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Introduction

The atomic nucleus is one of the most complex and fascinating physical systems,
presenting a large variety of behaviors like deformation, collective excitation or particle
emission. An intense competition between the electromagnetic, strong and weak interac-
tions occurs within it. Since its discovery by E. Rutherford [1], more than a century ago,
great experimental and theoretical efforts have been achieved to understand its numerous
properties. And yet, even now, there is no unified theory that would explain all nuclear
phenomena.

Early, it has been proposed that the nucleus has a shell structure, similar to the
electrons in the atom. Indeed, the nucleus components, the protons and the neutrons,
may arrange themselves in such ways that some interesting features arise. One of the
most famous examples is the extra binding energy for nuclei having special numbers of
protons and/or neutrons, the magic numbers. Some of these numbers were first identi-
fied in 1934 from isotopic and isotonic abundances by K. Guggenheimer [2], and from
binding energies by W. M. Elsasser [3]. The latter tried to establish for the first time an
independent-particle model, where each nucleon moves independently from the others in
a global potential, but neither his model nor the similar ones that followed could establish
the correct list of magic numbers. The solution to this problem was found in 1949 by
Goeppert Mayer [4] and Haxel, Jensen and Suess [5], who introduced a spin-orbit term in
the potential which gave rise to the well-known magic numbers: 2, 8, 20, 28, 50, 82, 126.
However, although these numbers are valid for the nuclei in the valley of stability, they
are not universal throughout the nuclear chart [6].

One of the greatest challenges in nuclear structure nowadays is to understand the shell
evolution for extreme neutrons over protons N/Z ratios. The observation of the strong
rearrangements of nuclear structure far from stability help to have a better knowledge of
the forces at stake. With the developement of radioactive-ion beams facilities worldwide
over the last few decades, more and more exotic regions of the nuclear chart can be reached.
We show this nuclear chart in figure 1. Many techniques were developed in order to access
to the multiple facets of the nucleus, like laser spectroscopy, mass measurement, S-decay
studies and of course plenty of nuclear reactions involving a wide range of energies. All

these techniques are complementary.
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Figure 1 — The chart of nuclides. The colors represent the different decay modes and the
conventional magic numbers are indicated.

In this thesis, we are interested in the proton-shell evolution towards the supposedly
doubly-magic ™Ni nucleus (Z = 28, N = 50). The evolution of the Z = 28 gap towards
N = 50 can be studied by probing the single-particle character of the states in the
copper isotopic chain, having one proton more than nickel. Our work focuses on “Cu,
at N = 50, produced through the (p,2p) proton-knockout reaction and studied by means
of in-beam ~-ray spectroscopy. The physics motivations for such a study are described
in chapter 1. The setup of the experiment and the different analysis steps are explained
in chapters 2 and 3, respectively. In chapter 4, we describe the procedure we established
for building level schemes from our data and test it on a known case for validation. We
apply this procedure to Cu in chapter 5. Finally, the interpretation of our results and
their comparison with shell-model calculations is done in chapter 6.



Chapter 1

Shell evolution towards 'SNi

1.1 Nuclear shell-model and exotic nuclei

The nuclear shell-model remains one of the major tools to treat the many-body
problem that represents the atomic nucleus. We present here the main features of this
model, proven to be robust for nuclei close to the valley of stability, and the mechanisms

at work in exotic nuclei.

1.1.1 Independent-particle picture

The properties of a nucleus with a A-body wave function ¢4 are given by the Schrédinger

equation,
A

2 Lo
;—%Aﬂrgw(%]) Ya = Epa (1.1)
with W the many-body interaction. Here we show only the two-body part, but the
reasoning that follows is the same including more-body terms.

The fundamental hypothesis of the nuclear shell-model is that each nucleon moves
independently in a mean-field describing the average interaction with the other nucleons

and represented by a one-body potential U (7). Then, the Hamiltonian is rewritten as

H= [i <—%Ai + U(i))

i=1

A~

+ —HO+v (1.2

S W) - S UG)

A
i<j i=1

where V is the residual interaction. By using an appropriate U, this residual interaction
may be small and is neglected in the independent-particle model. The facts that in stable
nuclei there is a nearly constant nucleon density and that nuclear forces are short-range
interactions lead legitimately to choose a Woods-Saxon potential for U, or an approxi-
mation as a harmonic oscillator potential. The nucleon orbitals that can be built from

such a U are shown in figure 1.1, on the left and central parts. The large gaps between
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shells correspond to the harmonic oscillator magic numbers, which are 2, 8, 20, 40, 70.
Independently, Goeppert Mayer [4] and Haxel, Jensen and Suess [5] proposed to add a
spin-orbit term in the potential, like for electrons in atoms, and the spin-orbit splitting
led to the set of magic numbers that we know, as shown in figure 1.1 on the right.

N=5 3 ) 3Py
—,........._._—p.-::::::::::. 3p3/2
2f IR 2f5/2
"""" 12?9/2
1h 712
82 .
1
/
N=4 3 2y,
............. 2d 251/2
— =l 971
19 2d5/2
50
194/,
N=3 _ 2 e 2Py
' T T 1f5/2
i ' 2p,
28
1f7/2
20
N=2 2s —————— 1d
el T ad e 25
............. 1/2
1d5/2
8
N=1 ... _Ip e — 1py,
1pg,
2
N=0 1s
e e e e — e e ke e e e — 151/2
H. O. W.-S. W.-S. + S. 0.

Figure 1.1 — Orbital scheme from the single-particle Hamiltonian H©O of equation 1.2, using
a harmonic oscillator potential (left), a Woods-Saxon potential (center), and a
Woods-Saxon potential plus a spin-orbit term (right).

The validity of this independent-particle model is limited to closed-shell nuclei with
one particle or one hole, but for a number of protons or neutrons getting away from
the magic numbers, the residual interaction cannot be neglected anymore: the two-body
interaction plays a significant role. Moreover, these magic numbers are not universal
throughout the nuclear chart, as the nuclear forces far from stability may induce strong
structure rearrangements. Some of them can disappear, like N = 28 in silicon isotopes [7],
while new magic numbers arise, like N = 34 in calcium isotopes [8]. We can therefore

wonder what happens to the Z = 28 gap in exotic regions of the nuclear chart.



1.1. Nuclear shell-model and exotic nuclei

1.1.2 Effective NN interaction

The properties of the force between two nucleons can be derived from nucleon-nucleon
scattering experiments and from the study of the deuteron, the only two-nucleon system
that is bound. From these observations, we can obtain some general properties of the

NN interaction:

e [t is attractive but with a hard core component that prevents the nuclear matter
from collapsing;

e [t is of short range, of the order of 1 fm;

e It is strongly spin-dependent, since no pair of nucleons with .S = 0 is bound contrary
to the S = 1 ground-state of the deutron;

e [t comprises a non-central part, i.e. a part that has not a spherical symmetry, made
of the spin-orbit term L.S and the tensor term, written as:

512 = —51.52 (13)

with r = |F; — 7| the distance between the two nucleons;
e It is charge-independent.

Then, different potentials can be built by combining spin (&;.53), isospin (71.73), spin-
orbit (Eg) and tensor (S12) terms in order to reproduce the experimental observations.
We can notice that the spin-orbit and tensor terms of the interaction act only between
nucleons having a relative spin S = 1.

In order to simplify the many-body problem, shell-model calculations are based on a
truncated space, i.e. a space reduced to several valence orbitals above an inert core, as
explained in section 1.4. Therefore, one deals with an effective NN interaction within
the valence space. To derive this effective interaction, one generally starts from the free
nucleon-nucleon interaction to which are added in-medium effects, because a core is in
reality never totally inert, and the Pauli principle, as a nucleon cannot move to states
already occupied by other nucleons. The in-medium effects are taken into account using
perturbation theory, and the Pauli principle requires the strong repulsive component in the
N N interaction at very short range. Due to the latter, a renormalization procedure has to
be applied because otherwise the repulsive part of the interaction, which tends towards in-
finity when r goes to zero, would make the perturbation treatment meaningless [9].

Such an effective interaction that one builds from the bare NN potential fails to
reproduce saturation properties of nuclei and spin-orbit magic numbers [9]. The limitation
to two-body forces is probably the cause of this problem and the addition of a three-body
term has been argued to give a better agreement with the experimental data [10]. For
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example, an effective interaction with a three-body term has been developed in the oxygen
isotopes region [11], leading to a correct neutron drip-line at 2*O, while the use of only
a two-body interaction puts it wrongly at 2*0. For the valence spaces where no effective
three-body interaction is available yet, a solution was found in the multipole decompostion
of the Hamiltonian.

1.1.3 Multipole decomposition of the Hamiltonian

Historically, the multipole decomposition of the Hamiltonian was done to overcome
the insufficiency of two-body effective interactions described just before [12]. The decom-

position is done in the following way [13]:
H=H,+ Hy (1.4)

with H,, the monopole part and H); the multipole part. The problem of the two-body
interaction was bypassed by adjusting the monopole part to experimental data.

Monopole part

The monopole part of the Hamiltonian depicts a spherical mean field. It is responsible
for global saturation properties and single-particle behavior [13]. Considering a two-body
interaction V', the monopole part of the Hamiltonian can be written as follows [14]:

T TAT TV AT SV 1/1/ ’_ JJ 7r7r ’_5jj')
(1.5)

with €™ the proton and neutron single-particle energies, n™” the proton and neutron
number operators, j the set of quantum numbers of a given orbital, and V;;T' the monopole
component of V', corresponding to an average of the two-body interaction over all possible

magnetic substates of the two nucleons in the orbits j and j':

'7"7" _ ZJ<=7]/’VUJ,>J (2‘] + 1)
Y (2 +1)

with J the angular momentum of a two-body state, that takes all allowed values, and

(1.6)

7 the type of nucleon. Terms with higher-order of n™” have to be added to take into
account more-body interactions.

In the shell-model framework, the monopole Hamiltonian is used for the calculation of
effective single-particle energies (ESPE), which quantify the effects of the other nucleons
on a nucleon in a given orbital. These ESPE are defined for an occupied orbit as the

opposite of the nucleon separation-energy of this orbit and for an unoccupied orbit as the
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opposite of the gain of binding energy by putting a nucleon into this orbit [15]. The ESPE

T/

are linear functions of the occupation numbers (77 ) of the orbitals j" above a core Ay,

=T(A) = e7(A) +Zv” a7y (1.7)

]

where the sum runs over all valence orbitals, and

Agj =7 (A) — el (A) = Zv” ) (1.8)

]

is the so-called monopole drift. An illustration of such an effect is shown in figure 1.2(a).
The monopole drift is responsible of shell-structure modifications that can be strong
enough to make disappear some magic numbers and give rise to new ones, like for ex-
ample in 22O [15, 16], illustrated in figure 1.2(b). Unfortunately, the ESPE are not ob-
servables [17]: they are uncorrelated energies while the nucleus is a correlated system.
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Figure 1.2 — Monopole drift. (a) Linear decrease of the 7j’-orbital ESPE as a function of the
neutron occupation in the vj orbital. (b) Example of a monopole drift for the
neutron 1dz/, orbital between 30Si and 240, relatively to the 2s; /2 orbital. The
magic number N = 20 disappears and is replaced by N = 16 [15,16].

The contribution to the shell evolution of the different components of the monopole
part of the NN interaction has been much discussed [14,15,18-22]. This is not a straight-
forward question because of the renormalization of the bare NN force and the adjustment
of the monopole part to experimental data. In several studies, the effective interaction was
decomposed into central, spin-orbit and tensor parts, allowing to trace them separately.
Various effective interactions and different shells were considered. The conclusion of these
works is that the central part of the NN interaction mainly drives the global trend of
the ESPE, while the tensor part can significantly modify the ESPE splitting between
spin-orbit partners [14,18-21]. The tensor force, when filling a neutron (proton) orbital
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j' =1 +1/2, impacts proton (neutron) spin-orbit partners j. =[+1/2 and j_ =1—1/2
as follows [19]:
(24, + )V + (24 + DV = 0 (1.9)

meaning that the monopole part of the tensor force acts in an opposite way on spin-
orbit partners, but also that it vanishes when both j_ and j_ orbitals are full. Moreover,
J. —j. and j. — j_ interactions are attractive while j. — j_ and j' — j_ interactions are
repulsive. As explained in section 1.4, this has strong implications on the shell gaps that
are delimited by spin-orbit orbit partners, which is the case of the Z = 28 gap in “®Ni.

Multipole part

The multipole part of the Hamiltonian describes the correlations between the valence
nucleons, like pairing and quadrupole interactions. It is responsible for the particle-
hole excitations across shell gaps. The decrease of a shell gap, due to a monopole drift
that brings closer the two orbitals defining the gap, can induce the presence of intruder
deformed configurations at low energy if the correlation energy of such configurations is
larger than energy needed to create them [14]. In some cases, the correlations may be
important enough so that the typical signatures of a magic nucleus disappear, while the
magic gap is only weaker but still existing [12]. There is therefore competition between
the monopole part, that tends to make the nucleus spherical, and the multipole part,
that leads it into a deformed shape. The disentanglement between correlations and pure

monopole effect is non-trivial.

1.2 Magicity in the vicinity of “®Ni

In the shell model as it was initially formulated, the proton 7 f7,; orbital separates
from the 3hw harmonic oscillator shell because of the spin-orbit splitting and forms the
Z = 28 gap. The neutron vgy/, orbital splits off from the 4hw shell to join the 3hw orbits
and creates a magic number at N = 50. With 28 protons and 50 neutrons, the "®Ni
nucleus is thus expected to be one of the most neutron-rich doubly magic nuclei, making
it of great interest for nuclear structure.

Up to now, no evidence has been found for the disappearance of the shell closures at
Z =28 and N = 50, even if some studies hint at a possible weakening of the Z = 28 magic
number towards N = 50, as explained in the following, and more recently of the N = 50
magic number below "®Ni [23]. The mechanisms at work far from stability, described in the
previous section, may influence these two gaps, in particular through monopole drifts of
single-particle energies. So far no information about the spectroscopy of "®Ni is available,
but we present here the status of experimental knowledge regarding the magicity towards

this key nucleus, focusing more on the Z = 28 gap.
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1.2.1 Separation energies

Mass measurements are a key tool in the identification of shell closures, as they give

access to properties like the two-proton separation energy, defined as
Sop(Z,N)=M(Z —2,N)+2M(*H) — M(Z,N) = B(Z,N) — B(Z —2,N)  (1.10)

with M the mass and B the binding energy of the nuclei considered. In other words,
this quantity corresponds to the energy required to remove the last pair of protons, which
is much higher in the case of a closed shell than for a pair of protons above a gap. In
figure 1.3(a), one can see the evolution of S, as a function of the number of protons in
the nickel region. The drop when passing Z = 28 that can be observed in the N = 40
and N = 42 isotonic chains is characteristic of a shell closure. The latter is even more
visible when looking at the evolution of Sy, as a function of the neutron number, shown
in figure 1.3(b), where there is a gap between the nickel and zinc isotopic chains. Unfor-
tunately, So,("®Ni) and Sy, (%°Zn) are not known, they require to measure the masses of

Fe and "®Ni that are not accessible so far.
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Figure 1.3 — Two-proton separation energies of (a) the N = 40 to 50 isotonic and (b) the Z = 26
to 32 isotopic chains. Data taken from reference [24].

1.2.2 Half-lives

Experimental indications of a doubly-magic ®Ni can also be found looking at the half-
lives of the surrounding isotopes. The systematics of the $-decay half-lives for the Z = 27
to 31 isotopic chains is shown in figure 1.4.
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Figure 1.4 — S-decay half-lives of the Z = 27 to 31 isotopic chains above N = 44. Data taken
from references [25,26].

Half-lives beyond "®Ni were measured at RIKEN [25]. The fast drop of the half-life
for the N > 50 nickel isotopes was interpreted by the authors as suggesting the magicity
of the N = 50 neutron number: if the N = 50 gap is large, the 51*" neutron that is
above will strongly increase the ()3 value and therefore strongly decrease the half-life. As
regards the gap between the cobalt and nickel chains, a similar reasoning is made but
this time concerning the Z = 28 gap: in a Co—Ni decay, the proton produced can fill the
last proton orbital before the gap, while a Ni—Cu decay can only fill an orbital above,
decreasing ()g especially if the gap is large.

1.2.3 Systematics of the 2] state

One of the signatures of a shell gap is a high first 2% state in the magic nucleus
compared to its neighbors. This can be understood within the shell-model framework as
follows: (i) if the nucleus is doubly magic, i.e. with a closed shell for both protons and
neutrons, at least one nucleon has to be excited across a shell gap to generate a 27 state,
which requires an important amount of energy; (7i) in a nucleus with one closed shell and
one open shell, the creation of an excited state costs only the energy of breaking a pair
in the open shell; (i77) when both proton and neutron shells are open, we can have an
important deformation of the nucleus that leads to even lower excited states.

The evolution of the 2] state in the N = 44 to 52 isotonic chains is shown in fig-
ure 1.5(a). The magic character of Z = 28 is reflected by a higher energy of the 2
state in nickel compared to the other isotopes. The same observation can be done for the
N = 50 isotonic chain that is higher in energy than the others, showing the magic char-
acter of N = 50. Similar conclusions can be drawn from the systematics of the 2] state

10
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in the iron, nickel, zinc, germanium and selenium isotopic chains, shown in figure 1.5(b):
when passing the N = 50 neutron number, the 2] state suddenly rises, and the nickel
isotopic chain is significantly above the others.
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Figure 1.5 — Systematics of the 2] state in (a) the N = 44 to 52 isotonic and (b) the Z = 26 to 34
isotopic chains. The Z = 28 and N = 50 numbers clearly show a magic character,
but no information is available for ®Ni so far. Data taken from references [26-37].

Up to now, no information about the spectroscopy of "®Ni has been published, but one
can see that its 2] -state energy would be a crucial information to ascertain the persistence
of the Z = 28 and N = 50 gaps at such a high exoticity.

1.2.4 B(E2;2" — 07) in nickel isotopes

The ™Ni nucleus (N = 42) was found to have a reduced transition probability
B(E2;27 — 07), defined in section 1.5.2, three times larger [38] than for ®®Ni [39]. While
it is somewhat normal that the addition of two neutrons above a subshell closure, like at
N = 40, increases the collectivity, such an abrupt rise of the B(E2) in "°Ni was unex-
pected and was interpreted as an indication of a reduction of the Z = 28 gap [38]. This
was also suggested as a possible explaination for the slight decrease of the first 2" -state
energy above "Ni [30], that can be seen in figure 1.5(b). The enhancement of collectivity
was confirmed in Ni by measuring its deformation length, but this time the authors con-
cluded that it could be also due to the weakening of the N = 50 gap and not necessarily
of the Z = 28 one [40]. More recently, two experiments were performed to measure the
B(E2) value in ™™Ni, one through Coulomb excitation [41] and the other one through
a lifetime measurement [42]. The results show that the enlargement of collectivity above

N = 40 is not as pronounced as previously said and the authors concluded that the

11
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quenching of the Z = 28 gap does not happen. But no other explanation for such a high
B(E?2) in ™Ni was given so far. As a consequence, the study of the proton magicity close
to "™®Ni is of primary importance to disentangle the ambiguity on the possible weakening
of the Z = 28 gap.

1.3 The neutron-rich copper isotopic chain

Neutron-rich copper isotopes, having one proton more than nickel isotopes, provide
an interesting way of probing the nuclear structure in the vicinity of “Ni, in particular
to characterize its proton single-particle nature. We present here the latest status of the
experimental knowledge in this isotopic chain. The orbitals of interest for protons are
1f7/2, supposedly full, and 2ps/, 1f5/2, 2p1/2. As regards neutrons, we are concerned
about the 1gg/, orbital, which is empty at N = 40 and full at N = 50.

1.3.1 Monopole drift

When adding neutrons in the vgg/, orbital above the N = 40 subshell gap, there is a
sudden decrease of the energy of the first 5/2~ excited state relative to the 3/2~ ground
state in "7 Cu, compared to lighter copper isotopes. This was established from /3 decay
of 89TLT3Ni [43,44] and the authors assumed a 7 f 2 and mps/, single-particle characters
for these two states, respectively. The 7 f5/, single-particle character of the 5/27 state
in 977 Cu was confirmed by Coulomb excitation [45], in which the fall of the reduced
transition probability B(E2;5/2; — 3/2,,) from more than 10 W.u. (N < 40) to less
than 5 W.u. (N > 40) was observed. The inversion of these 3/2~ and 5/2~ states above
N = 44 was evidenced from collinear laser spectroscopy, where it was shown that the
ground state of Cu has a spin 5/27 [46]. Two nearly degenerate states were observed
in ®Cu, at 61.7(4) and 66.2(4) keV [47], and based on the systematics and the B(MT1)
and B(E?2) transition rates, the authors concluded that one of them is a 3/2~ state with
a significant single-particle character. The inversion of the first 3/2 and 5/2~ states in
Cu was found to be maintained in “"Cu by laser spectroscopy [48], and the first 3/2~
level was assigned very recently to a state at 293 keV in a (-decay experiment [49]. But
no information is available for ™Cu.

The systematics of the first 3/2~ and 5/2~ states in the copper isotopic chain is shown
in figure 1.6. The important single-particle character of these levels means that the gap
between the mps/, and 7 f5/, orbitals decreases when filling the vgg/, orbital, due to a
monopole drift [43,44]. If the 7 f5/, orbital is inverted with the 7ps/, one, it becomes the
upper orbital defining the Z = 28 gap, and therefore a continuation of the monopole drift
could affect the size of the gap.

12
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Figure 1.6 — Systematics of the first 3/27 and 5/27 states in neutron-rich copper isotopes. The
ground-state spin changes at N = 46. Data taken from references [26,43,46-50].

It is interesting to note that a similar behavior was observed in the gallium isotopes,
that have two protons more than copper. Indeed, the ground state of "Ga (N = 40)
has a spin 3/2” and when starting to fill the vgq/, orbital, there is a drop in energy of
the first 5/27 excited state, although less sudden than for copper. The inversion between
the 3/27 and 5/2~ states happens in ' Ga [51,52]. The authors concluded that the same
mechanism as for copper is at work in gallium. But studying single-particle behaviors in
gallium is more difficult as the three protons in the mps/s f5/o orbitals, instead of one for
copper, may couple and give rise to states that mix with the single-particle ones.

1.3.2 71']"7_/12 single-hole strength

The behavior of the mf7/, spin-orbit partner is more difficult to determine. This
orbital is of primary importance as it is the lower orbital defining the Z = 28 gap. Access
to this hole state is possible through proton transfer or knockout reactions. The 7 f{é
strength can be fragmented over several 7/2~ levels and it is therefore necessary to extract
the spectroscopic factor, defined in section 1.5.1, of each level in order to calculate the
centroid of the strength.

In ®Cu, two 7/2 states were observed a few decades ago [50] and another one was
discovered recently [53], from experiments using the "°Zn(d,*He)®Cu pick-up reaction.
These three states lie at 1.71, 1.87 and 3.35 MeV and were found to have spectroscopic
factors equal to 2.50(14), 0.50(10) and 2.40(15), implying the important 7rf7’/§ character
of the first and third ones. 67(3)% of the 7 f;/é strength have been observed and the rest
must lie at higher energy than 3.35 MeV, meaning that the centroid found at 2.45 MeV
has to be seen as a lower limit [53].

A 7/27 state was observed at 1.19 MeV in "'Cu, fed by the E2 cascade from the decay
of a 19/2~ isomeric state [28,54], for which a single-hole character was excluded by the

13
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large B(E2) value (10.7(12) W.u.) measured in the Coulomb-excitation experiment [45].
Based on the log ft values, a 7/2~ spin was assigned to the 0.98-MeV state observed in the
[-decay experiment [43,44]. In the ™Zn(d,*He)" Cu pick-up reaction perfomed lately [55],
none of these two levels was observed but three new 7/2~ states were discovered at 1.86,
3.24 and 4.36 MeV with a spectroscopic factor of 1.4(2), 1.5(3) and 3.7(6), respectively.
An experimental centroid of 3.8 MeV for the 7 f{é strength was determined from the latter
experiment, based on the 86(12)% of the total strength observed. Comparing with %°Cu,
it is not possible to clarify in what direction or to what extent the energy of the centroid
shifts, but the 7 f;/é strength remains sufficiently high to conclude that the Z = 28 gap
does not collapse when starting to fill the vgy/, orbital [55].

The first spectroscopic information for ”*Cu was obtained in the 3-decay experiment,
in which a 7/27 spin has been tentatively assigned to two states, at 0.96 and 1.01 MeV, and
a (7/27,9/27) spin to another one at 1.30 MeV [44]. The Coulomb-excitation experiment
exludes the single-hole character of the 0.96-MeV level because of its high B(E2) value
(14.9(18) W.u.) [45]. A multinucleon-transfer experiment was performed recently, in which
the lifetime of several states was extracted [56]. The authors concluded that only the
1.30-MeV state could have a 7 f;/é single-hole character, in contradiction with the core-
coupling character suggested earlier [44], but mentioning that this state could also have
a spin 5/27. The situation is not clear in this nucleus and no spectroscopic factor was
extracted, preventing from firm conclusions.

As regards the isotopes heavier than Cu, no 7/2~ state has ever been observed
in ”Cu, while two of them were possibly identified in 7"Cu in a recent S-decay experi-
ment [49]: one at 1.15 MeV, interpreted as a core-coupling state, and another one ten-
tatively placed at 2.07 MeV, mentioned as a possible candidate for the 7 f7_/§ hole state.
For ™Cu, there is not even a partial level scheme. The situation is therefore not clear in
this region, and spectroscopic information in such an exotic isotope as "Cu is crucial in
order to know more about the behavior of the Z = 28 gap when reaching N = 50.

1.3.3 Low-lying collective states

One of the major discoveries in the Coulomb-excitation experiment was the observation
of a strongly collective low-lying state in "»Cu [45]. Indeed, a 1/2~ level was observed
with a large B(FE2;1/2; — 3/2,,) value, above 20 W.u., in both isotopes, at 454 and
135 keV, respectively. In comparison, the first 1/27 in %Cu was measured at 1.1 MeV [50]
and the corresponding B(E2) value is 10.4 W.u. [45], meaning that there is a significant
increase of the collectivity at low energy beyond N = 40. This coexistence of single-
particle and collective states was also observed in "Cu, with the discovery of nearly
degenerate isomeric states at 61.7(4) and 66.2(4) keV [47]. Although it was not possible
to attribute firmly a spin to each state, the authors suggested a spin 3/2~ and 1/27,
based on the systematics. They determined the B(FE2) of each transition assuming these
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spins and they found that the 3/27 state has a mps/s single-particle character while the
1/27 state, with B(E2;1/27 — 5/2.,) > 16 W.u,, is strongly collective. These low-energy
collective states might be linked to the possible increase of collectivity in nickel isotopes,
discussed in section 1.2.4. It would be interesting to see the evolution of the energy and
nature of this first 1/2~ state when reaching N = 50.

1.3.4 Summary

The systematics of the first 1/27, 3/27 and 5/2~ states as well as the known or sug-
gested 7/27 ones for N > 40 is shown in figure 1.7. The spectroscopic factors extracted
for the 7/2~ states are indicated, knowing that in this precise case their sum is at most
equal to 8 (i.e. 2j 4 1, the number of protons expected in the 7 f7/, orbital in the ex-
treme shell-model representation) for a given copper isotope. The two lowest 7/2~ states
were not observed in the Zn(d,*He)™ Cu reaction, meaning that their spectroscopic fac-
tor is low [55], and no spectroscopic factors were measured in heavier copper isotopes.
The systematics of the 2] state in nickel isotopes is also shown, and it can be noted
that it follows closely the 7/2~ states of copper for which a core-coupling nature was
determined [45,55,56] or at least suggested [49].
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Figure 1.7 — Systematics of the first 1/27, 3/27, 5/27 and 7/2~ states of neutron-rich copper
isotopes, as well as the 2f state of nickel isotopes. The spectrosopic factors known
for the 7/27 states are indicated. Data taken from references [27-30,43-50,53-55].
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1.4 Summary of theoretical studies for copper

Shell-model calculations in the full space, i.e. considering all possible single-particle
orbitals, is numerically impossible for medium-mass and heavy nuclei, and one has to use
a truncated space. The model space in then divided into:

e An inert closed-shell core, whose orbitals are always full (no exchange of particles
with upper orbitals);

e A valence space, composed of several orbitals where the valence nucleons may evolve;

e A forbidden space, including orbitals energetically higher than the valence space,
which is always empty.

These three components are chosen depending on the region of interest in the nuclear
chart and the total dimension of the valence space is given by

Qr Q,
o- (%) (%) o

with N, the number of valence protons and neutrons evolving in a space of dimension
Qnpand Q=3 :(27 +1).

One of the first shell-model calculation dedicated to the copper isotopic chain beyond
N = 40 was performed after the -decay study but before the Coulomb excitation and
laser spectroscopy experiments, using a realistic interaction developped by the Strasbourg
group in a valence space composed of the ps /s f5/2p1/299/2 orbitals, both for protons and
neutrons, above a *Ni core [57]. The main component of the wave functions of the 3/2~
and 5/27 states above N = 40 is found to correspond to the 7ps/, and 7 f5/5 single-particle
states, respectively. The calculations show a monopole shift, as observed experimentally,
but the 5/27 lies too high in energy and the inversion of the mps/, and 7 f5/, orbitals is
predicted at N = 50.

This monopole drift implies the strong attraction between the vgg/ and  f5/, orbitals,
that has been later explained by the tensor force by the Tokyo group in a study where
the inversion of the mps/, and 7 fs5/, orbitals is found to happen at mid-shell [19]. The
authors also predicted a weakening of the Z = 28 gap in “®Ni because of the repulsion
between vgg/, and 7 f7/5 orbital, due to the same tensor force. The effect of such an
interaction between the vgg/, and the 7 f7/of5/2 orbitals is illustrated in figure 1.8(a),
while an example of the predicted evolution of proton ESPE is shown in figure 1.8(b).
Further calculations within the ps/s f5/2p1/299/2 valence space were then performed using
the JUN45 interaction [58]. They reproduce the inversion of the 3/27 and 5/2~ states in
Cu but failed to explain the lowering of the 1/2 one.
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Figure 1.8 — (a) Schematic representation of the interaction due to the tensor force between the
vgg/e and 7 f5 9 f7/2 orbitals. (b) Evolution of the proton ESPE in nickel isotopes,
showing the inversion between the mp3 /5 and 7 f5 5 orbitals. Values taken from [20].

A possible weakening of the Z = 28 gap towards N = 50 was also stressed by cal-
culations performed by the Strasbourg group, including the  f7/, orbital in the valence
space [59], which allows proton excitations across the Z = 28 gap. In agreement with the
experimental evidences [45] and the previous calculation for copper [57, 58], the authors
showed the important single-particle character of the first 3/27 and 5/2~ states, while
the first 1/27 level is found to be more and more collective when adding neutrons in the
Vg2 orbital, except at N = 50 where there is a restoration of its single-particle character.
In these calculations, the inversion of the mps/y and 7 f5/, orbitals was found at N = 46
and the systematics of the low-lying levels, known up to ®Cu at that time, was correctly
reproduced. The authors explained the impossibility for previous calculations to have a
fair agreement with the experimental systematics by the lack of proton degrees of free-
dom due to the non-inclusion of the 7 f7/, orbital in the valence space. Later on, the same
authors showed that using a larger model space, with the addition of the vds/, orbital
that allows neutron excitations across the N = 50 gap, the Z = 28 shell closure appears
to be robust [60]. The latter work was performed using the LNPS interaction [61].

The tensor force seems to play a major role in the evolution of the Z = 28 gap,
delimited by the 7 f7/ and 7ps /s -7 f5/2 orbitals. The strength of this interaction reaches
its maximum when the vgg, orbital is full, at N = 50, i.e. for ™Ni. The lack of data
in the very close vicinity of the latter nucleus prevents both experimental and theoretical
firm conclusions about its magicity. The study of “Cu can therefore provide significant
information on the evolution of nuclear structure in such an exotic region of the nuclear
chart.
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1.5 Study proposed in the present work

In the experiment, described in the next chapter, we are dealing with inverse kine-
matics and the nucleus of interest is produced through proton-removal of the projectile:
80Zn(p,2p)™Cu. Nucleon-removal reactions, also referred as knockout reactions, are part
of the direct reactions. A direct reaction is a fast process occurring at the surface of
the nuclei where a few nucleons may be exchanged or removed from the projectile and
the target, and in which the populated final states keep memory of the initial state [62].
This property leads to the notion of spectroscopic factor, a powerful tool that links direct
reactions and nuclear structure. The v rays emitted in-flight by the final nucleus are
detected to obtain information on its levels.

1.5.1 Spectroscopic factors

In a knockout reaction, hole states can be populated. The probability to populate a
final state f depends on the overlap between this state f and the initial state ¢ of the
projectile. The overlap between a nucleus with A nucleons in the initial state [¢/!) and a
nucleus with A — 1 nucleons in the final state |1/1}4’1> is given by the spectroscopic factor:

Sk = 1wl af, [y )1 (1.12)

with aL the creation operator. Said in a different way, this spectroscopic factor S, quan-
tifies the degree of likeness between a nucleus |@Z)}4_1> and a core [¢f1) plus a hole in
the k = (nlj) orbital. Therefore, Sy informs us about the single-hole nature of each pop-
ulated state in the final nucleus. Sy goes from 0 (no likeness at all) to 1 (full likeness, i.e.
pure single-hole state). Of course, due to the correlations in the nucleus, pure single-hole
states do not exist and the spectroscopic strength is fragmented over several levels. The
challenge resides in finding all these fragments in order to reconstruct the energy centroid
of the considered orbital, given as follows:

. St R
Ecentrozd _ Zz k : k 1.13
g > Sk )

with E} the energy of each level i with a spin and parity j S carrying a spectroscopic
strength S¢. Often, and it will be the case in the following, the spectroscopic factors
regarding nucleon-removal are multiplied by the occupation number of the orbital k£ in

the initial nucleus, which corresponds at most to (2j + 1).
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1.5. Study proposed in the present work

Unfortunately, spectroscopic factors are not observables [17], they are model depen-
dent, but they can be extracted from the reaction cross sections. Indeed, the cross sec-
tion to populate a given final bound state with a spin J;’, called exclusive cross sec-
tion geee(J;'), is given by [63]:

UexC(J}Tf) = Zsk O-gp (114)
k

with pr the calculated single-particle cross-section to remove a particle in the k& = (nlj)
orbital. In our case, we remove a proton from a #°Zn in its ground state, which means
JI" = 0%. If one considers that the proton can be removed either from the 71 f7,

mlfs/2 or m2psse orbitals, we expect to populate final states in “Cu with a spin J}Tf

that corresponds to a proton removed in an orbital k£ with jli_l)lk = J}rf . Therefore,
equation 1.14 reduces to one term and we obtain
7y
S ::f22%§£££_2 with ¢ = g (1.15)
sp

giving access to the spectroscopic factor. One has to be careful as Sy depends on the
model of reaction used. And of course, it necessary to know the spin and parity of a state
for calculating its spectroscopic factor, as o, depends on the orbital where the nucleon is
removed. In the ideal case, the spin determination is done by measuring the momentum
distribution of the knocked-out proton. As regards the exclusive cross sections, they can
be obtained from ~-ray tagging, as shown in the next section.

Finally, the cross section to populate any final bound state, called inclusive cross
section, is simply the sum of all exclusive cross sections:

™ . (=1)& ™
Tine = Zaexc(Jff) = ZSk Ofp with ],i = g (1.16)
7! 7!

but it can also be determined independently by measuring the number of reactions in the

target, as explained in section 5.4.1.

1.5.2 In-beam ~-ray spectroscopy

The knockout reaction often populates a final excited state of the residue which will
decay through ~-ray emission so quickly that there is not enough time to stop the nucleus:
the v rays are emitted in flight. Using an appropriate detector, it is possible to efficiently
perform the necessary Doppler correction and to build the level scheme of the nucleus,
using the intensity of the transitions and looking at ~-v coincidence relations, when several

v rays are emitted in cascade. We recall here some useful properties of v emissions.
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Chapter 1. Shell evolution towards "®Ni

Selection rules

In the nucleus frame, the energy of the emitted v ray is equal to the energy difference
between the energies of the final and initial states (the recoil of the emitting nucleus can
be neglected here). For angular-momentum conservation reasons, the angular momentum

L transfered by the photon satisfies
|JZ‘—Jf| SLSJz—I—Jf (L#O) (1.17)

with J; (Jy) the spin of the initial (final) state. The transitions can be of two types:
electric (E), where the parity between the initial and final states is changed by (—1)%,
and magnetic (M), for which the parity associated is (—1)X*!1. Therefore, depending on

the parity of the initial (m;) and final (7;) states, we can have the following transitions:

T =Ty even electric, odd magnetic (M1, E2, M3, E4, ...)

1.18
m; = —ny  odd electric, even magnetic (E1, M2, E3, M4, ...) (1.18)

and generally, the kind of transition with the lower L is dominant.

Transition probability and nature of states

The probability of a transition of type 0 = E or M and angular momentum L between
two states is given by [64]
8T L+1
MoL:i— f) = ?L[(QL—LWW“B(JL; i f) (1.19)
with & = %7 E., the energy of the emitted photon, and B(cL;i — f) the reduced
transition probability. The latter depends on the nature of the initial and final states:
while single-particle transitions involve only one nucleon by definition, collectives states
entail in general several particles, making the transition probability larger in the second
case than in the first one. As a consequence, the degree of collectivity of the states
in a given transition can be quantified by comparing the observed transition probabil-
ity to the single-particle transition probability, the latter being given by the Weisskopf
estimates [64]:

2
B(EL;Hf)_i( 5 )(1.2A1/3)2j

47 \L+3
0/ 5 a2 o\ (1.20)
B(ML;i—f)=— (—L+3) (1.2 AY/3)2=2 (—2m C)
p

with m,, the proton mass. The probability of a transition in Weisskopf units (W.u.) is the
ratio between the experimental value and the Weisskopf estimate. A pure single-particle

20



1.5. Study proposed in the present work

transition has a transition probability close to 1 W.u., while collective transitions have a

much higher value.

Branching ratios

The intensity of the v rays emitted is a crucial information as it allows to calculate the
branching ratios, i.e. the knockout feeding to each level, which is directly linked to the
exclusive cross section. The relative branching ratio of a state J™ is given by the intensity
of the outgoing ~-rays (1

o) Minus the intensity of the incoming ones (I, ), divided by

Nyuetei, the number of nuclei produced:

Z’Yout ‘['Yout ((]77) - Z’Yin I in(‘]ﬂ-)

b (J7) = N

(1.21)

with > b.r. (J7) = 100%, and the exclusive cross section can be derived from the inclusive
one as follows:

Oz (JT) =b.r. (J7) X Oine (1.22)

Therefore, this gamma-tagging technique is a key tool in knockout experiments to
find the different levels of the nucleus, make assumption on their spin and extract the
spectroscopic factors.
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Chapter 2

Experimental setup

The experiment was part of the first Seastar (Shell evolution and search for two-plus
energies at the RIBF) campaign, an experimental program that aims at investigating
very neutron-rich nuclei produced through proton knockout by means of in-beam ~-ray
spectroscopy. It was performed during 5 days at the Radioactive Isotope Beam Factory
(RIBF) of RIKEN, Japan, combining the MINOS device, a liquid-hydrogen target coupled
to a vertex tracker, and the DALI2 scintillator array. The different parts of the setup are
described in this chapter.

2.1 Beam production

The beam production is based on the in-flight separation technique. A 238U primary
beam collides with a ?Be target, producing a cocktail of exotic nuclei sorted in flight by

a magnetic spectrometer, creating the secondary beam used for the experiment.

2.1.1 Heavy-ion accelerating system

The RIBF accelerating system [65] as used in the experiment for the production of a
high-energy 23U primary beam is shown in figure 2.1.

SRC
18 GHz '?Eg (h=6)
ECRIS  RILAC (n=3) BigRIPS
(mi}
e 3 '
18 GHz 2
SG-ECRIS
1 stripper
IAC
(h=12)

Figure 2.1 — Schematic diagram of the RIBF heavy-ion accelerator system for the radioactive-
ions beam generation at 345 MeV per nucleon. Image taken from reference [66].
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Chapter 2. Experimental setup

The ?**U ions are extracted in an Electron Cyclotron Resonance ITon Source (ECRIS)
and go into the RILAC linear accelerator. The latter is used as a first injector for the
four-cyclotron sequence constituted of RCC, fRC, IRC and finally SRC, a superconducting
cyclotron driving the beam up to 345 MeV per nucleon. Two strippers are placed upstream
and downstream fRC. Once the beam leaves the SRC, it is sent on the primary target
at the entrance of the BigRIPS separator. The intensity of the ?**U beam was 12 pnA,
which corresponds to 7.5 x 10! particles per second (pps).

2.1.2 BigRIPS

The BigRIPS spectrometer [67] is a two-stage radioactive ion beam separator, placed
after the accelerating system. It is made of fourteen superconducting triplet quadrupoles
(STQs) that focus the beam and six room-temperature dipoles with a bending angle of
30°, distributed between eight foci (FO to F7) over a length of 78.2 m. Its horizontal
and vertical angular acceptances are £40 and 50 mrad, respectively, and its momentum
acceptance is +3%.

The first stage of BigRIPS, from FO to F2, consists in producing the secondary RI-
beam and selecting the nuclei of interests with the Bp-AFE-Bp method. The identification
of the isotopes is performed in the second stage, from F3 to F7, with the TOF-Bp-AFE
method. The secondary beam is then sent into the different experimental beam-lines of
the RIBF, as shown in figure 2.2.

- o ot ]

§EV - g

» F3 ¥, R0 o,y
= gy, 4 o O = o
Bdg oo v wng 42 =2 = L 4
MoR 34 4 49 p® © = [o
w 0 0 P B @ i

E o & = w

¥iH-DLS 90/

SAMURAI

F-H10 I sTa-+H1s

SHARAQ-SDQ 4

SHARAQ-D1 ? SHARAQ

SHARAQ-Q3 W
SHARAQ-D2 @:?g 5=2)

Figure 2.2 — Schematic view of the RIBF experimental lines. Image taken from reference [67].
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2.1. Beam production

Production and selection of the secondary beam

The 233U primary beam is sent on a 3-mm thick Be primary target set at the entrance
of BigRIPS (F0) for in-flight fission, creating a wide range of nuclei. These nuclei are fully
stripped, meaning that their charge corresponds to their proton number Z. The selection
of the nuclei of interest is made through a technique called momentum-loss achromat [68],
based on a Bp-AE-Bp selection using two dipoles (D1 and D2) separated by a degrader
placed at F1. An illustration of this method is shown in figure 2.3.

) STQ2 STQ3 )
Dipole D1 mimm T mimimm Dipole D2
— +5P —
\§\\____ j/____/:;/
=l =
S s S . STQ4

LT —H-

— By 1N = /
o Begrad; o /

F1 ‘

2381 peam

%Be target F2

Figure 2.3 — Schematic representation of the momentum-loss achromat technique. The beam
can be purified by stopping unwanted isotopes (dashed line) in the F2 slits after
Bp-AE-Bp selection. Image taken from reference [69] and modified.

In a constant magnetic field B , the trajectory of an ion with a mass number A, charge
@ = Ze and momentum P is described by the magnetic rigidity

P ymv uc_ 6 A
Bp— - — — B~ 2.1
=0 Z¢ ~ ¢ Br (2.1)
where p is the curvature radius of the ion, v = fc its velocity, m ~ Au its mass,

u ~ 931.5 MeV the atomic mass unit, ¢ the speed of light and v = (1—52)"'/2. Then, the
first dipole (D1) separates the beam through 8yA/Z selection. A beam dump is placed
just after D1 in order to stop the remaining primary beam.

This selection in Bp is not enough as several nuclei can have a similar yA/Z. There-
fore, an aluminium degrader is placed in F1, where the beam is going to lose energy as
described by the relativistic Bethe formula

A etnz2? 2m, 3%c?

AE = T In 7 —1In(1 - B%) — p? (2.2)

with 2z, n and I the atomic number, atomic density and mean excitation potential of
the aluminium degrader. The energy loss of the fragments in the degrader depends on
(A, Z, ) in a different manner than Bp. Thus, two different isotopes with the same Bp

25
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will be discriminated thanks to the degrader because they will not lose the same amount
of energy. Finally, another selection in Bp is done after the degrader, through the second
dipole (D2). The thickness of the degrader varies with the horizontal position at F1. This
ensures that the full D1-degrader-D2 setup is achromatic: the position of the isotopes in
the F2 focal plane does not depend on their momentum, only on their nature. Slits are
then adjusted in F2 to purify the beam.

Identification of the secondary beam

The second stage of BigRIPS, from F3 to F7, serves to identify the fragments leav-
ing the first stage. Another degrader is located at F5 to improve the separation of the
secondary beam. The particle identification is made through the TOF-Bp-AE method:
the time of flight, magnetic rigidity and energy loss of the isotopes are measured to de-
duce their mass-to-charge ratio A/@Q and their atomic number Z. More details about this
method are given in section 3.1.2.

The time of flight of each nucleus is calculated thanks to two plastic scintillation coun-
ters located at F3 and F7, corresponding to a flight path of 46.6 m. The time resolution
is approximately 40 ps [70]. This corresponds to a relative time-of-flight resolution of
0.016% for the 89Zn secondary beam of interest at 270 MeV per nucleon. The positions
(x,y) of the fragments in F3, F5 and F7 focal planes are measured by two sets of double
position-sensitive parallel plate avalanche counters (PPACs) [71,72]. This gives the angles
(0, ¢) of the ion trajectory with respect to the optical axis (z-axis) in the (zz) and (yz)
planes, respectively. These (z,6,y, ¢) coordinates are necessary to determine the Bp of
the ions, as explained in section 3.1.1. Finally, the energy loss of the isotopes is measured
with a tilted electrode gas ionization chamber [73] located at F7.

After the second stage of BigRIPS, the nuclei went to the MINOS target, placed in
F8, at the entrance of the ZeroDegree spectrometer.

Beam intensity and energy

The mean intensity and energy of the primary and secondary beams are given in
table 2.1. The beam setting in BigRIPS was tuned for “’Cu but in our case, the nucleus
of interest is 8°Zn. Both total and ®Zn values are indicated for the secondary beam.

Beam Intensity (pps) Energy (MeV/n)
Primary (***U) 7.5%x10'° 345
Secondary (3'Zn) ~2.6x10? 270
Secondary (Total) ~5.5%x10? 250 to 280

Table 2.1 — Mean intensity and energy of the primary and secondary beams.
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2.2. MINOS

2.2 MINOS

MINOS (Maglc Numbers Off Stability) [74] is a liquid-hydrogen target used for nucleon-
removal from very exotic nuclei, coupled to a proton tracker made for reaction-vertex

reconstruction. The principle of this device is described in figure 2.4.

SOZn

DSSSD

« @ TPC
Micromegas o p

Figure 2.4 — Schematic view of the MINOS device.

2.2.1 Liquid-hydrogen target

The cylindrical target cell is made of polyethylene terephthalate (PET) and is filled
with pure liquid hydrogen at 20 K. The entrance window has an effective diameter of
38 mm and is 110-pm thick, while the diameter of the exit window is 52 mm for a 150-um
thickness. The cell was placed in a 2-mm thick aluminum pipe of 72-mm inner diameter
with two PET windows of 150 um thickness at each end, allowing a vacuum of ~10~% mbar
in the reaction chamber.

In this experiment, the target length was measured to be 100(1) mm when it was
empty. An additional 2 to 3 mm has to be taken into account because of the deformation
of the entrance window when the target is filled, due to the pressure difference. The
density of the liquid hydrogen was 70.97 kg/m?3.

2.2.2 Vertex tracker

The target chamber is surrounded by a cylindrical time-projection chamber (TPC) of
300-mm length, with an inner diameter of 80 mm and an outer diameter of 178.8 mm.
The TPC is filled with a gas mixture of Ar (82%), CF4 (15%) and isoC4Hjo (3%) at room
temperature and atmospheric pressure. This mixture was found to be the best compromise

between low average energy to produce an electron/ion pair, high drift velocity of the

27



Chapter 2. Experimental setup

electrons and amplification of the avalanche process at the anode. The gas flow in the
TPC was from 7 to 10 liters per hour, in order to avoid a rise of water and oxygen
impurities as they decrease the electron drift velocity. An electric field of 185 V/cm was
applied alongside the beam direction.

After the proton knockout of the secondary beam in the liquid-hydrogen target, the
scattered proton and the removed one leave the reaction chamber and pass through the
TPC, ionizing the atoms of the gas. The released electrons drift towards the anode
following straight lines due to the applied electric field. The electron signal is amplified at
the anode by a bulk-Micromegas detector [75,76]: a thin micro-mesh is placed at 128 pum
from the anode and a strong electric field of 36 kV/cm is applied in this gap, inducing
electron avalanches whose charge is collected by the anode. This anode is segmented
into 4608 pads equally divided into 18 rings and each pad has an area of about 4 mm?.
This segmentation allows to reconstruct the proton trajectory in the (xy) plane. The
information about the z-coordinate is given by the drift time of the electrons in the TPC.

From two proton trajectories or from one proton trajectory and the beam direction,
it is possible to reconstruct the reaction vertex in the MINOS target. The efficiency
of reconstruction for events with one or two protons is 95%, while the vertex position

resolution along the beam axis is 5 mm FWHM (full width at half maximum).

2.2.3 Beam tracker

When only one proton is seen in the TPC, the vertex can still be reconstructed if the
trajectory of the nucleus in the target is known. The beam trajectory can be extracted
from the position information given by the two PPACs placed at F8. In order to increase
the precision and efficiency of this trajectory measurement, a double sided silicon strip
detector (DSSSD) was set 458-mm upstream from the target. This DSSSD was 300-um
thick and had 128 strips both horizontally and vertically, for an area of 10x10 cm?. The
beam direction is then given by the DSSSD and one of the two F8 PPACs.

2.3 DALI2

DALI2 (Detector Array for Low Intensity radiation 2) [77] is a y-ray detector made of
186 Nal(T1) scintillators. It has been designed for in-beam ~-ray spectroscopy experiments
with high-velocity beams (8 ~ 0.6).

2.3.1 Geometry

In the geometry used in the experiment, shown in figure 2.5, the crystals were arranged
into ten cylindrical layers plus a wall for forward-angle measurements. Each layer was
made of 10 to 14 crystals with dimensions of 45 x 80 x 160 mm? or 40 x 80 x 160 mm?® and
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the wall was formed by 64 crystals, half measuring 40 x 80 x 160 mm? and half measuring
60 x 60 x 120 mm?®. This geometry has been chosen to maximize the detection efficiency,
especially at forward angles because of the Lorentz boost, and the segmentation allows
to reduce the angular resolution to 7° FWHM. The angular resolution is crucial for an
accurate Doppler correction. The MINOS device was placed at the entrance of DALI2:
the beginning of the target was 8 mm upstream the edge of the first layer of the array.
The angular coverage of DALI2 in this configuration went from 11° to 95° at the center
of the MINOS target. An energy threshold of about 150 keV was set in order to reduce
background events.

L

beam

L] L

LU

Figure 2.5 — DALI2 configuration. (Left) Picture of DALI2 with MINOS inside. (Top right) Lay-
out of the layers, that are made of 10 to 14 crystals, and (bottom right) placement
of the 64 crystals of the wall, at forward angles. The image on the right is taken
from reference [77].

The performances of this configuration have been obtained with Geant4 simulations [78],
described in section 3.5, using experimental conditions. For a velocity (;, = 0.62 at
the entrance of the target, the energy resolution at 500 keV (1 MeV) is found to be
or/E =54% (4.3%) and the photopeak efficiency is 30% (19%). We show in section 3.3.3
how this efficiency can be increased up to 38% (27%) with the add-back procedure, by
summing the energies received by neighboring crystals.
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2.3.2 Typical response function

The response of DALI2 to radiations depends on the detector geometry and resolution,
and on the three main interactions between the ~ rays and the crystals: photoelectric
absorption, Compton scattering and pair production. We present here the case of an

emitting source at rest and a moving source, using experimental conditions.
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Figure 2.6 — DALI2 response functions for a 2-MeV transition emitted by (a) a source at rest
and (b) a moving source entering the 102-mm thick target with 5;, = 0.62. In the
latter case the Doppler correction is done, and the add-back procedure is used for
both. The different parts of the spectra are described in the text.

Source at rest

A typical response function of DALI2 after add-back for a 2-MeV transition emitted by
a source at rest is shown in figure 2.6(a). It has been obtained from simulations including
the 150-keV energy threshold.

The photopeak (1) is named after the photoelectric effect, in which the + ray is fully
absorbed by an atom of the crystal. Its width depends on the intrinsic resolution of the
detector. The photoelectric absorption dominates for energies up to about 200 keV.

Above 200 keV, the Compton scattering prevails and is responsible of the contin-
uum (2). This continuum is not uniform as the cross section of Compton scattering,
given by the Klein-Nishina formula, depends on the scattering angle and the initial en-

ergy. From the Compton-scattering formula, that we recall:

E
E = — (2.3)
14 =25 (1 — cos?)

it can be seen that the scattered photon has an energy E! in the range from the initial

energy E, (f = 0°, meaning no interaction) down to E,/(1 + le” ) = 227 keV in our

602
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case. Therefore, the continuum goes from £, - E; mt =0to L, - Eﬁy min — 1773 keV, the
latter value corresponding to the Compton edge (3). The fact that the photopeak is not
fully separated from the Compton edge has two origins: the resolution of the crystals, that
induces a significant width of both the photopeak and the Compton edge, and the multiple
Compton events, when two or more Compton interactions happen in the same crystal or
in two neighboring crystals whose energies are summed in the add-back procedure. Also
from equation 2.3, we can note that scattering angles greater than 120° lead to scattered
photons with a similar energy, between 227 and 291 keV. Due to the geometry of DALI2,
these backscattered photons can be detected and they form the backscatter peak (4)
around 250 keV.

Although not predominant below several MeV, the pair-production process plays a
role in the interaction of v rays when E, > 2m.c?, like in our example. After the pair
production, the positron will annihilate with an electron in the crystal, creating two
photons of 511 keV. Sometimes one or two of these photons escape from the crystal,
inducing an incomplete detection and creating the so-called single (E, - 511 keV) and
double (£, - 1022 keV) escape peaks. The single escape peak (5) can be clearly seen at
1489 keV. Once again, because of the array geometry, the escaping 511-keV v ray (6)
can be detected. As regards the double escape peak, that should be at 978 keV, nothing
emerges clearly from the continuum. But as both 511-keV photons are emitted in op-
posite directions, it is very likely that one of them is detected in a neighboring crystal,
whose collected energy will be summed to the first-interaction crystal with the add-back
procedure, reducing the intensity of the double escape peak.

Moving source

Concerning the response of DALI2 in experimental conditions, a simulated energy-
spectrum after add-back and Doppler correction for a 2-MeV transition emitted by a
moving source, with a velocity at the entrance of the target (;, = 0.62, is shown in
figure 2.6(b).

Due to the Doppler effect, the energy E. seen by the detector is shifted from the energy
Ey in the nucleus reference frame by a factor that depends on the angle of emission 6 in
the laboratory frame and on the nucleus velocity 8. Considering the geometry of the
setup, a 2-MeV v ray in the nucleus frame reaches DALI2 with an energy between 1.5
and 4.0 MeV. This effect can be corrected with the Doppler formula:

E = E 1— pBcosb

P

Consequently, all events that are not subject to the Doppler effect will be wrongly

(2.4)

shifted, using the velocity of the nucleus and an emission angle that is not relevant. For
example, the 511-keV peak is spread between 250 and 700 keV. As regards the backscatter
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peak, whose energy is almost constant when the incident-photon energy is above 1 MeV
as it can be noted from equation 2.3, it is shifted and broader but it is not spread like the
511-keV one because at such a low energy (~250 keV), the wrong shift is only between
about -120 to +100 keV.

The non-observation of a single escape peak and the persistence of the Compton edge
are directly linked to the