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The most incomprehensible thing about the world is that it is comprehensible.

Albert Einstein
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Abstract (English)

In order to explore the origin of matter and to characterize the fundamental
interactions in nature, nuclear structure is studied. Mainly among the exotic
nuclei, with extreme proton to neutron ratios, changes in the conventional shell
structure are observed, resulting in new magic numbers, strong con�guration
mixing, shape coexistence and nuclear deformation.
Excellent probes to study nuclear structure are the magnetic dipole moment,
sensitive to the con�guration of the valence nucleons, and the spectroscopic
electric quadrupole moment, a measure of the average deviation of the nuclear
charge distribution from a sphere. Experimentally, both moments can be de-
termined using the β-Nuclear Magnetic Resonance (β-NMR) technique.
In this PhD work, the physics behind two β-NMR approaches is discussed: the
Continuous RF method and the Adiabatic Fast Passage technique. Further-
more, this thesis holds a detailed description of the newly designed β-NMR
setup, installed at the LISE fragment separator at GANIL. It includes a review
of all components, a survey of the �eld-pro�le measurements and an evaluation
of the setup performance using a dedicated GEANT4 application.
As a test experiment, the g-factors of 17−18N were remeasured. For the 17N
ground state, the magnetic moment |µ(17N)| = 0.3551(4) µN was found. This
value con�rms the earlier published value and illustrates the ability of the setup
to perform precision measurements. For 18N, the value |µ(18N)| = 0.3273(4)µN

was obtained, in agreement with the magnetic moment published by Ogawa et
al. [1]. The second value existing in literature, |µ(18N)| = 0.135(15)µN [2],
could not be reproduced, leaving its origin unclari�ed.
The �rst physics case to be studied, using both β-NMR approaches and the
new setup, focusses on the quadrupole moments of the neutron-rich Al-isotopes
at the border of the island of inversion. This region, including several deformed
Ne, Na and Mg isotopes with neutron number around N = 20, is characterized
by the dominance of neutron excitations from the sd to the pf -orbits in the
ground state. A comparison of the measured quadrupole moment |Q(31Al)|
= 134.0(16) mb to large-scale shell-model calculations suggests that 31Al is
dominated by normal sd-shell con�gurations with a possible small contribution



www.manaraa.com

VI Abstract (English)

of intruder states. Furthermore, a compilation of the available experimental
and calculated quadrupole moments of the odd-Z even-N sd nuclei shows that
ep = 1.1e is a better e�ective proton charge in the sd-shell than the previously
established value ep = 1.3e.
Structural changes have also been observed for the neutron-rich isotopes around
N = 28. To probe the reduced N = 28 gap and the near degeneracy of the
π(s1/2) and π(d3/2) levels, the g-factors of the neutron-rich Cl-isotopes are stu-
died. A Continuous RF β-NMR measurement on 44Cl, resulting in g(44Cl)
= (-)0.2749(2), shows that both e�ects play an important role in the ground
state of this nucleus. Moreover, the experimental g-factor strongly supports a
2− spin assignment for the 44Cl ground state.
By studying the nuclear moments of the neutron-rich nuclei in the vicinity of
the N = 20 and N = 28 shell closures, new physical insights are added to the
current nuclear structure debate. Nonetheless, further research is needed to
re�ne our understanding of the interactions inside the atomic nucleus.
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Abstract (Nederlands)

Hoe materie ontstaat en welke eigenschappen de fundamentele interacties in de
natuur hebben, kan worden bestudeerd aan de hand van de structuur van de
atoomkern. Een veel gebruikte methode, die een goede beschrijving geeft van
de kernstructuur rond de stabiliteitslijn, is het schillenmodel. Wanneer echter
meer exotische kernen worden bestudeerdA, voldoet het conventionele schillen-
model niet langer en moet er rekening worden gehouden met bijkomende ef-
fecten zoals het ontstaan van nieuwe magische getallen, sterke con�guratiemeng-
ing, vormco�existentie en vervorming.
Zowel het magnetisch dipoolmoment, dat gevoelig is voor de con�guratie van de
valentienucleonen, als het spectroscopisch elektrisch quadrupoolmoment, dat de
gemiddelde afwijking geeft van de ladingsverdeling in de kern ten opzichte van
een bolvorm, zijn heel geschikt om de kernstructuur te onderzoeken. Om beide
grootheden experimenteel te bepalen wordt in veel gevallen de β-Nucleaire Mag-
netische Resonantie (β-NMR) techniek gebruikt.
In dit onderzoekswerk wordt de achterliggende fysica van twee β-NMR meth-
odes besproken: de Continue RF techniek en de `Adiabatic Fast Passage' be-
nadering. Daarnaast biedt deze thesistekst ook een gedetailleerde beschrijving
van de nieuwe β-NMR opstelling die werd ge��nstalleerd aan de LISE fragment
separator in GANIL. Dit omvat een overzicht van alle technische componenten,
een samenvatting van de veldpro�elmetingen en een evaluatie van de opstelling
aan de hand van een speciaal daarvoor ontwikkelde GEANT4 toepassing.
Tijdens een eerste experiment, bedoeld om de nieuwe opstelling uit te testen,
werden de g-factoren van 17−18N opnieuw bepaald. Voor de grondtoestand van
17N werd een magnetisch moment gelijk aan |µ(17N)| = 0.3551(4) µN opgeme-
ten. Deze waarde bevestigt de eerdere publicatie en illustreert heel duidelijk
dat de nieuwe opstelling bijzonder geschikt is voor precisiemetingen. Voor 18N
werd de experimentele waarde |µ(18N)| = 0.3273(4)µN gevonden, in overeen-
stemming met het magnetisch moment gepubliceerd door Ogawa et al. in 1999
[1]. Het magnetisch moment, |µ(18N)| = 0.135(15)µN , dat eerder door Neyens

AExotische kernen hebben een extreme verhouding van het aantal protonen tot het aantal
neutronen.
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et al. [2] werd opgemeten, kon niet worden gereproduceerd. De oorsprong van
dit meetresultaat blijft voorlopig onduidelijk.
Een eerste onderzoeksproject, voorgesteld in dit doctoraatswerk, richt zich
op de quadrupoolmomenten van de neutronrijke Al-isotopen, gesitueerd aan
de rand van het eiland van inversie. Deze regio van exotische kernen omvat
meerdere vervormde Ne, Na en Mg isotopen rond N = 20, waarvan de grond-
toestand wordt gedomineerd door neutron excitaties van de sd naar de pf schil.
Een vergelijking van het gemeten quadrupoolmoment |Q(31Al)| = 134.0(16) mb
met schillenmodel berekeningen laat vermoeden dat 31Al hoofdzakelijk wordt
bepaald door normale sd-schil con�guraties. Een kleine bijdrage van indring-
toestanden kan echter niet worden uitgesloten. Bovendien toont een compilatie
van beschikbare experimentele en berekende quadrupoolmomenten van oneven-
Z even-N sd-kernen aan dat ep = 1.1e een betere e�ectieve proton lading is in
de sd-schil dan de aangenomen waarde ep = 1.3e.
Veranderingen in de kernstructuur worden eveneens waargenomen in de neu-
tronrijke kernen rond N = 28. Om de e�ecten van de gereduceerde N = 28
schillensluiting en de ontaarding van de π(s1/2) en π(d3/2) niveaus te onder-
zoeken, worden de g-factoren van de neutronrijke Cl-isotopen bestudeerd. Een
Continue RF β-NMR meting, uitgevoerd op 44Cl en resulterend in g(44Cl) =
(-)0.2749(2), toont aan dat beide e�ecten een belangrijke rol spelen in de grond-
toestand van deze kern. Bovendien bevestigt de opgemeten g-factor 2− als de
meest waarschijnlijke spin voor 44Cl.
Samenvattend kan gesteld worden dat de studie van de kernmomenten van
de neutronrijke isotopen in de nabijheid van de N = 20 en N = 28 schil-
lensluitingen nieuwe elementen heeft toegevoegd aan het huidige debat over de
kernstructuur. Hoe dan ook is voortgezet onderzoek nodig om de interacties
binnenin de atoomkern verder te modeleren.
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Introduction

Atomic nuclei exhibit a rich and fascinating structural diversity in a large mass
range. About 3600 nuclei are currently known, displaying an extensive variety
of lifetimes, binding energies, decay modes and nuclear shapes. Some 2400
more are believed to exist, mainly at heavy masses and at small proton to
neutron ratios. Studying nuclear structure therefore plays an important role in
scienti�c research since it reveals information on the evolution of matter and on
the fundamental interactions in nature. Step by step, an answer is formulated
to the general question why the universe looks the way it does today.
So far, no exact solution has been found for the many-body problem created by
the strong interaction between the protons and neutrons in the atomic nucleus.
Consequently, various nuclear models exist, each of them applicable in a spe-
ci�c and limited region of the nuclear chart. One particular approach which has
been proven to be very successful is the nuclear shell model. It was developed
in 1949 by Mayer, Haxel, Suess and Jensen who independently showed that
the combination of a central potential and a spin-orbit term could give rise to
the experimentally observed magic numbers and the shell gaps known at that
time. This discovery founded a completely new �eld of research in theoretical
nuclear physics and eventually lead to the large-scale shell-model calculations,
performed nowadays using various codes and residual interactions.
For several decades, the magic numbers observed near the valley of stability
were considered as being generally valid across the entire nuclear chart. How-
ever, when nuclei with extreme proton to neutron ratios became available at
the newly built radioactive ion beam facilities, changes in the conventional shell
structure were established. Since then, it is widely believed that magic num-
bers may evolve far o� stability. Experimental evidence of changing nuclear
structure has been found for all traditional magic numbers. This PhD work,
however, focusses on the neutron-rich N ' 20 isotopes, i.e. the so-called island
of inversion, and the neutron-rich N ' 28 nuclei. In both regions, strong con-
�guration mixing, shape coexistence and nuclear deformation have been found
for (semi) magic nuclei which were always believed to be well described using
the spherical shell model.



www.manaraa.com

2 Introduction

The nuclear magnetic dipole moment and the electric quadrupole moment are
excellent probes to study nuclear structure. As the magnetic moment consists
of an orbital and a spin contribution, it indicates the shell-model character of
a particular nuclear state. The electric quadrupole moment provides a direct
measure of the deviation of the nuclear charge distribution from a spherical
symmetry and is therefore an ideal tool to study nuclear deformation.
Ground-state magnetic moments of radioactive isotopes are often determined
using the β-Nuclear Magnetic Resonance (β-NMR) technique. By scanning the
frequency of a radiofrequent (rf) �eld, a resonant destruction or inversion of
the spin polarization is induced in an ensemble of nuclei subjected to hyper�ne
interactions with their environment. The same principle can be implemented to
study quadrupole moments, changing the name of the technique into β-Nuclear
Quadrupole Resonance (β-NQR). β-NMR as well as β-NQR are e�cient me-
thods to investigate β-decaying states with a lifetime between 50 µs and a few
minutes, provided that these levels can be spin polarized. As both techniques
are very sensitive, an accurate and reliable setup is required in which a large
and homogeneous magnetic �eld and an extended rf-frequency range can be
applied. All experiments described in this work have been performed at the
LISE fragment separator at GANIL where high production yields of exotic nu-
clei can be obtained using the projectile-fragmentation reaction. By breaking
the symmetry of the reaction, spin polarization is induced.

This PhD thesis covers the technical aspects and the physical insights acquired
based on nuclear moment measurements performed in the vicinity of the N = 20
and N = 28 shell `closures', using a newly designed β-NMR/β-NQR setup. The
outcome of the experiments is extensively discussed in four scienti�c articles,
published in or submitted to international peer-reviewed journals. They form
the basis of this thesis. Beside the �rst two chapters which enclose an intro-
ductory theoretical background, each of the four subsequent chapters discusses
a particular experimental topic and is concluded by the corresponding pub-
lication. The subjects quoted in the chapter texts must be regarded as an
introduction to or an extension of the article that follows. A summary of the
framework of this thesis is given below.

• Chapter 1 gives a description of the nuclear shell model and the changes
induced when going to more neutron-rich nuclei.

• Chapter 2 outlines the main principles of hyper�ne interactions, nuclear
moments theory and β-NMR.
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• Chapter 3 includes a detailed description of the new β-NMR/β-NQR
setup design and a report on the GEANT4 simulations, carried out to
evaluate the performance of the setup. The main conclusions on the tech-
nical development are published in Nuclear Instruments and Methods.

A New dedicated β-NMR/β-NQR setup for LISE-GANIL,
M. De Rydt, R. Lozeva, N. Vermeulen, F. de Oliveira Santos, S. Gr�evy, P. Himpe,
C. St�odel, J.C. Thomas, P. Vingerhoets and G. Neyens
Nuclear Instruments and Methods in Physics Research A 612 112 (2009)

• Chapter 4 presents the β-NMR results of the test run performed when
the installation of the new β-NMR/β-NQR setup was completed. The
physics outcome of this experiment is published in Physical Review C.

g factors of 17N and 18N remeasured,
M. De Rydt, D.L. Balabanski, J.M. Daugas, P. Himpe, D. Kameda, R. Lozeva,
P. Morel, L. Perrot, K. Shimada, C. St�odel, T. Sugimoto, J.C. Thomas, H. Ueno,
N. Vermeulen, P. Vingerhoets, A. Yoshimi and G. Neyens
Physical Review C 80 037306 (2009)

• Chapter 5 focusses on the N ' 20 isotopes. The introductory text pro-
vides information on the island of inversion, the physics behind the `Conti-
nuous RF' and `Adiabatic Fast Passage' β-NMR methods and the search
for the best e�ective proton charge in the sd-shell. The results of the
β-NQR measurements on 31Al and the interpretation of the observed
quadrupole moment in terms of neutron excitations across N = 20 are
given in the article at the end of the chapter.

Precision measurement of the electric quadrupole moment of 31Al
and determination of the e�ective proton charge in the sd-shell,
M. De Rydt, G. Neyens, K. Asahi, D.L. Balabanski, J.M. Daugas, M. Depuydt,
L. Gaudefroy, S. Gr�evy, Y. Hasama, Y. Ichikawa, P. Morel, T. Nagatomo, T. Ot-
suka, L. Perrot, K. Shimada, C. St�odel, J.C. Thomas, H. Ueno, Y. Utsuno,
W. Vanderheijden, N. Vermeulen, P. Vingerhoets, A. Yoshimi
Physics Letters B 678 344 (2009)

• The N ' 28 nuclei are studied in chapter 6. An extensive summary of
the literature describing the weakening of the N = 28 shell gap and the
collapse of the Z = 16 sub-shell closure is presented. The chapter also
holds a detailed analysis of the unpublished β-NMR results on 41,42,43Cl.
Furthermore, an extensive discussion of the measured g-factor of 44Cl is
given in the Physical Review C article that concludes the chapter.
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g factor of the 44Cl ground state: probing the reduced Z = 16 and
N = 28 gaps,
M. De Rydt, J.M. Daugas, F. de Oliveira Santos, L. Gaudefroy, S. Gr�evy,
D. Kameda, V. Kumar, R. Lozeva, T.J. Mertzimekis, P. Morel, T. Nagatomo,
G. Neyens, L. Perrot, O. Sorlin, C. St�odel, J.C. Thomas, N. Vermeulen and
P. Vingerhoets
Submitted to Physical Review C

• Conclusions and outlook on this scienti�c work can be found in the last
chapter.
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Chapter 1

The nuclear shell model

As nuclear models provide a clarifying insight in nuclear structure, they are
indispensable for the interpretation of new experimental results. Vice versa, the
systematics of measured nuclear properties is used to improve the reliability of
theoretical predictions. Experimental and theoretical nuclear physics therefore
go hand in hand to reveal the complex structure of the atomic nucleus.
One of the most successful theoretical formalisms is the nuclear shell model.
Starting from the relatively simple concept of a one-body central potential and
a residual interaction, it accounts for many empirically observed features of the
nucleus. A detailed description is given below, starting from the general nuclear
Hamiltonian (section 1.1) and its simpli�ed version in the single-particle model
(section 1.2). An extension of the latter to multiparticle valence con�gurations
results in the shell model, as shown in section 1.3. To conclude the chapter, an
introduction to large-scale shell-model calculations is given.

1.1 The general nuclear Hamiltonian
In the non-relativistic approach and neglecting the Coulomb repulsion between
the protons, the atomic nucleus is described by the general Hamiltonian [3]:

H = T + V =
A∑

i=1

p2
i

2mi
+

A∑

i>k=1

Vik(ri − rk) (1.1)

which is the sum of a kinetic and a potential energy term. Vik corresponds
to the nucleon-nucleon potential that comprises a strong repulsive core for
ri − rk < 0.5 fm and an attractive one-pion exchange potential at larger dis-
tances. An excellent approximation of the free nucleon-nucleon potential is
given by the hard-core Hamada-Johnston potential consisting of a central, ten-
sor and spin-orbit term.
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Eq. 1.1 is extremely di�cult to deal with and can only be solved for the lightest
nuclei. In order to access also the intermediate and heavy-mass nuclei, a sim-
pli�cation is needed. One approaches the problem by adding and subtracting
a common nuclear one-body potential U(r):

H =
A∑

i=1

[
p2

i

2mi
+ U(ri)

]

︸ ︷︷ ︸
H0

+
A∑

i>k=1

Vik(ri − rk)−
A∑

i=1

U(ri)

︸ ︷︷ ︸
Hres

= H0 + Hres (1.2)

The potential U(r) should be chosen such that the residual interaction Hres is
only a small perturbation of the Hamiltonian H0 which describes the nucleus as
a system of independent nucleons orbiting in a common mean-�eld potential.
A solution of the Schr�odinger equation for the Hamiltonian H0 is given by
the single-particle model. This model works well for nuclei with one particle
(hole) outside (inside) a closed shell. When two or more nucleons appear in the
valence space, residual interactions among them should be taken into account
and better results are obtained in the nuclear shell-model framework.

1.2 The single-particle model
In the single-particle model, the potential U(r) generated by all nucleons is
often chosen to be the harmonic oscillator potential [4]:

U(r) =
1
2
mω2r2 (1.3)

The Schr�odinger equation without residual interaction is then easy to handle
mathematically. The calculated eigenvalues of H0 are Enl = (2n + l − 1/2)~ω
with n the number of nodes of the radial wave function and l the orbital quan-
tum number. The corresponding level structure is shown in the left section of
Fig. 1.1. Note that all states having ∆l = −2∆n are degenerate.
When fermions are added in a potential, the Pauli principle induces a set of
`magic' numbers. In the case of the nuclear harmonic oscillator potential, these
values correspond to the total number of nucleons needed to completely �ll
the subsequent harmonic oscillator shells. Experimentally, the magic numbers
indicate a shell closure and can be determined by looking at the systematics of
e.g. the one-nucleon separation energies [5]. Sharp peaks have been observed
at N ,Z=2, 8, 20, 28, 50, 82, 126 for nuclei near the valley of stability. Experi-
mental data only con�rm the lowest three `harmonic oscillator' magic numbers.
In order to obtain an overall reproduction of the experimental magic numbers,
two terms are added to the harmonic oscillator potential. The �rst is an attrac-
tive term in l2 which induces a more constant potential in the interior of the
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nucleus. Due to the l2 term the degeneracy of the harmonic oscillator is broken
and the high angular momentum levels are brought down in energy, as shown
in the middle panel of Fig. 1.1. The second term is the so-called spin-orbit
force which is primarily a surface phenomenon:

Vl·s = −Vls r2
0

1
r

∂U(r)
∂r

l · s (1.4)

It splits each nl level into two orbits, j = l + 1/2 and j′ = l− 1/2, favoring the
parallel alignment of the orbital and intrinsic angular momentum.
The harmonic oscillator potential, combined with the l2 term and the spin-
orbit interaction de�nes the single-particle or `naive' shell model. This model
owes its success not only to the correct reproduction of the experimental magic
numbers but also to the predictive power of the nuclear properties in closed
shell and closed shell plus one nucleon con�gurations. The single-particle levels
are given in the right panel of Fig. 1.1.

1.3 The nuclear shell model
When two or more valence particles reside outside a closed shell, residual in-
teractions between them should be taken into account, calling for an extended
and more general shell model. The single-particle model serves as a basis for
this generalization.

Before considering n-particle con�gurations, the discussion is restricted to two
valence nucleons outside a closed shell. The nucleons have their single-particle
spins coupled to a total spin J . Assume that one nucleon is �xed in a single-
particle orbit with spin j1 and the other in a single-particle orbit with spin j2.
The Hamiltonian of this two-particle system is given by:

H =
2∑

i=1

[
p2

i

2mi
+ U(ri)

]
+ Hres(r1 − r2) (1.5)

The energy of the two-particle con�guration, subjected to the Hamiltonian in
Eq. 1.5, equals:

E(j1, j2, J) = εj1 + εj2+ < j1j2; JT | Hres(r1 − r2) | j1j2; JT > (1.6)

It includes the single-particle energies εj1 and εj2 which are eigenvalues of H0

and the so called two-body matrix element (TBME) which incorporates the
e�ect of the residual interaction Hres on the two-particle system with spin J
and isospin T . In general, TBME are responsible for the shift and the splitting
in energy of the di�erent accessible J states, |j1 − j2| ≤ J ≤ j1 + j2.
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1i
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Figure 1.1: Single-particle levels, determined by the harmonic oscillator potential
(left), l2 term (middle) and spin-orbit interaction (right). Figure taken from [4]

In general, a series expansion of the residual interaction can be made. In case
Hres is modeled as a central potential, i.e. depending on the magnitude of the
separation of the two particles, a series of Legendre polynomials Pk is used:

Hres(|r1 − r2|) =
∞∑

k=0

vk(r1, r2)Pk(cos θ12) (1.7)

with θ12 the semiclassical `angle' between the angular momentum vectors j1
and j2. The factors vk(r1, r2) are given by

vk(r1, r2) =
2k + 1

2

∫
Hres(|r1 − r2|) Pk(cos θ12) d cos θ12 (1.8)
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The monopole component (k = 0) of the series expansion of the residual inter-
action corresponds to the mean energy brought to the nucleus by adding two
interacting particles. It is independent of the relative orientation of j1 and j2
and it induces an overall energy shift of the entire J multiplet. In general, the
monopole-energy shift can be written as [6]

Em
j1j2 =

∑
J(2J + 1) < j1j2; JT | Hres(r1 − r2) | j1j2; JT >∑

J(2J + 1)
(1.9)

The degeneracy of the di�erent J states is lifted by the higher order multi-
pole components. After the monopole component, the quadrupole component
(k = 2) usually has the highest amplitude.

So far, we have assumed that the two valence particles could only occupy the
single-particle states j1 and j2. Let us now consider two nucleons in a valence
space consisting of two or more single-particle orbits. In that case, di�erent
con�gurations (i.e. di�erent combinations of the single-particle spins) can in-
duce the same value J . This phenomenon is called con�guration mixing and it
can lead to a highly fragmented wave function Ψ for the created J state [7].
For each spin J and isospin T , the following Hamiltonian can be constructed:

H =




H11 H12 · · ·
H21 H22 · · ·
...


 (1.10)

The single sub-index k represents the state |j1j2; JT >k in which two particular
single-particle spins j1 and j2 are coupled to spin J . The double subindex
kl used in Eq. 1.10 points to a matrix-element calculated with the states
|j1j2; JT >k and |j3j4;JT >l. Based on this convention, the elements of the
Hamiltonian can be written as:

Hkl = εj1δkl + εj2δkl + k < j1j2; JT | Hres(r1 − r2) |j3j4;JT >l (1.11)

The diagonal of the Hamiltonian in Eq. 1.10 comprises corrected single particle
energies while the o�-diagonal elements are pure TBME between the di�erent
con�gurations that can form spin J .

By solving the Schr�odinger equation HΨ = EΨ using the Hamiltonian in Eq.
1.10, the energy eigenvalues E and the eigenfunctions Ψ are obtained for a
particular spin J and isospin T . By repeating the procedure for several values
of J , the nuclear level scheme can be determined. The wave functions Ψ are
used to calculate a variety of physical observables: nuclear moments, B(E2),. . .
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As a last step, a closer look is taken at multiparticle con�gurations. Consi-
der n nucleons in a single-particle state j. The matrix elements of the residual
interaction between these nucleons can be written in terms of the TBME en-
countered earlier.
〈

jnJ

∣∣∣∣
n∑

i>j

Hres(ri − rj)
∣∣∣∣jnJ

〉
=

∑

J2

W (jnJJ2) < j2J2| Hres(r1 − r2) |j2J2 >

(1.12)
where the W coe�cients are sums of the squares of the coe�cients of fractional
parentage (CFP), for a given J2 over all possible values Jn−2.

W (jnJJ2) =
∑

Jn−2

∣∣∣∣
〈

jnJ

{∣∣∣∣j2(J2)jn−2(Jn−2)J
〉∣∣∣∣

2

(1.13)

The CFP are a measure for the probability that a particular �nal state is
constructed from a speci�c `parent' con�guration. Using the CFP formalism,
the n-particle problem can be reduced to the TBME formalism which accounts
for the residual interactions between two particles in the valence space. The
coe�cients of fractional parentage therefore hold an enormous simpli�cation of
shell-model calculations in large valence spaces.

Protons Neutrons

j>

j<

j’<
j’>

Figure 1.2: The tensor component of the residual interaction inducing a monopole
shift of the single particle energies (schematic representation). Figure taken from [8]

Up to now, we have studied the total energy of a two or n-particle system,
characterized by a spin J and isospin T . Let us now consider the e�ect of the
residual interaction and its monopole component on the single-particle energies.
As nucleons are added to an orbit j′, the monopole term of Hres tends to
change the single-particle energy of the orbit j. This results in the evolving
shell structure and the vanishing magic numbers observed for the isotopes far
o� stability. For like nucleons, the monopole shift of the level j when �lling
the orbit j′ is given by Em

jj′ (Eq. 1.9) multiplied by the number of particles
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in j′. In the case of unlike nucleons (protons �lling j′ and neutrons present in
j or vice versa) an alternative expression for the monopole energy shift of the
single-particle state j is obtained:

∆ε(j) =
1
2

[
Em

jj′(T = 0) + Em
jj′(T = 1)

]
n(j′) (1.14)

with n(j′) the number of j′ particles. Single-particle energies including this
monopole e�ect are called e�ective single-particle energies (ESPE).
According to Otsuka et al., the large monopole shifts observed for the ESPE
in exotic nuclei originate mainly from the central [9] and tensor [8] parts of
the residual interactionA. Especially the tensor component plays an important
role. It accounts for the attraction between two e�ective single-particle levels,
one with spin j< = l − 1/2 and the other with spin j′> = l′ + 1/2 whereas it
induces a repulsion between j< and j′< (or j> and j′>). The monopole shift
due to the tensor interaction is depicted schematically in Fig. 1.2. The tensor
force can have a large impact on the ESPE, especially when j and j′ belong to
a di�erent valence sub-spaceB and when they have a large radial overlap and a
high l-value. Several examples of tensor-induced changing ESPE are given in
chapters 4, 5 and 6.

An extensive discussion of the nuclear shell model can be found in specialized
textbooks such as [3, 10].

1.4 Large-scale shell-model calculations
In the last decades, many shell-model codes have been developed, their speed
and capacity depending on the available computer technology. Most of these
shell-model codes use a common calculation procedure of which the schematics
is given below.

1. The number of valence particles in the con�guration space is speci�ed.

2. The model space and the con�gurations that span the space for each Jπ

value are constructed.

3. Starting from the single-particle energies and the two-body matrix ele-
ments, the Hamiltonian H is determined (see Eq. 1.10).

ARecall that the residual interaction Hres and the corresponding TBME depend on the
nucleon-nucleon potential between the two valence particles. It is therefore not surprising
that the monopole component of Hres can be split in a central, tensor and spin-orbit part.

BWith di�erent sub-space we mean that j is a proton state and j′ is a neutron orbit or
the other way around.
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4. By diagonalizing H, the energy eigenvalues and the eigenfunctions are
obtained. They are used to reconstruct the level scheme and to calculate
the di�erent nuclear observables, making a comparison with experiment
possible.

In this very general framework, di�erent model-space bases and diagonalization
algorithms can be used and many sets of single-particle energies and TBME
can be applied. This results in the large variety of shell-model codes and resi-
dual interactions that exists nowadays.

For this thesis work, large-scale shell-model calculations have been performed
with the ANTOINE code [11], using the sdpf [12] and SDPF-U [13] residual
interactions. The results are presented in chapters 5 and 6 that study the iso-
topes near the island of inversion and around N = 28. A description of how
the ANTOINE model-space basis is calculated (the `M-scheme') and how the
Hamiltonian is diagonalized (the `Lanczos diagonalization') is not relevant in
this discussion and will be omitted.
Interesting to mention however is the method used to determine the TBME.
The sd-part of the sdpf and SDPF-U residual interaction is based on the USD
interaction developed by Wildenthal [14]. The TBME of the latter are calcu-
lated starting from the meson exchange theory of the free nucleon-nucleon po-
tential (`G-matrix'). The pf -component of the sdpf and SDPF-U residual inter-
action corresponds to the set of KB' matrix elements [15] and the π(sd)−ν(pf)
cross-shell TBME are taken from the G-matrix formalism of Kahana, Lee and
Scott [16]. For the practical use in shell-model calculations, empirical correc-
tions are added to the three sets of TBME given above. These corrections
are improved when more detailed experimental data become available. In that
sense, SDPF-U must be considered as `an upgrade' of the sdpf residual interac-
tion as it incorporates monopole changes based on recent experimental results
e.g. for the 37S [17] and 47Ar [18] isotopes.

The nuclear shell-model has been proven to account for many experimental
observations and is therefore one of the most successful and widely used tech-
niques to interpret and simulate experimental results. Although many progres-
sive e�orts have been made, one must bear in mind that, due to the limited
computational power and incomplete knowledge of the nucleon-nucleon inter-
action and the residual e�ects in the atomic nucleus, it is still very di�cult to
perform accurate shell-model calculations in large model spaces.
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Chapter 2

Measurement of nuclear
moments

Nuclear moments are excellent probes to study isotopes far from stability since
they reveal direct information on the nuclear structure. De�nitions and pro-
perties are presented in the �rst section. In the second section, the principles
of the β-Nuclear Magnetic Resonance (β-NMR) technique are described. This
method is often applied to determine ground-state magnetic dipole moments
and electric quadrupole moments of β-decaying nuclei.

2.1 Electromagnetic moments

Nuclear moments, introduced as spherical tensor operators of rank k, represent
the intrinsic properties of the nucleus when interactions with electromagnetic
�elds are considered. The electromagnetic �elds can be applied externally but
in most cases they are induced by the electrons in an atom or in a crystalline
solid. This work focusses on the hyper�ne interactions between nuclear spins
and their electromagnetic environment in a crystal structure. It does not yield
a description of the hyper�ne structure of a free atom in terms of the coupled
angular momentum F.
One distinguishes between two types of nuclear moment operators, based on
the nuclear properties they represent. The electric multipole moment operators
Q(k)

q are associated to the nuclear charge distribution while the magnetic mul-
tipole moment operators M(k)

q originate from the convection and spin currents
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in the nucleus. For each type, a general expression has been developed [19, 20]:

Q(k)
q =

√
4π

2k + 1
e

A∑

i

gl,ir
k
i Y

(k)
q,i (2.1)

M(k)
q =

√
4π

2k − 1
µN

~

A∑

i

√
k(2k − 1) rk−1

i (2.2)
[

2gl,i

k + 1

(
Y(k−1)

i Li

)(k)

q
+ gs,i

(
Y(k−1)

i Si

)(k)

q

]

In both formulae, the contributions of all nucleons i in terms of the spherical
harmonics Y(k)

q (θ, φ) are summed. The orbital g-factors gl,i are one for a pro-
ton and zero for a neutron. The intrinsic spin g-factors gs,i correspond to the
g-factors of a free proton and a free neutron. They have been determined expe-
rimentally and their values, gπ

s = 5.585694675(57) and gν
s = −3.82608545(90),

are taken from Ref. [21]. In Eq. 2.2, Li denotes the orbital angular momentum
of the nucleon while Si is used to indicate the spin angular momentum.
For a given nuclear state |I, m > with spin I, the matrix-elements of the multi-
pole moment operators can be calculated using the procedure illustrated below.
The right-hand side of Eqs. 2.3 and 2.4 is obtained by applying the Wigner-
Eckart theorem, resulting in a reduced matrix element and a Wigner 3j-symbol
which carries the full m-dependence [22].

< I,m
∣∣∣Q(k)

q

∣∣∣ I, m >= (−1)I−m
(

I k I
−m q m

)
< I||Q(k)

q ||I > (2.3)

< I, m
∣∣∣M(k)

q

∣∣∣ I, m >= (−1)I−m
(

I k I
−m q m

)
< I||M(k)

q ||I > (2.4)

From this result, two important properties of the nuclear moments and their
operators can be derived:

• The spherical harmonics in Eqs. 2.1 and 2.2 determine the parity of the
multipole moment operators. This implies that Q(k)

q has parity (−1)k

while the parity of M(k)
q is (−1)k−1. If we assume that the nuclear wave

function has a well-de�ned spin and parity, then the matrix elements in
Eq. 2.3 vanish when k is odd, giving rise to only even electric multipole
moments. For the same reason, only odd magnetic moments exist.

• According to its general properties, a Wigner 3j-symbol only exists when
the sum of the lower row equals 0 and when the upper row ful�lls the
triangle condition. For the Wigner 3j-symbols given in Eqs. 2.3 and 2.4,
this implies that q = 0 and that k ≤ 2I. Therefore, a nucleus with spin
I = 0 can only have an electric monopole moment (k = 0) while a nucleus
with spin I = 1/2 has an electric monopole moment and a magnetic dipole
moment (k = 1) but no electric quadrupole moment (k = 2), ...
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In order to determine the observable electric and magnetic moments, Q(k) and
M (k), the expectation value of the nuclear moment operator is calculated for
the state with the maximal spin projection |I, m = I >. Since q = 0, the
(2k+1) coordinates of the nuclear moment operator reduce to one measurable
quantity:

Q(k) = < I, I
∣∣∣Q(k)

0

∣∣∣ I, I >=
(

I k I
−I 0 I

)
< I||Q(k)

0 ||I > (2.5)

M (k) = < I, I
∣∣∣M(k)

0

∣∣∣ I, I >=
(

I k I
−I 0 I

)
< I||M(k)

0 ||I > (2.6)

2.1.1 Magnetic dipole moment
Inserting k = 1 in Eq. 2.2 gives the expression for the magnetic dipole moment
operator µ [23]:

µ =
µN

~

[
A∑

i

gl,iLi +
A∑

i

gs,iSi

]
(2.7)

As the operator µ consists of an orbital and a spin contribution, the magnetic
dipole moment is very sensitive to the con�guration of the valence nucleons
and to the corresponding nuclear structure.
In a second approach, the magnetic dipole moment operator µ can also be
related to the nuclear spin operator via the nuclear g-factor g:

µ =
µN

~
gI (2.8)

With this expression and using Eq. 2.6, the magnetic moment µ of a nucleus
with spin I can be calculated. Note that the 0th component of a spherical
tensor operator of rank 1 equals the z-component of the same tensor operator
in its Cartesian form. Therefore, the magnetic moment is written as:

µ =< I, I|µz|I, I >= gIµN (2.9)

Since µ is a one-body operator, the magnetic moment µ of a composite nuclear
state with spin I can easily be expressed in terms of the magnetic moments of
its weakly bound constituents. The complete derivation can be found in [23].

µ =
I

2

[(
µ1

I1
+

µ2

I2

)
+

(
µ1

I1
− µ2

I2

)
I1(I1 + 1)− I2(I2 + 1)

I(I + 1)

]
(2.10)

(I1, µ1) and (I2, µ2) are the nuclear spin and the magnetic moment of the two
parts. A special case is encountered when one valence particle is considered
outside a closed shell, which is assumed to have a zero spin and a zero magnetic
moment. The orbital angular momentum l and the intrinsic angular momentum
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s of the unpaired nucleon couple to a total spin j = l+s. Applying the addition
theorem (Eq. 2.10), gives two possible magnetic moments [24]:

µ =
[(

j − 1
2

)
gl +

1
2
gs

]
µN for j = l + 1/2 (2.11)

µ =
j

j + 1

[(
j +

3
2

)
gl − 1

2
gs

]
µN for j = l − 1/2 (2.12)

When these single particle moments are calculated with the free nucleon g-
factors, they are called the Schmidt moments.
Very often in shell-model calculations, the free nucleon g-factors are replaced
by e�ective values in order to get a better agreement between theory and expe-
riment (examples see later). This is a direct consequence of the use of e�ective
interactions in a limited valence space [3]. E�ective nucleon g-factors are ob-
tained from a comparison between the calculated and the measured magnetic
moments and are therefore model-dependent.

2.1.2 Electric quadrupole moment
The multipole moment operator of second order is obtained by inserting k = 2
in Eq. 2.1:

Q(2)
q =

√
4π

5

A∑

i

eir
2
i Y

(2)
q,i (2.13)

The expression e ·gl,i in Eq. 2.1 is replaced by ei, which takes the value ei = 1e
for a proton and ei = 0 for a neutron. Similar as for the magnetic dipole
moment, e�ective values for ei can be used in shell-model calculations to get a
better agreement with experiment (examples see later).
According to Eq. 2.5, the spectroscopic quadrupole moment (in emb) equals:

Qs =< I, I
∣∣∣Q(2)

0

∣∣∣ I, I >=

√
I(2I − 1)

(2I + 1)(2I + 3)(I + 1)
< I ||Q(2)

0 || I > (2.14)

Qs is a measurable quantity which gives the average deviation of the nuclear
charge distribution from a spherical symmetry. Although nuclei with spin I = 0
or I = 1/2 have a zero spectroscopic quadrupole moment, they can have an
intrinsic deformation.
Similar as for the Schmidt-moments, one can deduce a single-particle quadru-
pole moment for an odd nucleon in an orbit with angular momentum j [23]:

Qs.p. = −ej
2j − 1

2(j + 1)
〈
r2

〉
(2.15)

Here, ej is the e�ective charge of the nucleon in the orbital j and
〈
r2

〉
is the

mean square charge radius of the same orbital.
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2.2 β-Nuclear Magnetic Resonance techniques
As illustrated in the previous section, the nuclear magnetic dipole moment and
the spectroscopic electric quadrupole moment hold valuable information on the
nuclear structure of the isotope under investigation. Measured values, in com-
parison with theoretical predictions, often reveal unexplored aspects of exotic
nuclei, underlining the importance of nuclear-moment research.

A frequently used method to study ground-state nuclear moments of β-decaying
nuclei is the β-Nuclear Magnetic Resonance (β-NMR) technique [25]. This
technique can be used to measure nuclear g-factors as well as spectroscopic
quadrupole moments. The procedure followed in both cases is the same, apart
from the induced hyper�ne interactions and the applied rf-frequency(ies). Be-
fore coming to the di�erences, the common framework in which all β-NMR
measurements are performed, is described.

β-NMR requires spin-polarized nuclei. The spins of these nuclei have a prefe-
rential direction in space with respect to an axial symmetry axis (z-axis). The
nuclear ensemble is called `polarized' when the up/down symmetry along z is
broken. This implies that the m and −m states have a di�erent occupation
probability: pm 6= p−m. When the oriented nuclear ensemble is described using
the formalism of the orientation tensors B(λ) (see e.g. [26]), three di�erent but
equivalent de�nitions exist for the degree of polarization P [26, 27]:

P =
I∑

m=−I

m

I
pm = −

√
I + 1
3I

B(1)
0 =

< Iz >

I
(2.16)

For polarized nuclei, an anisotropic β-decay pattern is observed. In general,
the angular distribution of radiation emitted from an oriented spin ensemble is
given by [27, 28]:

W (θ, φ) =
√

4π
∑

λ

√
1

2λ + 1
B(λ) A(λ) Y(λ)(θ, φ) (2.17)

Y(λ)(θ, φ) stands for the spherical harmonics and A(λ) are the angular distribu-
tion coe�cients which describe the properties of the emitted radiation. In the
case of β-decay, the general formulation of A(λ) and W (θ, φ) is very complex
and can be found in specialized textbooks [28]. For a polarized ensemble and
allowed β-decay however, Eq. 2.17 can be reduced to the simple expression:

W (θ) = 1 + B(1)
0 A(1)

0 cos(θ) (2.18)
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Using Eq. 2.16 and the equality A(1)
0 = −vβ

c

√
I+1
3I Aβ for allowed β-decay,

W (θ) can be rewritten as the commonly known expression:

W (θ) = 1 +
vβ

c
AβP cos(θ) (2.19)

vβ/c is the ratio of the velocity of the β-particles to the speed of light and is
close to one for high-energy β-particles. Aβ is the asymmetry parameter which
depends on the spin and the decay properties of the investigated nuclei. Ta-
ble 2.1 gives an overview of the Aβ parameters for allowed Gamow-Teller β∓

transitions [27]. Ii denotes the spin of the decaying state while If is the spin of
the daughter state. The symbol y, used in Table 2.1, equals CV MF

CA MGT
with CV

(CA) the vector (axial vector) coupling constants and MF (MGT ) the Fermi
(Gamow-Teller) matrix elements.

Spin-polarized nuclei are implanted in a crystal which is placed in an external
magnetic �eld B0 along the z-axis. This magnetic �eld, together with a possi-
ble electric �eld gradient present in the crystal, induces hyper�ne interactions
which cause a level splitting of the nuclear m-states.
When the implanted nuclei decay, β-rays are detected in two ∆E/E-pairs of
plastic scintillators. Both pairs are situated along the polarization direction,
one at 0◦ and the other at 180◦. Using the number of coincident counts Nup

(Ndown) in the upper (lower) pair of scintillators, the measured β-asymmetry
can be determined:

A =
Nup −Ndown

Nup + Ndown
=

vβ

c
AβP (2.20)

Theoretically, a non-zero β-asymmetry is observed when a polarized ensemble
of decaying nuclei is considered.
Perpendicular to the external magnetic �eld, a rf-�eld is applied inside a coil
placed around the implantation crystal. When the energy of the rf-�eld equals
the energy di�erence between two subsequent m-states, the occupation proba-
bility of the m-states is altered. This e�ect leads to a di�erent value for the
polarization and therefore to a change in the experimental β-asymmetry. By

Table 2.1: Asymmetry parameter Aβ for allowed Gamow-Teller β± transitions.
Ii −→ If Aβ∓

If=Ii+1 ± Ii

Ii+1

If=Ii-1 ∓1

If=Ii
∓1−2y

√
Ii(Ii+1)

(Ii+1)(1+y2)



www.manaraa.com

2.2 β-Nuclear Magnetic Resonance techniques 19

scanning the β-asymmetry as a function of the rf-energy, a β-NMR resonance
is observed from which the g-factor or the quadrupole moment can be deduced.

Based on this general principle, two β-NMR approaches are known: the Con-
tinuous RF (CRF) technique and the Adiabatic Fast Passage (AFP) method.
The CRF technique combines a continuous implantation of polarized nuclei
with a continuously applied rf �eld and a simultaneous β-detection. At reso-
nance, the initial polarization is destroyed. AFP respects a strict time sequence
of ion implantation, rf application and β-counting. When particular experimen-
tal conditions are ful�lled (see later), the spin-polarization is inverted and a
double β-NMR e�ect is observed. This thesis work concentrates on the CRF
technique as it is the experimental method used by the Leuven Nuclear Mo-
ments group. Adiabatic fast passage is described and compared to CRF in
chapter 5 where the measurement of the 31Al quadrupole moment is presented.

2.2.1 Measurement of nuclear g-factors
When measuring the nuclear g-factor, the isotopes of interest are implanted in
a host crystal with a cubic crystal structure. As no electric �eld gradient is
present, the magnetic �eld B0 induces an equidistant Zeeman splitting of the
nuclear m-states (Fig. 2.1). The Hamiltonian describing the magnetic dipole
interaction is H = −µ · B0 [26]. Since the magnetic �eld is applied along
the z-axis of the chosen reference frame, only the third component of this dot
product is di�erent from zero. When using Eq. 2.8, it is found that the nuclear
m-states have energies proportional to the quantum number m:

Em = − < I, m |µz| I, m > B0 = −g
µN

~
< I, m |Iz| I, m > B0 = −gµNB0 m

(2.21)
The energy di�erence between two subsequent levels equals

Em − Em+1 = gµNB0 = hνL (2.22)

In this expression, νL denotes the Larmor frequency. When scanning the rf-
frequency, di�erent values of the rf-frequency are applied for 10 s up to a few
minutes, depending on the lifetime of the nucleus. In order not to miss out on
νL, frequency modulation is applied which covers at least one half of the in-
terval between two subsequent rf-frequencies. Generally, the modulation takes
the shape of a ramp function, being repeated at a rate of 100 Hz.
From the position of the resonance in the asymmetry versus rf-frequency curve,
the experimental g-factor can be extracted. Once the spin of the state is known
also the value of the magnetic moment can be determined. The β-NMR method
is not sensitive to the sign of both observables.
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Although β-NMR is a very general term, it is sometimes restricted to me-
thods that exclusively study the nuclear g-factor. In that respect, the term
β-Nuclear Quadrupole Resonance (β-NQR) is used when the quadrupole mo-
ment is measured. It will be clear from the context which de�nition of β-NMR
has to be applied.

m=-3/2

m=-1/2

m=1/2

m=3/2

m=-3/2

m=-1/2

m=1/2

m=3/2

bare nucleus

m-states degenerate

external magnetic field

equidistant m-states

external magnetic field

+ electric field gradient

non-equidistant m-states

I=3/2

Figure 2.1: Nuclear m-states of a bare I = 3/2 nucleus (left). Equidistant Zeeman
level splitting caused by an external magnetic �eld B0 (middle). Non-equidistant
level splitting originating from the combined interaction of a magnetic �eld and a
minor axial electric �eld gradient (right).

2.2.2 Measurement of spectroscopic quadrupole moments
When the spectroscopic quadrupole moment is studied, the nuclei are implanted
in a crystal with an electric �eld gradient Vzz. This Vzz is one component of
the electric-�eld gradient tensor at the position of the nucleus x = 0, in the
Cartesian axis system described by a 3× 3 traceless symmetric matrix:

Vij =
(
−∂Ej

∂xi

)

x=0

=
(

∂2V

∂xi∂xj

)

x=0

(2.23)

Ej is the j-component of the electric �eld while V denotes the electrostatic
potential. In addition to the Zeeman splitting caused by the external magnetic
�eld B0, the energies of the m-states are also in�uenced by the inhomogeneous
electric �eld at the position of the nucleus. This leads to a non-equidistant
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level splitting (Fig. 2.1). The Hamiltonian of the combined interaction is [29]

H = −µ ·B0 +
QsVzz

4I(2I − 1)

[
3I2

z − I(I + 1) +
1
2
η

(
I2
+ + I2

−
)]

(2.24)

The reference frame used here is the principal axis system (PAS) of the Vij

tensor, de�ned such that Vij becomes a diagonal and traceless matrix with
|Vzz| ≥ |Vyy| ≥ |Vxx|. The asymmetry parameter η is determined as Vyy−Vxx

Vzz
.

Experimental conditions often simplify the complex solution of the Hamilto-
nian given in Eq. 2.24. The experiments presented in this work have always
been performed with:

• An axial symmetric electric-�eld gradient and consequently η = 0.

• A dominant magnetic interaction: ωL = gµN B0
~ À ωQ = QsVzz

4I(2I−1)~

• An angle θ of 0◦ or 90◦ between the z-axis of the Vij-PAS and B0.

A dominant magnetic interaction implies that the PAS of the magnetic �eld
should be used as a reference system and that the `quadrupole part' of the
hamiltonian can be treated as a perturbation. Therefore the Hamiltonian in
Eq. 2.24 is replaced by a series expansion. Based on this series expansion
and respecting also the two other conditions given above, the energy di�erence
between two subsequent m-states can be deduced [29]:

Em − Em+1 = hνL − 3QsVzz

8I(2I − 1)h
(2m + 1)(3 cos2 θ − 1)− (2.25)

Q2
sV

2
zz

32νLh2

9
4I2(2I − 1)2

[6m(m + 1)− 2I(I + 1) + 3] sin4 θ

Several transition frequencies exist for one value of Qs, depending on the nu-
clear spin and the m-states involved. Therefore, 2I transition frequencies,
corresponding to one particular quadrupole moment, are applied and modula-
ted simultaneously. In the experimental β-asymmetry pattern, a resonance is
observed when Eq. 2.25 is ful�lled. From the position of the resonance, the
spectroscopic quadrupole moment can be deduced, provided that the electric
�eld gradient is known.

In literature, the term β-NQR often points to the technique which involves
only an electric �eld gradient to determine the spectroscopic quadrupole mo-
ment. In this thesis, the term β-NQR is used for all β-NMR methods which
determine Qs, independent of the presence of an external magnetic �eld.
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Chapter 3

Experimental setup

After having dealt with the properties of the nuclear moments and the princi-
ples of the β-Nuclear Magnetic Resonance technique, this chapter focusses on
the experimental aspects of the nuclear-moment measurements performed at the
LISE fragment separator at GANIL.
In November 2006, a newly designed β-NMR/β-NQR setup was installed at
LISE, replacing the old setup used in earlier experiments. A technical descrip-
tion of all components and an overview of the corresponding GEANT4 simula-
tions that evaluate the performance of the new setup can be found in the article
that concludes this chapter. The paper was published in Nuclear Instruments
and Methods in Physics Research A [30].
The following three sections concentrate on a few speci�c topics, which are only
brie�y introduced in the article. The �rst section describes the main beam op-
tics used to produce and purify a polarized fragment beam at LISE-GANIL.
The second section gives three arguments to motivate the installation of the
new β-NMR/β-NQR setup and in the last section, the GEANT4 framework is
outlined in more detail.

3.1 The GANIL facility and the LISE beamline
All β-NMR and β-NQR experiments, presented in this thesis work, are per-
formed at the LISE fragment separator (Ligne d' Ions Super Epluch�es) at
GANIL (Grand Acc�el�erateur National d' Ions Lourds, Caen, France). The
LISE facility [31, 32] is well suited for β-NMR/β-NQR measurements as it pro-
vides high-purity polarized beams of exotic nuclei. The latter are produced
in a projectile-fragmentation reaction, induced by a stable primary beam on a
rotating target. The primary beam, with an intensity of 100 nA to 4 µA, is
accelerated to intermediate energies (typically 60-80 AMeV) by two segmented
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cyclotrons CSS1 and CSS2 (Cyclotrons a Secteurs S�epar�es). Before entering
CSS2, the ions are stripped by a carbon foil. After passing the α-spectrometer,
the primary beam is injected in the LISE beamline where it impinges on the
rotating target. A 9Be target is used for the experiments described in this PhD
work. Projectile fragmentation and pick-up reactions are induced which create
a broad spectrum of reaction products. Two dipole magnets (Bρ1 and Bρ2)
select the isotopes under investigation. The secondary beam is puri�ed using a
wedge-shaped degrader in the intermediate dispersive plane (9Be in our case),
horizontal and vertical slits along the beam path and a Wien �lter, positioned
at the end of the LISE fragment separator. Behind the Wien �lter, at the
�nal focal point, the β-NMR/β-NQR setup is placed. A schematic of the beam
optics is given in Fig. 3.1.

CSS1 CSS2

b b-NMR/ -NQR setup

second LISE dipole

FH 31

first LISE dipole

9Be-target

9Be-wedge degrader

Wien filter

a-spectrometer

stripper foil

Figure 3.1: Overview of the LISE-GANIL beam line (settings according to the expe-
riments described in this work).
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In order to produce and select spin-polarized nuclei, the primary beam should
make a small angle θL (typically 2(1)◦) with respect to the entrance of the spec-
trometer. Moreover, a selection in the longitudinal momentum distribution of
the fragments should be made, using the horizontal slits FH31, also indicated
in Fig. 3.1.

The optimization of the LISE fragment separator for the selection of the proper
isotope is done based on simulations with the LISE++ code [33, 34]. This pro-
gram allows to determine the optimal target and wedge thicknesses, the correct
Bρ-values, the momentum distribution of the fragments, . . .

3.2 Motivation for the new β-NMR/β-NQR setup
The motivation for the development of the new setup is threefold and addresses
the two main components of the β-NMR/β-NQR setup: the external magnetic
�eld and the rf-circuit.

• Small magnetic-�eld range
The old setup incorporated a magnet with a total range of only 0.18 T.
Consequently, small g-factors (<0.1) could not be studied. The old mag-
net was replaced by a new type, providing magnetic �elds up to 1.02 T.

• Inhomogeneous �eld at the central area of the magnet
Field-pro�le measurements for the old magnet showed a rather large in-
homogeneity across the volume of the implantation crystal. This is illus-
trated in Table 3.1 which speci�es the maximum deviation of the mag-
netic �eld ∆B at a distance of 1 cm in the X, Y and Z direction from
the average value in the center. Table 3.1 also presents the results of
similar �eld-pro�le measurements for the new magnet, demonstrating its
superior homogeneity close to the center. In all measurements, a mag-
netic �eld of 0.18 T was applied. The vertical direction de�nes the Z-axis
while Y is oriented along the upstream beam axis.

Table 3.1: Maximum deviation of the magnetic �eld ∆B at a distance of 1 cm in
the X, Y and Z direction from the average value in the center (±0.18 T). Identical
measurements have been performed for the old and the new magnet.
Direction ∆B for the old magnet (%) ∆B for the new magnet (%)

X 0.87 0.02
Y 0.03 0.02
Z 1.10 0.17
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Additional �eld-pro�le measurements and a description of the importance
of a homogeneous magnetic �eld at the position of the implanted nuclei
can be found in the attached paper.

• Small rf-frequency range
In order to perform a successful β-NMR or β-NQR experiment, a su�-
ciently strong rf-�eld (typically more than 0.1× 10−4 T) should be avai-
lable. In the old setup, this condition was accomplished by connecting
the output of the frequency generator(s) to a LRC-circuit, tuned in reso-
nance by adjusting the value of the variable capacity. As a consequence,
only frequency intervals smaller than the width of the LRC resonance
(maximum 100 kHz) could be scanned, strongly limiting the possibilities
of a broad β-NMR/β-NQR measurement.
The position at which a LRC-resonance can be found is also determined
by the speci�cations of the coil and the range of the variable capacity.
For one particular coil, LRC-resonances could typically be created in a
frequency region of only 1500 kHz wide. To reach a higher or lower rf-
frequency region the coil had to be changed, implying another strong
limitation on the g-factor range to be studied.
Since the new setup became operational, no restrictions exist anymore.
A rf-ampli�er, especially designed for applications with a variable output
impedance (such as the rf-coil), is now connected to the frequency gen-
erator(s), making the use of a resonant LRC-circuit no longer necessary.
Technical details of the new rf-circuit are given in the NIM article.

3.3 The GEANT4 framework
In order to evaluate the performance of the new β-NMR/β-NQR setup, a
GEANT4 application was developed. GEANT4 [35] is a free C++ toolkit,
used to accurately describe the interaction of particles with matter in a very
broad energy range. It provides a large set of geometrical building blocks and
physics processes to simulate various applications in particle physics, nuclear
physics, accelerator design, space engineering and medical physics.
The program implemented in the framework of this thesis is developed to study
the β-detection e�ciency and the sensitivity of the newly designed β-NMR/β-
NQR setup to observe a resonant change in the β-asymmetry. As the program
itself is far too large to be quoted to its full extent, a simple schematic is drawn
explaining the course of each simulation.

1. Initialization phase
At this stage, the geometry, the appropriate physics processes and the
`primary generator' are initialized.
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The geometry is a 3D technical drawing of the experimental setup, in-
cluding all information on the dimensions, materials and magnetic �elds
used. It contains the β-scintillators, de�ned as sensitive detectors, the
crystal and crystal holder, the hall probe holder and the Al degrader
placed in front of the crystal. A vertical magnetic �eld can be applied.
The physics processes include ionization, Bremsstrahlung, multiple scat-
tering, Rayleigh and Compton scattering, photo-electric e�ects and γ-
conversion for photons and electrons with energies between 250 eV and
100 GeV, using the standard low-energy GEANT4 libraries [36].
The primary generator controls the emission of electrons from a point-
like β-source in the center of the setup. It coordinates the selection of
the emission angle θ and the energy of the β-particles. θ is determined
by Eq. 2.19 while the energy of the electrons is based on the formalism
described in [37�41].

2. Simulation phase
In the second stage, a Monte Carlo simulation is made of the trajectories
of two times 100 million primary events, released by the β-source accor-
ding to the speci�c angular and energy distribution described above. The
�rst 100 million events are processed, assuming an isotropic β-radiation
pattern (P = 0). The second half of the simulation is performed accor-
ding to Eq. 2.19, taking into account a user-de�ned polarization P .
After each event, the energy deposited in the di�erent sensitive detectors
is calculated and recorded. After each run, the total number of detected
events is registered and the β-spectra, recorded by the scintillators, are
reconstructed.

3. Analysis phase
Using the total number of counts per detector, a short analysis is done:

• The detection e�ciency of each detector: εi = Ni

100000000 with Ni the
number of registered events per detector for the isotropic β-pattern.

• The experimental asymmetries, given by Eq. 2.20, for the isotropic
(Aiso) and the anisotropic (Aaniso) radiation pattern.

• The observed β-asymmetry change: ∆ = |Aaniso −Aiso|.
• The observed β-asymmetry change relative to its theoretical value:

δ = ∆
|AβP | , a measure for the sensitivity of the setup to observe a

resonant change in the β-asymmetry.

GEANT4 simulations have been made to study the e�ect of the crystal tilting
angle, the crystal thickness, the Qβ-value and the applied magnetic �eld on εi

and δ. The results can be found in the article enclosed.
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The GEANT4 application presented in this work also has its limitations. So
far, only a point-like β-source is included while the real beam spot has a di-
ameter of about 16 mm. The e�ect of the γ-rays produced in the decay of the
daughter nuclei is not taken into account, neglecting a part of the background
registered by the scintillators. The in�uence of the rf-�eld is completely ex-
cluded and also the losses in the light guides, the photomultiplier tubes and
the subsequent electronics chain, used to process the signals of the di�erent
detectors, are not taken into account. The �gures quoted in the article should
therefore be considered as upper limits for the detection e�ciency and the sen-
sitivity to observe a resonant change in the β-asymmetry.

Note
In the Nuclear Instruments and Methods article, the origin of the low-energy
component arising in the simulated β-spectra of the E-detectors (Figure 7) is
discussed. It is said that a signi�cant amount of the β-particles reaches the
scintillators at low energy due to scattering and absorption in the crystal and
the crystal holder. A further evaluation of the GEANT4 simulations shows,
however, that the low-energy component in the E-spectra is mainly caused
by secondary particles created at collisions in the crystal and crystal-holder
materials and not by degraded primary β-particles.
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A new dedicated β-NMR/β-NQR setup for LISE-GANIL

M. De Rydt,1 R. Lozeva∗,1 N. Vermeulen,1 F. de Oliveira Santos,2 S. Grévy,2

P. Himpe,1 C. Stödel,2 J.C. Thomas,2 P. Vingerhoets,1 and G. Neyens1
1Instituut voor Kern- en Stralingsfysica, K.U. Leuven,

Celestijnenlaan 200D, B-3001 Leuven, Belgium
2Grand Accélérateur National d’Ions Lourds (GANIL),

CEA/DSM-CNRS/IN2P3, B.P. 55027, F-14076 Caen Cedex 5, France

A new β-NMR/β-NQR setup is developed to study nuclear magnetic dipole moments
and electric quadrupole moments at the LISE fragment separator at GANIL. Two
key elements make the new design very powerful: the homogeneous magnet and
the strong radio-frequency amplifier. The combination of both makes it possible to
examine a broad spectrum of magnetic dipole and electric quadrupole moments.
Several factors have an influence on the detection efficiency and on the sensitivity of
the setup to observe a resonant change in the β-asymmetry: the thickness and the
tilting angle of the implantation crystal, the material in the vacuum chamber, the
applied magnetic field and the Qβ-value of the decaying nuclei. A detailed study of
these effects is made using a dedicated GEANT4 Monte Carlo simulation code.

PACS numbers: 21.10.Ky, 27.20.+n, 25.70.Mn, 07.50.-e, 07.55.-w, 29.40.Mc,
07.20.Mc, 02.70.Uu

I. INTRODUCTION

Many theoretical and experimental projects worldwide study the structure of exotic
nuclei close to the drip lines. These nuclei are predicted to reveal new aspects of nu-
clear structure that challenge the existing models. The island of inversion (N ' 20)
and the neutron rich N ' 28 isotopes, for instance, exhibit unexpected changes from
the shell-model configuration. Although only two examples are given here, structural
evolution occurs around all ‘traditional’ magic numbers. For a recent review, see Ref.
[1].
Magnetic dipole moments and electric quadrupole moments provide direct informa-
tion on the nuclear structure. Therefore, both observables are highly suitable to study
nuclei far from stability, where changes in the shell structure appear. The magnetic
dipole moment, µ, is very sensitive to the orbits occupied by the valence nucleons
and it can reveal the details of the investigated nuclear configuration. The electric
quadrupole moment, Q, is a direct measure of the nuclear deformation since it indi-
cates the deviation of the nuclear charge distribution from a sphere.

∗ Present address: CSNSM, Université Paris-Sud 11, CNRS/IN2P3, F-91405 Orsay-Campus,
France
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In the past decades, remarkable progress has been made in producing high-intensity
beams of exotic nuclei at various accelerator facilities. Very neutron- and proton-rich
isotopes became available for nuclear structure research in general and for nuclear
moment measurements in particular.
One of the most powerful methods to study ground-state magnetic dipole moments of
radioactive isotopes is the β-Nuclear Magnetic Resonance (β-NMR) technique. Based
on the same principle, the β-Nuclear Quadrupole Resonance (β-NQR) method was
developed to study electric quadrupole moments. In literature, the term NQR usually
refers to a technique which studies the quadrupole moments of stable nuclei based
on the quadrupole interaction with their environment. For radioactive isotopes, how-
ever, Q is often measured through its interaction with an electric field gradient and
an externally applied magnetic field. This method is called β-NQR, similar to the
β-NMR technique which is used to study magnetic moments.
β-NMR as well as β-NQR require spin-polarized beams since they rely on a resonant
change in the β-decay asymmetry. When the isotopes of interest are produced at
an ISOL facility, the nuclear polarization can be obtained with optical laser pum-
ping [2]. As this process strongly depends on the atomic properties of the nuclei
involved, spin polarization can only be achieved for a limited amount of elements. In
a projectile-fragmentation reaction, which is the production mechanism used at the
LISE fragment separator at GANIL, the polarization is obtained by manipulating the
reaction process. The angle put on the primary beam with respect to the entrance of
the separator (typically 2(1)◦) and the selection made in the longitudinal momentum
distribution of the fragments result in a spin-polarized secondary beam [3–7].
As important and decisive information can be obtained from the measurement of nu-
clear moments, not only an accurate experimental technique but also a reliable setup
is needed to study them. In the first section of this article, the β-NMR and β-NQR
methods are discussed. In part two, a detailed description of the new β-NMR/β-NQR
setup, used at the LISE beam line, is given. The last section presents the GEANT4
simulation code and its applications, developed to evaluate the new setup.

II. THE β-NMR AND β-NQR METHODS

The β-NMR technique is used to measure the nuclear g-factor g, which is directly
linked to the magnetic dipole moment via µ = gIµN , with I the nuclear spin. In a
β-NQR measurement, the quadrupole coupling constant νQ = eQsVzz

h
is determined,

from which the spectroscopic quadrupole moment Qs can be deduced, provided that
the electric field gradient Vzz in the implantation crystal is known. Both techniques
have been frequently used in the past and several different modes exist (e.g. the
adiabatic fast passage method [8] or the continuous rf technique [9]). This work con-
centrates on the resonance methods that combine a constant implantation of polarized
nuclei with a continuously applied radiofrequent (rf) field and a time-integrated de-
tection of the ensemble polarization.
The β-NMR and β-NQR experiments are performed at the LISE fragment separator
[10, 11]. The isotopes of interest are produced in a projectile-fragmentation reaction,
induced by a stable and fully stripped primary beam (60-80 MeV/u, 1-4 eµA) on a ro-
tating target. The secondary beam is selected by two dipole stages and transported to
the D6 focal point. The beam identification is performed with three Si-detectors along
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the beam path according to the standard energy loss versus time-of-flight method.
A purification is done with the 9Be wedge-degrader in the intermediate dispersive
plane, the horizontal and vertical slits along the beam line and the Wien filter, in-
stalled in front of the β-NMR/β-NQR setup. When all components are optimized,
a secondary beam purity of more than 90% can be achieved. In order to maintain
the reaction-induced polarization, the fragments need to be fully stripped and the
electron pick-up along the beam path has to be reduced to a minimum by adapting
the thickness of the target, the wedge and the degraders. According to the simulation
code GLOBAL, embedded in LISE++ package [12, 13], only fragments with A < 80
are completely stripped after intermediate-energy projectile-fragmentation reactions.
At the end of the LISE fragment separator, the β-NMR/β-NQR setup is installed.
The polarized nuclei are implanted in a crystal after being energy-degraded in two
Al-foils. At 0◦ and 180◦ along the vertical polarization axis, above and below the
implantation crystal, two pairs of plastic scintillators are positioned to detect the β-
particles emitted when the implanted fragments decay (see Fig. 1). A spin-polarized
ensemble of nuclei leads to an anisotropic β-decay pattern, given by the angular
distribution function W (θ) [14]:

W (θ) = 1 +
vβ

c
AβP cos(θ) (1)

Aβ is the asymmetry parameter that depends on the spin and the decay properties
of the investigated nuclei. P is the initial polarization of the implanted ensemble,
induced by the nuclear reaction. The fraction

vβ

c
, with vβ the velocity of the β-

particles and c the speed of light, is taken as 1. The measured β-asymmetry A, which
is related to the polarization in the ensemble, is then defined as

A =
Nup −Ndown

Nup + Ndown
' AβP (2)

where Nup is the number of coincident counts in the upper two detectors while Ndown

denotes the number of coincidences in the lower set of scintillators. Going from a
polarized to an unpolarized ensemble induces a β-asymmetry change proportional to
AβP . This change in asymmetry is observed in a β-NMR or β-NQR measurement
since both methods use hyperfine interactions to resonantly destroy the polarization
at a well-defined rf-frequency.
In both techniques, the implantation crystal is situated in the center of a static
magnetic field B0, which is also the center of the setup. The external magnetic field
induces a Zeeman splitting of the nuclear m-states, such that the energy difference
between two subsequent levels is proportional to the g-factor and the applied magnetic
field.

Em − Em+1 = gµNB0 = hνL (3)

νL denotes the Larmor frequency and is typically of the order of 0.1 to 3 MHz. In
β-NMR, only a Zeemann splitting of the nuclear levels is induced since an implanta-
tion crystal with a cubic lattice structure is chosen. In β-NQR, the polarized nuclei
are implanted in a stopper with a non-cubic crystal structure. In that case, the
quadrupole interaction with the electric field gradient causes an additional shift of
the m-states which results in a non-equidistant level spacing. The energy difference
between the magnetic sublevels m and m+1 under the influence of a Zeemann and
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an axial symmetric quadrupole interaction can be calculated using perturbation the-
ory. Up to the second order, the series expansion is given by expression (4), provided
that the magnetic interaction (scaling with νL) is much stronger than the quadrupole
interaction (scaling with

νQ

4I(2I−1)
) [8].

Em − Em+1 = hνL − 3hνQ

8I(2I − 1)
(2m + 1)

(
3 cos2 θ − 1

)
(4)

− hν2
Q

32νL

9

4I2(2I − 1)2
[6m(m + 1)− 2I(I + 1) + 3] sin4 θ

θ is the angle between the symmetry axis of the electric-field gradient in the crystal
and the magnetic field B0.
Perpendicular to the static magnetic field, a radio-frequent magnetic field is applied
inside a coil mounted around the implantation crystal (see Fig. 1, 2 and 3). When
a β-NMR measurement is performed, a particular frequency range is scanned in a
number of discrete steps. For each step, the rf-frequency is continuously modulated
around a central value to ensure that the resonance frequency is not missed. If the
applied frequency range covers νL and if the rf-field strength is high enough, the occu-
pation of all nuclear m-states is equalized and the polarization is destroyed. When the
full rf-range has been scanned (typically in a few minutes), a measurement without
rf-field is performed as a reference. This process is repeated until sufficient statistics
are collected.
Multiple-rf β-NQR is based on the same principle, the only difference is the num-
ber of simultaneously applied frequencies. Expression 4 shows that, for a constant
νQ, subsequent m-states have different transition frequencies. For each value of νQ,
these correlated transition frequencies are applied simultaneously and each of them
is modulated. When the quadrupole coupling constant is covered, the polarization is
destroyed and a resonance is observed when the β-asymmetry is plotted as a function
of the applied rf-frequency (see e.g. [15]).

III. DETAILS OF THE SET-UP

When the secondary beam enters the β-NMR/β-NQR setup, it first passes through
two Al-degraders, placed at about 25 cm upstream from the implantation crystal.
Behind the degraders, the fragments encounter a collimator and a Si-detector before
entering the rf and detection region.
The variable degraders are two Al-foils with different thicknesses which can be inserted
in the beam line and tilted with respect to the beam axis, allowing a total variable
degrader thickness between 50 µm and 2600 µm. Due to the variable thickness, the
implantation energy of the fragments can be precisely tuned. In case the maximum
thickness of 2600 µm is not sufficient to stop the beam in the middle of the crystal
(e.g. for very light nuclei), an extra Al-degrader can be mounted at a distance of a
few cm from the crystal. By using an extra degrader instead of a thicker variable
degrader, the angular divergence at large distances from the center is minimized.
Behind the set of variable degraders, a Pb-collimator is placed with a conical opening
of 16 mm. This collimator prevents scattered particles from the degraders to get into
the detection region and it limits the diameter of the beam spot to 16 mm.
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Behind the collimator, the profile of the secondary beam can be measured using a
position sensitive PIPS detector (Canberra, model PF20*20-500EB). This Si-detector
is used during the beam tuning to check the transmission to the β-NMR/β-NQR
setup and to inspect the beam spot size and position in order to realize a correct
implantation in the crystal.
Behind the Si-detector, the secondary beam enters the rf and detection region. A
schematic overview of this section is given in Fig. 1. The different parts, which are
the magnet, the crystal holders, the rf-circuit and the β-detectors, will be further
discussed in detail.
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Figure 1: A schematic overview of the rf and detection region of the newly designed
setup.

A. The magnet

The static magnetic field B0 is generated by an electromagnet of the type B-E25v,
manufactured by Bruker. The magnet has a variable pole gap, making it possible
to achieve a central field of 2.2 T for an opening of 1 cm between the magnet poles.
When the pole gap is expanded to its largest value (14.6 cm), the maximum field in
the center drops to 0.87 T. The β-NMR/β-NQR application requires a 12 cm large
gap since an aluminum vacuum chamber containing the rf and detection region is
inserted between the magnet poles. For this configuration, a maximum field of about
1.02 T can be obtained in the center.
Not only the range of B0 but also the homogeneity of the magnetic field over the
crystal dimensions is an important aspect in β-NMR/β-NQR measurements. If the
fragments experience very different field values over the implantation volume, a broad-
ened resonance with reduced amplitude will be observed. Since the sensitivity of the
method is proportional to the asymmetry change squared, a smaller amplitude due
to the inhomogeneity of the magnetic field results in a less efficient technique and a
significantly longer measuring time.
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Extensive field profile measurements in the three spatial directions have been carried
out for magnetic fields of 0.18, 0.5 and 1 T. A concise summary of these measure-
ments is given in Table I which specifies the maximum deviation ∆B of the fields
at a distance of ± 1 cm in the X,Y and Z directions from the average value in the
center. X, Y and Z are defined in Fig. 1 and the center of the magnet is taken as
the origin. A gradual change of the magnetic field has been observed in the X and Y
directions. Going from the center to ±1 cm, the field decreases by only 0.02 to 0.03%.
In the Z direction, fluctuations occur, resulting in ∆Bz ≤ 0.2%. These fluctuations
do not reduce the accuracy of the β-NMR/β-NQR measurements since, according
to the gaussian implantation profile of the fragments, most fragments are implanted
close to the center (< 5 mm) where ∆Bz is at most 0.05 - 0.09%.

Table I: Maximum deviation ∆B (%) of the magnetic field measured at ±1 cm from
the value in the center for three different magnetic fields.

Direction ∆B for 0.18 T ∆B for 0.5 T ∆B for 1 T

X (Y=Z=0) 0.02% 0.02% 0.03%

Y (X=Z=0) 0.02% 0.03% 0.03%

Z (X=Y=0) 0.17% 0.11% 0.09%

During the β-NMR or β-NQR run, the field is remotely set by a Labview application.
After each frequency scan (which takes 5 to 10 minutes), a measurement of the mag-
netic field is performed by a hall probe (HP, Group3-Danfysik model MPT-141-25s
communicating with a digital tesla meter DTM141) positioned at about 7 cm behind
the crystal. The accuracy of the device is 2× 10−5 T for B0 < 1.2 T. The measured
magnetic field is compared to a reference value and adjusted when necessary using
a feedback loop. Since the hall probe is positioned behind the crystal, an online
measurement of the magnetic field in the center is not possible. However, the central
value can be calculated using the field calibrations which are done before and after
each experiment. During the calibration process, a complete and stable hysteresis
curve is measured by varying the magnet current in steps of 0.5 A. This procedure
is performed in the center as well as at the position where the hall probe is placed
during the experiment, firmly establishing the relation between both.

B. The crystal holders

For the β-NMR/β-NQR experiments, two different crystal holders can be used. One
operates at room temperature, the other is used to cool or heat the stopper material.
On the room temperature crystal holder (Fig. 2), four different crystals can be
mounted. The metal rod to which they are attached can be moved in and out the
vacuum chamber, allowing another crystal to be placed in the beam path without
breaking the vacuum. The holder can also be tilted with respect to the beam axis
in order to minimize the path length of the β-particles inside the crystal before they
reach the detectors.
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Figure 2: Downstream view of the room temperature crystal holder.

If the half life of the implanted nuclei is longer than the relaxation time, the
nuclear polarization is destroyed by random spin-lattice interactions in the crystal
before the β-decay takes place [8]. This effect is often caused by fluctuations in the
electric field gradient due to lattice vibrations and diffusing defects or by the energy
transfer to electrons. As the spin-lattice T1-relaxation time strongly depends on the
temperature [16], the problem can be solved by cooling the implantation crystal (e.g.
[17] for NaCl). When cooling is applied, the cold finger crystal holder (Fig. 3) is
used.

Rf-coil

Crystal

Heat shield

Rf-shield

Si-diode

Eup scintillator
Eup scintillator

Edown scintillator
Edown scintillator

Figure 3: Upstream view of the cold finger crystal holder.

On the cold finger crystal holder, a crystal with a diameter of 2 cm is mounted
in a Cu holder, the thermal contact between both is made with thermal grease
(Apiezon-N). A Cu holder is used since this material has a very high thermal
conductivity: 401 W/mK for 273.2 K [18] and even more for lower temperatures.
The crystal holder is then attached to the cold finger, a Cu bar which is directly
cooled with liquid He using a continuous flow He-cryostat (Oxford Instruments,
project nr 41580). Temperatures as low as 12 K can be obtained at the end of the
cold finger which is surrounded by a Cu heat shield.
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The temperature on the crystal is much higher since it is placed in an unsheltered
room-temperature environment. The lowest temperature obtained for a 2 mm thick
NaCl-crystal is 72.4 K. The crystal temperature is measured with a Si diode sensor
(LakeShore, DT-670C-SD, 0.1 K precision) which is mounted on the back side of the
crystal and which can only be used in the absence of a rf-field.

C. The rf-circuit

The rf-circuit consists of a coil in which the rf-field is applied, one or more function
generators, a set of resistors (in the case of β-NQR) and a rf-amplifier. A schematic
overview of the rf-circuit with three generators is given in Fig. 4.

generator 1

Rout,1 ( ) Rx ( )

Rout,2 ( ) Rx ( )

generator 2

Rout,3 ( ) Rx ( )

generator 3

Rx ( )

RF-amplifier

RF-coil

Figure 4: Schematic overview of a β-NQR rf-circuit for three signals. The circuit can
be extended for an arbitrary number of frequencies using more generators, expanding
the electronics scheme and adjusting the values of Rx. For β-NMR, only one generator
is used.

The rf-frequency scan is controlled by the Labview application which is used to
set the applied frequencies with their respective amplitude, measuring time and
modulation range. An rf-signal corresponding to these specifications is produced
by an Agilent arbitrary waveform generator (model 33120A) which has an output
impedance (Rout) of 50 Ω. This type of generator cannot combine different frequen-
cies and modulations in one signal. Therefore, several generators are used to perform
a β-NQR measurement and all signals are combined into one output that is sent to a
rf-amplifier with a 50 Ω input impedance. The superposition of the different signals
is done according to a simple electronics scheme, illustrated for three frequencies in
Fig. 4. The value of the resistors Rx is chosen as such to obtain a total resistance of
50 Ω, matching the input impedance of the rf-amplifier, over the combination of all
generator output impedances Rout and resistors Rx. Therefore, three signals require
Rx to be 25 Ω while Rx is 33.3 Ω for a set of five generators.
The output signal of the function generator(s) is too weak to induce a sufficient
rf-field strength in the coil. A first option to realize the necessary amplification
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would be the use of a LRC-circuit, tuned at resonance in the proper frequency range
by adjusting the variable capacity. However, this implies strong limitations on the
accessible g-factor region as the available rf-frequency range only covers the width
of the LRC-resonance. Another option to achieve the required rf-strength, is the
introduction of an rf-amplifier. As the impedance of the coil (proportional to the
rf-frequency) hardly ever matches the 50 Ω output impedance of a standard amplifi-
cation device, the rf-amplifier 800A3 (800 W CW, 10 kHz - 3 MHz), manufactured
by AR, is installed. This amplifier model is especially designed for applications
with a variable output impedance, such as an rf-circuit with coil. For a fixed gain
and by changing the amplitude of the function generator signal for each individual
frequency, the current in the rf-circuit and consequently the rf-field strength inside
the coil can be kept constant. This avoids the use of a resonant LRC-circuit and
allows very broad rf-frequency scans to be performed. An AC-current of 500 mA
peak to peak (pp) in the rf-circuit is sufficient for a β-NMR/β-NQR measurement as
it generates a rf-field with an amplitude between 0.1 mTpp and 1 mTpp, depending
on the specifications of the coil. During the run, the current in the rf-circuit is
continuously monitored by an AC current probe (Tektronix, model P6021).
The output of the amplifier is connected to the rf-coil inside the vacuum chamber via
a coaxial vacuum feedthrough. Along the complete trajectory, the coaxial cable is
shielded with a 1.5 mm thick Cu-layer. Since the penetration depth of eddy currents
caused by rf-fields with a frequency ν is given by δ = 1/

√
πσµν [19], Cu is chosen as a

shielding material as it has a very high electric conductivity (σCu = 59.77× 106 S/m
[20]). 99% of electromagnetic waves with a frequency of 100 kHz is stopped by
a Cu-layer of 1.03 mm while even less material is required for higher frequencies.
Measurements with a pick-up coil show that the Cu-shield around the coaxial cable
reduces the rf-background by a factor of 5-8. Note that a leakage of magnetic flux
spreading outwards from the coil is still present, as the coil itself cannot be shielded.
However, the effect of such a rf-stray field has a negligible impact on the efficiency
of the system.
In the β-NMR/β-NQR experiments, coils with a self-inductance of L = 22.1 µH
(Fig. 2) and L = 1.6 µH (Fig. 3) are used. They, respectively, have 2 × 20 turns
of Cu-wire with a diameter of 0.7 mm and 2 × 4 turns with a diameter of 0.8 mm.
Between both halves of the coil, a space of about 2 cm is foreseen for the beam to
be implanted in the crystal.

The strong 10 kHz - 3 MHz rf-signal generated in the rf-circuit in combina-
tion with the magnetic field up to 1.2 T allows to study a wide range of g-factors
(0.02<g<4.0) and spectroscopic quadrupole moments. Both, the magnet and the
rf-amplifier, make the β-NMR/β-NQR setup accurate and powerful.

D. The scintillation detectors

The β-particles are detected by two pairs of scintillation detectors along the magnetic
field direction, one is situated above the crystal, the other below. Each pair consists
of a thin ∆E detector, which is a rectangular prism with dimensions 30×30×2 mm3

and a 28 mm thick polyhedral E detector with bases of 80×70 mm2 and 30×55 mm2.
A total geometric efficiency of 19% is obtained for high energetic β-particles emitted
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from the center and detected in coincidence between the two upper or the two lower
detectors. All detectors are polystyrene scintillators (organic scintillation material
PS89) and are covered with white Teflon tape and aluminum foil to optimize internal
reflection and to avoid light leakage. The detection setup is included in Fig. 3.
To avoid scattering and losses of the β-particles, the scintillators are placed close
to the crystal inside the vacuum chamber. For each E-detector, the scintillation
light is transported through a straight plexiglass light guide (44.2 cm long) to a
photomultiplier tube (PMT) which is situated outside the vacuum chamber in an
atmospheric environment. For the ∆E-detectors, the light guides are bent, allowing
a more compact geometry. The curved part of each light guide is constructed with
59 optic fibers (1 mm diameter) and is attached to a straight plexiglass piece of
35.5 cm long which is used to exit from the vacuum and to make the connection with
the PMT. Four 20× 20 cm2 PMT’s, type R7600U manufactured by Hamamatsu, are
used as readouts. The long light guides guarantee that they are placed at a distance
of about 50 cm from the center in order to minimize the influence of the magnetic
field B0. At this distance, a magnetic field of less than 0.01 T remains if 1.2 T is
applied in the center. Nevertheless, all photomultipliers are surrounded by a µ-metal
foil, to protect them from stray fields.
To determine the β-asymmetry in a β-NMR/β-NQR measurement, coincidences
between the upper two or the lower two detectors are required. This condition
strongly reduces scattering and noise events in the β-spectra.

Outside the vacuum chamber, two germanium detectors are placed to register
γ-rays. Each detector is positioned in front of a window where the thickness of the
aluminum vacuum chamber is only 3 mm instead of the normal 2 cm. The recorded
γ-spectra contain lines following the β-decay of the isotopes implanted in the crystal
and are therefore very useful for the beam identification. Also γ-decaying isomeric
states present in the isotopes of interest can be observed provided that these levels
are populated in the projectile-fragmentation reaction.

IV. GEANT4 APPLICATION

A. Description

For the new β-NMR/β-NQR setup, a GEANT4 Monte Carlo simulation code was
developed (using version GEANT4.8.1 [21]). This GEANT4 application allows us to
determine the β-detection efficiency of the setup and to describe the sensitivity of the
setup for the detection of a resonant change in the β-asymmetry. Simulations in va-
rious experimental conditions were made, examining the influence of magnetic fields
and different Qβ-values. Also the impact of extra material in the vacuum chamber
and the influence of the thickness and the tilting angle of the implantation crystal
are determined.
In the GEANT4 application, two full-scale geometric configurations have been in-
stantiated, one for each crystal holder (see section III). Both detection geometries
are constructed with predefined GEANT4 building blocks inside a ‘world volume’ of
220 × 230 × 114 mm3 (see Fig. 5). The four β-detectors are defined as ‘Sensitive
Detectors’ which keep track of the energies deposited in the scintillation material and
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the number of interacting particles during the run. A uniform magnetic field can be
applied in the Z-direction. The rf-field inside the coil is small (maximum 1 mTpp)
and therefore neglected in the simulation.
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�
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NaCl crystal

Rf-coil

Edown scintillator

�
Edown scintillator

Crystal holder

Hall probe holder

Figure 5: GEANT4 geometries for the cold finger (left) and the room temperature
(right) crystal holder.

In the center of the implemented GEANT4 geometries, a point-like source is placed
which simulates the β-decay of the implanted nuclei. The probability to have allowed
β−-decay at a certain energy and for a particular nucleus, given by its mass A and
proton number Z, is described by Wilkinson in Refs. [22–26]. The methodology out-
lined in that work is used here to define the β-spectrum generated by the source. The
simulated β-spectrum has one particular Qβ-value and does not take into account
the specific populations of the states in the daughter nucleus. Electrons are emitted
under an angle θ with a probability determined by the angular distribution function
W(θ) (see Eq. (1)). The implantation of the polarized beam in the crystal is not
included in the simulation.
The interactions and trajectories of all primary and secondary particles are simu-
lated using the standard low energy GEANT4 libraries [27] which include ionization,
bremsstrahlung, multiple scattering, rayleigh and compton scattering, photo electric
effects and γ-conversion for energies between 150 eV and 100 GeV.
In each simulation, two runs are executed, one with an anisotropic β-decay pattern,
the other with an isotropic distribution of the β-radiation. In both runs, 100 mil-
lion events are processed. Each event starts with a primary particle, released by the
source with a particular energy and in a certain direction according to the conditions
described above. A Monte Carlo simulation is made of the transport and the inter-
actions of this particle and the created secondary particles with the material and the
magnetic field in the ‘world volume’. When the event interacts with one of the scin-
tillation detectors, the deposited energy is registered. After each run, the detected
β-spectra are reconstructed as shown in Fig. 6.
The number of detected particles in the different scintillators and coincidences is used
to calculate the detection efficiency, the β-asymmetry, the observed β-NMR/β-NQR
effect (i.e. the β-asymmetry change) and the observed fraction of the full β-NMR/β-
NQR amplitude. The detection efficiency εi of a particular detector (combination) i is
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Figure 6: Simulated β-spectra for a GEANT4 geometry including only the detectors
and using a 41Cl β−-source (Qβ = 3860 keV) in the center of the vacuum chamber.

defined as the number of detected events Ni divided by the total number of processed
events N (100 million). It is obvious that only data from the run with an isotropic
radiation pattern can be used to calculate εi.

εi =
Ni

N
(5)

The β-asymmetry (Eq. 2) can be calculated for an anisotropic and an isotropic radia-
tion pattern. According to Eq. 2, Aaniso ' |AβP | while theoretically, Aiso should be
zero. To obtain the observed β-asymmetry change ∆ (proportional to the observed
β-NMR/β-NQR amplitude), the simulated anisotropic and isotropic β-asymmetries
are subtracted.

∆ = |Aaniso −Aiso| (6)

A comparison of the simulated β-NMR/β-NQR amplitude ∆ with its theoretical
value |AβP | gives the sensitivity δ of the setup to observe a resonant change in the
β-asymmetry. A perfect setup leads to δ = 1 (=100%).

δ =
∆

|AβP | (7)

The values of εi, ∆ and δ depend on several parameters: how much scattering and
absorption are induced by the material present in the vacuum chamber, the density,
the tilting and the thickness of the implantation crystal, the Qβ of the decaying



www.manaraa.com

Article I – Nucl. Instr. and Meth. A 612 (2009) 112 41

nuclei and the strength of the applied magnetic field B0. The influence of these
parameters on εi and δ is studied in the following four subsections.

All Geant4 simulations quoted in this work are performed for 41Cl (Z = 17).
The ground-state spin is assumed to be I = 1/2 and Qβ is taken as 3860 keV. The
real Qβ of 41Cl is 5728(65) keV but more than 80% of the β-decay proceeds to the
1868 keV level (I = 1/2+) in 41Ar [28], making Qβ = 3860 keV a more realistic value.
The estimated Aβ-parameter for a pure Gamow-Teller 1/2+ → 1/2+ transition is
2/3 [14]. An arbitrary polarization P of 10% is assumed.

B. Scattering and absorption due to extra elements in the vacuum
chamber

When only the four β-detectors are present in the geometry, the detection efficiency
of the E-detectors (10.3% per detector) is higher than that of the ∆E-scintillators
(9.7% per detector). This is due to the significantly larger detection area of the
E-detectors compared to the small ∆E-surface. As indicated in Fig. 1, β-particles
emitted from the center of the geometry can reach the E-detector without passing
the ∆E-scintillator first. The efficiency to detect a coincident event between the E
and ∆E-detectors (7.3% per detector combination) is even more reduced since the
lowest-energy β-particles are stopped in the ∆E scintillation material.
Table II shows the simulated values for the detection efficiency of the up and the down
coincidence spectra, the β-asymmetry for an isotropic ensemble and the observed frac-
tion of the full β-NMR/β-NQR amplitude for various geometric configurations. All
simulations were made with the cold finger GEANT4 application and Aiso as well as
δ were calculated using only coincident events.

Table II: Simulations performed for various geometric configurations of the cold finger
setup, resulting in the efficiency for coincidence detection in the upper (εcoinc−up) and
lower (εcoinc−down) detector pair, the observed asymmetry for an isotropic β-pattern
(Aiso) and the sensitivity to observe a resonant change in the β-asymmetry (δ).

Elements included in geometry εcoinc−up εcoinc−do Aiso (%) δ (%)

detectors only 7.32% 7.32% -0.0074 91.08

detectors + lightguides 7.29% 7.29% -0.035 90.84
q + degrader + coil + hall probe 7.68% 7.67% 0.055 88.08
q + crystal holder @ 0◦ 4.68% 4.68% -0.0079 83.64
q + NaCl, 1mm @ 0◦ 3.24% 3.24% 0.0059 67.94

As can be seen in Table II, the detection efficiency changes significantly when the
crystal holder and the crystal are brought into the geometry. Other parts (e.g. the
hall probe, the lightguides, the rf-coil, the degrader, . . . ) do not seem to have a
large influence on the scattering and absorption of the β-particles and therefore on ε.
When only the scintillators are included in the setup, the total coincidence detection
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efficiency (14.6%) is smaller than the full geometric efficiency (19%). This is due to
the low Qβ-value used in the calculations.
For the simulations presented in Table II, Aiso has values close to zero, as expected
for a symmetric setup. As soon as a tilted implantation crystal or another geometric
asymmetry (e.g. the β-source not exactly in the center) is brought into the system,
Aiso starts to deviate. This induces an anisotropic radiation pattern even when no
polarization is present. Aiso = 0.30% and Aiso = 0.59% have been obtained for a
1 mm thick NaCl crystal tilted by -15◦ and -30◦, respectively, with respect to the
vertical axis.
The extended solid angle of the β-detectors makes that only 91% of the full β-
asymmetry change is observed for a geometry which exclusively consists of the four
β-scintillators. For the complete β-NMR/β-NQR configuration including a NaCl-
crystal of 1 mm, δ is reduced to about 70%. This is mostly due to scattering and
absorption of β-particles.
The simulation results obtained with the cold finger and the normal crystal holder
geometry are equivalent and do not show any specific differences. Although the cold
finger geometry contains more material, the detection efficiency is at most 0.3% lower
than the one determined with the room temperature crystal holder. The fraction of
the full β-asymmetry change observed with the cold finger setup is at most 1.5% less
than δ determined with the room temperature crystal holder geometry in exactly the
same conditions.

Figure 7: Simulated β-spectra of the E-up/E-down detectors, with and without the
coincidence condition. The simulations were performed with the cold finger geometry
using a 1 mm thick NaCl crystal (at 0◦).
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Including all vacuum-chamber elements in the GEANT4 geometry has an effect on
the unconditioned β-spectra of both E-scintillators (see Fig. 7). They clearly show a
low-energy component (< 150 keV) in the simulated signals of the E-scintillators (to
be compared to Fig 6 where no such tail is present). Since the β-particles suffer from
scattering and energy absorption in the implantation crystal and crystal holder, a sig-
nificant fraction reaches the detectors at low energy. Most of them are stopped in the
∆E-material. However, as the ∆E-detector does not fully cover the E-surface, low-
energy β-particles are also recorded in the E-detector, inducing a strong low-energy
component in the unconditioned β-spectra. By requiring a coincidence with the re-
spective ∆E-detectors, as shown in Fig. 7, the low-energy component is significantly
reduced.

C. Properties of the implantation crystal

The impact of the crystal thickness and the tilting angle on ε and δ is shown in Fig. 8.
Due to the absorption in the crystalline medium, an increase of the crystal thickness
from 1 to 2 mm significantly reduces the detection efficiency and the observed asym-
metry change. In both cases, tilting the implantation material yields better results
since it minimizes the effective path length of the particles towards the β-detectors.
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Figure 8: Efficiency of coincident detection in the upper detector pair (εcoinc−up)
and sensitivity to observe a resonant change in the β-asymmetry (δ) for two different
crystal thicknesses (1 and 2 mm). The simulations were made for 41Cl with Qβ =
3860 keV, P = 10% and the complete cold finger setup.

All simulations shown so far are made with a NaCl-crystal. Changing the mate-
rial to e.g. Si can have an influence on the detection efficiency and the observed
β-asymmetry change. Table III shows a comparison between a NaCl and a Si crystal
of 1 mm and tilted over -30◦ with respect to the vertical axis. As the density of Si
(2.328 g/cm3 [20]) is slightly higher than the density of NaCl (2.168 g/cm3 [29]), its
increased stopping power results in a reduced ε and δ.
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Table III: Simulations performed for a NaCl and a Si-crystal in the cold finger geome-
try, resulting in the efficiency for coincidence detection in the upper (εcoinc−up) and
lower (εcoinc−down) detector pair, the observed asymmetry for an isotropic β-pattern
(Aiso) and the sensitivity to observe a resonant change in the β-asymmetry (δ). The
simulations were made for 41Cl using Qβ=3860 keV and P = 10%.

Configuration εcoinc−up εcoinc−do Aiso (%) δ (%)

NaCl, 1mm @ −30◦ 6.10% 6.03% 0.59 73.42

Si, 1mm @ −30◦ 5.16% 5.11% 0.44 67.25

D. The effect of the Qβ-value
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Figure 9: Efficiency of coincident detection in the upper detector pair (εcoinc−up)
and sensitivity to observe a resonant change in the β-asymmetry (δ) for two different
Qβ-values (3860 keV and 8000 keV). The simulations were made for 41Cl, P = 10%
and the complete cold finger setup, including a 1 mm thick NaCl-crystal.

Fig. 9 shows a comparison between simulations performed for ε and δ applying two
values of the β-endpoint energy, Qβ=3860 keV and Qβ=8000 keV. The cold finger
geometry was used with a NaCl-crystal of 1 mm. A higher endpoint energy results
in an increased amount of β-particles passing through the ∆E-detectors. Therefore,
it leads to a more efficient β-detection in the E-scintillators and a higher coincidence
rate.
When only the detectors are included in the GEANT4 geometry, the efficiency δ to
observe the β-asymmetry change is similar for both Qβ-values (Fig. 9). As soon as
the complete setup is taken into account, δ increases with increasing endpoint energy.
High-energy β-particles do not easily loose their polarization in scattering processes.
For all experimental conditions, one can conclude that the detection efficiency and
the observed asymmetry change improve when the β-decay has a higher Qβ-value.
High Qβ-energies also drastically change the unconditioned and the coincident β-
spectra as illustrated in Fig. 10. Simulations performed for Qβ=12 MeV show a clear
∆E peak around 5.5 MeV. This peak contains the signals of high energetic electrons
which pass through both detectors.
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Figure 10: Coincident β-spectra of the E-up detector conditioned with ∆E-up for
Qβ = 3860 keV (left) and Qβ = 12 MeV (right). The simulations were performed for
the full cold finger setup with a 1 mm thick NaCl crystal.

E. The impact of magnetic fields

When a high static magnetic field is applied in the Z-direction, charged particles start
spiraling around the magnetic field lines in the direction of the β-detectors. This pro-
cess results in a significantly higher detection efficiency but a much lower sensitivity
to the β-asymmetry change. Simulations with B0=1 T and without magnetic field
have been performed for 41Cl (Qβ=3860 keV, P=10%) and the results are given in
Fig. 11. Coincidence detection efficiencies as high as 14% in one detector set have
been observed in a magnetic field of 1 T (NaCl-crystal of 1 mm and tilted over -30◦)
but they can only barely compensate for the 50% loss in the sensitivity to observe
the total β-NMR/β-NQR amplitude.
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Figure 11: Efficiency of coincident detection in the upper detector pair (εcoinc−up)
and sensitivity to observe a resonant change in the β-asymmetry (δ) without magnetic
field and for B0=1 T. The simulations were made for 41Cl (Qβ=3860 keV, P=10%)
in a NaCl-crystal of 1 mm.
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V. CONCLUSIONS

The detailed description of a new β-NMR/β-NQR setup developed to be installed at
the final focal point of the LISE fragment separator at GANIL demonstrates that it
is now possible to measure a broad range of g-factors (0.02<g<4.0) and spectroscopic
quadrupole moments. Two main components are responsible for this: the strong
and homogeneous magnet and the rf-amplifier especially designed for variable output
impedance circuits.
A theoretical description of the setup has been made using the GEANT4 toolkit.
Monte Carlo simulations have been carried out, probing the influence of various ele-
ments on the detection efficiency and on the fraction of the total β-NMR/β-NQR
amplitude, expected to be observed. The effects of the crystal thickness and tilting
angle, the material in the vacuum chamber, the magnetic fields and the high Qβ-values
have been extensively studied and a much better understanding of the experimental
conditions has been obtained.
From the GEANT4 simulations, the ideal conditions to perform a β-NMR/β-NQR
experiment can be deduced. Mother nuclei with a high Qβ-value induce a large detec-
tion efficiency and a good sensitivity to the β-asymmetry change. The implantation
crystal must be thin and tilted as much as possible with respect to the vertical axis.
Applying a magnetic field B0 induces a high detection efficiency but it reduces the
sensitivity to observe the full β-NMR/β-NQR amplitude. As both effects cancel each
other, no strong influence of B0 on the β-NMR/β-NQR measurement is observed.
So far, three experiments have been performed with the new β-NMR/β-NQR setup.
The first experiment, in which the g-factors of 17N and 18N were remeasured, was a
test run to evaluate the performance of the setup. Afterwards, several improvements
were made which are included in the simulations made in this work. In the second
and the third experiment, the g-factor of 44Cl and the quadrupole moment of 31Al
were determined. The outcome of all experiments will be published elsewhere [30, 31].
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Chapter 4

g-factors of 17N and 18N

In order to test the newly designed β-NMR/β-NQR setup, the g-factors of 17N
and 18N were remeasured. 17N was selected to be the �rst test-case because of its
large production yield and the accurately known value of its magnetic moment
[42]. The choice of 18N as the second test case arises from a more fundamental
physics argument. Two inconsistent values were published for µ(18N) [1, 2],
strongly encouraging a new β-NMR experiment to clarify the discrepancy be-
tween both results.

Decisive information on the g-factors of 17N and 18N can be found in the paper
enclosed at the end of the chapter which was published as a Brief Report in
Physical Review C [43]. The four sections of this chapter, preceding the paper,
take a closer look at topics which are not or only brie�y discussed in the article.
The �rst section gives a short introduction to the literature study of the light
neutron-rich isotopes. The second section highlights a few aspects of isomeric
states and how their magnetic moments can be measured using β-NMR. The
third part zooms in on the polarization curve obtained for 18N, relying on the
participant spectator model for projectile-fragmentation reactions. To conclude,
the last section presents the unpublished 18N results.

4.1 17N and 18N: the physics case
Although it is not the �rst priority of this work, a limited literature study is
performed, highlighting the structural changes happening in the light neutron-
rich isotopes. The relevant region of the nuclear chart and a schematic view of
the e�ective single particle levels, for 14

6C in particular, are shown in Fig. 4.1.
When protons are added to the π(1p1/2)-orbital in the N = 8 isotones, a
crossing between the 5/2+ and 1/2+ excited states occurs. The 5/2+-state
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Figure 4.1: Part of the nuclear chart, depicting a selection of the light neutron-rich
8O, 7N, 6C and 5B isotopes (left). E�ective single particle levels of 14

6C (right).

originates from an odd neutron in the ν(1d5/2) orbital while the 1/2+ level is
dominated by ν(2s1/2) con�gurations. The transition from 14

6C, with protons
occupying the π(1p3/2) level, to 16

8O, characterized by a full π(1p1/2) shell, ac-
tivates the attractive tensor term between the π(1p1/2) state and the ν(1d5/2)
level, strongly lowering the binding energy of the 5/2+ state [44] as shown in
Fig. 4.2. A good illustration of this e�ect is found in the N = 9 isotones.
These nuclei are excellent probes to study the behavior of the 5/2+ and 1/2+

states since their ground-state spin and structure are dominated by the single
valence neutron in the ν(sd)-shell. 15

6C9 has a 1/2+ ground-state spin while
the spin of 17

8O9 is 5/2+. This con�rms the increasing admixture of ν(1d5/2)
con�gurations in the ground state of the N = 9 isotones when adding protons
to the π(1p1/2)-orbital [45, 46].
Another structural change is observed for the N = 11 isotones, where the tran-
sition from a paired to an unpaired neutron coupling scheme occurs [47]. In
19
8O, the paired neutron ν(1d5/2) con�guration is favored by the 5/2+ ground-
state while in 17

6C the 3/2+ ground state is dominated by unpaired seniority-3
ν(1d5/2) components. Wiedeking et al. interpreted the change in ground-
state spin between 19

8O and 17
6C as a consequence of the increasing quadrupole

strength relative to the pairing interaction. Unpaired ν(1d5/2) con�gurations
are also needed to explain the 1− ground state of 18

7N [1, 2], marking it as a tran-
sition nucleus. The suggestion of a pure ν(2s1/2) ground state for this isotope,
as an alternative for the seniority-3 ν(1d5/2) con�guration, is not supported by
experiment since it would lead to a l = 2 forbidden transition between the 2−

and 1− states in 18N.
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A third structural e�ect occurs for the light neutron-rich nuclei, such as 15B,
17B, 16C and 16N, where quenched e�ective neutron charges (en ' 0.1 instead
of the usual en = 0.5) are required to correctly reproduce the experimental
deformation parameters and the measured spectroscopic quadrupole moments
[48�50]. According to Dombr�adi et al. the small e�ective charges are a conse-
quence of the decoupling of the valence neutrons from the core. As the neutrons
are only loosely bound, they cannot strongly polarize the core which results in
a reduction of the e�ective charges and the development of a neutron skin. A
similar but more extreme e�ect was found in 19C. The ground state of this
isotope has a dominant ν(2s1/2) character and appears as a well-developed
one-neutron halo [46].
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Figure 4.2: Binding energies of the 1/2−, 5/2+, 1/2+ and 3/2+ states in the N = 8
isotones. (Figure taken from [44])

A last structural change mentioned here is the suggested reduction of the p−sd
shell gap for the neutron-rich O-isotopes [51]. In 20

8O12, �ve new excited states
below 6 MeV are found and identi�ed as `intruder states'. They appear as
negative-parity states which provides a strong evidence for one particle - one
hole (1p − 1h) cross-shell excitations. A good overall agreement with theory
demands a weakening of the p− sd shell gap when neutrons are added.
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4.2 Measuring the g-factor of an isomeric state
using β-NMR

In literature, two con�icting sets of nuclear moments were published for 18N:
|µ|1 = 0.3279(13)µN , |Q|1 = 12.3(12) mb in Ref. [1] and |µ|2 = 0.135(15)µN ,
|Q|2 = 27(4) mb in Ref. [2]. This often suggests the presence of an isomeric
state in the nucleus of interest. Although the 18N level scheme has been stu-
died in three di�erent experiments [47, 52, 53] (see article for a review) no
long-lived excited state was found so far. Nevertheless, it is interesting to illus-
trate a few aspects of measuring isomeric g-factors using the β-NMR technique.

To induce a `visible' β-NMR e�ect, the investigated (isomeric) state must have
a minimum lifetime which is determined by the rf-�eld strength B1. To un-
derstand this, assume a resonant rf-�eld B1 which is applied in the horizontal
xy plane, perpendicular to the static �eld B0 along the vertical z direction. In
such a resonant system, the magnetic moment which is initially oriented along
z, will rotate about the rf-�eld with a frequency ω1 = gµN B1

~ , as proven in chap-
ter 5. In order to destroy the polarization, the initial direction of the magnetic
moment has to be inverted at least once before the nucleus decays. Therefore,
the minimum lifetime corresponds to the time needed for the magnetic moment
to rotate over 180◦.

tπ =
π

ω1
=

h

2gµNB1
(4.1)

The minimum lifetime of 50 µs, quoted in the article, is calculated with a rather
high g-factor and rf-�eld strength. Therefore, it provides a strong lower limit
for the lifetime of the states that can be studied with β-NMR.

Although not always appropriate, g-factors of β- and γ-decaying isomers can
be studied with the β-NMR technique. Two conditions must be ful�lled: the
isomer should be populated and polarized in the projectile-fragmentation reac-
tion and its lifetime must respect the limit given by Eq. 4.1.

Measuring the g-factor of a purely β-decaying isomer is in all respect simi-
lar to the procedure followed when determining the g-factor of a ground state.
When a composite secondary beam, consisting of an isomeric and a ground-
state fraction is studied, two resonances will be observed.

The case of a γ-decaying isomer is somewhat more challenging. The β-particles,
detected in a β-NMR experiment, originate from the decay of the ground state
which is only linked to the isomeric state via an unobserved γ-transition. This
γ-branch tends to (partly) destroy the polarization, an e�ect which is accounted
for by inserting a de-orientation coe�cient Uλ in the angular distribution of the
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β-radiation. The general expression, given in Eq. 2.19, transforms into [27]:

W (θ, φ) =
√

4π
∑

λ

√
1

2λ + 1
Uλ B(λ) A(λ) Y(λ)(θ, φ) (4.2)

The de-orientation coe�cients depend on all spins and multipolarities involved
in the γ-transition. In the most simple case, when a γ-ray of multipolarity L
is emitted between the isomeric state with spin Ii and the ground state with
spin If , the Uλ factors take the following values:

Uλ = (−1)Ii+If+L+λ
√

2Ii + 1
√

2If + 1
(

Ii Ii λ
If If L

)
(4.3)

De-orientation coe�cients for mixed transitions and complex γ cascades can be
found in [27]. Tables displaying the calculated values of the U1 factors (impor-
tant for allowed β-transitions) and the other low-λ de-orientation coe�cients
are given in textbooks such as [28].
Provided that a su�cient amount of polarization remains after the γ-transition,
two β-NMR resonances are observed, even for a 100% isomeric beam. Apply-
ing the Larmor frequency νL,1 corresponding to the g-factor g1 of the isomer
equalizes the populations of the isomeric m-states. After the γ-transition, also
the m-states of the ground-state will be equally populated, resulting in a (usu-
ally) weak β-NMR resonance. When the Larmor frequency νL,2 of the ground
state is encountered, the polarization of all ground-state isotopes is destroyed,
no matter whether they were produced in the projectile-fragmentation reaction
or fed by the γ-decay of the isomer. From the induced β-NMR resonance, the
ground-state g-factor g2 can be deduced.

4.3 Production of spin-polarized nuclei
In the Physical Review C article, the polarization of the 18N fragments, pro-
duced in a one-neutron pick-up reaction, is given as a function of the selected
longitudinal momentum. The observed trend can be understood in the frame-
work of the `participant-spectator' model, developed by Asahi et al. [54], Okuno
et al. [55] and Groh et al. [56] for projectile-fragmentation reactions. Later,
Turz�o et al. [57] extended the concept for one-nucleon pick-up processes. In
order to give a plausible explanation for the observed 18N polarization versus
momentum curve, the basic principles of both models are introduced.

The underlying mechanism of the participant-spectator model is based on the
simple kinematics of an incoming projectile (`the participant') inducing a pe-
ripheral collision with a target nucleus, leaving a pre-fragment (`the spectator')
to proceed. For projectile fragmentation reactions, the model assumes that the
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nucleons of the projectile, belonging to the geometrical overlapping volume
with the target nucleus are abraded without changing the motion of the re-
maining projectile-nucleons. In the case of pick-up, the projectile `absorbs'
one target nucleon, leaving all other nucleons undisturbed. In both cases, the
spectator-part afterwards de-excites to the �nal fragment through random par-
ticle emission which is assumed not to change the created spin-orientation.

• The projectile-fragmentation reaction
The formalism is taken from [54]. The collision of the projectile with the
target results in the removal of a cluster of projectile nucleons at position
R with momentum k. This removal can happen at the left or at the
right side of the target nucleus (illustrated in Fig. 4.3a). As k is very
small, the reaction produces a fragment beam, focussed in the forward
direction with a gaussian longitudinal momentum distribution around the
projectile momentum pp. Applying the conservation laws of linear and
angular momentum implies that:

pf = pp − k (4.4)
Jf = −R× k (4.5)

In order to obtain Eq. 4.5, the intrinsic spins of the abraded nucleons are
neglected and a zero total angular momentum of the projectile is assumed.
Inserting Eq. 4.4 in Eq. 4.5 shows that the polarization P = <Jf,z>

JF
de-

pends on the fragment momentum pf .
The trajectory followed by the fragment after the reaction depends on
the interplay between the attractive nucleon-nucleon interaction, trying
to bend the fragment path towards the target, and the repulsive Coulomb
interaction, tending to `push' the fragment away from the target. When
the nuclear attraction dominates, as for low-Z targets such as 9Be, mainly
`far-side' collisions occur (as shown in Fig. 4.3a). High-Z targets give rise
to `near-side' trajectories, dominated by the Coulomb repulsion.
The z-component of the fragment angular momentum equals Jf,z =
|Ry|kx for pure near/far-side collisions (Rx = 0) taking place at the right
side of the target (θR = 0◦). Similar but for the left side of the target
(θR = 180◦): Jf,z = −|Ry|kx.
When fragments are selected under a positive angle θL with respect to the
forward direction and when only far-side collisions are taken into account,
most selected fragments are formed at the right side of the target. In that
case, the polarization, proportional to Jf,z, is positive for kx >> 0 and
thus for the left wing of the longitudinal momentum distribution where
pf,x << pp. Vice versa, a negative polarization is obtained for fragments
with pf,x >> pp. If kx ' 0, in the center of the momentum distribution,
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Figure 4.3: Projectile fragmentation: a) Kinematics of a projectile colliding
with a target nucleus, favoring far-side trajectories. b) Yield and polarization
curves as a function of the longitudinal fragment momentum, relative to pp.

the polarization is zero. The behavior of the polarization as a function
of the longitudinal fragment momentum is illustrated in Fig. 4.3b.

• The one-nucleon pick-up reaction
The pick-up formalism is published in [57]. During a peripheral collision,
one target nucleon is transferred to the incident projectile. The position
and momentum of the added nucleon are given by R and k respectively
(illustrated in Fig. 4.4a). According to Souliotis et al. [58] and Pfa� et
al. [59] mainly nucleons with k = (−pfermi, 0, 0) are picked up, giving
rise to a fragment yield distribution which peaks at a lower momentum
than that of the projectile.
Applying the conservation laws of linear and angular momentum leads
to similar expressions as for the projectile-fragmentation reaction, again
neglecting the intrinsic spin of the absorbed nucleon and the angular
momentum of the projectile.

pf = pp + k (4.6)
Jf = R× k (4.7)
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Figure 4.4: One-nucleon pick-up: a) Kinematics of a projectile colliding with a
target nucleus, favoring far-side trajectories. b) Yield and polarization curves
as a function of the longitudinal fragment momentum, relative to pp.

The projectile can hit the target at the left side or at the right side. When
the nuclear attraction (Coulomb repulsion) is dominant, far-side (near-
side) trajectories are favored. Assume the same experimental conditions
(low-Z target and selection at θL > 0) as before. Again, mainly fragments
produced at the right side of the target (Ry > 0) are selected.
In the center of the momentum distribution, kx takes the value of the ne-
gative fermi momentum of the target nucleus. In this case, the obtained
spin-polarization, proportional to < Jf , z >= −kxRy, is positive and
di�erent from zero. This yields a large advantage compared to projectile-
fragmentation reactions which require a selection in the wing of the mo-
mentum distribution to obtain spin-polarized fragments. An overview of
the yield and the polarization as a function of the longitudinal fragment
momentum, relative to pp, is given in Fig. 4.4b.

So far, a good qualitative description of the created spin-polarization as a func-
tion of the longitudinal fragment momentum is obtained for both, projectile-
fragmentation and pick-up reactions. A quantitative agreement with experi-
ment however requires a more detailed and sophisticated model to be developed.
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Experimental data on 18N, collected during the test-experiment, allow a qua-
litative comparison with the theoretical predictions based on the participant-
spectator model. The 18N isotopes were produced in a one-neutron pick-up
reaction of a 18O8+ primary beam on a rotating 9Be target. The fragments
were selected at θL > 0, favoring far-side trajectories because of the low target
Z value. The pick-up production yield of 18N was scanned as a function of the
longitudinal momentum by changing the opening of the FH31 slits. In order
to probe the polarization as a function of the longitudinal momentum, the 18N
β-NMR was performed for three di�erent FH31 slit openings. Each slit opening
corresponds to a particular selection in longitudinal momentum and therefore
to a certain secondary-beam polarization. As the β-NMR measurements were
performed with similar rf-conditions, the amplitude of the resonance provides
a direct measure for the amount of polarization present in the beam. The ex-
perimental yield distribution and the polarization curve are shown in Fig. 4.5.
In both �gures, the position and the opening of the FH31 slits is indicated with
horizontal error bars.
The obtained experimental curves have to be compared to Fig. 4.4b. The
experimental polarization seems to follow the theoretical trend-line which is
characterized by high polarization in the left wing and a gradual decrease when
going from the center to the right wing. The large error bars and broad slit
openings however hinder an accurate evaluation of the data.
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Figure 4.5: Experimental yield distribution and polarization curve for 18N.
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4.4 Unpublished results
As a test-experiment, the g-factors of 17N (Iπ = 1/2−) and 18N (Iπ = 1−) were
remeasured. For 17N, the obtained magnetic moment |µ(17N)| = 0.3551(4)µN

is in good agreement with the published value |µ(17N)|publ. = 0.352(2)µN [42].
A detailed report can be found in the Physical Review C article enclosed.
For 18N, two contradictory magnetic moments exist in literature. Therefore,
new β-NMR measurements were performed in both g-factor regions. Three
β-NMR resonances, resulting in |g(18N)| = 0.3273(4), con�rmed the literature
value |g(18N)|1 = 0.3279(13) published by Ogawa et al. [1]. An extended dis-
cussion of the results can also be found in the article.
In the g-factor range around the value |g(18N)|2 = 0.135(15), published by
Neyens et al. [2], �ve β-NMR scans were performed. The results of these
measurements, not included in the paper, are presented here. The correspon-
ding experimental parameters are given in Table 4.1 while the outcome of the
measurements is shown in Fig. 4.6. The data sets have been analyzed with
the same conditions as the measurements presented in the paper. The X-
errors denote the applied rf-frequency modulation while the point on the outer
right contains all data taken without rf-�eld. In each �gure, the dotted lines
represent the limits of the g-factor range, determined by the published value
|g(18N)|2 = 0.135(15). No β-NMR e�ect larger than one σ has been observed.
Although di�erent experimental parameters lead to various o�sets on the asym-
metry axis, it is possible to put all data on the same �gure. To achieve this,
each data set is rescaled with respect to its own baseline, calculated as the
weighted mean of all β-asymmetries in that scan. In addition, the forth and
�fth data set, collected at a magnetic �eld of 0.5496(4) T, have a rescaled X-axis
to match the frequency range of the �rst three measurements. When di�erent
points appear at the same frequency, they are replaced by their weighted mean.
The result is shown in Fig. 4.7, again no e�ect larger than one σ is visible.

Table 4.1: The opening of the horizontal polarization slits FH31, the applied mag-
netic �eld B0 (T), the scanned frequency range (kHz), the step between two central
frequencies (kHz), the frequency modulation (kHz) and the obtained 1σ error for the
18N β-NMR measurements around |g| = 0.135(15).
Nr FH31 (mm) B0 (T) Freq. Step Mod. 1σ (%)
1 [-45,-25] 0.3997(3) 350-470 20 11 0.14
2 [-20,-5] 0.3996(3) 350-470 20 11 0.06
3 [-45,-20] 0.3997(3) 340-470 10 7 0.17
4 [-45,-20] 0.5496(4) 390-520 10 7 0.2
5 [-45,-20] 0.5496(4) 390-550 10 7 0.13
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Figure 4.6: Five β-NMR measurements in the |g(18N)|2 = 0.135(15) g-factor range.
The corresponding experimental parameters can be found in Table 4.1.
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Figure 4.7: Compilation of all data taken in the |g(18N)| = 0.135(15) region. For
details see text. (Indications of the applied frequency modulations are not shown.)

In conclusion, the resonance previously observed by Neyens et al. [2], giving rise
to the g-factor |g(18N)| = 0.135(15), could not be reproduced by the present
data set. The �ve individual β-NMR measurements did not reveal any reso-
nance and also the compilation of the data on the same plot did not provide
any g-factor indication. On the other hand, three β-NMR measurements con-
�rmed the value |g(18N)| = 0.3279(13), published by Ogawa et al. in [1]. In
order to determine the nature of the resonance observed by Neyens et al. [2],
additional research is required taking into account the option of a (not yet
observed) long-lived isomeric stateA.

AIt is possible that an isomeric state was produced and polarized in the projectile-
fragmentation reaction of a 22Ne beam as described in [2] and not in the pick-up reaction
with a 18O beam as discussed here. This can be an explanation why the resonance observed
in [2] could not be reproduced in this work. However, such an argument is very speculative
and needs at least a new β-NMR measurement, using preferably a 22Ne primary beam, to
be veri�ed.
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g factors of 17N and 18N remeasured
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Kameda,4 R. Lozeva∗,1 P. Morel,3 L. Perrot,5 K. Shimada,6
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The g factors of the 17N and 18N ground states were remeasured using the β-nuclear
magnetic resonance (β-NMR) technique on spin-polarized fragment beams at the
LISE fragment separator at GANIL. Based on the g-factor results, the magnetic mo-
ments of 17N (Iπ = 1/2−) and 18N (Iπ = 1−) were deduced: |µ(17N)| = 0.3551(4)µN

and |µ(18N)| = 0.3273(4)µN . Both results are in good agreement with and more
precise than the earlier observed values.
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Exotic nuclei close to the drip lines often exhibit different nuclear properties
compared to the isotopes in the valley of stability. Therefore they are extensively
studied in theoretical and experimental research, trying to understand the variation
in nuclear structure that occurs all over the nuclear chart. A changing shell structure
has also been found in the light neutron-rich boron (Z = 5), carbon (Z = 6), nitrogen
(Z = 7), and oxygen (Z = 8) isotopes (e.g., [1–6]). For these nuclei, monopole
interactions vary rapidly as the π(p) shell and the ν(sd) orbitals are filled, giving rise
to new shell gaps and vanishing magic numbers.
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An earlier β-NMR measurement on 17
7N10 (Iπ = 1/2−, t1/2 = 4.173 s [7]) showed

that configurations with two sd neutrons coupled to Jπ = 2+ are present in the
ground state. This induces a larger magnetic moment than the Schmidt value [8]
for an odd p1/2 proton [9]. For 18

7N11 (Iπ = 1− [10], t1/2 = 619(2) ms [11]), the
ground state properties and the β decay are extensively discussed in Refs. [10–19].
Large-scale shell-model calculations suggest a ground-state structure dominated by
configurations with three unpaired d5/2 neutrons coupled to Jπ = 3/2+, turning
18N into a transition nucleus toward the deformed 17

6C11 isotope [20]. Note that
two contradictory magnetic and quadrupole moments have been reported: |µ|1 =
0.3279(13)µN , |Q|1 = 12.3(12) mb in Ref. [14] and |µ|2 = 0.135(15)µN , |Q|2 =
27(4) mb in Ref. [15]. This often suggests the presence of an isomeric state in the
isotope of interest. A sufficiently long lifetime of the isomer (typically ≥ 50µs) is
required in order to induce a visible β-NMR resonance effect. The lower lifetime
limit is determined by the applied radio-frequent-field strength.
Although a 5.25 µs isomer is observed in 16N [7] and shape coexistence is predicted
to occur in 17C [5], no experimental evidence has been found for the presence of a
long-lived (≥ 50µs) isomeric state in 18N. So far, the level scheme of 18N has been
studied in three types of experiments, probing the charge-exchange reaction 18O(7Li,
7Be)18N [12], the β decay of 18C [21] and the fusion-evaporation reaction 9Be(11B,
2p)18N [19]. In the charge-exchange reaction, excited states were observed with a
resolution of 10 keV only, revealing two strongly populated levels around 121 keV
and 747 keV, a weakly populated level at 580 keV, and two levels above 2 MeV (left
panel of Fig. 1). The spin assignments, shown in Fig. 1, were made by Barker based
on a weak-coupling model [22]. In the β decay of 18C, states at 115 keV and 587 keV
could be identified (middle panel of Fig. 1), close in energy to the lowest states
observed in the charge-exchange reaction. The decay intensity of the 115 keV level to
the ground state was found to be more than a factor two lower than expected from
the analysis of the full data set. It was suggested that this is due to a nonobserved
long-lived isomeric transition in 18N. In the fusion-evaporation reaction, three levels
were observed at 115 keV, 587 keV and 742 keV respectively (right panel of Fig. 1).
The lifetimes of these states were measured using the recoil distance method [23].
The 115 keV level has a lifetime of 582(165) ps while the other two have lifetimes
below 40 ps. The technique used in this experiment was not sensitive to long-lived
isomers because of the short time window (100 ns) used for correlations between the
γ-rays and the two protons. Since the presence of an isomeric state in 18N has not
been confirmed so far, the discrepancy between the two measured sets of nuclear
moments remains unclarified.
In this Brief Report we report on a new measurement of the magnetic moments
of 17N and 18N, performed during a test experiment which was meant to evaluate
the performance of a new β-NMR setup installed at the LISE beam line [24, 25] at
GANIL. A technical description of the setup will be published elsewhere [26].
Both N fragments were produced in an intermediate energy reaction, induced by a
18O8+ primary beam (1 µA, 74.3A MeV) on a 1182 µm 9Be target. Spin-polarization
of the 17−18N-fragments was obtained by putting an angle of 2(1)◦ on the primary
beam with respect to the entrance of the spectrometer and by making a selection
in the longitudinal momentum distribution. The 17N isotopes were produced by a
projectile-fragmentation reaction for which the highest spin-polarization is known
to occur in the wings of the momentum distribution [27–29]. For single nucleon
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Figure 1: Level schemes of 18N proposed in (left) the charge-exchange reaction
18O(7Li, 7Be)18N [12], (middle) the β decay of 18C [21],(right) the fusion-evaporation
reaction 9Be(11B, 2p)18N [19].

pick-up reactions, such as the production mechanism of the 18N fragments, it was
demonstrated that a large amount of polarization is achieved in the left wing and
in the center of the momentum distribution [30]. Selecting a momentum window
according to these conditions resulted in about 2× 105 polarized 17N-ions per second
and about 105 polarized 18N-ions per second at the final focal point of the LISE
fragment separator. A purity of 94% was achieved for both secondary beams, using
a 1020 µm 9Be wedge degrader in the intermediate dispersive plane. During the
beam-tuning process, the transmission of the secondary beam was monitored on
three Si detectors, using the standard energy loss versus time-of-flight technique.
In the β-NMR setup, the selected secondary beam is stopped in a 2 mm MgO crystal
at room temperature. The β particles, produced by the decay of the implanted
fragments, are detected in two ∆E/E pairs of plastic scintillators. Both pairs are
situated along the vertical polarization direction, one above the crystal, the other
below. When a polarized ensemble of nuclei decays, an anisotropic β-radiation
pattern is emitted and the observed β asymmetry A is given as

A =
N(0◦)−N(180◦)
N(0◦) + N(180◦)

' vβ

c
AβP (1)

P is the polarization of the selected ensemble and Aβ is the asymmetry parameter
determined by the β-decay properties (e.g., the initial and final spins) of the nuclei
under investigation. The ratio of the velocity of the β particles, vβ , to the speed of
light can be taken as 1 since 17N and 18N have high Qβ values [Qβ(17N) = 8.68 MeV
and Qβ(18N) = 13.9 MeV]. When the spin polarization of the implanted ensemble is
destroyed, a change in the β-asymmetry detection, proportional to AβP , is observed.
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In the case of β-NMR, the spin polarization is resonantly destroyed by hyperfine in-
teractions between the nuclear spin ensemble and the static and radiofrequent (rf)
magnetic fields. The static magnetic field B0, applied along the polarization direction,
induces an equidistant (Zeeman) splitting of the nuclear m states. The energy dif-
ference between two subsequent levels is proportional to the nuclear g factor and the
magnetic field strength: ∆E = gµNB0. Perpendicular to B0, a rf field with frequency
ν is generated inside a coil placed around the crystal. When the energy hν of the rf
field equals the energy difference between two quantum levels, equal populations of
all m states are induced, resulting in an isotropic ensemble and a zero β asymmetry.
This happens when the rf frequency corresponds to the Larmor frequency νL:

νL =
gµNB0

h
(2)

By scanning the β asymmetry as a function of the rf frequency, the nuclear g factor
can be deduced from the position of the observed resonance.
While the polarized beam is implanted continuously, the rf frequency is changed
in discrete steps every 10 sec to 1 min, depending on the lifetime. In order not to
miss out on the resonance frequency, each applied rf frequency is modulated around
its central value. The modulation range covers at least one-half of the interval
between two subsequent central frequencies and is repeated at a rate of 100 Hz.
After applying all frequencies in a certain scan range, data without rf field are taken
as a reference. The complete cycle is repeated until enough statistics are obtained.
Depending on the production rate and the detection efficiency, this takes 30 min up
to a few hours.
During the β-NMR measurement, the static magnetic field B0 is monitored by
the hall probe which is positioned at about 7 cm behind the implantation crystal.
From the recorded field value, the field strength at the position of the crystal
can be calculated, relying on the magnet calibrations performed before and after
the experiment. Using the average of both calibration curves, a field value of
0.15967(12) T was obtained for the 17N measurements while B0 was 0.39971(33) T
for the β-NMR’s on 18N. The errors on these values consist of two contributions,
added in quadrature. The statistical contribution includes the error on the field
measured at the hall probe position and the errors on the slope and the intercept of
the calibration function. The systematic error is given by the 0.1 mT and 0.25 mT
divergence observed for repeated calibrations around 0.16 T and 0.4 T, respectively.
Three β-NMR measurements were performed on the ground state of 17N. Initially,
a broad frequency region was scanned in steps of 10 kHz with 6 kHz modulation
(Fig.2a), revealing a 0.56(6)% NMR effect at νL,1 = 864.7(20) kHz. Two fine
scans around the observed resonance confirmed this result. The first fine scan
was performed by scanning a narrow rf-frequency range in steps of 4 kHz with a
modulation of 2.5 kHz (Fig.2b). A Larmor frequency of νL,2 = 864.7(7) kHz was
obtained. The same rf region was studied by a second fine scan, applying frequencies
which were only 2 kHz apart and a modulation of 3 kHz. This resulted in a Larmor
frequency νL,3 = 863.1(15) kHz (Fig.2c). The function used to fit the three β-NMR
curves includes the Lorentzian line shape and the modulation [31] with the resonance
frequency, the position of the baseline, the FWHM of the Lorentz curve and the
amplitude of the resonance as fit parameters. The outer right point in each β-NMR
spectrum contains the data taken without rf field.
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Figure 2: β-NMR results for 17N. (a) Broad scan with step 10 kHz. (b) Fine scan
with step 4 kHz. (c) Fine scan with step 2 kHz.

The weighted mean of the measured Larmor frequencies is calculated to be
νL(17N) = 864.4(6) kHz. Consequently, the experimental results for the
g factor and the magnetic moment of 17N are |g(17N)| = 0.7102(7) and
|µ(17N)| = |g|IµN = 0.3551(4)µN respectively. The diamagnetic correction
factor for N isotopes in a MgO crystal equals +3.55(20) × 10−4 ([32] and references
therein). Since the induced effect is smaller than the quoted error on the 17N
magnetic moment, no diamagnetic correction is performed. The obtained magnetic
moment is in agreement with and five times more precise than the published value
|µ(17N)|publ = 0.352(2)µN [9]. An extensive discussion and interpretation of the
17N result can be found in Ref. [9].
To study the g factor(s) of 18N, the region around the earlier observed value
g = 0.3279(13) [14] was scanned three times. In each measurement, seven central
frequencies were applied in steps of 16 kHz with a modulation of 10 kHz. Three
different settings of the momentum slits were used, resulting in a different initial
polarization for each β-NMR measurement. A summary of the β-NMR results is
given in Table I and the resonance with the highest amplitude is shown in Fig. 3.
The weighted mean of the three 18N Larmor frequencies is calculated to be
νL(18N) = 997.3(10) kHz. Based on this result, the g factor of 18N can be esta-
blished: |g(18N)| = 0.3273(4). Assuming that this value corresponds to the g factor
of the 1− ground state, |µ(18N)| = 0.3273(4)µN is obtained, in excellent agreement
with the value |µ(18N)|publ = 0.3279(13)µN , published by Ogawa et al. in Ref. [14].
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Figure 3: β-NMR result for 18N

Table I: Resonance frequencies and amplitudes for the β-NMR’s on 18N. The mea-
surements were performed for different momentum selections.

Momentum selection [slit positions] νL (kHz) Amplitude

left wing [-45; -25] 997.1(13) 0.57(10)%

center + right wing [-20; -5] 998.5(21) 0.37(9)%

right wing [-5; +15] 996.5(30) 0.31(11)%

The result does not include a diamagnetic correction. Due to the limited amount
of beam time, the g-factor range corresponding to the result proposed by Neyens
et al. in Ref. [15] could not be investigated in detail. A new measurement of that
g-factor region would clarify the discrepancy between both experimental magnetic
moments and it would confirm whether or not a long-lived isomer occurs in 18N. A
thorough analysis and discussion of the 18N result can be found in [14] and will not
be repeated here.
The upper panel of Fig. 4 gives the 18N pick-up production yield for several
momentum selections, applying a primary beam intensity of about 4 nA. In the lower
panel, the resonance amplitudes corresponding to the momentum bins selected in the
three β-NMR measurements are shown. In both figures, the position and the opening
of the momentum slits are indicated with a horizontal error bar. The identical rf
conditions, applied in the β-NMR measurements, allow a direct comparison of the
resonance amplitudes, each proportional to the amount of destroyed polarization.
Therefore, the curve in the lower panel of Fig. 4 describes the polarization of the
nuclear ensemble as a function of the fragment momentum. The curve seems to
follow the theoretical trend line [30], which is characterized by a high value of the
polarization in the left wing and a gradual decrease when going from the center to
the right wing. The large error bars on the amplitude however hinder a clear insight
in the detailed behavior of the polarization as a function of the momentum selection.
In conclusion, the magnetic moments of 17N and 18N were measured using the
β-nuclear magnetic resonance technique at the LISE fragment separator at GANIL.
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Figure 4: 18N production yields (upper panel) and β-NMR amplitudes (lower panel)
as a function of the momentum-slit position. The position and the opening of the
slits are indicated with a horizontal error bar.

For the 17N ground state, the magnetic moment |µ(17N)| = 0.3551(4)µN was found.
This result is 5 times more accurate than the value published by Ueno et al. [9],
illustrating that the newly designed β-NMR/β-NQR setup is suited for precision
measurements of nuclear moments. For 18N, three β-NMR measurements with
different initial polarizations resulted in |µ(18N)| = 0.3273(4)µN which confirms the
magnetic moment published by Ogawa et al. [14]. A future g factor measurement
around |g|2 = 0.135(15) should examine the result obtained by Neyens et al.
[15]. Independently, new β-decay and γ-spectroscopy experiments that allow the
observation of a long-lived (≥ 50µs) isomer are needed. Also a high-precision mass
measurement can reveal the presence of an isomeric state in 18N, provided that its
half-life is more than 1 ms.
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Chapter 5

Quadrupole moment of 31Al

In April 2008, the spectroscopic electric quadrupole moment of 31Al was mea-
sured using two di�erent β-NMR techniques: the Continuous RF (CRF) method
and the Adiabatic Fast Passage (AFP) technique. A detailed presentation of
the results and a discussion of the neutron-rich Al-isotopes in the shell-model
framework are published in Physics Letters B [60]. The article also includes
the motivation for the use of ep = 1.1e as the e�ective proton charge in the sd-
shell. A copy of the paper can be found at the end of this chapter. In addition,
the three sections below provide supplementary information on the N ' 20
isotopes, the physics behind the β-NMR methods and the search for the best
e�ective proton charge in the sd-shell.

5.1 The island of inversion
The use of a harmonic oscillator to simulate the nuclear mean-�eld potential
introduces the magic number 20 between the opposite-parity states 1d3/2 and
1f7/2 that originate from the N = 2 and N = 3 major oscillator shells re-
spectively. When concentrating on the neutron N = 20 shell-closure, the gap
between both orbitals can be estimated by comparing the one-neutron separa-
tion energies of the N = 20 and N = 21 isotones. It is found to be of the order
of 7.5 MeV in the double magic nucleus 40

20Ca20 [61].
When going down to lower proton numbers along the N = 20 isotones, several
anomalies are observed for nuclei below Z = 14. A few examples are quoted
here. When the energy of the �rst 2+ state in the even-even N = 20 isotones is
considered, a sudden drop appears for 32

12Mg [62] and 30
10Ne [63]. For the same

nuclei, also a signi�cantly larger B(E2)-value is measured [63, 64]. In the β-
decay of 32

12Mg [65], two abundant transitions are observed to high-lying states
in 32

13Al whereas the β-decay of 32
12Mg being a normal sd isotope is expected to
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proceed mainly to the ground state of the daughter nucleus. Furthermore, also
measured nuclear moments of the neutron-rich 11Na and 12Mg isotopes [66�69]
show a signi�cant deviation from the values put forward by the sd shell model.
All before-mentioned e�ects have a common origin: the presence of 2 particle -
2 hole (2p− 2h) neutron excitations from the sd to the pf orbits in the ground
state. When these intruder con�gurations dominate, the nucleus belongs to
the so-called island of inversion. In that region of exotic nuclei around N = 20,
2p− 2h excitations are favored as the gain in correlation energyA exceeds the
energy needed to promote two neutrons across the reduced N = 20 shell gap.

Figure 5.1: E�ective single particle energies (ESPE) of the N = 20 isotones as a func-
tion of Z, calculated with the Monte Carlo shell model, using the SDPF-M residual
interaction. (Figure taken from [71])

The growing importance of intruder con�gurations in the ground states of the
Z < 14 nuclei evolves in parallel with the reduction of the N = 20 shell-gap.
As presented in Fig. 5.1, the energy di�erence between the 1d3/2 and 1f7/2

levels stays almost constant when going from 40
20Ca20 to 34

14Si20 while a strong
decrease is observed for nuclei below 32

12Mg20. The driving force behind the
ARelying on the work by Heyde et al. [70], the term `correlation energy' comprises

the monopole and quadrupole terms of the e�ective nucleon-nucleon interaction among the
valence particles in the nucleus.
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changing single particle energies is the proton-neutron monopole interaction.
As described in [44] the V pn

d5/2d3/2
monopole term is signi�cantly larger than all

other monopole terms in the sd valence space due to the spin-isospin depen-
dence of the nuclear interaction. The interaction is maximized for a proton
and a neutron state with the same orbital momentum and an opposite spin ori-
entation. Therefore, a completely �lled π(1d5/2) and ν(1d3/2) orbital strongly
attract each other, creating a large N = 20 gap above the neutron orbital
involved. When protons are removed from the π(1d5/2) orbit (Z < 14), the
attraction is reduced and the ν(1d3/2) level rises in energy which results in a
smaller N = 20 shell gap. As a consequence, the N = 16 sub-shell closure
becomes more pronounced in the Ne and O isotopes.
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Figure 5.2: Current status of the island of inversion. Isotopes indicated on a black
background have ground states dominated by intruder con�gurations. A white back-
ground points to nuclei with a normal ν(sd) ground state while grey indicates the
transition nuclei. Regions indicated with diagonal stripes have not been explored yet.

A schematic of the island of inversion is shown in Fig. 5.2 and a complete re-
view can be found in [44, 72]. This section further concentrates on how nuclear
moments can trace the mixing of intruder con�gurations in the ground states
of the neutron-rich N ' 20 isotopes. Note that if shell-model calculations are
used, they must include the pf -shells in their con�guration space in order to
obtain an accurate description of the isotopes in the island of inversion.
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5.1.1 The Ne and Na isotopes
No experimental values are known for the nuclear moments of the most neutron-
rich Ne-isotopes. The magnetic moments have been measured up to 25Ne15
while the quadrupole moments have only been determined for 21,23Ne [73].
In the Na-chain, Keim et al. measured and discussed the nuclear moments of
the 26−31Na15−20 nuclei [66, 67]. For the lowest-mass isotopes 26−29Na, a good
agreement is observed between the experimental magnetic moments and the
calculated values, obtained in the full sd model space with the USD Hamilto-
nian of Brown and Wildenthal [74]. A signi�cantly worse agreement appears for
µ(30Na) and µ(31Na), providing a strong indication of pf -con�guration mixing
in the ground states of these isotopes. As the electric quadrupole moment is
even more sensitive to collective properties and excitations across N = 20, a
measurement can re�ne the conclusions drawn from the magnetic moment va-
lues. In addition to the intruder dominance in the ground states of 30Na and
31Na, the quadrupole-moment measurements revealed the presence of 2p− 2h
con�gurations in the ground state of 29Na. Evidence for this e�ect was also
found based on theoretical calculations performed by Utsuno et al. in the
sdf7/2p3/2 valence space using the SDPF-M residual interaction [75].

5.1.2 The Mg isotopes
Combined laser and β-NMR spectroscopy experiments revealed the ground-
state spins and magnetic moments of the odd-mass neutron-rich Mg isotopes
(Z = 12). For 27Mg15, the measured 1/2 spin and the negative magnetic
moment point to a positive-parity ground state dominated by an odd 2s1/2

neutron, in agreement with older experimental results and many-particle shell-
model calculations within the sd shell [76].
Adding two more neutrons gives I = 3/2 and a positive magnetic moment for
29Mg17 [76], indicating a major ν(1d3/2) ground-state con�guration. Again, a
good agreement is observed with shell-model calculations con�ned to the sd
valence space, placing 29Mg outside the island of inversion.
The �rst deviation from the ν(sd) scheme appears for 31Mg19. Neyens et al.
[68] report on the measured I = 1/2 spin and the negative magnetic moment,
suggesting a positive parity and strongly prolate deformed ground state with
a pure 2p− 2h intruder character.
For 33Mg21, laser and β-NMR spectroscopy revealed a 3/2 ground-state spin
and a negative magnetic moment. The interpretation of both results in the
Nilsson-model picture provides strong evidence for a negative-parity ground
state, dominated by 2p−2h intruder con�gurations [69]. This conclusion, how-
ever, is inconsistent with the positive-parity 1p− 1h ground state put forward
by the β-decay studies of 33Na [77] and 33Mg [78]. Note that 1p − 1h exci-
tations only support a negative magnetic moment when the pf neutrons are
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coupled to spin 2, resulting in a con�guration never been observed as a ground
state inside the island of inversion [79]. Other available experimental results,
e.g. from intermediate-energy Coulomb excitation experiments [80] and proton
inelastic scattering measurements [81], can be interpreted in both frameworks.
Therefore, the debate on the ground-state structure of 33Mg is still ongoing.

5.1.3 The Al isotopes
For the neutron-rich Al isotopes (Z = 13) at the border of the island of inver-
sion, nuclear-moment measurements expose the transition from the `normal' Si
ground states to the deformed Mg isotopes. The g-factors of 31−34Al18−21 are
measured using the β-NMR technique on polarized fragment beams [82�85].
A comparison of the experimental values with theoretical calculations shows
that 31−32Al can be described as normal sd-shell nuclei. For 33Al and 34Al, an
increasing amount of 2p − 2h intruder con�gurations is necessary to correctly
explain the measured magnetic moments.
As the nuclear quadrupole moments are even more sensitive to neutron exci-
tations across N = 20 than the magnetic moments, a systematic study of Q
is made for the neutron-rich Al isotopes. Before the publication of this thesis,
the quadrupole moments of 31Al and 32Al have been measured at RIKEN with
a limited accuracy [86, 87]. The Physics Letters B article and the discussion
embedded in this thesis report on the precision measurement of Q(31Al), a
crucial and necessary step in the description of the odd-mass Al isotopes to-
wards the semi-magic nucleus 33Al. As 33Al is a transition nucleus between the
semi-magic 34Si and the strongly deformed 31Mg, a measurement of Q(33Al)
will add important information to the study of the nuclear structure at the
border of the island of inversion. The accurate value of |Q(31Al)|, obtained in
this work, will contribute to a correct interpretation of the new result.

5.2 AFP versus CRF β-NMR
The g-factor and the spectroscopic quadrupole moment of 31Al were measured
using the Adiabatic Fast Passage (AFP) and the Continuous RF (CRF) β-NMR
techniques [60]. In this section both methods are discussed in the classical ap-
proach - for CRF this has never been done before - which studies the evolution of
the magnetization M as a function of time. M is the total magnetic moment of
a nuclear ensemble and its z-component is proportional to the spin-polarization
P . When no interaction is present, M is aligned in the z-direction as de�ned
by the spin-orientation created in the projectile-fragmentation reaction. From
the time-evolution of the magnetization, the behavior of the polarization can
be deduced which is used to reconstruct the β-NMR curve.
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In a β-NMR experiment, the magnetization is subjected to the in�uence of
a static magnetic �eld B0 along the vertical z-axis and a radiofrequent �eld
B1(t), rotating at a particular angular frequency ω in the horizontal xy-plane.
For the time being, frequency modulation and rf-sweeping are neglected. A
schematic of the problem is given in Fig. 5.3a. In the laboratory frame S (the
xyz-frame), the time-evolution of the magnetization M is obtained by solving
the Bloch equation [88], omitting all life-time and relaxation e�ects:

dM
dt

∣∣∣∣
S

= M× γ [B0 + B1(t)] (5.1)

with γ = g µN

~ the gyromagnetic ratio. The time dependence of B1(t) can be
eliminated by using a coordinate system S′ that rotates about the z-axis with
a frequency ω. In the S′-frame, B0 along the z = z′ axis and B1 chosen in
parallel to x′ are static and the Bloch equation is reduced to [88]

dM
dt

∣∣∣∣
S′

= M× γ

[(
B0 − ω

γ

)
ez + B1ex′

]
= M× [(ω0 − ω) ez + ω1ex′ ] (5.2)

ω0 = gµN B0
~ is called the angular Larmor frequency while ω1 = gµN B1

~ is de-
�ned as the angular Rabi-oscillation frequency.
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Figure 5.3: a) Static magnetic �eld B0 and rf-�eld B1 which is rotating with frequency
ω in the laboratory frame S and static in the rotating frame S′. b) E�ective �eld Be

making an angle θ with the z = z′ axis. c) Precession of the magnetization about Be.
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In the rotating frame S′, the amplitude of the e�ective �eld Be(ω), indicated
in Fig 5.3b, can be calculated

Be(ω) =

√(
B0 − ω

γ

)2

+ B2
1 (5.3)

The e�ective �eld makes an angle θ(ω) with the z = z′ axis as shown in Fig
5.3b. Simple geometry leads to the expression of θ(ω) given below.

θ(ω) = arccos


 ω0 − ω√

(ω0 − ω)2 + ω2
1


 (5.4)

The dependence of θ on the rf-frequency ω is outlined in Fig 5.4a. Two si-
mulations are performed, using ω0 = 1000 kHz and two di�erent values for
the angular Rabi-oscillation frequency, ω1 = 5 kHz and ω1 = 15 kHz. From
Fig 5.4a it is clear that a small rf-�eld strength results in a narrow resonance
region, de�ned as the frequency interval where |ω0−ω| is smaller than |ω1| and
where the transition from θ(ω) = 45◦ to θ(ω) = 135◦ occurs. The width of the
resonance region equals 2ω1.

In a system where only a static magnetic �eld is present, the magnetization
starts precessing about the �eld vector. Applying this principle to the S′-frame,
M is precessing about Be with a frequency ωe = γBe =

√
(ω0 − ω)2 + ω2

1 . A
special case is encountered when the resonance condition ω = ω0 is ful�lled.
Then the magnetization in S′ precesses about Be = B1 with a frequency ω1.

When the production yield of the isotope of interest is very high, a β-NMR
curve can be obtained by applying many subsequent rf-frequencies in an inter-
val around the resonance frequency ω0. For each rf-frequency, Eq. 5.2 is solved
and the observed average polarization, proportional to < M >z=< M >z′ , is
plotted. As illustrated in Fig. 5.3c, the following expression for < M >z is
obtained:

< M >z=< M >z′=< M > cos(θ) = [M0 cos(θ)] cos(θ) = M0 cos2(θ) (5.5)

Two examples of likewise simulated β-NMR curves are shown in Fig. 5.4b. The
simulations were made without any frequency sweep or frequency modulation,
using ω0 = 1000 kHz and two values of the angular Rabi oscillation frequency,
ω1 = 5 kHz and ω1 = 15 kHz. The obtained line shapes are Lorentzian which
can be proven explicitly when inserting Eq. 5.4 in Eq. 5.5.

< M >z= M0
(ω0 − ω)2

(ω0 − ω)2 + ω2
1

(5.6)
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The full width at half maximum (FWHM) of a Lorentzian β-NMR curve equals
2ω1 and is therefore completely determined by the applied rf-�eld strength, as
illustrated in Fig. 5.4b.
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Figure 5.4: a) The angle θ(ω) between Be and the z′ axis as a function of ω for
ω1 = 5 kHz and ω1 = 15 kHz. b) Simulated β-NMR curves without frequency sweep
or frequency modulation, using ω0 = 1000 kHz and two di�erent Rabi oscillation
frequencies, ω1 = 5 kHz and ω1 = 15 kHz.

For the β-NMR measurements presented in this work however, low produc-
tion yields demand the use of a frequency sweep or frequency modulation (see
section 2.2). Two approaches are possible. If well-de�ned sequences of ion-
implantation, rf sweep and β-detection are applied in an attempt to inverse
the spin polarization, the β-NMR technique is called Adiabatic Fast Passage.
When continuous ion-implantation and β-detection are combined with a simul-
taneously applied and modulated rf signal, a destruction of the polarization is
induced and the corresponding method is called Continuous RF β-NMR.

5.2.1 Adiabatic Fast Passage β-NMR
The Adiabatic Fast Passage measurement on 31Al consists of subsequent cycles.
All experimental details are given in the attached Phys. Lett. B article. Each
cycle starts with an implantation time, followed by an rf-frequency sweep, a
β-detection time and another sweep of the same rf-frequency range. Let's have
a closer look at the second and the fourth part of the cycle. There, the rf-
frequency is swept linearly from ωi−∆ω to ωi +∆ω around a central value ωi.
The sweep typically takes a few ms (trf = 3 ms for the 31Al β-NMR), giving
rise to a rather low sweep-frequency ωr = 2π/trf . As the rf-frequency is no
longer constant, a revision of Eqs. 5.5 and 5.6 is needed.
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As the rf-frequency is swept from ωi − ∆ω to ωi + ∆ω, the e�ective �eld
Be will follow this evolution by rotating from the initial angle θ(ωi −∆ω) to
the �nal angle θ(ωi + ∆ω). It can be proven [88] that the component of the
magnetization which is initially oriented along Be will remain constant when

ωr ¿ ωe (5.7)
The magnetization thus follows the direction of the e�ective �eld Be when the
�eld changes su�ciently slow. This condition is generally called the adiabatic
theorem and must be ful�lled for the majority of the data points when a β-NMR
measurement is performed. The adiabatic theorem becomes more strict close
to the resonance where ωe = ω1. In the case of 31Al, ωr is 2.094 kHz while ω1,
the minimal value of ωe, equals 7.3 kHz (corresponding to B1 = 0.1 mT). For
the β-NMR on 31Al, the submission to the adiabatic theorem is not optimal.
However, only small deviations from the AFP line shape are expected.

In order to make a mathematical description of the resonance line shape after
adiabatic spin inversion, the Bloch equation has to be solved for the appro-
priate experimental conditions. Therefore, the axis system S′′ is introduced,
rotating around y′ = y′′ with a frequency ωr and having z′′ parallel to Be(t)
(see Fig. 5.5). In this frame, the Bloch equation becomes:

dM
dt

∣∣∣∣
S′′

= M× [γBe(t)ez′′ − ωrey′′ ] (5.8)

Although the vector Be has a �xed direction in S′′, its amplitude changes as a
function of time. However, when the precession of M about Be is much faster
than the amplitude variation (ωr ¿ ωe), Be can be considered as a constant in
time. Eq. 5.8 then holds the following solution for < M >z′′ in S′′:

< M >z′′= M0 cos(θ(ωi −∆ω)) + M0 sin(θ(ωi −∆ω))
ωr

ωe
sin(ωet) (5.9)

The second term can be neglected provided that the adiabatic theorem is ful-
�lled for all ωe. Tracing this solution back to the S-frame gives the average
z-component of the magnetization as a function of the applied frequency ω(t):

< M(ω(t)) >z= M0 cos(θ(ωi −∆ω)) cos(θ(ω(t))) (5.10)

In an AFP β-NMR measurement, the β-detection only starts after a complete
rf-pulse. This means that the observed polarization is the polarization obtained
at the �nal frequency ω = ωi+∆ω. Therefore, the line shape of an AFP β-NMR
resonance applying a frequency sweep around ωi is determined by

< M(ωi) >z = M0 cos(θ(ωi −∆ω)) cos(θ(ωi + ∆ω)) (5.11)

= M0
ω0 − ωi + ∆ω√

(ω0 − ωi + ∆ω)2 + ω2
1

ω0 − ωi −∆ω√
(ω0 − ωi −∆ω)2 + ω2

1
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Figure 5.5: The reference frame S′′, rotating with a frequency ωr about y′. When the
adiabatic condition is ful�lled, the average magnetization (< M >z′′= M0 cos[θ(ωi −
∆ω)]) remains constant along the rotating e�ective �eld.

Simulations using Eq. 5.11 can probe the in�uence of the rf-�eld strength
B1 and the sweep range on the observed β-NMR line shape. Simulations are
made for the experimental conditions of the β-NMR measurement on 31Al
described in the Physics Letters B article. Note that the experimentally applied
frequencies ν and ∆ν, given in the paper, are replaced by ω = 2πν and ∆ω =
2π∆ν, consistent with the theoretical discussion presented here.
First, the in�uence of B1 is studied, keeping the sweep range �xed at ∆ω =
2π×1.54 = 9.68 kHz (angular sweep range used for the AFP β-NMR on 31Al).
Fig. 5.6a illustrates that a larger rf-�eld strength induces a broader β-NMR
curve with a smaller amplitude. This can be understood based on the behavior
of θ(ω), the angle between the e�ective �eld and the z-axis, which is outlined
in Fig. 5.6b for three rf-�eld strengths (B1 = 0.03 mT, B1 = 0.1 mT and
B1 = 0.25 mT). On either side of the resonance, a sweep interval of ∆ω =
9.68 kHz is drawn, indicating θ(ωres − 9.68) and θ(ωres + 9.68) on the three
curves. As can be observed, the product of the cosines of the two angles will
be smaller for B1 = 0.25 mT than for B1 = 0.1 mT and B1 = 0.03 mT, which
have a much narrower resonance region. This proves that, in order to have a
full inversion of the spin polarization, the width of the resonance region, which
is of the order of 2ω1, should be much smaller than twice the sweep interval
∆ω. For the particular case considered here, ω1 needs to smaller than 2.2 kHz
(B1 < 0.03 mT), which corresponds to about one fourth of ∆ω.
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Figure 5.6: a) Simulated AFP β-NMR resonances for a sweep range ∆ω = 9.68 kHz
applying B1 =0.03, 0.1 and 0.25 mT. b) θ(ω) curves for B1 =0.03, 0.1 and 0.25 mT,
indicating the total sweep range 2∆ω = 19.4 kHz around the resonance frequency.

The inverse e�ect is studied in Fig. 5.7a where simulations are shown for two
sweep ranges, ∆ω = 2π × 1.54 = 9.68 kHz and ∆ω = 2π × 3.54 = 22.24 kHz,
keeping the rf-�eld strength constant at 0.1 mT. A larger sweep range gives rise
to a broader and deeper β-NMR curve. Again, this can be explained by looking
at θ(ω), given in Fig. 5.7b for B1 = 0.1 mT. Both sweep ranges are indicated,
symmetric around the resonance frequency ω0. For the largest sweep range,
the product of the cosines corresponding to the initial and �nal frequencies will
be closer to minus one, resulting in a larger β-NMR amplitude. This con�rms
once more that ω1 ¿ ∆ω needs to be ful�lled in order to obtain a complete
inversion of the spin polarization.
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Figure 5.7: a) Simulated AFP β-NMR resonances for a rf-�eld strength B1 = 0.1 mT,
applying a sweep range of ∆ω = 2π× 1.54 kHz and ∆ω = 2π× 3.54 kHz. b) θ(ω) for
B1 =0.1 mT, indicating the total sweep ranges 2∆ω = 19.4 kHz and 2∆ω = 44.5 kHz
around the resonance frequency.
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To conclude, a full AFP spin inversion is obtained if the adiabatic theorem ωr ¿
ω1 AND the ω1 ¿ ∆ω condition are trueA. Therefore, a fragile balance exists
between the applied sweep frequency ωr, the rf-�eld strength and the sweep
range. For the AFP measurements performed on 31Al no complete inversion of
the polarization was observed as the applied B1 (about 0.1 mT, giving rise to
ω1 = 7.3 kHz) was too large for ∆ω = 2π × 1.54 = 9.68 kHz.

5.2.2 Continuous RF β-NMR
For the CRF β-NMR method, which combines a continuous ion implantation
and β-detection with a modulated rf signal, no models based on physical argu-
ments are available. The only existing theoretical formalism is developed by D.
Yordanov [69] and gives a purely mathematical description of the total β-NMR
line pro�le f(ν; ν0, Γ,M):

f(ν; ν0,Γ,M) ∼
∫ ν+M

ν−M

L(ξ − ν0; Γ)
∣∣∣∣
dt

dξ

∣∣∣∣ dξ (5.12)

L(ξ−ν0; Γ) expresses the Lorentzian line shape as a function of the rf-frequency
ξ, centralized around the central value ν0 and determined by the full width at
half maximum (FWHM) Γ. The term dt/dξ gives the time needed per frequency
and depends on the modulation range M . When a ramp modulation is used,
Eq. 5.12 reduces to

f(ν; ν0,Γ,M) ∼ arctan
2(ν − ν0 + M)

Γ
− arctan

2(ν − ν0 −M)
Γ

(5.13)

Being the only CRF β-NMR model for a long time, Eq. 5.12 has been used to
analyse and �t all experimental β-NMR resonances in this thesis work, leaving
the amplitude and the FWHM of the curves as free parameters. So far, the
generated β-NMR line shape has been considered as intuitively correct. How-
ever, no experimental veri�cation of this hypothesis has ever been performed
using e.g. a β-NMR measurement applying a small frequency step size and a
large frequency modulationB.
In addition to the mathematical model given above, this thesis work introduces
a new theoretical formalism containing all physical aspects of the CRF β-NMR
measurement. Similar as for the AFP technique, the classical framework is
used. In this case, however, two procedures can be followed, both assuming the
adiabatic condition to be ful�lled and the nuclear lifetime to be in�nite.

AThe set of the two conditions, ωr ¿ ω1 and ω1 ¿ ∆ω, is called the `AFP condition' in
the Physics Letters B article at the end of the chapter.

BIn most cases, frequency modulation is used to overcome low production rates. For
higher yields, more data-points are taken typically with a small or no rf-modulation.
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The �rst procedure starts from the AFP result given in Eq. 5.11. Simula-
tions within this particular CRF approach induce the same β-NMR line shape
as the mathematical model described earlier. The simulated resonance ampli-
tudes, however, are unrealistic. Despite its unphysical character, the formalism
has been added to the discussion below since it accounts for the theoretical line
shapes used to �t the experimental β-NMR results. It must be stressed that the
use of a possibly wrong line shape does not in�uence the values of the deduced
g-factorsA.
The second CRF approach starts from the general expression 5.10, valid for all
β-NMR measurements based on a rf-frequency changing in time. It holds the
correct β-NMR amplitudes but di�erent β-NMR line shapes compared to the
�rst CRF approach. In order to check the reliability of the second model, a
β-NMR measurement using the combination of a small frequency step size and
a very large modulation range is strongly encouraged. Below, both models are
discussed and evaluated in detail.

First CRF approach
The �rst CRF approach is a direct extension of Eq. 5.11, only replacing the con-
cept of a single frequency sweep by that of a continuous frequency modulation.
The argumentation is as follows. As the frequency modulation is a periodic
function around a central frequency ωi (a ramp function in our case), the ini-
tial and �nal frequencies in each period are identical. Therefore, the average
z-component of the magnetization is determined by a cosine squared. Further-
more, as the β-detection is performed simultaneously with the rf-modulation,
the `start' and `end' point are unde�ned and an average over all possible angles
between θ(ωi−∆ω) and θ(ωi+∆ω) is needed. The latter can be replaced by an
average over ω using Eq. 5.4, leading to the following expression for < M >z:

< M >z= M0
1

2∆ω

∫ ωi+∆ω

ωi−∆ω

(ω0 − ω)2

(ω0 − ω)2 + ω2
1

dω (5.14)

In Fig. 5.8, simulations are presented for the experimental conditions of the
CRF β-NMR on 31Al. Note that the rf-frequency ν = ω/(2π) and not the
angular frequency ω is put on the X-axis in order to make a comparison with
experiment straightforward. If the modulation range ∆ν = ∆ω/(2π) is kept
constant at 1.2 kHz, an increase of the rf-�eld strength shows a broadening of
the β-NMR curve and an increase of the amplitude (Fig. 5.8a). Vice versa,
if the rf-strength B1 is �xed at 0.1 mT, the β-NMR line shape becomes much
wider and less deep when the modulation interval is expanded (Fig. 5.8b).

AAlthough its behavior for large modulation ranges is not physical, the �rst CRF approach
predicts a correct Lorentzian β-NMR line shape when a small or zero frequency modulation
is applied. As the g-factor is in most cases deduced from a �ne scan with a small modulation
range, the �tted line shape does not induce an extra error on the g-factor value.
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Figure 5.8: a) Simulated CRF β-NMR curves (approach 1) for a sweep range ∆ν =
∆ω/(2π) of 1.2 kHz applying B1 =0.1, 0.25 and 0.5 mT. b) Simulated CRF β-NMR
curves (approach 1) for a rf-�eld strength of 0.1 mT applying ∆ν = ∆ω/(2π) =1.2,
5.2 and 10.2 kHz.

An evaluation of the β-NMR results obtained with Eq. 5.14 and shown in Fig.
5.8 can be made. Two aspects are discussed, the β-NMR line shape and the
β-NMR amplitude.
When the frequency-modulation range increases, the simulated line shape varies
from a Lorentzian function to a `rounded' step function. Exactly the same line
shape is obtained with the mathematical formalism, described earlier.
Although the line shape of the resonances in Fig. 5.8 seems intuitively correct,
inconsistencies arise when considering the β-NMR amplitudes of the simula-
tions. According to Eq. 5.14, a large modulation range would drastically
decrease the amplitude of the β-NMR resonance. This behavior, however, has
never been observed experimentally and a counterexample was found in a series
of β-NMR measurements on 44Cl. As will be shown in chapter 6, �ve β-NMR
measurements have been performed on the 44Cl ground state, gradually de-
creasing the frequency-modulation range. Two measurements can be directly
compared to each other as they were performed with the same rf-strength and
using a modulation which overcomes the inhomogeneous line-broadeningA. The
amplitudes of both measurements are given in Table 5.1, relative to the am-
plitude obtained for ∆ν = ∆ω/(2π) = 1.6 kHz. The experimental results
are compared to simulated amplitudes, using the same frequency modulations
and assuming B1 = 0.1 mT. Table 5.1 illustrates that Eq. 5.14 is not able to
predict a realistic β-NMR amplitude for the measurement using ∆ν = 17 kHz.

AAn inhomogeneous magnetic �eld and defects in the structure of the implantation crystal
induce a broader β-NMR resonance with a reduced amplitude when a small or zero frequency
modulation is applied. For B0 = 1 T, �eld �uctuations of 5 to 9× 10−4 T can be expected,
requiring a frequency modulation of 1.03 to 1.85 kHz in order to overcome the inhomogeneous
line broadening.
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Table 5.1: Comparison of two experimental and simulated β-NMR amplitudes of
44Cl for di�erent frequency-modulation intervals. The experimental values are given
relative to the amplitude obtained for ∆ν = 1.6 kHz. The simulated amplitudes are
calculated using Eq. 5.14 and assuming B1=0.1 mT.
∆ν (kHz) Experimental ampl. (%) Simulated ampl. (%)

17 74(11) 10
1.6 100(13) 100

Second CRF approach
The second CRF approach starts from the general formula 5.10 which describes
the z-component of the magnetization after a time period t as the product of
cos(θ) at the start (= t0) and cos(θ) at a time t0 + t. In a CRF measurement,
where rf and β-detection are applied simultaneously, no end-point is reached
and the average magnetization over the modulation interval is observed. This
implies an integration over all t in the interval [0, tm] with tm the modulation
period. As also the starting point t0 is not well-de�ned, another integration
over t0 is needed. For the CRF technique, Eq. 5.10 changes into:

< M >z= M0
1
tm

∫ tm

0

cos(θ(ω(t0)))
(

1
tm

∫ tm

0

cos(θ(ω(t0 + t)))dt

)
dt0 (5.15)

Since ω(t0 + t) is a periodic function in time and using Eq. 5.4, the term
between brackets can be rewritten as

(
1

2∆ω

∫ ωi+∆ω

ωi−∆ω
ω0−ω√

(ω0−ω)2+ω2
1

dω

)
, which

is independent of the initial conditions. Therefore, expression 5.15 reduces to:

< M >z= M0


 1

2∆ω

∫ ωi+∆ω

ωi−∆ω

ω0 − ω√
(ω0 − ω)2 + ω2

1

dω




2

(5.16)

Simulations have been performed based on Eq. 5.16 using the experimental
conditions for 31Al as presented in the Physics Letters B article. A summary
of the simulations is shown in Fig. 5.9. Applying ∆ν = 1.2 kHz and B1 =
0.1, 0.25 or 0.5 mT gives the curves presented in Fig. 5.9a. Changing the
modulation range from ∆ν = 1.2 kHz to 10.2 kHz for a constant rf-strength of
0.1 mT results in Fig. 5.9b.
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Figure 5.9: a) Simulated CRF β-NMR curves (approach 2) for a sweep range ∆ν =
∆ω/(2π) of 1.2 kHz applying B1 =0.1, 0.25 and 0.5 mT. b) Simulated CRF β-NMR
curves (approach 2) for a rf-�eld strength of 0.1 mT applying ∆ν = ∆ω/(2π) =1.2,
5.2 and 10.2 kHz.

Bearing in mind that the nuclear lifetime is not taken into account in the
presented models, realistic amplitudes are obtained for the β-NMR curves si-
mulated using Eq. 5.16. When an in�nite nuclear lifetime is assumed, the full
resonance e�ect is observed even for very low rf-�eld strengths and extremely
small modulation intervals.
The line shapes of the β-NMR resonances calculated with Eq. 5.16 di�er from
the present intuitive idea of how a β-NMR curve with modulation looks like.
However, it must be underlined once more that an experimental high-e�ciency
β-NMR has never been performed using the combination of a small frequency
step size and a very large modulation range. The outcome of such an experi-
ment would be able to judge which of both CRF approaches, presented in this
work, generates the correct line shape and is therefore strongly encouraged.
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5.3 Changing e�ective charges
As introduced in section 2.1, shell-model calculations do not account for all pos-
sible nuclear e�ects. When nuclear moments are calculated, meson-exchange
currents (MEC) are omitted and particle con�gurations are neglected due to
the limited valence space and the residual interactions. A general discussion of
both aspects is given below [23, 26].

• Meson-exchange currents arise from the interaction between the nucle-
ons. When this interaction is disturbed by the presence of electromag-
netic �elds, correction factors should be introduced. When at least two
nucleons are involved, MEC corrections induce two-body terms in the,
up to now, one-body multipole moment operators.

• In addition to con�gurations of valence particles which are explicitly pro-
hibited by restrictions on the valence space, also particle-core polarization
is often not taken into account in shell-model calculations. In general,
the latter holds two contributions. The �rst-order particle-core polariza-
tion e�ect comprises the M1 particle-core coupling of valence particles to
1p−1h excitations between spin-orbit partners across a major shell. Mag-
netic dipole moments are very sensitive to this contribution. Second-order
core polarization includes the coupling of valence particles to quadrupole
vibrations (E2) or to 2p − 2h excitations of the core. This e�ect has a
strong in�uence on the nuclear quadrupole moment.

To take into account omitted valence particle con�gurations, particle-core po-
larization and MEC-corrections, e�ective nucleon g-factors and e�ective charges
are used in shell-model calculations.

Note that the quenching of the free nucleon g-factors and charges grows stronger
for heavier nuclei and larger cores. The odd-mass Bi-isotopes (Z = 83) for
instance, have one π(1h9/2) proton outside a closed Pb (Z = 82) core. Never-
theless, their magnetic moments are very di�erent from the Schmidt value since
�rst-order core-polarization e�ects, i.e. 1p− 1h excitations from the π(1h11/2)
orbit inside the Pb core to the π(1h9/2) spin-orbit partner in the con�guration
space, should be taken into account [26].
For the study of the sd nuclei, a 16O core is used. M1 core polarization is not
relevant since all spin-orbit partners are either included in the core or in the
valence space. It is therefore not surprising that the experimental magnetic
moments can be reproduced with the free nucleon g-factors. Second-order core
polarization does play a role in the structure of sd shell nuclei. Valence parti-
cles can couple to the �rst 2+ or another excited state of the 16O core. As these
con�gurations are not included in the shell-model calculations, it is expected
that (small) e�ective charges are needed to reproduce the observed Q-moments.
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In Ref. [74], Brown and Wildenthal proposed ep = 1.3e and en = 0.5e as the
e�ective proton and neutron charge for the sd shell nuclei. The values result
from a comparison of the experimental quadrupole moments and E2 matrix
elements, known at that time, with calculations using the USD-interaction [74]
in the π(sd)ν(sd) shell. Since the publication of the review article in 1988, a
fair number of new and more accurate experimental quadrupole moments and
B(E2) values became available. These data provide a stringent test for the
established e�ective charges ep = 1.3e and en = 0.5e.

Being `an appendix' to the Physics Letters B article, this section focusses on
the proton e�ective charge ep only. Similar as in the paper, only isotopes with
an odd proton number Z and an even neutron number N are considered. As
their ground-states and low-lying energy levels are dominated by the proton
con�guration, the odd-Z even-N nuclei are excellent probes to study the e�ec-
tive proton charge. The approach in this work is therefore di�erent from the
one in the Ref. [74] where a �t through all available quadrupole moments and
B(E2) values is used to determine ep and en simultaneously.

In the �rst step, the updated quadrupole-moment dataset of the odd-Z even-N
nuclei, including the experimental values for 17F, 23,25,27,29Na, 27,31Al, 35,37Cl
and 39K (see table 5.2), is compared to calculations with the neutrons restricted
to the ν(sd) shell. The protons are con�ned to the π(sd) orbits. All shell-model
calculations quoted in this section are made with the ANTOINE code [11] using
the sdpf residual interaction [12]. The sd part of the latter corresponds to the
USD interaction and the theoretical predictions are therefore equivalent to the
ones presented in the work of Brown and Wildenthal. In Fig. 5.10, the experi-
mental quadrupole moments are plotted against their theoretical values, using
ep = 1.1e (Fig. 5.10a) and ep = 1.3e (Fig. 5.10b) as e�ective proton charges.
When a perfect agreement between experiment and theory is obtained, the
data coincide with the solid line Qexp = Qth. Note that the error bars on
the experimental values are smaller than the dots. In order to compare both
�gures, a χ2 analysisA is performed using the expression [89]:

χ2 =
1
n

N∑

i=1


 1[∑N

i=1 1/σ2
i

]
(

yi,exp − yi,th

σi

)2

 (5.17)

with n the degrees of freedom and σi the errors on the experimental values
yi,exp. It is clear from the χ2 values in Fig. 5.10 that ep = 1.1e provides a
much better description of the `recently measured' π(sd) quadrupole moments
than the previously adopted e�ective charge ep = 1.3e.

AThe χ2 values calculated in the Physics Letters B article do not include the experimental
error bars. Therefore, they are di�erent from the ones mentioned in the text of this section.
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Figure 5.10: Comparison of the experimental quadrupole moments of the odd-Z even-
N π(sd) nuclei with ANTOINE calculations using the sdpf residual interaction in the
π(sd)ν(sd) valence space. The e�ective charges are (ep = 1.1e,en = 0.5e) for a) and
(ep = 1.3e,en = 0.5e) for b). The solid line indicates the Qexp = Qth curve.

As described earlier in the text, the quadrupole moment of an odd-Z even-N
nucleus is very sensitive to the proton con�guration of a particular state and
therefore to the e�ective proton charge. Although B(E2) valuesA involve two
nuclear states instead of one, they provide an excellent cross-check of the e�ec-
tive proton charge obtained from the comparison of theoretical and measured
quadrupole moments. In Fig. 5.11 and Table 5.3, experimental B(E2) values
of several transitions in 21,23Na, 27Al, 31P and 35,37Cl [90, 91] are compared
to shell-model calculations. All measured B(E2) values, except for the one of
21Na, were determined before 1977 and have most probablyB been included
in the compilation of Brown and Wildenthal. Nevertheless, calculations using
ep = 1.1e show a better agreement with experiment than the theoretical va-
lues obtained for ep = 1.3e. Recall that Brown and Wildenthal used a more
extended set of B(E2) values, including many 0+ → 2+ transition matrix ele-
ments of even-even nuclei, also depending on the e�ective neutron charge en,
to �x the e�ective proton charge at ep = 1.3e.

In the Physic Letters B article, ANTOINE calculations are performed in a
larger valence space, which includes also the ν(f7/2p3/2) shell. By doing so, in-
truder con�gurations can be taken into account and a better agreement between
theory and experiment is obtained for the neutron-rich π(sd) nuclei. For both
e�ective charges (ep = 1.1e and ep = 1.3e), the same study of the quadrupole
moments and the B(E2) values is carried out, using ν(sdf7/2p3/2) as the con�-

AThe B(E2) value gives a quantitative measure for the E2 transition strength. In Ref. [23],
the following de�nition of B(E2) can be found: B(E2; Ii → If ) = 1

2Ii+1
< Ψf ||E2||Ψi >2.

BThe B(E2) values used in Ref. [74] are only referred to as `B.H. Wildenthal and J.
Keikonen unpublished'.
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Figure 5.11: Comparison of the experimental B(E2) values of the odd-Z even-N
π(sd) nuclei with ANTOINE calculations using the sdpf residual interaction in the
π(sd)ν(sd) valence space. The e�ective charges are (ep = 1.1e,en = 0.5e) for a) and
(ep = 1.3e,en = 0.5e) for b). The solid line indicates the B(E2)exp = B(E2)th curve.

guration space for the neutrons. Fig. 5.12a and 5.12b, also given in the article,
show the comparison of the measured quadrupole moments (including Q(41K))
with the theoretical predictions applying ep = 1.1e and ep = 1.3e respectively.
ep = 1.1e is found to be the optimal e�ective proton charge for the odd-Z even-
N π(sd) nuclei, using the sdpf residual interaction in the π(sd) ν(sdf7/2p3/2)
con�guration space.
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Figure 5.12: Comparison of the experimental quadrupole moments of the odd-Z even-
N π(sd) nuclei with ANTOINE calculations using the sdpf residual interaction in the
π(sd)ν(sdf7/2p3/2) valence space. The e�ective charges are (ep = 1.1e,en = 0.5e) for
a) and (ep = 1.3e,en = 0.5e) for b). The solid line indicates the Qexp = Qth curve.

The same conclusion is found by studying the B(E2) values, also calculated in
the π(sd)ν(sdf7/2p3/2) valence space using the sdpf residual interaction. An
overview is given in Fig. 5.13 and Table 5.3.
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Figure 5.13: Comparison of the experimental B(E2) values of the odd-Z even-N
π(sd) nuclei with ANTOINE calculations using the sdpf residual interaction in the
π(sd)ν(sdf7/2p3/2) valence space. The e�ective charges are (ep = 1.1e,en = 0.5e) for
a) and (ep = 1.3e,en = 0.5e) for b). The solid line indicates B(E2)exp = B(E2)th.

From the study of the quadrupole moments and the B(E2) values of the odd-Z
even-N π(sd) nuclei, it must be concluded that ep = 1.1e is a better e�ective
proton charge than the previously established value ep = 1.3e. This result,
however, should be placed in the context of a much broader research project.
The next step would be to study the calculated and measured quadrupole mo-
ments and B(E2) values of the even-Z odd-N nuclei in order to determine the
proper e�ective neutron charge en. When both e�ective charges have been es-
tablished separately, a general cross-check needs to be performed by comparing
theoretical and experimental values of all π(sd) shell nuclei and especially of
the even-even and odd-odd isotopes.
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Table 5.2: A compilation of quadrupole moment data of the odd-Z even-N sd shell
nuclei, used for the evaluation of the e�ective proton charge ep in the sd shell. Shell-
model calculations are made with the ANTOINE code using the sdpf residual inter-
action in the π(sd)ν(sd) and π(sd)ν(sdf7/2p3/2) valence spaces.

ν(sd) space (mb) ν(sdf7/2p3/2) space (mb)
Nucl. Qexp (mb) Ref. ep = 1.1e ep = 1.3e ep = 1.1e ep = 1.3e
17F -58(4) [92] -66.4 -78.5 -66.4 -78.5

23Na 104.5(10) [93] 98.2 110.2 98.2 110.2
25Na 1.0(4) [94] -1.9 -3.3 -2.5 -3.8
27Na -7.2(3) [67] -14.5 -15.4 -14.3 -15.3
29Na 86(3) [67] 58.1 67.7 60.6 70.5
27Al 146.6(10) [95] 141.7 162 142.1 162.4
31Al 134.0(16) [60] 131.1 149.8 131.8 150.8
35Cl -85.0(11) [96] -80.2 -90.1 -80.5 -90.5
37Cl -64.35(64) [97] -65.6 -77.5 -66.2 -78.1
39K 58.5(6) [98] 57.5 67.9 57.7 68.2
41K 71.1(7) [98] / / 74.7 83.8

Table 5.3: B(E2) data set (e2fm4) of the odd-Z even-N sd shell nuclei, used to select
the best e�ective proton charge ep in the sd shell. The experimental values are taken
from [90, 91]. Shell-model calculations are made with the ANTOINE code using the
sdpf residual interaction in the π(sd)ν(sd) and π(sd)ν(sdf7/2p3/2) valence spaces.

ν(sd) space ν(sdf7/2p3/2) space
Nucl. Transition B(E2)ex ep = 1.1e 1.3e ep = 1.1e 1.3e
21Na 5/2+ → 3/2+ 137(9) 69.3 88.7 69.3 88.7
23Na 5/2+ → 3/2+ 105(8) 86 108.4 86 108.4
23Na 7/2+ → 5/2+ 45(16) 49.1 61.8 49.1 61.8
23Na 7/2+ → 3/2+ 37(5) 32 40.1 32 40.1
27Al 1/2+ → 5/2+ 39(2) 44.2 54.2 44.3 54.3
27Al 3/2+ → 5/2+ 39(2) 42.8 52.9 43 53.1
27Al 7/2+ → 5/2+ 68(2) 63.2 81.6 63.6 82.1
31P 3/2+ → 1/2+ 30(5) 30 37.6 30 37.6
31P 5/2+ → 1/2+ 44(5) 35.9 45.2 35.9 45.2
35Cl 1/2+ → 3/2+ 14.6(14) 8.2 11.5 4.8 6.9
35Cl 5/2+ → 3/2+ 68(3) 53.5 67.3 62.3 78.7
35Cl 7/2+ → 5/2+ 25(12) 22.3 27.8 25.2 31.2
35Cl 7/2+ → 3/2+ 17(4) 18.1 22.1 22.2 27.3
37Cl 1/2+ → 3/2+ 16.8(10) 12 16.7 11.6 16.1
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Precision measurement of the electric quadrupole
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charge in the sd-shell

M. De Rydt,1 G. Neyens,1 K. Asahi,2 D.L. Balabanski,3 J.M.
Daugas,4 M. Depuydt,1 L. Gaudefroy,4 S. Grévy,5 Y. Hasama,2 Y.
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5Grand Accélérateur National d’Ions Lourds (GANIL),

CEA/DSM-CNRS/IN2P3, B.P. 55027, F-14076 Caen Cedex 5, France
6RIKEN Nishina Center, 2-1 Hirosawa,

Wako, Saitama 351-0198, Japan
7Japan Atomic Energy Agency, Tokai, Ibaraki 319-1195, Japan

8IPN, 15 Rue G. Clemenceau, F-91406 Orsay, France
9CYRIC, Tohoku University, 6-3 Aoba, Aramaki,

Aoba-ku, Sendai, Miyagi 6980-8578, Japan

The electric quadrupole coupling constant of the 31Al ground state is measured
to be νQ =

∣∣ eQVzz
h

∣∣ = 2196(21)kHz using two different β-NMR (Nuclear Magnetic
Resonance) techniques. For the first time, a direct comparison is made between
the continuous rf technique and the adiabatic fast passage method. The obtained
coupling constants of both methods are in excellent agreement with each other and
a precise value for the quadrupole moment of 31Al has been deduced:

∣∣Q(31Al)
∣∣ =

134.0(16) mb. Comparison of this value with large-scale shell-model calculations in
the sd and sdpf valence spaces suggests that the 31Al ground state is dominated
by normal sd-shell configurations with a possible small contribution of intruder
states. The obtained value for

∣∣Q(31Al)
∣∣ and a compilation of measured quadrupole

moments of odd-Z even-N isotopes in comparison with shell-model calculations shows
that the proton effective charge ep = 1.1e provides a much better description of the
nuclear properties in the sd-shell than the adopted value ep = 1.3e.

PACS: 21.10.Ky, 21.60.Cs, 24.70.+s, 27.30.+t, 25.70.Mn, 29.27.Hj, 76.60.-k
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I. INTRODUCTION

The electric quadrupole moment Q provides a direct measure of the deviation of the
nuclear charge distribution from a sphere. As the quadrupole moment is a sensitive
probe to indicate changes in the shell structure, its measurement is an important tool
in studying nuclei in and near the island of inversion. This region, comprising the Ne
(Z=10), Na (Z=11) and Mg (Z=12) isotopes with neutron number around N=20,
is characterized by the dominance of neutron excitations from the sd to the pf-orbits
(known as intruder configurations) in the ground state.
The first experimental evidence for this effect was found in the measured nuclear
masses and two-neutron separation energies of the 26−32Na isotopes [1]. In the same
year, Campi et al. made the first theoretical analysis of the observed experimental
anomalies, performing constrained Hartree Fock calculations [2]. Later, β-decay stud-
ies revealed a low lying 2+ state in 32Mg [3, 4], pointing to a deformed ground state
in that nucleus. Further evidence for the existence of the island of inversion was pro-
vided by the measurement of B(E2)-values and nuclear moments of the neutron-rich
Ne, Na and Mg isotopes (e.g. [5–12]).
As new experimental results became available, shell-model calculations grew more
important. Starting from the early calculations performed by Watt et al. [13] and
Poves and Retamosa [14], new residual interactions in larger model spaces were de-
veloped [15, 16] taking into account particle-hole excitations of the neutrons across
the reduced N=20 shell gap. For nuclei inside the island of inversion, theoretical
predictions reproduce the observed nuclear properties quite well. For the neutron-
rich 31−34Al isotopes (Z=13) located at the border of the island of inversion, the
interpretation of experimental results by means of theoretical models contributes to
a better understanding of how the transition to the region of deformed nuclei occurs.
A comparison between the measured nuclear magnetic moments of 31−34Al [17–20]
and shell model calculations shows that 31Al and 32Al can be described as normal
sd-shell nuclei [17, 19]. For 33Al and 34Al, intruder configurations play a role in the
ground state [19, 20] and in the low-energy level structure [21, 22]. This indicates a
gradual transition from the Si isotopes, being normal in their ground states, to the
deformed Mg isotopes inside the island of inversion.
As the nuclear quadrupole moment is even more sensitive to neutron excitations
across N=20 than the magnetic moment, a measurement of Q can provide crucial
and decisive information about the mixing between sd and pf configurations in the
ground states of the neutron-rich Al isotopes. So far, the Q-moments of 31−32Al
have been studied with a limited accuracy in Refs. [23, 24]. This letter reports on
the precision measurement of the 31Al ground-state quadrupole moment, which is a
crucial step in describing the systematics of the odd-mass Al isotopes towards the
semi-magic nucleus 33Al.
The quadrupole moment of 31Al was measured using two different β-Nuclear Mag-
netic Resonance techniques, based on a pulsed and a continuous radiofrequent field
respectively. This provides a unique opportunity to directly compare both methods
and results. The two techniques can be used to determine magnetic moments (then we
call it a β-NMR method) or quadrupole moments (then the term β-NQR or β-Nuclear
Quadrupole Resonance is adopted).
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II. EXPERIMENT

Neutron-rich 31Al nuclei were produced in a projectile fragmentation reaction, in-
duced by a 36S16+ primary beam (77 MeV/u) impinging on a 1212 µm thick 9Be
target. Selection of the secondary beam was done with the high-resolution fragment
separator LISE at GANIL [25, 26]. Si-diodes have been used for the beam identifi-
cation by standard energy loss versus time of flight measurements. Spin polarization
of the fragments [27] was obtained by putting an angle of 2(1)◦ on the primary beam
with respect to the entrance of the spectrometer. To get the highest polarization, a
selection in the right wing of the longitudinal momentum distribution was made, giv-
ing a polarized 31Al production yield of about 104 pps for a primary beam intensity
of 1 µA. A purity of 90% was achieved using a 1054 µm thick 9Be wedge-degrader in
the intermediate dispersive plane.
At the end of the LISE fragment separator, a β-Nuclear Magnetic/Quadrupole Reso-
nance (β-NMR/β-NQR) set-up is installed. The 31Al-nuclei are implanted in a cubic
Si-crystal for β-NMR or in an α-Al2O3 (corundum) crystal for β-NQR. No crystal
cooling is needed since the spin-lattice relaxation time T1 of 31Al (t1/2 = 644(25) ms)
in both crystals is sufficiently long to preserve the nuclear polarization for a few half
lives. T1 of 31Al in an α-Al2O3 crystal is estimated to be 4.8 s, using the T1T

2Q2 =
const law [28] and the measured relaxation time of 27Al [29].
The implanted nuclei are exposed to an external magnetic field B0 which induces a
Zeemann splitting of the nuclear m-states. When a non-cubic crystal (e.g. Al2O3) is
used as a stopper material, the quadrupole interaction with the electric field gradient
causes an additional shift of the magnetic substates which results in a non-equidistant
level spacing. Perpendicular to the external magnetic field, a radiofrequent (rf) field
is applied. This rf-field is generated inside the coil mounted around the crystal, by a
function generator and rf-amplifier. The asymmetry in the β-decay of the polarized
nuclei is observed in two sets of three thin plastic scintillators, one set is situated
above the crystal, the other below. Scattering and noise events are reduced in this
configuration by requiring a coincidence between the three detectors in each set. A
schematic drawing of the β-NMR/β-NQR set-up is given in Fig. 1.
The transition frequency between the magnetic sublevels m and m+1 under the influ-
ence of a Zeemann and an axially symmetric quadrupole interaction can be calculated
using perturbation theory, provided that the Larmor frequency νL is much larger than

νQ

4I(2I−1)
. Up to the second order, this series expansion is given by [30]:

νm − νm+1 = νL − 3νQ

8I(2I − 1)
(2m + 1)

(
3 cos2 θ − 1

)
(1)

− ν2
Q

32νL

9

4I2(2I − 1)2
[6m(m + 1)− 2I(I + 1) + 3] sin4 θ

I is the nuclear ground-state spin and θ is the angle between the electric field gradient
along the c-axis of the crystal and the magnetic field B0. The Larmor frequency νL

equals gµN B0
h

with g the nuclear g-factor. The quadrupole coupling constant νQ is

defined as eQVzz
h

. In this expression, Q is the spectroscopic quadrupole moment (in
mb) and Vzz the axially symmetric electric field gradient.
For 31Al (I=5/2+), five different transition frequencies exist. In table I, these five
frequencies are given in case the symmetry axis of the electric field gradient is parallel
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3 lower scintillators

3 upper scintillators

Figure 1: A schematic overview of the β-NMR/β-NQR set-up.

(θ=0◦) or perpendicular (θ=90◦) to the direction of B0. For the 90◦ orientation, the
quadrupole splitting is about two times smaller than for the 0◦ direction which implies
that a double quadrupole moment window can be scanned with the same frequency
settings.

Table I: Overview of the transition frequencies between the m-states in 31Al.

Transition θ = 0◦ θ = 90◦

−5/2 ↔ −3/2 ν1 = νL + 3
10

νQ ν1 = νL − 3
20

νQ + 9
1600

(
ν2

Q

νL

)

−3/2 ↔ −1/2 ν2 = νL + 3
20

νQ ν2 = νL − 3
40

νQ + 9
1280

(
ν2

Q

νL

)

−1/2 ↔ 1/2 ν3 = νL ν3 = νL + 9
800

(
ν2

Q

νL

)

1/2 ↔ 3/2 ν4 = νL − 3
20

νQ ν4 = νL + 3
40

νQ − 9
1280

(
ν2

Q

νL

)

3/2 ↔ 5/2 ν5 = νL − 3
10

νQ ν5 = νL + 3
20

νQ − 9
1600

(
ν2

Q

νL

)

When a single rf-frequency (for β-NMR) or a correlated set of frequencies (for β-
NQR) are applied such that they correspond to the frequency difference between two
adjacent m-states, the polarization is destroyed or reversed. This can be observed as
a change in the β-decay asymmetry. The latter quantity is defined as

Asymmetry =
Nup −Ndown

Nup + Ndown
' v

c
AβP (2)

Nup is the number of coincident counts detected by the upper set of detectors, while
Ndown is the number of coincident counts recorded in the lower scintillators. Aβ is the
asymmetry parameter and depends on the β-decay properties of the nucleus under
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consideration. P is the initial polarization of the implanted ensemble, induced by the
nuclear reaction.
Two techniques are commonly used: the continuous rf technique (CRF) [31, 32] and
the adiabatic fast passage method (AFP) [18, 23]. Both are based on the principle of
β-NMR [30]. In the CRF technique, the spin polarization is resonantly destroyed by
mixing the m quantum states with a rf-field while the AFP method requires a pulsed
production and rf system in order to reverse the population of the m-states. This
letter describes and compares both techniques which have been applied in the same
experimental conditions for the first time.
In the CRF method, 31Al nuclei are continuously implanted in the stopper crystal
which is exposed to one (β-NMR) or several correlated (β-NQR) rf-frequencies. At the
same time, the asymmetry of the β-decay is measured. When the applied frequency
(set) covers the Larmor frequency (β-NMR) or the quadrupole coupling constant
(β-NQR), all m-states are equally populated. The polarization is destroyed and
a resonance is observed when the β-asymmetry is plotted as a function of the rf-
frequency. The resonance amplitude is proportional to the initial polarization P of
the implanted ensemble.
A broad rf-region is scanned in discrete steps. In order to cover a large frequency
range in one step, frequency modulation is used. In the case of β-NQR and for each
value of νQ, all transition frequencies νi (Table I) are applied simultaneously and
modulated over 55% of the frequency step between two subsequent values. Typically,
one set of frequencies is applied during several seconds (up to minutes). After going
through all frequency steps and before starting the next scan, data without rf are
taken as a reference. The process is repeated for 30 minutes up to several hours until
sufficient statistics are collected.
The AFP method uses a pulsed beam which is implanted in the crystal during the
time ‘beam on’ as outlined in Fig. 2. When the beam is switched off, a single rf-
frequency (β-NMR) or a set of correlated frequencies (β-NQR) is applied for a few ms
(rf-time) and swept over a certain rf-range around a central value. If the sweep range,
the rf-field strength and the rf-time are chosen properly, the AFP-condition is fulfilled
and the population of the m-states is reversed [30]. After the rf pulse sequence, the
β-counting is started, typically for one lifetime. The AFP-cycle is concluded with the
same rf-sequence in order to restore the original direction of the polarization. The
different β-NQR frequencies are not applied simultaneously as in the CRF-method
but according to a sequence (Fig. 2).
The duty cycle of the AFP-method is in most cases slightly below 50%, compared to
100% in the CRF technique. The resonance amplitude however is proportional to 2P
(from +P to -P) when the AFP-condition is exactly met. Because the sensitivity of
the method is proportional to the asymmetry change squared, the AFP-method can
be up to two times more efficient than the CRF technique.
In order to prove that the measured quadrupole coupling constants are independent
of the experimental conditions, both methods were applied using a different magnetic
field and a different crystal orientation. The continuous rf β-NMR and β-NQR were
performed in an external field of 0.25 T. The measuring time per frequency was 10 s.
For the β-NQR measurement, the c-axis of the Al2O3 crystal was oriented parallel to
the direction of B0. The corresponding transition frequencies are given in the middle
column of Table I. All AFP measurements were performed with B0=0.5 T and θ was
put to 90◦. The transition frequencies are shown in the last column of Table I.
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Figure 2: Structure of one AFP β-NQR cycle. A zoom is made of one rf-on period.
It shows the order in which all five transition frequencies in 31Al are applied.

III. RESULTS

In order to implement a successful β-NQR experiment on the 31Al ground state, a
precise knowledge of the Larmor frequency νL is required. Therefore, a β-NMR mea-
surement (Al implanted in Si) was performed prior to each β-NQR-measurement.
The results are shown in Fig. 3. The upper panel shows the continuous rf β-NMR
with a frequency modulation of 1.2 kHz. Using a fitting function that includes the
Lorentzian line shape and the frequency modulation resulted in νL = 2909.3(2) kHz.
Other fit parameters were the position of the baseline, the FWHM of the curve and
the amplitude (proportional to the polarization).
The lower panel of Fig. 3 displays the AFP result, obtained with 1.54 kHz frequency
modulation. The same fitting procedure was applied and a Larmor frequency νL =
5820.2(3) kHz was found.
The slightly better relative accuracy obtained with the AFP-method, stems from the
fact that the relative frequency modulation was a little smaller compared to the one
applied in the continuous rf β-NMR, resulting in a narrower resonance and a more
precise value of νL. An absolute field calibration was not performed in this experi-
ment as the β-NQR transition frequencies νi (see Table I) do not directly depend on
the magnetic field but only on the Larmor frequency and the unknown quadrupole
coupling constant. Consequently, no magnetic moments were deduced.
The spectroscopic quadrupole moment of the 31Al ground state was initially measured
with the continuous rf method. Starting from a broad scan, covering a wide range
of |Q | and using a large frequency modulation (81.5 kHz), a resonance was found at
νQ=2218(75) kHz (Fig. 4a). In the subsequent β-NQR, a zoom of the frequency re-
gion was made around the earlier observed resonance (Fig. 4b), applying a frequency
modulation of 40.7 kHz. νQ=2188(25) kHz was obtained. The continuous rf results
were confirmed by a measurement using the adiabatic fast passage technique with a
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Figure 3: β-NMR resonances obtained with the continuous rf technique (upper panel)
and the AFP method (lower panel).

modulation of 75.5 kHz, resulting in νQ=2215(47) kHz (Fig. 4c). The weighted mean
of the three νQ’s is calculated to be νQ

(
31Al

)
=2196(21) kHz. Since the quadrupole

coupling constant of stable 27Al was also determined in an α-Al2O3 crystal at room
temperature, its value can be directly compared to νQ

(
31Al

)
. Using the known values

|Q(27Al)| = 146.6(10) mb [33] and νQ(27Al) = 2402.5(17) kHz [34], the quadrupole
moment of the 31Al ground state can be calculated as follows:

|Q (31Al
) | = |Q (

27Al
) | νQ

(
31Al

)

νQ (27Al)
(3)

|Q(31Al)| = 134.0(16) mb is obtained. This result is more than one order of magnitude
more precise and in agreement with the earlier measured quadrupole moment of 31Al
(112(32) mb [24]).
A comparison of the β-NMR amplitudes given in Fig. 3 shows no large difference
between the AFP-resonance and the continuous rf result. Within the errors, both
amplitudes are the same. Also for the β-NQR measurements (indicated in Fig. 4) no
clear difference in amplitude exists. The expected double effect has not been observed
since the AFP-technique was not optimized and, as a consequence, the exact AFP-
condition was never reached.
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Figure 4: β-NQR resonances obtained with the continuous rf technique (a and b) and
the AFP method (c).

IV. DISCUSSION

Recently, the proton core polarization charges and the electric quadrupole moments
of the neutron-rich Al isotopes have been investigated in the microscopic particle-
vibration coupling (PVC) model [35]. The single particle wave functions used in
this model are obtained from solving the Skyrme Hartee-Fock-Bogoliubov equation
self-consistently while the phonon energies are deduced from the quasiparticle-
random-phase approximation. The 31Al quadrupole moment was calculated for
two different values of the Landau-Migdal (LM) interaction strength, resulting in
QPV C(31Al) = 136 mb and 139 mb, in excellent agreement with our experimental
value. By comparing the calculated single particle quadrupole moment (without
coupling to E2-excitations) with the quadrupole moment calculated in the PVC
model, the authors deduced a proton core polarization charge of 1.03e and 1.08e for
31Al, depending on the LM interaction strength used.
In this letter, the 31Al quadrupole moment is interpreted in the framework of
two large-scale shell-model approaches. ANTOINE calculations [36] are performed
with the sdpf residual interaction [37] and the Monte Carlo Shell Model (MCSM)
[38, 39] is used with the SDPF-M interaction [40]. Both models are very efficient in
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outlining the nuclear properties of isotopes that belong to the island of inversion.
For the odd-mass neutron-rich Al-isotopes, four different calculations are made and
presented in Fig. 5. Three of them are ANTOINE calculations: one with all neutrons
confined to the sd-shell (0p-0h, squares), one with two neutrons forced into the
f7/2p3/2 orbitals (2p-2h, triangles) and one without truncations in the ν(sdf7/2p3/2)
model space (free sdpf, diamonds). The fourth dataset is a MCSM calculation using
the SDPF-M interaction in the ν(sdf7/2p3/2) valence space (free SDPF-M, stars). In
the ANTOINE calculations, protons are restricted to the sd-shell while the MCSM
imposes no restrictions on the proton space. All calculations are performed using
the standard effective charges ep = 1.3e and en = 0.5e [41]. The experimental data
(dots) are taken from this work and from Ref. [33].

14 16 18 20
Al neutron number 

150

200

Sp
ec

tr
os

co
pi

c 
Q

ua
dr

up
ol

e 
M

om
en

t (
m

b)

0p-0h -- sdpf
2p-2h -- sdpf
Free -- sdpf
Free -- SDPF-M
Experimental data

(64%)

(17%)

(3%)

(10%)

Figure 5: (Color online) An overview of the calculated and the measured quadrupole
moments of the neutron-rich odd-mass Al ground-states (I=5/2+). All calculations
were made using the effective charges ep = 1.3e and en = 0.5e. The contribution
of intruders configurations in the ground state is given between brackets (if different
from zero).

For 27−31Al, 0p-0h calculations and calculations in the untruncated model space
predict similar quadrupole moments. No intruder configurations are present in the
ground states of 27−29Al while a minor contribution (see Fig. 5) is predicted for 31Al.
The theoretical Q-moments reproduce the observed trend but theory overestimates
all experimental values by about 15%.
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As the quadrupole moments of the odd-mass Al-isotopes are dominated by the odd
d5/2 proton hole, the proton effective charge has been rescaled to ep = 1.1e in order

to obtain a quantitative agreement with the experimental value of 27Al. Fig. 6 gives
an overview of the experimental and rescaled theoretical Q-moments of 27−33Al,
adopting the same color code as in Fig. 5.
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Figure 6: (Color online) An overview of the calculated and the measured quadrupole
moments of the neutron-rich odd-mass Al ground-states (I=5/2+). All calculations
were made using the effective charges 1.1e and 0.5e for protons and neutrons
respectively.

All theoretical predictions for 31Al (N=18), calculated with the reduced effective
proton charge, show a good agreement with the experimental value. Pure neutron
sd-calculations as well as calculations in the untruncated model space can explain
the observed Q-moment. This indicates that the 31Al ground state is dominated by
normal sd-configurations with a possible small admixture of intruder states.
For 33Al (N=20), free ANTOINE and MCSM calculations predict an amount of 10%
and 64% respectively of intruder configurations in the ground state, leading to an
enhanced quadrupole moment compared to what is suggested by 0p-0h calculations.
In case 33Al has a pure sd ground-state configuration, a strong decrease of the
quadrupole moment with respect to the 31Al value should be observed, as expected
for a ‘normal’ closed-shell nucleus. However, a recent report on the g-factor of 33Al
suggests a non-negligible contribution of neutron excitations across N=20 in the
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ground state [19]. A measurement of the 33Al quadrupole moment will therefore
provide decisive information about the structure of the Al isotopes at the N=20
shell closure.
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Figure 7: Known quadrupole moments of πsd-shell nuclei with odd Z and even N. The
theoretical values are obtained using the sdpf residual interaction with the protons
restricted to the sd-shell and the neutrons allowed in the sdf7/2p3/2 space. Scattering
around Qexp = Qtheo is studied. In the upper panel, Qtheo is calculated with ep =
1.3e while the lower panel shows Qtheo values determined with ep = 1.1e. The
experimental errors are smaller than the symbol size.

The use of the reduced effective proton charge ep = 1.1e to describe the odd-mass
Al quadrupole moments can be justified in the framework of the full πsd shell.
The standard effective charges ep = 1.3e and en = 0.5e were established in 1988
by Brown and Wildenthal [41] based on a comparison of shell-model calculations
with the experimental E2 γ-decay transition matrix elements and the not very
precise static quadrupole moments known at that time. Since then, nine new and/or
more precise static quadrupole moments of odd-Z even-N πsd-shell nuclei became
available, including the present result for 31Al. Isotopes with an odd proton and
an even neutron number are excellent probes to define the proton effective charge
used in the πsd-shell as their quadrupole moments are mainly determined by proton
configurations.
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In Fig. 7, each odd-Z even-N πsd-isotope for which the ground-state quadrupole
moment is measured, is represented by a data point with Qtheo as X-coordinate and
Qexp as Y-coordinate. All data scatter around the Qexp = Qtheo line. In the upper
panel, the quadrupole moments are calculated using the ANTOINE sdpf residual
interaction with protons in the sd shell and neutrons in the sdf7/2p3/2 orbits using
the standard effective charges ep = 1.3e and en = 0.5e. A rather large reduced
χ2-value of 3.4 is found with respect to the Qexp = Qtheo curve. In the lower panel,
Qtheo is determined using the reduced effective proton charge ep = 1.1e. A much
better agreement between experiment and theory (χ2

red = 1.5) is observed. The
experimental data are taken from this work and from Refs. [42, 43].
Thus, based on a compilation of recent and remeasured quadrupole moments for
odd-Z even-N πsd isotopes, it can be concluded that ep = 1.1e is a more realistic
effective proton charge for the sd-shell than the previously adopted value 1.3e. This
conclusion offers a strong argument to justify the use of the effective proton charge
1.1e in the discussion of the 31Al quadrupole moment.

V. SUMMARY

In conclusion, the electric quadrupole coupling constant of 31Al, produced in a
projectile-fragmentation reaction, was measured using two Nuclear Quadrupole
Resonance techniques, one based on a continuous rf-signal, the other on a pulsed
sequence. The measured values are in good agreement with each other, leading to a
mean value of νQ=2196(21) kHz. From this, the quadrupole moment of 31Al could
be extracted:

∣∣Q(31Al)
∣∣ = 134.0(16) mb.

The precise value of |Q(31Al)| together with other experimental quadrupole moments
of odd-Z even-N sd-nuclei were used to determine the proton effective charge in the
πsd-shell. Calculations performed with ep = 1.1e result in a better agreement with
experiment than calculations using the standard effective proton charge ep = 1.3e.
Comparison with shell-model calculations using the sdpf and SDPF-M residual
interactions shows that the ground state of 31Al is dominated by normal sd-shell
configurations with a possible small admixture of neutron 2p-2h states. This points
to a gradual transition from the deformed Mg isotopes to the normal Si ground
states. A measurement of Q(33Al) would add important information to the study
of the nuclear structure of the odd-mass Al-isotopes at the border of the island of
inversion. The accurate value of |Q(31Al)|, obtained in this work, will contribute to
a correct interpretation of that new result.
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RII3-CT-2004-506065, by the FWO-Vlaanderen and by the IAP-programme of the
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Chapter 6

g-factor of 44Cl

In December 2007, at the start of the Cl campaign in GANIL, the ground-state
g-factor of 44Cl was measured. This experiment was the �rst in a series of
three, aiming to determine the g-factors of the neutron-rich 41−45Cl isotopes
using the β-NMR technique on a spin-polarized fragment beam. The g-factor
study is intended to reveal the 3/2+ to 1/2+ spin change in the odd-mass Cl
isotopes and to probe the increasing importance of neutron excitations across
the N = 28 shell gap. A detailed study of the physics near N = 28 is presented
in the �rst section. Section 6.2 describes the preliminary results of the β-NMR
measurements on 41Cl, 42Cl and 43Cl while the g-factor measurement on 44Cl is
discussed in the Physical Review C article, included at the end of this chapter.

6.1 The neutron-rich Cl isotopes: physics case
Changes in the shell-structure are encountered when studying nuclei with in-
creasing N/Z ratio. An excellent example is found in the neutron-rich N ' 28
π(sd)-shell nuclei. In these isotopes, two structural e�ects play a major role.

• Reduction of the energy spacing between the π(1d5/2,2s1/2,1d3/2)
levels and near degeneracy of the π(2s1/2) and the π(1d3/2) ef-
fective single particle states
The monopole component of the residual interaction between the π(1d3/2)
and the ν(1f7/2) orbits is strongly attractive, as introduced in section 1.3
and discussed in more detail by Otsuka et al. and Gade et al. in [8, 9, 17].
The attraction results in a lowering of the π(1d3/2) orbit with respect to
the π(2s1/2) state when neutrons are added to the ν(1f7/2) orbit. At
N ' 28, both proton levels are nearly degenerate. Simultaneously, the
π(1d5/2) state is rising in energy due to the repulsive proton-neutron
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force between the π(1d5/2) and the ν(1f7/2) states. The monopole inter-
action thus accounts for the decrease of the π(1d3/2)− π(2s1/2) and the
π(1d3/2) − π(1d5/2) splittings when the number of neutrons approaches
N = 28. It must be underlined that it is mainly the tensor force part of
the proton-neutron interaction which induces the aforementioned e�ects.
In Fig. 6.1, an illustration is given for the Ca-isotopes.

Figure 6.1: Evolution of the π(sd) levels in Ca, relative to the π(1d3/2) state,
when adding neutrons to the ν(1f7/2) orbit. The lines show the π + ρ tensor
force calculations while the points represent the experimental data. The �gure
was taken from [8].

• The reduction of the N = 28 shell gap
The N = 28 shell gap, the �rst shell closure arising from the spin-orbit
coupling, is progressively eroded when moving away from the stability
line. This erosion is mainly caused by the proton-neutron interaction
and again the tensor component accounts for the largest e�ect [8]. When
taking away protons from the π(1d3/2) orbit, going from Ca to S, the
strong π(1d3/2) − ν(1f7/2) attraction weakens. As a consequence, the
ν(1f7/2) level is pushed up in energy and the N = 28 shell gap, formed
with respect to the higher lying ν(2p3/2) orbit, is reduced.
Also the density dependence of the spin-orbit interaction [99] and the
large neutron surface di�useness in exotic nuclei [100, 101] can induce a
smaller N = 28 gap. Both e�ects, however, are strongly model depen-
dent and are expected to be relatively small for the N ≤ 28 isotopes. The
density dependence of the spin-orbit splitting was introduced by relativis-
tic mean �eld calculations. Theoretically, it was demonstrated that the
magnitude of the low-j ν(2p3/2) − ν(2p1/2) spin-orbit splitting depends
sensitively on the proton density near the center of the nucleus and in
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particular on the occupation of the π(s1/2) orbits. For high-j states, such
as the ν(1f7/2) and the ν(1f5/2) levels, the collapse of the spin-orbit split-
ting is associated with the development of a di�use neutron-rich surface.
Since the spin-orbit potential contains a surface-peaked radial derivative
of the nuclear potential (see Eq. 1.4), its strength will be reduced for
nuclei near the neutron drip line.

The reduction of the Z = 16 and N = 28 (sub) shell gaps plays an important
role in the structure of the neutron-rich nuclei from Si (Z = 14) to K (Z =
19). For these isotopes, con�guration mixing, shape coexistence and nuclear
deformation have been observed. Below, the structural highlights happening
in the isotopic chains of 20Ca, 19K, 18Ar, 17Cl, 16S, 15P and 14Si are presented.

6.1.1 The neutron-rich Ca isotopes (Z = 20)
To a large extent, the neutron-rich Ca isotopes respect the shell closures at
N = 20 and N = 28. Evidence for this is found in e.g. the systematics of the
�rst 2+ energies in the even-even nuclei. As shown in Fig. 6.2, high E(2+

1 )
values, characteristic for magic nuclei, have been observed for 40Ca and 48Ca.
The experimental data presented in Fig. 6.2 are taken from the compilation
[102]. In addition, also the weak B(E2; 0+

1 → 2+
1 ) values at N = 20, 28 and the

sharp drop of the one-neutron separation energies at N = 21, 29 con�rm the
doubly magic nature of 40Ca and 48Ca.
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Figure 6.2: Energies of the �rst 2+ state in the even-even Ca isotopes (Z = 20).

From the di�erence in binding energy of the last neutron in 48Ca28 and 49Ca29

[61], the N = 28 shell gap between the f7/2 and p3/2 orbits is estimated to be
4.8 MeV. As mentioned later, this N = 28 energy gap decreases by 330(80) keV
when going from Ca to Ar (Z = 18), illustrating that below Ca changes in the
shell structure are expected.
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6.1.2 The neutron-rich K isotopes (Z = 19)
In the 1960's and 1970's, a large set of transfer-reaction experiments (e.g. [103�
106]) revealed a 3/2+ to 1/2+ ground-state spin �ip at N = 28 in the K isotopes.
The energy di�erence between the 1/2+ and 3/2+ states is shown in Fig. 6.3,
the negative value obtained for 47K indicates the reversed order of both levels.
The outcome of the 40,42,44,48Ca(d, 3He) one-proton pickup reactions [105, 106]
is summarized in Table 6.1, providing the energies and the spectroscopic fac-
torsA (SF) of the 3/2+ and 1/2+ states in 39,41,43,47K. As can be seen in Table
6.1, the ground states of 39,41,43K and the �rst excited state of 47K carry about
the full π(d3/2) strength. The strength of the π(s1/2) state is divided among
two or three levels per isotope but the lowest level always exhibits the largest
spectroscopic factor. This implies that the �rst excited states of 39,41,43K and
the ground state of 47K have a strong single-particle π(s1/2) nature. However,
con�gurations arising from the coupling of the 3/2+ state with the 2+ excita-
tion of the core also contribute to the 1/2+ state, especially for 41K22 where a
strong fragmentation of the π(s1/2) strength has been observed.
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Figure 6.3: Energy di�erence between the 1/2+ and 3/2+ states in the odd-mass K
isotopes (Z = 19). The negative value obtained for 47K indicates the reversed order
of both levels. The experimental data are taken from [107�111].

The (d, 3He) transfer reactions on the neutron-rich K isotopes mentioned above
reveal the reduced energy spacing of the two proton orbits π(s1/2) and π(d3/2)
when approaching N = 28. The splitting vanishes completely for 47K. This con-
clusion was con�rmed by measuring the ground-state spins, magnetic moments
and mean square charge radii of 39,41−47K using optical laser spectroscopy [112].

AThe spectroscopic factor is a measure of the occupation number of the (single particle)
orbit from which the picked-up nucleon originates. It indicates the single-particle nature of
a nuclear state.
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Table 6.1: Energies, spins, con�gurations and spectroscopic factors (SF) of the 1/2+

and 3/2+ states in 39,41,43,47K, obtained from the 40,42,44,48Ca(d, 3He) pick up reac-
tions.
Nucleus E (MeV) Iπ l subshell SF

39K [105] 0 3/2+ 2 d3/2 3.70
2.52 1/2+ 0 s1/2 1.65

41K [105] 0 3/2+ 2 d3/2 3.43
0.98 1/2+ 0 s1/2 0.77
1.57 1/2+ 0 s1/2 0.17
2.67 1/2+ 0 s1/2 0.64

43K [105] 0 3/2+ 2 d3/2 3.15
0.56 1/2+ 0 s1/2 1.15
2.45 1/2+ 0 s1/2 0.32

47K [106] 0 1/2+ 0 s1/2 1.55
0.36 3/2+ 2 d3/2 4.16
3.80 1/2+ 0 s1/2 0.28
3.88 3/2+ 2 d3/2 0.70

Interesting information regarding the change of the proton single particle states
can also be obtained from 46

19K27, which is one proton hole and one neutron hole
away from the doubly magic nucleus 48Ca. The nuclear structure of 46K was
studied in the 48Ca(p,3He)46K [113] and 48Ca(d,α)46K [114, 115] reactions,
revealing the spins of the ground state and the low-lying excited levels. A com-
parison of the experimental level schemes of 46K and 38

17Cl21 shows a signi�cant
lowering of the 3− and 4− states in 46K while the 2− and 5− levels remain at
about the same excitation energy in both nuclei. As the splitting between the
π(s1/2) and π(d3/2) orbits is rather large for 38Cl (see further), the 2−, 3−,
4− and 5− states in 38Cl have wave functions dominated by π(d3/2) ν(f7/2)
con�gurations. For 46K, the near degeneracy of the π(s1/2) and π(d3/2) orbits
results in a large admixture of π(s1/2) ν(f7/2) components in the 3− and 4−

wave functions. Therefore, both levels are lowered in energy with respect to
the 2− and 5− levels which remain rather pure π(d3/2) ν(f7/2) states. Thus, in
addition to the energy splitting of the 1/2+ and 3/2+ states in the odd-mass K
isotopes, the level scheme of 46K also probes the relative position of the proton
e�ective single particle orbits.
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6.1.3 The neutron-rich Ar isotopes (Z = 18)
The Ar isotopes have two proton holes in the π(sd) shell, located in the π(d3/2)
orbit according to the single-particle shell model. The E(2+

1 ) energies and
B(E2, 0+

1 → 2+
1 ) values of the even-even Ar isotopes [102] are shown in Fig.

6.4. Although less pronounced as in the Ca isotopesA, the experimental data
exhibit a typical behavior, high E(2+

1 ) and low B(E2, 0+
1 → 2+

1 ), at the `magic'
numbers N = 20 and N = 28 [101]. This implies that the N = 28 shell clo-
sure remains a valid assumption for 46Ar, as mentioned explicitly in [116], even
though a partial reduction of the shell gap cannot be excluded.
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Figure 6.4: E(2+
1 ) energies (upper panel) and B(E2, 0+

1 → 2+
1 ) values (lower panel)

of the even-even Ar isotopes (Z = 18). Experimental data are taken from [102]

Relativistic Mean Field (RMF) and Hartree Fock (HF) calculations performed
by Werner et al. [117] favor oblate quadrupole deformations (β2 < −0.2) for
the neutron-rich Ar isotopes. The shape of the 46Ar28 nucleus, however, is
model dependent. RMF calculations predict a spherical con�guration while an
oblate deformation is obtained in HF calculations. The ambiguity among the

AMainly the fact that the Ar isotopes do not have a magic proton number explains the
reduced magicity observed for the E(2+

1 ) energies at N = 20 and N = 28 when compared to
the Ca isotopes.
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di�erent theories and the �rst experimental results made it impossible in the
late 1990's to draw a �nal conclusion on the N = 28 shell-gap in 46Ar. There-
fore, a series of high-sensitivity experiments was performed on 45−47Ar27−29 in
the last decade. An overview of the corresponding publications is given below.

The structure of the 45−46Ar nuclei is investigated through in-beam γ-ray spec-
troscopy, revealing the extended level schemes of both nuclei [118]. An excellent
agreement is observed when comparing the experimental levels with large-scale
shell-model calculations, as shown in Fig. 6.5. The latter also indicate that the
46Ar ground-state is dominated by normal 0p−0h neutron con�gurations while
the 2p− 2h components are mainly located in the second and third excited 0+

states. Furthermore, the positive quadrupole moment calculated for the 2+
1

level corresponds to the excitation of an oblate ground-state, as proposed by
the HF calculations in [117].

Figure 6.5: Comparison of the experimental 45−46Ar level schemes with large-scale
shell-model calculations. Figure taken from [118].

Information on the ground state of 45Ar is obtained from the study of the
9Be(46Ar, 45Ar+γ)X one-neutron removal reaction in inverse kinematics [119].
The measured partial cross section corresponds to a ground-state spectroscopic
factor of 4.9(7). An l = 3 ground-state neutron removal is observed as expected
for populating a ν(f7/2) hole in the N = 28 projectile. This result was later
con�rmed in an experiment probing the 44Ar(d, p)45Ar neutron transfer reac-
tion (see further).
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Table 6.2: Wave-function decomposition of the ground state and lowest two excited
states in 45

18Ar27. Only con�gurations larger than 10% are shown.
Energy (keV) Spin Wave function

0 7/2− 29% (πs1/2)2 (πd3/2)2 (νf7/2)7

21% (πs1/2)0 (πd3/2)4 (νf7/2)7

13% (πs1/2)1 (πd3/2)3 (νp3/2)1

535(5) 3/2−1 19% (πs1/2)1 (πd3/2)3 (νf7/2)7

22% (πs1/2)2 (πd3/2)2 (νp3/2)1

11% (πs1/2)0 (πd3/2)4 (νp3/2)1

1415(10) 3/2−2 44% (πs1/2)2 (πd3/2)2 (νp3/2)1

15% (πs1/2)0 (πd3/2)4 (νp3/2)1

11% (πs1/2)2 (πd3/2)2 (νp3/2)2

Based on the 44Ar(d, p)45Ar neutron transfer reaction, the excitation energies,
angular momenta and spectroscopic factors of the states populated in 45Ar27
are studied [120]. The angular momentum of the 45Ar ground state is found
to be l = 3, whereas the �rst two excited states have l = 1. This is in per-
fect agreement with the spins and wave functions calculated in the shell-model
framework and summarized in Table 6.2. The values quoted in Table 6.2 are
taken from [120] and only contributions larger than 10% are shown. The neu-
tron part of the 45Ar ground state (7/2−) peaks at normal (νf7/2)7 con�gura-
tions. As the proton π(s1/2) and π(d3/2) orbits are quasi degenerate in energy,
(πd3/2)2 as well as (πd3/2)4 componentsA appear in the ground state. The �rst
excited state (3/2−1 ) of 45Ar has a strongly mixed wave function whereas the
second excited state (3/2−2 ) is dominated by neutron excitations to the ν(p3/2)
orbit. The 3/2−2 state at 1.42 MeV corresponds to the �rst excited level at
2 MeV in 47Ca. Although the ground state of 45Ar is dominated by (νf7/2)7

con�gurations, the reduced excitation energy of the 3/2−2 state compared to its
analogue level in 47Ca indicates the growing importance of neutron excitations
across N = 28 when going to lower Z-values.

A direct measure of the N = 28 shell gap in 46Ar28 is obtained from the
46Ar(d, p)47Ar transfer reaction [18, 121, 122]. The experimental mass excess
gives rise to a N = 28 gap of 4.47(9) MeV which is 330(90) keV smaller than

ADue to the larger j-value, the pairing energy of two protons in a d3/2 orbit is larger than
in a s1/2 state. As the π(s1/2) and π(d3/2) orbits are close together for N ' 28, the gain in
pairing energy exceeds the energy needed to promote two protons to the π(d3/2) level, giving
rise to (πd3/2)4 components in the ground-state wave function.
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in 48Ca. From the analysis of the measured spectroscopic factors and the com-
parison of the experimental results with shell-model calculations, it is observed
that some of the f7/2 neutrons in 46Ar have moved to the p3/2 orbital. More-
over, it is found that the spin-orbit splitting of the ν(f) and ν(p) states is
reduced between 49Ca and 47Ar. This e�ect is accounted for by the proton-
neutron tensor interaction for the f states and by the density dependence of
the spin-orbit interaction in the interior of the nucleus for the p states. For the
N = 28 shell gap in particular, a reduction of 10(2)% is registered.

For completeness it must be mentioned that the systematics of the Ar iso-
topes between the neutron shell-closures N = 20 and N = 28 has also been
studied in experiments probing the nuclear moments and the charge radii [123].
The series of mean square charge radii is characterized by a parabolic trend on
top of a linear increase with neutron number and a pronounced `normal' odd-
even staggering e�ect. Strong correlations are developed at mid-shell (N ' 24)
as a rather large < r2 > is obtained for 42Ar. This is con�rmed for 43Ar25
which has a spin I = 5/2A, a ground state dominated by anomalously coupled
(f7/2)55/2 con�gurations and a magnetic moment far o� the Schmidt value.

6.1.4 The neutron-rich Cl isotopes (Z = 17)
Up to now, no �rm ground-state spin and structure assignments have been
made for the 41−45Cl24−28 isotopes. A g-factor measurement on these nuclei
can therefore reveal decisive information on the reduction of the N = 28 shell
gap and on the quasi-degeneracy of the π(s1/2) and π(d3/2) levels. For a de-
tailed discussion of the performed β-NMR measurements, the reader is referred
to section 6.2 and to the Physical Review C article at the end of the chapter.
This part only covers a selection of the publications on the neutron-rich Cl-
isotopes which appeared in literature so far.

The nuclear structure of the odd-mass Cl isotopes 41Cl24, 43Cl26 and 45Cl28
is to a large extent determined by the odd proton in the π(sd) shell. Similar
as for the neutron-rich K nuclei, a 3/2+ to 1/2+ ground-state spin inversion
is induced by the decreasing Z = 16 energy gap when approaching N = 28.
The `normal' 3/2+ ground state is determined by con�gurations having a sin-
gle proton in the π(d3/2) orbit while the 1/2+ spin-parity originates from an
odd π(s1/2) proton, obtained by promoting one proton to the π(d3/2) state
B. Deep inelastic processes suggest that the spin �ip happens already at 41Cl
[125]. The level structure and the spins of 43Cl and 45Cl, obtained through in-

AFor the odd-mass Ar isotopes with 20 ≤ N ≤ 28 a ground-state spin I = 7/2 is expected,
originating from the odd neutron in the ν(f7/2) state.

BAs the pairing is stronger in a larger j-orbit, promoting one proton from the π(s1/2) to
the π(d3/2) orbit is energetically favored when both levels are close together.
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Figure 6.6: Energy di�erence between the 1/2+ and 3/2+ states in the odd-mass Cl
isotopes (Z = 17). The negative value obtained for 41−45Cl indicates the reversed
order of both levels. Experimental data are taken from [17, 107, 124�126].

beam γ-spectroscopy, indicate that both nuclei have a 1/2+ ground state [126].
Later, the systematics of the E(1/2+)−E(3/2+) level spacing in the odd-mass
Cl-isotopes was completed by a measurement of the �rst excited state in 45Cl,
using in-beam γ-spectroscopy following proton removal [17]. The energy dif-
ference between the 1/2+ and 3/2+ states is given in Fig. 6.6. Recall that,
although strong arguments support the sequence of the 1/2+ and 3/2+ energies
as presented in Fig. 6.6, the spin-assignments of 41Cl24, 43Cl26 and 45Cl28 are
still preliminary.

Taking away protons from the doubly magic 48Ca nucleus, results in a wea-
kening of the N = 28 shell closure. Indeed, the short β-decay half life and
the small β-delayed neutron-emission probability, measured for 45Cl, indicate
collectivity and suggest a rapid vanishing of the N = 28 shell strength below
48Ca [127]. Extended mass measurements in the range A = 29 − 47 con�rm
that the neutron-rich Cl, S and P isotopes exhibit changes in the shell structure
around N = 28. A comparison with shell-model calculations and relativistic
mean �eld theory demonstrates that the observed e�ects arise from deformed
prolate ground-state con�gurations associated with shape coexistence [128].
Furthermore, the single-neutron knockout reaction 9Be(45Cl, 44Cl)X was used
to directly study the ground-state composition of 44Cl and 45Cl [129]. The
measured momentum distribution of the residual 44Cl after direct population
of the ground state is consistent with the removal of a l = 1 neutron. This im-
plies that p3/2 neutrons from above the N = 28 shell closure play an important
role in the ground states of both 44Cl and 45Cl.
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6.1.5 The neutron-rich S isotopes (Z = 16)
In the 1990's, the S-isotopes around 44S28 provided the �rst evidence for the re-
gion of deformation being discussed in this literature study. The �rst indication
was found in the experimental work performed by Sorlin et al., demonstrating
that the experimentally observed half life and neutron-emission probability of
44S can only be obtained when assuming that the ground state is not spherical
but oblate deformed [127]. Self-consistent mean �eld calculations strengthen
this hypothesis. According to RMF calculations, 44S has a well-deformed pro-
late ground state whereas in the HF model, 44S is a γ-soft system with a small
positive quadrupole deformation. In both models, however, an oblate con�gu-
ration is nearly degenerate [117, 130]. Other theoretical studies also predict
deformation and shape coexistence in the neutron-rich S isotopes. Shell model
calculations for instance [131] give large negative spectroscopic quadrupole mo-
ments and large B(E2) values for 40−42S. The quadrupole moments lead to
deformation parameters which are consistent with the ones found in [117, 130].
Relativistic Hartree-Bogoliubov calculations result in an oblate ground state
for 44S, nearly degenerate with a prolate state at 30 keV, illustrating once more
the expected shape-coexistence in the N = 28 nucleus [132].

Also experimentally, many e�orts have been made to probe the changes in
the shell structure around 44S. An overview of the most important results is
given below.

• Coulomb-excitation measurements on the even-even S isotopes revealed
the systematics of the 2+

1 energies and B(E2, 0+
1 → 2+

1 ) values shown in
Fig. 6.7. As can be observed from Fig. 6.7, 36S20 has a very high lying
�rst 2+ state (comparable to E(2+

1 ) in 48Ca) and a low B(E2) value, in-
dicating that both Z = 16 and N = 20 are closed shells. Scheit et al. per-
formed Coulomb-excitation experiments on 38S22, 40S24 and 42S26 [116].
The obtained results are in agreement with the predictions of Werner et
al. [117, 130], pointing to deformation in the ground states of 40,42S and
the presence of a new region of deformed nuclei near N = 28. The E(2+

1 )
and B(E2, 0+

1 → 2+
1 ) values of 44S were determined by Glasmacher et

al. [133], demonstrating that the 44S ground state has a collective na-
ture although the deformation parameter β2 is smaller than for 40,42S.
A comparison with shell-model calculations suggests that the collectivity
in 44S has a vibrational origin while 40,42S have static deformations. As
can be seen in Fig. 6.7, the low E(2+

1 ) and high B(E2) values of 44S28

con�rm the collapse of the Z = 16 sub-shell gap and they do not exclude
the hypothesized reduction of the N = 28 major shell closure [101].
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Figure 6.7: E(2+
1 ) energies (upper panel) and B(E2, 0+

1 → 2+
1 ) values (lower

panel) of the even-even S isotopes (Z = 16). The experimental data are taken
from [102, 116, 133].

The results of the coulomb excitation measurements on the even-odd
41S25 and 43S27 isotopes have been compared to particle-rotor and particle-
vibrator calculations. The B(E2) value and the low-energy behavior of
41S can be interpreted as rotations of a prolate deformed core. For 43S,
a good agreement is observed for all theoretical models. The coulomb-
excitation measurement is therefore not able to make the distinction be-
tween the deformed and the spherical interpretation [134].
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• Decisive information on the structure of the even-even S isotopes has also
been obtained from in-beam γ-ray spectroscopy experiments. Using this
technique, Sohler et al. proposed extended level schemes and spins for
the neutron-rich 40,42,44S nuclei. Large-scale shell-model calculations in-
terpret the results as an erosion of the N = 28 shell closure at Z = 16
and suggest a deformed ground state for 40,42S and a spherical-deformed
mixed con�guration for 44S [135]. The same conclusions were drawn
from the work performed by Azaiez et al. [136]. The �rst experimen-
tal evidence of shape coexistence in 44S, however, was obtained from the
observation of an isomeric 0+

2 state (2.3(3) µs) at 1365(1) keV. The pre-
sence of such a low-lying 0+

2 state strongly supports the weakening of the
N = 28 shell gap [137].

• Further strong evidence for the reduced N = 28 shell gap was found by
performing a TDPAD experiment on the isomeric state at 320.5(5) keV
in 43S [138]. The measured g-factor establishes the �rst experimental evi-
dence for the 7/2− spin-parity of the isomer and the intruder nature of
the ground state (3/2−). An interpretation of these results in the shell-
model framework shows that the isomer is dominated by pure ν(f7/2)
con�gurations while the ground state wave function mainly consists of
ν(p3/2) intruder components. This interpretation provides a direct and
unambiguous evidence of the collapse of the N=28 shell closure and the
coexistence of a deformed ground state and quasi-spherical isomeric state
in 43S.

In addition, single-knockout reactions were used to probe the second 7/2−

state at 971 keV in 43S [139]. This level was found to be a rotational ex-
citation of the deformed ground state, con�rming the hypothesis of shape
coexistence put forward by Gaudefroy et al [138]. The authors of [139]
also mention that the driving factor behind the deformed 3/2− state be-
coming the ground state in 43S is the gain in correlation energy when
promoting a neutron to the ν(p3/2) state.



www.manaraa.com

118 g-factor of 44Cl

6.1.6 The neutron-rich P isotopes (Z = 15)
The neutron-rich P isotopes are again excellent test cases to probe the near
degeneracy of the π(s1/2) and π(d3/2) orbits when approaching N = 28. The
ground-states of the odd-mass P nuclei are expected to have spin-parity 1/2+,
in accordance with the last proton occupying the π(s1/2) state. The �rst ex-
cited state would be a 3/2+ level, formed by promoting the odd proton from
the π(s1/2) to the π(d3/2) state. Several γ-ray spectroscopy [126, 140] and one-
proton knockout reactions [141�143] revealed the E(1/2+)− E(3/2+) system-
atics in the P chain and con�rmed that the s1/2 proton strength is concentrated
in the ground state while the d3/2 strength is dominating the �rst excited state.
The energy di�erence between the 1/2+ and 3/2+ states is given in Fig. 6.8,
illustrating that the vanishing of the Z = 16 sub-shell gap is very explicit in
the P isotopes although no spin inversion has been observed. All conclusions
are consistent with shell-model calculations.
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Figure 6.8: Energy di�erence between the 1/2+ ground state and 3/2+ �rst excited
state in the odd-mass P isotopes. Experimental data are taken from [124, 126, 140].

Two recent experiments are worth some further attention. The �rst one, per-
formed by Bastin et al. [140], uses in-beam γ-ray spectroscopy to probe the
energies of the excited states in 41,43P26,28. The presence of excited states
around 1 MeV provides additional evidence for the disappearance of the N = 28
shell closure, as these levels are believed to be a coupling of the odd proton in
the P isotopes to the low 2+ state in 40,42Si respectively (see later).
The second experiment is a one-proton knockout reaction from 44S, used to
study the low-lying excited states in 43P28 [143]. The assignment of l = 2
to the excited states around 1 MeV is consistent with their interpretation as
arising from the removal of a proton from the more deeply bound d5/2 proton
orbital in 44S.
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6.1.7 The neutron-rich Si isotopes (Z = 14)
The study of the neutron-rich Si isotopes concentrates on 42Si28, trying to ans-
wer the question whether or not the magic number N = 28 holds for very
neutron-rich nuclei. The structure of 42Si has always been very controversial.
On the one hand, the short β-decay lifetime of 40,42Si [144] and the observation
of 43Si being particle-bound [145] point to a strongly (oblate) deformed ground
state. Several theoretical approaches, e.g. [117, 130, 132, 146, 147], support
this hypothesis. On the other hand, the small two-proton knockout cross sec-
tion, observed for the 44S→42Si reaction, favors a magic spherical nucleus with
a large Z = 14 shell gap [141]. The same authors, however, admit that a re-
duction of the N = 28 and/or π(d5/2) − π(d3/2) gap with 1 MeV would not
increase the two-proton knockout cross section signi�cantly [142], making it a
rather unsensitive probe to study changes in the shell structure.
Decisive information on the ground-state structure of 42Si was obtained from
an in-beam γ-ray spectroscopy measurement, revealing the energy of the �rst
2+ state in 42Si [140]. A very low value, E(2+

1 ) = 770(19) keV, was found, pro-
viding evidence for the disappearance of the Z = 14 and N = 28 spherical shell
closures. In order to obtain a good agreement between shell-model calculations
and experiment, the pf shell V nn matrix elements and the π(d3/2−d5/2) split-
ting needed a reduction of 300 keV and 1.94 MeV respectively. A comparison
with shell-model calculations also indicated that 42Si is best described as a
well-deformed oblate rotor. Earlier, the low E(2+

1 ) observed for 40Si was also
interpreted in the framework of a reduced N = 28 shell gap [148]. Figure 6.9
presents the systematics of the experimental 2+ states in the Si isotopes and in
the Ca chain for comparison. At N = 28, the di�erence between both curves
underlines once more the collapse of the ν(f7/2)− ν(p3/2) level splitting.
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Figure 6.9: Energies of the �rst 2+ states in the even-even Si (Z = 14) and Ca (Z =
20) isotopes. The experimental data for the Si chain are taken from [102, 140, 148].
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6.2 β-NMR measurements on 41Cl, 42Cl and 43Cl
In addition to the successful β-NMR results obtained for the 44Cl ground state,
considerable e�ort has been expended on measuring the g-factors of 41−43Cl.
The fragment beams were produced in a projectile-fragmentation reaction in-
duced by a 48Ca primary beam (60 AMeV, 2 to 3.5 µA) on a 535 µm 9Be
target. After selection and puri�cation, using a 1058 µm 9Be wedge-shaped
degrader (section 3.1), the beam was implanted in a NaCl crystal at the �nal
focal point of the LISE fragment separator. For none of the three isotopes,
a clear and unambiguous resonance could be observed. A compilation of the
outcome of the di�erent measurements is presented in the following three sub-
sections, together with a record of the applied experimental parameters and
encountered di�culties. All shell-model calculations quoted further in the text
are made with the ANTOINE code using the SDPF-U residual interaction.
The protons are restricted to the π(sd) orbits while the neutrons are free in
the full ν(pf) shell. Neutron excitations from the ν(sd) to the ν(pf) states are
forbidden. The g-factors are calculated using either the free nucleon g-factors
(gν

s = −3.826, gν
l = 0, gπ

s = 5.586, gπ
l = 1) or the e�ective nucleon g-factors

(gs = 0.75 gfree
s , gν

l = −0.1, gπ
l = 1.1) proposed in [149].

6.2.1 β-NMR on 41Cl
41Cl is de�nitely the most interesting neutron-rich Cl isotope to be studied.
Experimental evidence exists that the 3/2+ to 1/2+ ground-state spin inver-
sion in the odd-mass Cl-isotopes already takes place at 41Cl. To con�rm this, a
ground-state spin assignment has to be made. As shell-model calculations pre-
dict a very di�erent magnetic moment for the 3/2+ and 1/2+ state, a g-factor
measurement can indirectly reveal the spin of the ground state. Fig. 6.10 shows
the experimental [126, 150] and the calculated level schemes of 41Cl, together
with the corresponding calculated g-factors.

Measuring the g-factor of 41Cl using the β-NMR technique involves two ex-
perimental challenges. The �rst di�culty to overcome is the long half-life of
41Cl: t1/2 = 38.4(8) s [151]. To perform a successful β-NMR measurement, the
spin-lattice relaxation time T1 of the nuclear polarization in the implantation
crystal must be at least twice the half-life of the implanted nucleus. If not,
most of the spin-polarization is lost before the isotope of interest decays.
In the β-NMR experiments described here, 41Cl fragments are implanted in a
NaCl crystal. To get an idea how the relaxation time of 41Cl in NaCl com-
pares to its half-life, the formalism developed by Yamanishi et al. [152] is used.
Ref. [152] describes the behavior of the T1 relaxation time as a function of the
temperature T for 35Cl nuclei (3/2+) in a NaCl crystal. At low temperatures
(T < 400 K), quadrupole relaxation is caused by vibrations of the crystal lattice
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Figure 6.10: Calculated and experimental level schemes of 41Cl.

while the relaxation mechanism at higher temperatures (T > 400 K) originates
from di�using defects. For the temperature range below room temperature,
the following relation between T1 and T is deduced:

1
T1

= A T 2 (6.1)

with A an experimental constant, proportional to the spectroscopic quadru-
pole moment squared (Qs)2. For the reference isotope, 35Cl, A equals 2.0(4)×
10−6 s−1K−2. By comparing the ground-state quadrupole moment of 35Cl,
|Qs(35Cl)| = 85.0(11) mb [96, 153], to the calculated valueA for the 3/2+ state
in 41Cl, |Qs(41Cl)| = 109 mb, the relaxation time of 41Cl (3/2+) at room tem-
perature is found to be 3.5 s. When 41Cl has a 3/2+ ground-state spin, the
NaCl crystal needs cooling below 63 K to obtain a relaxation time which is
twice the half-live. When the ground state spin of 41Cl is 1/2+, the relaxation
time is probably much longer as there is no spectroscopic quadrupole moment
present. Crystal cooling might not be needed then but this has never been
con�rmed in literature.

The second experimental challenge encountered when performing a β-NMR
measurement on 41Cl is the ability to spin-polarize a nucleus which is most
probably dominated by a s1/2 proton con�guration. Intuitively, one would ex-
pect that a preferred spin orientation cannot arise when a s-nucleon is involved.

AThe quadrupole moment of 41Cl is calculated with the e�ective charges ep = 1.1e and
en = 0.5e for protons and neutrons respectively.
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Table 6.3: Wave-function decomposition of the lowest calculated 1/2+ and 3/2+ states
in 41Cl. Only con�gurations larger than 5% are shown.
Spin Wave function Spin Wave function
1/2+ 9% (πd3/2)1 (νf7/2)4 3/2+ 40% (πd3/2)1 (νf7/2)4

46% (πs1/2)1 (νf7/2)4 15% (πs1/2)1 (νf7/2)4

8% (πd3/2)1 (νp3/2)1 5% (πd3/2)1 (νp3/2)2

6% (πs1/2)1 (νp3/2)1 7% (πs1/2)1 (νp3/2)1

Also experimentally, the magnetic moment of a 1/2+ state, originating from
a s1/2 con�guration, has never been measured applying the β-NMR technique
on a polarized fragment beam. In the participant-spectator model, which has
been introduced in section 4.3, the induced spin-polarization in a projectile-
fragmentation reaction is related to the total fragment spin Jf (1/2 or 3/2 for
41Cl) and not to the orbital component of the nucleon that carries the spin.
The model is therefore not appropriate to provide a better insight or a �nal
conclusion on this matter.
ANTOINE calculations show that the wave functions of the 1/2+ and the 3/2+

states in 41Cl are not pure single-particle con�gurations. A decomposition of
both wave functions is given in Table 6.3, displaying only components that con-
tribute to more than 5%. Con�guration mixing is an important aspect when
the polarization of a nuclear state with a dominant |0+ × s1/2 > character is
discussed. For 41Cl, only 56% of the 1/2+ wave function consists of an odd
s1/2 proton coupled to a 0+ neutron con�guration. The remaining fraction,
including mainly odd π(d3/2) components, does allow the ground-state spin
to be polarized. It is therefore not excluded that a spin-oriented 41Cl(1/2+)
beam can be produced, although the degree of polarization is expected to be
rather low. Up to now, no theoretical model has been developed to simulate
the spin-polarization in terms of the fragment wave-function components. As it
is also impossible to measure the polarization directly, it remains an unknown
parameter in the performed β-NMR experiments.
Even when the induced spin-polarization would be very small, a good chance
exists that a β-NMR resonance is observed, thanks to the optimal production
yield and the large asymmetry parameter of 41Cl. A production yield of about
1.3× 104 polarized 41Cl ions per second was obtained behind the second LISE
dipole for a primary beam intensity of 1 µA. The asymmetry parameter is es-
timated as follows. More than 80% of the 41Cl β-decay proceeds to the 1/2+

excited state at 1868 keV in 41Ar [108]. Using the formulae in Table 2.1 and as-
suming a single β-branch of 100% to the aforementioned level in 41Ar, Aβ = −1
is obtained for a 3/2+ 41Cl ground state. Supposing a pure Gamow-Teller β-
decay, Aβ = −0.67 is found when the ground-state spin would be 1/2+.
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(a) β-NMR with reference 41-1/2-A
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(b) β-NMR with reference 41-1/2-B
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(c) β-NMR with reference 41-1/2-C
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(d) β-NMR with reference 41-1/2-D

Figure 6.11: β-NMR measurements probing the lower g-factor range [1.67, 2.52] for
the 1/2+ state in 41Cl, including the value geff (41Cl) = 2.17 calculated with e�ective
g-factors. The experimental parameters of each scan can be found in Table 6.4.

β-NMR measurements probing the 1/2+ state in 41Cl
As can be seen from Fig. 6.10, ANTOINE calculations predict an e�ective
g-factor geff (41Cl) = 2.169 for the 1/2+ state in 41Cl. Using this as a central
value, the g-factor interval 1.67 < |g| < 2.52 was scanned. Two β-NMR mea-
surements were performed, one applying crystal cooling (Fig. 6.11a) and one at
room temperature (Fig. 6.11b). In the former case, a temperature of 15 K was
achieved at the tip of the cold �nger. The experimental parameters of both
scans, indicated with the references 41-1/2-A and 41-1/2-B respectively, are
given in Table 6.4. In the data-analysis, only coincident events were selected
taking into account the full ∆E and E spectra, except for the noise peak in
the beginning of each spectrum. The spectrum 41-1/2-B has a statistical ac-
curacy of 0.19%. This implies that, when a 3σ e�ect is present, the resonance
amplitude can be at most 0.6%.
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Table 6.4: Experimental parameters for the β-NMR scans probing the 1/2+ state in
41Cl. For each measurement, the applied frequency interval, the step between two
central frequencies, the frequency modulation and the obtained statistical accuracy
are given. In addition, it is indicated whether or not crystal cooling was used.

41Cl � 1/2+ state � 1.67 < |g| < 2.52 � B0 ' 0.15 T
Reference Cooling 1σ (%) Freq(kHz) Step(kHz) Mod(kHz)
41-1/2-A yes 0.43 1945-2845 75 40
41-1/2-B no 0.19 1945-2845 75 40
41-1/2-C no 0.17 1945-2245 75 40
41-1/2-D yes+no 0.12 1945-2245 75 40

41Cl � 1/2+ state � 2.45 < |g| < 3.18 � B0 ' 0.15 T
Reference Cooling 1σ (%) Freq(kHz) Step(kHz) Mod(kHz)
41-1/2-E no 0.27 2845-3595 75 40

As Fig. 6.11b shows a weak indication for a resonance around 2095 kHz, an
independent β-NMR measurement was performed, zooming in on the left wing
of the frequency range. The result, indicated with reference 41-1/2-C in Table
6.4, is presented in Fig. 6.11c. Adding all the statistics of runs 41-1/2-A, 41-
1/2-B and 41-1/2-C for the frequency interval they have in common, results in
the spectrum 41-1/2-D shown in Fig. 6.11d. A 2.5σ e�ect with respect to the
baseline is observed for the data point at 2095 kHz (|g| ' 1.832(35)). However,
a new β-NMR measurement is needed to reproduce and con�rm this indication.
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Figure 6.12: Higher g-factor range [2.45, 3.18] for the 1/2+ state in 41Cl, correspon-
ding to the calculation with free g-factors. Details are given in Table 6.4.
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ANTOINE calculations with free nucleon g-factors predict a value gfree(41Cl) =
2.981 for the 1/2+ state in 41Cl. The outcome of the β-NMR measurement,
covering the g-factor interval [2.45, 3.18], is presented in Fig. 6.12. Within
the errors, all data scatter around a mean value, without any pronounced reso-
nance candidate. The statistical accuracy (0.27%) excludes a real e�ect larger
than 0.9% (3σ level). A record of the experimental parameters was added to
the lower part of Table 6.4 (reference 41-1/2-E).

β-NMR measurements probing the 3/2+ state in 41Cl
For the 3/2+ state in 41Cl, only one β-NMR measurement was performed in
the 0.19 < |g| < 0.44 range, including the value g(3/2+) = 0.334 calculated
with e�ective nucleon g-factors. An overview of the experimental parameters
can be found in Table 6.5. As can be seen in Fig. 6.13, the error bars (1.7%)
are too large to draw any conclusions, except that if a resonance is present, the
e�ect is certainly smaller than 5%.
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Figure 6.13: β-NMR measurement covering the g-factor range [0.19, 0.44]. The in-
terval contains the value g(3/2+) = 0.33, calculated for the 3/2+ state in 41Cl using
e�ective nucleon g-factors. Experimental details are given in Table 6.5.

Table 6.5: Experimental parameters for the β-NMR scan probing the 3/2+ state in
41Cl. The applied frequency interval, the step between two central frequencies, the
frequency modulation and the statistical accuracy are given.

41Cl � 3/2+ state � 0.19 < |g| < 0.44 � B0 ' 0.3 T
Reference Cooling 1σ (%) Freq(kHz) Step(kHz) Mod(kHz)
41-3/2-A yes 1.7 460-940 70 35
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6.2.2 β-NMR on 42Cl
For the ground state of 42Cl, three spin possibilities exist. Experimental results,
such as the β-decay study of 42S, the equal feeding of the 2+ and 4+ states
in the β-decay of 42Cl and the systematic decrease of the 3− state when going
from 38Cl to 40Cl favor a spin 3− [154]. ANTOINE calculations on the other
hand predict a 2− ground-state which lies very close in energy to the 3− and
1− excited states. The theoretical and experimental level schemes of 42Cl are
depicted in Fig. 6.14, together with their corresponding calculated g-factors.
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Figure 6.14: Calculated and experimental level schemes of 42Cl.

A decomposition of the calculated 2− and 3− wave functions in terms of single
particle con�gurations can be found in Table 6.6, re�ecting the con�guration
mixing present in 42Cl. Only con�gurations larger than 5% are reported. Again
a g-factor measurement can decide which of both is the real ground state since
shell-model calculations suggest a large di�erence between the g-factors of the
two levels. Note however that, when a resonance would be observed in the
0.6 < |g| < 1.0 range, a 1− ground-state spin cannot be completely excluded.
Due to the suggested con�guration mixing in 42Cl, the g-factors of the ground
and excited states consist of many positive and negative contributions, origina-
ting from con�gurations such as (πs1/2)1 (νp3/2)1 which has a positive g-factor
or (πd3/2)1 (νf7/2)5 with a negative g-factor. The admixture of positive and
negative contributions results in the small g-factors predicted for the 3− state.
Note that if the 42Cl g-factor is as small as the calculated `e�ective' value of the
3− state, it cannot be measured since the lowest g-factor, technically accessible
with the new β-NMR/β-NQR setup, equals |g| = 0.013.
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Table 6.6: Wave-function decomposition of the lowest calculated 2− and 3− states in
42Cl. Only con�gurations larger than 5% are shown.
Spin Wave function Spin Wave function
2− 21% (πd3/2)1 (νf7/2)5 3− 21% (πd3/2)1 (νf7/2)5

27% (πs1/2)1 (νf7/2)5 31% (πs1/2)1 (νf7/2)5

8% (πd3/2)1 (νp3/2)1 6% (πd3/2)1 (νp3/2)1

11% (πs1/2)1 (νp3/2)1 10% (πs1/2)1 (νp3/2)1

The half life of 42Cl, 6.8(3) s [155], is longer than the spin-lattice relaxation
time T1=5.8 s [152] for 35Cl-isotopes (3/2+) in a NaCl crystal at room tempera-
ture. As T1 was never measured for 2− or 3− Cl ground states, the temperature
needed to preserve the spin polarization for at least two half-lives can only be
roughly estimated. Assuming the same quadrupole relaxation process as for
35Cl, T1 of 42Cl in NaCl is calculated based on a comparison of the spectro-
scopic quadrupole moments of both nuclei. |Qs| = 85.0(11) mb [96, 153] is
found for 35Cl while |Qs| is calculatedA to be 125 mb and 201 mb for the 2−

and 3− states in 42Cl respectively. Applying the formula 1
T1

= AT 2 [152] with
rescaled A-factors gives T1 = 2.7 s for the 2− state and T1 = 1 s for the 3−

state at room temperature. To obtain a spin-lattice relaxation time of 13.6 s
(twice the half life of 42Cl), the NaCl crystal should be cooled to 130 K for the
2− state or to 81 K for the 3− level.

All β-NMR measurements on 42Cl, presented in this thesis work, are performed
with the maximum cooling power, resulting in a temperature of about 15 K
on the tip of the cold �nger. On the copper crystal holder, a NaCl crystal of
2 mm was mounted and tilted over 35◦ with respect to the vertical axis in or-
der to reduce the absorption and the scattering of the emitted β-particles. The
data analysis was performed, selecting only coincident events but taking into
account the full ∆E and E spectra avoiding the noise peak in the beginning
of each spectrum. Due to the limited knowledge of the 42Cl β-decay [156], the
asymmetry parameter cannot be calculated. A polarized production yield of
about 2.3 × 104 42Cl ions was obtained behind the second LISE dipole, using
a primary beam intensity of 2 µA.

β-NMR measurements probing the 3− state in 42Cl
According to ANTOINE calculations using the free and e�ective nucleon g-
factors, the 3− state in 42Cl has |gfree(3−)| = 0.053 and |geff (3−)| = −0.009.
To cover these theoretical values, the lowest experimentally accessible g-factor

AUsing ep = 1.1e and en = 0.5e as e�ective charges for the protons and neutrons.
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Table 6.7: Experimental parameters for the β-NMR scan probing the 3− state in
42Cl. The applied frequency interval, the step between two central frequencies, the
frequency modulation and the statistical accuracy are given.

42Cl � 3− state � 0.0125 < |g| < 0.119 � B0 ' 1 T
Reference Cooling 1σ (%) Freq(kHz) Step(kHz) Mod(kHz)
42-3-A yes 0.35 150-850 100 55

range was scanned: 0.0125 < |g| < 0.119. The result is shown in Fig. 6.15 and
the experimental parameters are summarized in Table 6.7. Due to technical
problems, the region has only been studied with a precision of 0.35% which is
insu�cient to observe an e�ect smaller than 1%. In case the g-factor is even
smaller than 0.0125, the resonance cannot be observed with the present setup.
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Figure 6.15: β-NMR measurement probing the 0.0125< |g| <0.119 interval corres-
ponding to the 3− state in 42Cl. Details are summarized in Table 6.7.

β-NMR measurements probing the 2−(1−) state in 42Cl
In the series of β-NMR experiments presented here, the g-factor interval 0.527 <
|g| < 1.162 is studied, including all theoretical predictions for the 2− and 1−

states in 42Cl. The �rst broad scan, with reference 42-2-A, covers the full range
in steps of 120 kHz, applying a modulation of 65 kHz. Further experimental
details can be found in Table 6.8 and the outcome of the measurement is shown
in Fig. 6.16a. A precision of 0.2% is achieved implying that a β-NMR e�ect of
0.6% or larger should have been observed if present.
In the broad scan, a hint for a resonance was found around 1790 kHz. There-
fore, a zoom was made of the |g| = 0.78− 1.1 interval, indicated by the dotted
lines in Fig. 6.16a. All data added together result in a 0.15% accuracy for this
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Table 6.8: Experimental parameters for the β-NMR measurements probing the
2−(1−) state(s) in 42Cl. The applied frequency interval, the step between two central
frequencies, the frequency modulation and the statistical accuracy are given.

42Cl � 2−(1−) state � 0.527 < |g| < 1.162 � B0 ' 0.25 T
Reference Cooling 1σ (%) Freq(kHz) Step(kHz) Mod(kHz)
42-2-A yes 0.20 1070-2150 120 65
42-2-B yes 0.15 1550-2030 120 65
42-2-C yes 0.12 1660-1960 60 32

frequency range (β-NMR measurement 42-2-B and Fig. 6.16b). Afterwards,
an even narrower g-factor range |g| = 0.854 − 1.045 was scanned, marked on
Fig. 6.16a by two dashed lines. In the latter measurement (reference 42-2-C
and Fig. 6.16c), error bars of 0.12% were achieved. Both �ne scans, 42-2-B
and 42-2-C, completely exclude a β-NMR resonance in their scan ranges.
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(a) β-NMR with reference 42-2-A
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(b) β-NMR with reference 42-2-B
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(c) β-NMR with reference 42-2-C

Figure 6.16: β-NMR measurement probing the 0.527< |g| <1.162 interval correspon-
ding to the 2−(1−) state(s) in 42Cl. Experimental details are given in Table 6.8.
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6.2.3 β-NMR on 43Cl
The discussion of the β-NMR experiments performed on 41Cl can be repeated to
a large extent for 43Cl. Again, a g-factor measurement can probe the spin and
the structure of the ground state. Experiments [126] suggest a 1/2+ ground-
state for 43Cl dominated by odd s1/2 proton con�gurations. At 330 keV, the
�rst excited state is situated, presumably having a spin 3/2+ and consisting
mainly of π(d3/2) con�gurations. A decomposition of the calculated wave func-
tions of both states is given in Table 6.9 and an overview of the experimental
and theoretical level schemes can be found in Fig. 6.17.
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Figure 6.17: Calculated and experimental level schemes of 43Cl.

The procedure to determine the spin-lattice relaxation time of the polarized
43Cl nuclei in a NaCl crystal is analogous to the one applied for 41−42Cl. By
comparing the calculated quadrupole moment of the 3/2+ state in 43ClA to
the value obtained for 35Cl (3/2+), the parameter A is rescaled and T1 can be
calculated using the relation 1

T1
= AT 2 [152]. At room temperature, T1 = 6.3 s

is obtained. As the half-life of 43Cl is 3.13(9) s [154], cooling is not absolutely
necessary. Note that the magnetic moment of 33Cl (Iπ = 3/2+, t1/2 = 2.51 s)
has also been determined with the β-NMR technique in a NaCl-crystal at room
temperature [157]. In that experiment, the relaxation time of 33Cl was mea-
sured to be 5.6∞−3.3 s. When the ground-state spin of 43Cl turns out to be 1/2+,
the relaxation time cannot be calculated. But as there is no spectroscopic qua-
drupole moment, T1 is expected to be very long and cooling is not needed.

AThe calculated spectroscopic quadrupole moment of 43Cl(3/2+) is 82 mb, using ep = 1.1
and en = 0.5 as e�ective proton and neutron charges.
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Table 6.9: Wave-function decomposition of the lowest calculated 1/2+ and 3/2+ states
in 43Cl. Only con�gurations larger than 5% are shown.
Spin Wave function Spin Wave function
1/2+ 9% (πd3/2)1 (νf7/2)6 3/2+ 22% (πd3/2)1 (νf7/2)6

39% (πs1/2)1 (νf7/2)6 15% (πs1/2)1 (νf7/2)6

5% (πd3/2)1 (νp3/2)1 10% (πd3/2)3 (νf7/2)6

7% (πs1/2)1 (νp3/2)1 10% (πs1/2)1 (νp3/2)1

6% (πs1/2)1 (νp3/2)2

The discussion of the reaction-induced spin polarization, presented earlier for
41Cl, can be repeated for 43Cl. As the ground-state of 43Cl corresponds most
probably to the earlier mentioned 1/2+ level dominated by π(s1/2) con�gura-
tions, a very small, if any, polarization is expected. Again, an accurate model
is missing to simulate the exact amount. Moreover, the β-decay of 43Cl is
very fragmented [154] and not known to its full extent, resulting in an Aβ

asymmetry parameter which cannot be calculated and which is expected to be
(much) smaller than for 41Cl. The feasibility of a β-NMR experiment on 43Cl
is therefore questionable. Nevertheless, a few e�orts have been made studying
the g-factor range that includes the calculated g-factors of the 1/2+ state.

All β-NMR measurements were performed using a 1 mm NaCl implantation
crystal at the �nal focal point of the LISE fragment separator. The crystal was
mounted on the room-temperature crystal holder and tilted over −30◦. Only
coincident events were hard-ware selected and in the data-analysis the full ∆E
and E spectra were taken into account, apart from the noise peak in the begin-
ning of each spectrum. An experimental value for the production yield of 43Cl
has not been registered but LISE++ calculations predict it to be four times
smaller than the production yield of 41Cl.

Two measurements cover the interval 1.66 < |g| < 2.63, including the g-factor
geff = 2.16 of 43Cl (1/2+) calculated with e�ective nucleon values. The �rst
β-NMR scan is shown in Fig. 6.18a. This measurement studies the [1.66, 2.54]
range using the experimental parameters indicated with reference 43-1/2-A in
Table 6.10. To exclude that the last data point in this measurement is a po-
tential resonance, a second β-NMR scan was performed, zooming in on the last
two points and adding a third one to the right. The outcome and the details of
the measurement are given in Fig. 6.18b and in Table 6.10 (reference 43-1/2-
B). No (hint for a) resonance has been observed. As the statistical accuracy in
both �gures is below 0.2%, a β-NMR e�ect larger than 0.6% can be excluded.
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Table 6.10: Experimental parameters for the β-NMR scans probing the 1/2+ state
in 43Cl. For each measurement, the applied frequency interval, the step between two
central frequencies, the frequency modulation and the obtained statistical accuracy
are given. In addition, it is indicated that no crystal cooling was used.

43Cl � 1/2+ state � 1.66 < |g| < 2.63 � B0 ' 0.15 T
Reference Cooling 1σ (%) Freq(kHz) Step(kHz) Mod(kHz)
43-1/2-A no 0.2 1950-2850 100 55
43-1/2-B no 0.17 2750-2950 100 55

43Cl � 1/2+ state � 2.24 < |g| < 3.30 � B0 ' 0.15 T
Reference Cooling 1σ (%) Freq(kHz) Step(kHz) Mod(kHz)
43-1/2-C no 0.17 2630-3710 120 65
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(a) β-NMR with reference 43-1/2-A
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(b) β-NMR with reference 43-1/2-B

Figure 6.18: β-NMR measurement probing the a) 1.66 < |g| < 2.54 and b) 2.36 <
|g| < 2.63 intervals corresponding to the 1/2+ state in 43Cl. Experimental details are
given in Table 6.10.

Performing the same shell-model calculations using free nucleon g-factors re-
sults in gfree = 2.99 for the 1/2+ state in 43Cl. Therefore, the interval [2.24,
3.30] was scanned in steps of 120 kHz with a frequency modulation of 65 kHz
(see reference 43-1/2-C in Table 6.10). The result is shown in Fig. 6.19. Once
more, no clear evidence for a resonance is found.
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Figure 6.19: β-NMR measurement covering the g-factor range [2.24, 3.30]. The in-
terval contains the value g(1/2+) = 2.99, calculated for the 1/2+ state in 43Cl using
free nucleon g-factors. Experimental details are given in Table 6.10.

So far, no β-NMR measurements have been performed for 45Cl. According
to shell-model calculations, the 45Cl ground state has a spin-parity 1/2+ with
gfree(1/2+) = 2.81 and geff (1/2+) = 2.20. In that case, spin-polarization of
the fragment beam is hard to obtain, as illustrated earlier for 41,43Cl. Theoret-
ically, the �rst excited state is predicted at 133 keV, having gfree(3/2+) = 0.09
and geff (3/2+) = 0.40. The short 45Cl half-life t1/2 = 413(25) ms makes crys-
tal cooling unnecessary. A straightforward g-factor measurement, however, is
further hindered by the low production yield which is expected to be 26 times
smaller than that of 41Cl and by the unknown β-asymmetry parameter.

6.2.4 Conclusions and outlook for the Cl-studies
In conclusion to this section it is stated that, in spite of the successful β-NMR
measurements on 44Cl which are shown and discussed in the Physical Review
C article at the end of this chapter, no resonances have been observed for
41,42,43Cl. However, two `promising' cases are worth to be studied in more
detail. First of all, a second evaluation is needed of the [1.67, 2.52] g-factor
range, covering the calculated `e�ective' g-factor of the 1/2+ state in 41Cl. As
the 3/2+ to 1/2+ ground-state spin inversion in the odd-mass Cl isotopes is
predicted to happen at 41Cl, this isotope is by far the most interesting nu-
cleus to be studied. Moreover, 41Cl also provides the highest probability to
observe a β-NMR resonance. If any reaction-induced polarization is created, a
β-NMR measurement might reveal the value of |g(41Cl)|, assisted by the high
41Cl production rate and the large Aβ(41Cl) parameter. The feasibility of a
similar experiment on 43,45Cl is controversial since both nuclei do not bene-
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�t from large production yields and known asymmetry parameters. A future
β-NMR measurement might also reconsider the g-factor range corresponding
to the 3− state in 42Cl. The [0.0125,0.119] g-factor interval has only been
studied to a limited extent although many other experimental results favor a
42Cl(3−) ground state. In addition to the experiments mentioned above, new
theoretical work is encouraged to describe the spin polarization, induced in a
projectile-fragmentation reaction, in terms of the wave-function components of
the created fragments. Such research would shed light on the amount of polar-
ization that can be obtained for the odd-mass neutron-rich Cl isotopes being
dominated by a |0+ × s1/2 > con�guration.
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g factor of the 44Cl ground state: probing the reduced
Z = 16 and N = 28 gaps
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The g factor of the 44Cl ground state is measured at the LISE fragment separator
at GANIL using the β-Nuclear Magnetic Resonance (β-NMR) technique, resulting
in g(44Cl) = (-)0.2749(2). An analysis of the g factor value and of the theoretical
level scheme in the shell-model framework reveals the presence of odd-proton s1/2

configurations and neutron excitation across the N = 28 shell gap in the ground state
of 44Cl. In addition, the measured g factor strongly supports a 2− spin assignment
for the 44Cl ground state.

PACS:25.70.Mn, 29.27.Hj, 24.70.+s

I. INTRODUCTION

Isotopes with extreme proton-to-neutron ratios attract a lot of attention since they
exhibit nuclear properties that significantly differ from those near the valley of stabi-
lity. Several regions on the nuclear chart are currently being explored (e.g. the island
of inversion around N = 20, neutron rich nuclei around 68Ni) revealing vanishing
magic numbers and new shell gaps.
About 15 years ago, a β-decay experiment suggested a new region of deformation
around 44S28 [1]. Since then, extensive experimental and theoretical studies have
been performed to analyze the nuclear structure of the neutron-rich isotopes in the

∗ Present address: CSNSM, Université Paris-Sud 11, CNRS/IN2P3, F-91405 Orsay-Campus,
France
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vicinity of the N = 28 shell closure. Various observables such as masses [2–4], β-decay
properties [5, 6], excitation energies and level schemes [7–10], B(E2) values [11–13],
spectroscopic factors [14, 15] and nuclear moments [16, 17] have been studied, yield-
ing a large set of complementary data. In parallel, elaborate shell-model calculations
[18–22] and mean-field theories [23–27] have been developed.
Both the erosion of the N = 28 shell-gap and the collapse of the Z = 16 subshell clo-
sure are responsible for the collectivity, shape coexistence and configuration mixing
observed in the neutron-rich isotopes from Si (Z = 14) to K (Z = 19). Since 44

17Cl27
has three proton holes in the π(sd) shell, it is very sensitive to the near-degeneracy
of the π(s1/2) and π(d3/2) levels and to the induced proton correlations. With one

neutron hole in the ν(f7/2) state, 44Cl is also an excellent probe for neutron excita-
tions across N = 28.
As the nuclear g factor consists of an orbital and a spin contribution, it indicates the
shell-model character of the state being studied. Therefore, a measurement of the g
factor can provide crucial and decisive information on the nuclear structure of the
N ' 28 isotopes.
This article reports on the ground-state g factor of 44Cl which has been measured
using the β-Nuclear Magnetic Resonance technique (β NMR) at the LISE fragment
separator at GANIL. The experimental results are presented and compared to large-
scale shell-model calculations. In order to give a correct interpretation of the 44

17Cl27
g factor and ground state structure in terms of changing single particle orbits and
enhanced correlations, the isotopic Z = 17 and isotonic N = 27 chains are discussed.
This study reveals a deeper insight into the structural changes happening around the
‘magic’ number N = 28.

II. EXPERIMENTAL TECHNIQUE

Neutron-rich 44Cl nuclei were produced in a projectile-fragmentation reaction of a sta-
ble 48Ca20+ beam (60 AMeV) impinging on a 1212 µm rotating 9Be target. The sec-
ondary beam was selected by the high-resolution fragment separator LISE at GANIL
[28, 29]. The polarization necessary to perform a β-NMR measurement was obtained
by putting an angle of 2(1)◦ on the primary beam with respect to the forward direc-
tion. In order to get the highest polarization, a selection was made in the right wing
of the longitudinal momentum distribution. This configuration led to a production
yield of about 2700 44Cl-ions per second for 1 µA of 48Ca. A secondary beam purity
of 90% was achieved by placing a 1077 µm 9Be wedge-shaped degrader in the interme-
diate dispersive plane and by adjusting the settings of the Wien filter in front of the
β-NMR setup. The identification of the transmitted fragments was done by means of
the standard energy loss versus time of flight procedure using three Si-detectors along
the beam path. The characteristic γ-lines following the β-decay of the 44Cl nuclei
contributed to a correct identification of the produced fragments.
At the end of the LISE-separator, the β-NMR setup is installed [30]. The spin-
polarized 44Cl-fragments (t1/2 = 0.56(11) s, Qβ = 12.27(22) MeV) are implanted in
a 1 mm thick NaCl crystal at room temperature. The stopper material is positioned
in the center of a static magnetic field B0 that is oriented parallel to the vertical
polarization axis. B0 induces a Zeeman splitting of the nuclear m quantum states.
The energy difference between two successive levels, m− 1 and m, is proportional to
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the nuclear g factor g and to the magnetic field strength B0. It is given by:

∆E = Em − Em−1 = gµNB0 (1)

The β-particles emitted in the β-decay of 44Cl are detected in two ∆E/E pairs of plas-
tic scintillators, placed along the polarization direction. One pair is situated above
the crystal, the other below. Requiring coincidences between the upper two or the
lower two detectors reduces scattering and noise events. When the implanted nuclear
ensemble is spin polarized, the m-states have a different occupation probability which
induces an anisotropic β-decay pattern.
Perpendicular to the magnetic field, a radiofrequent (rf) field is applied in the Cu-coil
placed around the crystal. By varying the rf-frequency ν, the emitted energy hν is ad-
justed to match the energy difference between the m-states (Eq. 1). This induces an
equal population of all quantum levels and a destruction of the polarization when the
Larmor frequency νL = (gµNB0)/h is encountered. As a consequence, the β-decay
pattern becomes isotropic and a resonance is observed when the experimental asym-
metry is measured as a function of the rf-frequency. The experimental asymmetry is
defined as:

Asymmetry =
Nup −Ndown

Nup + Ndown
' vβ

c
AβP (2)

The number of coincident events in the upper and the lower detectors is given by
Nup and Ndown respectively. Aβ is the asymmetry parameter which depends on
the β-decay properties and the spin of 44Cl. P is the polarization induced in the
projectile-fragmentation reaction and vβ/c, the ratio of the velocity of the β-particles
to the speed of light, is assumed to be one since 44Cl has a high Qβ .
The variation of the rf-frequency is performed in discrete steps, all characterized by a
central frequency. In parallel to the continuous β-detection, each central frequency is
applied and modulated simultaneously during several seconds up to minutes depend-
ing on the lifetime of the nucleus. The modulation range covers at least one half of
the interval between two subsequent central frequencies and has a repetition rate of
100 Hz. After applying the last central frequency, data without rf-field are collected
as a reference before starting the next scan.

III. RESULTS

The first indication of the 44Cl β-NMR resonance was found in a broad scan, covering
a 2 MHz wide frequency range in steps of 200 kHz using a large frequency modulation
of 110 kHz. A preliminary Larmor frequency νL,1(

44Cl) = 2126(110) kHz could be
deduced. Starting from this result, four fine scans were performed, gradually reduc-
ing the scan range and the frequency modulation until an accurate β-NMR curve
and a precise Larmor frequency νL,5(

44Cl) = 2096.5(2) kHz were obtained. Table I
gives the scanned frequency range, the step between two central values, the applied
frequency modulation and the deduced Larmor frequency for the subsequent β-NMR
measurements.
Two fine scan examples with a frequency modulation of 17 kHz and 0.6 kHz respec-
tively are shown in Fig.1. The outer right point represents the data collected without
rf-field. In several measurements, including the ones presented in Fig.1, two frequen-
cies are added on either side of the resonance region to emphasize the baseline. The
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Table I: The scanned frequency range, the interval between two central frequencies,
the applied frequency modulation and the obtained Larmor frequency for the five
44Cl β-NMR measurements, performed for B0 = 1.0001(7) T.

B0 = 1.0001(7) T

Range (kHz) Step (kHz) Modulation (kHz) νL (kHz)

850-2850 200 110 2126(110)

1800-2300 30 17 2097(4)

2070-2122 4 1.6 2098(2)

2085-2110 1 0.01 2096.1(3)

2085-2110 1 0.6 2096.5(2)

β-NMR curves are fitted with a function that includes the Lorentzian line shape and
the frequency modulation [31]. The weighted mean of the five νL’s is calculated to
be νL(44Cl)1T = 2096.4(2) kHz.
All aforementioned β-NMR measurements were performed for a magnetic field B0 =
1.0001(7) T. During the run, the field was continuously monitored by the hall probe
positioned at 7 cm behind the implantation crystal. From the measured field value,
the magnetic field in the center could be calculated, relying on the field calibrations
made before and after the experiment.
During the calibration process, a complete and stable hysteresis curve was measured
in steps of 0.5 A. This procedure was performed in the center and at the position of
the hall probe, firmly establishing the relation between both. The total error on B0

consists of two contributions, added in quadrature. The statistical contribution (0.15
mT) is the smallest and originates from the linear relation between the measured and
the central magnetic field. It includes the uncertainty on the hall probe readout and
the errors on the slope and the intercept of the calibration function. The largest con-
tribution (0.66 mT) is a systematic effect, linked to the fact that the field calibration
around 1 T can only be reproduced with an accuracy of 0.66 mT.
From the weighted mean of the individual Larmor frequencies and the calculated
magnetic field value B0, the g factor of the 44Cl ground state can be deduced:
|g(44Cl)|1T = 0.2750(2).

Table II: The scanned frequency range, the interval between two central frequencies,
the applied frequency modulation and the obtained Larmor frequency for the β-NMR
measurement performed for B0 = 0.5001(4) T.

B0 = 0.5001(4) T

Range (kHz) Step (kHz) Modulation (kHz) νL (kHz)

1035-1061 2 1.5 1047.0(5)

In order to check this result, an extra β-NMR scan was performed at a different
magnetic field. The experimental details and the observed Larmor frequency can be
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Figure 1: Two 44Cl fine scans for B0=1.0001(7)T. The NMR in Fig. 1(a) has a
frequency step of 30 kHz and a modulation of 17 kHz. Fig. 1(b) shows a scan
performed with frequencies that are only 1 kHz apart and a modulation of 0.6 kHz.

found in Table II. The β-NMR resonance is plotted in Fig. 2. A static magnetic field
B0 = 0.5001(4) T was applied, the error being mainly determined by the 0.36 mT
divergence observed for repeated calibrations around 0.5 T. Based on the measured
Larmor frequency νL = 1047.0(5) kHz and the calibrated magnetic field, an indepen-
dent value for the g factor of the 44Cl ground state could be deduced. The result,
|g(44Cl)|0.5T = 0.2747(3), is in good agreement with the g factor observed for the
double field value.
The experimentally determined g factor of the 44Cl ground state is the weighted
mean of the g factors observed at 1 T and at 0.5 T and is calculated to be |g(44Cl)|
= 0.2749(2).
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Figure 2: 44Cl scan for a magnetic field of 0.50010(4) T.

IV. DISCUSSION

Being an odd-proton isotope, 44
17Cl is very sensitive to the near-degeneracy of the

π(s1/2) and the π(d3/2) levels [9, 32–34]. Having 27 neutrons, 44Cl is also an excel-
lent probe to study the reduction of the N = 28 shell gap, which has been observed
in the neighboring 43S [17] and 45Ar [15] isotones. Prior to the discussion of the
44Cl ground-state structure, the above effects are addressed from an experimental
and a theoretical point of view. The entire discussion is performed in the shell-model
framework and the calculations are made using the ANTOINE code [35] with the
most recent sdpf residual interaction (SDPF-U) [22]. The protons are confined to the
π(sd) orbits while the valence neutrons occupy the full ν(pf) shell.
The degeneracy of the π(s1/2) and π(d3/2) levels is to a large extent caused by the
proton-neutron tensor force [36, 37] which works attractively on the π(d3/2) state,
lowering it in energy with respect to the π(s1/2) level when the ν(f7/2) orbit is filled.
When both proton levels come close together, ground-state configurations with an
odd s1/2 proton are energetically favored as the energy gain by pairing two protons in
the π(d3/2) level overcomes the energy needed to excite a proton. As a consequence, a
ground-state spin change is predicted in the odd-mass Cl isotopes, similar to the spin
flip observed in the K isotopes [38]. Going towards 45Cl, a decrease of the energy
difference between the ‘normal’ 3/2+ ground state and the first excited state with
spin 1/2+ is observed. The inversion of both states is suggested to happen at 41

17Cl24
[9, 39]. The calculated and experimental level schemes, including only the lowest two
states of 39−45Cl, are given in Fig. 3. The experimental data are taken from Refs.
[9, 39–42]. A good agreement between theory and experiment is observed.
43
17Cl26 and 45

17Cl28 are predicted to have a 1/2+ ground-state spin and a wave func-
tion dominated by configurations with an odd s1/2 proton (59% for 43Cl and 65% for
45Cl). This provides a strong indication that also in the ground state of 44Cl, π(s1/2)
configurations are favored.
The second structural change, relevant for the study of 44Cl, comprises the vanishing
of the N = 28 shell closure and is also induced by the proton-neutron (tensor) interac-
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Figure 3: Calculated and experimental level schemes of the odd-mass neutron-rich
39−45Cl22−28 isotopes.

tion. Taking away protons from the 47Ca-nucleus weakens the attraction between the
ν(f7/2) and the π(d3/2) level, which leads to enhanced cross-shell excitations to the
ν(p3/2) level. Fig. 4 shows the experimental level schemes and the known g factors

of the odd-mass N = 27 isotones, from 47Ca down to 43S [2, 8, 13, 15, 17, 43–46].
Nuclear states with a calculated or observed dominating single-particle nature are
indicated with a full line, dashed-dotted lines define strongly mixed states. The 7/2−

ground state of 47Ca originates from the odd-neutron hole in the ν(f7/2) orbital. Pro-

moting one neutron across the N = 28 shell gap to the ν(p3/2) level gives the 3/2−

first excited state. Both configurations are also present in the level scheme of 45Ar.
The lower excitation energy of the 3/2− state already indicates the weakening of the
N = 28 shell gap. In addition, a collective 3/2− state appears at 535 keV. When
going to 43S, the intruder 3/2− level with a neutron configuration dominated by np-
nh excitations across N = 28 is suggested to replace the ‘single-particle’ 7/2− level
as the ground state. An extensive discussion of this structural change can be found
in Refs. [15, 17, 46]. Note that for the N = 27 isotones a good agreement between
the experimental and calculated g factors is obtained, using the effective nucleon g
factors proposed in [47] (gπ

l = 1.1, gν
l = −0.1 and gs = 0.75 gfree

s ).
As 44

17Cl27 is situated between 45
18Ar27 and 43

16S27, ν(p3/2) configurations are expected
to contribute to the ground-state wave function. Experimentally, this was confirmed
by Riley et al. who measured the momentum distribution of the 44Cl nuclei in the
single-neutron knockout reaction 9Be(45Cl, 44Cl)X [48]. From the obtained results,
it was concluded that the ν(p3/2) configurations play a prominent role in the 44Cl

ground state and that the collapse of the N = 28 shell closure, earlier observed in 43S
[17], persists in 44Cl.
Let us now combine both effects, the degeneracy of the π(s1/2) and π(d3/2) levels and
the reduced N = 28 shell gap, in the odd-odd nuclei. The theoretical and (known)
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Figure 4: Experimental level schemes and known g factors of the N = 27 isotones
(47Ca, 45Ar and 43S). Nuclear states with a dominating single-particle nature are
indicated with a full line, dashed-dotted lines define strongly fragmented states.

experimental level schemes of 46
19K27 and 44

17Cl27 are presented in Fig. 5, together with
the calculated and measured ground-state g factors. The experimental data are taken
from this work and from [38, 49]. Near the stability line, in 46

19K27, one would naively
expect to have an unpaired neutron in the ν(f7/2) orbit and an odd proton in the

π(d3/2) state. This configuration gives rise to the 2− ground state and the 3−, 4−

and 5− levels at low excitation energies. The decomposition of the calculated wave
functions of these states is shown in Table III. Only contributions larger than 10%
are reported.
As the π(s1/2) and π(d3/2) single-particle states are nearly degenerate in the neutron-

rich K isotopes around 47
19K28, (πs1/2)

1 (νf7/2)
7 configurations should be taken into

account in the wave function of 46K. They induce a significant configuration mixing
in the aforementioned 3− and 4− excited states, as shown in Table III. When con-
sidering the higher lying states, the 0− and 1− spins can only be formed by coupling
a proton to a p3/2 neutron. This hypothesis is confirmed by the calculations in Table
III.
As observed in Fig. 5, the calculated level scheme of 44Cl is much more compressed
in energy than that of 46K. The main difference between both is the position of the
0−, 1− multiplet, related to neutron excitations across N = 28. In 44Cl, it dropped
by about 1.5 MeV as compared to 46K, indicating the collapse of the N = 28 shell
gap and the grown importance of ν(p3/2) configurations in the ground state and low-

lying excited states of 44Cl. Moreover, the 44Cl wave functions shown in Table III
appear to be very fragmented, providing a strong indication for the development of
correlations and collectivity as observed in the even-odd N = 27 isotones.
Independent of the nuclear level schemes, also the g-factor values reflect the increasing
amount of ν(p3/2) and π(s1/2) configurations. As the ground state of 46K is domina-

ted by (πd3/2)
3 (νf7/2)

7 configurations, its g factor gexp(
46K) = −0.526(3) [38] can
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Figure 5: Calculated and experimental (if known) level schemes of 46K and 44Cl. The
experimental spin assignments for 46K are the ones adopted in [49] and the measured
ground-state (g.s) g factors are taken from this work and [38].

be compared to the value gpure = −0.98 of a pure (πd3/2)
3 (νf7/2)

7 state, calcu-

lated with effective nucleon g factors. For the 44Cl ground state however, ANTOINE
calculations suggest a highly fragmented wave function with (πd3/2)

3 (νf7/2)
7 and

(πs1/2)
1 (νp3/2)

1 as main components. Since the (πs1/2)
1 (νp3/2)

1 contribution has

a g factor with a positive sign, gpure = 0.28, the total value of the 44Cl g factor
is reduced when both configurations are mixed. The experimentally observed value
g(44Cl)= (−)0.2749(2) (sign adopted from theory) confirms this argument: additional
components in the wave function due to configuration mixing lower the g factor with
respect to the value observed for a single-particle configuration.
An excellent agreement is observed between the experimental and calculated ‘effec-
tive’ g factors of the N = 27 isotones 47Ca, 43Sm, 46K and 44Cl. The measured 44Cl
g factor, presented in this work, therefore strongly supports the 2− spin assignment
for the ground state of 44Cl, consistent with the conclusion drawn in Ref. [48].
In conclusion, the 44Cl ground state and g factor are very sensitive to the subtle
interplay between proton configurations originating from the collapse of the Z = 16
sub-shell closure and neutron excitations across the reduced N = 28 shell gap. From
the comparison of the 44Cl level scheme and g factor with calculated and experimental
values in neighboring nuclei, it is deduced that both effects play a major role in the
ground state of 44Cl.

V. SUMMARY

The g factor of the 44Cl ground state was studied using the β-NMR technique at the
LISE fragment separator at GANIL. Several measurements at two different magnetic
field values were performed, leading to the final value g(44Cl) = (-)0.2749(2).
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Table III: Main calculated wave-function components of the ground state and low
lying excited states in 46K and 44Cl. Only contributions larger than 10% are reported.

Jπ 46K configuration Jπ 44Cl configuration

2− 71% (πd3/2)
3 (νf7/2)

7 2− 24% (πd3/2)
3 (νf7/2)

7

18% (πs1/2)
1 (νp3/2)

1

3− 35% (πd3/2)
3 (νf7/2)

7 1− 16% (πd3/2)
1 (νp3/2)

1

32% (πs1/2)
1 (νf7/2)

7 27% (πs1/2)
1 (νp3/2)

1

15% (πd3/2)
3 (νp3/2)

1

4− 16% (πd3/2)
3 (νf7/2)

7 0− 20% (πd3/2)
1 (νp3/2)

1

61% (πs1/2)
1 (νf7/2)

7 22% (πs1/2)
1 (νp3/2)

1

5− 77% (πd3/2)
3 (νf7/2)

7 3− 13% (πd3/2)
1 (νf7/2)

7

22% (πs1/2)
1 (νf7/2)

7

11% (πs1/2)
1 (νp3/2)

1

1− 63% (πd3/2)
3 (νp3/2)

1 4− 10% (πd3/2)
1 (νf7/2)

7

35% (πs1/2)
1 (νf7/2)

7

0− 64% (πd3/2)
3 (νp3/2)

1 5− 12% (πd3/2)
1 (νf7/2)

7

12% (πs1/2)
1 (νf7/2)

7

29% (πd3/2)
3 (νf7/2)

7

10% (πs1/2)
1 (νp3/2)

1

Comparison of this result with large-scale shell-model calculations using the AN-
TOINE code with the SDPF-U residual interaction and effective nucleon g factors
favors 2− as the ground-state spin of 44Cl. The analysis of the g-factor value and the
comparison of the theoretical 44Cl level scheme with observations in the neighboring
N = 27 and Z = 17 nuclei, reveal the presence of odd s1/2 proton configurations and

neutron excitations across N = 28 in the ground state of 44Cl.
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Conclusions and outlook

This PhD thesis discusses the technical and scienti�c aspects of the nuclear
moment measurements performed on the light neutron-rich 17−18N isotopes,
the 31Al nucleus at the border of the island of inversion and the neutron-rich
41−44Cl isotopes in the vicinity of the N = 28 shell closure. All experiments
were accomplished using a newly designed β-NMR/β-NQR setup at the LISE
fragment separator at GANIL.
A detailed description of the new setup is given, including extensive �eld-pro�le
measurements and GEANT4 simulations. In order to achieve accurate and re-
liable β-NMR/β-NQR results an electromagnet is installed, providing a homo-
geneous magnetic �eld up to 1.02 T across the implantation crystal. A special
type of ampli�er, designed for variable impedance circuits, is connected to the
rf-coil, making it possible to apply a broad frequency range of strong rf �elds.
From the GEANT4 simulations the ideal β-NMR/β-NQR conditions can be
deduced, demonstrating that a high Qβ value and a thin tilted implantation
crystal strongly improve the detection e�ciency and the sensitivity to observe
a resonant change in the β-asymmetry.
When the installation of the setup was completed, a test experiment was per-
formed probing the g-factors of 17−18N. For the 17N ground state, the magnetic
moment |µ(17N)| = 0.3551(4) µN was found. This result is in agreement with
and �ve times more accurate than the earlier published value, illustrating that
the newly designed β-NMR/β-NQR setup is suited for precision measurements
of nuclear moments. The 18N nucleus, on the other hand, provides an ex-
cellent physics case as two con�icting magnetic moments exist in literature.
In the present experiment, three β-NMR measurements with di�erent initial
polarizations resulted in |µ(18N)| = 0.3273(4)µN , con�rming the magnetic mo-
ment published by Ogawa et al. [1]. A future g-factor measurement around
|g| = 0.135(15) should further examine the result from Neyens et al. [2].
As nuclear moments are excellent tools to probe changes in the shell structure,
they have been frequently used to study nuclei in and near the island of inver-
sion. This region, including the 10Ne, 11Na and 12Mg isotopes with neutron
number around N = 20, is characterized by the dominance of neutron excita-
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tions from the sd to the pf -orbits in the ground state. In order to determine
the in�uence of intruder con�gurations in the neutron-rich 13Al isotopes, the
quadrupole moment of 31Al is studied using the multiple-rf β-NQR technique.
A precise value for the quadrupole moment of 31Al is deduced: |Q(31Al)| =
134.0(16) mb. Comparison of this value with large-scale shell-model calcula-
tions in the sd and sdpf valence spaces suggests that the 31Al ground state
is dominated by normal sd-shell con�gurations with a possible small contribu-
tion of intruder states. Furthermore, a compilation of measured quadrupole
moments of odd-Z even-N isotopes in comparison with shell-model calculations
shows that the proton e�ective charge ep = 1.1e provides a much better descrip-
tion of the nuclear properties in the sd-shell than the adopted value ep = 1.3e.
In addition, a detailed analysis of the physics behind the Adiabatic Fast Pas-
sage and Continuous rf β-NMR techniques is given.
Another region of exotic nuclei, exhibiting structural changes, is situated around
N = 28. Both the erosion of the N = 28 shell gap and the collapse of the Z = 16
sub-shell closure are responsible for the collectivity, shape coexistence and con-
�guration mixing observed in the neutron-rich isotopes from 14Si to 19K. As the
Cl isotopes have three proton holes in the π(sd) shell, they are very sensitive
to the near-degeneracy of the π(s1/2) and π(d3/2) levels and to the induced
proton correlations. The neutron-rich Cl isotopes are also excellent probes to
study neutron excitations across N = 28. A measurement of the 44Cl g-factor,
resulting in g(44Cl) = (-)0.2749(2), showed that both e�ects play an important
role in the ground state of this nucleus. The experimental g-factor also strongly
supports a 2− spin assignment for 44Cl. Additionally, β-NMR measurements
were performed on the 41−43Cl ground states, so far without any result.

Studying nuclear structure is one of the major pillars in today's scienti�c re-
search. Exploring exotic regions of the nuclear chart sheds light on the funda-
mental interactions in nature and on the way matter is created in the universe.
This PhD thesis o�ers a small contribution to this enormous work which has
by far not been completed. Even the results obtained in this work are calling
for further investigations and experiments. A few examples are given. In order
to extend the systematics of the neutron-rich Al and Cl isotopes, new nuclear
moment measurements on 33,34Al and 41−43,45Cl are needed. A theoretical
study of the polarization obtained in s1/2 nuclei using projectile fragmentation
reactions can solve the polarization problems encountered in this thesis. More
experimental data are needed to establish the role of frequency modulation on
the β-NMR line-shape and a new β-NMR experiment on 18N would clarify why
two resonances were observed earlier. In conclusion, this thesis provides new
physical insights in the current nuclear structure debate but at the same time
it opens other questions for future research.
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