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Introduction

The world we live is made of matter composed of very tiny elements called molecules and atoms. For
centuries, scientists thought that atoms were the most elementary bricks from which our universe was
built up. Thanks to pioneers such as Rutherford, Bohr or Curie, we now know that an atom consists
of a cloud of negatively charged particles, electrons, orbiting around a positively charged nucleus. The
atomic nucleus itself is composed of two kind of particles: the proton, which has a positive charge
and the neutron which is neutral. These particles are bound together by the strong interaction to
form a nucleus. Nuclear physics is the science that study this complex object, its behavior and its

fundamental properties.
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Figure 1: The nuclear chart of isotopes according to their primary decay modes. Figure adapted from

Ref. [1]

Nuclei are usualy represented in the chart of nuclides which is shown in Fig. 1. In this chart, each
box represents a nucleus, which is ordered as a function of its proton and neutron number Z and

N, respectively. Today, 3314 nuclei are known experimentaly [2] with elements going from Hydrogen



INTRODUCTION

(Z =1) to Oganesson (Z =118). Only 288 of these nuclei are stable, forming the so-called "valley of
stability", the others being radioactive due to an excess of protons and/or neutrons. Nowadays, in
laboratories, one can study experimentally very exotic nuclei, going far from the valley of stability,
with large proton-neutron asymmetry. Understand the evolution of fundamental nuclear properties
such as masses, radius or excitation energies, when going from stable to exotic nuclei, is at the heart
of nuclear structure studies.

Exotic nuclei are also very interesting for nuclear astrophysics. Indeed, explosive nucleosynthesis
processes occurring in classical novae, core-collapse supernovae, X-ray bursts or neutron star merg-
ers, consist of chains of nuclear reactions passing through very exotic regions of the nuclear chart.
Studying experimentally exotic nuclei provides data on their nuclear properties which allows to better
understand these explosive stellar processes.

The nucleus of 35Ca is a fascinating nucleus in which many nuclear physics fields meet. It is a very
exotic nucleus, with four neutrons less than its lightest stable isotope 4°Ca, its first excited state is
already unbound. It is key nucleus to understand the evolution of nuclear structure when going from
stable to proton-rich nuclei and to probe fundamental symmetries of the nucleus such as the isospin
symmetry (which exchanges the number of protons and neutrons). At the same time, 3°Ca sits on
the rp-process path which is an explosive nucleosynthesis process occurring in X-ray burst. The study
of its nuclear properties allows to better understand how this process occurs and more specifically, it
allows to better understand the main observable of X-ray burst: the X-ray light curve.

In this manuscript, the experimental study of the 36Ca nucleus will be presented together with its
nuclear structure and astrophysical implications. In the first part, the nuclear structure context and
motivations will be discussed as well as the experimental tool used to produce and study 3¢Ca: the
37Ca(p,d)?0Ca and 3¥Ca(p,t)3¢Ca transfer reactions. Then, the experiment performed at GANIL, will
be presented with the production of the radioactive beams and the experimental set-up composed of
tracking detectors, a cryogenic target, charged-particle detectors and a zero degree detection. The
method to go from raw data, provided by the detectors, to physical observables, will be detailed
before presenting the results obtained about the nuclear properties of 36Ca. The very first study of
the 3°Ca nucleus will also be presented. The nuclear structure implications of these results will then be
discussed. In the second part, the astrophysical motivation of this work will be presented. Additional
results about 36Ca, relevant for the astrophysical part, will be shown before to present the calculation

of the reaction rate of interest, 3°K(p,v)3%Ca, and its implications.
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CHAPTER 1. CONTEXT AND MOTIVATIONS

This chapter presents the context in which this nuclear structure study is performed and the physics
motivations we have to study 36Ca. First, the structure of the atomic nucleus will be discussed in
the framework of nuclear shell model. Then, a fundamental symmetry of the nucleus, the isospin
symmetry, will be presented and mechanisms that can destroy it will be discussed. Afterwards, the
physics case of 36Ca will be presented in details before giving an overview of the experimental method

that we used to produce and study this nucleus.

1 The Nuclear Shell Model

The atomic nucleus is a quantum system composed of protons and neutrons (collectively called nu-
cleons) bound by the nuclear force. The understanding of the nuclear force has been at the heart
of nuclear physics since the born of the field. The first historical model describing the nuclear force
was proposed by Yukawa in a paper of 1935 in which he proposed the pion (7) exchange process as
the origin of the nuclear force [3]. Since then, enormous efforts have been devoted to understand
the nucleon-nucleon (NN) interaction both from theory and experimental side. Fig. 1.1 shows typ-
ical examples of the NN interaction computed in the 'Sy channel by modern calculations. The NN
interaction is characterized by three different regimes: at long range, (r > 2 fm) the NN interaction
is weakly attractive and is dominated by one pion exchange. In the medium range (r ~ 1 fm) it is
attractive and received contributions from multi-pion (27) and heavy meson (p, w, o) exchange [4].

At short range (r <1 fm), the NN interaction is empirically known to be strongly repulsive.
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— B | ]
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Figure 1.1: Three examples of NN interactions in the 'Sy channel. Figure from from Ref. [4].

The properties of the nuclear force are such as the distance between two nucleons is approximately
constant (being about 0.7 fm) leading to a constant density (of about p; = 0.16 nucleon fm=3) in the

inner part of the atomic nucleus. Since the density of a nucleus is constant, the volume of an atomic

10



1. THE NUCLEAR SHELL MODEL

nucleus increases linearly with its number of constituants. Furthermore, the NN interaction being
negligible at long range, one can consider that a nucleon only interacts with its immediate neighbors
which lead to a saturation of the binding energy [5]. Fig. 1.2 shows the density profile of some nuclei.
One can see that they have an almost uniform density at the interior that can be approximated to
pf, independently of their masses. One can also see that the radius of nuclei increases with the mass
following R = roA/3 (with ro ~ 1.25 fm).

Pe nuclear
matter

r

8 9 10

Figure 1.2: Combination of nuclear matter densities p,,, (fm~3) for a set of nuclei. The nuclear matter
density p; =0.16 fm~3 is given for comparison. Figure from Ref. [6].

In order to completely determine the wave function ¥ 4 of a nucleus composed of A nucleons one

have to solve its Schrodinger equation:

HVY 4 = EVy . (1.1)

Taking only two-body forces into account, the Hamiltonian of the system can be written:

A A
H=Y T+ > Vi (1.2)
i=1 1=i<j

where T; = —%Ai is the kinetic energy term of the nucleon 4 [7] and Vj; is the two-body NN
interaction term. To solve exactly Eq. 1.2 is an extremely challenging many-body problem, complicated
even further by the fact that the details of the interaction term V;; are not known. For instance, three
body forces can have non-negligible effects (e.g. take into account three body forces is needed to
reproduce the position of the neutron drip-line along the oxygen isotopic chain [8]). Therefore, in
general, the interaction term V;; used in the calculations corresponds to an effective NN interaction.
Exact solution of Eq. 1.2 can be found using ab initio calculations for very light nuclei (A<12 see
Ref. [9]). For heavier system, approximations have to be made in order to get an approximate solution

for the wave function of the system.

A first step towards an approximate solution is to introduce a central single-particle mean field

11



CHAPTER 1. CONTEXT AND MOTIVATIONS

potential U(r). Using the central potential, one can re-write the Hamiltonian of the nucleus as [10]:
A A A
H=Y (T;+U(r))+ | > Vij=> U(ri) | = Ho+ Hes, (1.3)
i=1 1=i<j i=1
where Hj is the Independant Particle Model Hamiltonian, describing an ensemble of independent
particles in a central mean potential U. H,.s corresponds to the residual interaction between the
nucleons. Then the Schrodinger equation can be solved by either neglecting the residual interaction

or by treating it as a perturbation.

1.1 The Independent Particle Model

The Independent Particle Model (IPM) assumes that each nucleon interacts with a central mean field
potential U(r) generated by the sum of all the other nucleons of the nucleus, neglecting the residual
interactions between them. In this approximation, the Hamiltonian can be written as:
A
H=3 (T;+U(r:)), (1.4)
i=1

allowing to reduce the N-body problem to N one-body problems.

EXPERIMENTAL EVIDENCE FOR MAGIC NUMBERS

i8]
il
;
o
J!
4+
3
il
c
huf
V7 f
Rl
O I 1 n 1 n 1 " 1
20 20 60 80 100 720

——= Number of neutrons

Figure 1.3: The occurrence of magic numbers as demonstrated by the average excitation energy of the
first excited state in doubly-even nuclei, as a function of neutron number N. Figure from Ref. [6]

Historically, the first success of the IPM was to describe the sequence of the experimentally observed
magic numbers. Magic numbers are special numbers of proton Z or neutron N for which the nucleus
has a particularly stable configuration. Fig. 1.3 shows the average excitation energy of the first excited
state in doubly-even nuclei as a function of the number of neutron N. One can see that for N= 8,

20, 50, 82 and 126, the first excited state is at particularly high energy as compared to its neighbors

12



1. THE NUCLEAR SHELL MODEL

indicating a very stable configuration.
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Figure 1.4: Smgle—partlcle energies for a simple harmonic oscillator (S.H.O.), a modified harmonic

oscillator with a 12 term, and a realistic shell model potential with 12 and spin-orbit [- 5 terms. Figure
from Ref. [11].

In 1949, Mayer [12] and Haxel [13] introduced a spherical mean field consisting in an isotropic
harmonic oscillator in addition to a strongly attractive spin-orbit potential and an angular momentum

term:

%mw2r2+a(l2)+ﬁ( - 5), (1.5)

where m is the mass of the nucleon, w is the frequency of the harmonic oscillator, r is the distance of

U(r)=

the nucleon to the center of the nucleus and [ and 5 are its orbital angular momentum and its intrinsic
spin (of value || §'||= 1 for nucleons), respectively. The single particle energies (which correspond to the
eigenvalues of the Hamiltonian) and the orbits (which correspond to the eigenstates of the Hamiltonian)
obtained using this potential are shown in Fig. 1.4. The single-particle states are classified by the radial
(or principal) quantum number n, the orbital angular momentum [, and the total angular momentum j

and noted nl;. The single-particle states are grouped according to n (corresponding to the eigenvalues

13



CHAPTER 1. CONTEXT AND MOTIVATIONS

of the harmonic oscillator, see the extreme left of Fig. 5.1), forming shells (e.g. the sd shell which
corresponds to n =2 ). Shells are separated by shell gaps. If two orbitals are separated by a large
energy gap, the number of protons or neutrons needed to completely fill the lower orbital defines a

magic number.

Magic numbers can have two different origins, either from the harmonic oscillator (which is the case
for 2, 8 and 20 for instance) or from the spin-orbit splitting (like 28, 50 or 82). Indeed, the spin-orbit
coupling induces splitting between js =1+1/2 and j. =1—1/2 orbits and can generate large gaps
between orbitals (see for instance the large 28 gap between the 1f7/5 and the 2ps/, orbitals, arising
from the strong 1f7/5 —1f5/5 spin-orbit splitting). The magic numbers emerging from the potential
described by Eq. 1.5, reproduces very well the observed binding energy of stable nuclei along the
nuclear chart. This discovery made Maria Goeppert-Mayer and Hans Daniel Jensen earn the Nobel
Prize of Physics in 1963.

Since the NN interaction acts at small range, the intensity of the mean potential U should be
directly linked to the nuclear density, which is not the case for the harmonic oscillator. Therefore,
latter, a more realistic potential, as compared to the harmonic oscillator one, was adopted. It is known
as the Wood-Saxon (WS) potential and is expressed in terms of three parameter (its depth Vj, its

radius R and its diffusivity a) as:
r=R.,_1
V(ir)y=W(l+e = ). (1.6)

A comparison between the harmonic oscillator and the (WS) potential is shown in Fig. 1.5. This
potential better reflects the form of the nuclear density (shown in Fig. 1.2) with a flat bottom. It has
also a more realistic asymptotic behavior with flatten behavior at the surface of the nucleus and which

tend to zero at large distance.
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Figure 1.5: Comparison between a Wood-Saxon and a harmonic oscillator potential. Figure from
Ref. [14].

The IPM composed of a central WS potential, an angular momentum term and a strongly attractive
spin-orbit potential successfully described numerous of nuclei close to the valley of stability and was
an enormous success for the understanding of nuclear structure. The permanence of the nuclear
magic numbers which the IPM describes, remained a ’dogma’ for many years. However, progress in

experimental techniques allowed to explore new regions of the nuclear chart. First evidences about
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1. THE NUCLEAR SHELL MODEL

the disappearance of magic numbers were provided and triggered a large number of experimental and

theoretical works devoted to study shell structure evolution.

1.2 The Interacting Shell Model and shell evolution

In the previous section we saw how to describe the nucleus as a sum of nucleon interacting with a central
field. In the IPM picture, the size of the shell gaps are fixed all along the nuclear chart. However,
many evidences of the disappearance of magic numbers and of the appearance of new magic numbers
have been provided in the last decades such as the disappearance of the N =20 and the N = 28 gaps
when going toward very neutron rich nuclei. Indeed, as more nucleons are added to a nucleus, the
single-particle energies of the valence orbits may change significantly, due to the interaction between
the valence nucleons. This implies some changes of shell structure, called shell evolution. In order
to describe these shell evolutions, one has to consider the nucleon-nucleon interaction between the
valence nucleons.
The Shell model Hamiltonian can be decomposed in a monopole H,, and a multipole Hj; part
[15]:
H=H, +Hy. (1.7)

The monopole part represents the average effect of the NN interaction over all possible orientations
of two nucleons in the orbits j; and jo. It is responsible for the drift of the Single Particle Energies
(SPE) of the proton and neutron orbitals. The remaining part of the interaction is represented by the
multipole part. It contains the J-dependent part of the NN interaction. It includes, in particular, the
pairing term and the quadrupole correlations which are responsible for the configuration mixing and
the deformation of nuclei.

The Two Body Matrix Element (TBME) of the monopole term, for two nucleons 1 and 2 on the
single particle orbitals j; and jo, are defined as the mean of the possible orientations m; and meo and

are defined by [5]:
> omymy J1,M1; J2,ma| Vig[j1,m1; j2,m2)

Zml,mz

The monopole interaction changes the SPE of the orbital when adding more nucleons on top

Vi3 (1, J2) = (1.8)

of a core. The so-called Effective Single Particle Energies (ESPE) can be expressed in term of the
monopole TBME. Considering the addition of n?, protons on the proton orbital 5 and n?, neutrons
on the neutron orbital j’ the shift of the ESPE of the proton orbital j Ae? is then given by [5]:

A = V(3,5 nt, + Vn i ) (1.9)

j )
and the shift of the ESPE of the neutron orbital j Ae}} is then given by [5]:
A€ = Vo (5,5 )0k + Van (3.5 )n. (1.10)

This ESPE drift can cause the disappearance of the known magic numbers or the appearance of
new sizable shell gaps when going far from stability (i.e. when adding more and more nucleons to a

core). The more the wave functions of the two orbitals j and j' overlap, the stronger is the coupling.
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CHAPTER 1. CONTEXT AND MOTIVATIONS

The V™ are phenomenologically known to be stronger for a proton-neutron (7' = 0) coupling than for
a proton-proton or a neutron-neutron (7°=1) coupling. Moreover, the V™ strongly decreases with
increasing mass since the probability to find a pair of interacting nucleons in the interaction range is
inversely proportional to the nuclear volume [5].

Based of the spin-tensor decomposition, the TBME can be separated into three contributions
which are the central, vector and tensor components [16]. The central force component is the main
driving force of the shell evolution. It always acts attractively, bringing binding energy to the system.
The central force decreases as the difference An between the radial number of the interacting orbital

increases.

(a) e (b)

| proton neutron J J

Figure 1.6: (a) Schematic picture of the monopole interaction produced by the tensor force between a
proton in j» - =1+1/2 and a neutron in j4 - =1"4+1/2. (b) Exchange processes contributing to the
monopole interaction of the tensor force. Figure from Ref. [17].

In the past decades, numerous theoretical and experimental studies have been carried to better
understand the tensor part of the monopole interaction. Otsuka et al. showed that many features of
the shell evolution can be attributed to the tensor force [18, 17, 8]. The tensor force arises from the
exchange of p and m mesons which process is shown in the right part of Fig. 1.6. The tensor force acts
only on orbitals which have a non zero orbital angular momentum (I > 0) and its intensity decreases
when the difference of orbital angular momentum Al between the two orbits increases. The main
feature of the tensor force is that it is attractive between spin-orbit partners j~ and j- and repulsive
between j~ and j- or j. and j. orbits which have their intrinsic spins aligned or anti-aligned with
the orbital momenta. This is schematically shown in the left part of Fig. 1.6 in which the proton-
neutron tensor force of the neutron orbital j4 brings binding energy to the proton orbital j. while
it makes the proton orbital js less bound. The tensor force can therefore significantly change the
spin-orbit splitting of the single particle orbitals and leads to the disappearance of magic numbers or
to the appearance of new ones when going far from the stability (e.g the collapse of the N = 28 magic

number when going from the stable **Ca to the very exotic 42Si [19]).

1.3 The N=20 Island of Inversion

One of the most famous and studied case of shell evolution among the nuclear chart is the N = 20

Island of Inversion (Iol). Historically, the Iol referred to a group of neutron-rich nuclei in a region of
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1. THE NUCLEAR SHELL MODEL

the nuclear chart centered around 3'Na [20]. In this region, instead of occupying the orbitals in the
classical IPM ordering, the neutrons partly occupy the orbitals involved in the next shell, across the
N = 20 shell gap, leading to a deformed ground state configurations.

Near stability, the ground state of an even-even magic nuclei corresponds to a spherical, closed shell
configuration. The main configuration of the second 03 state usually corresponds to the promotion of
a pair of nucleons to the upper shell. In the case of the N = 20 isotones, the ground state configuration
corresponds to a filled neutron dg/; orbital while the O; configuration corresponds to the promotion
of a pair of neutron from the d3/, to the f;/, orbital, across the N =20 gap (see extreme left part of
Fig. 1.7). This type of configuration, which implies the next higher main shell, is usually referred as
intruder configuration. The excitation energy of this state is therefore directly linked to the size of
the N =20 shell gap.

0%, A
—e0— pf 4000——% E— L
— () — (a) neutron SPE of N=20 1
~000@ d,; 3000 - 2 s
2000 | E
0 =
l 1000 ‘1—’058 /Of =
— pf =
(O

Figure 1.7: Left: Evolution of the 2] and 0] energies in the N=20 isotones from 4°Ca (Z=20) to 32Mg
(Z=12). Adapted from Ref. [21]. Right: Single-particle energies of the N=20 isotones calculated by
VMU interaction. The dashed lines are obtained by the central force only, while the solid lines include
both the central force and the tensor force. Adapted from Ref. [8].

The left part of Fig. 1.7 shows the evolution of the excitation energy of the O; state along the
N = 20 isotones. Its energy stays almost constant from Z =20 (4°Ca) to Z = 16 (36S) when emptying
the proton dz/, orbital. When going from 34Gi to 32Mg, one starts to empty the proton ds /2 orbital
which strongly reduces the size of the N = 20 gap. Indeed the TBME V,;,(d5 /2, d3/2) is very large since
it acts between spin-orbit partner of same orbital angular momentum. The TBME Vj,(ds 2, f7/2) is
relatively smaller since it contains repulsive tensor force [8]. This is shown in the right part of Fig. 1.7
where the evolution of the ESPE along N=20 is presented. In this figure, the slope of the variation of
the ESPE expresses the attractive power of a monopole. Therefore, one can see the reduction of the
N =20 shell gap, below Z=14, due to a stronger increase of the ESPE of the d3/, as compared to the
one f7/o orbital. This evolution is associated with the emergence of a new shell gap at N=16.

Furthermore, when going from 34Si to 32Mg, the proton configuration changes from closed to open
shell. This leads to an enhancement of the quadrupole proton-neutron interactions and therefore to
the deformation of the nucleus [22]. The interplay of shell evolution, driven by the monopole proton-
neutron interaction and the deformation induced by the quadrupole interaction leads to a deformed

ground state to 32Mg and to all the nuclei belonging to the Island of Inversion region.

17



CHAPTER 1. CONTEXT AND MOTIVATIONS

2 The Isospin symmetry

The isospin quantum number was initially introduced by Heisenberg [23], soon after the discovery
of the neutron by Chadwick [24] in 1932. Given that the proton and the neutron have very similar
masses, he proposed to treat them as two different quantum states of the same particle, the nucleon.
The isospin value of 1/2 was proposed for the nucleon (by analogy with the spin) and its projection
on the z-axis characterizes the two different states: ¢, = —1/2 for the proton and ¢, = 1/2 for the
neutron.

The strong interaction is, within a good approximation, invariant under a rotation by 180° in the
isospin space. This property is called the charge symmetry and means that, once the coulomb effects
are removed, the interaction between two protons or between two neutrons is identical (V,, = Vpp).
At a higher order of approximation, the strong interaction can be considered as invariant under any
rotation in the isospin space. This is related to the charge independence of the strong interaction and
implies that Vp, + Vi = 2V, [25].

One can consider that the mirror symmetry, that exchanges the number of protons and neutrons in
a nucleus as a good symmetry for a nuclear system. With the charge independent and charge symmetric
properties of the strong interaction, if one can neglect the coulomb effects, the level schemes of mirror
nuclei (with exchanged number of protons and neutrons) should be identical. Fig 1.8 shows a typical
example of very similar level schemes in a mirror pair. In this figure, the level schemes of the mirror
nuclei 2>Na and ?3Mg are compared for positive parity states up to 3 MeV. One can see that the level

schemes are almost identical with very small energy differences between the analogue states.
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Figure 1.8: Comparison of the level schemes of the mirror nuclei 2>Na and 2>Mg. Only the positive
parity levels up to 3 MeV are shown in this figure.

The Coulomb interaction breaks isospin symmetry since it acts only between protons. Since the
Coulomb potential is inversely related to the distance of the charged particles to the core, the study
of displacements in excitation energies between mirror nuclei is a very powerful and sensible probe to
nuclear structure. In general, the effects of the Coulomb interaction are very small in the nucleus,

arising from the strength of the electromagnetic interaction of 1/137 relatively to the strong interaction.
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2. THE ISOSPIN SYMMETRY

In some cases, electromagnetic effects are significant and induce differences in mirror spectra. In these

cases, the energy displacement acts as a magnifying glass of the structure of the states.

The difference in excitation energy between analogue states in mirror nuclei is usually referred as

Mirror Energy Differences defined as:
MED(J) = EDT=(J) - EL-T= (), (1.11)

where EI-T=(J) is the excitation energy of state of spin J in the nucleus of total isospin 7' with its

projection T, = % while EI=7=(J) is the excitation energy of the analogue state in the mirror

nucleus.

As for the Shell-Model Hamiltonian, the Coulomb potential Vi can be separated into a monopole
Vem and a multipole component Vs such as Vi = Vo, + Vioar [26]. The monopole part determines
the effect of the Coulomb interaction on the single particle energies while the multipole one determines
the effects on collectivity and configuration mixing. In Ref. [26], the authors have shown that, in order
to reproduce the MED observed in the lower half of the pf region (such as in the 4"V-47Cr or the
SIMn-51Fe mirror pair), an isospin non-conserving nuclear interaction Vz has to be introduced. They
found that its contribution is at least as important as the Coulomb potential. Therefore, the MED

can be fully described by three components [26]:
MED(j) = Ap(Vem(J)) + Ax(Ver () + A (Va(J)), (1.12)

where Ay (Vo (J)), Anr(Venr ()Y, Ay (Vi(J)) are the difference between the mirror nuclei due to the

monopole Coulomb, multipole Coulomb and isospin non-conserving nuclear interaction, respectively.

The monopole component accounts for differences of charge radii between analogue states in mirror
nuclei. When going from the ground state to an excited state configuration in a given nucleus, the
occupancies of the orbitals may change as well as the resulting radius of the nucleus. Since Coulomb
acts only on the protons, a change in the proton configuration induces a change of Coulomb energy
which will not be felt by the mirror neutron configuration, inducing a MED between analogue states
in mirror nuclei. The monopole Coulomb contribution to the MED can therefore be deduced from the
difference of radius between the ground state and the exctited state J considered. Considering the
Coulomb energy of an uniformly charged sphere, one can obtain [27]:

At (Vom () = —gk@z—k)e?M;gJ), (1.13)

C
where k is the number of nucleon inverted in the mirror pair such as the mirror nuclei have T, = :t%,
Z is the number of protons of the nuclei which has the more protons among the mirror pair, R¢ is
the radius of the ground state and AR(J) = Ro(J) — Rc(g.s) is the difference of radius between the

excited state J and the ground state.

The effect of the monopole term has been put in evidence in the rotational band of the mirror pair
4BMn-48V [28]. The mean radius of a single particle orbital increases with increasing value of n and I
[6]. In the fp shell, the 2p-orbits (n =2, [ = 1) have slightly larger radii than the 1 f-orbits (n=1,[=3)
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CHAPTER 1. CONTEXT AND MOTIVATIONS

arising from its larger number of nodes. In a rotational band, as the nuclear spin increases it becomes
energetically favorable to couple pairs of particles to maximum angular momentum, corresponding to
an alignment of their respective angular momentum. Alignment of nucleons along the rotational band
will make the occupation of the p3/, orbital decrease and so the radius. This leads to an increase of
the Coulomb repulsion and therefore of the MED. Therefore, it appears that the MED are directly
sensitive to the variation of shell occupancy between ground and excited state, which is very interesting

to probe the single particle configuration of excited states.
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Figure 1.9: Comparison of the level schemes of the mirror nuclei 3¥Ca and 3*Ar. Only the positive
parity levels up to 4 MeV are shown in this figure. The corresponding MED are given in yellow.

MED have been extensively studied in the fp shell where the states are known to be very collective.
Therefore, no strong impact of the monopole Coulomb interaction has been identified. Stronger
influences of the monopole Coulomb interaction are expected to be seen when studying excitation
energies of sd nuclei. Indeed in the sd shell, excited states can have a very pure single-particle nature.
The difference of radius between s d and f orbitals, therefore, induces MED that can be used to probe
the occupancies of the single particle orbitals.

Fig. 1.9 shows the partial level scheme of the mirror nuclei 3¥Ca and 38 Ar, for positive parity levels
up to 4 MeV. The ground state configuration of 3*Ar (3*Ca) consists mainly in two protons (neutrons)
in the d3/y orbital coupled to J =0 while the first 2% state corresponds to two protons (neutrons) in
the d3 /5 orbital coupled to J =2 [29]. The overlap of the wave functions of identical particles on the
same orbital is reduced with increasing J [11]. This leads to a smaller Coulomb repulsion (in the case
of 38Ar) between the protons coupled to J = 2 than to J = 0 leading to a more bound configuration
and therefore to a lower excitation energy of this state in 38Ar as compared to 2¥Ca. Still, this effect
is small and leads to an observed positive MED of 45 keV.

The main configuration of the second 05 and 23 states corresponds to an intruder 2p — 2h configu-
ration with the promotion of a pair of proton (neutron) from the ds/ to the f7 /5 orbital in 3BCa (3¥Ar).
This is known from the strong population of these states in the 36 Ar(®He,n)3*Ca and the 35Ar(t,p)3®Ar
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reactions that populate excited states by addition of a pair of nucleons to non-occupied orbits and
therefore, favor the population of intruder configurations. The increase of radius between dz/, and
the f7/2 (n =1, 1 =3) orbits combined with the large difference of their occupancies relatively to the
ground state configuration leads to a smaller Coulomb repulsion (in the case of 3¥Ca) and therefore,
to large MED of -294 and -253 keV, respectively. The sign is in line with an increase of the radius (see
Eq. 1.13) of 38Ca when going from the ground to the intruder configuration. This is a nice illustration

of a strong effect of the monopole Coulomb interaction on the MED.

3 The case of 3Ca

In Section 1.3, we saw that the N=20 magic number disappears when going from °Ca (Z = 20) to
32Mg (Z = 12), leading to the Island of Inversion centered around 3!Na. This shell evolution is driven
by the monopole part of the NN interaction. If the isospin symmetry holds, the same scenario is
expected to occur in the mirror region, leading to a strong reduction of the Z = 20 shell gap when
going from “°Ca (N = 20) to 32Ca (N = 12). In the previous section, we saw that the MED reflects
the structural properties of the excited states such as orbital radii or occupancies. The proton rich
Ca isotopes are located close to the proton drip-line (3Ca being the last bound Ca isotope) and the
increasing influence of the continuum may further destroy the mirror symmetry. Therefore, the proton

rich Ca isotopes are of special interest both for shell structure evolution driven by the monopole forces

and for the study of the mirror symmetry.
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Figure 1.10: Left: The nuclear chart zoomed around 3°Ca . Stable, unstable and unbound nuclei are
in blue, pink and brown respectively. Right: single particle structure of the ground state of 36Ca, .

36Ca is a key nucleus to understand the physics of the region. It has 20 protons and 16 neutrons
filling, in its ground state configuration (shown in the right part of Fig. 1.10), the proton and neutron
orbits up to the 1d3/, and the 2s;/, orbital, respectively, leading to a spin-parity of J™ = 0". The
first observation of 36Ca was reported in 1976 by Tribble et al. [30], using the °Ca(*He,®He)36Ca

reaction to produce 36Ca. From the measurement of the reaction @Q-values, they performed its first

21



CHAPTER 1. CONTEXT AND MOTIVATIONS

mass measurement with a mass excess of AM = —6440(40) keV. The second mass measurement of
36Ca has been performed very recently (2021) by Penning trap mass spectroscopy [31]. The authors
of Ref. [31] obtained a mass excess of AM = —6483.6(56) keV, improving by a factor 6 the precision.
The first estimation of its life-time was performed in 1981 via -decay measurement and was found to
be about 100 ms [32]. The 36Ca half-life has been remeasured in 1997 leading to a value of 102(1) ms
[33].

The first observation of an excited state in 3Ca was performed in 2007 both at GSI [34] and GANIL
[35] by using a one-neutron knock-out reaction from a secondary beam of 3"Ca. Both experiments
observed a single v-ray at 3015(16) keV and 3036(11) keV, respectively. From the comparasion with
the mirror nucleus 263, a spin parity J™ = 2% was proposed for this state. It is important to note
that this 27 excited state is already unbound through proton emission since the one-proton separation
energy of 30Ca is S, = 2599.6(61) keV. The width of the momentum distributions measured in the
GANIL experiment has shown a pure | = 2 distribution (from the removal of the 1dz/, neutron in
37Ca) for the ground state and a pure [ = 0 distribution (from the removal of the s, /2 neutron) for the
27 state. This is in line with a pure 1p— 1h neutron configuration for the 2 state with the promotion
of a neutron from the 25y, to the 1dz/, orbital. The energy of the first 27 excited state has been
remeasured more precisely few years later at NSCL leading to an energy of 3045.0(25) keV [36]. The
high excitation energy of the 2% state indicates a large N = 16 sub-shell gap which is supported by
the pure [ = 0 distribution obtained for this state in the GANIL experiment [35].

The strong Z = 16 sub-shell closure was known in the mirror nucleus %S and was interpreted
as an effect of the tensor force. Indeed, 35S has four neutrons filling the ds 2 orbital. Due to the
tensor interaction of the dsz/; neutrons with the protons, the proton 1ds/; orbital, becomes more
bound whereas the proton dg/, orbital becomes less bound than for nuclei where the vds /5 shell is not
completely filled. Tensor force does not act on s orbits, thefore, the Z =16 gap bewteen the sy,
and the mdsz ), is enlarged, leading to high excitation energy for the first 2%+ excited state in 3S of
3.291 MeV. The same picture holds for 3Ca with exchanged numbers of protons and neutrons, which
indicates the isospin independence of the tensor force.

Still, a large MED of M ED(2%) = —276(16) keV (taking the value of Ref. [34]) is found in the 2%
excitation energy when comparing to the mirror nucleus 3%S. This value is the largest MED observed
in T'= 2 mirror pair in the sd shell. This can be understood as an effect of the monopole Coulomb
interaction. Indeed, both 2% states have a rather pure 1p — 1h ds /2 — S1/2 configuration. The large of
radius of the 2sy /5 orbital as compared to the one of the 1d3/, orbital makes the 2sq /5 slightly more
bound relatively to the 1dg/; in the case of the proton orbits as compared to the neutron ones. This
effect, enlarges effectively the Z = 16 sub-shell closure leading to a higher excitation energy of the 2
in 36S (with proton excitation) than in *Ca (with neutron excitation).

This large MED has been succesfully reproduced by the SM calculations of Ref. [37] (performed
in sdpf valence space with the SDPFU-M plus Coulomb effective interaction) with the mechanism
described above. With the model constructed in Ref. [37], the authors predict that the first excited
state of ®6Ca should be a 0] intruder state. Indeed, the 05 intruder state should have a 2p —2h
configuration with the promotion of a pair of protons from the d3/; orbital to the f7/5 orbital. As for

38(Ca, the large difference of radii between d and f orbits combined with the large difference of their
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4. EXPERIMENTAL OVERVIEW

occupancies relatively to the ground state configuration should, therefore, generate a very large MED
of MED(05 26Ca—36S) = —720 keV, called in Ref. [37] Colossal Mirror Energy Difference (CMED).
Therefore, additional spectroscopic information about 3¢Ca is highly desired. It will allow to probe
the nuclear structure of Ca isotopes when going toward the proton drip line. The identification of
higher excited state in 26Ca will allow to continue the study of the MED at higher excitation energies
and eventually to identity CMED generated from the monopole part of the Coulomb interaction, which

have never been observed up to now.

4 Experimental overview

To produce 36Ca and populate its excited states, we used (p,d) and (p,t) transfer reactions in inverse
kinematic induced by radioactive beams of 37Ca and 3®Ca impinging on a liquid hydrogen target.
As 37Ca and 33Ca are unstable nuclei, they cannot be used as targets due to their short lifetime of
181 ms [33] and 443 ms [38] respectively. Direct transfer reactions are direct mechanisms where one
or a few nucleons are exchanged between the target and the projectile, without perturbation of the
core. Fig.1.11 shows a schematic picture of the transfer of one and two neutrons via (p,d) and (p,t)

transfer reactions to produce 26Ca.
237~ A 38 36
37Ca(p,d)*Ca Ca(p,t)*°Ca

d & [ &

©) @
o - e -
@- @®-
P BCa P
%Ca 3¢Ca

Figure 1.11: Schematic picture of the 37Ca(p,d)3¢Ca and 3¥Ca(p,t)39Ca transfer reactions.

This type of reaction is a very powerful probe to study nuclear structure. It allows to populate
single-particle orbitals from or to which the nucleons are transferred. An intuitive picture of how single
particle states are populated in 3¢Ca via the 3"Ca(p,d)36Ca reaction is shown in Fig.1.12. Here the
removal of the 1d3/5 (L=2) neutron in 37Ca produces the 36Ca nucleus in its ground state. The removal
of a 2s; /5 (L=0) neutron produces 36Ca in the y(251/2)_ly(1d3/2)1 particle-hole excited configuration
which generates two excited states of spin-parities J™ = 2" and 17. Finally, the removal of a 1ds /2
(L=2) neutron produces **Ca in the v(1dj /2)_11/(1d3 /2)1 particle-hole excited configuration generating
4 states: 47, 37, 2% and 17.

Transfer reactions are governed by the two-body kinematics allowing indirect measurement of
the spectroscopy of the outgoing heavy nuclei. Indeed, the knowledge of the energy and angle of
the incoming projectile and of the light outgoing particle will allow us to reconstruct the excitation
energy of the populated states in 36Ca using the missing mass method. The kinematic lines of the

37Ca(p,d)?0Ca reactions populating the ground and the first 2% excited state at 3 MeV in 36Ca are
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37Ca(p,d)%*Ca

T~

_les

d3/2
hole state

S112
hole states

d5/2

hole states

1dg, —0000— j 1dy,
25, —O®O— - 2sy,
1d5/2 m 1d5/2
T -
36Ca Excitation Energy
37Ca

Figure 1.12: Left: The shell structure of 37Ca is shown with protons in red and neutron in blue. The
reaction is represented by a proton incoming and a deuterium outgoing. Right: Expected excitation
energy spectrum in 36Ca obtained with the 37Ca(p,d)36Ca transfer reaction.

shown in Fig.1.13. They display the relation between the energy and the angle of the light outgoing
particle, in the laboratory frame for a given excitation energy. The corresponding angles in the center-

of-mass frame are represented by dots on this figure.
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Figure 1.13: Left: Kinematic lines of the 3"Ca(p,d)?6Ca reactions at 48 MeV /nucleons for the 0F
ground state (yellow) and the first 27 excited state at 3 MeV (red), which correspond, as explained
in Fig. 1.12 to L=2 and L=0 transfer reactions, respectively. The corresponding theoretical angular
distributions are shown in the right part. Dots on the lines indicate the corresponding angles in the
center-of-mass frame.

The right part of Fig.1.13 shows the evolution of the cross section as a function of the center-of-
mass angle of the light outgoing particles for the ground and the first 2% state. The differences in the
shape of the cross sections between the two states arise from the orbitals from which the nucleon are
removed in 37Ca. As explained in Fig. 1.12, the ground state of 36Ca is populated from the removal of

an L=2, 1d3z/ neutron and the first 271 excited state from the removal of an L=0, 2s; /2 neutron. One
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4. EXPERIMENTAL OVERVIEW

can see the main differences between the two angular distributions are at small center-of-mass angles.
Indeed, an L=0 distribution displays a strong maximum at 0° while the L=2 distribution is rather flat
between 0° and 20°. Hence, from the comparison of the shape of the measured angular distribution
to the predicted one, one can deduce the transferred angular momentum L and then constrain the
spin-parity of the populated state. The measurement of the light particles at small angles is, therefore,
crucial for our study.

Another advantage of direct reactions is that it allows to extract the spectroscopic factors corre-
sponding to the populated states in 36Ca. The spectroscopic factor is a direct measurement of the
single-particle purity of a given state. It is obtained from the ratio between experimental differential
cross section and the calculated ones using Distorded Wave Born Approximation (DWBA) formalism.
Usually, theoretical cross sections calculations are performed considering that the occupancies of the
orbitals are the ones of the single-particle picture (e.g. in the case of the 37Ca(p,d)3°Ca reaction, we
consider an occupancy equals to 1 for the neutron dg /5 orbital). Therefore, spectroscopic factors evalu-
ate how a given state is represented by the single particle picture and is proportional to the occupancy
of the orbital from which the nucleon is removed. More details can be found in Appendix A.

In the case of a one-nucleon transfer, the shape of the angular distribution is determined by the
transferred angular momentum L which is given by the angular orbital momentum of the orbital from
which the nucleon is removed (in the case of a stripping reaction). In the case of two-nucleon transfer,
the transferred angular momentum L also characterizes the shape of the angular distribution but it
is carried by the pair of nucleons. In this case, an L=0 distribution is obtained from the removal of a
pair of nucleon from the same orbital while a L=2 angular distribution is obtained from the removal of
the two neutrons in two different orbitals. Two-nucleon transfer reactions from even-even to even-even
nuclei are especially well adapted to populate 0% excited states since it is very selective for 2p — 2h
configurations. Furthermore, if the ground state of the initial nucleus is mixed with other 0T excited
configurations, the corresponding excited 0" states are expected to be populated together with the

ground state in the final nucleus.
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CHAPTER 2. EXPERIMENTAL SET-UP

This chapter will presents the experimental method used to study the 37Ca(p,d)?9Ca and the
38Ca(p,t)?9Ca reactions. The production of the 3’Ca and 33Ca radioactive beams will be detailed in
Section 1. Prior to their interaction with the LHs target (see Section 2.2), the incoming nuclei are
tracked by two CATS! (see Section 2.1) which allows the determination of the interaction point at the
target in the directions perpendicular to the beam direction. To select the reaction of interest, we need
first to identify the light ejectile of the transfer reaction and secondly to measure its energy and angle
with high precision in order to reconstruct the kinematics of the reaction. This information is provided
by a set of 6 MUST2? telescopes placed downstream of the target. Those detectors will be used as
well to detect the protons emitted during the one-proton and two-proton decays from the one- and
two-particle unbound states in 36Ca or 3°Ca. The MUST?2 telescopes will be presented in Section 2.3.
Finally, to identify the heavy residue of the transfer reaction, we use a third stage of detection: the
Zero Degree Detection (ZDD) system, composed of an ionization chamber, a set of two drift chambers
and a plastic scintillator. As we are dealing with proton-rich nuclei that can decay by emission of
one or two protons, the ZDD will allow us to identify the outgoing nuclei and to make a selection
either on a Ca, K or Ar outgoing to study -y, one-proton and two-proton decays, respectively. All the
detectors composing the ZDD will be presented in detail in Section 2.4. Furthermore, the combination
of the identification of the incoming 37Ca, the use of a liquid Hydrogen target, the identification of
the deuterium (or tritium) from the transfer reaction and of the outgoing nucleus reject most of the

background.

1 Beam production

1.1 Radioactive beams production

There are mainly two ways to produce radioactive beams: the isotope separation on line (ISOL)
method and the in-flight separation method. The first one produces radioactive ions using spallation,
fragmentation or fission induced by a light projectile (mainly photon, proton or neutron) on a thick
target (mainly Uranium) [39]. The exotic ions produced are stopped in the target and have to diffuse
to the surface to be collected. The chemical properties of the elements to be exctracted and the ones
of the target play an important role. The ions of interest are then ionized and extracted to produce
a beam suitable for nuclear physics experiments. This beam can be used at low energy (at about
fex tens of keV) or post-accelerated at higher energies to induce secondary reactions. By using the
ISOL technique, one can access to beam with high purity but some regions of the chart of nuclei are
unattainable. Especialy, the proton-rich region is very difficult to access due to very short lifetimes
(< 100 ms). The ISOL method is used in many facilities around the world: SPIRAL at GANIL
(France), ALTO at IJCLab (France), CARIBU at ANL (USA), ISOLDE at CERN (Swizerland),
ISAAC at TRIUMF (Canada) and IGISOL at Jyvéskyld (Finland)... Those facilities produce large
variety of beams including fission fragments with energy going from few keV up to 25 MeV /nucleon
(at GANIL, for the ligher nuclei)[40, 41] .

LChambre A Trajectoire de Saclay
2MUr & STrip 2
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1. BEAM PRODUCTION

The second method produces radioactive beams using projectile fragmentations. A primary stable
beam is first accelerated up to few tens to hundreds of MeV /nucleon [40]. This primary beam impinges
on a relatively thin target and the fragmentation products are then selected in mass and in charge
using a spectrometer called fragment separator. This method provides beams at high energy (typically
2/3 on the incoming beam energy) and it very efficient to produce exotic nuclei with short half lives.
Despite the use of a fragment separator, in most of the cases, the so-called "cocktail" beam is not pure.
It contains many isotopes from different elements that can be identified by means of their energies
and/or time-of-flights. The radioactive beams that can be produced with this technique depend mainly
of the presence of a stable projectile-nucleus close to the nuclei of interest. For more than one nucleon
removed, the fragmentation cross section loses one order of magnitude for each removed nucleon from
the primary stable beam (e.g. for a primary beam of *°Ca at ~10'° pps we get for our experiment
a secondary beam of 3¥Ca at ~10° pps and of 37Ca at ~10* pps). Again, many facilities around the
world use this method to produce radioactive beam: GANIL (France), GSI (Germany), NSCL (USA)
and RIKEN (Japan).

The choice of the facility for an experiment depends on many parameters: nuclei of interest, re-
quired energy, intensity, purity... In the case of the 3"Ca(p,d)36Ca reaction, the Q-value of -12.5 MeV
requires a 37Ca beam of few tenth of MeV /nucleon. Therefore, we choose to produce the 37Ca ra-
dioactive beam at GANIL using the "in-flight" method and the LISE spectrometer. Furthermore,
the momentum matching for the pick-up reactions (e.g. (p,d) and (p,t)) is ideal at the typical beam
energies provided by the LISE spectrometer. The next part details the production method of the

radioactive cocktail beam of 37Ca and 24Ca.

1.2 Production of 3"Ca and 38Ca nuclei at the LISE spectrometer

The E755 experiment was performed during summer 2018 at GANIL. The 3”Ca and 38Ca nuclei were
produced, in two different settings, using a primary beam of 4°Ca?’*. A schematic layout of GANIL
is shown in Fig.2.1. The 4°Ca is first ionized and extracted from the ion source. The primary beam
pre-accelerated by the C01 cyclotron and then accelerated by the two cyclotrons CSS1 and CSS2 up
to 95 MeV /nucleon with an average intensity of ~ 2 pAe. It is then guided to the LISE spectrometer
[42] to produce the radioactive cocktail beam from the fragmentation products of the °Ca on a 2 mm
thick Be target.

The LISE! spectrometer is operational at GANIL since 1984 and was the first spectrometer of its
generation. The pioneer work of Remy Anne, the "father of LISE", has inspired many other works such
as A1200 at NSCL, FRS at GSI and RIPS at RIKEN [43]. A schematic view of the LISE spectrometer
is shown in Fig.2.2. It is composed of two main magnetic dipoles used to separate the different isotopes
of the beam, several quadrupole magnets to focus the beam, an achromatic degrader and a Wien filter.
First the beam is deflected by the first magnetic dipole. The curvature of the trajectory of each ion is

defined by the magnetic rigidity of the dipole:

_ymw
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CHAPTER 2. EXPERIMENTAL SET-UP

Experimental

G ANILL /4 area

lon source

Figure 2.1: Schematic layout of the GANIL facility. The path of the beam for the E755 experiment is
highlighted in red.

where B is the magnetic field of the dipole, p the radius of curvature of the ion and v, m, v and
q, the Lorentz factor, the mass, the velocity and the charge of the ion. Since all the ions have very
similar velocities, each ion will be deflected differently depending on its % ratio. Then, the beam is
focused by a set of quadrupoles on the first dispersive focal plane where a first set of slits (FH31) is
placed. Ions with different Bp are focused at different positions in the dispersive focal plan. The first
set of slits induces a first selection in Bp on the fragmentation products and defines the Bp acceptance
of the setting. If the ions are fully stripped, this is equivalent to an A/Z selection, where A and Z are

the mass and charge number of the ions [44].

To achieve a better selection on the fragmentation products, a Be achromatic degrader is inserted
at the first dispersive focal plane (slits FH31). This degrader induces an energy loss AE selection,
which, according to the Bethe-Bloch formula, is proportional in first order approximation to ATZ2A1‘,
where E is the energy of the ion and Az the thickness of degrader crossed, for fully stripped ions [42].
Due to this energy loss, isotopes with different Z will have different velocities after passing through
the degrader. Isotopes with the same A/Z ratio will then be separated by the second dipole, in the
second focal plane of the spectrometer, where a second set of slits is placed (FH43). This is equivalent
to an A3/Z? selection [42]. To preserve the achromatism of the system, the degrader has a wedge
shape. Indeed, with a uniform wedge, since the ions have slightly different velocities, two ions sharing

the same A and Z will not loose the same amount of energy. The degrader is shaped in a way that
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Figure 2.2: Schematic layout of the LISE spectrometer. The path of the beam for the E755 experiment
is highlighted in red.

the fastest ions (the less bent by the first stage) see the thickest part of the degrader.

Finally a third stage of selection is applied using a Wien filter. A Wien filter is a combination
of an electric field and a magnetic field in cross configuration. It acts as a velocity filter since the
particles with a velocity different from vy = —F, /B, will be deflected. To be at the maximum of its
capabilities, the focus of the beam has to be done on the slits downstream of the Wien filter (FH62).
This was unfortunately not achievable in our experiment, since the beam would have then be not
properly focused when impinging on the LH2 target. Recently a set of quadrupoles has been installed
between the final slits and the target to be able to focus the beam on both places, leading to an
optimal secondary beam selection as well as an almost parallel beam optics over a long distance, up
to the target.

For the E755 experiment two different settings of the spectrometer were used to optimize the pro-
duction of 33Ca and 3"Ca, which were transmitted at Bp values of 1.9860 and 1.9242 Tm, corresponding

to energies of 51 and 48 MeV /nucleon at the target center, respectively.
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Figure 2.3: Energy loss measured in the ionization chamber at the end of the line vs. time of flight
identification of the nuclei produced in the 37Ca (left) and 3¥Ca (right) cocktail beams.
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The average intensity of the total beam was a few 10° particles per second (pps) for the 3*Ca
setting and a few 10* pps for the 37Ca one. The 38Ca and 3"Ca represented respectively 28% and 20%
of the total fraction of nuclei transmitted in each setting. The beam identification in the experimental
area, of the two settings is shown in Fig.2.3. The identification is achieved by analyzing the correlation
between the energy loss of the ions measured in the ionization chamber of the ZDD and the Time
Of Flight (TOF) of the isotopes between the Hight Frenquency (HF) signal of the pulsed beam and
the CATS detector. One can see in Fig.2.3 that there are still few contaminants produced along with
38Ca and 3"Ca. Those contaminants will be very useful for the calibration of the detectors and they
will not be a source of background. Indeed the TOF alone allows the separation of the Ca isotopes
from other nuclei. For the ones having the same time-of-flight, the ionization chamber will be used to

separate contaminants, thanks to energy loss measurement.

2 Experimental set-up

In the following, each element of the experimental setup will be presented. A schematic view of the

setup is shown in Fig.2.4.

-

CATS  CRYPTA

Figure 2.4: Schematic layout (not on scale) of the experimental setup. The MUST?2 telescopes are
represented together with the two CATS beam tracker detectors, the CRYPTA liquid Hydrogen target,
the ionization chamber (IC), the drift chambers (DC), and the plastic scintillator.
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2. EXPERIMENTAL SET-UP

2.1 Beam tracker: CATS

Radioactive beams produced by fragmentation have usually a large emittance with a position spread
on the target that can reach few centimeter. However, the information of the position of the interaction
vertex inside the target and of the angle of the beam is needed in order to measure the emitted angle
of the light ejectile with a good precision. For this purpose, a set of two CATS detectors, located at
1188 mm and 678 mm prior to the target, was used in order to obtain a precise reconstruction of the
trajectories of the beam event by event. The excellent time resolution (few hundreds of picosecond)
of those detectors was used for a precise time-of-flight measurement. Finally those detectors were also
used to count the number of incoming nuclei, information needed for the normalization of the cross

sections.

Anode: 71 wires connected,
10 micron diameter
Time signal

]
i

Active area 70 mmx70 mm

Cathode :28 evaporated
strips, 2.34 mm wide
Charge signal

Figure 2.5: Exploded view of a CATS chamber.

CATS detectors [45] are low-pressure multi-wire proportional chambers (see a schematic view of
CATS in Fig.2.5). Each detector is composed of one plane of anode wires placed between two cathode
planes (active area: 70x70 mm?), segmented into 28 vertical or horizontal strips. The anode wires
deliver a time signal allowing a time of flight measurement with an accuracy of few hundreds of
picoseconds. The cathode strips are individually read out and the position of incoming particles is
reconstructed using a charge centroid finding methods. The trajectory is then reconstructed using the
positions measurement of the two detectors. The gas used for our experiment was isobutane (C4Hjg)
at 7 mbar and the voltage applied was 580 V. The maximum beam intensity accepted by CATS is
about few 10° pps. If this value is exceeded, the strips could be damaged.

2.2 The liquid Hydrogen cryogenic target

To perform the one and two neutron transfer reactions, the radioactive cocktail beams impinge on a
proton target. There are two main types of such target : CHjy solid targets and cryogenic targets of
liquid (or solid) Hydrogen. The choice of the target to use in an experiment depends on the resolution

and the yield which are needed to study the phenomena of interest. The thicker the target is, the
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higher the yield will be since it increases the number of protons with which the beam can potentially
interact. But the thicker the target is, the more it will degrade the resolution since it increases the
energy and angular straggling of the particles inside the target. It is the same for the volume density.
To take into account both effects of volume density (p, in mg/cm?®) and thickness (e in cm), nuclear
physicists often use the surface density (or thickness) ps = pye (in mg/cm?) to define a target.

The most common proton targets are CHs types. They have a typical surface density from hundreds
of ug/cm? to few mg/cm?, i.e. a typical thickness from 10 to 100 um. They have the advantage to
be easy to manipulate and to produce. On the other hand, the presence of carbon atoms reduces the
number of hydrogen atoms per unit of length and generates large amount of contaminant reactions
which are sources of background. The second type of proton target consists in liquefying Hydrogen
(at temperatures between 14 K and 20 K) to reach higher densities. For a same surface density
and equivalent energy straggling, cryogenic targets have five times more protons than a CHs target.
They have the disadvantage to be much more complicated to build and to manipulate. Fig.2.6 shows
the resolution obtained with simulations in excitation energy for the ground state of 3¢Ca using the
37Ca(p,d)30Ca reaction. The simulation has been performed using a 3"Ca beam at 50 MeV /nucleons
with 2% of beam energy resolution. The red curve corresponds to a simulation with a cryogenic target
of liquid Hydrogen (LHj3) and the blue curve to a simulation performed with a solid target of CHa.
The thickness of the CHy (about 560 pm) was set to get the same number of protons in both target.
The obtained resolution is almost two times better with the cryogenic target for the same obtained

yield.
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Figure 2.6: Simulated excitation energy spectra of the 37Ca(p,d)*6Ca, ;. reaction. The blue curve cor-
respond to a simulation performed with a solid CH2 target. The red curve correspond to a simulation
performed with a cryogenic target of liquid Hydrogen.

For our experiment the expected yield of 36Ca produced during the full experiment is a few thou-
sands via 3"Ca(p,d)?°Ca and only a few hundreds via 3¥Ca(p,t)?¢Ca . To maximize these yields,

without degrading the energy resolution, the use of a cryogenic target was mandatory. We used the
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liquid hydrogen cryogenic target CRYPTA [46] of RIKEN.

refrigerator

—<«—> He compressor

gas entrance——- |

copper rod

heater
heat shield

target cell

Figure 2.7: left: Schematic drawing of the cryogenic target. right: Picture of the target cell.

A schematic view of CRYPTA is shown in Fig.2.7. The cryogenic target consists in a 7.6 cm
diameter target cell filled with liquid Hydrogen. The Hydrogen is liquefied by a Gifford-McMahon
cycle refrigerator using gaseous Helium. The target cell is connected to the refrigerator by a copper
rod. The target cell and the copper rod are surrounded by an aluminum shield, called heat shield,
to protect the cold parts from thermal radiations. The whole system is placed under vacuum in the
reaction chamber.

The boiling point of Hydrogen is at 20.3 K and its melting point at 14.0 K under atmospheric
pressure. To maintain the temperature between these two values, a heater regulates the temperature
inside the target cell. To avoid condensation of atoms of the reaction chamber on the target (which
act like a hot thermostat), a vacuum level of 1076 mbar is required to cool the target cell. During the
experiment the target cell was cooled at 18 K at a pressure of 0.9 bar. The vacuum inside the reaction

chamber was maintained at 2-10~% mbar.

The liquid Hydrogen was maintained between two 6.47 pm thick HAVAR foils separated by 0.5 mm.
Each window has a circular aperture of 20 mm in diameter. Due to the important difference in pressure
between the target cell and the reaction chamber, the filling of the target with liquid Hydrogen
induced a significant deformation of the HAVAR foils. This deformation has been parameterized,
using a 0.1 mm precision position measurement from a laser system. The results of the front and back
surfaces are shown together in Fig.2.8. The shapes of the foils were fitted with a parabolic function.
The target thickness spanned from 0.5 mm (at the edges) to 1.5 mm (at the center) corresponding to

2. This study allows to correct from the energy loss of the

an effective surface density of 9.7 mg/cm
particles inside the target, event by event, and therefore improve the reconstructed energy resolution.
During the experiment, gas contaminants were condensing on the heat shield, forming a layer of ice

of unknown thickness and composition crossed by the light ejectiles. To minimize this effect and keep
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Figure 2.8: Surfaces of the upstream (left) and downstream (right) target window foils scanned by a
laser sensor. The measurement were performed under vacuum (with 1 atm pressure inside the target
cell) at the room temperature. One can see that the edges of the downstream window are tilted to
not intercept particles scattered at large angles. The red line shows the parabolic fit of the surfaces.

the Hydrogen in a liquid phase, the target was warmed-up and cooled down three times during the 12
days of experiment in order to evaporate the ice layer. The thickness of this ice has been estimated by
looking at the evolution of the position of a reference peak in excitation energy during one cycle. No

significant shift was observed and the ice layer was estimated to be less than 10 ym equivalent H2O.

2.3 Light particle detection: MUST2

ASICs
16 channels
Eand T

Si(Li) 4cm

DSSD 128+128 4 5mm

300um

Figure 2.9: Exploded view of a MUST2 telescope.

The MUST?2 telescopes [47] are dedicated to the measurement of light charged particles. A
schematic view of a MUST2 telescope is shown in Fig.2.9. In our experiment, a set of 8 MUST2
telescopes was used. As explained in the beginning, the detection of light particles at small angles
is crucial for this study. For this reason, the MUST?2 telescopes were moved back compared to their

normal configuration and two additional telescopes were added to cover very small angles. A wall
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of 4 telescopes, placed at 22 cm from the target, covered angles from 5° to 37° while 2 telescopes
placed downstream of the wall at 57 cm covered smaller angles from 3° to 5°. Two more telescopes
were placed at large scattering angles to cover angles from 40° to 63° but they were not used for our
experiment. The layout of our MUST2 set-up is shown, together with the geometrical efficiency, in

Fig.2.10. Each telescope can be made of up to three detection stages:

e The first stage is a 300 um-thick Double-sided Silicon Stripped Detector (DSSD) of 100*100 mm?
active area. Each side of the Silicon has 128 strips (along the X axis on one side and along Y
axis on the other side) with a 760 pum strip pitch and 60 pm inter-strip. Each strip is covered
by a 0.4 pm-thick Aluminum foil. The typical strip resolution in energy is around 20 keV (for
a 5.5 MeV « particle) and the time resolution is 500 ps. The angular resolution for the wall of
4 telescopes is about 0.2° and the one of the two placed downstream is about 0.1°. This stage

provides measurement of the energy loss, time and position of the particles.

e The second is a 4.5 mm-thick Lithium-doped Silicon (Si(Li)). It composed of two sub-detectors
segmented in 8 pads of 2.5x2.5 mm? each. The active area represents 68% of the first stage. Only

the 2 telescopes at the largest angle were equipped with this stage to avoid a loss of efficiency.

e The third stage is composed of 16 40 mm-thick CsI scintillator crystals of 30x30 mm? read by 16
photo-diodes. Each crystal is covered by a 3 pm-thick foil of aluminized Mylar. The active area
represents nearly 100% of the DSSD. Therefore the 6 telescopes at the most forward angles were
equipped with this detection stage. Their typical resolution is about 5% with 5.5 MeV alpha
particles and their dependency to the particle energy is given by oos; = 0.08v/Ecsy (MeV). This

stage provides measurement of the residual energy of the particles.

Since the angular range of the reactions of interest does not exceed 40°, the two telescopes at the
largest angles, equiped with the Si(Li) stage of detection, were not used in the analysis.

Each MUST?2 telescope is read-out by a set of two MUFEE! cards containing 9 MATEs? each.
A MATE allows treating 16 channels and provides energies and time measurement. Signals are then
sent to the MUVI?® digital board installed in a VXI crate. The MUVI cards suppress the pedestals of

each channel and digitize the signal to be stored in data files and produces trigger information.

2.4 Outgoing heavy ions detection: the Zero Degree Detection (ZDD)

After interaction with the target, the outgoing heavy ions were detected by means of the so-called

Zero Degree Detection (ZDD) which is composed of three detectors:

e The first detector is a 100 mm thick ionization chamber filled of CF4 gas at 250 mbar. The
applied voltage was 1400 V for the anode and -1300 V for the cathode. It provides measurement

of the energy loss of the outgoing heavy ions.

'MUST Front End Electronics
2MUST2 ASIC Time and Energy
3MUst in VxI
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Figure 2.10: Left: Photo of the layout of the MUST2 configuration used in our experiment. The
numbering of the 8 MUST?2 telescopes is shown in red. Right: Geometrical efficiency of our MUST2
set-up.

e The second ensemble is a set of two XY drift chambers located at 85 ¢m and 103 cm downstream
of the target. There were filled with isobutane at 20 mbar. The applied voltage was 450 V for
the anode and the wires and -250 V for the cathode. Each drift chamber provides a measurement
of the position of the residual nuclei via the measurement of the drift time inside the detector.

Its trajectory is reconstructed using the position measurement of the 2 drift chambers.

e The third detector is a 1 cm thick plastic scintillator coupled to a photo-multiplier with an applied
voltage of 1600 V. This detector measures the residual energy and the time of the outgoing heavy
ions. Since this detector was intercepting the beam, the plastic was burned during the first day
of the experiment degrading strongly its energy resolution. Therefore this detector was only

used for time measurement.

To avoid a big loss of efficiency due to pile-up at high beam intensity, the ZDD was read-out by
NUMEXO2 digitizer. NUMEXO2 uses a trapezoidal filter to determine the amplitude of the signal
and determine if there were in pile-up. The time of the plastic scintillator acted as time reference for
the ZDD acquisition system. A picture of the experimental area with the M2C chamber and the ZDD
is shown in Fig.2.11.

3 Trigger

The GMT! module was collecting the trigger signals from different ensemble of detectors (MUST?2,
CATS, plastic ...), and generating a common acquisition time window of 100 ns for the whole acqui-

sition. To avoid a big loss of efficiency due to dead time it is necessary to trigger the acquisition only

LGanil Master Trigger
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M2c [
Chamber [&]

Beam |

Figure 2.11: Picture of the experimental area. The beam is going from left to right. One can see the
reaction chamber and the ZDD going out from the chamber.

on the events of interest. Therefore the main trigger of the acquisition was the OR of the MUST2
telescopes. In our experiment a beam intensity of 2-10° pps corresponds to a trigger rate of about
300 Hz for each MUST2 telescope. To count the total number of nuclei which were impinging on
the target, a trigger of CATS was also present but divided by 30000 in order not to overload the

acquisition. Here is the list of the triggers:
e Logic signals from the 8 MUST2 telescopes.
e Logic signals from the 2 CATS detectors divided.
e Logic signals from the plastic scintillator divided.

The global dead time was about 20% during the 3*Ca beam setting and about 10% during the 37Ca

beam setting.
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CHAPTER 3. ANALYSIS

This chapter presents the data processing from raw data to physical observables. The calibration of
the CATS detectors and the reconstruction of the trajectories of the incoming nuclei will be presented
in Section 1. The energy calibration of the MUST2 telescopes and the identification of light outgoing
particles will be presented in Section 2. The Zero Degree Detection (ZDD) data treatment will be
presented in Section 3. Finally, the extraction methods for the physics observables will be presented
in Section 4. The analysis and the simulations presented in the following have been performed using
the NPTool package [48].

1 Beam tracking with the CATS detectors

In order to determine the position and the direction of the beam particles on the target, we use a set
of two CATS detectors placed at 1188 mm and 678 mm upstream of the target (see Section 2.1). The

analysis method of this detector is presented in the following.

1.1 Strips alignment
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Figure 3.1: Left: Charge distribution obtained with the pulser for strip 9 of CATS 1 X. Right: Gaussian
fit of one pulser peak.

The position of the beam is determined from the charge distribution along the X and Y cathode
strips in CATS. Each strip has its own electronic channel with its own gain and pedestal. Therefore,
to obtain an exploitable charge distribution, the gain of each strip has to be adjusted to reconstruct a
correct centroid position. To this purpose, a pulse generator was used to inject a signal on the anode
wires. The induced charges on the cathode wires by capacitive coupling has been measured. The
amplitude of the pulse was changed to obtain series of peaks covering the useful range of the detector.
Fig. 3.1 shows the charge distribution of one strip of one detector obtained after this operation. The
top part of Fig. 3.2 shows the charge distributions obtained in CATS1 as a function of the strip
number.

Each time a single strip receives a signal, all the strips are read out. Strips that didn’t receive
any electric pulse contains only a very weak signal which is coded at the position of the pedestal

corresponding to the zero of the electronic. Each peak (including the pedestals) is fitted by a Gaussian
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1. BEAM TRACKING WITH THE CATS DETECTORS

distribution (as shown in Fig. 3.1) in order to measure its position and width. To align the gain of the

2th

strips, the charge of the 12" one, named Q;ﬁg? in the following, was chosen as an arbitrary reference.

The relation between the reference charge distribution Qﬁ‘;éc and the one of the strip to align ",
is fitted with a second order polynomial. Then each strip is aligned to the reference strip with the
relation:

Q! = ai(QI™ — P)? +bi(QI" — P) +c;, (3.1)

where, for the strip number i, Q*" is the raw charge (in channel), Qf“l is the raw aligned charge
(in arbitrary units) and P; the pedestal position. The coefficients a, b, ¢ are the parameters of the
polynomial fit. The pedestal is subtracted so that the zero of the electronic matches the zero of the

charge distribution. The charge distribution obtained after alignment is shown in the lower part of
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Figure 3.2: Charge distribution of the calibration pulses in CATS 1 for X (left) and Y (right) positions
as a function of the strip number. The upper part of the figure are raw data and the lower part are
those obtained after alignment.
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CHAPTER 3. ANALYSIS

Fig. 3.2.

A threshold s; is applied to the strip number 7, in the analysis, in order to reject electronic noise.
This threshold is defined from the position and the width of the pedestal as: s; = P; + 30;, where o;
is the sigma of the Gaussian that is used in the fit of the pedestal (see Fig. 3.1).

1.2 Reconstruction of the particle position

Now that all the strips are aligned, we can measure the position of the beam particles. When a ion
passes through the CATS detector, it induces a signal on the anode wires which is used for time
measurement and a signal on the cathode wires (strips) which is used for position measurement. By
analyzing the shape of the charge distribution on the strips one can determine its centroid with a
better precision than the size of a strip, on the position measurement. The charge distribution can be
described by a squared secant hyperbolic function [45]:

a1

Q) = ——— = (3.2)

" cosh? ( 77“9”(;“2) )

where Q is the charge and x the position in mm. The position of the centroid as can be computed

from a three points evaluation using:

as = Ty + % tanh ™ (\/Qm/(;?swilghl(ﬁz//gg/Qm—l)
with (3.3)
as = L

cosh™1! (% (\/Qm/anlJr\/Qm/Qm—l))

Here m is the strip that received the largest charge @Q),, and x,, is the position of the center of this
strip. Qm+1 and @Q,—1 are the charges of the neighboring strips and L is the strip pitch (2.54 mm). The
position is calculated if the values of Qp,—1, @ and Q41 are higher than the threshold. Otherwise,
the event is rejected.

Other methods are available to reconstruct the position (fit of the charge distribution, using a
Gaussian model, barycentre method...). They all give very similar results in term of resolution.
Performing a fit of the charge distribution instead of using the three point estimator is supposed to

provide better results in case of a missing strip but it also double the computation time. During our

CATS 1 CATS 2 TARGET

Beam
particle

1 e (X3,Y3:23)

N

Figure 3.3: Scheme of the trajectory reconstruction of a beam particle with CATS.
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1. BEAM TRACKING WITH THE CATS DETECTORS

experiment, all the central strips were working. Therefore, we decided to use the three point estimator

as reconstruction method for the analysis.

1.3 Reconstruction in the target plane

From the knowledge of the position of the beam in two different planes, one can reconstruct the position
on the interaction point of the ion with the target, event by event. The two CATS detectors provide
the two position measurements C = (x1,y1,21) and Cy = (x2,y2,22) (see Fig. 3.3). The interaction
point of the beam with the target Cs = (x3,ys,23) is given by the intersection of the vector Cl—C’g> with

the target plane in z; = z3. The coordinate are given by:

{ T3 = .CE2+($2 —.Il)t
ys=y2+ (y2 —y1)t

where:
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Figure 3.4: Left: Reconstruction of the beam profile in the target plane. Red numbers highlight
specific areas. Area 1 corresponds to events where a beam particle made a reaction in the target
cell and produced a light particle detected by MUST2. Area 2 corresponds to events where a beam
particle made a reaction in the target frame. Area 3 corresponds to events where a beam particle has
been deflected (generally by the CATS detectors) and reaches directly the MUST2 telescopes. Area
4 corresponds to the area where the mechanical support of the target absorbs the deflected particles.
Right: Same image superimposed with a picture of the target. From the center to the borders we see
the target cell (where the majority of the reactions occur), the target frame, and the heat shield.

The reconstruction of the beam position in the target plane is shown in Fig. 3.4. This plot
was obtained using events triggered by MUST2 corresponding to either events where a beam particle
made a reaction in the target and produced a light particle detected by MUST?2, or to events where a
beam particle has been deflected (generally by the CATS detectors) and reaches directly the MUST?2
telescopes (if it was not absorbed by the mechanical support of the target). Therefore in this figure,

we can see the structure of the target with its cell and frame. The majority of the events come
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from interactions of beam particles with in the target cell. The part of the beam which is deflected
by interactions inside CATS, and which is not absorbed by the mechanical support of the target, is
hitting directly the MUST2 telescopes, generating two spots at X<-45 mm and X>45 mm (see the
right part of Fig. 3.4). The heat shield of the target prevents the deflected beam to hit the other parts
of the MUST2 telescopes.

1.4 Alignment of the detectors

In order to have the best reconstruction of the beam on the target plane, the position of the CATS
detectors has to be known precisely. The X, Y and Z position of the CATS detectors were measured
by the surveyor (value given in Table. 3.1) of the experiment but the Y and X are not well known
because the CATS detectors can be inserted or removed during the experiment. To determine the
X and Y positions, three different reference positions were used (all known from the surveyor): the
position of the masks, the position of the target cell and the position of the MUST2 telescopes.

Reconstruction of the masks

Two masks were inserted, one upstream CATS and one in between the two CATS detectors. A
mask consists in a metal plate, drilled with holes at known positions. The reconstruction of the image
of the mask in its plane with the CATS detectors allows to tune the relative position of the two
detectors. The reconstruction of the masks in their plane is shown in Fig. 3.5. The position of the
CATS was shifted in the analysis procedure to reconstruct the center of the mask at the position given

by the surveyor.
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Figure 3.5: Reconstruction of the first (left) and the second mask (right) in their plane. The green
point shows the measurement of the center of the mask, performed by the surveyor.

Again, the mask have been removed and re-inserted between surveyor measurements and the data
taken, inducing an uncertainty on their position. Therefore we used another reference point: the
position of the target cell.

Reconstruction of the target cell
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1. BEAM TRACKING WITH THE CATS DETECTORS

The position of the center of the target cell was measured by the surveyor at (x¢,y:) = (3.3,0.2) mm.
To verify that the position of the CATS is well known relatively to the rest of the experimental setup,
the position of the center of the target cell was measured using the reconstruction of the beam at
the target plane, and using events triggered by MUST2, as shown in Fig.3.6. In this figure one can
see the frame of the target cell (the mechanical support that surround the active area of the target,
see Fig. 3.4). Indeed, the frame of the target cell offers a large amount of material with which the
beam can interact. Furthermore, those events correspond to the edge of the frame since light particles,
generated by interactions of the beam within the inner part of the frame, could not reach the MUST?2
telescopes and trigger the acquisition. Therefore, the position of the edge of the frame of the target
cell was fitted with a circle in order to measure the position of the center of the target cell. The
measured center (2.9, 0.0) mm is compatible with the measurement performed by the surveyor, which
confirms the good positioning of the CATS detectors.

In Fig 3.6 one can see that the beam is more spread over the Y axis than over the X axis. This
effect arises from the use of the Wien filter presented in Section 1.2. Moreover the position in Y

depends on the incoming nuclei. The fraction of beam that passes through the target cell is about
89%.

Y (mm)
5 & 3

20 100 10 20

X (mm)

Figure 3.6: Reconstruction of the beam profile in the target plane. This figure was obtained with
MUST?2 trigger to look at the position of the interactions. The red circle shows the fit of the frame of
the target cell. The red point (2.9,0.0) mm is the corresponding center and the green point (3.3,0.2) mm
is the center given by the surveyor.

It is important to note that this method allows to confirm the X and Y position of the target
but the Z position is poorly known. Indeed the cryogenic target was screwed to the top of the M2C
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chamber at a distance of 80 cm from the target cell, inducing large uncertainties on the positioning
of the target cell. Furthermore, the position of the target cell was measured by the surveyor when
the target was at room temperature. Cooling down the target may induce significant deformations
of materials that could change the position of the target cell. The Z position of the target cell was
determined using the angular distributions of reference reactions. It was found that the Z position

was shifted by 15 mm compared to the measurement performed by the surveyor.
Reconstruction of the position of the MUST2 telescopes

The last reference position used was that of the MUST?2 telescopes. Indeed, as explained earlier,
a part of the beam impinges directly on the MUST?2 telescopes without passing through the target.
Those events can be selected using the energy loss measured in the DSSD of the MUST?2 telescopes
as shown in Fig. 3.7. The position of the MUST2 detectors is known with 0.2 mm precision, from 3D
position measurements performed by the surveyor. The comparison between the position of these hits
determined from MUST2 only and from the beam reconstruction with CATS allows to cross check the

good positioning of the CATS detectors.
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Figure 3.7: Top left: Energy loss in the DSSD of MUST2. The beam impinging directly on the
MUST?2 telescopes is identified at AE>50 MeV. Top right: Image of the beam in the target plane,
reconstructed with CATS, with a gate on AE>50 MeV to select nuclei directly impinging on the
MUST?2 telescopes. Event of interest are highlighted by the red box. Bottom left: Impact matrix of
the MUST? telescopes (position of the interactions in MUST2) obtained with a gate on AE>50 MeV.
Bottom right: Difference of the positions measured with the impact matrix of MUST2 and with the
reconstruction of the beam in the MUST2 plane with the CATS. These plots were obtained with a
gate on AE>50 MeV and on the red boxes.
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2. LIGHT PARTICLE CHARACTERIZATION WITH THE MUST2 TELESCOPES

Surveyor [mm|  Analysis [mm]
X Y X Y
CATS1 1.5 0.2 0.6 -1.1

CATS2 1.7 0.0 2.3 0.0

Table 3.1: Position of the CATS detectors measured by the surveyor and determined from the analysis.

The bottom right part of Fig. 3.7 shows the difference of the positions of the event of interest
measured with CATS and MUST2. One can see on this figure that the spot centered in (-0.9,0.7)
is a bit shifted from the expected (0,0) mm position. Nevertheless, this is the best result obtained
since matching this spot with (0,0) degrades the results on the mask reconstruction. This method
allows to estimate that the uncertainties on the position measurement with CATS is of about 1 mm
in X and Y on the MUST2 plane. In the following we will consider 1 mm of uncertainties on the
position determintation in the target plane with CATS, which is the typical value found in other
studies [49, 50]. The final position of the CATS detectors are given in Table 3.1. Those values will be

used in the rest of the analysis.

2 Light particle characterization with the MUST2 telescopes

The beam impinges on the Hydrogen target where it will produce the transfer reactions of interest.
To identify and measure angles and energies of the outgoing light particles produced, the set of 6
MUST?2, described in Section. 2.3, is calibrated to determine the physical information. This section

describes in detail their data treatment.

2.1 Energy calibration of the DSSD

The DSSDs were calibrated, strip by strip, using a triple alpha source ( 239Pu, 24! Am, ?44Cm) placed
at the target position. The description of the source can be found in Table 3.2. For each strip, the main
and satellite peaks of each nuclei were fitted using Gaussian functions. The fit of the raw spectrum
of one strip is shown in Fig. 3.8. A linear fit of the correlation between raw energies and tabulated
alpha energies was performed to extract the calibration parameters of the strips.

In order to determine the Aluminum dead layer, the "zero extrapolation' method was used. This
method consists in varing the thickness of dead layer and perform a calibration at each iteration.
The validated dead layer thickness is the one for which the zero of the electronic (the position of the
pedestal) matches the zero of the calibrated energy. Precise description of this method can be found
in Ref. [51]. The estimated thickness of the dead layer, that is in agreement with the nominal ones,
was then used to correct the energy loss in the detector for the calibration and the analysis. Fig. 3.9
shows the energy spectra as a function of the strip number before and after the calibration.

After calibration the energy resolution was estimated from the width of the 5.48 MeV peak of
the alpha source. The energy resolution of a single strip is about 20 keV while the one of the whole
MUST?2 telescopes is about 30 keV. The overall energy resolution of 30 keV for the 128 calibrated

strips is slightly worse than the one of a typical individual strip, due to a possible slight misalignment
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Nucleus  E, [MeV] I Ty o [year]
5.15659(14) 70.77(14)
29pu 5.11443(8) 17.11(14) 2.411(3) 10*
5.1055(8)  11.94(14)
5.48556(12)  84.8(5)
MAm  5.44280(13)  13.1(3) 432.2(6)
5.388(8) 1.66(2)
5.80477(5)  76.40(12
Cm 5.76264%33 23.60512; 18.1(1)

Table 3.2: Alpha energies, relative intensities
and lifetimes of the source used for the DSSD

calibration.

of the gains and the fact some strips have a poorer resolution.

Figure 3.9: Energy measured in the DSSD of the first MUST2 telescope during the run taken with a
3-alpha source, as a function of the strip number before (left) and after (right) calibration. One can
notice that some strips are missing after the calibration. Those correspond to noisy strip for which the
calibration procedure could not be completed. These strips have been withdrawn from the analysis.

0 50

1
Strip Number

2.2 Energy calibration of the Csl

Most of the particles of interest (deuterons and tritons from the transfer reactions) have enough energy
to punch through the DSSD (e.g. deuterons with total kinetic energy higher than 7.5 MeV). In this

50

8850 8900 8950
Energy [channel]

Figure 3.8: Raw energy spectra of one
strip of one DSSD. This spectra was ob-
tained after applying the data treatment
presented in Section. 2.3 and keeping
only multiplicity 1. The red line shows
the fit of the three alpha peaks and their
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2. LIGHT PARTICLE CHARACTERIZATION WITH THE MUST2 TELESCOPES

case, Csl crystals are used to measure the residual energy. The response of each crystal depends on
the type of the particle and it is non linear at high energy. Furthermore, the high and large energy
range of interest (e.g. deuterons of interest have an energy ranging from 10 to 60 MeV) prevents from
the possibility to use a source to calibrate the Csl. Therefore, the Csl crystal has to be calibrated
with the beam. It is difficult to obtain a precise and absolute calibration for this detection stage.
Thus, the calibration of the Csl crystals has been performed in two steps: a first rough, position
sensitive calibration using the "E from AE" method, based on the energy deposit in the first layer,
and then an absolute calibration using reference transfer reactions measured during the experiment.

The calibration procedure is detailed in the following.

2.2.1 Step 1: E from A E
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Figure 3.10: Left: Principle of the "E from AE" calibration method. The residual energy E,.s of
the particle is reconstructed from the energy loss measured in the DSSD. Energy loss corrections are
applied to reconstruct the energy deposited by the particle in the CsI crystal. Note that in reality
the Csl cristals are located just behind the DSSSD. Right: Energy loss of deuteron in Silicon per
unit of thickness crossed, as a function of the energy of the particle. Bottom: Correlation between
the calculated Ecgr and the measured raw Csl energy E,q,,. The black line shows the second order
polynomial fit performed to extract the calibration parameters. One can see that this method is not
precise at high energy since a very few energy deposited in the DSSD avoids to reconstruct the energy
of the incoming particle with precision.

The first step of the energy calibration of the Csl crystals relies on the E-AE correlation of the light

51



CHAPTER 3. ANALYSIS

outgoing particles. Left part of Fig. 3.10 shows the principle of this method. The residual energy of
the light particle is deduced from its measured energy loss AE and angle in the DSSD using tabulated
energy loss dependency with the particle energy. Right part of Fig. 3.10 shows the energy loss of
deuterons in Silicon per unit of thickness crossed, as a function of the energy of the particle. In this
work we used the GEANT4 tables for energy losses calculation. Then, the energy loss corrections,
shown in the left part of Fig. 3.10, are applied to reconstruct the energy deposited by the particle
inside the Csl crystal E¢gr. This calculation is done event by event, to obtain the correlation between
the reconstructed Ecsr and the measured raw energy of the particle in the Csl E,4,,. This correlation
is then fitted by a second order polynomial function to determine the calibrated CsI energy Eéflz
Bl = poEraw + 11 Braw +p2 (3.6)
where p; are the calibration parameters (a typical set of parameter being po = 5.009(11) x 10~%;p; =
—0.0458(1) and py = 39.4(11)). Bottom part of Fig. 3.10 shows the calibration plot obtained for one
Csl of one telescope. The second order of the function is used to correct from non-linear effects
throughout the light collection in the Csl crystals. Since the amount of scintillation light produced in

a Csl crystal depends on the type of particle, this calibration procedure was performed for the protons,
Csl

raw 1dentification matrix

deuterons and tritons independently, by applying a 2D cut on the AEpgsp-E
for each CsI (see Fig.3.18).

In order to estimate the impact of the Csl calibration on the determination of the excitation energy
and on the resolution, the ground state peak of 36Ca reconstructed from the 37Ca(p,d)3°Ca reaction
is used as reference. The reconstruction method of the excitation energy will be detailed later in
Section 4. The width of the ground state peak of 36Ca was found to be 850 keV (in sigma) after the
calibration. This value was higher than the value of 450 keV found in a previous study performed in
very similar conditions [52]. Moreover, it was also well above the value of 500 keV sigma, found using

the simulation. This suggests the need of further investigation to improve the experimental resolution.
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Figure 3.11: Evolution of the ground state position of 3°Ca in excitation energy as a function of the
position in the Csl with (right) and without (left) pixel segmentation. Those plots were obtained for
Csl 10 of telescope 1. Red lines shows a linear fit performed on the data.

It was found during the analysis, that there is a dependency of the excitation energy on the
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2. LIGHT PARTICLE CHARACTERIZATION WITH THE MUST2 TELESCOPES

vertex position of the light outgoing particle inside the CsI crystal. Left part of Fig. 3.11 shows the
evolution of the ground state position of 36Ca in the excitation energy spectra as a function of the
X position in one Csl crystal (obtained from the information in the DSSD). There is a clear drift of
the peak along the crystal that can be attributed to inhomogeneities in the light collection caused by
its ageing. To correct this effect each Csl crystals was virtually divided into pixels using the position
information from the DSSD. 64 pixels were used for the proton and deuteron calibrations but due to
lack of statistic, only 16 pixels were used for the triton calibration. Right part of Fig. 3.11 shows the
position of 36Ca ground state obtained after applying the pixel calibration. This figure shows that
the pixel calibration has strongly reduced the position dependency of the excitation energy peak. The
resolution on the total excitation energy spectra was also improved from 850 keV to 710 keV with
this pixel calibration. At the end, calibration parameters have been extracted for the 64 pixels of the
16 Csl crystals of the 6 MUST2 telescopes for 3 different type of particles making a total of 18432
independent energy calibrations.

After this first step calibration, some problems are still present. The analysis of reference reactions
such as 3SCa(p,d)37Cag_S. or 37Ca(p,d)36Cag,s, could not reproduce the known masses of those nuclei.
In other words, the measured centroid of the ground state peak in excitation energy is not compatible
with zero. Furthermore, a large deviation is seen in the ground state centroid when looking at single CsI
excitation energy spectra, as shown in Fig. 3.12. Those problems arise from the depth inhomogeneities
of the Csl crystals but also from the uncertainties on the deformation of the target’s windows foils and
the inhomogeneities of dead layers which distort the energy loss corrections. To correct those effects, an

absolute energy calibration procedure of the Csl crystals has been developed using reference reactions.
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Figure 3.12: Position of the centroid of the ground state peak in the excitation energy spectra of
36Ca as a function of the CsI number. This plot was obtained for telescope number 1. One can see
the large dispersion of the ground state position between the Csl. Furthermore, very few of them are
compatible with zero.

53



CHAPTER 3. ANALYSIS

2.2.2 Step 2: Absolute calibration

The absolute calibration consists in adjusting the previously extracted calibration coefficients using
reference reactions of well known Q-values (with less than few keV uncertainties). For the deuteron
calibration the *3Ca(p,d)3"Ca, 5. and the * Ar(p,d)3*Ar, ;. reactions, measured during the experiment,
were used as references. Those reactions are the only ones (available among the ones present in the
two cocktail beams) having enough statistics to be used for the calibration. Furthermore they well
constrain the deuteron energy range of the reaction of interest, as their kinematic lines frame that of
37Ca(p,d)?6Ca , as shown in Fig. 3.13.

Fig. 3.14 shows the principle of the calculation performed to extract the reference Csl energies
from the 35Ar(p,d)34Arg_5. reaction. Once the first step calibration has been performed, the reference
reactions are analyzed using the obtained calibration coefficients. For each reference reaction, a gate
is applied on the excitation energy to select events corresponding to the ground state (top left part
of Fig. 3.14). This gate has been determined by fitting the ground state peak in each CsI crystal to
determine the position of the centroid and by taking an interval of +£500 keV around the centroid. From
those events, the measured energy in the Csl, Eéfl, is extracted, as well as the measured laboratory
angle 953’ of the deuteron (the AE exponent indicates that this is the CsI energy obtained using
the "E from AE" calibration parameters). Then, using the theoretical kinematic line of the reference

reaction, the corresponding reference laboratory energy of the particle Efg{ is computed from HE;bp .

Finally, Efg{: is corrected from energy losses in dead layers and in the target (see Section 4 for details)

to reconstruct the reference energy Eg:{ of the particle before entering inside the Csl (with Egi; <

Efsg because of the energy loosed by the particles in dead layers).
Fig. 3.15 shows, for a single Csl crystal, the correlation between Egi}c and EéSEI obtained for the

two reference reactions and the reaction of interest. A linear fit is performed (using only the points
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Figure 3.13: Theoretical kinematic lines of the two reference reactions compared to the one of interest.

54



2. LIGHT PARTICLE CHARACTERIZATION WITH THE MUST2 TELESCOPES

from the two reference reactions) to extract the correction parameters ¢;. Then, those correction

parameters are used to compute the final CsI energy Egg}

Egg} = CUE%SEI +a :p()E?%aw +p/1E7‘(l'w +pl2 ) (37)

where: p{, = copo, P} = cop1 and ph, = copa + ¢1 (typical values of ¢y and ¢; being ¢y = 1.027(9) and
c1 = —0.58(9), given for Csl number 16 of telescope 1).

The two reference reactions used for the calibration constrain well the energy range of the deuteron
of the reaction of interest as shown in Fig. 3.15. In this figure, 0 MeV, 3 MeV and 6 MeV in excitation
energy in 20Ca are indicated by red points. The points corresponding to the first excited state of
37Ca at 1.6 MeV (yellow points) have been added on this figure to demonstrate the linear behavior

of the calibration up to 6 MeV in excitation energy in 3¢Ca (with a coefficient of determination of

SAr(p,d)*Ar
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Figure 3.14: Principle of the reconstruction of the reference Csl energy for the 35Ar(p,d)34Arg,s,
reaction. Top left spectrum is the excitation energy in 3*Ar. Top right is the theoretical kinematic
line of the reaction. Bottom part is the correlation plot between Egi’; and Eéﬁ obtained for the Csl
number 16 of telescope 1.
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Figure 3.15: Eg?;vs.Eéfl scatter plot for CsI 16 of telescope 1. The data points from the
38Ca(p,d)>"Cay.s. (blue), 3°Ar(p,d)3*Ary 5. (green), 37Ca(p,d)*°Ca, 5. (cyan) and 3¥Ca(p,d)*"Cai ¢ rrev
(yellow) reactions are shown. The linear fit (red curve) was done using the 3¥Ca(p,d)3"Cagy s and the
35Ar(p,d)34Arg. s. reactions. A linear fit describes well the data points from 0 to 6 MeV in excitation
energy (written in red) in 3Ca (R? =0.992).
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Figure 3.16: Left: Position of the centroid of the ground state peak in the excitation energy spectra
of 35Ca as a function of the CsI number obtained using two different calibration. Right: Excitation
energy spectra of 3°Ca obtained with the "E from AE" method with 1 pixel (yellow), 64 pixels (blue)
and after the absolute calibration (purple).
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2. LIGHT PARTICLE CHARACTERIZATION WITH THE MUST2 TELESCOPES

All the computed ¢y correction parameters are close to 1 meaning that those corrections do not
affect the dependency to the particle energy. Indeed, the absolute calibration allows to correct from
effects such as the depth inhomogeneities of the Csl crystals or inhomogeneities of dead layers. Those
effects impact the absolute energy measurement in the CsI but not the dependency of the measurement
to the energy of the particle. Left part of Fig. 3.16 compares the position of the centroid of the ground
state peak in the excitation energy spectra of 39Ca as a function of the CsI number obtained with
the "E from AE" calibration method and with the absolute calibration. With the absolute calibration
corrections, all the centroids are compatible with zero and the deviation is improved from 325 keV
to 71 keV. This improves both the resolution of the total peak and the precision on the centroid
measurement. Right part of Fig. 3.16 compares the excitation energy spectra of 36Ca obtained with
the three different calibrations discussed here. The resolution in excitation energy is significantly
improved at each step, with a o value of the ground state peak of 850 keV ("E from AE" calibration
with 1 pixel), 710 keV ("E from AE" calibration with 64 pixel) and 560 keV (absolute calibration).

+ 3SCa(p’t)36Cang.

—}— SAr(pH>Ar

3 MeV

()]
a1
T T[T r [ rrr [ rrr [ rrr 11T

20 50 0 70
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Figure 3.17: Egi{vs.EéSEI scatter plot for CsI 16 of telescope 1. The data points from the
38Ca(p,t)3®Cagys. (blue), 36Ar(p,t)3*Ary . (green) reactions are shown. The red curve shows the linear
fit performed to extract the correction parameters. 0 MeV, 3 MeV and 6 MeV in excitation energy in
36Ca are indicated by red points

It is important to note that, before to start this study, the mass of 36Ca was known with 40 keV
precision. Performing a new mass measurement on 6Ca was one of the goal of the experiment.
Therefore, at first, the mass of 36Ca will be measured using the calibration without 26Ca as reference
point. Meanwhile, its mass has been more precisely measured (with 5 keV precision) by a recent
Penning trap experiment [31]. Therefore, in order to achieve the best reachable resolution, this new
precise 2Ca mass will be used, in a second time, as a reference for the deuteron and the triton
calibration.

The same method has been used to perform an absolute calibration for the tritons. The **Ca(p,t)¢Ca
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CHAPTER 3. ANALYSIS

and the 36Ar(p,t)34Arg,5, reactions were used as reference. Fig. 3.17 shows the correlation between
Egi{ and Eéfl obtained for the tritons of the reference reactions. A linear fit has been performed
to extract the correction parameters. Due to the lack of reference point for the protons, no absolute
correction was performed on the proton calibration. Anyhow the reliability of the proton calibration

has been confirmed by studying the one proton decay channel of reference reactions.

2.3 Data treatment procedure and multiplicity

The treatment of the data taken by the MUST?2 telescopes is as follow. First, thresholds and cali-
brations are applied in order to suppress background and obtain physical energy measurement. The
X and Y side of the DSSD are treated as independent detectors, as well as the Csl crystals. Each of
them has its own multiplicity m, n and k, respectively. All the combinations of DSSD energies and
positions in X and Y, and Csl energies and positions are analyzed to construct a physical event. The
conditions to accept a combination between the elements i (DSSD X)), j (DSSD Y) and k (CsI) (with
i €[0,m],j €[0,n] and k € [0,k]) are:

1. Telescope Number (i) = Telescope Number (j) = Telescope Number (k)
2. |Epgsp(i) — EXgsp(d)] <€ with € taken as three o of the DSSD energy resolution.
3. (X(i),Y(j)) € CsI area (k)

The final multiplicity of the event corresponds to the number of combination that has been accepted
by the algorithm. An additional condition has been set to reject events in which two particles arrived
in the same Csl. In this case it is impossible to match the Csl energy to the DSSD energy. Those events
represent less than 1% of the total. At the end, only multiplicity one, two and three were accepted in

order to get the transfer particles to bound states, one and two-proton emissions, respectively.

2.4 Particle identification

Once the calibrations and the data treatment has been performed, the sum of all MUST?2 telescopes can
be used for position, time, energy loss and residual energy measurement. Moreover, the combination of
these information allows to identify each type of light particles. In our case all the particles of interest
have sufficient energy to reach the Csl. Therefore, only the AE-E particle identification method was
used. Fig. 3.18 shows a typical light particle identification plot obtained from the correlation of the
energy loss measured in the DSSD and the residual energy measured in the Csl. The shape of the lines
arises from the Beth-Bloch formula. In this plot, we can well distinguish the protons, the deuterons

and the tritons.

3 Outgoing heavy ions identification with the Zero Degree Detection

In order to identify the outgoing heavy ion produced during the transfer reaction, we use the Zero
Degree Detection (ZDD) composed of an Ionization Chamber (IC) a set of two Drift Chambers (DC)
and a plastic scintillator. This section describes the calibrations, the characterizations and the analysis

methods used for those detectors. A schematic view of the ZDD is presented in Fig. 3.19.
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Figure 3.18: AE-E particle identification plot obtained with MUST2 telescopes. One can identify
protons, deuterons, tritons, He and o particles.
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Figure 3.19: Schematic view of the ZDD composed of an Ionization Chamber (IC) a set of two Drift
Chambers (DC) and a plastic scintillator. The two DC have an active area of 70x70 cm? and are
located at 85 cm and 103 cm downstream of the target.

3.1 Calibration and characterization of the ionization chamber

The multiplicity m of an event in the ZDD is defined as the number of nuclei seen by the IC during the
acquisition time. The IC provides for an event of multiplicity m, m energies and m time measurements.
The NUMEXO2 read out electronics of the IC allows to measure energies and times of events that
piled up, meaning that the second electric pulse arrived before the first one has fully decayed (if those
pulses are separated by more than 500 ns, otherwise, the event is rejected). This way the IC can
provide an energy loss measurement with high beam intensity (up to few 10° pps) that can be used

for the identification of the outgoing heavy nuclei.
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The calibration of the IC was performed using the reference nuclei present in the cocktail beam.
Fig. 3.20 shows the energy loss measured in the IC during the 3*Ca beam setting. Given that the time-
of-flight measured between the CATS detector and the HF signal delivered by the cyclotrons, provides
an identification of the incoming nuclei present in the coktail beam (see Fig. 2.3 in Section 1.2), the
energy loss (in channel) of each nucleus was measured independently and is shown in Fig. 3.20. One
can see that for 38Ca (red) and 3K (green) only one peak was identified in the IC. Using the 30Ar
time-of-flight gate (blue) two peaks were found in the IC, the highest one corresponding to 36Ar and
the other one to the contaminant 3*Cl. For 33S (purple) the contaminant was 3°Cl. The position of
each peak was determined with a Gaussian fit. The theoretical energy loss in the IC of 3Ca, 37K, 36 Ar
and 338 was computed using the LISE++ software. The correlation between the theoretical energy
loss and the measured one (in channel) is shown in the right part of Fig. 3.20. This distribution was

fitted with a first order polynomial function to extract the calibration coefficients of the IC.
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Figure 3.20: Left: Energy loss measured in the IC (in channel). The total spectrum is shown by the
black line. The colored lines correspond to the spectra obtained by gating on the time-of-flight range
corresponding to each contaminants (see details in the text). Righ: Calibration plot of the IC. The
red line shows the linear fit performed for the calibration.

The resolution of the IC was determined by performing a Gaussian fit of the 3¥Ca peak after
applying the calibration. The sigma of the Gaussian was found to be 0.76 MeV for a centroid at

34.7 MeV corresponding to a relative resolution of 2.2%.

The intrinsic efficiency of the IC was determined by counting the number of 33Ca and 37Ca seen
in the time-of-flight spectra CATS-HF. Selections were applied to use only events triggered by CATS
(which correspond to almost 100% of unreacted beam) and colinear beam (by gating on small angles
measured with CATS) that passes through the center of the target to be sure that those nuclei reach
the IC. The ratio of the number of those events detected in the IC (with a non zero energy) and the
total number of those events gives the IC efficiency. The efficiency was found to be 81.9% for the
detection of 38Ca and 98.7% for 3"Ca. The difference between those two numbers arises from the
difference of beam intensity between the two beam settings. Indeed, the cocktail beam of 37Ca was
obtained at 2-10* pps and the cocktail beam of 33Ca at 2-10° pps. A higher intensity increases the

pile-up rate in the IC and therefore, the rate of events for which the electronics cannot disentangle
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two different impulsions. This causes a loss of efficiency of the IC.

3.2 Reconstruction of the position with drift chambers

Cathode — [HEEEG—_—

L
Particle {

Drift lenght

Anode wire ———

Figure 3.21: Schematic view of drift chamber. A particle that passes through the chamber will ionize
the surrounding atoms. The free electrons drift toward the anode wire at a velocity of 0.05 mm/s.

A set of 4 drift chambers (DC) was used to measure the angle of the outgoing nuclei. This
measurement will be used in the analysis in order to select events corresponding to a two body
kinematic, with a deflected outgoing heavy ion. Each DC provides one time measurement. The drift
time of the charges inside the chambers is measured relatively to a reference time given by the CATS

detectors: tg4.;rt = tpc —tcars. The drift length is then computed from the drift time and the drift
tdrift
Vdrift
20 mbar is of 0.05 mm/ns. Finally, the absolute position of the outgoing heavy ion is reconstructed

velocity using: Lgyife = (see Fig. 3.21). The drift velocity of the ions inside C4Hyo gas under
from the given position and geometry of the DC. The NUMEXO2 electronics digitizes the time signal
by step of 10 ns limiting the position resolution of the DC to 0.5 mm. The 4 DC were arranged to
have 4 different drift directions (X, -X, Y and -Y).

The position of the DC was determined using the CATS detectors given that most of the incoming
ions were not deflected. Fig. 3.22 shows the difference between the position measured by the DC and
the position reconstructed by the CATS in the DC plane. The position of each DC has been set in
order to center those distributions at zero. The final positions of the DC used in the analysis are
given in Table 3.3. The outgoing heavy ion trajectory was then defined as a straight line between
the interaction point of the ion in the target (given by CATS) and the interaction point of the ion in
the DC. Since DC provides two measurements of this point, it was determined as the mean of both
measurements.

The angular resolutions of the DC were determined relatively to CATS, by computing the difference
of the measurement of the (6,¢) angles of the unreacted beam (6 being the angle of the trajectory
relatively to the Z axis in the X-Z plane and ¢ in the Y-Z plane) measured by CATS and the DC.
Assuming that the angular resolution of the CATS is negligible compared to the one of the DC, the
angular resolution of the DC was found to be 0.2° for both 6 and ¢ angles. The efficiencies of the

DC were determined for 3"Ca and 3*Ca using the method described in the previous section and are
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Figure 3.22: Difference of the position measured by the DC and the position reconstructed by the
CATS in the DC plane. Left: First X-Y DC couple. Right: Second X-Y DC couple. The two DC
couples are separated by 40 mm.

X [mm] Y[mm] Zmm] | ¢®7Ca) €(*®Ca)
DC1 (-X) 3.9 0 1000 0.78 0.62
DC2 (X) | -15 0 1020 0.80 0.61
DC3 (Y) 0 2.4 1040 0.61 0.58
DO (-Y) 0 2.4 1060 0.81 0.61

Table 3.3: Position and efficiencies of the DC determined from the analysis.

presented in Table 3.3. As in the previous section, the efficiencies were found to be smaller during the

38Ca beam setting due higher beam intensity.

3.3 Ion identification

The ZDD was used to identify the outgoing heavy ions and to study their angular correlations with
the outgoing light particle. Furthermore, the IC was used to identify the nuclei present in the cocktail
beam using a gate on the unreacted beam (corresponding to selection on CATS trigger only). Indeed,
as presented in Section 3, the CATS detectors trigger the acquisition. Given that the majority of
the beam particles do not interact with the target, by selecting only the events triggered by CATS,
one can select almost only the unreacted beam and therefore study the composition of the incoming
cocktail beam with the ZDD even if it is located after the target.

Fig. 3.23 shows the ion identification plot of the 3"Ca cocktail beam, obtained with a gate on the
unreacted beam. By studying the correlation between the energy loss in the IC (depending mainly on
Z) and the time-of-flight (TOF) between the cyclotrons and the CATS detectors (depending mainly
on A) one can separate each isotope present in the cocktail beam. Even if only the TOF is used to
gate on the incoming nuclei, this identification is very useful to look at contaminants present in the
time-of-flight gate.

Then using the events triggered by MUST2, one can select only events for which the beam particle
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Figure 3.23: Incoming beam identification of the 3"Ca cocktail beam using CATS-HF time-of-flight.

made a reaction in the target. The ZDD can then be used to identify the outgoing nuclei produced after
a reaction in the target. Left part of Fig. 3.24 shows the outgoing heavy ion identification obtained
using a TOF gate (TOF CATS-HF) to select incoming 3"Ca. In this plot, the TOF was measured
between CATS and the plastic scintillator at the end of the ZDD. From an incoming 3"Ca, many
different reactions can happen in the target, leading to outgoing heavy ions going from Ca (Z=20) to
Si (Z=14). The short time-of-flight basis (with about 1 m between the target and the plastic) does
not allow to disentangle the isotopes in A. This plot will be used in the analysis to select the Z of the
outgoing heavy ion produced in ?*37Ca(p,d)?"6Ca and 3%37Ca(p,t)3%3°Ca transfer reactions, in order
to study independently the one and two proton decay channels of Ca isotopes. Right part of Fig. 3.24

shows another example of outgoing heavy ion identification, obtained by selecting an incoming 32S.
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Figure 3.24: Left: Outgoing heavy ion identification using CATS-Plastic time-of-flight, obtained using
a gate on 37Ca incoming. Right: Outgoing heavy ion identification obtained using a gate on 32S
incoming.
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One can identify isotopes from S to Mg in this plot. A small spot can be identified over the S events,
corresponding to a small amount of 3*CI contaminant present in the TOF gate. The S events, identified
with the two gates S and Ca incoming, are found at slightly different values of energy loss due to the
difference of kinetic energy of the incoming 37Ca beam and 32S beam and with a shifted TOF value
arising from the difference of time-of-flight between 32S and 37Ca between the CATS and the target.
This demonstrate the reliability of the outgoing ion identification performed with the ZDD.

4 Reconstruction of the observables of interest

4.1 The missing mass method

: )
P, . \ o P,

Figure 3.25: The two body kinematics in the laboratory frame (left) and in the center-of-mass frame
(right).

Transfer reactions are a very powerful tool to study the structure of the nuclei. They are governed
by the two-body kinematics. This allows indirect measurement of the spectroscopy of the outgoing

heavy nuclei using the missing mass method. Let us consider the two body reaction:

142-3+4, (3.8)

where the particle 1 represents the beam, the particle 2 is the target, 3 is the outgoing light particle and
4 the outgoing heavy ion. For a particle i, we define the momentum-energy four-vector P; = (E;,p;)
using the natural unit convention ¢ = 1, where E; is the total energy of the particle and p; its impulsion.
In the framework of special relativity, the total energy of a particle can be expressed as a function of
its kinetic energy Ej, and its mass m as E = Ej, +m or as function of its impulsion p as E? = p? +m?2.
Therefore, one can express the momentum-energy four-vector of our particles in the laboratory frame

as:

Ep14+m1,0,0,/Ef | +2Ey 1my)

(

Py = (my,0,0,0)
(
(

(3.9)
By 34+m3,sin(0ra)\/ Ef 3 + 2By 3m3,0,c05(0ab) \/ B} 5 + 2Bk 3ms3)
Ey,p})

considering that the target particle is at rest in the laboratory frame, the beam particle has a straight

64



4. RECONSTRUCTION OF THE OBSERVABLES OF INTEREST

path along the z axis and that the reaction occurs in the (xOz) plan (which is a good approximation,
since the cross-section is invariant under rotation around the beam axis).

The missing mass method consists in measuring the kinetic energy Ej 3 and the angle 014, of
particle 3 to reconstruct the momentum-energy four-vector of the particle of interest (particle 4) Py

using energy and momentum conservation law:

Py=P +P,— Ps. (310)

In our experiment, Ej 1 was known from the Bp of the spectrometer and the masses m1 2 3 were known

from database.

4.2 Excitation energy

The excitation energy E, of a particle can be defined as:
E,=VP2—my , (3.11)

where P is its momentum-energy four-vector and my its mass at rest (or the mass of the ground state).
P? can be seen as the internal energy of the system. In the case of a nucleus, this internal energy
can take two forms: mass (including the mass of the constituents and the binding energy) and/or
excitation energy (e.g. vibration, rotation, particle-hole excitation...). Considering that the masses
m; in equation (3.9) are the masses of the ground states of the particles (m; =myg;), the extraction

of the excitation energy for the particle of interest is straightforward:

Epa=\/(P1+ P — P3)? —mu, (3.12)

5

where the only unknown variables are Fj, 3 and 0r,5. The kinetic energy of the light outgoing particle
in the laboratory frame Ej, 3 is usually named Er,, and we use this convention in this document.

The angle of the outgoing light particle 1, is determined using the position measurement per-
formed by the DSSD of the MUST?2 telescopes and the CATS detectors. The CATS detectors measure
the direction of the beam particle Z and the position of interaction point of this particle inside the
target I;. The MUST?2 telescopes measure the position of the interaction point inside the DSSD Ipgssp
(see Fig. 3.26). Then 64, is given by:

d; - Iilpssp
| |1 T Tpsspll
The energy Epqp, of the light particle is its energy at the time of the emission. The energy of the
light particle is measured by the DSSD and the Csl of MUST2. On the way, the particle lost a part

of its energy inside the target and in dead layers. Therefore, the reconstruction of Ej, from the

cos(Opap) = (3.13)

measured energy loss in the DSSD Epggp and the residual energy measured in the Csl E¢gr requires
a precise knowledge of the thickness and the composition of the materials crossed by the particle. Erq
is given by:

Eraw = Ecsi + Epssp + ErLoss, (3.14)
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Mylar
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Figure 3.26: Schematic view (not on scale) of the path followed by a particle emitted inside the target
and detected in MUST2. The different material crossed are represented.

where Fp,ss represents the energy lost by the particle in the target and in dead layers. Fig. 3.26 shows
a schematic view of the path followed by a particle from the emission point to the CsI crystal. For
each material crossed, the energy lost in this material is computed using energy loss tables, taking
into account the thickness of the material, the incident angle and the incident energy of the particle.
FErqp is reconstructed by starting at the end of the track and by adding, one by one, the energy lost
in each material. The Z position of the vertex is not known and is supposed to be in average at the
center of the target. This approximation induces a loss of resolution in excitation energy of about 3%
(estimated with the simulation). One can see in Fig. 3.26 that the thickness of LHy crossed inside the
cryogenic target can significantly vary depending on the position of the vertex. Therefore, the precise
parametrization of the shape of the target windows (presented in Sec. 2.2) is very important. Anyhow,
there are still uncertainties on the thickness of material crossed (e.g. the deformation of the target
when cooling it down, the thickness of the Si dead layer in the DSSD...) but the absolute calibration

procedure presented in Sec. 2.2 allows to correct from those effects.
4.3 Differential cross section

The differential cross section in the center-of-mass frame is given by:

do (Bonr) = N(Ochr)
Qe M NiNiargere(Ocnr)dQenm (Bonr)

(3.15)
with:

e N(0car): the number of light particles detected at an angle Oy

N;: the number of incident beam particles on the target

Niarget: the number of protons per cm? inside the target

€(Ocar): the reconstruction efficiency of an event at a given angle 6cas

dQcni(Ocar): the element of solid angle in the center-of-mass frame at a given angle 6oy
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In practice, N(0car), €(6onr) and dQcps, are computed for a slice of center-of-mass angle Aoy
whose width is taken to obtain enough statistics per bin of angle.

The center of mass angle O¢ ) is computed from the measurement of Ep ., and 04. Indeed, once
those quantity are extracted, one can reconstruct the momentum-energy four-vector Ps of the light
outgoing particle. Then the four-vector of the particle in the center-of-mass frame can be computed
from the Lorentz transformation of Ps: P = AP3, where A is the Lorentz matrix of the center-of-mass

frame. The center-of-mass angle 6,y of the particle is then given by:

_>
p1'173

T (3.16)
[l

cos(Ocnr) =

where 17{ is the impulsion of the beam particle in the laboratory frame and 173 is the impulsion of
the light outgoing particle in the center-of-mass frame (cf. Fig. 3.25). 6cps is computed event by
event. To obtain the angular distribution N (6cas) for a state, two methods are available. Method 1:
by gating on the slice of excitation energy corresponding to a state. Then the angular distribution
is given by the N(6cps) corresponding to a given state. Method 2: by fitting the excitation energy
spectra for each slice of center-of-mass angle Afcpr. The N(Afcys) will be the integral of the peak
corresponding to the state of interest. The total angular distribution is then obtained by doing this
operation step by step over all the angular range. The second method allows to disentangle states
that overlap but is more difficult to use with low statistics.

The number of incident beam particles on the target N; is computed from the number of incoming
beam particles corresponding to a trigger CATS (divided) for which the interaction point is recon-
structed inside the target cell. This number is then multiplied by the value of the division. To obtain
the real number of incident beam particles, this value has to be corrected from dead time, CATS
efficiency and interaction point reconstruction efficiency. But, since the same CATS efficiency is used
to correct the beam counting and the number of particle detected in MUST2, this efficiency term
cancels out and there is no need to apply CATS efficiency correction.

The number of protons per cm? inside the target Niarget is computed using:

2UtargetNA

3.17
i (317)

Niarget =
where 0y4rget is the surface density of the target in mg-cm ™2, N4 is the Avogadro number and M Hoy
is the molar mass of the Hy molecule. The value of 044rger is not obvious to compute due to the
deformation of the target foils. Indeed oiorget = PH, * €target Where ppr, is the density of liquid Hy in
mg-cm 3 and etarget 15 the effective thickness of the target in mm (corresponding to the mean thickness
of target crossed by unreacted beam particles). To compute egrget, simulations were performed with
the experimental beam emittance to determine the average thickness of target crossed by the beam
particles (e.g. for the 37Ca beam, an effective thickness of etarget = 1.3(1) mm was found).

Finally, the reconstruction efficiency €(6¢cas) and the element of solid angle dQ2cas(0car) are eval-

uated together using the simulation as follows:

1. Perform a simulation for the reaction and state of interest (the solid angle covered by the
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detectors in the center-of-mass frame can change significantly with the excitation energy).
2. Get the emitted angular distribution Neit(6car)

3. Reconstruct the detected angular distribution Nge:(6car) using the same conditions as in the

analysis.

Naet(Ocm)
Nemit(Ocnm)

4. Compute the efficiency e(6cnr) =

5. Multiply the efficiency by the element of solid angle dQ2c s (0car) = 2msin(@cns)dfc s (in practice
dfcy is the size of a 0oy bin).

At this step, edQcnr(0onr) contains the geometrical, detection and reconstruction efficiencies of the
simulated detectors. The ZZD was not included in the simulation. Therefore, if one wants to use the
7ZDD for the extraction of the differential cross section, its efficiency has to be taken into account. To
determine the efficiency of the ZDD for a given reaction, the analysis was performed with and without
the ZDD. Then the integrals of a reference peak (usually the ground state), obtained in both cases,
were compared and the ZDD efficiency was obtained from the ratio of those integrals (e.g. for the
3(Ca(p,d)3"Ca reaction, the total ZDD efficiency was found to be of 37%. This relatively low value
arises from the convolution of the individual efficiencies of each detector which was reduced due to

the large counting rate of the 3¥Ca beam setting).

4.4 Proton energy and angle in the center-of-mass

In this study, we are interested in the one and two proton decay of unbound states. The kinematic
of this process is governed by the two-body decay. Let us consider the decay of the outgoing heavy
particle 4 in a light particle 5 and a heavy one 6:

4 5+6. (3.18)

The reconstruction of the kinetic energy Ej 5 of the light daughter particle is done with the same
method as for the excitation energy. This time the kinematic will not be invariant under the z axis
(define as the direction of the beam particle 1). Therefore we have to consider the y component of
the impulsion given by the ¢4, 5 angle. The momentum-energy four-vector of the daughter particles

in the laboratory frame can the be expressed as:

Ps = (Es,5in(0Lab,5)c08(PLab,5)P5, 51 (0Lab,5)5i0(PLab,5)P5,c05(OLab)Ps5), (3.19)

where E5 = Ej 5 +m5 and ps = \/E2 —m2. Then the momentum-energy four-vector of the particle in
the center-of-mass frame of the particle 4 can be computed from the Lorentz transformation of Ps:
P, = A4P5, where Ay is the Lorentz matrix of the particle 4. The energy E,’%5 and the angle 0cas 5 of

the particle 5 in the center of mass frame is given by:

E,’c75 = Eé —ms
il (3.20)

cos(fenrs) = o o
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taking the direction of the mother particle in the laboratory frame as reference to compute the center-
of-mass angle. The momentum-energy four-vector of the heavy daughter particle 6 can then be

eventually computed using the missing mass method.
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CHAPTER 4. RESULTS

This chapter presents the results obtained on Ca. The extraction of the excitation energy spectra
and the mass measurement of 36Ca using the 37Ca(p,d)3°Ca reaction will be presented first. Then, the
spectroscopy of 36Ca using the 37Ca(p,d)3¢Ca will be performed. Then, the spectroscopy of 36Ca using
the 38Ca(p,t)30Ca transfer reaction will be presented. Finally, preliminary results about the study of
35(Ca using the 37Ca(p,t)3*Ca reaction will be given.

1 One neutron transfer reaction: 3'Ca(p,d)3°Ca

We start here by presenting the results obtained in the analysis of the 37Ca(p,d)?¢Ca reaction. First,
the extraction method of the excitation energy spectra will be presented before to show the mass
measurement of 36Ca. Then, the position of the excited states populated in 36Ca will be determined
by fitting the different excitation energy and proton energy spectra available. The transferred angular
momentum L as well as the spectroscopic factors C2S of the populated states in 26Ca will then be
determined using the Distorted Wave Born Approximation (DWBA) analysis of the differential cross

sections. Finally, the analysis of the two-proton decay channel of 36Ca will be presented.

1.1 Extraction of the excitation energy and mass measurement of 36Ca
1.1.1 Selections and kinematic lines

In order to reconstruct the excitation energy of the nucleus of interest, one has first to apply conditions
on the different measured quantities to select the good reaction. First, conditions are applied to select

the beam particle of interest:

e 37Ca as incident beam particle: using the CATS1-HF and the CATS2-HF time-of-flight mea-

surement (see Fig. 4.1)

e Beam inside the target cell: using the reconstruction of the beam in the target plane performed
by CATS (see Fig. 4.1 and Section 1.3 of Chap. 3)

Then, to select the 37Ca(p,d)?°Ca reaction, one has to gate on a deuteron in MUST2. This
condition depends on the multiplicity of the event. Indeed, if 36Ca is produced in its ground state (or
in a bound state), we expect an event of multiplicity 1 in MUST2. If 3Ca is produced in an unbound
state, we expect an event of multiplicity 2 if the decay occurs via the one-proton decay channel, or an
event of multiplicity 3 if the decay occurs via the two-proton decay channel. Therefore the MUST?2

conditions are applied as follow:
1. If the MUST2 multiplicity is 1: the event is accepted if the particle is a deuteron

2. If the MUST?2 multiplicity is 2: the event is accepted if one particle is a deuteron and the other

is a proton

3. If the MUST2 multiplicity is 3: the event is accepted if one particle is a deuteron and the two

others are protons
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Figure 4.1: Top: Time-of-flight spectra measured between CATS1 (in the left part and CATS2 in the
right part) and the High-Frequency (HF) delivered by the cyclotrons. Bottom: Graphical cut applied
to select beam particles that are inside the target. The cut is adjusted to reject reactions occurring
at the edge of the target cell frame.

The selection of proton and deuterons is performed using the light particle identification plot
obtained with MUST2 as shown in Fig. 4.2 (see Chap. 3 Section 2.4 for details).
Finally, a condition is applied using the ZDD to select either a Ca, K or Ar outgoing heavy ions

(see the identification plot in Chap. 3 Section 3.3) in order to study separately the gamma, one-proton

and two-proton decay channels of the excited states of 36Ca , respectively.

Energy Loss [MeV]

100
Residual Energy [MeV]

50 150

Figure 4.2: Graphical cut applied on the AE-E light particle identification plot obtained with MUST2.
the upper red contour shows the deuteron selection and the lower one, the proton selection.
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Once those conditions have been applied, one can reconstruct the kinematic lines of the reaction.
They are obtained from the correlation between the energy Ej., and the angle 01, of the deuteron
emitted by the transfer reaction, in the laboratory frame. To one line corresponds one state populated
in 36Ca. We will first focus on events obtained with a Ca outgoing in the ZDD, corresponding to
the production of 26Ca in its ground state or in exited states that decay via gamma emission. The
kinematic lines, reconstructed for the 3"Ca(p,d)3°Ca reaction with a Ca outgoing are shown in the left
part of Fig. 4.3. One can clearly see two lines, one for the ground state of *¢Ca and the other one
for its first 21 excited state. The excitation energy of the 27 first-excited state in 3°Ca was measured
at GANIL [35], GSI [34] and NSCL [36] by means of one-neutron knockout reactions from a 3"Ca
secondary beam. Taking the most precise measurement, its energy was found to be 3045.0 &+ 2.4 keV
[36]. This value will be used as a reference for the analysis. Moreover, Fig. 4.3 shows the very low

amount of background since very few counts are observed away from the expected kinematic lines.
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Figure 4.3: Left: Kinematic plot of the 37Ca(p,d)3%Ca transfer reaction. This plot was obtained by
gating on Ca nuclei in the ZDD. The blue line shows theoretical calculation of the kinematic line
for the ground state and the red line for the known first 27 excited state at 3.045 MeV. Right: The
corresponding excitation energy spectrum of *Ca .

From the measured energy E ., and angle 6, of the deuteron, one can reconstruct the excitation
energy spectrum in 3%Ca using the missing mass method (as presented in Chap. 3 Section 4). The right
part of Fig. 4.3 shows the excitation energy spectrum reconstructed for the 37Ca(p,d)3%Ca reaction
with a condition on a Ca outgoing in the ZDD. One can clearly identify the two peaks in this spectrum
corresponding to the two kinematic lines observed in Fig. 4.3 left. The peak around 0 MeV corresponds
to the ground state and the second peak corresponds to the first 2 excited state. Again this spectrum
displays a very small amount of background. However this background becomes non-negligible in some
spectra that we will see later. Therefore, before fitting the peaks, the study of the background will be

presented.
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1. ONE NEUTRON TRANSFER REACTION: 3"Ca(p,d)3¢Ca

1.1.2 Background study

During the experiment, data have been taken with the empty cryogenic target, in order to study the
contribution of target cell windows foils to the reconstructed excitation energy spectra. The empty
target runs were taken only with the 3*Ca beam setting. We will make the assumption that the shape
of the background does not change between the 3*Ca(p,d)3"Ca and the 37Ca(p,d)*¢Ca reactions. Left
part of Fig. 4.4 shows the excitation energy spectrum obtained by analyzing the empty target runs
as the 38Ca(p,d)?"Ca reaction. This spectrum has been fitted using a combination of a second order

polynomial and a logistic function:

b3
foack =Poa® +pro+pa+ ————r, (4.1)
14+exp »s

where p; are the free parameters of the function.
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Figure 4.4: Left: Excitation energy spectrum obtained with the empty target runs. The analysis
was performed as for the 33Ca(p,d)3"Ca with a condition on a Ca outgoing. The red line shows the
fit of the background. Right: Excitation energy spectrum of 36Ca from the 37Ca(p,d)*¢Ca reaction.
The spectra is shown in log scale to ease the background identification. The red line shows the fit
performed and the blue and green lines the contributions of the states in 36Ca and of the background,
respectively.

Right part of Fig. 4.4 shows the excitation energy spectrum of 3Ca obtained with the 37Ca(p,d)**Ca
reaction. On this figure, the background is identified with its maximum around 25 MeV. The red line
shows the fit of this spectrum performed with two Gaussians in addition to the background function
frack- Parameters of fp,cr are those coming from the fit performed with the empty target runs and
a scaling factor was applied in order to reproduce the [20-30] MeV energy range. It is important to
note that there is no phase space to consider here since we select events with a Ca outgoing, meaning
that particle decay is not allowed. One can see in Fig. 4.4 that the model fp,. reproduces well the
background of the 36Ca excitation energy spectrum.

Another way to separate the signal from the background is to look at the angular correlation

between the light and the heavy outgoing particles. Fig. 4.5 shows the correlation plot between the
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angle of the light particle 6;;45; and the heavy outgoing particle 040y in the laboratory frame. Left
part of Fig. 4.5 is obtained using the filled target. One can identify a curved line corresponding to the
kinematic line of the 3"Ca(p,d)36Ca reaction. The corresponding theoretical kinematic line is shown in
red. The right part of Fig. 4.5 shows the same plot obtained with the empty target runs. For a (p,d)
transfer reaction, it is expected that the more the light particle is emitted at large angle, the more
the beam particle will be deflected. It is what is shown by the theoretical line in red. For the empty
target runs, the ougoing heavy ion is seen most of the time at small angles (fpeqvy < 0.5°), meaning
that the beam particle has not been deflected. Therefore gating on large Opeqvy is a way to disantangle

background from signal.
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Figure 4.5: Correlation plots between the angle of the light particle 6;;4n,and the heavy outgoing
particle fpeqyy in the laboratory frame. Those plots are shown for the the filled target (left) and for
the empty target (right). In both plots, the theoretical line for the 37Ca(p,d)39Ca reaction is shown.

For the 37Ca(p,d)3¢Ca the signal-to-noise ratio obtained for the ground state peak of 36Ca is of
290. The background will therefore has a negligible impact on the excitation energy spectra and on
the angular distributions. Since the background has a rather flat behavior in the energy range of
interest, it will be described using a constant function during the fit of the excitation energy spectra.
This background will become more important when analyzing the 33Ca(p,t)3°Ca channel. Indeed the
background arises from random coincidences which rate is proportional to the beam intensity. Since
the 38Ca beam has been obtained with 10 times more intensity than the 3”Ca beam and that the cross
section of the (p,t) reaction is lower than the (p,d), the signal-to-noise ratio will strongly decrease in
the case of the 3¥Ca(p,t)3¢Ca reaction. Therefore we will come back to the background analysis in
Section 2.1.2.

1.1.3 Atomic mass of 3°Ca

Before starting this work, the mass excess of 36Ca was known experimentally to be AM = —6440(40) keV
from one measurement performed in 1977 using the 4°Ca(*He,*He)?6Ca transfer reaction [30]. To re-

measure its value was one of the goal of the experiment, in order to confirm (or not) the previous
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measurement and to reduce its associated uncertainty. Very recently, a more precise mass excess of
AM = —6483.6(56) keV has been obtained using a Time of Flight - Ion Cyclotron Resonance mea-
surement technic in a Penning trap [31]. Even if the atomic mass of 3*Ca has now been measured
with a good accuracy, it is interesting to determine its value with another method, based on transfer
reactions. Indeed, even though it is less precise, this method is more generic and can also be applied to
the determination of masses of unbound nuclei. Therefore, this section presents the mass measurement
of 36Ca without considering the recent measurement performed in [31].

The mass of a nucleus can be extracted using transfer reaction from the Q-value correspond-
ing to its ground state if the mass of the beam particle is known with a good precision. In the
case of the 3"Ca(p,d)30Ca reaction, the mass excess of 3Ca is very well known (with AM(37Ca) =
—13136.07(63) keV [53]). In practice, the reaction of interest is first analyzed considering a nominal
value for the mass (either from previous measurement or from theoretical calculation). Then, the dif-
ference between the nominal value and the measured mass is then directly given by the measurement
of the ground state position in the excitation energy spectrum. In the case of the 37Ca(p,d)3¢Ca re-
action, the identification of the ground state peak is obvious but to identify the ground state can be
more complicated in some cases, especially for odd-even or odd-odd nuclei (due to a high density of

state or to a ground state to ground state transition less favored than for excited states).
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Figure 4.6: Single telescope - excitation energy spectrum of 3Ca for the 4 MUST?2 telescopes located
at the closest distance from the target. Those plots were obtained with a condition on outgoing Ca
isotopes. The red lines show the best fit obtained using a two Gaussian function.

Fig. 4.6 shows the excitation energy spectra of 36Ca, for each MUST?2 telescope. Only the four
telescopes, located at the closest distance from the target (telescope 1 to 4) are used for the mass
measurement (since the two other did not get enough statistics to be calibrated precisely). Each
spectrum has been fitted using a 2 Gaussian function in order to extract the position of the ground

state peak (see Section 1.2.1 for a detailed discussion about the fit and the resolution). These 4 spectra
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provide 4 independent measurements of the mass. The standard deviation of these measurements is
used to estimate the systematic errors and the mean value is taken as the measured mass. The total
uncertainty is dominated by systematic errors arising from multiple effects such as the propagation of
errors on the measured angle and energy of the deuteron and on the energy calibration of the Csl. The
same method is applied to verify that the masses of the reference nuclei 3*Ar and 37Ca are correctly

reproduced. The results are given in Table 4.1.

nucleus AM (keV) AM (keV)
this work literature
36Ca  -6480(40) -6440(40)[30]; -6483.6(56)[31]
37Ca -13141(13) -13136.1(0.6) [54]
34Ar  -18403(25) -18378.29(0.08) [55]

Table 4.1: Mass excesses (AM), obtained in the present work for 3"Ca, 3*Ar, and 36Ca using the
(p,d) reaction are compared to other experimental works. Results from this work use the precise
experimental atomic masses of 33Ca [54], 3> Ar [53], and 3"Cal[54], respectively.

The error bars obtained for the reference nuclei show the best reachable precision on the mass
excess measurement with this method, since they are the nuclei used for the calibration. The mass
excess of 20Ca, AM = —6480(40) keV, measured in this work, is in good agreement with the recent
measurement, AM = —6483.6(56) keV of Ref. [31]. As expected, our uncertainty on the 3¢Ca mass
is larger than the one obtained from the Penning trap measurement, but similar to that obtained in
the other transfer reaction measurement of Ref. [30]. It is interesting to note that, the same analysis
performed without using the known masses of reference nuclei for the calibration (see the absolute
calibration procedure Section 2.2) provides a mass measurement of 36Ca of AM = —6450(160) keV.
The absolute calibration allowed to reduce the uncertainties on the mass measurement by a factor of
3. These results demonstrate the reliability of the method.

In the following, the most precise mass measurement AM = —6483.6(56) keV of Ref. [31] as well
as the energy of the 2% state, obtained from the determination of its gamma-ray energy [36], will be
used as a new calibration points for the determination of the residual energy in the Csl detectors, in

order to achieve the best reachable resolution in the excitation energy spectra of 36Ca.

1.2 Spectroscopy of 36Ca using the 37Ca(p,d)360a reaction

This section presents the spectroscopy of 36Ca performed using the one-neutron transfer 37 Ca(p,d)3¢Ca re-
action. The upper panel of Fig. 4.7 shows the total excitation energy spectrum of ¢Ca, obtained
without any condition on the ougoing nucleus. In this spectrum one can identify three broad peaks
at about 0, 4.5 and 8 MeV. The lower pannel of of Fig. 4.7 shows the correlation between the angle
O.m of the deuteron in the center-of-mass frame of the reaction and the excitation energy of 3%Ca. In
this 2D plot, one can identify three different regimes separated by the red lines. The first one around
0 MeV displays a typical L=2 behavior, with an almost flat distribution, expected from the removal
of a d3/p neutron in 37Ca, to populate the ground state of 3¢Ca (see Chap. 1 Section 4 for typical L=0
and L=2 distribution). The second regime, between 2 and 6 MeV, shows a typical L=0 behavior with

a clear deep around 10° and an accumulation of counts at small angles, arising from the removal of a
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s1/2 neutron. The last regime, between 6 and 10 MeV corresponds to a L=2 distribution arising from
the removal of a d3/; neutron. Therefore, one can identify the centroids of the d3/,, s1/2 and ds/;
single particle orbitals at 0 MeV, 4.5 MeV and 8 MeV respectively.

The goal of this section is to identify the corresponding L=0 and 2 states populated in 3¢Ca up
to 10 MeV. The one-proton separation energy of 6Ca, is located at Sp = 2599.6(61) = keV, meaning
that all the excited state of 3Ca are unbound through proton emission. Therefore, conditions on the
outgoing heavy nuclei will be applied to isolate the populated excited states. The fit of the known
states in the Ca gated excitation energy spectrum will be used to constrain the width of the gaussians
used to fit the unexplored part of the 36Ca excitation energy spectrum. Then the K gated spectrum as
well as the one-proton energy spectrum will be used to extract the excitation energies of the populated
state in 36Ca. The extracted differential cross sections will be analyzed within the DWBA framework
in order to constrain the spin of the sates and to extract neutron spectroscopic factors. Finally, the Ar

gated spectrum will be used in order to study the two-proton decay of the populated states in 3¢Ca.
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Figure 4.7: Left: The upper panel shows the total excitation energy spectrum of 3¢Ca, obtained
without any condition on the ougoing nucleus. The lower pannel shows the correlation between the
angle 6., of the deuteron in the center-of-mass frame of the reaction and the excitation energy of
36Ca. Right: Neutron shell structure of 37Ca. The nature of the transfer and the produced states,
corresponding to the orbital from which the neutron is removed, are shown in the red boxes.
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1.2.1 Fit of the excitation energy spectrum with Ca outgoing gate and energy resolution

study

Fig. 4.8 shows the excitation energy spectra of 36Ca, reconstructed using the 3”Ca(p,d)3*Ca reaction,
with the condition to have a Ca outgoing in the ZDD. In this spectrum, two peaks are identified: the
first one at 0 MeV, identified as the ground state of 36Ca, the second one at 3 MeV, identified as the
known first 2+ excited state of 36Ca. This spectrum has been fitted with a two Gaussian function
in addition to a constant function to model the background in order to extract the position of these
states.

To monitor the quality of the fit, three quantities are used:

e The reduced x?, given by the x? divided by the number of degrees of freedom. It represents the

general goodness of the fit.

e The pulls, defined as the difference between the data and the fit function for a bin, normalized
to the experimental error (dominated by the statistical uncertainties). They are given in units
of the squared variance, o, which corresponds to the error bars represented graphically for each

bin. It represents the local goodness of the fit.

e The p-value that represents the probability to get wrong by rejecting the model used to fit the
experimental data (note that the p-value should not be interpreted as the probability that the

model is valid).

A fit is validated if the reduced x? is lower than 2, if the p-value is higher than 0.05 and if the pulls
do not exceed 2 sigma.

Fig. 4.8 shows the best fit obtained with a normalised x? of 1.0 and a p-value of 0.48. The ground
state is found to be at 9(14) keV. This measurement is compatible with zero which is expected since
the reaction has been analysed using the precise mass measurement of Ref [31]. The first 2% excited
state is found to be at E;(21) = 3.059(16) MeV. This measurement is compatible with the most precise
measurement ES¢(27) = 3045.0(24) keV of Ref. [36]. The errors are computed using ROOT and are
defined as the square root of the diagonal element (corresponding to the fit parameter of interest) of
the covariance matrix of the fit parameters.

The measured energy resolution for the ground state and the 27 excited state peak are of 565(12) keV
and 557(12) keV, respectively. Simulations have been performed in order to better understand the
experimental resolution. The simulation includes effects of energy and angular straggling of the light
particle inside the target, which are the main limitations to the resolution. The shape of the cryogenic
target has been carefully studied (see Chap. 2 Section 2.2) and included in the simulation. The intrin-
sic energy resolution of the Csl crystals has been set as ocs; = 0.08y/E¢s7, corresponding to a relative
resolution of 5% for 5.5 MeV alpha particles. The effect of the CATS reconstruction is also included,
as well as the energy spreading of the incoming ions. Using a realistic differential cross section, the
resolution for the ground state of 3°Ca, reconstructed with the 3”Ca(p,d)3¢Ca reaction, is found to be
491(6) keV with the simulation. The experimental resolution is in rather good agreement with the

simulated one with 74 keV of difference. This difference can arise from effects such as straggling in
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Figure 4.8: Excitation energy spectrum of 36Ca reconstructed from the 37Ca(p,d)3¢Ca reaction. This
plot was obtained with a condition on a Ca outgoing. The red line shows the best fit obtained. The
individual components are shown in colored lines.

additional dead layers or from the misalignment in energy of the Csl crystals, which are not taken

into account in the simulation.
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Figure 4.9: Evolution of the resolution ¢ of the excitation energy peak as a function of the excitation
energy. The blue points are from the simulation and the red point from the experiment data. The
blue line shows a linear fit performed with the blue points. The red line shows the same function
scaled to match the experimental data.

A serie of GEANT4 simulations was performed with the NPTool package [48] to study the evolution
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of the resolution as a function of the excitation energy, in comparison with experiment, as shown in
Fig. 4.9. The behavior of the resolution can be well described by a linear model, as shown with the
blue line in Fig. 4.9. After having applied the aforementioned shift in resolution energy by 71 keV,
the function matches the observed resolutions of the ground and 2% states, hereby confirming that
the excitation energy resolution is well controlled and could be applied to fit the full excitation energy

spectrum as follows:

o =564.0—0.0019- E, + 10 keV. (4.2)

The +£10 keV of variation corresponds to the uncertainty on the measurement of the resolution
o. This technique allows to reduce the number of free parameters in the fit function, as well as
the uncertainties on the centroid positions measurements of the peaks. Furthermore, it will ease the
validation or the rejection of models (i.e. fit functions) to describe the experimental data, as it will be

shown in the following.

1.2.2 Fit of the excitation energy and proton energy spectra

Excitation energy and proton energy spectra with outgoing K nuclei
In the last section, the ground state and the first 2+ excited state of 3*Ca have been identified in
the excitation energy spectrum, with a condition on a Ca outgoing in the ZDD. In the following, we

will study the one-proton decay channel of the proton unbound states in *¢Ca, :
37Ca(p,d)36Ca* B K +p (4.3)

using a condition on K outgoing nuclei detected in the ZDD. The left part of Fig. 4.10 shows the
excitation energy spectrum reconstructed for the 37Ca(p,d)3¢Ca reaction with a condition on a K
outgoing in the ZDD. One can notice that the ground state of 36Ca has totally disappeared in this
spectrum. This is expected since the ground state of 3*Ca is bound and that gating on a K outgoing
is equivalent to gate on the unbound states of 36Ca.
The proton emitted during the one-proton decay
of unbound states of 36Ca has been detected in the

?
1553 keV +
MUST?2 telescopes, in coincidence with the deuteron of \ ===

the reaction. Its energy in the center-of-mass frame of Ep" 1p 2p
36Ca, has been reconstructed as explained in Chap. 3, S 3045 kev 2+

2p | 2684keV _ _ __ N ______ I B
Section 4. 35Ca decays to 3°K which is very weakly ;/‘“/:1‘:71/—‘\;: ====tooooooym 0

bound. Only its ground state is bound with a one-
proton separation energy of S,=83.6(5) keV [53] (see
Fig. 4.11). The first 1/27 excited state of 3K is un-
bound, with an excitation energy of 1553 (5) keV [33].
This means that if a K outgoing is observed in the — 0
ZDD, the unbound states populated in 2¢Ca necessar- %Ca

ily decayed to the ground state of 3°K by emitting one Figure 4.11: Level scheme of the known
states in 39Ca relative to 3K and 34Ar.
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Figure 4.10: Left: Excitation energy spectrum of 3¢Ca reconstructed from the 3”Ca(p,d)3°Ca reac-
tion. Right: Proton energy spectrum in the center-of-mass of 3®Ca , in which the one-proton energy
Sp = 2599.6(61) keV has been added. These plots were obtained with a gate on outgoing K nuclei.

proton. Therefore, the energy E;"™ of this proton in the

center-of-mass frame of 3Ca, added to the one-proton

separation energy of 39Ca S, = 2599.6(61) keV, can be directly compared to the excitation energy
spectrum of 3Ca. The right part of Fig. 4.10 shows the proton energy spectrum EJ™ added to the
one-proton separation energy. One can notice the similarities between this spectrum and the exci-
tation energy spectrum, in the left part of Fig. 4.10, with the same structures observed at the same
positions. The difference of statistics between the excitation and the proton energy spectrum arises
from the proton detection efficiency. The small peak observed at about 3 MeV in the proton energy
spectrum corresponds to the first 27 excited state of 39Ca that decays into proton emission. We will

come back to the measurement of its exact position latter.
Energy resolution of the proton energy spectrum

The main difference between the excitation energy and the proton energy spectra of Fig. 4.10
resides in the energy resolution. Left part of Fig. 4.12 shows the measured resolution ¢ of the proton
energy peak in the EJ™ + S, spectrum as a function of the proton energy added to S, (in yellow). This
plot was obtained using the simulation, as explained in the previous section. The data points were
fitted using a square-root parameterized function, in addition to a first order polynomial function.
This behavior is expected from the typical energy resolution evolution in CsI crystals (see Section
2.3). The resolution in the excitation energy spectrum, obtained with the simulation, (see Fig. 4.9)
is shown as well on this figure (in blue) for comparison. The resulting energy resolution is up to 5
times better at low excitation energy, when reconstructed with the protons than with the deuterons:
100 keV at 3 MeV and 475 keV at 8 MeV with the protons and an almost constant value around

475 keV with the deuterons. This difference has multiple origins. First, the reconstruction method is
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direct for the proton energy E;™ (direct measurement of the decaying protons) and indirect for the
excitation energy E, (reconstructed from the energy and angle measurement of the deuterons using
the missing mass method, see Chap. 3, Section 4). The dependency of the error on the reconstructed
physical observable, to the error on the measurement of the particle energy is stronger in the indirect
than in the direct case (e.g. from an equal relative error on the energy measurement of the proton
and of the deuteron of 10%, it results a relative error of 64% on the excitation energy E, and of
32% on the proton energy E;m). However, since the reconstruction of the proton energy is direct, the
dependency of the intrinsic CsI energy resolution to v/E is directly seen in the evolution of the proton
energy resolution. Therefore the proton energy resolution increases quickly with the proton energy
and matches the excitation energy resolution at 8 MeV. Second, the protons have higher energy in the
laboratory frame compared to deuterons. Right part of Fig. 4.12 shows the simulated kinematic lines
of the decaying protons compared to the one of the deuterons of the transfer reaction, for a populated
state in 3°Ca at 3 MeV. One can see that the decaying protons have about two times more energy
than the deuterons, implying about two times less energy straggling of the proton inside the target,
compared to deuterons. Third, as shown in Fig. 4.12, the kinematics of the protons is more forward
focused, as compared to deuterons. The proton energy spectrum is, therefore, constructed with only
very few of the Csl crystals (about 4-6 CsI crystals located mainly in the two telescopes which are
the closest from the beam). Furthermore, the more the proton has energy, the more its goes at large
angle and the more Csl are involved in the reconstruction, which progressively degrades the proton
energy resolution.

The experimental resolution for the isolated first 27 excited state in the proton energy spectrum
is 141(20) keV. As for the excitation energy, a shift of 40 keV (corresponding to the difference between
the simulated resolution 101 keV and the experimental resolution 141 keV, at 3 MeV) is applied to the
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3 { = T ;
100 A ;
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Figure 4.12: Left: Evolution of the resolution ¢ of the proton energy peak as a function of the
proton energy. The yellow points are from the simulation. The yellow line shows a fit performed
with square-root parameterized function on the yellow points. The blue line shows the resolution of
the excitation energy obtained in Fig. 4.9 for comparison. Right: Simulated kinematic lines of the
37Ca(p,d)?0Cagpey — *°K + p reaction populating a state at 3 MeV. The one proton decay of this
state has been simulated as well. One can identify the kinematic line of the decaying proton at about
50 MeV energy.
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extracted resolution function using the simulation, to describe the experimental data. The obtained
function will be used in the following to strongly constrain the resolution of the proton energy peak

in the fit of the spectrum using:

op=—995.9—0.12- ES™ +27.6, / Ecm £10 keV. (4.4)

As a result of the above discussion, the proton energy spectrum will be used in order to extract
the excitation energy of the levels populated in 3¢Ca. The fit of the proton energy spectrum has been
performed using multiple Gaussian functions, assuming that the natural width of the states is much
smaller than the experimental resolution (the width of the states is of the order of meV, see Section 3
of Chapter 7 for details). All the parameters of the fit are free except the energy resolution. In order
to determine the number of contributions to use to describe the data (corresponding to the number of
state populated in 36Ca ), a fit has been performed with a sum of N, N4+1, N+2 ... Gaussian functions.
For each assumption, the reduced Chi square, the p-value and the pulls were computed. The validated

model is the one that optimized these three parameters.
Fit of the proton energy spectrum

Fig 4.13 shows the fit of the proton energy spectrum performed up to 6 MeV. Three different
fits using three different assumptions on the number of contribution to consider are shown. The first
hypothesis considers 3 Gaussian functions (left part of Fig. 4.13), leading to a reduced Chi square
of 5.3, a p-value of 0.00 and a maximum pull value of 4 sigma. These results allow us to rule out
the assumption of 3 peaks only. Indeed, given that the energy resolution of the proton spectrum is
accurately determined from simulations, two states are needed between 4 and 5 MeV to achieve a good
description of the spectrum. The second test consists in using 4 Gaussian functions, among which two
states are used to obtain a better fit in the 4-5 energy region. A reduced Chi square of 2.4, a p-value of
0.05 and a maximum pull value of 1.5 sigma were obtained. All the criteria are fulfilled to accept this
hypothesis. The use of a 5 Gaussian functions has also been tested but does not improve the goodness
of the fit (with very similar pulls values). The increase of the number of degrees of freedom degrades
the reduced Chi square and the p-value (of 8.7 and 0.003, respectively). Therefore, the conclusion of
this study is that the second hypothesis, using two Gaussian functions to fit the 4.5 MeV region is the
best and adopted one.

Left part of Fig. 4.14 shows the best fit obtained for the proton energy spectrum up to 10 MeV. A
sum of 8 Gaussian functions is proposed with constrained resolution. The same procedure (described
above) has been applied to determine the number of components needed to fit the 6-10 MeV part
of the spectrum. All the statistical tests are fulfilled by this hypothesis (with a reduced Chi square
of 1.36, a p-value of 0.16 and a maximum pull value of 1.5 sigma). The results of this fit will be
commented later.

Right part of Fig. 4.14 shows the best fit obtained for the excitation energy spectrum up to 10 MeV.
For this spectrum, the fit procedure was applied to determine the number of contributions needed
between 1 and 6 MeV. In contrast with the proton energy spectrum, both 3 Gaussian and 4 Gaussian

models were giving equivalent Chi square and p-value in the 1-6 MeV range. The discrimination
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Figure 4.13: Proton energy spectra in the center-of-mass of 36Ca to which the one-proton separation
energy has been added. These plots were obtained with a condition on outgoing K isotopes. The red
lines show the best fits obtained. The individual components are shown in different colors. The fit
was performed using three different models composed of 3 (left), 4 (right) and 5 (bottom) Gaussian
functions respectively.

between the two models was possible only with the proton energy spectrum. Therefore, in the fit
presented in the right part of Fig. 4.14, the energies of the different contributions were constrained
to be compatible with the ones of the proton energy spectrum (thus, no error are indicated in this
plot because the computation method of the error matrix is meaningless for constrained parameters
[56]). The amplitude of the peak at 5.4 MeV is found to be very different, compared to the proton
energy spectrum. This arises from the limited resolution of the excitation energy spectrum. However,
due to the very large errors obtained on the amplitudes of the Gaussian functions with the excitation
energy spectrum, the relative intensities obtained in both spectra are compatible at 1 ¢. Using the
4 Gaussians model, all the statistical tests are again fulfilled (with a reduced Chi square of 0.90, a
p-value of 0.67 and a maximum pull value of 2 sigma). This confirms that this model describes well

both the proton energy and the excitation energy spectra, obtained with a condition on outgoing K
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two different assumptions are shown: one composed of 4 Gaussian functions (left) and the other of 5
Gaussian functions (right).
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10 MeV), we will study the excitation energy spectrum without any gate on the outgoing heavy ion.
Fig. 4.16 shows the excitation energy spectrum of 26Ca obtained without any condition on the outgoing
heavy ion. One can see in this spectrum that the 6-10 MeV range has much more statistic compared to
Fig. 4.14, due to the contribution of two-proton decay channel, which was not considered up to now.
Moreover, to not considering the detection of the outgoing nuclei the ZDD increases the statistics as
the overall efficiency of the ZDD is estimated to be about 40%. However, the background becomes
non-negligible (see between -5 and -2 MeV in Fig. 4.16) and has to be considered in the fit procedure.
The background function determined in Section 1.1.2 is used.

Since, the total excitation energy spectrum benefits from much more statistics in the [6-10.5] MeV
range, compared to Fig. 4.14, it will be used to a more complete study of this energy range. Fig. 4.15
shows two different fits of the [6-10.5] MeV range using two different assumptions considering 4 and 5
contributions, respectively. In the first one, only one Gaussian is used to fit the 8 MeV peak, while,
in the second one, two states are used to fit this peak. The two fits have very equivalent reduced Chi
square (1.44 ad 1.45), p-value (0.12 and 0.13) and pulls values. It is, therefore, not possible to conclude

about which model is correct and about the number of contribution to use to fit this spectrum.
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Figure 4.16: Excitation energy spectrum of 36Ca . These plots were obtained without any condition
on the outgoing nucleus. Two models were used to fit the spectrum: one composed of 9 Gaussian
functions in addition to the background function (left) and the other composed of 10 Gaussian functions
in addition to the background function (left). The red line shows the best fit obtained. The individual
components are shown in colored line.

Two fits of the total excitation energy spectrum have been performed using the two different
hypothesis and are shown in Fig. 4.16. The first model is composed of 9 Gaussians plus a background
function (with 4 Gaussians to fit the [6-10.5] MeV range). The second model is composed of 10
Gaussians plus a background function (with the 5 Gaussians to fit the [6-10.5] MeV range). The sigma
of the Gaussian functions has been strongly constrained using Eq. 4.2. A scaling factor has been
applied to the background function (established in Section 1.1.2) in order to well describe the data
between -5 and -2 MeV. The centroids of the peaks were derived in the 4-5.5 MeV region using the
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information deduced from the proton center-of-mass energy spectrum. All the other centroids and
all the amplitudes were left as free parameters. Since we cannot conclude about which hypothesis is
correct, we will consider a centroid value of 6.54(14) MeV, for the orange peak, accepting measurements
of the energy performed with both hypothesis, within the uncertainty, at one sigma confidence level.

For the higher excited state, it is not possible to conclude about the positions of the excited states.

1.2.3 New states in *°Ca populated through the *"Ca(p,d)3°Ca reaction

The previous section allowed us to determine the energy of the new levels in 3°Ca from the study of the
37Ca(p,d)?0Ca reaction, which are shown in the right part of Fig. 4.17. Their energies are compared to
those of the analogue states in the mirror nucleus 26S, populated in the mirror reaction 37Cl(d,*He)36S
[57]. The 37C1(d,3He)35S transfer reaction of Ref. [57] has been performed in direct kinematic using a
28.9 MeV deuteron beam. This corresponds to an equivalent momentum matching compared to our
case with AL =0.90 in Ref. [57] and AL =1.17 in our case, at 0 MeV of excitation energy. Thus, the
resulting level scheme should be similar at low excitation energy, between the two mirror reactions,
assuming that the isospin symmetry is respected.
e The first 27 excited state:
The first 2% excited state of 3Ca has been identified in the excitation energy spectrum with a condition
on outgoing Ca and K isotopes, as well as with the proton energy spectrum. Its measured energy
was found to be of 3.059(16) MeV in the Ca-gated spectrum, and of 3.057(22) MeV in the proton
energy spectrum with outgoing K condition. The two measurements are compatible and in agreement
with the value of 3.045(2.4) MeV from Ref. [36]. As the 27 state is unbound with respect to one
and two proton emissions, a certain fraction of its decay occurs to the ground state of 3°K, allowing
us to identify it both in the Ca-gated and in the K-gated spectrum. The measurement of its proton
branching ratio is of astrophysical interest and will be detailed in Part. II. The left part of Fig. 4.17
shows the correlation between the center-of-mass angle 6., of the deuteron and the excitation energy
of 36Ca, in the lower panel. In the upper panel, the projection on the X axis, corresponding to the
excitation energy is shown (together with the fit already shown in Fig. 4.16). One can identify, in
the 2D plot, a clear change in the 0., distribution between the ground state and the first 27 state.
The accumulation of counts at small angles (0., < 7°), seen between 1.5 and 5.5 MeV is typical for
an L = 0 transfer, arising from the removal of a s; /5 neutron in 37Ca (see bottom part of Fig. 4.17).
The particle-hole configuration v/(s1 /2) " v(ds/2)!, obtained from the removal of a s /5 neutron in 37Ca
generates states of spin parity J™ = 1" and J™ =27, in line with the J™ = 2% spin assignment of this
state. A detailed analysis of the angular distributions will be presented in the next section.
e The 4.24 MeV state:

A new state has been observed in 3°Ca. From the fit of the proton energy spectrum, its excitation
energy is found to be of 4.24(4) MeV. This state is observed in the same L=0 region in the 6.,
distribution that indicates the possibility of a J™ =17 or 2% spin parity assignment. This assumption
is confirmed by the fact that one J™ =17 and two 27 states are populated in the same energy range
in the mirror nucleus 3¢S by means of the mirror reaction 37Cl(d,>He)3%S [57]. The isobaric analogue

1] state was measured at E,(17) = 4523.0(6) keV. Therefore, we tentatively assign a spin-parity of
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Figure 4.17: Left: Correlation between the angle 6., of the deuteron in the center-of-mass frame
of the reaction and the excitation energy of 36Ca . The upper pannel shows the projection on the
excitation energy axis together with its fit (see Fig. 4.16). Red vertical lines highlight the changes of
regimes in the 0., distributions. Right: Level scheme of 36Ca obtained from the fits presented in the
last section, compared to that of 30S, obtained using the mirror reaction 3"Cl(d,*He)3%S [57]. Bottom:
Schematic neutron shell structure view of 37Ca. The nature of the transfer and the produced states,
corresponding to the orbital from which the neutron is removed, are shown in the red boxes.

1T for the excited state of 30Ca at 4.243(40) MeV.

e The 4.71 MeV state:

Besides the 17 state at 4.24 MeV discussed above, a new excited state has been identified at E, =
4.706(94) MeV in 36Ca , using the proton energy spectrum. Again this state is observed in the L=0
region. In the mirror reaction, a 2; is populated at E, = 4.557 MeV, with a relative intensity compared
to the 17 state, equivalent to the one observed in 26Ca . Therefore we tentatively assign a spin-parity
of 23 to this state.
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e The 5.40 MeV state:
At the border of the L=0 region, a last state has been identified at E; = 5.40(9) MeV (measured with
the proton spectra and confirmed by the excitation energy spectrum). No states have been identified
at this energy in 39S, using the mirror reaction. This is probably due to the presence of a contaminant
at the expected position of this peak (see Fig. 1 of Ref. [57]). The tentative of spin assignment for
this state will therefore be discussed, with the help of angular distribution in the next section.

e The 6.54 MeV state:
At higher excitation energy, one state has been identified at E, = 6.54(14) MeV, in the proton energy
spectrum and in the excitation energy spectrum. The shape of the 6., distribution between 5.5 and
10 MeV is typical for an L=2, arising from the removal of a d5, neutron in 37Ca. In this energy range,
a high density of states is expected since the dgz/y X d5/o excited configuration populated from this
removal, generate states of spin parity from 17 to 47. A 4T excited state has been identified in the
mirror nucleus at 6.511 MeV, using the mirror reaction. Therefore, we tentatively assign a spin-parity
of 4T to the E, = 6.54(14) MeV state identified in 3¢Ca .

e The [7-10] MeV range:
In the [7-10] MeV energy range, the experimental resolution of both proton energy and excitation
energy peaks are of about 550 keV. It is, therefore, very difficult to conclude about the number of states
needed to fit the spectra and on the exact position in excitation energy of the states. Nevertheless,
it is expected that all these states arise from a v(dy5)~'v(d3/2)! configuration and the measurement
of the summed ds/, spectroscopic factor of those state will provide the centroid of the ds/, strength,

allowing the indirect study of the dg/5 — d5/o spin-orbit splitting in 36Ca .

1.2.4 Differential cross sections and DWBA analysis

The number of counts as a function of the 6., angle N(6.,,) have been extracted by fitting the total
excitation energy spectrum up to 10 MeV (see Fig. 4.16) for slices of ., angle. No condition was
applied on the outgoing heavy ion in order to get rid of the ZDD efficiency, which decreases the
statistics. The fit has been performed with a sum of 9 Gaussian functions for which the centroids
have been fixed to the energies determined in the last section. The resolutions have been fixed
also, letting only the amplitudes as free parameters. Then, the differential cross sections g—g have
been determined by normalizing the number of counts extracted for each 6, slice N(0.y,), by the
efficiencies and solid angle for the charged particle detection, the beam intensity and the target density
(see Chap. 3 Section 4 for details). Fig. 4.18 shows the differential cross sections corresponding to the
8 states considered in the fit. The error of the data points are a quadratic sum of several errors: the
systematic error on N (0.y,) (estimated from the propagation of the error of fitted parameters, mainly
due to the statistical errors), the error on the beam intensity (evaluated to be 5%), the error on the
target density (evaluated to be 10% with the simulation) and the error on the solid angle calculation.

In order to determine the transferred angular momentum L to light particle and the spectroscopic
factors of each states, the differential cross sections have been analyzed using the Distorded Wave Born
Approximation (DWBA) model. The details of the DWBA formalism can be found in Appendix A.
The optical potential parameters used in the DWBA analysis are the primary ingredients of the
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calculation which describes the interaction between the different particles. Different optical potential
prescriptions have been tested in order to get the best description of the experimental data. The final

prescriptions used for the DWBA analysis of the 37Ca(p,d)3¢Ca reaction are:

e Entrance potential describing the p + 37Ca channel: Menet et al. global proton optical potential
[58].

e Exit potential describing the d + 36Ca channel: finite range adiabatic potential following the
Jonhson-Tandy prescription [59] and using the Becchetti and Greenlees global optical potentials
[60] for the proton and the neutron.

e The bound state wave function of the neutron in 37Ca has been computed using a Wood-
Saxon potential using a radius rg = 1.27 fm, a diffusivity ag = 0.67 fm and a spin-orbit potential
Vso =6 MeV (following the prescriptions of Ref. [14]). The depth of the potential well has been

adjusted to reproduce the binding energy of the orbital from which the neutron was removed.

e The bound state wave function of the neutron in the deuteron has been computed using a

classical Reid soft-core potential [61]. The (p|d) vertex has been treated in finite range.

The colored lines in Fig. 4.18 show the DWBA calculations performed with the code TWOFNR
[62]. Calculations have also been performed with the FRESCO code [63] to check the consistency
of the results. All the calculations have been performed considering a spectroscopic factor C25 = 1.
Then the spectroscopic factors have been extracted by normalizing the theoretical calculations to the
experimental data between 6., = 0° and 30° (since at higher angles, other channels are expected to
contribute to the cross section). The obtained spectroscopic factors for each state in 3¢Ca are given
in Fig. 4.18 and summarized in Table 4.2. The influence of the choice of optical potential on the
measured spectroscopic factors has been studied. It has been found that for each choice of potential,
several potentials were able to fit equivalently the data (with very comparable x? and p-value), but the
resulting spectroscopic factor could vary up to 20% (This variation is dominated by the choice of the
outgoing potential, e.g. both Becchetti and Greenlees potential and Chapel-Hill 89 potential in the exit
channel reproduce well the experimental data with equal Chi square but the resulting spectroscopic
factor for the ground state is of 1.06 and 0.87, respectively). Therefore, an additional uncertainty of
20% is considered on the spectroscopic factors, arising from the choice of the optical potentials used
in the calculation. The spectroscopic factors of the analog states in 36S obtained in Ref. [57] are given
without uncertainties. However, the dependency of the extracted spectroscopic factor to the optical
potential being the same than in our case, an uncertainty of 20% is considered on the spectroscopic
factors from Ref. [57] as well (this value might be a bit under-estimated since other studies found
an uncertainty of 30% for the *He potential). The error associated to the spectroscopic factors in
Fig. 4.18 is the total uncertainty being the quadratic sum of the optical potential error and the fit
error. In Table 4.2 these errors are given separately between parenthesis and bracket, respectively.

The ground state differential cross section is very well reproduced by the DWBA calculation,
considering that the neutron has been removed from the d3/, orbital in 37Ca. This is compatible with

a J™ =07 spin assignment. The spectroscopic factor C?S(07) = 1.06(22), is the value expected for the
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Figure 4.18: Differential cross sections of the states identified in 3°Ca (see Fig. 4.17). Red lines
shows the DWBA calculations performed. For the 5.40 MeV state, the two blue and green lines show
the calculations performed for the d5/, and the s/, orbitals, respectively. For each calculation, the
resulting spectroscopic factor is also given with its total uncertainty.
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Table 4.2: Summary of the results obtained from the DWBA analysis of the differential cross sections.
The results are compared to the ones of Ref. [57] obtained in the mirror nucleus, using the mirror
reaction 37Cl(d,>He)3%S. For each spectroscopic factor the 20% error associated to the model is given
inside the parenthesis () and the error associated to the fit is given between the bracket [].

37Ca(p,d)*®Ca (this work) 37C1(d,>He)35S [57]

E, MeV] J°  nlj C?s E, MeV] J°  nlj C?s
0.00 07 ds;p 1.06(21)[7] 0.00 0F  d3;p 1.06(21)
3.05 2t 510 0.66(13)[4] 3.30 2t sy 0.86(17)
4.24 It sy 0.61(12)[4] 4.52 1t sy, 0.75(15)
4.71 25 sip 0.28(6)[4] 4.57 25 s1p 0.25(5)
5.41 (1-4)T ds;p 0.30(6)[7]

6.54 At dypy 1.08(22)[7) 6.51 4t dyp 0.19(4)
7.84 (L-4)* d5pp  1.76(35)[6] 7.12 (-t dyn  0.44(9)
9.01 (1-4)t  dse  1.24(25)[8] 7.71 (-4t dsp

total d3/o strength, without any quenching. The C?S of the ground state of 39Ca is equal to the one
of 35S found in Ref. [57].

Three L=0 distributions have been identified corresponding to the levels at 3.05, 4.24 and 4.71
MeV. The DWBA calculation has been performed considering that the neutron has been removed
from the sy /9 orbital in 37Ca. These states have, therefore, a particle-hole excited configuration with
one neutron on both the d3/, and the sy /5 orbitals. This configuration generates states of spin parity
JT =27 .17, as explained in the previous section. Furthermore, the feeding of the states of spin parity

202551/2 (21)

1" and 27 is roughly expected to respect the rule SOTEL ) = 2 =1.666, that is obtained from the
51/2

degeneracy of their magnetic sub-states. With the proposed 11 and 2; spin assignements of the states

$C28;, ,,(27)
at 4.24 and 4.71 MeV, and the extracted C2S for 2+, 17 and 25 , one finds WZ(“) = 1.54(48),
in good agreement with the expected value. This reinforced the proposed spin assignements. These
three states have a summed C2S of 1.55(34), compared with the sum rule limit of 2 (representing the
total s/ strength, without quenching). The values of each states are very equivalents, within the
uncertainties, to the ones obtained in the mirror nucleus, using the mirror reaction 37Cl(d,*He)36S
[57].

Four excited states have been identified with L=2 angular distributions. The state at 5.41 MeV lies
in the middle of the L=0 and L=2 regions (see Fig. 4.17). Therefore, in Fig. 4.18, two calcultations are
shown, one considering the removal of a s /5 neutron (L=0, in green) and one, a dx /2 neutron (L=2, in
blue). The experimental differential cross section is best described with an L=2 removal calculation,
with a x? two times better than with an L=0 one. This confirms the L=2 nature of this state. For
the three other states, the ds/, orbital provides the best description of the experimental data as well.
The states present in this energy range are, therefore, probably ds5/, hole states with spin parity of
J™ = (1—4)*. The four L=2 contributions have a summed C?S value of 4.38(88), compared with the
sum rule limit of 6 (representing the total dj /2 strength, without quenching). The individual values
are very different from those of the mirror nucleus 3¢S found in Ref. [57], where only a small fraction
of the ds/; strength has been identified. The authors of Ref. [57] interpreted that "the ds/, strength

is fragmented into many levels which were not detected". However, there is no obvious reason to have
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a different fragmentation of the ds/ strength between the two mirror nuclei. Since the majority of
the ds/; strength has been identified in this work at energies under 9 MeV, the reason why it has not
been identified in Ref. [57] is still not understood.

1.2.5 Two-proton decay

In this section, we will focus on the study of the two-proton decay channel of 36Ca. The left part of
Fig. 4.19 shows the excitation energy spectrum of 39Ca, obtained with a condition on a Ar outgoing in
the ZDD and on multiplicity 3 in MUST2 (one deuteron and 2 protons, as explained in Section 2.3).
The two-proton separation energy in 3Ca is located at Sy, = 2.683(6) MeV (shown in green on the
figure). However, one can see in the Ar gated excitation energy spectrum that the two proton decay
starts only at 5 MeV, meaning that the one-proton decay channel is favored for the states located
between 2.7 and 5 MeV (which is shown by the K-gated excitation energy spectrum in blue). Indeed,
the J™=1" and 2; states identified in the previous sections, can decay either to the 3/2% ground
state of 3K with an angular momentum [ = 0 (the proton and the ground state of *°K being couple to
spin value 1 or 2) or to its 1/27 first excited state with an angular momentum [ = 2. The probability
of transmition through the centrifugal barrier favors the emission of { = 0 protons and therefore, the
one proton decay channel for these states. The three-proton decay channel has also been investigated
using a condition on outgoing CI isotopes. It has been found that this channel starts to contribute
at F, > 15 MeV. No clear structure has been identified in the excitation energy or proton energy

spectrum in this channel.

cm

The right part of Fig. 4.19 shows the relative protons energy %?'W (where p; and py are the
two decaying protons), as a function of the excitation energy. It is expected for a direct two-proton
decay of 36Ca , that the two protons are emitted with the exact same energy, within the present energy
resolution of the system, giving a relative proton energy of 50%. However, a sequential decay leading
to equivalent proton energies is possible too, and could generate small accumulation of counts at 50%.
In the right part of Fig. 4.19, no clear enhancement is seen at 50% of relative energy which indicates
that most of the two-proton decays occur in the sequential channel, passing through an intermediate
resonance in °K. The more the excitation energy increases, the more channels are open, including
higher excited states of 3*Ar. It is therefore very difficult to conclude about the decay patterns of
high-energy states.

Two clear red spots can be identified in this figure at excitation energy of about 8 MeV and a proton
relative energy of about 70% and 30%. The sequential decay of the state at 7.84 MeV in 36Ca through
a resonance at 1.55 MeV in 3°K to the ground state of 3*Ar, leads to protons with energies of 3.61
and 1.47 MeV. The corresponding relative energy of 70% and 30%, is in very good agreement with
the observed value. This observation reinforced the hypothesis of the presence of the 7.84 MeV state
in 39Ca . The few counts observed in right part of Fig. 4.19 at about E, = 5.4 MeV and 50% relative
energy may correspond to the decay of the 5.4 MeV through the 1.55 MeV intermediate state in 35K,
leading to two protons at almost equal energies (within the present energy resolution) of 1.25 and 1.47

MeV.

Another method to study the two-proton decay mechanism, is to look at the angular correlations
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Figure 4.19: Left: Excitation energy spectrum of 26Ca , obtained with a condition on outgoing Ar
nuclei (in purple) and K nuclei (in blue). The one-proton and two-proton separation energies are
shown by the orange and green line, respectively. Right: evolution of the protons relative energy as
a function of the excitation energy. Bottom: Level scheme of 36Ca , 3K and 3*Ar. The levels of
36Ca are the ones deduced from our study (see Fig. 4.17). The three first excited of 3K are from
Ref. [33, 64]. Other states may have not been identified as 6 excited states have been observed in this
range of energy for the mirror nucleus 2°S. The two first excited states of 3*Ar are shown as well.

between the two protons and the fragment. We define here two angles 6, and 0y, as:
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where 17{ and ]75 represent the impulsions of the two protons in the center-of-mass frame of decaying
nucleus and 17} is the impulsion of the residual outgoing nuclei. 6, represents the angle between the
two protons and 6/, the angle between the fragment and the relative momentum of the two protons.
Since there are two ways to label the two protons, the angles are computed for the two possibilities.
These plots are very powerful tool to characterize the type of decay. Indeed, a direct two-proton
decay is characterized by cos(f,) distribution peaked at small angles and a rather flat cos(0y )
distribution. Conversely, a sequential two proton decay is characterized by a flat cos(6,,) distribution
and by crescent-shaped bands on the cos(6; /pp) distribution (which position and shape depend on the

energy of intermediate resonance) [65].

Fig. 4.20 shows the two dimensional angular plots of cos(f/,,) as a function of cos(f,,) obtained
from data and simulations for the 7.8 MeV and the 5.4 MeV states discussed above. The top left plot

-1 -0.5 0 05 1 -1 -05 0 05 1
cos(6,,) cos(6,,)

Figure 4.20: Two dimensional plots of cos(0/,,) as a function of cos(f),). The top plots are ob-
tained for a gate on the excitation energy 7.3<E,<8.3 MeV while the bottom ones are obtained for
4.9<E;<5.9 MeV. Left are experimental data and right are simulation. The top right plot is obtained
from a simulation of a sequential decay of a 7.84 MeV state in 36Ca passing through a intermediate
resonance at 1.55 MeV in %°K, as described in the text. The bottom right plot is obtained from a
simulation of a sequential decay of a 5.40 MeV state in 36Ca passing through a intermediate resonance
at 1.55 MeV in 3K.
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is from the experimental data for the 7.8 MeV. The presence of two bands in cos(0¢/,,) and the low
amount of counts at small 6, angles (cos(6,,) = 1) are typical from a sequential decay. A simulation
has been performed considering the sequential decay of the 7.84 MeV resonance in 36Ca, passing
through the 1.55 MeV resonance in *°K. One can clearly identify the two crescent-shaped bands in the
simulated plot, in good agreement with experimental one, which confirms the sequential character of
the two-proton decay of this state. The cos(fy,,,) = 0 region is more filled in the experimental plot.
This could indicate another decay branch to an intermediate resonance in 3K (probably the 2.69 MeV
state) leading to equivalent proton energies. The fact that a two-proton decay branch passing through
the J™ = {r resonance at 1.55 MeV in %°K is identified indicates a spin J™ = 1% for this state, since it
is the only possibility allowing the emission of a [ =0 proton from a neutron ds/; hole configuration.

The same analysis is done for the 5.4 MeV state. Once again, even if the relative proton energy of
50% could account for a direct decay, the few counts at small 6, angles and the presence of a band
in cos(0¢ /pp) rule out the possibility of a direct two proton decay. Furthermore, the general shape of
the experimental plot is well reproduced by a simulation performed considering the sequential decay
of a 5.4 MeV state in 36Ca, passing through the intermediate resonance at 1.55 MeV in 3°K. The
angular correlations have been investigated for other excitation energies, especially in the 10 MeV
region. Unfortunately the obtained experimental angular plots were very flat (but still with no count
observed in the (cos(0y,),cos(0¢/,,))=(0,-1) and (0,1) region, which is characteristic from the crescent-
shaped bands of the sequential decay channel), probably due to the large number of open channels at
high-energy. Therefore, no conclusion could be made on other excited states.

From the results presented in this section, we can conclude that no direct two proton decay is
observed from the high-energy excited states of 36Ca . For the 5.4 MeV and 7.8 MeV states in
36Ca, a two-proton decay branch has been identified in the sequential channel by passing through a
intermediate resonance at 1.55 MeV in 3°K. At higher excitation energy, the number of open channels
increases, including more possible final states in 3*Ar. It is therefore very difficult to conclude about

the decay patterns.

1.3 Summary

In this section, the results obtained on the 37Ca(p,d)3%Ca transfer reaction have been presented. The
36Ca atomic mass was measured and matches very well with previous values. Three groups of states,
corresponding to the neutron removal reaction from the d3 s, s1/2 and d5/; orbitals, have been identified
in 36Ca ranked by increasing binding energy or by increasing excitation energy in 6Ca .

The ground state of 36Ca has been identified. Its differential cross section has been extracted
confirming its L=2 nature, arising from the removal of the d3/5 neutron in 37Ca. A spectroscopic
factor of 1.06(22) was found for this state.

Three L=0 excited states have been identified at E; = 3.06(2) MeV, E, = 4.24(4) MeV and E, =
4.71(9) MeV. Their L=0 nature has been demonstrated by the DWBA analysis of the differential cross
sections, arising from the removal of a s1 /5 neutron in 37Ca. This indicates a particle-hole configuration
v(s1/2) " 'w(dgss)! for these states. The first one corresponds to the already known 2F first excited

state of 36Ca and was found at an excitation energy compatible with the literature. The other ones
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are observed for the first time in *Ca . From the comparison to the mirror nucleus S, J™ =11 and
JT = 2; spin assignments have been proposed, respectively. The majority of the s, /; strength has been
identified with a summed spectroscopic factors for these three sates equal to 3. C?S(s; /2) = 1.55(34).
This value as well as the individual values of their spectroscopic factors are equivalent to what was
found for the analogue in the mirror nucleus.

At higher excitation energy, four L=2 states, with d5/, hole configuration, have been identified.
The fit performed on the excitation energy spectrum allowed us to determine the energy of the two
first ones at E, = 5.41(9) and 6.54(14) MeV with proposed spin parity J™ = (1 —4)*. Due to the
limited energy resolution in both proton and excitation energy spectrum at this energy, it was not
possible to give a precise energy of higher excited state. A large fraction of the d5/; strength has been
identified with a Y- C25(d5/2) = 4.38(88) up to 9 MeV.

The one-proton and two-proton decay of the excited states populated in 36Ca has been investigated.
The one-proton decay channel is found to be dominant up to 5 MeV. The two-proton decay channels
start to contribute at £, > 5 MeV and is compatible with a sequential two-proton decay. In particular,
a branch of the two-proton decay of a 7.84 MeV state in 26Ca has been identified by passing through
aJ" = %Jr intermediate resonance in 3°K, which reinforced the hypothesis of a L=2 state at 7.84 MeV

in 35Ca .

2 Two neutron transfer: 3Ca(p,t)3°Ca

This section presents the results obtained on 26Ca, using the 33Ca(p,t)26Ca reaction. First, the con-
ditions applied to reconstruct the excitation energy spectrum will be presented. Then, the analysis
of the benchmark reaction 36Ar(p,t)3*Ar will be performed. Finally, the fit of the excitation energy

spectrum and the analysis of the differential cross sections will be presented.

2.1 Extraction of the excitation energy and benchmark reaction

2.1.1 Kinematic lines and excitation energy

In order to obtain the excitation energy spectrum of 30Ca using the 3*Ca(p,t)3¢Ca reaction, the

following conditions were applied during the analysis:

e 38Ca as incident beam particle: using the CATS1-HF and the CATS2-HF time-of-flight (see
Fig. 4.1)

e Beam inside the target cell: using the reconstruction of the beam in the target plane performed
by CATS ((see Fig. 4.1))

e Triton in MUST?2 (in addition to one or two protons, depending on the multiplicity of the event,

as explained in Section 1.1.1)
e Either Ca, K or Ar outgoing in the ZDD

Fig. 4.21 shows the kinematic lines and the excitation energy spectrum obtained by applying

these conditions. These plots were obtained for a Ca outgoing in the ZDD. The kinematic line
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corresponding to the ground state of 3Ca is well identified at its expected position (shown by the blue
line). The ground state peak is as well identified in the excitation energy spectrum at about 0 MeV.
An accumulation of counts is seen around the theoretical kinematic line corresponding to an excited
state located at about 3 MeV in 39Ca (shown by the purple line in the left part of Fig. 4.21). A peak

is as well found at about 3 MeV in the excitation energy spectrum.
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Figure 4.21: Left: Kinematic plot of the 33Ca(p,t)3°Ca transfer reaction. This plot was obtained for
Ca in the ZDD. The blue line shows theoretical calculation of the kinematic line for the ground state
and the purple line for an excited state located at 3 MeV. Right: The corresponding excitation energy
spectrum of 36Ca .

One can see that a small amount of background is present in the excitation energy spectrum.
Indeed, very few counts are observed below -2 MeV and higher than 5 MeV where no state are expected
to be populated (since the one-proton threshold of 36Ca is located at 2.6 MeV). Furthermore, due to
the reduction of the cross section, compared to the 37Ca(p,d)3°Ca reaction, the excitation energy
spectrum has less statistics compared to what we saw in the last section. Therefore, before exploiting
this spectrum, a detailed study of the background will be presented. Then, to first validate the analysis
of the (p,t) reaction channel, the analysis of the 36 Ar(p,t)3* Ar will be performed.

2.1.2 Background evaluation

It is first interesting to note how the identification of the outgoing heavy nuclei in the ZDD allows to
reduce the amount of background, when analyzing the (p,t) channel. Fig. 4.22 shows the excitation
energy spectrum obtained with and without the ZDD. One can see that the use of the ZDD allows
to improve significantly the signal to noise ratio (going from % = 5.3, without the ZDD, to % =34.1,
with the ZDD, for the ground state of 3Ca ).

As for the 3"Ca(p,d)39Ca reaction, the contribution of the window foil of the target can be studied
using the data taken with the empty target. Left part of Fig. 4.23 shows the excitation energy spectrum
obtained from the empty target runs. The analysis has been performed for the 3*Ca(p,t)3¢Ca reaction.
No gate is applied on the outgoing nuclei in order to not lose statistics due to the ZDD efficiency. The
contribution of the window foils to the excitation energy spectrum can be described by a Gaussian

function, as shown in Fig. 4.23. The intensity of the background varies between -40 MeV to 30 MeV,
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Figure 4.22: Two excitation energy spectra are superimposed. The green line correspond to the
excitation energy spectrum of 36Ca obtained with the 33Ca(p,t)3%Ca reaction without using the ZDD.
The purple line is the same spectrum but using the ZDD (with a condition on a Ca, K of Ar outgoing).

