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From this point on, the publications selected for the habilitation process will be referred to as
H1, H2...., H8, HY.
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4.3  SCIENTIFIC MOTIVATION AND RESULTS FROM THE SELECTED PUBLICATIONS AND
FUTURE PLANS.

4.3.1 SCIENTIFIC MOTIVATION

The main goal of the cycle of publications that forms that basis of this habilitation is the study
of properties of neutron-rich nuclei close to "®Ni and *?Sn, in particular to understand the evo-
lution of single-particle levels in both regions.

Thanks to their simple structure, nuclei in the vicinity of double magicity attract large
interest both from the experimental and the theoretical point of view. In order to describe
them, it is possible to use the shell model with a closed core corresponding to the magic shells
(see Figure 1, [1,2]). Such nuclei have a spherical shape and the excitation-energy spectrum
is dominated by single-particle excitations. The addition of nucleons beyond the closed shells
leads to the polarisation of the core and appearance of deformation. The structure of such
nuclei gets more complicated and difficult to describe within the shell model.

The majority of theoretical predictions uses experimental results in order to fit the key
parameters for the models. The information most easily available concerns stable nuclei or nuclei
in their close neighbourhood. In Figure 1 [1,2] the set of single-particle levels and magic numbers
for nuclei at or close to the S-stability line is shown.

The advent of radioactive beams enabled a substantial shift of the available research areas
towards exotic nuclei. In particular, it became possible to investigate experimentally the struc-
ture of neutron-rich nuclei, where the shell structure observed for stable nuclei can disappear
and new energy gaps corresponding to new magic numbers can appear.

Different reasons exist for changes in the structure of very neutron-rich nuclei: changes
in the depth and shape of the nuclear potential as well as the effect of the three-body force,
which are described in details in the review papers of Refs. [3,4]. The theoretical investigations
of the Tokyo group showed the important role of the monopole interaction between protons
and neutrons occupying orbitals j. =14 1/2 or jo =1 —1/2 [5,6]. The strongest interaction
is expected for the proton-neutron pair occupying orbitals with Al=0, e.g. p3/2—p1/2, d5/2—d3/2,
frj2 — fsp2s 9o/2 — 972, and with Al=1, e.g. pyj2 — d3s2, daj2 — fs2: fs/2 — Gos2: 9772 — hayye

The hypothesis of the disappearance of the N=8 shell was indeed experimentally verified for
the isotope ' Lis. In the case of 1'Li, the phenomenon so-called neutron halo, which is associated
with the distant spatial localisation of the weakly bound valence neutrons pair, Sz, is 369 keV
with respect to the compact ?Li core. For this reason, the radius of 'Li is comparable with
the radius of °®Pb. The investigation of neutron removal reactions showed that the measured

momentum distribution of the neutron in Li can be reproduced by assuming a comparable
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Figure 1: (a) Ordering of shell-model orbitals [1,2] and their migration with the filling of (b)
proton shells and (¢) neutron shells [8].

filling of the orbitals p /o and sy /9 [7]. This shown that the neutron s, /2 orbital migrates through
the N=8 shell and the energy gap drops.

The evolution of the N=20 shell as a function of the distance from the stability path was
studied, by analyzing the excitation energy of the first 27 state in the N=20 isotones. In the nu-
clei $8S20 and ${Sigg it reaches 3.3 MeV, while in the case of $3Mgyg drops to about 0.9 MeV.
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This effect is associated with the decrease of the energy gap in the system of single particle
states in 3?Mg. Thanks to this, the mixing of states from higher shells (pf) is possible, leading
to deformation of the nucleus. The first 27 state becomes a collective state with low excitation
energy and large matrix element for the 27 — 07 transition. The evolution of single-particle
states in the N=20 isotones can be explained by considering the monopole interaction between
protons filling the ds/; orbital and neutrons in the ds/. As shown in Figure 1b, while de-
creasing the filling of the mds/, orbital, the vds/, orbital gets closer to the higher-lying v f7
orbital, causing the disappearance of the N=20 shell and appearance of a new energy gap be-
tween the sy/p and dg/p orbitals. As a consequence, instead of N=20, the new N=16 magic
number appears. The predictions reported in Figure 1b found experimental validation. For
example, the nuclei 20 and 20 are not bound, but a series of measurements of the momen-
tum distribution in neutron removal reactions from the 20 projectile is well described under
the assumption that the valence neutrons are occupying the s, 5 orbital [9]. The 2*O46 isotope
is therefore a doubly-magic spherical nucleus with new magic number N=16.

An analogous interaction to that for the vdz/; and 7ds /5 should be observed for the orbitals
v f5/2 and 7 fr /9. The effect of filling the 7 f5/5 orbital on the change of the position of the v f5/,
state can be investigated, e.g., by studying the properties of the N=34 isotones starting from
the stable §3Nisy to 53Cags. The removal of the next protons from the 7 f7/o orbital reduces
the binding of the 7 f5/, orbital. This leads to the formation of the subshell N=34, which
is confirmed by the large values of the excitation energy of the 2% state in *'Ca (2 MeV) in
comparison with the heavier N=34 isotones, e.g. for *Ti Ey+ =1.1 MeV [10].

The migration of single particle levels is predicted also in a heavier system like, e.g., ™Ni
(see Figure 1c) [5,6,8,11-14]. In this region of the chart of nuclei, the evolution of the proton
orbitals above Z=28 is generated by the filling of the neutron vgg;; orbital (from N=41 to
N=50). In this context the study of the properties of the ground- and excited states in Cu
isotopes, which have only one proton outside the closed Z=28 shell, is particularly interesting.
The experimental results show that the excitation energy of the 5/2~ state in Cu isotopes is
almost constant at about 1 MeV. A clear change can be noticed for N>42 — the excitation
energy of the 5/27 drops to 534 keV for "'Cuyp and 166 keV for Cuyy, respectively. This
trend, predicted in the work of Ref. [8], indicates a change in the splitting of the proton orbits
J5/2 — fr/2 and its reduction by about 2 MeV from N=40 to N=>50. This leads to the crossing of
the proton orbitals f5/, and p3/p at N=46 in the Cu [15-19]. From the beginning I have been
involved in these works [16,17] and their continuation, with experiments in which I studied the
47 and fgn decays of the next odd-A copper isotopes [H1].

After crossing the N=50 shell closure, the situation slightly changes when different neutron

orbitals are filled. The size of the N=>50 energy gap depends on the proton-neutron interaction,
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which between Z=28 and Z=40 corresponds to protons occupying the pg/, f5/2 and py,» and
neutrons above the closed N=50 shell on the ds /3, g7/2, p3/2 and sy 5. Independently on which
of the proton orbitals, (7 f5/2 or mpss) are occupied, the first valence neutron orbital will be
vdsjp. In the close neighbourhood of ®Ni the latter is expected to be degenerate with the
neutron state vs; 5. To date, the excitation energy of the 1 /27 state in the light N=>51 isotones
was not determined. For this reason in my work I focussed on the study of excited states in nuclei
with one valence neutron lying above the doubly magic nucleus ®Ni and conducted a systematic
study of the N=51, N=52 and N=53 isotones to investigate the effect of additional neutrons
on the structure of nuclei in this region H2-HG]. Particular effort was put in the search for the
single-particle neutron state s /o [H2-H3], for which in the heavier isotones a strong competition
is generated by the configuration vds s @ 27. The coupling of the neutron vdsj, with the two
protons (27) gives us multiplets from 1/27 to 7/27T.

The study of the Z=>50 shell magicity comes down to understanding the evolution of the
Tg7/o and wds sy proton orbitals. While filling the shell with neutrons, from N=50 to N=82,
a change in the spin of the ground state in odd 5;Sb isotopes from I7=5/2" to 7/27 is observed
between the two stable >!Sb and '?3Sb [3]. This tendency is not preserved after the crossing
of the magic neutron number N=82, where the energy of the first 5/27 state changes sharply
from 963 keV in 13Sb to 282 keV in 13°Sb. The research, in which I have been involved since the
time of my doctoral studies, points to the possibility of a new migration of the wds;» and 7gz .
For this reason, sometimes after the end of my PhD studies, 1 proposed to measure the lifetime
of excited states in 1*7Sh, which allow to determine the wave function of both states [H7,HS].
This nucleus is very interesting also from the point of view of the search for the value of the
energy of the single-particle state viyy/y [H9]. The 13/27 level in 13381 is expected to lie above
the neutron separation energy. The addition of the extra proton and neutron to 33Sn, yielding
1355D, allows to scarch for states associated to the neutron configuration vijs .

The study of the evolution of single-particle states, interaction energies and -decay prop-
erties, in particular the measurement of half-lives and 3-delayed neutron emission probabilities
P,. are important not only for understanding the structure of exotic nuclei, but also they
contribute to a better understanding of the observed abundances of the elements produced
in the astrophysical r process. Its path on the chart of nuclei was predicted on the basis of the
existing nuclear models. Therefore, their verification in the neutron-rich nuclei is extremely im-
portant. Our works confirm that new experimental results, like, e.g., the measurement of new
half-lives of nuclei close to "®Ni, allow to constrain better the parameters of the models and
have an impact on the results of the modelling of nucleosynthetic processes both in the T8N
and 1%28n [20].
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4.3.2 EXPERIMENTAL TECHNIQUES

The experiments which results are reported in publications H1-H9 were performed at three
different laboratories, using different production methods and separation techniques. The tech-
nique to be used in the production/selection of the nuclei intense and therefore the laboratory
where to perform the experiments, were selected so to have optimum production of the isotopes
and beam quality (e.g. low-contaminant content in the secondary, radioactive, beam).

The isotopes of Ga, Ge, As and Cu [H1-H6] were produced in the proton-induced fis-
sion of ?*¥U at the Holificld Radioactive Ion Beam facility (HRIBF) at Oak Ridge National
Laboratory (ORNL), Oak Ridge, USA. The fission fragments diffused out of the target, were
ionised, extracted from the ion source and accelerated to few tens of keV. At this point they
were selected by means of two mass separators with resolution AM/M=1/1000 and 1/10000,
respectively. The isotopes selected through these stages were then directed to the centre of the
experimental setup [H2].

An additional selection method was used for the production of clean radiative beams of Ge
and As [H4-H6]: HoS gas was added to the ion-source, where 4Ge and in part also 4 As, ions
formed the molecules AGeS*** and 4AsS*>*. Other (abundant) fission fragments like Br and
Se, which belong to groups 16 and 17 of the periodic table, did not form such molecule. The first
mass separator was set to accept ions with mass A+32. In this way isobars of mass A which
did not form the molecule were removed from the radioactive beam. The beam was then direct
to a charge-exchange cell in which the molecule was broken. The isotopes of interest, 2Ge and
AAs were then analysed by the second (high-resolution) mass separator which accepted only
isobars of mass A. The remaining contaminants at mass A+432, like the abundantly-produced
Ag ions, were then removed from the beam.

As far as the isotopes of Cu are concerned, another innovative selection method was used
[H1]. The fission fragments, selected according to their mass A through two-stage mass spec-
troscopy, were post-accelerated in the tandem accelerator at the HRIBF and directed to a micro-
channel plate (MCP) detector and an ionization chamber (IC) filled with CF4 gas. The mea-
surcuient of the energy loss of the ions along the 1C allowed for the identification of the atowic
number of the (monoenergetic) isobars on an event-by-event basis. Moreover, the IC allowed to
remove the heavier and more abundant isobaric contaminants. With the exception of the iso-
topes with lowest Z. all other isotopes were stopped in the IC by increasing the pressure in the
IC (ranging-out method). The measurements were done in two ways: ranging-out at a pressure
of 200 Torr and pass-through at 100 Torr. The details of the two operation modes of the IC are
given in the works [21-23].

Independently on the selection method adopted among those described above, the radioac-

tive beam was implanted on a tape positioned in the centre of the detection set-up. The latter
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consisted in two scintillation detector for 3 counting and an array of four clover detectors to reg-
ister v rays. The radioactive beam was periodically deflected away by means of an electrostatic
deflector placed upstream from the implantation point. The time structure of the beam on the
tape therefore consisted of two intervals: beam-on during which the beam was implanted onto
the tape and beam-off when the beam was deflected away. At the end of the latter time the tape
was moved to remove the long-lived daughter activity from the measuring point. Data on the
decay of the isotopes of interest were collected during both the beam-on (grow-in of activity)
and beam-off (decay) phases. The duration of each such time interval was determined and op-
timized for each of the isotopes individually on the basis of their respective half-lives. The data
were collected using trigger-free digital electronics.

The neutron-rich nuclei investigated in the works described in the publications [H7] and
[H8] were produced in neutron-induced fission of ®U and separated by a standard on-line
mass separator. The experiments were conducted at the Studsvik OSIRIS separator in Sweden.
Their goal was the identification of excited states in '3*Sbh populated in 3 decay of '*Sn. Also
in this case a tape transport system was used to remove unwanted long-lived background and
daughter activity. The main difference in the detection set-up with respect to that described
above is the use of fast scintillation detectors for gamma-ray detection. This detectors system
allowed to measure the lifetime of excited states in the isotopes studied. The technique consists
in the measurement of triple coincidences using different detectors (fast 5 and ~ scintillators and
germaniun detectors) and very precise time calibration [24-26]. The principle of the experiment
is similar to the use of a stop watch. The 3 detector starts the direct measurement of time and
the fast scintillator stops it. The germanium detector does not directly take part in the time
measurement. but, when more decay branches are available, selects the v cascade chosen for
the fast detectors. The precision of such technique is incredible good, of the order of 3 ps.

High-spin states cannot be observed when studying low-spin states populated in 3 decay.
Complementary information can be obtained by studying the v decay of excited states popu-
lated in spontaneous fission using the multi-detector germanium array EUROGAM?2 [27] [H9).
The geometry of the system allows in this case to study angular correlations of the gamma
radiation, and therefore deduce the multipolarity of the transitions.

4.3.3 RESULTS

DECAY PROPERTIES OF NUCLEI CLOSE TO "®NI

In order to study the evolution of single-particle proton levels in neutron-rich nuclei it is nec-
essary to select nuclei that are characterised by a simple structure. In this respect, nuclei in

the region close to the doubly-magic nucleus “®Ni are particularly interesting. For example,
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the study of # decay of the isotopes % Cugo—""Cusg, which have only one valence proton out-
side the closed Z=23 shell, allowed to track the evolution of proton states while filling the rgg
(N=40-50) shell. In particular, the crossing of the 7 f5/; and mp3/y between Wy and T Cu
was identified. This is a consequence of the splitting of the mf5/,—7f3/2 and wpgn—7py/0
orbitals [16,17].

The study of neutron-rich Cu isotopes was extended to the next two isotopes "> 7°Cu,
as reported in publication [H1]. The absolute feedings of excited states in the daughter nucleus
were determined as well as and their spin and parity. For the first time it was possible to
determine the spin of the ground state of "®Cu (57) and to observe the S-delayed neutron ~
decay of ™Cn to the first 27 state in ®Zn. Moreover, I performed the theoretical calculations
which, together with the experimental probabilities for 8n emission(P,,), confirm the spin and
parity I"=5/2" for the ground states of "7?Cu, as reported in publication [H1]. After the
shell closure at N=>50 the evolution of the structure of the nuclei may vary, since other neutron
states play a role. Here the valence neutrons fill the neutron orbitals: lgz/s, 2d5/2, 3s1/2,
1hyy/9, 2d3/2 (see Figure 1a). With the increase of neutrons beyond the magic N=50 number,
it is predicted that, a part from the crossing of the 7 f5 5 and mp3,; orbitals, the vds/p and vsy o
are degenerate [28]. Theoretical calculations suggest that the addition of a few valence nucleons
to the closed "®Ni core causes a fast inset of deformation. This was observed already in %6Ge
and 58Se [29]. Mean field Hartree-Fock-Bogoliubov calculations with Gogny force point to shape
coexistence in this region [30].

In order to validate diflerent theoretical calculations, experimental information for isotopes
that have a simple structure, i.e. one, two or three valance neutrons outside the closed core,
needs to be collected. For this reason I proposed to study the § decay of the neutron-rich 3°Ga
nucleus, measurement which led to the identification of several new excited states in %°Gess
and 3¥Gesz [H2]. The continuation of this work was the study of the 4 decay of 3% Ce and %" As
[H4,H5,H6]. The new experimental data allowed to complement the existing knowledge on the
evolution of the structure for N=51, 52 and 53 isotones. The study of the 3 decay of #Ge
described in the publication [H4] allowed to identify several new excited states in the daughter
81As and pointed to the necessity of changing the sequence of three previously known levels
in this nucleus. Particular attention should be paid to the feeding of two states above 2.5 MeV
in the 3 decay of ®Ge. These, according to shell model calculations, correspond to the 3 decay
of a neutron from the vds/; orbital into a proton on the 7f;5/5 orbital. On the basis of the 3 in-
tensities for these levels (upper limits for the absolute intensity), the logft value for the observed
3 transition was calculated (log ft >4.6). The values suggested allowed Gamow-Teller charac-
ter for these transitions and permitted to assign I"=17 to the two levels. The location of the
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two 17 states identified in 3 As is consistent with the systematics of I"=1" states in the N=51

isotone chain (see Figure 2).
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Figure 2: Systematics of low-spin excited states in the N=>51 isotones [34-37|, [H4]. Level
cnergies are in keV. Two different scales are used for states below and above 1 MeV for clarity.

Low-lying levels in ®* As with excitation energy below 0.5 MeV are fed by first forbidden
transitions due to the transformation of a neutron from the vd;/, or vsy, orbital into a proton
on the 7f5/5 or mps/y orbital. Theoretical calculations that I performed in the framework
of the shell model (SM) using the Nushellx code [31] with N3LO interaction [32-34] support
this interpretation and well reproduce the layout of the levels in ®As. The calculations show
that low-lying excited states in %*As are formed by a neutron on the vds /2 or vsy orbital
coupled to a 7 f5/ or mp3se proton.

The investigation of excited states in the N=52 isotone chain allows to study the evolu-
tion of single-particle proton states. The results of the measurement of the 3 decay of *Ge
populating levels in °Gess are presented in publication [H5]. The analysis of the experimental
data for this isotope was conduced in the framework of a master thesis conducted under my su-
pervision. Several previously-unobserved transitions in ®°As were identified and for the first
time a partial decay scheme of 3Ge was constructed. Spin and parity I"=(5/27), (3/27) and
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Figure 3. This was based on the intensities for the 3 transition in the decay of the I"=(3/2)%

ground state of ¥Ge and on the existing systematics of low-lying states in the N=52 isotones

86Ga [23] and ¥"Br.

In this context I performed shell model calculations using the Nushell code [31] with N3LO

interaction [32,33] and including all active orbitals outside the closed ™Ni core. They are

reported in publication [H5] and shown in Figure 3.
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Figure 3: Systematics of low-spin excited states in the N=52 isotones from experiment (solid
lines) [H5] and prediction for 'Cu based on the systematic of the heavier isotones (dotted
lines), [34,37]. Level energies are in keV.
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The number of predicted excited states in 3Ga, %°As and ®Br is in agreement with
the experimental data, although their ordering is within the uncertainty limits of the model
(200-300 keV). In the low excitation-energy region the calculations predict only the presence
of negative-parity states. In the decay of the I"=(3/27) ®Ge ground state they can be fed only
by forbidden transitions. This is confirmed by the log(ft) values reported in publication [H5].

The theoretical calculations showed that the wave function of the lowest-lying 5/27, 3/27
and 1/27 states in " Br, ®As and **Ga is dominated (70-80%) by neutrons in the vds /2 orbital,
with the contribution of neutrons in the vs; /5 orbital not larger than 20%. The proton wave func-
tion of *"Be, *3As and %3Ga is more complex, with 40-to0-50% of contribution from the orbitals
7 f5/2 and mpz /. However, the calculations I performed showed that the structure of low-lying
excited states in ®Cusy is defined by the properties of the valence proton, in agreement with
expectations. In the ground-state it can occupy the mps/o or 7 f5 /5 orbital and its contribution
to the wave function amounts to 80%. The extrapolation of the systematics of low-lying ex-
cited states in the N=>52 isotones to %!Cu suggests spin and parity 5/2~ for its ground state.
The calculations predict also inverse sequence of the 5/27 and 3/27 states. The verification
of these predictions can be achieved only after gathering experimental information on the spin
and parity of low-lying excited states in 81 Cu.

In the N=51 isotones, which are characterised by one neutron outside the closed N=50
shell, the dominant component of the wave function is constrained by next single-particle or-
bitals vdsy and vy /5. Therefore, the spin and parity for the ground state of N=51 isotones are
5/27 (vdsp) and for the first excited states 1/27 (vsy/2). On the other hand, the properties
of the neutron states in the N=53 isotones are different from those of states in nuclei with
N=51. The two additional neutrons on the vds/,, orbital generate the appearance of a low-
lying 3/27% state. Such state was observed in the N=>53 isotones “"Ru—"!Sr, in which the spin
and parity of the ground state are 5/27 aud the first excited state has 3/2%. In the ®Krss
nucleus the order of the 5/27 and 3/27 states is inverted and 3/27% is the ground state. In
the publications [H9, H5, H6] the study of the § decays %" As—%"Se [H9] and % Ga—*Ge [H5,
H6] showed that such ordering of the 3/2" and 5/27 states is preserved in %”Se and %Ge (see
Figure 4). This investigation of 87As and **Ga did not allow for the identification of the 1/27
state, which is associated with the excitation of the single-particle state vs) s, since this level is
poorly fed in the 3 decay of the ground state of 7 As and % Ga which have spin and parity 5/2.
The 1/27 state in **Ge was identified in the study of the 3n decay of 36Ga [38] and it can be ex-
pected that the 1/27 state in ®Ge should be observed in the #n decay of 8 As. Within the frame-
work of the shell model, I performed some calculations on the structure of low-lying excited
states of the N=53 isotones 8Se, ¥ Ge i *¥Zn, which are reported in publication [H5]. As shown
in Figure 4, the calculations correctly reproduce the observed 3/2" and 5/27 states in 87Se
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and ®Ge. The wave functions of these states are admixed. The structure of the 5/27 state
is defined mainly (55-60%) by the coupling of (vd3 /2) 5/2" with the 0" proton state and
by 20-25% by coupling of the (vd} /2) 3/27 with the proton excitation 27. The 3/27 states
are result of the coupling of (vdgﬂ) 3/27 with the proton state 07 (45-50%) with significant
contribution (25-35%) of (vd3 /2
state has single-particle character and is due to the unpaired neutron sitting on the sy, or-

) 5/2" coupled to proton excitation 2*. The lowest-lying 1/27

bital. On the basis of systematics of experimental data and theoretical calculation T proposed
a possible level scheme for excited states in the lightest N=53 isotone %*Zn (see Figure 4).
Similarly to the situation in 3Ge and 87Se, the lowest-lying states are 5/27, 3/2% and 1/27.
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Figure 4: Systematics of low-spin excited states in the N=>53 isotones from experiment and from
shell model calculations [37], [H6]. Level energies are in keV.
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These can be fed directly by first-forbidden transitions in the 8 decay of ®3Cu or in the allowed
decay of 4 Cu followed by neutron emission.

The new spectroscopic data obtained for the N=52, 52 and 53 isotones are important in or-
der to understand the structure of so neutron-rich isotopes. These are nuclei close to the doubly-
magic nucleus ®Ni and yet, an increase of collectivity for the N=52 and 53 isotones was observed
as the proton number increases [38,39]. The experimental knowledge of the spin values is one
of the crucial pieces of information in order to determine unambiguously the nature of these
states. To date, the majority of the spin/parity was deduced/proposed on the basis of the val-
ues of the logft observed in the 3 decay and of the systematics of levels in the neighbourhood.
Precise information on the structure of excited states can be obtained through their lifetime
measurement. In this context I proposed an experiment at the ALTO facility in Orsay, Paris,
to measure the lifetime of excited states in the isotopes ¥ Geyg, #3Ges; and Gess.

STUDY OF STRUCTURE OF NUCLEI IN THE NEIGHBOURHOOD OF 13282\7

One of the interesting results of my doctoral thesis was the measurement of the low-lyving excited
state in the nuclens 135Shgy, E*=282 keV, to which spin I"=(5/27) was assigned, while the ex-
citation energy of the analogue state in }3381182, which corresponds to the proton single-particle
state mds o, is 962 keV [40]. The significant decrease in energy of this state in the 1358} isotope.
which has only two neutrons more than '**Sh, was explained as a shift in the single-particle
energy or migration of the levels as effect of the [ - s splitting [8].

In order to determine the experimental value of the spin for the level E*=282 keV, after
the completion of the doctoral studies, I proposed an experiment at the Studsvik laboratory,
with the goal of measuring the lifetimes of the excited states in 1359h populated in the 3 decay
of 1%8n [H7.H8]. The experiment was performed using the so-called time-delay Svv method
for determining lifetimes [24].

The strong feeding of the E*=282 keV state in 13°Sb populated in the 3 decay of the 133Sn
ground state [41] points to a dominant single-particle wds /2 component in this state, in analogy
to what observed in '*3Sb [42]. An MI transition is forbidden between single-particle dj /2
and g/, states, whereas E2 collectivity is small in this region. As a consequence, it should be
possible to observe in *38b a transition with E,=282 keV and very slow B(M1), if the shift
of the single-particle orbital is observed, or a fast transition in case the decrease of excitation
energy of the excited state is due to collectivity. Upper limits for B(M1)<0.30-10~3 px% and
B(E2)<54 e’fm?* (see Figure 5) were set on the basis of the measured lifetime Ty /2=6.1(4) ns.
By comparing the experimental value with theoretical calculations presented in the publication
[H7], we confirmed the dominant component to be mds/, for the E¥*=282 keV state in 1358h,
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Analogue properties are observed for 2! Bi, which is the complementary isotope in the 2*Pb

region (see Figure 5), confirming the analogies of the 32Sn and 2"%Pb regions [43].
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Figure 5: Partial level scheme of the isotopes in the 328n region (upper portion of the figure)
and of the complementary isotopes in the region of 2*Ph (lower portion of the figure) [H7,

Hg], [37].

Another open question in the '32Sn region is the energy of the vi 5 /2 single-particle. The sit-
uation in this case is particularly complicated, since its predicted value places it above the neu-
tron separation energy (S,) in '33Sn [44]. The first estimate of this energy, 2700(200) keV [45],
based on the excitation energy of the I"=107 level in '*'Sh (configuration mg- /2Vi13/2) suffered
from large uncertainties. Unfortunately, its energy was known only with respect to the iso-
meric state IT=7" in 134Sb, which is reflected in the large uncertainty of the value determined.
Over the last 20 years several measurements were carried on in this region, which allowed to con-
strain the energy of the 7~ isomeric state to good precision (E*=279(1) keV [46]), but no better
value was proposed for the long searched single particle energy.

In my work T tried to determined the energy of the i35 single-particle state. In order
to achieve this not only is the known excitation energy of the I"=107 level needed, but also
the knowledge of the interaction energy of the valence nucleons mgs/ariyz/e. Unfortunately,
such energy is not known with sufficient precision in this region. Nevertheless, it is possible

to constrain its value by scaling the energy of the corresponding interaction in the 2"®Pb region
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[43] taking into account the mass correction A~!/3. The complementarity of the two regions [43]
shows that the states with quantum numbers n, [, j in the 13281 region correspond to states
with quantum numbers n, [+1, j+1 in the 2*Pb region. The calculations led to an interaction
energy for mgqaviyz/o of V%O; = —T723 keV. In order to reduce the uncertainty on this quantity,
a similar scaling was done for a few selected configurations. Their value Vi was compared
with the interactions Vs calculated in the 132Sn region and the difference AV=Vy-V; is shown
in the last column of Table 1. The maximum discrepancy is about 70 keV and such value was

assigned to the uncertainty for the interaction energy of interest (V10" = —723(70) keV)

Table 1: Interaction energies Vg, V; and Va between valence nucleons beyond the doubly magic
cores 29*Pb and '¥?Sn. The symbol Vs indicates the interaction calculated in the '3?Sn region,
Vg the interaction in the 2*Pb region, and V; after scaling by the mass coefficient in the 32Sn
region. 'The difference between the calculations in a given region and the scaled interaction
is shown in the last column AV=V5y-V. All values are in keV.

208 Pb 4}132 Sn 132 Sn

configuration Vo Vi configuration 1) AV
(mhejeviisse)ize | -621 | 723 || (mg7/2viiz/2)10+
(mho2vgas2)o- -396 | 461 || (mg7/ovfr/2)7- -488 || -27
(mhoaviyije)io— | 776 | -903 || (mg7/orhgz)s- 976 || -73
(Ti1z/ovgos2)ii+ | =960 | -1117 || (mwhyy v f7/0)e+ | -1154 || -37
(vgojevitne)io | =221 | -257 || (vfr/ovhgpe)s+ | -280 || -23
(mhg /o f7/2)8+ +107 | +125 || (7gy/omds )6+ +201 || +76

In additional calculations the state of maximum spin set (7g7/91i13/2)10+ Wwas depicted by
describing its excitation energy as the sum of the energies of the single particle g7, and viyg)9
and the interaction energy between them [47]. The value of the mass deficit used in the calcula-
tions was taken from Refs. [48,49]. The new result €,;,,,,=2669(70) keV is close to the previous
value 2694(200) keV, but has three times smaller uncertainty.

The value determined is larger than the neutron separation energy S,=2400 keV in 133Sn
[44], while in the heavier N=83 isotones **Te and '¥"Xe the neutron levels on the viy3/ are
bound. An interesting question is how much above the S,, we can expect the 13/2% level in #3Sn
and whether it is possible to observe it experimentally. For the N=83 isotones we expect two
excited levels with spin 13/27, which can mix their configurations: one with single-particle
nature iz, and the second one with octupole excitation built on the ground state (3~ x
v fr 2+ )1372+- The systematics of excitation energies of states with spin 137 in the N=83 isotones
and the position of the octupole excitation in the N=82 core are shown in publication [H9].

The analysis of the systematic trend and the knowledge of the octupole excitation energy
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in 132Sn (4352 keV) allowed to calculate the excitation energy of the lower-lying 13/2% state
in 1%3Sn. The value obtained, 2511(80) keV, shows that this state is unbound with respect
to neutron emission. Its excitation energy is so close to the S, that the de-excitation of the
13/27 state by emission of v radiation is possible. In our analysis we limited ourselves to single-
particle states and the possible octupole excitations, since such is the nature of states in 2°9Pb.
A similar approach which took also into account quadrupole excitations, allowed the authors
of Ref. [50] to delimit the position of the vij3/; state in the range 2360 keV<ey;), , < 2600 keV.
In order to verify experimentally these predictions, 1 proposed an experiment at the facility
ISOLDE at CERN to study excited states in 133Sn. These states were populated in the 3~
decay of the I"™=9/2~ eround state and of the I"=1/2" isomer of **In. Thanks to the use
of the laser ion source coupled to mass separation, the separation of the ions in the isomeric
state from those in the ground state was possible and their decays can be studied independently.
In the same experiment the 3~ and An decay of I7=(3-7)~ '¥In were investigated. The data
collected are being analysed in the framework of a PhD thesis under my supervision.

4.3.4 SUMMARY AND OUTLOOK ON FUTURE RESEARCH

The advent of radioactive beam facilities produced a great potential for experiments conducted
with the use of such beams. An example of such possibilitics offered c.g. by the laboratory
RIKEN in Japan, is the results of an experiment conducted not long ago to which I participated.
During it the An decay of several very neutron-rich nuclei using a *He counter was studied.
For the first time it was possible to observe the decay of extremely exotic nuclei such as 3 Cu
and 'Sn. The research in which I was engaged over the last several years allowed to study,
among others, the structure of the N=51, 52 and 53 isotones close to the doubly magic "®Ni
and of nuclei close to '32Sn, allowing to gather information on the single-particle states vds /2
and vijg/. Unfortunately not all questions could be answered. In particular, information on
the energy of the vs)/, orbital in the ™Ni region and wij/, close to '*3Sn is still missing.
The reasons for this are the low production rate of such exotic nuclei, the weak feeding in /3
decay of the states of interest and the non-sufficient efficiency of the detection systems. T plan
to continue such research under much better experimental conditions. I submitted a proposal
to measure the lifetime of excited states in ¥ Geyg. 3Ges; and %°Gess, which was accepted by
the Program Advisory committee of the facility ALTO at IPN Orsay, France. The experiment
is planned in autumn 2017. At the facility ALTO I also plan to conduct an experiment that has
the possibility to observe the s/ orbital in another nucleus close to "8Ni, namely ®"Se. In this
case, instead of looking directly for the 1/27 state in the forbidden decay of 37 As (I5s.=(3/27)),
we will study the An decay of 3¥As to ®"Se, which can feed the 1/2% state. Such approach was
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instrumental to observation of the vs;/; orbital in 85Ge — this state was not observed in the
v decay of ®Ga [H2], but was observed in the 3~ decay of *Ga [38].

Following the studies in the neighbourhood of 1328n, I proposed an experiment at CERN-
ISOLDE with the purpose of measuring single-particle states in '3*Sn populated in the j3
decay of '33In (I7,=9/27), ¥¥™In (I7,=1/27) and in the f#n decay of ¥In (I7 =4"-7").
The two 133In A-decaying states populate different groups of levels in the *3Sn danghter. Thanks
to the possibility of applying selective separation for ions in the ground- and in isomeric-states
using a laser ion-source, it possible to study the two decays independently. The preliminary
analysis of the data collected in the experiment is extremely promising and indicates, for ex-
ample, the unexpected presence of several new ~ transitions originating well above the neutron
separation energy in ¥3*Sn. The data will form part of a PhD thesis under my direct supervision.
Because of the large probability for emission of neutrons for '¥In and '*In, the measurement
of the energy of the delayed neutrons is important. Such experiment was performed in May
2017 at CERN ISOLDE using the neutron spectrometer VANDLE ( Versatile Array for Neu-
tron Detection at Low Energies), to which I took part. The next step in this research will be
to propose measurements using a total absorption spectrometer for 4 radiation (TAS). This kind
of detector is characterised by very high efficiency for v radiation (90%), making it an extremely
powerful tool when registering high-energy ~ rays, as is the case in the decay of nuclei close
t 19450,

At present, the majority of the leading facilities in this field has programs for the construc-
tion of the next generation of laboratories, in order to improve the current production rates
by 2-to-4 orders of magnitude. The largest new laboratories under construction are the Facility
for Rare Isotope Beams (FRIB) in USA, the Facility for Antiproton and Ion Research (FAIR)
in Germany, Systéme de Production d'Tons Radioactifs Accélérés en Ligne (SPTRAL2 ) in France
and the High Intensity and Energy (HIE)-ISOLDE in Switzerland. Significant progress can be
expected in a number of research areas that make use of radioactive beams: from nuclear

structure and reactions to the physics of nucleosynthesis and of fundamental interactions.
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5 OTHER SCIENTIFIC INTERESTS

The main scope of my research interests is the understanding of the structure of nuclei far
from the 3 stability valley. One of the fundamental difficulties that hinders this kind of research
is the limited possibility to produce and separate nuclei with large excess of neutrons or protons.
The extenstion of the investigations towards the so-called terra incognita is strongly bound to
the development of new experimental techniques and tools. Nowadays, real pioneering research
can be carried out only in few research centres in the World, like those in which exotic radioactive
beams are produced. Still, the most interesting nuclei from the point of view of nuclear structure
and of the astrophysical processes remain at the edge of the capabilities of present day facilities.
My interests in exotic nuclei are not limited to one region of the chart of nuclei. Thanks to
the employment of different experimental techniques, 1 am involved in studies of nuclei with
number of protons (and/or neutrons) close to magic numbers (132Sn, 19°Sn, "®Ni, 5%Ni) and
of extremely exotic nuclei close to the proton- (**Fe) and neutron- (*He) drip-lines.

5.1 SCIENTIFIC INTERESTS DURING THE STUDIES
5.1.1 MASTER STUDIES

During my master thesis work I focused on the study of isomeric states in the isotopes ggNi
and 74Cu, which are particularly interesting for their vicinity to the closed Z=28 shell and
N=40 sub-shell. The results of the experiment, which was conducted at the GANIL labora-
tory in France, was the production and identification of seventeen new isomeric states pro-
duced in the fragmentation reaction of 0Kr on a "¥Ni target [51]. In the thesis T focused
on the study of the properties of ®Ni, which has two isomeric states 1/2~ (v(g3 /z)gvpl /2)
and 17/2° (u(gg/g)gupuz). I constrained the excitation energy of the 17/2~ (E*=2701 keV)
and determined its half-life (T;;0=0.47 ps). The 1/27 isomer was identified at an excitation
energy E*=321.5 keV. This picture is supported by the similarity to the mirror valence nucleus
on the neutron deficient side Y'Nb, which has an identical sequence of levels at low excitation
energies.

From the shell-model point of view the knowledge and understanding of the properties
of ™Cu were particularly interesting, with its isomeric state at E*=2755.5 keV and having
1I"=17/27. The proposed sequence of levels connected by intense E2 transitions shows a large
similarity to the level sequence in "Ni. Their systematics, which reflects the structure of a
given nucleus, depends on the residual interaction of the valence nucleons, i.e. for “Ni two
neutrons on the gg o shell. The comparison of the decay schemes of ICu and "Ni allows to

state the lack of strong correlation between the neutron and the proton, which are located
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on the vgg/s and mpg/p orbitals. On the other hand, strong coupling occurs between neutrons

lying on the same vgy /5 shell [31].

5.1.2 DOCTORAL STUDIES

My doctoral thesis was centered around the study of N=84 isotones (1*4Sn, 195Sh, 136Te, 1371,
138X e) and the nuclei 38n, 124Sb and '*?Cs. These nuclei were produced in the spontaneous fis-
sion of 2**Cm and the ~ radiation emitted promptly following the fission was detected by means
of the EUROGADM II array. Moreover, in order to correctly identify the transitions measured
in the prompt fission data, a measurement of the excited states populated in the 7 decays
at mass A=134, 135, 137, and 139 was done. These experiments were carried on at the OSIRIS
separator in Studsvik using neutron induced fission of U and 38U to produce the isotopes
of interest. The result of this work was the identification of a few tens of both low- and high-spin
states in seven nuclei close to the doubly-magic nucleus '32Sn. The spin and parity of the states
were assigned on the basis of angular correlations and linear polarization.

The advantage of combining data obtained in experiments in which yrast states are pop-
ulated with data on excited states populated in 3 decay, allows to properly assign 7 rays.
In the analysis of prompt-fission + rays the assignment to the isotope is usually based on known
coincidences with known transitions in the prompt-fission partner. Depending on the number
of evaporated neutrons in the fission process, different partners can correspond to one particular
fission fragment. An example is the case of 13Cs. The cascade of transitions in this isotope was
wrongly assigned as belonging to '*2Cs in a previous work based only on data from fission [52].
It is important not to forget that in the fission process more than 200 different fragments are
produced, each emitting prompt ~ radiation. In the case of the (low-spin) /i-decay data, the fis-
sion fragments were separated according to their mass number and then implanted in the centre
of the detection set-up. The implantation point was surrounded by the detection set-up to reg-
ister both + rays and 3 particles. The new measurement of F-delayed ~ rays and the correct
analysis of prompt-y from fission of ***Cm allowed to correctly identify the cascade of ~-rays
belonging to 13°Cs [53)].

The data presented in my doctoral thesis allowed to confirm the single-particle energy value
for the vhg /o and estimate for the first time the single-particle energy for the high-spin neutron
state iy3/9. The energy of the vhg/, was determined from the corresponding state in 13380, which

o 2
has one neutron ourside the close 132

Sn core. A similar approach for vij3/5 was not possible,
since theoretical predictions for this state in the '32Sn potential placed it above the neutron
separation energy in that nucleus [54]. Our work concentrated on finding a bound state which
is characterised by a simple structure, like, e.g., two valence particles on the ri;3/5 and higher

neutron separation energy. The result was the identification of an excited state in '3#Sb which
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has 7gq /911372 configuration. Unfortunately its excitation energy is not known with respect
to the ground state, but only with respect to the ["=7" isomeric state. As a consequence,
the single particle energy for the vi 3 /2 state, 2700(200) keV, suffers from large uncertainty.

In the PhD thesis I have also made a systematic analysis of the N=84 isotones in the vicinity
of 1328n. The goal of these studies was to probe the limits of applicability of the shell model
in describing nuclei with several valence particles. This was done by comparing experimental
excited-level sequences in those nuclei with theoretical calculations performed within the shell
model. An interesting case is the I"=127 isomer predicted in ?%Te, which is not observed
experimentally. The presence of four valence nucleons in *%Te causes the core to "soften”
to the level that the excited states are collective enough and cannot be described within the
shell-model. A similar situation is found in 71, in which an analogue isomer with I7=29/27
is predicted, but not observed. This means that at N=84 we already observe collective effects
[55]. This conclusion is very significant for the prediction of properties of neutron-rich isotopes
close to Z=50, close to the predicted path for the astrophysical r-process, which is obtained
using predictions from the available models.

5.2 OTHER SCIENTIFIC INTERESTS AFTER THE END OF DOCTORAL STUDIES
5.2.1 PROPERTIES OF NEUTRON-DEFICIENT NUCLEI CLOSE TO SN

On the neutron-deficient side of the chart of nueled, a particularly interesting region is the one
close to the doubly magic })°Snsg. The isotopes that lie in its close vicinity are important
not only because of their relevance for the astrophysical rp-process, but also because they offer
the possibility to investigate the proton-neutron interaction. These nuclei are characterised
by being o and /or proton emitters because of their vicinity to the proton drip-line and the closed
N=7=>50 shells. The study of their decay properties allows to gather information on their wave
functions of the nuclear states involved in the decay. In this particular case, when the number
of neutrons and protons is identical, the valence protons and neutrons are in the same orbitals
and as a consequence the proton-neutron interaction is stronger. In the case of the isotopes lying
just above 1981, which were the subject of my studies, the valence protons and neutrons occupy
the same d5 /9 or g7/ orbitals. The overlap of the wave functions should increase the probability
of formation and emission of a particles in so-called "super-allowed” decays [56-58].

The study of '°Sn and nuclei in its immediate neighbourhood is particularly challeng-
ing and often non-possible because of the extremely small cross section for their production.
For example, among the products of the fragmentation of a 1?*Xe beam (1 GeV /nucleon) [59]
and a 112Sn beam (63 MeV /nucleon) [60,61] only few ions of '9°Sn were identified, 11 and 24,
respectively.
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In the publication [62] I tried to determine the optimal conditions for the production of nu-
clei around ®Sn in a fusion-evaporation reaction. In particular, I investigated the possibility
to produce 1% Xe in order to study the "super-allowed” o decays in the chain '%Xe—104Te— 1005y
Using the code HIVAP I ran a series of calculations of the cross section for producing the iso-
topes 108-112Xe 108—110T 5, 108-109T% i the fusion-evaporation reaction of a $Ni beam and
a "Fe target. The calculations were verified experimentally and on their basis I produced
the excitation function curve for different reaction channels. The experiments were performed
at the HRIBF facility, where in the reaction of a “*Ni beam and a "' Fe target, after evaporation
of 0 — 3 neutrons, '"~12Xe were produced. The ions of interest were separated from the other
reaction products by means of Recoil Mass Separator (RMS) and implanted into a double-sided
silicon-strip detector installed at the focal plane, where their decay was recorded. By comparing
the results of the cross section measurements with the results of the calculations, I determined
the optimal beam energy for production of 1%Xe in the reaction **Ni(**Fe,4n)!"®Xe: the beam
energy should be 240 MeV, corresponding to excitation energy of 58 MeV in the compound
nucleus '2Xe [62]. At this beam energy, the production cross-section for '*Xe is about 1 nb,
which, under realistic assumptions for beam energy and target thickness, gives a production rate
of about 20 1%Xe ions every 100 hours. While implementing the research program to study nu-
clei in the vicinity of 19°Sn, I prepared and took part in several experiments, including that which
led to the identification of the new isotope 1%Xe and its e decay chain 1%Xe—1"Te—118n [57]
and the one which found a weak a-decay branch (1.4x107%) in the proton emitter 1T [63].

5.2.2 RARE DECAY MODES OF EXOTIC NUCLEI

Shortly after the doctoral studies I got engaged in the pioneering research on two-proton
(2p) radioactivity carried on at the Nuclear Physics Division at FUW. The measurement
of the two protons emitted in 2p decay was possible thanks to the development of a new detector
(at FUW), a time-projection chamber with optical readout (OTPC). The OTPC detector al-
lows to measure and reconstruct in 3D the trajectories of charged particles in the active volume
of the detector. The advantage of the OTPC with respect to standard silicon detectors is the very
low energy threshold for registering the signals and the very high sensitivity of the system that
allows to identify the decay even when only one event is detected. The OTPC detector is ide-
ally suited to study rare decay modes of exotic proton-rich nuclei. The most spectacular results
obtained with the use of the OTPC detector are the first direct observation of 2p radioac-
tivity of P°Fe [64], after its discovery in 2002, and the identification of the emission of three
protons following 3 decay of **Cr [65]. My contribution in this research consisted in the prepa-
ration of the experiment and participation in the measurement. More recently, the OTPC

detector was used to study the next candidates for 2p decay, namely the *Ge and Ge iso-
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topes. I took part in the experiment at the NSCL laboratory at the A1900 spectrometer,
when the *Ge [66] isotope was discovered and the first decay properties of %Ge measured
(half life and delayed proton emission probability) [67].

5.2.3 STRUCTURE OF NUCLEI CLOSE TO THE SEMI-MAGIC %8N1.

For neutron number between N=28 and N=40 changes in the excitation energy of the nuclei
are given by neutrons filling the vpy/, v f5/2 and vp,/, orbitals. After crossing the N=40 line
the vgg/o orbital becomes active. The semi-magicity of N=40 is reflected in the high excitation
energy of the first 27 state (2034 keV) and its low B(E2)=3.2(7) W.u in %Nisy. The reduced
transition probability B(E2) is comparable with doubly magic nuclei like, e.g., 150 (3.3(3) W.u.).
0Ca (2.3(4) W.u.) and *8Ca (1.6(5) W.u.) [37].

The filling of the vgg/, orbit causes the change in the splitting of the proton orbits
mis o —ml7 /5 (Figure 1c), which was experimentally confirmed in our work on the copper iso-
topes. In the following work I focussed on the study of excited states in jZny;, which has two
neutrons and one proton outside the %Ni core, and proposed an experiment to measure it using
0Zn(n,y) reaction to populate the excited states. The experiment was performed at the ILL
laboratory in Grenoble and provided the first (n,7) measurement using a "°Zn target. Its results
yicelded the identification of more than 200 new transitions corresponding to the de-cxcitation
of excited states in "'Zn. On the basis of angular correlations the spin and parity of several
states could be determined. The data analysis was conducted under my supervision within
the framework of a master thesis. At present we are completing the theoretical interpretation
of the results, which will be published soon together with the experimental results.

5.2.4 PROPERTIES OF NUCLEI STUDIED WITH THE FAST TIMING TECHNIQUE

g decay populates excited states in the daughter nucleus that de-excite to the ground state
by emission of (a cascade of) v rays. In order to understand the structure of the nucleus in-
vestigated, it is necessary to know not only the energy of the emitted v rays, but also other
properties of the nucleus, like for example the lifetime of the excited states. One of the chal-
lenges in a lifetime measurement is its broad range, which can span orders of magnitude, down
to the sub-nanoseconds range. Another challenge is given by the large multiplicity with the si-
multaneous emission of a several ~ rays, which make the selection of the interesting events
among all those registered not easy. For thess reasons, the measurement of sub-nanosecond
lifetimes of excited states populated in /3 decay required the the development of a special mea-
surement technique 3 — v — 7(¢) [24-26]. This technique was applied also in the work decribed
in section 4.33. Triple coincidences of the § particle with ~ rays detected in a fast scintillator
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detector and ~ rays registered in a detector with worse time resolution but very good energyv
resolution, are measured. The scintillator detectors provide information on the delay of the -
ray emission with respect to the 4 particle, the other v-ray detector ensures the identification
and selection of the correct v-ray cascade. The 3 —~ —~(t) technique allows to measure the life-
time of states populated in /3 decay in the range nano- to picosecond and is a universal method,
which can be used to study unstable nuclei independently on their location on the map of nuclei.
The measurement of the lifetime of levels, of the energy of the emitted +s and of the branching
ratio allow to determine the matrix elements B(XL) for the + transition de-exciting the studied
state. The analysis of these observables allows to constrain the character of the excited state
(collective versus single particle).

The measurement of the lifetimes of nuclear excited states provide a series of important
pieces of information on the structure of atomic nuclei. I took part in measurements which,
among others, showed that the addition of a few valence nucleons to the magic core causes a rapid
change in the properties of the nucleus: from spherical nuclei, which are well described by the
shell model, to nuclei in which the migration of single-particle states can be observed (**Mg [68],
30Mg [69], ®Fe [70], 7Cu, 1%Zr), to the region of strong octupole correlations (Zr, 1%6Ba [71],
224Ra [72]). We obtained interesting results also for §{Rusg and 9Pdsq [73]. The measurement
of the lifetimes of low-lying excited states in these nuclei showed for the first time the inadequacy
of the seniority quantum number to describe the configuration gy /2 in the N=50 isotones.
Particle-hole neutron excitations through the N=50 shell are responsible for this effect.

A complementary method with respect to the lifetime measurement to gather information
on the matrix elements of electromagnetic transitions in nuclei is given by coulomb excitations.
This well known technique is living its renaissance thanks to the advent of radioactive beams.
I participated in such research conducted in Warsaw at the Heavy lon Laboratory. The exper-

iment to investigate coulomb excitation of '®Sn was run in June 2017.
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