


Abstract

La catena isotopica del mercurio è caratterizzata da numerosi fenomeni relativi allŠevoluzione della
forma nucleare, come lo shape-staggering tra nuclei di masse dispari e pari, e la comparsa di coesistenza
di forma. Questi fenomeni forniscono informazioni utili sullŠevoluzione della struttura nucleare nella
regione dei nuclei pesanti nella tavola di Segré. Un esperimento volto a studiare gli stati eccitati del
188Hg è stato svolto ai Laboratori Nazionali di Legnaro usando una reazione di fusione-evaporazione,
utilizzando un fascio di 34S su un bersaglio di 160Gd. Nella stessa reazione è stato popolato anche il
nucleo 189Hg, di cui sono ancora ignote numerose proprietà spettroscopiche, tra cui le vite medie degli
stati eccitati.

I raggi γ emessi dalla diseccitazione dei nuclei sono stati studiati usando lŠarray di rivelatori al germanio
iperpuro GALILEO accoppiato a Neutron Wall, un array di scintillatori liquidi, e il plunger, un
dispositivo utilizzato per le misure di vita media di stati eccitati dellŠordine dei picosecondi. Uno
studio della spettroscopia del nucleo è stato svolto e due nuove transizioni gamma sono state aggiunte
allo schema dei livelli noto Ąnora. Inoltre, le vite medie di due stati eccitati a bassa energia del
189Hg sono state misurate usando il metodo Recoil Distance Doppler Shift. Dalle vite medie di questi
due stati, Ąnora ignote in letteratura, sono state estratte le probabilità di transizione ridotta e del
confronto tra queste ultime e le stime di Weisskopf è stato possibile fornire unŠinterpretazione sulla
natura dei primi due stati eccitati del 189Hg.
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analyse thanks to their symmetric properties, and can be described with simpler theoretical models,
while even-odd nuclei are more complicated, because of the presence of one uncoupled nucleon. For
this reason, the study for these latter nuclei was focused mainly on bulk properties, such as mass
and charge radius measurements, and spectroscopy. The aim of this thesis is to study some of the
spectroscopic properties of 189Hg (Z=80, N=109) and to measure the lifetime of two excited states, in
order to deeper understand the behaviour of this nucleus. An example of the unconventional behaviour
of odd-even nuclei is reported in Figure 2, where the trend for charge radius measurements for Hg and
Pb isotopes is reported. In Hg isotopes, for lower number of neutrons, it can be noticed a staggering
in the values of the radius: the values of the charge radius increases for odd masses, while for even
masses the values follow the same trend observed for heavier Hg isotopes. On the basis of Monte
Carlo Shell Model considerations, odd-mass deformed nuclei are expected to have larger radii. This is
because the strongly deformed state, combined with monopole and quadrupole effects, lead to shape
staggering phenomena. In the middle of the shell (such as for 181−185Hg) the odd isotopes are then
more deformed than the even ones [4]. For higher values of N, this phenomena becomes secondary,
leading to a monotone trend of the radius as a function of the neutron number. This is also the
case for Pb isotopes (Z=82, magic number of protons), where this staggering is not observed. The
presence of radius staggering is considered as one of the main hint for the presence of shape coexistence
phenomena, even if it is not a necessary condition. For example, shape coexistence is present also in
nuclei with no radius staggering, such as 188Hg [1] or various Pb isotopes.

Figure 2: Charge radius trend for Hg and Pb isotopes. In green, the number of neutrons (N=109) of the nucleus
of interest, 189Hg. The staggering of the data at low values of N for Hg can be explained by null
contribution of the coupling term in the binding energy of the nucleus. This phenomenon is a hint
for the presence of shape coexistence. At higher values of N, this phenomena becomes less relevant,
leading to a monotone trend of the data. Data taken from [5].

This type of nuclei are far from the valley of stability and for this reason are difficult to populate.
One efficient way to populate nuclei in this region are fusion-evaporation reactions, explained in the
following section.

Fusion-evaporation reactions

A way to populate the neutron-deĄcient region is via fusion-evaporation reactions. This type of
reactions is useful to perform spectroscopy studies because it populates the high-energy, high-spin
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Electromagnetic radiation corresponds to the propagation of oscillating electric and magnetic Ąelds,
mutually orthogonal, and its evolution is described by Maxwell equations. We can classify γ-radiation
in two types, based on the origin of the radiation: electric transitions (E), caused by an oscillating
distribution of charge, and magnetic transitions (M), caused by an oscillating magnetic moment.
These transitions are then governed by the conservation of the angular momentum

♣Ii − If ♣ ≤ L ≤ ♣Ii + If ♣

with Ii and If being the initial and Ąnal angular momentum, respectively, and L the angular momen-
tum of the emitted photon. γ-transitions are then classiĄed also by the value of the multipole order
L: L = 1 are dipole transitions, L = 2 are quadrupole transitions, and so on.
An electromagnetic transition is then uniquely identiĄed by the type of the transition (σ=E, B) and
its multipolarity (L=1, 2, 3, etc.). At the same value of L, electric transitions are 100-1000 times
more probable than magnetic transitions; at the same type of the transition σ, the probability of a
transition corresponding to a certain value of L is O(104) more probable than the one corresponding
to the next value of multipolarity L + 1. No L=0 γ-transitions can be observed, due to the non-null
value of the photon spin (S=1).

Gamma-matter interaction

In order to build γ-ray detectors, it is essential to study how electromagnetic radiation interacts with
matter. There are three main phenomena, each dominant in a certain energy range: the photoelectric
effect, the Compton scattering and the production of particle-antiparticle pairs.
The photoelectric effects consists in the absorption of an incident photon of an atom, and the con-
sequent ejection of an electron, called photoelectron, belonging to one of the electronic shells of the
atom. This electron is bounded to the atom by a certain binding energy Be, depending on the shell
of the emitted electron: external shells will have lower values of Be, while internal shells will have
a higher value. The photoelectric effect has then a threshold energy, corresponding to the binding
energy. If the energy of the photon is lower than Be, the phenomenon will not occur. As can be seen
from Figure 4, the mass absorption coefficient (proportional to the probability of the effect to occur)
has a discontinuous trend: the peaks correspond, in fact, to the binding energy of every internal shell.
The electron will then be ejected with a kinetic energy equal to

Te = Eγ −Be ≃ Eγ

where the last equality is because binding energies are usually of the order of O(10eV ), while we
work with γ rays with energy going from hundreds of keV to tens of MeV . Photoelectric effect is
predominant for energies going from tens of eV to hundreds of keV .
The Compton scattering consists in the elastic collision between an incident photon and an electron
belonging to an atom. The photon will then be scattered with a deviation angle θ with respect to the
motion axis, and will transfer part of its energy to the electron, which will be ejected from the atom.
The energy of the scattered photon will be given by

E′

γ =
Eγ

1 +
Eγ

mc2 (1 − cosθ)

where Eγ and E′

γ are the energies of the incident and scattered photon, respectively, m is the mass
of the electron and θ is the scattering angle. Compton scattering is dominant for energies going from
hundreds of keV to some MeV .
Pair production consists in a photon transforming in a particle-antiparticle pair, typically electron-
positron. This is due to the pairing of the oscillating electric Ąeld of the photon with the electric Ąeld
generated from a nearby nucleus. The threshold energy for pair production will then be the sum of
the rest energy of the products, namely

Eγ ≥ 2mc2 ≃ 1.022MeV
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where Eγ is the energy of the photon and m is the mass of the electron. Each the electron and the
positron will then have same energy, equal to

Ee =
Eγ − 2mc2

2

The positron, being antimatter, will then annihilate with another electron, generating a couple of
photons, each with an energy of E′

γ = 511keV . The complete process can then be described as

γ → e−e+ e−e+ → γγ

Pair production is dominant for energies higher than 4-5 MeV .
The intensity of a photon beam, such as the number of incident photons, impinging on a speciĄc
material, decreases exponentially, following the law

I(x) = I0e
−µx

where x is the distance covered by the photon and µ is deĄned as the linear absorption coefficient
([m−1]), and is speciĄc for every material. The coefficient µ is proportional to the cross-section σ,
and then to the probability of the reaction to happen. This coefficient will then be the sum of the
contributes given by the three processes of reaction with matter:

µ = µpe + µC + µpp

where the three addends are the linear absorption coefficients for photoelectric effect, Compton scat-
tering and pair-production, respectively. Similarly, it can be deĄned the mass absorption coefficient
as

µmass =
µ

ρ



cm2

g

]

where ρ is the density of the material. The exponential law then becomes

I(d) = I0E
−µmassd with d = ρx

The study of the mass absorption coefficient as a function of the energy of the photon is essential to
build detectors. An example for germanium, used for γ-detection in the GALILEO array, is reported
in Figure 4. It can be seen that in the region of interest for this study, going from hundreds of keV to
some MeV, Compton scattering is the dominant effect. Compared to Compton scattering, photoelectric
effect provides a higher energy resolution. This is because, in the latter, the total energy of the photon
is completely absorbed by the photoelectron, which energy can be measured more precisely. Taking
into account a great amount of Compton events would lead to a great decrease in energy resolution of
the detector. For this reason, eight anti-Compton shields will be coupled to every germanium detector
of GALILEO (see section 1.2.2). This will increase the resolution of the detectors, at the cost of a
great loss in statistics.
A new generation HPGe array, AGATA, has been recently moved to LNL and has been operational
since 2022. The AGATA array allows one to reconstruct the trajectory of the photon with a precision of
some mm [7]. This also permits to discriminate among Compton scattering and other types of events.
Compared to GALILEO, then, it has a better angular resolution, a higher energy resolution and a
higher efficiency. This new detector allows for the study of more exotic nuclei and more experimentally
challenging properties of excited nuclear states.
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Experimental Apparatus

Excited states in neutron-deĄcient nuclei can be populated in fusionŰevaporation reactions utilizing
high-energy stable beams. The principal aim of the experiment was to study 188Hg, so the used fusion-
evaporation reaction was optimized to populate the nucleus of interest. A 34S beam at the energy
of 185 MeV impinged onto 600 µg/cm2 target of 160Gd (2.5 mg/cm2 thick 181Ta fronting) with the
evaporation of 6 neutrons. To have cleaner data, the ancillary array Neutron Wall (further discussed
in section 1.3) was coupled to the GALILEO array, in order to discriminate the events in coincidence
with one or more detected neutrons [6]. The following table shows the main nuclei populated in the
reaction and their respective yields:

Z N nucleus yields [%]
80 108 188Hg 63.7 %
80 109 189Hg 18.5 %
79 109 188Au 4.23 %
78 108 186Pt 3.79 %
79 110 189Au 3.27 %
78 107 185Pt 2.67 %
80 110 190Hg 0.94 %

other 2.9 %

Table 1.1: The main nuclei populated during the fusion-evaporation reaction.

The aim of this thesis is to study the low-lying states of 189Hg, the second most populated nucleus
during the reaction. The lower population of this isotope leads to more inaccuracies in the results,
caused by the lower statistic. More accurate measurements could be made optimizing the fusion-
evaporation reaction for 189Hg.

1.1. Accelerators

Two different accelerators were used to accelerate the stable beam of 34S at the energy required for
the reaction: the XTU-Tandem and the ALPI linear accelerator.

1.1.1. The XTU-Tandem accelerator

The XTU-Tandem is an electrostatic accelerator for stable beams. The ion source is placed upstream,
and injects negative-charged ions in the accelerating pipe. The ions will be then accelerated by a
high-voltage terminal, placed in the middle of the tube, which can reach a maximum of 14.5 MV of
voltage. The terminal is charged by two ladderton. In the terminal, the ions pass through a thin
carbon foil, called Śion stripperŠ, which has the aim to remove a great number of electrons; the ions
are then highly positive-charged, and so accelerated by the same terminal to the opposite end of the
accelerating pipe. The beam can then be addressed to the experimental areas, or it can be bent by
magnets located at the end of the XTU-Tandem and injected to ALPI for the post-acceleration.
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Figure 1.5: Scheme of the XTU-Tandem. The numbers correspond to: (1) the ion source; (2) the accelerating
pipe; (3) the column which supports the (4) high voltage terminal, inside of which is located (5)
the ion beam stripping station; (6) the ŚladdertonŠ; (7) the beam diagnostic station; (8) bending
magnets; (9) the tank Ąlled with SF6 gas at 7 atm. Figure taken from [8].

Figure 1.6: On the left, a picture of the Tandem tank, in which can be seen the beam tube and the voltage
terminal; on the right, a picture of the Ąnal stretch of the accelerator, where the beam is injected
in the switching magnets. Pictures taken from [8].

1.1.2. The ALPI linear accelerator

ALPI is a radio-frequency linear accelerator working in the superconductive regime, in order to reduce
costs in operating and reach higher electromagnetic Ąelds. ALPI cavities are made of niobium in
contact with a bath of liquid helium (T=9.2 K); these cavities are grouped into sets of 4 cryostats,
which can isolate the supercold cavities from the external environment. The accelerating cavities are
of the QWR (Quarter Wave Resonator) type. A buncher, operating at 80 MHz, provides the bunch
structure necessary for the acceleration in the oscillating electric Ąeld. ALPI has three different section,
corresponding to different velocity regimes: one at low-β (β=0.055, 24 cavities), one at medium-β
(β=0.11, 14 cavities) and one at high-β (β=0.14, 24 cavities). After the acceleration, the beam is
directed to the experimental halls.

1.2. GALILEO spectrometer

GALILEO is an array for advanced in-beam γ-ray spectroscopy, installed at the Legnaro National
Laboratories at the time of the experiment (2016). It consisted of 25 high-purity germanium (HPGe)
detectors, positioned in rings at 152◦ (5 detectors), 129◦ (5 detectors), 119◦ (5 detectors) and 90◦

(10 detectors) with respect to the beam axis. Each of these detectors is equipped with eight bismuth
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Figure 1.7: On the left, a picture of ALPI and the cryostats; on the right, the interior of a cryostat. Pictures
taken from [8].

germanate crystals, used as anti-Compton shields, in order to reject Compton-scattering events.
A new phase of GALILEO was realized in the years after the experiment, adding 10 triple cluster
detectors in forward angle with respect to the beam, increasing its efficiency and solid angle coverage.
Thanks to its particular design, a wide variety of ancillary detectors can be coupled to GALILEO, in
order to improve its sensitivity and discriminate between various physical phenomena. During this
experiment, the ancillary detector Neutron Wall was coupled to GALILEO, for neutron-γ discrimina-
tion.
The GALILEO array was designed to maximise the photo-peak efficiency under typical in-beam
medium-high γ ray multiplicity, thanks to its symmetric geometry with respect to the beam. In
particular, during this experiment, the total photo-peak efficiency at 1332 keV was ϵ ∼ 2.4%.

1.2.1. HPGe

For the γ-detection in the GALILEO array, high-purity germanium crystals have been used, charac-
terized by an excellent energy resolution. The level of impurity in HPGe is very low, with a rate of
about one impurity every 1012 atoms. Germanium detectors are optimal for γ-spectroscopy, where
the energy range of the photons varies from 10 keV to few MeV.
The conduction mechanism is very different from a material to another. There are three energy bands:
the valence band (VB), at lower energy, where electrons are bounded to the atom; the conduction
band (CB), at higher energy, in which electrons are free to move and shared with the other atoms in
the lattice; and a forbidden band between these two, at middle energy. Semiconductors, such as silicon
and germanium, are characterized by a small band gap between VB and CB. When the radiation im-
pinges on the crystal, gives energy to the electron in the VB, promoting it to the CB and generating
an electron-hole pair. The typical energy gap for silicon detectors is 1.2 eV, while for germanium
detectors is 0.7 eV. For this reason, the latter are more sensible to radiation, and have better energy
resolution. However, the thermal energy at room temperature is high enough to promote some of the
electrons in the CB, affecting the measurement. It is then necessary to keep the crystal tempertaure
between 77 K and 90 K.

1.2.2. Anti-Compton shields

To reject Compton-scattering events, each of the HPGe detectors is surrounded by eight optically
isolated bismuth germanate (BGO) crystals. BGO crystals are inorganic scintillators, which have the
property to emit visible light when ionizing radiation (in this case, γ rays) passes through it.
An event is rejected when it is detected by a BGO in coincidence (90 ns) with an event detected
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in HPGe. This procedure has the aim to discard all of the detected events that do not contain the
complete information on the energy of the photon. In fact, if a BGO detects an event, it means that
the photon did not lose all of its energy inside the HPGe, but scattered outside of it.
This procedure permits us to increase the P/T of about 50%, though affecting the geometric efficiency
of the array, since the application of BGO crystals on every HPGe limits the solid angle coverage.

1.2.3. Pre-sorting of experimental data

An energy calibration of each of the 25 HPGe detector is necessary, in order to convert the ADC
channels to the corresponding real energy, measured in keV. The calibration has been done with seven
different γ-sources, reported in Table 1.2, whose peaks are well known.

Source Energy range [keV] Activity (21/07/16) [kBq]

60Co 1173 - 1332 327 ± 9
137Cs 661 369 ± 11
133Ba 81 - 384 370 ± 11
22Na 511 - 1274 286 ± 8
54Mn 835 167 ± 5
88Y 898 - 1836 23.8 ± 0.7

152Eu 122 - 1408 307 ± 9

Table 1.2: γ-sources used for the energy calibration of GALILEO, with the respective energy ranges and activity
of the γ-source. The activities were measured the day in which the calibration was done.

The centroid of each peak has been extracted from the raw spectra via gaussian Ąt, and a linear
regression has been done to extract the parameters of the calibration, as shown in Figure 1.8.

Figure 1.8: Calibrated energy as a function of the raw energy, for detector SC07. The Ątted calibration function
is linear.

One of the most important feature of HPGe detectors, and the main reason for their wide use in
γ-spectroscopy, is the high energy resolution, especially compared to other types of detectors, such as
silicon ones or scintillators. The resolution is evaluated through the measurement of the full-width at
half maximum (FWHM) value of the peaks.
The dependence of FWHM from the energy is expressed by the empirical expression:

FWHM =
√

a+ bEγ + cE2
γ (1.1)
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with a, b, c Ątting parameters. The experimental data are shown in Figure 1.9.

Figure 1.9: FWHM of the peaks as a function of the energy, for detector SC02. The experimental data have
been Ątted with Eq. 1.1.

The efficiency of germanium detectors highly depends on the energy of the detected γ ray. The
absolute photopeak efficiency is deĄned as

ϵ(Eγ) =
I(Eγ)

BR(Eγ) ·A · ∆t
(1.2)

where I(Eγ) is the integral of the photopeak, BR(Eγ) is the branching ratio of the transition, A is
the activity of the source (reported in Table 1.2) and ∆t is the time of the acquisition run.
For an estimation of the efficiency as a function of the energy, two functions had been chosen to Ąt
the experimental data: the Radware function, deĄned as:

lnϵ =



(

A+Bln
E

100keV
+ Cln2 E

100keV

)

−H

+

(

D + Fln
E

1MeV
+Gln2 E

1MeV

)

−H
]

−
1

H

(1.3)

where A, B, C, D, F, G, H are the Ątting parameters; and the Fazekas function, deĄned as:

lnϵ =
9

∑

i=1

ci (lnE)i−1 (1.4)

with ci Ątting parameters. As can be seen, the Radware function is able to better describe the trend
of the experimental points. For this reason, it will be then used in section 2.3 to have an estimation
of the efficiency.

1.3. Neutron Wall

The ancillary array Neutron Wall (NW) is formed of 15 pseudohexagonal detector units subdivided
into three hermetically separated segments and a pentagonal unit, subdivided into Ąve. Each of these
units is Ąlled with Bicron BC501A, a liquid scintillator. NW was coupled to GALILEO, at forward
angle with respect to the beam, in order to discriminate between FE reactions, expected to be in
coincidence with at least one neutron, and Coulomb-excitation reactions, due to the beam interaction
with the 181Ta degrader and the 197Au plunger stopper. This discrimination is done through the
analysis of three different parameters, different for neutron and γ-ray events: the Time of Flight, the
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Figure 1.12: A picture of the GALIELO array, on the left, coupled to Neutron Wall, on the right. Figure taken
from [8].

Figure 1.13: Example of a spectrum without the neutron discrimination, in blue, and a spectrum of the events
detected in coincidence with at least one neutron, in red. In the latter, the contributions related
to other physical phenomena, different from FE reaction, are considerably downsized, and the
peaks corresponding to transitions of nuclei produced in FE reactions are more visible, despite a
signiĄcant loss in statistics.

13



1.4. THE PLUNGER DEVICE CHAPTER 1. EXPERIMENTAL APPARATUS

1.4. The Plunger device

Fundamental for the experiment is the plunger device, developed in collaboration with the Cologne
Institute für Kernphysik. This instrument allows direct measurements of lifetime, in a range between
picoseconds and nanoseconds. The lifetime measurements of 189Hg were performed via Recoil Distance
Doppler Shift method, which will be further discussed in section 2.4.
The used plunger device allows one to vary the distance between the target and the stopper foil, going
from few micrometers to some tens of millimeters, with a precision in the sub-micrometer regime.
Furthermore, as little material as possible has to be used in the device in order to reach the maximum
transparency, still ensuring the needed stability to measure and to maintain constant the distance
between the two foils, with a sub-micrometric precision (∼ 40 nm). This high precision can be
obtained using the piezoelectric linear slide LPS-24 motor. Lastly, the plunger has to have an active
feedback system to compensate for beam induced changes of the target to stopper distance.
The target-stopper distance is measured using the capacitance method: at small distances, the two
foils can be approximated to a planar capacitor. The charge collected on the two plates can thus be
measured, and the target to stopper distance can be obtained inverting the following formula:

Q(x) = C(x)V = ϵ0ϵr
S

x
V (1.5)

where ϵ0 and ϵr are the dielectric constant in vacuum and the relative permeativity, respectively, S is
the area of the two foils and V is the amplitude of the voltage signal.

Figure 1.14: A 3D representation of the plunger device. The beam enters from a collimator (4 mm) mounted
on its structure, in indigo on the left; it then collides with the target, mounted on its structure,
in violet on the right, while the stopper is mounted on its structure, in grey on the right; below,
the piezoelectric motor, also in grey. The mechanical support, Ąxed on the reaction chamber, is in
red. Figure taken from [10].
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Figure 1.15: Two pictures of the plunger: a side view (on the left) and a front view (on the right). Figure taken
from [10].
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Analysis and Results

In this chapter the analysis of the data will be explained, and the results of the measurements will be
presented. A former measurement of the velocity of the nucleus was performed, in order to Doppler
correct the data analysed and to determine the time of Ćight of the nucleus, as a function of the target
to stopper distance; then, an analysis of the spectrum of emission of 189Hg is presented, confronting
it with one previously done; after this, the measurement of the lifetime of two excited states, 17

2

+

and 21

2

+
, was performed; in the end, a discussion of the data analysis is reported, in order to give a

theoretical interpretation to the results.

2.1. Determination of the 189Hg velocity

The compound nucleus (CN) created during the FE reaction proceeds in forward direction with respect
to the beam. It starts its de-excitation at Ąrst by evaporating neutrons (in the case of the nucleus
of interest, 5 neutrons). The evaporation residue (ER), 189Hg, then continues its de-excitation by γ
decay. The γ ray can be emitted by the ER while it is still in Ćight, or when it is already at rest in
the 197Au stopper foil. The photon emitted in Ćight will be subject to Doppler shift, according to the
equation

Eγ = E0

√

1 − β2

1 − βcosθ
(2.6)

where Eγ is the measured energy of the γ ray emitted in-Ćight, E0 is the real energy of the emitted
γ ray, β is the ratio between the velocity of the ER in vacuum (the plunger chamber is in vacuum)
and the speed of light and θ is the angle of emission of the photon. Because of angular momentum
conservation, the ER Ćies in forward direction at small angles with respect to the beam axis, so θ can
be considered with good approximation equal to the angle of the detectors.
In order to perform the Doppler correction (see section 2.4) and to measure the lifetimes of the excited
states, it is necessary to measure the velocity β of the 189Hg nucleus. This can be done by evaluating
the energy shift between the in-Ćight peak and the stopped one. From Eq. 2.7, the energy shift is
equal to

Eγ − E0

E0

≈ βcosθ (2.7)

The value of β can be deduced inverting this formula. GALILEO detectors are placed in four rings,
three at backwards angles with respect to the beam, so the value of cosθ is negative and the shifted
peaks will be at lower energies, and one at 90◦, where the Doppler shift will be null.
For the estimation of β, the measurements of the position of the peaks were performed via gaussian
Ąt for the 17

2

+

1
→ 13

2

+

1
transition, for the three rings and at a target to stopper distance of 200 µm.

The results are reported in Table 2.3 and Figure 2.16.
The three measurements are consistent with each other, so the estimation of the velocity is given by
the weighted average: β=1.69(7)%.
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ring angle [deg] β [%]
0 152 1.72(2)
1 129 1.62(1)
2 119 1.81(1)

Table 2.3: Values of the velocity β of 189Hg, measured for the three rings with non-null energy shift.

Figure 2.16: Values of β as a function of the number of the ring. The measurements are consistent with each
other.

2.2. γγ-coincidence measurements

As can be seen in Figure 2.19, the decay chain can be very complex to examine, and a single level can
have several feeders. The number of nuclei in the state of interest (i) is determined by the following
differential equation:

d

dt
ni(t) = −λi · ni(t) +

N
∑

k=i+1

λk · nk(t) · bki (2.8)

where N is the number of the highest feeding level considered, ni(t) and nk(t) are the number of nuclei
in the levels i and k at time t, λj is the decay constant of the levels j (related to the level lifetime by
the relation τj=1/λj) and bkj are the branching ratios from levels k to level j (for every k we have
∑

j bkj = 1).
To consider all of the possible known feeders many experimental values, such as feeding intensities
and feeding times, have to be determined, which can increase the complexity of the analysis. Further
difficulties are caused by the presence of other unknown feeders, which would introduce additional
uncertainties [11]. For these reasons, the data analysed were gated on a directly feeding level, in order
to examine a single transition at a time. This procedure is called Śγγ-coincidence measurementŠ, and
permits to not consider the contributions from other feeders, known or unknown. The differential
equation then becomes:

d

dt
ni(t) = −λi · ni(t) + λf · nf (t) (2.9)

where f is the only feeder considered. Due to statistical reasons, lifetime measurements performed by
gating on a particular feeder have larger experimental error than the ones measured considering all
the known potential feeders. Nevertheless, these latter estimations would be affected by systematic
errors, caused by incorrect assumptions on the feeders of the level of interest.

17











2.5. LIFETIME MEASUREMENTS AND RESULTS CHAPTER 2. ANALYSIS AND RESULTS

Figure 2.22: Example of the Doppler shift of the peaks at different distances.

condition of being monotone in the region of interest. With the DDCM, the lifetime of the level of
interest i can be calculated via

τi(x) = −
Ri(x) −

∑

k bkiαkiRk(x)
d

dxRi(x)

1

v
(2.13)

where bki and Rk(x) are, respectively, the branching ratio and ratio of the feeding transitions, d
dxRi(x)

is the Ąrst derivative of the Ątting function, v is the velocity of the CN, and the factor of proportionality
αki is given by

αki =
ωk(Θ) · ϵ(Eγk)

ωi(Θ) · ϵ(Eγi)
(2.14)

where ϵ(Eγj) is the efficiency of the detectors and ωj(Θ) are the angular distributions [11].
In spite of this, the DDCM led to systematical over-estimations of the values of τi. The reason for
this pattern is the wrong normalization performed in Eq. 2.11. In facts, this normalization does not
take into account various factors, such as the time of the acquisition, the intensity of the beam and
the state of degradation of the target.
The analysis was thus performed via Napatau, a purpose-built software for lifetime estimations,
created by the Cologne Institute für Kernphysik. This software tries to overcome these issues by
Ątting the data not with an exponential function, but with second order exponential splines (a trial
was performed also with third order splines, with no signiĄcant changes), and then giving a Ąnal value
for the lifetime, using the DDCM. In the particular case of Napatau, the DDCM calculates the k
values of the lifetime, where k is the number of points taken into account, via

τi =
IS,i

d
dtIIF,i

i = 1, ..., k (2.15)

where IS,i and IIF,i are the integrals of the stopped and in-Ćight components, respectively, at the i−th
distance. The denominator is a time derivative of a measured quantity, and not a direct measurand,
and was evaluated by Ątting second order exponentials piecewise at the intensities IIF,i measured at
every distance. The Ąnal estimation for the lifetime will be a weighted average of these values [14].
Napatau takes as an input the values of the distances and the integrals of the in-Ćight (IIF (x)) and
stopped (IS(x)) peaks, with the respective errors, and gives as an output the Ąnal value of the lifetime,
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calculated as explained above, and a graphic of the trend of the residuals, and of the in-Ćight and
stopped components. In order to compare the data at different distances, a normalization of IIF (x)
and IS(x) has to be performed. This normalization has to take in account the time of the acquisition,
the intensity of the beam and the state of degradation of the target. For this reason, the normalization
was performed over a 181Ta (the fronting of the target) transition coming from the Coulomb excitation
of the nuclei. Furthermore, the data points outside the region of sensitivity can be discarded to reduce
the systematical error.
An example for the analysis with DCM and DDCM with the wrong normalization will be reported in
section 2.5.1, in order to show how the data does not follow a decreasing exponential; then, for the
rest of the analysis, only the Napatau results will be presented.

2.5.1. Lifetime of the 17/2+

For the measurement of the lifetime of the 17

2

+
state, an energy gate was performed on the transition

above (21

2

+
→ 17

2

+
), and IIF and IS where measured only for Ring 0 and Ring 2: the data for Ring 1

were not sufficiently good. In order to highlight the peaks of the transition of interest, a subtraction
of the background was performed.
As mentioned above, the DCM was not the optimal method for measuring lifetimes, and the Ąrst
attempt for DDCM had to be corrected with a different normalization. In support of this thesis,
the decay curve and the values for τi (calculated as Eq. 2.13) of 21

2

+
→ 17

2

+
measured for Ring 1 is

reported in Figure 2.23.
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Figure 2.23: DCM and DDCM (with the wrong normalization used in 2.11) of 21

2

+
→ 17

2

+
measured for Ring

1. In the Ąrst, it is clear that the data points does not follow the exponential Ątting function: for
this reason, we will not use the DCM for lifetime estimations; in the latter, a systematic pattern
is evident: for this reason, the normalization has to be changed.

It is clear that these two methods are not appropriate to calculate the lifetime of the state. In order
to be exhaustive, the lifetime measured with these two methods are

τDCM
21/2+ = 30 ± 20 ps τDDCM

21/2+ = 30 ± 14 ps

From now on, only the results calculated via Napatau will be presented. The values of the lifetime
estimates given by Napatau are reported in Table 2.4.

23







2.6. DISCUSSION OF THE RESULTS CHAPTER 2. ANALYSIS AND RESULTS

where Eγ is the energy of the transition measured in MeV and R = r0A
1

3 is the radius of the nucleus,
with r0=1.2 fm and A the atomic mass. We can deĄne the reduced probability of transition as [15]:

B(σL) =
♣⟨ψf ♣O(σL) ♣ψi⟩♣

2

2Ii + 1
(2.19)

where ψi and ψf are the wave function of the initial and Ąnal state, respectively, O(σL) is the multipole
operator (in the case of E2 transitions: O(E2) = Ze(3z2 −r2), where Z is the atomic number, e is the
elementary charge, z and r are the third cartesian coordinate and the radial coordinate, respectively),
and Ii is the angular momentum of the initial state of the transition. Approximate estimates for the
reduced probability of transition, assuming that every transition involves only one nucleon (single
particle transitions), are given by the Weisskopf estimates:

Bsp(EL) =
1

4π

(

3

L+ 3

)2

r2L
0 A

2L
3 e2fm4 (2.20)

For E2 transition, it can be proven that the experimental reduced probability transition is equal to

B(E2) =
BRγ

τ · E5
γ (1 + α) · 1.223 × 109

e2fm4 (2.21)

where BRγ is the branching ratio of the transition (both in the case of 17

2

+
and 21

2

+
is equal to 1,

because they decay only in one possible way), τ is the measured lifetime for the state, Eγ is the energy
of the γ ray measured in MeV , α is the internal conversion coefficient (calculated via [16]) and the
factor 1.223 × 109 contains all the constants of Eq. 2.18.
The experimental reduced probability of transition expressed in Weisskopf units, given by

BW.u.(E2) =
B(E2)

Bsp(E2)
W.u. (2.22)

gives us information on the collective behaviour of the transition: if the value is near or below the
unit, the single particle transition is a good approximation; the farther it is from the unit, the more
the transition is collective. The single particle and the experimental reduced probability of transition
and its value expressed in W.u., are reported in Table 2.6.

Bsp(E2) [e2fm4] B(E2) [e2fm4] BW.u.(E2) [W.u.]
17

2

+
→ 13

2

+
64 1900 ± 400 30 ± 6

21

2

+
→ 17

2

+
64 290 ± 50 4 ± 1

Table 2.6: Values of the Weisskopf estimates, the experimental reduced probability transition and the number
of Weisskopf units per transition.

The 17

2

+
level presents a value for BW.u.(E2) far from the unit, compatible with the hypothesis of

a collective behaviour. This was to be expected, both because it is a typical behaviour for mid-
shell nuclei (not near to any magical nucleus), and because it is a behaviour manifested also in

the neighbouring nuclei [1, 17]. On the other hand, it is unclear what the nature of the 21

2

+
is.

The values of the BW.u.(E2) of the Ąrst two excited states, 2+ and 4+, for 188Hg are increasing
(respectively, 44 ± 2 and 92 ± 38), while for 190Hg are decreasing (respectively, 45 ± 3 and 19 ± 16).
The B(E2;J + 4 → J + 2)/B(E2;J + 2 → J) ratio for 189Hg is lower than one, a behaviour more
similar to the trend of heavier even-even nuclei, such as 190Hg, and different from the trend of lighter
nuclei, such as 188Hg. Despite this, the low value of the BW.u.(E2) for the second excited state, namely
21

2

+
, with respect to the 4+ states of the heavier even-even nuclei may suggest that this state does

not follow the same trend. Further investigations could bring to brighter conclusions on the nature of
this state.
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Conclusions

The aim of this thesis was to study some of the spectroscopic properties of 189Hg, such as the re-
construction of the spectrum of emission of the nucleus, and to measure the lifetime of two excited
states. The experiment was performed at Laboratori Nazionali di Legnaro in 2016, Ąrstly focused
on the study of 188Hg, populated via fusion-evaporation reaction, with a 34S beam impinging onto a
160Gd target. The second most populated nucleus during the reaction was 189Hg, of interest for this
thesis.
The Neutron Wall array, used to discriminate between fusion-evaporation reactions and other phe-
nomena not of interest, was coupled to the GALILEO array, used to perform the γ-ray detection. For
the latter, a presorting of the data was performed, with a particular focus on the energy calibration
and on the study of resolution and efficiency as a function of the energy.
The spectroscopic analysis has revealed most of the bands already known, but not all levels and tran-
sitions were observed. Also, a new band was observed, but no spin nor parity could be assigned to
these levels.
The Recoil Distance Doppler Shift method was used for lifetime measurements, with the γγ-coincidence
technique. A Ąrst attempt was done via Decay Curve Method, leading to incorrect conclusions. Then,
the analysis was performed via Napatau, a purpose-built software for lifetime analysis via Differential

Decay Curve Method. The two states of interest were 17

2

+
and 21

2

+
, and the respective lifetimes are

reported below:
τ17/2+ = 38 ± 8 ps τ21/2+ = 29 ± 5 ps (3.23)

Finally, the reduced probabilities of transition were calculated, assuming the two transitions to be
E2, and were compared to the respective Weisskopf estimates. From that, we can conclude that the
17

2

+
level present a collective behaviour, while for the 21

2

+
further investigations are needed to make

conclusions.
In conclusion, additional estimations for lifetimes of 189Hg could be performed in future experiments
by optimizing the initial reaction for this type of nucleus, in order to improve the statistics. This
operation would lead to more accurate values of the lifetimes with lower errors, and would allow us to
extend the study to other states. Furthermore, other experiments could be conducted with the same
techniques, in order to study lighter even-odd nuclei, also of great interest.
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