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Preface

The goal of this PhD work was to study the structure of exotic francium isotopes
by measuring their magnetic dipole and electric quadrupole moments as well as
changes in mean-square charge radii, using the newly developed technique of
Collinear Resonance Ionization Spectroscopy (CRIS).

The first experimental campaigns yielding hyperfine structure and alpha
decay results for the francium isotopes 2027206Fy and 2187219:229.231 Ry were
performed in August and October 2012 at ISOLDE, CERN. These experiments
used the low-resolution pulsed lasers from the RILIS group at ISOLDE,
resulting in highly-sensitive background-free measurements, with a linewidth of
1.50(5) GHz. That was sufficient to deduce charge radii and magnetic moments
of isomers and ground states, but not sufficient to resolve hyperfine components
from isomers and ground states nor to determine quadrupole moments. Four
articles were published as a result of this work. The first article by Cocolios et
al. [1] gives a description of the CRIS experimental setup. The second article by
Flanagan et al. [2] reports on the novelty and sensitivity of the CRIS technique
and its application to the study of neutron-deficient francium isotopes and
isomers down to 2°Fr. The third article by Lynch et al. [3] was the subject
of the PhD thesis of Kara Lynch (University of Manchester) who focussed on
the analysis and interpretation of the neutron-deficient francium isotopes using
decay-assisted collinear resonance ionisation spectroscopy [4]. The fourth article
by Budincevi¢ et al. [5] is the core article of this PhD thesis and it is added in the
discussion section. It focuses on the study of the neutron-rich francium isotopes
in a region of reflection asymmetry. The measurement of the magnetic dipole
moments provided insights into the orbital occupations of the valence protons
in 219:229.231Fy and supported the tentative spin assignments in 229231 Fr, while
the changes in mean-square charge radii provided additional support for the
transitional character of 220Fr, having weak octupole correlations, and showed
that 22%Fr lies outside of the region where such octupole correlations cause
reflection-asymmetric nuclear deformations.
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During the ISOLDE long shutdown period, an upgrade to the CRIS off-line
stable ion source was performed as part of this PhD work, enabling tests of a
pulsed CW (continuous wave) laser system leading to high-resolution studies on
francium isotopes in November 2014. Thanks to the improvement in resolution
by nearly 2 orders of magnitude, the spectroscopic quadrupole moment of 2'9Fr
could be measured, which confirmed that the motion of the odd proton in this
nucleus is decoupled from the core deformation. This was previously suggested
from decay spectroscopy studies. A thorough description of the laser system
technical developments, which forms the subject of the PhD thesis by Ruben
de Groote, has been described in the paper by de Groote, Budincevié et al.[6],
along with a short discussion on the evolution of the structure in the odd
neutron-rich francium isotopes. This paper is given in the Appendix of this
thesis, while a more extended discussion about shapes and deformation in the
francium isotopes is given in the Discussion chapter. In summary, the following
papers resulted from the experiments that were carried out as part of my PhD
thesis:

1. The Collinear Resonance Ionization Spectroscopy (CRIS)
experimental setup at CERN-ISOLDE
T.E. Cocolios, H.H. Al Suradi, J. Billowes, I. Budincevi¢, R.P. de Groote,
S. De Schepper, V.N. Fedosseev, K.T. Flanagan, S. Franchoo, R.F. Garcia
Ruiz, H. Heylen, F. Le Blanc, K.M. Lynch, B.A. Marsh, P.J.R. Mason, G.
Neyens, J. Papuga, T.J. Procter, M.M. Rajabali, R.E. Rossel, S. Rothe,
G.S. Simpson, A.J. Smith, I. Strashnov, H.H. Stroke, D. Verney, P.M.
Walker, K.D.A Wendt and R.T. Wood
Nuclear Instruments and Methods in Physics Research B 317, 565-569
(2013)

2. Collinear Resonance Ionization Spectroscopy of Neutron-
Deficient Francium Isotopes
K.T. Flanagan, K.M. Lynch, J. Billowes, M.L. Bissell, I. Budincevi¢, T.E.
Cocolios, R.P. de Groote, S. De Schepper, V.N. Fedosseev, S. Franchoo, S.
R.F. Garcia Ruiz, H. Heylen, B.A. Marsh, G. Neyens, T.J. Procter, R.E.
Rossel, S. Rothe, 1. Strashnov, H.H. Stroke, and K.D.A Wendt
Physical Review Letters 111, 212501 (2013)

3. Decay-Assisted Laser Spectroscopy of Neutron-Deficient Fran-
cium
K.M. Lynch, J. Billowes, M.L. Bissell, I. Budincevié¢, T.E. Cocolios, R.P.
de Groote, S. De Schepper, V.N. Fedosseev, K.T. Flanagan, S. Franchoo,
R.F. Garcia Ruiz, H. Heylen, B.A. Marsh, G. Neyens, T.J. Procter, R.E.
Rossel, S. Rothe, 1. Strashnov, H.H. Stroke, and K.D.A Wendt
Physical Review X 4, 011055 (2014)
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4. Laser spectroscopy of francium isotopes at the borders of the
region of reflection asymmetry
I. Budincevié, J. Billowes, M.L. Bissell, T.E. Cocolios, R.P. de Groote, S.
De Schepper, V.N. Fedosseev, K.T. Flanagan, S. Franchoo, R.F. Garcia
Ruiz, H. Heylen, K.M. Lynch, B.A. Marsh, G. Neyens, T.J. Procter, R.E.
Rossel, S. Rothe, I. Strashnov, H.H. Stroke, and K.D.A Wendt
Physical Review C 90, 014317 (2014)

5. Use of Continuous Wave Laser and Pockells Cell for Sensitive
High-Resolution Collinear Resonance Ionization Spectroscopy
R.P. de Groote, I. Budinc¢evié, J. Billowes, M.L. Bissell, T.E. Cocolios,
G.J. Faroog-Smith, V.N. Fedosseev, K.T. Flanagan, S. Franchoo, R.F.
Garcia Ruiz, H. Heylen, R. Li, K.M. Lynch, B.A. Marsh, G. Neyens, R.E.
Rossel, S. Rothe, H.H. Stroke, K.D.A Wendt, S.G. Wilkins, and X. Yang
Accepted in Physical Review Letters, August 2015

This thesis is organized in six chapters. Chapter 1 presents the previous
studies performed on francium, introduces the region of reflection-asymmetric
shapes, and motivates the development of the CRIS technique. Chapter 2 then
introduces the theoretical concepts of the magnetic dipole moment, electric
quadrupole moment and nuclear mean-square charge radii. Afterwards Chapter
3 describes radioactive ion beam production at the ISOLDE facility, introduces
the basic concepts of laser spectroscopy, describes the CRIS beamline setup,
and ends with a description of the technical developments of the new CRIS
ion source. The following Chapter 4 discusses the analysis procedures for
determining the nuclear moments and charge radii of the francium isotopes
from the measured hyperfine spectra. Chapter 5 presents the physics discussion
of these results, starting with an introduction into different types of nuclear
deformations including octupole deformations, followed by Article I (item
number 4 in the above list). Then the Coriolis interaction is introduced and
the physics discussion of article number 5 from the above list is extended in
detail. Finally, Chapter 6 provides a summary of the thesis, while also giving
an outlook into future studies on francium and other isotopes using the CRIS
technique. As previously mentioned, the Appendix of the thesis contains paper
5 from the above list, which will be referred to as Article II.






Abstract

It was known for many years that nuclei possessing certain numbers of protons
(Z) and neutrons (N), called the magic numbers (8, 20, 28, 50, 82, 126...), exhibit
characteristic behavior and are in general more stable than their neighboring
isotopes. As the capabilities of producing isotopes with more extreme values of
Z and N increased, it was realized that those spherical nuclei only represent
a small fraction of the total number of isotopes and that most isotopes are
deformed. In order to study exotic isotopes and their deformation, it was
necessary to develop new experimental techniques that would be powerful
enough to be able to cope with very small production yields, but precise enough
to measure the nuclear properties (such as radii and moments) with relatively
small uncertainties. One technique that can measure nuclear properties of
scarcely produced isotopes is in-source resonant ionization, but this technique
does not allow for sufficient precision to deduce nuclear quadrupole moments.
Furthermore, this technique can only be applied to isotopes that are not surface-
ionized, and is therefore not applicable for alkaline elements. On the other hand,
a technique that can precisely measure atomic hyperfine structures and therefore
precisely extract nuclear properties such as nuclear spin, magnetic dipole and
electric quadrupole moments and mean-square charge radii is collinear laser
spectroscopy with fluorescence detection. This technique however lacks the
efficiency needed to study very exotic species. The aim of this PhD work was
to apply a new technique which would be both efficient and precise: Collinear
Resonance Ionization Spectroscopy (CRIS), to the study of the rare francium
isotopes.

The interest in studying the francium (Z = 87) isotopes lies in the fact that
its neutron-rich isotopes (around mass A = 225) are located in a region of the
nuclear chart that exhibits a rare form of deformation: octupole deformation.
Such type of deformation leads to reflection-asymmetric nuclear shapes (pear
shapes). Previously the 22°=228Fr isotopes were studied with collinear laser
spectroscopy with fluorescence detection, which showed that the charge radii of
these isotopes exhibited unusual behavior. This stimulated decay spectroscopy
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studies to be performed on these francium isotopes, which showed that they
exhibit several signatures of reflection asymmetry. The goal of this work was
to extend the laser spectroscopy measurements to either side of this region, to
determine the range in which these octupole deformations occur. Additionally,
the francium isotopes with less than the magic N = 126 neutrons, were known
to exhibit a lowering of the proton 381_/12 intruder state as more neutrons are
removed, and it was the goal of these experimental campaigns to push the limits
of the studied francium isotopes towards 9°Fr, where this state is predicted to
be the ground state.

The experiments were performed in two periods. The first two experimental
campaigns in August and October 2012 at ISOLDE, CERN, measured for the
first time the magnetic dipole moments and changes in mean-square charge
radii of the 2°27206Fy (and their isomers) and the neutron rich 218m219,229,231y
isotopes. The measurement of the hyperfine structure of 202Fr, produced by
less than 100 particles/s, was made possible due to the demonstrated > 1%
high efficiency of the CRIS technique. The high resolution was not attained
however, as it was limited by the 1.50(5) GHz linewidth of the used laser
system. The measured magnetic dipole moments showed that the odd proton
occupies the 1hg /o shell model orbit in 29FY, while in 229231 Fr it occupies the
deformed Nilsson 1/2[400] orbital, originating from the 331_/12 intruder state.

The mean-square charge radii results agreed with 22°Fr being a transitional
isotope exhibiting weak octupole correlations, while 222Fr lies outside of the
region of reflection-asymmetric shapes.

Following these experiments, technical developments were performed as
part of this work on the CRIS off-line ion source, leading to the possibility
of providing stable beams of potassium. These beams were used to test the
new laser scheme consisting of a narrowband continuous wave laser which was
chopped by use of a Pockels cell, with this pulse being separated in time from
the ionization laser pulse for reducing line broadening effects. This enabled the
CRIS technique to reach the goal of high resolution, exemplified by the obtained
20(1) MHz wide hyperfine structure peaks of francium during a run in November
2014. The very well resolved hyperfine spectra allowed the extraction of the
spectroscopic quadrupole moment of 2Fr. This value showed that the motion
of the odd proton is decoupled from the deformation-axis of the nucleus, as was
the case in 22! Fr as well. This experiment showed that the CRIS technique is
able to achieve high resolution without sacrificing efficiency, which has opened
the door to many studies of exotic nuclei using the technique.
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Men weet reeds geruime tijd dat kernen met een bepaald aantal protonen (2)
en neutronen (N), de zogenoemde magische getallen (8,20, 28,50,82,126...),
karakteristieke eigenschappen vertonen zoals een sferische grondtoestand en
een verhoogde stabiliteit ten opzichte van de naburige isotopen. Door
de spectaculaire vooruitgang in de productie van kernen met extreme
waarden van Z en N (exotische kernen), heeft men ingezien dat zulke
kernen eerder de uitzondering dan de regel zijn, en dat de meeste kernen
in werkelijkheid vervormd zijn. Om deze exotische isotopen en hun vervorming
te kunnen bestuderen, was de ontwikkeling van nieuwe experimentele technieken
essentieel.  Deze technieken moeten krachtig genoeg zijn om met lage
productie-opbrengsten te kunnen werken, maar tegelijkertijd ook nauwkeurig
genoeg om kerneigenschappen met een relatief kleine onzekerheid te kunnen
meten. Een techniek die kerneigenschappen van in kleine hoeveelheden
geproduceerde isotopen kan meten, is ”in-source resonant ionization", maar deze
techniek ontbreekt nauwkeurigheid. Anderzijds, een techniek die de atomaire
hyperfijnstructuur nauwkeurig kan meten en vervolgens kerneigenschappen zoals
kernspin, magnetisch dipool en elektrisch quadrupool moment en gemiddelde-
kwadratische ladingsstraal kan bepalen, is collineaire laserspectroscopie met
fluorescentiedetectie. Deze techniek ontbreekt helaas de efficiéntie die nodig is
om zeer exotische isotopen te kunnen bestuderen. Het doel van dit doctoraat
was een nieuwe techniek toe te passen, die zowel nauwkeurig en efficient is,
namelijk Collinear Resonance Ionization Spectroscopy (CRIS), voor de studie
van exotische franciumisotopen.

De neutron-rijke franciumisotopen (Z = 87) met massa A = 225 bevinden
zich in een interessant gebied op de kernkaart, gekenmerkt door een weinig
voorkomende kernvervorming: octopoolvervoming. Deze vervorming kan
zich manifesteren door reflectie-asymmetrische kernvormen (peervorm). De
220—228y jgotopen werden in het verleden reeds door collineair laserspectroscopie
met fluorescentiedetectie bestudeerd, waaruit bleek dat de ladingsstralen van
deze isotopen ongewoon gedrag vertonen. Deze observatie leidde dan tot
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vervalspectroscopie-metingen waarin aangetoond werd dat deze isotopen ook
andere tekenen van reflectie-asymmetrie vertonen. Het doel van dit werk was
de laserspectroscopie metingen uit te breiden naar beide kanten van het gebied
met reflectie-asymmetrie om te bepalen tot hoe ver deze octopoolvervorming
voorkomt. Bovendien worden de franciumisotopen met minder neutronen dan
(het magische) N = 126 gekenmerkt door een verlaging van de energie van
de proton 351_/12 indringertoestand met een afnemend aantal neutronen. Een
bijkomend doel van onze experimenten was dan ook de neutron-deficiénte
franciumisotopen in de richting van ?Fr (N = 122) te bestuderen, vermits in
deze isotoop de indringtoestand als grondtoestand is voorspeld.

De experimenten werden uitgevoerd in de ISOLDE-facilteit in CERN en
kunnen in twee reeksen worden opgedeeld. De eerste twee experimentele
campagnes van augustus en oktober 2012, hebben voor de eerste keer de
magnetische dipoolmomenten en veranderingen van gemiddelde-kwadratische
ladingsstralen van de 292729CFy (en hun isomeren) en de neutron-rijke
218m,219,229,231 By jsotopen gemeten. De meting van de hyperfijnstructuur van
202Fy geproduceerd met minder dan 100 deeltjes/s, werd mogelijk gemaakt
door de gedemonstreerde > 1% hoge efficiéntie van de CRIS-techniek. Met een
1.50(5) GHz lijnbreedte van het gebruikte lasersysteem, werd de vooropgestelde
hoge resolutie helaas niet bereikt. De gemeten magnetische dipool-momenten
toonden aan dat het oneven proton het 1hg,y schilmodel-orbitaal bezet in
9%y, terwijl in 229231 Fr het vervormde Nilsson 1/2[400] orbitaal, afkomstig
de spherische 331_/12 orbitaal, wordt bezet. De resultaten in verband met de
gemiddelde-kwadratische ladingsstraal zijn consistent met de interpretatie dat
220Fr een overgangsisotoop is, die zwakke octopoolcorrelaties vertoont, terwijl
228Fr buiten de regio van reflectie-asymmetrische vormen ligt.

Behalve deze experimenten, werden ook technische ontwikkelingen aan de
CRIS off-line ionenbron uitgevoerd als deel van dit doctoraat. Deze hebben
geleid tot de mogelijkheid om stabiele ionenbundels van kalium naar de CRIS
bundellijn te sturen. Deze bundels werden gebruikt om het nieuwe lasersysteem
te testen. Dit bestond uit een cw laser voor de resonante excitatie van de Fr
hyperfijnniveaus. Door het gebruik van een Pockels cell werd de amplitude
van de cw laser straal gemoduleerd, zodat een gepulst cw-signaal met de Fr
atomen interageert. Deze resonante excitatiepuls werd gevolgd door een gepulste
ionisatie stap met een gepulste Nd:YAG laser. De gemoduleerde cw laserpuls
wordt in de tijd gescheiden van de ionisatie stap, wat de lijnverbredende effecten
verminderde. Hierdoor kon de CRIS techniek het doel van hoge resolutie
bereiken, experimenteel aangetoond door de meting van 20(1) MHz brede
hyperfijnstructuur-pieken van francium (november 2014). Door de uitstekende
resolutie van de hyperfijn-spectra, was het mogelijk om de spectroscopisch
quadrupool-moment van 2'°Fr te bepalen. Deze waarde toonde dat de beweging
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van het oneven proton ontkoppeld is van de deformatie van de kern, zoals het
geval was in 221Fr. Tevens bewees dit experiment dat de CRIS techniek hoge
resolutie kan bereiken zonder in te boeten op efficiéntie. Dit opent de deur voor
onderzoek van zeer exotische kernen.
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Chapter 1

Motivation

This chapter introduces the francium isotopes and the work that has previously
been performed on them, showing that they exhibit signatures of reflection-
asymmetric shapes. The region of the nuclear chart around francium where
such shapes are observed is described in the subsequent section. The final
section of this chapter provides a motivation for developing the Collinear
Resonance Ionization Spectroscopy (CRIS) technique, which is capable of
measuring basic nuclear properties such as the spin, magnetic dipole moment,
electrical quadrupole moment and change in mean-square charge radii in a
model independent way, and is capable of doing this for radioactive isotopes
produced with rates as low as 100 atoms/s.

1.1 Previous studies on francium

Investigating the properties of francium has always been challenging, due to the
fact that this element has no stable isotopes, with the lifetimes of the known
francium isotopes ranging from 86(5) ns for 2!5Fr [23] up to 22.00(7) min for
223Fr [24]. It is estimated that there is less than 30 g of francium present in
the earth’s crust at any given point [25]. Therefore, extensive studies on the
radioactive isotopes of francium could only be performed at radioactive isotope
production facilities, with the first laser spectroscopy measurements being
performed on francium in 1978 by Liberman et al. [26] at the ISOLDE facility,
which will be introduced in Chapter 3. In this experiment the wavelength of
the atomic transition line 7s 25} /5 — 7p P35 was for the first time determined
to be A = 717.7(1) nm. This transition was studied via optical pumping
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by interaction with a tunable laser with an atomic jet of 2!'Fr atoms, after
which a sextupole magnet separated the differently populated magnetic states,
which were subsequently sent through a mass spectrometer and detected by an
electron multiplier. The measurements were repeated in 1980 by Liberman et
al. [25] confirming the transition wavelength and extending the study to the
hyperfine structure constants of the ground and excited state A(7s 25 /5) and
A(Tp 2P3/2) and the isotope shifts of the 2°8=213Fr isotopes. The transition
7s 2515 — Tp 2Py /5 was studied by Bendali et al. in 1984 [27] by applying
the same technique on 2''Fr. The transition wavelength was determined to be
A =816.90(2) nm.

The work on francium using the technique previously described of optical
pumping of an atomic jet by laser light was continued by Coc et al. [28],
extending the study to the isotopes 207213:220-228y  Note that the isotopes
214=219Fy could not be measured because of their short lifetime (between
86(5) ns and 20(2) ms) and thus lower production yield at ISOLDE. A following
publication in 1987 by the same authors [29] reported a re-analysis of the
previous data set using a more efficient fitting routine in order to separate
the hyperfine structure peaks more efficiently. One of the more interesting
findings in those studies, was the inversion of the odd-even staggering order
of the isotope shift for the isotopes 2227225Fr. This effect will be explained in
more detail in Chapter 5. The same effect in the isotope shift has been observed
in the neighboring radium and radon isotopes [30, 31] and has been associated
with the presence of octupole deformations. The nuclei in this region of the
nuclear chart, centered approximately around 22°Ac [10], are known to exhibit
signs of reflection-asymmetric shapes. These rare types of deformations, along
with the region of the chart close to francium in which such deformations have
been observed, are introduced in the next section.

Besides the laser spectroscopy studies, the neutron-rich francium isotopes
were also studied in the past using nuclear decay spectroscopy. Liang et al. [18]
studied the nuclear level structure of 2!°Fr by measuring a-decay from the
parent 223Ac. They concluded that the nuclear energy levels could be organized
into K™ = %i, %i, gi parity doublet rotational bands, which are a sign of
the presence of nucelar octupole deformations [17]. The ground state spin of

I = 9/2 for 2'°Fr was interpreted as a consequence of the decoupled nature of
this nucleus, leading to a changing level ordering within the K™ = %i bands.
The parity doublet and decoupling concepts will be discussed in Chapter 5.
The odd-odd isotope 2?°Fr was studied by a-decay spectroscopy of 224Ac [32].
A parity doublet K™ = 1* band was observed which again implies octupole
deformations, but the a-decay transition rates implied a transitional nature of
this nucleus between quadrupole-octupole deformation and a more spherical
shape. The isotope 221 Fr was studied by a-decay spectroscopy of 225Ac [33, 34]
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. . +
and was interpreted as having K™ = 1,3

where the K™ = %i are also of a decoupled nature as in 2'9Fr.

* parity doublet rotational bands

Decay spectroscopy was also used to study the nuclear structure of 223Fr by
studying the v-rays following the 3~ -decay of 223Rn [35]. The obtained nuclear
level structure for 223Fr was interpreted in terms of K™ = %i, %i doublet bands.
The obtained level structure was found to be in good agreement with theoretical
predictions of a reflection-asymmetric rotor model which includes octupole
deformations [8], which is introduced in Chapter 5. The isotope 2?°Fr has
been studied by Burke et al. [36], by vy-ray and conversion-electron spectroscopy
following the 3-decay of 22Rn and by a nuclear reaction 22°Ra(t, a)??°Fr during
which a proton is taken from 2?6Ra by a tritium nucleus 3H which turns into
an a-particle, leaving 22°Fr as the reaction product. Rotational bands of both
parities for K = %, % were observed, but could not be conclusively interpreted
as belonging to parity doublets. Electric dipole (E1) transition rates, which are
another sign of reflection asymmetric shapes [17], between the K™ = %i bands
were of an intermediate character between nuclei with reflection-symmetric
shapes and octupole deformed ones. Also the (¢, «) cross sections studied in
the same work were in better agreement with a reflection symmetric nuclear
shape. The final conclusion by Burke et al. [36] was that octupole correlations
are important in 2?°Fr, but that there is no large stable octupole deformation.
Finally, the isotope 22"Fr was studied by Kurcewicz et al. [37], via the v-rays
following the B~ -decay of 22"Rn. The nuclear energy levels were interpreted in
terms of seven rotational bands, however none of them could conclusively be
determined to form a parity doublet band. Observed E1 transition rates between
the lowest K™ = 2~ bands were consistent with the transitional character of

2
22TFy, but still implied some octupole correlations.
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1.2 Octupole deformations and the region of
reflection asymmetry

Stable nuclei possessing a magic number of protons and neutrons
Z,N = 2,8,20,28,50,82,126 are spherical in shape. This reflects the fact
that the protons and neutrons in these nuclei occupy closed shells. This greatly
reduces the correlations between protons and neutrons and also reduces the
probability for nucleon excitations across the shell gaps. Both phenomena are
the cause of nuclear deformations. However, only a small fraction of the nuclear
chart consists of such spherical nuclei, as most known isotopes have a number
of protons or neutrons different from the magic numbers. The majority of the
nuclei exhibits quadrupole-deformed shapes, which will be elaborated upon in
Chapter 5.

X (fm)
X (fm)

z (fm)

Figure 1.1: Figure taken from [7]. Panel a shows the vibrational character of
the shape of 22°Rn in the difference of the surface and the red line, while panel
b shows the statically deformed pear-shape of 2?Ra. The nuclear shapes were
determined by calculating the deformation parameters 32, 83 from the measured
intrinsic moments Q2 and Q3 by using equations 2.23, 2.26,2.27 from [8] and
using the theoretical values for 8, from [9].

A more exotic form of deformation, which has been suggested to exist for the
first time in the 1950s, are deformations that are asymmetric under reflection,
such as a pear shape (Fig. 1.1) [38]. Recently, the research on these distinct
types of nuclear shapes has gained more momentum due to the possibility to
produce increasingly more exotic isotopes at radioactive ion beam facilities.
This area of research is also capturing the attention of a broader audience, such
as the Nature publication by Gaffney et al. [7]. Figure 1.1, taken from that
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article, shows the deduced nuclear shapes for 22°Rn and 2?4Ra. These nuclei
were studied by Coulomb excitation, a technique used to study excited nuclear
states populated by electromagnetic interaction between an accelerated ion
beam and a macroscopic target. The isotope 22°Rn has been interpreted as
exhibiting octupole vibrations of the nuclear shape, while ??Ra displays stable
octupole deformation.

The importance of studying nuclei with octupole deformation lies in the fact
that this is a rare form of deformation, the conditions for which are only available
in particular regions of the nuclear chart with proton and neutron numbers
Z,N = 34,56,88,134 [17]. However, the study of such nuclei is additionally
important for weak interaction studies. The presence of parity doublet bands
which are close in energy can be used to study various parity non-conservation
effects (PNC) in nuclei [39]. As for francium, this element is also interesting
for studies of PNC effects via the nuclear anapole moment [40]. The anapole
moment is a parity non-convserving time-reversal conserving nuclear moment
that arises from weak interactions between the nucleons. Due to this moment,
hyperfine E1 transitions which would otherwise be parity forbiden, become
possible. In francium the nuclear anapole moment arises from the interaction
of the valence nucleons with the core. Francium is interesting for such studies
since the effects are proportional to Z and the atomic PNC (APNC) effects are
predicted to be very large [41]. Due to this and the relatively simple atomic
structure of francium with one valence electron, a dedicated facility called the
Francium Trapping Facility [41], has been established at the TRIUMPH facility
in Vancouver, Canada [42], in order to study these APNC effects in francium.

As mentioned in the previous section, the francium, radon and radium
isotopes are located close to the actinide region of the nuclear chart which has
been associated with quadrupole-octupole deformations [10]. This region is
centered approximately around ?2°Ac and is illustrated in Fig. 1.2. Raymond K.
Sheline [10] defined this region in 1987 by comparing the experimentally known
ground state spins of the isotopes in the region with predictions of an axially-
symmetric but reflection-asymmetric model using a folded Yukawa nuclear
potential [11]. In essence this model is used to predict the properties of nuclei
possessing quadrupole-octupole-deformed shapes. The isotopes that have shown
good agreement with the predictions of the model are within the solid lines in
Fig. 1.2, while the isotopes close to the dashed lines are within a transition
region in which the determination of the presence of octupole-deformed shapes
is more ambiguous.

The spins of the odd-A francium isotopes 221:223:225Fr agree with the
predictions of the model, while the spins of the even-A francium isotopes
220,222,224.220y were treated in a separate publication by Sheline [33] and also
seemed to agree with the octupole-deformed model predictions. In [10], 227Fr is
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Figure 1.2: The actinide region of reflection asymmetry as defined by Sheline
[10]. The isotopes within the solid line agree well with theoretical predictions
for nuclei with reflection-asymmetric shapes [11]. The isotopes around the
dashed lines are in a transition region where the determination of the presence
of octupole-deformed shapes is more ambiguous. The isotopes in gray have
been studied before 2010 by laser spectroscopy [12]. The isotopes in blue are
218m,219,229, 231y measured in this PhD work.

placed outside of the region of reflection-asymmetric shapes, since the ground-
state spin can be well explained by the normal Nilsson orbital [400 1/2]. The
isotope 2'°Fr is also not considered to be inside this region, due to the low
hindrance factor of HF = 1.2 [43] for the alpha decay to the known shell-model
hg/o [44] state in 215At. However as mentioned in the previous section, this
isotope also exhibits parity doublets with large decoupling parameters [18, 45],
which are a sign of octupole deformation. Hence this isotope is considered to
have transitional character between quadrupole-octupole-deformed shapes and
spherical symmetry.

As mentioned in the previous section, the most neutron deficient francium
isotope belonging to the region of reflection asymmetry that was studied by laser
spectroscopy [28] was 22°Fr, while on the neutron rich side it was ?8Fr. The
aim of this PhD work was to extend these measurements on both sides of this
region using the new technique of Collinear Resonance Ionization Spectroscopy

- CRIS.
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1.3 Developing efficient high-resolution laser spec-
troscopy

A powerful method for determining, in a model independent way, the values of
nuclear observables such as the magnetic dipole and electric quadrupole moments,
nuclear spin and changes in mean-square charge radii is laser spectroscopy on
radioactive ion beams. The values of these observables are determined by
studying the atomic hyperfine structure via the interaction of laser light with
the radioactive ions. The hyperfine structure and its relation to the magnetic
dipole and electric quadrupole moments will be explained in Chapter 2.

Laser spectroscopy has provided information about the nuclear structure
of exotic isotopes for the past half a century. During this time a significant
portion of the known nuclear chart has been investigated, as can be seen in Fig.
1.3 (adapted from [12]). Extensive overviews of the different laser spectroscopy
techniques and their developments can be found in [46, 47, 12].

/=82

N=126

N=40
ﬁ N=28

N=20

Figure 1.3: Overview of isotopes studied by optical measurements before 2010.
The stable isotopes are colored in black, while the isotopes colored gray are
radioactive and have been measured by laser spectroscopy. The isotopes in
white are also radioactive but have not yet been measured by laser spectroscopy.
The original figure is found in the review by Cheal and Flanagan [12].



8 MOTIVATION

Two of the most successful laser spectroscopy techniques that have been
used to study the ground state properties of rarely produced radioactive nuclei
are collinear laser spectroscopy with fluorescence detection and in-source laser
spectroscopy. The major limitation for performing laser spectroscopy on an
atomic (or ionic) ensemble is the Doppler broadening of the spectral lines
due to the thermal motion of the atoms/ions. In the case of in-source laser
spectroscopy within a hot ionizer cavity, the broadening originates from the
temperature of the cavity and is typically on the order of several GHz [12]. In
a gas-cell approach, where the atoms of interest are confined by a gas flow, the
temperature is lower but additional issues arise such as the pressure broadening
and pressure shift, both depending on the element and both being on the
order of 10 MHzmbar ™' [48]. In order to reduce the Doppler broadening effect,
collinear laser spectroscopy takes advantage of the fact that the total kinetic
energy spread 0 F of an ion ensemble leaving a source will remain constant under
acceleration by an electrostatic field

1
OF = (5(§m02) = mudv = const. (1.1)

Since the product of the ion beam velocity spread dv with the beam velocity
v is constant, the velocity spread will decrease as the beam is accelerated. This
will lead to a decrease in the Doppler broadening of the ion ensemble and in
the case of a typical beam energy of 40 keV after acceleration at ISOLDE, the
Doppler broadening will reach the order of the natural linewidth of an atomic
transition: ~ 10 MHz.

In order to perform laser spectroscopy on such an accelerated ion (or
atom) beam, it is necessary to determine when the laser frequency matches the
frequency of a transition between the ionic (or atomic) hyperfine energy levels.
The approach that has been extensively used in the past is the detection of
photons from the de-excitation of the atom/ion back to the ground state after it
had been resonantly excited by the laser light. Such collinear laser spectroscopy
measurements using photon detection are performed at the COLLAPS beamline
at ISOLDE [49]. While the technique benefits from the reduced Doppler
broadening as discussed above, the detection of photons limits the total
experimental efficiency and sensitivity. Since the photons are emitted in all
directions, the detection efficiency will depend on the solid angle coverage
of the photo-multiplier tubes (PMTs) used for the detection of the photons.
Additionally, the sensitivity is reduced due to a significant source of background
caused by non-resonant laser photons that scatter from the walls of the vacuum
chamber and are detected by the PMTs. In total, this limits the use of the
technique to the study of isotopes with yields on the order of > 10° atoms/s.
However, with the recent installation of an ion cooler/buncher in front of the
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HRS mass separator at ISOLDE, it is possible to correlate the photon detection
with the passage of the atom (ion) bunch in front of the detectors. As a typical
bunch length is of the order of 10 us, and the typical bunching time is of the
order of 100 ms, the photon background counts can be reduced by a factor
10%, now allowing experiments of beams of typically 10* ions/s. In optimum
conditions this can be extended down to yields of 300 particles/s [50].

On the other hand, laser spectroscopy in a hot cavity or a gas cell provides
access to the study of isotopes with production rates as low as a few particles
per second [51, 52, 53, 54], due to the higher detection efficiency of ion detection.
This overcomes the solid angle constraints faced when working with photon
detection, since the ions can be guided by beam optics elements and in principle
100% of the ions can reach the detection region. The scattered laser light also
does not contribute to the background rate when working with ions. So if
non-resonantly produced ions can be avoided, such experiments can provide
nearly background-free conditions and therefore give a further enhancement
in the signal-to-noise ratio (and thus sensitivity). As mentioned above, the
drawback of performing laser spectroscopy in a hot cavity or a gas cell is the
limited resolution of the hyperfine spectral lines that can be obtained. The
typical linewidths range from 1 to 4 GHz, but developments are ongoing to
reduce these widths further by performing the resonant ionization not in the
gas-cell but in the colder gas jet [55, 56] or with two-photon spectroscopy [12].

Combining the high-resolution inherent with performing laser spectroscopy
on an accelerated ion beam with the high detection efficiency and the possibility
of creating background-free conditions using ion detection forms the basis
of the Collinear Resonance Ionization Spectroscopy (CRIS) technique. The
development of this technique is one of the key motivations for this PhD work.
The CRIS technique and experimental setup at ISOLDE will be extensively
described in Chapter 3, while the first physics results obtained from using the
technique on the neutron rich francium isotopes will be discussed in Chapter 5.



Chapter 2

Nuclear moments and charge
radii

This chapter will begin by explaining the hyperfine structure of the atomic energy
levels, the study of which allows the extraction of the nuclear magnetic dipole
and electric quadrupole moments, which are then explained in the subsequent
sections. The following section describes the origin of the optical isotope shift
from the field and mass shifts and the connection of the isotope shift with the
nuclear mean-square charge radius. The final section explains how the field and
mass shift constants needed for extracting the mean-square charge radius from
the isotope shift can be determined by using the King plot method.

2.1 Hyperfine structure

Laser spectroscopy is a very powerful technique due to the fact that it is able to
extract nuclear structure information in a nuclear-model-independent way by
studying the atomic structure. The atomic fine structure energy levels of a single
electron are defined by the quantum numbers n,(, j, where n is the principal
electron quantum number, [ is the electron angular momentum quantum number
and j represents the total angular momentum of the electron which is a result
of the coupling between [ and the intrinsic spin of the electron s. The electron
cloud for multi-electron configurations is labelled by similar quantum numbers
L (total orbital momentum), J (total spin) and S (total intrinsic spin), which
are composed of the single-electron quanta.

10
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Figure 2.1: Coupling of the atomic angular momentum J and nuclear spin I
vectors to the new total angular momentum F.

The electromagnetic interaction between the nucleus and the orbiting
electrons couples the total angular momentum vector of an atomic level J
with the nuclear spin vector I, giving rise to a new total angular momentum F

F=J+1 (2.1)

The values of the F projections range from | —J| < F < |[[+J]
corresponding to the hyperfine structure energy levels. The hyperfine energy
levels can be calculated by adding the contributions from the interaction of the
nucleus with the orbiting electrons to the energy W of the unperturbed atomic
multiplet energy level [57]

3C(C+1)—IT+1D)JJ+1

2 2021 —1)J(2J — 1) (22)

where

C=F(F+1)—I(I+1)—J(J +1)

~ wH(0)
A= T
B =eQyp;(0).

In Eq. (2.2) the second term with A = £ If](o) represents the perturbation

on the atomic energy level originating from the magnetic interaction between

the nucleus and the orbital electrons. Here H(0) is the time-averaged magnetic
field produced by the electrons at the site of the nucleus, while pj is the




12 NUCLEAR MOMENTS AND CHARGE RADII
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2

Figure 2.2: Example hyperfine structure splitting of the atomic fine energy
levels. The levels presented in the figure are the 7s 25 /5 and 8p 2Py atomic
fine structure levels of francium, which split into two and four hyperfine energy
levels respectively. The level splittings in the figure are obtained by using Eq.
2.2.

magnetic dipole moment of the nucleus, which will be explained in Sec 2.2.
The term A represents the first order contribution of the magnetic multipole
moment operator M’;, namely the magnetic dipole contribution. It can be
analytically proven [58], that only odd-k order magnetic multipole moments are
non-zero, meaning that the first higher order magnetic multipole moment would
be the octupole magnetic moment. The effect of this moment on the hyperfine
splitting can be neglected in most cases, as it is weaker than the magnetic dipole
by a factor of 1075 [59]. The third term of Eq. (2.2) with B = eQsp..(0)
originates from the electrostatic interaction between the non-spherical nuclear
charge distribution and the atomic electrons. Here ¢ ;;(0) is the average of the
gradient of the electron clouds electric field at the site of the nucleus and Q) is
the spectroscopic electric quadrupole moment, which will be discussed in Sec.
2.3.

An example of the effect of the hyperfine splitting on the atomic levels is
given in Fig. 2.2, showing the hyperfine structure of ?2'Fr. The atomic levels are
75251 /o with J = 1/2 and 8p ? P35 with J = 3/2. Since the nuclear spin of ' Fr
is I =5/2, the 7s 25 5 level splits into the F' = 2,3 levels while the 8p 2Py,
level is split into levels with F' = 1,2,3,4. In Fig. 2.2 the relative positions of
the hyperfine energy levels within a multiplet are drawn to scale compared to
the unperturbed atomic fine energy level, but the relative splitting between the
two multiplets is not to scale. The splitting of ~ 18.6 GHz for the 7s 2.5, /2 level
is much larger than the ~ 200 MHz splitting of the 8p 2P; /2 hyperfine multiplet.
It is clear from this example that the experimental resolution needs to be better
than 100 MHz in order to resolve the 6 possible hyperfine transitions (arrows
in Fig. 2.2).
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2.2 Magnetic dipole moment

The nuclear magnetic moment originates from the magnetic field generated by
the proton current of the nucleus and the intrinsic magnetic field of the nucleons
generated by their intrinsic spin s = 1/2. The magnetic dipole operator that
takes these contributions into account can be expressed as [60]:

A A
p= gL+ g8, (2.4)
=1 1=1

g(LZ) and ggl) are the nuclear orbital and spin g-factors, while L® and s
represent the angular and spin momentum of the individual (¢) nucleons. The
free-nucleon orbital and spin g-factors for protons () and neutrons (v) are:
gf =1,9f =0, g7 = +5.587,¢9% = —3.826 [60]. The magnetic dipole moment
ur, is obtained by calculating the expectation value of the Z-projection of the
magnetic moment operator pu:

wr=I,m=1I|p|I,m=1I), (2.5)

with p; being related to the nuclear spin via the gyromagnetic ratio g by:
wr = glpy. Here ppy is the nuclear magneton, whose value is constant and
given by:
—27

UN = om, 5.05084 - 107" J/T, (2.6)
where e is the electronic charge, i = 1.054589 - 10734.J - s and m,, is the proton
mass. For nuclei near closed-shells (in a single-particle shell model), the magnetic
dipole moment is determined by the moment of the unpaired valence nucleon
with total angular momentum j and orbital momentum I. The magnetic dipole
moment can then be expressed in terms of the free-nucleon orbital and spin
g-factors and is called the Schmidt-moment [61]:

p(l+1/2) = K] - ;) g+ ;gs] N (2.72)

(il —1/2) = jiil K] + 2) g — ;gs] HN - (2.7b)

By calculating these values using the free-nucleon orbital and spin g;, g factors,
it is possible to estimate the Schmidt moment values and compare them to
experimentally measured magnetic dipole moment values. It turns out that
in most nuclei the experimental values differ from the Schmidt values and it
becomes necessary to use effective g5 and g; values to account for the interaction
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of the valence nucleon with the rest of the nucleons in the core. In heavy-mass
nuclei, the effective gs-factor values are usually 60 — 70% of the free-nucleon
value, while the orbital g; factor is modified by less than 10%. Calculating the
magnetic moment using the effective g-factor values gives the effective magnetic
moments (7, piog. Comparing these values to the experimentally determined
magnetic moment values provides a probe for the shell model orbital occupancy
of the unpaired valence nucleon(s).

In the case of an odd-odd nucleus it is necessary to calculate the total
magnetic moment from the contributions of the unpaired proton and neutron.
Since the magnetic moment operator is a single-body operator, the total
magnetic moment can be calculated by decomposing the total wave function into
its single-particle contributions and applying several additivity relations to these
contributions [61, 62]. The final nuclear magnetic moment for a state described
by a weak coupling between the protons and neutrons can be expressed as:

jﬂ' jl/

Jr Jv

(2.8)

I s v ™ v b7T b7r+1_‘l/ u+1
2[# +u+(u_ M)J(J ) — vy +1)

Hr=5 I(I+1) ’

where i, 1, are the magnetic moments and j,,j, the nuclear orbits occupied
by the unpaired proton and neutron.

Finally it is relevant to mention finite-size effects of the nucleus on the
magnetic dipole moment. In the previous section the interaction between the
orbiting electrons and the nucleus was described by approximating the nucleus
to be of point-size. Accounting for the different size of the nucleus between
different isotopes leads to the introduction of two effects. The first is the
Bohr-Weisskopf(BW) effect [63, 64], which is a consequence of the difference
of the nuclear magnetization distribution between isotopes. The second effect
originates from the different electric charge distribution between isotopes and is
called the Breit-Rosenthal (BR) effect [65], which is usually much smaller than
the BW effect [66]. The combined contribution of these two effects is referred
to as the hyperfine anomaly. The hyperfine anomaly was measured for the
francium isotopes 2009,206m,207,209,213,221 1y 4t the Francium Trapping Facility
at TRIUMPH by Zhang et al. [67] and the values were found to be in good
agreement with shell model predictions. The effect of the hyperfine anomaly
was not considered as part of this PhD work, as the precision with which the
new magnetic dipole moment values were extracted was not high enough to
require considering such effects. Note that this was mostly due to the large
error on the reference magnetic moment for 2'9Fr, which is about 1%.
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2.3 Electric quadrupole moment

The electric quadrupole moment operator can be expressed as [60]

A
Q-=e> g2 —r}) (2.9)
k=1

where g(Lk) is the orbital g-factor and (z;,y;, z;) are the coordinates of the k-th

nucleon and e is the electric charge. Since for free nucleons g(LW) =1 and g(LV) =0
the nuclear charge distribution will only depend on the orbital motion of the
protons. Hence g(Lk) is usually replaced with 1 in Eq. (2.9). The experimentally
observable spectroscopic quadrupole moment ), is defined as the expectation
value of the quadrupole moment operator @, in the nuclear state with m = I,
which can be written as a function of the reduced matrix element using the

Wigner-Eckart theorem:

1(21 — 1)
@I+ 1)(21 +3)(I + 1)

QS(I)=<I,m=IIQZILm=I>=\/ (IQIT). (2.10)
Tt is clear from Eq. (2.10) that when the nuclear spin I = 0 or I = 1/2, the
spectroscopic quadrupole moment will vanish. This means that even though a
nucleus with such a spin may possess an intrinsic quadrupole deformation (so a
non-zero reduced matrix element), the quadrupole moment cannot be measured
experimentally.

The quadrupole moment can also be expressed in terms of the spherical
harmonics

[167 &
Qz = Tzeirfyéo(aia(bi)’ (211)
i=1

where Y3 (6;, ¢;) is the zero-order second spherical harmonic. The quadrupole
operator in the form of Eq. (2.11) can be applied to a nuclear state with its spin
determined by a single nucleon in orbital j, and with m = I. By using then
the Wigner-Eckart theorem with the full expression for the second spherical
harmonic [62] on this result, an expression can be obtained for the single-particle
quadrupole moment of an unpaired nucleon with angular momentum j:

2j — 1

@sp. = =€ 2j + 2

(r?), (2.12)
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Figure 2.3: The different spectroscopic charge distributions originating from a
single-particle quadrupole moment. In the case of Q5 < 0 an oblate distribution
relative to the Z axis arises, while for Qs > 0 the distribution is prolate.

where e; represents the effective charge of the nucleon in orbital j, while (r?) is
the mean-square charge radius for a nucleon in orbital j, which will be defined
in Sec. 2.4.1. From Eq. (2.12) it is clear that a particle moving outside a
closed shell will exhibit a negative quadrupole moment, generating an oblate
charge distribution, as shown in Fig. 2.3. This is due to the fact that in the
case of a j = m state the particle density is localized in the equatorial plane.
The greatest overlap of the core nucleons with the valence particle will then
be in the equatorial plane, causing the oblate shape. Conversely, a shell with
one hole will have a positive quadrupole moment, leading to a prolate charge
distribution, as seen in Fig. 2.3.
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2.4 Isotope Shift

While the magnetic dipole and electric quadrupole moments are nuclear
observables that can be extracted from the hyperfine splitting of a single
isotope, provided the electronic hyperfine fields can be quantified, the isotope
shift is an observable determined from the differences between hyperfine spectra
of two neighboring isotopes. For a given atomic transition, such as the transition
between the 7s 29, 2 and 8p ’p, /2 atomic levels in francium, the transition
frequency between these fine structure levels v in isotope A will be different
than the transition frequency A of isotope A™f. This difference is referred to
as the isotope shift [68]:

51/}45’.‘4]ref — A A, (2.13)

ref
In general the isotope shift originates from two effects: the field shift & VﬁgA
originating from the difference in charge distribution between two isotopes (or

ref
isomers) and the mass shift 51/1‘&’:94 originating from the difference in total
nuclear mass between the two isotopes (or isomers). The total isotope shift can
then be expressed as:

A,Aref A’Aref A7Aref
ovre”  =0vpy  +0vyg (2.14)

2.4.1 Field Shift

To a first approximation, the nuclear charge distribution can be described as a
uniform sphere with radius Ry:

Ry = 1.2 AY/3 fm, (2.15)

where A is the atomic mass number. While this can serve as a good first
approximation, it is in general not possible to accurately describe the nuclear
charge distribution with a single radius, but several size parameters and spatial
moments of certain distribution functions need to be taken into account [68].
An experimental observable which can be used to describe the general size of
the charge distribution is the mean-square charge radius:
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(= (2.16)

where py is the nuclear charge density distribution and the denominator
R
J pn (r)dr represents the total nuclear charge Ze. The field shift contribution
0

to the isotope shift originates from the difference in the size of the charge
distribution between two isotopes. Using the approximation that the s electrons
contribute most to the field shift effect (as these electrons have a high probability
to occur inside the nuclear volume) and neglecting the screening effect of the
other electrons, the field shift of an optical transition can be expressed as:

ref a?’ re
o = mAW(O) P (256 A (2.17)

where ag is the Bohr radius, Aly(0)|? is the total non-relativistic change of the
electron density at the site of the nucleus during an atomic transition, f(Z) is a
function that increases with Z and includes relativistic corrections to the change
of electron density Aly(0)[2 [69] and §(r2)44™" is the relative change in the
mean-square charge radius between the two isotopes with masses A and A™f.
Optical transitions of the type ns — n'p are most often used to study isotope
shifts, since the electron density of s electrons at the nucleus is much larger
than the density of p electrons, justifying the single-electron approximation
used to derive Eq. (2.17).

2.4.2 Mass Shift

The mass shift contribution to the total isotope shift originates from the different
center of mass motion of the nucleus between nuclei of different mass. The total
mass shift can be expressed as:

rof Aref_ A
5’/1’\4}’? = W(KNMS + Ksums), (2.18)

where Kyass is the normal mass shift and Kgyss the specific mass shift. As
ref

can be concluded from the %fé factor in Eq. (2.18), the mass shift has a

significant contribution to the isotope shift for lighter-A nuclei. For heavier
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nuclei the effect of the mass shift diminishes due to the small m term. The
normal mass shift K5 assumes that there are no correlations between the
electrons and is calculated for a two-body system of an electron cloud and a
nucleus. The normal mass shift can be calculated for a specific transition by
using:

v,
K = °rP H 2.1
NMS 1822.88 (G Z)a ( 9)

where vegp is the experimentally studied atomic transition. The normal mass
shift is always positive for the heavier isotope. The specific mass shift Kgp;s on
the other hand, can be positive or negative and depends on electron correlations
and the specific properties of the atomic level [68]. Accurate calculations for the
specific mass shift use an ab initio approach and have so far been successfully
performed only for light elements with up to three-electrons [70]. For heavy
nuclei, many effects within a large model space need to be taken into account
such as relativistic, QED and correlation effects [71], limiting the accuracy
of the calculations. The most common approach for determining the specific
mass shift in heavy nuclei is by a comparison of isotopic shifts measured in two
different transitions via a King plot [68]. This method will be outlined in Sec.
2.4.4.

2.4.3 Total Isotope Shift

By substituting Eq. (2.18) and Eq. (2.17) into Eq. (2.14), along with replacing
3

wA[Y(0)[*% f(Z) with F, the field shift constant and Kgprs + Knarg with M,

the mass shift constant, the total isotope shift can be expressed as:

ref _ ‘o
S = M% + S () AAT (2.20)

By writing the isotope shift this way it is clear that both the field and mass

shift contributions are separated into an atomic part: F and M and a nuclear
re: ref

part: §(r2)44 " and %{l. By measuring the experimental isotope shift and

calculating the atomic contributions or obtaining them via a King plot, the
nuclear mean-square charge radius can be determined.
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2.4.4 The King Plot Method

In some cases the field and mass shift factors F and M in Eq. (2.20) may not
be known for a given transition. However, if these values are already known
for another transition of the same element (from calculations or from other
techniques), these known values can be used to estimate the field and mass
shift factors for the transition of interest. This can be done using the King
plot method [72]. In this method, the isotope shifts of two atomic transitions,
51/{4 A and 51/2A ’Aref, are both multiplied by the same mass factor ps arer in
Eq. (2.20), with

AAref
ILLA’Aref = - (2.21)

A— Aref :
By multiplying the isotope shifts with this factor, the nuclear mass
dependence is removed for these "modified" isotope shifts which can now be
written as:

,uA7Aref5V1A,Aref = M1 + ,UszArefF16<'I‘2>A’Aref (222&)

/.LA’Aref(sV;’Aref = M2 + ,LLA’ArefF26<’I"2>A’Aref. (22213)

By calculating i arerd (7’2>A*Ar6f from Eq. (2.22a) and substituting it into
Eq. (2.22b), the expression relating the modified isotope shifts for the two
transitions is obtained:

ref F ref F:
/,LA’Aref(SVéq’A = FQIJ/A’Arefél/f’A + M2 - —2M1 (223)
1

This represents a linear dependence between the modified isotope shifts of
the two transitions with a gradient defined by the ratio of the field factors f;—f
and an intercept of My — %Ml. Thus, by knowing the isotope shift, field and
mass shift values for transition 1, and measuring the isotope shift in transition
2, it is possible to extract the field and mass shift values of transition 2 by
plotting the modified isotope shifts for both transitions with respect to each

other and performing a linear fit using Eq. (2.23).




Chapter 3

Experimental setup and
technical developments

This chapter starts by describing the process of radioactive ion beam production
at ISOLDE. The next section briefly introduces some important concepts from
laser spectroscopy, with the following section describing the ionization scheme
of francium. The subsequent section describes the CRIS experimental beamline,
with the different configurations that were used in the low- and high-resolution
experimental campaigns. The final section of this Chapter gives an overview of
the technical development work performed on the CRIS off-line ion source as
part of this PhD work.

3.1 Radioactive ion beam production at ISOLDE

The Isotope Separator On-Line DEvice (ISOLDE) facility is located at CERN
(Geneva, Switzerland). This facility was first established in 1967 and has since
produced more than 600 isotopes of almost 70 different elements [73]. The
production of this vast range of elements is done by using the Isotope Separation
On-Line (ISOL) method. ISOLDE is one of the experimental facilities at CERN
such as the Antiproton Decelerator (AD) [74], CERN Neutrinos to Gran Sasso
[75], n'TOF (neutron time-of-flight facility) [76], Compact Linear Collider [77]
and others, with most notably the LHC (Large Hadron Collider) [78]. All these
facilities use protons from CERN’s large accelerator complex [79] to perform
experiments.

21
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The general layout of the ISOLDE facility is given in Fig. 3.1. ISOLDE
receives protons from the Proton Synchrotron Booster [80] which are accelerated
to 1.4 GeV (1 in Fig. 3.1). These protons impinge on a thick target (2 in Fig.
3.1) which can be one of over 25 different target materials [81], with the most
commonly used one being uranium carbide. The use of a high-Z material
enables the production of a large variety of radioactive species by spallation,
fission and fragmentation reactions. The ISOLDE target is usually held at a
high temperature ~ 2000 °C in order to facilitate the diffusion of the reaction
products out of the target. Since francium is an alkaline element with a low
ionization potential of 4.07 eV [82], it easily surface-ionizes in the hot target
and is then extracted by an extractor electrode towards the mass separator.
The concept of surface ionization which is also the basis of the CRIS off-line
ion source, developed as part of this PhD work, will be explained in Sect. 3.5.1
of this chapter.

3.1.1 Mass separation

The ions formed in the target are extracted at an energy of 30 — 60 keV and sent
into the mass separator. There are two available mass separators at ISOLDE:
the HRS high-resolution mass separator (4 in Fig. 3.1) and the GPS general
purpose mass separator. The main advantage of the HRS separator is the high
mass-resolving power 2 ~ 5000 [81], attained by using several electrostatic

AM
beam focusing elements in conjunction with a 90° and a 60° dipole magnet [83].

The GPS mass separator has a lower resolving power on the order of ~ 1000
[81]. One limitation to the resolving power originates from ion collisions with
gas molecules during transport, which change the direction of the ions resulting
in ions of neighboring masses being in the focal plane of the separator. This
induces a minimum contamination of neighboring masses on the order of 10~° in
the mass range of A = 200 [84]. The main advantage of the GPS mass separator
however, is the capability of simultaneously providing beams of different masses
to the central ISOLDE beamline and the parasitic GHM and GLM beamlines.
The masses that can be supplied to the side beamlines have to be in the range
of +£15% of the mass in the central beamline. The selection of the masses is
done by using electrostatic cylindrical deflection plates that can be moved in
the focal plane of the GPS central double focusing 70° magnet [85].

3.1.2 lon beam bunching using ISCOOL

For the experimental studies on francium performed as part of this PhD work,
the ion beam was mass-separated using the HRS separator. The ion beam exiting
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Figure 3.1: The general layout of the ISOLDE experimental hall: 1. 1.4 GeV
proton beam from the PS booster, 2. HRS target, 3. RILIS laser ion source, 4.
HRS separator, 5. ISCOOL cooler buncher, 6 CRIS beamline.

the separator is continuous, which is not optimal for measurements with a fixed
periodic cycle, such as the pulse repetition rate of 30-100 Hz of the lasers used
for the CRIS experiment, which will be explained in Sect. 3.4.1 and Sect. 3.4.2.
Indeed, one of the first experiments to attempt resonant ionization spectroscopy
in a collinear geometry [86], suffered from low experimental efficiency due to
the duty cycle losses related to the use of a pulsed laser system exciting the
continuous ion beam. By bunching and trapping the ions, it is possible to
synchronize the laser firing with the release of the ion bunch, increasing the
total experimental efficiency by several orders of magnitude. The ISCOOL
buncher was installed in ISOLDE for the purpose of bunching the ion beam
[87].

ISCOOL is a radio-frequency linearly segmented Paul trap. The entry point
into the trap are injection electrodes that gradually decrease in potential with
respect to the high potential of the HRS, while the central structure of ISCOOL
is held at —100 V with respect to the HRS. The ions in the beam are confined
in the transverse plane with respect to the beam axis by applying an RF-voltage
(radio-frequency) of Vs cos(wt) to a pair of parallel metal rods out of four
total rods with the other pair supplied with an opposite voltage. The ions are
guided in the longitudinal plane along the beam axis by means of a 0.2 V/cm
electric field gradient generated by 25 segmented DC electrodes, positioned
around the four RF rods [13]. The trap is filled with helium gas at a pressure
of around 0.1 mbar which serves to slow down the ions via collisions. The ions
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Figure 3.2: The shape of the trapping potential inside ISCOOL and electrode
structure schematic, taken from [13]. The entire trap is held at a voltage of
100 V below the HRS high voltage. The ions are guided into the trap by
injection electrodes, then pushed along the trap by a down-slopping potential
gradient, trapped by the trapping potential applied to the end-plate and cooled
in the radial plane by a RF-field and are finally released out of the trap by
lowering the trapping potential.

are subsequently stopped by a trapping potential (~ 50 V), as can be seen in
Fig. 3.2. The ions are then accumulated for a set period of time depending
on each experiment. Care needs to be taken as not to accumulate the ions
for too long, as there are significant space-charge effects which will reduce the
quality of the ion bunching already when there are more than 10¢ ions in the
trap [13]. Lowering the trapping potential releases the ion bunch which is then
extracted via the ISCOOL extraction electrodes, accelerated to 30 — 60 keV and
sent through the central beam line towards the different experimental setups. If
bunching is not required, ISCOOL can also run in "continuous mode" in which
case the ion beam will not be bunched upon leaving the trap.
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3.2 Basics of laser spectroscopy

3.2.1 Photon absorption

The basic principle behind laser spectroscopy in general, is the resonant
excitation of an atomic electron due to the absorption of a laser photon. The
probability that a laser photon of frequency w exciting an atomic transition of
frequency wy will be absorbed is given by [88]

71'202
ow) =2 x T2 Ay gu(w) (3.1)
g1 wy

where go, g1 are the degeneracy factors of the atomic states involved in the
transition, ¢ = 299792458 7 is the speed of light in vacuum, Ag; is the Einstein
coefficient for spontaneous emission and the factor gy shows how the absorption
cross section has a Lorentzian dependence on the photon frequency via

1 r
C 27 (w—wp)2 +T2/4

gn(w) (3.2)

where I' is the transition linewidth.

3.2.2 Transition linewidth

An important consideration when working with high-resolution laser spec-
troscopy is the natural linewidth of the studied atomic transition. Due to
Heisenberg’s uncertainty principle, the uncertainty on the transition energy
AF is related to the lifetime 7 of the spontaneous decay from the upper to the
lower state involved in the transition, by the relation AFE - 7 & h. The natural
linewidth of the transition or full width at half-maximum (FWHM) I' can then
be defined by

AE 1 Ty
F = — = — = — .
h 2nT o’ (3.3)

where T'g is the total decay rate of the atomic state defined as 'y = % with 7
the mean lifetime of the state. For the 7s 25 /2 to 8p 2p, /2 atomic transition
in francium with a mean lifetime of 7 = 83.5 + 1.5 ns [89], this translates to a
natural linewidth of Av =1.91(3) MHz.
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3.2.3 Power broadening

The resonant interaction of the laser photons with the atom will either cause
the atom in the ground state to absorb a photon, thus exciting the atom or
it will cause an already excited atom to decay back to the ground state via
stimulated emission. The stimulated emission process changes the lifetime of
the excited atomic state and therefore introduces a broadening in the transition
linewidth. This linewidth can be estimated from the formula for the absorption
coefficient k(w, I) [88]:

r2/4

I)=N
w(w, I) O-O(w_wO)z—i—%Fz(l‘i‘I/Isat)’

(3.4)

where N is the total number of electrons in the atomic ground and excited
states, og the absorption cross-section on resonance when w = wg, wg the
angular frequency of resonant photons and Iy, is the saturation laser intensity,
where the rate of photon absorption equals the rate of stimulated emission on
resonance. Equation 3.4 describes the absorption coefficient with a Lorenzian
distribution with a full width at half-maximum of

I
Tp=T4/1+—. (3.5)
1, sat

Here the linewidth is labeled as I'p indicating that it originates from power
broadening. From Eq. 3.5 it is clear that I'p will increase with respect to
the natural linewidth T" as the intensity of the laser light increases relative to
the saturation intensity Is5;. The saturation intensity on resonance can be
estimated from [88]

(3.6)

The power broadening effect can in general range from a few MHz to a few
GHz. For the 7s 2S5 to 8p 2Py atomic transition studied in francium, the
lifetime of the transition is relatively long, which means that ' in Eq. 3.5 will
be small. Thus even if the laser intensity is larger than the saturation intensity,
the total power broadening effect will still be small due to I'.
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3.3 Experimental considerations for studying fran-
cium

3.3.1 lonization scheme

In order to plan an experiment to study the nuclear properties of the rare
francium isotopes, an appropriate ionization scheme needs to be selected. In
a typical ionization scheme for performing Collinear Resonance Ionization
Spectroscopy, there need to be at least two laser systems: an excitation laser and
ionization laser. The excitation laser is the one that probes the atomic hyperfine
structure providing information about the nuclear properties as described in
Chapter 2. The laser is set at a frequency corresponding to the transition
frequency between the atomic ground state and an excited state. The atoms
interacting with the laser light will get excited and if the ionizing laser pulse
is fired before these atoms de-excite down to the ground state, the atoms will
gain enough energy for one of their electrons to cross the ionization potential,
ionizing the atom. The hyperfine structure is then studied by changing the
laser frequency of the excitation laser step and counting the number of ions
produced, with the largest number of ions being produced on the resonance
frequency for a given (hyper)fine transition.

A

1P

1064 nm 1064 nm
A 9s 281/2

8p P/
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) 2st/z

122.684 nm

s 281/2

Figure 3.3: Two possible francium ionization schemes. The scheme that utilizes
the 7s 251/2 to 8p 2P3/2 422.684 nm transition was used in the experiments of
this PhD work. The energy level spacings are not to scale.

Figure 3.3 shows the two ionization schemes of francium that were considered
for the IS471 experiment [90, 91]. The first possible scheme would use a
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422.684 nm first laser step to excite the atom from the ground 7s 251/2 state
to the excited 8p 2P /2 state. The ionizing step would then be a 1064 nm laser
exciting the atomic electron from the 8p 2P; /2 state into the continuum. The
second possible scheme would excite the atom with a 717.875 nm laser step
from the ground state into the 7p 2Ps /2 excited state. The hyperfine splitting
of this state is about 3 times larger than that of the 8p 2P /2 state, but in this
ionization scheme a second excitation step using a 851 nm laser would be needed
to excite the electron to the 9s 251/2 state. Only then could the atom be ionized
via interaction with a 1064 nm laser step. Since this scheme required three laser
steps which were not available experimentally, the two-step scheme using the
75 2512 to 8p P35 atomic transition as the excitation step was used. It can be
additionally noted that in the original IS471 experimental proposal [90], another
two-step scheme was considered starting from the 7s 2.5, /2 %0 7p ’p, /2 excitation
step, but employing a 355 nm laser as the ionization step. This scheme was
finally not used due to the higher probability of two-photon ionization that
could occur due to the higher photon energy of the 355 nm photons, which
would add to the potential non-resonant experimental background.

Table 3.1: Production yields for the francium isotopes studied during this PhD
work. The yields denoted with a were taken from Lynch et al., [3], while the
rest of the yields are from the ISOLDE yield database [19]. The yields from the
database are based on the production rate using the 600 MeV protons from the
Synchrocyclotron. The yields from using the 1.4 GeV protons from the Proton
Synchrotron Booster with a UC, target are expected to be equally large or
larger than the yields reported here.

Isotope Yield Target Ionization
202F 1x10%2[92] UC, Surface
203y 1x10% @ UC, Surface
204y 1x10*¢@ UC, Surface
205k 2% 10° @ UC, Surface
206F 3 x 106 @ UC, Surface
207k 3.6 x 109 ucC, Surface
2UEr 1.5 x 108 UuC, Surface
24Rr 9.4 x 102 UuC, Surface
218 4.3 x 108 UcC, Surface
29Fr 8.9 x 103 UC, Surface
220y 3.8 x 107 UuC, Surface
22l 8.9 x 108 UC, Surface
229Fy 3.8 x 10* UcC, Surface

@Taken from [3]
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3.3.2 Production yields

An important step in determining which isotopes can potentially be studied
experimentally is their production yield. The further the isotopes are from the
stability line and/or the shorter their lifetime, the lower their production yields
will be. As mentioned in Chapter 1, the yields typically necessary for performing
collinear fluorescence spectroscopy are on the order of 10* atoms/s (and before
ISCOOL was available it was even 105 atoms/s). In-source resonance ionization
spectroscopy can perform measurements on yields down to a few particles per
second, but it is limited in terms of resolving the hyperfine structure when it
is smaller than 1 GHz. Also, this technique cannot be applied on francium
isotopes, because of the high surface-ionization efficiency of alkaline elements.

Yield (atoms/s)
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Figure 3.4: Graphical representation of the yields given in Table 3.1. The y-axis
is given in a logarithmic scale.

After a succesfull commissioning experiment in august 2012, the CRIS
technique has demonstrated the capability of measuring the hyperfine structure
of isotopes produced at a rate as low as 100 atoms/s in October 2012 [2]. This
allowed studies to be performed on a wide range of francium isotopes and
isomers: 2029,m,203,2049,m1,m2,205,2069,m1,m2y (where g denotes the ground state
and m,ml,m2 isomeric states), which were the topic of the PhD thesis of
Kara Lynch [4] and 2187219:229.231Fy which are the topic of this PhD work.
The yields for these francium isotopes are given in Table 3.1 and Fig. 3.4 and
they are taken from the ISOLDE database [19] for a UC, target and from our
own experiment as reported by Lynch et al. [3]. The yields in the ISOLDE
database represent the production rate from the collisions of the protons from
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the now decommissioned CERN Synchrocyclotron [93] with the UC, target.
Since the Synchrocyclotron accelerated protons to an energy of 600 MeV, the
current yields for these isotopes can be expected to be larger than those from
the ISOLDE database as we now use the 1.4 GeV protons from the Proton
Synchrotron Booster.
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3.4 Experimental setup

The experimental results which will be presented in Chapter 4, were
obtained during two experimental campaigns. The first campaign took
place in 2012 during which the hyperfine structure of the francium isotopes
202-206,218m,219,229,231 By wag measured for the first time with laser spectroscopy,
but with a limited resolution of the optical peaks. After a two year offline period
due to the shut down of the CERN accelerators and thus also the ISOLDE
facility, a second experiment was performed in 2014 using a more narrowband
laser system which enabled high-resolution hyperfine structure measurements
to be performed for the first time for the isotopes 2°6-2°Fr. In the following
sections, the experimental setup will be explained separately for the two different
configurations, namely low-resolution from 2012 and high-resolution from 2014.

3.4.1 Low-resolution laser system

The layout for the laser system used in the 2012 experimental campaign is
given in Fig. 3.5. The laser used for exciting the 7s 251/2 to 8p 2P3/2 atomic
transition was the RILIS Ti:Sa laser [94]. Titanium-doped sapphire (Ti:Sa)
lasers are solid state lasers in which a sapphire crystal serving as the gain
medium is doped with Ti® ions which have a very large gain bandwidth.
The gain medium is the material through which stimulated emission of light
can develop by multiple passage of light, while the gain bandwidth is the
range of frequencies for which the properties of the medium will allow for
stimulated emission to occur. Sapphire is used as the gain medium due to its
good thermal properties, which allow for the generation of high laser powers
without introducing damage to the medium. As a consequence of the large gain
bandwidth of the Ti*" ions, the Ti:Sa lasers can generate wavelengths in a wide
range: from = 650 nm to 1100 nm.

In order to obtain the conditions necessary for stimulated emission of light to
occur in the Ti:Sa gain medium, a pump laser is necessary. In the RILIS system
the pumping laser was a DM60-532 frequency doubled Nd:YAG laser with a
nominal output power of 60 W at a repetition rate of 10 kHz [94]. This laser is
labeled as "Pump" in Fig. 3.5. In this type of laser, the doping material are
neodymium ions (Nd*") and the gain medium is an yttrium aluminum garnet
crystal (Y3Al5012). Nd:YAG lasers generally produce light with a 1064 nm
wavelength. After frequency doubling to 532 nm, the light from this laser pumps
the Ti:Sa crystal in the resonator cavity creating a population inversion between
the ground and excited atomic states in the medium. The de-excitation of
the excited states generates photons which trigger further excitations with the
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Figure 3.5: The laser system used in the 2012 experimental campaign. The
RILIS cabin is shown containing the laser table on which the excitation step
Ti:Sa laser and the pumping Nd:YAG laser (labeled "Pump") were mounted.
The figure also shows the 35 m optical fiber cable and the CRIS optical table.
The optical elements shown in the figure are: HR - high-reflection mirror, E -
thin etalon, BRF - birefringent filter, CM - convex mirror, L - lens, OC - output
coupler, BBO - frequency doubling crystal, FC - fiber couple, DM deflection
mirror.

emitted photons passing repeatedly through the medium due to reflections from
the convex mirrors (CM in Fig. 3.5), generating stimulated emission of light.
By optimizing the positions of the thick etalon and birefringent filter (BRF)
the desired wavelength can be separated out. In order to reach the 422.7 nm
wavelength necessary for exciting the 7s 25 /2 to 8p 2P, /2 atomic transition in
francium, the etalon position was chosen so that the output of the Ti:Sa laser was
845.4 nm light. This served as the fundamental light which was then frequency
doubled using a Beta Barium Borate crystal (BBO in Fig. 3.5), providing
the 422.7 nm light. BBO is a birefringent crystal meaning that the refraction
direction of light depends on its polarization and direction of propagation along
the crystal. Such nonlinear optics materials are used for frequency doubling via
second harmonic generation of the fundamental laser light. Second harmonic
generation is a process in which nonlinear electromagnetic oscillations of the
crystal medium, originating from the passage of the high intensity fundamental
wave, generate an electromagnetic wave in the same phase and direction as the
fundamental but with doubled frequency. For more information on this process
and laser optics in general, the reader is referred to the literature [95, 88, 96].
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The output 422.7 nm light from the BBO crystal was subsequently sent
through a 35 m long optical fiber cable from the RILIS cabin to the CRIS
experimental setup. Here the fiber was mounted in the laser cabin and sent into
the CRIS beamline, which will be described in detail in Sect. 3.4.3. This light
was overlapped with 1064 nm light coming from the 30 Hz CRIS Nd:YAG laser
(Model: Quanta-Ray LAB 130). The 1064 nm laser light was used to excite
the francium atoms from the 8p 2P /2 state into the continuum. In order to
irradiate the francium atomic bunch at the same time, the CRIS 30 Hz Nd:YAG
and the RILIS 10 kHz Ti:Sa system had to be synchronized. This was done by
using the RILIS Ti:Sa laser firing signal as the master clock for the rest of the
experimental triggers. The whole synchronization process of the CRIS beamline
and laser system will be explained in more detail in Sect. 3.4.5.

As for the synchronization of the CRIS Nd:YAG, it was done by delaying
the firing of the flash lamp with respect to the RILIS laser firing signal. In
this laser system, the flash lamp serves to induce population inversion in the
laser gain medium. At a fixed 190 us after the flash lamp, the laser Q-switch is
activated. Q-switching is used to generate narrow laser pulses of high intensity.
This is done by keeping the energy losses inside the resonator cavity large (low
Q-factor) until a desired moment in which the losses are drastically reduced
(high Q-factor) leading to a fast build up of energy and the release of a short
high power laser pulse. This is most often achieved by using a Pockels cell in
combination with a light polarizer. The Pockels cell rotates the polarization of
light if an electric field is applied to it, while leaving the polarization unchanged
in the absence of an electric field. Using a polarizer to only pass light of a
specific polarization through the resonator cavity by making the optical losses
large for the wrong polarization, the system can be arranged as to only let
the light pass through when the Pockels cell is switched on. This leads to the
generation of short laser pulses, which were 20 ns wide in the case of the CRIS
Nd:YAG laser.

3.4.2 High-resolution laser system

The experimental work on francium was continued in the 2014 campaign, during
which a new laser system was used. There were two laser systems allowing for
two modes of operation: 1) low-resolution using the RILIS laser system as in
2012 and 2) high-resolution using the new system. The difference between the
two modes stemmed from the laser used for the 422.7 nm excitation step, as both
used the newly acquired LPY-50-100 PIV Litron YAG laser for the 1064 nm
ionizing step. This new Nd:YAG laser system possesses two laser heads which
can individually operate at 100 Hz repetition rate. By adequately adjusting
the offset between their firing, a frequency of 200 Hz could be achieved for the
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ionization step, which lead to a factor of 6.67 improvement in the ionization
efficiency as compared to the 30 Hz ionization step laser used in the 2012
experimental campaign.

The laser system used for the excitation step in the high-resolution regime
was a Matisse T'S continuous wave Ti:Sa laser. This laser system has a spectral
linewidth of < 60kHz, allowing the upper state S8p 2Ps /2 hyperfine splitting to
be resolved, as will be seen from the experimental results. While the use of a
continuous laser system helped improve the experimental resolution, a drawback
of using continuous laser light is the loss of statistics due to optical pumping. If
the atomic beam continuously interacted with the excitation laser step during
several lifetimes of the excited atomic state, spontaneous emission would cause
the atoms to potentially de-excite to a state other than the currently probed
hyperfine level of the ground state. These atoms would not be re-excited by the
laser light since they would start from a different ground state hyperfine level
and thus require a different excitation frequency. This would result in a much
lower population of atoms in the excited state and thus less ions produced after
interaction with the 1064 nm ionizing laser step. In order to avoid such losses in
efficiency, the laser light of the continuous wave Matisse TS laser was chopped
using a Pockels cell. This resulted in an efficiency for RIS that is similar to that
obtained using the broad-band pulsed RILIS laser. The procedure by which
this was done is outlined in detail in Article II, Appendix A.

3.4.3 CRIS beamline

After the radioactive ion beam of interest has been produced by impinging the
1.4 GeV protons on the ISOLDE target, mass separated using the HRS and
finally bunched using ISCOOL, the bunched radioactive ion beam is sent to the
CRIS beamline, illustrated in Fig. 3.6. For offline measurements, instead of the
radioactive beam coming from ISOLDE, a stable ion beam can be used from
the CRIS offline ion source. A new design of this ion source was developed as
part of this PhD work, which will be discussed extensively in Sect. 3.5.

Whichever ion beam is used, it is sent via a 34° bend into the straight
section of the CRIS beamline. At this point the beam enters the charge exchange
cell (CEC). The main section of the CEC consists of a large cylindrical housing
unit which houses a 10 mm in diameter central metal pipe, which is filled with
potassium. The cylindrical housing is heated by heating cables which heat
up the central part of the metal pipe until the potassium is vaporized. The
potassium vapor diffuses out towards the outer edges of the metal pipe, which
are cooled by oil circulation. This results in a circulation of the potassium vapor
from the central part of the tube towards the colder edges where it condenses
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Figure 3.6: A 3D drawing of the CRIS beamline at ISOLDE, CERN. The
different sections and their functions are explained in the text.

and moves back to the central section. The hot potassium vapor interacts with
the radioactive ion beam neutralizing it via collisional charge exchange. In the
case of francium the reaction can be written as

Frt + K = Fr+ Kt - AE, (3.7)

where Fr™ represents the francium ions in the beam and K the neutral potassium
atoms in the vapor and AF is the transfer of energy in the reaction which
is less than 1 eV in the case of resonant charge exchange to the ground state
of francium. The charge exchange cell is usually operated at 150°C, with an
estimated neutralization efficiency of 50%. The ions that are not neutralized
while passing through the CEC are deflected out of the beam path by a deflection
plate just after the CEC to which a positive voltage is applied.

Within the region of the charge exchange cell the pressure can rise up to
values of 1 x 10~% mbar due to the potassium vapor. Since the main source of
background in resonant laser ionization are ions resulting from non-resonant
collisional ionization, it was necessary to install a differential pumping region
between the charge exchange cell and the ultra-high vacuum (UHV) interaction
region. The differential pumping section allows for a pressure differential of
~ 1073 mbar between the two sections, enabling the pressure in the interaction
region to reach values below 10~ mbar.

At the time the neutralized atom beam reaches the UHV interaction region,
it is overlapped in time and space with the excitation and ionization laser beams
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coming from the CRIS laser table. The procedure for synchronizing the ion
arrival time in the UHV section with the laser firing will be discussed in more
detail in Sect. 3.4.5. Once the atoms are resonantly ionized via interaction with
the two laser pulses, they continue along their path and are deflected towards the
detection region. Any atoms that have not been ionized will continue straight
into a beam dump. This is one of the strengths of this method: it allows to
select ultra-pure beams of one particular isotope or isomer, as discussed by
Lynch et al. [3].

In the detection region, the ions can either be sent to a two-stage Hamamatsu
F4655-12 micro channel plate (MCP) where they are counted as a function of
laser frequency, or they can be sent to the decay spectroscopy station (DSS)
[97, 98, 3] where their radioactive decay products are detected after implantation
in a thin carbon foil. The DSS will be discussed in more detail in the following
section, and has been described in Rajabali et al.[98]. In the case of ion detection,
the ion beam is focused and sent onto a copper dynode plate, which is biased
with a negative voltage. The ions impinging on the plate will produce secondary
electrons which will be deflected by the negative voltage onto the MCP. The
MCP has two plates which are supplied with an increasingly positive voltage in
order to attract the secondary electrons from the dynode and guide them onto
the MCP anode where they are detected as a drop in voltage. The total MCP
system is usually biased with a voltage of 2100 V which is divided across the
individual plates.

3.4.4 Decay spectroscopy station

Instead of being sent to the MCP, the ion beam can sometimes be sent to the
decay spectroscopy station (DSS), which is based on the KU Leuven "windmill"
design [99, 100]. In order to be compatible with the UHV in the preceding
section of the CRIS beamline, the cables and detectors used in the DSS are UHV
compatible [98]. The DSS consists of a rotating wheel which houses 8 carbon
foils and one Faraday cup. The carbon foils have a thickness of 20(1) ug/cm?
and are used for the implantation of radioactive ions. The carbon foil thickness
is such that decay products such as a-particles and fission fragments can leave
the foil. The Faraday cup is a metal plate which is 0.5 mm thick and 10 mm
in diameter and which is used to determine the amount of beam that falls on
it. It is used for verifying and optimizing the transmission through the beam
line. The impinging ion beam kicks of electrons from the plate generating a
measurable current which is proportional to the number of ions in the beam.
In order to detect the a-particles emitted by the nuclear decay of the
implanted activity, two Canberra Passivated Implanted Planar Silicon (PIPS)
detectors, which are used for the detection of charged particles such as a-particles
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Figure 3.7: Drawing of the DSS showing the rotating wheel, Faraday cup,
clamps for the PIPS detectors, the coupling to the stepper motor and rotatable
BNC connection. Image taken from [1].

and [-decay electrons, are placed around the carbon foils. One detector is
placed directly behind the foil and the other detector is an annular PIPS(APIS)
detector which has a 4 mm aperture for allowing the beam to pass through it.
The detector location relative to the wheel can be seen in Fig. 3.7. The APIPS
detector is protected by a metal plate that blocks the beam from directly falling
on the detector. This plate can also be used as a Faraday cup by connecting
it to an ampere-meter. A stepper motor (Model: 17HS-240E, 2.3 A/phase)
is used to step-wise rotate the wheel allowing for different carbon foils to be
implanted or for the Faraday cup on the wheel to be placed in the position of
the beam path. In order to measure the radioactive decay rate over time and
hence the lifetime of a particular isotope or isomer, the implanted carbon foil
can be moved out of the beam path and placed in front of the off-axis PIPS
detectors.

In order to detect the y-rays originating from the radioactive decay of the
implanted radiation, up to three High Purity Germanium detectors (HPGe)
can be placed around the detection chamber. During the 2012 experimental
campaign, two such detectors were used: a 70 % HPGe detector (Model:
GC7020) and an E — AE germanium detector (Model: GR3019/GL1512
telescope). Unfortunately, after analyzing the measured y-spectrum after the
experiment, it was found that the thickness of the detection chamber walls was
too thick, resulting in very poor quality spectra. With this in mind a design for
a new DSS chamber has been made [4], which will be implemented after it has
been sufficiently tested offline. For more details on the characteristics of the
PIPS and HPGe detectors and the DSS in general, the reader is referred the
article of Lynch et al. [3] and the PhD thesis of Kara M. Lynch [4].
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3.4.5 Equipment synchronization

A very important aspect of the experimental setup at CRIS is the synchronization
of the firing of the lasers with ion arrival in the interaction region, along with
the synchronization of the received signals with the data acquisition system
(DAQ). This section will describe the two different synchronization schemes used
in the low-resolution experimental campaign of 2012 and in the high-resolution
campaign in 2014.

Low-resolution experimental campaign 2012

The synchronization scheme used during the experimental campaign of 2012
is illustrated in Fig. 3.8. The main trigger that served as the master clock
for all subsequent triggers and signals was the signal from the RILIS 10 kHz
pumping Nd:YAG laser (line (a) in Fig. 3.8). This was done using a Quantum
Composers 8 channel pulse generator (Model: QC9258). Since the maximal
firing rate of the CRIS Nd:YAG laser was 33 Hz, it was necessary to find a way
of synchronizing its firing with that of the RILIS pump laser. This was done by
modifying the rate of firing to 31.25 Hz, so that 1 pulse of the CRIS Nd:YAG
laser would fire for every 320 pulses of the RILIS laser, with the result that the
two systems would remain in synchronization.

The flash lamp of the CRIS Nd:YAG laser b) is the first to receive the
signal delayed by 85.21 us from the RILIS signal. The flash lamp creates the
population inversion conditions in the gain medium of the laser cavity and
190 us after this the Q-switch of the laser ¢) is triggered which enables the
conditions for lasing. Delayed by 80.15 us after the flash lamp trigger is the
ISCOOL release trigger d). The delay for this trigger is introduced in order
to have the ion bunch arriving in the interaction region section of the CRIS
beamline at the moment that the Nd:YAG laser is ready to fire. This delay had
to be changed by ~ 1 — 2 us for every isotope, due to the difference in time of
flight because of the different nuclear mass.

After the beam is ionized in the interaction region, it takes 11 us for it
to reach the MCP. In order for the MCP signals to be recorded only during
the expected ion arrival time, a trigger signal delayed by 100 us after the
ISCOOL release, with a window of 10 us, was sent to a LeCroy oscilloscope
e) (Model: WavePro 725Zi 2 GHz bandwidth, 12 bit ADC, 20 GS/s). The
narrow measurement window was used in order to minimize the number of
background dark counts originating from the MCP. The MCP dark count rate
is on the order of 1 count/s, which translates to 3 x 10~%count/s, for a 10 us
window opened every 32 ms [1]. The total number of ion counts during a bunch
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Figure 3.8: A schematic overview of the different triggers and signals used during
the CRIS 2012 experimental campaign. The triggers sent to the different devices
using the Quantum Composers were: a) the master trigger that triggered the
quantum composers unit, b) the flash lamp signal for the CRIS Nd:YAG laser,
c) internally delayed CRIS Nd:YAG Q-switch, d) signal lowering the ISCOOL
trapping potential, ) trigger for the LeCroy acquisition window, f) trigger for
the data acquisition. Timing of the most relevant signals: g) RILIS Ti:Sa light,
h) firing of the CRIS Nd:YAG laser, i) the ions reach the interaction region, j)
the 1us wide ion bunch is detected by the MCP.
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recorded by the LeCroy oscilloscope was saved by the data acquisition system f),
which was triggered just before the ISCOOL release signal in order to give the
computer sufficient time to save the data before the arrival of the next bunch.

The bottom part of Fig. 3.8 shows the signal arrival times of the laser light
(g,h) in the interaction region and the ion arrival time on the MCP j). The
total ion time of flight from ISCOOL to the MCP was 120 us on average. The
laser firing signals were measured with a photo diode, which was important in
order to monitor and correct the small systematic shifts that occurred between
the two pulses due to the non-negligible inherent jitter in the RILIS and CRIS
Nd:YAG laser systems.

High-resolution experimental campaign 2014

During the experimental campaign of 2014 the equipment synchronization was
updated in order to incorporate the new laser systems, namely the twin headed
100 Hz Litron Nd:YAG laser and the Matisse TS continuous wave (CW) Ti:Sa
laser. The synchronization system described in this section could operate either
in the low-resolution regime by using the RILIS pulsed Ti:Sa laser for the
excitation step, or Ti:Sa laser system. This capability provided several benefits:
1) by first scanning a broader frequency range using the low-resolution system,
the locations of the hyperfine structure peaks could be found and subsequently
used for scanning with the high-resolution system; 2) by scanning across the
same structure with both laser systems with all other experimental conditions
being the same, the total experimental efficiency between the two regimes could
be compared; 3) with the high-resolution system previously unresolved hyperfine
lines (e.g. from isomers in the beam or due to a small hyperfine splitting in one
of the atomic states) could now all be resolved.

The synchronization logic is given in Fig. 3.9. Two Quantum Composers
pulse generators were used: 1) on the laser table for controlling the firing of
the CRIS Nd:YAG lasers and 2) on the DAQ table, for controlling the triggers
for ISOLDE, DAQ, DSS and Pockels cell. As in the 2012 campaign, the RILIS
10 kHz pumping laser trigger was used as the master trigger (a). This trigger
fired the flash lamps of both heads of the CRIS Litron Nd:YAG laser for 1 pulse
out of 100 (b,d), in order to maintain the synchronization of this 100 Hz laser
with the RILIS master trigger. After an internal delay of 100 us, the Q-switches
of these lasers fired (c,e). A copy of the flash lamp trigger (f) was used as the
trigger for the DAQ table Quantum Composers unit.

Due to technical constraints, during the experimental run it was decided
to delay the release of ISCOOL by 9.990 ms (g), in order for the release to
effectively be —10us before the firing of the CRIS Nd:YAG flash lamp. In
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Figure 3.9: Synchronization logic for the 2014 experimental campaign. Laser
table: a) 10 KHz master trigger from RILIS, b), d) flash lamp triggers for the
CRIS Litron Nd:YAG laser heads, c¢), e) Q-switches for the Litron laser heads.
DAQ table: f) copy of the Nd:YAG flash lamp trigger, g) ISCOOL release
trigger, h) Pockels cell active trigger, i) data acquisition trigger and j) DSS
motor stepper control trigger.
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this way it was possible to have the ions arriving in the interaction region
at the moment the Nd:YAG Q-switch fires. Triggered at 100 ns before the
Nd:YAG Q-switch was the Pockels cell (h). This trigger was sent to a fast
square wave pulser (Model: Behlke FSWP91-01), which could rapidly switch
between applying a 0 V or 2.4 kV voltage to the Pockels cell. While the 2.4 kV
were applied, the polarization of the CW Ti:Sa laser light was rotated by /2.
Since there was a polarizing beam splitter cube positioned after the Pockels
cell, transmitting only light of a certain polarization, the combination with the
Pockels cell meant that chopped pulses of CW Ti:Sa laser light could be created
while 2.4 kV were applied to the Pockels cell. The pulse length was 100 ns and
the optimal condition for firing the Nd:YAG pulse was on the falling edge of this
signal. The optimization of the time delay/overlap between both laser pulses
and the ion arrival in the interaction region is discussed in detail in Article II,
Appendix A. At the same time, as the Pockels cell fires, a signal is sent to the
data acquisition system for recording. This was a new system compared to the
campaign in 2012 and will be explained in more detail in the next section. The
final trigger in Fig. 3.9 was sent to the stepper motor of the DSS, in order to
control the implantation and measuring sequences for the decay spectroscopy
measurements.

3.4.6 Data acquisition

LabVIEW system

The data acquisition system used in the low-resolution experimental campaign
of 2012 was made using the NI LabVIEW software package [101]. A screenshot
of the DAQ user interface is given in Fig. 3.10, while a scheme depicting the
data collection and saving process is shown in Fig. 3.11. As mentioned in the
previous section, the main trigger from RILIS serves as the master clock for the
whole trigger chain. The ISCOOL release trigger is set so that the neutralized
atom bunch arrives in the interaction region at the moment the CRIS Nd:YAG
laser fires. The produced ions reach the copper dynode and emit secondary
electrons which are detected by the MCP as a drop in voltage. Only the MCP
signals detected during the LeCroy measurement window are saved, as can be
seen from Fig. 3.11.

The DAQ system communicated with the LeCroy oscilloscope via a National
Instruments PXI data acquisition board (Model: NI PXI-6225), through a USB
connection with the CRIS computer hosting the data acquisition system. At
the time the data acquisition system saves the ion counts coming from the
oscilloscope, the current wavenumber of the RILIS 422 nm laser and the current
time, it also saves the current values of the various experimental parameters
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Figure 3.10: A screenshot of the graphical user interface for the data acquisition
system used in 2012.

which are given by the RILIS LabVIEW shared variables and the CRIS shared
variables. The shared variables published by RILIS were: 1) 422 nm laser power
from the RILIS cabin, providing a relative power measurement to monitor any
large changes in power during a particular scan; 2) HRS proton current giving
the total current of protons impinging on the HRS target; 3) HRS protons per
pulse, showing the total number of protons per proton pulse; 4) Protons for
HRS, a boolean variable indicating if the current PSB proton pulse is sent to
the HRS target; 5) the linewidth of the fundamental 844 nm RILIS laser light
before frequency doubling to 422 nm. The shared variables from the CRIS
side were: 1) pressure in the interaction region and 2) the power of the CRIS
1064 nm Nd:YAG laser pulses. All of these parameters were continually written
to a buffer and finally saved to a .txt file at the DAQ trigger (f in Fig. 3.8 and
DAQ trigger in Fig. 3.11). Since this trigger is set to occur before the ISCOOL
release trigger, it gives the computer the most time to save the data from the
previous ion bunch before starting to record the data from the new bunch. Each
bunch is associated with a trigger number in the .txt file for straightforward
identification.
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Figure 3.11: Schematic representation of the trigger timing and data saving
process used in 2012. QC refers to the Quantum Composers pulse generator,
ISCOOL refers to the signal for triggering the ISCOOL release, Nd:YAG refers
to the flash lamp and Q-switch signals for the CRIS 1064 nm Nd:YAG laser
and the RILIS values and CRIS values squares refer to the shared variables
published by RILIS and CRIS, respectively.

The scanning of the 422 nm RILIS Ti:Sa laser was performed by using the
RILIS Equipment Acquisition and Control Tool (REACT) [102]. This system
also served to stabilize the laser frequency. The REACT tool could change the
laser frequency by using a pair of motors which moved the inter-cavity thin and
thick ethalons of the RILIS Ti:Sa laser to a different angle, thus allowing the
specified frequency mode to exit the laser cavity. In order to synchronize the
frequency change with the rest of the signals, the LabView DAQ could operate
in three modes: 1) set time per frequency step, 2) one super cycle per frequency
step, 3) set number of proton pulses per frequency step. In mode 1) the DAQ
would continuously record data for a set amount of time specified by the user,
upon which data recording would halt until the user changed the frequency
with the REACT tool. The user would then instruct the DAQ to continue
and the process would be repeated after a new time step has passed. Modes
2) and 3) operated on the same principle, with the step in mode 2) being a
proton supercycle and in mode 3) the DAQ would keep recording for a specified
number of pulses which had protons sent to the HRS. During the run mostly
modes 1) and 2) were used to collect data.

Python system

During the 2014 experimental campaign a new data acquisition system based
on Python was used. The transition from LabVIEW to Python was done in
order to optimize the speed of the system, to avoid problems with updating the
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Figure 3.12: Screenshot of the python data acquisition system CRISTAL,
developed by Ruben de Groote [14], which was used in the 2014 campaign.
The name CRISTAL is an acronym for CRIS laser Tuning, Acquisition and
Logbook. The top section of the window is used to set the laser scanning ranges.
The middle part can be filled with different plots of the measured data. The
bottom part is used to navigate between the different functionalities such as
the logbook, raw data streams and help. Further details are given in the text.

LabVIEW software and having different versions across different computers, and
to increase the overall stability of the system. The main hardware component
of the new data acquisition system was a National Instruments USB DAQ card
(Model: NI-6211).

The data acquisition system recorded the shared variables published by
RILIS as the LabVIEW system from 2012, with additional parameters such
as the ion rate per second (relevant for optimizations), the wavenumber of the
CW Ti:Sa laser, and the status of the pulsed Ti:Sa laser. The system could
also be used to directly control the frequency scanning of the pulsed Ti:Sa laser.
The user interface for this system is shown in Fig. 3.12. The interface provides
several widgets with different capabilities: general settings, python console,
digital logbook, plotting the raw data from all monitored parameters and a help
file.
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Figure 3.13: Schematic representation of the trigger timing and data saving
process used in 2014. The Pockels cell is triggered at the time the neutralized
atom bunch arrives in the interaction region. This allows the CW laser light
to excite the atoms in the bunch, during a period of 100 ns. MCP signals are
accepted only during a 10 us time window, after the ion bunch arrived on the
MCP. These coincidence signals are then sent to the data acquisition system
and are saved along with the other recorded experimental parameters from
RILIS and CRIS. The values are continually accumulated and appended to a
text file at the start of the next Pockels cell trigger.

The data acquisition system could run in two general modes of operation:
measurement with scanning the CW Ti:Sa laser for high-resolution measure-
ments and scanning the RILIS pulsed Ti:Sa laser with the REACT software
for low-resolution measurements. The scanning of the CW Ti:Sa laser was
done by using the Matisse Commander software, which is the inherent control
software of the CW Ti:Sa laser. This software would scan the wavelength of the
laser over a certain range, while the data acquisition system would continuously
record the wavelength.

The logic and timing used for saving the data was very similar to the system
used in 2012. This is schematically shown in Fig. 3.13. The major difference
was the addition of the Pockels cell, leading to the necessary gating of the MCP
signal, which can be seen in the figure. The fast switching of the voltage supplied
to the Pockels cell introduced a noise signal in the surrounding signal cables at
each Pockels cell trigger. There was also noise present from the firing of the
Litron Nd:YAG Q-switches. Since the raw MCP signal also had to be converted
to a NIM pulse in order to be read by the DAQ card, these signals were first
amplified and then discriminated before being sent through a coincidence unit
to only correspond to signals in a 10 us window around the arrival time of the
ions on the MCP. This coincidence signal was then sent to the DAQ. The DAQ
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card also collected the analog signals from the photo diodes for measuring the
laser powers. At the start of every Pockels cell trigger, the data accumulated
during the 10 ms from the previous trigger was saved, along with all of the rest
of the monitored experimental parameters from RILIS and CRIS.
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3.5 CRIS ion source development

For performing complex laser spectroscopy experiments such as with the CRIS
beamline, it is important to have access to stable ion beams for optimizing
the beam transport through the beamline, testing charge exchange efficiency,
developing ionization schemes for elements to be studied during on-line
experiments, optimizing the laser systems, and testing and optimizing the
data acquisition system for ion detection. This section will describe the surface
ionization process, the design process for the new CRIS ion source and show
the most relevant results obtained using the new source.

3.5.1 Surface lonization lon Sources

Atoms interacting with the hot surface of a particular material can become
positively or negatively ionized by either transferring one of their electrons to
the surface material or receiving an electron from it, based on the difference
of the work function ¢ of the material, the ionization energy E; or electron
affinity E, of the atoms and the temperature of the surface. The ionization
energy Ey is defined as the minimum energy required to remove an electron (to
infinity) from an atom in its ground electronic state. The work function ¢ is
the minimum energy needed to remove an electron from the surface of a solid
material to a point immediately outside the solid surface. The electronic affinity
E, can be defined as the energy released by a neutral atom after gaining an
extra electron to form a negatively charged ion. If the material has a high work
function, such as: tungsten (¢ = 4.53 €V), rhenium (4.1 €V), iridium (5.4 V)
or zeolite, and the element to be ionized is an alkaline metal or alkaline earth
metal, thus having a low ionization energy (E; < 5€V), positive ions can be
produced. Conversely, if a low work function material such as: tungsten with a
Cs monolayer (1.36 €V), barium oxide BaO (1.5 e¢V) or lanthanum hexaboride
LaBg (2.70 V) is used with a halogen (E, > 1.8€V), negative ions can be
produced. The expression for the ionization efficiency ¢;,, for positive ion
production is based on the Langmuir-Saha equation [103] and is given by:

+ —
n; go Er—¢
Cion = ——— = |14+ DT | . 3.8
n +no { i } 3.8

Here nj is the number of positively charged ions, ng is the number of neutral
atoms, T the surface temperature, and g;r ,go are the statistical weights of
the ions and neutral atoms, being the sum of all 2J 4+ 1 for a given atomic
configuration. For example, the ground state of gallium has an atomic
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Table 3.2: Work function ¢, ionization energy FE;, electron affinity F, and
statistical weights go/g;" (taken from [20]), for the materials for which the
ionization efficiency €;,, was calculated using 3.8 and shown in Fig. 3.14. The
ionization efficiencies in Fig. 3.14 were all calculated for the same ¢ = 5.25¢eV,
while the work function values in this table are given only for reference.

Material ¢ [eV] E; [eV] E. [eV] go/gi

Cs 1.81 3.9 0.4 2/1
Rb 213 4.2 049  2/1
K 225 4.3 05 2/1
Na 228 5.1 055  2/1
Ba 2.11 5.2 0.5 1/2
Li 246 5.4 0.6 2/1
La 3.3 5.6 05  10/21
Sr 274 5.7 -1 1/2
In — 5.8 0.3 6/1
Ga 416 6.0 0.3 6/1
Ca 3.2 6.1 15 1/2

configuration of 3d'%4s*4p which gives rise to doublet states *P; /5,2 P35, with
J =1/2 and J = 3/2 respectively. The statistical weight g of this ground state
will then be g =2-1/24+1+42-3/2+ 1 =6, as seen in Table 3.2.

Similarly to (3.8), an equivalent expression for the ionization efficiency for
the production of negatively charged ions can be written as

_ —1
€ion = _n—z = |:]- + g_Ee¢kfa:| ) (39)
n; +no 95

where n; is the number of negatively charged ions, g; the statistical weight of
the negatively charged ions.

To illustrate the dependence of €;,,, on the ionization energy of the materials
needed to be ionized, Eq. 3.8 was used to calculate ¢;,, for various materials
from Table 3.2. In the calculation, a fictional material with work function
¢ = 5.25 eV formed the ionizing surface and the ratio go/ g;r was taken from
Table 3.2.

For the ion source developed as part of this PhD work, tantalum was used as
the ionizing surface. Figure 3.15 shows the ionization efficiencies calculated for
the materials in Table 3.2, using the work function of tantalum ¢(Ta) = 4.25 €V.
It is clear from the two figures that the fictive material with a higher work
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Figure 3.14: Ionization efficiency vs. ionization energy for a fictive material with
work function ¢ = 5.25eV, for the production of positive ions. The ionization
efficiency €;,, was calculated using Eq. 3.8.
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Figure 3.15: Ionization efficiency vs. ionization energy for tantalum which was
used as the surface material in the CRIS ion source. Tantalum has a work
function ¢ = 4.25eV. The ionization efficiency for the production of positive
ions €;,, was calculated using Eq. 3.8.

function would be better suited for surface ionization, if such a material could be
found and used as a container. However, tantalum still provides a satisfactory
ionization efficiency for potassium which is €., = 19.17%.
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3.5.2 CRIS ion source design
lon production

The ion source used for providing stable alkali ion beams to the CRIS setup is
based on the surface ionization principle, which was described in the previous
section. A schematic view of the source itself is given in Fig. 3.16. A container
made of tantalum is used to house the source material, in this case KCI.
Tantalum is used due to its very high melting point: 3290 K. This is important
since a high heating current Iy ~ 40 A is fed via copper rods to the tantalum
container. The heat generated by this current serves to break up the KCIl and
provide the conditions for surface ionization. The K and Cl atoms drift out of
the container into a 1 mm diameter tantalum tube. Due to their low ionization
energy E;(K) = 4.34 eV, the K atoms release one electron and become positively
charged by colliding with the tantalum tube walls.

Iy

— -

Cu

heating current
K* ions

K atoms

Cl atoms

KCI

+ -

Figure 3.16: Schematic view of the CRIS ion source. The KCI salts break up in
the source container and drift into the thin tantalum tube, inside of which K™
ions are formed via surface ionization. More details can be found in the text.

oo
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75 mm

Figure 3.17: Cross-section of the extractor electrode mounted on the ion source
flange: 1) extractor electrode, 2) ion source tantalum tube, 3) copper rod for
supplying a negative voltage to the extractor electrode, 4) isolating TecaPEEK
ring, 5) copper feedthrough. The ion source flange used to mount the source
onto the rest of the ion source vacuum chamber was of type ISO-K 100.

After the ions are produced in the tantalum tube, they are accelerated
towards the extractor electrode, which is held at a lower voltage than the ion
source flange. In the new ion source design, the extractor electrode is mounted
directly on the ion source flange in order to improve alignment with the source
tube and to enable simple re-filling of the source, since this flange can be
removed from the beamline without influencing the other beam optics elements.
Figure 3.17 shows a technical drawing of a cross-section of the ion source flange,
extractor electrode and mount.

In Fig. 3.17, the extractor electrode is labelled as 1, while the ion source
tube is labeled as 2. The electrode is mounted onto a TecaPEEK piece (labelled
4) that isolates it from the stainless steel rods of the beam optics section and
from the ion source flange. Voltage is supplied to the extractor electrode via a
copper feedthrough (labelled 5), that is connected to a copper rod (labelled 3)
with a copper clamp. This assembly can be directly mounted on the ion source
vacuum chamber, given in the next section.
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Figure 3.18: Side cross-section view of the ion source vacuum chamber assembly:
1) ion source flange, 2) tantalum tube, 3) extractor electrode, 4) Faraday cup, 5)
linear motion feedthrough, 6) horizontal and vertical steering plates, 7) Einzel
lenses.

lon source vacuum chamber assembly

As part of the new ion source design, a new vacuum section was designed to
house the ion source, beam optics and provide access to a dedicated turbo
pump, as close as possible to the ion source. Having a dedicated turbo pump is
particularly important when attempting to keep the ion source at a high voltage,
such as the design goal of 30 kV. The previous ion source was at most operated
at 3 kV. A technical drawing cross-section of the new ion source vacuum section
is given in Fig. 3.18, while a 3D cross-section view is given in Fig. 3.19. The
ion source mounting flange, tantalum tube and extractor electrode which were
described in the previous section are labeled as 1, 2, 3 in the figures.

A Faraday cup (labeled as 4 in Figs. 3.18, 3.19) is placed after the extractor
electrode in order to measure the ion current from the source. The linear motion
feedthrough used to move the Faraday cup in and out of the beam path is
labelled as 5.
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Figure 3.19: 3D cross-section view of the ion source vacuum chamber assembly:
1) ion source flange, 2) tantalum tube, 3) extractor electrode, 4) Faraday cup, 5)
linear motion feedthrough, 6) horizontal and vertical steering plates, 7) Einzel
lenses.

The next beam optics element shown in Figs. 3.18, 3.19 are the horizontal
and vertical beam steerers. They consist of rectangular plates which can be
supplied with a voltage in order to correct for any miss-stearing of the beam.
This can be caused by a miss-alignment of the tantalum tube with respect to
the central axis of the beamline.

Lastly, the beam optics elements labeled as 7 in Figs. 3.18, 3.19, are the
Finzel lenses. The Einzel lenses consist of 3 equal cylinders, with the outer
cylinders held at ground potential and the central one elevated to a higher
potential V. The Einzel lenses focus the ion beam without changing its kinetic
energy. The end of the long section of the ion source vacuum chamber is
attached to the 90 degree bend, which is discussed in the following subsection.

90 degree bend

As can be seen in Fig. 3.6 from Sect. 3.4.3, the ion source section connects to
the rest of the CRIS beamline at an angle of 90°. Previously a quadrupole was
used to bend the ion beam by 90° into the CRIS beamline, but unfortunately
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Figure 3.20: Top view cross-section of the 90 degree bend: 1) metal bending
plates, 2) isolating TecaPEEK pieces, 3) metal holder, 4) Faraday cup plate, 5)
rotating Farady cup holder.

the transmission of the beam through the bend could not always be reliably
reproduced, which is why a new more robust system was needed. The design
of a new 90 degree bend was made by Ronald Fernando Garcia Ruiz, another
PhD student in the group of Gerda Neyens, together with Willy Schoovaerts. A
technical drawing of the new 90 degree bend is given in Fig. 3.20, showing the
top view of the cross-section of the cube inside of which the bend is mounted.

In Fig. 3.20, the metal plates that bend the ion beam are labelled as 1.
These plates are supplied with voltages of equal value but opposite polarity. This
creates an electrical field between the two plates that guides the ions around
the bend. The elements labelled 2 in Fig. 3.20 are two isolating pieces (top and
bottom) that hold the bending plates in place and make sure they keep their
shape. The isolating pieces themselves are held with a metal holder (labelled
3), which is mounted onto a flange for inserting into the cube surrounding the
90 degree bend.

In order to measure the amount of ion beam that passes through the bend,
a rotating holder was designed which could position a Faraday cup right after
the bend, but also remove it out of the beam path after the measurement. The
holder is labelled as 5 in Fig. 3.20, while the metal plate serving as the Faraday
cup is labelled as 4. When the Faraday cup is not in use it can be rotated out of
the central vertical axis, allowing the ion beam to pass into the CRIS beamline.
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3.5.3 lon source results

The design, manufacture, transportation and installation of the ion source
at ISOLDE was performed during the CERN long shut-down period, with
the first successful tuning of the beam through the CRIS beamline until the
MCP achieved in March 2014. As a demonstration of the stability of the ion
beam current delivered by the source, Figure 3.22 shows the ion beam current
measured over a period of 3.5 h by the FC4 Faraday cup. This cup is located
in the CRIS beamline between the 20 degree bend after the ultra high vacuum
interaction region and the detection chamber, as can be seen in Fig. 3.21.
Figure 3.21 also shows the positions of the other Faraday cups in the CRIS
beamline, along with FC90 and FCIS which are the ion source Faraday cups.
The exact location of FCIS within the ion source vacuum chamber was shown
in Fig 3.19. It was not used as a benchmark for the ion beam transmission tests,
since it was noticed during testing that the beam was too large at that point
and therefore not collected fully by this Faraday cup. In its place FC90 was
used as a benchmark for the transmission tests.

FCIS

Figure 3.21: A 3D drawing of the CRIS beamline at ISOLDE, CERN, showing
the locations of the Faraday cups used to measure the ion beam current. The
locations of the Faraday cups during on-line experiments while taking beam
from ISOLDE are the same, with the difference that FCO is placed on the
position of FC90 to measure the incoming ISOLDE beam.

As for the demonstrated beam stability, Figure 3.22 shows that the ion beam
current gradually dropped from 6 pA down to 2 pA over the 3.5 h period. This
highlights the improvements of the new ion source compared to the previous
one. The ion beam from the first CRIS ion source could only reach this Faraday
cup after many hours of beam tuning. The highest current obtained was on
the order of 1 pA which was also severely fluctuating and would drop off to
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zero unless it was continuously optimized. Another major issue of the previous
source were the changing voltages necessary for a good beam transport, which
would be different every time the beam tuning was performed.

12

10

Current (pA)

12:55:00 13:25:00 13:55:00 14:25:00 14:55:00 15:25:00 15:55:00  16:25:00
Elapsed time

Figure 3.22: Stability of the ion source beam current on the FC4 Faraday cup.
The y-axis shows the current given in pA and the x-axis shows the time in
hours. For these measurements the source was filled with KCI.

The new ion source design demonstrates several advantages: 1) the voltage
settings are reproducible, meaning that applying the same settings from a
previous beam tune would produce a similar beam transport; 2) the beam tune
is more stable (as seen in Fig. 3.22), meaning that the beam current gradually
drops off in a period of several hours; 3) the alignment of the source beam optics
are fixed, which contributes to the overall stability and beam transmission; 4)
the highest stable operating voltage observed with the new source was 12 kV,
compared to the previous source which ran at most up to 3 kV.

However, the source also has certain shortcomings: 1) the ion source beam
transport measured from FC90, the Faraday cup after the 90 degree bend, until
FC5, being the copper dynode in front of the MCP, is on average 1 % for a 5 kV
ion beam; 2) even though the design goal of the source was 30 kV, the highest
observed operating voltage was 15 kV before the voltage drops due to sparking;
3) the 90 degree bend needs to be physically removed from the beamline in
order to receive beam from ISOLDE.

One possible reason for the low transmission of the beam was the lack of a
vertical steering element in the CRIS beamline after the ion source region. If
the ion source tube has an initial misalignment in the vertical direction, this
can be compensated by the vertical steerer of the ion source, but since there
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is no other vertical steerer in the CRIS beamline afterwards, the beam will
gradually drift in the vertical direction towards the end of the CRIS beamline,
which could account for losses of the beam.

Another likely reason for the low transmission observed is the fact that the
beam was operated at a significantly lower voltage than the ISOLDE beam,
making it too broad. Issues were encountered while trying to increase the voltage
past 15 kV in the form of pressure spikes and sparks in the ion source voltage
cage. It is possible to improve on this high voltage limit with the acquired
experience of filling the source with a salt of different chemical properties in order
to avoid such pressure spikes and by installing better high voltage cables which
were purchased from Heinzinger. Due to time constraints and preparations for
the experiments on radioactive ion beams, it was decided that for the purposes
of the offline tests it was adequate to work with a 5 kV operating voltage, which
was found to be the most stable. Extensive offline tests were performed in
August 2014 during which the source operated continuously for a period of 7
days with no major problems. The results that will be presented further in
this section originate from this testing period. Performing these offline tests
was critical in order to prepare the experimental conditions for the subsequent
high-resolution work on francium in November 2014.

Neutralization tests

One important test that can be performed using the offline ion source is the test
of the neutralization efficiency of the charge exchange cell. This was done by
applying a heating current to the charge exchange cell with the ion beam from
the source passing through. By detecting the total beam of neutralized atoms
and non-neutralized ions at the end of the interaction region using the FC3
Faraday cup, the neutralization efficiency can be calculated. When a positive
ion beam impinges on a Faraday cup, it deposits charge on it which can be
detected if the cup is electrically connected to an ammeter. The number of
ions in the beam is then proportional to the current measured. However, the
impact of the high energy beam will also produce secondary electron emission,
which will increase the measured current signal. This effect can be reduced by
using a suppressed Faraday cup, for which the geometric design is such that all
of the secondary electrons will recombine via collisions with the surrounding
walls of the cup. Since FC3 is a suppressed Faraday cup, it is thus possible to
directly measure the ion current. As for an atom beam, since there will be no
net charge delivered to the cup and if the secondary electrons are suppressed,
then there will be no measurable current proportional to the number of atoms
impinging on the cup. This problem can be circumvented by applying a positive
voltage to a ring surrounding the Faraday cup which will then pull out the
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secondary electrons and prevent them from recombining. This will produce an
amplified signal of the current produced by the atoms. A measurement of the
neutralization efficiency then consists of first measuring the real ion current on
the cup by leaving the deflector plate after the charge exchange cell at 0 V thus
allowing the non-neutralized ions to pass through, and leaving the voltage on
the Faraday cup ring at 0 V. Then a positive voltage is applied to this ring
which allows for the measurement of the amplified total ion 4+ atom current.
The last step is to apply a voltage on the deflector plate in order to kick-off
the non-neutralized ions and detect only the amplified atom signal on the cup.
Using these three values the total neutralization efficiency can be estimated as
will now be demonstrated.

During one such neutralization efficiency measurement in August 2014 on
a potassium beam, the charge exchange cell was held at 167.4 C°. With the
deflector plate and the FC3 ring at 0 V the real ion current was measured as
I¢® = 12 pA. Then by applying +200 V on the FC3 ring, the amplified ion +

on

atom current was measured to be I7o2 = 32 pA. Then by applying +300 V

atom —+ ion

on the deflector plate, the measured amplified atom current was o0, = 9 pA. Tt

was estimated that the real atom current was I5% = TP /2 = 4.5 pA. Thus if

the amplified ion current is also estimated to be double the real current then the
total amplified current is b o = 2+ Il 4+ 2. JIoal = 2.12 pA+2-4.5 pA =
33 pA, in good agreement with the measured total amplified current. The

neutralization efficiency can then be calculated as

Ireal 4.5 pA
neutr. — alom = = 27?/ 3.10
Enentr = Treal | preal '~ 19 pA 1+ 45 pA ¢ (3.10)

39K hyperfine structure

During the tests in August 2014 it was possible to measure the hyperfine
structure of 3°K using the 769.9 nm 4s 25’1/2 — 4p 2P1/2 atomic transition.
The 769.9 nm transition was excited using a Coherent 899 continuous wave
Ti:Sa laser, borrowed from the neighboring COLLAPS experiment, while the
ionization step was provided by a 355 nm, 10 Hz Nd:YAG laser, borrowed
from RILIS. The main factors that made these measurements possible was the
stability of the ion source current and the chopping of the continuous wave laser
light using a Pockels cell. During the initial tests with the ion source in May
2014 when the CW was not chopped, no K hyperfine structure resonances
could be observed. The most likely reason for this was the substantial loss
in efficiency due to optical pumping effects with the continuous light. During
the tests in August resonances were also not observed until the CW light was
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Figure 3.23: Fit of a hyperfine structure spectrum of 3**K measured using the
new ion source. The data points are the total number of ion counts observed
at a given laser frequency. The frequency on the x-axis is given relative to a
constant value of 389286 058.716(62) MHz [15] (the transition frequency) in
order to keep the numbers small. The full width at half~maximum obtained
from the fit was FWHM = 44(5) MHz

chopped. For a more detailed discussion on the CW chopping and the effects of
changing the delay of the excitation and ionization step the reader is referred to
Article IT in Appendix A. As for the measurements performed in August 2014,
Fig. 3.23 shows a representative hyperfine structure spectrum from one such
measurement.

The hyperfine structure parameters were extracted from the data using
the same procedure as will be described in Chapter 4 Sect. 4.2, as for the
high-resolution francium results. A comparison of the experimental results for
the ground state A(%S;/2) parameter and upper state A(*P; /) parameter with
literature values taken from Papuga et al., [21], is given in Table 3.3. The value
for the ground state splitting differs from the literature value by 5 MHz, while
the upper state splitting is in agreement. A possible reason for the discrepancy
is the fact that the Highfinesse WSU2 wavemeter, which was used to measure
the 769.9 nm laser wavelength while scanning accross the hyperfine structure,
was not locked to a reference during the measurements but relied on an internal
frequency calibration. This motivated the locking of this wavemeter to an
external temperature stabilized HeNe laser during the November 2014 francium
campaign.
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Table 3.3: Comparison of the experimentally determined hyperfine structure
values for the ground state A(25; /2) and upper state AP, /2) parameters with
literature values taken from Papuga et al.[21].

Parameter Experiment (MHz) Literature (MHz)

A28y /5) 226(3) 231.0(3)
APy 5) 27.4(9) 27.8(2)

Another relevant result extracted from fitting the hyperfine structure was the
Full width at half-maximum (FWHM) of the peaks FWHM = 44(5) MHz. This
was already a significant improvement compared to the 1.5 GHz value obtained
for the low-resolution francium data [5], providing confidence to perform high-
resolution measurements on francium in November 2014. The main contribution
to the FWHM value obtained from these offline measurements was the Doppler
spread of the 5kV ion source beam. The estimated Doppler spread for a 5kV
beam is 30.6 MHz, while the natural linewidth for this 2.6 - 10~® s transition is
6 MHz.

Saturation curve

As was mentioned in Sect. 3.2.3, knowing the saturation power of a particular
atomic transition is important in order to know how high a laser power can be
used while still avoiding significant power broadening effects. Figure 3.24 gives
a saturation curve measured for the 355 nm ionizing step. The curve was made
by performing several measurements with varying 355 nm laser powers (given
in mJ/pulse), while scanning the excitation 769.9 nm laser step across the left
doublet hyperfine structure in Fig. 3.23. The total number of counts within
each scan was divided by the total measurement time giving the normalized ion
rate value on the y-axis in Fig. 3.24.

By fitting the data in Fig. 3.24 as was done in Article II, Appendix A with

P/Py

[(P) = A1 P/Py’

(3.11)

where A is a scaling parameter, P is the laser power and Py the saturation
power, the saturation power value of Py = 8 &3 mJ/pulse is obtained.
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Figure 3.24: Saturation curve for the 355 nm ionizing step. The data points
originate from 6 scans over the left doublet of the potassium hyperfine structure
from Fig. 3.23. The normalized ion rate is explained in the text.




Chapter 4

Experimental results

This chapter will describe the analysis procedures used on the experimental
results from the 2012 low-resolution and 2014 high-resolution experimental
campaigns. First the conversion of the data is described, followed by the fitting
procedure performed for extracting the hyperfine structure parameters. The
data is then compared to reference values from literature and finally the new
results for the magnetic dipole moments and changes in mean-square charge
radii from the low-resolution results are given. For the high-resolution results
the new spectroscopic quadrupole moment value of 2'°Fr is presented.

4.1 Low-resolution results

4.1.1 Raw data conversion

The data acquisition system used in the 2012 experimental campaign was
described in Sect. 3.4.6. This system saved the data in a .txt format, with the
first line displaying all of the recorded variables and their respective positions
within each line: "[Trigger #] [Time| [Date] [RILIS Wavenumber| [RILIS Power]
[1064 nm Power] [Pressure] [HRS Proton Current] [PSB Cycle Number| [HRS
Protons per Pulse] [Start Supercycle] [Protons for HRS] [RILIS Linewidth]
[LeCroy Data]". The data used for extracting the hyperfine structure parameters
were [RILIS Wavenumber] — providing information about the excitation step
laser frequency in the lab frame and [LeCroy Data] — providing the number of
ion counts detected at the respective laser frequency.

63
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The procedure for changing the laser frequency and the synchronization
with the rest of the measured experimental values was explained previously
in Chapter 3, Section 3.4.6. During a measurement on a set frequency, the
DAQ program saved data every 32 ms, after the CRIS Nd:YAG flash lamp
trigger, as was described in Sect. 3.4.5. This meant that the counts would keep
piling up for each laser frequency, but only the total number of counts per each
laser frequency was important. Only the final count number was extracted by
looking for the line in which the time difference was larger than a set value,
corresponding to the down time while the laser frequency was being changed
with the RILIS REACT software. The number of counts from the last line
before the large time difference were always taken as the total number of counts
for that wavenumber. This also accounted for the fact that the scope sometimes
accumulated counts while resetting, before starting to accumulate counts for
the new laser frequency.

The extracted laser wavenumber 7y, read in units of ecm™!, was first
converted to a frequency vy, by:
vy, =100-2-cryp, (4.1)

where ¢ is the speed of light given in m/s, the factor 100 comes from the unit
conversion from cm™! to m™! and the factor 2 comes from the fact that the
wavenumber in the data file corresponds to the fundamental output of the RILIS
Ti:Sa laser before being frequency doubled. This leaves the frequency in Eq. 4.1
in units of s~ = Hz. This laser frequency is then converted to the frequency
seen in the rest frame of the atomic beam by applying formulas (35) and (36)
from [104]

1-p5
V= VL\/TW (42)
m2ct 2eU
p= \/1 "~ (eU + mc?)? Ve (43)

where U is the ISCOOL voltage and mc? = (Mf#j + A)uey, where uey =
931.494061 - 10%¢V and Meycess is the literature value of the mass excess given
in eV. The ISCOOL voltage was monitored during the beam time and was
stable at 49970 V, with a drift of less than +1 V. Due to the relatively large
errors on the extracted hyperfine structure parameters and isotope shifts which
will be discussed in the following sections, the uncertainty originating from the
ISCOOL voltage was not taken into account for this low-resolution data set.
This uncertainty will however play a role in the analysis of the high resolution
data in Sect. 4.2. As for the frequency obtained from Eq. 4.2, it was converted
into MHz and 709258.16(12) GHz (calculated from 7 = 23658.3058(40)cm !
[105] for this transition) were always subtracted in order to keep the numbers
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small. Thus the final values will always be displayed as relative frequencies to
that number.

During a measurement on a given frequency the frequency value drifts
around the set value. To account for this the frequency value was saved for
cach trigger and the average value given by & SN | vift was taken as the
final frequency value. Rather than taking the statistical error on the frequency
distribution, an error of 100 MHz was taken originating from the uncertainty

on the wavemeter read-out.

4.1.2 Fitting procedure

Since it was necessary to take into account the error on the frequency as well
as the error on the ion counts, the orthogonal distance regression ODRPACK
package from Scipy was used [106]. During this experimental campaign, the
resolution was mainly limited by the 1.5 GHz linewidth of the RILIS laser,
resulting in a fully Gaussian profile of the hyperfine structure peaks. The
spectra were thus fitted with a pure Gaussian shape of the form

i @ 2
al (V B (VO — Stewflow 4 Aupzcup))
G(v)=b+ Y Ioliexp | — — . (4.4)
()
2In2

where b is a constant background fit parameter; IV is the total number of HFS
transitions; Iy is the fit parameter for the total intensity of a ground state HFS
multiplet; I; is the relative intensity of one of the peaks within a multiplet,
calculated from the angular momentum coupling rules, given in Eq. 4.5; vy
is the fit parameter for the centroid; Ajs, is the A(7s 2P3/2) fit parameter;
C},. is the C constant C = F(F + 1) — I(I + 1) — J(J + 1) calculated for
F=F;,J = Jow =1/2; Ay, is taken as A(7s *Ps/2)A(8p *Ps2) /A(7s 2Py ,,) Where
A(8p *Ps2) [A(7s 2Py ) = 0.00361(2) from [105]; C},, is the C' constant calculated
for Jyup = 3/2; HWHM is the fit parameter for the half-width at half-maximum.

Each HFS peak was fitted with a Gaussian of the form from Eq. 4.4, with
each peak having its own I;,C? . C?  while the left and right HFS multiplets

low’ ~up>
had their own I value (IOL’R). The I; relative peak intensities were fixed via
the angular momentum coupling rules [107]:

I = > (2Jiow+1)(2F; +1)(2F; + 1)

Mmp;,MF;

2 2
y F, 1 F Jow Fi I (4.5)
—ij 0 mFi Fi Jlow 1
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F; 1 F
—mpj 0 meg;
a Wigner 6J symbol.

where > is a Wigner 3J symbol and { Jup By T } is

Fi Jlow 1

4.1.3 Reference isotopes

Since the 2012 experimental campaign marked the first physics run with the
CRIS beamline, it was important to perform reference measurements in order
to compare the results obtained with this technique to literature. The reference
isotopes in this campaign were 207:211,220.221Fy - The extracted experimental
values for A(7s 25;,) for these isotopes were then compared to the known
literature values in order to estimate the experimental systematic uncertainty.

The experimental parameters extracted from the fit were the ground state
hyperfine parameter A(7s 25, /2) and the centroid value . The weighted mean
1 of these values from the different scans performed was calculated by

M=

(wiw;)
—_— (4.6)
(wi)

~.

i=1

where @ can be A(7s %51 /2) or 1y and w; = 5. The statistical error was defined

as
1

Ostat = ~ (47)
> wi
i=1
and the weighted sample variance as
N
> wilzi — p)?
i=1
Ugveighted = 1N— (4.8)
> wi
i=1

The final uncertainty op,.x was then taken as the maximum of the two
values Ogtat aNd Oyweighted

Omax — max(astata O-weighted)‘ (49)

The calculated weighted means for the A(7s 2S;,5) parameters for
207,211,220,221 By are compared to the literature values in Table 4.1. It is clear
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Table 4.1: Comparison between the experimentally obtained values for
A(7s 251/2) of 207:211,220,221 &y with values reported in literature.

Isotope  Aexp(7s 251/2)(MHZ) At (7s 251/2)(MHZ)

207y +8480(20) +8484(1) [28]

2y +8710(50) +8713.9(8) [28]
220y -6520(40) -6549.2(12) [105]
21y +6200(30) +6209.9(10) [105]

Table 4.2: Centroid values extracted from the fits of the reference isotope
hyperfine spectra.

Isotope 1y (GHz)

07Fr 427.29(5)
R 422.91(3)
208 41.49(8)
2R -1.16(7)

that the experimental values for A(7s 25} /5) agree well with literature for these
reference isotopes. The final experimental uncertainty which was used in all
of the publications based on this work [2, 1, 3, 5], was taken from the 30 MHz
scatter for 22'Fr, which was the most thoroughly studied reference isotope.

Table 4.2 gives the final weighted mean values with uncertainties for the
centroids of the reference isotopes. These centroid values were used to calculate
the isotope shift and relative mean-square charge radius in Sect. 4.1.6.

4.1.4 Neutron rich francium isotopes

The fit results for the newly measured neutron rich francium isotopes
218m,219,229,231 Fy are given in Table 4.3. These results depend on the assumed
nuclear spin I, but there are no firm spin assignments for 2!8m-229,231Fy  The
most reliable literature value for the spin of 2¥™Fr is a tentative 9~ assignment
from [108], which was used in this analysis. For 2'°Fr, Browne et al. [109] assign
a value of 9/2~ based on favored « decay (HF=3.3) to ?!'Bi g.s. (I™ =9/27).
There is no experimental information about the spin of 22°Fr, but Borge et
al. [110] assume a spin of 1/2% based on systematics from the other francium
isotopes [28]. Fraile et al. tentatively assign a spin of 1/2% for 23!Fr. This
assignment is based on a characteristic - decay pattern between the 1/2[400]
and 1/2[501] configurations observed in the close vicinity of 23! Ra.
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Table 4.3: Hyperfine parameter A(7s 25, s2) and centroid vy values for the
neutron rich francium isotopes.

Isotope I™ A(7s 2S1/2) (GHz) vy (GHz)
s, (37) [111] +3.30(3) £7.00(2)
(97) [112, 108] +2.95(3) +7.09(2)

298 9/2” [100] +6.82(3) +4.44(2)

208 (1/2%) [110] +30.08(11) ~19.51(5)

VR (1/24) [113] +30.77(13) ~23.29(5)

229Fr
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Figure 4.1: Result of using the fitting procedure described in Sect. 4.1.2, while
keeping the intensity ratios fixed relative to Eq. 4.5. The solid line is the result
of the fit assuming I™ = 1/2% for the ground state of 2?°Fr while the dashed
line is the result of the fit assuming I™ = 3/2%.

Fixed intensity ratio fits

A supporting argument given in the discussion of Article I for the tentative
assignment of a spin 1/2% for 22Fr comes from fitting the hyperfine spectra
with a fixed intensity ratio between the two multiplets and assuming different
spins. The intensity ratio was fixed by giving the same intensity parameter I
for both HFS multiplets in Eq. 4.4, instead of having two independent ones.
In this way the relative intensities between the two multiplets were correlated
via Eq. 4.5. The graphs obtained for 22?Fr following this procedure for Run
279-280 and Run 284 are shown in Fig. 4.1, while the result for Run 282 was
used in Article I, Ch. 5, Sect. 5.2. For these fits it is relevant to bear in mind
that as mentioned in Sect. 4.1.2, the fitting procedure also took into account a
100 MHz error on the frequency points.
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Figure 4.2: Ratio between the two hyperfine structure amplitudes obtained
from fits to 22'Fr hyperfine spectra. The x axis shows the month-day and time
when the spectrum was measured. The white circles were obtained by keeping
the ratios between multiplets free, while the black dashed line shows the fixed
ratio constrained by Eq. 4.5.

As a reference the same procedure was carried out for 2?'Fr, assuming only
a spin 9/27, as shown in Fig. 4.2. Here the dashed line represents the ratio
of the height of the HFS multiplets for a fixed intensity ratio of spin 9/2~
and the open circles represent independent intensity ratios obtained from the
fitted spectra. The free values scatter around the fixed value implying that
the procedure holds some value, but several points lie well below the black
circles indicating that the experimental conditions were not constant at all times.
Therefore this procedure could not be used to make a firm spin assignment, but
rather as a supporting argument for the tentative (1/2) assignment in Article I.

The same procedure did not yield conclusive results when applied to the
hyperfine spectrum of 23'Fr. For this isotope the statistics were lower due to
the lower production yield and a base background rate of ~ 30 counts reduced
the signal-to-noise ratio. This background was also present during the scans of
230,232Fy and is thought to originate from radium. The background disappeared
when the 1064 nm CRIS Nd:YAG laser was blocked. This led to an assumption
that the background originated from radium atoms which were in an excited
metastable state after collisional charge exchange in the CRIS charge exchange
cell. A possible candidate for such a metastable state is the 3F, state at
31172 em ™! predicted to have a 3 s lifetime by Dzuba et al. [114].
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4.1.5 Magnetic dipole moment

The formula used for calculating the magnetic dipole moment g from the
A(7s 28 ) values given in Table 4.3 was

L _ Aemp(75 2‘Sfl/Q)Ieacz)llfv'ef
e Aref(75 251/2)Iref

(4.10)

where the reference values were: Aycr(7s 251 /2)(*'%Fr) = 7195.1(4) MHz [28],
Les(*1°Fr) = 6 [115] and pyer(*'9Fr) = 4.38(5) pn [116]. The final values are
given in Table 4.4.

Table 4.4: Magnetic dipole moments for 2187:219.229.231 y ohtained from the
experimental A(7s 25 /5) values.

Isotope Im Hexpt (1N)
218m (87) [111] 2.68(4)
(97) [112, 108]  +2.70(4)
219y 9/2= [109] +3.11(4)
2Fyr (1/2+) [110]  +1.53(2)
BIFy  (1/2+) [113]  +1.56(2)

4.1.6 Charge radii

In order to extract the changes in nuclear mean-square charge radii from the
isotope shift results, the field and mass shift factors from Eq. 2.20 first needed to
be determined. These values were calculated for the (7s 25, 12— 1Tp 2P, /2) — D2
line in francium by Dzuba et al.[22]. Since all of the CRIS measurements were
performed in the (7s 251 /5 —8p 2 P3/5) — D2’ line, a King plot was made relating
the two transitions. The isotope shifts of 213:220:221Fy relative to 212Fr for the
D2’ line were taken from Duong et al.[105] and compared with the respective
values from Coc. et al.[28] for the D2 line. Additionally, the isotope shifts for
207211 Fy from CRIS were compared to the ones from [28]. Since the reference
isotope in this work was 221Fr, the isotope shifts were calculated relative to this
isotope by

w22 = o (A) — v (P2 ). (4.11)

The minimum uncertainty for all of the reported isotope shifts was quoted
as 100 MHz, which was determined from investigating the scatter of the 22'Fr
centroid values between scans and the long term drift in the centroid frequency
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Table 4.5: Isotope shift values for 218m:219:229,231 Fy relative to 22! Fr.

Isotope I~ sv4221 (GHz)
Z8mEpy  (97) [108] +8.24(10)
219Fy 9/2~ [109] +5.59(10)
29Fr  (1/2%) [110] —18.36(10)
BIR  (1/24) [113]  —22.14(10)

of 22'Fr during the course of the experiment [4, 3]. The isotope shifts obtained
for 218m.219,229.231 Fy are given in Table 4.5.

In order to compare the CRIS values for 207211 Fr to the ones from Coc. et
al.[28], these literature values were converted to be relative to 221 Fr by

A,221 A,212 212,221
)% ht = o, ht 5 Ni ’

212221 — 1 93570(2) MHz. The mass factor! fa, Aref = AAA;; was

(4.12)

where dvj;

multlphed with the isotope shift and the product pa ares 61/is for both the
D2 and D2’ transition was plotted. The resulting King plot is given in Figure
4.3.

As seen in Sect. 2.4.4, the modified isotope shifts for the two transitions

are related by

Aref FD2/ AA'ref
A Aref(Sl/D = FD A AreféVDQ =+

Fpy
(KNMS + KSMS) Fia ——(KNys + K&is). (4.13)

From Fig. 4.3, the ratio % =0.995(3) and the value (KR%,¢ + KDZ¢) —
FF%Z’ (KR35 + KB%g) = 799(339) GHz u are extracted. The calculated field
and mass shift factors from [22] are : FP? = —20766(208) MHz/fm?, K22, . =
229.0 GHz u and K5% ¢ = —314(113) GHz u. Based on these values, the values
obtained from Fig. 4.3 and the formula

Vexp
K =—— 4.14
NATS T 1822.888 (4.14)
where 709258.16(12) GHz [105] is the transition frequency, the field and mass
shift factors for the D2 transition were obtained: Fpy = —20.67(21) GHz/fm?,

1The masses were always calculated taking the mass excess into account. For example
A(?21Fr)=221.014255 amu
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Figure 4.3: King plot for the (7s 251/ — 7p 2P3/5) — D2 and (7s 25,2 —
8p ?P3/5) — D2’ transitions in francium.

Kgl\z/[/s =360(330) GHz u and Kﬁ?\/}s = 389 GHz u. Using these values and Eq.
2.20 from Sec. 2.4.3, the change in mean square charge radii can be calculated
by

ref _ Aref
§(r2yAA™ = sy — A= (Knws + Kswus)

F

. (4.15)

The results for 218m:219,229,231 fy calculated relative to 22'Fr are given in
Table 4.6. In this table the error originating from the experimental isotope shift
uncertainty is quoted in parentheses, while the total error taking into account
the uncertainties originating from the theoretical mass and field shift values is
given in curly braces. This will be relevant in the discussion of the charge radii
in Article I, where a comparison is made to radium which has large theoretical
uncertainties for the field and mass shifts.

In order to compare the CRIS mean-square charge radii results to the
literature ones from Dzuba et al.[22] and the results for radium from Wansbeek
et al.[117], the francium values were converted to be relative to 213Fr, since this
is the isotope with N = 126. This was done by first converting the literature
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Table 4.6: Changes in mean-square charge radii for 218m:219,229,231 Fy pelative to
the reference 22!Fr. The errors in parentheses originate from the experimental
100 MHz uncertainty on the isotope shift, while the errors given in curly braces
take into account the theoretical errors of the field and mass shift factors.

Isotope I 5(r2)A221 (fm?)
2SmEy (97) [108]  —0.401(5){6}
219, 9/2~ [109] —0.272(5){6}

29F  (1/2%) [110]  +0.894(5){11}
VIR (1/24) [113]  +1.078(5){12}

Table 4.7: Changes in mean-square charge radii from Dzuba et al.[22] and this
work, converted to be relative to 213Fr.

A 5<7.2>A,213 me] A 5<7.2>A,213 me]

[ [
207 -0.331(3) 221 +1.055(11)
208 -0.319(3) 222 +1.185(13)
209 -0.230(2) 223 +1.265(14)
210 -0.204(2) 224 +1.408(15)
211 -0.122(1) 225  +1.475(16)
212 -0.079(1) 226 +1.576(17)
213 0 227 +1.767(19)
218m  +0.654(5){13} 228  +1.850(19)
219 +0.783(5){13} 229  +1.949(5){16}

220 4+0.922(10) 231 +2.133(5){17}

| .
values using WA218 5 2nA212 2,213,212
o(r®) =0(r") —6(r%) : (4.16)

lit lit lit

Then using the obtained §(r2)7 %" = 1.055(11) fm? value, the CRIS values
from Table 4.6 were converted by

8(r*)cias = 0(r*)ers +0(r* ). (4.17)

The final converted values used in the plots in Article I are given in Table
4.7, where the errors were obtained via standard error propagation.
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4.2 High-resolution results

4.2.1 Raw data conversion

The data acquisition system used during the 2014 experimental campaign was
explained in Chapter 3, Section 3.4.6. This system saved the data in a .txt file
with the information on the time, laser scanning voltage, laser wavenumber and
ion counts. The wavenumber from the data files was converted to frequency
by following the same procedure outlined in Sect. 4.1.1. Since in this data
acquisition system the ion counts were not accumulated for a given frequency
but continuously saved for each trigger, the final ion counts per frequency were
obtained by binning the data for a chosen range of the laser frequency. The
width of the bins was used as the uncertainty on the frequency.

As for the ion counts, for this data set from 2014 it was decided to present
the data in ions/s. This was done by calculating a mean of the ions within
each frequency bin. The error on this ion rate oyate, was calculated from the N
individual rate errors oj rate Within a frequency bin by

ol 2
21: Of rate
A — (4.18)

Orate — N

4.2.2 Fitting procedure

Due to the high-resolution achieved during the 2014 experimental campaign it
was necessary to refine the fitting procedure compared to the low-resolution
procedure, since there the spectra were fit with a pure Gaussian function. It was
thus necessary to take into account the Lorentzian component of the spectral
profile. This was done by using a pseudo-Voigt function to fit the data defined
as

Vp(v) = (1 —n)G(v;o) + nL(v;T'L) + b, (4.19)
where b is a background parameter, 7 is a parameter defining the fraction of
the Gaussian G(v; o) and Lorentzian profiles L(v;T'1) in the total pseudo-Voigt
function. The parameter o is related to the Gaussian full width at half-maximum
I'c by 0 = T'¢/2v/2log2. In the pseudo-Voigt approach the Lorentzian and
Gaussian widths are constrained to be equal: I'y, =T'.

The Gaussian profile was defined as

I, (v—c)?
G(v;o) = Z 0 ™ 502, (4.20)
n oV 22w
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Figure 4.4: Example hyperfine spectrum of 2'9Fr measured with high resolution
and fitted with the described fitting procedure. It is possible to determine the
spectroscopic quadrupole moment since all peaks are resolved.

and the Lorentzian profile was defined as

FL/2
7 (v—2)2+(T1/2)?

Z/FL

(4.21)

where

A, Cl 3C(C+1)—I(IT+1)J(J+1
T =1y — AlowClow + P~ up + B 1 ( + ) ( + ) ( + )
2 2 2I(21 — 1)J(2J — 1)

(4.22)

The parameters used in Eq. 4.4 and Eq. 4.22 are: I{ scaling factor for
the intensity of the peak, I; relative peak intensity calculated from Eq. 4.5, B
is the hyperfine parameter related to the quadrupole moment as was seen in
Chapter 2 and the rest of the parameters are the same as in Sect. 4.1.2. The B
parameter was kept at 0 for the low-resolution fits, as they were not sensitive to
it. Figure 4.4 shows an example hyperfine spectrum of 2'9Fr which was fitted
using this procedure.

4.2.3 Comparison with low-resolution results

Figure 4.5 shows a comparison between the low resolution and high resolution
data in terms of resolving the upper state 8p 2P /2 hyperfine structure in the
example of the right hyperfine multiplet of 22!Fr. The figure was obtained by
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Figure 4.5: Comparison between the resolution of the upper state 8p 2P /2
hyperfine structure of 22!Fr between the data from 2012 and 2014. The y axis
in the plot is given in arbitrary units, since the data was re-scaled so that all
points on the plot are clearly visible. The diamond points are the data from
2012, while the circles represent the data from 2014.

taking data for 22'Fr from the 2012 and 2014 campaign and fitting the data
sets independently from each other and then re-scaling them so that all data
points can clearly be seen. Therefore the y axis in the plot is given in arbitrary
units and does not represent a comparison in observed rates between the two
experiments. The effect of the higher resolving power obtained during the 2014
experimental campaign however, is clearly visible.

As for the values obtained from the high-resolution data set, Table 4.8 gives a
comparison between the hyperfine parameters extracted for the reference isotope
221Fy from the high-resolution data and the results from the low-resolution
experiment along with literature values. The A(7s 29, /2) parameter compares
well to the low-resolution experimental values and literature. The A(8p 2P3 /2)
parameter agrees with literature within the experimental uncertainty of 0.5 MHz.
The value of B(8p 2P; /2) corresponds to the literature value within the quoted
2 MHz uncertainty. The uncertainties on the experimental values originate from
the scatter of the data as was described in Sect. 4.1.3.
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Table 4.8: Comparison between the extracted hyperfine parameters for 22!'Fr
compared to the values obtained from the low-resolution data and literature.

Parameter Exp. 2014 Exp. 2012 Literature
A(7s 251/2) (MHz)  +6209(1) +6200(30) +6209.9(10) [105]
A(8p 2P3/2) (MHz)  +22.3(5) - +22.4(1) [105]
B(8p 2P3/2) (MHz) —87(2) - —85.7(8) [105]

However, since this data was measured with more precision compared to
the data from 2012, it is now important to take into account certain systematic
effects. One such effect is the uncertainty of the absolute value of the ISCOOL
voltage and the drift over time of this voltage. The ISCOOL voltage was written
down for each individual scan and used in the extraction of the data, which
compensated any changes that would occur from a drift. As for the absolute
value of the ISCOOL voltage, it has been observed in COLLAPS experiments
to be on the order of 15 V lower than the readout voltage [118]. However, it was
recently brought to the attention of the collaboration that the voltage readout
on ISCOOL was noticed to be 600 V lower than the absolute value for a voltage
of 30 kV during an experiment in June 2015. It is possible that this large shift
was present since the restart of ISOLDE after the long shutdown period and
therefore needs to be taken into account in the analysis of the high-resolution
francium results. At 40 kV this is estimated to correspond to an 800 V shift.
In order to estimate the systematic effect this would have on the extracted
values, the experimental value of the ISCOOL voltage was offset by +800 V
and the fitting procedure described in the previous section was repeated for all
of the scans of 219221Fr. The resulting hyperfine structure parameter values
A(7s 251/2), A(8p 2P3/2) and B(8p 2P3/2) did not change within the statistical
uncertainties. The value for the isotope shift of 6v4?21 (MHz) for 29Fr was
however shifted by +20 MHz. Therefore a systematic error of 20 MHz needs to
be introduced for the isotope shift value.

Another possible systematic effect is the uncertainty on the frequency
readout of the resonant excitation laser step. A drift of 2 MHz was observed for
each frequency by looking at the individual files for 22! Fr. The effect of this drift
on the extracted experimental values was investigated by using the ODRpack
package as described in Sect. 4.1.2 to include this uncertainty in the frequency
values in the fit. This procedure showed that the extracted experimental values
did not differ outside of the statistical uncertainties. Therefore this effect does
not contribute significantly to the total systematic uncertainty.

Table 4.9 compares the values obtained for 2'Fr from the high-resolution
data to the equivalent values obtained from the low-resolution data. The
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Table 4.9: Comparison between the high-resolution and low-resolution results for 2'°Fr of the values measured in both
experiments. For the data set of 2012, the errors given in parentheses for the change in mean-square charge radius
originate only from the experimental error of the isotope shift, while the errors given in curly braces are the total
errors taking into account the theoretical uncertainties of the field and mass shift factors. For the data set of 2014, the
experimental isotope shift error has two components: the first is denoted by ()sat and represents the error obtained
for the isotope shift from the fitting procedure, while the second component denoted by ()sys is the systematic error
originating from the ISCOOL voltage offset. These errors are individually propagated into the mean-square charge
radius error and labeled in the same way. More details on these errors are given in the text.

Data set  A(7s 251 /5) (MHz)  p (pn) SvA22L (MHz) 5(r2)A221 (fm?)
2012 +6820(30) +3.11(4) +5590(100) —0.272(5){6}
2014 +6851(1) +3.13(4)  +5475(1)stat(20)sys  —0.26638(5)stat (97)sys {300}
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experimental isotope shift error of the high resolution data contains a statistical
and a systematic component, with the statistical error labeled as ()stat, which
was obtained from the scatter of the fit results as was described in Sect. 4.1.3.
The systematic error is labeled as ()sys, and it originates from the uncertainty
in the ISCOOL voltage as previously described. The statistical and systematic
errors of the isotope shift are separately propagated into the error of the
mean-square charge radius and labelled in the table.

The agreement is good for the magnetic dipole moment and change in
mean-square charge radius relative to 22!Fr within the uncertainties reported in
Article I [5]. The improvement in precision for the A(7s 25 /) value does not
propagate to the magnetic dipole moment since this uncertainty is dominated
by the uncertainty of the reference values used in Eq. 4.10. The improvement
of the experimental error originating from the isotope shift of the mean-square
charge radius is clear for the high-resolution results, even with the systematic
uncertainty originating from ISCOOL. However, the total error of the charge
radius is still dominated by the theoretical errors in determining the field and
mass shift factors.

4.2.4 Quadrupole moment results

The spectroscopic quadrupole moment, introduced in Chapter 2, Sec. 2.3, can
be calculated from the experimental B(8p ?Ps /2) value by using

Bexp(Sp 2P3/2)
Brcf(8p 2133/2)622&7

where the reference values are: Bier(8p 2P3/0)(**'Fr) = —85.7(8) MHz [105],
Q™f(?21Fr) = —1.00(1) eb [28]. The spectroscopic quadrupole moment is
given in the unit of "eb", which is the elementary electron charge e =
1.602176565(35) x 10~19C multiplied by the "barn" unit b = 1072% m?2. Table
4.10 gives the extracted experimental value for 2'9Fr along with the hyperfine
structure parameters A(8p 2P3/2) (MHz) and B(8p 2P5/5) (MHz). The result
for the spectroscopic quadrupole moment is discussed in detail in Chapter 5
Sec. 5.3, with a brief summary given in Article II, Appendix A.

QYT = (4.23)

Table 4.10: Experimental hyperfine structure results obtained from the high-
resolution data of 19Fr.

Isotope A(8p 2P3/2) (MHz) B(8p 2P3/2) (MHz) Q%P (eb)
219y +24.7(5) —104(1) ~1.21(2)




Chapter 5

Discussion

This chapter is divided into two main topics. Firstly, Sect. 5.1 presents the
various types of nuclear deformations observed in the francium isotopes, serving
as an introduction to the physics discussion of the low-resolution results of
Article I, given in Sect. 5.2. The second topic is the discussion of the high-
resolution results in Sect. 5.3. The discussion starts by providing an extended
description of the Coriolis interaction in nuclei which is subsequently used to
provide an interpretation of the spectroscopic quadrupole moment of 219Fr.

5.1 Nuclear shapes

This section will focus on the different types of nuclear deformations: the
spherical nuclei around shell closures, the widely present quadrupole deformed
nuclear shapes and the more localized octupole deformed shapes. This section
serves as a general introduction of the concepts relevant to the physics discussion
in Article I, Sect. 5.2.

5.1.1 Spherical shell model

As mentioned in Chapter 1, nuclei possessing a certain number of protons and
neutrons Z, N = 2,8, 20, 28, 50, 82,126, also known as magic numbers, are more
stable and generally have a spherical nuclear shape. The need to explain the
occurrence of such numbers lead to the development of one of the most widely
used nuclear structure models: the shell model. In its most basic form, this
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model assumes that the motion of the protons and neutrons within the nucleus
is only dependent on a spherically symmetric nuclear potential V' (r) in the form
of a simple harmonic oscillator, whose energies are defined as [16]:

En = (2n+1— =)hw, (5.1)

N[ —

where n is the radial quantum number and [ the orbital angular momentum
quantum number. This first order approximation produces the energy levels on
the left hand side of Fig. 5.1.
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Figure 5.1: Nuclear energy levels predicted by the shell model with different
levels of approximation: simple harmonic oscillator S.H.O, modified harmonic
oscillator with a I2 term, realistic shell model potential with both an {? term
and [- § coupling. Figure adapted from [16].

The energy levels of the single nucleons obtained in this way will be
degenerate since different combinations of n and ! can give the same total
2n + [ in Eq. 5.1. This degeneracy can be partly removed by introducing an 12
term in the shell model Hamiltonian, corresponding to a more attractive nuclear
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potential for nucleons at a larger radius r from the core and with the nuclear
potential in the inner core being mostly constant. The addition of this term
produces the levels in the middle of Fig. 5.1. The final addition to the model,
necessary for reproducing the magic numbers as observed via experiments is
the coupling of the orbital angular momentum [ with the intrinsic spin s. The
addition of this term splits the [ levels into [ + s and [ — s levels, depending on
their relative orientation. This produces significant gaps between the energy
levels at the correct magic numbers of nucleons, as seen in the right hand side
of Fig. 5.1. The great success of this model in reproducing the magic numbers
is however limited by the fact that this model is in principle only suitable for
isotopes which have a single nucleon or hole with respect to a closed shell. The
model is thus suited mostly for spherical nuclei and their immediate neighbours,
which are not too deformed. On the other hand, by adding a residual interaction
between the valence nucleons, the effects induced by deformation can also be
calculated in the shell model, provided a large enough model space can be
used [119]. However, the region around lead where the francium isotopes are
located would require a very large model space to be able to account all valence
particles and such large scale shell model calculations are not currently possible.
Therefore, a model starting from a deformed potential is the next best option to
reproduce what is happening in nuclei with a large valence space. The following
section introduces one such model: the Nilsson model.

5.1.2 Deformed Nilsson model

The model which is most often used for describing nuclei with quadrupole
deformed nuclear shapes is the Nilsson model. The model assumes that a single
valence nucleon is moving relative to the nucleus which has an either prolate or
oblate shape. Thus the central potential is now assumed to be axially deformed,
rather than spherical. These shapes were introduced in Chapter 2, Sec. 2.3 with
the definition of the quadrupole moment. Figure 5.2 shows a valence nucleon
moving relative to a prolate deformed core with an intrinsic deformation axis Z.
Depending on the angle of the single particle angular momentum j with respect
to Z, the particle will have a different projection K on this symmetry axis (a in
Fig. 5.2). If the projection of K is low compared to j (b in Fig. 5.2), the vector
j will point almost perpendicular to Z so that the particle will move around
the bulk of the nuclear matter and thus have less energy (minimal energy is
achieved when there is maximal overlap of nuclear matter). Conversely, if the
projection K is high the particle will spend more time away from the bulk of
the nuclear matter and have more energy since it will be less bound (¢ in Fig.
5.2). The difference in energy between the different couplings of the single
particle momentum to the deformation axis will increase with increasing nuclear
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a)

| i\
ZZ

Figure 5.2: Valence nucleon moving outside of a prolate deformed core: a)
general case, b) the projection K of the single particle angular momentum j is
minimal, ¢) j is fully aligned with the deformation axis Z.

deformation. In the case of an oblate deformed nucleus, these effects would
be inverted: then maximum overlap (and thus lowest energy) occurs when the
single nucleon spin is aligned with the deformation axis.

This approach shows that the energy levels of states with a different K
quantum number for a given j would be degenerate for a spherical nucleus as
described by the shell model, but their degeneracy is lifted in the presence of
nuclear deformations. Using this fact, along with the energy level spacings of
the spherical shell model levels, together with the constraint that no two levels
of the same K and parity may cross, the Nilsson model energy diagram as a
function of quadrupole deformation can be constructed [16]. An example of
such a diagram is given in Fig. 5.3 for the protons around the Z = 82 shell
closure.

In general, the Nilsson levels are labeled as K™ [Nn,A], where 7 is the parity
of the level defined as (—1)!, N is the principal quantum number of the major
shell, n, is the number of nodes of the wave function along the deformation
axis Z and A is the component of the orbital angular momentum along the
Z axis. The projection K is related to A by K = A + 3, where ¥ = +1/2 is
the projection of the intrinsic nucleon spin on Z. As an example the 1/27[400]
level in the bottom of Fig. 5.3 has NV = 4 meaning that it belongs to the fourth
major shell, with the wave function having zero nodes n, = 0 along the Z axis
(so originating from an s-orbit, so [ = 0) and with A = 0 (so K = X). This
level will play a role in the discussion of the ground state properties of the
neutron-rich francium isotopes, both in Article I, Sect. 5.2 and in Sect. 5.3.
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5.1.3 Octupole deformations

The reflection-asymmetric shapes arising from an octupole deformation of the
nucleus, and the actinide region of the nuclear chart around francium where
such shapes appear, have been introduced in Chapter 1. This section provides a
description of these shapes, the conditions for their formation, predicted nuclear
energy levels from a reflection-asymmetric model and experimental signatures
of this particular type of deformation.

Reflection-asymmetric nuclear shapes

A general way of describing the nuclear surface is by a spherical harmonic
multipole expansion of the nuclear radius vector R(6,¢) in terms of the
deformation parameters cy, [17]:

Amax  +A

R(0,¢) = c(a)Ro |1+ > > axYu,(0.4)] (5.2)

A=2 p=-—X

where ¢(«) is determined from the nuclear volume conservation condition and
Ry was defined in Chapter 2, Eq. 2.15. If the nuclear deformation is axially
symmetric with respect to the axis of deformation Z, then the deformation
parameters with p # 0 vanish, leaving only the deformation parameters a,
which are usually labeled as (.. Thus, in the case of axially symmetric
deformations, the quadrupole deformation is described by the parameter o
and the octupole deformation by the parameter 3. In the case that the
deformation is not axially symmetric, the quadrupole deformation is described
by the parameters 2 and v, which are related to agg, age by [120]:

aigg = Bo cosy (5.3a)
1 .
gy = ﬁﬁg sin y (5.3b)

The octupole deformation in the general case of axially-asymmetric shapes
is described by seven deformation parameters: azo = 3, a3_1/1, @3_2/2, ¥3_3/3.
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Conditions for a vibrational or stable reflection-asymmetric shape

One of the most characteristic features of the theoretical models describing
reflection-asymmetric nuclear shapes is the inclusion of mixing between nuclear
states of different parity. This mixing is caused by the parity-breaking odd-
multipolarity octupole interaction. The strength of this interaction can be
designated with the coupling constant k3, which is related to the matrix element
of the octupole operator (j||Qs||j’) and corresponding octupole vibrational
excitations of the system E,.; by the relation given by Butler and Nazarewicz
[17]:

§ IR (v 2By + By) _ T (5.4)
(Ej + Ey)? - EJ ’ .

oct K3

3.3’
where E;, E;/ are particle-hole energies and u;,v; are BCS (Bardeen, Cooper,
Schrieffer) occupation coefficients [120]. In the BCS model, the nuclear ground
state wave function is described in terms of particle-hole pair states (j,j’) and
the coefficients u3 and v? represent the probabilities that such states will be
occupied.

Equation 5.4 can be used to calculate the octupole vibrational energies Foct
for a given coupling constant k3, which then go into the calculation of the total
nuclear energy as a function of the octupole deformation parameter g3, giving
the plots in Fig. 5.4, which were adapted from [17]. If k3 is small (a in Fig.
5.4 ), then the octupole vibration levels E,q; for 5 # 0 will always be above
the ground state, producing a minimum of the total energy at f3 = 0. If the
octupole coupling increases to the critical point k3 it defined by

-1
_ (11Qsll5")* (wvyr + uyv;)?
"53,cr1t - 7 Z Ej ¥ E_j’ ) (55)

3,3

then the energy of the octupole vibration will become degenerate with the
ground state Eoct = 0 (b in Fig. 5.4). If k3 is increased further, the system
will develop a stable octupole deformation with two distinct minima at +/s,
separated by a potential barrier Vg (c in Fig. 5.4). In the case of k3 >> K3crit, &
rigid static octupole deformation would develop, but this has so far not been
observed.

Equation 5.5 shows that a necessary condition for the developement of
low energy octupole collective states is the presence of energy orbitals which
can be coupled through the octupole interaction near the Fermi level. The
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Figure 5.4: Total nuclear energy as a function of the octupole deformation
B3, for different values of k3, adapted from [17]. Case a) represents octupole
vibrations when k3 < K3 it. In the case b) when k3 = K3 crit, the octupole
vibrational level is degenerate with the ground state. When k3 > K3 ey @s in ¢),
a stable octupole deformation develops in two minima at +05, while in the case
d) where k3 > K3 crit, & completely rigid stable octupole deformation would
develop.

octupole operator, defined by [17] QF = i (j|f3(r)Ygo(9,¢)|j’>cjcj/ with
f3(r) a radial form factor [121] and cjcj/ coefficients related to the spherical
shell model potential [17], is proportional to the Y3 term. This term will most
strongly couple orbitals which differ by 3 units of [ and j and which are of
opposite parity. Thus the coupling will be strongest between a "normal" parity
orbital from the current oscillator shell with an intruder "unique" parity orbital
from the next major shell. These coupled orbitals are near the proton or neutron
particle numbers 34 (2p3/2 — 1g9/2), 56 <2d5/2 — 1h11/2), 88 (2f7/2 — 1i13/2) and
134 (2g9/2 — 1j15/2), which are shown in Fig. 5.5.
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Figure 5.5: Figure showing the orbitals which are coupled by the octupole Y3,
term, adapted from [17].

Reflection-asymmetric rotor model

A theoretical model used to describe odd-A nuclei possessing reflection-
asymmetric shapes was developed by Leander and Chen [8] and used to reproduce
the experimentally measured properties of the nuclei in the A ~ 219 — 229
mass region, including 221:223:225.227Fy - The model assumes that the valence
particle moves around a rotating core with an axially symmetric but reflection-
asymmetric shape, characterized by the standard multipole expansion coefficients
for the charge radius: [, (3, 84, 85, 8- As a consequence of the reflection-
asymmetric shape of the nuclear potential, the model assumes that the resulting
single particle orbits have mixed parity.

Figure 5.6 shows the single particle states obtained using this model. The left
panel shows the pure parity states for a prolate deformation with g5 =0 — 0.18
and no octupole deformation, while the right hand side shows the parity mixed
orbitals for 83 = 0 — 0.1 for a constant S = 0.18. Using this level scheme, the




NUCLEAR SHAPES 89

T 27T 1T 1 1 17 1T 1 117 17T 11
i132 é:""' PROTONS m,S2,8P
o
-4 - N 0.4,-0.4
N p
f772 \‘./___i\\‘;\
™ N -0.4,-0.1
5
0.2,0.1
s -0.1,0.3,3
(]
3
a -6 |-
s
0.1,0
7k 0.2,0
0.7,0.2,2
0.1,0.2,0
8 0.4,-0.4

By B3

Figure 5.6: Single particle energy levels used in the reflection-asymmetric rotor
model of Leander and Chen [8]. The left panel shows the energy levels of good
parity with prolate deformation 85 = 0 — 0.18 with the octupole deformation
parameter 53 = 0. The right panel shows the parity mixed levels which arise
if the deformation parameter is varied as 3 = 0 — 0.1 and the quadrupole
deformation is held constant at S = 0.18.

ground state spins, magnetic dipole moments and spectroscopic quadrupole
moments of 221:223:225.227Fy were qualitatively well reproduced by basing the
calculations on the 1/2—0.7,0.2,2 and 3/2—0.2,0 levels for Z = 87 with 83 #£ 0
in Fig. 5.6. For more details the reader is referred to the paper of Leander and
Chen [8].

Experimental signs of reflection asymmetry from charge radii

There exist several experimental signs of reflection-asymmetric nuclear shapes
such as: the presence of rotational bands with same K but opposite parity which
lie close in energy, the existence of alternating opposite parity states in rotational
bands which are connected by enhanced E; transition rates, and others [17, 10].
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This section focuses on the connection between results obtained from charge
radii measurements and the presence of reflection-asymmetric shapes. An effect
which is regularly observed in mean square charge radii values along an isotopic
chain is the odd-even staggering of these values between isotopes with odd
and even N. The odd-even staggering effect can be quantified using the factor

D(N;6<r2>N’Nref)[28]:

D(N;3(r2) M) = (—1) | g(r2) e

6<T2>(N71)1Nref _|_ 5<T2>(N+1)7Nref
- . : (5.6)

When calculating D(N;§ <r2>N’N"Ef) for an isotopic series, it follows that
the mean square charge radius <r2> for isotopes with odd NV is smaller than the
average of the even-IN neighbours, for most of the studied isotopic chains in the
nuclear chart [46, 17]. One explanation for this difference is that even nuclei
experience larger quadrupole vibrational deformations due to pairing effects

which are reduced in odd nuclei by blocking [46], leading to smaller values of
<r2> for odd-N isotopes.

The connection between this odd-even staggering effect in the charge radii
and reflection-asymmetric shapes, lies in the observed inversion of this staggering
in the radium, radon and francium isotopes in the region around N = 135
[31, 30, 29]. Here the <1"2> of odd-N isotopes is larger than the average of
their even-N neighbours (Figure 61. in [46]). One possible explanation for
this reversal is that the octupole deformation is larger in odd-N isotopes [122],
since the unpaired particle polarizes the quadrupole-octupole deformed core
towards a more stable octupole deformation [31]. The result is an increased
<r2> in odd-N nuclei compared to their even-N neighbours. The claim for a
larger octupole deformation in odd-NN isotopes is supported by the fact that
the energy splitting of parity doublets has been experimentally observed to be
smaller in such isotopes compared to their even-N neighbours [17].

Since francium has an odd number of protons (Z = 87), the francium
isotopes with odd N will have an odd neutron and odd proton as valence
particles. The presence of two odd particles is predicted to further polarize
the nucleus towards reflection-asymmetric deformation, leading to even smaller
parity doublet splittings [11] as were measured for 224 Ac [123] (with Z = 89).
This agrees with the increase of <r2> for the odd-odd francium isotopes compared
to their odd-even neighbours in the region of reflection-asymmetric shapes. The
following section presents Article I which shows the new mean-square charge
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radii results obtained as part of this PhD work for 218m:219:229.231Fy - a5 well
as their nuclear g factors, and their interpretation in light of the previous
discussion.
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5.2 Article |

This article presents the results of the spin, magnetic dipole moments
(and related g factors) and changes in mean-square charge radii of the
218m,219,229,231 By jsotopes. The spins of the odd-A francium isotopes were
known before and have been confirmed in this work. The spin of the 218" Fr
isomeric state is not yet known, and could also in this work not be determined.
The g factor value of 2'°Fr is very similar to the values of the more deformed
221,223,225y jsotopes and points to an occupation of the 7lhg /2 orbital by the
unpaired valence proton(s). The g-factor values of the 229231 Fr agree with the
occupation of the intruder 73s /12 orbital, also observed to be the ground state in

227Fy. The discussion of the charge radii odd-even staggering value determined
for 229Fr agrees with this isotope being in a transitional region where octupole
correlations are still present but diminishing, while the value for 2?8Fr indicates
that this isotope lies outside the region of reflection asymmetry.

The article was entirely written by me, after I made the full analysis. The
half-life of 2!8™Fr was originally determined from the analysis by Kara Lynch,
and was confirmed later by my own analysis. During the submission process I
modified the article based on comments and suggestions from the collaboration
and the referees.
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Abstract

The magnetic dipole moments and changes in mean-square charge radii of the neutron-rich
218m,219,229,231 Ry jsotopes were measured with the newly-installed Collinear Resonance Ionization
Spectroscopy (CRIS) beam line at ISOLDE, CERN, probing the 7s 25, /2 to 8p 2P3/2 atomic
transition. The 6(7“2}‘4*221 values for 218™-219Fr and 229231Fr follow the observed increasing slope
of the charge radii beyond N = 126. The charge radii odd-even staggering in this neutron-rich
region is discussed, showing that 22Fr has a weakly inverted odd-even staggering while 22Fr has
normal staggering. This suggests that both isotopes reside at the borders of a region of inverted
staggering, which has been associated with reflection-asymmetric shapes. The g(*'Fr) = 4+0.69(1)

229231Fy) values

value supports a mlhg/o shell model configuration for the ground state. The g(
support the tentative I™(?2%231Fr) = (1/2%) spin, and point to a 7T81_/12 intruder ground state

configuration.

PACS numbers: 21.10.Ky, 21.10.Hw, 21.10.Pc, 27.80.4+w, 27.90.+b

* ivan.budincevic@fys. kuleuven.be

T Present address: TRIUMF, Vancouver, British Columbia V6T 2A3, Canada.
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I. INTRODUCTION

Nuclei possessing reflection-asymmetric shapes have attracted much theoretical and ex-
perimental attention ([1] and references therein), even reaching the wider scientific com-
munity [2]. These nuclei are located in a narrow region of the nuclear chart centered ap-

h 220228Fy isotopes located in this vicinity

proximately around 22°Ac [3]. The neutron-ric
have already been studied with laser spectroscopy [4, 5] and decay spectroscopy [6-17],
but there has been no clear agreement on the presence of stable octupole deformations in
these nuclei. For example the ground-state spin-parities of the odd-odd 22°-2%Fy isotopes,
measured by collinear laser spectroscopy and magnetic resonance [4], were reproduced by
Sheline et al. [18] using a folded Yukawa octupole deformed model [19] with an octupole
deformation parameter value e3 = +0.08. However, Ekstrom et al. [20] reproduced the
experimental spin values and qualitatively reproduced the magnetic dipole and spectro-
scopic quadrupole moment values for 224226228y ysing the core-quasiparticle model [21],
including only quadrupole and hexadecapole deformations. Many of the A > 213 francium
isotopes exhibit certain experimental signs of reflection-asymmetric nuclear shapes [1], such
as the presence of parity doublet decay bands connected by enhanced E1 transitions, as in
UT-22828.22TFy[8 ) 10-12, 14-16, 22]. Another effect that has been related to the presence
of reflection-asymmetric shapes is the inversion of the mean-square charge radius odd-even
staggering order, as seen in the francium, radium and radon isotopes around N = 136
[23-25]. This effect has been described by Otten [26], interpreting it as corroborating the
calculations by Leander and Sheline [19], which suggest that octupole deformations should
be more pronounced in odd than in even nuclei. Otten also notes that the calculations by
Talmi [27] imply a regular odd-even staggering for even multipole deformations and inverted

odd-even staggering for odd multipole deformations.

In this article, we report on experimental results from collinear laser spectroscopy per-
formed for the first time on the isotopes 2'8m219:229.231Fy  at the borders of the region of
reflection asymmetry, using the new Collinear Resonance Ionization Spectroscopy (CRIS)
beamline [28, 29]. Measurements of the neutron-deficient isotopes of francium, down to 202Fr,
were performed during the same experiment and have recently been published [28, 30]. In

the previous collinear laser spectroscopy study [4], the 218219 isotopes could not be stud-
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FIG. 1. (Color on-line) Schematic drawing of the CRIS beam line.

ied due to their low production yield and short half-lives ¢1/5(*'®™Fr) = 22.0(5) ms [31],
t12(*9Fr) = 20(2) ms [32].

II. EXPERIMENTAL SETUP

The francium isotopes of interest were produced at the ISOLDE facility in CERN, by
impinging 1.4 GeV protons on a thick UC, target. These collisions produced the radioactive
atoms of interest via spallation. The atoms diffused out of the target to a thin transfer tube,
heated to ~ 2400°C to facilitate diffusion. Surface-ionized francium ions were then acceler-
ated to 50 keV and mass separated by the HRS high resolution mass separator, before being
sent to the ISCOOL gas-filled segmented linear Paul trap [33, 34]. The ability to bunch
the beam overcomes losses associated with the duty cycle of the pulsed lasers, which previ-
ously reduced the effectiveness of the method [35]. Using ISCOOL the ions can be bunched
and the time of their release from the trap synchronized with the laser-system duty cycle,
thus increasing the experimental efficiency by several orders of magnitude (a production-to-
detection efficiency of 1% was measured for 2°2Fr [28]). The ion bunches leaving ISCOOL
were reaccelerated to 50 keV and deflected to the CRIS beam line, schematically shown in

Fig. 1.

The ion bunch was passed through a charge exchange cell filled with potassium vapour
held at 150 °C. During the experimental run, the potassium vapor produced a background
pressure of 10~% mbar in the charge exchange cell region, while neutralizing the ion bunches

via collisional charge exchange with a neutralization efficiency of 50 %. Deflection plates
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were placed after the charge exchange cell for deflection of non-neutralized ions. After the
charge exchange cell, the atomic bunch passed through a differential pumping section before
arriving at the interaction region where it interacts with the laser light. The ionization
scheme used the 7s 251/, — 8p 2Py transition at 23658.306 cm™!(422.7 nm) to measure
the hyperfine structure and a 1064-nm nonresonant step to excite the atoms beyond the
ionization threshold. The 422.7-nm transition was excited by frequency-doubled laser light
from the RILIS 10 kHz Ti:Sa laser [36], transported to the CRIS beam line via a 35-m
optical fibre. The laser had a tunable frequency range of £100 GHz for scanning over the
hyperfine structure, with a frequency stability of < 100MHz and a linewidth of around
1.5 GHz. The 1064 nm laser light was produced by a 30 Hz Nd:YAG laser (Spectra-Physics
Quanta-ray) situated near the CRIS beam line. The two laser pulses and the ion bunch
from ISCOOL were synchronized to overlap in the interaction region. This was done using
a Quantum Composers digital delay generator (Model: QC9258), with the 422.7-nm laser
pulse serving as the master trigger. The pressure within the interaction region was kept
below 8 x 10™° mbar to keep the background (originating from collisional ionization) to a
minimum. The experimentally observed collisional reionization efficiency was on the order
of 0.001 %. After resonance ionization of the atomic bunch, the ions were deflected to a
biased copper plate (—600 V), where secondary electrons were emitted upon the ion impact
and guided via an electrostatic-field gradient to a micro-channel plate (MCP) detector [37].
A LeCroy WavePro 725 Zi 2.5 GHz bandwidth oscilloscope was used to detect the ion signal
with a time window around the ion arrival time of 10 ps. During the experiment a-decay
energy spectra were collected in separate measurements by implanting the ions in a carbon
foil mounted in the decay spectroscopy station (DSS), around which a dedicated a-decay

spectroscopy setup [30, 37, 38] detects emitted a-particles.

III. RESULTS

Information about the magnetic dipole moment and changes in mean-square charge radii
was obtained from the hyperfine spectra. From initial fitting of the hyperfine structure peaks
with Voigt profiles, it was established that the resonance line shapes were fully dominated

by a Gaussian profile, originating from the linewidth of the 422.7 nm RILIS Ti:Sa laser.
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The hyperfine structure resonance spectra were fit with a x? — minimization routine, with
the same full width at half-maximum for all peaks, free intensity ratios and their positions

related by the hyperfine splitting energy

Bp = LAGP(F +1) ~ I(I +1) ~ J(J + 1)), (1)

where |I — J| < F < I+ J. The A value is related to the magnetic dipole moment by
A = pu;B.(0)/1J, where B.(0) is the magnetic field of the atomic electrons at the site of
the nucleus. Due to the linewidth of 1.5 GHz in this initial experimental campaign only
being able to resolve the lower-state splitting, the data did not provide any information on
the nuclear spin. Therefore the spin I has been taken from literature assignments based
on decay-spectroscopy data [7, 17, 31, 39, 40], and the related A values extracted from
the data. The upper state splitting A(8p %P3/») was not resolved, as illustrated for 2*'Fr
in Fig. 2. The ratio A(8p 2Ps0)/A(Ts 2512) = +0.0036 for 2*'Fr [5], was kept constant
for all isotopes, neglecting the hyperfine anomaly staggering which is less than 1 % of

£ 218m,219,220,231 1y

this ratio [41]. The magnetic dipole moments o were evaluated relative to

O0Fy: Ar(7s 25y ) (2OFr) = +7195.1(4) MHz [4], I7

ref

(*1%Fr) = 67 [42] , and per(*OFr) =
+4.38(5) pn [43], using the formula

_ Aexp(7s 2SI/Q)-[eXp,LLref (2)
/I'exp Aref(73 2S1/2)Iref '

The results for A(7s 2S1/2) and p for the spins proposed in the literature are given
in Table I. In Fig. 3, the fitted hyperfine spectra are shown for the newly measured
218m,219,229.231 By jgotopes, as well as for the reference isotopes 222?'Fr. A minimum error of
30 MHz for A(7s %S} 2) originates from the scatter observed in 18 hyperfine spectra measured
throughout the experimental run for the reference isotope 22'Fr, as shown in Fig. 4. For the
full discussion on this error, the reader is referred to Ref. [29, 44]. The largest contribution
to the error on the extracted magnetic moments is introduced by the error on the reference

magnetic moment of 21°Fr.

The isotope shifts SvAA™" were determined from the fitted centre-of-gravity of the hy-
perfine spectra relative to 22'Fr. For the isotope shift, a minimum error of 100 MHz was

established based on the long-term drift and short-term fluctuations of the centroid fre-
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FIG. 2. (Color on-line) Example hyperfine spectrum of 22'Fr. The 8p 2Py /2 splitting is unresolved
and the 7s 25, /2 splitting is extracted from the distance between the two peaks according to

equation 1.

quency of *'Fr (a full discussion on this error is available in Ref. [44]). The change in

nuclear mean-square charge radii can be extracted from the isotope shifts, via

S§ir2)AA _ A — %; (Knms + Ksus) 5
(r) 5 = 7 , (3)

where F' is the field shift, K5 the normal mass shift and Kgys the specific mass shift
constant [45]. The atomic masses A and A™f are taken from [46]. The field and mass
shift constants depend on the optical transition and in the case of francium have to be
calculated theoretically, as in Ref. [45] for the francium Ds line (7s 25y 2-7p 2Ps)2). These
constants for the D} line (7s 25)/5-8p 2Pys), studied in this experiment, could then be
determined relative to the calculated values via a King plot [47]. The details of this analysis
can be found in [30]. The values extracted using the King-plot method and the formula
KNMs = Vexp/1822.888 [45] were Fpy = —20670(210) MHz/fm®, K22« = 360(330) GHz u,
and K%, = 389 GHz u. Substituting these values into Eq. 3 yielded the §(r?)4??' values
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FIG. 3. (Color on-line) Fitted hyperfine spectra for the newly measured 218m:219:229.231Fy jsotopes

and reference isotopes 220-221Fy

given in Table II along with their isotope shifts and assumed spins. The charge radii of
29281Fy were calculated assuming spins of 1/2 (see Section IV B). For ®"Fr a spin of
9 is preferred, based on an in-beam spectroscopy study feeding levels in 2'®Fr that decay
to this low lying isomer [10], which is suggested to be the fully aligned member of the

7(hgs2) ® v(gyj2) multiplet. However, determining the charge radius using the other spin

TABLE I. Extracted hyperfine parameters A(7s 25; /2) and magnetic dipole moments p, along with

spins from literature.

Isotope Im A(7s 25'1/2) (GHz) Hexp(1N)
(87) [39] +3.30(3) +2.68(4)

ZISmFr
(97) 10, 31] +2.95(3) +2.70(4)
219y 9/27 [7] +6.82(3) +3.11(4)
229Fy (1/27%) [40] +30.08(11) +1.53(2)

21Fr (1/2%) [17] +30.77(13) +1.56(2)
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FIG. 4. (Color on-line) Plot showing the scatter of the A(7s 25)/5) values extracted from 18

hyperfine spectra of the reference 22! Fr isotope taken throughout the experiment.

option of 8 [39], does not lead to a significantly different value within error bars. The errors
given in Table II for §(r?)4??! are the uncertainties originating from the experimental isotope
shift given in parentheses and the total error taking into account the theoretical errors for

the field and mass shift values [45], given in curly braces.

TABLE II. Extracted isotope shifts 6v?2! and changes in mean-square charge radii §(r2)4221,
along with spins from literature. For §(r2)422!| the values in parentheses are the experimental
uncertainties in determining the isotope shifts, while the values given in curly braces represent the

total error taking into account the theoretical errors for the field and mass shift values [45].

Isotope I SvA22 (GHz) §(r2)A4221 (fm?)
28mpy (97) [39] +8.24(10) -0.401(5){6}
2195y 9/27 [7] +5.59(10) -0.272(5){6}
229Fy (1/27%) [40] -18.36(10) +0.894(5){11}

2315y (1/27%) [17] -22.14(10) +1.078(5){12}
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IV. DISCUSSION

A. Determination of the state in 218™Fr

For 2'8Fr it is important to determine whether the measured hyperfine spectrum orig-
inates from the isomeric state or from the ground state. The isomeric state has a lifetime
of 22.0(5) ms [31], while the ground state has a lifetime of 1.0(6) ms [48]. Since the ion
trapping time in ISCOOL was 32 ms in this experimental run, almost all of the 2*Fr ground
state ions decayed before reaching the laser-ion interaction region. However, the release of
the ion bunch from ISCOOL was not synchronized with the proton pulse. This means it is
still possible that some 2'8Fr ground state ions reached the trap if a proton pulse arrived

within 5 ms of the trap release trigger.

Figure 5 shows the a-decay energy spectrum measured with the DSS upon implanting
the non-neutralized component of the 2'8Fr beam into a carbon foil, with a collection time
of 5 minutes. The most intense a-decay branches observed by Ewan et al. and Sheline
et al. [31, 39] (Table 1 and 2 in [31] and Fig. 4a,4b and 4d in [39]) are observed here:
7240 keV, 7616 keV, 7657 keV, 7681 keV, and 7952 keV originating from 2'¥”Fr and 8782 keV
originating from 2™ At. The vertical arrow in Fig. 5 marks the location of the most intense

a-decay branch of the 2¥Fr ground state 7866 keV(I* = 92%) [39].

A dedicated half-life measurement was not made in this experimental run for 2'8Fr,
however the a-decay event timestamp information could be used to estimate the half-life.
The individual timestamps were used to create a saturation/decay curve for the full 2'8Fr
beam, shown in Fig. 6. The spectrum was obtained by setting the time of the proton impact
on the ISOLDE target as ¢, and plotting the time taken for an a-particle to be detected.
A 6500 — 9500 keV energy gate was applied to the spectrum to only include a-particles
originating from 2'¥"Fr and 2™ At. Since the half-life of 2™ At is 760(15) ns [31], its decay
can be considered virtually instantaneous, and thus the time of detection of a 24™At a-
particle solely depends on the half-life of its parent 2'®™Fr. Fitting the decaying part of the
curve in Fig. 6, yielded the half-life value: #1,,(*'"*"Fr) = 21(2) ms. The value x2,4 = 1.59
from the fit was used to scale up the final uncertainty. The extracted half-life value is in

agreement with literature [31], confirming that the measured hyperfine spectrum belongs to

the isomeric state 2'8™Fr.
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FIG. 5. a-particle energy spectrum of 2'¥™Fr. The most intense a-decay branches of 2'8™Fr and
214m At observed by Ewan et al. and Sheline et al. [31, 39] are labelled. The vertical arrow indicates

the energy of the most intense branch of the ground state 2'8Fr [39).

B. Magnetic dipole moments

The extracted experimental magnetic dipole moments and g-factors are shown in Fig. 7.
The ground-state spin of the odd-A francium isotopes changes with increasing neutron num-
ber from I(*'%Fr) = 9/2 [7] to I(®*"Fr) = 1/2 [4]. This is reflected in the magnetic dipole
moment values in Fig. 7 (upper panel), while the g-factors (lower panel) remain constant
near an effective single particle value. The effective-proton single-particle g-factors for the
m1hgjs and m3sy/, orbits are shown, calculated with g = 0.6 gf° (typical for this region
[20]) and g; = gf*¢. These effective values are consistent with numerically calculated single
particle magnetic dipole moment values of odd-mass nuclei around 2*®Pb, taking into ac-
count mesonic and renormalization corrections as well as core polarization effects [49]. Our
experimental g(*'Fr) = +0.69(1) value indicates that the 29Fr ground-state wave-function
is dominated by an unpaired proton in the m1hg/, orbital, as is the case for the odd-A fran-
cium isotopes up to 2?Fr. The g-factors of these neutron-rich isotopes are systematically
lower than those of the neutron-deficient 207:209.211.213Fy jsotopes. The latter isotopes, near
magic N = 126, have a nearly spherical ground state [20], while the neutron-rich isotopes

are known to have a deformation larger than e, > 0.15 [20] (where €, is the Nillson model
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FIG. 6. (Color on-line) Saturation/decay curve of the full 2'8Fr beam. The x axis shows the time
stamp of the detected a-particles after the proton impact on target to. The inset shows the fit of

the half-life on the exponential of the decay curve.

quadrupole deformation parameter) and exhibit parity doublet bands [11] associated with
octupole deformations. These deformations have however only little impact on the g-factors

because the Nilsson levels are straight lines (they do not mix with other shell model levels).

From 2*Fr onwards the structure of the ground state changes. The spin of *"Fr was
measured to be I = 1/2 using the RF-resonance technique in combination with collinear
laser spectroscopy [4]. The g-factor of this state, extracted from the measured magnetic mo-
ment p(**7Fr) = 1.50(3) pux [4], is in good agreement with the effective g-factor for a proton
hole in the 73512 orbit (Fig. 7). This suggests that the ground-state wave-function of **"Fr
is dominated by a proton-intruder configuration. Based on core-quasiparticle calculations
including only quadrupole and hexadecapole deformations [20], the ground states of both
227Fr and 22*Fr are found to be dominated by a proton hole in the 73s, orbital (1/2[400]
orbit). The spin and magnetic dipole moment for 2*"Fr could also be reproduced by the
reflection-asymmetric rotor model [50], with 1/2[400] as the dominant component of the
wave-function, assuming that the octupole deformation parameter is f3 = 0 (where 35 is
the octupole deformation parameter expressed in the spherical harmonics expansion). The
main factor determining the level ordering in the reflection-asymmetric rotor model is the

quadrupole deformation parameter, which increases for francium with increasing neutron
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FIG. 7. (Color on-line) Magnetic dipole moments (upper panel) along with nuclear spins, and g-
factors (lower panel) for 219229231 Fy together with literature values for the neighbouring odd-even
francium isotopes from Ref. [4]. The ¢°f(s; /2) values were calculated using g™ = 0.6 g and
g1 = gfee. The vertical dashed line (upper panel) emphasizes where the spin changes from I = 9/2

to the sequence 5/2, 3/2, 3/2, 1/2, (1/2), (1/2).

number [24]. The trend of increasing values of the quadrupole moment and fs-deformation
parameter with increasing neutron number has also been observed in the thorium (Z = 90)
and uranium (Z = 92) isotopes [51]. The ground-state spin of 2?°Fr was also tentatively
assigned to be I = (1/2) [40], arguing that it should be the same as for *’Fr unless
the quadrupole deformation of 22Fr would be significantly smaller than 2?"Fr and the oc-
tupole deformation significantly larger, both being unlikely. The spin of *'Fr is tentatively
assigned as (1/2) based on a characteristic § — decay pattern between the 1/2[400] and
1/2[501] Nilsson configurations observed in the vicinity of 2*'Ra [17].

Our experimental g(?°Fr) = +3.06(4) and g(**'Fr) = +3.12(4) values (Fig. 7) are indeed
consistent with a proton hole in the 73s,,, orbital (the 1/2[400] orbit), as was proposed
in [20] for 227228Fy. The 227292LEy gfactors also agree with the g-factors of the odd TI
isotopes, which have a hole in the 73sy/, orbit (illustrated in Fig. 8). On the neutron-rich

side (N > 140), the 73sy/, 1/2[400] intruder state has been assigned to the ground states of
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BlAc and 2"Pa [58]. Assuming the same behaviour for the increase of quadrupole moment
and quadrupole deformation parameter with increasing mass as previously mentioned for
thorium and uranium, the authors in Ref. [58] comment that as a hole state, the 1/2 [400]
excitation energy decreases with increasing e, and with increasing mass, for the actinium
(Z = 89) and protoactinium (Z = 91) isotopes (Fig. 3 in [58]). It is reasonable to assume
a similar behaviour of this level in francium, whereby it would follow that this level remains
the ground state as more neutrons are added to 27Fr. The tentative (1/2) spin assignment
for 229Fr fits with the intensity ratios of the HFS peaks in our experimental spectra, as shown
in Fig. 9. Due to angular momentum coupling considerations, the intensity ratio between
the two groups of transitions from the 7s %S;/» ground state to the 8p 2P/, excited state
differs noticeably in the case of I = 1/2 and I > 1/2. A better agreement between the fit
and experimental data is observed for I = 1/2 for 2*Fr. For 2!Fr however, this procedure
did not lead to conclusive results, due to an increased experimental background (most likely

originating from radium) and lower statistics observed in the 2*'Fr hyperfine spectrum.

For 28mFy | there is no firm spin assignment. Debray et al. [10] tentatively assigned the
spin value I = (97) to 2'¥"Fr, based on an in-beam spectroscopy study feeding levels in 2'8Fr

that decay to this low lying isomer. This state is suggested to be the fully aligned member
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for 229Fr. The better agreement with experiment for I = (1/2) is evident.

of the m(hg2) ® v(go2) multiplet. The second possible tentative spin-parity assignment is
(87), based on a-decay feeding of several states of the m(hg/s) ® v(goj2) multiplet in *'*At
[39]. With these tentative spins the hyperfine parameters are extracted from the data, and
related magnetic moments are determined (Table I). A further discussion on the structure
of the isomeric state based on these moments is not possible, because calculated effective
and empirical g-factor values for different possible configurations of this odd-odd isomer do
not favor one or the other configuration. A firm spin assignment will provide a first step to

better understanding the structure of this isomeric state.

C. Mean-square charge radii

In order to compare our 28721922923y mean-square charge radii values with the ones
from Dzuba et al. for 22022y [45], we converted our §(r?)#42??! values and the Dzuba
5{r?)*?'2 values to be with respect to 2"*Fr(N = 126). The obtained §{(r2)"'?6 values for
francium can then be compared to the ones for radium [59], defined relative to 21*Ra(N =

126). The comparison is shown in Fig. 10. The neutron-rich radium isotopes have long been
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associated with octupole deformations ([1] and references therein) and most noticeably ***Ra
displays a stable reflection-asymmetric deformation of its nuclear shape [2]. The theoretical
error bands for radium are significant [59], making the comparison difficult, but nevertheless
Fig. 10 shows that the two isotopic chains follow a very similar trend along the whole mass
range. The newly measured 2187219229231y §(;-2) 4,213 valyes follow the trend of the Friss_ 14

isotopes measured by Coc. et al. [4].

The odd-even staggering (OES) effect of the changes in mean-square charge radii has
been associated with reflection-asymmetric nuclear shapes [23, 24]. In most nuclei the OES
order indicates that nuclei with odd-N have a smaller mean-square charge radius with respect
to the average of their even-N neighbours. This is considered as normal OES ordering. The
OES effect can be described by the D(N;d(r?)N126) factor, expressing how the change in

mean-square charge radius deviates from the mean of its neighbours:
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D(N;5<T2>N’126) — (_1)N 5<T2>N’126

6<7,.2>(N—1),126 +(5<r2>(N+1),126

- . . (4)

Eq. 4 is defined the same way as in Ref. [24], except that §v was used in place of §(r?).
In the present discussion D(N;dv) cannot be used due to the different transitions under
consideration. Coc. et. al. [24] attributed normal OES ordering to D(N;dér) < 0. This
type of ordering is seen in most nuclei, as in cesium (Z = 55) for example [24]. Since
we compare D(N;8{r?)N126) and the field shift constant has a negative sign, the values of
D(N; §{r?)N126) compared to D(N; §v) will have an opposite sign and therefore we attribute
normal OES ordering to D(N;§(r?)™126) > (. Figure 11 shows the result of applying Eq.
4 to the radii from Fig. 10, taking only the experimental error from the isotope shift into
account [4, 60] and neglecting the systematic theoretical error from the uncertainty of the

mass and field shift values [45, 59].

A similar approach was used in Ref. [23] for the study of the radium charge radii, from
which it was concluded that between ??°Ra and *?°Ra the inverted OES points to octupole
deformation in the ground state being well developed for the odd-N isotopes (2212232%Ra).
They also offered a qualitative interpretation of the correlation between the inversion in the
OES order with reflection-asymmetric shapes, in terms of the different influences of pairing

correlations on the shape of the nuclear potential between odd- and even-N nuclei (Fig. 7

in Ref. [23]).

Our D(N;§(r?)N:126)(220Fr) value lies slightly below zero, which implies that it sits at
the border of the region with reflection-asymmetric shapes (having inverted OES). That
is confirmed by earlier studies [18, 20], where observables could be interpreted without
including stable octupole deformations, while other observables did include some degree
of octupole deformation. Indeed, in Ref. [20], the authors could not adequately interpret
the configuration of 22°Fr using core-quasiparticle calculations without octupole degrees of
freedom. Similarly in Ref. [18], the spin and parity I(??°Fr) = 1% could be interpreted

by including octupole deformations. Evidence for reflection asymmetry was also found in
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the form of parity doublet decay bands by [12], who interpreted this isotope to be in the

transition region between quadrupole-octupole deformations and spherical symmetry.

The positive value for D(N; §(r?)N:126)(228Fr) establishes a normal OES extending from
26Ty onwards. However, the value for 225Fr is considerably lower than the D(IV; §(r?)7:126(226:227 )
values. The p(*®Fr) and Q3(*2%Fr) values were qualitatively well reproduced by Ref.
[20] without including octupole deformations, while in Ref. [18] the I(*®¥Fr) = 2~
value is reproduced only by taking octupole deformation into account. Our positive
D(N; §(r?)N:126)(228Fy) value supports the absence of octupole deformations in the ground

state of 228Fr.

V. SUMMARY AND CONCLUSIONS

The hyperfine spectra of 218m™219229.231Fy have been measured using the new Collinear
Resonance Ionization Spectroscopy (CRIS) beam line at ISOLDE, CERN. From the mea-

sured spectra, the magnetic dipole moment, and changes in mean-square charge radii values
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were extracted based on known and assumed spin values. This allowed nuclear structure
conclusions to be drawn for these nuclei. The isomeric state 2'8™Fr and the ground state of
219Fr seem to possess the same degree of deformation, based on their mean-square charge
radii. For 2%Fr, its spin-parity 9/2~ and g(*'*Fr) = +0.69(1) value are consistent with
the unpaired valence proton occupying the 1lhgs orbital. The p(**9Fr) value is smaller
than the more neutron deficient 207:209-211213Fy jsotopes, which are well described by the
shell model 7w1hgy/, state and considered weakly deformed [20]. TIts g-factor agrees well
with those of ?2:223225Fy jsotopes, known to be well-deformed with e; > 0.15 [20]. The
small negative value for D(N;dv)(?2°Fr), supports the interpretation of this isotope being
at the border of the region dominated by octupole deformations [12]. For 22Fr there is
no clear consensus on the presence of reflection asymmetry, but the relatively large positive
D(N; §{r?)N:126)(228Fr) value implies this nucleus lies outside of the region of reflection asym-
metry. The g(**%Fr) = +3.06(4) and g(**'Fr) = +3.12(4) values, agree with the unpaired
valence proton occupying the 73s; /2 intruder orbital. These values also compare well to the
g-factor values of odd-A thallium isotopes, having a single 7r3sl’/12 hole state in the Z = 82
shell. For 229Fr, the relative intensity ratios between the hyperfine structure peaks favor an
I = (1/2) spin assignment. Even though these considerations cannot be used to confirm the
nuclear spins for 22%%1Fr, they do support the previous tentative I7(?2%21Fr) = (1/2%)
[17, 40] spin assignments. New theoretical work is required to better understand the spe-
cific structure of the neutron-rich francium isotopes. Further experimental information will
be obtained using a narrow linewidth laser system, enabling the measurement of spin and
spectroscopic quadrupole moments (I > 1/2), which will provide further information on

the deformations of these nuclei.
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5.3 Discussion of high-resolution results

The technical developments described in Chapter 3 and Article IT in Appendix
A, made it possible to resolve the upper state S8p 2P /2 hyperfine structure
during the 2014 experimental campaign. This allowed the extraction of the
spectroscopic quadrupole moments, as described in Chapter 4. The good
agreement of the experimental spectroscopic quadrupole moment of 22! Fr with
literature value justifies a good level of confidence in the new experimental value
for the spectroscopic quadrupole moment of 2Fr: Q,(*?'Fr) = —1.21(2) eb.
This section will present an extended discussion of the physical interpretation
of this result, while a short version of this discussion is featured in Article II in
Appendix A. In order to understand the interpretation of the results given in
literature for the neighboring francium isotopes and build on them using this
new result, the nuclear Coriolis interaction will first be introduced.

5.3.1 The Coriolis interaction in nuclei

The Coriolis effect in classical physics is a consequence of rotational motion,
with the most prominent effects originating from the rotational motion of the
Earth. As an example, consider a projectile fired from the equator directly
northwards. If there were no rotational motion of the Earth, the projectile
would land in a location directly north of the starting point. However, due to
the rotation of the Earth the object starting at the equator will have a higher
velocity component towards the east in the direction of the spinning of the
earth compared to northern parts of the Earth. Therefore the object will in
fact land in a location to the north-east with respect to the starting point,
following a curved path. This can lead to significant observable effects such as
the deflection of winds and currents in the ocean and also effects on airplanes
and missiles. This same principle is behind the Corolis effects in nuclei which
will now be discussed.

Figure 5.7 shows a prolate deformed nucleus with Z being the axis of
deformation. If the valence nucleon is considered a single particle with angular
momentum j outside of the rotating core with rotational angular momentum
R, then the total angular momentum of the nucleus (also referred to as nuclear
spin) I is given by the vector sum I = R + j. Here it is assumed that the
valence nucleon does not further polarize the nucleus, which is already assumed
to be deformed. The projection of the total angular momentum on the axis of
deformation is labeled as K in Fig. 5.7. Now the rotational Hamiltonian of the
nucleus can be defined as
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Figure 5.7: A graphical representation of a nucleus which is prolate deformed
along the Z axis. Here j represents the single particle orbital angular momentum.
The nucleus rotates around an axis perpendicular to the axis of deformation
with total rotational angular momentum R. The total angular momentum I
is then a result of the coupling between R and j. The projection of the total
angular momentum on the axis of deformation is labeled as K.

R, B? 09
Hrot—%R _%(I_J) _2@

2
—(I*4j*-21-)), (5.7)

where i is the Planck constant h = 1.05457173 x 10~%*m?kg/s and © is the
moment of inertia of the nucleus. Introducing raising and lowering operators
I. =1, +£ils and j+ = j; £ ij, into Eq. 5.7, the eigenvalues of the rotational
Hamiltonian can be calculated in the Nilsson basis |I, K), with good quantum
numbers I and K

h2
E(I) = g [T +1) - 2K% + (5%)| + Vcoriolis, (5.8)
where
h2
Veoriolis = —%<I+j— +1j4). (5.9)

In Eq. 5.8, {j?) is the expectation value of the single particle angular
momentum and [ is the eigenvalue of the total angular momentum operator.
This equation expresses the energy levels of different states in a rotational band.
For a given value of K and (j2) (so a fixed orientation of the single particle spins
with respect to the Z-axis), different combinations of I and R are possible, thus
defining the states of increasing spin I within the same rotational band. For an
odd-A nucleus, the sequence of spins within a band willbe I = K, K+1, K+2...
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From the first term in Eq. 5.8, it can be seen that the energy spacings between
the different members of a band are multiples of the inertial parameter %.
However, if the Coriolis term is sufficiently large, it can have a significant impact
on these energy spacings, even changing the ordering of the different I levels,
as illustrated below. An explicit calculation of the value of the Coriolis matrix
element between two Nilsson wave functions ¥, ¥k 11 is given in the book
of Casten [124], yielding:

(Wi Veor[Yrx41) = ;h\/(f —K)I+K+1) @ixli_|[vik+1) (UiUa+ViVa),

20
(5.10)

where the (U1Us + V1 V3) factor takes into account the effects of pairing. This
factor in general reduces the Coriolis matrix element since its maximum value
is unity. The <ij\j_|ij+1> matrix element in Eq. 5.10 can be calculated
for a total Nilsson wave function consisting of different single j Nilsson wave
functions by the expression:

(Vikli_lYjk+1) = Zcfcf{+1\/(j - K)(j+K+1), (5.11)

where the coefficients CJK , C’]-K *1 describe the contribution from each single j
Nilsson wave function. Equation 5.10 shows that the Coriolis interaction will
change the values of K by AK = +1, meaning that this interaction will mostly
be a non-diagonal interaction, mixing states between rotational bands which
differ by AK = +1. However, the states within a K™ = 1/2% rotational band
are special, since they will have non-zero diagonal Coriolis matrix elements,
which will be made clear in the following discussion. Due to the fact that it is
not possible to distinguish states with a positive or negative projection of K on
the deformation axis Z due to the reflection symmetric shape of the nucleus
(as seen for example in Fig. 5.7), the wave function of a Nilsson state within a
K =1/2 band can be written as

[Yr=1/2) = a|K = 1/2) + pIK = —1/2), (5.12)

where a2 + 32 = 1. It is now clear that the diagonal Coriolis matrix element
(Yr=1/2|Veor | ic=1/2) will be different from zero, due to the AK = =1
contributions between the |K = 1/2) and |[K = —1/2) states. This will
cause the rotational energy levels of states within such K™ = 1/2% bands to be
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Figure 5.8: Rotational energy levels for different I within a K™ = 1/2% band
as a function of the decoupling parameter a, calculated using Eq. 5.13.

perturbed just from the Coriolis interaction between the states within the same
band, which will not occur for rotational bands with K > 1/2.

It is possible to calculate the rotational energy levels of the states within a
K™ = 1/2i rotational band by applying Eqgs. 5.10, 5.11 in Eq. 5.8, giving:

2

h 1
E()gr=1/ox = 5 (1T +1) +a(—1)V2(1 + UL (5.13)

with the decoupling parameter a = Zj(—l)j_1/2(j + %)C’J2 . Due to the
phase factor (—1)7+/2 in Eq. 5.13, the contribution to the Coriolis interaction
alternates in sign depending on I. The change in the ordering of the different
I levels of the same rotational band (same K™ = 1/2%) due to the Coriolis
interaction is shown in Fig. 5.8 as a function of the changing decoupling
parameter a.

The dashed lines in the figure represent the a = —1 and a = 1 cases, for
which pairs of energy levels with different I become degenerate such as the
I=3/2,5/2,1="7/2,9/2 and I = 11/2,13/2 levels in the case of a = 1. As
the absolute value of the decoupling factor becomes larger than 1, the level
orderings start to change as can be seen in Fig. 5.8. If a = +5 for example, the
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lowest level is the I = 5/2 followed by the I =1/2 and I = 9/2 levels. As for
the phase factor (71)”1/2 in Eq. 5.13, its effect can be seen in the fact that
the I =1/2,5/2,9/2,13/2 levels all differing by AI =2 are all pushed down in
energy while the I = 3/2,7/2,11/2 levels are pushed up with increasing positive
a. This inversion of the level ordering will be important in the discussion of
the 219Fr results from literature and their relation with the new result for the
spectroscopic quadrupole moment.

After introducing the Coriolis coupling and describing the evolution of
its effects with the increasing decoupling parameter a on the rotational band
energy levels, the next step is to show the relationship of these effects with the
spectroscopic quadrupole moment. The physical interpretation of the increase of
the decoupling parameter a lies in the increase of decoupling of the single valence
particle motion from the rotating core, hence the term "decoupling'. In the case
of a = 1, the energy differences between the I = 1/2,3/2,5/2, ... levels for an
odd-A nucleus are the same as for the I = 2,4,6... states of the neighboring
even-even core. This means that the single particle acts as a spectator to the
rotation of the core. This is the so-called rotation aligned coupling scheme,
which is depicted in Fig. 5.9 b). In this scheme the single particle angular
momentum j tends to be aligned with the rotational angular momentum R of
the core. This results in low K values of the projection of the total angular
momentum I on the deformation axis Z. The projection of j precessing around
the axis X, leads to the introduction of « - the projection of j on the X axis.
A consequence of this will be that the energy spacings between the levels in a
rotational band will only depend on the rotation of the core R [125].

Figure 5.9 a) represents the case of strong coupling, which is present in
well deformed nuclei, usually occurring in isotopes away from the shell closure.
In this case j tends to be aligned with the deformation axis Z, giving rise to
large K values. In order for this scenario to occur, the coupling of the valence
particle angular momentum j to the deformation of the nucleus has to be much
stronger than the perturbation on the motion of the valence particle due to
the Coriolis interaction. This strong coupling condition can be expressed
by the relation [126]:

2

(Ao Bar¥9 O, 00) | > [~ (LG + T3, (514)

where (5 is the quadrupole deformation parameter. The moment of inertia ©
is in general small for weakly-deformed nuclei (near closed shells), it increases
towards the mid-shell and decreases again when going towards the next shell
closure [127]. Thus in the transitional region from deformed to spherical,
where the deformation and moment of inertia decrease in going back towards
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Figure 5.9: Figure showing the motion of a single valence particle of an odd-A
nucleus outside a prolate deformed core: a) strong coupling of the valence
nucleon spin j to the core deformation axis Z, b) decoupling of the valence
nucleon from the symmetry axis, due to the Coriolis force that aligns the single

particle angular momentum j to the rotational angular momentum of the core
R.

spherical nuclei, the coupling to the deformation will decrease while the Coriolis
2

interaction effect will increase due to factor g—@, leading to a rotation aligned

coupling scheme.

As mentioned in Chapter 2, the spectroscopic quadrupole moment Q)5 that
is measured experimentally can be used to extract the intrinsic quadrupole
moment Qg. In the strong coupling limit, the formula relating these two values
is

3K2 — I(I+1)

@ = Qo T+1)2I+3)

(5.15)

Equation 5.15 shows that in the case of small K values and a prolate intrinsic
shape (Qo > 0), the spectroscopic quadrupole moment becomes negative. Thus
a large negative value of the spectroscopic quadrupole moment in a region of
strong prolate deformation would be indicative of a low K value and a decoupled
regime in which the Coriolis interaction plays an important role. The following
section discusses the application of this reasoning to the interpretation of the
new value of the spectroscopic quadrupole moment of 21°Fr.
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5.3.2 Quadrupole moment of 2Fr

The spectroscopic quadrupole moments of the francium chain 207—213,220-228Fy.

were measured with laser spectroscopy in 1985. by Coc et al., [28] and in
2013 the study was extended down to 204:205:206Fy by Voss et al., [128]. The
circles in figure 5.10 show the spectroscopic quadrupole moments for the odd-A
francium isotopes below N = 126 and the neutron rich isotopes above A = 220
from these papers. The star point in the plot represents the new value for
the spectroscopic quadrupole moment of 2'°Fr, as measured using the high-
resolution CRIS technique established in 2014. With 5 protons in the hg/,
orbital, the quadrupole moment of odd-A francium isotopes is expected to
be zero (half-filled orbits have no spectroscopic quadrupole moment [62]). A
non-zero quadrupole moment thus reflects the effect of configuration mixing and
core polarization, or in the case of a large quadrupole moment, points to core
deformation. The quadrupole moment of the neutron-deficient odd-A francium
isotopes is very small, suggesting a quasi-spherical core for these isotopes. The

N
15 118 123 128 133
© @ Cocl985, Voss 2013
1.0 | % % This work
0.5
a
= 00
S = % 0 0 °
j -0.5
-1.0 o
x — |
15
205 210 215 220

Figure 5.10: Spectroscopic quadrupole moment value of 2'°Fr measured in this
work, along with literature values for the neighboring francium isotopes. The
strong coupling scheme from Fig. 5.9 a) is shown next to Q(*?*?25Fr), while
the rotational aligned scheme from Fig. 5.9 b) is associated with Q(?*%22'Fr).
The polarization of the nearly spherical neutron deficient francium isotopes by
the valence proton to an oblate shape is indicated by a dashed line.

low negative Qs values of the neutron deficient francium isotopes are due to
configuration mixing with a configuration where a proton is excited out of the
hg /o orbital, inducing a small oblate core polarization, as depicted in Fig. 5.10.
The well deformed 223:225Fr isotopes have large positive @Q, values, which is,
assuming an intrinsic prolate shape of the nucleus as was done in the calculations
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by Moller and Nix [129], an indication of the strong coupling scheme as indicated
in Fig. 5.10 and Fig. 5.9 a). The ground state rotational bands for 22-22°Fr have
previously been determined to have K™ = 3/2— [35, 36]. For 225Fr this was done
by comparing to calculated cross sections for the 226Ra(t, a)?25Fr reaction with
observed experimental ones for different Nilsson states, with the state 3/27[532]
determined to be the best candidate [36]. For ??3Fr, the 3/27[532] Nilsson state
is assigned to the ground state based on the agreement of the experimentally
measured magnetic dipole and electric quadrupole moments with results from
particle-rotor calculations for this state [130]. Since the nuclear spin for both
isotopes is I(?23:225Fr) = 3/2, it is clear that K = I as would be expected for a
strong coupling of the valence particle j to the nuclear deformation axis.

The newly measured Q,(?*Fr) = —1.21(2) eb value is negative, like that
of 22'Fr. If the intrinsic shape of the nucleus is assumed to be prolate, this
would indicate a small K value and thus a decoupling of the valence particle
j from the core deformation. This is in line with the fact that 2'°Fr lies in a
transitional region between the strongly deformed isotopes, such as 229231 Fr
which were discussed in Article I, Sect. 5.2, and the more spherical isotopes
below N = 126. Further support for this claim can be found in the literature
interpretations for 2'9Fr based on its rotational band structure.

This structure was investigated by Liang et al., [18], by studying the alpha
decay and following gamma and electron transitions of 222Ac. They concluded
that the ground state rotational band of 219Fr is of K™ = 1/27 character, with
a very large decoupling parameter a = 7.03. This was determined by fitting the
experimental rotational energy levels of the states within this band using the

formula )

E; :Eo—&—% I(I+1)+a(—1)1+1/2(1+%) , (5.16)
where FEj is the energy of the rotational band head. The same procedure was
done by Sheline et al. [33] for the K™ = 1/2~ ground state band in 22'Fr
yielding a = 4.33. As previously mentioned, the ground state rotational band in
223Fr is of K™ = 3/2~ character, but there is also a K™ = 1/2~ band at 55 keV
which was determined by Kurcewicz et al. [35] to have a decoupling parameter
of a = 0.96. Burke et al. [36] followed the same approach for the K™ = 1/2~
band in 22°Fr, yielding unrealistic results, which the authors attributed to the
uncertainty in assigning all of the levels to specific bands and mixing between
other close-lying states. These results show that the decoupling parameter
a is decreasing with increasing neutron number in the 21%:22L223Fy isotopes,
supporting the claim that the effects of the Coriolis interaction are weakening
in the heavier deformed isotopes. In the following paragraphs, the effects of
the changing decoupling parameter on the energy level ordering within the
K™ = 1/2~ rotational bands in 219221 Fr will be demonstrated.
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Figure 5.11: The left panel shows the K™ = 1/27 ground state rotational
bands in 2!%221Fr, adapted from [18]. The right panel shows the change in the
rotational energy level ordering in function of the decoupling parameter a. The
a = 7.03 value as observed 219Fr (see text for details) and the a = 4.33 value
observed for 22'Fr are marked by dashed lines in the right panel.

The effect of the decreasing decoupling parameter between 2'°Fr and 2?'Fr
can be seen in Fig. 5.11. As the deformation in ?2!Fr gradually increases, the
effect of the Coriolis interaction decreases, as seen from Eq. 5.14. Following this
reasoning, the decoupling scheme given in the right hand side of Fig. 5.11 can
be used to explain the different rotational band level orderings between the two
isotopes. The effect of the large decoupling parameter value in 2'9Fr is reflected
in the pushing down of the I = 9/2 level of the ground state K™ = 1/2~
rotational band. Figure 5.11 does not yet predict an inversion of the 9/2 and
5/2 levels at a = 7.03, but this is most likely related to the fact that the energy
levels were calculated as a function of a using Eq. 5.13, with the assumption
that the decoupling parameter is defined by a single j orbit. This approximation
would strictly only be valid for a unique parity orbital and a realistic calculation
would have to take into account contributions from other Nilsson levels. As
for 22'Fr, the decreased decoupling parameter a = 4.33 can account for the
ordering of the levels 5/2, 1/2, 9/2, as seen in Fig. 5.11.

The measured negative value of the spectroscopic quadrupole moment of
219Fy can thus be interpreted as providing evidence for a decoupling of the single
particle angular momentum j of the valence proton from the core deformation,
leading to an increased Coriolis interaction that pushes the I = 9/2 state of the
K™ =1/2" rotational band down to be the ground state.
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Figure 5.12: The left panel shows the K™ = 1/2% ground state rotational band
in 219Fr, adapted from [18]. The right panel shows the change in the rotational
energy level ordering in function of the decoupling parameter a. The a = —7.78
value observed for this band is marked by a dashed line in the right panel.

A relevant point to note is that a rotational band of K™ = 1/27 lies
at 191.4 keV above this ground state band with a large negative decoupling
parameter ¢ = —7.78 [18]. Figure 5.12 shows that the level ordering of the lowest
levels within this band 7/2, 3/2, 11/2 is well reproduced by assuming a value of
a = —7.78. The relevance of the decoupling parameter values of the K™ = 1/2%
bands in 2'9Fr lies in the fact that parity doublet bands lying relatively close
in energy with decoupling parameters of equal magnitude but opposite sign
are a characteristic sign of reflection-asymmetric shapes [17]. The discussion of
whether or not the experimental result for the spectroscopic quadrupole moment
can confirm the presence of octupole deformations in 2'Fr will be carried out
in the next section.

Finally, an estimate of the quadrupole deformation parameter 85 for 2'9Fr
can be made by using the spectroscopic quadrupole moment value and Eq. 5.15,
with K = 1/2, to extract the intrinsic quadrupole moment Q. Then by using

the relation [61]
T 497 TTQo
_ LT __m&o 1
Pr="T\g * \/ 80 6712 A (5:17)

the value of 35 can be obtained. This procedure yielded the values: Qq(?!°Fr) =
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335.5 e - fm? and B(?'9Fr) = 0.094. This is in line with the quadrupole
deformation decreasing in 2!?Fr as compared to 2?'Fr, since Leander and Chen
[8] obtained a value of S3(?*!Fr) = 0.1 from their calculations. It is important
to note here that our experimental 32 (?'°Fr) value was extracted by assuming
that Eq. 5.15 still holds for 2'°Fr, even though that formula is derived for the
strong coupling limit.

5.3.3 Octupole deformation considerations

As previously discussed in Article I in Sec. 5.2, there are several indications that
219Fr might possess a reflection-asymmetric deformation of its nuclear shape.
The large decoupling parameters of opposite sign for the parity doublet bands
as mentioned in the previous section, and the presence of parity doublet bands
lying relatively close in energy are considered characteristic signs of reflection
asymmetry [17].

Section 5.1.3 introduced the reflection-asymmetric rotor model, used to
explain the experimentally determined properties of the odd-A francium isotopes
221,223,225.22TFy in terms of octupole deformations. This section presents
an application of this model for theoretically calculating the spectroscopic
quadrupole moment of 2'°Fr, to try and determine if the inclusion of octupole
deformation improves agreement with our experimental value.

Based on this model, the value of the intrinsic quadrupole moment can be
calculated using the equation

Q20 = V%ZR%BQ, (5.18)

where Ry = 1.2 A/ fm and 35 can be calculated as [8]

e [ B 40, 20
Br = Bty |3 R A+ o8

L 196
386

24 1

9 40 |7 60 1
Be + 7%[3264 + 21\/1&%55 + H\/ﬁ54ﬂ6‘| - (5.19)

In order to try and reproduce the experimentally observed spectroscopic
quadrupole moment of 21°Fr, the intrinsic quadrupole moment Qs was first
calculated from Eq. 5.18 and then used to extract the spectroscopic quadrupole
moment using Eq. 5.15, by assuming that K = 1/2 since this is the ground
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state rotational band. The By value was estimated by linearly extrapolating the
B2 values from Table I in [8] of the neighboring francium isotopes. The values
for B4, Bs, Bs were calculated from [8]:

By = 0.58, +0.01, (5.20)
Bs = B3(0.0089 4 0.11782 + 0.65584 — 0.035232), (5.21)
Bs = 0.1055835 + 0.221587 + 0.1476853; — 0.028505. (5.22)

The value of 83 was varied from 0.00 — 0.15, and [ was adjusted so that
the calculated theoretical spectroscopic quadrupole moment matches the
experimental value. The different combinations of fy and B3 that could
reproduce the experimental spectroscopic quadrupole moment are given in
Table 5.1.

Table 5.1: Table showing various combinations of the quadrupole 85 and octupole
(B3 deformation parameters which are able to reproduce the experimental value
of the spectroscopic quadrupole moment Q7,, = —1.21(2) eb. Further details
in the text.

62 /33 Qiheo

0.0880 0.0 -1.21
0.0875 0.06 -1.21
0.0865 0.07 -1.21
0.0855 0.09 -1.21
0.0835 0.12 -1.21
0.0805 0.15 -1.21

It is clear from Table 5.1 that any value of 83 = 0.00 — 0.15 is able to
reproduce the experimentally observed spectroscopic quadrupole moment with
the corresponding (2 value not changing significantly. Therefore the measured
spectroscopic quadrupole moment value Q,(?'Fr) = —1.21(2)eb, cannot confirm
nor reject the presence of octupole deformations in this nucleus. The estimated
theoretical values of 83 = 0.0805 — 0.0880 on the other hand, do almost agree
with the £2(?'°Fr) = 0.094 value extracted from the experimental Qs moment
in the previous section.




Chapter 6

Conclusions and outlook

This thesis presented the results of studies on radioactive francium isotopes with
the newly developed technique of Collinear Resonance lonization Spectroscopy
(CRIS). The study of these isotopes was first performed in two experimental
campaigns in August and October 2012, yielding results on the magnetic
dipole moments and changes in mean-square charge radii of the 2°27296Fy and
218m,219,229,231 By jsotopes. This thesis focused on the analysis and interpretation
of the neutron rich francium isotopes, which occur in/near a region of reflection-
asymmetry. The experiments also provided results on the a-decay of the ground
and isomeric states of 202204206y which were the subject of the PhD thesis of
Kara Lynch [4] and the article by Lynch et al. [3]. The thesis also reported on
the development work performed on the off-line ion source which contributed to
the testing of the new laser system, which was used to increase the resolution of
the CRIS technique enabling the measurement of the spectroscopic quadrupole
moment of 2'Fr in November 2014. The results demonstrated the capabilities of
the CRIS technique and extended the known nuclear properties of the francium
isotopes towards the limits of stability.

The first experimental campaigns of 2012 demonstrated the high efficiency
of the CRIS technique, which was determined to be > 1 %, with a background
rate on the order of 10~°. This high efficiency in combination with a nearly
background-free signal detection, enabled the study of 2°?Fr, produced at a
rate of < 100 particles/s. This sensitivity in collinear laser spectroscopy yields
an increase with 2 orders of magnitude as compared to collinear experiments
based on resonance fluorescence photon detection. The systematic studies
on the reference isotopes 207:211,220.221fy performed during these campaigns,
determined a minimal error of 30 MHz on the extracted hyperfine parameter
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and 100 MHz error on the isotope shift. The linewidth of the pulsed Ti:Sa laser
used during these experimental campaigns was ~ 1.5 GHz, leading to the large
uncertainty in the extracted A(7s 2P /2) hyperfine parameter values. The large
error on the extracted isotope shifts, originates from the scatter of the centroid
value of the reference isotope 22'Fr as well as on the uncertainty of the readout
of the wavemeter used in the experiment.

The magnetic dipole moments and changes in mean square charge radii
of 218m,219,229.231 0y pyrovided new insights into the structure of these neutron
rich francium isotopes, located on both sides of the actinide region of reflection
asymmetry. The g-factor value of 2'9Fr showed that the valence protons in
this nucleus occupy the mlhg/o shell model orbital. Its value is indeed very
close to the effective single particle g-factor for a proton in this orbital. The
g-factor of 219Fr is very close to that of the deformed 221:223:225Fy isotopes,
which are somewhat smaller than the g-factors of the near-spherical neutron
deficient odd-A francium isotopes with A < 213, below the N = 126 shell
closure. The magnetic dipole moments and resulting g-factor values for 22%23!Fy
agree with the tentative (1/27) spin assignments given in literature and point to

an occupation of the intruder 35;/12 orbital, also assigned to be the ground state

in 227Fr. The measured changes in mean-square charge radii of 218m219,229,231

allowed a discussion of the odd-even staggering of these values. The discussion by
Coc et al. [29] could be extended to include 22%228Fr. The odd-even staggering
values agree with the interpretation of 22°Fr being a nucleus with weak octupole
correlations, and implies that 2?®Fr lies outside of the region of reflection
asymmetry.

During the period before the experimental campaign performed in November
2014, the off-line ion source was installed and demonstrated the capability of
providing stable beams of 3**K. These stable beams were used to test the new
laser system developments in a collinear geometry in the CRIS beamline prior
to the on-line run on francium. The laser developments consisted of the use of a
Pockels cell to chop the laser light of a narrow-band continuous wave laser, and to
study the effect of the separation in time between the CW pulses and the ionizing
laser pulses. Since the probed excited state 8p 2P; /2 in francium is relatively
long-lived with a lifetime of 7 = 83.5 + 1.5 ns [89], the optimal separation in
time of the chopped CW pulses was found to be 100 ns, with the optimal pulse
length of 100 ns. This separation served to reduce the lineshape distortions
which can arise due to the simultaneous interaction of the atoms with both laser
pulses. The total result of these laser developments was an increase in resolution
of the CRIS technique to the level of laser spectroscopy with fluorescence
detection, obtaining hyperfine structure spectra with 20(1) MHz full width
at half-maximum. This made it possible to resolve the upper state 8p 2P; /2
hyperfine splittings of francium, allowing for the extraction of spectroscopic
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quadrupole moments. The newly measured spectroscopic quadrupole moment
value of 2MFr showed that the motion of the odd proton in this nucleus is
decoupled from the nuclear quadrupole deformation of the core, which is in
agreement with the literature interpretations based on measured rotational
bands in this nucleus by Liang et al.[18].

The next step in the study of the francium isotopes near the region of
reflection asymmetry, could be the study of the magnetic dipole moments and
changes in mean-square charge radii of the odd-odd 23%232Fr and extending the
study to 233Fr, as is part of an accepted addendum to the original francium
experimental proposal at ISOLDE [91]. Just the measurement of the change
in mean square charge radius for 23°Fr would add the points for 22%230Fr on
the odd-even staggering plot of Article I, while performing high resolution
measurements on 22923'Fr would finally firmly establish the I = 1/2 spin
assignments by simply counting the number of observed hyperfine transitions.

Another interesting addition to the systematic study of the neutron rich
francium isotopes in this region could come not from laser spectroscopy, but
rather alpha decay spectroscopy of the odd-odd isotopes 222:224:226:228 . The
rotational bands in ??°Fr have been studied by Liang et al.[?] who observed
a K™ = 1% parity doublet separated by ~ 140 keV and a tentative K™ = 2+
parity doublet. The nearby odd-odd nucleus 22* Ac has been reported by Sheline
et al.[123] to have a K™ = 3% parity doublet with a splitting off 7.3 keV, while
Ahmadet al.[131] reported the same doublet with a splitting of 6 keV, claiming
that this was the most octupole deformed nucleus ever observed. It would thus
be interesting to study the francium isotopes in this region with alpha decay
spectroscopy using the CRIS Decay Spectroscopy Station (DSS) and check for
the presence of such closely spaced parity doublets.

In order to complete the picture of the evolution of the spectroscopic
quadrupole moment values of the francium isotopes as reported in Article II, it
would be interesting to measure these values for 217:215Fr. Unfortunately, the
extremely short half-lives of these isotopes of t;,2(*'°Fr) = 86(5) ns [23] and
t1/2(*'"Fr) = 19(3) ps [132], make them impossible for study with the CRIS
technique. The short half-lives would be appropriate for use with the time
differential perturbed angular distribution (TDPAD) method [133], applied
to fragment-separated beams of these exotic isotopes. It has been shown at
GSI that alignment of a spin ensemble is created in a projectile-fragmentation
reaction, and can be maintained if a fully-stripped fragment beam can be selected
with a proper momentum distribution [134]. However, another complication
then arises from the fact that these isotopes are known to be a-emitters. Thus,
it would be very difficult to detect the a-decays, since such a fast beam needs to
be implanted in a thick stopper material, from which the a-particles would not
be able to escape. The measurement of these spectroscopic quadrupole moment
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values will thus have to be delayed, until a suitable technique is developed.

Finally, it is worth to mention some of the plans for further studies of
nuclear properties of other elements using the CRIS beamline at ISOLDE. The
copper isotopes 0~ Cu with Z = 29 are planned to be studied to measure their
magnetic dipole moments, quadrupole moments and charge radii in order to
study the rigidity of the Z = 28 shell closure [135]. A plan also exists to extend
the studies on neutron-rich potassium isotopes, which recently reached the new
magic number N = 32. By measuring the electromagnetic moments and charge
radii of ®223K with Z = 19, we can test the strength of these sub-shell closures
at N = 32,34. The gallium isotopes 80787Ga with Z = 31 will also be used
to study the Z = 28 and N = 50 shell closures, along with using the DSS for
beta-gamma detection to distinguish the decay of the isomeric 89™Ga state
from that of the ground state and studying the half-lives of 6:87Ga which are
very important for understanding the astrophysical r-process [136]. Closer to
the region of francium, a proposal has been accepted to study the neutron
deficient isotopes of radium 205-214Ra[137]. The study of the charge radii of
these isotopes will probe the departure from sphericity below N = 126 into more
collective states, providing a rigorous test for relativistic mean-field theoretical
models [138].




Appendix A

Use of Continuous Wave
Laser and Pockells Cell for
Sensitive High-Resolution
Collinear Resonance
lonization Spectroscopy

A.1 Article Il

This article describes the technical developments that lead to an increase in
the resolving power of the CRIS technique, allowing for the measurement of
hyperfine spectra with a 20(1) MHz full width at half-maximum. The key
development was the use of a continuous wave laser together with an external
Pockels cell, along with an optimal separation in time of the excitation and
ionization laser pulses. The resulting increase in resolving power led to the
first time measurement of the spectroscopic quadrupole moment of 21°Fr. The
measured value is consistent with the interpretation of 2!°Fr being a nucleus
in the transitional region between the heavily deformed region of reflection
asymmetry with A ~ 223 and the nearly spherical region with A < 216. The
relatively large negative value of the quadrupole moment implies that the single
particle motion of the odd-proton is decoupled from the nuclear deformation.

133



134 . USE OF CONTINUOUS WAVE LASER AND POCKELLS CELL FOR SENSITIVE HIGH-RESOLUTION
COLLINEAR RESONANCE IONIZATION SPECTROSCOPY

My contribution to this article was in the data analysis performed on the
measured hyperfine spectra to extract the spectroscopic quadrupole moment
and in writing the physics discussion of the results. My contribution to the
technical developments was in my work on the off-line CRIS ion source which
was used to test the high-resolution of the technique on stable beams of 3°K
prior to the experimental campaign on radioactive beams of francium.

This paper has been accepted for publication in Physical Review Letters.
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Abstract

New technical developments have led to a two orders of magnitude improvement of the resolution
of the collinear resonance ionization spectroscopy (CRIS) experiment at ISOLDE, CERN, without
sacrificing the high efficiency of the CRIS technique. Experimental linewidths of 20(1) MHz were
obtained on radioactive beams of francium, allowing for the first time to determine the electric
quadrupole moment of the short lived (t; 5 = 22.0(5) ms) ?'9Fr Q, = —1.21(2) eb, which would not
have been possible without the advantages offered by the new method. This method relies on a
continuous-wave laser and an external Pockels cell to produce narrowband light pulses, required to
reach the high resolution in two-step resonance ionization. Exotic nuclei produced at rates of a few

hundred ions/s can now be studied with high-resolution, allowing detailed studies of the anchor

points for nuclear theories.
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Laser spectroscopy of radioactive ion beams provides key nuclear observables to under-
stand the evolution of the quantum many-body problem at the extremes of isospin by provid-
ing model-independent measurements of essential quantum observables. These observables
are required to refine the current theories of the atomic nucleus and to further our under-
standing of the nuclear forces (see e.g. [1-3]). Alternatively, laser spectroscopy on exotic
isotopes also provides input for precision tests of many-body QED [4] or to investigate
hyperfine anomalies [5].

As the nucleon drip-lines are approached, nuclei often have short half-lives and are pro-
duced in minute quantities, which imposes strong efficiency requirements on laser spec-
troscopy techniques. At the same time, the spectral resolution of these experiments needs
to be sufficiently high to allow extraction of all of the observables of interest. Over the past
decades, many techniques have been developed with the aim of meeting both requirements,

see for example [6] for a recent review.

One of these techniques is collinear laser spectroscopy, applied in a number of experiments
around the world [7-11]. In this technique an accelerated ion or atom beam of a particular
isotope is collinearly overlapped with a continuous wave (cw) laser beam, inducing resonant
excitation of the hyperfine levels of the studied isotope. In most of these experiments the
hyperfine structure is observed by measuring the fluorescence photons emitted by the de-
excitations from the resonantly excited hyperfine levels. The use of accelerated ion beams
in a collinear geometry enables typical collinear laser spectroscopy experiments to achieve
resonance peak linewidths of the order of 40-70 MHz [7, 12, 13], which are sufficient to re-
solve the hyperfine structure in most elements. In combination with a bunched ion beam
produced with a linear Paul trap, the technique is nowadays routinely performed on radioac-
tive species with production rates down to several 1000 particles per second [7, 8]. A second
very successful laser spectroscopic technique to study exotic isotopes is in-source laser spec-
troscopy [14]. It is based on the efficient resonant excitation of the hyperfine levels using a
narrowband pulsed laser and the subsequent (resonant or non-resonant) laser ionization of
these radioisotopes in the ion source. lon detection is very efficient due to the high quantum
efficiency of the particle detector and complete solid angle coverage. This allows very exotic
nuclei with production rates down to a few particles per second to be accessed [15]. Res-
onance ionization spectroscopy (RIS) of radioactive beams is usually only performed with

pulsed lasers, since only pulsed lasers can provide the high laser power densities required for
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efficient ionization in an ion source. Because the resonance ionization takes place in a hot
cavity, Doppler broadening limits the experimental linewidths to typically 4-5 GHz [15, 16].
A modification of the in-source approach relies on resonance ionization of atoms in a gas
cell [17]. A combination of Doppler and pressure broadening results in linewidths of a few
GHz. The in-gas cell laser spectroscopy method has recently been improved by doing the
RIS in a supersonic gas jet rather than in the gas cell, which allows for a reduction of the

total linewidth to several hundred MHz [18].

The collinear resonance ionization spectroscopy (CRIS) technique was proposed as a way
to combine the efficiency of RIS with the Doppler-free conditions of a collinear experiment
[19]. The method relies on collinearly overlapping an atom beam with a laser beam, thus
avoiding Doppler and pressure broadening, and uses the detection of the laser-ionized atoms
rather than the fluorescence photons, enhancing the sensitivity and selectivity. The first
demonstration of the technique in the nineties served as a promising proof-of-principle,
reaching a total efficiency of 1075, background rate of 10~8 and a linewidth of 50 MHz [20].
Results obtained at the dedicated CRIS beam line at ISOLDE, CERN in 2012 demonstrated
an improved total experimental efficiency reaching 1%, using a combination of bunched
beams and pulsed lasers [21]. This efficiency extended laser spectroscopy measurements
to radioactive species with production yields down to 100 particles per second. The spec-
tral linewidth of 1.5 GHz was completely determined by the pulsed titanium-sapphire laser
system that was used [22].

Pulsed laser light with a linewidth of the order of 50 MHz has been produced by pulse
dye amplification (PDA) of a cw laser beam [20]. With this method, the final linewidth
of the pulsed light is limited by the width of the Fourier transform of the laser pulse and
further increased by frequency chirp caused by nano-second scale changes in the refractive
index of the medium. For solid-state Ti:Sa lasers, this chirp can be corrected to reduce the
linewidth to 6 MHz [23-26]. Another way of producing spectrally narrow laser pulses is by
using injection seeding [27]. An important advantage of both methods is the high output
powers such systems can achieve, although both come with the disadvantage of a rather
challenging experimental setup. A different approach to the production of narrowband laser
pulses uses an Electro-Optical Modulator (EOM) to modulate the amplitude of a cw laser
beam rather than amplifying it [9, 28]. The extinction ratio, defined as the laser power

during the pulse divided by the laser power during the off-time can be as good as 1:180 [28].
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Since there is no amplification of the cw beam, the peak fluence of the laser pulses is low,
but the final spectral linewidth is purely determined by the transform of the modulation
and is not influenced by frequency chirp effects. An additional advantage is the smaller
experimental footprint, since no pump laser or stabilization electronics are required. The
radio-frequency modulation can induce sidebands in the atomic spectra which have to be

accounted for.

In this Letter, we present the development of a laser ionization method based on a Pockels
cell and a cw laser system to overcome some of the disadvantages of the methods described
above. Using this system, the spectral resolution of the CRIS experiment was improved
by nearly two orders of magnitude, without inducing optical pumping to dark states or
reducing the experimental efficiency. The spectral linewidth of the laser pulses is purely
Fourier-limited. The ability to tune the pulse length to the decay time of the atomic excited
state under investigation is a key advantage compared to PDA or injection seeding, where
the pulse length is fixed. The system was running at a repetition rate of 100 or 200 Hz to
match the Nd:YAG laser, which means the induced sidebands will appear at 100 or 200 Hz.
These sidebands are therefore too close to influence the atomic spectra. Furthermore, for
a sufficiently long-lived excited state, the ionization laser can be delayed until after the
excitation pulse, which has two important implications. Firstly, the excitation laser can
probe the atomic system without the perturbation of the strong ionizing laser field, removing
potential lineshape distortions. Secondly, power broadening due to both the excitation and
the ionization laser is removed completely, even for high laser powers [20-31]. By exciting
to a long-lived state, the resolution of the experiment is also enhanced significantly due to
the smaller natural linewidth. This advantage is more difficult to exploit for techniques that
use fluorescence detection, since the use of weak tranistions will considerably reduce signal
rates.

The advantages described in the previous paragraph in combination with the efficiency
of the CRIS technique will give access to nuclei with lower production rates and shorter
half-lives across the nuclear chart. The improved performance of the CRIS technique is
illustrated here with the measurement of the electric quadrupole moments of 2!9Fr. This
isotope is situated near the region of reflection-asymmetry [32-35]. Previous laser spec-
troscopy experiments performed on francium beams [36-39] did not have the required com-

bination of resolution and sensitivity to extract the electric quadrupole moment of 2!9Fr
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(t1/2 = 22.0(5) ms [40]), produced with rates around 10® — 10* particles per second. From
the measured spins and magnetic moments of 21%22Fr 36, 38] it was concluded that the un-
paired valence proton in these nuclei occupies the hg/, orbital, while the charge radii of the
francium isotopes follow the trend of the neighboring radium isotopes, indirectly showing
that 2'9Fr is located at the border of a region of octupole collectivity [38]. Direct measure-
ments of octupole moments of radioactive beams with laser spectroscopy require a resolution
below 10 MHz and are at present not possible, but indirect information can be derived from

the quadrupole collectivity.
The 2'%22'Fr beams are produced at the ISOLDE facility at CERN through a spallation

reaction in a thick UC,, target induced by 1.4 GeV protons. The francium atoms are surface
ionized in a hot capillary tube, accelerated to 40 keV, mass separated and then cooled and
bunched in a gas-filled linear Paul trap [41]. The ion beam is then transported into the
CRIS experiment [42], where it is neutralized through collisions with a potassium vapor.
After passing through a differential pumping section, the neutral fraction of the beam is
temporally and spatially overlapped with the laser beams in a UHV interaction region.
The time synchronization is controlled using a Quantum Composers QC9258 digital delay
generator. Once in the interaction region, the isotopes are resonantly excited through the
7s 25, 2 — 8p 2P3/2 transition at 422.7 nm using chopped cw light. The lifetime of the
excited state is 7 = 83.5 & 1.5ns [43] and very well suited for delayed RIS. The resonantly
excited atoms are non-resonantly ionized using 1064 nm laser light, using different delay
times between the excitation and ionization laser pulses. These ions are deflected onto a
copper plate, and the secondary electrons are detected using a microchannel plate (MCP).
The signals produced by the MCP are then amplified, discriminated and processed by a
National Instruments USB-6211 DAQ card. This USB card is triggered by the Quantum
composer every 100 ms, in synchronization with the laser system and ion beam delivery.
The laser system used for the high-resolution resonance laser ionization is presented in
Fig. 1. The laser light for the resonant step was provided by a Matisse TS cw titanium-
sapphire laser, which was frequency scanned using the Matisse Commander software. A
small pick-off of the 2.7W fundamental laser beam was sent into a HighFinesse WSU2
wavemeter, which was regularly calibrated to an external temperature stabilized HeNe laser.
The fundamental laser beam of the Matisse was frequency doubled to 422.7nm using a

Wavetrain external cavity frequency doubler. The laser beam then passed through a half-
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FIG. 1. [Color online] A schematic overview of the laser setup. The laser light for the excitation step
is produced by a Matisse TS titanium-sapphire continuous wave laser which is frequency doubled
by a Wavetrain doubler and sent through a light chopping setup (see text for more details). The
1064 nm light for the non-resonant ionization step is produced by a Litron LPY 601 50-100 PIV
Nd:YAG laser operating at either 100 or 200 Hz. Light of both lasers is focused and spatially

overlapped before being sent to the CRIS experiment.

wave plate, Glan-Taylor polarizer (P1) and Pockels cell, and then through another half-wave
plate and a second Glan-Taylor polarizer (P2). A polarizing beam splitter cube (PSB1)
positioned further along the beam path only reflected light with one particular polarization,
which was then further transported into the CRIS beam line. The polarization axis of the
light was rotated by /2 by the Pockels cell for an applied voltage of 2.4kV. Through the
use of a Behlke FSWP91-01 fast square wave pulser, the voltage applied to the Pockels cell
could be rapidly switched from 0 to 2.4kV. The combination of the rapid switching of the
laser light polarization and the polarization-sensitive beam splitter cube therefore allowed for
creating short pulses of laser light. Optimized transmission efficiencies of 65% and extinction
ratios of 1:2000 were achieved. The measured rise and fall times of the light pulses were
10ns. The power of the 422.7 nm light was 25 mW just before the entry window to the
CRIS beamline. The laser efficiency obtained with this laser system was comparable to the
low-resolution laser system that was used for the previous CRIS experiment [21]. This was
determined by comparing back-to-back measurements using the high-resolution laser system

and the previous system on 2%Fr. Fig. 2 shows the saturation curve for the excitation step.
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The red curve is the best fitting saturation function, defined as

P/Py
I(P)=A - ——— 1

(P) =4 e 1)
which yields a saturation power of Py = 9+ 4mW. Light from the two Nd:YAG cavities in
the Litron LPY 601 50-100 PIV laser system was overlapped using a half wave plate and a
polarizing beam splitting cube (PSB2), yielding 2x4 W of laser light just before the CRIS

entry window. The synchronization of the two cavities can be tuned to change the repetition

rate of the Litron laser system to either 100 or 200 Hz.
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FIG. 2. [Color online| Saturation curve for the excitation laser step, obtained by fixing the laser
frequency at the resonance frequency of the strongest peak in the left multiplet of 2?!Fr. The
ionization laser fired at the end of the excitation pulse, with a power of 8 W. From the best fitting

saturation function (shown in red), a saturation power of Py = 9 £4mW is extracted.

By performing systematic measurements of the hyperfine structure of 22'Fr, optimal pulse
lengths of 100ns and ionization laser delay of 100ns with respect to the rise time of the
excitation pulse were determined. With these settings the blue histogram in Fig. 3 is ob-
tained. If the ionization step is delayed less then 100ns, and therefore arrives temporally
overlapped with the excitation pulse, the grey spectrum in Fig. 3 is obtained. The peaks
broaden and shift to the high-frequency side, and an additional structure also appears on

the high-frequency side of the resonance peaks. When a constant 2.4kV voltage is applied
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FIG. 3. [Color online] Inset: Resonance ionization spectrum with continuous wave laser light in
the first step. The scale and range on x- and y-axis are the same as the main plot. Main: RIS
of the lowest frequency multiplet of 2?'Fr using chopped cw light with a pulse length of 100 ns for

two delay times of the ionization step.

(and the atoms are therefore continuously irradiated), the spectrum in the inset of Fig. 3 is
obtained. The event rate is much lower due to optical pumping effects, and the peaks are
significantly broadened and shifted to higher frequencies. Fig. 3 also shows the best fitting
function for the optimal settings (in red), consisting of the sum of Voigt profiles centered on
the resonance positions. A total linewidth of 20(1) MHz is obtained. The total linewidth is
dominated by the remaining Doppler spread of the atom beam and the spectral broadening
of the excitation pulse due to the chopping, estimated at approximately 10 MHz by taking

the Fourier transform of the time profile of the laser pulse.

An example of a resonance ionization spectrum of 2'Fr is shown in Fig. 4. The linewidth
of 20(1) MHz is sufficient to resolve all six expected resonance peaks, which are fitted as
described in e.g. [38]. The weighted mean of the fitted hyperfine parameters are summarized
in Table I. From these parameters, the nuclear magnetic dipole moment p and electric

quadrupole moment @, were determined relative to the values for ?'Fr in [36, 37]. The
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FIG. 4. [Color online] Example of an experimental hyperfine spectrum of 2'Fr and the best fitting

function (red line) consisting of a sum of Voigt profiles centered on the resonance positions.

TABLE I. Summary of the extracted hyperfine structure constants for the 7525, /2 atomic ground
state and 8p? Ps /2 excited state of 2192215 (values in MHz). The extracted magnetic dipole moment

and electric quadrupole moment are also given. Literature values were obtained from [36-38].

A(75%S12) A(8p?P3j) B(8p*Pyj2)  plun)  Qs(eb)

219y, | +6820(30) - - 43114 -

2190, | +6851(1)  +24.7(5)  -104(1) + 3.13(4) -1.21(2)
221y, | +6210(1) +22.4(1)  -85.7(8) + 1.57(2) -1.00(1)
210, | +6209(1) +22.3(5)  -87(2)  + 1.57(2) -1.02(3)

newly measured value of Qs = —1.21(2) eb (B = 0.094) for 2Fr is plotted along with the Q,
values of other francium isotopes from literature [9, 36] in Fig. 5. The Q; values illustrate the
different structures in these odd-A francium isotopes: for A < 215 the quadrupole moment
is nearly zero, as expected in the shell model for isotopes with a half-filled hg/, proton orbit
[44]. The small deviation from zero is a signature of configuration mixing and an increasing
contribution from core polarization towards the neutron-deficient region. The large absolute
values for the quadrupole moments of 2'7??°Fr are a signature for deformation in their
ground states. The sudden change from strongly negative to strongly positive spectroscopic
quadrupole moments is understood in the Nilsson model as due to the changing influence of
Coriolis mixing on these prolate deformed structures. Coriolis mixing is strongest in K = 1/2

bands and tends to decouple the odd-particle spin from the deformation axis [45, 46]. The
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9/2~ ground state in 2°Fr is known to be a member of the K = 1/2~ band [47]. Thus the
odd-proton spin is decoupled from the nuclear deformation axis (see (b) in Fig. 5), yielding
a negative quadrupole moment (K < I). In the heavier francium isotopes, the deformation
gradually increases and the nuclear spin gets gradually more coupled to the deformation
axis. The 5/2~ ground state in ?*'Fr was interpreted also as a member of the K = 1/2~
band, but with a much smaller decoupling parameter a. In 225225Fr the 3/2~ ground state is
a member of the K = 3/2~ band and thus strongly coupled to the deformation axis (K = I),

resulting in a positive quadrupole moment.

In summary, we have presented a novel high resolution, highly efficient collinear resonance
ionization spectroscopy technique. By probing a weak atomic transition in francium, a
linewidth of 20(1) MHz was achieved, which represents an improvement of the experimental
resolution by nearly two orders of magnitude compared to our previous measurements [21].
The advantages of the new method in terms of resolution, efficiency and systematic lineshape
effects were illustrated by performing laser spectroscopy on beams of radioactive francium,
using the 422.7 nm transition to the excited 8p®Ps/» state. The performance of the technique
allowed measurement of the electric quadrupole moment of ?'?Fr (¢, = 22.0(5) ms) for the

first time.
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