detector (or detector half) depend on
the excitation energy of the populated state, as seen in Fig. 2.23.

2.5.7 Angular distributions for #0O

Figure 2.33 shows the excitation energy spectra obtained with the !"O beam
for six different z ranges (six “rings”). The angular coverage and corresponding
peak intensities vary between these intervals. Each spectrum was fitted with
a sum of Gaussian functions using the MINUIT package within the ROOT
framework [59]. The peak energies were constrained relative to the ground state,
allowing the spectrum an overall shift to account for calibration variations. A
common Gaussian width was used for all peaks, with ¢ allowed to vary linearly
with excitation energy F,. The resulting fits provide the yields for each excited
state within a given angular range, with the uncertainties taken from the fit
parameters. For the most intense states, each z range was further subdivided,
resulting in 12 effective z ranges.

As mentioned above, two of the 24 PSDs were not functional during the
experiment. The peak yields in the corresponding angular ranges were therefore
scaled by a factor of 4/3 to account for the missing detectors.
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Figure 2.33: Excitation energy spectra obtained with the 7O beam for six different z ranges (rings) of the silicon
detector array. The angular dependence of the counts in the peaks are seen in Figs. 2.36 and 2.37.
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The obtained differential cross sections for states populated in O can be
compared with angular distributions calculated using the DWBA code PTOLEMY.

Choice of optical potentials

The DWBA code PTOLEMY requires a number of input parameters to cal-
culate the differential cross section for the population of a given state:

« the spin of the initial (ground) state,

o the populated single-particle orbital, characterised by the transferred an-
gular momentum ¢ and the total angular momentum j of the transferred
nucleon,

o the excitation energy of the populated state,
e the spin and parity J™ of the populated state,
e the beam energy in the laboratory frame,

o the optical model potentials for the incoming and outgoing channels.

It is important to note that DWBA calculations are more sensitive to vari-
ations in the transferred angular momentum ¢ than to variations in the spin
and parity J™. For a given excitation energy F,, calculating differential cross
sections for two states with the same J™ but different ¢ values results in signifi-
cantly different angular-distribution shapes. In contrast, when the same ¢ value
is assumed and only the J™ values vary, the calculated angular distributions are
very similar in shape, differing mainly in their absolute magnitude.

This means that while ¢ can often be assigned by comparing measured differ-
ential cross sections with DWBA calculations, determination of J™ is, in most
cases, not straightforward. This behaviour is illustrated in Fig. 2.34, which
shows DWBA-calculated differential cross sections for a state populated in the
170(d, p)*¥O reaction at a beam energy of 10.12 MeV /u and an excitation energy
of 5.315 MeV. Calculations corresponding to different ¢ transfers and different
J7 assignments are shown. As can be seen, states with different ¢ values lead
to angular distributions that are significantly different in shape, whereas states
with the same ¢ and different J™ produce nearly identical distributions, with
only small differences in amplitude.

A number of different optical model parameters were used to model the
180(d, p)*®0 and 8F(d, p)!8F reactions. The possible choices include the global
parameters listed in Table 2.7.
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Figure 2.34: DWBA-calculated differential cross sections for a state populated
in the '7O(d, p)'80 reaction at beam energy 10.12 MeV/u and an excitation
energy of 5.315 MeV. Calculations corresponding to different ¢ transfers (left
panel) and different J™ assignments (right panel) are shown. Transfers with
different ¢ values lead to angular distributions that are significantly different in
shape, whereas transfers with the same ¢ but different final J™ produce nearly
identical distributions, with only small differences in amplitude.

Deuteron models (incoming channel)

A An, Cai, 2006 [60]
H Han, Shi, Shen, 2006 [61]
B  Bojowald et al., 1988 [62]
D Daehnick, Childs, Vrcelj, 1080  [63]
L  Lohr and Haeberli, 1974 [64]
Q Perey and Perey, 1963 [65]
7Z  Zhang, Pang, Lou, 2016 [66]
Proton models (outgoing channel)
K Koning and Delaroche, 2003 [67]
V  Varner et al., 1991 [68]
M Menet et al., 1971 [69]
G Becchetti and Greenlees, 1969  [70]
P Perey, 1963 [71]

Table 2.7: Optical model potentials tested to describe the incoming channel
(deuteron models) and the outgoing channel (proton models).

To determine which potentials should be used, well-known excited states in
180 were used. By fitting the experimentally obtained differential cross sections
with corresponding DWBA calculations using different potential combinations,
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(d,p) on 1"F and 17O

Transfer across an isobaric multiplet:

Real volume Imaginary volume Imaginary surface Real spin orbit Imaginary spin orbit Coulomb

<c To,v Ay S\e To,v Ay %U D ap <mb T0,s0 Aso SN.@O T0,s0 Aso mn
A [60] 88.855 1.149 0.751 2.363 1.344 0.598 10.211 1.393 0.690 3.557 0.972 1.011 0 0 0 1.303
H [61] 80.066 1.174 0.809 0 0 0 16.808 1.328 0.581 3.703 1.234 0.813 -0.206 1.234 0.81 1.698
B [62] 80.922 1.180 0.726 0 1.270 0.822 10.474 1.270 0.822 6.000 0.878 0.878 0 0 0 1.300
D [63] 85.01 1.170 0.741 0.507 1.331 0.669 12.121 1.331 0.669 6.552 1.070 0.66 0 0 0 1.300
L [64] 97.975 1.050 0.860 O 0 0 32.973 1.430 0.586 7.000 0.750 0.500 0 0 0 1.300
Q [65] 82.770 1.150 0.810 O 0 0 19.258 1.340 0.680 O 0 0 0 0 0 1.150
Z [66] 94.407 1.052 0.776 4.798 1.727 0.744 3.040 1.727 0.744 O 0 0 0 0 0.59 1.300
K [67] 48.852 1.149 0.675 2.558 1.149 0.675 7.575 1.301 0.528 5.212 0.939 0.59 -0.136 0.939 0.59 1.405
V [68] 47.791 1.164 0.690 2.393 1.170 0.690 7.125 1.170 0.690 5.900 0.882 0.63 0 0 0 1.286
M [69] 48.321 1.160 0.750 3.545 1.370 0.643 4.619 1.370 0.643 6.040 1.064 0.78 0 0 0 1.250
G [70] 49.548 1.170 0.750 3.033 1.320 0.588 6.410 1.320 0.588 6.200 1.100 0.75 0 0 0 1.300
P [71] 43.188 1.250 0.650 O 0 0 13.500 1.250 0.470 7.500 1.250 0.470 0 0 0 1.250

Table 2.8: Input parameters used for the PTOLEMY calculations for the ground state 07 in *¥0. The leftmost column
corresponds to the potential symbol specified in Table 2.7.
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it is possible to determine which potentials describe the data best. For this,
three states in 80 were selected, located at 0.000 MeV (the ground state),
1.982 MeV, and 3.920 MeV. These states are well separated in energy from
neighbouring states and can be resolved experimentally without ambiguities. It
is important to note that the absolute magnitudes of the DWBA calculations
cannot be compared directly to the experimental data as the data was not
normalised to be in an appropriate unit (mb/sr). Input parameters used for the
PTOLEMY calculations for the ground state 07 in '¥O are shown in Table 2.8.
Figure 2.35 shows the obtained spectra. From a visual inspection of the DWBA
calculations obtained with PTOLEMY and fitted to the experimental data, it
is not clear which potential describes the data best.

Table 2.9 presents x2 values extracted from fitting DWBA calculations to
experimental data for each excited state shown in Fig. 2.35. The obtained values
are rather consistent, independently of which potential combination is used. It
is important to note that it was not possible to calculate the ¢ = 0 component
in the excited state in 180 at the excitation energy 1.982 MeV with the “L”
potential as it diverged. The last column in the table presents summed x?/ndf
(number of degrees of freedom) for all three states considered. Even though
some values are smaller than others, choosing potential combinations based
solely on this number is not optimal. For example, by looking at Fig. 2.35, one
can see that the experimental data points exhibit noticeable scatter and the
uncertainty does not always account for that adequately. For this reason, the
“AK” potential combination was chosen as it is used often in the literature, for
example in a study across a large range of nuclei in Ref. [72].
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Figure 2.35: DWBA calculations (lines) with PTOLEMY using different optical
potential parameter combinations for the incoming and outgoing channels for
states in 180. The first letter in potential combinations corresponds to potential
parameters used for the incoming channel (deuteron potential) and the second
letter corresponds to potential parameters for the outgoing channel (proton
potential). Values of the parameters are listed in Table 2.7. The data points
correspond to experimental data.
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2

. % 2

potentials —5ore T o8 MoV 3020 MV Mot ndts
AR 8,260 10.833 18357 67500 16877
AV 7712 11.084 56.651 75447 18.862
AM 8.339 11.549 19712 69.600 17.400
AG 8.336 11.062 A8.267 67.664 16.916
AP 8.739 9.764 43341 61.843 15461
HK 7.885 10.105 33303 51.293 12.823
HY 7.287 10.000 38.421 55708 13.927
HM 7.928 11.062 34236 53.226 13.306
HG 8.122 10.462 33.623 52.207 13.052
HP 8.493 9.209 30934 48.637 12.159
BK 8.579 11.054 20.836 49.460 12.367
BV 8.005 10.777 34718 53.500 13.375
BM 8.577 12,581 30974 52.132  13.033
BG 8.730 11.730 30.379  50.840 12.710
BP 9.129 9.978 98.310  47.426 11.856
DK 7.671 10.163 40254 583.088 14.522
DV 7.118 10.076 46718 63.912 15.978
DM 7.780 10.882 A1.817 60479  15.120
DG 7.766 10.467 40544 58.777 14.694
DP 8.191 9.269 37.251 54.712  13.678
LK 4.847 66.872 71718 17.930
LV 14.295 71673 75.968 18.992
LM 4718 66.220 70.938 17.734
LG 4.950 67.011 72.861 18.215
LP 5.353 62.530 67.892 16.973
QK 7.587 10.189 42765 60.542  15.135
Qv 6.927 10.338 40.642  66.906 16.727
QM 7.516 10.572 43255 61344 15.336
QG 7.855 10.252 43.308 61415 15.354
QP 8.207 9.399 38.672  56.278  14.070
7K 10.337 16.013 30418 56.768 14.192
A 9.829 15.615 36.481 61.924 15.481
ZM 10.032 90.437 31780 62.249  15.562
7G 10.395 17.808 30.681 58.884 14.721
7P 10.748 13.518 98.136 52402 13.101

Table 2.9: x2/ndf values obtained from DWBA fits using different combinations
of optical model potentials for the three selected states in '20.
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Fitting and extracting spectroscopic factors

The 170(d, p)'80 reaction has already been studied, and the spins and pari-
ties of the excited states, J™, as well as the transferred angular momenta ¢,
are generally known (see Section 2.3.1 and Table 2.2). For isolated states in
180 (0.0 MeV, 1.982 MeV, 3.920 MeV, 6.200 MeV, 7.100 MeV), the experimen-
tally obtained differential cross sections were fitted with DWBA calculations
assuming the ¢ and J™ values listed in Table 2.2.

For both 80 and '8F, the only significantly populated orbital with ¢ = 0
transfer is the 2s; /5 orbital. For £ = 2, two orbitals are possible: 1d3 /5 or 1ds /5.
For consistency, all £ = 2 states were fitted assuming population of the 1ds,
orbital.

When a state contains contributions from different ¢ values, as for example in
the case of the 1.982 MeV state in 180, which has J™ = 27 with both ¢ = 0 and
¢ = 2 components, the differential cross section was fitted using a combination
of two DWBA calculations, one for each £. The relative contributions of the
individual DWBA curves were treated as free parameters and determined by
the fitting routine. This procedure is referred to as the free fit method and
was applied to all states that are experimentally resolved in both the *O and
13F final nuclei. The thus observed scaling of each DWBA calculation is the
spectroscopic factor.

As discussed in Section 2.5.4, several states in *0 and '®F could not be
resolved experimentally due to the limited excitation energy resolution of the
experimental setup. Such unresolved states are grouped in braces in Fig. 2.32.
In the present work, two methods of fitting the DWBA calculations to such
unresolved states were used. They are referred to as Option 1 and Option 2:

Option 1 Unresolved states are treated as a single effective state and fitted
using a simple combination of DWBA calculations corresponding to the
relevant £ transfers present in the multiplet. The relative strength of each
¢ contribution is not constrained and is determined freely by the fitting
routine, analogously to the free fit method used for isolated mixed-/ states.
The DWBA differential cross section was calculated at the mean energy
of the states in the multiplet.

As an example, for the doublet at excitation energies 3.552 — 3.630 MeV in
180, an excitation energy of 3.591 MeV was used as input to PTOLEMY.
Both states correspond to £ = 2 transfer. However, the lower has J™ = 47,
while higher has J™ = 07. Since DWBA calculations for the same ¢ and
different J™ differ mainly in magnitude and not in shape, it is not possible
within this approach to extract information on the relative strength of
these two contributions in the multiplet. Consequently, a single J™ is
chosen for the effective state, and the fit is performed accordingly.

Option 2 In this approach, unresolved multiplets are fitted using relative spec-
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troscopic strengths taken from literature. For each state in the multiplet,
the relative contribution of each ¢ transfer is fixed according to the corre-
sponding literature spectroscopic strengths. The individual DWBA con-
tributions are then summed with these relative weights, and the combined
distribution is scaled to the experimental data using a single free normal-
isation parameter. Spectroscopic factors are obtained by multiplying the
extracted normalisation factor with the relative £ components for each
state in literature.

The obtained differential cross sections for states populated in '#O are pre-
sented in Figs. 2.36 and 2.37 as a function of the centre-of-mass angle. The black
points are experimental data, and the lines correspond to angular distributions
calculated using PTOLEMY fitted to the experimental data with Option 1.
The experimental data uncertainty on the y-axis corresponds to the uncertainty
of the Gaussian fit to the peak. From these fits, raw spectroscopic factors were
extracted.

Overall, the measured angular distributions are reasonably well reproduced
by DWBA calculations for all observed states. However, some of the states, in
particular the states at 0.0 MeV, 6.200 MeV, and 7.100 MeV, suffer from limited
statistics, which results in larger error bars. Consequently, the agreement be-
tween the experimental data and the calculated angular distributions for these
states is less convincing than for the more strongly populated states.

The first data point for the doublet of states at 3.552 and 3.630 MeV, corre-
sponding to fcn ~ 13°, exhibits a significantly larger spread and lies noticeably
further from the DWBA curve than the other data points. The impact of this
point on the extracted spectroscopic factor was investigated by performing fits
both including and excluding it. The resulting spectroscopic factors were found
to be consistent within the uncertainties, regardless of whether this data point
was included in the fit.
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Figure 2.36: Angular distributions for several states in ¥O (excitation energy
of each state is given in the title of each graph). Black points are experimental
data; lines are DWBA fits using a free fit with adjustable amplitudes of all
relevant angular momentum (¢) transfers (Option 1, see text for a more detailed
description) with PTOLEMY.
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Figure 2.37: Angular distributions for several states in ¥O (excitation energy
of each state is given in the title of each graph). Black points are experimental
data; lines are DWBA fits using a free fit with adjustable amplitudes of all
relevant angular momentum (¢) transfers (Option 1, see text for a more detailed
description) with PTOLEMY.
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2.5.8 Angular distributions for *F

Figures 2.38 and 2.39 present the differential cross sections for states populated
in '8F with fitted DWBA calculations. As for the 0, the differential cross
sections fitted with Option 1 are shown.

Similarly as for states populated in *O, the the measured angular distri-
butions are reasonably well reproduced by DWBA calculations for all observed
states. However, due to less statistics for the '"F beam, the data points exhibit
larger uncertainties and a generally larger spread.
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Figure 2.38: Angular distributions for several states in ®F (excitation energy
of each state is given in the title of each graph). Black points are experimental
data; lines are DWBA fits using a free fit with adjustable amplitudes of all
relevant angular momentum (¢) transfers (Option 1, see text for a more detailed
description) with PTOLEMY.
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Figure 2.39: Angular distribution for several states in ®*F. Black points are ex-
perimental data; lines are DWBA fits using a free fit with adjustable amplitudes
of all relevant angular momentum (¢) transfers (Option 1, see text for a more
detailed description) with PTOLEMY.
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2.5.9 Angular distributions for proton-unbound states in
18F

DWBA calculations performed with PTOLEMY for unbound states use the
weak-binding approximation, in which the unbound single-particle state is ar-
tificially treated as a very weakly bound state. Figure 2.40 shows DWBA cal-
culations carried out with PTOLEMY for ¢ = 0 transfer (s-wave) for states
at several excitation energies in '®F, including a proton-unbound state at E, =
6.136 MeV.

For the bound states, a systematic trend is observed: as the excitation
energy of the state increases (corresponding to decreasing binding energy), the
first minimum in the differential cross section shifts toward larger centre-of-mass
angles. In contrast, the calculation for the proton-unbound state exhibits a dif-
ferent trend, with the minimum of the differential cross section shifting toward
smaller angles. This behaviour highlights a limitation of the weak-binding ap-
proximation when applied to proton-unbound states. This discrepancy suggests
that a different treatment of unbound states is needed for a reliable extraction
of spectroscopic factors.

)
Qo =
g
(o] L
E L
o}
© 1
- — 1.041 MeV
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107 F —4.116 MeV
g — 4.753 MeV
i 4.963 MeV
107k — 6.136 MeV
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Figure 2.40: Angular distributions from DWBA calculations with PTOLEMY
for £ = 0 transfer states in 1®F at different excitation energies, illustrating the
contrasting behaviour between bound and unbound states.

One possible approach is to study the systematic behaviour of DWBA calcu-
lations for bound states with energies ranging from near zero up to the separa-
tion energy, and to fit the experimentally obtained angular distributions using
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calculations below the threshold. The spectroscopic factor for the unbound state
can be then inferred by extrapolating this trend to the appropriate excitation
energy [73].

The states in the doublet at 6.136 MeV (01) and 6.163 MeV (3T) are isobaric
analogue states of the 5.340 MeV (07) and 5.375 MeV (37) states in 180, which
correspond to £ = 2 and ¢ = 0 transfer, respectively. The doublet in ¥F
is therefore also expected to have predominantly ¢ = 2 and ¢ = 0 character.
However, due to finite experimental energy resolution, the doublet may include
contributions from nearby states.

To account for this possibility, the experimentally obtained differential cross
sections were fitted with DWBA using two assumptions:

e /=0 and ¢ = 2 transfer,

e /=0 and ¢ =1 transfer.

The extracted spectroscopic factors as a function of excitation energy, to-
gether with the corresponding fitted curves, are shown in Fig. 2.41. Up to an
excitation energy of approximately 5.5 MeV, the data points exhibit a smooth
and consistent trend. The three highest-energy data points (above 5.5 MeV)
were excluded from the fit due to their significantly different behaviour.

The s-wave behaviour is found to be robust. Independent of the fitting
assumptions, the s-wave spectroscopic strength follows the same energy depen-
dence, and the extrapolated spectroscopic factor for £ = 0 transfer is consistent
between the different methods within uncertainties. The extracted value is
1.47(16).
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Figure 2.41: Extracted spectroscopic factors as a function of excitation energy,
together with fitted trends used for extrapolation to the unbound region.

The d-wave contribution in that doublet, however, cannot be reliably de-
termined. As shown in Fig. 2.41, the extracted spectroscopic factor for the
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{ = 2 transfer at the energy of 6.136 MeV is consistent with zero, with an un-
certainty of 0.6. Consequently, only an upper limit can be placed on the ¢ = 2
spectroscopic factor, which is estimated to be 0.6.

2.5.10 Normalisation

Due to the significantly lower intensity of the radioactive '"F beam compared
to the stable 7O beam, as well as the different data-taking periods for the two
measurements, a direct comparison of absolute yields between the two datasets
is not straightforward. Instead, the normalisation was performed using the d-
wave component of the first 27 states, corresponding to the 1.982 MeV state
in 180 and the 3.062 MeV state in '8F. These states are well isolated, strongly
populated, and have well-established spectroscopic properties, making them
suitable reference points for the normalisation.

The strength of the d-wave component of the first 27 states was determined
by fitting the 1.982 MeV state in 'O and the 3.062 MeV state in '®F with
DWBA calculations assuming mixed £ = 0 and £ = 2 transfer, using the free fit
method. The obtained d-wave component for 20, Nisg, was then divided by
the corresponding d-wave component for '®F, Nisp, to obtain the normalisation
factor IV:

=3.2(5). (2.8)

The calculation is performed using the spectroscopic strengths listed in Sec-
tion 2.5.12. Figure 2.42 shows the excitation energy spectra for the "F(d,p)
reaction with ®F recoils, the 17O(d, p) reaction with 80 recoils, the "F(d, p)
reaction with 7O recoils, and the "F(d,p) reaction with *N recoils, scaled
by a factor of 7. The '"F beam data is scaled by the normalisation factor N
to match the oxygen data. Events from the '"F(d, p) reaction leading to 7O
recoils appear at excitation energies above the proton separation energy of '8F,
S, = 5.61 MeV, and events from the "F(d, p) reaction leading to N recoils
appear at excitation energies above the negative Q-value of o separation of '8F,
—Q, = 4.415 MeV.
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Figure 2.42: Upper panel: excitation energy spectra for the 17F(d, p) reaction
(green line) and the 17O(d, p) reaction (red line). Lower panel: excitation energy
spectra for the '"F(d,p) with '8F recoils (orange line), with 17O recoils (blue
line), and with '*N recoils scaled by factor 7 (gray line). The proton separation
energy of '®F, S, = 5.61 MeV, is indicated by the black dashed line, and the «
separation energy of '8F, S, = 4.415 MeV, is indicated by gray dashed line. The
ITF beam data are scaled such that the d-wave component strength of the first
27 state at 3.062 MeV matches the corresponding d-wave component strength
of the first 2% state in 180 at 1.982 MeV.
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2.5.11 Alternative reaction codes

In addition to PTOLEMY, several other reaction codes are available for mod-
elling direct reactions. One such code is TWOFNR [74], a program for cal-
culating one-step transfer reactions using either the DWBA or the Johnson—
Soper/Johnson—Tandy adiabatic approximation (ADWA) to account for deuteron
breakup effects. Finite range effects can be treated using either the zero-range
approximation or the local energy approximation (LEA) [75, 76]. In contrast to
DWBA, which treats the deuteron using an effective deuteron—target interaction
and neglects the breakup effects, ADWA is based on a three-body description of
the reaction, in which the deuteron is treated explicitly as a system consisting of
a proton and a neutron. In this approach, nucleon—target optical model poten-
tials are used to construct an effective adiabatic deuteron potential. A front-end
interface, FRONT, is available for TWOFNR. An example input file for the
FRONT interface, including the optical model potential parameters used in the
calculation of the 1.982 MeV state in 80, is provided in Appendix A.

To estimate the systematic uncertainty associated with the choice of reaction
model and code, differential cross sections calculated using PTOLEMY and
TWOFNR were compared for different transferred angular momenta ¢ and for
several excited states in 180. Figures 2.43 and 2.44 show such comparisons for
the states at excitation energies of 1.982 MeV and 3.920 MeV, respectively.

The overall shapes and angular distribution trends of the differential cross
sections calculated with PTOLEMY and TWOFNR are in agreement. How-
ever, there are noticeable differences in the absolute magnitudes of the cal-
culated cross sections. It is important to note that the angular ranges fOcy
measured in the experiment are between 10° and 40°.
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Figure 2.43: Comparison of DWBA-calculated differential cross sections for
the 1.982 MeV state in '®0 obtained using PTOLEMY and TWOFNR.
The PTOLEMY calculation uses the An—Cai potential [60] for the incom-
ing channel and the Koning—Delaroche potential [67] for the outgoing channel.
The TWOFNR calculations employ the zero-range Johnson—Soper [75] adia-
batic potential for the deuteron entrance channel, constructed using Koning—
Delaroche (KD02) nucleon optical potentials, and the Koning—Delaroche poten-
tial for the outgoing proton channel. The left panel shows the £ = 0 (1sq/2)
component, and the right panel shows the £ = 2 (0d5/2) component.
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Figure 2.44: Comparison of DWBA-calculated differential cross sections for
the 3.920 MeV state in '®0 obtained using PTOLEMY and TWOFNR.
The PTOLEMY calculation uses the An—Cai potential [60] for the incom-
ing channel and the Koning—Delaroche potential [67] for the outgoing channel.
The TWOFNR calculations employ the zero-range Johnson—Soper [75] adia-
batic potential for the deuteron entrance channel, constructed using Koning—
Delaroche (KD02) nucleon optical potentials, and the Koning—Delaroche poten-
tial for the outgoing proton channel. The left panel shows the £ = 0 (1s/2)
component, and the right panel shows the £ = 2 (0ds5/2) component.
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2.5.12 Spectroscopic factors for 80

Table 2.10 presents spectroscopic factors obtained for the states populated in
180. Experimentally resolved states are fitted using the free fit method. For
unresolved states, the fitting method used is specified in the leftmost column.
The table lists the excitation energies of the fitted states in MeV, their spin
and parity (J7), the populated orbital used in the calculations, the extracted
spectroscopic factor (SF), and the corresponding x? /ndf values. For states fitted
with Option 2, the relative strengths of the states populated in the multiplet
are given in the column labelled “Lit. ratio”, together with the scaling factor S
obtained from the fit.

The quoted uncertainties of the spectroscopic factors include several contri-
butions. First, the statistical uncertainty obtained from the fit is propagated
to the spectroscopic factor. When x?/ndf > 1, the fit uncertainty is scaled by
a factor \/x?/ndf to account for possible underestimation of the experimental
uncertainties, following the recommendation of Ref. [77].

For states fitted with a single component (free-fit method or Option 1), the
spectroscopic factor is obtained directly from the fitted normalization parameter

A

)

SF = A.

The corresponding uncertainty is therefore given by

/
OSF = 0 4,

where ¢’ denotes the normalisation uncertainty after the /x?/ndf scaling.

For unresolved multiplets fitted with Option 2, the fit returns a common
scaling factor S describing the overall strength of the multiplet. The spec-
troscopic factors for individual states are obtained by multiplying this scaling
factor by the literature ratios R; that describe the relative population strengths
of the states in the multiplet,

Sk = S R;.

In this case, the uncertainty of the literature ratios, quoted as 15 % [36], is
propagated to the final spectroscopic factor, assuming independent uncertain-

ties,
ggs 2 OR. 2
ose, =SB/ (%5 *(1‘{) 7

where g denotes the normalization uncertainty after the x?/ndf scaling, R; is
the literature ratio, and op, is the uncertainty of the literature ratio.
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State(s)

Method (MeV, J7)

Orbital, J© SF x?/ndf  Lit. ratio S

Free it 0.000 (07) 0dsj, 07 6.2(9)  2.75

Free fit 1.982 (27) 119, 27 0.74(11)

0dsy, 20 4.92(24) %7

: 3.552 (47T) n
Option 1 4" (0*) 0ds /2, 4 8.4(5) 9.97
Option 2 3.552 (41)  0ds/0, 47 8.3(13) 1.57(24)
3620 (0°) Odaso, 0F  La72d) 7 oa2s(e) 22129
Free fit  3.920 (2%) 1s19, 2" 1.3(4) 738
0ds/2, 2 3.5(6) :
Option 1 5.255 (2%)  0ds/2, 0 2.9(15)
5.340 (07)  1sys0, 3% 4.9(5) 1.08
5.375 (31)
Option 2 5.255 (2T)  1sy,9, 2% 1.55(24) 0.35(5)
5.340 (0F) 0dso, 0F 0 71(11) 1.33 0.16(2) 4.44(19)
5.375 (37)  1sy, 3T 4.5(7) 1.01(15)
Free fit 6.200 (17) 1ps)e, 17 0.29(7)  3.79
Free fit ~ 7.100 (47) 0ds/, 4T 0.28(5)  5.19

Table 2.10: Spectroscopic factors (SF), uncertainties, x?/ndf values, literature
(Lit.) ratios [37, 38], and scaling factors for selected states in 180. For un-
resolved multiplets, orbital contributions are shared among all states in the
multiplet.
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2.5.13 Spectroscopic factors for *F

Table 2.11 presents spectroscopic factors obtained for the states populated in
18F. The spectroscopic factors and their uncertainties were calculated analo-
gously to those of the states populated in '*0. However, due to the normalisation
of the fluorine data to match the oxygen data, as described in Section 2.5.10,
the spectroscopic factors obtained from the fit are additionally scaled by the
factor N = 3.2(5). The uncertainty of this scaling factor is propagated to the
final spectroscopic factors.

For states fitted with free fit method or Option 1, the final spectroscopic
factor is therefore given by

SF = N SF(ft),

where SF() is the spectroscopic factor obtained from the fit.
Assuming independent uncertainties, the corresponding uncertainty is cal-

culated as
gy /(o )’ (LN)z
OSF = Sp(ED + N

where og; denotes the uncertainty obtained from the fit (after the x?/ndf scal-
ing) and oy is the uncertainty of the normalisation factor.

For multiplets fitted with Option 2, the spectroscopic factors are calculated
as

SFi"NSR;,

where S is the fitted scaling factor and R; is the literature ratio describing the
relative population of the states within the multiplet. The uncertainty is then
obtained by propagating all independent contributions,

on\2 | (0s)\? o)
USFi_SFi\/(N) +(%) +(Ri> ’

where the uncertainty of the literature ratios is quoted as 20 % [40].

The spectroscopic factors for the proton unbound states are calculated by
extrapolation (described in Section 2.5.9). Aside from normalisation to the oxy-
gen data, they need to be additionally scaled to account for the lower detection
efficiency of recoils after proton emission, € = 1.4(2). Thus, the uncertainty
from that factor also needs to be propagated to the final formula:

o = SPY (o0 ) 4 (T0) 4 (%)
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where SF(Xt) is spectroscopic factor obtained with the extrapolation method
and ogpex) is the associated uncertainty.

The spectroscopic factor for the £ = 2 transfer for the proton unbound states
is given as the upper bound rather than a value, as explained in Section 2.5.9.
Thus, no uncertainty is provided.

State(s) . 9 . .
Method (MeV, J7) Orbital SF norm. x*/ndf Lit. ratio S
Free fit 0.000 (1)  0dgj, 1+ 7.4(13)  0.79
Option 1 0.937 (31)
1.042 (0%)  1sys0, 3% 0.3(9) 8.07
1121 (5%)  0dsjp, 5% 15(4)
Option 2 sy, 35 1.02(29) 0.102(20)
0.937 (37)  0dsjz, 3°  3.1(9) 0.31(6)
1042 (0%)  Odsro, 0% 9.6(27) 0 0.06(19)
1121 (5%)  0dsj, 5% 8.9(25) 0.89(18)
Free fit 3.062 (2F) 1sy9, 2% 0.5(3) 505
0ds/2, 2 4.9(10) :
Option 1 3727 (1) 1sy9, 20 2.3(5) 045
3.839 (2%)  0ds), 2t 4.5(10) '
Free fit 4115 (3%)  1sy9, 37 1.2(4) 51
0ds )z, 3% 6.2(11) :
Free fit 4360 (17)  0dsjp, 1t 1.4(5) 2.21
Option 1 4.652 (41)
4753 (0F)  Odspp, 4t 7.2(13) 7.9
Free fit 4964 (2%) 1syp, 2 1.2(5) 530
0ds/5, 2 3.7(8) :
Extrapolation  6.136 (0%) 0dj0, 07 < 1.9
6.163 (3) 1s19, 3% 6.7(16)

Table 2.11: Spectroscopic factors (SF), uncertainties, x?, literature (Lit.) ra-
tios [40], and normalisation factors for states in '®F. For unresolved multiplets,
orbital contributions are shared among all states in the multiplet.
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2.5.14 Additional uncertainties in spectroscopic factors

It is important to distinguish between uncertainties affecting the absolute scale
of spectroscopic factors and those affecting their relative values between different
states. Many of the systematic effects discussed below predominantly affect an
overall scaling of the calculated cross sections and therefore mainly impact the
absolute normalisation of the extracted spectroscopic factors.

Since spectroscopic factors are extracted by comparing experimentally mea-
sured cross sections with theoretical model calculations, their uncertainties have
two primary sources: the experimental cross sections and the theoretical models.

As mentioned earlier, different theoretical approaches, such as the DWBA
and the adiabatic approximation (ADWA), can be used to calculate theoretical
scattering cross sections. The dependence of the extracted spectroscopic factors
on the chosen reaction model can be evaluated by comparing values obtained
using DWBA and ADWA.

In addition, the theoretically calculated cross sections depend on the optical
model parameters employed. As discussed in Section 2.5.7, different sets of
optical model parameters can be used, each leading to slightly different results.

To quantify the uncertainty associated with the choice of optical model po-
tentials, spectroscopic factors for the 1.982 MeV state in 8O were extracted
using various optical model parameter sets with the fitting Option 1 described
in Section 2.5.7. The average deviation from the reference potential combina-
tion AK was approximately 14 % , while a maximum deviation of about 30 %
was observed for the QP potentials.

To study the dependence of the reaction model (DWBA vs ADWA), spec-
troscopic factors for the 1.982 MeV state in *0 were extracted using the
TWOFNR code and the potentials described in Section 2.5.11 using the fit-
ting Option 1. The variation between spectroscopic factors obtained with
PTOLEMY and TWOFNR is approximately 40 %.

On the experimental side, the largest source of uncertainty arises from the
extraction of the peak yields by fitting the experimental spectra with Gaussian
functions. Depending on the state and the specific projection, the uncertainties
associated with the fitted yields are typically around 10 %, with a maximum
uncertainty of about 18 %.

Finally, there is an additional uncertainty associated with the position res-
olution of the detector array, which is approximately 1 mm and contributes to
the uncertainty in the solid angle coverage. However, given the significantly
larger uncertainties associated with the optical model choice, reaction model,
and peak yield extraction, this contribution is neglected in the present analysis.

The uncertainties quoted in Sections 2.5.12 and 2.5.13 include only the un-
certainties associated with the fitted yields. Additional systematic uncertainties
arising from the choice of reaction model and optical model parameters are not
included and predominantly affect the absolute normalisation of the spectro-

88



Data analysis

scopic factors. Based on the model dependence discussed above, an additional
systematic uncertainty of approximately 50 % should be therefore associated
with the absolute scale of the extracted spectroscopic factors. However, since
the spectroscopic factors in the present work are renormalised to literature val-
ues, the impact of these systematic effects on the relative spectroscopic factors
between states is expected to be significantly reduced.
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2.6 Discussion

Figure 2.45 shows angular distributions for several isobaric analogue states in
180 (left column) and '8F (right column). Even from a visual inspection, it
is evident that these states exhibit similar characteristics and can be described
by a mixture of £ = 0 and ¢ = 2 transfer components in both nuclei, with
comparable relative contributions.

Table 2.12 presents spectroscopic factors for the £ = 0 and ¢ = 2 components
of states in 20 and '8F observed in the experiment, together with their energy
(E), spin and parity (J7), and isospin (T). Isobaric analogue states are listed
in the same rows.

The spectroscopic factors for both '*0 and '8F are normalised to the lit-
erature values of the ¢ = 2 component of the first 2% state in each nucleus.
Literature values are also included for comparison (column “Lit. (3He,d)” for
8F and column “Lit. 17O(d,p)” for **0). In addition, spectroscopic factors ob-
tained from shell-model calculations using the USDi interaction are presented.
An analogous table for the FSU shell-model interaction is given in Table 2.13.

The method used to extract the spectroscopic factors is indicated by super-
scripts. Values marked with ¢ were obtained using Option 1, in which unresolved
multiplets are treated as a single effective state and fitted with a free combina-
tion of DWBA coefficients (see Section 2.5.7 for more details). Values marked
with ® were obtained using Option 2, where relative spectroscopic strengths from
the literature are used to constrain the contributions of individual states within
a multiplet. Values marked with © correspond to states analysed using the ex-
trapolation method described in Section 2.5.9. When no superscript is given,
the spectroscopic factors were extracted using the free fit method, applied to
isolated or experimentally resolved states, in which the relative ¢ contributions
were treated as independent fit parameters.

It is important to note that states in '8F at 0.0, 3.727, and 3.839 MeV, as
well as the proton-unbound states at 6.136 and 6.163 MeV, were not reported
in Ref. [40]. The 3.839 MeV state was reported in Ref.[39]. However, only
constraints on the spectroscopic factors were presented there, which are not
included in the tables. The spectroscopic factors obtained for states in BF
are generally consistent, within uncertainties, with the values reported in the
literature, with the exception of the £ = 0 component of the 3.062 MeV state,
where the extracted value is lower than that reported in the literature, and the
4.360 MeV state, where the spectroscopic factor for the £ = 2 transfer is higher
than the literature value.

In the case of states in 80, the extracted spectroscopic factors are also in
overall agreement with the literature values. However, the extracted ¢ = 0
transfer component for the 2% state at 1.982 MeV (the isobaric analogue state
of the 3.062 MeV state in '®F) is significantly lower than the literature value,
consistent with the discrepancy observed for the corresponding state in '3F. In
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addition, the extracted spectroscopic factor for the multiplet of states at 3.552
and 3.632 MeV is lower than the reported literature value.
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(d,p) on 1"F and 17O

Transfer across an isobaric multiplet:

. SM USDi Lit. :OE p) SM USDi
18 3 18 )
F Exp Lit. (°He,d) [40] Sm,a%v O Exp 37, 38] SOE%V
AmzoéﬁeNno (=2 =0 (=2 Nn:nwwz%ﬂno =2 (=0 (=2 (=0¢(=2
0.000 1% 0 0.94(16) 0.50
0.937 3%t 0 0.13(4)® 0.38(11)° 0.102(20) 0.31(6) 0.32 0.29
1.042 07 1 1.2(3)° 0.96(19) 0.75 0 1.05(14) 1.22(18) 1.54
1.121 57 0 1.1(3)° 0.89(18) 1.00
3.062 2% 1 0.06(4) 0.62(13) 0.21(4) 0.62(12) 0.15 0.57 1.982 0.130(18) 0.83(4)  0.21(3) 0.83(12) 0.33 1.23
3.727 1T 0 a a 0.39
5839 ot o 0-28(6)" 057(12) 0.34 0.08
4.116 3T 0 0.15(5) 0.78(14) 0.17(3) 0.68(14) 0.14 0.66
4.360 11 0 0.17(6) 0.074(15)
4.652 471 “ 1.04(21) 0.96 3.552 a 1.57(24) 1.93
4.753 0t 1 0-90(16) 0.18(4) 3.630 1.42(8) 0.28(4)
4.964 27 1 0.16(6) 0.47(10) 0.17(3) 0.51(10) 3.920 0.21(7)  0.59(9)  0.35(5) 0.66(10) 0.62 0.73

2t 1 5.255 0.26(4)° 0.35(5)
6.136 0" 1 . . 0.18 5.340 0.120(19)° 0.16(2)

. <0.

6163 3+ 1 084207 <025 0.53 0.0 5.375 0.76(12)° 1.01(15) 0.99

Table 2.12: Spectroscopic factors for £ = 0 and ¢ = 2 transfer to states in '®F and 30. Experimental values are
compared with literature data from (*He, d) reactions for 18F and 17O(d,p) reactions for 80, as well as with shell-model
calculations using the USDi interaction. All experimental spectroscopic factors are normalised to the £ = 2 component
of the first 27 state in each nucleus. Isobaric analogue states are listed in the same rows. Superscripts indicate the
fitting procedure: @ denotes Option 1 (unresolved multiplets fitted as a single effective state), * denotes Option 2 (fits
constrained by literature relative strengths), and © denotes the extrapolation method described in Section 2.5.9. Values
without superscripts were obtained using the free fit method for isolated or resolved states. Uncertainties are given in
parentheses.
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Figure 2.45: Angular distributions for selected IAS in 80 (left column) and
18F (right column). The experimental data (points) are fitted with DWBA
calculations for ¢ = 0 and ¢ = 2 transfer, shown as separate components, as
well as their combined fit. The similarity in both the shapes of the angular
distributions and the relative contributions of the £ = 0 and ¢ = 2 components
demonstrates the analogous structure of these states in these two nuclei.
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Figures 2.46 and 2.47 present a graphical comparison of the experimentally
extracted spectroscopic factors with those calculated using the shell-model em-
ploying the USDi and FSU interactions, respectively. In the figures, blue bars
indicate the ¢ = 0 transfer component, while the orange bars represents the
¢ = 2 transfer component. The left panel corresponds to '#O, and the right
panel to '8F.

For states observed experimentally, the spin and parity of the state is anno-
tated near the horizontal bar, which represents the corresponding spectroscopic
factor. For multiplets of states that are not resolved experimentally, spins and
parities of all states constituting the multiplet are given. Dashed lines connect
experimentally observed states to the corresponding shell-model calculations
(note that the energies of the calculated states may differ from the experimen-
tal values), while dotted lines connect experimentally unresolved multiplets of
states to their shell-model counterparts. For multiplets unresolved experimen-
tally, the shell-model strengths are indicated as wide, semi-transparent bars that
show the summed contributions of the £ = 0 and ¢ = 2 transfer components in
addition to the individual states.

Not all experimentally observed states are reproduced by the shell-model
calculations. In particular, the excited 0% states in '*O (beyond the ground
state) as well as the third 2% state, are not described by either the USDi or
FSU interactions. This discrepancy has been reported previously [34, 78], and
is generally attributed to the presence of cross-shell excitations involving the
160 core, which lie outside the standard sd-shell model space.

These states are understood to have significant contributions from multi-
particle-multi-hole configurations across the psd-shells, corresponding to exci-
tations of nucleons from the p-shell core into the sd-shell (see Fig. 2.2). Such
configurations are associated with enhanced collectivity and can be interpreted
as core-excited states, analogous to the deformed excited states in '°O, which
can be described as an analogue of the 2°Ne ground rotational band [78].

While these states can be reproduced by theoretical calculations that im-
plicitly include shell model excitations spanning the psd-shells [36, 79], they are
not captured within the sd-shell model space of the USDi interaction. Although
the FSU interaction extends the model space to include 1p-1h excitations, this
level of configuration mixing appears insufficient to reproduce these states.

When considering the shell-model description of states in '®F, several exper-
imental levels are not reproduced by either the USDi or FSU interactions. In
particular, the 17 state at 4.360 MeV is not reproduced by either interaction.
Similarly, the second 0" state at 4.753 MeV shell model calculations are not
reproduced within these shell-model calculations.

This is not unexpected, since these states are IAS of the 0 state at 3.630 MeV
and the 21 state at 3.920 MeV in 80, which, as discussed above, are also
not reproduced by shell-model calculations. Their absence in the calculations
therefore reflects the same underlying limitation, namely the lack of sufficient
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cross-shell excitations in the model space.

The FSU interaction reproduces the 2 state at 4.964 MeV, which is IAS
of the 27 state at 3.920 MeV in '#0. However, the calculated energy of this
state (5.842 MeV) is significantly shifted compared to the experimental value,
indicating that, although the configuration is partially captured, its energy is
not correctly described.

In addition, the FSU interaction fails to reproduce the 27 state at 3.839 MeV
and the 37 state at 4.115 MeV. This suggests that while the inclusion of hole ex-
citation improves description of some states, important correlations still remain
missing.

The states in 'O and '8F that are reproduced by the shell-model calcu-
lations show overall good agreement with the experimental cross sections. In
particular, the general trends are reasonably well reproduced. This indicates
that, despite the limitations discussed above, the shell-model provides an ef-
fective description of states in the vicinity of closed-shell nuclei such as 20O
and '8F. Consequently, the calculated spectroscopic factors are, in most cases,
consistent with the experimental data.

To determine whether unbound states in '8F exhibit any change in the
strength of their / = 0 component relative to bound states, the ratio of the
¢ = 0 and ¢ = 2 transfer components between states populated in ¥F and
in 180 was calculated for their IAS at several excitation energies and shown in
Fig. 2.48. The ¢ = 0 ratios are shown in blue with their associated uncertainties,
while the ¢ = 2 ratios are shown in orange. The black horizontal line represents
the average ratio for £ = 0 across the states, and the grey band indicates the 1o
spread around this average. To assess whether the ratio corresponding to the
proton-unbound state is consistent with the overall trend, a p-value of p = 0.24
was calculated, as indicated in the figure. This corresponds to a deviation be-
tween lo to 20 from the mean. Therefore, the ratio for the unbound state is
consistent with the average value, and no statistically significant variation in the
£ = 0 strength can be identified. Thus, within the experimental uncertainties,
no indication of isospin symmetry breaking is observed. However, it is impor-
tant to note that the experimental uncertainties are rather large, and to draw
conclusions on the isospin symmetry breaking, higher statistics data would be
required.
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Figure 2.47: Comparison of spectroscopic factors for ¥O (left panel) and '8F (right panel) obtained experimentally
using Option 2a with shell-model calculations using the FSU interaction.
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Figure 2.48: Ratio of £ = 0 (blue) and ¢ = 2 (orange) transfer components for
states populated in '®F relative to 80 at selected excitation energies. Error
bars represent experimental uncertainties. The black horizontal line represents
the average ratio for { = 0 across the states, while the grey band shows the
corresponding lo spread. The p-value quantifies the consistency of the proton-
unbound state with the overall trend, indicating no significant deviation from
the average.

2.7 Outlook

In the present study, multiple excited states in '*F and '#O were populated via
the neutron adding (d,p) reaction. The experimental approach—neutron trans-
fer measured in a solenoidal spectrometer—proved effective for populating and
identifying states in both nuclei. In addition, also proton- and a-decay channels
in '8F were observed by selecting specific signatures in the recoil detectors.

A natural extension of this work would be to repeat the measurement with
coincident y-ray detection. This would significantly improve the energy reso-
lution and enable disentangling of closely spaced states, which is challenging
when relying on charged-particle detection due to its limited resolution. The
addition of y-ray spectroscopy would therefore allow for a more precise identifi-
cation of individual nuclear levels. However, so far only CeBrs 7 detectors were
used inside a solenoidal spectrometer, which have a limited energy resolution
[80], and thus may not allow for a straightforward identification of individual
states. It is important to note that this approach would not provide additional
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information for the states that decay by proton emission.

Another important direction for future studies is the population of higher-
lying states, in particular proton-unbound states in '8F at increased excitation
energies, as well as higher excited states in '®0. This would enable a more
systematic study of weak-binding effects across a broader range of states. In
the present work, only a single multiplet of states with isobaric analogue states
above the proton separation energy in '®F was populated. Increasing the beam
energy, or optimising the experimental setup for the detection of higher excita-
tion energies, would provide access to a larger set of proton-unbound states. A
systematic comparison of these states with their analogues in 20O would offer a
deeper insight into the structure and behaviour of unbound nuclear systems.

Additionally, it would be interesting to see if the 6.136 MeV state in '8F
could be populated in the 1"O(3He, d)'®F reaction. Although this state was
not reported in Refs. [39, 40], repeating the measurement with better statistics
could help clarify its population mechanism. A comparison of the extracted
spectroscopic factors between the (*He,d) and (d,p) reactions would provide
additional insights into the single-particle structure of this state and the reaction
selectivity. In (d,p) reactions, the transferred neutron is probed, whereas the
proton is the weakly bound particle. As a result, sensitivity to the weak-binding
of the proton arises only indirectly, through its pairing with the neutron. In
contrast, the (*He,d) reaction offers a more direct route to probe this. Such a
measurement would likely require the use of a gas target in inverse kinematics.

As shown in Fig. 2.49, several proton- and a-unbound states were populated
in the present work. However, the available statistics were not sufficient for a
detailed analysis of their angular distributions. Of particular interest is the 1~
a-unbound state in ®F at 5.604 MeV, which may have relevance for nuclear
astrophysics. This state can contribute to the inverse of the “Ne(a,~)!8F
reaction, which plays a role in energy generation in stars following hydrogen
burning via the CNO cycle [81]. However, a nearby 17 state at 5.603 MeV can
possibly interfere with the 1~ state. Disentangling these contributions requires
higher statistics in order to separate the even- and odd-¢ transfer components
and reliably determine the properties of the 1~ state.
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Figure 2.49: Excitation energy spectra for the 17F(d, p) with '8F recoils (orange
line), with 17O recoils (blue line), and with N recoils scaled by factor 7 (gray
line). The proton separation energy of '8F, Sp = 5.61 MeV, is indicated by
the black dashed line, and the o separation energy of ¥F, S, = 4.415 MeV,
is indicated by gray dashed line. The "F beam data are scaled such that
the d-wave component strength of the first 2% state at 3.062 MeV matches
the corresponding d-wave component strength of the first 2% state in 20 at
1.982 MeV.
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Chapter 3

Fission at ISS

This chapter presents an experiment studying the fission of 233U in the 232U(d, pf)
reaction performed at ISOLDE, CERN, using the ISOLDE Solenoidal Spec-
trometer (ISS). The chapter begins with a discussion of the astrophysical ori-
gin of elements in the Universe (Section 3.1), highlighting the role of the r-
process in the formation of elements heavier than iron. Section 3.2 then explores
how experimental nuclear physics can contribute to a better understanding of
the astrophysical r-process, emphasising the importance of fission properties of
neutron-rich nuclei for modelling the r-process path and improving theoretical
predictions. The role of fission in the r-process motivates this work.

A general overview of the production of radioactive ion beams at ISOLDE is
then presented in Section 3.3, together with a description of the HIE-ISOLDE
and the ISS setup. This is followed by a detailed account of the preparation
of an experiment designed to study fission induced in (d, p) reactions in inverse
kinematics using a solenoidal spectrometer and a radioactive ion beam presented
in Section 3.7. The development of a dedicated detection setup, optimised
for efficient detection of various reaction products, is described, along with
supporting simulation results.

The commissioning of the experimental setup with a stable beam is presented
in Section 3.8, followed by a description of the IS739 experiment Section 3.9,
carried out at ISS in July 2025. The chapter concludes with an overview of the
data analysis performed for this experiment.

3.1 Origin of heavy elements and the r-process

There are 118 known elements, 94 of which occur naturally on Earth.
The most mass-abundant element in the universe is hydrogen, making up
around three-quarters of all matter. The remaining 25% is primarily composed
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of helium. The third-most abundant element is oxygen'. All other elements are
generally uncommon.

Concerning the composition of the Earth, the situation is quite different.
Elements making up the most mass of the Earth’s crust include oxygen (about
47%), silicon (28%), aluminium (8%), iron (5%), calcium (4%), sodium (3%),
magnesium (2%), and potassium (2.5%). Additionally, heavier elements can be
found on Earth, such as platinum, gold, lead, thorium and uranium. A question
arises — how were these elements formed?

The lightest elements—hydrogen, helium, and trace amounts of lithium—
were formed during the first minutes after the Big Bang through nuclear re-
actions in a process known as Big Bang Nucleosynthesis (BBN)?. Elements
heavier than hydrogen—including helium—are created inside the cores of stars
by fusion reactions. When light elements fuse, energy is released because the
binding energy per nucleon of the resulting nuclei is higher than that of the ini-
tial nuclei. Energy released by this process keeps the star from collapsing. The
formed elements can be released into the surrounding galaxy by explosive stellar
scenarios. However, elements heavier than iron and nickel cannot be formed in
fusion reactions. They are the most tightly bound nuclei, and fusion of such
elements no longer releases energy. Some light elements—Ilithium, beryllium,
and boron—are thought to be formed in cosmic ray spallation, where they are
remnants from collisions of heavier elements with high-energy cosmic rays® [82].

Elements occurring naturally in the Solar System, along with their astro-
physical origin, are presented in Fig. 3.1.

IStars burn hydrogen as their primary fuel source. Later in the lifetime of a star, after it
has stopped burning hydrogen to helium, it transitions to burning helium to produce heavier
elements. Massive stars undergo catalytic cycles involving carbon, nitrogen, and oxygen,
known as the CNO cycles. Lighter elements — lithium, beryllium, and boron — are not produced
in stellar nucleosynthesis. However, in the later stages of the life of a star, helium burning
leads to the formation of carbon, and the fusion of helium and carbon results in the production
of oxygen. This causes oxygen to become the third most abundant element in the Universe.

2In the BBN, only very few elements heavier than helium were produced because of a
bottleneck: the absence of any stable nuclei with either 5 or 8 nucleons. Consequently,
the production of heavier nuclei, including lithium-7, during this early cosmic phase was
constrained. In stars, the bottleneck is overcome through triple-collisions of helium-4 nuclei,
leading to the formation of carbon (the triple-alpha process). However, this process is slow
and requires high densities, taking tens of thousands of years to convert a substantial amount
of helium into carbon within stars. As a result, its contribution in the immediate minutes
following the Big Bang was minimal.

3Cosmic rays mainly consist of protons and atomic nuclei (most of which are alpha parti-
cles).
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Figure 3.1: Elements occurring naturally in the Solar System and the astro-
physical sources that are responsible for their creation. Figure from [83].

How elements heavier than iron are formed has been a mystery for many
decades. In 1957, it was proposed that they are mainly synthesised by neutron-
capture reactions [84, 85]. However, the mean life of free neutrons is 878.4
seconds [86]. This means that nearly all neutrons produced in the Big Bang
have already decayed before neutron capture reactions could even take place.
Thus, neutron capture processes need to take place in specific astrophysical sites
where sufficient fluxes of neutrons are available.

Neutron capture reaction networks can be distinguished based on the neu-
tron flux, and important for this thesis are the slow neutron capture (s) and
rapid neutron-capture (r) processes. The s-process only requires a low flux of
neutrons. It is believed to occur mostly in the outer layers of Asymptotic Gi-
ant Branch?* (AGB) stars. Neutrons for the s-process are supplied mainly by
the 13C(a,n)'%0 and ?2Ne(a, n)**Mg reactions, depending on the mass of the
star® [87-89]. The s-process is a relatively slow process in which neutrons are
caught one at a time, followed by S~ -decay, forming isotopes close to the line
of B stability. The timescale of the s-process is between thousands to millions

4An AGB star, short for Asymptotic Giant Branch star, is a type of evolved star that is in
a late stage of stellar evolution. These stars, usually ranging from low to intermediate mass
(approximately 0.6 to 10 times that of the Sun), have exhausted the hydrogen in their cores
and have entered the late phases of their lives.

5The 13C(a,n)'60 reaction takes place at temperatures around 100 MK, while the
22Ne(ar, n)2°Mg reaction happens only if the temperature reaches above ~ 300 MK. In AGB
stars with masses less than 4-5 Solar masses the temperature hardly reaches 300 MK so only
the first reaction can take place [87].
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of years, typically with decades elapsing between successive neutron captures.
The s-process can synthesise elements up to bismuth and it is believed that it
has created around half of the elements heavier than iron in the universe. More
information on the s-process can be found in Ref. [90].

Unlike the s-process, the r-process requires a high flux of free neutrons.
The astrophysical site has been an open question for decades. Possible can-
didates proposed were neutron-star mergers and certain types of core-collapse
supernovae. The first strong observational evidence that a neutron star merger
produces a neutron flux sufficient for the r-process was provided in 2017 through
a multi-messenger observation of such a merger [91]. First, the gravitational-
wave detectors LIGO and VIRGO observed a neutron star merger, GW170817
[92], which was followed by a kilonova® observation, AT2017gfo, in the electro-
magnetic spectrum ranging from radio- up to y-frequency radiation. A neutron-
capture element, strontium, was identified in the measured spectra. Strontium
is one of the elements that can be produced through multiple neutron captures,
and its isotopic composition and abundance patterns indicate that a neutron
star merger can supply a neutron flux sufficient for the r-process [91].

During the r-process, several neutrons are captured sequentially through
(n,7y) reactions, resulting in the formation of very neutron-rich isotopes. Even-
tually, the formed isotopes are sufficiently far from the line of 3 stability that
B~ decay starts to compete with the capture of another neutron. After 8~
decay, neutron capture is often again the next step. Neutron capture and 8~
decay may also compete with photodissociation, i.e. (y,n) reactions. The entire
process is a complex reaction network extending across hundreds of neutron-
rich isotopes far off the line of 3 stability. As the masses of the formed isotopes
increase, at some point they become so heavy that nuclear fission becomes a
possible decay channel. Thus, fission plays a crucial role insofar as it limits the
mass of isotopes formed in the r-process.

Understanding the contribution of the r-process to the Solar System abun-
dances is challenging because most of the isotopes involved in this process are
very neutron-rich, thus far away from the § stability line. It is, in most cases,
presently not possible to produce and study such isotopes in the laboratory.
There is much more information available on the isotopes participating in the s-
process’, and traditionally the r-process abundances have been inferred by first
fitting the calculated s-process abundance distributions to the total isotopic
abundances measured in meteorites and attributing the remaining portion to
the r-process [93]. The isotopic abundances in the solar system, separated into

6 A kilonova is a transient astronomical event that occurs when two objects in a binary sys-
tem, such as two neutron stars or a neutron star and a black hole, merge, resulting in a strong
release of electromagnetic radiation. The term kilonova characterizes the peak brightness that
reaches about 1000 times (kilo) that of a classical nova.

"Isotopes involved in the s-process are more stable, making them easier to produce and
study.
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components from the r-process and s-process, are presented in Fig. 3.2. Ele-
ments primarily formed by the r-process include gold, platinum, and some rare-
earth elements (like europium and gadolinium), as well as long-lived thorium
and uranium isotopes (not shown in the figure).

Figure 3.2: The solar system (SS) isotopic abundances, separated into compo-
nents from the r-process and s-process. The s-process abundances are deter-
mined from the composition of solar meteorites. The observed abundances of
elements in the mass region of gold and platinum, rare-earth elements, and tel-
lurium and xenon cannot be explained without invoking the r-process. Figure
from Ref. [93].

As mentioned earlier, the r-process involves a complex network of reactions
and decays of hundreds of isotopes. Some nuclear properties of isotopes involved
significantly influence the entire process of creating heavy elements in the uni-
verse, such as [-decay rates and nuclear masses of the participating isotopes.
However, the r-process is ultimately limited once fission becomes possible. Then,
a nucleus splits into two smaller fragments.

This makes fission, which effectively constrains the mass of isotopes formed
by the r-process, to be of particular importance to understand this process.
Moreover, the two fission fragments can subsequently capture additional neu-
trons, broadening the range of nuclei involved in the r-process. Thus, more
information on fission of isotopes along the path of the r-process is essential for
a deeper understanding of the formation of heavy elements.

3.2 Fission of neutron-rich nuclei
One of the key ingredients for r-process model calculations are the fission barri-

ers and fission probabilities of the heavy r-process isotopes. The fission barrier
refers to the energy barrier that prevents a nucleus from splitting into two fission
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fragments. However, as mentioned before, neutron-rich nuclei are very challeng-
ing to produce and study in the laboratory, which is the reason why the fission
barriers of such isotopes are not known.

There are two ways for fission to happen: spontaneous fission (SF), and
compound nucleus fission, neglecting pre-equilibrium fission processes here. SF
plays a role for nuclei heavier than the nuclei which are the focus of this work.
Here, we rather focus on the second alternative—the formation of a compound
nucleus. One possibility to populate such a state is neutron-induced fission,
where a target made of stable nuclei is bombarded with neutrons. Another op-
tion is fission induced by Light Charged Particles (LCPs), where light particles
like protons or alpha particles impinge on a target. Fission can also be induced
by bombarding a target with high-energy photons (real or virtual). Heavy-ion-
induced fission, using multi-nucleon transfer reactions or fusion-fission reactions,
allows for reaching elements further away from the  stability line than other-
wise accessible. Exploring beta-delayed fission enables the study of unstable
nuclei, when (§-decay leads to the population of excited states in the daughter
nucleus that are situated at excitation energies above the fission barrier. How-
ever, to study unstable nuclei, these methods are often not applicable due to the
lack of appropriate target and beam combinations given by the overall shape of
the fS-stability line.

To get as close as possible to the r-process in the laboratory, one would
need to use a target made of an element that is already quite rich in neutrons,
bombard it with neutrons, and observe at which neutron energy fission becomes
possible. Unfortunately, there are no stable targets that allow us to study
isotopes directly interesting in terms of the r-process, and the available neutron
fluxes are not high enough.

This problem can be circumvented by using inverse kinematics. In inverse
kinematics, a target made of a light, stable element is bombarded with a heavy
beam, which can be unstable. As it is currently not possible to produce a
target made of neutrons, a different approach is required. One such approach
involves the use of surrogate reactions, for example a (d,p) reaction. In this
reaction, a heavy ion beam impinges on a CD5 target, where the deuteron in the
target is transferred to the beam ion. Because of high state density in the beam
nucleus and configuration mixing, the transferred neutron does not populate
single particle states, as it was discussed in the case of the 1"F(d, p)!8F and
170(d, p)*®0 reactions in Chapter 2. Instead, the transfer reaction leads to the
population of doorway states, which redistribute excitation energy from single-
particle-like configurations to collective excitations, or, more generally, to all
open degrees of freedom, forming a compound-nucleus formation.

As shown in Section 1.3, the excitation energy of the formed nucleus can be
extracted using the measured energy of the ejectile (proton in case of the (d, p)
reaction). This allows to study neutron-rich nuclei and their fission barrier.
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3.3 Experiments with radioactive beams at ISOLDE,
CERN

To study exotic and short-lived isotopes, we have to use radioactive beams. This
section will cover the production of radioactive elements at the ISOLDE facility
at CERN. Following that, an experiment which aimed at the investigation of
fission of 23°Ac (IS739) will be discussed.

3.4 The ISOLDE Facility at CERN

The ISOLDE Facility is a nuclear physics laboratory at CERN in Geneva,
Switzerland. The main focus of ISOLDE is the production of radioactive nuclei
with the on-line isotope mass separation technique and experiments with those.

At ISOLDE, more than 1000 isotopes of 74 elements can be produced. As
the number of available beams increases, it becomes possible to explore areas
of the nuclear chart that have never been studied before, including neutron-rich
actinides (see Ref. [14]).

3.4.1 Beam production

Radioactive isotope production at ISOLDE is executed as follows. First, neg-
ative hydrogen ions H™ are accelerated in the CERN Linear accelerator 4
(LINAC4) to an energy of 160 MeV. After that, the ions are transferred to
the Proton Synchrotron Booster (PSB). During injection into the PSB, two
electrons are removed from each H™ ion using a stripping foil, leaving only a
proton [94]. In the PSB, the protons are accelerated to an energy of 1.4 GeV.
After the acceleration, the now pulsed proton beam with an average current
up to 2.0 pA is transferred and impacts directly onto an around 20 cm thick
ISOLDE target positioned in a tubular tantalum target container. The path
H~™ ions and protons take to reach the destination can be seen in Fig. 3.3, which
shows the CERN accelerator complex.

As the proton beam impacts the ISOLDE target, fission, spallation, and
fragmentation reactions can take place, creating a plethora of different isotopes.
Reaction products, trapped in the thick target, can be released by heating the
target container (up to 2000°C). The target material needs to be carefully chosen
to fit the experimental needs.

The next step is ionization of the extracted isotopes to a 17 state. There
are three different ion sources that can be used: surface ion sources, plasma ion
sources, and laser ion sources. In surface ion sources, ions can be ionized by
passing them through a metal tube (such as tantalum or tungsten) that captures
electrons from them. Plasma ion sources operate by ionizing a gas mixture
(typically Ar and Xe) through electrons accelerated between the transfer line
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and the extraction electrode with a voltage of about 130 V, all within a magnetic
field. Laser ion sources utilize multi-step photo-ionization.

Figure 3.3: The CERN accelerator complex. Negatively-charged hydrogen ions,
delivered from LINAC4, are injected into the PSB. During the injection, two
electrons are removed from each ion. Then protons are accelerated to an energy
of 1.4 GeV. The pulsed proton beam is extracted from the PSB into an ISOLDE
target, from where radioactive beams are further distributed to experimental
stations. The path H™ ions and protons take to reach ISOLDE is marked in
green. Figure adapted from Ref. [95].

To then select the isotope of interest, the ionised beam is sent through a
mass separator. At ISOLDE, one of two on-line mass separators can be used
— the General Purpose Separator (GPS) and the High Resolution Separator
(HRS). The GPS’s mass resolution m/Am is approximately 800 and allows for
simultaneous extraction of two more beams in addition to the central beam.
The HRS’s mass resolution has been measured to be approximately 6000 [96].
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3.4.2 Post-acceleration

Isobars are selected using electric dipole magnets and this mass separated beam
is then sent either to the low-energy beam lines or, after charge breeding, to the
superconducting post accelerator and the HIE-ISOLDE experiments.

The mass-separated beam with energies up to 60 keV can be directed into
low-energy beam lines. However, in certain fields of research involving radioac-
tive nuclei, the use of beams with energies in the order of MeV/u is crucial
to allow for nuclear reactions. To meet this need, REX- and HIE-ISOLDE
post-acceleration installations have been developed. REX-ISOLDE is capable
of post-accelerating nuclei to energies of up to 3 MeV /u, while HIE-ISOLDE is
anticipated to reach eventually energies as high as 10 MeV /u. This subsection
focuses on the design and performance of REX-ISOLDE.

After the ions are mass-separated, the continuous beam (with varying in-
tensity) from a mass separator needs to be cooled, bunched, and charge-bred in
order to post-accelerate it.

First, the beam is injected into REXTRAP—a large, gas-filled Penning trap
surrounded by a superconducting solenoid. It accumulates the beam, which is
first slowed down by the potential of the trap at the entrance to energies of the
order of eV. The beam enters a high magnetic field of 3 T and is then further
cooled down by collisions with the atoms of a buffer gas. After accumulation,
the beam is extracted in bunches from the REXTRAP by an electric potential
that is reverse to the one at the entrance; thus, the ions retain the original
energy they had when they entered. For the process to be effective, the cooling
time inside the trap needs to be at least 10 ms [97]. REXTRAP has about 50—
60 % combined transmission efficiency for the injection, cooling, and extraction
processes.

Subsequent to leaving REXTRAP, the beam is directed into EBIS, an Elec-
tron Beam Ion Source where 17 ions are bred to a higher charge state to make
further acceleration more efficient. To be able to trap the 30-60 keV ions com-
ing from REXTRAP, the EBIS is situated on a high-voltage platform. The
ions are trapped inside the EBIS by an electrostatic barrier. Low-charged ions,
when trapped, undergo a step-wise ionization through collisions with a dense
electron beam from an electron gun. This continues until the ions are eventually
extracted. The entire process leads to the distribution of charge states in the
outgoing ions. The chosen breeding time depends on the required charge state
and may range from milliseconds for light ions up to hundreds of milliseconds
for heavy nuclei. The EBIS efficiency varies between a few percent and forty
percent, depending on the beam. More technical details about the EBIS can be
found in Ref. [98].

Following their extraction from the EBIS, the ions are directed into a mass-
separator to choose a specific charge state and suppress the residual gas. The
mass-separator system consists of an electrostatic 90° cylinder deflector and
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Figure 3.4: Schematic diagram of the ISOLDE-REX-ISOLDE-HIE-ISOLDE
layout. Protons from the PSB impinge onto a thick ISOLDE target. Reaction
products are released by heating the target and are then ionised to an 17 state.
The ionised beam is sent trough a mass separator to select the isotope of interest.
After being mass-separated, the low-energy beam is post-accelerated with REX-
ISOLDE. First, the beam is bunched with REXTRAP. Then it is charge-bred
using EBIS which allows to subsequently accelerate it efficiently with a sequence
of RFQs and resonators. Figure adapted from Ref. [99].

a 90° magnetic bender. Then the ions are injected into the linear accelera-
tor of REX-ISOLDE. The first element of the REX-ISOLDE LINAC is the
Radio-Frequency Quadrupole (RFQ), which accelerates ions from 5 keV/u to
300 keV /u. The beam is rebunched in order to fit into the following Interdigital-
H-type (IH) structure. The IH structure is a drift-tube which further accelerates
the beam to an energy of 1.2 MeV/u. Following this, the beam is directed to
three 7-gap spiral resonators and a 9-gap resonator. The final energy of the
beam may reach maximum 3 MeV/u for beams of A/q < 4.5. The LINAC
achieves a transmission of approximately 90 %.

A schematic diagram of the ISOLDE layout with post-acceleration is shown
in Fig. 3.4.

3.4.3 HIE-ISOLDE

HIE-ISOLDE is an energy upgrade of ISOLDE which allows to increase the en-
ergy of the radioactive ion beams (RIBs) from 3 MeV /u up to 10 MeV /u [100].
It consists mainly of superconducting cryomodules. The energy upgrade instal-
lation is structured into three separate phases. During the initial phase, two
cryomodules were added to the existing REX-ISOLDE LINAC. That allowed
to increase of the energy up to 5.5 MeV/u. In the second phase, an additional
pair of cryomodules was included in order to reach an expected beam energy of
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10 MeV /u for A/q = 4. In the last phase, the 7-gap resonator and 9-gap struc-
ture of REX-ISOLDE are planned to be substituted with two cryomodules,
enabling an energy range from 0.45 to 10 MeV /u.

3.5 The ISOLDE Solenoidal Spectrometer

The ISOLDE Solenoidal Spectrometer (ISS) is an experimental setup at HIE-
ISOLDE. The design of the ISS draws its inspiration from HELIOS at ANL
[19]. Tt consists of a former-MRI magnet operating at a maximum of 2.5 T
(the maximum field of the magnet magnet—4 T—cannot be used due to safety
restrictions in the ISOLDE hall). Its total diameter and length are 2396 and
2732 mm, respectively. The ISS was developed for inelastic scattering and
transfer reactions studies mainly using (d,p) reactions, where the detection
of the proton allows for good energy resolution, as described in Section 1.3.
Reactions take place inside the solenoidal field, and reaction products deposit
their energy in detectors placed inside the magnet on a dedicated platform. The
position of ISS inside the ISOLDE facility is indicated in Fig. 3.5.

More details about the detectors used in the IS739 experiment are provided
in the following sections.

Figure 3.5: A schematic layout of the ISOLDE facility. The relevant sections of
the beam line are highlighted. Figure adapted from Ref. [96].
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3.6 Fission of #YAc

The path of the r-process lies far away from the S—stability line and includes
highly neutron-rich nuclei. Our interest lies in exploring fission of these isotopes.
Given their low stability and the technical challenges in their production, beams
of such isotopes are presently unavailable. Our approach involves examining the
fission of alternative less-exotic neutron-rich isotopes (which lie closer to the
B—stability line) to establish a measurement method. This methodology aims
to be transferable to other, even more neutron-rich nuclei. Furthermore, model
predictions for nuclei within our experimental reach can be tested, thereby
increasing their predictive power for isotopes we cannot reach, i.e. those relevant
for the r-process.

As the initial physics case for an experiment of this kind, the fission of 230 Ac
was proposed to study. This choice was motivated by several factors: available
beam intensities, anticipated fission probabilities, and the absence of definitive
fission data at low excitation energies for this particular isotope. However, as
discussed in Section 3.9, it was ultimately not possible to use the 22? Ac beam,
and the experiment was instead performed using a 232U beam.

At the time of writing of the proposal to the INTC (the advisory committee
which approves experiments at ISOLDE), it was predicted that ISOLDE is ca-
pable of delivering an 8 MeV /u 22? Ac beam with an intensity of 1.3 x 107 pps,
which was expected to provide sufficient statistics to successfully run the exper-
iment. In order to achieve such beam rates, 229Ac needs to be extracted in a
molecular form as 2 AcFF* from a ThC, (thorium carbide) or UC, (uranium
carbide) target with a plasma ion source. Yields above 107 uC~1 229 AcFF*
have been measured for a UC target and a plasma ion source combination at
target temperatures above 2000°C. Predictions from FLUKA simulations [101]
indicate even higher production rates for ThC, within the target (1.8 x 10'°
uC~t vs. 3.3 x 108 uC~* for UC,). It was expected that the produced beam
will not contain significant contaminants, as proven in the ISOLTRAP MR-ToF
MS [102] study of the beam composition of 229 AcFF* [103].

There are no conclusive data on fission of 23°Ac at low excitation energies.
It is important to highlight that data exists from three experiments involving
230 Ac. The first experiment recorded two inconclusive S—delayed fission events
in mica photo-emulsion foils® [104], while the second experiment concentrated
on heavy-ion-induced fission at high excitation energies [105], focusing on the
extraction of fission transient times (the time fission takes). A recent study of
230 Ac gives only a lower limit on the beta-delayed fission probability [106].

There are predictions of the 23°Ac fission barrier height. A fission barrier of
5.37 MeV [107] is extracted in a study conducted by Eckert et al. in 1990 [108],

8Mica is a material that belongs to a group of silicate materials. It has excellent thermal
and electrical insulating properties.
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which investigated the fission of highly excited target residue nuclei resulting
from collisions between “°Ar and 232Th. A prediction of a 7.01 MeV fission
barrier is available from the General Description of Fission Observables (GEF)
model [109]. Another estimation places the fission barrier between 5.7 and
6.8 MeV [110], derived from the analysis of the aforementioned two S—delayed
fission candidate events [104]. For experiment planning, the more challenging
value of 7.01 MeV was assumed.

3.7 Experimental setup

In order to successfully measure the fission barrier height and the fission cross
section of a fissioning nucleus in a (d,pf) reaction, several observables need to be
determined. First, the detection of back-scattered protons in coincidence with
fission fragments is crucial to establish whether a (d,pf) reaction has occurred.
By measuring the energy and hit position of the protons, the excitation energy
E, of the fissioning system can be calculated, identical to the procedure used
for the HELIOS setup (see Section 1.3 and Eq. (1.20) therein). Subsequently,
the fission barrier height can be determined as a function of excitation energy.
To obtain the fission cross section, it is essential to calculate the product of
the beam intensity and the number of target particles per unit area, which can
be determined by measuring elastically scattered deuterons within a specified
angular range. Lastly, the measurement of v rays emitted from fission fragments
enables the extraction of their total energy and multiplicity.
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Figure 3.6: Schematic illustration of the detectors inside the vacuum cham-
ber of the ISS magnet. Beam enters from the lower right through the hollow
upstream silicon array and impinges on the target mounted in the target lad-
der. Deuterons elastically scattered from the target are detected by the four
luminosity detectors. Fission fragments move in the forward direction and are
detected by the AE-E CD-shaped Si detector. Gamma-rays emitted from the
fission fragments are detected by a CeBrs detector array. Detectors used for
beam tuning are not shown. All dimensions and positions are to scale with
placements optimized by simulations. Figure from Ref. [111].

A schematic figure of the experimental setup is shown in Fig. 3.6. The
chosen setup has been designed to optimise detection efficiency. Further details
regarding the detectors and their configuration will be provided below.

3.7.1 Detection of protons

For proton detection, a hexagonal array of double-sided silicon strip detectors
(DSSSDs), shown in Fig. 3.7, is used, which is a standard part of the ISS
setup. Similarly to the HELIOS Si array, it is placed on-axis with the beam
and magnetic field. The array is hollow, cooled with alcohol to about —20° C
and allows the beam to pass through its centre. It consists of three modules,
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each covering two sides of the hexagonal array. Each module comprises eight
DSSSDs, each 125 mm long and 25 mm wide. The detectors have 128 strips
with a pitch of 0.95 mm on the front (p-side) and 11 strips with a pitch of
2 mm on the back (n-side). The total length of the active Si region, including
0.5 mm gaps between detectors, is 501.5 mm. The total solid-angle coverage
of the Si array is 94 % in the direction parallel to the beam axis and 70 % in
the azimuthal direction. The radius of the array, measured from the beam axis
to the middle n-side strip on a Si wafer, is 27 mm. Each DSSSD is ~1000 pm
thick?.

The p-side strips are electrically bonded across adjacent Si wafers within a
given module and read out as a single signal channel, providing the z-position of
the interaction. The azimuthal position is determined from the 11 n-side strips.

The detector readout is based on application-specific integrated circuits
(ASICs). Each module is equipped with six ASICs: four are used for the p-side
channels and two for the n-side channels. The mapping of detector channels to
the ASICs is shown in Fig. 3.8.

Figure 3.7: A photograph of the ISS Si array on the support structure. On the
left side cooling lines are visible. Figure from Ref. [112].

9Detector thickness varies within 5 % for each detector.
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Figure 3.8: Diagram showing the mapping of the p-side and n-side channels to the ASICs and division of the Si array
into modules. Figure from [113].
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Fig. 3.9 shows the kinetic energy of a proton (Tproton) as a function of its
hit position along the z-axis (z) for excitation energies of the fissioning nucleus
ranging from 6 MeV to 10 MeV. The simulated beam energy is 8 MeV /u. It can
be seen that different ranges of excitation energy can be covered by changing
the placement of the Si array.

In order to determine the fission barrier (assuming that the prediction is
sufficiently close to reality) of a given isotope unambiguously, it is necessary
to register excitation energies at least 2 MeV above and below the predicted
barrier. In case of 239Ac, the GEF model predicts a fission barrier of 7.01 MeV.
This means that coverage of excitation energies in the range of approximately
5 MeV and 9 MeV is desired.

When a compound nucleus with high excitation energy is formed, the kinetic
energy of the emitted proton is low. Consequently, the proton has a smaller mo-
mentum, including in the direction opposite to the beam. As a result, it travels
a shorter distance along the z-axis before completing an orbit in the magnetic
field. As shown in Fig. 3.9, to detect protons ejected in reactions forming nuclei
with high excitation energies, the silicon array should be positioned as close to
the target as possible. At the same time, placing the array too close to the
target interferes with the trajectories of the protons emitted from the target.
A compromise distance of 1.85 mm between the Si array and the target was
therefore chosen. This corresponds to a distance of 3.7 mm between the target
and the edge of the first silicon, since the sensors are mounted on an aluminium
support structure.

Each channel of the Si array is typically calibrated using an « source contain-
ing four different isotopes: 48Gd, 23?Pu, 24! Am, and ?**Cm, with the energies
of the emitted a-particles listed in Table 3.4.

m

In the magnetic field, particles with different mass-to-charge ratio, %, have

different cyclotron period. Referring to Eq. (1.22),

2Tt m
Tcyc = ??a
we observe that for a proton (with a mass-to-charge ratio A/Z = 1) in the
magnetic field of strength B = 2 T, the cyclotron period is Ty = 32.8 ns. This
magnetic field strength of 2 T was chosen to maximise the proton detection
efficiency. For a particle with a A/Z = 2, such as a deuteron or an alpha particle,
the cyclotron period will be twice as long: Ty = 65.6 ns. The same applies to
protons making two turns. Therefore, having a time resolution that enables the
distinction between these cases helps to suppress background. However, time
resolution of the ISS Si array is of the order of us [114], which does not allow
for distinguishing particles based on their cyclotron period.
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Figure 3.9: Kinetic energy of a proton (Tp,oton) versus its hit position along the
z-axis (z) for excitation energies of the fissioning nucleus ranging from 6 MeV to
10 MeV (the simulated beam energy is 8 MeV/u). For each excitation energy,
the long line corresponds to protons completing a single turn before hitting the
detector, while the shorter lines to the right correspond to multi-turn events.
Figure from Ref. [115].

3.7.2 Detection of fission fragments

Fig. 3.10 shows the nuclear charge distribution (upper panel) and the pre-
neutron emission mass distribution (lower panel) of fission fragments for 10°
events simulated by GEF [109] for fission of 239 Ac at an excitation energy E* =7
MeV above the ground state. The two fission fragments are expected to have
charges within the range of 30 < Z < 60 and masses spanning 80 < A < 150.
The setup was intended and optimised for studying fission of 230 Ac, using a
229 Ac beam. Beam with an energy of 8 MeV /u impinging on a CDy (deuterated
plastic) target. There, a (d,p) reaction may occur. The resulting compound
nucleus 23°Ac* moves forward with an energy roughly similar to that of the

120



Experimental setup

beam. Then, if fission occurs, the fission fragments move forward within a
cone with an opening angle depending on the beam energy and the transverse
momentum of the specific fission fragment.

Fig. 3.11 depicts the azimuthal angle distributions of fission fragments sim-
ulated by GEF and boosted into the beam frame for the simulated experiment.

Due to the kinematics of the emitted fission fragments, the most efficient
method for their detection is to employ a CD-shaped!® detector centred at the
beam axis. A central hole in such a detector allows the unreacted beam to pass
through. By adjusting its distance from the target, the solid angle coverage can
be optimised to maximise the detection efficiency for fission fragments without
obstructing trajectories of deuterons (more details on the detection of deuterons
which are scattered from the target and used for normalisation are provided in
Section 3.7.3).

Among the commercially available options, the S3 detector model from Mi-
cron Semiconductor Ltd [116] was selected for use as the fission fragment detec-
tor. It is a double-sided silicon strip detector with a central opening, segmented
into 24 concentric rings on the junction side and 32 azimuthal sectors on the
ohmic side. The fission fragment detector is configured as a silicon telescope in
a AE-FE arrangement, consisting of a AFE layer with a thickness of 65 ym and
an F layer with a thickness of 1000 ym. The dimensions of the fission fragment
detector are listed in Table 3.1, and a photograph of the detector is presented
in Fig. 3.12.

100D stands for compact disc, a commercial format previously popular for music distribu-
tion, developed by Philips and Sony in 1982.
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Charge distribution of fission fragments
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Figure 3.10: Charge distribution (upper panel) and pre-neutron emission mass
distribution (lower panel) of fission fragments for 10° events simulated by GEF
for 230Ac at an excitation energy of E* =7 MeV above the ground state.
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Figure 3.11: Angular distributions of 23 Ac fission fragments simulated by GEF
and boosted to the beam frame (6 is the azimuthal angle). For the simulated
229 Ac beam energy of 8 MeV /u, two peaks around 13° and 21° can be distin-
guished, corresponding to heavy and light fission fragments, respectively.

Radii (mm) Thickness and coverage
Si chip inner 20.00 Junction number of elements 24 rings
Si chip outer 76.00 Junction pitch 886 um
Si inner 22.00 Ohmic number of elements 32 sectors
Si outer 70.00  Ohmic pitch 11.25°
AFE thickness (um) 65
E thickness (pum) 1000

Table 3.1: Dimensions of the S3 detectors [116].

Fig. 3.13 shows the geometric efficiency of the simulated S3 fission fragment
detector, used with a beam energy of 8 MeV /u, as a function of its distance from
the target. At a distance of 8 cm downstream of the target, the efficiency is
87 % for detecting a single fission fragment and 82 % for detecting both fission
fragments in coincidence. This distance was therefore chosen as the optimal
detector position. The simulation considers only fission fragments detected in
the AFE layer. On average, approximately 39 % of all fragments that reach the
AE layer pass through it and are subsequently detected in the E layer!!.

This experimental setup was not intended to identify the charge and/or mass
of the fission fragments based on their energy-loss patterns in the AE and FE
layers. However, lighter nuclei, such as carbon or deuterium nuclei scattered
from the target, can be distinguished if they reach the detector. Nevertheless,

HEspecially the heavy fission fragments are not expected to punch through the AE detector.
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Figure 3.12: A schematic figure of the S3 detector employed for fission studies
at ISS. Figure from [116].

attempts to extract the charge resolution also for fission fragments, were per-
formed, see Section 3.9.4. Currently work on exploiting information from stored
signal traces of these detectors during IS739 is ongoing as part of a Bachelor
thesis project.
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Efficiency distribution, GEF-simulated fission
--{- Light FFs
l Heavy FFs
oA —— Light && Heavy FFs

801

o
o

Efficiency (%)
ey
o

201

6 8 10 12 14 16 18 20
z (cm)
Figure 3.13: Geometric efficiency of the CD-shaped fission fragment detector at
a beam energy of 8 MeV/u as a function of its distance from the target. The
detector has inner and outer radii of 11 mm and 35 mm, respectively. The dotted
blue line represents the efficiency of detecting only the light fission fragment,
the dashed orange line corresponds to the efficiency of detecting only the heavy
fragment, and the solid green line illustrates the efficiency for detecting both
fission fragments in coincidence. Figure from Ref. [117].

By using a detector segmented into rings and sectors, it is possible to de-
termine the difference in azimuthal angle between particles depositing energy
in the detector on an event-by-event basis. For fission events, this difference
should be 180°, since the fragments are emitted back-to-back in the compound
nucleus frame, resulting in opposite transverse momenta.

The distance between the AE and E layers was set to 13.2 mm. In princi-
ple, a smaller separation would be preferable. However, due to mechanical con-
straints associated with mounting the detectors on the detector support struc-
ture, reducing this distance further would significantly complicate the mounting.

The S3 detectors exhibit significantly different dead-layer thicknesses on
their front (junction) and back (ohmic) sides. The junction side, which is seg-
mented into 24 rings, has a total dead-layer thickness of approximately 4.6 ym
over most of the detector surface. In contrast, the ohmic side, which is seg-
mented into 32 sectors, has a total dead layer thickness of approximately 0.7 pm.
For this reason, it is preferable for the ohmic side of the S3 detectors to face
the incoming particles, i.e. upstream. Thus, both layers were mounted in that
configuration.
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3.7.3 Detection of deuterons elastically scattered from the
target

To extract the fission cross section as a function of excitation energy, it is nec-
essary to determine the product of the beam intensity and the number of target
particles per unit area. This quantity can be obtained using elastic scatter-
ing reaction of deuterons. By counting elastically scattered deuterons within
a given angular range, the total fission yield can be normalised and the corre-
sponding cross section extracted. To relate the number of detected deuterons
to the product of beam intensity and target thickness, the elastic scattering dif-
ferential cross-section as a function of scattering angle with respect to the beam
axis, as well as the energy of the scattered deuterons in the ?2°Ac + d reaction,
were calculated using the LISE++ program [118]. The results are shown in
Fig. 3.14.

Cross section Energy
30
1011
25
- 109, S
& S 20
g g
o 1074 =15
] o
E o
8 3
° 105 5 10
5
103,
0
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
Lab angle (degrees) Lab angle (degrees)

(a) (b)

Figure 3.14: (a) Calculated cross section of deuterons ejected from the target
when 229Ac of 8 MeV /u impinges as a function of the laboratory angle with
respect to the beam axis. (b) Calculated energy of the scattered deuterons as
a function of the laboratory angle with respect to the beam axis.

The elastic scattering cross-section noticeably increases for larger angles and
diverges at 90°. At the same time, the kinetic energy of the scattered deuterons
decreases with angle, approaching 0 MeV for angles close to 90°. In contrast, the
energy reaches its maximum value of approximately 31 MeV at small forward
angles near 0°. Deuterons emitted at angles very close to 90° have insufficient
energy to escape the target material and therefore cannot be detected. On the
other hand, deuterons emitted at very small angles, although highly energetic,
cannot be detected because the unreacted beam propagates along the solenoid
axis and overlaps with their trajectories. Additionally, the elastic scattering
yield at very small angles is small. Therefore, a compromise configuration is
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required that provides a sufficiently large scattering cross section while ensuring
that the scattered deuterons have enough energy to be detected.

The standard configuration used at ISS to detect elastically scattered deuterons
consists of an on-axis, CD-shaped silicon detector. The detector is shielded by
an aluminium annulus and a tube passing through the centre of the annulus,
as shown in Fig. 3.15. Consequently, particles can only reach the detector by
passing around the outside of the shield, restricting detection to a narrow range
of scattering angles. By changing the distance between the detector and the
target, different angular ranges can be selected.

Figure 3.15: Schematic illustration of the standard luminosity detection setup
for elastically scattered deuterons used at ISS (not to scale). The tube is during
operation inside the detector, leaving no gap. The inner and outer radii of the
detector are 24 mm and 48 mm, respectively.

Fig. 3.16 shows a configuration in which the luminosity detector is placed
12.5 cm downstream from the target, while the fission fragment detector is lo-
cated 18 cm from the target. Example trajectories of detected deuterons are
indicated, together with representative trajectories of light and heavy fission
fragments. As illustrated in Fig. 3.16, placing the standard luminosity detector
in front of the fission fragment detector is not feasible, as the fission fragments
would collide with the luminosity detector. If the luminosity detector is in-
stead placed downstream of the fission fragment detector, deuterons can be
detected without disturbing the fission fragment trajectories, as demonstrated
in Fig. 3.17. However, in such a configuration, only deuterons emitted at rel-
atively small laboratory scattering angles can be detected, where the elastic
scattering cross section is lower. A maximum efficiency of 0.36 % for all emit-
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ted deuterons for this setup can be obtained when optimising the position of
the luminosity detector. With the expected beam intensity, this would likely
result in insufficient statistics.

Figure 3.16: Schematic illustration of particle trajectories in the luminosity de-
tection setup. The luminosity detector is shown in green, the shield and tube
in gray, and the fission fragment detector (just one is depicted) in magenta.
Example trajectories of detected deuterons are represented as red lines, while a
few example trajectories of the light and heavy fission fragments are shown as
blue and black lines, respectively. In this configuration, the fission fragments
cannot reach the fission detector. The ordinate represents the transverse dis-
tance from the beam axis, r, while the abscissa is the distance along the beam
axis, z.
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Figure 3.17: Similar to Fig. 3.16, but with the fission fragment detector (just
one is depicted) placed in-between the luminosity detector and the target. Note:
helical trajectories circulating around (z,y) passing through (z,y) = (0,0) and
progressing in the z direction look like they are reflected when projected onto
an r-z-plane.

To address this limitation, an alternative off-axis configuration has been pro-
posed, using four position-sensitive'? silicon detectors, as illustrated in Fig. 3.6.
In this setup, the detectors are mounted parallel to the beam line, with an active
area of 5 cm? oriented to face the beam axis. When positioned 2 cm downstream
from the target and 3 cm off the beam axis, the efficiency for detecting elas-
tically scattered deuterons reaches approximately 0.8 %. The efficiency map
for this configuration, as a function of the off-axis distance and target distance
from the target along the beam axis, is shown in Fig. 3.18. The efficiency is
highest when the detectors are placed close to the target. However, positioning
them too close is not feasible due to the presence of other detectors, the risk
of blocking other reaction products, and possible transverse movements of the
target holding structure itself.

As luminosity detectors, four resistive Si wafers were used. Each detector
has dimensions of 10 mm x50 mm, corresponding to the total active area of
5 cm?. The thickness of each detector is 800 ym. The resistive Si detectors have
the same design as the silicon sensors used in the HELIOS Si array. Each sensor
is equipped three readout channels, which allow to reconstruct both the energy
and hit position of the particle (see Section 2.4.4 for a detailed description),
and is electrically bonded to a printed circuit board (PCB). The luminosity
detectors are mounted on the same mechanical support structure as the fis-
sion fragment detectors to ensure good mechanical stability. The luminosity

12By using position sensitive detectors, it is possible to differentiate different particle species,
as will be shown in Section 3.8.4.
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Figure 3.18: Efficiency map for a luminosity detector consisting of four position-
sensitive silicon detectors mounted parallel to the beam-line, with the active
surface oriented such that they face the beam axis, as a function of the off-axis
distance and distance to the target plane. Figure from Ref. [117].

detectors mounted together with the fission fragment detectors are shown in
Fig. 3.19. The distance between the edges of the luminosity detectors closest to
the target and the target itself is 30 mm.
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Figure 3.19: Photograph of the S3 and luminosity detectors mounted on the
support structure.

3.7.4 Detection of v rays

Due to the limited intrinsic energy resolution of the CeBrs crystals, combined
with the high level density in the populated nuclei, it is not feasible to resolve
and identify individual ~-ray transitions. Instead, a measurement of v-rays
is planned to acquire information on the total emitted ~-ray energy and mul-
tiplicity during fission. Such data are valuable for r-process simulations and
may contribute to a better understanding of angular momentum generation in
fission [119].
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Figure 3.20: a) A single SpecMAT scintillation detector. b) The inner structure
of the detector (CAD drawing). Figure from Ref. [80].

Detecting v-rays in coincidence with (d,pf) reactions requires the use of
~v-ray detectors capable of operating inside the vacuum vessel and within a
strong magnetic field. The measurement was performed using CeBrs scintil-
lation crystals from the SpecMAT detector [80], developed by the KU Leuven
group. SpecMAT was designed as an active target, with CeBrs detectors placed
in a cylindrical configuration around the active target.

Each detector unit consists of a 48 x 48 x 48 mm?® CeBrs crystal placed
inside an aluminium housing. The aluminium housing has a thickness of 1 mm
on the side facing the v-ray window and 3 mm on the side walls. Each detector
is equipped with a silicon photomultiplier, which allows using it in a strong
magnetic field. A single detector and its inner structure are shown in Fig. 3.20.

However, the CeBrs detectors can also be used separately, and for this pur-
pose, a dedicated mechanical support was constructed in which the crystals are
arranged in 11 spokes, each containing three crystals, as shown in Fig. 3.21.
The centre of the detector array is positioned 150 mm downstream of the tar-
get. In the following, this arrangement is referred to as the original SpecMAT
configuration.

The SpecMAT scintillation array achieves a v detection efficiency of approxi-
mately 2.5 % at an energy of 1 MeV [120] in the original SpecMAT configuration.

Since the primary interest of this measurement is the total y-ray energy
emitted by the fission fragments rather than the detection of individual ~ lines,
the main requirement is to maximise the solid angle coverage by the detector
system.

Three detector geometries were considered:

o a box geometry with three rings (12 crystals per ring, 36 crystals total),

e a box geometry with two rings (16 crystals per ring, 32 crystals total),
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(a) (b)

Figure 3.21: The original SpecMAT configuration (11 spokes of 3 crystals).
(a) Side view. (b) Face view.

o the original SpecMAT configuration (11 spokes of three crystals, 33 crys-
tals total).

For the box geometries, two variants were studied: with and without overlap.
The box with overlap aims to avoid 7 rays escaping in the detector corners. In all
cases, the box-shaped -y array is placed downstream of the target. Visualisations
of the considered geometries are shown in Figs. 3.21 to 3.23.

(a) (b) (c)

Figure 3.22: Box with 3 rings (12 crystals in each ring, for a total of 36). (a)
Without overlap, side view. (b) Without overlap, face view. (¢) With overlap,
face view.

When a ~-photon interacts with matter, it may deposit energy in more than
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(a) (b) (c)

Figure 3.23: Box with 2 rings (16 crystals in each ring, for a total of 32). (a)
Without overlap, side view. (b) Without overlap, face view. (¢) With overlap,
face view.

one detector crystal via Compton scattering. In such cases, the total energy
of the original « is the sum of the energies deposited in all involved crystals.
The addback technique reconstructs this energy by summing coincident energy
deposits. However, addback may also incorrectly combine signals originating
from different v rays.

As a first approximation, a simplified simulation was performed using ggland
[121], a simulation wrapper for Geant4 [122], in which two fission fragments
move downstream from the target and one of them emits a single v with an en-
ergy between 0 and 10 MeV. The simplest possible addback scheme was applied
by summing the energies deposited in all crystals.

Table 3.2 summarises, for each geometry, the fraction of detected events,
the fraction of fully registered events (registered energy above 99 % of the
original energy), the fraction of incompletely registered events (registered energy
between 1 % and 99 % of the original energy), and the ratio of incomplete to
fully registered events. All values are relative to the number of emitted v rays
and therefore represent primarily geometric efficiencies. Doppler effects are
neglected in this comparison.
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Fraction of | Fraction of fully Fractlon of Ratlo of
. incompletely incomplete
Geometry detected registered events .
ovents (> 99 %) registered events | to complete
(1% —99 %) events
orig. SpecMAT 0.045 0.0095 0.035 3.61
Box (3 rings, 0.23 0.05 0.18 3.43
no overlap)
Box (3 rings, 0.24 0.06 0.18 3.28
overlap)
Box (2 rings, 0.145 0.032 0.113 3.50
no overlap)
Box (2 rings, 0.15 0.03 0.12 3.38
overlap)

Table 3.2: Detection efficiency for different detector configurations assuming
a single v ray emitted by one fission fragment. All fractions are relative to
the number of original v rays. Due to geometric constraints, the two-ring box
configuration with a photopeak efficiency of 3 % was selected.

As expected, the three-ring box configuration provides the highest detec-
tion efficiency. However, additional geometrical constraints must be considered.
Each crystal has dimensions of 48 mm x 48 mm x48 mm. In the three-ring
configuration, the v array would extend up to approximately 15 cm from the
target along the beam axis, while the inner dimension of the array would be
about 15 cm (or approximately 14 cm for the overlapping variant). In the
present setup, two CD-shaped segmented silicon detectors with a diameter of
about 14 cm (including active area and PCB support) are used for fission frag-
ment detection and must be positioned approximately 8 cm from the target,
thus inside the v array. Considering that, the three-ring geometry does not
provide sufficient clearance and is therefore not feasible.

In contrast, the two-ring configuration provides sufficient inner space to
accommodate the fission fragment detectors as well as the off-axis luminosity
detectors near the target.

The fraction of the reconstructed = ray energy for the original SpecMAT
configuration and the two-ring configuration is shown in Fig. 3.24. Events are
sorted according to their reconstruction efficiency.
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(b)

Figure 3.24: Detection efficiency for different configurations. The efficiency
is calculated for each event as the registered energy divided by the originally
emitted ~ energy. The events are then sorted by efficiency. The top plot shows
all events. On the bottom plot, the region with non-zero energy deposits is
shown.
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Ideally, a detector geometry would exhibit a long plateau near unity effi-
ciency, corresponding to a large fraction of fully reconstructed =y rays.

The detector configurations were further compared using Doppler-corrected
spectra, shown in Fig. 3.25. The following assumptions were used:

1. only crystals within the distance of at most two neighbouring crystals are
included in a cluster, i.e., contributing to the addback,

2. the reconstructed v-ray direction is obtained as an energy-weighted aver-
age of the included crystal positions,

3. Doppler correction is performed using the beam velocity and nominal
beam direction, as the emitting fission fragment cannot be identified.

Figure 3.25: Doppler-corrected vs simulated 7 energy for a box with 2 rings
without and with overlap, and SpecMAT. Except for the total efficiency dif-
ferences between the configurations, the Doppler-corrected energies are very
similar.

Due to mechanical constraints, during the support of the CeBrs design, the
selected two-ring design was modified to an overlapping geometry with four
crystals above and below the beam axis and five crystals on each side in each
ring. This modification enables a compact arrangement with identical inner
dimensions in the vertical and horizontal directions.

Mounting the CeBrs detectors in the mechanical holder and subsequently
installing it in the magnet proved to be challenging. The CeBrs holder consists
of multiple aluminium components that must be assembled together. Brass
screws were required, as the setup is intended to operate in a magnetic field up
to 2.5 T. In addition, the ISS magnet must be sealed and pumped to provide a
high-vacuum environment, which prohibits the use of plastic or other materials
incompatible with vacuum conditions inside the magnet bore. Here brass was
a cost-effective compromise, rather than the ideal material.

The lowest edge of the magnet bore is located approximately 120 cm above
the floor, and the fully assembled CeBrs array, containing all 36 crystals, has a
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total mass of about 30 kg. As a result, mounting and assembling all 36 crystals
in the magnet was extremely challenging. The entire mechanical structure had
to be inserted on rails inside the magnet and supported on a crescent-shaped
supports, as the assembly was too heavy to be placed directly into the magnet
without risking damage. Note that MRI magnets are not designed to carry
weight. Patients are supported by mechanical structures outside of the magnet.
This was not an option for experiments at ISS, where the ends of the magnet
are covered by large flanges to achieve the needed vacuum.

For these reasons, the bottom row of detectors was not installed. This
significantly reduced the total weight of the assembly and made the mounting
procedure safer and more manageable. The CeBrs detector holder mounted
inside the ISS magnet is shown in Fig. 3.26.

3.7.5 Beam monitors

As a beam monitor, a Faraday cup was used. It was placed downstream of
the target, behind the CeBrs detector holder. The hollow centre of the fission
fragment detector allowed the beam to pass through the entire setup and be
collected in the Faraday cup. It was used to monitor the condition of the CDq
targets and to check for possible beam-induced damage over time.

However, it was later realised in a subsequent experiment at ISS that the
Faraday cup likely introduced additional background due to scattered beam
particles. These scattered particles could reach detectors and contribute to
structures observed in some of the spectra.
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Figure 3.26: Photograph of CeBrs detector holder with detectors mounted inside
the ISS magnet. A table used for mounting the support structure is visible in
front of the magnet.

139



Fission at ISS

3.8 Stable beam commissioning

To verify the performance of the newly installed experimental setup, commis-
sioning measurements were carried out using a stable beam in June 2025. This
commissioning run served primarily to validate detector operation and resolu-
tion, data acquisition, and basic event reconstruction under realistic experimen-
tal conditions, rather than to perform a complete physics analysis.

Stable beam commissioning at ISOLDE is performed without the use of
protons from the PS Booster. Instead, ions already present as buffer gas in
the EBIS, or gases intentionally injected into the EBIS trap, are extracted and
accelerated. This strongly constrains the choice of available isotopes and limits
the mass range to relatively light nuclei. Consequently, the range of reactions
accessible during commissioning is restricted.

For this commissioning, a 22Ne beam with a charge state of 7™ and at an
energy of 6 MeV/u was used. The beam impinged on a secondary CDs target
located inside ISS, with a thickness of 549 ug/cm?. The extracted beam also
contained contaminants with the same mass-to-charge ratio (A/q) originating
from the EBIS buffer gas.

A critical operational constraint of ISS is the requirement to maintain a high
vacuum inside the spectrometer. In order to protect the HIE-ISOLDE acceler-
ating cavities, the beam line can only be opened to the experimental setup if the
pressure inside the ISS is below 8 x 10~ mbar. Achieving such a high vacuum in
a chamber the size of the ISS (a decommissioned MRI magnet) requires a long
pumping period. Reaching the required vacuum takes on the order of two weeks
for an ISS experiment with a similar large number of components as in this work.
Pumping starts with a mechanical roughing pump, followed by pumping phases
with a turbo-molecular pump and a cryogenic pump. The alternating use of
turbo and cryogenic pumps is necessary to remove different types of contami-
nants, as the turbo pump effectively removes residual atmospheric gases such
as nitrogen and oxygen, while the cryogenic pump is particularly effective at
trapping water vapour. For IS739 a key challenge was the outgassing from the
CeBrs detectors, including their electronic components.

Because opening the magnet, modifying the setup, and re-establishing high
vacuum is extremely time consuming, the stable beam commissioning was car-
ried out with the experimental configuration already installed and positioned
exactly as planned for the subsequent IS739 experiment. Provided that the de-
tectors operated as expected, this strategy avoided the need to open the magnet
after commissioning and repeat the pumping procedure. As a consequence, once
the commissioning began, no mechanical changes to the setup were possible.

The stable beam commissioning took place in early June 2025, approxi-
mately one month before the scheduled 1S739 experiment. Due to this tight
timeline and the operational constraints described above, the analysis presented
is limited in scope. Only a small number of representative spectra and correla-
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tions are shown to demonstrate the basic functionality and performance of the
detectors and data acquisition chain. A comprehensive physics analysis has not
been pursued at this stage.

The recoils from the 22Ne(d, p)**Ne reaction have very small laboratory
opening angles. As a result, the 23Ne recoils pass through the central opening
of the fission AFE — E telescope. This behaviour is illustrated in Fig. 3.27,
which shows the reaction kinematics inside the 2 T magnetic field of ISS. Even
if a different stable beam had been available, coincidences between the recoils
detected in the fission telescope and the protons detected in the Si array would
remain difficult to achieve for (d,p) reactions due to inherently small recoil
angles and the fixed distance between the fission detector and the target.

Nevertheless, other reaction channels remain open during commissioning.
Particles from these channels are expected to be detected in the fission detec-
tors, while deuterons elastically scattered from the target are observed in the
luminosity detectors. In addition, v rays emitted following nuclear reactions
can be detected with the CeBrs array.

Figure 3.27: Kinematics of the ??Ne(d, p)**Ne reaction in a 2 T magnetic field
inside ISS. The left panel shows the trajectories of recoiling 2*Ne nuclei (dashed
lines) and ejected protons (solid lines) for different excitation energies. Due to
the small opening angle of the recoils they pass through the central opening
of the detector rather than intersecting the active area. The right panel shows
the proton kinetic energy E versus the hit position z for protons emitted for
different excitation energies of the formed 2Ne recoils.

Experimental data were sorted using ISSSORT [123], a data-sorting frame-
work for ISS that converts raw detector signals into ROOT format for further
analysis. The plots shown in the following sections were produced using this
software.
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3.8.1 The Si array

Figure 3.50 shows the detected energy of the ejectiles plotted against their
distance of return to the solenoid axis relative to the target (E vs z plot).
Reactions with carbon nuclei in the CDs target were not subtracted in this
plot. The plot includes data from a single run of approximately three hours,
with no software cuts applied. Several diagonal structures are visible. The
uppermost band corresponds to the population of the ground state in 23Ne,
while the lower loci correspond to the population of excited states.

In addition, a faint structure is visible that bends in the opposite direction
to the loci associated with excited states in 2*Ne. Although the origin of this
structure is not fully understood, it is believed to originate from beam particles
scattered from the Faraday cup located downstream of the target, behind the
fission detectors and the CeBrs array. The Faraday cup was needed during the
experiment to monitor the target integrity, i.e. that the target had not been
degraded due to beam-induced damage.

E vs z, no gates
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Figure 3.28: Energy of the ejectiles detected in the Si array versus their hit
positions relative to the target for the stable 2?Ne beam. No C subtraction
was performed in this spectrum. No software gates have been applied. The
uppermost locus, marked as “g.s.” in the figure, corresponds to population of
the ground state of 23Ne.
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The corresponding excitation energy spectrum is shown in Fig. 3.51. Even
without any software cuts, clear structures are visible in the spectrum, corre-
sponding to excited states in 23Ne, listed in Table 3.3. It should be noted that
the energy calibration of the Si array was performed using calibration coeflicients
obtained during a previous experimental campaign. As a result, calibration of
the extracted excitation energy is not perfect. New calibration data were col-
lected after the IS739 experiment was completed and used for the analysis of
data based on reactions of unstable beam ions.
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Figure 3.29: Excitation energy spectrum obtained with the ?Ne beam with
no software gates applied. No C subtraction was performed in this spectrum.
Several peaks are clearly visible, although a significant amount of background
is present. The first two prominent excited states are believed to correspond to
excitation energies of 1.018 MeV and 2.314 MeV.
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E (level) (MeV) J~ ¢ SF
0.000 2 023
1.018 1/2% 0 0.39
1.703

1.826 2 0.023
2.314 5/2¢ 2 0.07
2.520

3.218 3/2= 1 0.73
3.433 3/2% 2 0.38
3.836 /2= 1 014
3.988 (3/2)" 2 0.32
4.270

4.431

4.764

4.867

4.940

4.995

Table 3.3: Energy levels in 2*Ne populated via the 2?Ne(d,p)?*Ne reaction
up to 5.0 MeV. Spin and parity (J7), transferred angular momentum (¢), and
spectroscopic factors (SF) are indicated where available. Data from [124].

3.8.2 Performance of the fission fragment detectors

Figure 3.52 shows the energy loss in the AFE detector plotted versus the residual
energy deposited in the E layer (the AE — E spectrum). Distinet loci corre-
sponding to different particle species can be identified, reflecting their charac-
teristic energy-loss behaviour in the silicon telescope. Different elements have
been identified using the energy needed for penetration of the AE detector from
SRIM [125] and are labelled in the plot.

The energies are plotted using the energy information from the sectors of the
DSSSDs. The fission fragment detectors were calibrated using four a-emitting
radionuclides: 8Gd, 23°Pu, ' Am, and ?**Cm. The corresponding a-particle
energies are listed in Table 3.4.

Radionuclide | a-particle energy (keV)
8Gd 3182.69 =+ 0.02
239py 5148.31 + 0.34
241 Am 5478.62 + 0.14
244Cm 5795.04 £+ 0.05

Table 3.4: Table of a-particle energies used for calibration. Data from Ref. [32].
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Figure 3.30: AF — E spectrum measured with the fission fragment telescope
during the stable-beam commissioning. The energy loss in the AE layer is
plotted as a function of the residual energy deposited in the F layer. Distinct
bands corresponding to different particle species are visible.

Figure 3.31 shows the same spectrum, zoomed in on the lower-energy region.
The most intense locus exhibits a characteristic "punch-through’ behaviour: par-
ticles with sufficient energy traverse the AFE detector, depositing only a limited
amount of energy in it, while the remaining energy is deposited in the E detec-
tor. Eventually, they punch through the F layer as well, and the signal in the
FE detector decreases as it is no longer stopping the particle. This produces the
characteristic “hook” shape in the AE — F spectrum, with the tip of the hook
corresponding to the maximum energy that can be deposited in the AE layer
before punch-through occurs.

Given the thickness of the AF detector, the punch-through energy observed
in this locus is consistent with a particles, allowing this band to be identified as
« radiation emitted from the reactions of the beam and the target. The lower-
lying loci, which are also clearly visible above the background, correspond to
lighter charged particles such as protons, deuterons, and tritons, ordered from
bottom to top according to increasing mass and charge.
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Figure 3.31: Zoomed-in view of the AE — E spectrum shown in Fig. 3.52.
The prominent hook-shaped locus corresponds to « particles undergoing punch-
through in the AE detector. Lower loci correspond to protons, deuterons, and
tritons.

The hit pattern (hit map) of the AE detector is shown in Figure 3.32. This
distribution reflects the angular acceptance of the AFE detector: most particles
are detected close to the inner radius of the detector, corresponding to small
polar angles with respect to the beam axis. This observation is consistent with
the strong forward focusing of reaction products at the beam energy used during
the commissioning run.

The energy deposited in each azimuthal sector and radial ring is shown in
Figs. 3.33 and 3.34 for the AF detector, and in Figs. 3.35 and 3.36 for the
FE detector. These distributions provide a consistency check of the detector
response and segmentation, and illustrate the variation of the detected energy
as a function of the scattering angle.

For the AFE detector, the energy distribution across azimuthal sectors (Fig. 3.33)
is approximately uniform. This is expected from the reaction kinematics, as no
preferred azimuthal angle is expected. In contrast, the energy distribution as a
function of radial ring number (Fig. 3.34) shows that rings with lower numbers
(i.e. rings closer to the central opening of the detector) register more events
and higher deposited energies. This behaviour is consistent with forward focused
reaction products, which are emitted at small laboratory angles and therefore
deposit more energy in the inner rings.

The response of the E detector differs significantly. As shown in Figure 3.35,
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approximately 20 azimuthal sectors register energies that are significantly higher
than the rest of the detector, with a pronounced accumulation of events around
120 MeV. Although the origin of this structure has not been conclusively identi-
fied, it is believed to arise from beam particles back-scattered from the Faraday
cup. The Faraday cup is located downstream of the target, behind the fission
fragment detectors and the CeBrs array, and scattered beam particles can there-
fore reach the FE layer of the telescope. Such particles are not registered in the
AFE detector because they are stopped in the E layer.

The energy distribution as a function of radial ring number in the E detector
(Fig. 3.36) is relatively uniform, with the exception of the innermost ring (ring
number 0). This ring registers a significantly higher number of events and higher
deposited energies. This behaviour is attributed to the fact that the innermost
ring is not fully shielded by the AE detector, unlike the other rings. As a result,
strongly forward focused reaction products can bypass the AFE layer and are
detected only in the E layer.
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Figure 3.32: Hit map of the AFE detector during the stable-beam commissioning
run. The colour scale represents the number of detected events. The concen-
tration of hits near the inner radius reflects the forward-focused emission of
reaction products.
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Figure 3.33: Energy deposited in the AE detector as a function of azimuthal
sector number. Due to the symmetry of the detector, the energy deposition is
expected to be similar for all sectors.
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Figure 3.34: Energy deposited in the AE detector as a function of radial ring
number. The variation reflects the angular dependence of the particle energies.
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Sector ID vs energy (E)

300
S [
L
< L 10*
B 250 [
()
5 C
200 | 10°
150 f
107
100
10
50
1
0
0 5 10 15 20 25 30
Sector ID

Figure 3.35: Energy deposited in the E detector as a function of the azimuthal
sector number.
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Figure 3.36: Energy deposited in the E detector as a function of the radial ring
number.
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3.8.3 The CeBr; detector array

Figure 3.37 presents the «-ray energy spectrum measured with the CeBrs de-
tector array, gated on any event in the Si array. Several peak-like structures are
visible.

The CeBrs array was calibrated using a %°Co ~-ray source, which emits two
well-defined ~v-ray lines at 1173.2 keV and 1332.5 keV.

Gamma-ray singles, gated on any array event
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Figure 3.37: Measured 7-ray spectrum with the CeBrs detector array in coin-
cidence with any event in the Si array.

For the present analysis, three states in 23Ne were considered: the ground
state and two excited states at 1.018 MeV and 2.314 MeV. By applying graphical
cuts on these states in the Si-array E vs z spectrum and requiring a coincidence
with a CeBrs event, the corresponding ~-rays depopulating these states could
be isolated. The applied cuts are shown in Fig. 3.38.

The resulting ~-ray spectra gated on the ground state (cut 0), the 1.018 MeV
state (cut 1), and the 2.314 MeV state (cut 2) are shown in Fig. 3.39, from top
to bottom. In the spectrum corresponding to cut 1, a peak is observed at an
energy of approximately 1.1 MeV.

This is consistent with the de-excitation of the first excited state at 1.018 MeV,
taking into account Doppler-shift effects due to the velocity of the emitting re-
coil. A simple estimate of the Doppler shift can be obtained as follows. The
recoil velocity of 2Ne from the ?2Ne(d, p)?3Ne reaction can be approximated
from its kinetic energy:
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2 o
imv ~ Ekina

where m is the mass of 2>Ne and F\, its kinetic energy. Assuming the proton
takes a negligible fraction of the kinetic energy, we have Eyi, ~ 6 MeV /u - 23 u,

giving
2F in
v e~ 0.11e, B =v/c~0.11.
m

The non-relativistic Doppler-shifted + energy is then

E, ~ Eg(l + B cosb),

where 6 is the angle between the recoil velocity and the detector. Assuming the
v is detected near the centre of the CeBrs detector array, with a distance of
12 c¢m from the target, a detector radius of 10 ¢cm, and cosf = 0.83, results in

E, ~1.110 MeV,

in agreement with the observed peak.

Figure 3.38: The E vs z plot for the Si array with marked graphical cuts on
the ground state (“cut 07), the 1.018 MeV state (“cut 17), and the 2.314 MeV
state (“cut 27).
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Gamma-ray singles, gated on array events in cut 0
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Figure 3.39: ~-ray energy spectra measured with the CeBrs detector array in
coincidence with Si-array events gated on the ground state (top), the 1.018 MeV
state (middle), and the 2.314 MeV state (bottom) in 23Ne.
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3.8.4 Luminosity detectors

Fig. 3.40 shows simulations of the response of the luminosity detectors (LUMESs)
performed using ggland [121], a simulation wrapper for Geant4 [122]. The sim-
ulations include deuterons elastically scattered from the target (d), inelastically
scattered deuterons (d'), and protons (p). When the deposited energy is plotted
as a function of the hit position in relative units, where values close to —1 or
+1 correspond to the longitudinal edges of the detector, these different particle
species form distinct loci and can be clearly separated.
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Figure 3.40: Simulated energy versus position along the detector spectra for the
interaction of a 22Ne beam with a CD5 target at a beam energy of 6 MeV /u. The
different structures correspond to elastically scattered (d), inelastically scattered
deuterons (d’), and protons (p). Simulations are taken from Ref.[117].

Energy spectra recorded by the LUME detectors during the stable beam
commissioning are shown in Fig. 3.41. The energy is not calibrated, and values
on the energy axis correspond to digitiser channels. The corresponding energy
versus position spectra are shown in Fig. 3.42. The position is given in relative
units, where values close to —1 or +1 indicate hits near the longitudinal edges
of the detector.

During the stable-beam commissioning, only three out of the four luminosity
detectors were operational for the entire time, as one of the detectors malfunc-
tioned during the last night of the commissioning and could not be used.
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Figure 3.41: Uncalibrated energy spectra measured with the three operational
LUME detectors during the stable-beam commissioning. The horizontal axis is

given in units of digitiser channels.
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Figure 3.42: Uncalibrated energy versus relative position along the detector
for LUMEs. Distinct bands correspond to elastically scattered deuterons (d),
inelastically scattered deuterons (d’), and protons (p) (see Fig. 3.40).
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3.8.5 Stable beam commissioning summary

With the exception of one LUME detector, all detectors operated as expected
and exhibited satisfactory energy resolution. The commissioning demonstrated
that the setup was fully operational and ready for the IS739 experiment.
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3.9 The IS739 Experiment

With the experimental setup successfully commissioned using a stable 22Ne
beam one month before, the IS739 experiment was conducted in July 2025.
During the beam time, several technical challenges were encountered.

The first issue was the very low intensity of the radioactive 229Ac beam.
The beam in difluoride form, 22° AcFs, originally planned for the experiment,
was found to saturate the HIE-ISOLDE trap, likely due to contaminants in the
beam. Switching to the monofluoride form reduced this problem but resulted
in production yields that were too low for meaningful measurements. For this
reason, the ISOLDE target group recommended and we decided to replace the
thorium carbide (ThCy) primary target, produced specifically for IS739, with a
previously used uranium carbide (UCy) target in the hope of achieving higher
229 Ac yields.

After switching to the UC, target, the 2?9Ac yield remained insufficient,
making it impossible to study the fission of 23°Ac as originally planned. To
make use of the allocated beam time, an alternative beam was selected, and
23217 was chosen to continue the experiment.

3.9.1 Switching from *?° Ac to **?U beam

The selection of a 232U beam was motivated by several considerations. First,
it has a high production yield with the UC, primary target. Moreover, with a
half-life of 68.9 years, previously produced 232U can be extracted from the target
without the use of protons from the PS Booster, although with a reduced yield
compared to proton irradiation.

The neutron separation energy of 233U, populated via the 232U(d,p)**3U
reaction, is S, = 5.76 MeV [32], which exceeds its predicted fission barrier,
By = 4.34 MeV [109]. Consequently, the compound nucleus is energetically
able to preferentially undergo fission before the neutron evaporation channel
opens. In addition, the first-chance fission probability of 233U, P; ~ 90 %, is
significantly higher than that of 239 Ac, which is predicted to be only about 3 %
[109].

Historically, 233U was discovered in 1947 [126], with its first fission cross-
section estimates reported in 1953 [127]. While several datasets exist on 233U
fission at lower excitation energies, including [128-130], none have investigated
the 232U(d, pf) reaction. Therefore, the IS739 represents the first measurement
of fission following the (d,p) reaction on #*2U.

It is important to note that during stable beam commissioning, no direct
coincidences between the fission fragments detectors and the Si array were ob-
served due to the small laboratory opening angle of the recoiling 2Ne nucleus.
In the IS739 experiment, however, measuring these coincidences is essential for
the extraction of the fission barrier.
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During the experiment, all detectors operated as expected, with the excep-
tion of two LUME detectors. In addition to the one detector that failed during
the commissioning experiment, one more failed prior to IS739. Those two de-
tectors remained unbiased throughout IS739.

The analysis of the IS739 experiment is ongoing at the time of writing this
thesis. Therefore, no conclusive physics results are presented in this part of the
thesis.

3.9.2 Energy calibration of the ISS Si array

Similarly to the fission detector, the ISS Si array was energy calibrated using
the same source containing four a-emitting radionuclides: 48Gd, 239Pu, 24! Am,
and 2%4Cm. The corresponding a-particle energies are listed in Table 3.4.

The calibration was performed using the autocalibration routine imple-
mented in ISSSORT. In this procedure, four prominent peaks are first iden-
tified in the raw ADC spectrum among possible peaks and associated with the
known a-particle energies. Based on the centroid positions of these peaks in
ADC units, a linear calibration function (gain and offset) is determined. Each
p-side and n-side strip of the array is calibrated individually to account for
channel-to-channel variations in response.

The workflow of the autocalibration procedure is illustrated in Figs. 3.43,
3.44, 3.45 and 3.46, where, as an example, module 0, ASIC 0, channel 45 is
shown (for details on the electronic mapping, see Fig. 3.8).

Figure 3.43 shows the initial identification of candidate peaks in the uncal-
ibrated energy spectrum. Figure 3.44 presents the four selected peaks corre-
sponding to the known a-particle energies. The selection is performed based on
the amplitudes of the peaks. Figure 3.45 displays the fitted energy spectrum,
where each peak is described by a Gaussian function; the extracted fit param-
eters are shown in the panel on the left. Finally, Fig. 3.46 shows the resulting
linear calibration curve together with the residuals, which provide a measure of
the quality of the calibration fit.
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Figure 3.43: Initial peak search in the uncalibrated ADC spectrum for module 0,
ASIC 0, channel 45. Multiple candidate peaks are identified before associating
them with known a-particle energies.

Figure 3.44: Final selection of the four peaks corresponding to the a-particle
energies from '48Gd, 2*°Pu, 24! Am, and ?**Cm used for calibration of the se-
lected channel.
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Figure 3.45: ADC spectrum for module 0, ASIC 0, channel 45 with Gaussian fits
applied to the four calibration peaks. The fitted centroids are used to determine
the linear energy calibration parameters.
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Figure 3.46: Linear energy calibration for module 0, ASIC 0, channel 45. The
upper panel shows the calibration curve (energy versus ADC value), while the
lower panel presents the residuals, demonstrating the quality of the linear peak.

The energy resolution of the Si array can be determined from the width
of the fitted Gaussians. The resolution was quantified by extracting the full
width at half maximum (FWHM) in keV for every module (during the fitting
procedure, the width of the fitted peaks is set to the same value), ASIC, and
channel in the array.

The resulting FWHM values are summarised in Figs. 3.47, 3.48 and 3.49,
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which show energy resolution distributions for all ASICs in the three modules.
These plots enable a channel-by-channel assessment of the detector performance
and facilitate the identification of channels with degraded energy resolution.

It is evident that the ASICs corresponding to the n-side of the array (1 and 4)
exhibit significantly worse energy resolution compared to the p-side (0, 2, 3, 5).
For this reason, in the subsequent analysis, the event energy is reconstructed
using only the p-side energy readout. The p-side ASICs typically exhibit an
energy resolution of approximately 100 keV (FWHM), with ASIC 0 in all three
modules showing noticeably worse performance, with typical FWHM values of
the order of 200 keV. It is important to note that ASIC 0 is located farthest
from the source. Consequently, the o particles impinging on sensors connected
to ASIC 0 are detected at a smaller angle between their trajectory and the
detector surface. As a result, they lose more energy in the dead layer of the Si
detector and experience the largest energy straggling in this region, leading to
a further degradation of the energy resolution.
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Module 0 - FWHM per Channel for Different ASICs

1000
800 A
600

s

[

<

=

I

=

w
400 A
200 A

0

t>>>>>>>>>>>>~ Aj

ASIC O
ASIC 1
ASIC 2
ASIC 3
ASIC 4
ASIC 5

o<rne

el e gi}g:%

T T R T T T o T Ty Yy VT A g B P Ve e vy Y Yo vy Yvvy

» >>>>>>>>>:>>>>>:>.;»;».»b»»»»»»»»»»»»»»»»»»»»»»}EO»»‘?.&»N’» »» 0
9.9 AP0

20 40 60 80 100 120
Channel

Figure 3.47: Energy resolution (FWHM in keV) for all calibrated channels connected to module 0. Each data point
corresponds to an individual strip channel after linear energy calibration. ASICS 1 and 4 are connected to n-side
strips. They each have 4 x 11 channels connected.
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Figure 3.48: Energy resolution (FWHM in keV) for all calibrated channels connected to module 1. Each data point

corresponds to an individual strip channel after linear energy calibration. ASICS 1 and 4 are connected to n-side
strips. They each have 4 x 11 channels connected.
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Module 2 - FWHM per Channel for Different ASICs
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Figure 3.49: Energy resolution (FWHM in keV) for all calibrated channels connected to module 2. Each data point
corresponds to an individual strip channel after linear energy calibration. ASICS 1 and 4 are connected to n-side
strips. They each have 4 x 11 channels connected.
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3.9.3 Overview of data from the ISS Si array

In this section, experimental results will be discussed, as opposed to the cali-
bration discussed in the previous section.

Figure 3.50 shows the energies of the particles detected in the ISS Si array
as a function of their detected positions relative to the target. The left panel
shows data taken with the CDy target, while the right panel shows data taken
with the C target. No software gates are applied. In the CDs target data,
clear lines are visible in the spectrum, which are signatures of the population of
discrete states in the recoiling 233U nuclei. These structures are absent in the
C target data, as expected.

The corresponding excitation energy spectra are shown in Fig. 3.51. The left
panel shows data taken with the CDs target, while the right plot shows data
taken with the C target. For the CD, target data, excited states populated
in the 232U(d,p)?33U reaction are visible, corresponding to the bands observed
in Fig. 3.50. In contrast, the spectrum obtained with the C target exhibits a
smooth behaviour, with a significant and relatively flat background originating
from reactions with carbon.

E vs z, no gates E vs z, no gates

10000 = 10000 =

E (keV)
E (keV)

8000 8000

6000 6000

4000 4000

Counts per mm per 20 keV
Counts per mm per 20 keV

2000 2000 [

0—50 5 -400 -350 -300 -250 —200—150 -100 (5) 0—50 -400 -350 -300 -250 -200 N 0 (5)
Figure 3.50: Energy of the particles detected in the ISS Si array as a function of
their detection position relative to the target. The left panel shows data taken
with the CD; target, while the right panel shows data taken with the C target.
No software gates are applied. The horizontal band with increased counts at
E ~ 500 keV, extending up to approximately 1000 keV is caused by noise in the
array. The diagonal structures correspond to different excited states populated
in 233U.
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Figure 3.51: Excitation energy spectra reconstructed from particles detected in
the ISS Si array. The left panel shows data taken with the CD5 target, while the
right panel shows data taken with the C target. No software gates are applied.

To extract the fission barrier of 233U, it is necessary to examine the excitation
energy spectra gated on the detection of one, or preferably two, fission fragments
in coincidence. By comparing these spectra for the CDy and C targets, it is
possible to subtract the carbon contribution from the CDy data by appropriately
scaling and subtracting the C target spectrum. However, due to the challenges
associated with the unambiguous identification of fission fragments from the
reaction (described in the following subsection), the extraction of the fission
barrier is still in progress.

3.9.4 Fission fragment detectors

Figure 3.52 shows the AE — FE plot for particles detected in the fission frag-
ment telescope using statistics collected in all runs in the experiment using the
CD5 and C targets, respectively. The fission fragment detector’s gain-matching
and calibration parameters were obtained from [117]. The spectra exhibit an
almost identical shape, which suggests that there is a significant experimental
background originating from reactions of the radioactive 232U beam with car-
bon. However, a slight asymmetry can be observed: the data taken with the
CD, target show more counts in the region corresponding to higher energies
registered in the AFE layer.

Moreover, the spectra exhibit distinguishable lines corresponding to different
nuclear charges produced in the reactions. This is illustrated in Fig. 3.53, which
shows the projection of the Fig. 3.52 plot onto the y-axis (energy deposited in the
AFE layer) after applying a linear correction along the z-axis (residual energy).
Work on identifying these charges is ongoing at the time of writing this thesis.
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Figure 3.52: AFE — E spectrum measured with the fission fragment telescope.
The upper spectrum includes all runs with the CDy target, while the lower
spectrum includes all runs using C target. The distinguishable lines are corre-
sponding to different nuclear charges produced in the reactions.
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Figure 3.53: Projection of the AE — E spectrum onto the AF axis after applying
a linear correction to the residual energy (F). Distinct lines corresponding to
different nuclear charges produced in the reactions are visible. The plots shows
the data obtained with the CD; target.

Figure 3.54 shows a AE — AFE plot for two particles detected in the fission
fragment detector in coincidence in a single event. The upper panel presents
data obtained with the CDy target, while the lower plot shows data obtained
with the C target. A quasi-elliptical structure is visible in both plots, extending
from approximately 200 MeV to 1000 MeV along both axes. This structure is
believed to originate from fission, as the energy of one fission fragment is in-
versely correlated with the energy of the other. The structure does not exhibit
a perfectly elliptical shape, which is believed to arise from the non-ideal detec-
tion efficiency of the detector system, particularly for the coincident detection
of light and heavy fission fragments (the detection setup was optimised for the
case of 230 Ac, and it was not possible to change the distance between the fission
fragment detector and the target during the experiment). As a result, parts
of the spectrum are effectively cut out. Work on simulating the efficiency and
understanding the spectra is ongoing.

In addition, a shadow of the elliptical structure (referred to here as a “wing”)
is visible in the background, shifted towards higher energies relative to the main
structure. The origin of that second structure is currently unknown. To investi-
gate its origin, individual experimental runs were inspected. During the exper-
iment, the 232U beam could be extracted both with and without protons from
the PS Booster hitting the primary ISOLDE target. Consequently, some runs
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were taken without protons impinging on the ISOLDE target (during periods
when ISOLDE did not receive protons from the PS Booster), while others were
taken with protons.

We therefore investigated whether there were differences in the spectra under
these two conditions. Figure 3.55 shows AE — AF plots for two runs taken
with the CD5 target. The upper panel corresponds to a run with protons on
the primary ISOLDE target, while the lower panel shows a run taken without
protons.

This comparison indicates that the wing structure is correlated with the
presence of protons on the primary ISOLDE target. The statistical significance
of the wing structure was evaluated by comparing a ratio of the number of counts
in the wing structure to the number of counts in the quasi-elliptical structure.
It was found that, for runs with protons on the ISOLDE target, this ratio is
approximately an order of magnitude larger than for runs without protons.

This observation may suggest that, with protons irradiation, an additional
beam contaminant is produced with a charge-to-mass ratio sufficiently similar
to that of 222U in the 597 charge state to pass through HIE-ISOLDE. Work on
identifying possible beam contaminants is ongoing, and we are in contact with
ISOLDE beam experts regarding this issue. An analogue comparison for runs
using the C target is shown in Fig. 3.56.
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Figure 3.54: Energy of fission fragment 1 measured in the AFE layer versus
energy of fission fragment 2 measured in the AFE layer. The upper panel shows
all data obtained with the CD5 target, while the lower panel shows data obtained
with the C target.
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Figure 3.55: AE — AF spectra for two runs using the CDs target. The upper
panel is from a run taken with protons from the PS Booster on the primary
ISOLDE target, while the lower panel shows a run taken without protons. The
wing structure visible in the upper panel is correlated with the presence of
protons on the primary ISOLDE target.
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Figure 3.56: AFE —AF spectra for two runs using the C target. The upper panel
corresponds to a run taken with protons from the PS Booster on the primary
ISOLDE target, while the lower panel shows a run taken without protons.

3.9.5 LUME detectors

Figures 3.57 and 3.58 show the deposited energy as a function of hit position for
particles detected in the LUME detectors 1 and 2, respectively. In both figures,
the left panel shows all data taken with the CDs target, while the right panel
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shows all data taken with the C target. Clear lines corresponding to different
particle species are visible, as illustrated in Fig. 3.40.

A strong line at higher energies is visible in all spectra. This line corresponds
to carbon elastically scattered from the target, as indicated by simulation results
presented in Fig. 3.59. In the C target data, there is also a relatively strong line
just above the carbon line with a steeper slope, which is believed to correspond
to oxygen. A line corresponding to protons is also visible in the C target data.
It is believed that the protons and oxygen originate from water contamination
on the C target. In the CD5 target data, a clear line corresponding to deuterons
is visible. As expected, this line is absent in the data taken with the C target.

LUME energy vs position spectrum, detector 1 LUME energy vs position spectrum, detector 1

& 70000 T T T T T & 70000
© ©

£ £

S 60000 |- S 60000 |-
£ 2

A A

g 50000 [~ g 50000 [~
K] K]

> >

O 40000 | O 40000 |
o o

< <

30000 30000 |

20000 20000

10000 |- 10000 |-

-15 -1 -05 0 05 1 15 -15 -1 -05 0 05 1 15
Relative position Relative position

Figure 3.57: Energy as a function of hit position for particles detected in LUME
detector 1. The left panel shows data taken with the CDy target, while the right
panel shows data taken with the C target. The different branches correspond
to particles identified with Fig. 3.59.
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Figure 3.58: Energy as a function of hit position for particles detected in LUME
detector 2. The left panel shows data taken with the CDs target, while the right
panel shows data taken with the C target. The different branches correspond
to particles identified with Fig. 3.59.
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Figure 3.59: Simulated energy versus position along the detector spectra for
the interaction of a 232U beam with a CD, target at a beam energy of
7.34 MeV/u. The different structures correspond to 2C, 160, «, elastically
scattered deuterons (d), and protons (p). Simulations are taken from Ref.[117].

By counting the number of entries in the carbon line for both data taken
with the CDy and the C targets for all accumulated runs, it is possible to
determine the luminosities for each target. The ratio between the number of
counts in the carbon line for the CD, target and the C target was determined
to be approximately 1.4 for both LUME detectors.

3.9.6 Extraction of the fission barrier

As mentioned in Chapter 1, the solenoidal spectrometer technique has been
successfully applied to transfer-induced fission measurements by studying the
fission-barrier height of 23°U using the 23*U(d,pf) reaction in inverse kinematics
[25]. The experiment was carried out at Argonne National Laboratory using a
stable 238U beam impinging on a CD, target, with the detection setup shown
in Fig. 3.60.
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Figure 3.60: Detection setup employed in the 238U (d,pf) experiment at Argonne
National Laboratory. Example proton trajectories (orange and purple curves)
and fission fragment trajectories (blue and red curves) are shown. Fission frag-
ments were detected with four MWPC (multi-wire proportional counter) gas
detectors, with approximately a 10 % detection efficiency compared to the CD
Si telescope employed in IS739. For a detailed description, see Ref. [25].

In that experiment, the fission-barrier height was deduced by constructing
the fission probability as a function of the excitation energy. The fission prob-
ability as a function of excitation energy F, of the compound nucleus can be
expressed as:

Napy (Ee)
Py (B,) = —2BL 27 3.1
f( CE) Nd,p (Ex) . ef ( )

where Ng,(E;) is the number of (d,p) events and Ny ,¢(E,) is the number
of (d,pf) events followed by fission (defined as events with at least one fission
fragment detected in the fission fragment detectors). Here, e denotes the total
efficiency for detecting a fission event. The proton detection efficiency cancels
out.

The carbon content of the CDs target led to a significant background in
both the singles and fission-gated spectra. This is illustrated in Fig. 3.61, which
shows the excitation-energy spectra obtained using CDy and C targets. The
upper panel displays excitation-energy spectra for all events with a hit in the
Si array (referred to as singles), where no coincidence with the detection of a
fission fragment is required (Ng,(E;)). The lower panel presents the same data
but gated on the detection of one or two fission fragments in the fission fragment
detectors within the time-coincidence window (coincidences) (Ngpf(Esz)).

Note that in both cases, the excitation energy is reconstructed as if the
reaction takes place with a target deuteron. The carbon-induced background
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exhibits a relatively smooth and featureless structure. It is believed that this
background originates from multinucleon transfer-induced fission reactions in
which light ejectiles are detected in the Si array. By scaling the spectra ob-
tained with the pure C target to match the CD5 target data in a region where
both spectra have a similar shape, and subsequently subtracting the C contri-
bution, it is possible to extract the excitation-energy spectra corresponding to
the deuteron component. In particular, the scale can be adjusted at negative
excitation energies, since they must be due to C nuclei; not to actual reactions
with the assumed deuterons.

Figure 3.61: Excitation-energy spectra associated with all events for the Si array
taken with both CD4y and C targets where the C data have been scaled to match
the CDy data, and the resulting carbon-subtracted CDy data. (b) Same as for
(a), but for events in which > 1 fission fragments are detected with the fission
fragment detectors. For a detailed description, see Ref. [25].

The same approach for fission-barrier height extraction should, in principle,
be applicable to the IS739 experiment. Figure 3.62 shows excitation-energy
spectra associated with all events for Si array data taken with both CDs and
C targets. The C spectra have been scaled to match the CDs data, and the
resulting carbon-subtracted CDy data is also shown.

The scaling factor was determined by dividing the number of counts obtained
with the CD5 target in the range E, € (—10000 keV, —1000 keV) by the number
of counts obtained with the C target in the same excitation-energy range. This
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range was chosen such that both the CD5 and C target spectra exhibit the same
shape in that region.

The resulting scaling factor for singles data was 1.81. For coincidence events
with the detection of one fission fragment, the scaling factor was 1.42, while for
coincidences requiring the detection of two fission fragments, the scaling factor
was 0.85.

In this analysis, a threshold of 1 MeV was applied to the energy of particles
detected in the Si array in order to suppress noise.

The corresponding spectra, gated on the coincident detection of one and
two fission fragments in coincidence with a proton detected in the Si array, are
shown in the left and right panels of Fig. 3.63, respectively. For the fission
fragment detection, a threshold of 200 MeV was applied. In the case where two
fission fragments are required, an additional condition was imposed that the
fission fragments must be detected in sectors separated by 16 4 2 in the fission
fragment detector (16 rings correspond to an azimuthal angle of about 180°).

The fission probability obtained using Eq. (3.1) (without applying the effi-
ciency correction factor €7) is shown in Fig. 3.64. An excess of events is observed
for excitation energies between 1 and 4 MeV, whereas significantly fewer events
are present at excitation energies above 5 MeV. This behaviour is unexpected,
given that the fission barrier predicted by GEF for 233U is By = 4.34 MeV [109).
Therefore, a higher fission probability would be expected above this energy, in
contrast to what is observed.
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Figure 3.62: Excitation-energy spectra for all events detected in the Si array
using CDy and C targets. The C data have been scaled to match the CD4 data,
and the carbon-subtracted CDs spectrum is also shown. A threshold of 1 MeV
was applied to suppress low-energy noise.
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Figure 3.63: Excitation-energy spectra gated on coincident detection of fission
fragments and a proton in the Si array. Left: events with at least one detected
fission fragment. Right: events with two detected fission fragments satisfying
the angular separation condition of 16 + 2 detector sectors. In all cases, a
threshold of 200 MeV was applied to the fission fragment energy.
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Figure 3.64: Fission probability as a function of excitation energy, obtained
from the ratio of coincidence to singles spectra without applying the fission
detection efficiency correction factor €.

Currently, efforts are ongoing to investigate possible explanations for this
unexpected trend, as well as to explore different threshold conditions for deter-
mining whether an event is classified as a fission event.

Several factors may contribute to the observed behaviour. One of them is an
incomplete understanding of the fission fragment detection efficiency, €7, and its
dependence on excitation energy. If €; decreases at higher excitation energies,
this could artificially suppress the extracted fission probability in that region.

Another potential source of discrepancy is the presence of beam contam-
inants or competing reaction channels that result in a light ejectile emitted
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upstream in the laboratory frame, accompanied by one or two heavier particles
emitted downstream and subsequently detected in the fission fragment detector.
These might contribute differently across the excitation-energy range and dis-
tort both the singles and coincidence spectra. Additionally, scaling and dividing
the spectra introduces systematic uncertainties.

The choice of software thresholds may also play a significant role. The
imposed energy cuts on the Si array and the fission fragment detectors could
bias the selected event sample.

Uncertainties in the reconstruction of the excitation energy, as well as en-
ergy losses in the target and in the dead layers of detectors, although already
taken into account to some degree, may lead to distortions of the observed
distributions. Further systematic studies are required to quantify these effects.

3.10 Summary and outlook

This chapter has presented an experiment performed at ISOLDE, CERN aimed
at developing a new method for studying the fission of neutron-rich nuclei, with
the fission of 233U investigated as a first case. The work presented in this thesis
included the planning, proposal, design, and installation and commissioning of
a new experimental setup for ISS.

The setup is capable of measuring several types of particles, including back-
scattered protons, fission fragments, deuterons, and  rays in coincidence with
comparably high detection efficiencies. This should enable the extraction of
key observables such as the excitation energy of the formed nucleus, the fission
probability as a function of excitation energy, the fission cross section, and total
energy and multiplicity of the emitted v rays. The setup operates within a
2 T magnetic field under a vacuum pressure below than 8 x 107 mbar. This
work included extensive testing using radioactive sources, pulsers, and, finally,
a stable beam. All detectors performed at least as expected, while the fission
fragment detector exhibited better energy resolution than anticipated.

In preparation for the experiment, new analysis tools were developed, in-
cluding the implementation of detector systems and additional spectra in the
sorting code, as well as the calibration of the Si array. The author also con-
tributed to testing the data acquisition system using newly acquired electronic
modules and new software.

Efforts were made to extract physics observables from the data. This task
proved more challenging than expected, for reasons that are not yet fully un-
derstood, although beam contaminants are considered as a likely cause. At the
current stage of the data analysis, no final conclusions can be drawn from the
IS739 experiment. However, several avenues remain to be explored in future
work, which fall beyond the scope of the present thesis due to time constraints.

First, the charge resolution of the fission fragment detector could be further
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exploited to better identify the reaction products observed in the experiment.
This aspect is currently being investigated by another PhD student within the
group.

In addition, information from - rays emitted during the reaction may provide
valuable insight into the underlying reaction mechanism. A dedicated analysis
framework for extracting physics observables from the measured -ray data is
currently being developed by a postdoctoral researcher in the group.

The identification of beam contaminants remains an ongoing effort carried
out in collaboration with ISOLDE beam experts.

The ultimate goal of the IS739 experiment is to measure the fission-barrier
height of a radioactive isotope using a radioactive ion beam in inverse kinemat-
ics within a solenoidal spectrometer. Once the limitations encountered in the
present experiment are fully understood, a natural extension would be to per-
form similar measurements on other, more exotic isotopes. Such studies would
improve our understanding of fission in neutron-rich nuclei and, in turn, provide
a deeper insight into the role of fission in the r-process.
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Chapter 4

Conclusions

This thesis has explored how nuclear structure and nuclear fission can be probed
using neutron-transfer reactions in inverse kinematics. Two studies were per-
formed, focusing on isospin symmetry breaking in light nuclei and fission of
heavy systems.

In the first part, the investigation of isobaric analogue states in *O and
18F is presented, using the HELIOS spectrometer at Argonne National Labo-
ratory. By extracting and comparing relative spectroscopic factors, the degree
to which isospin symmetry is conserved was examined. The results show that
the analogue states exhibit very similar structures, with consistent mixtures
of £ = 0 and ¢ = 2 transfer components. Within the experimental uncertain-
ties, no statistically significant enhancement of isospin symmetry breaking is
observed. At the same time, comparison with shell model calculations shows
that, while the model reproduces general trends well, it fails to describe certain
states, particularly those associated with cross-shell excitations.

The second part of the thesis focuses on the development of a new exper-
imental setup at ISOLDE, CERN, aimed at studying fission in neutron-rich
nuclei. A dedicated detection system was designed, installed, and commis-
sioned within the ISS spectrometer to enable efficient, coincident measurements
of reaction products, including fission fragments and ~ rays. The setup per-
formed as expected and enabled a proof-of-principle measurement of the fission
of 233U. Although the extraction of final physics observables is still in progress,
the present work demonstrates the feasibility of the method and establishes a
foundation for future studies of fission in exotic nuclei.

Taken together, these two parts of the thesis demonstrate the versatility
and power of transfer reactions in inverse kinematics measured with solenoidal
spectrometers as a method in nuclear physics. The same experimental approach
is shown to be sensitive, both to detailed aspects of nuclear structure, such
as single-particle configurations and isospin symmetry, and to more complex
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Conclusions

reaction channels relevant for fission.

Overall, this work contributes both to our understanding of specific nuclear
systems and to the advancement of experimental methods. It demonstrates that
progress in nuclear physics relies on the interplay between precise measurements,
theoretical interpretation, and continued advances in experimental techniques.
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Appendix A

Input file for Front

Front end for generating TWOFNR transfer data sets
front version 20: J.A. Tostevin March 2017

Data set identifier (xxx in tran.xxx: max 12 chars)
>>>> 0d52E1982

Output is to file: tran.0d52E1982

Input saved to file: in.0d52E1982

Enter title information (for info only, <= 46 chars)
>>>> 0d52E1982

Reaction type: [ 11 (p,d)
[ 2] (d,p)
[ 3 (n,d)
[ 4] (d,n)
[ 5] (d4,t)
[ 6] (d,3He)
[ 71 (3He,d)
[ 8 (p,t)
[ 9] (t,p)

[10] (n,3He)
[11] (3He,n)
[12] (p,3He)
[13] (3He,p)
[14] (3He,a)
[16] (t,a)

Note: to store reaction transition amplitude, choose the
negative of the above (e.g. -4 for (d,n)) and then input
Euler angles 0,0,0 when asked. For the cross sections

in a rotated coordinate system use the negative reaction
type and input the appropriate three Euler angles
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Input file for Front

Also, 5-->105 or -5-->-105 etc. for radial sensitivites
>>>> 2

(d,p) reaction has been selected

Entrance channel (deuteron) distorted wave:
Options:

[0] Calculate - no print

[1] Read - no print

[2] Read - print

[3] Calculate - print

[4] Read (with tensor) - no print
[6] Read (with tensor) - print

>>>> 0

Exit channel (proton) distorted wave:
Options:

[0] Calculate - no print
[1] Read - no print
[2] Read - print
[3] Calculate - print

>>>> 0

Laboratory incident energy per nucleon (MeV)
>>>> 10.1199999

Total projectile energy =  20.2399998
Target mass (al) and charge (z1)
>>>> 17.0000000 8.00000000

Integration ranges: [1] use defaults
(defaults: 0-30 fm in 0.10 fm steps)
[2] specify values

Note: by default these rmax and step apply to the
entrance channel values. To specify that the values
apply to the exit channel, input instead -1 or -2
>>>> 1

integrations from 0 to  30.0000000 fm
in 300 radial steps of 0.10000 fm
step length in outgoing channel =  9.44444463E-02

number of partial waves [1] default (=40)

[2] specify (<90)
>>>> 1
Input the required centre of mass angles info:
number of angles: step (degrees): starting value
(maximum number of angles is 181)
(entering 0 0 0 will use 181 1.0 0.0 )

186




105

>>>> 181.000000 1.00000000 0.00000000

sp quantum numbers L and J of transferred nucleon
>>>> 2 2.50000000
number of nodes in nucleon sp radial wave function

convention used here: the lowest state has nodes=0
|+ 2|- 8]+ 20|- 40|+ 70| - 112+ 168]|
| Os| Oplis,0d|1p,0f|2s,1d,0gl2p,1f,0h|3s,2d,1g,01]|

>>>> 0

specify : [1] neutron separation energy (>0 MeV)
or [2] reaction Q-value (MeV)

>>>> 2

reaction Q-value (MeV)

>>>> 4.34800005

Separation energy is  6.57257318 MeV

entrance channel cm energy 18.1094742

exit channel cm energy 22.4574738

asymptotic wavenumbers and grazing angular momenta
kin = 1.24975383 L(in ) = 3.85616279
kout = 1.01262534 L(out) = 3.12449408
so L mismatch is of order 0.731668830 hbar
from an estimated radius of 3.08553791 fm
and a chosen L transfer of 2 hbar

incident (deuteron) channel information
nonlocality in incident channel [1] no
[2] yes

It is recommended you do NOT include a non-locality
with an adiabatic description of the deuteron channel
>>>> 1
target spin in incident channel
>>>> 2.50000000
incident (deuteron) channel potential

[1] from those built in

[2] specify potential parameters
>>>> 1

initial potential at Elab=  20.2399998 MeV

Optical potentials for DWBA

[1] Lohr-Haeberli (A>40 8<E<13 MeV)
see: ADNDT 17 (1976) p6
[2] Perey-Perey (12<E<25 MeV) no spin-orbit
see: ADNDT 17 (1976) p6
[3] Daehnick Global (A>27 12<E<90 MeV)
Phys. Rev. C 21, 2253 (1980)
[4] Watanabe folding model potential from
nucleon potentials
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145

165

175

196

Input file for Front

Adiabatic potentials for breakup

[6] Zero range adiabatic potential
Johnson-Soper PRC 1 (1970) 976

[6] Finite range adiabatic potential
Johnson-Tandy NPA 235 (1974) 56

>>>> 5

ZR Adiabatic deuteron potential for a = 17.0
z = 8.0 at 20.24 MeV deuteron energy

from one of the nucleon potentials:

Coulomb radius parameter = 1.29999995

outgoing (proton) channel information
nonlocality in outgoing channel [1] no
[2] yes

>>>> 1
target spin in outgoing channel
>>>> 2.00000000
outgoing (proton) channel potential

[1] from those built in

[2] specify potential parameters
>>>> 1

final potential at Elab=  23.7051105 MeV
[1] Bechetti-Greenlees (A>40 20<E<50 MeV)
Phys Rev 182 (1969) 1190
[2] Chapel-Hill 89 Global set (A>40 E>10 MeV)
Phys Rep 201 (1991) 57
[3] Menet (30<E<60) see: ADNDT 17 (1976) p6
[4] Perey (E<20MeV) see: ADNDT 17 (1976) p6
[6] JLM microscopic optical potential
Bauge implementation, PRC 58, 1120
[6] Koning-Delaroche (KD0O2) global potential
Nucl Phys A713 (2003) 231

>>>> 6
KDO2 potential for a = 18.0
z = 8.0 at 23.71 MeV proton energy

Coulomb radius parameter = 1.40458560
v rv av w rw aw

49.736 1.149 0.675 2.270 1.149 0.675
wSs rws aws

7.852 1.301 0.528

vso rso aso wso rsoi asoi

5.261 0.939 0.590 -0.118 0.939 0.590

Now construct the Johnson-Tandy adiabatic potential:

select the nucleon optical potentials for folding
- usually these should be consistent with that used
for the nucleon channel in (d,p), (n,d), ... etc.
[1] Bechetti-Greenlees (A>40 20<E<50 MeV)

Phys Rev 182 (1969) 1190
[2] Chapel-Hill 89 Global set (A>40 E>10 MeV)
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233

Phys Rep 201 (1991) 57
[3] JLM microscopic optical potential

Bauge implementation PRC 58, 1120
[4] Koning-Delaroche global potential

Nucl Phys A713 (2003) 231

>>>> 4
KDO2 systematics for a = 17.0
z = 8.0 at 10.12 MeV nucleon energy

proton
v rv av w rw aw
54.108 1.146 0.675 0.835 1.146 0.675
ws rws aws
8.149 1.302 0.528
vso rso aso wso rsoi asoi

5.55615 0.9338 0.5900 -0.0400 0.9338 0.5900

neutron
v rv av w rw aw
49.448 1.146 0.675 0.906 1.146 0.675
ws rws aws
7.329 1.302 0.542
vso rso aso WSO rsoi asoi
5.4928 0.9338 0.5900 -0.0523 0.9338 0.5900
printout is in 303 steps of 0.100000001

potential is written to tran and folded

<pld> vertex constant DO

[1] use default value -122.50 MeV fm~3/2

[2] use Reid SC value -125.19 MeV fm~3/2

[3] use AV18 value -126.11 MeV fm~3/2
>>>> 1
this gives D072 = 15006.2500 MeV~2 fm~3
use this value [1] yes

[2] no

>>>> 1

Treatment of finite range (fnrng) of <d|p> vertex
[1] zero-range (fnrng = 0)
[2] local-energy (default values)
default fnrng=0.745712 fm
[3] local-energy (specify fnrng value)
>>>> 2

Default finite range factor, fnrng=0.745712 fm

neutron binding potential

radius and diffuseness (e.g. 1.25 0.65 fm)
>>>> 1.10000002 0.649999976
Spin-orbit: strength of l.sigma (~6.0 MeV)
>>>> 6.00000000

Bound state non-locality (0 usually)

>>>> 0.00000000

Bound state spin-orbit radius parameter
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252
253
254
255

257
258
259
260
261
262

264
265
266
267
268
269

271
272

Input file for Front

(if O entered, use the same geometry as
input for the real central interaction)
>>>> 0.00000000

tran.0d52E1982 dataset has been created:
for the [ 17, 8] (d,p) [ 18, 8] reaction

when running twofnr the output files are as follows:

Normal kinematics observables

20.0d52E1982 cm - with all spin observables
21.0d52E1982 cm - sigma and Ay only
22.0d52E1982 lab - light in - light out

Inverse kinematics observables

23.0d52E1982 lab - heavy in - heavy out
24.0d52E1982 lab - heavy in - light out
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