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Abstract

We work upon the model of a two-state mixing of states of pure proton and pure neutron
excitation to describe excited 2* states in carbon isotopes [I, Z]. The rst 2% state of 16C
has been measured in other works showing it is dominated by neutron excitations and was
recently con rmed in a study that has determined the proton amplitude of the rst 2* state
for 16C, 18C and 2°C [3]. The aim of this thesis is to identify the mixed-symmetry 2% state,
which is above the neutron separation energy and therefore unbound. Its observation will
add weight to our simple picture of describing the neutron-rich C isotopic chain, giving us
great insights into the shell evolution towards the neutron dripline at Z=6.

For that purpose, an experiment was carried out at GSI with the R3B/LAND setup in
order to investigate the structure of unbound states of 16C, 18C and 2°C for the rst time
via quasi-free scattering (p, 2p) reactions from /N, 1°N, and ?IN, respectively.

In this work, the results of the invariant-mass spectroscopy of the one neutron evaporation
decay of 1C and 18C are presented, reporting three resonant states located at 5.71(06),
7.83(41) and 9.78(88) MeV for 16C and four unbound states observed at 5.54(10), 7.51(20),
9.83(33) and 12.31(30) MeV for 18C. These unbound states are discussed in comparison with
shell model calculations performed with WBP, WBT and WBT* interactions. Preliminary
exclusive cross sections are also presented for all of these states.
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Chapter 1

Introduction

The nuclear structure was rst studied with nuclei that lie in and near to the valley of
the stability and current models are based on those rst observations. However, there
are only 270 stable isotopes while some models predict up to 7000 radioactive nuclei, the
study of which can test the predicting power of the existing models derived from stable and
near-stable nuclei.

One of the most challenging but prominent questions in today's nuclear physics is under-
standing the evolution of structure of nuclei that lie out of the valley of the stability, where
large ratio between the number of protonsZ and the number of neutrons N characterise
these nuclei. However, thanks to the improved capabilities of radioactive and heavy-ion beam
facilities expanding worldwide, it is now feasible to study the structure and phenomena of
nuclei on the neutron drip-line and beyond. The aforementioned species of nuclei, called
exotic nuclei, often exhibit a di erent behaviour and features never observed in stable nuclei.
The dierences lie in new quantum phenomena, such as nuclear halos [4], new collective
excitation modes, changes in the traditional magic numbers [5], etc.

Figure 1.1: Energy level sequence calculated with a harmonic oscillator potential and the spin-orbit
term. The rst spin-orbit gap is observed at Z=6 between thelp;—, 1ps-» orbits. Taken from [6]



In particular, neutron-rich carbon isotopes have proved to be an interesting case of study
since they have shown to have di erent shapes and halo structures [7{10]. They also pro-
vide information on weak-binding e ects due to their small neutron separation energies. In
particular, neutron rich carbon isotopes are the perfect testing ground to investigate the
rst spin-orbit gap between the 1p;—» 1ps-—, orbits (see Fig. 1.1) since it has been recently
con rmed that there is a weakening in the splitting Z = 6 (see Fig. 1.1) due to in uence of
the tensor and two-body spin-orbit forces [3].

Recent works have focused on the study of the systematics of the low-lying excited
states of neutron-rich carbon isotopes up t0?°C. It has been found that the new magic
number N=14 observed in neutron rich oxygen isotopes [11] disappears in neutron-rich carbon
isotopes [8, 12], which is attributed to the quasi-degenerate character of the leveks,-, and
ds—», due to a reduction in the proton-neutron tensor forces.

Figure 1.2: Top panels show the evolution of; energies as a function of the neutron number in (a)
oxygen and in (b) carbon isotopes. The former presents a rise in th@] energy atN = 16 that is
not observed in the latter. Bottom panels display the evolution of the e ective single-particle energies
(ESPE) -derived from the WBT interaction- as a function of the neutron number calculated by using
the USD e ective interaction for the (c) oxygen and (d) carbon isotopes. The subshell gaps that
give rise to the new magic numbers N=14 and N=16 observed in neutron-rich oxygen isotopes are
narrower in neutron-rich carbon isotopes due to the predicted degeneracy of tt&-, and ds-, orbitals.
Figure taken from [12].



Comparing the low-lying 2* states of Oxygen and Carbon, we observe that aN = 8 we
have a shell closure (see Fig. 1.2), and consequently high excitations. In both cases thé 2
lies at around 7 MeV. Particularly for 4C, it lies at 7012 keV [13], which is evidenced by a
transfer reaction study to be proton excitations. Moving towards higher neutron numbers,
at N =10, in both O and C, there is a drop in energy of around 6 MeV. The 2 state of
180 drops to 1982 keV, and similarly, the 2 of 18C drops to 1758 keV [14]. The 2 settles
around this value for *C and 2°C, 1588 keV and 1618 keV respectively. This is due to the
degeneracy of thes;—, and ds-, observed in carbon, (see (d) in Fig. 1.2), while we see a rise
in 220 (N=14, see (c) in Fig. 1.2), and ?*O, (N=16, not shown in gure), to 3.20 MeV and
4.79 MeV respectively.

The rst 2 * state in 180 located at 1.982 MeV [13] is considered as the excitation of two
neutrons outside the *®0O core. Similarly, the rst 2 * in 14C observed at 7.012 MeV [13] is
understood as proton excitations of the two proton holes in the ground state. Following the
resemblance displayed in Figure 1.3, the rst 2 state observed in'6C at 1.758 MeV [14] can
be interpreted as arising from neutron excitations [3, 15, 16] (as if®0), while the second 2
originated from proton excitations should also be expected around 7 MeV (as if*C) and,
since it is above theS,=4.250 MeV of 16C, it is therefore unbound.

Figure 1.3: Schematic diagram representing the analogy between thé Ztates in N=8 and N=10
carbon (Z=6) and oxygen (Z=8) isotopes. The 2 observed in'®C is interpreted as having a similar
structure of the 2" in 80, which is a neutron excitation. Their excitation energy re ects the under-
lying similarities. In the same way, a second 2 is expected in'®C around 7 MeV, built on proton
excitations like the Z in 4C, never measured before. Figure taken from [14]



Given the big gap in energy between the proton excitations and the neutron excitation
described above, it is possible to treat the protons and neutrons separately and then to mix
them. This concept gives rise to thecon guration mixing . It is a way to predict realistic
states in isotopes by combining two pure states. We use this model to describe the rst
excited 2" state of neutron-rich even-mass carbon isotopes as the mixing of a pure proton
( ) and a pure neutron () excitation [17, 18]. The rst2* state of 1°C has been measured in
other works [16, 17] showing it is dominated by neutron excitations and recently con rmed
in a quasi-free scattering study that has determined the proton amplitude of the rst 2*
state for 16C, 18C and 2°C [3]. The authors used the model of two-state mixing to describe
the rst excited 2 * state of the carbon isotopes whose proton amplitude was determined by
the ratio of the cross sections corresponding to the rst 2 and the 0" ground state. In order
to predict the proton amplitude for 8C and 2°C from B(E2;2; !  0;) measured values,
the authors assumed a two-state mixing of a pure proton and a pure neutron excitation for
the rst excited state 2.

Figure 1.4: Summary of B (E2) experimental values in carbon isotopes. Circles are taken from [15,

17], open diamonds from [19], open squares from [20], and black diamond from [21]. The red line
represents the proton component and the green one the neutron component, both in the seniority
approach. The blue line is the phenomenological analysis of tH&(E 2) values. Taken from [18].

A piece of evidence supporting this claim can be provided by the recent measurement of
B (E?2) values. A. O. Macchiavelli used a seniority inspired scheme to describe the neutron
component in the carbon isotopic chain [18]. Experimental measurements of the quadrupole
transition strength values from [15, 17, 19{21] were summarised and compared to the con-
tributions from neutrons and protons to the B(E2) in the seniority scheme (see Fig. 1.4).



The obtained proton amplitudes of the 2, were 50%, 11%, 13% and&30% for 14C, 16C,
18C and 2°C respectively. Recently, the authors derived proton amplitudes from the analysis
of the experimental cross sections measured for the rst 2 and the 0" ground state of these
nuclei. The results showed 1%, 7:2%, and& 17:0% for 16C, 18C, and 2°C respectively. The
latest results con rm there is a clear correlation that shows that the increased quadrupole
strength is due to the enhanced proton contribution to the 2" state in 2°C [3] (see Figure
1.5). These small values demonstrate that these 2 are rather neutron-dominant. However,
the well-known increasing parabolic curve of the phenomenological analysis agrees with the
increase of theB (E 2) values as the mass number also increases, which is proof that although
we have neutron-dominant excitations, the proton component is still necessary to reproduce
the trend of the experimental measurements.

Figure 1.5: Ratio of the spectroscopic factors measured by [3] versus the transition strengths from
Ref. [22] for the neutron-rich carbon isotopes!®C, 8C and 2°C. The blue shaded area shows the
expected limits in the seniority model [18] within one standard deviation, when the proton and
neutron E2 matrix element are tted simultaneously to the experimental values ofB(E2) and
C2S(27)=C?S(0; ) for 14C, 16C, 18C and ?°C The increase in the B(E2) values is understood as
a consequence of the enhanced proton contribution to th2® state in 2°C. Taken from [3]

Typically, the rst excited state of even-even nuclei decays via electrical quadrupole
transition E2 from the 2] to the 0j.., and thus, this transition is a benchmark for nuclear
structure. A minimum in the B(E2) values together with a high excitation energy of the
2] is an indication of a shell closure. TheB(E2) is at the same time easily a ected by
the decoupling of protons and neutrons and by small perturbations in the wave function.

In recent years, studies on the quadrupole transition strengthB (E 2) of the rst excited 2 *



state have been conducted as well as shell-model calculations in theeshell model space for
protons and the sd shell model space for neutrons [1] [15]. Th&(E2;2; ! Og:s) strength
as well as the level scheme is calculated fof°C, 8C and 2°C probing di erent two-body
nucleon-nucleon interactions [23], showing a neutron-dominant nature of the rst excited 2
state.

The rst measurement using the Recoil Shadow Method (RSM) [24] performed by Imai
et al. [25] showed a quenching in theB (E2) in ®C, which was later corrected by Onget
al. [20], and measured also fof8C. The quadrupole transition strength remained nearly
constant for 14C, 16C and 2°C, hence the expected closed shell nuclei were con rmed and
later substantiated through the Recoil Distance Method (RDM) [26, 27] for 16C and 18C in
[14, 17, 21].

Figure 1.6: Shell structure in neutron-rich carbon isotopes in the independent particle model. The
orbits occupied by the protons are shown in red and in green the neutrons. In thedf, and 1s;-, it
is exempli ed how the neutrons of*®C, 8C and ?°C Il in these orbits.The solid lines represent lled
orbits and dashed lines the empty ones.

This experimental study aims to shed new light on the neutron component. We want
to identify the mixed-symmetry 2+ state of 151820C which is above the neutron separation
energy and therefore unbound. We expect to see a strongly populated*2state around 7
MeV (S1,=4.25 MeV for 18C). For that purpose, bound and unbound states in1°C, 8C
and 2°C have been probed via quasi-free scattering (p, 2p) reactions from’N, °N, and
2IN beams, respectively. This reaction method was chosen as knock out reactions are the
best suited tool to access the g, proton component in carbon by removing a proton from
a nitrogen (Z=7) beam. In order to populate the 2* states the ratio of the spectroscopic
factors will be proportional to the proton amplitude by 5/2.



This thesis is organized as follows: Chapter 2 provides a detailed summary of the relevant
theory required to discuss this work, including a brief introduction to the current shell model
and con guration mixing. Current knowledge of neutron rich carbon isotopes and relevant
previous measurements are also presented in this chapter. The details of the experimental
setup are shown in Chapter 3, together with the description of the detection systems involved
and the radioactive beam production. This chapter includes as well information concerning
the electronics, triggers and the data acquisition system. Chapter 4 outlines the data analysis
performed starting by the the identi cation of the incoming and outgoing isotopes, followed
by the analysis of the protons from the quasi-free scattering reactions and the-rays detected
that are used for probing feeding in the analysis of the unbound states unfolded in this
thesis. The results are presented and discussed in Chapter 5, including the observed unbound
resonances in‘C and 8C.



Chapter 2

Theory

2.1 Liquid Drop Model

Initially, the Liquid Drop Model was proposed by George Gamow [28] in 1930. It describes
in a good approximation the spherical quality of a signi cant number of nuclei but does not
accurately reproduce the binding energy around the shell gaps. Mathematically, it was rstly
described by Carl F. von Weizsacker and later optimised by Niels Bohr and John Archibald
Wheeler in 1939 with the purpose of unfolding nuclear ssion [29]. This derivation gave rise
to the semi-empirical mass formulaor Bethe-Weizsacker formulathat thrives to characterise
the binding energy, BE as follows:

2
aCZ(Z 1) aA(A 27)

_ 2=3
BE = ayA asA NES A

(A;Z) (2.1)

whereZ is the atomic number andA the mass number. Each term corresponds to volume,
surface, Coulomb, symmetry and pairing e ects respectively.

1. The volume term re ects the short-range character of the strong force. The energy
term is proportional to A, which proves that a nucleon interacts with the nearest
neighbours.

2. The surface term accounts for the interaction of the nucleons on the surface of the
system with other nucleons inside the nucleus, which is re ected as the reduction of
BE proportionally to the surface area of the drop.

3. The Coulomb term derives from the electromagnetic interaction among protons.

4. The assymetry term arises from the Pauli exclusion principle. This allows only two
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neutrons or two protons with opposite spin direction in a single energy level.

5. The pairing term was obtained from experimental results that indicate that two neu-
trons or two protons bind more strongly than a single proton with a single neutron.

The derivation of each term can be found in references [30{32]. The rst three are derived
directly from the liquid drop model, while the latter two terms were included to account for
the non collective properties of the nuclei.

Despite adjusting the coe cients ay, as, ac, aa and ap to best reproduce the observed
binding energies, the semi-empirical mass formula does not completely reproduce the local
maxima in the B=A experimental data, see Figure 2.1. This suggests that nuclei are more
tightly bound than what was predicted by the liquid drop model for certain number of
protons and neutrons known asmagic numbers This observation represents the rst piece
of evidence of internal structure within the nucleus, leading to the nuclear shell model.

Figure 2.1: Semi-empirical mass formula predictions for the binding energy per nucleonB=A, as
a function of mass number, A, with ay, = 15:56MeV, ag = 17:23MeV, ac = 0:7MeV and ap =
23:28M eV, for odd-even nuclei so that there is no pairing e ect. Experimental values are represented
by points [31].
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2.2 Nuclear Shell Model

In 1932, James H. Bartlett introduced the rst hypothesis of the shell structure within
the nuclei [33], explaining with a model akin to Bohr model the increased stability of*He
and 160, and thus, the rst recognition of the magic numbers 2 and 8. One year later, W.
Elsasser suggested a model in which the nucleons Il discrete energy levels due to an e ective
potential well created by the rest of nucleons in a system [34]. Unfortunately, this model
was rejected due to a lack of experimental evidence.

Nearly two decades later, in 1948, Maria Goeppert-Mayer observed that nuclei around
closed shells atZz=50, 82 and N =50, 82, 126 were particularly stable [35], yet she was unable
to describe higher shell closures. The following year, in 1949, Mayer [36] and Haxet al.
[37] were able to reproduce the shell closures by introducing the spin-orbit coupling to the
potential well. The successful description meant a breakthrough in nuclear theory and the
magic numbers become a benchmark in the characterisation of nuclear structure.

2.2.1 Mean eld model

The nuclear force acts between protons and neutrons binding the nucleus, it is charge sym-
metric and charge independent and powerfully attractive at short range but quickly becomes
negligible (beyond 3-4fm).

The energy levels a nucleon can occupy in a nucleus are a solution of the Schredinger
equation governed by the potential generated by the nuclear interaction with the other
nucleons inside the nucleus:

2
o 2+ VHE ®=E ¥ (2.2)

wherem is the mass of the nucleonk is the energy, (¥) is the wave function of the nucleon,
and V (¥) is the potential the nucleon undergoes.

The potential mentioned above, usually callede ective potential, Vet (1), describes the
e ects of the neighbouring nucleons on a single nucleon. It is comprised of the central nuclear
potential Vp(r), the contribution of the spin-orbit coupling Vso(r), the Coulomb potential
Ve (r) and a centrifugal term.

(1 +1) =2

Vert (1) = Vo(r) + Vso(r)T s+ Vc(r) + 2mr 2

(2.3)
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Figure 2.2: Energy level sequence calculated for several potentials. From left to right the spherical
harmonic oscillator and the Woods-Saxon potential without and with the spin-orbit term. The levels

are tagged with the corresponding quantum numberslj, and their degeneracy is given by2j+1.
When several energy levels lie close together they form a nuclear shell, the gaps between these shells

are labelled with the corresponding magic numbers.
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Unfortunately, there is no analytic description of the strong interaction responsible for
the nuclear force that can be used for the nuclear potential. Therefore, one of the most
common approaches is to describe central potential with an harmonic oscillator potential:

VeHo(r) = %m! 22 (2.4)

where m is the mass of the nucleon in the potential, and! the eigenfrequency.

However, a potential that goes smoothly to zero has been more successful reproducing
observation (see Fig. 2.2). The most usual form being the so-called Woods-Saxon [38],
which is a spherical symmetric potential that decreases asymptotically to zero as increases,
somehow linked to the Fermi-Dirac distribution of the nucleons in the nucleus, is expressed
as:

Vo

VoVS(rys ————
0 () l+exp(%)

(2.5)

whereR is the nuclear radiusR = roA1=3, ay is the di useness of the nuclear surface and/y
is the potential well depth, which is adjusted to reproduce the binding energies.

The spin-orbit component is expressed a¥s(r)I" s and its intensity proportional to the
derivative of the central potential:

1dVVS(r)
P =9

Vso(r) = Vso
where Vg, de nes the depth of the spin-orbit coupling, typically 6 MeV.

The Coulomb potential is derived assuming uniform charge distribution over a sphere
the size of the nucleus.

8 !
LA R

Ve(r) = ¢ ¢ (2.7)
2 keX(z 1)

r>R
p C

wherek is the Coulomb constant, e is the electron charge ke? = 1:44 MeV fm) and Rc
is the Coulomb radius, Rc = rc A=, Tradiotionally Rg = R is accepted.

Finally, the centrifugal term is required to account for the in uence of the relative angular
momentum between the nucleon and the nucleus itself.
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Figure 2.3: E ective potential for 1®C (black), and the dierent components: in red the nuclear
mean- eld depicted with a Woods-Saxon (=50 MeV, r¢=1.25 fm, ag=0.65 fm), The spin-orbit
term in green (V=6 MeV, multiplied by 10 to enhance the details). In pink is shown the centrifugal
contribution and the blue dashed line indicates the Coulomb e ect expected if the particle was a proton
instead of a neutron.

Since nuclei obey the laws of quantum mechanics, solving the Schredinger equation (Eq.
2.2) using the e ective potential Ves; (1) (see Eq. 2.3) for either a single proton or a neutron
moving in a potential well, we will have solutions only for certain values of energy that
correspond to the single-particle states which determine the energy levels that a nucleon
can populate.

2.2.2 Con guration mixing

The single-particle model (SPM) properly describe spins and parities for spherical nuclei
under the hypothesis that all nucleons but one are paired. So for those nuclei with more
than one valence nucleon, the shell model predictions deviate from observations. In these
situations, the nucleons from an un lled shell are handled by adding aresidual interaction to
the single-particle Hamiltonian, which will include pairing e ects between valence nucleons
and NN interactions, so then the Hamiltonian would be:

H = Hspm + Hyes (2.8)
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This residual interaction can be understood as a perturbation on the e ective potential
Vet that gives way to the single-particle states to combine, leading to an e ect called
con guration mixing .

The model of the con guration mixing represents a way to predict realistic states in
isotopes by combining two pure single-particle states. We use it to describe the rst excited
2" state of neutron-rich even-mass carbon isotopes as the mixing of a pure proton J and
a pure neutron () excitation [17, 18].

Moreover, the strength of the residual interaction strongly relies on the overlap between
the wave function of the valence nucleon and the wave function of the lower-lying nucleons
in the closed shells.

2.2.2.1 Two-state mixing

The mixing of two basis statesj 1i andj i with energiesE; and E, depends on two variables
only: the di erence in energy between unperturbed states E, = E; E» and the strength
of the mixing interaction V. The mixing ratio is therefore de ned as:

Euw Ei1 E»

R= 7=~y (2.9)

The nal energies and wave functions are obtained by diagonalising the matrix:
!
E1 V
! (2.10)
VvV E;
The nal energies are E; and E;; and the respective wave functions, denoted byj i
andj | i, [39] are given by:

joai= jai+ joa (2.11)

Joni= jai+ oo (2.12)
with the mixing amplitudes  and  of neutron and proton, respectively, satisfying the
following equivalences:

2+ ?2=1 (2.13)

\
u N
=EDP1+ %+ 1+—2 X (2.14)
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Finally, the energies of the mixed states are:
r

1 Eu 4
o= Z(Eq+ + — ,
B = 5(E1+Ba) —— 1+ (2.15)

A schematic representation of the mathematical derivation of the two state mixing is
presented in Figure 2.4, where the unperturbed stateg ;i andj i are shown on the left
and the mixed statesj i andj |, i are on the right.

Figure 2.4: Schematic diagram of two-state mixing con guration, showing the initial statesj ;i and
j 2i on the left and the mixed nal statesj ;i andj ; i are on the right. Scheme based on [39]

Now the general basis for two state mixing have been introduced, we can discuss two
extreme cases. First lets consider the mixing of two states completely degenerate, i.&1 =
E» = Eg and therefore E, = 0. This results in strong mixing where the mixing amplitudes
become = = 1= 2, which means that both states are completely mixed, with their
energies being:

Ebon =EBo V (2.16)
from this we learn that the smallest energy gap between perturbed nal states Ej is
twice the interaction strength V.

On the other hand we have the opposite case of weak mixing, where the matrix element
of the interaction strength V is signi cantly smaller than the energy di erence between the

unperturbed states E,, i.e. V Ey. In this case, the mixing amplitude is given by

1=R and the di erence between the initial statesj 1i, j 2i and the resulting mixed
statesj i, ni,issmall, Es 0, and hence the gap remains almost the same after the
mixing E, Ep.

<

) \ Eu Ep (2.17)

Py
m
c
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2.2.2.2 Spectroscopic factors

Within the context of con guration mixing, we need to assess the single-particle strength
carried by a state in a given nucleus. The spectroscopic factor€2S are introduced to ful |
this need, and hence are de ned as the overlap integral between the wave function in the
entrance channel and in the exit channel.

As an example, in case of the!’N! 16C* system, the spectroscopic factors provide a
measure of the overlap between the initial state in the beam particle!’N and the state
populated in ®C coupled to the knocked out proton in the corresponding orbital. The
spectroscopic factor value would be 1 in the ideal scenario of removing a single nucleon
occupying alone a pure single particle orbital.

Theoretical cross sections are calculated for pure single-particle states. As discussed
previously, the nuclear structure is often more complicated than a pure single particle state
and the experimental cross section will in general be di erent from theoretical predictions
by a certain factor. This normalisation factor between theoretical and experimental cross
sections is the spectroscopic factors, and accounts for the e ect of the nuclear structure in
the cross section:

= C?s SL (2.18)

da
d exp th

2.3 Shell Evolution

For many years, the classical magic nhumbers 2, 8, 20, 28, 50, 82 and 126 were deemed as
xed. Opportunely, the recent development of radioactive ion beam facilities have allowed

us to probe the impact of large ratios betweenN and Z in the nuclear structure of very
neutron-rich systems by studying experimentally more exotic regions of the nuclide chart.
Evidence emerged denying the permanent quality of the aforementioned magic numbers, as
the results showed that as we go further from the valley of stability the magic numbers seem

to change. This xed character of the traditional magic numbers was abandoned, and since
then the exotic nuclei have become of great interest when searching for the underlying reason
of these structural changes, which are not yet fully understood.

Since the nuclear mean eld model is angular momentum and spin dependent, we can say
that the nucleon-nucleon interaction in uences the shell evolution. In addition, features of
the nuclear interaction, which are barely in uential stable nuclei, such as pairing or coupling
between bound states and continuum, can have a signi cant impact in weakly bound nuclei..
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2.3.1 Subshell closure Z =6

In her Nobel Lectures, Maria Goeppert Mayer presentend two di erent series of magic num-
bers. The rst series: 2, 8, 20 and 40 attributed to the harmonic oscillator potential, while
the second one: 6, 14, 28, 50, 82 and 126 arises from the spin orbit coupling. However, she
described 6 and 14 ashardly noticeable" acknowledging that the energy gap between the
1pi=> and 1ps-, orbitals due to the spin-orbit is fairly small [40].

However, recent experimental and theoretical works have suggested the possible existence
of a new magic number 6 inN = 6 isotones, 8He and**0, and Z = 6 nucleus *C. The proton
subshell closure atZ = 6 in neutron-rich even-even carbon isotopes is substantiated by the
small B (E2) values observed in*C to 2°C [14, 20, 22].

Magic numbers of protons or neutrons are associated with shell closures and confer the
nuclei a particularly stable con guration due to the diculty of breaking a closed shell
and exciting a nucleon across a major shell gap. Thus the level scheme of magic nuclei is
characterised for a lack of low-lying excited states. Therefore, the systematics of the energy
of the rst excited state as a function of the number of protons and neutrons is expected
to show local maxima for magic numbers, providing an indication of where the new magic
numbers could lie.

Figure 2.5: Proton number dependence of the energy of the rst*2 state for even-even nuclei with
N < 17, where it can be seen that it lies at high excitation energy at the traditional magic Z=8. Also,
there are noticeable high excitations at Z=6 for the N=4, 6 and 8, and isotonic chains.
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2.3.2 Subshell closure N =16

The very rst indication of a new magic number at N=16 lies at plain sight in the nuclide
chart. If we observe the neutron dripline for light nuclei, we can see that the last bound
isotope of carbon, nitrogen and oxygenZ = 6, 7 and 8) coincide at N=16, but the addition
of a single proton suddenly allows the binding of 6 additional neutrons, moving the dripline
upto N =22,

Figure 2.6: Nuclide chart for nuclei up to Z=10, where we can see the sharp extension of the dripline
at Z=9, going from 24O (N=16) to 3'F (N=22).Unbound nuclei are shown in light grey.

The rst experimental evidence of the emergence of theN = 16 shell closure was observed
by Ozawaet al. by analysing the dependence of the neutron separation energieS{) and the
interaction cross-sections () on the neutron number N in light neutron-rich isotopes [41].
Since the neutron after a shell closure is anticipated to be weakly bound, a magic number is
expected to show as a break in the neutron separation energy trend. The observation of a
break at N=16 for Z=8 indicates the emergence of a new magic number.

Figure 2.7: Neutron separation energies as a function of N for odd-A even-Z (left) and odd-odd nuclei
(right). Each line represent a di erent isospin number T, from 1/2 to 9/2 (left) and 0 to 5 (right).
Figure adapted from [41].
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Figure 2.8 shows the trend of the energy of the rst excited state of even-even nuclei
for di erent isotopic chains with the number of neutrons N. It can be clearly seen both the
vanishing of the traditional magic number N=20 and the emergence of a new subshell closure
at N=16: The maxima observed at N=20 for S and Si isotopic chain slowly disappears at
the same time that a new peak appears at N=16 when going from stablé?S to the neutron
dripline 2*O nucleus.

Figure 2.8: Neutron number dependence of the energy of the rst*2 state for even-even nuclei with
Z< 17, whereby the traditional magic number N=20 for sulfur and silicon suddenly disappears when
moving down to magnesium. Instead a small maximum appears at N=16 for neon to nally observe
a clear peak at N=16 in oxygen.

This behaviour is often explained through the existence of a nucleon-nucleon tensor force
acting between protons and nucleons in orbitals with the same angular momentuni, but
with a strong spin-isospin dependency that acts between nucleons in orbits with opposite
spin s. Hence, when going from sulfur and silicon, Z=14 and 16 respectively, both with a
full d s, orbital towards oxygen, Z=8, and an empty d s-, orbital, the strength of this NN
tensor force on the d -, orbit decreases with the population of the d 5-, orbital until it
nally disappears when it is empty for oxygen. Therefore the d -, orbit rises towards the
fp-shell, increasing theN = 16 gap and reducing theN =20 gap.
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2.3.3 Subshell closure N =14

Maxima at N=20 for sulfur and silicon and N=16 for oxygen observed in Figure 2.8 quickly
catch all the attention, but if we look more closely we can see that the excitation energy
of 220 (N=14) is comparable to that of 3°Si and %2S (N=20). This presents N=14 as a
new magic number candidate for neutron-rich isotopes, later con rmed experimentally by
Staniou et al. deducing a large gap in the e ective single particle energies if?0 at N=14
[11].

The mechanism leading to the emergence of the N=14 subshell gap in oxygen can be
understood in the light of Figure 1.2, where we can see that the N=14 gap grows as the
d 5=, orbit is lled since the tensor force between like-nucleons is globally attractive. At
the same time, the s -, orbit moves towards higher excitation energies because the NN
interaction is repulsive in this case.

However, experimental observation has shown that the N=14 subshell closure disappears
in neutron-rich carbon isotopes [8, 12] due to the inversion of theds-, and s -, single
particle orbitals that makes them quasi-degenerate.

2.4 Proton amplitude

As mentioned before, the concept of con guration mixing will be used to describe the rst
2" state in even-even neutron-rich carbon isotopes as the mixing of two states, one arising
from proton excitations and a second due to neutron excitations [18].

The shell model describes the wave function of the 0 ground state in 16C, 8C, and 2°C
as

jOgs: "Ci= | (sd)™JI=0i j (Ips=)*;J =0i (2.16)
+ 0§ (sd™I =21 ] (Ipap)td =2i '

with n = 2;4; 6 neutrons for 1C, 18C, and 2°C, respectively, with the n valence neutrons
occupying a quasi-degeneratad shell [12], as shown in Figure 1.6. Since a higher excitation
energy is required for the second term, it is expected that the rst term will be the dominant
contribution to the wavefunction of the ground state, and therefore we can safely assume
=land =0.

Analogously, the rst 2" excited state can be described as:

2 ACi= j (sd)™I=2i ] (lpsn)*J =0i

_ o 5 . _ (2.20)
+ j (sd)™ I =00 ] (Ips=2)*(1p1=2) 3 = 2i
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In the last equation, and are the mixing amplitudes discussed in the two-state
mixing formalism presented in Section 2.2.2.1, which in this case represent the amount of
pure neutron and pure proton excitation contributing to the rst 2 * state con guration,
respectively.

The so-called proton amplitude can be probed via one-proton knockout reactions in-
duced with nitrogen beams. This can be understood by looking at the wave function of their
ground state:

1220 ATNi = (s =00 | (1psw)*(Ipi)’id = 122 (2.21)

where we can see that the removal of a proton from the gds—, orbit in the 1=2 ground
state in odd-mass nitrogen isotopes cannot populate the neutron component of the rst 2
state in neutron-rich even-even carbon isotopes, but can only populate the proton component.

It is worth saying, however, that the removal of the proton from the 1p,—, orbit in the
1=2 ground state #*1 N will populate the 0* ground state in AC. In this particular case,
the spectroscopic factor is expected to be close to 1, as discussed previously in 2.2.2.2, since
we are removing the only proton populating the Ip;-, orbital. However, when a proton
is knocked out from the 1p;-, orbital, and the 4 remaining protons in the 1ps-, and 1p;-,
orbitals couple to a 2" state, which happens in 5 out of 8 times, the spectroscopic factor is
proportional to the proton amplitude:

C’S Oy 1

5 5 (2.22)
C?s 27  Z4_= 2>
! 8

Using the Equation 2.18 that connects the spectroscopic factors with the cross sections,
we can derive a similar relathionship between the experimental cross section of the ground
state and the rst 2" state:

c2s 2¢ 25

exp 2] 25 th 2
C2S 0% 2

2.23
exp Ogs 2 th Oas ( )

Let's not forget that, when mixing two states, we also obtain two mixed states, and
therefore a second 2 excited state of mixed-symmetry character between pure proton and
pure neutron excitations is expected:

j25:ACi=  j (sd)™JI=2i | (1psp)t;d =0i

(2.24)
+ ] (sd™I=0i | (1ps=)d(pi=2)h I = 21
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In this case, the proton amplitude being and following a similar derivation we can
conclude that the experimental cross section would be proportional to 2. While there is a
relatively small contribution of proton excitations in the rst 2 * state, the second 2 state
is expected to be dominated by the proton component.

If we assume a relatively weak mixing, the energy of the mixed-symmetry states remains
similar to the energy of the unperturbed states, which can be estimated by comparison with
14C and 80 (see Figure 1.3), located at 7.012 and 1.982 MeV and caused mostly due to
proton and neutron excitation respectively. Hence, the second 2 state we are interested in
is to be expected around 7 MeV, as discussed by Wiedekingt al. [14].

2.5 Reaction mechanism

We can distinguish two main types of nuclear reactions according to the time frame of the
interaction: direct reactions and compound-nucleus reactions. In compound-nucleus reac-
tions, beam particle and target nuclei fuse into a highly excited nucleus, so-calledompound
nucleus that remains bound long enough (10 1 - 10 18 s) for its excitation energy to spread
out among its nucleons. Therefore, its decay mode does not depend on the entrance channel.

Direct reactions, on the other hand, are quick processes (132 s) that happen in a
single step involving just a few nucleons in the nuclear surface while the others are largely
una ected, behaving as spectators. Due to the much shorter time scale of the interaction,
momentum transferred and excitation energy are relatively small and hence this reaction
mechanism only populates low-lying excited states.

The products of a direct reaction depends on what type of reaction is observed: the
most common reaction iselastic scattering, when the beam and target nuclei remain in their
ground state. If one or both nuclei become excited, it is theninelastic scattering. We can
also havebreak-upreactions, when the beam particle is fragmented in di erent lighter nuclei,
and transfer reactions, widely mentioned in the introduction, when one or several nucleons
are transferred from one nucleus to the other. However, the most important type of direct
reaction for this work are knock-out reactions, in which one or more nucleons are removed
from the beam particle.

2.5.1 One-nucleon knockout reactions

Direct reactions that transfer or remove a single nucleon are excellent experimental tools to
probe single-particle orbitals and orbital occupancies. In particular, single-nucleon knockout
reactions have high sensitivity to produce hole-states. Due to the nature of the reaction,
the momentum distribution of the knockout residue allows to determine the orbital angular
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momentum of the nucleon removed from comparison with reaction calculations based on the
eikonal method (see Section 2.5.1.1).

In exotic nuclei near the neutron dripline, with large neutron excess and small neutron
separation energies, weak binding e ects can make the wavefunction of one or more neutrons
to be extended, sometimes far beyond the range of the strong force forming neutron halo. The
peripheral character of knockout reactions that makes them specially sensitive to the external
part of the nucleons wavefunction, can provide insight on how the long-range components of
the nucleon-nucleon interaction in uence nuclear structure.

Figure 2.9: Diagram of a one-nucleon knockout reaction on a beryllium target, whereby a single
nucleon is removed from the beam particle in a peripheral collision with the target nucleus.Taken from
[42].

One-nucleon knock-out reactions are traditionally classi ed in two main groups: elastic
breakup or di raction and inelastic breakup or stripping (see Figure 2.10). In the former, the
target remains in the ground state while the removed nucleon is emitted in forward direction.
In the later, the removed nucleon is absorbed by the target, leaving the target nucleus in an
excited state.

The relative importance of each process depends on the beam energy. At high beam
energies, the single-nucleon knockout yield is dominated by stripping reactions, whereas at
lower energies, 50 MeVA, both contributions are similar.

It is worth mentioning that there is a third reaction mechanism, called Coulomb dissoci-
ation, by which a nucleon can be removed from the projectile due to Coulomb interactions
with the target. However, since the targets are traditionally chosen with low atomic number
Z, the one-nucleon removal yield due to Coulomb dissociation is very small in comparison
with di raction and stripping, and therefore its e ect is negligible in the cross sections.
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Figure 2.10: Schematic representation of the dierent types of single nucleon knockout reactions:
inelastic breakup or stripping (top right) and elastic breakup or di raction (bottom right).

2.5.1.1 Reaction formalism

One-nucleon knockout reactions in inverse kinematics are often described using the few-
body Glauber method [43], which is based on the eikonal approximation and the adiabatic
or sudden approximation:

" eikonal approximation: assumes that both incoming and outgoing particles are trav-
eling through the medium following a straight path. The wavelength of the projectile,
, should be much shorter than the target potential range, ,i.e. = o 1.

adiabatic or sudden approximation: assumes that the internal motion of the
system during the reaction is small compared to the motion of its centre of mass. The
energy of the scattered particle,E° ought to be a lot higher than the potential depth,
Vo, i.e. E% Vo.

These approximations are fully justi ed for our experimental case, due to the high beam
energy ( 0:7) and the fact that all particles are scattered in forward direction. Under
these conditions, the eikonal wavefunction can be written as:

(D= €eXsTE (b (2.25)

for incoming (+) and outgoing (-) particles, where + is the vector between core and va-
lence nucleon in the projectile and b is the transverse component of, can be understood
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as the impact parameter. The scattering matrix S*= (b) describes the scattering of the
incoming/outgoing particles, and is de ned as:

St (h=é T O (2.26)

where *= (b) is the eikonal phase, expressed as:

Z g

=

RO E Ugpe (9)dZ (2.27)

k
wherev is the relative velocity between projectile and target and ngf (¥) are the optical
potentials describing the elastic scattering of nucleon and core with the target. The simplest

description of this optical potential isthe t ort approach, that in the optical limit of the
Glauber theory can be written as follows:

Z

=

CE qp(a)~(a)fnn (9)Jo(aBdg (2.28)

k o

where () and ~(q) are the Fourier transformations of the nuclear densities of projectile
p and target t respectively, Jg is the Bessel function andf yy is the nucleon-nucleon scattering
amplitude:

K ,
fan(@= g an(i+ e @ (2.:29)

being nn, ~nNn a@and yn parameters tted to reproduce nucleon-nucleon scattering
data at forward angles.

This theoretical framework allows the calculation of the cross sections corresponding to
the removal of a nucleon from a given single-particle quantum state. These single-patrticle
cross sections have contributions from stripping (stripping ) @nd di raction ( gitfraction ) re-
actions, while Coulomb dissociation e ect is considered negligible. Therefore:

knockout = stripping t diffraction (2.30)

Once the scattering matricesS; and S,, of core and nucleon are known, it is then possible
to calculate the stripping cross sections as:
1 X

stripping — 23 +1 Jm chj2 1] Snj2 Jm db (2.31)
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where an integral over all impact parameters is made for the probability that the core survives
the reaction (jS¢j?) and the valence nucleon is absorbed (1j S,j?). Following a similar
reasoning, the cross section for di ractive breakup may be found by
Z
1 X .. -2, .2 x . .. .2
diffraction = JT+1 h amijl SnSc“] ami h gmolj SnScjj ami “db (2.32)

m m:m O

2.5.2 Quasi-Free Scattering Reactions

In general, quasi-free scattering (QFS) or a quasi-elastic reactions are direct reactions where
a bound nucleon, either a proton or a nucleon, is removed by a high-energy particle (100 to
1000 MeV) from a nucleus? A. They are therefore a type of knockout reactions with some
speci ¢ characteristics.

Figure 2.11: (p;2p) quasi-free scattering kinematics. (ko; Tg) represents the momentum vector and
kinetic energy of the incoming projectile respectively.,(ka 1;Ta 1) is the momentum vector and
kinetic energy of the the residual fragment andks; T;) and (k;; T») for the ejected protons. Original
taken from [44].

The rst studies of this type of reaction were back in the early 50's at the Lawrence
Berkeley Laboratory by O. Chamberlain and E. Sege, where they impinged 340 MeV protons
on a lithium target and observed paired protons scattering at 90 . This is in fact one of
the classical signatures of the QFS reactions.

Depending on the character of the nucleon removed, examples of QFS reactions in inverse
kinematics can be @;2p) and (p;pn), where a proton from the target removes a nucleon
from the beam particle. Both particles are emitted in the same plane { 180) and with
an opening angle of 90 ( 90 ), as both have the same mass.
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(a) Polar angular correlations (b) Azimuthal angular correlations

Figure 2.12: Theoretical angular correlations for QFS protons. The sum of the azimuthal angles
should be 180 while in the polar plane the protons scatter at 84 . Figures taken from [45].

2.6 Current knowledge on neutron-rich carbon isotopes

The motivation of this experiment intendsto locate and identify the mixed-symmetry second
2* excited state in even-mass neutron-rich carbon isotopes, nameRfC, 8C and 2°C. This

will be done by probing the structure of such nuclei populating bound and unbound states
via quasi-free scattering (p,2p) reactions induced by'’N, °N and !N beams. This mixed-
symmetry second 2 is expected to be unbound and therefore, likely to decay through neutron
emission towards!®C, 1’C and 1°C respectively.

This scenario makes the level scheme of even-mass neutron-rich carbon isotopég, 18C
and 2°C due to direct population from (p,2p) relevant to our analysis. The level scheme of
odd-mass neutron-rich carbon isotopes®>C, 1’C and °C due to possible population from
the one neutron decay channels from8C, 18C and 2°C respectively is also important. In
the following, the latest work on these nuclei and the corresponding level scheme will be
presented.
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2.6.1 Even-mass neutron-rich carbon isotopes

2.6.1.1 16C

Spectroscopy of 18C has been extensively
investigated via fusion-evaporation reactions
[14], one-proton knockout [17], inelastic scat-
tering [25, 46], one-neutron transfer [16] and
two-neutron transfer reactions [47, 48]. These
works allowed to identify four -ray transitions
amongst the bound states oft®C, as seen in the
level scheme presented in Figure 2.13.

In the latter work by Balamuth et al. [48],
bound states in 16C have been accessed via
14C(t; p)1C transfer reaction in order to probe
(sd)? congurations. The good agreement
between experimental excitation energies and
(t; p) transfer strengths and theoretical predic-
tions for positive parity states of 1*C and 16C
are deemed as €d)? two-neutron states cou-
pled to 2C and “C cores respectively [49].
This is a consequence of the virtual identical-
ity in the 2 s;-,-1ds_, splitting in 3C and *°C.

Regarding the unbound states, the rst ex-
perimental evidence on the population of the
unbound states in 18C was the observation in
1977 of the 2 state at 6.11 MeV by For-
tune et al. via (t;p) reaction [47]. More re-
cently, Satou et al. used one neutron knock-
out reactions to populated unbound states be-
low 7 MeV [50], and the reconstruction of the
fragment momentum distribution allowed the
spin and parity identi cation. Finally, H. G.
Bohlen et al. used three neutron transfer reac-
tion 13C(12C,°C)16C, where the states above 7
MeV were observed for the rst time [51].

Figure 2.13: Complete level scheme offC



2.6 Current knowledge on neutron-rich carbon isotopes 29

2.6.1.2 18C

The low-lying structure of 18C has been studied in recent experiments through pion charge
exchange [52], fragmentation [12, 53], inelastic scattering [20], one neutron removal [54] and
one proton knockout [21, 55]. However, current knowledge is limited to 4 -ray transitions,

3 of them rst observed by Stanoiu et al. [12], while the 2.5 MeV transition was observed
by P. Voss et al. [21]. Unfortunately, there is no information on the unbound states of8C,

Of particular interest is the previous study of 18C via one proton knockout reactions [55]
done at GSI using the same RB/LAND set up used in this work. Bound and unbound states
in 18C were analysed with the purpose of studying two-neutron correlations. It allowed to
con rm the structure of 8C as a core of'*C plus four valence neutrons arranged in strongly
correlated pairs in the sd shells.

(a) 18 C (b) 20 C

Figure 2.14: Complete level schemes dfC (left) and 2°C (right).

2.6.1.3 20C

At the time of writing very little is known about 2°C. A few experiments have been performed
recently, including fragmentation [12], two proton knockout reaction [15] and inelastic scat-
tering [56] studies but only the rst excited state has been observed so far, identi ed as a
2" and located at at 1.618 MeV [15].

This observation, however, was enough to extend the study of the systematics of the
energies of the rst 2" states in neutron-rich carbon isotopes up to N=12. This suggests that
the N=14 subshell gap observed in oxygen isotopic chain is no longer present in neutron-rich
carbon isotopes due to the reduced proton-neutron tensor and neutron-neutron interaction
[12].
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2.6.2 0Odd-mass neutron-rich carbon isotopes

2.6.2.1 15C

A large body of experimental e orts was devoted to study the level scheme ot°C, including
fusion-evaporation [57, 58], two neutron transfer (t,p) [59{61] and ( ,2p) [62, 63], one neutron
transfer (d,p) [64{66] and (3C,*2C) [67, 68] and charge exchange two proton removal. These
works show very good agreement locating the only bound excited state at 740.0(15) keV
with spin and parity assignment of 5=2*, thanks to angular distribution measurements by
Cecil et al. [64].

The opposite happens for the unbound states, where a signi cant humber of resonant
states has been observed beyond the neutron separation threshold, most of them where
observed for the rst time almost 50 years ago, by Garrett et al. [57] in 1974 via the
9Be("Li,p) 1°C reaction. Despite angular distributions measurements in one and two neutron
transfer reactions were helpful to identify the J and the spectroscopic nature of some of
these states, there is no rm spin and parity assignment for the unbound states beyond 6
MeV yet (see Figure 2.15).

2622 1'C

The spectroscopy of’C has been the focus of a number of experimental studies using
very di erent approaches: three neutron transfer reaction [51], fragmentation [12], proton
inelastic scattering [46, 69], one neutron removal [54, 70, 71],-delayed -ray spectroscopy
measurement [72] and one neutron transfer reactions [8]. The excitation energies provided
by these references show an excellent agreement locating the rst and second excited states
in 1’C at 0.217(1) and 0.332(2) MeV. Transverse-momentum distributions from knockout
fragments measured by Kondoet al. [54] and angular distributions of protons arising from
(d,p) transfer reactions observed by Pereira-Lopezt al. [8] con rmed 3=2*, 1=2" and 5=2"
assignments for the ground state and the rst and second excited states respectively.

Concerning the unbound states, di erent works were able to observe several states beyond
the low neutron separation energy oft’C at 734 keV. A three neutron transfer reaction study
[51] located 10 states above the neutron separation energy, with only de nitive identi cation
of the 9=2" state at 3.10 MeV. A proton inelastic scattering experiment [50] has observed
states at 2.20, 3.05 and 6.13 MeV. A -delayed neutron study [72] reported levels at 2.71,
3.93, 4.05, 4.78 and 5.08 MeV, the rst three assigned to#2 , 3=2 and (5=2 ). Three
unbound states were found by one neutron knockout of8C [73] at 2.74, 3.03 and 4.03 MeV,
but only the rst one has been assigned to bel] =1=2 (see Figure 2.15).
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(a) 15C (b) 17C

Figure 2.15: Complete level scheme ofC and 'C
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2.6.2.3 19C

The low-lying states in 1°C have been investigated via fragmentation [53], proton inelastic
scattering [56, 69], one neutron knockout [74] and one proton knockout [75]. However, only
atwo -ray cascade was observed, corresponding to states at 209 and 283 keV [56] with no
de nite spin and parity assignment yet.

In addition, two unbound states are known: one resonance at 1.46 MeV was observed by
proton inelastic scattering and identi ed as 5=2* by angular distributions [69], while 1p2n
removal reactions showed evidence of an unbound state at 653 keV [76], very close to the
neutron separation energy of 580 keV.

Figure 2.16: Complete level schemes dfC



Chapter 3

Experimental Detalls

3.1 Experimental Overview

The experiment S393 took place in August 2010 using the BB/LAND setup at GSI, Helm-
holtzzentrum far Schwerionenforschung in Darmstadt, Germany, where states in'eC, 18C
and 2°C are populated via quasi-free scattering p;2p) reactions from 1’N, 1°N, and %N
beams bombarding a CH target.

The RSB/LAND set up allows to study reactions in inverse kinematics via Coulomb
excitation and quasi-free scattering reactions at relativistic energies, by performing triple
and even quadruple coincidences on an event-by-event basis by requiring a registration of
incoming particles, an outgoing fragment, the produced neutrons and/or rays (see Figure
3.1).

The secondary beam particles are identi ed before reaching the target area via time-of-
ight and energy loss measurements using the last focal plane of the fragment separator S8,
the Position detector POS and the Position-Sensitive Pin Diode (PSP) detectors, while the
Right-Up-Left-Down detector (ROLU) is used as a veto detector to control the spot size of
the beam. The trajectory of both the incoming beam and fragments is measured with 2
pairs of double sided silicon strip detectors (DSSSDs or SSD), one before and one after the
target. Four of them are built together into a box-like geometry around the target dedicated
for angular measurements.

The trajectories of the outgoing heavy products are bent by the dipole magnet ALADIN
according to their A=Z ratio towards the fragment arm, comprised of two ber detectors
(GFI) that provide only x position, and the Time of Flight Wall (TFW), which provide
measurements of bothx and y positions as well as time for velocity measurements. Since
neutrons are insensitive to the magnetic eld, neutrons evaporated from the decaying systems
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are detected with the Large Area Neutron Detector (LAND) located at 12.5m on the zero-
degree arm.

Figure 3.1: R®B/LAND setup. Energy loss, beam tracking and time detectors can be seen at the
left-hand side followed by Crystal Ball -ray detector array, surrounding the target. After ALADIN,
neutron, fragment and proton arms are shown on the right-hand side. Picture taken from [77].

In order to accurately determine the cross sections of the ({;2p) reactions, data was
collected with a second target of pure carbon so the yield due to reactions with C nuclei
in the CH» target could be subtracted. Besides, in order to estimate additional spurious
reactions from the in-beam detectors, a run with no target (MT) was recorded.

3.2 Beam production

In this experiment the in- ight technique for the beam production was used at the GSI
accelerator facility in Darmstadt (see Fig. 3.2). A primary beam of “°Ar was used, ini-
tially accelerated to an energy of 115 AMeV and partially stripped of its electrons at
the Universal Linear Accelerator (UNILAC). Then the “°Ar*!1 jons were injected into the
synchrotron for heavy ions called SIS18 (named after the combination of its name in Ger-
man: SchwerlonenSynchrotonand its maximum magnetic rigidity, 18 Tm). Here, the ions
underwent a further acceleration up to 490 AMeV. The primary beam was then extracted
in the form of two-second spills and transported into FRagment Separator (FRS), where it
impinged on a 4011 mg/cn? Be production target with an intensity of 6 10 particles per
second.
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Figure 3.2: Layout of the GSI radioactive beam facility. A stable primary beam is accelerated by
UNILAC and SIS18 before impinging the production target at FRS, where the secondary beam of
radioactive ions are selected and transported to the Cave C in the experimental hall Il in which the
R3B/LAND setup setup is located.

The FRS is a high-resolution forward spectrometer intended for the production, analysis
and selection of radioactive ion beams (see Fig. 3.3). The production target is placed at its
entrance, where a wide range of di erent radioactive nuclei are produced by fragmentation
reactions. Among these nuclei, the isotope of interest are selected and transported by a
series of dipole and quadrupole magnets and delivered to the experimental area. Here the
dipole magnets separate the beam species of interest depending on the mass-to-charge ratio
A=Z satisfying the relation:

B /| — (3.1)

where B is the magnetic eld, the curvature of the trajectory through the eld, the
velocity of fragments and the Lorentz factor. The use of six di erent magnetic rigidity
settings allowed to select di erent radioactive ion beams and study the reactions induced
with di erent nuclei.

The di erent quadrupole and sextupole magnets are intended to focus the transported
ions and control the beam pro le in x and y direction.
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Figure 3.3: Schematic representation of the FRagment Separator (FRS) used at GSI to select the
radioactive nuclei of interest produced by fragmentation at the production target placed at the entrance
(target area, TA) and transport them to the experimental area (Cave C in our case, in S8). Dipole
magnets (green) are used to separate the fragments and quadrupole magnets (yellow) are intended to
control the pro le the beam in x an y. At S2 a wedge-shaped degrader can be placed to enhance beam
selection.

3.3 Beam-tracking detectors

3.3.1 POS

It is the rst detector of the R3B/LAND setup. It allows to calculate the beam velocity of
the incoming/outgoing particles by providing the stop/start signal to measure the time-of-
ight from S8 to POS and from POS to TFW. It is composed of a square-shaped plastic
scintillator sheet coupled by a light guide to four PMTs that provide time and amplitude
information (see Fig. 3.4). Its active area is (5.5 5.5) cn? and 2 mm thick for the S393
experiment.

Figure 3.4: Scheme of the POS detector. Taken from [78]
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3.3.2 ROLU

Called after its name in German"Rechts-Oben-Links-Unten" (right-up-left-down) is a detec-

tor array comprised of four movable plastic scintillators each coupled to a PMT (see Fig. 3.5.
Each scintillator is 5 mm thick and has an active area of (5 5) cm?. ROLU is designated
to de ne the beam-spot size acting as a veto signal for all particles hitting the scintillators.

POS in anticoincidence with ROLU plays an important role as the spill-on trigger.

Figure 3.5: Layout of ROLU (left). Taken from [78].

3.3.3 Position Sensitive Pin (PSP)

The Position Sensitive Pin silicon diode is a 300 m square-shaped plate with an active area

of (4.5 x 4.5) cn?. It has four anodes located close to the corners on the horizontal sides of
the plate (see Figure 3.6) that record position tracking signals and a single cathode located
in the middle of the upper side of the plate that records energy loss of the ion. The energy
resolution is 1% and position resolution of 0.02 cm. For this experiment only the energy-loss
measurements in combination with time-of- ight measurements from S8 and POS were used

for the incoming particle identi cation.

Figure 3.6: PSP detector. Taken from [79].
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3.4 SSDs

The purpose of this array of detectors is to track the X and Y position of charged particles
and heavy fragments. They also provide information on energy loss.

These double-sided silicon strip detectors have each an active area of 72x40 riirand a
thickness of 300 m (see Fig. 3.7). One side of a detector corresponds to the horizontal plane
and the other one to the vertical plane (s and k). The junction side (p-side) is called s-side
while the ohmic side (n-side) is called k-side. The former has a larger dimension, a read-out
pitch of 110 m and an implantation pitch of 27.5 m. It has 2560 strips and every fourth
one is connected to a read-out channel, (640 channels in total). The k-side is 40 mm long
and its implantation pitch is 104 m. Each of the strips on this side are read out individually
(384 channels). The total number of strips in each SSD is 1024.

In this analysis these detectors are used primarily in coincidence with TFW to identify
the charge of the outgoing particles.

Figure 3.7: Top: photo of a SSD detector. Bottom: Layout of the p-side (left) and the n-side (right)
of a SSD.
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