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Abstract

Two experimental campaigns were performed at the Collinear Resonance Ioniza-

tion Spectroscopy (CRIS) experiment, located at the ISOLDE radioactive-beam

facility.

The spectroscopic quadrupole moment of 203Fr was measured. Its magnitude with

respect to the other even-N francium isotopes below N = 126 suggests an onset

of static deformation. However, calculations of the static and total deformation

parameters reveal that it cannot be considered as purely statically deformed.

The neutron-rich radium isotopes were investigated. The spectroscopic quadrupole

moment of 231Ra was measured and the continuation of increasing quadrupole de-

formation with neutron number in neutron-rich radium isotopes was further es-

tablished. Measurements of the changes in mean-square charge radii of 231,233Ra

allowed the odd-even staggering parameter to be calculated for 230−232Ra. A nor-

mal odd-even staggering which increases in magnitude with neutron number was

observed in these isotopes.
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Chapter 1

Introduction

The field of nuclear physics centres on studying the ensemble of protons and

neutrons at the heart of atoms. Each nucleus is defined by its number of protons,

Z, and number of neutrons, N . To date, over 3,000 isotopes have been discovered

and yet around 7,000 are predicted to exist [1]. Of these, just 253 are stable and

do not radioactively decay. 33 more exist with half-lives comparable to the age of

the Earth. These stable nuclei form the valley of stability on the nuclear chart.

Either side of this valley lie the regions of radioactive nuclei bordered by the

proton and neutron driplines.

Studying radioactive nuclei presents significant experimental and theoretical chal-

lenges. Radioactive nuclei can only be produced in minute quantities and are

often short-lived, requiring ultra-sensitive techniques to study them experimen-

tally. For all but the lightest nuclei, exact calculations of their structure cannot

be performed. The description of heavier systems rapidly becomes more and more

complex as the dimensionality of the nuclear many-body problem exponentiates.

Laser spectroscopy of radioactive nuclei has proven a powerful experimental tool

in the study of their nuclear structure. By measuring the influence of the nucleus

on the electrons that are bound to it, precise measurements of nuclear ground- and

isomeric states can be obtained. The nuclear-model independence and precision

21
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of such measurements provide stringent tests for modern state-of-the-art nuclear-

structure theory.

1.1 This work

This thesis presents results from laser-spectroscopy experiments on neutron-

deficient francium and neutron-rich radium isotopes. The experiments were

performed at the Collinear Resonance Ionization Spectroscopy (CRIS) experi-

ment, located at the ISOLDE radioactive-beam facility. Chapter 2 describes how

the properties of the atomic nucleus can be studied by measuring the hyper-

fine structure, with an emphasis of how information on the size and shape of

the nucleus may be obtained. Chapter 3 briefly outlines how radioactive ion-

beams are produced at the ISOLDE facility. Chapter 4 describes two common

laser-spectroscopy approaches used to study radioactive nuclei and how these are

combined to form the technique that was used for this work. Chapter 5 details

the laser requirements for performing CRIS and presents technical developments

used to extend the applicability of the technique. Chapter 6 describes the setups

and developments for the two experimental campaigns. Chapter 7 presents results

of the experiment on neutron-deficient francium isotopes. Chapter 8 presents re-

sults of experiments on the neutron-rich radium isotopes. Chapter 9 summarizes

the nuclear-structure physics results presented in this thesis.



Chapter 2

The hyperfine structure as a

probe of the atomic nucleus

2.1 The hyperfine structure

The coupling of the nuclear spin, I, and atomic spin, J , leads to the quantum

number, F . In absence of nuclear electromagnetic moments, these F states are

degenerate. However, non-zero nuclear electromagnetic moments cause the hy-

perfine interaction between the nucleus and the electrons that are bound to it.

This interaction causes perturbations to the electronic fine structure, resulting in

the hyperfine structure.

The hyperfine interaction is precisely known through quantum electrodynamics

[2, 3]. The details of the interaction depends on nuclear properties such as the

spin, magnetic dipole moment, electric quadrupole moment and charge radius.

Therefore, by measuring the hyperfine structure of an isotope, information about

the atomic nucleus can be extracted in a nuclear model-independent way.

Hyperfine levels are identified by the quantum number, F , obtained by the vector

summation of I and J ,

F = I + J. (2.1)

23
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The perturbation of each hyperfine F state is given by [4]

∆E

h
=
K

2
A+

3K(K + 1)− 4I(I + 1)J(J + 1)

8I(2I − 1)J(2J − 1)
B, (2.2)

where K = F (F + 1) − I(I + 1) − J(J + 1). A and B are the hyperfine factors

defined as

A =
µIBe(0)

IJ
, (2.3)

B = eQs〈
∂2Ve
∂z2
〉. (2.4)

The terms containing A and B in Equation 2.2 show how the nuclear magnetic

dipole moment, µI , and electric quadrupole moment, Qs, affect the perturbation

of the hyperfine F states, respectively.

Equation 2.3 shows how nuclear magnetic dipole moments are related to the

hyperfine A factor, where Be(0) is the magnetic field generated by the orbiting

electrons within the nuclear volume. Equation 2.4 describes the relation between

the hyperfine B factor and the nuclear spectroscopic electric quadrupole moment,

where 〈∂2Ve
∂z2
〉 is the electric-field gradient at the nucleus produced by the orbiting

electrons.

Electric dipole transitions between the initial F state, Fi, and final F state, Ff ,

can occur if the following condition is satisfied:

∆F = Ff − Fi = 0,±1. (2.5)

Transitions where ∆F = 0 are only allowed when Fi, Ff 6= 0. Figure 2.1 shows

an example of the hyperfine splitting of two atomic states with J = 1/2 from

coupling to a I = 1/2 nucleus.

The frequency, γ, of an allowed transition between F states is given by

γ = ν + αuAu + βuBu − αlAl − βlBl, (2.6)
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Figure 2.1: Schematic hyperfine splitting of two atomic states with J = 1/2
from coupling to a spin I = 1/2 nucleus.

where ν is the centroid frequency and α, β are equal to

α =
K

2
, (2.7)

β =
3K(K + 1)− 4I(I + 1)J(J + 1)

8I(2I − 1)J(2J − 1)
(2.8)

respectively. Hyperfine spectra can be fitted using a χ2-minimization routine to

determine the centroid frequency, ν, and the hyperfine factors, Au,l and Bu,l. The

nuclear spin, I, can also be determined through a χ2-hypothesis test.

2.2 Extraction of nuclear electromagnetic mo-

ments

2.2.1 Magnetic dipole moment

Isotopes with a non-zero spin will possess a magnetic dipole moment. This in-

fluences the hyperfine structure of atomic states with J > 0. Once the hyperfine

A factor of a given isotope has been determined through fitting of its hyperfine
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structure, the magnetic dipole moment can be extracted. It is possible to extract

the magnetic dipole moment directly using Equation 2.3. However, doing so re-

lies upon calculations of Be(0), introducing atomic-model dependence. By taking

the ratio of Equation 2.3 for any two isotopes of the same element, the atomic

dependencies, J and Be(0), disappear.

In the absence of the hyperfine anomaly (see Section 2.2.1.1), the ratio, µ
IA

,

is constant for all isotopes of a given element. The magnetic moment can be

determined against a reference isotope for which µ, A, and I are already known.

This is done using the following equation:

µ = µref
IA

IrefAref
. (2.9)

For elements for which a stable (or quasi-stable) isotope exists, nuclear magnetic

moments can be determined very precisely via techniques such nuclear magnetic

resonance spectroscopy (NMR). In such elements, the magnetic moment of the

unstable isotopes can often be determined to a similar precision with the reference

values dominating the overall uncertainty. In other cases, the quality of the

experimental data limits the precision on the extracted magnetic moments.

2.2.1.1 Hyperfine anomaly

Equation 2.3 assumes a point nucleus. However, the hyperfine interaction is

sensitive to the finite size and magnetization of the nuclear volume. The Breit-

Rosenthal-Crawford-Schawlow correction accounts for the modification of elec-

tron wave functions due to the extended nuclear charge distribution [5–8]. The

Bohr-Weisskopf effect accounts for the extended nuclear magnetization [9]. The

hyperfine factor, A, is modified by these two effects so that Equation 2.9 can be

rewritten as

µ = µref
IA

IrefAref
(1 + ∆), (2.10)

where ∆ ≈ ε − εref . The effect is largest for electrons occupying states with

the highest spatial overlap with the nucleus (s1/2 and relativistic-p1/2 electrons).
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However, other electron states may contain contributions to their wavefunction

from like s or p states due to the electron-electron interaction [10].

The hyperfine anomaly is a negligible effect in most nuclei. However, it is of rel-

evance for weak-interaction studies using heavy atoms/ions, for example atomic-

parity violation measurements. These studies require precise knowledge of both

the nuclear and atomic wavefunctions. The nuclear magnetic dipole moment

is an important property for describing the nucleus (see Section 8.1.2). As the

hyperfine anomaly alters the extraction of the magnetic moment, it must be un-

derstood and accounted for to reach the precision required for weak-interaction

studies [11].

2.2.2 Spectroscopic electric quadrupole moment

Isotopes with I > 1/2 will have a non-zero electric quadrupole moment that will

influence the hyperfine structure of atomic states possessing J > 1/2. The spec-

troscopic electric quadrupole moment can be determined directly using Equation

2.4. This requires calculation of the electric-field gradient, 〈∂2Ve
∂z2
〉. To avoid this,

the spectroscopic electric quadrupole moment is extracted in a similar fashion to

the magnetic dipole moment. The ratio, B/Qs, is the same for all isotopes of a

given element. If there exists an isotope of a given element where the spectro-

scopic quadrupole moment is known, the spectroscopic quadrupole moment of

the element’s other isotopes can be determined by

Qs = Qs,ref
B

Bref

. (2.11)

The quadrupole moment is a measure of how the nuclear charge distribution

deviates from sphericity, which allows the static deformation of nuclei to be di-

rectly studied [12]. A positive quadrupole moment indicates a prolate-deformed

spheroid (elongated along its symmetry axis). A negative quadrupole moment

indicates an oblate-deformed spheroid (compressed along its symmetry axis).
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2.3 Isotope shift

The isotope shift, δνA,A
′
, is the difference between the hyperfine-structure cen-

troids of two isotopes, A and A′, and is defined as

δνA,A
′
= νA

′ − νA, (2.12)

where νA and νA
′

are the centroid frequencies for isotopes A and A′, respectively.

The isotope shift can be decomposed into two terms: the mass shift and the field

shift

δνA,A
′
= νA,A

′

MS + νA,A
′

FS . (2.13)

2.3.1 Mass shift

The mass-shift term, νA,A
′

MS , in Equation 2.13 is caused by the recoil of a nucleus

with a finite mass. This can be written as

νA,A
′

MS = M
A′ − A
AA′

, (2.14)

where M is the mass-shift factor for a given atomic transition. The mass-shift

factor can be written as

M = kNMS + kSMS (2.15)

where kNMS and kSMS are the normal mass-shift and specific mass-shift con-

stants, respectively. The normal mass-shift constant is given as

kNMS = ν0me (2.16)

where ν0 is the transition frequency and me is the mass of the electron (in amu).

The specific mass-shift constant is defined as the expectation value of the

∑
i<j

pi · pj
M0

(2.17)
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operator where M0 is the mass of the nucleus. This is challenging to determine

as it involves calculating two-body interactions between electron momenta [13].

In Equation 2.14, the mass-shift constant is multiplied by A′−A
AA′ and therefore

the contribution of the mass shift to the total isotope shift decreases for heavier

systems.

2.3.2 Field shift

The field shift, νA,A
′

FS , is caused by the modification of the charge distribution

within the nucleus. This change affects the Coulomb interaction between the

nucleus and electrons. By assuming the electron density remains constant over

the nuclear volume, the change in electron energy levels can be shown to equal

the nuclear mean-square charge radius, 〈r2〉. This is defined as

〈r2〉 =

∫∞
0
ρ(r)r2dV∫∞

0
ρ(r)dV

. (2.18)

The field shift has been shown to be solely dependent on changes in the mean-

square charge radius [14] and can be given by

νA,A
′

FS =
Ze2

6hε0
∆|ψ(0)|2δ〈r2〉A,A′

, (2.19)

where ∆|ψ(0)|2 is the change in the probability density function of electrons. A

consequence of the ∆|ψ(0)|2 term in Equation 2.19 is that transitions involving

s-state electrons have a higher sensitivity to changes in the mean-square charge

radius, δ〈r2〉A,A′
. This is due to their increased spatial overlap within the nuclear

volume.
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2.4 Changes in the mean-square charge radii

The isotope shift can be written as

δνA,A
′
= M

A′ − A
AA′

+ Fδ〈r2〉A,A′
, (2.20)

allowing the nuclear (A
′−A
AA′ and δ〈r2〉A,A′

) and atomic (M and F ) dependencies

of the quantity to be separated. Rearranging Equation 2.20 allows the change in

the mean-square charge radii between isotopes A and A′ to be determined using

δ〈r2〉A,A′
=

1

F

(
δνA,A

′ − A′ − A
AA′

M

)
, (2.21)

if the atomic F and M factors are known. For elements with more than 2 sta-

ble isotopes, the atomic F and M factors can be determined using charge radii

measurements from muonic x-ray or electron-scattering experiments. Otherwise,

calculations utilizing atomic theory must be used, introducing atomic-model de-

pendence to the extraction of the changes in mean-square charge radii.

2.4.1 King-plot method

If the atomic F and M factors are known for a transition in a given element, the

atomic factors for other transitions in that element can be obtained using the

King-plot method [15]. This method can be used if at least 3 different isotopes

have been measured using both transitions. By multiplying Equation 2.21 for

both transitions, (denoted by subscripts 1 and 2) by the mass-modification factor,

µA,A
′
=

AA′

A′ − A
, (2.22)

the following is obtained,

µA,A
′
δνA,A

′

1 = M1 + µA,A
′
F1δ〈r2〉A,A′

, (2.23)

µA,A
′
δνA,A

′

2 = M2 + µA,A
′
F2δ〈r2〉A,A′

. (2.24)
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The common factor of µA,A
′
δ〈r2〉A,A′

can be eliminated and rearranged to give a

linear relationship between µA,A
′
δνA,A

′

2 and µA,A
′
δνA,A

′

1 ,

µA,A
′
δνA,A

′

2 =
F2

F1

µA,A
′
δνA,A

′

1 +M2 −
F2

F1

M1. (2.25)

Plotting µA,A
′
δνA,A

′

2 against µA,A
′
δνA,A

′

1 gives a straight line with a gradient of

F2/F1 and intercept of M2 − (F2/F1)M1. This allows the atomic factors, F2

and M2, to be evaluated from the known factors, F1 and M1. This therefore

enables the changes in mean-square charge radii to be extracted from isotope-

shift measurements from a different transition.

2.5 Nuclear shapes and deformation

2.5.1 Parametrization of nuclear shape

The nuclear shape is commonly parametrized in terms of a spherical-harmonic

(multipole) expansion [16, 17]

R (θ, φ) = c(αλµ)R0

(
1 +

∞∑
λ=0

λ∑
µ=−λ

αλµYλµ(θ, φ)

)
, (2.26)

The factor, c(αλµ), ensures volume conservation and R0 = r0A
1/3. The standard

deformation parameters are given by αλµ. By fixing the centre-of-mass to be the

same as the origin of the body-fixed frame, the parameters with λ = 0, 1 become

zero, leaving only terms with λ ≥ 2. These can be reduced further assuming the

deformation is axially symmetric so that of these, only the parameters with µ = 0

remain. This gives

R (θ) = c(βλ)R0

(
1 +

∞∑
λ=2

√
2λ+ 1

4π
βλPλ0 (cos (θ))

)
, (2.27)

where

βλ = αλ0, λ ≥ 2. (2.28)
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The nuclear distribution can be approximated to an expansion in terms of βλ.

The nuclear multipole moments, Qλ, measured through different experimental

techniques, can be related to the deformation parameters βλ allowing information

on the nuclear size and shape to be obtained.

2.5.2 Estimating the nature of deformation of the nucleus

2.5.2.1 Static deformation

The spectroscopic quadrupole moment, Qs, provides a measure of the time-

averaged static nuclear deformation. This can be related to the intrinsic quadrupole

moment, Q0, by

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

3Ω2 − I(I + 1)
Qs, (2.29)

where Ω is the projection of the nuclear spin on the axis of deformation. In the

strong-coupling limit, the projection is set so that Ω = I, giving

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

I(2I − 1)
Qs. (2.30)

This assumption is considered valid for strongly-deformed nuclei. The Coriolis

interaction modifies the projection, Ω, by admixing different Ω values. The mag-

nitude of this interaction decreases with increasing deformation and increasing I

[18].

The intrinsic quadrupole moment is related to the static deformation parameter,

〈β2〉, by

Q0 ≈
5Z〈r2〉sph√

5π
〈β2〉(1 + 0.36〈β2〉), (2.31)

where 〈r2〉sph is the radius of a spherical nucleus calculated by the liquid-droplet

model [19, 20]. Alternatively, 〈r2〉sph can be given as 3
5
R2 with R = r0A

1/3 to

give

Q0 ≈
3ZR2

√
5π
〈β2〉(1 + 0.36〈β2〉). (2.32)
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2.5.2.2 Total deformation

The total deformation, 〈β2
2〉1/2, of the nucleus can be broken down into static and

dynamic components,

〈β2
2〉 = 〈β2〉2 + (〈β2

2〉 − 〈β2〉2) = 〈β2〉2 + β2
dyn, (2.33)

where 〈β2〉2 is the square of the static deformation parameter described previously

and β2
dyn is the dynamic contribution to the total deformation.

The mean-square charge radius can be related to the total nuclear deformation

by

〈r2〉 = 〈r2〉sph

(
1 +

5

4π

∞∑
λ=2

〈β2
λ〉

)
. (2.34)

In most cases, the quadrupole deformation term (λ = 2 term) dominates. By

only taking this term, the expression in Equation 2.34 becomes

〈r2〉 = 〈r2〉sph
(

1 +
5

4π
〈β2

2〉
)

(2.35)

As the total deformation in Equation 2.35 is squared, information on the sign of

the deformation is lost. This means only the magnitude of the total deformation

can be calculated and not whether it is prolate or oblate in nature. The total

deformation parameter will now be defined as 〈β2
2〉1/2 ≡ βrms2 for the remainder

of the discussion and throughout this thesis.

The total deformation, βrms2 , can be calculated by comparing changes in the mean-

square charge radii to predictions from theoretical models. The most commonly

used is the liquid-droplet model [21]. To perform this, the liquid-droplet model

is commonly used to calculate lines of different deformation parameters for an

isotope chain. The relative positions of these ‘iso-deformation’ lines are fixed to an

isotope for which the total deformation, βrms2 , is known. This can be calculated

from energies of first-excited 2+ states and B(E2) ↑ transition probabilities of

even-even nuclei [22]. This approach allows the total deformation of nuclei to be
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quantified, albeit with some nuclear-model dependence. Generally, a nucleus is

considered deformed once its total deformation parameter, βrms2 , exceeds 0.1.

Applying this approach to measurements of the changes in mean-square charge

radii across an isotope chain allows the often dramatic evolution of nuclear de-

formation across major shells to be charted [23, 24].

2.5.2.3 Ratio of deformation parameters

Once the static and total deformation parameters have been calculated for a

nucleus, the ratio of their magnitudes may be taken to give insight to the nature of

nuclear deformation. For purely statically-deformed nuclei, the static deformation

ratio, defined as

Rstat =
|〈β2〉|
βrms2

(2.36)

approaches unity.
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Production of radioactive nuclei

3.1 The ISOLDE facility

The Isotope Separation On-Line Device (ISOLDE) facility [25–27] is located at

CERN, Geneva. The first beams at this facility were delivered in 1967 allowing

measurements on the decay of short-lived isotopes of a variety of elements [28].

Today, beams of over 1300 isotopes [29] of 75 elements can be produced with

production yields ranging from 10−1 s−1 to 1011 s−1. The layout of the facility is

shown in Figure 3.1.

The facility serves a large community of users working in many fields, encompass-

ing many areas of nuclear, solid-state and medical physics. A recent overview of

the facility with selected research highlights can be found in Ref. [25].

3.1.1 Radioactive-ion-beam production at ISOLDE

Radioactive-ion beams at ISOLDE are produced using the isotope-separation on-

line (ISOL) method. In this approach, thick targets are bombarded by light ions.

In the case of ISOLDE, protons are used. The reaction products are stopped

within the target material before being extracted, mass separated and delivered

to experiments.

35
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Figure 3.1: Layout of the ISOLDE facility. Image is from Ref. [30].

At ISOLDE, pulses of 1.4-GeV protons with average intensities of up to 2 µA

are impinged upon a thick target. Each pulse contains around 1013 protons and

is produced by the Proton Synchrotron Booster (PSB). Each pulse is separated

in time by 1.2 s and forms part of the proton super cycle. The ISOLDE facility

uses over 50% of the protons produced by the CERN accelerator complex.

Radioactive isotopes are produced via spallation, fission and fragmentation reac-

tions within the target material. The reaction products are stopped within the

target material where they effuse and diffuse out of the target. The target is

usually heated to temperatures in excess of 2000 K to reduce the release time

of species produced within it. The reaction products enter a metal transfer line,

34 mm in length with an inner diameter of 3 mm [31], where they are ionized.

The chemical properties of the elements being studied dictates the ionization
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Figure 3.2: Schematic of a surface ion source at ISOLDE. Image courtesy of
Ref. [32].

mechanism used to extract them.

The use of thick targets has both advantages and disadvantages for the produc-

tion of radioactive nuclei using the ISOL method. The thickness of the target

greatly improves the number of interactions between it and the incident light-ion

beam. Stopped reaction products within the target must effuse and diffuse out

before they can be ionized and extracted. This means that only isotopes with

half-lives greater than a few ms may be produced. Furthermore, certain species

produced within the target react with the target material before they escape.

This introduces a chemical dependence to the process, rendering the production

of certain elements with the ISOL technique extremely difficult.

3.1.1.1 Methods of ionization

Elements with a low ionization potential, for example the alkali metals, can sur-

face ionize through collisions with the transfer line. Figure 3.2 shows a schematic

of the surface ion source. To achieve a high surface-ionization efficiency, the trans-

fer line is constructed from a material possessing a high work function and heated

to >2000 K. The high operating temperatures necessitate the material also has

a high melting point. Surface-ionizable elements are often the main sources of

contamination in delivered beams.

Elements with a high ionization potential, such as the noble gas elements, are

extracted through plasma ionization.
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The most commonly used method of ionization involves the process of resonance

ionization (see Section 4.1). In this process, isotopes of a particular element are

selectively ionized through stepwise excitation and subsequent ionization using

lasers. The lasers are tuned to excite specific transitions that constitute the

atomic ‘fingerprint’ of a given element. Due to its high degree of selectivity

and efficiency (see Section 4.1.0.3), the Resonance Ionization Laser Ion Source

(RILIS) is the most requested target ion-source by users, providing more than

70 % of delivered beam time in recent years [33–35]. The transfer line of the laser

ion source is constructed from a material with a low work function to suppress

surface-ionized contamination.

In certain mass regions, surface-ionized contamination can overwhelm laser-ionized

beams. New ion-source types have been developed to address this and suppress

the surface-ionized contamination, for example the Laser Ion Source and Trap

(LIST) [36, 37] and the Versatile Arc Discharge and Laser Ion Source (VADLIS)

[31, 38].

3.1.1.2 Mass separation

There are two target stations at the ISOLDE facility, each with its own mass

separator. Once ionized, the isotopes of interest are accelerated to energy of

between 30-60 keV and mass separated. The general-purpose separator (GPS),

consists of a single magnet with a bending radius and angle of 1.5 m and 70o. Its

mass-resolving power, m/δm, is approximately 800 [30]. In addition to delivering

a primary beam, the GPS has two beam lines that are able to simultaneously

extract secondary beams with a mass of up to ±13% of the primary beam mass

[30].

The high-resolution separator (HRS), consists of 2 magnets both possessing a

bending radius of 1 m. The beam is first steered by a magnet with a bending

angle of 90o and then steered through 60o by the second magnet. The resolution

of each magnet of the HRS has been measured at approximately 6000 [30]. A
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radio-frequency quadrupole cooler-buncher, ISCOOL [39], is located after HRS

for cooling and bunching of the ion beam (see Section 4.3.1).

3.2 Other facilties and methods

There are numerous radioactive ion-beam facilities currently in operation around

the world. Many next-generation facilities are under construction, designed to

eventually provide intense beams of exotic nuclei that are currently inaccessible

to today’s user communities.

Some of these facilities utilise the ISOL method, for example, the TRIUMF-ISAC

facility [40, 41], Canada and the SPIRAL facility [42], located at GANIL [43],

France. Future facilities such as SPIRAL2 at GANIL, SPES at INFN, Italy [44],

ARIEL at TRIUMF and EURISOL [45] will also utilize the ISOL method.

A variation on the ISOL method, employed at the IGISOL facility, Finland (and

previously LISOL, Belgium) impacts an ion beam onto a thin target situated in

a gas cell [46]. The reaction products are caught in the buffer gas and thermalize

through collisions with it. The products are carried out of the cell by the contin-

uous flow of the buffer gas. Ions leaving the cell are caught by an ion guide and

delivered to experiments. Atoms leaving the cell must be ionized to be guided to

experiments. The use of a thin target in this approach provides advantages when

compared to the thick-target ISOL method. The first is that shorter-lived iso-

topes can be produced for study. Furthermore, there is a much smaller variation

in the extraction efficiency of different elements. This allows many elements that

cannot be extracted at thick-target ISOL facilities to be delivered to experiments.

Another well-established method used in producing radioactive ion-beams is the

in-flight separation technique. In this approach, a high-energy heavy-ion beam is

impacted upon a thin target. The kinematics of the reaction produces fragments

that are emitted in the forward direction with a similar kinetic energy to the

incident beam. The use of a thin target also ensures the momentum distribution
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of the produced fragments is narrow. A momentum-selective spectrometer can

be used to select fragments with the desired momentum before delivering to

experiments.

The in-flight separation technique allows beams of nuclei with shorter half-lives

to be produced when compared to the ISOL technique. The high beam energies

also allow nuclear reaction experiments without the need of post-acceleration.

The major limitation of this method is that the poor quality of produced beams,

making them unsuitable for precision experiments. However, advances in beam

cooling have allowed precision experiments to be performed at facilities utilizing

the in-flight separation technique. For example, the SHIPTRAP facility [47, 48]

at GSI, Germany and the BECOLA facility [49, 50] at NSCL, USA.

The in-flight separation method is used at the FRS at GSI, Germany, LISE-3

facility at GANIL, NSCL in the USA and RIBF at RIKEN [51], Japan. Fu-

ture facilities that will utilise the method include the FAIR facility at GSI [52],

Germany and FRIB at NSCL [53, 54], USA.
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Laser spectroscopy of radioactive

nuclei

Collinear resonance ionization spectroscopy (CRIS) combines two well-established

laser spectroscopy techniques: collinear laser spectroscopy and resonance ioniza-

tion spectroscopy. These two techniques will be described here.

4.1 Resonance ionization spectroscopy

Resonance ionization involves stepwise exciting an atomic system and subse-

quently ionizing it using laser light. In this approach, atoms from the ground state

or a thermally-populated metastable state are resonantly excited to a higher-lying

excited state. They are then either non-resonantly ionized via a single photon

(denoted by Scenario 1 in Figure 4.1) or further excited to a high-lying Rydberg

state (for field or collisional ionization) (Scenario 2) or to an auto-ionizing state

(Scenario 3).

To saturate the ionization process, the photon flux, F , exciting the atom from

the excited state must be larger than the depopulation rate to dark states, βdark,

such that

σiF � βdark (4.1)

41
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Excited  state

Ground  state

IP

AI  state

Scenario  1 Scenario  2 Scenario  3

Figure 4.1: Schematic of possible resonance-ionization routes.

where σi is cross-section for the ionization process from the excited state. This

is known as the flux condition. The fluence condition is defined as

σIψg2

g1 + g2

� 1, (4.2)

where ψ is the photon fluence and g1, g2 are the statistical weights of the ground-

and excited state. If the flux and fluence conditions are satisfied, the process is

saturated and the entire atomic ensemble interacting with the laser light will be

resonantly ionized. These two conditions determine the required photon densities

and therefore the type of laser system required to saturate the ionization process.

Using typical values of σI = 10−17 cm2 for a non-resonant final step and β =

106 − 107 s−1 gives F � 1023 cm−2s−1. This photon flux is difficult to achieve

with a continuous-wave laser, even when tightly focused. Pulsed laser systems

with pulse durations of tens of ns, can achieve this with a modest pulse energy.

A key feature of the resonance ionization process is its high selectivity. Elemental,

isotopic and even isomeric selectivity can be achieved through multi-step reso-

nance ionization. The selectivity, S, of a single resonant excitation is defined as

[23]

S ≈ 4(∆/Γ)2 for ∆� Γ (4.3)
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where ∆ is the difference in frequency between adjacent elements, isotopes or

isomers and Γ is the linewidth of the interaction (combined natural linewidth

and laser linewidth). The overall selectivity resulting from multiple resonant

excitations is the product of the selectivities of each resonant excitation.

The resonantly-ionized species are then detected as a function of laser frequency,

allowing the hyperfine structure to be measured. Ion detectors typically provide

a high quantum efficiency and large solid-angle coverage (> 70 %).

4.1.0.3 Resonance ionization laser ion sources

The high efficiency and selectivity of resonance ionization stimulated work on

its application at ISOL facilities. The application was first realized at the IRIS

facility, Gatchina, where the ionization efficiency of ytterbium was improved by

over two orders of magnitude [55]. Shortly after, it was implemented at the

ISOLDE facility where laser ionization of tin, thulium, ytterbium and lithium

was performed in a hot cavity [56]. Since then, the resonance ionization laser

ion source (RILIS) has been used to produce numerous new beams for users of

the ISOLDE facility [34, 35]. It is now the mostly commonly used ion-source

type, accounting for > 70% of the delivered beams in recent years [33]. The

increasing demand for laser-ionized beams has necessitated numerous technical

developments, some of which are detailed in Refs. [57–59].

4.1.0.4 In-source laser spectroscopy

In-source laser spectroscopy uses resonance ionization to measure the hyperfine

structure of atoms within a hot-cavity ion source [60]. Combining resonance

ionization with detection of radioactive decays (e.g α-particle decay) allows ultra-

sensitive measurements to be performed on isotopes produced with yields as low

as 0.1 s−1 (e.g. 191Po [61]).

The main limitation of this approach is the Doppler broadening of the atomic

ensemble within the hot cavity. Typical temperatures in these cavities exceed
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2000 K resulting in a mass-dependent 1-10 GHz broadening of the hyperfine

structure with heavier elements experiencing a smaller degree of Doppler broad-

ening. This broadening completely obscures the hyperfine structure of isotopes

of light- and medium-mass elements. In heavy elements, the reduced Doppler

broadening and large hyperfine structures and field shifts present mean that the

technique can often measure hyperfine A factors and isotope shifts. This allows

a sufficient precision to be obtained on the extracted spins, magnetic dipole mo-

ments and changes in mean-square charge radii. In most cases, the hyperfine

B factors can not be measured as they are too small. However, in some cases

quadrupole moments have been extracted albeit with a very limited precision.

4.2 Collinear laser spectroscopy

Collinear laser spectroscopy exploits the reduction in velocity spread along the

axis of motion that an accelerated beam experiences according to,

∆E = δ

(
1

2
mv2

)
= mvδv = k (4.4)

where ∆E is the energy spread, m is the mass, v is the velocity and δv is the

velocity spread of the beam and k is a constant. Therefore, increasing the velocity,

v, will decrease the velocity spread, δv, of the beam.

The typical energy spread of beams produced at on-line facilities are of the order

0.1 eV. When an acceleration voltage of 30−40 kV is applied, the velocity spread

is compressed by approximately 3 orders of magnitude. The resulting Doppler

width (4-10 MHz) is comparable to the natural linewidth of a hyperfine transition.

When light from a laser with a sufficiently narrow linewidth is overlapped with

the accelerated beam either collinearly or anti-collinearly, high-resolution laser

spectroscopy can be performed.
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The lab-frame laser frequency, νlab, will be Doppler shifted according to

ν = νlab

√
1− β2

1± β
(4.5)

where ν is the frequency in the rest frame of the accelerated beam, and

β =

√
1 +

m2c4

(eV +mc2)2 ≈
√

2eV

mc2
, (4.6)

where m is the mass of the isotope being studied and V is the acceleration voltage.

The ± before β in the denominator of Equation 4.5 indicates the propagation

direction of the laser relative to the beam. +β corresponds to the collinear

direction and −β corresponds to the anti-collinear direction. A Taylor expansion

of the expression in Equation 4.5 yields

ν = νlab(1∓ β +
1

2
β2 + ...) (4.7)

where −β corresponds to the collinear direction and +β corresponds to the anti-

collinear direction.

4.2.1 Fluorescence detection

The most common variant of collinear laser spectroscopy involves fluorescence

detection. In this approach, a high-resolution continuous-wave laser is scanned

across the hyperfine structure of a given isotope. This can be done by directly

scanning the laser or by varying the energy of the beam according to Equation

4.5.

When the laser frequency is on resonance, atoms are excited from the ground

(or metastable) state to an excited state. Atoms in the excited state then decay,

emitting a photon. The fluorescent photons are detected by a photo-multiplier

tube (PMT). By measuring the detected fluorescent photon rate as a function of

laser frequency (or scanning voltage), the hyperfine structure of an isotope can

be measured. This technique is applied to both atomic and ionic systems.
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Figure 4.2: Schematic of collinear laser spectroscopy using fluorescence de-
tection.

A schematic of the process is shown in Figure 4.2. To ensure the fluorescent

photon has the highest probability of being detected, it must be emitted in the

interaction region where the PMTs are most sensitive. This means that strong

transitions, with an Einstein A coefficient of the order 108 s−1, are required to

maximize the detection efficiency. If an atom in the excited state decays to the

same hyperfine level it was excited from, it can be re-excited and emit another

fluorescent photon. The stronger the transition, the more likely that the atom

interacts multiple times with the laser and emits multiple fluorescent photons,

enhancing the chance of the detection.

The most common approach detects photons of the same energy as the laser

frequency as illustrated by the blue lines in Figure 4.2. This means that the

PMT detects both the fluorescence photons and scattered laser light. In some

cases, the excited state possesses a larger branching ratio when decaying to a

different state entirely. It can sometimes be more sensitive to detect the photons

resulting from the decay to the different state as the laser-related background

can be reduced . If the wavelengths of fluorescent photon 2 and the laser photon

are significantly different, a filter can be chosen that maximizes the detection of

fluorescent photon 2 but suppresses the laser-related background.
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The high resolution of continuous-wave lasers combined with the velocity-spread

compression associated with an accelerated beam allows most hyperfine structures

to be fully resolved. The techniques routinely achieves linewidths between 10-

100 MHz allowing precise measurements of hyperfine A and B factors and isotope

shifts.

The main disadvantages of the technique stem from using photon detection as

a means of measuring the hyperfine structure. The quantum efficiency (1-20 %)

and typical solid angle coverage (1-5 %) of PMTs are poor when compared to ion

detection. Scattered laser light will also be detected by the PMTs often resulting

in large background rates. Ions/atoms will scatter light as they collide with gas

molecules in the interaction region resulting in background beam light. Beam

contaminants can also cause a large background after being neutralized into a

state that decays by emitting a photon with a similar wavelength to the desired

fluorescent photons. The advent of cooler bunchers at on-line facilities greatly

improved the signal-to-background and therefore sensitivity of the technique (see

Section 4.3). There are various techniques to reduce the background and improve

the sensitivity of collinear laser spectroscopy [23].

The technique is routinely able to measure isotopes down to yields of around

103 s−1 to 104 s−1 [23]. In some cases, isotopes with much smaller yields have been

measured. 52Ca was measured using bunched-beam fluorescence spectroscopy by

the COLLAPS collaboration with a yield of 150 s−1 [62].

4.2.2 Particle-detection methods

Some atomic/ionic systems allow bespoke techniques that are highly sensitive but

not universally applicable. These approaches combine collinear laser spectroscopy

with particle detection to access exotic isotopes with yields that render them

inaccessible to fluorescence detection.
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4.2.2.1 Collisional reionization

This technique was developed to study exotic isotopes of the noble gas elements

[63–68]. In this approach, a high-lying metastable state is efficiently populated

in the charge-exchange cell. Atoms in this metastable state are excited by a

laser to a short-lived higher-lying state which decays to the ground state. The

atom beam is selectively ionized through collisional ionization with a gas. The

ionized portion of this are deflected and counted. The residual atoms can also be

detected and used to normalize any variations in the ion beam intensity entering

the setup. The cross section for collisional re-ionization for excited atoms in the

high-lying metastable state is much higher than those in the ground state. This is

because the excitation energy of the first excited state in the noble gas elements

is very high. When the laser is on resonance, the population of the high-lying

metastable state is transferred to the ground state and a ‘dip’ is seen in the

collisional ion rate. Therefore, by recording the collisional re-ionization rate as

a function of laser frequency, the hyperfine structure of the transition from the

metastable state to high-lying excited state can be measured. For short-lived

species, the sensitivity of the approach can be further enhanced by detection of

β-particles emitted after implantation of the ions into a tape.

4.2.2.2 State-selective neutralization

This technique was developed to measure the ground-state properties of calcium

isotopes [69]. The first realization of the technique measured up to 50Ca [70].

Later, the sensitivity limit of bunched-beam fluorescence detection was reached

when 52Ca was measured [62], prompting a new experimental setup utilizing

state-selective neutralization to be developed.

In this approach, calcium ions are optically pumped from the 4s2 S1/2 ground

state to the metastable 3d 2DJ states via the 4p2 P3/2 state. Ions in the 3d 2DJ

states have a greater neutralization cross section in a sodium vapour than ions

in the 4s2 S1/2 state for a range of kinetic energies. The difference between the
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neutralization cross sections is highest for energies of approximately 4 keV so

the beam is decelerated to this energy. After the ions interact with the laser,

they are passed through a charge-exchange cell filled with a sodium vapour. Ions

which were optically pumped to the 3d 2DJ states have a greater chance of being

neutralized and detected by an atom detector. The non-neutralized ions are

deflected towards an ion detector. When the laser is scanned across a resonance

in the hyperfine structure of the 4s 2S1/2 → 4p 2P3/2 transition, ions are optically

pumped to the 3d 2DJ states and a ‘dip’ is observed in the detected ion rate and

a peak is observed in the detected atom rate [71].

Whilst its application has so far been limited to the calcium isotopes, the tech-

nique could also be applied for other alkaline-earth metals e.g. strontium, barium

and radium.

4.3 Ion-beam cooler bunchers

Collinear laser spectroscopy using fluorescence detection has benefited signifi-

cantly from the implementation of ion traps and coolers at radioactive-beam

facilities. Ion traps are extensively used in low-energy nuclear-physics research.

Some devices can directly measure nuclear properties, e.g. Penning traps which

allow high-precision measurements of nuclear ground- and isomeric-state masses

[72]. Other types of traps are used in the preparation of an ion beam before

delivery to an experimental setup [73].

Radioactive ion beams often possess poor ion-optical properties with a large en-

ergy spread and emittance. Radio-frequency cooler bunchers were developed to

improve the ion-optical properties of ion beams. Many of these devices are op-

erational at facilities worldwide [39, 74–79]. Improving the energy spread and

emittance of delivered ion beams has numerous benefits for collinear laser spec-

troscopy. The reduction in energy spread decreases Doppler broadening, improv-

ing the overall linewidth and the peak intensity of observed resonances. The

improved emittance reduces the waist of the ion/atom beam in the interaction
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region allowing a smaller laser beam to be used. The required photon density

needed to saturate a transition can be obtained with less laser power, decreasing

the laser-related background [80].

The most dramatic improvement for collinear laser spectroscopy results from

bunching of the ion beam. The ions are slowed and subsequently trapped within

the cooler buncher. These are allowed to accumulate and released in bunches to

experiments. For laser-spectroscopy setups, longer ion-bunch widths of around

1-5 µs are used to give a small energy spread of ≤1 eV. The bunching of the ion

beam reduces the laser-related background by multiple orders of magnitude. The

use of an radio-frequency cooler buncher was pioneered at the IGISOL facility,

Jyväskylä [74].

4.3.1 ISCOOL: The ISOLDE ion-beam cooler buncher

ISCOOL is the ion-beam cooler buncher installed at the ISOLDE facility [39,

81, 82]. ISCOOL is a gas-filled radio-frequency quadrupole Paul trap. Mass-

separated ions produced at the high-resolution separator (HRS) target station

are injected into ISCOOL. The velocity and velocity distribution of injected ions

decrease through collisions with a buffer gas (0.1 mbar of helium is typically used).

Radial confinement during this process is provided by the oscillating quadrupole

field. An array of electrostatic elements produces the necessary electric-field

gradient to inject the ions into the trapping volume. A small potential of 50-

60 V confines the ions while they accumulate. The trapping potential is then

switched to 0 V, allowing the cooled ions to be released in bunches. Typical

bunch widths of released ions are between 1-5 µs. The cooled ion bunches are

then re-accelerated and delivered to experimental setups.

Laser spectroscopy at the ISOLDE facility greatly benefited from the installation

of an ion-beam cooler buncher. The background due to scattered laser light was

reduced by up to a factor of 4× 104 [39], allowing the sensitivity of fluorescence

detection to be significantly improved.
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4.4 Collinear resonance ionization spectroscopy

Collinear resonance ionization spectroscopy is a natural extension to the family

of collinear-beam techniques. It combines aspects of both resonance ionization

spectroscopy and collinear laser spectroscopy. The combination of the two allows

the strengths of each technique to compensate for the the weaknesses of the other.

In collinear resonance ionization spectroscopy, resonance ionization is performed

on an accelerated beam in the collinear geometry. The velocity compression

along the axis of motion in the collinear geometry allows a high resolution to

be obtained. This is combined with the sensitivity and efficiency of resonance

ionization.

The idea was first proposed in 1982 [83]. Results from the first on-line experimen-

tal realization of the technique came in 1991 [84] where Schulz et al. performed

resonance ionization spectroscopy on a fast atomic ytterbium beam. A two-step

scheme excited ytterbium atoms from the metastable 6s6p 3P0 to a Rydberg state

where field ionization occurred, allowing an experimental efficiency of 1 : 105 to

be achieved. A limitation was the duty cycle losses associated with using a pulsed

laser on a continuous atom beam.

The idea was not explored further at on-line facilities until the development of

ion-beam cooler bunchers. By accumulating ions and releasing them in well-

defined bunches, temporal overlap between the bunches and the pulsed lasers

can be ensured, removing duty-cycle losses. Work constructing a dedicated CRIS

setup at the ISOLDE facility began in 2008 [85]. The first experiments on fran-

cium isotopes demonstrated a two orders of magnitude improvement in sensitivity

compared to bunched-beam fluorescence detection [86–88]. The hyperfine struc-

tures of 202g,mFr, produced at a rate of around 100 s−1, were measured. The

limited resolution (1.5 GHz) of this initial work was due to the laser system used.

Developments in producing high-resolution laser pulses allowed a two orders of

magnitude improvement in resolution (20 MHz) in later experiments on francium

isotopes [89, 90].
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Figure 4.3: Schematic of the collinear resonance ionization spectroscopy ex-
periment

4.4.1 Experimental setup

Figure 4.3 shows a schematic diagram of the CRIS beamline [86, 91–94]. A

bunched-ion beam with an energy of 30 or 40 keV from the HRS separator at

ISOLDE is deflected into the setup. The beam is focused by a quadrupole triplet

and bent through 34o. The ion beam enters the charge-exchange cell where it is

neutralized by a potassium vapour. Typical neutralization efficiencies between

50− 70 % are achieved, however this is element dependent. Any non-neutralized

component of the beam is electrostatically deflected away in the differential-

pumping region.

The atom bunches enter the ultra-high vacuum interaction region, typically op-

erating at a pressure of 2 × 10−8 mbar for the measurements reported in this

thesis. When the charge-exchange cell is at operating temperature, the pressure

in the cell exceeds 1×10−6 mbar. To maintain the interaction region at ultra-high

vacuum, a differential-pumping region exists between the interaction region and

the charge-exchange cell. Two 10-mm diameter apertures are installed at either

end of the differential-pumping region.

The atom bunches in the interaction region are then collinearly overlapped with

2 or more laser pulses. When the lasers are on resonance, the atom bunches are

resonantly ionized and deflected through 20o towards a multichannel-plate (MCP)

ion detector. By recording the detected-ion rate as a function of scanning-laser

frequency, the hyperfine structure of an isotope can be measured. The timing
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of the laser pulses and ion-bunch release from ISCOOL is controlled by two

Quantum Composers QC9258 digital delay pulse generators. This is to ensure

the atom bunch is temporally overlapped with the laser pulses when it is in the

interaction region.

There are two MCP ion-detection sites. The first, named MCP4 (due to its

proximity to Fardaday cup 4 (or FC4)), is a positive-ion detector placed directly

in the beam path after the 20o bend. The second, named MCP5, is a negative-ion

detector located further downstream in the decay-spectroscopy station chamber.

Ions are implanted onto a copper plate adjacent to MCP5 and the secondary

electrons created by the impact process are detected. Ion detection using MCP5

is less efficient compared to MCP4 due to transport losses. Therefore, MCP5 is

preferred for offline testing and ionization scheme development.

Alternatively, the resonantly-ionized beam can be implanted into the decay-

spectroscopy station for decay studies [93, 95]. The excellent selectivity of CRIS

enables production of pure nuclear-state beams allowing laser-assisted nuclear-

decay spectroscopy to be performed [87, 90].

The lasers used to produce the light required for resonance ionization are situated

in two areas. The first area is directly adjacent to the CRIS beam line and

the second is the dedicated laser laboratory situated in Building 508, located

adjacent to the ISOLDE hall. Further details on the lasers installed can be found

in Chapter 5.
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Chapter 5

Laser requirements and delivery

As CRIS combines aspects of both collinear laser spectroscopy and resonance

ionization spectroscopy, it must utilize laser technology routinely used in both

approaches. Continuous-wave lasers offer the high spectral resolution required to

fully resolve the hyperfine structure but have a limited peak power. Pulsed lasers

offer much higher peak powers that are required to saturate transitions but have

a lower resolution. Achieving sensitive, high-resolution CRIS necessitates using

both and the required technical complexity varies largely from one element to

another.

Figure 5.1 shows a general schematic of a resonance ionization scheme. Many

factors contribute to the development of an ionization scheme. This section will

focus on the technical challenges of producing the laser light for a given scheme.

Step 1 in Figure 5.1 is the resonant transition, which will be probed to measure

the hyperfine structure of the isotope under investigation. To fully resolve the

hyperfine structure, high-resolution laser light is required. In all but the heaviest

elements, a continuous-wave laser is required to either directly probe the hyperfine

structure, or ‘seed’ a high-resolution pulsed-laser setup [96].

The high-resolution step is often the first step in an ionization scheme however

this does not necessarily need to be the case. A higher-lying transition may

offer better sensitivity to the nuclear observables that will be investigated in an

55
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Figure 5.1: Schematic of a general ionization scheme.

experiment. However, for this discussion, Step 1 will be assumed to be the high-

resolution transition which will be used to probe the hyperfine structure of the

isotopes being studied.

5.1 Lasers at CRIS

Figure 5.2 shows a schematic of the lasers installed at CRIS. There are continuous-

wave and pulsed lasers offering high-resolution and lower-resolution (broadband)

options of both titanium-sapphire (Ti:Sa) and dye lasers. Lasers within the lilac-

shaded area are situated in the laser laboratory in Building 508. Lasers within

the peach-shaded area are situated on the optical table adjacent to the beamline.

Each laser has the option to produce higher harmonics, extending its tunable

range to include blue and UV wavelengths. The variety of lasers installed provides

as much flexibility in developing ionization schemes as possible.
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Figure 5.2: Schematic of the lasers installed at CRIS. Lasers within the
lilac-shaded area are situated in the laser laboratory in Building 508. Lasers
within the peach-shaded area are situated on the optical table adjacent to the

beamline.

5.2 Continuous-wave lasers

Continuous-wave lasers are characterized by a constant output power. They can

achieve single-mode operation allowing a high spectral resolution (≤ 1 MHz).

This high resolution makes them ideal for measuring the hyperfine structure of a

given isotope. These lasers form the core of any spectroscopy experiment where

a high resolution is required. By scanning the laser frequency, a certain atomic

transition can be probed. Performing this on an accelerated beam (30-60 keV)

in the collinear geometry allows the hyperfine structure to be measured in most

cases (see Chapter 4 for more details).

5.2.1 M-Squared SolsTiS and ECD-X

The M-Squared SolsTiS is a continuous-wave titanium-sapphire (Ti:Sa) laser. It

produces 6 W at 780 nm, the peak of its tuning range, and can produce light from

720-970 nm. It achieves this using a single mirror set allowing any wavelength

within this range to be reached within seconds. The laser is pumped by 18 W of

532-nm light produced by a Sprout G-18W continuous-wave frequency-doubled
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Nd:YAG DPSS laser, manufactured by Lighthouse Photonics. The Sprout has a

pick-off module which allows it to pump a second laser system.

Fundamental light from the SolsTiS laser can then be frequency doubled using the

M-Squared ECD-X external-cavity frequency doubler. This extends the tunable

wavelength range of the system by allowing the production of 360-485-nm light.

However, multiple crystals are required to cover this range and a specific crystal

is installed into the cavity based on the desired wavelength. The cavity has

a bow-tie layout built around a non-linear lithium triborate (LiB3O5 or LBO)

crystal. High initial second-harmonic generation efficiencies of up to 40 % can

be achieved with a 6-W input beam however the performance of these crystals

quickly degrades in humid conditions. The LBO crystals used in the cavity have

a fundamental tuning range of approximately ±25 nm. Figure 5.3 shows a partial

tuning curve for an LBO crystal cut for 834 nm in the ECD-X. Crystals cut for

765 nm and 940 nm are also available to be used in the cavity.

5.2.2 Matisse 2 DS and Wavetrain

The Matisse 2 DS is a continuous-wave dye laser manufactured by Sirah. It is

pumped with 10 W of 532-nm light produced by a Millenia eV frequency-doubled

Nd:YAG laser, manufactured by Spectra Physics. The Matisse laser produces

light through pumping a compressed jet of dye with 532-nm light allowing a

tunable range of 550-750 nm to be achieved, depending on the dye being used.

However, to cover this range, different dyes must be used. At any one time, this

limits the scanning range of the dye laser to a few 10s of nm. Around 1 W of

light can be produced when using the Rhodamine-6G and DCM dyes. Unless

a catastrophic failure occurs, the crystals that act as the gain medium in Ti:Sa

lasers do not suffer from efficiency losses over time. In dye lasers, continual

pumping of the gain medium causes photo-degradation of the dye resulting in a

decreased lasing efficiency. Dye changes are sometimes necessary to maintain the

optimal lasing efficiency throughout the duration of an experiment. This can be

reduced by using larger quantities of dye solution however a larger pump reservoir
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Figure 5.3: Partial tuning curve for an ECD-X LBO crystal cut for 834 nm.
No data was taken for wavelengths below 834 nm.

is required. In general, the efficiency of a dye decreases when distance between the

pumping wavelength and peak-emission wavelength of a dye increases. Because

of this, this laser is only routinely used to produce wavelengths between 550-650

nm (Rhodamine-6G and DCM).

The fundamental output of the Matisse 2 dye laser can be frequency doubled

using the Wavetrain external-cavity frequency doubler. This utilises a delta-

shaped cavity around a non-linear crystal (BBO or LBO) to allow 275-325-nm

light to be produced. Doubling efficiencies of about 10% can be achieved resulting

in around 100 mW of frequency-doubled light.
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Figure 5.4: Schematic detailing 3 mechanisms for an excited state to decay.

5.2.3 ‘Chopping’ of continuous-wave light

As there is a 0.93-m distance between the charge-exchange cell and the centre

of the interaction region, a continuous-wave laser would continuously interact

with the atom bunches before they reach the interaction region to be resonantly

ionized. If the continuous-wave laser is on resonance, the atoms would be excited

to an excited state before being ionized by the pulsed lasers in the interaction

region.

Figure 5.4 shows a schematic of 3 different mechanisms in which an excited state

can decay. In this case, the atomic ground state has an orbital angular momentum

of 1/2, resulting in two hyperfine states, F and F ′. In scenario 1, the excited

state decays back to the same sub-level of the ground-state splitting as it was

excited from, F . From here, it can then be excited again to the excited state. In

scenario 2, atoms in the excited state decay to the other sub-level of the ground-

state splitting, F ′. In general, a high-resolution laser will not have sufficiently

large linewidth that the atoms can be re-excited to the excited state. This is then

called a ‘dark state’ as the high-resolution laser can no longer interact atoms in

this state. This cannot occur for isotopes possessing a nuclear spin of 0 and/or
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transitions where the lower atomic state orbital angular momentum is 0 as there

is no lower-state hyperfine splitting.

In scenario 3, atoms in the excited state decay to a different state entirely, F ′′.

The probabilities of decaying to either the ground state or F ′′ from the excited

state are determined by the Einstein A coefficients of the transitions from the

two states.

For a beam with a mass of 200 amu and an energy of 40 keV, it takes 5 µs to travel

from the charge-exchange cell to the centre of the interaction region. A typical

excited-state lifetime of 50-100 ns means that atoms undergo many laser-atom

interactions in the 5 µs flight time before they arrive in the interaction region.

This means that, in most cases, a large fraction of the population is optically

pumped to ‘dark states’, resulting in a large loss of efficiency. Furthermore, the

relative intensities of different hyperfine structure peaks will be altered, artificially

lowering some. This hinders making sensitive measurements and may cause non-

identification of certain components of an isotope’s hyperfine structure. It also

can make spin determination using relative peak intensities more difficult.

To prevent this, the continuous-wave light must be ‘switched off’ when the atoms

are in flight between the charge-exchange cell and interaction region. The light

must then be ‘switched on’ when they enter the region to allow resonance ioniza-

tion to occur. This can be achieved through fast switching of a Pockels cell with

polarization-selective optics [89].

Figure 5.5 shows a schematic of the process. Continuous-wave laser light passes

through a Pockels cell. When the Pockels cell is off, the polarization of light

passing through it is unaffected. The light then is transmitted by a polarizing

beam-splitter cube into a beam dump. When a sufficiently high voltage is applied

to the Pockels cell, light passing through it has its polarization rotated by λ/2.

This light is then reflected by the polarizing beam-splitter cube and is deflected

to the interaction region. Thus, by supplying high-voltage (2-3 kV) pulses to the

Pockels cell, the continuous-wave light can be ‘chopped’ into pulses.
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Figure 5.5: Schematic overview of the continuous-wave light ‘chopping’
method. The arrows above the beams indicate the polarization orientation

of the laser light.

The efficacy of a Pockels cell setup is characterised by two factors:

1) The peak transmission through the setup

T =
Pf
Pi
, (5.1)

where Pi and Pf are the peak powers entering and exiting the setup, respectively.

2) The extinction ratio

R =
Poff

Pon

, (5.2)

where Pon and Poff are the laser-beam powers exiting the setup when the Pockels

cell is on and off respectively. The following procedure is routinely used to set-up

and optimize the Pockels cell setup:

• Adjust the two mirrors before the Pockels cell to maximize transmission

through it.

• With the Pockels cell off, adjust a half-wave plate placed before it to max-

imize the power transmitted by the polarizing beam-splitter cube placed

after the Pockels cell.

• Slowly bias the Pockels cell until the power reflected by the polarizing beam-

splitter cube is maximized. This will determine the switching voltage re-

quired to induce the necessary polarization change.
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• Switch off the Pockels cell. Adjust the two mirrors before the cell to mini-

mize the power reflected by the polarizing beam-splitter cube.

• Instead of switching on the Pockels cell, rotate the half-wave plate to max-

imize the power reflected by the polarizing beam-splitter cube. Adjust the

two mirrors before the cell to maximize the power reflected by the polar-

izing beam-splitter cube. Biasing the Pockels cell for extended periods of

time can deteriorate performance and cause permanent damage.

• Rotate the half-wave plate to minimize the power reflected by the polarizing

beam-splitter cube. Adjust the two mirrors before the cell to minimize the

power reflected by the polarizing beam-splitter cube.

• Iterate the previous two steps until the extinction ratio is maximized.

The realization of such a setup allowed a two orders of magnitude improvement

in resolution without a loss of efficiency [89]. The ‘chopping’ setup detailed in

Ref. [89] achieved extinction ratios up to 1:2000. This extinction ratio was later

improved upon by operating two fast-switching setups in series. Details of this

are given in Chapter 6.

5.2.3.1 Lineshape distortions and broadening

The high electric fields induced by pulsed lasers can cause lineshape distortions

and/or broadening [89, 97]. This is especially true if a non-resonant step is used

to complete the ionization process due to the higher required photon densities

for saturation. If the high-resolution laser exciting atoms to the first excited

state is separated in time from the later high-power pulse(s), these effects can

be removed. If the high-resolution laser is continuous wave, there will always

be overlap with the pulsed lasers. ‘Chopping’ is therefore necessary to remove

lineshape distortions and/or broadening whether or not optical pumping can

occur or not.
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The lineshape distortions/broadening form the main reason of why the CRIS

technique targets transitions to longer-lived excited states compared to fluores-

cence detection. In fluorescence detection, transitions to short-lived excited states

(t1/2 < 10 ns, A > 108 s−1) are required to ensure that the emitted fluorescent

photons have the greatest chance of being detected. For CRIS, excitation to

a short-lived state would require the ionization laser pulse(s) to be overlapped

with the high-resolution laser pulse, to maximize efficiency. This would induce

lineshape distortions and/or broadening, sacrificing the resolution. Delaying the

ionization laser pulse(s) would cause much of the excited-state population to

decay, resulting in a loss of efficiency.

By targeting transitions to excited states with long lifetimes (> 100 ns), the

ionization laser pulse(s) can be delayed so that there is no temporal overlap

between them and the high-resolution laser pulse. This removes any lineshape

distortions and/or broadening, maximizing the experimental resolution without

sacrificing the laser-ionization efficiency. See Refs. [89, 97–99] for more details.

5.3 Pulsed lasers

Step 2 in Figure 5.1 is another resonant transition. This transition differs from

Step 1 in that it is not used to measure the hyperfine structure of the isotope

under investigation. A laser used for this transition should efficiently drive atoms

from excited state 1 to excited state 2 or to an auto-ionizing state. To achieve

this, pulsed lasers are used due to their superior photon densities and generally

larger linewidths.

In contrast to continuous-wave lasers, pulsed lasers are only on for a fraction of

their duty cycle. While the average powers of pulsed and continuous-wave lasers

may in some cases be comparable, the peak powers of pulsed lasers are orders

of magnitudes higher. The fundamental pulse energy of a Z-cavity Ti:Sa laser

is around 200 µJ spread over a pulse length of approximately 100 ns. The peak

power of this laser is 2 kW, assuming a simple square pulse shape. This figure is
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roughly 3 orders of magnitude larger than the peak fundamental power output of

the M-Squared SolsTiS laser. This power is however spread over 1-10 GHz and

not ≤1 MHz. The spectral density (photon density per unit frequency) of the

two systems is comparable.

Pulsed lasers generally have a much larger linewidth (1-10 GHz) than continuous-

wave lasers. For broadband resonant excitations, their larger linewidth is advan-

tageous as it allows the entire hyperfine splitting of excited state 1 to be excited

to either excited state 2 or an auto-ionizing state.

An exception to this is the injection-seeded Ti:Sa laser which will be described in

Section 5.3.3. This system combines the high spectral resolution of continuous-

wave lasers with the high peak power of pulsed lasers.

Pulse energies (rather than powers) will be used for characterization of the pulsed

lasers at CRIS. This is because a range of repetition rates are routinely used. De-

scribing the performance of the different pulsed lasers with pulse energies there-

fore allows a direct comparison.

5.3.1 Lee Laser LDP-100MQ

The pulsed Ti:Sa lasers are pumped by a single Lee Laser LDP-100MQ frequency-

doubled Nd:YAG laser. This system can produce up to 13 mJ or 5 mJ of 532-nm

light at repetition rates of 1 kHz and 10 kHz respectively. It can also run at

any repetition rate which is a integer multiple of 1 kHz between 1 and 10 kHz.

By using a combination of half-wave plates and polarizing beam-splitter cubes, a

percentage of the Lee Laser’s output can be reflected to pump each Ti:Sa cavity.

5.3.2 Z-cavity Ti:Sa

The Z-cavity lasers are pulsed Ti:Sa lasers designed by the LARISSA group at

Johannes Gutenberg-Universität Mainz [59, 100, 101]. These lasers can produce

wavelengths between 700-920 nm depending on the mirror set being used. At
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CRIS, two of these cavities are pumped by a pulse energy of 1.2 mJ to produce

200-250 µJ of tunable broadband light. This value decreases as deeper-infrared

wavelengths (>850 nm) are produced due to the decreasing lasing efficiency of

the Ti:Sa gain medium at these wavelengths.

The wavelength of these systems can be changed by tuning the different frequency-

selective elements within the cavity. The birefringent filter is used for coarse

tuning whilst the etalon allows finer tuning of the wavelength. Presently, tuning

these cavities is done manually. In the future, piezo-actuated etalon mounts will

be implemented to allow wavelength stabilization and remote scanning of these

cavities. The combination of a birefringent filter with a thin etalon (0.2 mm) will

yield a linewidth of around 10 GHz. Using a 0.3-mm etalon will reduce this to

around 6 GHz. Further reduction of the linewidth to around 1 GHz is possible by

using a dual-etalon setup where one is a thick etalon (6-mm etalon) [102, 103].

In the future, a dual-etalon setup will be implemented in one of the Z-cavity

Ti:Sa laser currently installed at CRIS. The 1-GHz linewidth of such a system is

convenient for searching for hyperfine-structure peaks in heavier elements.

5.3.3 Injection-seeded Ti:Sa

The injection-seeded Ti:Sa laser combines the high-resolution of continuous-wave

lasers with the high-peak powers of pulsed lasers. Details of the first implemen-

tation of injection-seeding can be found in Refs. [104–106]. A continuous-wave

single-mode laser is overlapped with the pulsed light within the bow-tie cavity.

By dithering the cavity with a piezo-mounted mirror, the cavity can be locked to

single-mode laser for amplification. The injection-seeded Ti:Sa laser is pumped

by up to 1.2 mJ of 532-nm light and is seeded by the M-Squared SolTiS laser.

The system can produce 200-250 µJ of light in the wavelength range of 750-

850 nm. It can produce light beyond this range albeit with a decreased efficiency.

This limited wavelength range is a consequence of the mirrors used in the cav-

ity. Details of a similar cavity with a wavelength range of 710-920 nm utilising

a single broadband mirror set can be found in Ref. [103]. The system produces
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light with a linewidth of 20 MHz. The high-photon density means that efficient

single-pass higher-harmonic generation becomes feasible allowing the production

of high-intensity, high-resolution deep-UV light (see Section 5.5 for more details).

Details on the design and characterization of the system can be found in Ref. [107].

5.3.4 Spectron Spectrolase 4000

The Spectron Spectrolase 4000 is a pulsed-dye laser. It is pumped by up to

50 mJ of 532-nm light at 100 Hz by either head of the Litron LPY 601 50-100

PIV laser. The output pulse energy of this varies between 500 µJ and 4 mJ,

depending on the dye being used. The linewidth of the system is approximately

10 GHz. If the required wavelength sits within the range of the dye currently

in the dye circulators, the wavelength is tuned by simply moving a motorized

grating. For large wavelength changes (5 nm near the peak wavelength of dye),

re-optimization is typically required.

5.3.5 Sirah Cobra

The Sirah Cobra is a pulsed-dye laser. It is pumped by up to 50 mJ of 532-nm

light at 100 Hz by either head of the Litron LPY 601 50-100 PIV laser. A 12%

efficiency is quoted for producing 570-nm light with the Rhodamine 6G dye. The

linewidth of the system is approximately 1.8 GHz at 570 nm.

5.3.6 Litron LPY 601 50-100 PIV and Nano TRLi HR

250-100

The Litron LPY 601 50-100 PIV is a pulsed Nd:YAG laser capable of producing

either 50 mJ of 532-nm light or 80 mJ of 1064-nm light at 100 Hz from each of

its two laser heads. Each laser head can be operated independently and provide
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either 532-nm or 1064-nm light. Switching from 1064-nm production to 532-

nm production requires the installation of a half-wave plate before the second-

harmonic generation crystal.

The Litron Nano TRLi HR 250-100 is a pulsed Nd:YAG laser capable of producing

250 mJ, 130 mJ and 45 mJ of 1064-nm, 532-nm and 355-nm light respectively. It

is a single-head system operating at a repetition rate of 100 Hz. Higher harmonics

are generated by installing higher-harmonic generation modules onto the front of

the laser head.

In Figure 5.1, Step 3 is a non-resonant transition which transfers the population

of a high-lying state into the continuum. Achieving efficient ionization utilising

a brute-force final non-resonant step requires very high-photon densities.

The choice of non-resonant step wavelength depends on a number of factors. A

shorter non-resonant wavelength can reduce the number of resonant steps required

in an ionization scheme. This can reduce setup time and make re-optimization

of the laser(s)/atom overlap easier due to the reduced number of lasers. Further-

more, the use of a non-resonant final step in a two-step scheme offers advantages

for offline testing. It can allow the sensitivity of different first-step transitions to

be tested for an ionization scheme by changing just the first step laser.

However, there are factors to consider before using a shorter wavelength non-

resonant step. The first is the composition of the beam being studied. The

non-resonant wavelength should be chosen such that the element being studied,

or any contaminant present in the beam, cannot be ionized through a 2-photon

process. In cases where the ionization potential of any isobaric contaminant is

greater than 2 times the photon energy of the non-resonant photon, any higher-

lying metastable states that are strongly populated through charge exchange must

also be considered as these could contribute to the background.

The efficiency of the non-resonant step depends, as with all transitions, on the

photon density in the interaction region. The efficiency also depends on the

density of states in the region of the continuum which the excited atoms are
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Figure 5.6: Schematic of the wavemeters installed at CRIS. Equipment
within the lilac-shaded area are situated in the laser laboratory in Building
508. Equipment within the peach-shaded area are situated on the optical ta-

ble adjacent to the beamline.

being forced to. The photon density decreases quickly as higher harmonics of

Nd:YAG are used. For the Litron LPY 601 50-100 PIV, 50 mJ of 532-nm light

can be produced compared to 80 mJ at 1064 nm. Each 532-nm photon has twice

the energy of a 1064-nm photon. Therefore, if the spatial profiles of the two

beams are the same, the photon density of the 532-nm beam will be around 30 %

of the 1064-nm beam.

5.4 Wavelength measurement and referencing

To perform high-resolution collinear laser spectroscopy, both the lab-frame laser

frequency and acceleration voltage of the beam must be measured precisely. Ref-

erence scans should also be taken regularly (every 3-4 hours). The frequencies of

the lasers at CRIS can be measured using one of two wavelength meters (referred

to as wavemeters from here on in).

Two Fabry-Pérot interferometers (FPI) can be used to analyze light from the

continuous-wave lasers. One is a Toptica FPI 100-075-3VO FPI with a free-

spectral range (FSR) of 1 GHz. The other is a Burleigh CFT500 has an FSR

of 150 MHz. A schematic of the wavemeters and reference sources installed at

CRIS is shown in Figure 5.6.
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5.4.1 HighFinesse WSU2

The HighFinesse WSU2 is the most precise wavemeter installed at CRIS with

a claimed absolute accuracy of 2 MHz. It is situated in the laser laboratory in

Building 508. It can be used in combination with a fiber switchbox to read 2

channels simultaneously.

Drifts in the observed resonant frequencies during an experiment can be caused by

a change in the acceleration voltage of the beam and/or a drift in the wavemeter

itself. Simultaneous measurement of a reference light source is essential to be able

to determine between the two. In the case of a change in acceleration voltage

drift, only the lab-frame resonant laser frequency will drift. In the case of a

wavemeter drift, both the lab-frame resonant laser frequency and reference light

source frequency will drift in the same manner.

In some cases, the wavemeter can drift by a large amount (between 50-100 MHz)

over the course of an experiment. In these instances, simply correcting the isotope

shifts of measured isotopes using the closest-in-time reference scan may not be

sufficient. Simultaneous measurement of a reference light source can be used to

apply a point-by-point correction of the frequency data.

5.4.1.1 Toptica DLC DL PRO 780 and COSY FC-CS+RB+K

The Toptica DLC DL PRO 780 is a tunable diode-laser system which can produce

100 mW of light for wavelengths between 767-807 nm. It can be used in combina-

tion with the COSY FC-CS+RB+K module. This is a saturation spectroscopy

module that allows the tunable-diode laser to be locked to an absorption line in

atomic caesium, rubidium or potassium. Locking to an absorption line provides a

robust reference light source that should not drift (so long as it remains locked).
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5.4.1.2 HeNe laser

Alternatively, a stabilized helium-neon (HeNe) laser can be used as the reference

light source for the wavemeter. This laser produces 1 mW of 632.8-nm light.

5.4.2 HighFinesse WS6

The HighFinesse WS6 is installed near the optical table adjacent to the beamline.

It offers an absolute accuracy of 600 MHz and is used to measure the wavelength

of the Spectron and Sirah pulsed-dye lasers.

5.5 Higher-harmonic generation of light

The majority of tunable lasers are pumped by 532-nm lasers. At CRIS, the dye

lasers are used to produce wavelengths between 550-700 nm. The Ti:Sa lasers

can produce wavelengths between 700-1000 nm. To extend the range of acces-

sible wavelengths, higher-harmonic generation of the fundamental-laser light is

required. This can be achieved using non-linear optical manipulation as laser

light passes through an optically-dense medium. This section will give an exper-

imental perspective of achieving higher-harmonic generation of pulsed lasers and

will not describe the physical processes that govern it in detail. More details can

be found in Refs. [108, 109].

To achieve an adequate frequency-mixing efficiency, a high-photon density within

the non-linear medium is required. For continuous-wave lasers, this necessitates

a multi-pass cavity that must be locked to a given mode. Such cavities are expen-

sive and require meticulous setting up to give a high output power that is stable

over the course of an experiment (typically 5-7 days). To frequency quadruple

continuous-wave light, two such cavities must be operated in series. Frequency

tripling requires an even more complex setup. Despite this complexity, fourth-

harmonic generation has been used for experiments using fluorescence detection.
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A fourth-harmonic generation efficiency of up to 2 % was achieved by the COL-

LAPS collaboration to produce continuous-wave 214.4-nm light for the study of

cadmium isotopes [110]. As fluorescence detection requires the use of strong tran-

sitions, only around 1 mW of light is typically needed to saturate the transitions

of interest.

As the CRIS technique targets weaker transitions, it requires higher peak powers

than typically required for fluorescence detection. It is therefore impractical to use

harmonics higher than the second for continuous-wave lasers. For pulsed lasers,

the typical photon densities are sufficient such that a single-pass higher harmonic

generation setup yields a respectable efficiency. This allows routine second, third-

and fourth-harmonic generation to be achieved rather inexpensively.

5.5.1 Third-harmonic generation

To create a photon of frequency 3f (where f is the fundamental frequency),

photons of frequencies f and 2f can be frequency summed. The optimal ratio of

fundamental and second-harmonic frequency photons is 1:1. Therefore, a 66 %

doubling efficiency will allow for the highest frequency-tripling efficiency. As

photons of frequency 2f possess a polarization that is rotated by λ/2 after Type

1 frequency doubling 1, the polarization of either the fundamental or second-

harmonic beams must be rotated so that efficient frequency tripling can occur.

This can be achieved in two different ways, representing two configurations of the

frequency-tripling unit.

5.5.1.1 Separated-beams configuration

In this configuration, the fundamental and second-harmonic beams are separated

to allow the polarization of one of them to be rotated. Figure 5.7 shows the

layout of this configuration of tripling-unit. Figure 5.8 shows a picture of this

1In type I frequency doubling, two photons with an ordinary polarization with respect to
the second-harmonic generation crystal are combined to produce a single photon with double
the frequency and an extraordinary polarization.
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Figure 5.7: Schematic of the separated-beams frequency-tripling unit. The
arrows denote the polarization orientation of the different wavelengths of light.

tripling unit. A laser beam of frequency f is focused into a BBO/BiBO (denoted

by 1 in Figure 5.7) crystal to undergo Type I second-harmonic generation. The

fundamental and second-harmonic beams are separated by a dichroic long-pass

mirror (2 in Figure 5.7) (Part no: F38-661 from AHF Analysentechnik). These

mirrors reflect the second-harmonic beam and allow the fundamental frequency

to be transmitted through them. Long-pass mirrors are preferred to short-pass

mirrors as they are more widely commercially available and generally possess

better reflection and transmission properties. A tunable half-wave plate (3 in

Figure 5.7) (Part no: PO-TWP-L2-25-UVIR from ALPHALAS) can then be

used to rotate the polarization of either beam and compensate for any phase

difference between the two. They are then recombined using a second dichroic

mirror (4 in Figure 5.7) before being focused into a sum-mixing crystal (5 in

Figure 5.7) allowing frequency-tripled photons to be produced.

External frequency doubling of the tunable-pulsed lasers installed at CRIS yields

a typical efficiency of 20-30 %. A doubling efficiency of 33 % would result in a

fundamental to second-harmonic photon ratio of 4:1. Because of this, the photon

density of the frequency-doubled beam acts as one of the main limitations to the

efficiency of the frequency-tripling unit. As rotating the polarization of either

beam will incur some losses due to reflection on the surfaces of the tunable half-

wave plate, the polarization of the fundamental beam is rotated. As frequency
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Figure 5.8: Picture of the separated-beams frequency-tripling unit. Fun-
damental Ti:Sa laser light enters the right-hand side of the unit. Frequency-

tripled light exits through the left-hand side.

tripling requires the spatial overlap of both the fundamental and second-harmonic

beams within the tripling crystal, variations in the fundamental beam path into

the unit will affect the power output of the unit. One way to prevent this would

be to not focus both beams as sharply within the tripling crystal. The resulting

larger spatial profile of the beams would reduce the impact of any input-beam

hysteresis. This would improve the stability of the power output albeit with the

penalty of a reduced tripling efficiency.

An alternative approach involves using a BiBO crystal as the frequency-doubling

crystal medium. BiBO crystals possess a higher effective non-linear coefficient

than BBO crystals. This means a similar frequency-doubling efficiency can be

achieved with a smaller photon density within the crystal. A longer focal length

lens can be used to focus into the doubling crystal. This reduces the effect of

variations in the path of the input fundamental laser beam into the tripling-unit

without sacrificing the overall efficiency. The transparency range of BiBO extends
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Figure 5.9: Schematic of the linear frequency-tripling unit. The arrows
denote the polarization orientation of the different wavelengths of light.

down to 286 nm so they are usually only used for frequency doubling of Ti:Sa

light.

This configuration of tripling unit uses spherical lenses to focus the second-

harmonic beam into the tripling crystal. The use of cylindrical lenses would

produce a higher second-harmonic photon density within the tripling crystal due

to the non-spherical profile of the second-harmonic beam. This would result in a

higher tripling efficiency at the the cost of a slightly more complex setup.

The beam shape of frequency-tripled light typically requires correction using

cylindrical lenses. Two cylindrical and two spherical lenses are usually sufficient

to reshape and refocus the beam.

5.5.1.2 Linear configuration

In this configuration, the polarization of the fundamental beam is rotated by

λ/2 without separating the fundamental and second-harmonic beams. Figure

5.9 shows the layout of this frequency-tripling unit configuration. Figure 5.10

is a picture of this tripling unit. This kind of configuration is commonly used

for high-photon density applications (e.g femtosecond lasers). This is achieved

using a tunable dual-wavelength zero-order phase retardation plate (denoted by

1 in Figure 5.9) (Part no: PO-TWP-DW-2/1-25-UV from ALPHALAS). This

waveplate is engineered so that for any frequency, f , within its tunable range,



Chapter 5 76

Figure 5.10: Picture of the linear frequency-tripling unit. Fundamental Ti:Sa
laser light enters the right-hand side of the unit. Frequency-tripled light exits

through the left-hand side.

the polarization is rotated by λ/2 whilst photons of frequency 2f are rotated by

λ.

There are some advantages to this configuration of frequency-tripling unit:

1. Removing the need to separate the fundamental and second-harmonic beams

reduces the cost of the unit significantly. This is because there is no need

for the following:

• 8 top-adjustable mirror mounts

• 2 fundamental wavelength mirrors

• 4 second-harmonic wavelength mirrors

• 2 dichroic long-pass mirrors

2. As there are no laser-specific mirrors in this configuration, it can be used

for both the pulsed-Ti:Sa and -dye lasers (only the lenses and non-linear

crystals need to be exchanged).

3. The setup and optimization process is simpler compared to the traditional

style.

There are some disadvantages to this configuration of frequency-tripling unit:

1. Both the fundamental and second-harmonic beams are subject to losses

induced by surface reflections from optical components in the unit (tunable

waveplate and lens).



Chapter 5 77

2. The spatial overlap of the two beams within the tripling crystal is inferior

to the traditional style. This is due to:

• The fundamental and second-harmonic beams are emitted in slightly

different directions after frequency-doubling (called walk-off).

• The focal length of most lenses are wavelength dependent.

• Most lenses are only anti-reflective coated for either the fundamental

or second-harmonic beam.

Some of these disadvantages can be overcome. An achromatic doublet lens could

be used to reduce the wavelength dependence of the lens in the unit. However,

there are no commercially available achromatic doublet lenses that are achromatic

over both the fundamental and second-harmonic ranges of Ti:Sa or dye lasers. It

would ideally also be anti-reflective coated for both the fundamental and second-

harmonic ranges of Ti:Sa or dye lasers. In this unit, a UV lens is chosen to

focus the beams into the tripling crystal. This is because, as described earlier,

the second-harmonic photon density is the main limitation for third-harmonic

generation of the pulsed lasers at CRIS. The lens can be tilted to improve the

spatial overlap of the two beams within the frequency-tripling crystal. However,

the anti-reflective coating on most lenses is optimized for an angle of incidence of

0o. Tilting the lens significantly away from will cause reflections. Alternatively,

a walk-off compensator can be placed after the tunable waveplate. In Refs. [111,

112], a walk-off compensator improved the third-harmonic generation efficiency

by up to 3 times. The improvement was larger for smaller beam spots within the

third-harmonic generation crystal.

The above factors lead to a lower efficiency when compared to the traditional

configuration of frequency-tripling unit. Despite this, the linear configuration is

still useful for frequency tripling of either the pulsed-Ti:Sa or -dye lasers. It is

also suited for frequency tripling of high-resolution light as less power is needed

to achieve the same spectral density as a broadband system. The configuration

was used to produce high-resolution light that was able to saturate two weak
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transitions in indium (5p 2P1/2 → 8s 2S1/2 (246.0 nm) and 5p 2P3/2 → 9s 2S1/2

(246.8 nm)) isotopes during experiments in 2017. The simplified setup process

means that it is ideal for quick off-line testing of ionization schemes.
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Developments and setup for

experiments on francium and

radium

6.1 Francium experiment

6.1.1 Ionization scheme

The ionization scheme used in the francium experiment is shown in Figure 6.1.

Francium atoms were excited from the 7s 2S1/2 ground state to the 8p 2P3/2

excited state using 422-nm light. The hyperfine structure of this transition was

measured during the experiment. The ionization process was completed using a

non-resonant 1064-nm step transferring excited atoms in the 8p 2P3/2 state into

the continuum.

Table 6.1 summarises the laser setup for the francium experiment.

79
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7s    2S1/2

8p 2P3/2

IP32848.0(3)  cm-­1

422  nm

1064  nm

23658.306  cm-­1

0  cm-­1

Figure 6.1: Ionization scheme used in the francium experiment.

Table 6.1: Laser setup for the francium experiment.

Wavelength
(nm)

Laser Wavemeter Harmonic
Power/

pulse energy
Coupling

422
SolsTiS+
ECD-X

WSU2 2 1.1 W Fibre

1064
Litron LPY

601 50-100 PIV
- 1 80 mJ Mirror

6.1.1.1 Dual Pockels-cell setup

To prevent optically pumping to dark states, the 422-nm light was ‘chopped’

by using fast switching of two Pockels cells and polarization-selective optics, de-

scribed earlier in Section 5.2.3. In this experiment, two fast-switching setups were

operated in series.

The advantages of using two Pockels-cells setups instead of one is that it allows



Chapter 6 81

greater control over the resulting pulse shape. Each Pockels cell has a different

rise and fall time in response to an applied voltage. When using two Pockels cells

in series, the peak transmission becomes

T = T1T2, (6.1)

where T1 and T2 are the peak transmission through the first and second Pockels

cell setups. The extinction ratio becomes

R = R1R2 (6.2)

where R1 and R2 are the extinction ratios of the first and second Pockels cell

setups, respectively.

Figure 6.2 shows the effect of adjusting the relative delay between the switching

signals. The shapes of the light pulses, shown by the green lines, were measured

by placing a photodiode after the dual Pockels cell setup. Each horizontal division

is equivalent to a time interval of 50 ns. The blue and orange lines show the 100-

ns wide signals supplied to the two Belkhe switches. The relative delays between

the two signals in examples are (a) 0 ns, (b) 40 ns and (c) 80 ns. As the relative

delay increases between the two switching signals, the peak intensity of the signal

decreases. The pulse shape also varies significantly.

By tuning the pulse widths and relative delay between the two switching signals,

it is possible to optimise the pulse shape. The ‘chopping’ process does introduce

spectral broadening. The amount of broadening can be determined by taking a

Fourier transform of the time profile of the ‘chopped’ pulse. However, the main

contributing factor to the overall linewidth of the spectra taken was the Doppler

broadening of the atom beam. Figure 6.3 shows the pulse shape used for the

experiment. The widths of the two switching signals were 100 ns and 170 ns with

a relative delay of 0 ns.

The peak transmission through the dual Pockels cell setup was 60%. The largest

limitation to this was that one of the Pockels cells used was anti-reflective coated
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a)  0-­ns  delay

b)  40-­ns  delay

c)  80-­ns  delay

Figure 6.2: Example pulse shapes of 422-nm light after the dual Pockels cells
setup. The green lines are the signals read on a photodiode placed after the
setup. The blue and orange lines are the signals being supplied to the two
Belkhe switches. Each Belkhe switch signal is 100 ns wide. The relative delays
between the two switching signals are (a) 0 ns, (b) 40 ns and (c) 80 ns. Each

horizontal division is equivalent to 50 ns.
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Figure 6.3: Pulse shape used during the francium experiment. The green
line is the signal read on a photodiode placed after the setup. The blue and
orange lines are the signals being supplied to the two Belkhe switches. The
pulse widths of the switching signals were 100 ns and 170 ns. Each horizontal

division is equivalent to 100 ns.

for 1064 nm. Therefore a significant percentage of the 422-nm light was reflected

from the surfaces of the 1064-nm anti-reflective coated Pockels cell. The extinc-

tion ratio of the setup exceeded 1:105, approximately two orders of magnitude

greater than the single Pockels cell setup in Ref. [89].

6.1.1.2 Saturation curves

Figure 6.4 shows saturation curves for the 422-nm transition and the 1064-nm

non-resonant step. The pulse energy of the 1064-nm light was measured after the

exit window at the end of the interaction region. The peak power of the 422-nm

light was measured directly after the output coupler of the fibre. The saturation

function is defined as

I(P ) = A
P/P0

1 + P/P0

, (6.3)

where P0 is the saturation power or energy [113]. Fitting the 1064-nm data with a

saturation curve function yields a saturation energy of 0.8±0.4 mJ, showing that

it was very well saturated. The saturation power of the 422-nm curve could not
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Figure 6.4: Saturation curves of the 422-nm transition (blue circles) and the
1064-nm non-resonant step (red circles) used in the francium experiment.

be determined as there was no ‘flattening’ of the saturation curve at the highest

available powers, indicating that the transition was far from being saturated.

Previous experiments saturated the same transition with 25 mW of light [89, 90]

indicating that the power density of the 422-nm light was the main limitation.

The previous high-resolution experiment used frequency-doubled light from a

Matisse 2 TS Ti:Sa laser situated on the optical table adjacent to the beamline,

giving a Gaussian beam profile. This experiment used a multi-mode optical fibre

to transport light from the laser laboratory to the optical table adjacent to the

beamline. Collimation of light exiting the multi-mode fibre was performed using
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a 12-mm reflective collimator. The resulting beam was 12 mm in diameter and

with a homogenous power-density. The homogenous profile of the beam after the

collimator gave a much lower maximum power density than the Gaussian profile

the previous year. A telescope was used to reduce the diameter of the laser beam

however the resulting power density was not sufficient to saturate the transition.

Efficiency measurements taken earlier in the run showed that the main physics

aims of the experiment could be met with this setup. This combined with the

very short length of the run (6 shifts) meant that no intervention was performed

to change the focussing of the beam after the collimator, as the laser-ionization

efficiency was deemed sufficient.

6.2 Radium experiment

6.2.1 First experiment - July 2016

An experiment performing spectroscopy on the radium ion, instead of the atom,

by resonantly second ionizing Ra+ to create Ra2+ was initially proposed [114].

This was due to three main factors. Firstly, the large amounts of francium con-

tamination expected in this mass range would cause a significant non-resonant

background. The cross section for collisional ionization of francium ions is ex-

pected to be lower as the second ionization potential is larger than the first (there

is no experimental measurement of the second ionization potential of francium

to date however it was calculated to be 22.4 eV [115]). By tuning the deflection

plates after the interaction, only 2+ ions would be steered onto the MCP to be

detected.

The second factor was that radium is expected to neutralize into many metastable

states during the charge-exchange process with a potassium vapour. The esti-

mated state populations were calculated by A. R. Vernon using Rapp and Fran-

cis’s semi-classical time-dependent perturbation theory [116]. More details on
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Figure 6.5: Initial populations of states in atomic radium after neutralization
in a potassium vapour at a beam energy of 30 keV. Figure provided by A. R.

Vernon.

the calculations can be found in Ref. [117]. Figure 6.5 shows the initial popula-

tions of states in atomic radium after neutralization in a potassium vapour at a

beam energy of 30 keV. The initial state populations are spread over many states

with the highest population being around 15 % for the 7s7p 3P0 state. The final

state populations could not be calculated as the majority of branching ratios are

unknown in radium.

An estimate of the final state populations in radium can be obtained by com-

paring the difference in initial and final state populations in its closest chemical

homologue, barium. Figure 6.6 shows the initial and final populations of states

in atomic barium after neutralization in a potassium vapour at a beam energy

of 30 keV. The initial state population distribution shows a similar behaviour

to radium. The highest initial single state population is around 8 % in barium,

compared to the 15 % in radium. This is due to there being more atomic in-

formation available for barium where 356 states are known (compared to 82 in

radium) [118]. This can be seen as the higher density of states towards higher
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Figure 6.6: Initial (blue squares) and final (red circles) populations of states
in atomic barium after neutralization in a potassium vapour at a beam energy
of 30 keV. The vertical green dashed line is the ionization potential of barium.

Figure provided by A. R. Vernon.

energies in Figure 6.6 compared to Figure 6.5.

In both radium and barium, the most strongly populated states are only pop-

ulated by approximately 10 % of the neutralized atoms. By performing spec-

troscopy on the ion, this efficiency loss can be avoided as only the ionic ground

state will be strongly populated. This would mean the charge-exchange cell and

small apertures surrounding it could be removed, also resulting in an increased

transmission efficiency of the radium ions entering the interaction region to be

laser ionized.

The third factor was that the 7s 2S1/2 → 7p 2P3/2 transition in ionic radium

provides the necessary sensitivity to the desired nuclear observables, providing

the ability to measure both hyperfine A and B factors.
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Figure 6.7: Ionic-radium ionization scheme used in the first radium experi-
ment.

6.2.1.1 Ionic-radium ionization scheme

The radium-ion ionization scheme is shown in Figure 6.7. The first step excited

the ion from the 7s 2S1/2 ground state to the 7p 2P3/2 excited state using 381-

nm light. The hyperfine structure of this transition was measured during the

experiment. The second step further excited the ion from the 7p 2P3/2 to the

11s 2S1/2 state using 222-nm light. An alternative second step excited the ion

from the 7p 2P3/2 to the 10s 2S1/2 state using 246-nm light. The second-ionization

process was completed using a non-resonant 532-nm step forcing excited ions in

the 10s 2S1/2 and 11s 2S1/2 states beyond the second-ionization potential.

Table 6.2 summarises the laser setup for the ionic radium experiment.
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Table 6.2: Laser setup for the ionic-radium experiment.

Wavelength
(nm)

Laser Wavemeter Harmonic
Power/

pulse energy
Coupling

381
Injection-seeded

Ti:Sa
WSU2 2 40 µJ Fibre

222
Spectron

Spectrolase 4000
WS6 3 1-2 µJ Mirror

246
Z-cavity

Ti:Sa
WSU2 3 8 µJ Mirror

532
Litron LPY

601 50-100 PIV
- 2 50 mJ Mirror

6.2.1.2 Non-resonant 1+ → 2+ ionization rate

The main difficulty encountered during the experiment on the radium ion was an

unanticipated high non-resonant 1+ → 2+ ionization rate. The efficiency of this

process was measured to be 0.5%. The cause of this was the higher pressure re-

gions (in particular the charge-exchange cell region) of the CRIS beamline that do

not usually directly contribute to the background when performing spectroscopy

on an atomic system.

Due to the high pressure in the charge-exchange cell (> 1 × 10−6 mbar), a sig-

nificant amount of 2+ ions are produced non-resonantly through collisions with

residual gas in the region. When CRIS is performed on an atomic system, any

non-neutral component of the beam is deflected away before the interaction re-

gion. This includes both the non-neutralized 1+ ions and non-resonant 2+ ions

which then cannot directly affect the background rate 1.

When performing CRIS on an ionic system, the deflector after the charge-exchange

cell region must be set to 0 V to allow 1+ ions to enter the interaction region

to be resonantly second-ionized. Doing this also allows the non-resonant 2+ ions

created in the charge-exchange cell region to enter. These non-resonant 2+ ions

1For an atomic beam, the main contributing factor to the non-resonant collisional back-
ground is the pressure in the interaction region. The higher-pressure regions further upstream
like the charge-exchange cell and quadrupole-triplet region only indirectly contribute to the
background through acting as a bottleneck on the interaction region pressure. However, this
bottleneck is reduced through the use of a differential-pumping region.
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are then deflected towards the MCP to be detected. This means that the higher

pressure regions of the setup after the 34◦ bend contribute directly to the back-

ground rate when attempting spectroscopy on an ionic system. As the pressure

in the charge-exchange cell region is typically two orders of magnitude greater

than that in the interaction region, this creates a significant non-resonant 2+ ion

background.

The large amount of non-resonant 2+ ions prevented a first resonant 2+ signal to

be identified. The first signals observed in experiments are typically small. Once

a signal has been identified, laser/atom overlap optimization on resonance can

be performed to improve the experimental efficiency. To first observe a signal

on top of the non-resonant 2+ background would require an exceptional initial

experimental efficiency. Even if a 1% efficiency was achieved, a 0.5% background

rate would obscure all signals.

6.2.1.3 Atomic-data deficiencies

Despite the increased experimental effort to study the atomic structure of radium

in recent years, a lot remains unknown. A compilation of all existing data on

transitions in atomic and singly-ionized radium is presented in Ref. [119]. Whilst

the first step in the ionic-radium ionization scheme is known to a sufficient pre-

cision, the second steps used in the scheme are not. As both steps must be on

resonance for resonance ionization to occur, both tunable lasers needed to be

scanned to establish a first resonance. A low-resolution first step laser would

have aided this process, as it would have negated the need to scan the first laser.

However, only 1 Z-cavity Ti:Sa laser was available and that was used to produce

light for the 246-nm transition.

6.2.1.4 Atomic-radium ionization scheme

Due to the large unanticipated background, a switch to performing spectroscopy

on atomic radium was carried out towards the end of the experiment. The choice
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Figure 6.8: Atomic-radium ionization scheme used in the first radium exper-
iment.

Table 6.3: Laser setup for the atomic-radium experiment.

Wavelength
(nm)

Laser Wavemeter Harmonic
Power/

pulse energy
Coupling

714
Z-cavity

Ti:Sa
WSU2 1 200 µJ Mirror

783
Injection-seeded

Ti:Sa
WSU2 1 200 µJ Fibre

615
Spectron

Spectrolase 4000
WS6 1 1.3 mJ Mirror

of scheme was greatly aided by the scheme development carried out by RILIS

prior to the run [120].

The left-hand side of Figure 6.8 shows the atomic-radium ionization scheme used

in the first experiment. Atoms in the 7s2 1S0 ground-state were excited to the

7p 3P1 state using 714-nm light. The second transition involved further excitation

to the 8s 3S1 state using 783-nm light. The hyperfine structure of this (second)

transition was measured during the experiment. The ionization process was com-

pleted by excited atoms in the 8s 3S1 state to an auto-ionizing state using 615-nm

light.

Table 6.3 shows the laser setup used for the atomic-radium ionization scheme

used in the first experiment.
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Figure 6.9: Scan of the 615-nm transition in 226Ra. The wavenumber is given
relative to the offset value of 16252.51 cm−1. The error bars are smaller than

the data points.

Laser
blocked

Count rate (s−1)

615-nm step on resonance 615-nm step off resonance

None 170 30
714 140 30
783 140 30
615 30 30

Table 6.4: Observed count rates with different lasers blocked when the 615-
nm laser was on and off resonance.

6.2.1.5 Realization of the scheme at CRIS

Figure 6.9 shows a scan of the 615-nm transition. A fit of this data gives the

centroid frequency as 16252.51(4) cm−1 with a width of 1.4 cm−1. Table 6.4

shows the observed count rates with different lasers blocked.

When the 615-nm laser was off resonance, a 30 s−1 rate was observed for when any

laser was blocked. This is the non-resonant collisional background rate. When
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Figure 6.10: Scan of the 783-nm transition in 226Ra plotted relative to the
previously observed value. The blue-shaded area represents the 1σ boundary

around the previously observed centroid.

the 615-nm laser was on resonance, a large 140 s−1 rate was observed when the

either 714-nm and 783-nm lasers were blocked. This shows that the 615-nm laser

was producing a large background from ionizing atoms which did not originate

from the ground state.

Figure 6.10 shows an example scan of the 783-nm transition in 226Ra. The fre-

quency is given relative to the previously observed value of 12754.65(3) cm−1.

The blue-shaded area represents the 1 σ boundary around the previously ob-

served centroid.

Due to its 0+ spin, the hyperfine structure of 226Ra should possess only 1 peak.

Multiple structures can be seen in Figure 6.10. A possible explanation relates

to the mode structure of light produced by the Z-cavity Ti:Sa lasers. In these

cavities, resonator modes are created that are equally spaced in frequency. The

frequency spacing is the free spectral range and is equal to 300 MHz for resonators

of a length of 0.5 m length (a similar length to the Z-cavity Ti:Sa lasers used)

[101]. Frequency-selective elements within the cavities then reduce the number
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Figure 6.11: Atomic-radium ionization schemes used in the second radium
experiment. The scheme on the left is the initial scheme and the scheme on

the right is the scheme used for the experiment after scheme development.

of modes propagating within the cavity, decreasing the linewidth of the light

produced. The structures observed in Figure 6.10 are separated by approximately

300 MHz, consistent with a multimode structure of the Z-cavity Ti:Sa lasers.

6.2.2 Second experiment - August 2016

6.2.2.1 Initial atomic-radium ionization scheme

A number of factors influenced the initial scheme chosen for performing CRIS

on the radium atom for the second experiment. The initial scheme is shown

on the left-hand side of Figure 6.11. Atoms in the 7s2 1S0 ground state were

excited to the 7p 3P1 state using 714-nm light. The second transition further

excited atoms from the 7p 3P1 state to the 8s 3S1 state using 783-nm light. The

ionization process was completed by exciting atoms from the 8s 3S1 state to an

auto-ionizing state using 558-nm light [38].

Performing spectroscopy on the 783-nm transition between the 7p 3P1 and 8s 3S1

states was preferred as it provides sensitivity to spins greater than 1/2. However,
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Table 6.5: Laser setup for the second radium experiment.

Wavelength
(nm)

Laser Wavemeter Harmonic
Power/

pulse energy
Coupling

714 Matisse 2 TS WSU2 1 1 W Mirror
714 Z-cavity Ti:Sa WSU2 1 200 µJ Mirror
783 Z-cavity Ti:Sa WSU2 1 200 µJ Mirror

555-558
Spectron

Spectrolase 4000
WS6 1 3.5 mJ Mirror

a suitable setup could not be achieved. The limited time between the two ex-

periments meant that there was no opportunity to further understand the cause

of the additional peaks observed in the 226Ra spectra recorded during the pre-

vious experiment. As a result, this meant that the Z-cavity Ti:Sa lasers could

not be used to provide broadband light for the first 714-nm step. It is possible

to produce 714-nm light using the Pyradine 2 dye in the Spectron pulsed-dye

laser but this laser was needed to produce light for the 555-nm transition to an

auto-ionizing state. Ionization from the 8s 3S1 state could be driven using a non-

resonant 532-nm step. For this to be efficient, the required high-photon density

would two-photon ionize a significant portion of the expected large amounts of

francium contamination (all wavelengths below 610-nm can two-photon ionize

francium). It was decided that spectroscopy would be performed using the 714-

nm transition knowing that it would offer no spin sensitivity for spins greater

than 1/2.

Table 6.5 summarises the laser setup used for the second radium experiment.

6.2.2.2 Online scheme development

During the initial setup period of the experiment, online scheme development was

performed. Figure 6.12 (a) shows a scan of the pulsed-dye laser (PDL) for 226Ra

with all 3 lasers entering the beamline (shown by blue circles). Figure 6.12 (b)

shows a scan of the PDL for 226Ra with just the PDL light entering the beamline

(shown by red circles). The wavenumber is given relative to the offset value of

17971 cm−1.
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Figure 6.12: Scan of the PDL for 226Ra with (a) 714-, 783- and PDL light
(blue circles) entering the beamline and (b) only the PDL light (red circles)
entering the beamline. The wavenumber is given relative to the offset value of

17971 cm−1.

The highest observed count rate (800 s−1) in Figure 6.12 (a) is seen at around

17971 cm−1. Similarly, the highest observed count rate (400 s−1) in Figure 6.12

(b) is seen at around 17971 cm−1. This means that half of the observed peak

count rate in Figure 6.12 (a) is due to resonant, non-selective background result-

ing from the PDL light ionizing atoms from higher-lying states. The linewidth of

the peak seen in Figure 6.12 (b) is much greater than the linewidth of the pulsed-

dye laser (0.3 cm−1). This suggests that the resonance observed at 17971 cm−1

is an excitation to an auto-ionizing state. However, this does not correspond to

the much wider 558-nm auto-ionizing state previously observed by RILIS with

a centroid of 17932 cm−1 [38]. This auto-ionizing state can be seen as the wide



Chapter 6 97

0

200

400

600

800

Scheme 2

Scheme 4

(a) 714 nm + 783 nm + PDL

5 10 15 20 25 30 35 40

Relative PDL wavenumber (cm−1 )

0

100

200

300

400 (b) 714 nm + PDL

Scheme 3

Scheme 5

C
o
u
n
t 

ra
te

 (
s−

1
)

Figure 6.13: (a) Scan of the PDL transition in 226Ra with 714-, 783- and PDL
light entering the beamline (blue circles) and just the PDL light entering the
beamline (red circles). (b) Scan of the PDL transition with the 714- and PDL
light entering the beamline (blue circles) and just the PDL light entering the
beamline (red circles). The different schemes listed in Table 6.7 are annotated.

The wavenumber is given relative to the offset value of 17971 cm−1.

structure to the left of the 17971-cm−1 resonance in Figure 6.12 (a)). This means

that a high-lying long-lived state is strongly populated through charge-exchange

with potassium at a beam energy of 30 keV. By considering the ionization poten-

tial of radium, this state must lie above 24601.36 cm−1. However, it cannot be

the 7s8s 3S1 state lying at an energy of 26754.02 cm−1. This is because it is short-

lived (an upper limit on its lifetime of 19 ns can be calculated from the Einstein A

coefficients of transitions to this state [118]). Furthermore, the RILIS ionization

scheme populated this state and did not observe the 17971 cm−1 transition so it

cannot be from this state.



Chapter 6 98

Transition Wavenumber
(cm−1)

Literature
(cm−1)Initial state Final state

7p 3P 0
1 7d 3D1 18001.57(6) 18001.44(7)

7p 3P 0
1 7d 3D2 17994.29(4) 17994.05(7)

Unknown Auto-ionizing state 17970.7(3) -

Table 6.6: Fitted centroid frequencies of observed transitions in 226Ra. Lit-
erature values are from Ref. [119].

Two additional smaller peaks were observed to the right of the largest one. Figure

6.13 (a) shows a scan of the PDL for 226Ra with all 3 laser beams entering the

beamline (blue circles) but cropped to only show the region to the right-hand side

of the largest resonance. The red circles correspond to when just the PDL light

was entering the beamline. Figure 6.13 (b) shows a scan of the PDL for 226Ra

with just the 714- and PDL light entering the beamline (blue circles) and with

the PDL light only (red circles). The wavenumber is given relative to the offset

value of 17971 cm−1. The linewidth of these peaks is much narrower than the

auto-ionizing states. They are also only observed when both 714- and PDL light

is entering the beamline. This can be understood in terms of resonant transitions

from the first excited 7p 3P1 state to higher-lying excited states. Indeed, they

correspond to the previously observed transitions from the 7p 3P1 state to the

7d 3D1 and 7d 3D2 states. Excited radium atoms in the 7d 3D1 and 7d 3D2 states

require a photon with a wavelength of 945 nm or less to be non-resonantly ionized.

In this case, it is most likely that a photon produced by the PDL completes the

ionization process as the photon density for this step in the interaction region is

much higher than the other laser beams.

The signal-to-background ratio of the transitions to the 7d 3D1 and 7d 3D2 states

is lower in Figure 6.13 (a) when compared to Figure 6.13 (b). The observed

difference between the two must be a result to the 783-nm light. Resonantly

ionized counts that do not originate from the ground state are considered as

background.

Table 6.7 shows the signal, background and signal-to-background ratio for the
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Table 6.7: Signal, background and signal-to-background ratios for the differ-
ent schemes tested during the development period.

Scheme
number

Scheme
PDL step

wavenumber (cm−1)
Signal

rate (s−1)
Background
Rate (s−1)

Signal-to-
background

1
714+783

+556
17971 780 380 2.1

2
714+783

+555non−res
17994 460 220 2.1

3
714+555

+555non−res
17994 290 20 15

4
714+783

+555non−res
18001 200 20 10

5
714+555

+555non−res
18001 90 10 9

different resonance ionization schemes discussed previously. Schemes 2, 3, 4 and

5 are annotated on Figure 6.13. Schemes 3,4 and 5 offer the best signal-to-

background ratios. Schemes 3 (714+555+555non−res, PDL wavenumber: 17994 cm−1)

and 5 (714+555+555non−res, PDL wavenumber: 18001 cm−1) have the advantage

that they only require two lasers, making optimising the laser-atom overlap eas-

ier. Scheme 3 was chosen as it offered best signal rate and signal-to-background

ratio of the two-laser schemes.

6.2.2.3 Ionization scheme used in the experiment

The ionization scheme used in the experiment is shown on the right-hand side

of Figure 6.11. Atoms in the 7s2 1S0 ground state were excited to the 7p 3P1

state using 714-nm light. The second transition further excited atoms from the

7p 3P1 state to the 7s7d 3D2 state using 555-nm light. The ionization process

was completed by non-resonantly ionizing atoms from the 7s7d 3D2 state using

555-nm light. The lasers used for each step are shown in Table 6.5.

The continuous-wave 714-nm light was ‘chopped’ into 200-ns pulses using a fast-

switching setup, described earlier. This was done, despite the long lifetime (422±

20 ns [121]) of the 7s7p 3P1 state and the spin of the 7s2 1S0 ground state, to

prevent pumping to magnetic sub-states. Only one fast-switching setup was used
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due to the longer lifetime of the upper state. The 555-nm pulse followed after

the 200-ns 714-nm pulse so that they did not overlap in time.
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Neutron-deficient francium

7.1 Motivation

7.1.1 Shape coexistence around N = 104 and Z = 82

Isotopes below N = 126 around the Z = 82 shell closure have been the subject of

continued experimental and theoretical interest. In this region, low-lying excited

states often possess different shape configurations to the ground state. This

phenomenon is called shape coexistence [122–124].

The excitation of protons across the Z = 82 shell gap can lead to deformed

nuclear states. Particle-hole (p − h) interactions between neutron holes below

N = 126 and the excited proton(s) cause the deformed nuclear states to lower in

energy. As the number of neutron holes increases and the associated proton to

neutron-hole interactions increase, the excitation energy of these deformed states

is lowered. This is exhibited in the excited 0+ states of 196,198,200,202Po whose

excitation energy decreases with neutron number [125].

Towards the mid-shell region (N = 104), these states lower in energy and in some

cases they become the ground state. The extremely large inverted odd-even

staggering observed in the charge radii of neutron-deficient mercury (Z = 80)

101
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isotopes is a famous example of this [126]. This results from a highly-deformed

intruder configuration that becomes the ground state in 181,183,185Hg. Another

striking example involves the nucleus 186Pb, lying exactly at the N = 104 mid-

shell. Configurations involving no, 2p−2h and 4p−4h excitations across Z = 82

lead to a spherical ground state and two low-lying 0+ states, one of which is

oblate deformed and the other is prolate deformed [127]. These 3 states lie within

650 keV of each other and provide a textbook example of shape coexistence.

7.1.2 Intruder states in odd-Z trans-lead elements

Above Z = 82, less data in the vicinity of the N = 104 mid-shell is available. The

addition of protons quickly shifts the proton dripline to higher neutron numbers

resulting in rapidly decreasing yields as the mid-shell is approached. In odd-Z,

even-N nuclei above Z = 82, a competition between the spherical π1h9/2 state

and oblate-deformed π3s1/2 state occurs.

The π3s1/2 state is an intruder configuration where 1 proton from the π3s1/2

orbital beneath Z = 82 is excited across the shell gap to pair with the odd

proton in the π1h9/2 orbital. This is shown for different odd-Z elements around

Z = 82 in Figure 7.1. Below Z = 82, the spin-parities of the ground state and

isomeric state are inverted compared to nuclei above Z = 82. The ground state

configuration has a single proton in the π3s1/2 orbital which is excited across the

Z = 82 shell gap to give a 9/2− isomeric intruder state.

The excitation energy of the π3s1/2 intruder state decreases as the neutron orbitals

beneath N = 126 are depleted. This intruder state becomes the ground state in

185Bi (N = 102) [128–132] which is the heaviest known proton emitter [133]. In

astatine (Z = 85), the intruder state [130, 134–139] becomes the ground state

in 195At (N = 110). In francium, the intruder state has been the subject of

many studies and is thought to become the ground state in 199Fr (N = 112)

[140–145]. Two scenarios were suggested to explain the observed decay data

in 199Fr (N = 112) with the ground-state spin-parity suggested to be either
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1/2+ 9/2-­ 9/2-­ 9/2-­

Figure 7.1: Schematic illustrating the occupation of the π3s1/2 and π1h9/2

orbitals for the ground (bottom) and isomeric intruder (top) states in odd-Z
nuclei around Z = 82.

the 1/2+ intruder state or 7/2− [144]. The near-degeneracy of the 1/2+ and

7/2− states (47(7) keV) and limited statistics prevent the authors of Ref. [144]

making firm conclusions about the ground-state spin-parity of 199Fr. In another

study, an onset of deformation was inferred from analysis of the decay properties

of 199Fr suggesting a ground-state spin-parity of 1/2+ from the intruder state

configuration [143].

7.1.3 Laser-spectroscopy studies of the intruder state

In the bismuth isotope chain, the intruder state was studied with in-source laser

spectroscopy [146]. The π1h9/2 ground states and π3s1/2 isomeric intruder states

were measured in 193,195,197Bi. The changes in mean-square charge radii of the

ground states agreed with that of their isotones in the neighbouring proton-magic

lead chain, which are spherical in shape. A large isomer shift is observed which

is constant in magnitude for each of the 3 isotopes studied. This points to a

significant degree of deformation in these isomeric states [146]. The isomeric

states lie within 0.5 MeV of the ground state [147] which would support previous

suggestions of shape coexistence in these isotopes.
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Figure 7.2: Energies, half-lives, spin-parities of selected low-lying levels in
neutron-deficient even-N francium isotopes. Data is taken from Refs. [140–

143].

The π1h9/2 intruder state was also studied with in-source laser spectroscopy in

the thallium isotopes [148, 149]. Large isomer shifts were observed which were

found to increase in magnitude as N decreases. In astatine, the isomer shifts in

197,199At were measured with a smaller isomer shift observed in 197At [150]. The

isomer shift data for thallium, bismuth and astatine isotopes are shown in Figure

7.12 and will be discussed in detail later.

Laser spectroscopy has not yet been performed on the π3s1/2 intruder state in

francium. The ground and low-lying excited states of the neutron-deficient even-

N francium isotopes are shown in Figure 7.2 [140, 141]. The π3s1/2 intruder

state is thought to become the ground state in 199Fr [143] (a 7/2− state is also

suggested [144]). The short half-life of 1.15(4) ms in 205Fr means that it would

decay before reaching an experimental setup. In 203Fr, the intruder state lies at

excitation energy of 360 keV and has a half-life of 43(4) ms [140]. This makes

203Fr an ideal nucleus to study potential shape coexistence in francium (if the

yields of the ground and isomeric states are sufficient).
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Figure 7.3: Example spectrum of the 7s 2S1/2 → 8p 2P3/2 transition in 219Fr.
The FWHM is 25 MHz.

7.2 Results

7.2.1 Hyperfine A and B factors and isotope shifts

The isotope 219Fr was used as the reference isotope throughout the experiment.

However, all spectra and isotope shifts are given relative to 221Fr to be consistent

with earlier work [86–88, 151]. 219Fr was chosen as the reference isotope due to

its shorter half-life (20(2) ms) and shorter-lived progeny when compared to 221Fr

(286.1(10) s). The isotopes 213Bi and 209Pb lie in the decay chain of 221Fr. Their

half-lives of 45.6 m and 3.25 h, respectively, would implant long-lived activity

onto the MCP for the duration of the experiment. The additional background

would hinder searches for the isomer in 203Fr. For 219Fr, the longest half-life in its

decay chain is 4.77 m for the isotope 207Tl, making 219Fr a better-suited reference

isotope.

An example spectrum of 219Fr is shown in Figure 7.3. The change in the centroid

frequencies of the 219Fr reference scans is shown in Figure 7.4. The uncorrected
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centroid-frequency data are shown as blue circles. To account for the drift in

centroid frequencies over the course of the experiment, a function was fitted to

them. This was a sinusoidal function and is displayed by the red line in Figure 7.4.

Each frequency data point was then corrected by an amount equal to the fitted

function evaluated at the time of the frequency data point. This point-by-point

correction was applied to the data and the analysis was performed again. The

resulting centroid frequencies are plotted as white markers in Figure 7.4. The

black dashed line shows the weighted average of the point-by-point corrected

centroid frequencies.

The point-by-point correction was used in the initial processing of the data for the

other isotopes measured during the experiment. This approach was preferred over

simply correcting by using the centroid frequency of the closest-in-time reference

scan. This is due to the long duration of some of the scans taken during the

experiment. There were therefore periods of up to 6 hours in which a reference

scan was not taken. An additional 5 MHz error was included to the weighted-

average isotope shifts to account for this. This value was chosen as it is half of

the total drift in the uncorrected 219Fr centroid frequencies which was around

10 MHz.

The measured hyperfine A factors for the 7s 2S1/2 and 8p 2P3/2 states and hy-

perfine B factor for the 8p 2P3/2 state in 219Fr are shown in Figures A.1, A.2,

A.3 respectively. Table 7.1 shows the measured hyperfine A and B factors and

isotope shifts of 203,207,219,221Fr.

Example spectra of 207Fr and 221Fr are shown in Figures A.4 and A.5. An example

spectrum of 203Fr is shown in Figure 7.5. The FWHM of the the data is 25 MHz.



Chapter 7 107

18:19-14-Nov

02:19-15-Nov

10:19-15-Nov

18:19-15-Nov

02:19-16-Nov

10:19-16-Nov

Scan time

2

0

2

4

6

8

10

12
C

h
a
n
g
e
 i
n
 2

1
9
Fr

 
 c

e
n
tr

o
id

 f
re

q
u
e
n
cy

 (
M

H
z)

Figure 7.4: Centroid frequencies of 219Fr reference scans during the experi-
ment. The uncorrected centroids are shown as blue circles. The point-by-point
corrected centroids are shown as white circles. The red line is the centroid-
frequency correction function. The blacked dashed line is the weighted average

of the point-by-point corrected centroids.

Table 7.1: Hyperfine A and B factors and isotope shifts measured during the
experiment. All values are given in MHz. Literature values are also presented

where they exist.

A Iπ A(7s 2S1/2) A(8p 2P3/2) B(8p 2P3/2) δν221,A Ref.

203 9/2−
This work +8187(2) +29.5(2) -39.1(20) +31327(7) -
Literature +8180(30) - - +31320(100) [86]

207 9/2−
This work +8482(2) +30.4(2) -20.0(16) +28495(7) -
Literature +8484(1) - - +28420(100) [152]

219 9/2−
This work +6850(2) +24.7(2) -105(2) +5475(5) -
Literature +6851(1) +24.7(5) -104(1) +5590(100) [88, 89]

221 5/2−
This work +6211(2) +22.6(2) -84(2) 0 -
Literature +6210(1) +22.4(1) -85.7(8) 0 [153]
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Figure 7.5: Example spectrum of the 7s 2S1/2 → 8p 2P3/2 transition in 203Fr.
The FWHM of the data is 25 MHz.

7.2.2 Extraction of nuclear observables

7.2.2.1 Magnetic dipole moments

The magnetic dipole moments were calculated using Equation 2.9. The iso-

tope 210Fr was used as a reference [152, 154]: Iref = 6+, µref = +4.38(5) µN ,

A(7s 2S1/2)ref = +7195.9(9) MHz.

In Ref. [154], the hyperfine splitting of the 9s 2S1/2 level in 210Fr was precisely

measured. This was combined with accurate ab initio calculations of the elec-

tronic wavefunctions in francium to extract the magnetic moment of 210Fr. Only

the A factor for the lower-state (7s 2S1/2) splitting was used to calculate the

magnetic moment, due to its smaller relative uncertainty.
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7.2.2.2 Spectroscopic electric quadrupole moments

No absolute spectroscopic quadrupole moment measurements have been made in

the francium isotope chain. Consequently, theoretical calculations of the electric

field gradient is required to relate B(8p 2P3/2) and Qs.

In Ref. [155], Sahoo et al. calculated magnetic dipole and electric quadrupole

hyperfine-structure constants for 210,212Fr using the Dirac-Fock approximation,

second-order many-body perturbation theory and the coupled-cluster method

(CC). They calculate singles and doubles excitations for the CC approach. They

extend this by also considering important triple excitations (CCSDt3) to improve

the accuracy of the calculations. This results in the electric quadrupole hyperfine-

structure constant for the 8p 2P3/2 state as

B(8p 2P3/2)

Qs

= +84.01 MHz/b. (7.1)

No error is given for this quantity.

7.2.2.3 Change in mean-square charge radii

The changes in mean-square charge radii were calculated using Equation 2.21.

The mass- and field-shift constants were taken as:

M422 = +750(330) GHz amu (7.2)

and

F422 = −20.67(21) GHz fm−2, (7.3)

from previous work [87] where a King-plot analysis was performed to extract

atomic F and M factors from the calculated atomic factors for the 718-nm tran-

sition [156].
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Table 7.2: Spins, magnetic dipole moments, spectroscopic electric quadrupole
moments and changes in the mean-square charge radii measured in the exper-

iment. Literature values are also presented where they exist.

A Iπ µ (µN) Qs (b) δ〈r2〉221,A Ref.

203 9/2−
This work +3.74(4) -0.47(2) -1.5302(2)(168) -
Literature +3.73(4) - -1.530(18) [86]

207 9/2−
This work +3.87(4) -0.24(2) -1.3897(2)(149) -
Literature +3.87(4) -0.16(5) -1.386(16) [152]

219 9/2−
This work +3.13(4) -1.25(2) -0.2664(2)(28) -
Literature +3.13(4) -1.24(1) -0.272(5)(6) [88, 89]

221 5/2−
This work +1.58(2) -1.00(2) 0 -
Literature +1.57(2) -1.00(1) 0 [89, 152]

7.3 Discussion

The spins, magnetic moments, spectroscopic quadrupole moments and changes

in the mean-square charge radii are shown in Table 7.2.

The measured hyperfine A and B factors and isotope shifts in Table 7.1 show

good agreement with literature. The errors on A(7s 2S1/2) and the isotope shift

of 203Fr have been reduced by more than an order of magnitude. Despite this

reduction, the precision of the magnetic moment of 203Fr has not improved as

the uncertainty is dominated by the reference value. As expected, the statistical

uncertainty on the relative charge radii of 203Fr has reduced, with the systematic

error from the atomic F and M factors still dominating the overall uncertainty.

7.3.1 Spin of 203Fr

Due to the linewidth (1.5 GHz) of the laser used in the previous CRIS mea-

surements of 203Fr [86], no direct assignment of the spin could be made as the

upper-state (8p 2P3/2) splitting was not resolved. The reported magnetic mo-

ments and charge radii used spins assigned by recoil-decay tagging studies [140].

The new measurements have a FWHM of 25 MHz which allows an A-factor ratio

analysis to be performed.
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Figure 7.6: The ratio of hyperfine A factors of the 7s 2S1/2 and 8p 2P3/2

states in 203Fr for different spins.

In the absence of a hyperfine anomaly, the ratio of the A factors for any two

atomic states in an element is constant. To perform an A-factor ratio analysis,

an isotope of a given element is fitted assuming different spins. The A-factor ratio,

A(7s 2S1/2)/A(8p 2P3/2) in this case, is calculated for each spin and compared to

the isotope of the same element for which it is known to the highest precision.

In the case of francium, this is the isotope 221Fr however for reasons that will be

discussed later, the isotope 213Fr will be used despite a marginally worse precision.

By taking the ratio of the A factors of the 7s 2S1/2 and 8p 2P3/2 states in fran-

cium, the spin can be determined in a model-independent way, given a sufficient

experimental precision on the A factors. This method was used in combination

with a g-factor analysis to determine the spin of the 10− isomer in 206Fr [90, 157].

It was also used to unambiguously determine the spins of 76,77Cu [158]. The A-

factor ratio begins to converge at higher spins, making a firm assignment more

difficult.
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Figure 7.7: The percentage change in the ratio of hyperfine A factors of the
7s 2S1/2 and 7p 2P1/2 states for even-N francium isotopes. The data is taken

from Refs. [160, 161].

Figure 7.6 shows the ratio of the A factors of the 7s 2S1/2 and 8p 2P3/2 states. The

dark-blue shaded area is the A-factor ratio of 213Fr [153]. The light-blue shaded

area is a ±1 % limit arising from the hyperfine anomaly in francium isotopes

(including odd-odd isotopes 206,208,210Fr) [159, 160]. If the upto 1 % hyperfine

anomaly is taken into account, a firm spin assignment is not possible as the

A-factor ratio for spins 7/2, 9/2, 11/2 and 13/2 all overlap with the light-blue

shaded area.

The hyperfine anomaly has been studied in francium [160, 161]. In Ref. [160],

Zhang et al. performed high-precision measurements of the 7p 2P1/2 splitting

on ultra-cold francium atoms in a magneto-optical trap. They showed that the

hyperfine anomaly in the even-N 207,209,211,213Fr isotopes was near constant (com-

pared to the up to 1% anomaly observed in the odd-odd 206,208,210Fr isotopes),

suggesting these isotopes as being particularly suitable for atomic-parity violation
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measurements. Figure 7.7 shows the percentage change in the ratio of hyperfine A

factors for the 7s 2S1/2 and 7p 2P1/2 states compared to the ratio for 213Fr. From

this, the hyperfine anomaly can be concluded to be less than 0.1 % for even-N

isotopes below N = 126. This reduces the width of the lighter-shaded area by a

factor of at least 10. Even with this reduction, the A-factor ratio resulting from

spins 9/2, 11/2 and 13/2 all overlap with the dark-blue shaded area, making a

firm spin assignment impossible with the current data.

7.3.2 Spectroscopic quadrupole moments

The spectroscopic quadrupole moments of even-N francium isotopes below the

N = 126 shell closure are shown in Fig. 7.8. As the literature values of quadrupole

moments in Refs. [152, 157] were published before the publication of B/Qs values

in Ref. [13], they were re-evaluated using

B(7p 2P3/2)

Qs

= +259.73 MHz/b. (7.4)

This was done to ensure consistency when comparing the spectroscopic quadrupole

moments obtained from measurements on different atomic states. This increases

the Qs values of 205,207,209,211,213Fr measured through the 7p 2P3/2 state by ap-

proximately 1%. However, this is much smaller than the statistical uncertainty.

The data between N = 118 − 126 is fitted with a linear trend, shown by the

dashed line, to guide the eye. A departure from this trend is observed at 203Fr

(N = 116) suggesting an onset of static deformation. A small deviation from

the literature value of 207Fr (N = 120) can be seen in the new measurement.

The uncertainty of the new measurement is reduced and it agrees better with the

trend seen between 205−213Fr. The literature value for 207Fr comes from Ref. [152]

published in 1985. In that work, 207Fr was the most exotic isotope investigated.
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Figure 7.8: Spectroscopic quadrupole moments of even-N francium isotopes
below the N = 126 shell closure. This work is shown as blue squares, literature
values are shown as red circles [152, 157]. A linear fit of the data between

N = 118− 126 is shown as a dashed line, to guide the eye.

7.3.3 Evolution of quadrupole deformation in trans-lead

elements below N = 126

In Ref. [12], the quadrupole moments of different nuclear states involving π1h9/2

configurations below N = 126 in the trans-lead elements were compared. The

magnitude of the quadrupole moments of the trans-lead elements at a given

neutron number vary due to the differing amount of π1h9/2 protons (and holes).

To allow the evolution of quadrupole deformation of these different states to be

compared, the spectroscopic moments of a given state are divided by their value

at N = 126. These normalized quadrupole moments allow the relative evolution

of static deformation in different nuclear states to be directly compared.



Chapter 7 115

110 112 114 116 118 120 122 124 126
N

1

2

3

4

5
Q
s/
Q
N

=
12

6
s

83Bi 9/2−

84Po 8+

87Fr 9/2−

Figure 7.9: Ratio of quadrupole moments below N = 126 to the quadrupole
moment at N = 126 for the 9/2− ground states in bismuth (red circles) [162],
francium (blue squares) [152, 157] and 8+ states in polonium (green triangles)
[163]. The shaded area indicates the contribution of the uncertainty on Qs of
213
87 Fr126 on the normalized quadrupole moments of the francium isotopes. The
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An increase in the normalized quadrupole moments of πhn9/2 configurations be-

tween Z = 83 − 87 was observed as the number of neutron holes in the N=126

shell increases in the following states [12]:

• 9/2− states in bismuth from πh9/2

• 8+ states in polonium from πh2
9/2

• 21/2− states in astatine from πh3
9/2

• 29/2− states in astatine from πh2
9/2i13/2

• 8+ states in radon from πh4
9/2

• 29/2− states in francium from πh4
9/2i13/2.
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The normalized quadrupole moments were observed to saturate with decreasing

neutron number, reaching an apparent maximum at N = 114. In Ref. [12], a

parabolic trend was fitted to the normalized quadrupole moments of the above

states. This allowed the effective proton charge at N = 114 to be extracted as

eemp
π (N = 114)/eemp

π (N = 126) = 2.42. This value was used in calculations of the

neutron-dependent quadrupole core polarization. This is usually estimated from

experimental B(E2) transition probabilities however data only existed down to

N = 116 at the time [163].

The proposed behaviour of increasing quadrupole deformation which saturates

with decreasing neutron number can be tested further by including data for the

9/2− ground states in francium [152, 157] and the 8+ isomeric states in radium

[164]. Figure 7.9 shows the normalized quadrupole moments of the 8+ isomeric

states in polonium (green triangles), and the 9/2− ground states in bismuth (red

circles) and francium (blue squares). For clarity, these states are the only ones

displayed in Figure 7.9, as they have the largest datasets of measured quadrupole

moments. As the bismuth and francium quadrupole moment measurements were

obtained through laser spectroscopy, the ratio of spectroscopic quadrupole mo-

ments is equal to the ratio of hyperfine B factors,

QN
s

QN=126
s

=
BN

Bref

Qs,ref

BN=126
Bref

Qs,ref

=
BN

BN=126

, (7.5)

and thus independent of any electric-field gradient calibration. For the fran-

cium data, the quadrupole moments measurements were obtained from different

atomic states. To relate the hyperfine B factors from different atomic states,

the theoretical B(7p 2P3/2)/B(8p 2P3/2) = 3.09 scaling factor was used to deter-

mine the normalized quadrupole moments [155]. This theoretical scaling factor

agrees perfectly with the scaling factor B(7p 2P3/2)/B(8p 2P3/2) = 3.08(6) deter-

mined through experimental measurements [90, 152, 153, 157]. The shaded-blue

area on the francium data in Figure 7.9 is the contribution of the QN=126
s (213Fr)

uncertainty to the overall uncertainty on the normalized quadrupole moments.

The contribution of the QN=126
s uncertainty is not shown for the bismuth and
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polonium data as it is negligible compared to the overall uncertainty on the nor-

malized quadrupole moments. The dashed line in Figure 7.9 is a quadratic fit of

the states originally fitted in Ref. [12] in addition to the 9/2− states in francium

(down to 205Fr at N = 118 [152, 157]) and the 8+ states in radium [164]. The

203Fr moment is not included in the fit due to its deviation. The bismuth data

for N = 110− 114 is not included due to its low precision. The effective proton

charge at N = 114 is derived here using the fit displayed in Figure 7.9. The value

of eemp
π (N = 114)/eemp

π (N = 126) = 2.46(14) is in good agreement with the value

of 2.42 derived in Ref. [12].

The normalized quadrupole moments of π1hn9/2 states in bismuth, francium and

polonium follow a very similar trend in Figure 7.9. The increase in quadrupole

deformation of these states follow this trend as the number of neutron holes below

N = 126 increases. This agreement continues down to N = 118. This increase

is due to the enhancement of quadrupole collectivity resulting from increased

proton-neutron correlations as more neutron holes appear [12]. This behaviour

appears to be independent of the proton configuration for a given state. This

steady increase of core polarization begins to saturate as the number of neutron

holes increases, reaching an apparent maximum at N = 112, as seen in Figure

7.9.

The francium chain shows the earliest deviation from this trend at N = 116

(203Fr), suggesting a sudden onset of static deformation. This contrasts the con-

tinued steady increase observed in the polonium data due to the gradual onset of

core polarization. Another possible deviation may occur in the bismuth chain at

N = 110, requiring 6 additional neutrons to be removed compared to francium.

High-resolution measurements of bismuth isotopes are required below N = 120

to confirm where a deviation from the trend occurs. The in-source measurements

suggest it occurs at N = 110. However, this is currently a 2σ effect, preventing

firm conclusions.
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Table 7.3: Intrinsic quadrupole moments, calculated static and total de-
formation parameters and the static deformation ratios of even-N francium

isotopes below N = 126.

A N Q0 (b) 〈β2〉 βrms2 Static ratio (%)

203 116 -0.85(4) -0.026(1) 0.111(2) 24(1)
205 118 -0.57(3) -0.017(1) 0.085(2) 20(1)
207 120 -0.44(3) -0.013(1) 0.066(3) 20(2)
209 122 -0.44(4) -0.013(1) 0.059(2) 22(2)
211 124 -0.36(5) -0.11(1) 0.060(4) 19(3)
213 126 -0.25(4) -0.008(1) 0.062(3) 12(2)

7.3.4 Estimating the static component of the nuclear de-

formation

Table 7.3 shows the calculated intrinsic quadrupole moments, static and total de-

formation parameters and static deformation ratios for even-N francium isotopes

below N = 126.

The intrinsic quadrupole moments, Q0, were calculated in the strong-coupling

limit in Equation 2.30. The static deformation parameters, 〈β2〉, were calculated

from the intrinsic quadrupole moments using Equation 2.31 using the second

parametrization of the liquid-droplet model presented in Ref. [20] to calculate

〈r2〉sph. The total deformation parameters, βrms2 , were determined by comparing

changes in the mean-square charge radius with droplet-model calculations. Figure

7.10 (top) shows changes in the mean-square charge radii of neutron-deficient

francium and lead isotopes below the N = 126 shell closure. Iso-deformation

lines corresponding to βrms2 = 0, 0.1, 0.15, 0.2 are plotted as dashed-dotted lines.

The second parametrization of the liquid-droplet model in Ref. [20] is used. As

francium is an odd-Z isotope chain, no estimation of βrms2 through experimental

B(E2) or E(2+) values is possible. Therefore βrms2 (213Fr) is assumed to be equal

to βrms2 (212Rn) = 0.062. This was estimated through the energy of the first 2+

state in 212Rn using [22, 165]:

βrms2 =
466(41)

A
√
E(2+)

, (7.6)
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Figure 7.10: Changes in mean-square charge radii of neutron-deficient fran-
cium (blue circles) and lead (red circles) isotopes below the N = 126 shell
closure (top). Iso-deformation lines corresponding to βrms2 = 0, 0.1, 0.15, 0.2
are plotted as dashed-dotted lines. The difference in the changes in mean-
square charge radii of neutron-deficient francium and lead isotopes (bottom).

where E(2+)(212Rn) = 1273.8 keV. Figure 7.10 (bottom) shows the difference

in behaviour of changes in the mean-square charge radii of francium and lead

isotopes [166–169]. The sudden increase observed in 203Fr at N = 116 suggests

an onset of deformation [86].

The evolution of the static and total deformation parameters for even-N fran-

cium isotopes is shown in Figure 7.11. The magnitude of the static deformation

parameters, |〈β2〉|, increases as N decreases as is expected from the behaviour of
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Figure 7.11: Calculated static and total deformation parameters for even-N
francium isotopes below N = 126. The magnitude of the static deformation
parameters 〈β2〉 are shown as red bars. The total deformation parameters βrms2

are shown as blue bars. The lighter-shaded areas at the top of the bars are the
±1σ boundary around the calculated value.

the spectroscopic quadrupole moments seen in Figure 7.8. Despite the significant

increase in static deformation observed in 203Fr, the static deformation param-

eter comprises only 24(1)% of the total deformation. Therefore, 203Fr cannot

be be considered as purely statically deformed. The increase in static defor-

mation cannot fully account for the departure of its relative charge radius from

the proton-magic lead chain seen in Figure 7.10 [86], indicating the presence of

other effects. In the polonium isotope chain, the observed onset of ground-state

deformation, occurring at N = 114, was interpreted to be due to an increased

admixture of deformed configurations [170], in the beyond mean-field picture.

Theoretical input is needed to investigate the causes of the onset of deformation

in neutron-deficient francium isotopes.
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7.4 Outlook

The remaining cases that can be measured in neutron-deficient francium are

challenging. The next experiment could either focus on measuring the intruder

state in 203mFr or the ground state of 201Fr. This section will discuss the feasibility

of performing measurements on 203mFr.

7.4.1 Feasibility of measuring 203mFr

The isomer in 203Fr presents a challenging case for laser spectroscopy. Production

yields of 500 s−1 (ground state) and 1 s−1 (isomer) were extrapolated from α-

particle decay rates at the WINDMILL experiment at ISOLDE [171]. When

the alpha-decay branching ratio of 20(4)% [140] is accounted for, the total yield

of 203Fr is estimated as 5 s−1. This low production rate is compounded by the

large (10-100 GHz) hyperfine structures present in heavy elements which require

a large frequency space to be scanned in order to first identify each multiplet of

the isomer.

7.4.1.1 Choice of laser system

Due to the 1/2+ spin of the isomer, no quadrupole splitting will be present in its

hyperfine structure. As francium isotopes possess large ground-state splittings

(30-50 GHz) and field shifts, measurements of the magnetic dipole moments

and change in mean-square charge radii using a lower-resolution laser (1-GHz

linewidth) can achieve a similar precision to measurements using a high-resolution

laser. This could be produced by a Z-cavity Ti:Sa laser using both a thin and thick

etalon in the cavity [101]. The lack of a stable or long-lived isotope in francium

means that the precision on the magnetic moment measurements is limited by

the uncertainty on the reference value used to calculate them. The uncertainty

on changes in the mean-square charge radii in francium is dominated by the

systematic uncertainty from the atomic factors. Using a lower-resolution laser,
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such as a Z-cavity Ti:Sa, will reduce the number of steps needed to scan a given

frequency range, without significantly sacrificing precision on the measured ob-

servables. However, this is only possible if the hyperfine structures of the ground

and isomeric state are well separated. A measurement using a high-resolution

laser is required to confirm the spin of any observed isomeric state.

7.4.1.2 Contamination and background

The main contaminant in the beam will be the 203Fr ground state which is pro-

duced with a yield of approximately 500 s−1. Assuming a total experimental

efficiency of 1%, as achieved in previous CRIS experiments [86, 89], the detected

resonantly-ionized 203mFr rates for each of the 3 peaks would be approximately

0.006s−1, 0.03s−1 and 0.01s−1. A non-resonant collisional ionization rate of 1 : 105,

as seen in previous experiments on francium [86], would result in a background

rate of 0.01s−1. However, the fitted background rate from the 203Fr data pre-

sented earlier is 0.004(1) s−1, a factor of 2.5 smaller than the initial experiments.

Since this francium experiment, a new charge-exchange cell chamber and vacuum

pumps were installed, improving the interaction-region pressure by over an order

of magnitude.

7.4.1.3 Estimation of hyperfine structure

Figure 7.12 shows the isomer shifts for neutron-deficient thallium (blue squares)

and bismuth (red circles) isotopes. Barzakh et al. showed that the large isomer

shift, δ〈r2〉g,m, was constant for 193,195,197Bi [146]. They also noted that this was

similar to the isomer shifts observed in thallium [148, 172]. In a later publication,

the isomer shifts for the more neutron-deficient thallium isotopes were measured

[149] with larger shifts observed for the very neutron-deficient thallium isotopes.

The isomer shifts were also measured in 197,199At [150] with a smaller isomer shift

observed in 197At, compared to 199At.
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Figure 7.12: Isomer shifts in neutron-deficient thallium (blue squares), bis-
muth (red circles) and astatine (green triangles) isotopes. The dashed and
dashed-dotted lines represent the two ranges used to estimate the isomer shift

in 203Fr. The data is taken from Refs. [146, 148–150, 172]

If one assumes the isomer shift in francium is similar to thallium and bismuth,

this can be used to estimate the centroid of the isomer relative to the ground state

in 203Fr. Two ranges for the isomer shift in 203Fr are displayed by the dashed

and dashed-dotted lines. Range 1 (indicated by dashed lines in Figure 7.12) uses

only the isomer shifts close to the same neutron number as 203Fr (N = 116) in

its estimation. Range 2 (indicated by dashed-dotted lines in Figure 7.12) is a

more conservative range using all available isomer shift data. The ranges are

presented in Table 7.4. Range 1 and Range 2 are +0.11 to +0.21 fm2 and +0.11

to +0.28 fm2, respectively.

The A factors can be assumed to be similar to other states of the same spin-

parity in francium: 229,231Fr [88]. Estimates can also be made using the magnetic

moments of the 1/2+ states in thallium, bismuth, francium. Table 7.5 shows the

magnetic moment range for the 1/2+ states in thallium, bismuth and francium

isotopes and the corresponding range in MHz for A(7s2S1/2).



Chapter 7 124

Table 7.4: Two ranges for the estimation of the isomer shift in 203Fr. Range
1 uses only the isomer shifts close to N = 116. Range 2 uses all available

isomer shifts down to N = 102.

Range Linestyle
Isomer shift (fm2) Isomer shift (MHz)

Lower Upper Lower Upper

1 Dashed +0.11 +0.21 -4300 -2200
2 Dashed-and-dotted + 0.11 +0.28 -5800 -2200

Table 7.5: Estimated range of A(7s2S1/2) for 203mFr. The magnetic moment
range uses data from Refs. [88, 146, 148, 149, 152, 172]

Magnetic moment (µN) A(7s2S1/2) (MHz)

Lower Upper Lower Upper

+1.5 +1.7 +28900 + 32800

Figure 7.13 shows the predicted hyperfine structure of 203mFr relative to the

ground state measured in high resolution. The central values of the estimations of

A(7s 2S1/2) and δν203g,m (Range 1) were used. The lineshape was assumed to be a

Voigt profile with Gaussian and Lorentzian contributions of 20 MHz and 35 MHz

respectively. The Gaussian and Lorentzian contributions from the previous ex-

periment were 20 MHz and 15 MHz respectively. The Gaussian contribution was

increased by 5 MHz and the Lorentzian contribution was further increased to

35 MHz to account for the linewidth of the frequency-doubled injection-seeded

Ti:Sa that would be used for a high-resolution search of the isomer. The two

resonances in the left-hand component of the hyperfine structure are separated

by 220 MHz. A high-resolution laser is required to resolve these.

Both components of the hyperfine structure of the isomer are predicted to be sep-

arated from the ground state. The left-hand component is better separated from

the ground state and has the most intense resonance of the hyperfine structure.

This makes it the easier component to first identify.

Figure 7.14 shows the predicted hyperfine structure of 203mFr measured in low

resolution. The lineshape was assumed to be a Voigt profile with Gaussian and

Lorentzian contributions of 1000 MHz and 2 MHz, respectively. The lineshape
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Figure 7.13: Predicted 203mFr hyperfine structure if measured using the
high-resolution laser system (Voigt profile with Gaussian and Lorenztian con-

tributions of 25 MHz and 35 MHz, respectively)

is dominated by the 1000-MHz linewidth of the dual-etalon Z-cavity Ti:Sa that

would be used as the low-resolution laser. The 2-MHz Lorentzian contribution

stems purely from the natural linewidth of the transition. The left-hand com-

ponent of the hyperfine structure of the isomer is still well-separated from the

ground state however the two resonances that contribute cannot be resolved. The

right-hand component is not well separated from the ground state. Any unan-

ticipated increase in the Lorentzian contribution to the lineshape would further

obscure the right-hand component of the isomer.

The suggested strategy for measuring the isomer is as follows:

1. Search for the left-hand component of the isomer with the low-resolution

setup.

2. Once identified, measure the left-hand component with the high-resolution

setup.

3. Perform online analysis to estimate where the right-hand component lies.
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Figure 7.14: Predicted 203mFr hyperfine structure if measured using the
low-resolution (Voigt profile with Gaussian and Lorentzian contributions of

1000 MHz and 2 MHz respectively)

4. Search for the right-hand component with the high-resolution setup.

7.4.2 Search for 203mFr

Table 7.6 shows information about the scans searching for the isomer during the

2015 experiment. A high-resolution laser was used to search for the isomer. The

count rate in scans 61, 64 and 65 is of the order 10−4 s−1. This is 1 order of

magnitude less than the fitted background rate the 203gFr data. Scans 66 and

67 show a count rate that is around 10 times higher than that seen in the other

scans.

Figure 7.15 shows the isomer search data from Table 7.6. The red line shows the

prediction of the left-hand component of the hyperfine structure of the isomer.

As the left-hand component of the isomer is predicted to be 8 GHz away in fre-

quency space than the left-hand component of the ground state, the simulated
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Table 7.6: Frequency ranges and count rates for different isomer-hunt scans
during the 2015 experiment.

Scan
Frequency range (MHz)

Time (s) Counts Count rate (s−1)
Lower Upper

61 -32650 -31050 5280 2 4× 10−4

64 -12330 -10350 6810 2 3× 10−4

65 -10350 -10300 300 0 0
66 -10350 -9310 1120 4 3.6× 10−3

67 -10350 -8250 2620 11 4.2× 10−3
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Figure 7.15: Isomer search data from the 2015 experiment. The red line
shows the left-hand component of the predicted hyperfine structure of the

isomer.

background rate is taken as the average count rate of scans 61, 64 and 65 in-

stead of the fitted background rate of the ground-state data. This is because the

Lorentzian component of the linewidth extends far away from the ground-state

resonances. As such, a ‘true’ measurement of the background must be performed

far away from the ground-state resonances. This is the case for scans 61, 64

and 65 where 4 counts were observed in 12390 s, giving a background rate of

3× 10−4 s−1.
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15 counts were observed in 3740 s in scans 66 and 67 combined resulting in a count

rate of 4×10−3 s−1, an order of magnitude higher than the ‘true’ background rate.

The frequency ranges of Scans 66 and 67 also mostly overlap with the majority

of the counts observed around 1 GHz away from the prediction.

Although far from conclusive, this region offers a suitable starting point to search

for the isomer in a future experiment. The consistent and increased count rate

observed in scans 66 and 67 lie close to the prediction of the isomer’s hyperfine

structure.

This region represents the most promising area to continue the search for the

isomer in 203Fr. Since the last francium experiment, a new charge-exchange cell

chamber was installed, improving the interaction-region pressure by over an order

of magnitude. This will reduce the non-resonant collisional background rate and

make searching for the isomer easier. Furthermore, using the injection-seeded

Ti:Sa laser to produce high-resolution light for the 422-nm transition will ensure

saturation, due to its superior peak power. The combination of these factors will

greatly improve the chances of measuring the hyperfine structure of the isomer.
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Neutron-rich radium

8.1 Motivation

8.1.1 Octupole deformation

Octupole deformation in atomic nuclei has been a topic of interest for many

decades [173, 174]. The observation of low-lying Kπ = 0− bands in even-even

radium isotopes [175, 176] was the first experimental evidence for reflection asym-

metry in nuclei. These isotopes attracted further attention and many indirect sig-

natures of octupole deformation were found e.g. the inverted odd-even staggering

observed in their changes in mean-square charge radii [177], for example (see Sec-

tion 8.4.3). More recently, measurement of E3 matrix elements via Coulomb

excitation provided direct evidence of stable ground-state octupole deformation

in 224Ra [178]. Octupole deformation has also been measured directly in 144Ba

[179].

The properties of octupole-deformed nuclei may provide profound implications

beyond the realm of nuclear physics. Atoms of such nuclei are very important in

searches for a permanent atomic electric dipole moment. Measurement of a non-

zero electric dipole moment could indicate P- and T- or CP-violating processes

that are not present in the standard model. Atoms of octupole-deformed nuclei

129
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could provide a 100-1000 times improvement in sensitivity [180] over atoms of

nuclei which are not, for example 199Hg. This atom currently provides one of the

most stringent limits on an atomic electric dipole moment [181]. Recently, the

isotope 225Ra was used to provide a limit on an atomic electric dipole moment

[182, 183].

Isotopes in the region of reflection asymmetry have been studied extensively [173].

However, there is conflicting evidence about the extent of this region and how

nuclear structure evolves beyond its borders. A significant degree of octupole

correlations was measured in 227,229Ra [184, 185]. These correlations were found

to persist in 231Ra, albeit to a lesser degree [186, 187]. Studying beyond the

upper border of the region of reflection asymmetry is important to investigate

the interplay between quadrupole and octupole collectivity. This could shed light

on the mechanism which causes the transition from octupole- to quadrupole-

deformation with increasing neutron number.

8.1.2 Atomic-parity violation

More recently, radium has been the subject of interest in atomic physics, both

experimentally and theoretically. Radium is a promising candidate for high-

precision measurements of atomic-parity violation (also referred to as atomic-

parity non-conservation). Atomic-parity violation arises from the exchange of a

Z0 boson between electrons and quarks in the atomic nucleus. The process acts

as a sensitive measure of the electroweak interaction at low energies and places

constraints on new physics beyond the standard model [188]. The most precise

atomic-parity violation measurement to date was performed on atomic 133Cs [189–

192]. In Ref. [191], the weak charge of the 133Cs nucleus was determined to

be QW = −73.16(29)exp(20)th. This value perfectly agrees with the standard

model prediction of QSM
W = −73.16(3). Despite the agreement, the measurement

places the most stringent lower limit on the mass of an additional heavy Z ′

boson at 1.3 TeV/c2. Atomic-parity violation is also sensitive to further light,
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very weakly-coupled, neutral gauge bosons (U boson) which can decay into dark-

matter candidates [193].

Atomic-parity violation is measured through exciting suppressed M1 and E2

transitions [194]. The process scales strongly with Z. It is therefore enhanced in

heavier atoms [195] and is predicted to be 50 times stronger in radium (Z = 88)

than in caesium (Z = 55). Single-trapped atomic ions were shown to be suitable

systems to measuring atomic-parity violation [196]. Because of this, plans to

perform atomic-parity violation measurements on a single-trapped radium ion are

underway at Kernfysisch Versneller Instituut (KVI), University of Groningen. To

date, laser spectroscopy has not yet been performed on trapped radium ions, as

much of the necessary spectroscopic information is lacking. Recently, experiments

have taken place to address this lack of atomic data [197–201].

Atomic-structure theory is required to be accurate to a sub-1% level to inter-

pret atomic-parity violation measurements on a single isotope of an element. In

radium, the accuracy of theory is estimated to be 3% [197, 202–204]. In single-

isotope atomic-parity measurements, nuclear-structure effects are neglected as

the uncertainty from the atomic-structure theory dominates.

By performing atomic-parity violation measurements on two or more isotopes,

taking the ratio of the measurements cancels out atomic-structure effects [205].

This makes nuclear-structure effects relating to the size and shape of the nucleus

become the dominant error. In particular, knowledge of the differences in size and

shape of isotopes measured are extremely important. Radium has many isotopes

with suitable lifetimes for single-trapped ion atomic-parity violation experiments.
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Figure 8.1: An example of a high-resolution 226Ra scan. The error bars
are smaller than the data points. The red line shows a fit of the data with a

linewidth of 30 MHz.

8.2 Results

8.2.1 High-resolution results

The isotope 226Ra was used as a reference when taking high-resolution data

throughout the experiment. The isotope was chosen as it is the longest-lived

radium isotope with a half life of 1600 years. Its 0+ spin means that its hy-

perfine structure has a single peak, giving a quick scan time. An example of a

high-resolution 226Ra scan is shown in Figure 8.1. The fitted linewidth of the

spectrum is 30 MHz.

The centroid frequencies of the 226Ra scans measured over the course of the

experiment are shown in Figure 8.2. The centroid frequencies scatter around a

linear trend in the first 2.5 days. After this, there are large drifts for the remainder

of the experiment. To account for the drift in reference-scan centroid frequencies,
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Figure 8.2: Centroid frequencies of high-resolution 226Ra reference scans over
the course of the experiment. The errors are smaller than the data points.

the isotope shifts are corrected by the centroid frequency of the closest-in-time

226Ra reference scan. To account for the scatter around the drifts in reference-

scan isotope shifts, an additional uncertainty is added to the statistical error of

the reference-scan corrected isotope shifts. To calculate this scatter, the isotope

shifts of the largest data set (231Ra) taken over the course of the experiment

are used. Figure 8.3 shows the reference-scan corrected isotope shifts of 231Ra.

The additional error to account for the scatter in the isotope shifts was taken

as the standard deviation of 231Ra isotope shifts. This was calculated to be

± 3 MHz which was added as a systematic error to the isotope shifts of all

isotopes measured.

An example high-resolution scan of 231Ra is shown in Figure 8.4. The blue line

shows a fit of the data with a linewidth of 30 MHz. The relative intensity of the

smaller peaks in the measured hyperfine structure of 231Ra are smaller than what

is expected when angular-momentum coupling is taken into consideration. This
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Figure 8.3: Isotope shifts of high-resolution 231Ra scans over the course of
the experiment.

is, despite ‘chopping’ of the continuous-wave light, due to the linearly-polarized

light pumping atoms to ‘dark’ 7s2 1S0 sub-states.

8.2.2 Low-resolution results

The isotope 226Ra was also used as a reference when taking low-resolution data

throughout the experiment. The centroid frequencies of the low-resolution 226Ra

scans are shown over the course of the experiment in Figure 8.5, which scatter

around an increasing linear trend over the course of the experiment. To account

for the drift in reference-scan centroid frequencies, the isotope shifts are corrected

by the centroid frequency of the closest-in-time 226Ra reference scan. To account

for the scatter around the drift in reference-scan centroid frequencies, an addi-

tional uncertainty is added to the statistical error of the reference-scan corrected

isotope shifts. Because there was not a sufficiently large low-resolution data set,

a similar procedure to the high-resolution could not be performed. Consequently,
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Figure 8.4: Example high-resolution spectrum of the 7s2 1S0 → 7s7p 3P1

transition in 231Ra. The blue line shows a fit of the data with a linewidth of
30 MHz.

the additional scatter was taken as the standard deviation of the 226Ra centroid

frequencies, calculated to be 500 MHz.

An example low-resolution spectrum of 233Ra is shown in Figure 8.6. Due to

its neutron-rich nature, very little is known about 233Ra. A measured half-life

of 30(5) s was reported when the nuclide was discovered [206]. A ground-state

spin-parity of (1/2+) was suggested from nuclear data evaluations [207, 208]

Two fits fits using a spin of 1/2 are displayed in Figure 8.6 with black and

blue lines, respectively. Fit 1/2 a) sets the hyperfine A and B parameters The

peak intensities were fixed to their expected relative intensities from angular-

momentum coupling considerations. The asymmetry present in the data is better

fitted using a spin of 1/2 with free A and B parameters giving a reduced-χ2 of

1.06 (compared to 1.31 when A and B are set to zero). As the hyperfine structure

is not fully resolved, it is difficult to say whether that the asymmetry is due to

the underlying structure or a lineshape-distortion effect. It was also possible to

fit the 233Ra data using spins 3/2 and 5/2 resulting in a reduced-χ2 of 1.19 and
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Figure 8.5: Centroid frequencies of low-resolution 226Ra reference scans taken
during the experiment.

1.07, respectively. The resulting isotope shifts were all consistent. Because of

this, the isotope shift was extracted using the spin 1/2 fit with the hyperfine A

and B factors set to zero.

8.2.3 Isotope shifts

Table 8.1 shows the measured isotope shifts of neutron-rich radium isotopes,

relative to the reference isotope 226Ra. They are also given relative to 214Ra, to

allow direct comparison with literature. The results reported here are consistent

with literature values where they exist.

8.2.4 Hyperfine A and B factors

The measured hyperfine A and B factors of the 7s7p 3P1 state in odd-A ra-

dium isotopes are presented in Table 8.2. The A(3P1) values agree within 1 σ

and B(3P1)(223Ra) values agree within 2 σ. Only 2 of the 3 hyperfine-structure
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Figure 8.6: Example low-resolution spectrum of the 7s 1S0 → 7s7p 3P1

transition in 233Ra. The black and blue lines are fits of the data assuming
spins of I = 1/2. Fit I = 1/2 a) sets the hyperfine A and B parameters to

zero and fit I = 1/2 b) allows non-zero values of A and B.

Table 8.1: Measured isotope shifts of neutron-rich radium isotopes, relative to
the reference isotope 226Ra and also 214Ra, to allow comparison with literature.

Literature values are from Ref. [209].

A Iπ δν226,A (MHz)
δν214,A (MHz)

This work Literature

222 0+ +12483(3) -29260(4) -29253(9)
223 3/2+ +8798(3) -32946(4) -32934(10)
224 0+ +6092(3) -35652(4) -35644(11)
225 1/2+ +2269(3) -39475(4) -39465(12)
226 0+ 0 -41744(4) -41733(12)
227 3/2+ -2848(3) -44592(4) -
228 0+ -5921(3) -47665(4) -
229 5/2+ -9070(3) -50814(4) -
230 0+ -12700(3) -54444(4) -
231 (5/2+) -14790(3) -56534(4) -
232 0+ -18739(3) -60483(4) -
233 - -20600(500) -62300(500) -
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Table 8.2: Hyperfine A and B factors of the 7s7p 3P1 state in neutron-
rich odd-A radium isotopes. The B(3P1)(227Ra) value was fixed using the
experimentally-determined B(1P1)/B(3P1) ratio (marked by an asterisks). Lit-

erature values are from Refs. [177, 210]

A I
A(3P1) (MHz) B(3P1) (MHz)

This work Literature This work Literature

223 3/2+ +1202.5(3) +1202.1(6) -472.1(2) -470.2(12)
225 1/2+ -9795.1(3) -9793.9(43) - -
227 3/2+ -1792.8(4) - -593(3)∗ -
229 5/2+ +1339.3(7) - -1160(3) -
231 (5/2+) -953.5(2) - -1230.7(5) -

peaks were measured for the isotope 227Ra. To allow the 227Ra spectra to be

fitted, the B(3P1) factor was fixed to −593(3) MHz (marked by the asterisks

in Table 8.2). This was calculated using the experimentally-determined ratio

B(1P1)/B(3P1) = −0.896(5) MHz [209]. As the 7s2 1S0 → 7s7p 3P1 transition

used offers no sensitivity to spins greater than 1/2, a 5/2+ spin was assumed for

231Ra, tentatively assigned from beta-decay studies [186].

8.3 Extraction of nuclear observables

8.3.1 Magnetic moments

The magnetic dipole moments were calculated using Equation 2.9. The isotope

225Ra was used as a reference [209, 211]:

Iref = 1/2+,

µref = −0.7338(15) µN ,

A(7s7p 3P1)ref = −9793.9(43) MHz.

Direct measurement of the magnetic dipole moments of 213,225Ra are presented in

Ref. [211]. These measurements were made by observing the Larmor precession

of optically-pumped radium atoms as a function of magnetic-field strength. 225Ra
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was used as the magnetic dipole moment reference in this work due to its smaller

relative uncertainty compared to 213Ra.

8.3.2 Spectroscopic electric quadrupole moments

The spectroscopic quadrupole moments were calculated using Equation 2.11. The

isotope 223Ra was used as a reference [209, 210]:

Qs,ref = +1.254(3)[66] b,

B(7s7p 3P1)ref = −470.2(12) MHz.

As there are no direct measurements of the spectroscopic electric quadrupole mo-

ments of radium isotopes, calculations of the electric field gradient must be used.

The alkali-like nature of the radium ion means the electric field gradient can

be calculated more reliably compared to the radium atom. The semi-empirical

analysis in Ref. [210] accounted for some electron-correlation effects to yield spec-

troscopic quadrupole moments for 209,211,221,223,227,229Ra. 223Ra was chosen due to

its smallest relative statistical uncertainty. They estimate a ±5% calibration

error for their approach.

8.3.3 Change in mean-square charge radii

The changes in mean-square charge radii were calculated using Equation 2.21.

The mass- and field-shift constants for the 714-nm transition were determined

using the King-plot method (see Chapter 2). Ab initio calculations of field- and

specific mass-shift constants for low-lying levels in the radium ion were published

in Ref. [198]. The simpler alkali-like structure of the radium ion make relativis-

tic coupled-cluster calculations for the mass- and field-shift constants feasible.

Wansbeek et al. performed calculations of the mass- and field-shift constants for

the 7s 2S1/2, 7p
2P1/2, 7p

2P3/2, 6d
2D3/2 states in 214Ra+. This isotope was chosen

due to its semi-magic nature with N = 126 and expected to be spherical. The

calculations approximated the nucleus as a sphere with a constant density. The
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Figure 8.7: King-plot analysis used to determine the atomic F and M factors
for the 714-nm transition. Literature values for the 468-nm transition are taken

from Ref. [209].

resulting mass- and field-shift constants have uncertainties of 10% and 5% re-

spectively. For the 468-nm 7s 2S1/2 → 7p 2P1/2 transition in Ra II, they calculate

KSMS,468 = −990(99) GHz amu (8.1)

and

F468 = −39.813(1990) GHz fm−2. (8.2)

The analysis in Ref. [198] used isotope shifts for the 468-nm transition for their

analysis. This is because this transition has the largest number of measured
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isotope shifts of all the transitions measured in atomic/ionic radium.

Figure 8.7 shows the King plot of µA,A
′
δνA,A

′

468 against µA,A
′
δνA,A

′

714 . The field- and

mass-shift constants for the 714-nm transition were determined to be

F714 = −28.75(144) GHz fm−2. (8.3)

and

M714 = −305(117) GHz amu (8.4)

The resulting specific mass-shift constant for the 714-nm transition of KSMS,714 =

−540(120) GHz amu agrees well with the experimentally-determined value of

KSMS,714 = −570(260) GHz amu [198]. The obtained ratio of the field-shift con-

stants F714/F468 = +0.7222(4) agrees with the value of +0.7218(12) presented

in Ref. [198]. The smaller errors on the mass- and field-shift constants for the

714-nm transition presented here are due to the smaller statistical errors on the

measured isotope shifts as well as an extended set of isotope-shift pairs.

The changes in mean-square charge radii were multiplied by a scaling factor, ∆,

to account for the nuclear deformation known to be present in the neutron-rich

radium isotopes with A ≥ 220. In Ref. [198], the nucleus is modeled as a spheri-

cal two-parameter Fermi charge distribution. Such a distribution is parametrized

by the half-density radius, c, and the surface diffuseness parameter, a. The au-

thors calculate the shift in energy due to the field shift using this model. The

field-shift constants are then calculated using a Dirac-Fock numerical calculation

for the Fermi and constant-density distributions. By assuming the nuclear de-

formation is static and axially symmetric, it can be projected onto the θ axis.

This results in a modified Fermi distribution with different effective ceff and aeff

parameters. These are varied until the experimental 468-nm transition isotope

shifts are reproduced. The changes in the mean-square charge radii are calculated

assuming this modified Fermi distribution. The scaling factor, ∆, is defined as

the difference between this and the Dirac-Fock calculations assuming a spher-

ical nucleus of constant density. The final values for changes in mean-square
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Table 8.3: Magnetic dipole and spectroscopic electric quadrupole moments of
neutron-rich odd-A radium isotopes. Literature values are from Ref. [177, 210].

A I
µ(µN) Qs (b)

This work Literature This work Literature

223 3/2+ +0.2703(6) +0.2705(19) +1.259(1)[66] +1.254(3)[66]
225 1/2+ -0.7339(15) -0.7338(15) - -
227 3/2+ -0.4030(8) -0.4038(24) +1.581(9)[80] +1.58(3)[11]
229 5/2+ +0.5017(11) +0.5025(27) +3.094(8)[160] +3.09(4)[19]
231 (5/2+) -0.3572(8) - +3.282(1)[170] -

charge radii are obtained by multiplying the values calculated using the mass-

and field-shift constants presented above by the scaling factor, ∆.

8.4 Results and discussion

8.4.1 Quadrupole moments

The electromagnetic moments obtained from the experiment are presented in

Table 8.3, alongside literature values where they exist.

The spectroscopic (top) and intrinsic (bottom) electric quadrupole moments of

neutron-rich odd-A radium isotopes are shown in Figure 8.8. The red circles

are literature values. The blue square is the new quadrupole moment of 231Ra.

The magnitude of the spectroscopic quadrupole moments illustrate the deformed

nature of neutron-rich radium isotopes. However, the spectroscopic quadrupole

moments exhibit no obvious trend against neutron number.

The intrinsic quadrupole moments were calculated assuming the strong-coupling

limit using Equation 2.30. This limit is valid for the strongly-deformed neutron-

rich radium nuclei (β2 ≈ 0.2) [210]. In the initial laser-spectroscopy work on

radium isotopes, this limit was used to derive spectroscopic quadrupole moments

from the hyperfine B factors. The intrinsic quadrupole moments of even-A ra-

dium isotopes were known from B(E2 ↑) values and from this, the spectroscopic
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Figure 8.8: Spectroscopic (top) and intrinsic (bottom) electric quadrupole
moments of odd-A neutron-rich radium isotopes. Literature values are shown

as red circles. The quadrupole moment of 231Ra is shown as a blue square.

quadrupole moment of 229Ra was calibrated to 2.9(4) b [212]. Later work using

the first semi-empirical evaluation of the electric field gradient of 7s7p 3PJ states

in atomic radium yielded 2.96(30) b, agreeing with the previous value [209]. More

accurate calculations in ionic radium yielded 3.09(4)[19] b [210]. This confirmed

the validity of the strong-coupling limit for the strong-deformed nucleus 229Ra.

The Coriolis interaction affects the projection of the spin on the axis of deforma-

tion. The effect is similar to the classical Coriolis force which acts on all rotating
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macroscopic bodies. The interaction modifies the coupling between a single par-

ticle and deformed rotor. This causes the projection, Ω, on the symmetry axis

to be modified through admixing different Ω values. The effect of the Coriolis

interaction decreases with increasing deformation [18]. The Coriolis interaction

is proportional to ~2/I and is therefore enhanced for nuclei with I = 1/2, for

example 225Ra. As spectroscopic quadrupole moments can only be measured for

nuclei with I > 1/2, the enhanced Coriolis interaction in these nuclei does not

affect this discussion.

A linear trend, which is proportional to neutron number is observed in Figure

8.8 (bottom). The quadrupole moment of 231Ra presented here establishes the

continuation of this trend. The odd-A radium isotopes continue to become more

deformed towards high neutron numbers.

The static deformation parameter, 〈β2〉, was calculated using Equation 2.31 for

231Ra. Two calculations for 〈r2〉sph were used. The first used 〈r2〉sph = 3
5
r2

0A
2/3

where r0 = 1.18 fm. The second used the second parametrization of the liquid-

droplet model presented in Ref. [20]. In both cases, 〈β2〉(231Ra) was calculated

to be 0.24(1). Calculations generally underestimate changes in the mean-square

charge radius for neutron-rich radium isotopes with N > 126 [198]. Spherical

Skyrme energy density functional calculations [213] show the largest underesti-

mation (estimated to be approximately 2 fm2 for 231Ra) as deformation effects

are not taken into account in this approach. This discrepancy is reduced when

a quadrupole-deformation degree of freedom is included [214] or where a more

generalized liquid-droplet model is used [215]. This means the calculation of 〈β2〉

is likely an overestimate. Increasing 〈r2〉sph by 2 fm2 reduces its value to 0.22(1).

The shortcomings of simple liquid-droplet model calculations mean a reliable cal-

culation of the total deformation parameter of 231Ra from its changes in mean-

square charge radii is currently not possible. Ground-state deformations calcu-

lated using the finite-range droplet model [216] give 〈β2〉 = 0.205 [217]. The

static deformation parameter calculated from the intrinsic quadrupole moment

is larger than this. This gives an unsatisfactory static ratio of greater than 1.
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Despite this, it can be concluded that the majority of the deformation is static

in origin in 231Ra.

8.4.2 Changes in mean-square charge radii

The changes in mean-square charge radii of neutron-rich radium isotopes, relative

to 214Ra, are presented in Table 8.4. The statistical errors due to the isotope shift

are shown in curved brackets. The systematic errors due to the uncertainty on the

atomic F and M factors and ∆ (for 231,233Ra) are shown in square brackets. The

scaling factors, ∆, used to account for nuclear deformation from Ref. [198] are

also presented. For the isotopes 231,233Ra, no values for ∆ are presented in Ref.

[198]. The ∆ values of 2.8(1) % have been extrapolated from neighbouring iso-

topes. The 0.1 % uncertainty on the extrapolation has a small effect (±0.002 fm2)

on the overall uncertainty of the changes in mean-square charge radii, which is

included in the systematic error for 231,233Ra. In all cases, the overall uncertainty

is dominated by the systematic uncertainty from the field-shift factor. The much

larger statistical error on the isotope shift of 233Ra is a factor of 6 smaller than

the systematic error.

Figure 8.9 shows the changes in mean-square charge radii of neutron-rich radium

(red circles and squares) and neighbouring francium (green triangles) isotopes,

relative to N = 126. Literature values of radium isotopes are shown as red circles.

The 231,233Ra values from this work shown as red squares. The red-shaded area

represents the systematic error resulting from the uncertainties on the atomic

F and M factors and the uncertainty of the extrapolated scaling factor, ∆, for

231,233Ra.

The changes in mean-square charge radii of isotopes of elements above Z = 82

show remarkable agreement on both sides of the N = 126. Below N = 126, the

bismuth (Z = 83), polonium (Z = 84) and francium (Z = 87) chains agree with

that of the proton-magic lead (Z = 82) chain. This agreement continues for many

isotopes until departures are observed at N = 116 in francium [86], N = 114 in
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Table 8.4: Changes in mean-square charge radii of neutron-rich radium iso-
topes, relative to 214Ra (N = 126). Statistical errors from the isotope shifts are
given in curved brackets. Systematic errors from uncertainties on the atomic

F and M factors and scaling factor, ∆, are given in square brackets.

A Iπ
δ〈r2〉214,A (fm2)

∆(%)
This work Literature

222 0+ +1.0449(2)[524] +1.045(53) 2.8
223 3/2+ +1.1709(2)[587] +1.170(59) 2.3
224 0+ +1.2680(2)[636] +1.268(64) 2.4
225 1/2+ +1.4041(2)[704] +1.404(71) 2.4
226 0+ +1.4858(2)[745] +1.486(75) 2.5
227 3/2+ +1.5871(2)[796] +1.587(80) 2.5
228 0+ +1.6980(2)[852] +1.697(86) 2.6
229 5/2+ +1.8102(2)[908] +1.810(92) 2.6
230 0+ +1.9435(2)[975] +1.943(98) 2.8
231 (5/2+) +2.0177(2)[1012] - 2.8(1)
232 0+ +2.1589(2)[1083] +2.16(16) 2.8
233 - +2.225(18)[113] - 2.8(1)
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Figure 8.9: Changes in mean-square charge radii of neutron-rich radium (red
circles and squares) and francium (green triangles) isotopes.
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polonium [170] and N = 110 in bismuth [149]. The additional protons in the

π1h9/2 orbital do not significantly affect the total deformation observed in these

isotope chains near N = 126 and thus act as ‘spectator’ particles.

Above N = 126, the agreement between the changes in mean-square charge radii

of francium and radium isotope chains was remarked upon in Ref. [88]. This

indicates that the additional π1h9/2 proton has little effect on the behaviour

of the radium chain when compared to francium. A close agreement between

N = 132 − 139 can be seen in Figure 8.9. A small departure between the two

chains occurs at N = 140, 141 due to the change in the odd-even staggering

behaviour.

8.4.3 Odd-even staggering

Odd-even staggering is an effect observed throughout the nuclear chart in many

observables such as reaction cross sections [218] and binding energies [219]. The

odd-even staggering phenomenon is not unique to atomic nuclei. Odd-even stag-

gering behaviour has been observed in the other finite many-fermion systems such

as metal clusters [220] and ultra-small superconducting grains [221].

In nuclei, the source is not yet fully understood. The observed odd-even stag-

gering in nuclear masses, where even-particle-number systems exhibit a stronger

binding than odd-particle-number systems, suggest that pairing correlations play

a crucial role [222]. In light- and medium-mass nuclei, shape effects resulting

from a deformed mean field were shown to play an equally important role as

pairing correlations in causing odd-even staggering [223]. The interplay between

pairing correlations and deformation can cause anomalous odd-even staggering

behaviour, often attracting theoretical interest [224]. In some cases, a total in-

version of odd-even staggering behaviour is observed.

In the context of changes in the mean-square charge radius, the odd-even stag-

gering phenomenon refers to the smaller radii of odd-N isotopes when compared

to the average of their even-N neighbours. This can be parametrized by the
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odd-even staggering parameter, D(N ; δ〈r2〉126,N), defined as

D(N ; δ〈r2〉126,N) = (−1)N(δ〈r2〉126,N − 1

2
(δ〈r2〉126,N−1 + δ〈r2〉126,N+1)). (8.5)

In this formalism, D(N ; δ〈r2〉126,N) > 0 represents normal odd-even staggering

behaviour. D(N ; δ〈r2〉126,N) < 0 represents an inverted odd-even staggering be-

haviour, where the radius of the odd-N is larger than its even-N neighbours. The

systematic uncertainty due to the atomic F and M factors on δ〈r2〉 cancel out in

Equation 8.5. The statistical error on δ〈r2〉 remains, contributing to the error in

calculating D(N ; δ〈r2〉126,N).

Calculations presented in Ref. [225] imply a normal odd-even staggering for even-

multipole deformations and an inverted odd-even staggering for odd-multipole

deformations. Inverted odd-even staggering was observed in radon, francium and

radium isotopes around N = 136 [152, 177, 226]. One interpretation of this

inversion is that it is indirect evidence for octupole deformation in these isotopes

[177]. More recently, inverted odd-even staggering was observed in the astatine

isotope 218At with N = 133 [150]. The magnitude of the inversion in 218At was

found to be larger than in its corresponding francium and radium isotones.

Figure 8.10 shows the odd-even staggering parameter, D(N ; δ〈r2〉126,N), as a

function of neutron number for neutron-rich radium (red circles and squares)

and francium (green triangles) isotopes. The isotopes 221−226Ra exhibit an in-

verted odd-even staggering. 227Ra shows a normal odd-even staggering before

a small reinversion at 228Ra. The last isotope for which the odd-even stagger-

ing parameter could be previously calculated for is 229Ra where normal odd-even

staggering is observed. The new δ〈r2〉 values for 231,233Ra presented here allow

D(N ; δ〈r2〉126,N) to be calculated for 230,231,232Ra. The new data establishes the

continuation of normal odd-even staggering towards higher neutron numbers,

with a much smoother behaviour than observed in the francium chain [88]. The

larger error on D(N ; δ〈r2〉126,N) at N = 144 is due to the larger statistical error

on the isotope shift of 233Ra. Despite this, the nature of odd-even staggering
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Figure 8.10: The odd-even staggering parameter, D(N ; δ〈r2〉126,N ), for
neutron-rich radium (blue) and francium (red) isotopes.

could still be determined for this nucleus, showing that valuable information may

be obtained when using a low-resolution setup.

The magnitude of D(N ; δ〈r2〉126,N) increases with neutron number, agreeing with

the observed enhancement of odd-even mass staggering towardsN = 146 reported

in Ref. [227]. In this work, Hartree-Fock and Hartree-Fock-Bogoliubov calcula-

tions were performed using the Sly4 interaction [228]. The influence of nuclear

deformation on odd-even staggering was illustrated by performing the Hartree-

Fock-Bogoliubov calculations with and without quasiparticle blocking present.

The enhancement of odd-even staggering towards N = 146 was described by

both the Hartree-Fock and Hartree-Fock-Bogoliubov calculations, as an effect of

quadrupole deformation. The better agreement of the Hartree-Fock-Bogoliubov

calculations showed the importance of pairing correlations in the odd-even stag-

gering phenomena. The 231Ra spectroscopic quadrupole measurement presented

earlier experimentally verifies the continuation of increasing quadrupole defor-

mation towards higher neutron numbers, lending support to the calculations pre-

sented in Ref. [227].
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The odd-even staggering parameter value of 228Fr shows a strong, sudden in-

crease for N = 139, 140. This then ‘dips’ towards inverted odd-even staggering

behaviour. A measurement of the isotope shift of 230Fr would allow the odd-even

staggering parameter to be calculated for 229,230Fr (N = 142, 143). This would

determine whether a reinversion occurs in contrast to the radium isotopes and

what is reported in Ref. [227].
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Conclusions

Collinear resonance ionization spectroscopy was performed on the francium iso-

topes 203,207,219,221Fr. Hyperfine A and B factors for the 8p2 P3/2 state were

measured in 203,207Fr.

The spectroscopic electric quadrupole moment of 203Fr was determined for the

first time. The large increase in its magnitude compared to other even-N francium

isotopes below N = 126 suggest an onset of static deformation. Calculations of

the static and total deformation parameters reveal that the increase in quadrupole

deformation cannot fully account for the observed departure of its relative charge

radius from the lead chain.

Collinear resonance ionization spectroscopy was performed on the radium iso-

topes 214,222−233Ra. The hyperfine structure was measured via the 7s2 1S0 →

7s7p 3P1 transition, yielding isotope shifts for 227−233Ra, hyperfine A(3P1) factors

in 227,229,231Ra and hyperfine B(3P1) factors in 227,229,231Ra for the first time.

The magnetic dipole and spectroscopic electric quadrupole moment of 231Ra were

determined to be µ = −0.3562(8) µN and Qs = +3.282(1)[170] b respectively. A

striking linear trend is observed between the intrinsic quadrupole moments with

respect to neutron number. The new quadrupole moment for 231Ra establishes

the continuation of increasing quadrupole deformation as neutrons are added.

151
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The static deformation parameter, 〈β2〉, was calculated to be 0.24(1) indicating

that the nucleus is strongly deformed.

A King-plot analysis was performed to determine the atomic F and M factors

for the 7s2 1S0 → 7s7p 3P1 transition, yielding F714 = −28.75(144) GHz fm−2

and M714 = −305(117) GHz amu. The smaller statistical errors on the measured

isotope shifts and extended isotope-shift pair data set presented here resulted in

slightly smaller uncertainties on the F and M factors determined here, compared

to literature [198].

Changes in the mean-square charge radii of 231,233Ra were determined. From

this, the odd-even staggering parameter, D(N ; δ〈r2〉126,N), was calculated for

230,231,232Ra. This confirmed the continuation of normal odd-even staggering be-

haviour in the radium isotope chain towards higher neutron numbers.

The quadrupole moment 231Ra combined with the continuation of normal odd-

even staggering behaviour in the very neutron-rich radium isotopes suggest that

these isotopes are strongly-quadrupole deformed and can be described by reflection-

symmetric shapes.
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Figure A.1: A(7s 2S1/2) of 219Fr during the experiment. The black dashed
line shows the weighted average of the data. The black dashed and dotted line

shows the ±1σ boundary around the weighted average.
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Figure A.2: A(8p 2P3/2) of 219Fr during the experiment. The black dashed
line shows the weighted average of the data. The black dashed and dotted line

shows the ±1σ boundary around the weighted average
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Figure A.3: B(8p 2P3/2) of 219Fr during the experiment. The black dashed
line shows the weighted average of the data. The black dashed and dotted line

shows the ±1σ boundary around the weighted average
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Figure A.4: Example spectrum of the 7s 2S1/2 → 8p 2P3/2 transition in
207Fr.
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Figure A.5: Example spectrum of the 7s 2S1/2 → 8p 2P3/2 transition in
221Fr.
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usiniemi, M. Muikku, P. Nieminen, P. Rahkila, and J. Uusitalo. Inves-

tigations into the alpha-decay of 195At. The European Physical Jour-

nal A - Hadrons and Nuclei, 16(4):457–467, 2003. ISSN 1434-601X.

doi: 10.1140/epja/i2002-10130-9. URL https://doi.org/10.1140/epja/

i2002-10130-9.

[140] U. Jakobsson, S. Juutinen, J. Uusitalo, M. Leino, K. Auranen, T. Enqvist,

P. T. Greenlees, K. Hauschild, P. Jones, R. Julin, S. Ketelhut, P. Ku-

usiniemi, M. Nyman, P. Peura, P. Rahkila, P. Ruotsalainen, J. Sarén,

C. Scholey, and J. Sorri. Spectroscopy of the proton drip-line nucleus 203Fr.

Physical Review C, 87:054320, 2013. doi: 10.1103/PhysRevC.87.054320.

URL http://link.aps.org/doi/10.1103/PhysRevC.87.054320.

[141] U. Jakobsson, J. Uusitalo, S. Juutinen, M. Leino, T. Enqvist, P. T.

Greenlees, K. Hauschild, P. Jones, R. Julin, S. Ketelhut, P. Kuusiniemi,

M. Nyman, P. Peura, P. Rahkila, P. Ruotsalainen, J. Sarén, C. Scho-

ley, and J. Sorri. Recoil-decay tagging study of 205Fr. Physical Re-

view C, 85:014309, 2012. doi: 10.1103/PhysRevC.85.014309. URL http:

//link.aps.org/doi/10.1103/PhysRevC.85.014309.

[142] J. Uusitalo, M. Leino, T. Enqvist, K. Eskola, T. Grahn, P. T. Greenlees,

P. Jones, R. Julin, S. Juutinen, A. Keenan, H. Kettunen, H. Koivisto,

P. Kuusiniemi, A.-P. Leppänen, P. Nieminen, J. Pakarinen, P. Rahk-

ila, and C. Scholey. α decay studies of very neutron-deficient francium

and radium isotopes. Physical Review C, 71:024306, 2005. doi: 10.

1103/PhysRevC.71.024306. URL https://link.aps.org/doi/10.1103/

PhysRevC.71.024306.

[143] J. Uusitalo, J. Sarén, S. Juutinen, M. Leino, S. Eeckhaudt, T. Grahn,

P. T. Greenlees, U. Jakobsson, P. Jones, R. Julin, S. Ketelhut, A.-P.

Leppänen, M. Nyman, J. Pakarinen, P. Rahkila, C. Scholey, A. Sem-

chenkov, J. Sorri, A. Steer, and M. Venhart. α-decay studies of the

https://doi.org/10.1140/epja/i2002-10130-9
https://doi.org/10.1140/epja/i2002-10130-9
http://link.aps.org/doi/10.1103/PhysRevC.87.054320
http://link.aps.org/doi/10.1103/PhysRevC.85.014309
http://link.aps.org/doi/10.1103/PhysRevC.85.014309
https://link.aps.org/doi/10.1103/PhysRevC.71.024306
https://link.aps.org/doi/10.1103/PhysRevC.71.024306


Bibliography 183

francium isotopes 198Fr and 199Fr. Physical Review C, 87:064304, 2013.

doi: 10.1103/PhysRevC.87.064304. URL https://link.aps.org/doi/10.

1103/PhysRevC.87.064304.
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