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ABSTRACT

At this work, laser spectroscopy measurements on the Pd isotopic chain using
different techniques are presented. Thanks to the chemically insensitive IGISOL
ion-guide production method, it has been possible to reduce the existing gap in
optical spectroscopy data below Z=50, created by the refractory character of these
elements. A study of the deformation of palladium nuclei on the mass region 98 ≤
A ≤ 118 is performed comparing the results of two collinear laser spectroscopy
measurements with state-of-art Fayans and Gogny calculations.

Having 6 protons and 4 holes on his valence shell, palladium is located at the
mid-shell πg9/2, between the strongly deformed systems around zirconium (Z=40,
N=60) and the spherical systems close to tin (Z=50), and are thus expected to
exhibit a rather transitional character. The interpretation of the results have been
done using axial and triaxial perspectives. The mean square charge radii have been
extracted for the ground state of the even-even palladium isotopes on the mass
region 98 ≤ A ≤ 118 and together with the magnetic dipole moments, electric
quadrupole moments, nuclear spins and mean square charge radii of the odd-A
99,101,113,115Pd and the isomeric state of 115Pd.

Complementing this work, this thesis includes the work with Fabry-Pérot interfer-
ometers to support laser spectroscopy measurements.

To prepare future experiments towards the proton drip line, laser resonant ioniza-
tion spectroscopy measurements of stable palladium isotopes have been performed
suing two different approaches. On one side, the production study of stable palla-
dium production test using a hot-cavity catcher is presented. On the other side,
the offline test and development of resonant ionization palladium schemes has been
performed at the GISELE offline laser laboratory.
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Résumé

Dans ce travail, des mesures par spectroscopie laser sur la châıne isotopique du Pd
utilisant différentes techniques sont présentées. Grâce à la méthode de production
de guides d’ions IGISOL chimiquement insensibles, il a été possible de réduire
l’écart existant dans les données de spectroscopie optique en dessous de Z = 50,
créé par le caractère réfractaire de ces éléments. Une étude de la déformation
des noyaux de palladium sur la région de masse 98 ≤ A ≤ 118 est effectuée en
comparant les résultats de deux mesures de spectroscopie laser colinéaire avec des
calculs de Fayans et Gogny de pointe.

Possédant 6 protons et 4 trous sur sa couche de valence, le palladium se situe
au milieu de la couche πg9/2, entre les systèmes fortement déformés autour du
zirconium (Z=40, N=60) et les systèmes sphériques proches de l’étain (Z=50),
et devraient donc présenter un caractère plutôt transitoire. L’interprétation des
résultats a été faite en utilisant des perspectives axiales et triaxiales. Les rayons
de charge carrés moyens ont été extraits pour l’état fondamental des isotopes
pairs-pairs du palladium sur la région de masse 98 ≤ A ≤ 118 et avec les moments
dipolaires magnétiques, les moments quadripolaires électriques, les spins nucléaires
et les rayons de charge carrés moyens de l’od-A 99,101,113,115Pd et l’état isomérique
de 115Pd.

En complément de ces travaux, cette thèse inclut le travail avec les interféromètres
Fabry-Pérot pour supporter les mesures de spectroscopie laser.

Afin de préparer les futures expériences vers la ligne d’égouttement de protons,
des mesures par spectroscopie d’ionisation résonnante laser des isotopes stables du
palladium ont été réalisées selon deux approches différentes. D’un côté, l’étude
de production d’un test de production stable de palladium à l’aide d’un capteur à
cavité chaude est présentée. D’autre part, le test hors ligne et le développement
des schémas d’ionisation résonante du palladium ont été réalisés au laboratoire
laser hors ligne GISELE.



Tiivistelmä

Tässä työssä esitellään palladiumin radioaktiivisille isotoopeille eri tekniikoilla
tehtyjä laserspektroskopiamittauksia. Palladiumisotoopit tuotettiin kemiallisesti
epävalikoivalla IGISOL ioniohjainmenetelmällä, jolla voidaan tuottaa protonilu-
vun Z=50 alla olevia vaikeasti irtoavia ytimiä, joita ei ole ennen tutkittu op-
tisin menetelmin. Palladiumytimien muodonmuutosta massa-alueella 98 ≤ A ≤
118 tutkitiin vertaamalla kahden kollineaarisen laserspektroskopiamittauksen tu-
loksia viimeisimpiin Fayansin ja Gognyn funktionaaleilla tehtyihin teoreettisiin
laskelmiin.

Palladiumin valenssikuori muodostuu kuudesta protonista sekä 4 reiästä. Se sijait-
see πg9/2 keskikuorella, zirkoniumia lähellä olevien voimakkaasti muotoutuneiden
ydinjärjestelmien (Z=40, N=60), sekä pallomaisten lähellä tinaa (Z=50) olevien
järjestelmien välissä. Tämän takia palladiumisotooppien odotetaan ilmentävän
transitionaalisia ominaisuuksia. Tässä työssä saatuja tuloksia on tulkittu aksiaalis-
esta sekä triaksiaalisesta näkökulmasta. Keskimääräiset neliölliset varaussäteet on
mitattu parillis-parillisten palladiumisotooppien perustiloille massa-alueella 98 ≤
A ≤ 118. Magneettiset dipolimomentit, sähköiset kvadrupolimomentit, ydinspinit
ja keskimääräinen neliöllinen varaussäde mitattiin paritonmassaisille 99101113115Pd
isotoopeille. Lisäksi määritettiin 115Pd isomeerisen tilan säde. Nämä uudet tulok-
set keskimääräisistä neliöllisistä varaussäteistä ja kvadrupolimomenteista valaise-
vat ytimien muodon kehitystä palladiumin isotooppiketjussa. Tuloksissa voidaan
nähdä viitteitä, että mitattujen neutronirikkaan ytimien muodonmuutos on luon-
teeltaan pehmeä.

Laserspektroskopiatyön lisäksi tähän opinnäytetyöhön sisältyy kehitystyötä Fabry-
Pérot-interferometreillä, joita tullaan käyttämään tulevissa tulevia laserspektroskopi-
amittauksissa. Lisäksi tulevien protoni drip-linjaa koskevien kokeiden valmis-
telemiseksi stabiilien palladiumisotooppien laser resonanssi-ionisaatio spektroskopia
mittauksia on suoritettu kahdella eri lähestymistavalla. Ensimmäisellä näistä
tutkittiin stabiilien palladiumisotooppien tuotantoas kuumaalla ontelosiepparilla.
Toisella lähestymistavalla kehitettiin palladiumin resonanssi-ionisaatiomenetelmiä
GISELE-offline laserlaboratoriossa, tarkoituksena etsiä siirtymiä, jotka olisivat
tarpeeksi herkkiä ydinten tutkimiseen.
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Chapter 1

Introduction

Since the discovery of the atomic nucleus by Rutherford in 1911, nuclear physics
has attracted the attention of many experimentalists and theorists. At the begin-
ning of the field, the measurement of stable and long live isotopes presented a rich
picture of nuclear properties. This early work provided the basis of nuclear theory
due to the development of the nuclear shell model, which successfully described
many of these properties and gave birth to the magic numbers.

The creation of radioactive ion beam facilities allowed access to a new world of
isotopes far from stability. This lead to the observation of many fascinating phe-
nomenon, which, even now, challenge our understanding. One example is the
variety of different shapes and sizes that the nucleus can exhibit together their
evolution.

From one side, the atomic nuclei can present various shapes beyond spherical:
prolate [1], oblate [2], pear-shaped [3] or halo nuclei [4]. From the other side, the
different shapes are not exclusive, being possible the coexistence [5] and the rapid
changes [6] between them.

High-resolution laser spectroscopy has long been established as a powerful tool
in the study of nuclear shape. Laser spectroscopy techniques provide access to
model-independent nuclear data through the interplay between atomic electrons
and nucleon structures, tracking nuclear spins, moments and charge radii across
long chains of isotopes [7]. Nevertheless, there are existing gaps in optical spec-
troscopy data of radioactive nuclei, due to the challenges on their production.
One of them is located on the region from Z=43 to Z=47, due to the refractory
character of these elements. Palladium (Z=46) is located alongside this elements.
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CHAPTER 1. INTRODUCTION 2

The contribution of this thesis lies in the measurement of spins, changes in the
mean-squared charge radius and electromagnetic moments of palladium in the
mass range 98 ≤ A ≤ 118. This thesis is structured as follows.

In chapter 2, the nuclear background needed to understand this thesis is presented.
The chapter is divided in three sections. The first section provide provide an
insight on the nuclear models and calculations used for this work. The second
section introduce the nuclear observables studied. And the third section consist
on an overview of physical phenomenon present at the region of the nuclear chart
where palladium is located.

In chapter 3, different concepts from laser spectroscopy are presented. Atomic
structure and atomic-nuclear interaction provide an understanding on isotope shift
and hyperfine splitting and the introduction on laser optics presents the basis
of laser wavelength generation and selection. Finally, the chapter ends with an
introduction and comparison between the different laser spectroscopy techniques.

In chapter 4, the different experimental setups used at this work are presented.
Chapter 5 contains the work performed with Fabry-Pérot interferometers to sup-
port laser spectroscopy measurements.

Chapter 6 focus on the analysis of the collinear fluorescence laser spectroscopy
experiment performed at the IGISOL facility in Jyväskylä, Finland. The interpre-
tation of the results of the measurements are presented at chapter 7.

The thesis ends at chapter 8 with an outline of the future measurements which
will complement this thesis, including the preparation that has been already been
done.



Chapter 2

Nuclear structure

2.1 Nuclear models

2.1.1 Introduction to nuclear models

The atomic nucleus is a complex many-body system with protons and neutrons
interacting with each other. The nucleus behave as a N-body quantum system,
where N is the number of nucleons described by their wave-function Ψ [8]. The
nuclear Hamiltonian is composed by the sum of kinetic energy T of the individ-
ual particles and the potential energy V̂ , coming from the interaction between
the N-particles. The nuclear Hamiltonian be mathematically described using the
Schrödinger equation:

T =
N∑
i

− ℏ2

2mi

∇2 V̂ =
N∑
i<j

υi,j +
N∑

i<j<k

υi,j,k +
N∑

i<j<k<l

υi,j,k,l ...

(T + V̂ )|Ψ⟩ = E|Ψ⟩ (2.1)

The equation will have solutions only for certain values of the energy E, which will
correspond with the different nuclear levels (the level with minimum energy will
become the ground state). In order to obtain the energy of the levels, Equation 2.1
requires accurate formulation of the contributions from all N-body interactions
generated by three different forces (strong, weak and electromagnetic). To describe

3



CHAPTER 2. NUCLEAR STRUCTURE 4

the nuclear force, dedicated experiments are performed to study specific properties
of the nucleus and to test and benchmark state of art nuclear theories.

Magic numbers and mean field potential

The initial attempts of solving the Schrödinger equation based on atomic the-
ory where hindered by the absence of a potential created by an external agent
[8]. The introduction of the self-consistent potential by the shell model allowed
to rewrite the many-body problem as a simple system where the nucleons move
independently in an average potential created by other nucleons (self-consistent
field). The Hamiltonian is reduced to an independent particle motion under an
external field and a residual interaction treated as a perturbation [9]:

H = HMF +Hres (2.2)

HMF = T + U Hres = V − U

The mean potential, U , will be optimal when minimizes the residual interaction,
being closer to the sum of all free nucleon-nucleon interaction V . Originally, this
field was considered static and spherical, being constant up to the nuclear radii
and zero outside.

The potential looked to reproduce the gaps related with the single particle level
energies at the magic numbers. The harmonic oscillator was chosen as the central
potential for two principle reasons: It provides a remarkably good approximate
solution to many nuclear problems and it is particularly easy to handle mathe-
matically [10].

V (r) =
1

2
Mω2r2 Enl = (2n+ l − 1

2
)ℏω (2.3)

The harmonic oscillator potential was found not enough to reproduce the nuclear
potential. The l2 term was added to enhance the attractive behavior of the nuclear
force. The introduction of the spin-orbit interaction by Maria Goeppert Mayer and
J. Hans D. Jensen had a relevant role on the formulation of the magic numbers [11]
and leaded to an accurate description of the nuclear masses and binding energies
for stable isotopes.
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The spin-orbit interaction is the coupling of the intrinsic spin of the nucleon
(s = 1/2) and the orbital angular momentum l giving rise to the total angular
momentum j = l+ s. The energy split of the levels due to the spin-orbit term is
given by the formula:

⟨
−→
l · −→s ⟩j=l+1/2 − ⟨

−→
l · −→s ⟩j=l−1/2 =

ℏ2

2
(2l + 1) (2.4)

Therefore, due to the spin-orbit term, the force felt by a nucleon differs according
to whether its spin and orbital angular momenta are aligned parallel or antiparallel.
This results on a rearrangement of the shell levels to obtain the magic numbers.
The central potential on the shell model can be describes as a surface-corrected,
isotropic harmonic oscillator, plus a strong attractive spin-orbit term [12]:

U(r) =
1

2
ℏωr2 +D

−→
l 2 + C

−→
l · −→s (2.5)

Figure 2.1: Shell model level scheme with and without the spin-orbit term [10]
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The mean field potential can be calculated self-consistently, on example is the
commonly used Hartree–Fock method [13, 14]. During the process, the Slater de-
terminants are used to calculate the energy of the levels, using the antisymmetrized
wave-functions ϕαi of the given single-particle states with a normalization factor
A:

Egs = ⟨Ψ0|H|Ψ0⟩ Ψ0(r1, r2, ..., rN) = A
N∏
i=1

ϕαi(ri) (2.6)

The selection of the optimal one-quasi-particle states can be determined by mini-
mizing the ground-state energy Egs using a Rayleigh-Ritz variational approxima-
tion [15] with a consistent iteration method:

ϕα(r) −→ ϕα(r) + δϕα(r) (2.7)

Leading to a Schrödinger equation [16] where the simple potential term has been re-
placed by the mean field functional of the unknown wave functions (VH(F )({ϕi(r)})):

− ℏ2

2mi

∇2ϕα(r) + VH(F )({ϕi(r)})ϕα(r) = ϵiϕα(r) (2.8)

Nuclear density functional theory

From the section above, the mean field potential can be understood as a single-
particle potential which represents the interaction between one nucleon and the
remainder of the nucleus. The motion of a nucleon in such potential can be in-
ferred from the effective mass m∗ [17]. This effective mass is dependent on the
level density, however this relation does not appear within the simple Hartree-Fock
method [18]. As a consequence, in order to improve the reproduction of empir-
ical nuclear data, a density-dependent effective nucleon-nucleon interaction was
introduced on the mean field Hamiltonian:

E[ρ] = ⟨Φ|H[ρ]|Φ⟩ =

∫
ξ(r)d3r (2.9)
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Two examples of commonly used effective nucleon-nucleon interactions with a
density-dependent term are the Gogny Force [19] and the Skyrme force [20].

At Equation 2.9, the total energy E is written in terms of the energy density ξ,
called energy density functional (EDF). This term mimic many-body correlations
as effect of nucleonic densities and currents. The EDF can be directly parame-
terised in terms of local densities [21], instead of using a density-dependent inter-
action. Generally, EDF use the binding energy to minimize their errors respect
very accurate experimental data. After parameterization, the nuclear EDF must
remain invariant under parity, isospin, rotational, translational or time-reversal
transformations [18]. One example of this class of EDF is Fayans functionals [22].

2.1.2 Nuclear calculations

During this section, the theoretical calculations which have been used to interpret
the experimental results obtained by this work will discussed.

Fayans functionals

Fayans EDF is an universal nuclear density functional developed with the aim of
improve the description of nuclear masses and radii and describing not only atomic
nuclei but also objects such as neutron stars [23].

On classic Fayans functionals, the density functional can be decomposed into vol-
ume, surface, and spin-orbit terms [24]:

ξFy = ξvFy(ρ) + ξsFy(ρ) + ξlsFy(ρ, J) (2.10)

The density gradient dependency on the surface and spin-orbit terms, makes
Fayans a sensitive and flexible functional to study odd-even effects on mass and
charge radii [25].

As mention above, the parameterization on EDF is performed using the binding
energy of previously measured nuclei. The binding energy is calculated with the
Fayans functional plus three terms representing the kinetic energy, Coulomb and
pairing:
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EFy = ϵkin +

∫
d3rξFy + ϵcoul + ϵpair (2.11)

Starting from the first functional FaNDF0 [23], versions with different specifi-
cations and parameterizations have been developed leading to the most recent
Fy(std) [24] and Fy(∆r,HFB) [26].

Fy(std) and Fy(∆r,HFB) are not calculated purely as a Fayans functional being
a mixed functional, taking the kinetic energy and Coulomb terms directly from
Skyrme EDF and the volume and surface terms remaining from FaNDF0.

These functionals has been calculated using HF+BCS [27], the wave-functions are
approximated by the HF orbitals with relative occupations given by the standard
BCS amplitudes. In addition, the pairing has been stabilized using variational
formulation avoiding unphysical behavior [28]. For a more extensive explanation
of the calculations see [24].

Both Fayans functional have been optimized with respect the same experimental
data set (SV-min) [29]. However for Fy(∆r,HFB) has been included the differential
charge radii of calcium isotopes. The different parameterization is expected to
provide to Fy(∆r,HFB) a better adjustment of the pairing [30].

For this Fayans calcualtions, M.Kortelainen has used an axially symmetric har-
monic oscillator basis for solving the HF equations with the modified computer
code HFBTHO [31]. The pairing strength parameters have been locally adjusted
by scaling all pairing channel EDF parameters to reproduce the odd-even mass
staggering for the Pd isotopes on N = 70.

Gogny force

The Gogny force is an effective density dependent interaction created on the early
seventies by the French physicist Daniel Gogny [32]. The main characteristic was
the creation of a finite range interaction where the pairing force derived from the
same central potential than the particle-hole (p–h) channel. The Gogny force is
composed from four terms:

ν(1, 2) = νC(1, 2) + νLS(1, 2) + νDD(1, 2) + νCoul(1, 2) (2.12)
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The central potential (νC) was based on Brink-Boeker force [33]. νC is a linear
combination of two Gaussians containing the terms for spin and isospin channels.
The two body spin–orbit interaction (νLS) is a zero range term taken from the
Skyrme functional. The density-dependent term (νDD) is pure phenomenological
and νCoul is the standard Coulomb potential [34].

The mean field potential is calculated using the HF or Hartree–Fock–Bogoliubov
(HFB) approach and the parameterization is perform over 14 adjustable param-
eters fitted to experimental data. Some examples of parameterization using the
Gogny force are D1 [35], D1’ [19], D1S [36], D1N [37] and D1M [38]. For this work,
the Gogny interaction parameters have been adjusted using the D1S paremeteri-
zation.

Gogny mean field calculations have been performed using HFB wave functions
with blocking, i.e., breaking the time-reversal symmetry. The HFB energy curves
have been explored along the axial quadrupole deformation blocking different K-
quantum numbers which are the projection of the angular momentum along the
z-axis of the intrinsic reference frame. By minimizing the HFB energy on the
blocked wave functions the different states has been identified by their K-quantum
number.

In Figure 2.2 the implementation of the method is shown for the 105Pd. In Fig-
ure 2.2(a)-(b), the proton and neutron self-consistent single-particle energies are
represented as function of the axial quadrupole deformation. As can be observed,
the degeneracy of the spherical orbits is broken depending on the value of K-
quantum number. This process allows the selection of the relevant single-particle
orbits for each deformation, being those, the ones who cross the Fermi energies
represented by thick dashed-dotted lines. Subsequently, the HFB equations are
solved for each deformation resulting on the HFB energy curves presented at Fig-
ure 2.2(c).

This method is restricted to axial calculations. As a result, beyond mean field
calculations has been performed in order to include triaxiality.

Beyond mean field calculations allow to deal with large amplitude collective mo-
tions combining symmetry restoration and the Generator Coordinate Method
(GCM) [39]. The GCM method consist on constructing the many-body wave
function as a linear superposition of many-body states described using collective
degrees of freedom [40].

On the frame of beyond mean field, Gogny force calculations have been performed
for this work within the symmetry-conserving configuration mixing (SCCM) vari-
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ational method [41].

On the SCCM method the HFB wave functions are defined along quadrupole (axial
and triaxial) shapes. The HFB energy is minimized using the particle number
variation after projection (PNVAP) approach with constraints on the quadrupole
degrees of freedom. The potential energy surfaces generated give an insight on the
collective character of the nucleus. In addition, coefficients of the mixing of the
different shapes are found variationally within the generator coordinate method
(GCM), restoring the symmetries of the system when projecting particle number
and angular momentum of the wave functions. Energy levels, charge radii and
electromagnetic properties can be extracted from the expectation values of the
corresponding operators on the SCCM nuclear states.

At this point, parity and time-reversal symmetry breaking intrinsic states have
not been implemented for the SCCM method. As a consequence, the calculation
is limited to even-even nuclei.

2.2 Nuclear ground-state properties

One approach to improve our understanding on the nuclear many body problem is
the study of the ground and isomeric states properties. This section will provide
an overview of these observables.

2.2.1 Nuclear spin

The nucleons inside the nucleus are arranged in orbitals as has been described on
section 2.1.1. This orbitals are characterized by parity πi = (−1)ℓ and a total
angular momentum ji, which is the coupling of the orbital angular momentum ℓi
and a spin angular momentum si.

The nuclear spin I is the result of the coupling between the different orbitals.
Depending on the nuclear state, The nuclear spin can be calculated in terms of
the total angular momentum of the orbitals (jj-coupling) or in terms of the spin
and orbital momentum of the nucleus (ls-coupling).
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LS coupling −→
−̂→
I =

−̂→
L +

−̂→
S

−̂→
L =

A∑
i

−̂→
ℓi

−̂→
S =

A∑
i

−̂→si

jj coupling −→
−̂→
I =

A∑
i

−̂→
ji

−̂→
ji =

−̂→
ℓi + −̂→si (2.13)

On even-Z and even-N nuclei thanks to the pairing force, all nucleons are coupled
pairwise leading to a total spin Iπ = 0+. For odd-A nuclei, Iπ can be calculated as
a linear combination of the different orbits. In case that both protons and neutrons
numbers are odd, the total spin can be determined by the vector coupling of the
unpaired protons and neutrons |jπ − jν | ≤ I ≤ |jπ + jν |. The ground state nuclear
spin will be the candidate which lowest energy and can often be estimated using
the Paar’s parabola rule [42].

2.2.2 Charge radius

The size of a nucleus is one of its more fundamental properties. Commonly, this
radius has been measured as the size of the electromagnetic charge created by
the proton and neutron distributions, since the early Rutherford scattering exper-
iment [43]. The charge radii can be defined from the radial moments of the nuclear
charge density distribution [44]:

⟨rnch⟩ =
1

Ze

∫
rnρch(r, θ, ϕ)dV (2.14)

Even if all the radial moments contribute to the charge radii, radial moments higher
than n = 2 are only accessible by high-precision experimental techniques [45].
Generally, the monopole moment (⟨r2ch⟩) is used to characterize the nuclear size.
In contrast, the averaged contribution of the higher radial moments is negative
and much smaller. In order to simplify text, the ‘ch’ subscript will be disregarded
for the rest of this thesis. The contribution of the radial moments higher than
two on the charge radii are shown at Figure 2.3 against the mass number. As
can be observed, the contributions escalates with mass, however, the maximmum
contribution still being smaller than 8%.
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eraged over the different isotopes of one element calculated from elastic electron
scattering results. The contribution is negative. [44]

In experimental measurements, the total contribution of all radial moments can
be measured comparing two isotopes through the nuclear parameter ΛA,A′

:

ΛA,A′
= ( δ⟨r2⟩A,A′

+
C2

C1
δ⟨r4⟩A,A′

+
C3

C1
δ⟨r6⟩A,A′

... ) (2.15)

Where Cn are the tabulated Seltzer coefficients [46].

2.2.3 Nuclear magnetic dipole moment

When a charged particle has an orbital movement, generates a magnetic moment
proportional of its orbital moment.

−→µ =
e

2m

−→
l (2.16)
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The magnitude eℏ
2m

is called nuclear magneton µN . Due to the orbital movement of
the nucleons, all nuclei with non-zero spin have an observable magnetic moment.
The magnetic dipole operator is defined as:

µ =

(
Z∑
i=0

gπLLi +
Z∑
i=0

gπSSi +
N∑
i=0

gνLLi +
N∑
i=0

gνSSi

)
µN (2.17)

Where gL and gS are the orbital and spin gyromagnetic factors for neutrons and
protons.

The magnetic-dipole moment can be obtained as the expectation value of the z-
component of the magnetic dipole operator where the spin projection is maximal
I = m:

µ = ⟨I,m = I|µ|I,m = I⟩ =

(
I

I + 1

) 1
2

⟨I||µ||I⟩ (2.18)

Where ⟨I||µ||I⟩ is the reduced matrix element from the Wigner-Eckart theorem.
For n particles within a particular single-particle orbital j:

g =
µ(jn, I)

I
=

µ(j)

j

Being g the g-factor. From the last correlation, it can be deduce that the g-factor
of a nuclear state with pure configuration should be equal to the g-factor of a single
nucleon in that orbit. This single particle g-factors are called the the Schmidt g-
factors [47] and by comparison with the experimental g-factor are a sensitive tool
to study valence particle occupation and characterize the many-body correlations
and collective behavior in the nuclei.

2.2.4 Nuclear electric quadrupole moment

The electric quadrupole moment is the result of the charge distribution inside the
nucleus. The electrical quadrupole moment tensor can be defined as:
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Qij = e

Z∑
l=0

(3rilrjl − r2l ) (2.19)

From the expression, the quadrupole moment can be described as an indicator of
a charge distribution asymmetricity or non-spherical shape. Alternatively, Equa-
tion 2.19 is more often written in terms of spherical tensors:

Qm = e

√
4π

5

∑
l

r2l Y
2
m(θl, ϕl) (2.20)

The spectroscopic quadrupole moment is the expectation value of the electric
quadrupole operator in the spin aligned state m = I:

Qs = ⟨I,m = I|Q2|I,m = I⟩ =

√
I(2I − 1)

(2I − 1)(2I + 3)(I + 1)
⟨I||Qz||I⟩ (2.21)

Where ⟨I||Qz||I⟩ is the reduced matrix element from the Wigner-Eckart theorem.
Equation 2.21 can be rewritten obtaining the relation between the spectroscopic
and the intrinsic quadrupole moments, which is the quadrupole moment on the
intrinsic frame.

Q0 =
(2I + 3)(I + 1)

3K2 − I(I + 1)
Qs (2.22)

Where K is the spin projection on the nuclear symmetry axis. In case of static
deformation the intrinsic quadrupole moment is linked to the deformation param-
eter.

Q0 = eZ

√
5

π
⟨r2⟩⟨β⟩

(
1 +

⟨β⟩
8

√
5

π

)
(2.23)
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2.2.5 Nuclear deformation

Nuclear deformation can not be directly extracted from the measurements per-
formed during this thesis. However, information about deformation can be in-
ferred from two of the measured observables (charge radii and quadrupole electric
moment).

Nuclear deformation is used to characterize nuclei with non-spherical shape. From
a simple liquid drop model point of view, non-spherical nuclear shapes can be
expressed in terms of the length of the radius vector pointing from the origin
(center of mass) to the surface of the nucleus [48]:

R(θ, ϕ) = R0(1 + α00 +
∞∑
λ=1

λ∑
µ=−λ

α∗
λµYλµ(θ, ϕ)) (2.24)

where R0 is the spherical radius, α the deformation coefficients and λ and µ are,
respectively, the mode and order of the deformation. In this thesis, the discussion
will remain on quadrupole deformations (λ = 2).

For quadrupole deformations, Equation 2.24 will be dependent on five α∗
λµ param-

eters. By transforming the framewotk to Euler angles, these five parameters are
reduced to three variables a20, a22 and a2−2, as function of the the axial elongation
(β) and the triaxiality parameter (γ):

a20 = βcosγ a22 = a2−2 =
1√
2
βsinγ (2.25)

As a result, nuclear shapes can be expressed on a plane dependent of β and γ as
is shown at Figure 2.4. Note that the interval 0 < γ < 60 is enough to illustrate
all quadrupole shapes, being γ ̸= 0 triaxial shapes.

The mean-square charge radii can indicate nuclear deformation when its value
deviates from the spherical prediction. Assuming a constant density, a spherical
nucleus will exhibit the smallest radii between nucleus with equal volume, i.e.,
an increase on deformation leads on an increase of the mean-square charge radii.
The mean-squared charge radius of an axially symmetric deformed nucleus can be
parameterized relative to its spherical radii ⟨r2sph⟩ and its quadrupole deformation
parameter β.
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Figure 2.4: Representation of the nuclear shape evolution in the β, γ plane. β is
the axial elongation and γ is the triaxiality parameter. [49]

⟨r2⟩ = ⟨r2sph⟩(1 +
5

4π
⟨β2⟩) + 3σ2 (2.26)

where σ is a constant representing the nuclear surface diffuseness parameter.

This effect can be observed at the so-called ’kinks’ [7]. This ’kinks’ are sudden
changes in the slope of the charge radius at isotopic chains when crossing magic
numbers.

The trends on mean-square charge radii also allows the study of the odd-even stag-
gering (OES), which accounts on the difference on average radius between odd-N
and even-N neighbours. The most common case of OES is when the charge radii
on even-N isotopes is larger than the average of its odd-N neighbour, this effect
has been usually explain as the suppression of pair scattering by the unpaired neu-
tron [50]. As a result, pairing has been consider as the dominant contributor on
the odd-even staggering. In contrast, inverted OES, meaning that odd-A isotopes
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has an average larger radii, has been linked to octupole deformation [51] or de-
formation induced by the valence neutron [52]. Leading structure effects become
more and more important in the last years [53].

2.3 Region of interest

Palladium with 46 protons is located at the nuclear chart bellow the magical tin.
This region has awaken the interest of the field due to its richness of nuclear
properties. Specially the surroundings of the double magic 100Sn and the N = Z
line, a schematic overview can be observed at Figure 2.5.

Figure 2.5: Schematic overview of physical phenomena surrounding 100Sn. Picture
from D. Seweryniak.

The nucleons on the N=Z line provide an unique opportunity to study nucleon-
nucleon interactions between protons and neutrons in identical single-particle or-
bits. The effects of the nucleon-nucleon interaction can be shown on the evolution
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of the single particle energies [54] or on the spin-aligned coupling schemes re-
lated with the T=0 and T=1 pairing interaction [55], among other phenomena.
In addition, this region exhibits interesting decay patterns as the super-allowed
beta-decay of 100Sn [56].

From the observables perspective, the mean-square charge radii provides an in-
sight on the deformation across the region. At Figure 2.7 is plotted the differences
on mean square charge radii (δ⟨r2⟩) for the elements on this region, except pal-
ladium. A smooth evolution is observed on the heavier elements of the region.
The parabolic behavior is related to quadrupole contributions in a core polarisa-
tion model [57]. In contrast, a sudden increase on δ⟨r2⟩ is observed on the lighter
elements around N=60, being a indication of a shape change.

These two different trends are related to the single particle behavior close to the
magic numbers against more collective systems approaching Z=40. Spectroscopic
information between the two regions will provide an insight on the transition be-
tween the single particle picture and the collective framework. However, optical
measurements are hindered by the refractory character of this elements, due to
their difficult production at ISOL type facilities.

Another interesting feature which is present at Figure 2.7 are the kinks at the
shell closures. When crossing the N=50 shell closure, a large increase on the mean
square charge radii has been shown for Ag [58], when compared to lighter systems
as Mo [59], Nb [60] or Zr [61].

In order to provide a better understanding of these phenomenons, the mean square
charge radii and electromagnetic moments of palladium have been measured on
this thesis.

2.3.1 Palladium motivation

A systematic measurement of ground state observables across the palladium iso-
topic chain will be used to study the transition between the strongly deformed
systems around Zr(Z=40, N=60) and the more spherical systems approaching Sn.

Despite the richness on interesting phenomena mentioned above, experimental
information concerning the ground-state properties at the palladium neutron de-
ficient region is scarce. A measurement of the mean-square charge radii towards
and beyond N=50 will provide good experimental data to test and benchmark
theoretical calculations, together to improve the current understanding about the
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and Zr(Z=40). Each element is separated 0.5 fm2 for each proton added at N=60.
Picture updated from [7].

magnitude of the ”kink”.

Regarding deformation, it exists a disagreement on the origin and character of
deformation on palladium isotopes on the mass range 110 < A < 118. On one
hand, the decay pattern of 110−116Pd was found to be compatible with a γ-soft
rotor [62]. This interpretation was complemented by a later γ-γ-γ coincidence
measurement [63] which expanded the prolate deformation to 109−123Pd isotopes.
Theoretical deformed Skyrme-Hartree-Fock calculations predicted prolate defor-
mation for ground states [64], supporting the experimental measurements. On the
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other hand, oblate-driving proton (g9/2)2 quasiparticle alignment from the prompt
γ ray spectra of 112,114,116Pd suggested an oblate-deformed core [65]. Potential en-
ergy surfaces (PESs) calculated using the Triaxial Projected Shell Model (TPSM)
approach suggested a γ-soft nature [66].
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Figure 2.7: Theoretical calculations of deformation for neutron rich Pd isotopes.
a) Isotopic evolution of the quadrupole deformation parameter β [64]. b) Mean
filed potential energy surfaces for 112,114Pd isotopes [66]

Another discussion related with palladium neutron rich isotopes is the discussion
related to the spin assignment on 115Pd ground and isomeric states. Two different
pairs of spin assignments have been proposed based on the observed E3 γ-transition
between the isomeric and ground states [67]. 3/2+ and 9/2− spin for the ground
(115Pd) and isomeric state (115Pdm) was proposed by [68] while 1/2+ and 7/2− was
proclaimed by [69].
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Chapter 3

Concepts from Laser spectroscopy

3.1 Atomic structure

The nuclei is surrounded by electrons forming atoms. Assuming a point-like nu-
cleus, the electrons are structured in atomic levels determined by their movement
in the Coulomb field generated by the nucleus. An overview on atomic structure
is going to be presented at this section, for a more detailed explanation look [70].

The description of an atomic system is given by its Schrödinger equation [71]:

iℏ
∂Ψ

∂t
= ĤΨ (3.1)

where ℏ is the reduced Planck constant and i is the imaginary unit. Starting
with the simplest atom, hydrogen, with only one electron moving in a symmetric
potential. Its Hamiltonian can be written as:

− ℏ2

2m1

∆1ψ − ℏ2

2m2

∆2ψ − q2q
2
1

4πε0r
ψ = Eψ(−→r1 ,−→r2 ) (3.2)

where m1, q1 =− e and −→r1 are the mass, charge and radius vector of the electron;
m2 ≫ m1, q2 =+ Ze and −→r2 are the mass, charge and radius vector of the nucleus;
∆i is the Laplace operator with respect to −→ri and ψ(−→r1 ,−→r2 ) the wave function. The
first term and second term describe the kinetic energy of the electron and nucleus

23
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and the third term the potential energy of the Coulomb interaction between the
two particles depending on the distance r = |r1 − r2|.

In case of multielectronic systems, an additional term needs to be added on Equa-
tion 3.2 in order to take into account interelectronic repulsions between pairs of
electrons.

ˆHrep =
N∑
i=1

N∑
j>i

e2

|−→ri −−→rj |
(3.3)

The Hamiltonian can be rewritten into a term (HCM) describing the center of
mass, and a second term (Hr) describing the position r of a particle with reduced
mass µ relative to that of the nucleus at r = 0 in a coulomb filed with potential
energy Epot. As the Coulomb potential is spherical, the wave function can be
rewritten as the combination of a radial function R(r) and spherical functions Y m

l

(angular dependence).

ψ(r, ϑ, φ) = R(r)Y m
l (ϑ, φ) (3.4)

On this configuration, the radial electron distribution will depend on the discrete
eigenvalues En:

En = − µZ2e4

8ε20h
2 · n2

= −RyZ
2

n2
Ry =

µe4

8ε20h
2

(3.5)

The energy En of an atomic state depends in this model solely on n, the prin-
cipal quantum number. In this approximation, the atomic states energetically-
degenerate on different states which are possible combinations of l and m (projec-

tion of the angular momentum
−→
l onto the quantization axis with 2l + 1 possible

values) for the same n and same energy [70].

In order to reproduce the electronic level structure, relativistic contributions have
to be taken into account. The first one is a shift on the energy generated by a
small decrease on the electron’s kinetic energy, due to its mass in the Coulomb
field, which makes the total energy of an eigen-state dependent to l [72].

∆Er = −Enr
Z2α2

n

(
3

4n
− 1

l + 1/2

)
α =

e

4πε0ℏc
=

1

137
(3.6)
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Figure 3.1: Level scheme of the H atom, drawn on a correct scale according the
Schrödinger equation.

The second correction is related to the treatment of the electron as a point charge
particle. The quantum mechanical expectation value, obtained with the hydrogen
wavefunction ψ gives the Darwin term [73]:

WD =
Ze2ℏ
ε0m2

ec
2
|ψ(0)|2 = 4Z4mec

2α4 (3.7)

The third relativistic contribution is the interaction between the orbital magnetic
moment and the spin moment of the electron (se = ±1

2
ℏ) [74]. The spin-orbit cou-

pling split the energy levels En into the fine structure components which energies
can be calculated as:

En,l,s = En − µs ·Bl = En +
µ0Ze

2

8πm2
er

3
(s · l) (3.8)

This equation can be simplified introducing the total angular momentum as a
vector sum of orbital angular momentum l and electron spin s (j = l + s, j2 =
l2 + s2 − 2l · s).

En,l,s = En +
a

2
[j(j + 1) − l(l + 1) − s(s+ 1)] a =

µ0Ze
2ℏ

8πm2
er

3
(3.9)
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Inside the Coulomb field with E ∝ 1/r the energy of a fine structure component
does not depend on the quantum number l. Therefore, the fine structure can be
calculated as:

En,j = En[1 +
Z2α2

n

(
1

j + 1
2

− 3

4n

)
] (3.10)

3.2 Atomic-nuclear interaction

The electronic fine structure reproduce the atomic energy levels, however do not
take account the effect of the finite size (no-point size) of the nucleus. The finite
size entails shifts on the electronic levels and the interaction between the nuclear
electromagnetic field and the electron cloud. The first consequence is related with
the isotope shift and the second leads to an additional splitting of the atomic
levels, called hyperfine splitting.

By studying these effects of the atom-nucleus interaction, the nuclear properties
can be extracted in a nuclear-model independent way, as will be shown at this
section.

3.2.1 Isotope shift

Considering a given transition on the atomic fine structure, is called isotope shift
to the difference on the transition energy between isotopes of the same element
with mass A and A′. In laser spectroscopy, this property is observed as a shift
on the transition frequency (or centroid of the hyperfine structure) between two
isotopes.

ISA,A′
= νA − νA

′
(3.11)

This effect is created by the difference in mass, size and shape between isotopes due
to their different number of neutrons. Thereby, the isotope shift can be separated
into two main contributions, the mass shift arising from the change in total mass of
the system and the field shift which arise from the change in the spatial distribution
of the nuclear charge [75].
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δνA,A′
= δνA,A′

MS + δνA,A′

FS (3.12)

Mass shift

The mass shift can be explained as the effect of the change on the reduced mass
of the electron in the electron-nucleus system.

δνA,A′

MS = M
mA′ −mA

mA′mA

(3.13)

being M the mass shift factor. The energy of the fine structure levels change as an
effect of the recoil motion of the nucleus and can be calculated using the relativistic
nuclear recoil operator [76]:

Ri,j =
−→pi · −→pj

2M
− Zα

2Mri
(−→αi +

(−→αi · −→ri )−→ri
r2i

) · −→pj (3.14)

For two electrons i and j, where M is the nuclear mass, Z the nuclear charge, p the
kinetic moment of the electrons, r is the relative position of the electrons respect
of the nucleus, α the fine-structure constant and −→α is the Dirac (4x4) matrix.

The mass shift can be separated into two different terms. The normal mass shift
(
∑

iRii) which is the nuclear recoil against an individual electron momenta and
the specific mass shift (

∑
i ̸=j Rij) which is the nuclear recoil against the correlated

electron motion.

The normal mass shift has always a positive value which can be calculated accu-
rately from the transition frequency MNMS = ν(me

mu
), where me and mu are the

mass of the electron and nucleon, respectively. On contrast, the specific mass shift
can take both positive and negative values, and is challenging to calculate, in-
creasing the difficulty as increasing the proton number. However the specific mass
shift can be experimentally obtained by combining optical data with muonic or K
X-ray measurements.

As the mass shift is uniquely related with the mass of the nucleus does not gives
any new information about the nuclear observables.
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Field shift

The field shift accounts for the different charge distribution between two isotopes.
The electrons can only experience a different potential when they reside inside
the nucleus with a probability |Ψe(0)|2. Therefore, is called field shift to the
perturbation of binding energy that results from the spatial overlap of the electron
wave function, ψe(r), and the nuclear volume.

Assuming the electron wave function constant across the nuclear volume, the field
shift can be formulated as:

δνA,A′

FS =
Ze2

6ℏϵ0
∆ | ψe(0) |2 δ⟨r2⟩A,A′

= Fλ2A,A′
(3.15)

where, ℏ is the Planck’s constant, ϵ0 is the electric constant, ∆ | ψe(0) |2 is the
change in electron density inside the nucleus between the two atomic levels involved
on the transition and λA,A′

is the nuclear parameter introduced at subsection 2.2.2.

The nuclear parameter λA,A′
take into account all moments on the charge radii.

Commonly this parameter is approximated to the root mean-square (rms) charge
radii, however, the contribution higher order terms grows with the mass (see Fig-
ure 2.3). Taken all considerations into account, the field shift can be correlated
with the rms charge radii by the following equation:

δνA,A′

FS = FλA,A′
= F (δ⟨r2⟩A,A′

+
∞∑
n=1

Cnδ⟨r2n+2⟩A,A′
) (3.16)

where Cn are the Seltzer coefficients [77].

From the field shift can be extracted information about the mean square charge
radii in a model independent way. The sensitivity of this observable changes with
the mass number in a way that can be approximated to ∝ Z2

3√A
. In addition, lower

valence orbitals, exhibit larger field shifts. In general, in heaver isotopes the field
shift is orders of magnitude larger than the mass shift, however in lighter nuclei
the mass shift is dominant, as can be shown at Figure 3.2.
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Figure 3.2: Mass and field shift contribution as a function of the atomic number
Z without taking into account relativistic effects. [78]

King plot method

As mention above, the isotope shift is the combination of the mass and field shift.
The expression of the isotope shift for a transition i is obtained combining Equa-
tion 3.13 and Equation 3.16.

δνA,A′

i = Mi
mA′ −mA

mA′mA

+ Fiδ⟨r2⟩A,A′
(3.17)

The mass and field factors are only transition-dependent, therefore, independent
of the nuclear properties. Can be obtained empirically via the King plot technique,
where the M and F are the mass and field factors, respectively.

The technique consist on removing the mass-dependence of the isotope shift equa-
tion using the reduced mass µA,A′

, which is sometimes called κA,A′
.
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µA,A′
δνA,A′

i = Mi + Fiµ
A,A′

δ⟨r2⟩A,A′
µA,A′

= κA,A′
=

mA′mA

mA′ −mA

(3.18)

Knowing the change in the mean-square charge radii of few isotopes and measuring
their isotope shifts, it is possible to obtain the mass and field factors of a selected
transition by fitting Equation 3.18 with a linear regression (Figure 3.3).

Figure 3.3: Example of a King plot for Pd isotopes using known rms charge radii
of all stable isotopes [44] and measured isotope shifts with respect to the reference
isotope A = 108. Statistical error bars on the isotope shifts are within the data
points [79].

3.2.2 Hyperfine Splitting

The calculation of the fine structure energy levels does not take into account
the coupling of the electrons with the electromagnetic field of the nucleus. The
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coupling of the static multipole interaction with the nuclear moments and the
fields generated by the electrons leads to small shifts and splittings on the atomic
fine level structure. Is called hyperfine structure because this perturbations are in
the order of µeV compared to meV in the fine structure levels.

The coupling between the nuclear spin I and the atomic spin J establish a new
quantum number F (total angular momentum). The coupling of both spins gives
rise to a range of F values between |I − J | ≤ F ≤ |I + J |. The energy of the F
hyperfine levels can be calculated using the Hamiltonian. The Hamiltonian can
be decomposed in different orders corresponding to the nuclear electromagnetic
moments. Only the moments with even parity (odd-order magnetic moments and
the even-order electric moments) will have non-zero contribution to the hyperfine
energies.

H = HE0 +HM1 +HE2 +HM3 + ... , EIJF = ⟨I, J, F |H|I, J, F ⟩ (3.19)

With each order in the expansion, the complexity of the Hamiltonian increases and
have progressively smaller effects. The higher order which has been measured is
the magnetic octupole moment [80, 81], however, only the nuclear magnetic dipole
and electric quadrupole moments will be studied within this thesis.

Magnetic dipole moment

The interaction between the nuclear magnetic moment and the magnetic field

produced by the electrons (E = −→µ I ·
−→
B e) can be formulated as:

HM1
hfs = −

∫
V

Bdµ = − µB0

ℏ2IJ
I · J (3.20)

The integral have been resolved assuming that the magnetic field is constant over
the nuclear volume. The resulting Hamiltonian is composed by atomic constants
which can be put together in a hyperfine dipole parameter A = µB0

ℏ2IJ . Therefore,
the energy splitting of the hyperfine structure due to the magnetic dipole moment
can be written as:

∆EM1 =
1

2

µB0

ℏ2IJ
[F (F + 1) − I(I + 1) − J(J + 1)] =

1

2
AK (3.21)
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Where K accounts for the coupling of the nuclear and atomic spins (I · J = K =
F (F + 1) − I(I + 1) − J(J + 1)).

Electric quadrupole moment

The nuclear electric quadrupole moment is an observable that describes the charge
distribution throughout the nuclear volume. It contributes to the perturbation
of the hyperfine F-states, due to its interaction with the electric field gradient
generated by the electrons. The energy splitting induced by the electric quadrupole
moment can be written as:

∆EE2 = eQs⟨
∂2Ve
∂z2

⟩3K(K + 1) − 4I(I + 1)J(J + 1)

8I(2I − 1)(2J − 1)
=

B
3K(K + 1) − 4I(I + 1)J(J + 1)

8I(2I − 1)(2J − 1)
(3.22)

Introducing the hyperfine parameter B = eQs⟨∂
2Ve

∂z2
⟩, where s is the spectroscopic

quadrupole moment, introduced at subsection 2.2.4.

3.2.3 Energy splitting

Combining Equation 3.21 and Equation 3.22, the total energy splitting results:

∆E

ℏ
=

K

2
A+

3K(K + 1) − 4I(I + 1)J(J + 1)

8I(2I − 1)(2J − 1)
B (3.23)

In the optical measurements, the transitions between two HFS states at different
fine structure levels are measured, obtaining the positions of the resonances (γ)
relative to the centroid (ν). Figure 3.4 shows the hyperfine spectrum of resonant
transitions between two atomic levels.

γ = ν +
∆Eu − ∆El

ℏ
(3.24)
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Figure 3.4: Calculated optical spectrum of the 101Pd ground state (I = 5/2) and
corresponding level scheme. Each peak corresponds to a transition between hyper-
fine components of the lower and upper J-states involved in the selected atomic
transition.

The transtition intensities between to hyperfine states F and F ′ can be calculated
using the Wigner 6J-symbol, these relative intensities are colloquially referred to
as the Racah intensity.

I(F, F ′) = (2F + 1)(2F ′ + 1)

{
F ′ J ′ I
J F 1

}2

(3.25)

3.2.4 Hyperfine anomaly

Is called hyperfine anomaly to the modification of the value of the hyperfine pa-
rameter A for electron wave functions which have non-zero probability of residing
in the nucleus.

The correction is generated by two effects. The first effect leads to the extended
nuclear magnetization across the nuclear volume, the Bohr-Weisskopf effect [82].
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And the second is the modification of the electron wavefunctions by the extended
nuclear charge distribution, the ”Breit–Rosenthal–Crawford– Schawlow” correc-
tion [83, 84].

A = Apoint(1 + ϵBW )(1 + ϵBR) (3.26)

Due to the difficulty of calculate Apoint with sufficient precision for ordinary atoms,
the hyperfine anomaly is usually determined from the ratio between two isotopes.

A1

A2

=
gI(1)

gI(2)

(1 + ϵBW (1))(1 + ϵBR(1))

(1 + ϵBW (2))(1 + ϵBR(2))
(3.27)

where gI = µ
I

are the g-factors of the corresponding nucleus.

These corrections (ϵ) are usually in the order of 10−3 times the hyperfine parameter
A. In addition, the ”Breit–Rosenthal–Crawford– Schawlow” (ϵBR) is in most of
nuclei much smaller than the Bohr-Weisskopf effect (ϵBW ). For these reasons,
Equation 3.27 is normally approximated to:

A1

A2

≈ gI(1)

gI(2)
(1 + ∆) (3.28)

where ∆ is the differential hyperfine structure anomaly parameter [85].

3.3 Laser optics

In laser spectroscopy, the production of laser beams with accurate wavelength
are fundamental to measure hyperfine transitions. This section provide a brief
overview of some of the basic ideas in stimulated photon emission and wavelength
selection.

3.3.1 Emission and Absorption of Electromagnetic Radia-
tion

In an atomic system, energetic transitions between different levels will involve
photon emission or absorption. The photon energy will be determined by the
difference in energy between the two states i and j.
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Eph = hν = h
c

λ
= Ei − Ej (3.29)

In atomic multi-level system, different states interact via photon-electron interac-
tion, emitting and absorbing coherent radiation. Albert Einstein created a model
with describes these systems based on the rate equations and the population dis-
tribution of the atomic levels [86]. This model uses the Einstein coefficients to
calculate the photon emission and absorption probabilities as function of laser
frequency, these coefficients are [70]:

1. Spontaneous decay (coefficient denoted with A).

2. Excitation (coefficient denoted with B).

3. Stimulated emission (also denoted with B).

The first process is independent of the presence of an external radiation field. The
spontaneous decay represents the probability per second of spontaneous emission
of a photon into an arbitrary direction. Due to its relation with the lifetime of the
state, the A Einstein coefficient can also be used to calculate the natural linewidth
Γ of the transition via the Heisenberg uncertainty relation.

dP sp
ji

dt
= Aji Γ =

∆Eji

h
=

1

2π∆t
=

Aji

2π
(3.30)

In the presence of a radiation field, the atom can absorb a photon, which brings
it back into the higher energy state. In this conditions, the probability per second
for an absorbing transition is:

dP abs
ij

dt
= Bijρ(ν) (3.31)

where Bij is the Einstein coefficient for absorption and ρ(ν) is the spectral energy
density of the radiation field. The radiation field can also induce an atom to emit
a photon into a specific wavelength (stimulated emission). Due to time reversal
symmetry, the coefficient for stimulated emission has to be equal to the coefficient
for absorption Bij = Bji.
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Bij can be rewritten in terms of interaction cross section σ(ν) and incoming energy
density I (W/m2).

σ(ν) =
Bijρ(ν)hν

I
(3.32)

In addition, the interaction cross section can be linked to the A Einstein coefficient
from the optical Bloch equations [87]:

σ(ν) =
Aijc

2

8πν20
L(ν) (3.33)

where L(ν) is the line shape as function of frequency, which typically (without
consider broadening mechanism) is considered as a Lorentzian profile with the
natural linewidth Γ and centered at ν0.

L(ν) =
1

π

Γ/2

(ν − ν0)2 + (Γ/2)2
(3.34)

Combining Equation 3.32 and Equation 3.34, the expression for B Einstein coef-
ficient results:

Bijρ(ν) =
AijIc

2

8πν20hν
L(ν) (3.35)

Using this coefficients, the time dynamics can be calculated for a generic atomic
system with N state population. For instance, for a three level atomic system, the
differential equations are written as:

dN

dt
=

d

Nf

Nj

Ni


dt

= A ·N +Bijρ(ν) ·N (3.36)

with
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A =

−(Afi + Afj) 0 0
Afj −Aji 0
Afi Aji 0

 B =

−(Bfi +Bfj) Bjf Bif

Bfj −(Bji +Bjf ) Bij

Bfi Bji −(Bif +Bij)


(3.37)

i

j

f

Af i Bi f Bf i

Aj i Bi j Bj i

Af j Bj f Bf j

Figure 3.5: Generic three level system with levels i, j and f. The spontaneous
decay (solid), excitation (dotted) and stimulated emission (dashed) paths are indi-
cated [88].

3.3.2 Physical principles of Lasers

The definition of laser is given by its name which is an acronym for Light Amplifi-
cation by Stimulated Emission of Radiation. Laser systems are generally composed
by three components [70]:

1. The active medium where population inversion occurs.

2. The energy pump which provides the power for the population inversion.

3. The optical resonator which restricts the fluorescence emission to few cavity
modes.

The objective of a laser is to favor induced emission over spontaneous emission
by reflecting the light back and forth through the active medium. The medium
will have a frequency-dependent absorption of the photons which will affect the
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Figure 3.6: Schematic representation of the laser principle [70].

population N of its atomic states. The frequency-dependent absorption coefficient
α(ν) between two states i and k can be calculated using the following equation.

α(ν) = [Nk −
gk
gi
Ni]σ(ν) (3.38)

where σ(ν) is the absorption cross section of the transition Nk −→ Ni and gi and
gk are the statistical weights of the states g = 2J + 1.

In this conditions the population distribution N(E) deviates strongly from a ther-
mal Boltzmann distribution, achieving population inversion when Ni > ( gi

gk
)Nk. In

a laser this process is self-sustained when the threshold condition 2α(ν)L+ γ < 0
is fulfilled, being γ the loses on the active medium. The common loses are due to
reflection, diffraction and absorption and scattering.

A typical active medium used in laser spectroscopy is a Ti:sapphire (Ti:sa) which
is a Ti3+ doped Al2O3 sapphire crystal. This is a four-level laser medium with a
maximum cross-section for absorption around 500 nm and an emission band from
670 to 1100 nm.

The frequency spectra of the induced emission is distributed over the resonances
or modes of the cavity. Inside a laser cavity with length L≫ λ, The radiation field
can be described as a superposition of waves with wave vectors k = {kx, ky, kz}.
In order to have a stationary field on the cavity, the values for the components of
the k-vector are restricted to several modes dependent on the cavity length.
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Figure 3.7: Selective population inversion (Ni > Nk) in spite of Ei > Ek, deviating
from a thermal population distribution [70].

kx =
π

L
n1 ky =

π

L
n2 kz =

π

L
n3 → k = |k| =

π

L

√
n2
1 + n2

2 + n2
3 (3.39)

where the ni are arbitrary integers. Therefore, only the wavelengths λ = 2π
k

will
compose the emission spectra, these wavelengths are called cavity or resonator
modes.

3.3.3 Wavelength selection elements

For efficient excitation of atomic transitions the laser needs to operate at resonant
frequency with a linewidth similar to the one from the transition. For this purpose,
frequency tuning is achieved by the insertion of frequency selective optical elements
into the optical resonator. This elements perform wavelength selection by the
introduction of wavelength dependent losses. One example of this kind of elements
is the etalon.
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Figure 3.8: Level structure of the Ti:sa active medium [89].

Etalon

An etalon is a tiltable plane parallel glass plate with partially reflecting surfaces on
both sides. On the etalon, a incident photon beam will split into multiple reflected
and transmitted beams. The transmission T through the etalon will be dependent
of the reflectivity R of both surfaces A and B.

T =
TATB

1 +RARB − 2
√
RARBcos(δ)

(3.40)

For equal reflectivities the formula can by simplify to:

T =
1

1 + Fsin2( δ
2
)

F =
4R

(1 −R)2
(3.41)

where δ is the phase shift between two adjacent interfering partial beams.

δ = 2k2dcos(θr) (3.42)
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Figure 3.9: Net gain for resonator modes within the gain profile of the active
medium [70].

being k2 the wave vector of the light inside the etalon and θr the angle shown at
Figure 3.10.

Equation 3.41 maximize when δ/2 is a multiple of π. For a light beam with
normal incidence Equation 3.41 has a maximum whenever the optical path length
is a multiple of λ, leading to a transmission dependent on the laser frequency. The
frequency separation between to transmission maximums is called the free spectral
range (FSR) of the etalon.

∆f = FSR =
c

2nd
(3.43)

where n is the resonator mode and d is the optical path length. The ratio between
the FSR and the full width at half maximum (FWHM) of the transmission peak
is directly related with the reflectivity of the surface mirrors. This ratio is also
called the the Finesse F .
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Figure 3.10: Transmission of light through an etalon. Light enters with an angle
of incidence θi and is partially reflected or transmitted at the surfaces with reflec-
tivities RAand RB. Depending on the path taken the beams accumulate a phase
delay δ [90].

F =
FSR

FWHM
=

π

2arcsin(
√

1/F )
≈ π

√
F

2
(3.44)

Depending on the characteristics of the etalon and the resonator, the number of
modes selected will be different. Figure 3.11 Finesse=50 present the best scenario
where just one resonator mode is transmitted. In contrast, Figure 3.12 shows the
transmission of several modes where the wavelength of the laser beam correspond
to the central mode on the transmission pattern.
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Figure 3.11: Transmission curve of an etalon with a FSR of 10 GHz. The red curve
shows the case with a finesse value of F = 50, the black curve with F = 5 [90].

Figure 3.12: Single-pass transmission curves of the thin (0.3 mm) etalon in black
and the combination of thin and thick (6 mm) etalon in grey [90].
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3.4 Laser spectroscopy techniques

High resolution lasers can be used to resonantly excite electronic transitions in
atoms and ions, and therefore, determine the transition energy. This method
has proved to be a powerful tool to study the atomic nucleus leading to model
independent data through the isotope shift and hyperfine structure [91, 7].

Laser spectroscopy techniques have been widely used at radioactive beam facilities
to study the nuclear structure of exotic nuclei. The first review of this kind of
measurements dates on 1979 [92]. Over the years, different laser spectroscopy
techniques has been developed and will be presented in this section.

3.4.1 Collinear laser spectroscopy

In collinear laser spectroscopy, the ions are accelerated through a well-defined elec-
trostatic potential, remaining the energy spread constant, resulting in a reduction
of the velocity spread trough Doppler compression. As the Doppler broaden-
ing of the measured atomic transition is proportional to the velocity spread, the
broadening decreases with increasing beam energy. By this method, the Doppler
contribution can be minimized, achieving experimental linewidth similar to the
natural linewidth of the transition.

dνlab
dE

≈ 1√
2mc2E

νrest (3.45)

The ion beam is overlapped in collinear or anti-collinear geometry with one or
several laser depending the detection technique. If only one laser is used, the
excited ions or atoms will decay emitting a fluorescence photon. In contrast,
several laser can be combined to resonantly ionize an atom. The first case is
called fluorescence laser spectroscopy and the second is called Resonance Ionisation
Spectroscopy (RIS).

Fluorescence

On fluorescence laser spectroscopy, an electron in low lying atomic state is exited
to a higher state by a high resolution laser beam, followed by a fast decay by
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isotropic photo-emission. After de-excitation, the fluorescent photon is detected
using a photo-multiplier tube (PMT).

Photon
Detector

Electrons
excited

Figure 3.13: Schematic representation of fluorescence laser spectroscopy.

This technique requires yields of ≈ 104 ions s−1 when bunched beams are used and
there is hyperfine splitting. In case of a strong transition and I=0, spectroscopy
can be performed with rates of hundreds of ions per second. The limitation is
related with two factors. On one side, the detection is limited by the solid angle
coverage and the low efficiency of the PMTs. On the other side, the signal-to-total
ratio is hindered by the high background counting rate produced by the laser light
scattered into the PMTs.

Resonance Ionisation Spectroscopy (RIS)

Resonance laser ionization consists on ionize an atom by promoting a valence
electron over the ionization potential via resonant laser excitation of atomic tran-
sitions.

Generally, there are three kind of ionization schemes. Ionization can be achieved
either by a non-resonant transition into the continuum, a resonant transition into
an auto-ionizing state or by a transition to a Rydberg state where the ionization
takes place either via collisions or electric fields.
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Figure 3.14: Schematic presentation of atom ionization mechanisms using a three
step excitation of the valance electron with lasers.

The ions are separated to the atomic beam and either detected using a ion-
detection technique or used to provide high purity ion beams.

Laser ionization needs high photon densities which are unavailable from typical
continuous wave (CW) lasers. To achieve this level of photon densities the Q-
switching technique allows to concentrate the laser power on high repetition pulses
(usually 10 kHz). This technique consist on avoid population inversion keeping the
quality factor (Q-factor) low by introducing loses on the resonator. At a certain
time t = ts, the Q-factor is suddenly switched to a maximum value starting a
photon avalanche. This process is shown at Figure 3.15.
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Figure 3.15: Pump power PP (t), laser output power PL(t), and cavity losses γ(t)
for a Q-switched laser where ts is the switch time [70].

3.4.2 In-source laser spectroscopy

In-source laser spectroscopy consist on performing RIS directly into the ion source
to extract the ions of interest. Performing laser spectroscopy at the secondary
beam production source provides increased sensitivity allowing the study of more
exotic cases.

Since its first application in 1992 [93], this technique has been regularly used in
two types of radioactive ion beam facilities: thick-target hot-cavity facilities and
thin-foil-target gas-catcher facilities. Laser ion sources have proven to be highly
efficient with low background (depending on surface ion contamination), however
its resolution is hindered by the environmental conditions.

The high temperature at hot-cavity facilities (≈2000 ◦C) induces a large velocity
spread. This effect results on a significant Doppler broadening of the atomic
spectral lines.

∆νD = 7.16 · 10−7

√
T

M
ν0 (3.46)

where T is the temperature of the cavity in Kelvin, M is the atomic mass number
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and ν0 is the rest frequency of the atomic transition.

At gas-catcher facilities, the broadening effect are caused by the collisions of the
atoms of interest with buffer gas atoms and molecules. In addition, the collision
can induce a shift on the transition frequency. The new spectral line can be
described by a shifted Lorentzian function [94]. The resulting pressure broadening
has a similar magnitude than the Doppler broadening at hot cavity facilities [95].

3.4.3 In-gas jet laser spectroscopy

A new approach to improve the spectral resolution and selectivity of RIS at gas cell
has been one of the most recent improvements on the field [94]. High-resolution
laser spectroscopy in an expanding supersonic jet is possible thanks to the expan-
sion and acceleration of the atomic beam in a cold and low density environment.

A Laval nozzle located at the exit of the gas cell is used to create an axisymmetric
supersonic gas jet. The flow at the exit of the nozzle is characterized by the Mach
number (M). As increasing the Mach number the velocity distribution of the gas jet
becomes narrower (Figure 3.16), leading to a reduction of the Doppler broadening
to ≈ 100 MHz [96].

3.4.4 Overview on laser spectroscopy techniques

A comparative summary of the key points of the three techniques is shown at
Table 3.1. As each technique has its own strength, they complement each other
in order to study the atomic nuclei. For this reason, laser spectroscopy is widely
used on the accelerator facilities as is shown at Figure 3.17.

Table 3.1: Comparison of key parameters for the laser spectroscopy techniques.

Collinear In-source In-gas jet
Resolution ≈ MHz ≈ few GHz ≈ 100 MHz
Efficiency 10/s (RIS) or 100/s (Fluorescence) 0.01 counts/s 1 count/s
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Figure 3.16: One-dimensional velocity distribution of 63Cu atoms in the gas cell
(Fth(νi)) and in the supersonic argon beam (Fss(νz)) for different Mach numbers
and a stagnation temperature T0=300 K [94].
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Figure 3.17: Laser spectroscopy facilities around the world.
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Chapter 4

Experimental setup

At this chapter it is discussed the experimental setups that have been used during
this PhD project.

4.1 Collinear experiment at IGISOL

The Ion Guide Isotope Separator On-Line (IGISOL) technique was implemented
at the University of Jyväskylä in the early 1980s to provide radioactive ion beams
of short-lived exotic nuclei for fundamental nuclear structure research and appli-
cations [97]. This technique was conceived as a novel variation to the helium-jet
method [98].

The helium-jet method consisted on the thermalization of primary recoil ions from
nuclear reactions in atmospheric helium. As in a stopping medium, the charge state
of an ion is proportional to the speed in a stopping material [99], the recoils will
remain in a charged form. Inside the helium chamber, an electric field generated
by a set of electrodes will guide the ions through a very small nozzle and skimmer
into a mass spectrometer [100].

The Ion Guide Isotope Separator On-Line (IGISOL) facility use an upgraded ver-
sion of this method. At the IGISOL-4 facility, the projectile beam, coming from
the K130 or MCC30 cyclotron, hits a thin target. The reaction product nuclei
recoil out into a fast-flowing buffer gas, usually high purity helium. In the buffer
gas, the recoil ions slow down and thermalize via charge exchange processes. The
ions reaches a singly-charged state with a typical efficiency from 1 to 10% [101].

51
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The He gas flow guide the ions into a radiofrequency sextupole ion beam guide
(SPIG), which work using an RF frequency of ∼3-4 MHz and an RF amplitude up
to 600 V [101]. The use of the SPIG not only improves the beam quality but also
the transmission efficiency from the ion guide to the mass separator. A maximum
transmission of 100% can be achieved up to currents of ∼100 nA (∼1012 ions s1),
however it descend up to 50% at ion guide currents of ∼600 nA [102]. The ex-
tracted ions are electrostatically accelerated using 30 keV potential. An overview
of the evolution of the production technique at the facility over the years (up to
2013) can be found at [102].

Repeller

End electrode

Mounting drum

Mounting adaptor

SPIG elements

RF contact

Iris

Rod insulator

Enclosure

Figure 4.1: The technical drawing of the target and the extraction chambers. 1)
Cycloton beam. 2) Water-cooled beam collimator. 3) Position of the ion guide. 4)
Beam enclosure, leading to the beam dump. 5) 300 mm pumping channel to the
roots array. 6) Extraction electrode (SPIG - Figure on the right [102]). 7) 200
mm gate valve. 8) Insulator between target chamber and the extraction chamber.
9) Extraction electrode moving mechanism. 10) Ground electrode. 11) Insulator
between extraction chamber and ground. 12) Beam diagnostics chamber [103].

Commonly, at ISOL facilities the ions of interest are extracted from the target
material through thermal diffusion by heating the target to about 2000 degrees.
The key point of the IGISOL production method is its chemical insensitivity,
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making it able to produce refractory elements which are highly resistant to heat.
However the He gas purity plays a critical role in ion guide operations needing
impurity levels below sub-parts-per-billion [104]. To achieve this purity, He gas is
purified using a cold trap. The cold trap consist in a ’U’ form tube which bottom
is inside a dewar flask filled by liquid nitrogen. All gases composing the beam
who are not He are condensed and trapped in the bottom part of the tube. The
operation pressure is in a range between 100 and 300 mbar in the ion guide area,
selecting the operation pressure for each reaction to maximize the production.

MCC30 Cyclotron

Mass Selecting Magnet

Cooler-Buncher

Laser Line

Beam from K-130 Cyclotron

Laser Line

JYFLTRAP

Switchyard

Stable Ion Source

IGISOL Chamber

Figure 4.2: Layout of the IGISOL-4 facility [105].

In addition to the online production at the target chamber, there is a offline
ion source station to provide stable ion beams during the measurements. The
ion source station is composed by a surface ion source and a glow discharge ion
source [106]. The surface ion source produce ions creating a cloud of ions by heat-
ing a mixture of potassium, rubidium and cesium. The glow discharge ion source
induce high-voltage discharge sparks which ionise the helium buffer gas surround-
ing a cathode, causing fragmentation of the cathode material by electric discharge.
After the ion creation, a skimmer electrode form an ion beam which is accelerated
to 30q keV by an extractor electrode.

Both, offline and online, ion beams are mass separated using a 55 degrees dipole
magnet with a mass resolving power M

∆M
≈ 500. Once mass separated the ion

beam is guided to the decay spectroscopy line, the cesium atom trap station or
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Figure 4.3: Internal structure of the new off-line ion source station (a) and the
full station (b) [106].

to the radiofrequency quadrupole (RFQ) cooler-buncher using the electrostatic
switchyard.

The ions are decelerated as they enter the cooler to ∼50 V and are focused into
a quadrupole by two cylindrical electrostatic lenses. At the cooler the ions suffer
repeated collisions with helium atoms (pressure ∼0.1 mbar) meanwhile are radially
confined by the use of a segmented radiofrequency quadrupole to improve the
emittance and energy spread below 1 eV [107]. The ions are trap at the end of the
cooler by applying +20 V on the end-plate electrode creating a potential barrier
to accumulate the ions. The ions are accumulated typically for a few hundred
milliseconds and, then, are released during 100 µs, the time-width of the bunch
is about 10 20 µs, at an energy of 800 eV. The transmission efficiency trough the
cooler-buncher is 60-70% [108]. The bunched beam compared with a continuous
ion beam, has background level a factor ∼104 lower, by gating the time of flight
(TOF) signal (see section 6.1).

4.1.1 Collinear laser spectroscopy beamline

From the cooler-buncher, the ions can be injected into the JYFLTRAP or into the
collinear beamline via a serie of 90 degree quadrupole benders. Before entering the
line, the ions are accelerated to 30 kV. At Figure 4.4 is showed schematically the
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Light Collection Region including the diagnostics for beam tuning and monitoring.

Figure 4.4: Schematic view of the IGISOL’s collinear beam line. The laser light is
coming from the left and the ions (red) from the right.

Depending on the selected atomic transition, the ions may need to be neutralized.
The neutralization process takes place on the Charge-Exchange Cell (CEC) via
electron-capture reactions with an alkali vapour. The CEC consist on a cylinder
filled with a potassium or sodium vapour created by heating the cell applying a
variable AC potential. The extremes of the cylinder are cooled using a Lauda
RA-8 oil circulator to keep the neutralizing element inside the cell. The reaming
ions are removed from the atomic beam by a pair of electrostatic deflector plates.
The CEC was designed for the collinear beamline at the TRIGA facility in Mainz,
Germany [109].

Before neutralization, a tuning voltage is applied through a x1000 TREK 609E-6
high-voltage amplifier (-4 to 4 V) to the platform supporting the charge-exchange
cell and Light Collection Region (LCR). The adjustable acceleration voltage allows
to scan the laser frequency across the resonances by Doppler shifting the apparent
laser wavelength in the rest frame of the atoms. This shift can be calculated using
the relativistic Doppler shift formula:

νrest = νlab
1 + β√
1 − β2

, β =
υ

c
=

√
1 − m2c4

(eV +mc2)2
(4.1)

where m is the atomic mass, νlab is the laser frequency and V is the combination
of the cooler voltage and the tuning voltage V = Vcool +Vtun. A previous study on
the cooled ions showed than an offset of 15.1(14) V has to be added to the cooler
voltage to obtain the real beam energy [110].

The atom beam is then focused in front of the segmented Photo-Multiplier Tube
(PMT) in the LCR using a quadrupole triplet and overlapped anti-collinearly with
the laser beam.

The signal of the PMT is sent to an electronic chain composed by a fast timing
amplifier, which amplifies the signal before the Constant-Fraction Discriminator
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(CFD). The signal is then converted to a temporal signal by a Time-to-Digital
Converter (TDC) with four channels with a 500 ps single-shot resolution. The
TDC and the cooler-buncher are triggered by a pulse generator and a digital
multimeter to ensure synchronisation. The time-signals from the PMT segments,
the RFQ cooler platform, tuning voltage and the wavemeter readout are recorded
by a new Python (EPICS-based) data acquisition system which was installed in
2018 [110].

Collinear spectroscopy laser system

The laser beam for collinear laser spectroscopy consist on two Sirah Matisse 2
continuous wave (cw) lasers, a dye laser and a Ti:sapphire laser. The Ti:sapphire
laser have been the one used for the palladium measurement and its layout can
be shown at Figure 4.5. For this cavities, the laser frequency mode is selected
by scanning the birefringent filter and the thin etalon, and then the single mode
is achieve by an aditional piezo-driven Fabry-Pérot interferometer (thick Etalon).
The piezo is coupled via a feedback loop with an external reference cavity to ensure
short-term stability. To avoid long term frequency shifts, the wavelength of the
cavity can be locked using a WSU-10 wavemeter and frequency-stabilised HeNe
laser using a transfer cavity.

Figure 4.5: Optical layout of the Sirah Matisse 2 cw Ti:sapphire laser [111].

The transfer cavity allows absolute frequency stabilization, creating a master-
slave relation between the HeNe laser (master) and the Matisse cw cavity (slave).
Both laser are superimposed at the reference cell and then split again to achieve
a separated acquisition for each laser. The stabilization is performed adjusting
the reference cell length with a side-of-fringe locking method, using the intensity
measured by the HeNe photodiode. This information is sent to the Matisse control
software by a digital plugin. As a result, a change on the absolute frequency of
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the Matisse laser will affect the frequency stability of the HeNe laser. A schematic
layout of the transfer cell can be observed at Figure 4.6

PDSPF
PD

Dichroic
Mirror

External
PID

Frequency 
stabilised HeNe

Matisse TS
WSU10

Fiber to 
WSU10

Reference cell
Internal

PID

DAQ

Figure 4.6: Schematic of the transfer cavity implementation for the cw Ti:sapphire
laser. PD = Photodiode, SPF = Shortpass Filter. [79].

The cavities are pumped by a 20 W Spectra Physics Millenia eV laser. In addi-
tion, the laser system includes two WaveTrain 2 doubling units which can work
separately for frequency-doubling or together for frequency-quadrupling. The sec-
ond harmonic generation is achieved on a triangle shaped enhancement cavity
containing a nonlinear BBO crystal with temperature stabilization.

4.2 Hot cavity laser spectroscopy setup (JYU)

To overcome the low efficiency of the ion-guide technique, an inductively heated
hot cavity catcher has been constructed at the IGISOL facility. The aim of this
new technique is the production of low-energy ion beams of exotic isotopes towards
the N = Z line using heavy-ion fusion-evaporation reactions.

This method was initially propose to measure neutron-deficient Ag isotopes [58].
Previous work at GSI showed that silver could be released from a graphite catcher



CHAPTER 4. EXPERIMENTAL SETUP 58

in a time scale of ∼10 ms and with a corresponding extraction efficiency close to
50% [112]. This values of delay time and efficiency are dependent on the chem-
ical properties and the catcher temperature. The catcher and crucible design is
an adaptation from the existing electron-bombardment-based FEBIAD (Forced
Electron Beam Induced Arc Discharge) and thermal ionizer concepts [112, 113].

The ion beam coming from the cyclotron impinge on a circular target foil stack
mounted in the molybdenum crucible. The reaction products recoil from the target
and are implanted into 100 µm thick graphite (Grade 5890PT from Le Carbone-
Lorraine) catcher, with a mean grain diameter of 20 µm. The catcher is located
in a cylindrical cavity (4 mm depth × 9.1 mm diameter) inside the molybdenum
crucible and sealed with a tantalum window (2 µm thick). A 1.2 mm diameter
exit hole on the cavity allows diffused atoms to effuse into a 60 mm long graphite
transfer tube of diameter 4.3 mm. The transfer tube confine the atoms for effi-
cient laser ionization, while the ions are extracted quickly and efficiently into the
sextupole ion guide (SPIG) introduced on the last section(section 4.1).

Figure 4.7: A schematic diagram of the hot cavity catcher (left) and a photograph
of the experimental set-up without the degrader (right). The green arrow indicates
the primary beam or recoil products. The lasers enter the transfer tube via the
SPIG from the left. Labeling as follows: 1. SPIG entrance, 2. Graphite transfer
tube, 3. Water-cooled heat shield, 4. Copper coil, 5. Graphite catcher, 6. Ta
window, 7. Hot cavity, 8. Mo crucible, 9. Ni degrader foil. [114]

The catcher, crucible and target are heated by an UltraFlex SM-2/200 induction
heating system (2 kW). Besides, the transfer tube is heated resistively using a
Delta Elektronika SM 30–100 D DC power supply (providing ∼80 A). Due to the
properties of graphite, additionally to heating the tube, the current also creates a
few Volt potential gradient along the tube length [115]. Both crucible and transfer
tube are covered by a water-cooled copper block.
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A efficiency of 1% after the mass separator and a few tens of ms mean delay was
determined in a previous measurement by implanting a 107Ag beam from the K-130
cyclotron [114].

The effused ions are selectively ionized by a resonant laser ionization scheme inside
the transfer tube. After this point, the path followed by the ions (shown at Fig.
4.8) is equivalent to the IGISOL beamline described at section 4.1.

In case of measuring exotic isotopes, resonant laser ionization will be combined
with the JYFLTRAP double Penning trap [116], in order to achieve high purifica-
tion and high counting sensitivity. However, for the stable palladium production
test performed during this thesis, the ions of interest will be measured by a Faraday
cup (FC) located after the dipole magnet (see section 8.1).

Figure 4.8: Overview of the experimental setup used during the production test.

4.3 GISELE laboratory (GANIL)

GISELE (Ganil Ion Source using Electron Laser Excitation) is an offline laser
laboratory located inside the GANIL facility. Been initially conceptualized as a
Resonant Ionization Laser Ion Source (RILIS) for SPIRAL2 [117], GISELE is used
as laboratory to perform offline laser ionization and spectroscopy experiments for
the elements of interest to be measured at the S3-LEB facility [118].

The layout of the GISELE laboratory is shown at Figure 4.9. The GISELE laser
system provides the laser frequencies to selectively ionize the difused atoms created
by resistive heating at the Atomic Beam Unit (ABU). This work is perform to
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develop and test resonance ionization schemes (RIS) for their future use at online
experiments.

The laser system is composed by Ti:sa solid state lasers which are pumped by
a Nd:YAG pump laser with a 10 kHz repetition rate. The pump beam is sepa-
rated and guided into five different Ti:sa cavities by polarizing beam splitter (PBS)
cubes. These cubes split the beam into its two polarities, being the p-polarized
beam parallel and the s-polarized beam orthogonal to the input. Taking advan-
tage of this fact, the power distribution into the cavities is implemented by λ/2
retardation plates located in front of each cube.

Four of the five Ti:sa cavities provides broadband laser beam, beig Z-shape geom-
etry resonators. For three of these cavities, the wavelength selection is perform by
a combination of a birefringent filter (BRF) and a solid (thin) etalon. Broadband
cavities with this configuration provide laser beams with a linewidth of about 5
GHz. These cavities have the capability to produce a second harmonic generation
(SHG) by placing a SHG crystal inside the laser resonator between the curve mir-
ror SWP1 and the output coupler (OC) (see Figure 4.10). Intracavity-SHG gives
some benefits for second harmonic generation as having a Gaussian beam profile,
no focusing inside the crystal and increased tuning range.

HR 
OC

SWP
2

SWP
1

L

Ti:Sa
BRF

PM
2

PM
1

HR E BBO

DM

M
SHG

Figure 4.10: Ti:sa laser layout with the intracavity-SHG.

The remaining broadband cavity is a grating Ti:sa cavity. In this case, the wave-
length selection is performed by a gold-coated plastic diffraction grating in the
Littrow configuration operating at 1st order of diffraction fixed onto a off-the-shelf
rotary stage. In order to avoid problems at the grating due to the heat, the laser
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beam is expanded using a set of four prisms. Compared with BRF, grating Ti:sa
cavities have the advantage of longer scanning ranges (more than 100 nm), with
the drawback of providing less laser power.

The last cavity is a Injection-Locked Narrow-bandwidth (NB)/Single-mode (SM)
Ti:sa. Unlike the previous cavities, the linedwidth of the laser beam provided by
this cavity is not a limiting factor for resolving the hyperfine structure. With
the NB cavity is possible to measure resonances with FWHM smaller than 100
MHz. The reduced linewidth is achieved by amplifying the light produced by a
single-mode (SM) continuous wave (CW) seed laser in a master-slave feedback
loop.

The NB Ti:sa has a bow-tie-shape geometry resonator. The pump (Nd:YAG) and
the seed enter the cavity in opposite directions and are overlapped inside the ring
resonator. To favor the seed and maximize the amplification, the length of the
cavity is adjusted by a piezoelectric piece attached to one of the cavity mirrors,
locking the resonator into a length proportional to λseed. The locking process is
perform by active resonator stabilization electronics which follow any changes of
the seed laser and suppress any internal and external instabilities.

The lock-in of the cavity is rule by a phase-sensitive modulation/dithering-locking
technique [119]. The digital stabilization system is TEM Messtechnik, model:
Laselock 3.0 with controls the voltage supplied to the Piezomechanik GmbH,
model: HPSt 150/14-10/12 VS22 piezoelectric piece. Some of the seed beam
escape the ring resonator being transmitted through one of curve mirror, this light
is used as an input signal by an amplified photodiode (PD). The read out of the
PD is a constructive interference pattern similar to those of a SFPI, being the
x-axis the voltage of the piezoelectric piece. The system is locked at the point of
maximum transmission of the seed pattern.

The seed beam for the NB-cavity is provided by ECDL laser diodes/gain chips
(Manufacturers: Toptica/Eagleyard) with the maximum output powers between
50 and 150 mW. The control unit of the diode is a Toptica, model: Sys DC 110
which also works as a power supply.

An additional external unit is used to third harmonic generation (THG). The laser
beam provided by one of the Ti:sa cavities enters the THG unit, been focused by
a lens into a barium borate (BBO) nonlinear crystal for second harmonic (blue)
generation. The fundamental (red) and the blue beam are separated by a dicroic
mirror. The beam shape and the polarization of the blue beam are corrected by
a cylindrical convex lens and a λ/2 waveplate, respectively. The polarisation is
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Figure 4.11: Narrow bandwidth (NB) single mode (SM) Ti:sa laser system layout.
BNC -function generator; DL 100 PS - master laser power supply; HHG unit:
higher harmonic generation unit; NI ±10, 12, 24 V - National Instruments voltage
supplies; OI - optical isolators; PD and Amp + switch - photo diode and its gated
amplifier; SFPI - Scanning Farby-Perot interferometer; SM1,2 - seed laser mirrors;
T - telescope; λ/2 - retardation wave plate. [120]

changed as has to match with the P polarization of the fundamental beam. Both
beams are again overlapped and focused into a BBO(THG) crystal. A schematic
layout of the THG unit is shown at Figure 4.10.

λ/2 
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(THG) 

from 
laser to the 

experiment

Mirrors BBO λ/2-plate Beam dump Lenses

L
CCX

L
CX

L
CX

L
CX

Figure 4.12: GISELE THG unit. [120]

Once the laser wavelengths required for the RIS are produced, the laser beams are
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overlapped by PBS and guided towards an atomic beam unit (ABU).

The ABU has been developed at KU Leuven [121] and adapted at GANIL. The
atoms are produced by evaporating a sample deposited on a crucible, which has a
filament surrounding it. The atoms are diffused in the upward direction, while the
surface ions are suppressed by two electrode pairs. The atoms are then collimated
by multiple apertures until they reach the photon-atom interaction region. The
atoms are selectively ionized by the laser beam in a transverse geometry and
then accelerated and guided by a orthogonal electric field gradient, created by
two electrodes, towards an micro-channel plate (MCP) detector located ≈50 cm
located inside the time-of-fligth (TOF) tube.

Figure 4.13: Atomic beam unit (ABU) cross-section. (I) atom source region. (II)
photon-atom interaction region. (III) TOF tube region. [121]

The signal generated by the MCP is first sent to a fast amplifier, then to a constant-
fraction discriminator (CFD) and finally to a time-to-digital converter (TDC) de-
veloped by KU Leuven. The time gate of the TDC is triggered by a TTL signal
synchronized with the Q-switch trigger which rules the Nd:YAG pump laser.



Chapter 5

Development of optical elements

In laser spectroscopy, providing accurate laser frequencies is crucial to the success
of the measurements. In this chapter will be presented the work performed on the
development of optical elements to support laser spectroscopy.

5.1 Air-spaced etalon

As has been introduced at section 3.3.3, an etalon is a wavelength selective element
used at laser cavities. Commonly, the wavelength selection is performed by tilting
a solid etalon. By changing the angle of incidence, the path length inside the piece
varies and therefore, the wavelength. However, this method also introduces power
loses due to the extra path.

In order to avoid the power loss, the development of an air-spaced etalon was pro-
posed. The air-space etalon is composed by two beam sampler crystals [122] facing
each other and separated by a piezoelectric piece [123]. The piece is equivalent to
a Fabry-Pérot Interferometer (FPI) [124], where the path length inside the piece
varies using a movable mirror (Figure 5.1).

During this section, the test and development of a prototype of an air-spaced
etalon will be presented. The section is divided in three parts, the preliminary
test after the construction, the performance test on a Ti:sa cavity and the prove
of principle test on a hot cavity laser spectroscopy measurement.

65
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Figure 5.1: Left) Schematic representation of the working principle of an air-spaced
etalon. Right) Homemade air-spaced etalon.

5.1.1 Preliminary tests

In order to characterize the overall features of the device, the air-spaced was studied
using a Helium-Neon (Hene) laser and a photo-diode as is shown at Figure 5.2.
The Hene laser was chosen because it is a continuous wave laser with a stable and
well defined wavelength.

Figure 5.2: Experimental setup used to perform the preliminary test to the air-
spaced etalon.
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The Hene laser light detected by the photodiode will present a transmission pattern
as function of the distance between the mirrors, i.e. the voltage applied to the
piezoelectric piece (Figure 5.3 Left). The theory behind the transmission was
explained at section 3.3.3. The power has been measured before and after the
air-spaced etalon resulting on a transmission maximum of ≈70%.

From the transmission pattern the linearity of the voltage ramp can be studied.
As can be observed at Figure 5.3 Left, the separation between the centroids of
following resonances is not constant at the voltage scan due to the non-linearity
of the voltage ramp. Therefore, when a large number of scans are performed
with different resonance positions, the peak separation can be plotted against the
voltage (Figure 5.3 Rigth). The minimal peak separation will be related with the
fastest scan speed, and therefore, at the voltage range where the separation stays
constant, the scan speed will be constant as well.
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Figure 5.3: Left) Transmission pattern of the Helium-Neon laser as function of the
voltage applied to the piezoelectric piece. Right: Air-spaced etalon transmission
peak separation versus voltage applied. The red lines represent the boundaries of
the linear region.

During operation, the air-spaced etalon will be used during long periods, being
one of the key points the power stability. As a result, a power stability test
was performed monitoring the power and temperature of the room during two 2
hours. The power has been monitored by the photodiode and the temperature
by a thermocouple located adobe the air-spaced etalon mount. In addition, the
voltage applied to the piezoelectric piece was fixed during that period. The power
and temperature recorded at the test are plotted at Figure 5.4.

As can be observed at Figure 5.4, both pictures show a similar oscillation pattern
which suggest that the instabilities of the measurement can be related with a
temperature dependent power. Figure 5.5 confirms that the oscillations on power
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Figure 5.4: Air-spaced etalon stability test. Left: Hene laser power measured by the
photodiode versus time. Right: Thermocouple recorded temperature versus time.

are related with the evolution of the temperature in the room, and therefore, the
oscillation are probably due to the air conditioning cycle.

Figure 5.5: Power during the air-spaced etalon stability test as function of the room
temperature.
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5.1.2 Ti:sapphire cavity tests

The performance of the air-spaced etalon as a wavelength selective element has
been studied on a Ti:sa cavity. As the purpose of the air-spaced etalon is to
study if it can replace the thick solid etalon, the operation of both etalons will be
compared.

The Ti:sa cavity used is presented at Figure 5.6. Consist on a Z cavity with a thin
etalon and a BRF before the output coupler and the air-spaced etalon or thick
solid etalon before the high reflective mirror.

Figure 5.6: Ti:sapphire cavity configuration for testing the air spaced etalon. The
pink circle surrounds the air-spaced etalon.

The frequency range of the air-spaced etalon and solid etalon has been studied.
During this test, the thin etalon (broad wavelength selection) has not been manip-
ulated, as a result the scan will be performed over the wavelength range selected
by the thin etalon. The purpose of this test is verify the power loss of the solid
etalon, and study if there is power loss on the air-spaced etalon.
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The voltage of the air-space etalon has been scanned on its linear region. Similarly,
the solid etalon frequency range has been scanned changing manually the incident
angle of the incoming beam using one of the mount screws. As the screws were
not motorised, the scan has been performed over time. During this scans the
laser power of the cavity has been monitored. The results of this measurement are
shown at Figure 5.7 and Figure 5.8 for the air-spaced and solid etalon, respectively.

As can be observed at Figure 5.7 and Figure 5.8, the frequency scan is performed
repeatedly over the same wavelength range, being the different modes selected by
the BRF and thin etalon. The jump on wavelenth is related with a change of mode,
covering each mode the same wavelength range. The frequency range covered is
of 42.7 GHz for the air spaced etalon and 37.7 GHz for the solid etalon, before
jumping mode.

Figure 5.8 shows how during long scans using the solid etalon the power drops
as a result of the extra path. In contrast, Figure 5.7 do not show any indication
of power decrease. However, as the number of modes covered by the air-spaced
etalon is smaller than the number of modes covered by the solid etalon, there is
not enough information to establish that there is no power loss on the air-spaced
etalon.

In addition, the oscillation on the power at the air-spaced etalon scan is probably
related to a most favorable power emission of the cavity on the center of the laser
mode, and competition between the modes before and after jumping from one to
the following mode.

In order to avoid this phenomena, the same measurement has been performed, but
this time, adjusting the position of the thin etalon to avoid jumping from one laser
mode to another, achieving a larger frequency range and a better performance of
the cavity.

Figure 5.9 and Figure 5.10 show the results of this measurement for the air-spaced
and solid etalon, respectively. The non-linearities on the frequency scan at Fig-
ure 5.9 are related to mode corrections after jumping mode due to difficulties when
adjusting the thin etalon.

The full frequency scanning range has been of ≈100 GHz for the solid and ≈175
GHz for the air-spaced etalon. The limiting factor for the air-spaced etalon is the
range of the piezoelectric piece, 3 µm on 150 V. In contrast, the limiting factor of
the solid etalon is the power loss.
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As can be observed at Figure 5.10, the power decreases as function of the frequency
for the solid etalon, while these two parameters are uncorrelated for the air-spaced
etalon as is shown at Figure 5.9.

Additionally to the stability test performed at subsection 5.1.1, a new stability test
has been performed to study the stability of the wavelength. The duration of this
measurement have been of eight hours. The results for the solid and air-spaced
etalon are shown at Figure 5.11 and Figure 5.12, respectively. During the stability
measurement for the air-spaced etalon the temperature was also recorded to study
its effect on the frequency, the result is presented at Figure 5.13.

The maximum deviation on frequency is ≈1 GHz for the solid etalon compared
with ≈5 GHz for the air-spaced etalon. As a result, the behavior of the air-spaced
etalon is much more unstable regarding frequency. From Figure 5.13 can be deduce
that the instability is not related with temperature changes.

As the piezoelectric piece allows to a fast response, the wavelength can be con-
trolled adjusting the voltage during the measurements. A simple code was written
in python for this purpose and used to keep the wavelength stable within a 100
MHz range during a two hours stability measurement. This measurement is pre-
sented at Figure 5.14.

The last parameter studied during these test has been the linewidth of the laser
beam provided by the cavity. This study has been performed using a home-made
FPI free Spectral Range (FSR) of 3.46571(5) GHz [125] using a stabilised Hene
laser as reference.

The single mode stabilised Hene laser is used to calibrate the spectra as the sepa-
ration between two consecutive resonances is the FSR. The mode structure of the
Ti:sa beam is therefore fitting using a Gaussian profile, being the FWHM of the
Gaussian the linewidth of the laser.

The measured multi-mode paterns for the air-spaced and solid etalon are presented
at Figure 5.15 (a) and (b), respectively. The linewidth of the air-spaced etalon
and the solid has been og ∼ 1.15 GHz and ∼ 900 MHz, respectively.

However, it has been found that the 900 MHz linewidth of the solid etalon is
uniquely at optimal conditions. Similarly as the power loss, the linewidth of the
etalon is affected by the extra path. The measurement of the wavelength has
been repeated reducing the output power by changing the angle of incidence. The
solid etalon resulting linewidth has been ∼950 MHz and ∼1.4 GHz for half and a
quarter of the total power, respectively.
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Figure 5.15: Multi-mode structure of the dual etalon Ti:sapphire laser with an air-
spaced etalon (a) and solid etalon (b). Mode patern of the Ti:sa cavity (black) and
resonances of the HeNe laser (red). The x-axis is Piezo voltage scan of the Fabry-
Pérot interferometer and the y-axis is the measured laser intensity of a photodiode
located at after the FPI.
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5.1.3 Offline hot cavity laser spectroscopy Pd measure-
ment

The air-spaced etalon has been used to perform a offline measurement of a sam-
ple of 106Pd using the FURIOS setup [126]. The RIS scheme used to selectively
ionize palladium is a three step ionization scheme developed by Mainz [127] and
is presented at Figure 5.16.

Figure 5.16: Three step ionization scheme used during the measurement [127].

The air spaced etalon has been placed inside the Z-cavity Ti:sapphire laser with
intra-cavity second harmonic generation and extra-cavity third harmonic genera-
tion to produce the first step. The fundamental laser wavelength was center at
827.17 nm, resulting on 276.39 nm after the third harmonic generation.

The scanning range during the measurement was ≈14.5 GHz. In order to syn-
chronize the scan steps and the data acquisition a python software was written to
integrate the air-spaced etalon software into the FURIUS epics controlling system.

The frequency spectra of the 106Pd offline hot cavity laser spectroscopy measure-
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ment with the air-spaced etalon at saturation power are presented at Figure 5.17.
The measured FWHM of the resonance is 4.46(3) GHz. Assuming that there are
not broadening effects involved on the measurement, and taken into account the
third harmonic generation, the fundamental linewidth of the Ti:sapphire should
be ≈1.5 GHz, which is in agreement with the previous FPI measurements.
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Figure 5.17: Frequency spectra of the hot cavity measurement with the air spaced
etalon. The dashed red line represent the gaussian fit of the data.

5.2 Scanning Fabry-Pérot interferometer (sFPI)

Laser frequency determination is a basic need when performing a laser spectroscopy
measurements. Uncertainties on this value will propagate to the results on the ex-
tracted observables. On offline measurements, this accuracy becomes even more
important due to the high resolution expected when performing reference mea-
surements. However, high resolution wavemeters able to perform wavelength de-
termination with accuracy bellow 50 MHz can cost ≈42 ke.

During this section, the possibility of using a Scanning Fabry-Pérot Interferometer
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(sFPI) as an alternative device for wavelength determination will be explored.

As the etalon, the FPI is composed by two highly reflecting mirrors facing each
other, being one of them movable. If the mirror is constantly moving the device
is called interferometer due to the interference patterns resulting from the mul-
tiple reflected beams being superimposed. The interference pattern is shown at
Figure 3.11.

As was discussed at section 3.3.3, the transmission through the FPI is dependent
on the wavelength of the laser and the length of the FPI, being a transmission
maximum whenever the optical path length is a multiple of the wavelength. As
a result, if the wavelength of the laser changes, the position of the maximum will
also change.

The position of the fringes can be tracked combining Ti:sapphire (Ti:sa) and He-
lium–neon (Hene) lasers [128]. The Hene laser is used to calibrate on frequency
the FPI spectra. The separation between two consecutive Hene fringes will be
the FSR of the FPI (tipically 1 GHz). As the separation between the peaks is
dependent on the laser frequency, the frequency spectra has to be calibrated to
the Ti:sa laser frequency.

FSRT i:sa = FSRHene
νT i:sa

νHene

(5.1)

Figure 5.18: FPI spectra calibrated to the Ti:sapphire frequency.
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Once the frequency is calibrated, the Ti:sapphire laser frequency changes can be
accurately measured, as the position of the fringe will move on the same value. In
addition, as the Helium:neon laser has a constant and well defined wavelength, it
can be used as a reference to avoid systematic errors. Any change on the position
of the fringes due to the room conditions and not due to wavelength changes will
also affect the Hene fringes position.

Even if this method allow to accurately measure changes on the wavelength, it
is not possible to determine the real wavelength of the laser. However, as laser
spectroscopy are relative measurement it is possible to extract isotope shifts and
hyperfine parameters.

In order to test this system, a sFPI has been install at the GISELE offline labora-
tory and has been used to measure the isotope shift between 116Sn and 120Sn on
the 811 nm transition of the three step scheme presented at Figure 5.19.

Figure 5.19: Three step ionization scheme used to measure Sn. This scheme was
used at JYFL for Thomas Kessler PhD thesis [129].

During the measurement, the wavelength has been determined by the sFPI and
the WS7 wavemeter, which has 30 MHz accuracy. The comparison between both
is presented at Figure 5.20.
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Figure 5.20: Comparison of the wavelength measurement of the sFPI and a WS7
wavemeter with 30 MHz accuracy.

As can be shown at Figure 5.20, the wavelength determination using the sFPI is
in agreement with the WS7 wavemeter within its 30 MHz accuracy. The resulting
frequency spectra are shown at Figure 5.21. The isotope shift extracted from this
measurement is 183(5) MHz using the sFPI, with is in agreement with the 185(5)
MHz obtained using the WS7.
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Figure 5.21: Comparison of the frequency spectra of 116Sn and 120Sn, using the
sFPI and a WS7 wavemeter to determine the laser frequency.



Chapter 6

Fluorescence laser spectroscopy
on Pd

At this chapter will be discussed the analysis of two collinear laser spectroscopy
experiments performed at the IGISOL facility at the University of Jyväskylä (see
section 4.1). The first measurement focused on the neutron rich side, measuring
the palladium isotopes 112−116,118Pd. The second measurement obtained data from
the neutron deficient palladium isotopes 98−101Pd.

These measurements were supported by previous offline work on stable palla-
dium [130]. During the offline work, stable 102Pd was measured using transi-
tions starting on different atomic meta-stable states. Between those transitions,
4d95s3D3 - 4d95p3P2 was found the most suitable for the online measurements per-
formed at this work as it was the most efficient and also sensitive to the nuclear
observables.

In laser spectroscopy the observables are not extracted as an absolute value, in-
stead, are measured as a difference between the isotope of interest and a reference
isotope. In order to avoid discrepancies due to changes on the experimental con-
ditions during the measurements, the reference isotopes are measured during the
online experiment. The reference isotope should then have high production yield
and the observables measured with high accuracy. 108Pd has been selected as the
reference for the neutron rich isotopes and 102Pd for the neutron deficient.

87



CHAPTER 6. FLUORESCENCE LASER SPECTROSCOPY ON PD 88

6.1 Data analysis

A 108Pd stable even-even isotope data-set is going to be used to explain the data
analysis procedure. As a reminder, 108Pd frequency spectra will be composed by
only one resonance due to its lack of hyperfine splitting (I = 0).

One of the characteristics of fluorescence collinear laser spectroscopy at IGISOL,
unlike other kinds of laser spectroscopy measurements included on this thesis,
is that the laser wavelength remain constant during the measurement. As has
been mention at subsection 4.1.1, the parameter used to scan the frequency is the
scanning voltage (Vs) applied before the CEC.

In order to avoid systematic errors due to a discrepancy on the voltage, the applied
voltage is measured, for each scan step, before each scan and saved on a file. This
file is used during the analysis to calibrate the voltage through a linear regression
as is shown at Figure 6.1.
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Figure 6.1: Applied voltage versus readout voltage. Black dots are the data points
and the red line is the linear regression Vread = 7.188 + 0.998 ∗ Vapplied

The maximum discrepancy between the applied voltage and the readout value for
this scan is 10.57 V (0.55 %). The calibration has a not negligible effect on the
frequency centroid as will be shown in Table 6.1.
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Table 6.1: Comparison between peak position with and without calibration for one
run of 108Pd.

With calibration Without calibration Difference
Centroid position (MHz) 3006.05 3114.46 108.41

The scanning voltage is used to Doppler shifted the laser wavelength as an effect
of the kinetic energy of the ion beam. The energy of the atoms at the moment of
the interaction with the laser can be considered to be only related to the kinetic
energy generated by the voltages after the cooler-buncher. The scanning voltage
(Vs) has only a small influence to the total beam energy (Vs ∼ few V), being the
main contribution the extraction potential of the cooler-buncher (Vc ∼ 30 kV). In
addition, it was observed in previous offline study the necessity to add an offset of
15.1(14) V to the cooler extraction voltage to obtain the real beam energy [110].

The observed laser frequency (ν) by the ions can be calculated using the Doppler
effect (Equation. 6.1).

ν = νL(1 + α +
√

2α + α2) α =
QeV

mc2
(6.1)

Being νL the atomic transition frequency and α the parameter which contains the
information about the kinetic energy of an ion beam accelerated by an electric
field. The contributors of this kinetic energy are Q, which is the charge of the ion
(which in this case are single charge electrons), the total voltage V = Vc + Vs and
m being the mass of the ions.

Time gate

As has been introduced at section 3.4.1, when the observed laser frequency is equal
to the transition frequency the atomic electron will excite and rapidly decay emit-
ting a photon, which will be detected by a photomultiplier tube (PMT). Alongside
the emitted photons, there is a background generated by scattered photons as can
be shown at Figure 6.2.

Considering a 3σ criteria, a clear peak can not be observed at Figure 6.2 Right.
In order to improve the signal-to-total ratio, bunched beam spectroscopy was de-
veloped at the early 2000 [108], combining laser spectroscopy with an RFQ cooler-
buncher.
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Figure 6.2: Left: TOF versus PMT counts. Right: Frequency versus PMT counts.

A time-of-flight (TOF) spectra between the extraction of the RFQ and the PMT
can be generated during the period when the end-plate potential is open (∼250
µs) and the ions are injected into the collinear beamline. The TOF versus PMT
detected photons spectra is mainly composed by a constant background generated
by the scattered light. However, an increase of counts of ∼10-20 µs can be observed,
related with the atomic bunch. The TOF between the extraction from the RFQ
and the detection is dependent on the mass of the atoms. By restricting the
frequency spectra to the atomic bunch using a TOF gate, the signal-to-total ratio
can be greatly improved, as is shown at Figure. 6.3.
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Figure 6.3: Left: TOF versus PMT counts, the red lines represent the time gate
boundaries. Right: Frequency versus PMT counts restricted to the TOF gate.

An optimization of the signal-to-noise ratio can be performed studying the fre-
quency distribution of different TOF selections inside the atomic bunch (Fig-
ure 6.4). Leading to a selection of a different TOF gate with improved signal-
to-noise for each scan (Figure 6.5).
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Figure 6.4: Left: TOF versus PMT counts, the red lines represent the time gate
boundaries for 6 different gates. Right: Frequency versus PMT counts restricted
to the TOF gate for 6 different gates on the bunch.
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In this way, a better identification of the resonance transitions can be achieved,
having an utmost important when dealing with isotopes with hyperfine splitting
and/or low counting rate.
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Figure 6.5: Left: TOF versus PMT counts, the red lines represent the optimal time
gate boundaries. Right: Frequency versus PMT counts restricted to the TOF gate
which optimizes the signal-to-noise ratio.

6.2 Even-A isotopes - Isotope shift analysis

Despite the even isotopes do not have hyperfine structure, the position of the res-
onance provides important information about the size of the nucleus. As has been
shown at subsection 3.2.1, the difference in the resonance frequency between two
isotopes is related with the change on the mean-square charge radii. At Figure 6.6
is shown clearly the evolution of the resonance frequency as increasing the mass.

6.2.1 Data handling and error calculation

For each scan the experimental data has been fitted using the SATLAS pack-
age [131], which is a specialised tool for analyzing low statistics data, tailored
for laser spectroscopy experiments. Using this package, the resulting spectrum is
fitted with a Voigt profile by a chi-square minimization fitting method. The cen-
troid of the resonance has been calculated as the weighted mean of all individual
measurements of each isotope.
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ν̄ =
1∑N
i

1
σ2
i

νi
σ2
i

(6.2)

being ν and σ the centroid and error of one of the N scans for one isotope, respec-
tively. The statistical error σ is consider as the standard error of the SATLAS fit
scaled with the reduced chi-square. Therefore, the error on the frequency centroid
for an isotope is calculated considering a dispersion-corrected weighted mean:

σ̄2 =
1∑N
i

1
σ2
i

· 1

N − 1

N∑
i

(νi − ν̄)2

σ2
i

(6.3)

For some of the isotopes, the number of the scans was too low to assign reliable sta-
tistical uncertainties. For these cases, the statistical analysis has been performed
using a bootstrapping algorithm [132]. This method is used when it is not possible
to repeat a measurement several times. Instead, random samples of the total data
simulating the action of repeating a experimental measurement many times in or-
der to estimate the value of a parameter with a certain confidence interval. For an
isotope, considering the data points taken from all the scans, the bootstrapping
algorithm looks as follows:

1. Label the experimental data points from 0 to N .

2. Generate n random numbers between 0 and N .

3. Create a sample which contains the n data points whose label has been
generated by the random numbers. This means the same data point can be
selected several times.

4. Perform a Voigt profile fit using the sampled data points, and store the
resulting fit parameters.

5. Repeat steps 2 to 4 a reasonable number of times. In this case, 5000 repeti-
tions were performed.

6. Calculate the mean and variance of the fitting parameters using the stored
values of the fit parameters.

This method actuates under the assumption that the experimental distribution
obtained during the measurement is a representative of the true distribution. In
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addition, in case that the experimental distribution contains outlier points which
skews the distribution, these few points will get sampled infrequently. Therefore
the parameter estimated from most of the bootstrap samples will not be skewed,
making this method more robust than standard parameter estimation.

Besides the statistical error, there are two sources of systematic error on the ex-
traction of the centroids. The first systematic error is on the wavemeter readout.
From most of the isotopes is has been possible to measure their frequency spectra
without changing the laser frequency stabilisation setpoint. However for some of
the neutron rich isotopes, the difference between the setpoint and the resonance
frequency was too large, resulting on a change of setpoint. As the wavelength
changed, a fixed 10 MHz error has been included taken from the specification of
the wavemeter according to a 3σ criteria.

The second systematic error is coming from the uncertainties on the determination
of the RFQ cooler-buncher voltage and tuning voltage. Using Equation 6.4 [133]
the uncertainties on the voltage can be propagated to errors on the isotope shift:

∆sys(δν
Aref ,A) = νL

√
eVRFQ

2mrefc2
[
1

2
(
δVLCR

VRFQ

+
δm

mref

)
∆VRFQ

VRFQ

+
δVLCR

VRFQ

∆δVLCR

δVLCR

+
∆mref + ∆mA

mref

] (6.4)

Where νL is the laser frequency, VRFQ is the RFQ cooler voltage and δVLCR is the
difference in the postacceleration voltage between two isotopes on the light collec-

tion region (δVLCR = |V Aref

LCR − V A
LCR|). VLCR is the voltage related to the centroid

to the resonance or hyperfine structure for each isotope. From [61],
∆VRFQ

VRFQ
= 10−3,

which is the read of the RFQ bias in a 1:10000 division of a 1000 MΩ resistive
stack and ∆δVLCR

δVLCR
= 10−4, which is the absolute accuracy on determining the cooler

voltage and tuning voltages. Finally, δm = |mref − mA| is the difference on the
atomic masses of one isotope and the reference, which an uncertainty ∆m.

The extracted isotope shifts are shown at Table 6.2. As the data have been shared
with S. Geldhof thesis [79], the table also shows the comparison between both
analysis using 108Pd as reference.
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Table 6.2: Isotope shift respect to 108Pd form [134] and this work. Statistical er-
rors are shown in round brackets, systematic errors due to voltage determination
in square brackets, systematic errors due to wavemeter readout in angled brackets.
∆i(MHz) accounts for the difference in frequency between both results without er-
rors.

Isotope Literature (MHz) [134] This thesis (MHz) ∆i(MHz)
98 2675(12)[13] 2671(6)[13] 4
100 1993(4)[25] 1991(3)[7] 2
108 0.0 0.0 0.0
112 -738(13)[13]⟨10⟩ -742(8)[13]⟨10⟩ 4
114 -962(13)[13]⟨10⟩ -963(8)[13]⟨10⟩ 1
116 -1080(14)[12]⟨10⟩ -1083(9)[12]⟨10⟩ 3
118 -1164(13)[18]⟨10⟩ -1169(18)[18]⟨10⟩ 5

6.2.2 Mean-square charge radii

The differences on mean-square charge radii can be extracted from the isotope
shift using the King plot technique explained at section 3.2.1.

µA,A′
δνA,A′

i = Mi + Fiµ
A,A′

ΛA,A′
(6.5)

The field (Fi) and mass (Mi) shift factors were calculated for this transition
(4d95s3D3 - 4d95p3P2) in a previous offline work [130] (F = 2.9(6) GHz/fm2,
M = 845(669) GHz amu). The correlation of -0.999 in the linear fit between the
slope (atomic field shift factor) and intercept (atomic mass shift factor) of the King
plot was included on the error propagation.

From the King Plot, the charge radii (nuclear parameter Λ) is extracted. The
nuclear parameter includes not only the mean-square charge radii, but also the
contribution of higher moments. Therefore, to extract the mean-square charge
radii, the contribution of the higher radial moments has to be estimated from
muonic atom and electron scattering data available for the stable isotopes by using
the following equation:

ΛA,A′
= ( δ⟨r2⟩A,A′

+
C2

C1
δ⟨r4⟩A,A′

+
C3

C1
δ⟨r6⟩A,A′

... ) (6.6)
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Where Cn are the tabulated Seltzer coefficients [46] , which for Z=46 are C1 =
0.543 ∗ 102, C2 = −0.309 ∗ 10−1, C3 = 0.1 ∗ 10−3. The higher moments charge
distribution for one isotope can be calculated using ⟨rn⟩ = (Vn/R

µ
kα)−n being

δ⟨rn⟩A,A′
the difference between two isotopes. The muonic Barrett radii Rµ

kα and
ratio of radial moments Vn has been measured for palladium stable isotopes and
can be found at [44]. For palladium isotopes ΛA,A′

= 0.974δ⟨r2⟩A,A′
, constituting

a -2.6% averaged contribution of higher radial moments on the total charge radii.

The final results on the analysis of the mean-square charge radii of even-A isotopes
is shown at Table 8.2 and Table 7.3.

Table 6.3: Resulting changes in rms charge radii for even-A neutron deficient
isotopes. Statistical errors are shown in round brackets, systematic errors due to
voltage determination in square brackets and errors due to atomic factors in curly
brackets.

Isotope ΛA,102 (fm2) δ⟨r2⟩A,102 (fm2) Nuclear radii (fm)
98 -0.537(2)[2]{7} -0.551(2)[2]{7} 4.4224(33)[5]{7}
100 -0.242(1)[4]{3} -0.249(1)[4]{3} 4.4556(31)[3]{3}

Table 6.4: Resulting changes in rms charge radii for even-A neutron rich isotopes.
Statistical errors are shown in round brackets, systematic errors due to voltage
determination in square brackets, systematic errors due to wavemeter readout in
angled brackets and errors due to atomic factors in curly brackets.

Isotope ΛA,108 (fm2) δ⟨r2⟩A,108 (fm2) Nuclear radii (fm)
112 0.352(3)[4]{8}⟨3⟩ 0.362(3)[4]{8}⟨3⟩ 4.5948(30)[5]{8}⟨10⟩
114 0.474(3)[4]{11}⟨3⟩ 0.487(3)[4]{11}⟨3⟩ 4.6081(30)[5]{12}⟨10⟩
116 0.560(3)[4]{15}⟨3⟩ 0.575(3)[4]{15}⟨3⟩ 4.6174(30)[4]{15}⟨10⟩
118 0.632(6)[6]{18}⟨3⟩ 0.649(6)[6]{18}⟨3⟩ 4.6252(33)[7]{19}⟨10⟩

6.3 Odd-A isotopes hyperfine Splitting analysis

As has been explained at subsection 3.2.3, isotopes with nuclear spin different than
zero will have hyperfine structure. The splitting between the atomic states entails
a frequency spectra composed by a number of resonances equal to the number of
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allow transitions between the hyperfine states. For these isotopes, in addition to
the mean-square charge radii, information regarding the spin and electromagnetic
moments is extracted when fitting the spectra.

At Figure 6.7 is shown the frequency spectra from the odd-A palladium isotopes
measured during this work. For fitting the hyperfine spectra is necessary to assume
a value for the nuclear spin.

The 5/2+ nuclear spin of stable 105Pd has been established from a long time. It
was suggested on the 50’s by an optical measurement [135] and confirmed ten years
later due to the decay pattern of 105Ag [136]. 101Pd 5/2+ nuclear spin was also
measured by internal conversion and γ-ray studies [137].

The experimental spectrum of 99Pd is composed by four resonances with a hint of
a fifth one at 6600 MHz. The apparent peak at 4900 MHz can not be considered
a resonance due to its incompatibility with the natural transition linewidth. A
spin assigment of 5/2+ was assumed based on the beta decay of 99Ag [138]. The
hyperfine structure was successfully fitted using I = 5/2. In addition, a successful
fit was not possible assuming 3/2 or 7/2 spin.

At the experimental spectrum of 113Pd are observed three indistinct transitions.
Several structures can be inferred below 2000 MHz, however, it is not possible
to resolve the peaks due to the their proximity and low production yield. 113Pd
spin is expected to be 5/2+ according to β-decay of 113Rh and internal conversion
systematics [139]. However, in order to unambiguously establish the spin, 3/2,
5/2, 7/2 and 9/2 has been used to fit the spectra as is shown at Figure 6.8.

Assuming I=3/2, the measured spectrum is in disagreement with the observed
resonance at ∼ 1800 MHz. When 7/2 or 9/2 spin are considered, the resulting fit
present a transition at ∼ 1250 MHz, which is not visible in the experimental data,
with this level of statistics. Besides, the quadrupole spectroscopic moment pro-
vided from those fits are unexpectedly large compared with the systematic of the
region, 2.75(9) and 4.45(15) b for 7/2 and 9/2 spin, respectively. In contrast, 5/2
spin is in agreement with the experimental results, therefore, this work establish
5/2 as the spin assignment for 113Pd.

The measured spectrum at mass 115 is composed by the hyperfine structure of
the nuclear ground and isomeric states of 115Pd. This fact hinders the fitting
procedure, due to the difficulty of associate each resonance to one of the nuclear
states. In addition, the low statistics at some regions of the scan range, makes not
possible to resolve some of the transitions.
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As was mention on subsection 2.3.1, the spin assignment on 115Pd ground and
isomeric states remains as an open question [68, 69]. In order to establish a spin
assignment, 1/2+ and 3/2+ spins are proposed for the ground state and 7/2−

and 9/2− spins for the isomeric state. In addition, 5/2 spin has been consider as
possibility due to the systematic of odd-A palladium in the 99 ≤ A ≤ 113 region.
The resulting fits assuming the different spin combinations are shown at Figure 6.9
and the extracted observables are presented at Table 6.5.

Table 6.5: Magnetic (µ (nm)) and spectroscopic quadrupole (Qs (b)) moments
obtained from the fit of the resonance spectra assuming different spins (I) for the
ground state (g.s.) and isomeric level (m) of 115Pd.

Ig.s. Im µg.s. (nm) Qg.s.
s (b) µm (nm) Qm

s (b)
1/2+ 5/2− -0.2967(16) - -0.8948(47) -0.422(22)
1/2+ 7/2− -0.2957(16) - -0.8909(44) 0.537(26)
1/2+ 9/2− -0.2920(20) - -0.7303(36) 3.05(14)
3/2+ 7/2− -0.3619(25) -0.366(18) -0.8918(49) 0.534(25)
3/2+ 9/2− -0.3324(27) -0.320(16) -0.7281(36) 2.99(14)

The isomeric 9/2 spin assignment is unlikely due to the large quadrupole spectro-
scopic moment obtained when fitting the spectra (Qm

s ≈ 3 b). When 5/2 isomeric
spin is assigned to fit the experimental data, the high likely transitions at 1500
and 3000 MHz remain unfitted. As a result, 7/2 has been concluded as the spin
assignment for the isomeric state.

Concerning the nuclear ground state spin assignment, both 1/2 and 3/2 spin pro-
vide a convincing fit which results agrees with the systematics.

Until this point, the analysis has been performed without restraining the transi-
tion intensities. Due to the collinear geometry, the atoms and the photons travel
through the same axis across the whole laser spectroscopy beamline. As a conse-
quence, the interaction between both can start as soon as the ion is neutralized
at the CEC. This leads to the possibility where a fraction of the atoms get exited
by a photon before entering on the Light Collecting Region. For this atoms, the
emitted photon is not detected and the electron may not decay into its original
state post-excitation, resulting on a deviation of the experimental peak intensities
from the theoretical Racah parameters.

At Figure 6.10 is presented the experimental data assuming 1/2 and 3/2 spin
for the ground state and fixing the transition intensities to the theoretical Racah
intensities. It is be observed a large discrepancy on the relative intensities of the
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1000 MHz transition when assuming spin 3/2. This effect can not be explained
by the mechanism introduced on the last paragraph, as the observed resonance is
more intense than the simulated transition. Moreover, the 3/2 simulated spectra
shows a transition at 1600 MHz at variance with the measurement. In contrast,
the theoretical intensities reproduce the experimental data when assuming 1/2
spin assignment.

Consequently, this present work concludes 7/2 and 1/2 spin assignment for the
isomeric and ground state of 115Pd, respectively. Which are in agreement with the
tentative literature values [69] and respect the measured E3 multipolarity [67].

Using the centroid of the fit, the mean-square charge radii has been extracted using
the same procedure as on the even-A isotopes explained on the previous section.
The results are shown at Table 6.6 and Table 6.7.

Table 6.6: Resulting changes in rms charge radii for odd-A neutron deficient iso-
topes. Statistical errors are shown in round brackets, systematic errors due to volt-
age determination in square brackets, systematic errors due to wavemeter readout
in angled brackets and errors due to atomic factors in curly brackets.

Isotope ΛA,102 (fm2) δ⟨r2⟩A,102 (fm2) Nuclear radii (fm)
99 -0.422(4)[2]{5} -0.433(4)[2]{5} 4.4354(35)[2]{6}
101 -0.148(1)[1]{2} -0.152(1)[1]{2} 4.4662(32)[1]{2}

Table 6.7: Resulting changes in rms charge radii for odd-A neutron rich isotopes.
Statistical errors are shown in round brackets, systematic errors due to voltage
determination in square brackets, systematic errors due to wavemeter readout in
angled brackets and errors due to atomic factors in curly brackets.

Isotope ΛA,108 (fm2) δ⟨r2⟩A,108 (fm2) Nuclear radii (fm)
113 0.435(2)[9]{9}⟨3⟩ 0.447(2)[9]{9}⟨3⟩ 4.6038(29)[9]{10}⟨10⟩
115 0.493(2)[6]{13}⟨3⟩ 0.506(2)[6]{13}⟨3⟩ 4.6101(29)[7]{14}⟨10⟩

115m 0.633(2)[6]{13}⟨3⟩ 0.650(2)[6]{13}⟨3⟩ 4.6252(29)[7]{14}⟨10⟩

Aside from the centroid, the hyperfine parameters A and B (see section 3.2) has
been extracted when fitting the spectra for the odd-A isotopes. A common method
to extract the information about the nuclear electromagnetic moments from the
hyperfine parameters is using a previously measured moment from an stable iso-
tope, in this case 105Pd. In this way it is not necessary to have information about
the atomic parameters as they cancel out when making the ratio. For an isotope
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with mass number A′, the magnetic and quadrupole spectroscopic moments can
be calculated using the following equation.The extracted electromagnetic moments
are shown at Table 6.8.

µA′

µref
=

IA
′
AA′

IrefAref

BA′

Bref
=

QA′
s

Qref
s

(6.7)

Table 6.8: Spin (I), magnetic (µ (nm)) and spectroscopic quadrupole (Qs (b))
moments extracted in this work. The errors on the electromagnetic moments are
the statistical errors arising from the fitting procedure.

A I µ (nm) Qs (b)
99 5/2+ -0.7546(68) -0.14(3)
101 5/2+ -0.6581(32) -0.002(1)
113 5/2+ -0.4797(27) 0.358(18)
115 1/2+ -0.2957(16) -

115m 7/2− -0.8909(44) 0.537(26)

The interpretation and discussion of the results of the analysis will be performed
on the following chapter (chapter 7).

6.4 Scattered photons background study

The introduction of bunched beam spectroscopy at the early 2000, entailed back-
ground reductions of ∼ 104, by restricting the photons of interest between a time
window. However, it also allows to generate frequency spectra outside the bunch.
These gates can be used to study possible systematics on the background of scat-
tered photons.

The procedure consists on sampling the TOF spectra outside the bunch, using
temporal gates with equal size as the one inside the bunch. A frequency spectra
is generated from each sample and divided on two groups depending on whether
the gate is located before or after the arrival of the ions. The background sub-
tracted spectra is constructed by removing half of the count rate of one spectra of
each group to the experimental data spectrum. The best background subtracted
spectra is manually selected between the combinations of samples which fulfill the
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conditions of not having negative count rate and the counts on the main reso-
nance being adobe a minimum. The application of the method can be shown at
Figure 6.11.
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Figure 6.11: Left: TOF spectra, the red lines indicate the bunch gate boundaries
and the green and yellow lines indicate the selected background regions. Right:
Experimental frequency spectra before(orange) and after(blue) background subtrac-
tion.

At Figure 6.12, a reduction of the FWHM has been observed. However, the re-
sulting FWHM after the application of the method is smaller than the natural
linewidth of the transition.
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Figure 6.12: Left: TOF spectra, the red lines indicate the bunch gate boundaries
and the green and yellow lines indicate the selected background regions. Right:
Experimental frequency spectra before(orange) and after(blue) background subtrac-
tion.

This method has been applied to scans performed at mass 115. At Figure 6.13
can be observed how the signal versus background is increased for the smaller
resonances on that frequency range, improving the identification. The combination
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of gates have been selected looking for the most convincing spectra, therefore this
method is unreliable to verify the presence of small resonances.

Figure 6.13: Effect of background subtraction in the frequency range 1100-1900
MHz in the 115Pd frequency spectra. Left) Spectrum without background subtrac-
tion, Right) Spectrum with background subtraction.

A detailed analysis using SATLAS has proved than these effects result on an
alteration on the distribution of the experimental data. This alteration hinders
the fitting procedure leading to an increase on the reduced chi-square, as can be
shown at Table 6.9.

Table 6.9: Analysis of the background effect on 108Pd.

Normal analysis Background analysis

Reduced χ2 FWHM (MHz) Reduced χ2 FWHM (MHz)
Figure 6.12 1.18 98(23) 2.1 43(6)

By this work has been verify the background homogeneity. The scattered photons
are randomly distributed across the frequency spectra and do not induce any effect
on the analysis.
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Chapter 7

Interpretation & Discussion

In this chapter the results will be discussed. The discussion is going to be divided
in two parts. The first section focus on the systematics, comparing palladium with
the even-Z elements on the region between zirconium (Z=40) and tin (Z=50). The
second section contains a study of the evolution of deformation on the palladium
isotopic chain using state-of-art theoretical calculations.

7.1 Systematic on the region

The measurement of observables across an isotopic chain can provide an insight
of the evolution of nuclear structure. In addition, comparing these results with
neighbour elements contribute to a global understanding of a region of the nuclear
chart.

The magnetic dipole moment has a dependence on the spin of the nucleus, in
order to simplify the comparisons, the g-facto have been used. At Figure 7.1, the
g-factor of palladium isotopes is plotted together with the g-factor of the even-Z
isotopes on the region (Mo, Ru and Cd).

At the proximity of the N=50 shell gap, the g-factor of isotopes with spin 5/2
agrees well with the quenched single particle d5/2 g-factor, however, as increasing
the neutron number the g-factor deviates from this value. This trend can be
interpreted as a higher collective behavior when approaching the mid shell.

The coherent behavior of the g-factor for different nuclei with 5/2 spin contrast

109
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Figure 7.1: G-factor of the even-Z isotopes on the region 40 < Z < 50 plotted
against neutron number. The color of the marker indicates the element: green
Mo(Z=42), blue Ru(Z=44), black Pd(Z=46) and red Cd(Z=48). The shape of the
marker indicates the nuclear spin of the isotope: circle I=1/2, square I=3/2, star
I=5/2 and diamond I=7/2. The dashed line represent the 0.6-quenched Schmidt
values: the magenta line for I=3/2, the blue line for I=7/2, the red line for I=5/2
and the green line for I=1/2. Ru and Mo data taken from [140] and Cd from [141].

with the scattered values for spin 1/2. The measured g-factor for I=1/2 has a
discrepancy with the quenched single particle for all isotopic chains. Cd isotopes
show a trend with seems to approach this value when adding neutrons, however,
Ru(N=57) and palladium(N=69) present a much more collective behavior.

The same analysis has been performed with the quadrupole electric moment. As-
suming axial symmetry, the quadrupole electric moment has been calculate using
equation Equation 2.22.

In Figure 7.2, the quadrupole electric moment is plotted against the proton num-
ber. The flat shape of the isotonic lines suggest that there is no significant effect
on the deformation with increasing Z.
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Figure 7.2: Quadrupole electric moment of the even-Z isotopes on the region 40 <
Z < 50 plotted against proton number. The color of the marker indicates the
isotonic lines: brown =53, orange N=55, magenta N=57 and blue N=59. Ru and
Mo data taken from [140] and Cd from [141].

At Figure 7.3, the quadrupole electric moment is plotted against the neutron num-
ber. Systematics of the region show a linear trend, probably due to the addition of
neutron pairs to the d5/2 shell plus an odd neutron up to N=59. The small increase
between the 105Pd and the 113Pd and between 107Cd and the 109Cd could be due
to that the neutron occupation of the d5/2 shell is already at maximum [141].

In order to perform a more exhaustive discussion, theoretical calculations are
needed. At the following section, state of art energy density functionals will be
used to study the nuclear structure of palladium isotopes focusing on deformation.
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Figure 7.3: Quadrupole electric moment of the even-Z isotopes on the region 40 <
Z < 50 plotted against neutron number. The color of the marker indicates the
element: green Mo(Z=42), blue Ru(Z=44), black Pd(Z=46) and red Cd(Z=48).
Ru and Mo data taken from [140] and Cd from [141].

7.2 Evolution of deformation on Pd isotopes

To shed light on the evolution of the measured observables, the results have been
compared with different theoretical calculations. The spectroscopic properties
have been computed with different versions of energy density functional (EDF)
that has been introduced at chapter 2: Gogny D1S [36], Fayans Fy(std) [24] and
Fy(∆r,HFB) [26]. The purpose is study the nuclear structure of palladium isotopes
from an axial and triaxial point of view.

The most direct way of study the deformation is through the quadrupole spec-
troscopic moment. Assuming axial symmetry the β2 elongation parameter can
be deduced, giving a hint on the character of the deformation. In addition, the-
oretical calculations of the β2 parameter on an axially symmetric context have
been performed in order to understand these results. The experimental values and
theoretical calculations are presented on Figure 7.4.
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Figure 7.4: Comparison of experimental β2 elongation parameter and theoretical
Gogny D1S, Fayans Fy(std) and Fy(∆r,HFB) calculations assuming axial symme-
try.

Table 7.1: Experimental and theoretical β2 elongation parameter assuming axial
symmetry for Pd nuclei.

Isotope Experimental Fy(std) (fm2) Fy(∆r,HFB) (fm2) Gogny (fm2)
99 -0.046(13) -0.009 -0.027 0.000
101 -0.008(3) 0.086 0.002 0.101
105 0.087(4) 0.162 -0.026 0.168
113 0.127(4) 0.205 0.208 0.232

99Pd and 101Pd isotopes have 53 and 55 neutrons, respectively, being just few
neutrons away of the N=50 shell closure where is expected spherical shape. The
β2 parameter resulting from the theoretical calculations is in agreement with the
experimental value of 99Pd, however, Fayans Fy(std) and Gogny D1S deviates from
the experimental trend for 101Pd. Fy(∆r,HFB) does a better work, being able to
reproduce the negative character of the deformation parameter for 99Pd and the
small deformation of 101Pd.

The evolution between these isotopes can be understood plotting the binding en-
ergy versus deformation as is shown at Figure 7.5. At the figure it can be appre-
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ciate the transition from prolate deformation at 102Pd to the spherical shape at
the semimagical 96Pd. This transition character leads to a diffusion of the binding
energy which might be an indication of soft nuclei and can entail a slightly negative
β2 parameter.

Figure 7.5: Fayans calculation of binding energy versus deformation for
96,98,100,102Pd.

On the neutron rich side, none of the theoretical calculations are able to reproduce
the deformation, being overestimated. One possible explanation for this disagree-
ment can be the axial symmetry assumption. This explanation is supported by
the flattering of the binding energy present at Figure 7.5 which indicates that
probably an axial description is not sufficient for explaining the deformation on
the Pd chain.

Previous studies suggested that palladium isotopes in the neutron rich region might
exhibit fingerprints of triaxiality [142, 143]. In this context,the Potential Energy
Surface (PES) have been calculated using the triaxial beyond mean field SCCM
method (Figure 7.6).

As can be observed at Figure 7.6, 96Pd at the neutron shell closure present a
well defined spherical shape. The minimum position evolves with increasing the
neutron number, indicating first prolate deformation and becoming more diffuse as
approaching the mid-shell. The PES strongly indicate triaxial shape for isotopes
starting at 108Pd and might explain the discrepancy presented at Figure 7.5 for
113Pd.

In order to have a more complete picture, the evolution of deformation can be
studied through the root mean square (rms) charge radii. In addition, the rms
charge radii can provide a more direct comparison between the results obtained at
this thesis and the theoretical calculations.

At Table 7.2 and Table 7.3, the measured changes in rms charge radii can be found
together with the theoretical calculations for neutron rich and deficient palladium
isotopes.
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Figure 7.6: Potential Energy Surface (PES) of even-even palladium isotopes cal-
culated using the SCCM method.
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Figure 7.7 shows the difference on rms charge radii respect 108Pd (ΛA,108). It is
observed a smooth trend when increasing the neutron number, indicating that
there are no sudden changes on deformation. This general trend is followed by all
the theoretical calculations.

Table 7.2: Difference in rms charge radii respect 102Pd obtained at this work and
state of art nuclear calculations using Fayans EDF and Gogny force.

Isotope ΛA,102 (fm2) Fy(std) (fm2) Fy(∆r,HFB) (fm2) Gogny (fm2) SCCM (fm2)

98 -0.537(2)[2]{7} -0.514 -0.602 -0.576 -0.452
99 -0.422(4)[2]{5} -0.461 -0.532 -0.514 -
100 -0.242(1)[4]{3} -0.240 -0.311 -0.240 -0.188
101 -0.148(1)[1]{2} -0.249 -0.240 -0.267 -

Table 7.3: Difference in rms charge radii respect 108Pd obtained at this work and
state of art nuclear calculations using Fayans EDF and Gogny force.

Isotope ΛA,108 (fm2) Fy(std) (fm2) Fy(∆r,HFB) (fm2) Gogny (fm2) SCCM (fm2)

112 0.352(3)[4]{8}⟨3⟩ 0.318 0.393 0.327 0.366
113 0.435(2)[9]{9}⟨3⟩ 0.464 0.546 0.399 -
114 0.474(3)[4]{11}⟨3⟩ 0.464 0.559 0.454 0.521
115 0.493(2)[6]{13}⟨3⟩ 0.491 0.546 0.399 -
116 0.560(3)[4]{15}⟨3⟩ 0.564 0.688 0.537 0.621
118 0.632(6)[6]{18}⟨3⟩ 0.601 0.790 0.591 0.684

The triaxial SCCM calculations are able to reproduce the evolution of the rms
charge radii, having general a good agreement. In contrast, axial Gogny calcula-
tions present a good agreement on the neutron deficient and neutron rich sides,
as is shown in Table 7.2 and Table 7.3. However, the overall agreement is missed,
as is not able to perform a good reproduction of the changes of rms charge for
the stable isotopes. According to the Figure 7.6, at this mass region starts the
transition to triaxiality.

An exhaustive interpretation on the systematics of nuclear charge radii using
Fayans EDF can be found at [134]. This article provided the first analysis on
mean square charge radii of well deformed nuclei using Fayans functionals. The
charge radii of Pd isotoppes was study using UNEDF2 Skyrme EDF model [144],
Fy(std) and Fy(∆r,HFB). The work concluded that Fy(∆r,HFB) does a better
reproduction thanks to the strong coupling in the pairing, which increases the
absolute charge radii.
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Figure 7.7: Difference on rms charge radii respect 108Pd plotted against mass num-
ber A.
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The data discussed at [134] is the same data which is presented at this thesis,
as the analysis has been performed in parallel. This work contributes with a
better insight on the OES staggering thanks to the addition of the odd-A isotopes
113,115Pd.

In order to study small-scale effects as the odd–even staggering (OES), the three-
point odd-even charge radii staggering formula (Equation 7.1) is used [145]. The
resulting OES is plotted at Figure 7.8.

∆(3)
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Figure 7.8: Comparison of experimental and theoretical three-point odd-even stag-
gering on the charge radii.

At Figure 7.8 is shown the different pattern of odd-even staggering present at each
mass region. At the light region, classic OES is observed, the even-A isotopes
have a smaller radius relative to the odd-A nuclei. In contrast, the OES flattens
on the neutron rich region. The origin and character of the flattering still unclear,
in the future, the measurement of the intermediate cases might provide a better
understanding on the evolution of the OES.

The normal OES exhibited by the neutron deficient isotopes is well reproduced by
both Fayans fuctionals, being Fy(∆r,HFB) closer to the actual strength. Never-
theless, Fy(∆r,HFB) is not able to reproduce the flattening on the neutron rich
side, as it keeps presenting the same pattern. Fy(std) calculations show a better
agreement, being able to reproduce the flattened between 114Pd and 115Pd.

As has been mention and was discussed at [134], Fy(∆r,HFB) does a better repro-
duction of the absolute charge radii on the palladium isotopic chain than Fy(std)
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which underestimates the absolute charge radii. The reason are the strong pairing
correlations which modify the mean field at the nuclear surface, increasing the
charge radii and enhancing the OES.

Even if the pairing is the dominant contributor to the odd-even staggering, is not
clear the influence of other mechanisms [53]. Therefore, the different behavior
between the different Fayans functional on the neutron rich side can be explained
as the influence of other effects at Fy(std) which are overwhelmed by the strong
pairing correlations at Fy(∆r,HFB).
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Chapter 8

Perspectives

This chapter contains the preparation for future measurements of Pd isotopes
towards the proton drip line.

The most neutron deficient nuclei measured during this thesis has been 98Pd which
is just two neutrons away of the N = 50 shell closure. As has been presented at
section 2.3, palladium can play a role on the study of the strength of the kink at
N=50.

The future measurements on neutron deficient palladium have been pursued from
two different approaches.

The first approach uses a method created by Mikael Reponen at the IGISOL facility
tailored to measure 94Ag [114]. This method combines efficient in-source RIS in a
hot-cavity catcher with sensitive ion detection via the phase-imaging ion-cyclotron
resonance (PI-ICR) Penning trap mass spectrometry technique [146]. This system
has proved to be really efficient for measuring at this region, being able to perform
resonance ionization spectroscopy with on-resonance signal rates as low as ∼0.005
ions per second for 96Ag. A test for Pd production through the hot-cavity catcher
will be presented on this chapter.

The disadvantage of this approach are the limitations concerning the resolution.
As has been discussed on section 3.4, in-source laser spectroscopy techniques have
finite resolution due to the Doppler broadening generated by the high tempera-
tures.

The second approach account for in-gas jet laser spectroscopy at the future S3-
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LEB facility. Improved resolution can be achieved with this state of art technique
thanks to the low pressure and temperature environment achieved at supersonic
jets. In addition, according to the predicted production yields, beams provided by
the S3 Super-Spectrometrer will have enough counting rates to measure palladium
isotopes beyond the N=Z line.

In order to be able to perform efficient ionization at the S3-LEB facility, offline
testing and development of RIS schemes have been performed at the GISELE
laboratory (see section 4.3). In this context, resonance ionization spectroscopy of
stable palladium isotopes will be presented on this chapter.

8.1 Palladium In-source production test

The inductively heated hot cavity catcher was constructed at IGISOL for the
production of low-energy ion beams on the N=Z region, targeted to improve the
production efficiency of 94Ag [114]. Subsequent to its success on silver [58], this
approach has been studied for the production of palladium isotopes.

With this aim, a palladium production test has been performed using the setup
presented at section 4.2. A 495 MeV 106Pd+18 stable beam, produced by the
K130 cyclotron, was implanted on the hot catcher. The diffused atoms are laser
ionized by a three step resonance ionization scheme, and extracted through the
SPIG. Finally, the ions of interest are mass separated from the contaminants by
the dipole magnet and detected by a Faraday cup (see Figure 8.1).

Figure 8.1: Overview of the experimental setup used during the production test.
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In order to study the diffusion of Pd isotopes from the catcher, the dipole magnet
was used to scan across a wide range of mass. The scan is shown at Figure 8.2.
As expected, the main contaminants are the alkali metals (Na, K, Rb, Cs), in
addition, there is a no negligible amount of contamination of diatomic nitrogen and
Ca. Figure 8.3 shows a scan of the magnetic field corresponding to the mass region
of interest. It can be observed on that only one mass is produced, corresponding
with 106Pd. Therefore, there is not contamination from other nuclei on this mass
region.
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Figure 8.3: Dipole magnet mass scan on the palladium mass region.

The dipole magnetic field has been used to select the 106Pd ions of interest, mea-
suring a production of 0.022 pA on the Faraday cup (SWFC). 31 pA of 106Pd+18

delivered by the cyclotron have been measured by another Faraday cup (FCE2)
located just before the target chamber. Taking into account a 90% efficiency of
the FCE2 [147] and the +18 charge state, the total efficiency has been estimated
to be ∼ 1.4%. This efficiency is comparable to the efficiency for silver (∼ 1% after
mass separator [58]).

Aside the efficiency, the limiting factors for measuring exotic isotopes are the
diffusion and implantation times for palladium on the catcher, as the half life is
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decreasing when approaching the proton drip line. To study the effect of both
contributions, the FCE2 was used to block the cyclotron beam. The cyclotron
beam was stopped using the Faraday cup to measure the Pd diffusion, and removed
to estimate the implantation time on the catcher. Due to the insertion time of the
FCE2 of about 100 ms, is not possible to accurately measure times under or close
to that value.

Several measurements of the implantation and diffusion times were performed,
being one of them presented at Figure 8.4. From the time profile, a implantation
time ∼ 100 ms and a diffusion time ∼ 200 ms were estimated. With the measured
efficiency and the predicted rates, the most exotic nuclei which will be possible to
access is 92Pd (t1/2 = 1 s).
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Figure 8.4: Timing profile of laser-ionized 106Pd atoms. A fit of the implantation
time (∼ 100 ms) is presented in red, and on the diffusion (∼ 200 ms) in cian.

The three step ionization scheme used to selectively ionize palladium was developed
by Mainz [127]. In order to maximize the efficiency on the laser ionization with
optimal resolution, a saturation measurement was performed for each step, and
are presented at Figure 8.5. The saturation powers (Psat) have been found fitting
the curves with the following equation:
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Figure 8.5: Laser saturation measurements. Left: First step. Center: Second step.
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I(P ) = a+ b · P + c · P

P + Psat

(8.1)

The discrepancy between the saturation powers between this work and [127] are
generated by the loses on the mirrors located on the path between the laser table
and the target chamber, as the powers were measured on the laser table. In
addition, the loses are wavelength dependent due to the different mirrors used and
there can be differences on the laser spot sizes.

Wavelength scans were performed at different laser powers (Figure 8.6). The
FWHM bellow saturation is 34 GHz. As the measurement was performed using
a single etalon and scanning the first step, this resolution can be related with the
linewidth of the laser for a UV light (3 ∗ 10 GHz).
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Figure 8.6: Wavelength resonant first step scan for power bellow saturation (orange
line), above saturation (blue line) and at saturation (red line).

The results of these test prove the capability of the method to produce palladium
isotopes. As a result, a proposal will be submitted to measure neutron deficient
isotopes across the N=50 shell gap, and aiming to reach to the N=Z line.
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8.2 S3-Low Energy Branch

Looking towards the limits of stability, the measurement of palladium isotopes up
to 91Pd could be a possibility on the future S3-Low Energy Branch (S3-LEB) at
the SPIRAL2 facility in GANIL.

As part of the new generation of nuclear experimental facilities, the SPIRAL2
project will explore the use of fusion-evaporation reactions to study exotic neutron-
deficient isotopes at the N = Z region around 100Sn and in the very-heavy and
super-heavy element regions [148]. The superconducting LINAC will produce sta-
ble ion beams from He to U with energies from 0.75 up to 14.5 MeV/u, and
intensities from 1pµA up to Ni [148]. In order to handle the very intense heavy
ion-beams beams assuring high mass resolution and large transmission capabili-
ties, the Super Separator Spectrometer (S3) was developed to perform experiments
with extremely low cross sections [149].

The detection instrumentation at the focal plane of S3 consist on two complemen-
tary set-ups: a highly sensitive decay spectroscopy set-up SIRIUS (Spectroscopy
and Identification of Rare Isotopes Using S3) and S3-LEB to perform precision
mass measurements and laser spectroscopy. SIRIUS and S3-LEB are constructed
as mobile setups to exchange each other at the S3 focal plane.

At SIRIUS, the ions are implanted into a Double-sided Silicon Strip Detector
(DSSD) of 10x10 cm2 which each side segmented into 128 strips. The DSSD is
covered by a box-like arrangement of Pad silicon detectors with 8 x 8 pixels to
measure charged particles and a large volume Ge array to detect γ-rays. Before
implantation tracker Secondary Electron Detectors (SED) are located in beam
direction for veto and time-of-flight purposes [150].

The S3-LEB is shown at Figure 8.7. At this setup, the radioactive ion beams
(RIBs), will enter into the gas cell through a thin entrance window. This window
will have to withstand a pressure difference of 107 to 1010 orders of magnitude
between the S3 beam line and the S3-LEB gas cell. Inside the gas cell, the ions are
thermalized and neutralized in the Argon buffer gas. The gas cell will operate at
200-500 mbar leading a extraction time of about 300 ms.

The atoms are extracted in a collimated and homogeneous hypersonic gas jet,
created by a Laval nozzle attached to the gas cell exit throat. As was discussed at
section 3.4, resonance laser ionization at low pressure and low temperature gas jet
conditions lead on a reduction of about an order of magnitude on the broadening
effects, compared to hot cavity and in-gas cell, while maintaining high selectivity
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Figure 8.7: Schematic overview of the S3-LEB.

and efficiency [96]. The atoms of interest are resonantly ionized inside the gas jet
by laser beams coming from transversal and anti-collinear directions.

The photo-ions are drag by a linear DC gradient on top of the RF voltage of the
S-shape RFQ (SRFQ), extracting the ions from the jet. In addition, the SRFQ
actuates as a primary differential pumping section 10−2-10−1 mbar at the entrance,
against 10−4-10−3 mbar at the exit. The high vacuum (10−8-10−7 mbar) is achieved
after the mini-RFQ (mRFQ), which purpose is to maximize the transmission be-
tween the different vacuum regions.

To remove some remaining contaminants from the laser ionized beam a quadrupole
mass filter (QMF) is located before the RFQ cooler buncher. As the IGISOL
cooler-buncher (section 4.1), in order to perform precision measurements, the ions
are cooled by helium gas collisions to minimize the longitudinal and transversal
emittance of the beam and bunched using a potential well.

After the extraction of the RFQ cooler buncher the ions are post-accelerated by a 3
kV potential generated by a pulse up drift tube. The ion beam energy is designed
for optimal injection on the Multi Reflection Time Of Flight Mass Spectrometer
(PILGRIM) [151]. Therefore, following the pulse up, the ion beam can be send to
PILGRIM for mass measurement or alternatively for purification before sending
it to the future decay spectroscopy station called Spectroscopy Electron Alpha in
Silicon bOx couNter (SEASON) or towards the future DESIR facility [152].
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The S3-LEB can be used to perform high resolution laser spectroscopy combined
with mass and/or decay measurements or to provide beams for precision measure-
ments for different detector systems at DESIR.

For the experiments at S3-LEB, efficient RIS schemes are needed in order to take
profit of the S3 production rates. In addition, high sensitivity to the nuclear
parameters is desired to extract the nuclear observables with good resolution.

Off-line measurements had been carried at GISELE (see section 4.3) in order to
test and develop RIS for the S3-LEB day-one cases [118]. A study of the N=Z
region around 100Sn will be performed. Alongside these elements, Pd has been
considered as one of the proposed cases and the offline work for the preparation
was performed at GISELE.

8.2.1 Test and development of RIS

The purpose of the GISELE laboratory has evolved from a resonant ionization laser
ion source [117] to a offline laboratory to study resonant ionization scheme for the
S3-LEB elements of interest [118]. In this context, laser ionization spectroscopy
measurements have been performed on stable palladium atoms generated by an
ABU. Details about the laboratory are presented at section 4.3

Previous this work, development and testing of highly efficient excitation schemes
for resonance ionization of palladium was carried out at the RISIKO mass separator
of the institute for physics of Mainz University [127]. Three RIS schemes developed
are presented at Figure 8.8.

The three step scheme, Figure 8.8 C, is the RIS scheme used during the palladium
in-source production test (see section 4.2). Consequently, it has been the first
scheme studied. The sensitivity to nuclear observables of the first step 276nm
transition has been studied using the broadband Ti:sapphire cavities with a single
etalon and the NB single mode injection cavity.

The saturation curves for this RIS scheme are shown at Figure 8.9. The satu-
ration powers for the first and second steps are in agreement with the literature
values [127]. Regarding the ionization step, the saturation power is in disagree-
ment, probably because it never fully saturates.

In order to study the isotope shift and hyperfine structure, a NB laser injection
cavity has been used to study the 276 nm first step transition. Before the measure-
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Figure 8.8: Pd excitation schemes. [127]

ment, the voltages of the electrodes inside the ABU have been optimized to obtain
the maximum mass separation through the TOF tube. To obtain the frequency
spectra a gate is applied on the TOF signal of the isotope of interest, as is shown
on Figure 8.10.

The experimental data has been fitted with a Voigt profile function by the SATLAS
package [131]. The isotope shift has been calculated as the weighted mean from
the shift respect 108Pd on seven different measurements (Figure 8.11) and the
statistical error σ arises from the standard error of the SATLAS fit scaled with
the reduced χ-square (see Equation 6.2 and Equation 6.3).

Table 8.1: Measured isotopes shift for the 4d101S0-4d
95p3P1 transition, using

108Pd
as reference isotope.

Isotope This work (MHz) Literature [153] (MHz)
102 215(6) -
104 145(5) -
105 78(6) -
106 66(5) 62.7(5)
110 -67(5) -66.4(13)

The mass and field shift has been extracted using the King Plot technique (Fig-
ure 8.12). The field shift (0.5(17) GHz/fm2) has been found to be almost six times
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Figure 8.10: TOF gate to obtain the frequency spectra of 108Pd. Left: Time-of-
Flight and gate (red lines) applied to extract the 108Pd frequency spectra. Right:
108Pd 276 nm resonance.

smaller than the field shift from the 363 nm transition used for the collinear experi-
ment (-2.9(6) GHz/fm2). As a result, the sensitivity for measuring the mean-square
charge radii will be also small.

The hyperfine parameters has been obtained by fitting the hyperfine splitting
of 105Pd isotope. The atomic spin of the states on the studied transition are
J = 0 −→ J = 1, therefore the structure will be composed by three resonances,
according to the selection rules presented at subsection 3.2.2.

Table 8.2: Measured A and B hyperfine parameters of 105Pd for the 4d101S0-
4d95p3P1 transition.

Hyperfine parameter This work (MHz) Literature [153] (MHz)
A -127(3) -126.9(6)
B 4(4) 2.0(9)

The selected transition has a small field shit and hyperfine parameter B. Conse-
quently, the extraction of the mean-square charge radii and quadrupole spectro-
scopic moment will be hindered by the low sensitivity.

In order to have a good understanding on the evolution of deformation on the
palladium isotopic chain is necessary to measure a different transition. To select
the new transition, several aspects have to be considered. From one hand, using
the atomic beam unit (ABU), it is not possible to populate isomeric atomic states,
as a result, the first transition on the RIS scheme has to be from the atomic ground
state.
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Figure 8.12: King Plot - 276 nm transition. M = -0.176(81) GHz amu, F =
0.5(17) GHz/fm2.

From the other hand, palladium has only three transitions from its atomic ground
state, being the three previously measured [153]. The literature isotope shifts and
hyperfine parameters are presented at Table 8.3.

Table 8.3: Isotope shifts and hyperfine parameters of Pd transition starting from
the ground state.

Transition δν108−106 [153] (MHz) A [153] (MHz) B [153] (MHz)
4d10 1S0 −→ 4d95p3P1 62.7(5) -126.9(6) 2.0(9)
4d10 1S0 −→ 4d95p3D1 45(6) -212(5) -57(8)
4d10 1S0 −→ 4d95p1P1 44(3) -300(1) -215.5(8)

As can be shown at Table 8.3, all transitions from the atomic ground state have a
small isotope shift.

To overcome the problematic of the sensitivity and benefit from the highly efficient
excitation schemes developed at RISIKO (Figure 8.8), second step transitions were
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proposed to be studied. From the available transitions, s to p atomic transitions
are expected to be more sensitive to the isotope shift as the electron wave function
has higher probability of been inside the nucleus (see section 3.2.1). Accordingly,
the 779 nm transition on scheme B at Figure 8.8 will be studied at the GISELE
laboratory.

The third step of the RIS scheme is not accessible at GISELE due to the lack of a
1064 Nd:YAG laser. Therefore, a new three step resonant ionization scheme was
search to maintain the first two steps intact, but using a transition directly from
the 49019.733 cm−1 level to a Rydberg state.

Rydberg states on palladium atom have been previously studied [154, 155]. Sev-
eral wavelength scans were performed covering the regions where Rydberg states
with odd parity were expected. A Rydeberg state was found at 59651.1 cm−1,
completing the RIS scheme.
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Figure 8.14: Resonant ionization through the 59651.1 cm−1 Rydberg state.
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Chapter 9

Outlook

The collinear laser spectroscopy measurements presented at this thesis have been
the first time laser spectroscopy has been performed on radioactive Pd isotopes.
Reference [134] published the charge radii and compared the results to nuclear
DFT calculations Skyrme and Fayans. This thesis has gone a step forward on
the study of deformation on palladium isotopes thanks to the extraction of the
electromagnetic moments and the addition of 113Pd ground state and 115Pd ground
and isomeric states.

This present work has establish unambiguously the spins assignments for the
ground states of 99,113,115Pd and the isomeric state of 115Pd. The comparison
with theoretical Fayans and Gogny calculations indicate softness on palladium
isotopes, and triaxiality have been suggested on the neutron rich region. In addi-
tion, an analysis on the odd-even staggering has delve into the idea that odd-even
staggering is influenced by other mechanism than pairing.

This results shed light on the uncharted refractory region. In order to keep this
progress, first steps have been taken for future measurements towards the proton
drip line. A production test have been performed using resonant ionisation laser
spectroscopy in a hot cavity catcher. According to the measured efficiencies and
taken into account the transmission until the Penning trap, the hot cavity mea-
surements is expected to cross the N=50 shell closure and puss towards the N=Z
line.

The limited resolution of the hot cavity will be complemented by the future in-gas
jet laser spectroscopy measurements on the S3-Low Energy Branch. Recent rate
estimates provided by S3 prove the possibility of measuring palladium beyond the

139
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N=Z line. For this purpose, offline studies have been performed on palladium
RIS in order to find a scheme with high sensibility to the nuclear observables.
In addition, optical developments have been performed in order to enhance the
performance of the GISELE laser laboratory.
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[14] V. Fock, “Näherungsmethode zur lösung des quantenmechanischen
mehrkörperproblems,” Zeitschrift für Physik, vol. 61, no. 1, pp. 126–148,
1930.

[15] J. MacDonald, “Successive approximations by the rayleigh-ritz variation
method,” Physical Review, vol. 43, no. 10, p. 830, 1933.

[16] J. C. Slater, “A simplification of the hartree-fock method,” Physical review,
vol. 81, no. 3, p. 385, 1951.

[17] P. Hodgson, “Effective mass in nuclei,” Contemporary Physics, vol. 24, no. 5,
pp. 491–503, 1983.
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[62] J. Äystö, C. Davids, J. Hattula, J. Honkanen, K. Honkanen, P. Jauho,
R. Julin, S. Juutinen, J. Kumpulainen, T. Lönnroth, A. Pakkanen, A. Pas-
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laser ionization of yttrium at the igisol facility,” Nuclear Instruments and
Methods in Physics Research Section B: Beam Interactions with Materials
and Atoms, vol. 266, no. 4, pp. 681–700, 2008.

[105] L. J. Vormawah, M. Vilén, R. Beerwerth, P. Campbell, B. Cheal, A. Dicker,
T. Eronen, S. Fritzsche, S. Geldhof, A. Jokinen, S. Kelly, I. D. Moore,
M. Reponen, S. Rinta-Antila, S. O. Stock, and A. Voss, “Isotope shifts from
collinear laser spectroscopy of doubly charged yttrium isotopes,” Phys. Rev.
A, vol. 97, p. 042504, Apr 2018.

[106] M. Vilén, L. Canete, B. Cheal, A. Giatzoglou, R. de Groote, A. de Roubin,
T. Eronen, S. Geldhof, A. Jokinen, A. Kankainen, I. Moore, D. Nesterenko,
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dherr, R. Neugart, W. Nörtershäuser, J. Repp, C. Smorra, N. Trautmann,
and C. Weber, “Triga-spec: A setup for mass spectrometry and laser spec-
troscopy at the research reactor triga mainz,” Nuclear Instruments and Meth-
ods in Physics Research Section A: Accelerators, Spectrometers, Detectors
and Associated Equipment, vol. 594, no. 2, pp. 162–177, 2008.

[110] R. de Groote, A. de Roubin, P. Campbell, B. Cheal, C. Devlin, T. Eronen,
S. Geldhof, I. Moore, M. Reponen, S. Rinta-Antila, and M. Schuh, “Up-
grades to the collinear laser spectroscopy experiment at the igisol,” Nuclear
Instruments and Methods in Physics Research Section B: Beam Interactions
with Materials and Atoms, vol. 463, pp. 437–440, 2020.

[111] Sirah, “Datasheet matisse 2 ts,” 2017.

[112] R. Kirchner, “On the release and ionization efficiency of catcher-ion-source
systems in isotope separation on-line,” Nuclear Instruments and Methods in
Physics Research Section B: Beam Interactions with Materials and Atoms,
vol. 70, no. 1, pp. 186–199, 1992.

[113] R. Kirchner and E. Roeckl, “A cathode with long lifetime for operation of
ion sources with chemically aggressive vapours,” Nuclear Instruments and
Methods, vol. 127, no. 2, pp. 307–309, 1975.

[114] M. Reponen, I. Moore, I. Pohjalainen, S. Rothe, M. Savonen, V. Sonnen-
schein, and A. Voss, “An inductively heated hot cavity catcher laser ion
source,” Review of Scientific Instruments, vol. 86, no. 12, p. 123501, 2015.



BIBLIOGRAPHY 152

[115] S. Rothe, T. D. Goodacre, D. Fedorov, V. Fedosseev, B. Marsh, P. Molka-
nov, R. Rossel, M. Seliverstov, M. Veinhard, and K. Wendt, “Laser ion beam
production at cern-isolde: New features–more possibilities,” Nuclear Instru-
ments and Methods in Physics Research Section B: Beam Interactions with
Materials and Atoms, vol. 376, pp. 91–96, 2016.

[116] T. Eronen, V. Kolhinen, V.-V. Elomaa, D. Gorelov, U. Hager, J. Hakala,
A. Jokinen, A. Kankainen, P. Karvonen, S. Kopecky, et al., “Jyfltrap: a pen-
ning trap for precision mass spectroscopy and isobaric purification,” in Three
decades of research using IGISOL technique at the University of Jyväskylä,
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