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Abstract

This thesis presents laser spectroscopy measurements of the hyperfine structures of

the neutron-rich indium isotopes 113−131In, which allowed the determination of changes

in root-mean-square nuclear charge radii, nuclear spins, magnetic dipole moments and

quadrupole moments. These measurements were made at CERN-ISOLDE using the

Collinear Resonance Ionization Spectroscopy (CRIS) setup, a high-sensitivity, high-

resolution technique.

The development of a laser ablation ion source setup allowed the investigation of multi-

step laser ionization schemes and measurements of the hyperfine parameters of sev-

eral atomic states in indium. This lead to the choice of the 246.8 nm (5p 2P3/2 →
9s 2S1/2) and 246.0 nm (5p 2P1/2→ 8s 2S1/2) atomic transitions as the most appropri-

ate for the extraction of the nuclear observables. The relative atomic populations of the

5p 2P3/2 and 5p 2P1/2 states were measured using the laser ablation ion source, and

were found to be consistent with relative atomic population simulations.

The newly measured hyperfine parameters of the 8s 2S1/2 and 9s 2S1/2 states were

compared to relativistic coupled-cluster calculations of atomic structure parameters,

which gave confidence in the calculated values and enabled the nuclear quadrupole

moments in indium to be extracted with unprecedented accuracy.

Further comparison to specific mass shift and field shift values extracted from the iso-

tope shift measurements aided in the development of an ‘analytic response’ approach

to determine isotope shift constants. This allowed for the first isotone independent de-

termination of the nuclear charge radii of the indium isotopes and of the absolute charge

radii for an odd-proton system near the Z = 50 shell closure.

The nuclear-model-independent ground and isomeric state electromagnetic properties

of indium measured up toN = 82 in this work, particularly of the I= 9/2+ and I= 1/2−

states will refine the understanding of the nuclear structure in this region of the Segrè

chart. A sudden increase in the I = 9/2+ state µ values, deviation from the Schmidt

value of the I = 1/2− state µ values and disappearance of odd-even staggering in

the ground state mean-square charge radii, among over observations, are yet to be

explained by nuclear theory.
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Chapter 1

Introduction

1.1 Introduction

The nuclear force, when combined with the Pauli principle in the finite many-body sys-

tem of atomic nuclei cause remarkably simple, but yet often unpredictable, trends to

emerge. It is expected that the microscopic description of the nucleus is completely

consistent with the collective pictures of deformation and volume, that we are only held

back by sufficient computational power [1, 2]. Surprisingly simple dependences on pro-

ton or neutron number appear for even heavy systems [3, 4, 5, 6, 7, 8]. Explanation of

these simple patterns from first principles is a main focus for modern nuclear theories

[9, 10, 11].

The measurement of nuclear observables over isotope chains near doubly-magic nu-

clei give an insight into the evolution of single-particle and collective properties of the

nucleus and their interplay. The electromagnetic properties of the nucleus measured by

laser spectroscopy allow changes in both valance-proton orbitals and collective proper-

ties of the nucleus to be probed in a nuclear-model independent way.

With a proton hole in the Z = 50 shell closure, the neutron-rich indium isotopic chain

(Z = 49) offers a compelling scenario to explore the evolution of nuclear-structure prop-

erties towards the doubly-magic isotope 132Sn (N = 82). The hole in the π1g9/2 orbit

creates a chain of I = 9/2+ nuclear ground states between N = 50 and N = 82 for the

odd mass indium isotopes. A proton from the π2p1/2 orbit can be excited (< 400 keV)
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1.1. INTRODUCTION 35

to the π1g9/2 orbit to create a π2p−1
1/2

configuration, which creates an accompanying

chain of long-lived I= 1/2− isomer states.

The neutrons of the even mass indium isotopes occupy the ν3s1/2, ν2d3/2 and ν1h11/2
orbitals, allowing a variety of long-lived and high-spin configurations to exist when cou-

pled with the π1g9/2 or π2p1/2 proton states. This gives rise to multiple isomeric states

at each isotope mass, making measurements of the indium isotope chain a very effi-

cient probe of evolution of nuclear structure in this region of the nuclear chart and its

dependence on the particle or hole nature of the proton.

The I = 9/2+ ground states of 103−127In are a textbook example [12] of single-particle

characteristics persisting with varying neutron number. The magnetic dipole moments

of the I= 9/2+ states were measured to have a remarkably constant value of µ = 5.43

to 5.53 µN over a range of 22 isotopes [13, 14]. At the same time, a yet unexplained

decrease across the Schmidt line of the magnetic moments for the I= 1/2− states with

neutron number was observed [14]. These deviations are often explained by first-order

configuration mixing, however for odd protons in the j = l− 1/2 orbit, first-order config-

uration mixing is not expected to be present [15], pointing to higher-order contributions

as an explanation. The new measurements of these I= 1/2− states and the other long-

lived (>200 ms) isomer states of indium presented in this work will contribute to a better

understanding of the nuclear structure in the Z = 50 region.

The primary outcome of the work described in this thesis was the measurement of the

nuclear ground and long-lived isomeric state electromagnetic properties of the exotic

indium isotopes 113−131In. This includes the nuclear spin, nuclear magnetic dipole mo-

ment, nuclear electric quadrupole moment and changes in mean-squared charge radii.

These measurements were enabled and guided by theoretical and technical develop-

ments which are described in this thesis in the following sequence.

An introduction to the theory needed to connect laser spectroscopy measurements to

the extraction of nuclear observables is given in Chapter 2, in addition to the nuclear

structure background used to interpret the measurements of the indium isotopes per-

formed in this work. As the measurements were made on the atoms rather than ions of

the isotopes, the ion beam first needed to be neutralised by atomic charge exchange,

details of the neutralisation process and of calculations made to predict the relative

atomic populations of the indium isotopes following neutralisation are outlined in Sec-

tion 2.4.
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Then in Chapter 3 an overview is given of the experimental methods used to produce

the exotic indium isotopes at CERN-ISOLDE, and prepare them for high-resolution

laser spectroscopy measurements at the Collinear Resonance Ionization Spectroscopy

(CRIS) beamline.

A description of the required laser spectroscopy setup which was shared by all ex-

periments described in this thesis is given in Chapter 4. The various multi-step laser

ionization schemes which were explored are discussed in this chapter. A technical sum-

mary of improvements made to the CRIS setup during this time is also included in the

paper:

I. A.R. Vernon, R.P. de Groote et al. Optimising the Collinear Resonance Ioniza-

tion Spectroscopy experiment, Nucl. Instruments Methods Phys. Res. Sect. B

Beam Interact. with Mater. Atoms, doi:10.1016/j.nimb.2019.04.0495

In Chapter 5 the development of a laser ablation ion source setup for high-resolution

laser spectroscopy is described. A description of this work, and the atomic physics

probed by the measured hyperfine transitions of the naturally occurring indium isotopes
113,115In are also contained in a briefer format in the paper:

II. R.F. Garcia Ruiz, A.R. Vernon, C.L. Binnersley, B.K. Sahoo et al. High-Precision

Multiphoton Ionization of Accelerated Laser-Ablated Species, Phys. Rev. X.

8 (2018) 041005. doi:10.1103/PhysRevX.8.041005 - Featured viewpoint article

in APS physics.

This work led to the choice of the atomic transitions later used for the measurements

of the neutron-rich indium isotopes 113−131In, in order to extract their nuclear structure

observables.

Atomic parameter calculations [16] of magnetic dipole hyperfine structure constants

were tested by comparison with the measurements of 113,115In made in this work. This

led to improved calculations [16] of the electric field gradient factors, later used to extract

the nuclear electric quadrupole moments with improved accuracy for the neutron-rich
113−131In isotope measurements. The laser ablation ion source setup also allowed

measurement of the relative atomic populations of indium, which are discussed and

https://doi.org/10.1016/j.nimb.2019.04.049
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.8.041005
https://physics.aps.org/articles/v11/102
https://physics.aps.org/articles/v11/102
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compared to the calculations in Section 5.9. These results and further neutralisation

calculations for elements 1 6 Z 6 89 are also contained in the paper:

III. A. R. Vernon et al., Simulations of atomic populations of ions 1 6 Z 6 89

following charge exchange tested with collinear resonance ionization spec-

troscopy of indium, Spectrochim. Acta Part B At. Spectrosc., vol. 153, pp.

61–83, Mar. doi:10.1016/j.sab.2019.02.001

The analysis performed to extract of the electromagnetic properties of the ground and

isomeric states from the measurements of the 113−131In isotopes is described in Chap-

ter 6.

Accurate atomic-field-shift and specific mass shift parameters are needed to evaluate

the nuclear mean-square charge radii from isotope shift measurements. Experimental

evaluation of the atomic factors by comparison to absolute charge radii measurements

has limited accuracy for indium, as it has only two naturally occurring isotopes 113,115In.

Therefore, in collaboration with atomic theorists (B. K. Sahoo), calculations were per-

formed [17] using a relativistic coupled-cluster method to determine these atomic fac-

tors. The calculations were compared to field-shift and specific-mass-shift values ex-

tracted from analysis of the measured isotope shift values of indium. This process is

described in Section 6.5.1 of Chapter 6. The calculated mass shift and field shift fac-

tors allowed evaluation of the nuclear mean-square charge radii of the indium isotopes

independent of its neighbouring isotones, with a high accuracy compared to competing

approaches. As the case is exemplary of all odd-Z nuclei, and due to the accuracy of

the calculation method, the results of this section were also submitted in the paper:

IV. B. K. Sahoo, A. R. Vernon, R.F. Garcia Ruiz, C.L. Binnersley et al., Analytic

Response Relativistic Coupled-Cluster Theory: The first application to In

isotope shifts, Phys. Rev. Lett., vol. Submitted, 2019.

In Chapter 7 an interpretation of these results within the context of nuclear structure in

the Z = 50 region and in general is given. Finally, conclusions are made in Chapter 8.

https://doi.org/10.1016/j.sab.2019.02.001


Chapter 2

Background atomic and nuclear

physics

This chapter gives a brief summary of the underlying principles of atomic and nuclear

physics which are needed to understand the laser spectroscopy methods used to mea-

sure the short-lived indium isotopes studied in this thesis, in addition to their relevance

to nuclear structure.

2.1 Nuclear structure

The nuclear many-body problem can be written succinctly by the Schrödinger equation,

with the Hamiltonian, H, as

H |ψ〉= (T +V) |ψ〉= E |ψ〉 (2.1)

where T is the kinetic energy operator and V is the potential energy operator, for a

system of A nucleons [18].

V =
∑
i<j

vij+
∑
i<j<k

vijk+
∑

i<j<k<l

vijkl+ ... (2.2)
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where the number of subscript indices stands for the number of bodies in the interaction,

e.g. vijk denotes 3-body interactions. To make the problem more tractable, calculation

of orders higher than two-body are often neglected. However three-body interactions

have been shown to be essential for nuclear structure, in calculations of lighter systems

[19, 20, 21] where the problem is still computationally manageable.

The Hamiltonian, H, can be re-written as [18]

H= T +
∑
i

Ui+V−
∑
i

Ui

=H0+Hres

(2.3)

by defining a mean-field potential, Ui, where H0 then describes independent nucleon

motion with the many-body interactions as a residual correction, Hres.

2.1.1 The nuclear shell model

In the independent-particle shell model, a mean-field potential is chosen to describe the

independent motion of a nucleon in presence of all the other nucleons in the nucleus

generating that potential i.e. H=H0.

A simple form of the mean-field potential is a harmonic-oscillator potential [22], with

additional spin-orbit l.s and orbital angular momentum squared, l2, terms 1

U(r) =
1

2
mω2r2+Cl.s+Dl2 . (2.4)

The harmonic-oscillator potential alone reproduces the magic number energy gaps 2,

8, 20, which are experimentally observed in the single-particle energies of light stable

isotopes. It was found by Mayer [24] that the inclusion of the l.s and l2 terms were

necessary to reproduce the higher magic numbers 28, 50 ... which were observed for

heavier naturally abundant nuclei.

1A Woods-Saxon [23] potential with the additional spin-orbit l.s interaction, is also a common potential
as it allows for fitting to known nuclei and surface diffuseness
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The shell-model occupancies for the neutron-rich indium isotopes 113−131In studied in

this thesis are shown in Figure 2.1. Where the single-particle energies are indicated

for the simple harmonic oscillator, and for the addition of the l2 and l.s terms. The

protons and neutrons have their own unique quantum number and therefore their orbital

occupancies are considered separately in the shell model.

Two- or higher-body interactions are often needed to reproduce experimental values

[25], and so interacting shell models are largely used today. However this simplified

model still has use as a guide in assessing the types of interactions [26] present in a

system and the order of the many-body calculations expected to be needed to repro-

duce experiment. As the unpaired nucleons determine the final spin of the nucleus, the

shell model orbitals can be used to predict the ground-state spin of many nuclei [27].

See Figure 2.3 for the ground-state spins of 113−131In.

2.1.2 Ground state observables

Similar to the potential energy in Equation 2.2, the electromagnetic charge density ρc(r)

and current density j(r) can also be written [28] as a sum of its many-body operators

as

ρc(r) =
∑
i<j

ρc(r)ij+
∑
i<j<k

ρc(r)ijk+
∑

i<j<k<l

ρc(r)ijkl+ ... , (2.5)

and

j(r) =
∑
i<j

j(r)ij+
∑
i<j<k

j(r)ijk+
∑

i<j<k<l

j(r)ijkl+ ... , (2.6)

respectively. If the charge density and currents in the nucleus were known then the

electromagnetic properties of the nucleus would also be fully described. However these

quantities are not directly observable. The impulse approximation [28] is often used to

construct non-relativistic single-nucleon operators. Under this approximation the un-

modified experimental g-factors of the free neutrons and protons are used in one-body

operators applied to finite nuclei. Therefore terms which require two-body or higher
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Figure 2.1: The leftmost lines indicate the levels created by quantised angular mo-
mentum in a simple potential well, the levels to the right include the splitting from the
spin-orbit effect and show the basic form of the shell model. The circles indicate the mul-
tiplicity of these states. Filled red circles indicate the proton occupancy of the ground
state in indium isotopes. While the blue-filled circles indicate the neutron occupancy for
up to 113In, green-filled circles indicate the range of occupancies for masses 113−131In.

order currents are neglected, such as meson-exchange currents.

Under this approximation and a multi-pole expansion of the magnetic and electric fields

in the nucleus, the following electromagnetic operators dominate the contributions ob-

servable in hyperfine structures accessible with the present precision of modern laser

spectroscopy measurements of exotic isotopes: the nuclear mean-square charge ra-

dius
〈
r2
〉
, the nuclear magnetic dipole moment µ and the nuclear electric quadrupole
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moment QS. Higher order moments such as the magnetic octupole moment have also

been measured with laser spectroscopy, in cases where they are accessible in certain

heavier systems [29, 30] or with dedicated techniques [31, 32].

Nuclear mean-squared charge-radius

The mean-square charge-radii give a chiefly macroscopic view of the nucleus, pro-

viding information on changes in its shape, volume and surface diffuseness. The nu-

clear charge radii of exotic isotopes are one of the most sensitive nuclear observables

available for testing many-body calculations and the description of the nuclear force

[33, 34, 4]. For a charge-density distribution ρ(~r) the definition of the mean-square

charge-radius is given by

〈
r2
〉
=

∫∞
0 ρ(~r)r

2d3r∫∞
0 ρ(~r)d

3r
. (2.7)

In the case of spherical symmetry and a homogeneous distribution then this can be

approximated by the spherical droplet-model value [35]〈
r2
〉
0
=
3

5
r20A

2/3 , (2.8)

where the empirical parameter r0=1.18 fm [36] is often used, and A is the atomic num-

ber. In the case of charge distribution with deformation the spherical harmonics [37]

can be included as

〈
r2
〉
=
〈
r2
〉
0

(
1+

5

4π

∞∑
λ=2

〈
β2λ

〉)
, (2.9)

where
〈
r2
〉
0

is an equivalent volume spherical nucleus and
〈
β2λ
〉

are the deformation

parameters of order λ [38]. In the first-order approximation [39] this is given by

lim
λ→2

〈
r2
〉
=
〈
r2
〉
0

(
1+

5

4π

〈
β22

〉)
, (2.10)
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See Figure 2.2 for a diagram indicating the β2 parameter in the strong-coupling limit.

The
〈
r2
〉

are not direct observables from laser spectroscopy experiments however,

instead changes in
〈
r2
〉

between isotopes are measured, the difference is therefore

given by

δ
〈
r2
〉A,A ′

= δ
〈
r2
〉A,A ′

0

(
1+

5

4π

∑
λ

δ
〈
β2λ

〉A,A ′
)
, (2.11)

for the change between isotopes of masses A and A ′. Where λ=2 is the quadrupole

deformation parameter, λ=3, the octupole deformation parameter etc. Hence simulta-

neous changes in deformation and volume are measured by δ
〈
r2
〉A,A ′

. As the
〈
β22
〉

term is the square of the deformation parameter the sign of the deformation is therefore

not inferable from
〈
r2
〉

alone.

Nuclear magnetic dipole moment and nuclear spin

The nuclear spin, I, and resulting nuclear magnetic dipole moment, µ, give a more

microscopic view of the motion of the nucleons. For many nuclei the relationship

µ= gIµN , (2.12)

is used [40] under the impulse approximation. Where the nuclear magneton has the

value µN = e h
2mp

= 5.050783699(31)×10−27 J/T [41], and g is the gyromagnetic fac-

tor which then contains the nuclear structure information besides the spin of nucleus

I. The pairing force [42] gives a strong binding increase for coupling nucleon pairs to

total spin I=0. The total spin of the nucleus is then determined by unpaired valance

nucleons in the proton and neutron shells.

The magnetic dipole moment operator separated into contributions from its orbital and

spin components of the proton (π) and neutron (ν) orbital motion, given [40] by
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µ=

 Z∑
i=0

gπLLi+

Z∑
i=0

gπSSi+

N∑
j=0

gνLLj+

N∑
j=0

gνSSj

 , (2.13)

where the orbital and spin g-factors have their free-particle values, gπL = 1, gνL = 0, gπS
= +5.585694702(17) and gνS = -3.82608545(90) [41]. The magnetic moment is then

defined to be the expectation of the z-component of this one-body operator for the

magnetic sub-state with maximal spin projection µ ≡ 〈I,M= I|µZ |I,M= I〉, where

I = 0 states have no contribution [27]. As mainly unpaired nuclei contribute to µ and

their g-factors are expected equal to their single-particle orbit values independent of the

total nuclear spin, g-factors are a sensitive probe to changes in the orbital of the valance

nucleons.

In the impulse approximation µZ is a one-body operator acting on individual valance

nucleons with total spin I. The µ of a composite state for weak coupling between

a valance proton and neutron can be calculated by the additivity rule using jj-type

coupling [43, 12],

µ(I) =
I

2

[µ(Ip)
Ip

+
µ(In)

In
+
(µ(Ip)
Ip

−
µ(In)

In

)Ip(Ip+1)− In(In+1)
I(I+1)

]
, (2.14)

for a composite state made from proton spin Ip and neutron spin In states, with mo-

ments µ(Ip) and µ(In) respectively. The weak coupling approximation is no longer

valid when configuration mixing is likely between the final spin states [43]. For example

for the 8−(π1g−1
9/2
⊗ν1h11/2) states of 116−128In studied in this work, the additivity rule

is no longer valid, which is discussed in Chapter 7.

Nuclear electric quadrupole moment

A non-spherical nucleus can have an electric quadrupole moment, which is associated

with the distribution of protons within the nucleus. This can be measured with a variety

of techniques [44] including laser spectroscopy. The electric quadrupole moments pro-

vides insight into the occupation of proton orbits, core polarisation and other collective

effects (see Section 7.3.1). The nuclear electric quadrupole moment operator is defined
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as

Q≡ e
A∑
k=1

(3z2k− r
2
k) , (2.15)

where e is the electric charge and zk, rk are the position of the kth nucleon [45].

The spectroscopic quadrupole moment, accessible to measurement, is the expecta-

tion value of this operator

QS(I)≡ 〈I,M= I|QZ |I,M= I〉 ≡

√
I(2I−1)

(2I+1)(2I+3)(I+1)
〈I||QZ ||I〉 , (2.16)

where the Wigner-Eckhard theorem [46] was used to restateQS(I) as a function of the

reduced matrix element 〈I||QZ ||I〉. It can be seen from this that for states with I = 1
2

a spectroscopic quadrupole moment is not defined, however they may still possess an

intrinsic quadrupole moment Q0 [40].

The single-particle quadrupole moment Qsp value can be approximated [40] by

Qsp =−ej
2j−1

2j+2

〈
r2j

〉
, (2.17)

for a nucleon in an orbit j with mean-square charge radius
〈
r2j

〉
. Where a proton

hole has a universal effective charge [40] of −ej = +eeffπ =1.5e [47], giving a prolate

deformation to the core.

The primary value of the quadrupole moment is as a measure of the deformation of a

nucleus, in the strong-coupling limit of a well defined deformation axis, z, the spectro-

scopic moment can be related to the intrinsic quadrupole moment by

QS =
3K2− I(I+1)

(I+1)(2I+3)
Q0 , (2.18)
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where K2 is the squared projection onto the deformation axis [48] (see Figure 2.2). A

nuclear quadrupole deformation parameter, β, can be defined [27] by a difference in

radius between two principle axis of a deformed nucleus ∆R as

β=
4

3

√
π

5

∆R

R0
, (2.19)

where R0 is the radius of an equivalent volume spherically symmetric sphere. The

radius of a deformed nucleus can then be found by using a second-order spherical

harmonic, Y20(θ,φ), as

R(θ,φ) = R0[1+βY20(θ,φ)] , (2.20)

where θ,φ are the spherical co-ordinates. Figure 2.2 shows the spherical-harmonic

surface for the prolate (Q0 > 0), spherical (Q0 = 0), and oblate (Q0 < 0) quadrupole

moment and nuclear β values.

The intrinsic quadrupole moment, Q0, can be related [49] to the static quadrupole de-

formation parameter, βstatic2 , by

βstatic2 =Q0

√
5π

3Zr20A
2/3
, (2.21)

where r0 from a parametrization of the droplet model [50, 38] was used in this work.

This allows for a measure of the static deformation from the nuclear parameter, βstatic2 ,

of the nucleus, albeit with a large nuclear model dependence. Only very few nuclei,

those near shell closures, can be considered as spherical (| β | < | 0.1 |), the majority

have prolate or oblate deformation (| β | > | 0.1 |) [44].

The deformation relationship with mean-square charge radii given by Equation 2.10

includes both static and dynamic contribution parameters as

(βtotal2 )2 = (βstatic2 )2+(βdyn2 )2 , (2.22)
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Figure 2.2: Second-order spherical harmonic Y20 surface plot showing spherical, pro-
late and oblate nuclear deformation parameters/quadrupole moments with respect to
the intrinsic deformation axis z.

when cancelling the static contribution using Equation 2.21, one can isolate the changes

in the dynamic contribution βdyn2 [51].

As Q is approximately a one-body operator, if the coupling between a valance proton

and neutron is weak, then the final QS(I) of a nuclear state with spin, I, can be cal-

culated by angular momentum coupling rules [43, 12], which reduces to the additivity

formula

QS(I) =

(
I 2 I

−I 0 I

)
(−1)Ip+In+I(2I+1)

×

[{
Ip I In

I Ip 2

}
Q(Ip)(
Ip 2 Ip

−Ip 0 Ip

)

+

{
In I Ip

I In 2

}
Q(In)(
In 2 In

−In 0 In

)]
, (2.23)

whereQS(I) can then be calculated with the proton and neutron quadrupole moments,

QS(Ip) andQS(In), in orbits with spins Ip and In respectively. The (...) and ... brackets

denote the Wigner 3-j and 6-j symbols respectively [43]. The application of this rule to

the proton- and neutron-particle states in the even mass indium isotopes is discussed
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in Chapter 7.

An overview of mean-square charge radii, nuclear magnetic dipole moments, nuclear

electric quadrupole moments and nuclear spins of the ground and isomeric states mea-

sured in 113−131In is shown in Figure 2.3. The observables measured for the first time

(to the authors knowledge) in this work are indicated in red, beside the energy level of

the states, while observables [13] which were previously measured are shown in black.
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Figure 2.3: Summary of the ground and isomer states in 113−131In. New measurements
made by CRIS discussed in this work are shown in red under the levels, for the electric
quadrupole QS, magnetic dipole µ and mean square charge radii

〈
r2
〉
. Those previ-

ously measured are shown in black. Data taken from Nuclear Data Sheets [52, 53].
The colours of the energy levels indicate the nuclear states from the same configura-
tions across the isotopes. The excitation energies are not to scale.
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2.2 Atomic physics

2.2.1 Hyperfine structure

The interaction of the magnetic dipole moment of the nucleus, ~µI, with the magnetic

field generated by its surrounding electron cloud, ~Be, or the interaction of the nuclear

electric quadrupole, QS, with the electric field gradient of the electrons, ∂
2V
∂z2

, (where V

is the electric potential), are able to break the degeneracy of the fine structure energy

levels,~J= ~L+~S [39].

Their interaction reveals hyperfine energy levels, F, from the vector coupling of

~F=~I+~J , (2.24)

for each possible total angular-momentum coupling of the electronic spin,~J and nuclear

spin,~I, the so-called hyperfine structure.

The shift in energy from these two contributions, ∆EHFS, can be expressed [54] as

∆EHFS = ∆ED+∆EQ

=

α︷︸︸︷
C

2
Ahf+

β︷ ︸︸ ︷
3C(C+1)−4IJ(I+1)(J+1)

8IJ(2I−1)(2J−1)
Bhf ,

(2.25)

where

Ahf = µ
Be(0)

~I.~J
, (2.26)

Bhf = eQS

〈
∂2V

∂z2

〉
, (2.27)

and
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C= F(F+1)− J(J+1)− I(I+1) . (2.28)

Ahf and Bhf are the hyperfine structure constants. Ahf is the coefficient for the inter-

action of the magnetic dipole moment, µ, of the nucleus with the magnetic field, Be(0),

at the nucleus 2. And Bhf is the coefficient for the interaction of the nuclear quadrupole

moment, QS, with the field gradient created by the electrons, ∂
2V
∂z2

. The convention

of spectroscopic quadrupole moments, QS, is to use z as the deformation axis, as in

Figure 2.2.

The number of transitions between the hyperfine levels, F, is limited by the unit angular

momentum of a photon to ∆F = 0,±1, where F = 0→ 0 transitions are forbidden. An

example of these transitions is shown in Figure 2.4.

Using the approximation that
〈
∂2V
∂z2

〉
and Be(0) remains constant between isotopes of

the same element, the ratio of the Ahf and Bhf factors from Equations 2.26 and 2.27

becomes

Ahf
A ′hf
' µ

µ ′
I ′

I
, (2.29)

and,

Bhf
B ′hf
' QS
Q ′S

. (2.30)

This allows the extraction of a µ value for a given Ahf value provided that there is a

reference isotope with known µ ′ and Ahf values. These µ values are often determined

by NMR measurements with a naturally abundant reference isotope [55].

However for the electric quadrupole moment, it is not possible to apply a sufficiently

large and tunable electric field gradient in the laboratory to produce measurable energy

differences for measurement of a reference isotopeQS value. Therefore reported elec-

tric quadrupole moment values depend on the calculation of electric field gradients for

the atomic environment in which they are measured.

2Be(0) and ∂
2V
∂z2

are often taken to be constant over the nuclear volume, see Section 2.2.2
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The relative peak intensities of the hyperfine structure can be determined using the line

strength, SFu→Fl , formula [56]

SFu→Fl =

{
Fl Fu 1

Jl Ju I

}2
, (2.31)

where {...} is the Wigner 6j-symbol [56, 57]. This relation is valid under the assumption

of linear polarised light.

The precision of experiments in an external magnetic field can be extremely high. Mea-

surements of the stable indium isotope 115In allowed determination of the hyperfine

octupole constant [31] for the 5p 2P3/2 atomic state asOhf(115In) = 0.000100(13) MHz,

compared to Ahf(115In) = 242.164807(23) MHz and Bhf(115In) = 449.54568(21) MHz

for the dipole and quadrupole constants. It was not possible to reach this level of preci-

sion to determine the octupole moments in this work.
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5p 2P3/2→ 9s 2S1/2

J =1/ 2

J =3/ 2

I=9/ 2

F=5

F=4
F=6

F=5

F=4
F=3

246.8 nm

ω

Figure 2.4: Schematic illustration of the hyperfine structure of 115In using the 246.8-
nm (5p 2P3/2 → 9s 2S1/2) transition. The horizontal spacing between the blue lines is
proportional to the transition energies.
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2.2.2 Hyperfine anomaly

Two additional corrections can be included for phenomena related to the finite size of

the nucleus as

Ahf =A
point
hf (1+εBW)(1+εBR) , (2.32)

where εBR is the Breit-Rosenhal effect contribution due to the extended nuclear charge

distribution [58] and εBW is the Bohr-Weisskopf effect contribution from the extended

nuclear magnetisation over the nucleus [59, 60]. The Apointhf denotes to the Ahf factor

for a point nucleus in the absence of these effects.

The factors can be introduced as a correction when Ahf is determined from ratios, as

in Equation 2.29, giving

Ahf
A ′hf
' µ

µ ′
I ′

I
(1+A∆A

′
) , (2.33)

where A∆A
′

is the differential anomaly term. The differential anomaly, A∆A
′
, is a nu-

clear structure observable in its own right [61], but it is often corrected for or neglected.

The magnitude of this anomaly depends greatly on the isotope studied in addition to the

atomic state from which it is measured. The differential hyperfine anomaly measured

for the stable 113,115In isotopes were as small as A∆A
′
= 0.00075(13)% for the 5p 2P1/2

state and -0.00238(13)% for the 5p 2P3/2 state [62, 63]. It was eventually neglected in

the following analysis following observation of a constant AuAl for the new isotopes well

within experimental uncertainty.

2.2.3 Isotope shifts

Between isotopes a shift in the electronic energy levels can occur due to differences in

mass of the nuclei or field over the nuclei, due to changes in shape or volume. These

are termed the mass shift (MS) and field shift (FS) contributions to the isotope shift

(IS). They are approximately additive as IS =MS+ FS. The energy shift is observed
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as a change in frequency, ν between the same atomic transitions of two isotopes as

∆E= hνA ′ −hνA.
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Figure 2.5: Plot illustrating the relative contribution of field shift and mass shift with
atomic number Z. The field-shift dependence approximately goes as Z2/3

√
A while

the mass shift goes as 1/A2. The offsets at Z = 1 from [64] were used. The field-
shift contribution dominates over the mass-shift contribution for medium-mass nuclei
(Z& 30).

Mass shift

The shift in atomic energy levels between two isotopes due to the electron and isotope

masses is termed the ‘mass shift’ [65]. The mass shift can be split into normal mass

shift (NMS) and a specific mass shift (SMS) components MS = NMS+ SMS. The

normal mass shift refers to the effect of the change in reduced mass MAme
MA+me

of the

system, which alters the Bohr radius, a0, in the classical orbit picture. The SMS ap-

pears in multi-electron systems due to the correlated motion of the electrons. This can

have either a positive or negative contribution to the total mass shift. The SMS can be

represented by the dot product expectation term
〈∑

i>j~pi ·~pj
〉

between two momen-

tum vectors, summing over the electron momenta to calculate the binding energy of a

specific electronic state. Together with the NMS this gives [65]
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MS=MSnormal+MSspecific ,

=
MA ′ −MA

(MA ′ +me)(MA+me)

1
2

〈∑
i

p2i

〉
+

〈∑
i>j

~pi ·~pj

〉 ,

=
MA ′ −MA

(MA ′ +me)(MA+me)
(KNMS+KSMS) ,

(2.34)

Where the momenta can be written as K, a constant independent of the nuclear masses

which contains the electronic structure information. The SMS term
〈∑

i>j~pi ·~pj
〉

presents a highly correlated many-body problem which is non trivial to calculate in multi-

electron systems (see Section 2.3).

Field shift

The shift in the electron energy levels depends on the electrostatic potential due to

the density of nuclear charge, which is affected by the differences in the number of

neutrons between isotopes as they rearrange the volume and shape of the nucleus.

The electronic state is higher in energy for states which have higher probability density

in the nuclear volume as they are less tightly bound in this region. The field shift effect is

therefore largest for s electrons which have the highest spatial overlap with the nucleus.

The field shift contribution to the isotope shift increases with atomic number Z and nu-

clear massA approximately as Z2

A1/3
, due to the increase in electron density overlapping

the nuclear volume, V ∝A, this dependence is shown in Figure 2.5. The field-shift con-

tribution therefore dominates over the mass shift for higher atomic numbers (Z& 40).

There is an additional field-shift contribution from the shape of the nucleus, which is

primarily due to the quadrupole deformation.

The mean-square charge radius
〈
r2
〉

is related to the nuclear deformation parameter,

β2, as in Equation 2.10. In terms of the nuclear deformation parameter, β2, and the

volume, V , of the nucleus this becomes
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V ' 4
3
πr30

(
1+

3

4π
β22

)
, (2.35)

it is possible that even if the volume of the nucleus remained constant, the β2 parameter

would give rise to a change in
〈
r2
〉
. The

〈
r2
〉

value therefore can have a contribution

solely due to change in shape of the nucleus [65]. Although for most nuclei the two

are correlated, the field shift in energy has contributions from both the volume shift and

shape shift i.e. FS= VS+SS.

The field shift is calculated [66, 67, 68] by considering a change in binding energy for

the overlapping electron probability density, which can be expressed as

δEFS = F(Z)λ
A,A ′

' F(Z)δ
〈
r2
〉A,A ′

,
(2.36)

where F(Z) is the field-shift factor which contains all terms needed to determine the

change in isotope shift energy for a change in the nuclear parameter λA,A
′
, such as

∆|ψe(0)
2| the change in electron density near the nucleus between two levels in a

transition [39]. The nuclear parameter λA,A
′

is often approximated to the first-order

radial moment δ
〈
r2
〉
. The higher-order radial moment expansion goes as

λA,A
′
= δ

〈
r2
〉
+
C2
C1
δ
〈
r4
〉
+
C3
C1
δ
〈
r6
〉
, (2.37)

higher-order terms are typically important only for very heavy nuclei [64]. The Seltzer

[69] coefficients (C1,C2,C3) can be found in [70]. For indium these areC1= 0.758×102,
C2=−0.462×10−1 andC3= 0.144×10−2, meaning an expected contribution of less

than 0.06% of the higher moments compared to δ
〈
r2
〉
. The higher order radial mo-

ments are thus neglected and included as an uncertainty in the extraction of charge

radii in this work.

A field shift also occurs if an isomer has a different nuclear charge distribution than

the ground state, an ’isomer shift’. This is particularly relevant in this work due to the

abundance in isomers in the indium isotopes, which allowed the field shift of transitions
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to be evaluated with negligible contribution from the mass shift (Section 6.5).

King plots

Using the relations above, the isotope shift in frequency is

δνA,A
′

i =Mi

1
µ
A,A ′︷ ︸︸ ︷

A ′−A

A ′A
+Fiλ

A,A ′
. (2.38)

By taking this relation for two transitions, i and j, and multiplying by the mass factor

µA,A ′ , so that µA,A ′λA,A
′

can be cancelled, gives a linear equation for µA,A ′δνA,A
′

j in

terms of µA,A ′δνA,A
′

i as

µA,A ′δνA,A
′

j =

gradient︷︸︸︷
Fj

Fi
µA,A ′δνA,A

′
i +

intercept︷ ︸︸ ︷
Mj−

Fj

Fi
Mi . (2.39)

By plotting pairs of isotope shift measurements in two separate transitions for each iso-

tope (a ’King’ plot [65]), a linear fit through the data with Equaton 2.39 allows atomic

information to be extracted from the gradient and intercept values. The gradient,
Fj
Fi

,

can be used to determine an unknown field shift constant Fj for a transition, if another

Fi factor is already known.

2.3 The quantum many-body problem

While the solution to the full Schrödinger equation is not trivial in most cases, the quan-

tum many-body states can readily be represented. The wavefunction for anA-body sys-

tem Ψ(x1,x2,x3, . . . ,xA) can be approximated as the product of single-particle states

φ1(x1), φ1(x2) ... φ1(xA), if anti-symmetry is required this can be in the form of a

Slater determinant [46] as
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Ψ(x1,x2, . . . ,xA) =
1√
A!

det

∣∣∣∣∣∣∣∣∣∣
φ1(x1) φ1(x2) . . . φ1(xA)

φ2(x1) φ2(x2) . . . φ2(xA)
...

φA(x1) φA(x2) . . . φA(xA)

∣∣∣∣∣∣∣∣∣∣
, (2.40)

where x1, x2 .. xA represent the relevant quantum numbers. Slater determinants can

be use to construct the many-body states for a Fermion system.

In full-configuration interaction (CI) calculations (‘large shell model calculations’ in the

case of the nucleus) [71], A fermions are distributed over n single-particle states. By

diagonalising the Hamiltonian matrix defined by the basis of all possible many-body

states (Slater determinants), then the energy of the ground and all excited states can

be solved, and similarly the expectation value of any other operator. Truncation of exci-

tations, for example to single and double excitations (CISD) [72] can also be performed.

This approach is preferable if the dimensionality of the Hamiltonian matrix is small

enough to solve computationally in a short amount of time. This is rarely the case

for many quantum systems however and so alternative approaches are used. For the

calculation of ground-state properties, powerful methods exist, such as the in-medium

similarity re-normalisation group method (IM-SRG) [73, 74, 75, 76], or the coupled-

cluster (CC) method described below.

2.3.1 The coupled-cluster method

The coupled-cluster method [77, 78] is based on the principle that by solving for a

similarity transformation which makes a reference state without correlations |ψ0〉, an

eigenstate of the Hamlitonian H̄N

H̄N ≡ e−THNeT , (2.41)

with T , the cluster operator used to introduce correlations into the state, |ψc〉.

T ≡ T1+T2+ ...+TA , (2.42)
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or using second-quantization formalism

T ≡
∑
ia

tai a
†
aai+

1

4

∑
ijab

tabij a
†
aa
†
bajai+· · ·+

1

(A!)2
∑

i1...iAa1...aA

t
a1...aA
i1...iA

a†a1 · · ·a
†
aA
aiA · · ·ai1 .

(2.43)

Here a†a... are the particle-creation operators and aiA are the hole-annihilation opera-

tors. This expansion can be approximated to T ' T1+ T2 (the first two terms), in the

coupled-cluster singles and doubles approximation (CCSD). This significantly reduces

the complexity of the problem, essentially from A-body to two-body. Typically 90% of

the correlation energy is determined using up to doubles (CCSD), and 99% with triples

[77] (CCSDT). The unknown cluster amplitudes tai , tabij ... can then be found solving

the coupled-cluster equations

〈Φ0|HN|Φ0〉= Ec, (2.44)

〈Φai |HN|Φ0〉= 0, (2.45)

〈Φabij |HN|Φ0〉= 0, (2.46)

requiring that the reference state |ψ0〉 to have no 1p-1h or 2p-2h excitations. Once

the CC equations are solved for the cluster amplitudes, the ground-state energy of the

system is then known by E = Ec+EHF, where EHF is the uncorrelated Hartree-Fock

energy. Coupled-cluster theory is particularly powerful as H̄N can be evaluated ex-

actly [79], and using the CCSD approximation, the computational cost grows as n20n
4
u

instead of a factorial n0!nu! as compared to the full configuration interaction (CI) cal-

culation [77]. Extensions to isomeric states and even open quantum systems are also

possible [80].

As an example, under a pairing or ‘CCD’ approximation, the author performed cal-

culations for the correlation energy of a simple 8-level 4-particle system. The result-

ing correlation energy is shown in Figure 2.6 for varying interaction strength g. Very

good agreement was found with the full CI calculation, where the CCD calculation took

only 10 seconds compared to around 5 minutes for the full CI. The coupled-cluster ap-

proach is widely applicable and is used in both atomic and nuclear structure calculations
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[81, 82, 80, 83].

Figure 2.6: Coupled-cluster calculation of correlation energy for a simple 4-particle,
8-orbits pairing model system. Even for a very strongly interacting system (large inter-
action strength g) the correlation energy was well reproduced with the coupled-cluster
approximation compared to the full configuration interaction (CI). Calculations were per-
formed in Python based on the CC formulas in [77].

2.3.2 Atomic factor calculations for indium

Coupled-cluster CCSD(T) calculations were performed by Sahoo [16] to determine the

atomic parameters Ahf/gI and Bhf/Q factors for the extraction of nuclear moments

in this work. Where ‘(T)’ denotes the inclusion of a perturbative correction for triple

excitations [84, 85]. A comparison of the calculated factors to those determined experi-

mentally is made in Section 5.5.

Along with correlation effects, relativistic effects play an important role in heavy-atom

systems [82]. Hence a relativistic implementation was used for the indium atom calcu-

lations. A Dirac-Coulomb Hamiltonian [86] with a Dirac-Hartree-Fock (DHF) approach

[87] was used to determine the mean-field wavefunction for the [5s2] closed configu-

ration reference state (In+) and the single-particle orbits. These were used in the rel-

ativistic coupled-cluster (RCC) calculations, which introduced the electron-correlation

effects.
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The hyperfine interaction operators [54] used to determine the hyperfine structure con-

stants can be found in [84]. Higher-order corrections to the due to the Breit interac-

tion [88, 89] and quantum electrodynamic effects (QED) [90] were also included in the

Hamiltonian. The Ahf values extracted experimentally in this work are compared to the

calculated values in Section 5.5. A comparison was made between the values from

the DHF and the CCSD approach, to demonstrate the necessity of electron-correlation

effects, in addition to the triples, Breit and QED corrections.

CCSD(T) calculations of the FS and MS factors, Fi and KMS,i = KNMS,i + KSMS,i
respectively, were also performed by Sahoo et al. [91], allowing accurate extraction

of δ
〈
r2
〉A,A ′

from the isotope shift measurements, for the transitions, i, used in this

work. For the calculation of these factors an analytic-response (AR) RCC approach

was used [92, 93]. Although the AR approach had already existed [81], the calculations

were applied to calculate the isotope shift factors in an atomic system for the first time.

The AR approach was particularly appropriate in the calculation of the SMS factor,

KSMS,i, as it avoided the appearance of non-terminating series which appear when

evaluating the two-body SMS operator using the expectation-value-evaluation (EVE)

approach [94, 95, 96, 66, 68], which was used for the hyperfine interaction constants

[91]. Calculations using a finite field (FF) approach were also performed by [16] for

comparison. Compared to AR approach, the finite field approach has the drawback of

a dependence on the choice of a perturbative parameter [81, 66].

This AR approach allowed the MS factors of atomic indium to be calculated for the

first time and offers an accurate approach to calculate the SMS factor for other odd-

proton systems, which have the common problem described in Section 6.5 for isotone

independent extraction of charge radii from isotope shift measurements. Comparison of

the calculated FS and MS factors to experimentally extracted values is given in Section

6.5.1.

2.4 Atomic populations following charge exchange

Many collinear laser spectroscopy (CLS) measurements are performed on atomic rather

than ionic beams, in part due to the increased availability of spectroscopic data but

also, in the case of CRIS, due to the lower ionization potential of atomic systems. This
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reduces the technical complexity of step-wise laser ionization. Producing a neutral atom

beam is typically performed through electron-capture reactions with an alkali vapour.

During these reactions many atomic states may be populated. The prediction of this

distribution for ion beam energies in the 1-100 keV regime is discussed in this section.

Populating many atomic states during charge exchange significantly reduces the total

efficiency of CLS measurements performed from only one of the atomic states of the

neutralised beam. For the work on the indium isotope chain, the population distribution

was carefully measured during the laser scheme development phase of this project.

The results from this work are discussed in Section 5.9. The design of the charge-

exchange cell used at CRIS is shown in Section 3.2.1.

2.4.1 Neutralisation reactions

An ion beam composed of ions, A+, can be neutralised by capturing an electron from

a free atom B. The atom B is typically an alkali metal (e.g. potassium or sodium),

as they have a low-IP and low boiling point, increasing the ease of vapour formation.

In neutralisation reactions between ions and atoms of the same element B++B→
B+B+, i.e. symmetric charge exchange, the probability of electron capture is high and

decreases with increasing beam energy, TB, as

σ
1/2
CE = a−b lnTB , (2.47)

where a and b are empirical constants, their values can be extracted from cross sec-

tions for charge exchange measured for a given element [97, 98, 99, 100]. In the case

of a symmetric reaction and low beam energies (. 1 keV), the population of the atomic

ground state following neutralisation of the ion will be largest. For many CLS experi-

ments, the atomic number of the ion to be neutralised and the atomic number of the free

atom from which it will capture an electron will be different, these asymmetric charge-

exchange reactions have the form

A+(0)+B(0)→ A(k)+B+(0)+∆E . (2.48)

Where B(0) is the free atom in its ground state, and A+(0) is an ion from the beam
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which captures an electron from B(0), and then exits in an excited state, k. The excited

state, k, depends on the difference in ionization potential of the two elements in the

reaction, ∆E = IA − IB, and can therefore be much above the ground state of the

product atom. With the typical beam energies used for collinear laser spectroscopy (>1

keV), this energy deficit, ∆E, is not a significant barrier to the reaction, and therefore

many high-lying states can be populated in these experiments.

The maximum cross section σCE for an asymmetric charge-exchange reaction with

energy deficit ∆E can approximately be found at a velocity

v' a∆E
h

. (2.49)

This follows from the Massey hypothesis [101], which assumes an ’adiabatic’ velocity

region, where the reduction in internucleon distance from the relative velocity is much

slower than the electronic motion, allowing electronic transitions to be avoided. Fol-

lowing the maximum σCE at velocity, v, the σCE will decrease with increasing beam

energy, TB. The adiabatic parameter value of a = 7×10−8 cm has been found to have

agreement between several reaction experiments [100, 102, 103, 104]. For collinear

laser spectroscopy experiments, the cross sections for populating excited states, k, is

of interest, as they form the initial atomic population distribution of the atom which mea-

surements are performed from. An atomic-energy-level picture of the charge exchange

process can be seen in Figure 2.7, for indium ions neutralised by sodium, the final

population distribution after spontaneous de-excitation over 120 cm of atom flight (see

Section 2.4.3) is also shown, at TB = 20 keV and TB = 40 keV.

As suggested by Equation 2.49, the velocity can be tuned for state-selective neutral-

isation, allowing the neutralisation process to be used for ultrasensitive radioisotope

detection, the relative cross sections can be further manipulated for state-selective neu-

tralisation by optically pumping of the reactant atom or ion [105, 106].

The total cross section for neutralisation is difficult to calculate as it can proceed through

multiple reaction channels, and is heavily dependent on the reactant atom and ion el-

ements, A+(i),B(j). However an approximate method was developed by Rapp and

Francis [107] (R&F), using a semi-classical impact parameter approach, which allows

calculation of the cross section for the population of excited states k of product atoms
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in asymmetric charge exchange reactions. This method was used to calculate the neu-

tralisation cross sections in the following section.

2.4.2 Neutralisation cross section calculation

In the impact-parameter approach, a three-body approximation is used for the electron

in the field of the projectile and target ions, the dynamics of this three-body system are

found determined as a function of time t by the incident velocity v, and impact parameter

b, values. The probability, P(b,ν), of the electron capture is then also a function of b

and v values, which when integrated over for the impact parameters gives the cross

section as a function of the incident velocity, v and the relevant atomic parameters as

σ(b,v) = 2π

∫∞
0
Pω(b,v)bdb . (2.50)

The probability for asymmetric charge exchange, Pω(b,v), is given by the R&F method

as

Pω(b,v) = fP0(b,v)sech

(
ω

v

√
a0πb

2γ

)2
, (2.51)

where P0(b,v) is the symmetric charge-exchange probability, a0 is the Bohr radius,

γ=
√

Ī
13.6 eV and Ī= (IA−IB)/2. To take into account ratio of multiplicity between the

products orbital angular momenta and spin and that of the reactants, a statistical factor

f is included, accounting for the fraction of collisions which are able to form the product

spin states. The factor consists of degeneracies of the spin fS and orbital angular

momenta fL of the reactant and product states f = fSfL. This is given by the ratio of

the multiplicity (2S+1) of the spin state formed with correct spin of the products to the

multiplicity of all spin states that can be formed from the reactants spin. For fS this is

given by

fs =
productsmultiplicities
reactantsmultiplicities

=
(2SA(k)+1)(2SB+(0)+1)

(2SB(0)+1)(2SA+(0)+1)
, (2.52)

for example reactants with S= 3
2 and S= 1

2 would have a weight factor of 2×1+1
(2×3/2+1)(2×1/2+1) = 3

8
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for forming a state with S = 1. The same logic applies to orbital angular momenta L

degeneracies when the reactants have higher angular momenta than the products. Oth-

erwise the angular momentum can be gained from the collision, fL = 1 is used in these

simulations when this is the case (if fL > 1).

The contribution from the probability for symmetric charge exchange is defined [107] as

P0(b,v) = sin

(√
2π

γa0

2Ī
 hv
b
3
2

(
1+

a0
γb

)
exp
(
−γb

a0

))2
, (2.53)

where the average ionization potential of the atoms in the asymmetric reaction, Ī =
IA+IB
2 , is used. From the work by [108], a correction to the original formula by a factor

of 2 is included within the sin function. A linear trajectory before and after electron pick

up is assumed in the impact parameter approach [109, 110]. While this assumption

holds in the majority of cases, there is in reality an angular distribution of the product

neutrals. In an extreme case of O++N2 [111] at 0.5-5 keV, a small fraction of the

neutral beam was found at angles of up to 3◦, which was attributed to closer collision

distances due to a large energy deficit.

Equation 2.53 is derived under the assumption of an ‘intermediate’ velocity region, de-

fined [112] as

mB meV< TB < 10mB keV , (2.54)

where the incident ion mass, mB, is given in atomic mass units. For incident ion beam

energies typical of CLS experiments (1-100 keV) all incident elements fall under this

range, apart from 16 Z63 which are on the boundary.

The neutralisation cross sections for the neutralisation of indium ions to all experimen-

tally known product electronic states in atomic indium was calculated, using the spec-

troscopic level information from the NIST atomic database [113], and the above R&F

approach. The same calculations were also performed for elements 1 6 Z 6 89, the

results are discussed in Section 5.9.

In the original formulation by R&F [107], the approximation of P0(b1,v) =
1
2 is used up



2.4. ATOMIC POPULATIONS FOLLOWING CHARGE EXCHANGE 67

to a ‘cut-off’ impact parameter, b1. In this work numerical integration of Equation 2.53

was used up to a convergence level instead, using a Levin-type [114] integration rule

(for oscillatory integrals) implemented in Mathematica® [115]. This avoided solving for

b1 for each electronic state considered.

Many contributions included in more recent and complete approaches [116, 117, 118,

119] are neglected in the R&F [107] method. For instance the impact parameter ap-

proach considers only the non-radiative kinematic mechanism [120, 109] for electron

capture. However radiative channels have also been identified to contribute to first or-

der in electron-transfer mechanisms, where photon emission [121] or electron emission

[122] also accompanies the electron capture.

Experimental data has been compiled by [123] for many symmetric charge-exchange

reactions, in which it was found that the R&F approach has poorer agreement at TB <5

keV/u for atoms with ionization potentials much smaller than hydrogen. The correction

needed for the calculations to reproduce the cross-section data was found [124, 125]

and a corrective formula is reported in [126]. Although this correction allows for in

increased accuracy of the calculations, CLS experiments are rarely performed at TB
<5 keV due to the undesirable increase in the Doppler broadening of the spectra. To

increase the accuracy of the method for symmetric charge exchange by double-electron

capture [127, 128], an improvement to the single electron potential used by R&F has

been reported by [127] which improved the agreement with experimentally measured

cross sections for reactions of this kind. Where more accurate calculation of cross

sections for double-electron capture reactions are needed, approaches have recently

been developed which correctly include four-body interactions [129, 130, 131].

Although the absolute cross sections calculated from the R&F method are known to

disagree with experiment values in some cases [132, 124, 128, 133], the calculations

well reproduce the dependence of cross section on ion velocity for asymmetric charge

exchange. For calculation of relative populations, where the cross section for neutrali-

sation to thousands of atomic states has to be calculated for some elements, the R&F

method proves to be a computationally inexpensive approach and has been shown

predict final relative atomic populations which agree with experiment [134, 135]. The

largest source of error for the relative population calculations in most atomic systems

can be attributed to incomplete spectroscopic data for the element. This is discussed

in Section 5.9.
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A) 40 keV

B) 20 keV

Figure 2.7: The final and initial atomic state populations of atomic indium, compared for
neutralisation by sodium or potassium, as well as for A) TB=40 keV and B) TB = 20 keV.
A flight length of lfl = 120 cm for the atom was used. The 2P3/2 state has the highest
relative population, with a cross section of σ(2P3/2) = 3.93×10−16 cm2 using potassium
or σ(2P3/2) = 4.17×10−15 cm2 using sodium at TB = 20 keV.
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Figure 2.8: The final and initial atomic state populations of atomic indium, compared
for neutralisation by sodium or indium itself at TB=40 keV. For comparison the cross
section for populating the 2P3/2 state using sodium is σ(2P3/2) = 5.05×10−15 cm2 and
σ(2P3/2) = 4.17×10−15 cm2 using indium.

2.4.3 Relative atomic populations

Following calculation of the cross sections for charge exchange, σCE, for each atomic

state, the de-excitation of the population to lower atomic levels takes place over a dis-

tance lflight at velocity v. The de-excitation was simulated using the spontaneous

decay coefficients, Aki, taken from the NIST atomic database [113]. Missing Aki val-

ues represent a large source of uncertainty in the calculation, where transitions with

unknown Aki values were not used in the simulation. Although this source of error is

difficult to evaluate, it will generally result in overestimation of high-lying state popula-

tions and underestimation of low-lying populations with respect to the difference in IPs

of the elements involved in the reaction. Branching ratios, βki ′ , were calculated from

the coefficients as βki ′ =
Aki ′∑
iAki

, to lower states, i.

The population decay from upper states, k, were then evolved using
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Figure 2.9: Initial and final electronic state populations and cross sections for
the reactions In+(0)+Na(0)→ In(2212.6 cm−1)+Na+(0) and Na+(0)+Na(0)→
Na(0)+Na+(0). For beam energies in the range TB=0-100 keV and with de-excitation
following an atom flight length of lfl = 120 cm.

F
decay
k = exp

(
−
lflight

v

∑
i

Aki

)
. (2.55)

The decay paths through intermediate states were tracked at each iteration of the sim-

ulation.

Using this approach, the relative populations of indium neutralised by the reaction

In+(0)+Na(0)→ In(k)+Na+(0)+∆E (2.56)

with sodium and with potassium
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In+(0)+K(0)→ In(k)+K+(0)+∆E (2.57)

were simulated. The results are displayed in Figure 2.7 A). An atom flight distance of

lfl = 120 cm was used for the final populations. A comparison is shown between ion

beam energies of TB=40 keV and TB=20 keV.

From these simulations it was clear that the use of sodium as the alkali metal vapour

for charge exchange would give the largest population of the metastable 2P3/2 state

at 2212.6 cm−1. The 2P3/2 state being the lower state of the 246.8-nm (5p 2P3/2 →
9s 2S1/2) transition used to give sensitivity to the quadrupole moment QS, the ground

state being 2P1/2. Figure 2.8 shows the case of using indium itself to neutralise the In+

beam. The conventional approach in many CLS experiments is simply to consider the

energy balance for the reaction, in which case symmetric neutralisation reactions would

be the ideal case. As Figure 2.8 indicates however, this does not take account of any

other states in the atom, other than the state of interest. In this case using indium to

neutralise the In+ ions would result in a lower relative population of the 2P3/2 state of

interest, in addition to the impracticality of creating an indium vapour.

These relative populations were later measured at TB=20 keV with naturally occuring

indium isotopes with an ablation ion source, which is the topic of Section 5.9. This

was used as a evaluation of the populations for the experiment on radioactive indium

isotopes which was later performed at TB=40 keV, shown in Figure 2.7 A).

The relationship between the relative population of a state and its cross section as a

function of TB depends highly on the atomic levels of the elements of interest for the

reaction. Take the ‘off-resonance’ asymmetric reaction

In+(0)+Na(0)→ In(2212.6 cm−1)+Na+(0) , (2.58)

and compare it to the ‘resonant’ symmetric reaction

Na+(0)+Na(0)→ Na(0)+Na+(0) . (2.59)

For beam energies, TB = 1-100 keV, this is shown in Figure 2.9. For the symmet-

ric reaction, both the cross section for neutralising into and relative population of the
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ground state of sodium simply decrease with beam energies. The cross section follows

the rule shown in Equation 2.49 and is well established experimentally [123, 107]. As

TB increases, the contribution from other states to the final population increases, and

therefore the difference between final and initial populations also increases.

This is in contrast the the relationship between the relative population and cross section

for neutralising into the 5p 2P3/2 state of indium at (2212.6 cm−1), due to the difference

in ionization potential with sodium. The broadening of the ‘resonance’ with increasing

TB, shown in Figure 2.7, is key to populating the 5p 2P3/2 state.

Hence when choosing a reactant atom for neutralisation and an optimum beam energy

to maximise the population of a given atomic state, one has to take these factors into

account. Additionally, the total neutralisation cross-sections (shown in Table D.3) may

increase with TB due to the broadening, in practice this can be compensated for by

increased vapour pressure however and is therefore not an intrinsic limitation to the

population of a state.



Chapter 3

Experimental method background

3.1 ISOLDE

3.1.1 Isotope production

ISOLDE is an isotope separation ‘online’1 (ISOL) facility located at CERN. It was de-

signed for the production, ionization, separation and transport of radioisotopes for a

wide variety of research experiments [136, 137].

At ISOLDE, 1.4 GeV protons from the proton synchrotron booster (PSB) at CERN im-

pinge upon a thick target which results in spallation, fragmentation and fission reactions

with the isotopes of the target material. The isotope production yields critically depend

on the target material used. Typical target materials include carbides (U, Si, Th, La),

oxides (Mg, Ca), refractory metal foils (Ti, Ta, Nb) and molten metals (La, Pb, Sn), al-

though over 100 different target materials have been tested to date [136]. Currents of

500-1000 A are used to heat 20 cm long tantalum tubes containing the material to tem-

peratures between 600 and 2200 ◦C to enable fast release of the short-lived isotopes.

The produced isotopes diffuse through the target material and effuse into an ion-source

[138] to be ionized.

1‘online’ refers to in-flight mass separation immediately following isotope production

73
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The use of thick targets allows measurable production yields of even very low cross-

section exotic isotopes, however the diffusion time remains the primary limitation on the

measurement of short-lived isotopes [139]. For the production of neutron-rich indium it

was known that the highest yield would be found using UCx target with a tungsten neu-

tron converter [140] to suppress the nearby caesium mass contamination [141, 142]. A

target temperature of around 1875 ◦C was found to be optimum for indium release from

the target, much higher than 2200 ◦C can result in sintering of the target which reduces

grain-boundary diffusion [143] and therefore reduces the yield of short-lived isotopes.

The yield of a given isotope available for measurement can be stated [137] as the

product of the proton flux θ, cross section for the production reaction σ, number density

of the target N and isotope-separation efficiency εISOL

Y = θσNεISOL , (3.1)

where εISOL depends on all efficiencies up to delivery to the central beamline

εISOL = εt1/2εdiffusionεeffusionεionizationεseparationεtransport . (3.2)

The coefficients ε give the efficiency for each extraction step following the production

of the isotope of interest in the thick target to its transport to the CRIS beamline. These

steps are further described in the sections below.

3.1.2 Ionization

The most common ion sources used with targets at ISOLDE are a surface ion source,

plasma ion source or laser ion source. The most appropriate depends on the chemistry

of the element to be ionized, surface and laser ionization can be complementary in

many cases.
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The surface ion source

The most straightforward method of ionization from an ISOLDE target is by surface

ionization. Figure 3.1 shows a schematic of the ISOLDE surface ion source in which

atoms diffuse through a tantalum transfer line heated to ∼2200 ◦C [144]. It is possible

for elements with an ionization potentials of less than ∼6.2 eV to be efficiently surface

ionized by collision with the heated surface in this way, with decreasing efficiency for

higher ionization potentials [145]. Low ionization potential elements such as alkali met-

als constitute a large source of beam contamination.

If the ionization potential is too high for surface ionization or the element is volatile, then

a plasma ion source configuration can be used [146]. The transfer line can also be

cooled to reduce the diffusion of less volatile elements.

Figure 3.1: Schematic of the surface ion source at ISOLDE with the laser ion source
also in operation. Image taken from [147].

In the neuron-rich indium mass region (113 6 A 6 131), caesium was the most read-

ily released contamination from the target and therefore the assumed largest source

of collisional background at the CRIS beamline. An accident before the experiment to

measure the neutron-rich indium isotopes led to venting of the target to atmosphere

while still under heating, this would have affected the chemistry of the target and likely

explains the high caesium contamination to indium ratios. The line temperature was

reduced from 2000 ◦C to 1875 ◦C for these experiments to reduce the caesium con-

tamination released from the target. This resulted in an increase in the ratio of indium

to caesium yield from
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128In
128Cs

=
1×104 µC−1

7.4×104 µC−1
= 13.51%,

to

128In
128Cs

=
1.9×104 µC−1

5.5×104 µC−1
= 34.5%,

as measured per µC of proton current by β− spectroscopy on the ISOLDE tape station

[136] (see also Table 3.1). A proton current of 2 µA was delivered from the PSB for the

majority of experimental run time.

The resonance ionization laser ion source (RILIS)

In most cases it is beneficial to use laser ionization in combination with the surface

ion source. The resonance ionization laser ion source (RILIS) [148] is operated by

overlapping lasers within the transfer line to resonantly excite and ionize the element

of interest from the hot cavity. The ionization step can then proceed by non-resonant

photoionization into the continuum, resonantly by excitation to an auto-ionizing state or

by thermal ionization from a Rydberg state [149, 150].

As a resonant transition is used this technique can be highly selective, but this selectivity

depends on the relative efficiency of laser εlaser and surface ionization εsurface to give

a beam purity, P, as

P =
εlaser
εsurface

, (3.3)

which heavily depends on the ionization potential of the isobar atoms.

The method shares much in common with experiments at the CRIS beamline, how-

ever the hot cavity environment causes significant Doppler broadening and complicates
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Figure 3.2: The indium ionization scheme used by RILIS during the measurements of
radioactive indium isotopes. The 304 nm (5s2 5p 2P1/2→ 5s2 5d 2D3/2) transition gave
the element selectivity.

high-resolution laser spectroscopy. Figure 3.7 illustrates this point. In some heavy el-

ements, with transitions which have large isotope shift and hyperfine constants, are

typically resolvable with RILIS [3, 151].

The RILIS was used to enhance the indium production for the experiments of this work.

The ionization scheme consisted of a 304-nm (5s2 5p 2P1/2→ 5s2 5d 2D3/2) step from

a pulsed dye laser [152] and then a 532-nm step for non-resonant ionization, as shown

in the scheme of Figure 3.2.

As an example of the enhancement from using RILIS, at mass 115 the beam current

increased from 12 pA to 500 pA by turning on the RILIS lasers, which should be almost

entirely from 115In. At higher masses the percentage of caesium contamination was

large with RILIS lasers off, but much less with lasers on, with only a slight enhancement



78 CHAPTER 3. EXPERIMENTAL METHOD BACKGROUND

to the ionization of caesium from the non-resonant 532-nm step (due to heating the

transfer line with 40 W of 532-nm light at 10 kHz).

The caesium contamination was significant enough to be the limiting factor in the mea-

surements, as can be seen in Table 3.1. The RILIS ON and RILIS OFF measurements

in this table refer to a remote shutter being open or closed which blocks the resonant

transition in the scheme. This was after target temperature optimization from 1868◦C to

2000◦C, which increased the 130In yield from 5× 103 ions/µC to 1× 104 ions/µC and
130Cs yield from 3.3×106 ions/µC to 1×107 ions/µC, further decreasing the contam-

ination ratio (the target temperature optimization was carried out before the previously

mentioned line temperature optimization).

The suppression of the large caesium contamination was not enough to allow measure-

ments further than 131In at the time. The predicted yield of 130Cs was 1×104 ions/µC

from past experiments at ISOLDE [153, 154]. However yields are very element and

target dependent [155, 156].

Further discussion of background suppression can be found in Section 6.3.3 of this

thesis. Sufficient background suppression would allow further measurement of the

neutron-rich indium isotopes using the CRIS setup despite increased contamination.

Measurements with yields as low as 20 ions/s have been made with the CRIS setup

in the past, on 78Cu, when background was less of a limiting factor (0.0025 cps) [157],

measurements up to 135In are feasible in principle.

3.1.3 Online isotope separation

The choice of ion source provides a partial element specific selection, of the radioiso-

topes to be studied. This can be high element selectivity if the RILIS is used, or

based only on the elements chemical properties for surface or plasma ion sources. The

method of online isotope separation by magnets then allows a specific mass number to

be measured by selecting out a specific A/q from the ionized beam. Two target areas

and corresponding mass separating magnet arrangements are available at ISOLDE,

the general-purpose separator (GPS) and the high-resolution separator (HRS).

The GPS consists of a single magnet, an electrostatic switchyard and movable plates

which allows the delivery of up to three beams to different experiments simultaneously,
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Table 3.1: Comparison of indium yields to caesium contamination determined by switch-
ing the RILIS laser on and off. The enhancement was measured by a Faraday cup
located after the HRS magnets, and additional with the ISOLDE tape station [136].
ISOLDE Database - [153, 154]

Beam current (pA) Yield (ions/µC)
In Mass RILIS ON RILIS OFF ratio ISOLDE Database Tape. In Tape. Cs

113 2 0.1 0.05 > 104

114 2 0 0.00 > 104

115 250 7 0.03 > 104

116 6 0 0.00 > 104

117 10 0.2 0.02 > 104

119 15 0.6 0.04 > 104

120 30 0.5 0.02 1.5×104
121 20 2 0.10 > 103

122 30 0.5 0.02 > 103

123 20 1 0.05 > 103

124 13 0.1 0.01 > 103

125 3 0 0.00 > 103

126 2 0 0.00 > 103

127 2 0.5 0.25 > 103

128 0.5 0.2 0.40 4.4×103 1×104 7.4×104
129 1.2 0.5 0.42 1.1×103
130 2 1.75 0.88 > 102 1×104 1×107
131 1.8 1.8 1.00 > 102

132 3 3 1.00 8×103 5×108
133 3 3 1.00 9×102
134 95

135 2.4

with a maximum of ±15 A/q difference from the central mass [158]. The HRS is an

array of two magnets and ion optics to produce a higher mass resolving power, with a

designed mass resolution of greater than 5000, in theory [137]. The caesium contam-

ination during this experiment significantly reduced the selectivity and mass resolving

power however. Beam energies of up to 50 keV can be reached after ionization and the

HRS beamline. An energy of 40 keV was used for the indium measurements presented

in this thesis. This energy was found to give the best transmission to and through the

CRIS beamline and ensured reduced Doppler broadening.
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TARGET

Figure 3.3: Layout of the ISOLDE facility at CERN. Adapted from [136]

After separation only electrostatic elements are used for ion transport at ISOLDE, mak-

ing the delivery to experiments independent of mass [136] (apart from the ISCOOL

for which the RF frequency is changed according to the mass). Both separators can

deliver beams to experiments in the hall through a merging switchyard to the central

beamline. At present experiments at the CRIS beamline can only be performed with

the HRS due to the requirement of the ion cooler-buncher ISCOOL (see Section 3.1.4)

which is located on the HRS branch.
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3.1.4 The ISCOOL cooler buncher

A principle requirement for the CRIS technique to be efficient with the pulsed non-

resonant final ionization step lasers which are used, is the use of bunched atomic

beams. An additional advantage is that the bunching duty cycle allows a proportion

of background counts to be gated out. The ISOLDE cooler-buncher ISCOOL [159, 160]

is used for this purpose. The trap consists of a radio-frequency quadrupole (RFQ)

which decelerates ions and reduces their energy spread using a buffer gas. The device

is shown schematically in Figure 3.4. A linear DC voltage is superimposed with the os-

cillating electric field in order to guide the ions through the cooler, a fast release switch

drops the voltage on the end plate of the cooler in less than 100 ns [161] to release the

bunch.

Figure 3.4: Schematic of the segmented radio frequency quadrupole trap ISCOOL.
Adapted from [159].

Helium is typically used as a buffer gas due to its light mass, the mass of the gas must

be lighter than that of the incident ions (mB) for cooling to take place [162],mB >mHe.

This is one limitation in the bunching of lighter mass isotopes such as carbon as the

increase in required bunching time and the increased reactivity with contaminants in
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the buffer gas significantly reduces the bunching efficiency. Once extracted from the

trap, electrostatic elements are used to guide the bunch to the CRIS beamline where

the beam emittance should remain constant [163].

A temporal spread of <5 µs is required for the bunch to fit within the CRIS interaction

region at 40 keV. for these measurements of indium, the average time of flight from the

cooler was 80 µs with a temporal spread of 2 µs. See Figure 3.5 for an example 115In

time-of-flight spectrum of the ion bunch released from ISCOOL.

An upper limit for the energy spread of the bunches can be given as 0.5 eV, based

on the 40(10) MHz Gaussian linewidth of resonances obtained with the high-resolution

laser used for these experiments.

Figure 3.5: An example time-of-flight spectrum of the ion bunch released from ISCOOL
(10 ms bunch time), for 115In. T0 is the laser release time i.e. the time of flight of the
ions is from the CRIS interaction region to the detector.

3.2 The Collinear Resonance Ionization Spectroscopy

(CRIS) experiment

The collinear resonance ionization spectroscopy (CRIS) technique has been developed

for the measurement of short-lived exotic isotopes, with the two principle advantages
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over conventional laser-spectroscopy methods of increased resolution and sensitivity,

as compared to in-source laser spectroscopy [164] and collinear fluorescence detection

laser spectroscopy [165] respectively. Figure 3.6 shows the layout of the CRIS beamline

at CERN-ISOLDE.

Figure 3.6: Schematic of the collinear resonance ionization spectroscopy beam line at
CERN-ISOLDE used to make the measurements of this work.

Accelerating the beam to energies greater than ∼5 keV causes the Doppler broadening

observed in measured atomic transitions to be reduced significantly [166, 167], where

the laser linewidth of ∼34 MHz [168] was the primary limitation in resolution during

these experiments. The reduction in velocity spread of the beam, δv, with an increase

in beam energy, ∆TB, is due to conservation of energy as

∆TB ≈mBvδv . (3.4)

Figure 3.7 shows a simulated comparison to a Doppler broadened spectrum typical of

in-source laser spectroscopy. Large linear stopping powers exist for ions interacting with

matter due to the Coulomb interaction, compared to the smaller cross section for inter-

action of photons via the photoelectric effect for the same detection volume. In addition,

the charge of ions allow them to be electro-statically guided into a particle detector, re-

moving solid angle losses as compared to the detection of photons which necessitate

lenses and angular arrays for efficient collection [169]. Ionization of radioisotopes there-

fore allows for improved detection efficiency (∼100% [170]) compared to conventional

fluorescence photon detection by photomultiplier tubes (<30% [171]). However, the

total signal rate for a measurement is not only a function of detection efficiency but also

of the total efficiency of the experimental setup and also the atomic transition strength
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in the case of photon detection. The use of photomultiplier tubes has the additional

disadvantage of higher background rates compared to ion detectors, from dark counts

and scattered light.

ωω
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Rest Accelerated
Doppler
broadened
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In

115
In
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113
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Figure 3.7: Idealised hyperfine spectra of stable indium isotopes 115In and 113In to illus-
trate the advantage of collinear laser spectroscopy over in-source laser spectroscopy in
a simple way.

A pair of 33◦ electrostatic bending plates allows overlap of the probe lasers with the

beam of ions deflected from ISOLDE. The ions are then directed through a charge-

exchange cell (see Sections 3.2.1 and 2.4) to neutralise by electron pick up reactions

with an alkali metal vapour.

The ionisation of neutralised atoms often requires several laser-excitation steps to ex-

ceed the ionization potential of the element. The laser beams are overlapped in a

collinear geometry in the interaction region of CRIS with the neutralised atoms. The

frequency of a resonant step laser is scanned to excite the transitions between the hy-

perfine levels of the isotope. Typically, a final non-resonant high-power laser is used to

ionize the atoms once they have been resonantly excited by a first-step transition. The

use of multiple excitation steps additionally allows for highly selective laser ionization

and detection of very low production yield isotopes, even in the presence of beams with

substantial isobaric contamination.

The selectivity, S, for ionization with n resonant laser excitation steps is given by

S=

N∏
n=1

(
δωn

Γn

)2
=

N∏
n=1

Sn , (3.5)
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where δωn is the separation of transitions from other states and Γn is the FWHM of the

transitions [161].

Collisional re-ionization of the neutral beam or non-resonant photoionization, in the

same time window as the resonant laser ionization, are presently the primary sources of

background for the technique. To reduce the collisional background the ‘interaction re-

gion’ of the CRIS beamline is kept under ultra-high vacuum conditions of < 10−9 mbar.

Typically laser ionization schemes are chosen so that the penultimate laser step is close

to the IP of the element, so that the final non-resonant step can be performed with a

long wavelength step (e.g. 1064-nm light where possible), to reduce photoionization

background. Mass contamination from isobars of the isotope under study is typically

the largest source of background. The contaminant contribution to the final atom bunch

can be magnitudes larger than the element of interest in some cases, and can therefore

prevent or slow down measurement due to the background count rate.

MagneToF [172] or micro-channel plate [173] (MCP) detectors are used to detect ions

directly, by being placed in the path of the beam following ionization and deflection

through a 20◦ bend.

The ions can alternatively be detected indirectly via secondary electrons emitted by

impinging the ion beam onto a conversion dynode. The electrons can then detected

by an MCP detector, this arrangement is typically used to avoid implanting long-lived

contamination into the detector.

Selective ionization also has the additional advantage that the ion can be used for decay

spectroscopy in a laser assisted nuclear decay spectroscopy arrangement, ‘LANDS’

[174, 161], allowing measurements to be made on individual ground or isomeric states

of an isotope [175, 176].

In cases where isobaric contamination creates an overwhelming background and the

half-life of the isotope is sufficiently short then decay assisted laser spectroscopy, ‘DALS’,

can be used, in which the laser frequency is scanned and the decay spectroscopy

events used to create the hyperfine spectrum, resulting in greatly improved background

suppression [176].
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3.2.1 The charge-exchange cell

The laser ionization schemes and ion optical arrangements needed are greatly simpli-

fied by performing CRIS on the atomic form of the radioactive isotopes delivered from

ISOLDE, rather than on the 1+ ion directly. For this purpose ions are first passed

through a charge-exchange cell filled with alkali metal vapour. The design adopted at

the CRIS beamline is a horizontal charge-exchange cell with cooled ends. A steel mesh

inside the cell allows condensation and recirculation of the metal vapour, increasing the

effective lifetime of the alkali metal reservoir [177, 178] and reducing the deposition rate

of material outside of the cell. A schematic of the cell is shown in Figure 3.8. An ad-

justable 5-axis mount was designed for optimization of beam transport through the cell

in-situ under vacuum.

Convection cooling

Ion beamAtom beam

Linear actuators

Cu

Steel

Ni-Cr

BN

CEC platform

Mounting pegs

Springs

Alkali vapour recyclingAlkali metal

Resistance heating wires

~200 oC~80 oC

Thermal straps

Figure 3.8: Schematic of the design of the charge-exchange cell mounted in the CRIS
beamline. The BN (Boron Nitride) spacers will electrical isolation of the cell, Cu spacers
are presently used in their place, and cartridge heaters now replace the Ni-Cr resistance
heating wire.
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Using the attenuation model [103], the total efficiency for neutralisation an ion passing

through an effective path length, L, of a vapour composed of the free atom B, of atom

number density n, can be estimated by

εCE = 1− exp(−nσCEL); (3.6)

Both n and L are dependent upon the dimensions of the vapour cell used [135, 177,

178], but can be estimated from temperature measurements using empirical vapour-

pressure relations [179]. The effective length, L, can roughly be taken as the cell inner

length of 15 cm. The number density, n, can be estimated assuming a saturated vapour

pressure at temperature T K from

n=
10(A−B/T)NA
Vmolp0

(3.7)

whereNA is Avagadro’s number, Vmol is the standard molar volume, p0 is the standard

pressure andA and B are empirical constants for sodium with values of 4.704 and 5377

respectively [179]. The total neutralisation cross section, σCE, can vary significantly

depending on the incident ion to be neutralised and alkali metal used and is a function

of many individual atomic states in reality.

Prior to the installation of the new mounting system, thermal simulations were per-

formed for the ultra-high vacuum chamber and charge-exchange cell. The results of a

few key cases are shown in Figure 3.9 B). Ultimately a passive cooling design was pos-

sible to produce potassium vapour provided that either the outer chamber was cooled,

or that sufficient thermal conductance was added to the design by through the mounting

geometry, materials or thermal straps. A temperature surface plot of the final design is

shown in Figure 3.9 A) where six 4 cm wide copper braids were used as thermal straps

and steel pegs were used to mount the cell. When loaded with potassium and heated

to a central temperature of Tcent=214 ◦C, the stands (the blocks raising the cell to the

height of the ion beam) of the cell reach Tends=82 ◦C when left to reach thermal equi-

librium. These values are between values simulated for the vacuum chamber actively

cooled to 20 ◦C and left to radiately cool to the room. The recirculation of the potassium

was not included in the simulations, therefore the temperature profiles are an underesti-

mate of those expected in practice, which may explain the discrepancy. The design has
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A)

B)

Figure 3.9: A) Surface plot of simulated temperature for the final design used for
the charge-exchange cell, using steel peg mounting. B) Horizontal temperature pro-
files along the charge-exchange cell outer surface simulated under different mounting
and chamber boundary temperatures. Simulations were performed using COMSOL
Multiphysics®.
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operated for >200 hours with the passively cooled configuration. As the construction of

the cell allows for heating up to 450◦C, air cooling has since been incorporated into the

stands of the cell to allow for the use of sodium at temperatures of Tcent=264 ◦C and

Tends=113 ◦C. Other low melting point elements may be desirable for neutralisation in

the future, as the total neutralisation efficiency σCE and final atomic populations of the

atom product are element specific for both the atom and ion reactants (Chapter 2.4).

The CRIS interaction region is located 120 cm downstream of the CEC, at nominal pres-

sures of 3×10−10 mbar compared to the CEC region at 5×10−8 mbar with estimated

pressures of the order 1×10−4 mbar inside the cell [179]. Although differential pumping

apertures are installed along the beamline to allow for the large pressure differences, as

the CEC vapour has to share the same collinear axis as the laser path and interaction

region there is a higher probability for the ‘molecular beaming’ effect [180, 181, 182].

That is neutral atoms or molecules not belonging to the ion beam passed through the

cell travelling downstream due to their thermal velocities, creating an effectively higher

density region for collisional re-ionization and therefore increased background.

The assumption of free-molecular flow can be made under high vacuum (< 1×10−3 mbar

[179] ), although the flow regime inside the cell will be transient, the free-molecular flow

assumption allowed the simulations shown in Figure 3.10 A, B) to be performed. The

simulated effective pressure in the interaction region from the molecular beaming ef-

fect is of the order 1×10−7 mbar. This will contribute to the collisional background for

these experiments, but will depend on the atomic species entering the interaction region

(discussed in Section 6.3.3).

The horizontal charge-exchange cell design was used as it is known to be a reliable

method of neutralisation over a long running period. However other arrangements have

been implemented, such as a vertical configuration, which avoids oxidation of the al-

kali metal if the beamline is vented [135]. Ablation of the alkali metal has also been

found to be as efficient as vapour cells for neutralising due to a high instantaneous

atom density [183], but instabilities between laser pulses can be large, especially when

using a solid target. Thin carbon foil arrangements can also be very efficient for neu-

tralisation [184] but are incompatible with the collinear pulsed laser geometry of CRIS.

Negative ion production can be large using foils, a fraction of negative ions can also be

found using vapour cells [185], depending on the operating temperature. The volatile

molecule isobutane allows for a high vapor pressure and is very effective for negative
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ion production [186].

A) Pa

B)

Figure 3.10: A) Surface plot of the pressure gradient caused by molecular beaming from
the cell under free molecular flow conditions. B) Pressure gradient due to molecular
beaming into the interaction region of CRIS, along the arc shown in red in A) Simulations
were performed using COMSOL Multiphysics®.



Chapter 4

Laser spectroscopy setup for the

indium experiments

A combination of pulsed and continuous-wave (CW) lasers were required to perform the

measurements described in this thesis. The high-resolution measurements were made

using an injection-seeded pulsed titanium:sapphire (Ti:Sa) laser (Section 4.1.4) seeded

using a tunable M-Squared SolsTiS CW Ti:Sa laser (Section 4.1.6). This provided the

light for the 246.8-nm (5p 2P3/2 → 9s 2S1/2), 246.0-nm (5p 2P1/2 → 8s 2S1/2), 283.7-

nm (5p 2P3/2 → 5s5p2 4P5/2) and 410-nm (5p 2P1/2 → 6s 2S1/2) transitions. The

ionization schemes are indicated in Figure 4.1. These four transitions were used for the

offline measurements of naturally abundant 113,115In isotopes produced with an ablation

ion source, detailed in Chapter 5.

A Spectron Spectrolase 4000 pulsed dye laser (PDL) (Section 4.1.1) and a pulsed

‘Z cavity’ Ti:Sa laser [187] (Section 4.1.5) were used to search for initial resonance sig-

nals before optimisation. Both are broadband (BB) lasers, their large spectral linewidth

enabled faster searching of frequency space to identify resonant signals. These BB

lasers could then also be used for scanning of lower production yield indium isotopes

if there was insufficient experimental time remaining for high-resolution measurements.

The PDL was additionally used as a second step laser for the 5p 2P1/2→ 6s 2S1/2 (410-

nm) + 6s 2S1/2 → 5s28p 2P3/2 (571-nm) scheme. A Litron twin-head Nd:YAG pulsed

laser (Section 4.1.2) with higher harmonic generation was used to provide the 1064-

nm and 532-nm light for the non-resonant ionization steps. The 5p 2P3/2 → 9s 2S1/2

91
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Figure 4.1: The multi-step laser ionization schemes used in this work. See Table 4.1 for
the purpose of each.

(246.8-nm) and 5p 2P1/2 → 8s 2S1/2 (246.0-nm) transitions were used for the online

measurements of neutron-rich indium isotopes.

Table 4.1 summarises the lasers required for these experiments and the purpose of

each transition used. Figure 4.3 gives a convenient overview of the different combina-

tions of Ti:Sa laser, dye laser, and higher harmonics used to access wavelengths in the

range 200-1000 nm in modern laser spectroscopy experiments.

The layout of the lasers for the experiments is shown in Figure 4.2. A combination

of polarising beamsplitter cubes and 90◦ flip mounted mirrors allowed fast switching

between each of these schemes.
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Table 4.1: Summary of the transitions used to measure hyperfine structures in this work
and their specific purpose. See Figure 4.1 for the schemes.

Lower state Upper state Transition Fundamental Laser Distinct purpose

5p 2P3/2 9s 2S1/2 246.8 nm 740.4 nm IS I†, QS sensitivity
246.8 nm 740.4 nm Z cavity BB search

5p 2P1/2 8s 2S1/2 246.0 nm 738.0 nm IS µ sensitivity
5p 2P3/2 5s5p2 4P5/2 283.7 nm 851.1 nm IS I†, µ, QS sensitivity

283.7 nm 566 nm PDL BB search
5p 2P1/2 6s 2S1/2 410 nm 820 nm IS s-orbit calculations
6s 2S1/2 5s28p 2P3/2 571 nm PDL Followed 410.0 nm step
Upper states Continuum 1064 nm Litron Non-resonant ionization

& 532 nm

† - spin determination not possible for I > 4.
IS - Injection seeded. PDL - Pulsed Dye Laser.
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Figure 4.2: Schematic of the laser lab setup used for measurements ‘offline’ with ions from the ablation ion source as well as ‘online’
with radioactive beam. 2x BBO and 3x BIBO indicate the doubling and tripling crystals used in the linear tripling arrangement.
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4.1 Lasers

Figure 4.3: Overview of typical accessible wavelengths with the combination of Ti:Sa
and dye lasers. Laser powers are shown for magnitude comparison, for the 10 kHz
setup at RILIS [188]. Taken from [188].

4.1.1 Pulsed dye laser (PDL)

The Spectron Spectrolase 4000 pulsed dye laser was used to provide broadband 567 -

nm light, to be frequency doubled for the 5p 2P3/2→ 5s5p2 4P5/2 (283.7-nm) transition.

The 283.7-nm ionization scheme is shown in Figure 4.1 and the schematic for the setup

is shown in Figure 4.2. This laser has a linewidth of 14 GHz in the case of frequency-

doubled light. Frequency-doubled light from this laser was used for the indium spectra

collected using the ablation ion source, shown by the red spectrum in Figure 4.4.

This laser was additionally used to provide the fundamental light at 571 nm for the

second step of the 410-nm ionization scheme. Broadband lasers are often used for this

purpose, or to excite to auto-ionizing states, as their broad linewidth can often cover the

width of the hyperfine splitting for a state.

The laser dye used for both of these transitions was Rhodamine 6G, which has a fluo-

rescence peak centred at 566 nm when dissolved in ethanol [189]. One of the heads

of the twin Litron Nd:YAG laser was used as a pump laser for the dye. A laser pulse
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energy of 0.7 mJ was measured for the fundamental light produced using this dye and

pump combination.
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Figure 4.4: Hyperfine spectra of atomic 115In measured with the 283-nm transition un-
der different conditions. Red) Linewidth of 14 GHz. Low-resolution scan using the
Spectron pulsed dye laser with indium ions created from the laser ablation ion source.
Blue) Linewidth of 280(60) MHz. High-resolution scan with the injection-seeded Ti:Sa
laser with indium ions created from the laser ablation ion source, before energy spread
reduction. The lower atomic abundance 113In can be seen in light blue, but requires
high resolution to separate the isotope from 115In.

4.1.2 Litron twin-head Nd:YAG pulsed laser

The Litron LPY 601 50-100 PIV laser was used to provide the final non-resonant ion-

ization step in all of the schemes used for the measurements (Figure 4.1).

The laser uses Nd:YAG rods as a lasing medium to produce 1064-nm light (∼80 mJ)

or 532-nm light (∼50 mJ), following a second-harmonic-generation crystal. The 100 Hz

repetition rate of this laser was the limitation to the duty cycle of the other laser steps

and ion bunch release cycle during the experiments.

As the laser allows independent operation of its heads, one head could remain in oper-

ation at 1064 nm to provide the non-resonant ionization step whilst the other could be
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used with a slight offset in time for the laser ablation ion source. A pulse duration of 10

ns is specified for this laser. A KD*P (potassium dideuterium phosphate) type Pockels

cell is used for Q-switching in this laser, they have opening times of typically 1 ns [190].

In the configuration where 532-nm light from one of the heads was also used to pump

the PDL laser, an additional Nd:YAG laser was required. The Quantel Brilliant Nd:YAG

laser was used to provide the 1064-nm non-resonant step light (0.85 J) for this purpose,

however this laser had a limited repetition rate of 10 Hz (Figure 4.2).

4.1.3 LEE Nd:YAG pulsed laser

The LDP-100MQ LEE laser is a diode pumped Nd:YAG laser. It was used in its sec-

ond harmonic generation configuration to provide 532-nm pulsed pump light to both

the injection-seeded and Z-cavity Ti:Sa lasers. This was implemented by polarising

beam-splitter cubes and half-wave plates to distribute the power between the cavities

as needed, see Figure 4.2. The laser was operated at 1 kHz (10 kHz operation is

possible) during the experiments, providing up to 10 mJ/pulse during the online laser

spectroscopy (which was sufficient to simultaneously pump two Z-cavity lasers and a

injection-seeded Ti:Sa laser). During the measurements of neutron-rich indium, the

LEE laser served as the master trigger for the digital-delay pulse generator (Section

4.5), which synchronised the other lasers and ion release signals. The Q-switch of this

laser has an internal compensation for the variable power from the diode pump. There-

fore although external triggering of this laser is possible, it would cause a significant

laser pulse jitter relative to the other lasers.

4.1.4 Injection-seeded pulsed Ti:Sapphire laser

An injection-seeded Ti:Sapphire laser was used as the principal laser to provide narrow

linewidth, pulsed laser light for the 5p 2P3/2 → 9s 2S1/2 (246.8-nm), 5p 2P1/2 → 8s
2S1/2 (246.0-nm), 5p 2P3/2→ 5s5p2 4P5/2 (283.7-nm) and 5p 2P1/2→ 6s 2S1/2 (410-

nm) transitions in this work. The cavity itself produces fundamental light of 750-850 nm

(mostly a limitation of the mirror set used [191, 168]). The light was frequency tripled

to produce the UV light for the 246.8-nm, 246.0-nm and 283.7-nm transitions used in

these experiments.



98CHAPTER 4. LASER SPECTROSCOPY SETUP FOR THE INDIUM EXPERIMENTS

Figure 4.5: The layout of the injection-seeded bow-tie Ti:Sa laser with the locking elec-
tronics, designed by [192]. Modified from [191].

The purpose of injection-locking [193] in this context is to use a ‘master’ or ‘seed’ laser

with a very narrow linewidth to provide amplified pulsed light with a much narrower

linewidth than an unseeded Ti:Sa laser. The CW M-Squared laser was used as the

seed laser for this work. The injection-locked cavity is then said to be the ‘slave’ laser.

A schematic layout of the laser setup with the required locking electronics is shown in

Figure 4.5.

The particular injection-seeded Ti:Sa cavity used for these experiments follows the bow-

tie design laid out by [192]. The construction and characterization of this cavity is de-

tailed in [168, 191].

The locking feedback loop was implemented using a piezo-actuated mirror and cavity

light measured on a photodiode via a coupling mirror. The mode of the cavity can then

be locked to a mode generated with the seed light.

By overlapping the seed light with pulsed-laser light, pumping a Ti:Sa crystal via an
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input coupler, amplification can be achieved with a spectral bandwidth of 20 MHz [168].

Typically only a few mW of seed light is needed.

The pump laser used for the injection-seeded Ti:Sa case was the LEE Nd:YAG laser,

which delivered 1.2-1.4 mJ of 532-nm light to produce 160 µJ of broadband Ti:Sa light

without locking to the seed, and up to 300 µJ of amplified light when the cavity was

locked at a wavelength of 740.4 nm.

4.1.5 Z-cavity Ti:Sapphire laser

A Z-cavity layout Ti:Sa laser was used to provide the fundamental 740-nm BB light

for the 246.8-nm transition. An example spectrum produced using this laser can be

seen in Figure 4.6, in red compared to the the narrowband injection-seeded Ti:Sa, in

blue and green. This cavity was designed and constructed at the University of Mainz

[194, 188]. It has an operating range of 680-960 nm depending on the mirror set used,

and a spectral linewidth of 3 GHz.

This Z-cavity laser was pumped by the LEE Nd:YAG laser and produced 240 µJ from

1.35 mJ of pump energy. The linear tripling setup was used for harmonic generation

which was also shared by the injection-seeded Ti:Sa via the use of flip mirrors, this

allowed quick switching between BB and narrowband modes. See Figure 4.2 for the

layout.

4.1.6 M2 SolsTiS tunable CW Ti:Sa laser

The SolsTiS continuous-wave Ti:Sapphire laser by M-Squared was used as the seed

of the injection-seeded laser for the 246.8-nm, 246.0-nm, 283.7-nm and 410-nm transi-

tions. It is highly tunable with a range of 720-970 nm, linewidth of <50 kHz and output

amplitude noise of less than <0.05%, making it ideal for producing seed light (Section

4.1.4).

Less than 2 mW was typically needed for seeding although it can output as much as

5 W with a higher power arrangement. The high-power light can be used to study many

transitions with the CRIS technique [195, 196], by intensity modulation with a Pockels
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Figure 4.6: Hyperfine spectra of atomic 115In measured with the 246.8-nm transition
under different conditions. Red) Low-resolution scan using the Mainz Z-cavity Ti:Sa
laser with indium ions created from the laser ablation ion source. Blue) High-resolution
scan with the injection-seeded Ti:Sa laser with indium ions created from the laser abla-
tion ion source, before energy spread reduction. Green) High-resolution scan with the
injection-seeded Ti:Sa laser with indium ions from the ISOLDE ISCOOL cooler buncher.

cell and polarisation selecting optics. The laser also has an integrated ECD-X doubling

unit. The SolsTiS was pumped by 18 W of 532 nm light produced by a Sprout G-18W.

4.2 Higher harmonic generation arrangements

Generation of light below 500 nm in these experiments was achieved with the use of

non-linear crystals. For frequency doubling these are crystals with a χ(2) nonlinearity

[197].

Frequency tripling is not commonly achieved by a χ(3) nonlinearity crystal material but

instead by sum frequency generation. This is performed again in crystals with χ(2)

nonlinearity, in a cascaded process in which second harmonic light is generated and

then mixed with the fundamental light in an additional crystal [198, 199]. BiBO (bismuth

triborate BiB3O6) and BBO (β-barium borate, β-BaB2O4) crystals were used in the

tripling and doubling setups for these experiments.

The intensity of the generated higher harmonic light grows as the square of the fun-

damental harmonic intensity, thus single-pass harmonic generation becomes feasibly
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efficient with the use of high-intensity pulsed laser light, 60 µJ (1.2 mJ/cm2) was pro-

duced from 250 µJ (100 mJ/cm2) of light from the Ti:Sa at 738 nm. Figure 4.3 shows the

accessible wavelength ranges of Ti:Sa and dye lasers with higher-harmonic generation.

In the sum frequency generation arrangements used in these experiments type I phase

matching was used, where the input harmonics require the same polarisation [200].

Two separate tripling setups were used with this in mind. A ‘linear’ tripling arrange-

ment in which two non-linear crystals (BBO and then BiBO) share the same axis as

the fundamental harmonic laser light, with an achromatic half-wave plate to rotate the

polarisation of the fundamental and second harmonic light and a single lens to refocus

them into the second BBO crystal for third harmonic generation. This has the advan-

tage that the fundamental laser wavelength to be changed by a few nm and tripling can

still be quickly recovered as the alignment through the arrangement is very simple. This

arrangement was used to switch between the 5p 2P3/2 → 9s 2S1/2 (246.8-nm) and

5p 2P1/2 → 8s 2S1/2 (246.0-nm) transitions for these experiments, 230 µJ of funda-

mental light was able to generate 3 µJ of third harmonic light. The position of this linear

arrangement can be seen in Figure 4.2.

A separate ‘split path’ tripling arrangement was also used [201], in this case the path of

the fundamental and second harmonic light is separated by a long-pass dichroic mirror.

This allows the path, polarisation and focus of the two harmonic lights to be tuned

independently to maximize overlap in the second BBO crystal, allowing higher efficiency

third harmonic generation. For the 5p 2P3/2 → 5s5p2 4P5/2 (283.7-nm) transition it

was only possible to generate 190 µJ of fundamental light due to the range of the

injection-seeded Ti:Sa mirror coatings, but the efficiency of this split path arrangement

still allowed 4 µJ to be delivered to the CRIS beamline.

4.3 Wavemeters and reference diode laser

A WSU2 wavemeter by HighFinesse was used to measure the wavelength of the Ti:Sa

laser light (including BB) in these experiments.

It has a specified accuracy of 2 MHz, if calibrated to reference light within 2 nm of the

measured wavelength [202]. It is however subject to drift due to variations in tempera-

ture, and pressure in the ambient temperature of the laser lab. In order to counter this
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drifting a very stable reference laser at a fixed wavelength was used in combination with

a four-channel fibre channel switchbox, which is able to rapidly sample the wavelength

of several sources.

The reference diode laser used was a DLC DL PRO 780 by Toptica Photonics AG, this

was used in combination with a compact saturated absorption spectroscopy [203] setup

(CoSy FC-Cs+Rb+K), which provides Doppler-free hyperfine-absorption lines that the

diode laser wavelength can be locked to. The quoted long term stability of the system

is <1 MHz. In these experiments a hyperfine transition in rubidium was used [204].

The wavelength of the broadband pulsed dye laser scans was recorded using a HighFi-

nesse WS6, quoted to have an absolute accuracy of 600 MHz in the range 420-1100 nm

[202].

4.4 Transition saturation

Saturation was determined by measuring the count rate at the resonance frequency at

varying laser pulse energies and fitting with the saturation function [205]

I(P) =Ajks
P/P0

1+P/P0
, (4.1)

where P indicates the laser power and P0 is the saturation power. A saturation curve

is shown in Figure 4.7 for the 5p 2P3/2 → 9s 2S1/2 (246.8-nm) transition, where a

laser fluence of 3.5(27) µJ/cm2 was found to saturate the transition. The 5p 2P3/2 →
9s 2S1/2 (246.8-nm) and 5p 2P1/2→ 8s 2S1/2 (246.0-nm) transitions have strengths of

Ajk=6.140×106 s−1 and Ajk=6.323×106 s−1 respectively [113]. Saturation was de-

termined by using a half-wave plate to reduce the tripling efficiency using the 740.4-nm

fundamental light, and then measuring the power of the 246.8-nm light at the final mirror

into the CRIS beamline. The ion count rate was then measured at each power. Varia-

tions in atom beam intensity were taken into account by using the collisional background

count rate, which is the primary source of uncertainty in this saturation measurement.

Fluences much higher than 3.5(27) µJ/cm2 were always used to ensure saturated con-

ditions during these experiments, following this saturation measurement.
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Figure 4.7: Transition saturation curve for the 246.8-nm line, fit using Equation 4.1 with
orthogonal distance regression. A=380(190), P0=3.5(27) µJ/cm2. The laser power was
measured at the last mirror before reflection into the CRIS beamline.

4.5 Timing synchronization

The time synchronization of the laser pulses with the atom bunch in the interaction

region of CRIS was achieved with the use of a Quantum Composers digital delay pulse

generator (9520 Series). The timing resolution of 250 ps with less than 50 ps jitter which

was sufficient for the precision required due to the lifetime of the atomic states studied

in indium (3-50 ns).

A schematic example of the timing for the two-step 246.8-nm and 1064-nm ioniza-

tion scheme is shown in Figure 4.8, synchronising with the release of the indium ions

from the cooler buncher ISCOOL. The final 1064-nm step created by the Nd:YAG laser

head, a preceding delay of 510 µs was needed for the flashlamp relative to the Q-switch

which released the light. The timing was such that the neutralised indium atoms were

in the interaction region when the laser pulses passed through the beamline, with the

non-resonant excitation step delayed by 20 ns to avoid power broadening or lineshape

distortion of the transition peaks, with a reduction in laser ionization efficiency below

experimental uncertainty when measured by count rate on resonance. A gate was then
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set on the MCP detection which accounted for the time of flight from the interaction re-

gion to the MCP detector, significantly reducing irrelevant background. For the ablation

ion source experiments this was simply replaced with the Q-switch timing of the 532 nm

Nd:YAG head which produced the indium ions.

Figure 4.8: Schematic of the timing synchronisation of the atoms and laser pulses in the
interaction region for laser ionization and detection by an MCP detector. The relative
timing of the resonant excitation step (246.8 nm/blue) and non-resonant ionization step
(1064 nm/red) was also used to measure the lifetime of the excited state, see Table 5.9
for the results. QS: Q-Switch. FL: Flashlamp. Arrows indicate relative timing of pulses.
Timing axis is not to scale.



Chapter 5

Laser ablation ion source studies of

indium

5.1 Introduction

Laser spectroscopy experiments at radioactive beam facilities make measurements on

elements across the periodic table [206, 207, 157, 208, 209]. This makes choosing a

single ion source for ‘offline’ testing with stable isotopes difficult as most sources are

only able to produce ions with specific properties e.g. alkali metals or volatile elements.

Furthermore the efficiency and sensitivity of the CRIS technique [210] depends greatly

on a bunched time structure of the ion beam, which is usually provided by a cooler

buncher. Or alternatively by chopping [211] of a continuous ion beam, however this

comes at a huge cost in duty cycle loss in terms of the measurement of the total number

of produced ions.

This section will focus on work also partly covered in the paper [84], which is ded-

icated to the characterisation of a laser ablation ion source, which was found to be

ideal for laser spectroscopy experiments and enabled high-precision measurements of

atomic physics parameters when used in tandem with the CRIS technique. The ab-

lation process intrinsically provides the pulsed time structure, high peak ion intensity

and synchronization with the subsequent lasers. This provides the ideal conditions for

high spatial and temporal laser-atom overlap to perform efficient CRIS. The ablation ion

105
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source is able to produce ions of almost any element and in many initial charge states

[212], provided that element can be contained in a solid matrix to be ablated [213, 214].

Targets of copper, indium, tin and aluminium were mounted at the same time which

allowed production of ions of each element with only a few minutes needed to switched

between targets.

Measurements began on indium as a way to characterise the feasibility of an ablation

ion source for offline tests at the CRIS experiment and develop an optimal ionization

scheme for the following measurements on neutron-rich indium isotopes. An extraction

potential configuration was eventually found allowing measurements of hyperfine spec-

tra with linewidths of 160(30) MHz. It was determined that the magnetic dipole hyperfine

structure constantsAhf of the some the upper states being measured were of sufficient

precision to benchmark atomic coupled-cluster calculations [215], previous results of

which highlight atom indium as a candidate system for electron electric dipole moments

[216] (eEDM), due to a large EDM enhancement factor in indium. These states were

uniquely accessible to the CRIS experiment due to the population of meta-stable states

in charge exchange (see Chapter 2.4) and the ability to produce high-resolution deep-

UV light [157]. Further improvements which ultimately lead to hyperfine spectra with

linewidths of 40(10) MHz and improvement of the ‘CCSD(T)’ calculations (see Section

2.3.2) in collaboration with an atomic theorist are detailed in the sections below.

5.1.1 Ablation ion source arrangement

A versatile ion optics arrangement was constructed to accommodate multiple types of

ion source to cover the range of elements needed for ‘offline’ testing using stable iso-

topes with the CRIS setup. This arrangement is shown schematically in Figure 5.1, and

was tested to be capable of refocusing and extracting ions, from a surface [217, 103]

ion source or Colutron-type [218, 219] plasma ion source, with the sources mounted in

front of the first extraction plate, labelled as ‘Ext1’ in Figure 5.1.

The surface ion source is simply a heated capillary tube. These type of surface ion

sources have a typical energy spread of less than 1 eV [220]. The tantalum surface

ion source used at the CRIS experiment can ionize elements with ionization potentials

below 5 eV (the work function of tantalum is 4.5 eV) [221], allowing the ionization of

alkali metals. The Colutron plasma ion source has an energy spread of <0.1 eV [222]
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and is capable of delivering µA beams. However it requires the element to be gaseous,

and its electron emitting filament has a limited operational lifetime of around a day.

Between two of the extractor plates a retractable target ladder was installed at 45◦

to entrance and exit laser windows. As shown in Figure 5.1 A). This ladder held the

indium target material for laser ablation. At the other positions of the ladder different

materials were held, including aluminium, copper and tin, a time-of-flight spectrum of

these elements extracted from the ion source is shown in Figure 5.2.

The ion optics arrangement also incorporates an Einzel lens [223] to focus into the ex-

tractor ‘Ext 4’, held at ground relative to the preceding components of the ion source.

These preceding components were held at up to 30 kV at one side of a PEEK insula-

tor beam pipe. The whole arrangement was contained inside of a high-voltage cage.

Following extraction to beam energies of up to 30 keV, electrostatic deflectors were

mounted to make adjustments to the trajectory of the exiting beam into a large Einzel

lens. This lens was held at around -13 kV and provided focussing into 90°electrostatic

bending plates mounted downstream, which guided the ions into the CRIS beamline.

The layout of the source in relation to the interaction region is shown in Figure 4.2. The

simulated trajectories of the ions extracted from the ablation ion source are shown in

Figure 5.12 and discussed in Section 5.4.1. The electronic setup used to control the

potentials of the ion source is shown in Figure 5.3. The technical details are described

in [224].

Another potential application of this ion optic arrangement is as an atomic beam unit

[225], for Doppler-free laser spectroscopy. This is made possible when the polarity of

the extractor plates is inverted, repulsing the positive surface ions and allowing only the

neutral fraction from the surface source to pass perpendicular to the laser windows for

laser spectroscopy.

5.2 Experimental method

The ablation process is known to be complex and contains many regimes of ionization

[226, 227, 228]. The resultant beam was expected to have a large energy spread,

spreads of 0.1-1 keV are typically observed in the ablation process [229].
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A)

B)

L1

Ext3(rods)Ext2

Ext1

Ablation target
Laser window

Figure 5.1: A) Schematic model of the ion optics used for the ablation ion source work.
The arrangement is also used for surface and plasma sources. A nominal voltage of
+20 kV was was used, but up to +30 kV was also possible with the ablation setup. B)
Corresponding rendering of the chamber vacuum and ion optics near the ablation target
extraction point. Laser windows allow 532-nm light to be focused onto the ablation
target.

An aim of this work was to investigate the feasibility of using this type of ion source for

high-precision measurements, this requires energy spreads of <2 eV to be within the

linewidth of the injection-seeded Ti:Sa laser. The characteristics of the extracted ion

beam in an ablation ion source has a strong dependence on the surrounding electric

field, which interacts with the ablation plasma plume. This was explored by varying the

voltages applied to the elements surrounding the ablation target, and measuring the
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Figure 5.2: Comparison of the time of flights of the different elements mounted on the
ablation ion source ladder. A binning of 100 ns was used.

Figure 5.3: Diagram of the electronics for the isolated HV control setup. See proceed-
ings [224] for details of the control.
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alteration to the time of flight (ToF) and energy spread of the ions, seen in hyperfine

spectra.

5.2.1 Detection configuration

The ablation ion source and extraction optics were held at 20 kV relative to the CRIS

beamline. A pair of 90◦ bending plates were used to deflect the ions into the section of

the beamline before a 34◦ bend to overlap with the lasers collinearly. The layout of the

beamline can be seen in Figure 3.6.

The ions were then neutralised with a sodium-filled charge-exchange cell at 300(10) ◦C.

An iris after the charge-exchange cell and another after the interaction region were used

to align the atom-laser overlap.

A micro-channel plate [173] (MCP) detector was placed in the path of the ions deflected

by 20◦ after ionization for direct detection. The MCP output signals were recorded by a

TimeTagger4-2G time-to-digital data-acquisition card with 500 ps time resolution on the

ion time of flight (ToF). The ablation laser Q-switch was used as the timing start trigger.

A 4 µs gate around the bunch was used in analysis to suppress irrelevant background

counts from the MCP signals.

5.2.2 Laser configuration

The 246.0-nm (5s2 5p 2P1/2→ 5s2 8s 2S1/2), 246.8-nm (5s2 5p 2P3/2→ 5s2 9s 2S1/2),

283-nm (5s2 5p 2P3/2→ 5s2 5s5p2 4P5/2) and 410-nm (5s2 5p 2P1/2→ 5s2 6s 2S1/2)

transitions were used to measure the hyperfine structures of the 113,115In isotopes pro-

duced using the ablation ion source. The details of the spectroscopy lasers used and

the laser lab arrangement for these measurements is detailed in Chapter 4. The full

schemes for ionization following the excitation steps is shown in Figure 4.1.

The laser beam diameter in the interaction region was ∼8 mm, giving a fluence of 120

mJ/cm2 for the 1064-nm light and 60 mJ/cm2 for the 532-nm light. The second Litron

Nd:YAG laser head was used to produce 532-nm light for the laser ablation. It had

focussed spot size of <1 mm set on the ablation target, corresponding to a fluence of
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>0.5 J/cm2. The flashlamp of this laser head was used as the start trigger for the time-

of-flight measurement, whilst the other lasers were offset in time from this trigger to

meet the atom bunch in the interaction region. The time synchronization was achieved

using the Quantum Composers digital delay pulse generator (Section 4.5).

Figure 5.4 shows the ion beam current produced from the ablation source as a function

of time from initiating the 532-nm ablation laser. This was measured at a Faraday cup

directly after the 90◦ bend following the ion source (FC90). Fluctuations on a level

of 30% of the ion beam intensity were observed on a 10 second time scale for the

first 5 minutes, after 30 minutes the fluctuations were on the level of 7%. A rolling

average of 1 minute shows no fluctuations over a slow plateauing in beam current. The

transmission efficiency from the 90◦ bend to a Faraday cup (FC3) at the end of the

interaction region was optimised to and maintained at a value of 10%. Laser frequency

scans over the hyperfine structure were measured at least an hour after switching on

the ablation laser. Rotating targets are routinely used in ablation ion sources to improve

beam-current stability and intensity [230, 231]. This will be implemented in the near

future for this ablation setup.
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Figure 5.4: Ion beam current measure over 30 minutes on a Faraday cup at the 90◦

bend of the ion source. The ablation laser was started at T = 0 s. Rolling averages are
shown for 10 seconds, 1 minute and 5 minutes.
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5.3 Analysis procedure

5.3.1 Systematic errors

In order to quantify possible sources of systematic error, the variation in extracted hfs

constants was explored using different experimental conditions and data analysis pro-

cedures, following the same approach as described in Section 6.3.2 for the neutron-rich

indium isotopes. With the exception that the Doppler-shift uncertainty was based on the

ion source high-voltage supply instead of the platform voltage of ISCOOL. The same

fitting procedure as for the neutron-rich indium isotopes, described in Section 6.1 was

also used for this work. The laser-frequency binning procedure required modification

and is described in Section 5.3.2 below.

The quantified uncertainties are displayed in Table 5.1, where the the hyperfine struc-

ture parameters uncertainties were evaluated separately for each atomic state for 115In

and 113In. Due to the order of magnitude difference in natural abundance between the

isotopes, the hyperfine spectra measured for one mass may be more susceptible to a

source of error than the other, therefore the uncertainties were quantified for each mass

separately. For example slight fluctuations in collisional background or laser intensity

would have a more significant effect on the position or shape of the smaller 113In hyper-

fine structure peaks, as the 113In spectra took longer to gain the same level statistics

as 115In. The distribution of systematic error varied for each transition used, due to a

combination of varying scan quality, magnitude of hyperfine constants and number of

peaks in the hyperfine spectra. The total systematic error for 115In was found to be less

than for 113In for all but one state.

There was an additional source of error on the isotope shift due to the uncertainty on

the time-of-flight difference between 115In and 113In, which was needed to perform time-

of-flight based corrections according to the procedure described in the following Section

5.3.2. The time-of-flight difference between 115In and 113In is denoted as ∆t in Table

5.1, and was determined by refitting of the data with the range of ∆t values within the

uncertainty range of the ToF.
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Table 5.1: Principle sources of systematic error identified in extracting hfs constants and isotope shifts from the measured hfs spectra.

Ahf (MHz) Bhf (MHz) δν115,113 (MHz)

5p 2P1/2 5p 2P3/2 6s 2S1/2 8s 2S1/2 9s 2S1/2 5s5p2 4P5/2 5p 2P3/2 5s5p2 4P5/2 246.0 nm 246.8 nm 410.2 nm

113In
Ion Energy 0.10 0.04 0.16 0.06 0.04 0.82 0.09 2
Wavemeter cal. 0.74 0.19 0.07 0.15 0.24 3.1 0.82 4
Binning 0.19 0.09 0.74 0.17 0.29 1.2 1.10 3
Total error 0.77 0.21 0.76 0.23 0.38 3.42 1.37 5
115In
Ion Energy 0.02 0.004 0.12 0.006 0.016 0.3 0.01 0.20 3.7 4.1 4.8
Wavemeter cal. 0.53 0.26 0.37 0.19 0.14 2.3 0.44 2.6 2.1 4 1.5
Data analysis 0.04 0.016 0.031 0.021 0.044 0.4 0.15 1.8 0.46 0.13 0.53
∆t 1.6 2.7 1.3
Total error 0.53 0.26 0.39 0.19 0.15 2.3 0.46 3.2 4.3 5.7 5.1
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5.3.2 Time-of-flight lineshape correction

For most spectra with laser limited linewidth resolution in this work, such as those shown

in Figures 4.4 or 6.1, the count rate of ions incident upon the MCP detector was corre-

lated with the frequency of the scanning laser by timestamp and then the counts were

binned with respect to laser frequency. The binning procedure in that case is explained

in Section 6.1.

In this ablation ion source work the ToF of the laser-ablated ions was additionally

recorded, with 500-ps time resolution. This revealed a relationship between the ToF

and the Doppler shift of the detected ions, as can be seen in Figure 5.5.

The shape of this relationship was found to be dependent on the extraction field around

the ablation target. In the case presented in Figure 5.5, the linewidth would be limited

to 300-400 MHz without the time-of-flight information. But as can be seen in orange,

a time-of-flight slice is able to significantly improve the resolution and remove the peak

asymmetry but at the cost of reduced statistics, for spectra constructed from a single

time-of-flight selection.

It was found to be possible to use these time-of-flight slices to fit the relationship for

a given field configuration in order to better utilise the data of a scan and significantly

improve the resolution of a spectrum.

The correction was performed by taking 100-ns slices of this data set and fitting the

centroids of the hfs spectrum. The centroid values were then used to construct a spline

in order to interpolate the frequency correction needed for the ToF of each ion count.

To first order the hfs constants are independent of the atom beam energy at which they

were measured, therefore each slice should have the same hfs constant. A linewidth of

40 MHz was achieved with this process, limited by a compromise between the linewidth

of the Ti:Sa laser used (34 MHz [191]) and the number of ion counts split into each slice

to bin and fit a spectrum.

Figure 5.8 demonstrates that the fitted hyperfine structure constants from the individ-

ual slices are within statistical error of eachother and that the average value of the

slices usually agrees well with the value of the corrected and recombined spectrum for

each scan. The final values for the 5p 2P3/2 state from this study with the ablation ion
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Figure 5.5: Combined surface plot and histograms for laser frequency versus ToF. 115In
measured with the 5p 2P3/2 → 9s 2S1/2 (246.8-nm) transition for an electric field gra-
dient of 5 V/mm around the ablation plume. ToF slices (pale orange) can be used
to create a Doppler-corrected final hfs spectrum (blue). Without the ToF data the hfs
resolution has a significantly larger linewidth (orange).

source are Ahf=241.98(38) MHz and Bhf=450.0(1.5) MHz, which agree with the liter-

ature values of Ahf=242.1647(3) MHz and Bhf=449.545(3) MHz. The average values

are indicated in grey in Figure 5.8. In a few scans the average from the slices does not
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agree with the final value from this work but the combined spectrum does, this is likely

due to an additional error introduced by fitting the hyperfine spectra to the slices with

reduced statistics, which is remedied after the correction.

Although to first order the hyperfine structure constants are independent of the ToF

slice, 113In will have a different ToF to 115In and so a given ToF slice will not correspond

to the same Doppler-shifted atomic ensemble for both masses, this would invalidate

the extraction of a precise isotope shift. To correct for this a separate additional spline

shifted by the difference in the ToF between 113In and 115In, ∆t(115In−113 In), was used

for the ToF correction of the 113In spectra. Therefore for each count event with a time

of flight recorded while in the scan region of 113In, Ct, the frequency correction applied

for the combined binning is

ν113In = ν115In(Ct−∆t(
115In−113 In)) , (5.1)

where ν113In is the assigned frequency of the count event and

ν115In(Ct−∆t(
115In-113In)) ,

is the correction used from 115In. This correction was permitted as the ToF was cleanly

separable by laser frequency due to the kinematic and isotope shift between 113In and
115In. Figure 5.7 illustrates the laser frequency selection made to determine the ToF

difference between 113In and 115In at the ionization point. This result is interesting in its

own right, as the mass resolving power in the ToF spectrum is dominated by the laser

selectivity associated with RIS.

The selectivity, S, is given by

S=

(
δω

Γ

)2
, (5.2)

where δω is the frequency separation between the two isotopes and Γ is the resolution

of the hyperfine structure transitions. At 20 keV, a selectivity of 2×104 was reached

during these experiments. The selectivity at 20 keV is ∼2000 times higher than at rest

(as was illustrated in Figure 3.7).
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Figures 5.6 shows the effect of the shifted-ToF-frequency curve for 113In for the lines

measured in this work. The correction worked as expected and bought the extracted

isotope shift values into agreement with literature values [14] and the online values later

determined from the neutron-rich isotope measurements (Section 6.3).

5.4 Results

5.4.1 Ablation ion source extraction field

Table 5.2: Combination of voltages applied to the ablation ion source optics to explore
field effects. Refer to Figure 5.1 for a schematic of the ion optics. Ext1 and Ext2 were
grounded. † - the absolute beam energy was determined to be TB=19989(1) eV from
the Doppler shift of the 5p 2P3/2→ 9s 2S1/2 (246.8-nm) transition frequency.

Ext 3/rods L1 L2 Field gradient TB
†

cfg (V) (V) (kV) (V/mm) (keV)

1 -90 -600 -13.61 5 20
2 0 -250 -12.68 0.01 20
3 -160 -1250 -12.69 8 20
4 -50 -480 -12.69 3 20

The influence of the electric field gradient surrounding the ablation target on the energy

spread of the produced ion beam was explored by applying the voltage configurations

in Table 5.2.

The ablation laser fluence of >0.5 J/cm2 should correspond to an energy spread of

7 eV according to the compilation by [229]. However due to the low number of ions

created at this energy there was no previously experimental data available, this goes

some way in explaining the lower energy spread observed in this work.

A low transmission efficiency and large energy spread for any potential applied to ele-

ments ‘Ext1’ or ‘Ext2’ behind the ablation target (Figure 5.1 A, B)) was initially observed.

An example of newa spectrum taken in this mode is given in Figure 5.9, where the

linewidth became 375(25) MHz. This gave a first hint that understanding the systemat-

ics of the target extraction field would be important for obtaining high-precision results
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Table 5.3: Lineshape parameters of the asymmetric pseudo-Voigt profile used to fit
spectra obtained under varying extraction field gradients (Field grad.), then the remain-
ing Lorentzian (FWHM L.) and Gaussian (FWHM G.) linewidth contributions to a Voigt
fit after the ToF correction. Refer to Table 5.2 for the voltage configurations.

ToF uncorrected ToF corrected
Field gradient cfg FWHM Asym. Asym P. FHWM Gaus. FHWM Loren.

(V/mm) # (MHz) (MHz) (MHz) (MHz)

0.01 2 162(35) 0.63(3) 65.6(6) 13.8(4)
3 4 279(62) 0.61(10) 78.8(9) 16.9(6)
5 1 >280∗ >0.7∗ 121(1) 16.5(7)
8 3 >280∗ >0.7∗ 146(1) 26.6(9)

∗ - Fitting with a single asymmetric pseudo-Voigt profile no longer works at these high field gradients,
see Figure 5.11.

from the ablation setup.

The high- and low-field configurations labelled ‘cfg 1’ and ‘cfg 2’ respectively, were

found to be two exemplary cases for understanding the process. The high extraction

field case was found to have a gradient of 5 V/mm by simulation and the low field

case was found to have a gradient of 0.01 V/mm. The simulations were performed

in COMSOL Multiphysics [233]. Figure 5.10 shows the results as surface plots. The

time-of-flight distributions for the two configurations are shown in Figures 5.10.A2 and

5.10.B2, showing that the distribution arrives earlier for the higher extraction voltage

and has a tail towards slower velocities.

The corresponding hyperfine spectra are shown in Figures 5.10.A3 and 5.10.B3 where

a significant asymmetry was observed for the high-field configuration with linewidths

that ranged from 80 to 120 MHz, this was attributed to the difference in velocity distribu-

tion of ions generated in these two configurations from the extraction field geometries.

The velocity distribution generated in the ablation process can be described by a modi-

fied Maxwell-Boltzmann distribution which includes thermal effects and a higher energy

distribution due to the laser-generated plasma effects [229, 227, 234].

Ion transport simulations [233] for the two field geometries discussed are shown in Fig-

ure 5.12. A hemispherical ion source was used to approximate the ions created by abla-

tion with an energy spread of 10 eV, the minimum energy spread that could be detected
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Table 5.4: The remaining Lorentzian (FWHM L.) and Gaussian (FWHM G.) linewidth
contribution to a Voigt lineshape as a function of beam energy TB.

TB FHWM Gaus. FHWM Loren.
(keV) (MHz) (MHz)

10 59(6) 19(5)
20 53.7(5) 14.7(4)
30 47(1) 13.2(7)

with the 34 MHz laser linewidth after acceleration to 20 keV. Although this simulation

neglected much complexity of the ablation process two trends were reproduced; around

4 µs difference in the ion ToFs and transmission of a narrower initial velocity distribution

by the low-gradient configuration. These features are visible in Figures 5.10.B and in

the ion scatter in Figure 5.12.B.

Besides understanding how to reduce the energy spread and therefore linewidth of

spectra taken with the ablation ion source, the data gained with each field configuration

combined with laser spectroscopy gives a new perspective on relationship between the

velocities and energy spread from the laser plasma. Figure 5.13 illustrates this depen-

dence. It is intuitive that a higher extraction field corresponded to a shorter ToF, as the

extraction time inside the source before acceleration to 20 keV is a significant contri-

bution to the final ToF and depends on the field gradient. Additionally, the curvature

towards lower energy spread and the more uniform velocity at the slower tail of the

ToF distribution gives a direct measurement of the bimodal slow thermal and prompt

ablation plasma velocity distributions often used to model the laser ablation process

[227].
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Figure 5.6: Isotope shift values of individual scans for the A) 5p 2P3/2 → 9s 2S1/2
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Figure 5.9: A hyperfine spectrum of 115In (blue) and 113In (green) taken with the 5p
2P3/2→ 9s 2S1/2 (246.8-nm) line. Fits using an asymmetric Voigt profile are shown by
the solid lines. Large asymmetric linewidths of 375(25) MHz were observed due to a
leakage potential on the elements surrounding the ablation target. These spectra were
fitted with an asymmetric pseudo Voigt [232].

Figure 5.10: Influence of the extraction field around the ablation target on the ion ToF
and energy spread. Row A(B) shows the high(low) field configuration of 5 V/mm(0.02
V/mm). The field gradient simulation is shown in part A1(B1), voltages are with respect
to the local ground of the source. The resulting ToF for the field is shown in part A2(B2)
and the resulting hyperfine spectrum in part A3(B3).
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5p 2P3/2 → 9s 2S1/2 (246.8 nm)

Figure 5.11: Asymmetry observed in hyperfine spectrum of 115In using an extraction
field gradient of 5 V/mm and a beam energy of TB = 20 keV. Two overlapping hyperfine
spectra components appear when ToF is not taken into account at high field gradients.
Fitted using two asymmetric pseudo-Voigt profiles.
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Figure 5.12: Ion transport simulations corresponding to the A) high and B) low field
gradient configurations of Figure 5.10. Spacial units in meters.
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Figure 5.13: Centroids of hyperfine spectra sliced and fitted in ToF in four extraction
voltage regimes. c.f. Table 5.2. Width of bars represents the FWHM of the hyperfine
spectrum slice. All of the spectra used were taken at a beam energy of 20 keV
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5.4.2 Atomic parameters

Extraction of parameters

Spectra for the near-zero extraction field and after ToF corrections are shown in Fig-

ure 5.15 for the 5p 2P1/2 → 8s 2S1/2 (246.0-nm), 5p 2P3/2 → 9s 2S1/2 (246.8-nm),

5p 2P3/2 → 5s5p2 4P5/2 (283.7-nm) and 5p 2P1/2 → 6s 2S1/2 (410-nm) transitions. A

full scan of the hyperfine structure for the 5p 2P1/2→ 8s 2S1/2 (246.0-nm) and 5p 2P3/2
→ 9s 2S1/2 (246.8-nm) transitions took around 5 minutes at a rate of 15 MHz/s. The

larger 5p 2P1/2 → 6s 2S1/2 (410-nm) (∼30 GHz) and 5p 2P3/2 → 5s5p2 4P5/2 (283.7-

nm) (∼ 100 GHz) structures took 20 minutes and 1 hour respectively to scan.

From Faraday cup readings, a beam current of 300(100) fA was measured directly after

the charge-exchange cell, with a transmission efficiency of 50% through the cell, there-

fore an estimated 105 − 106 ion/s were entering the interaction region. A mean count

rate of 500/s was observed on resonance in an example scan, this gives an efficiency

of >0.05% for the whole detection process (Section 3.2). Which was a sufficient mag-

nitude for detection in this work. With a maximum expected efficiency of ∼60%, limited

by the population following charge exchange (see Figure 5.20), the remaining loss in

efficiency could have been due to poor atom-laser overlap, low resonance ionization

efficiency, ion transmission to the MCP detector, or a combination of all of these. The

signal-to-background rates for 115In and 113In were found to be 104 and 103, with the

difference due to the lower relative natural abundance of 113In.

An example fit to a hyperfine structure spectrum with residuals is shown in Figure 5.14

A) before including the ToF correction a linewidth of 110(30) MHz was obtained using

a Voigt profile. This is compared to after including the including the ToF correction in

Figure 5.14 B) where a linewidth of 68(1) MHz was found. This spectrum was measured

using the low field voltage configuration (0.02 V/mm). χ2r values of 1-2 were usually

obtained for each fit after including the correction. Table 5.3 displays the FWHM and

asymmetry parameter (0 corresponding to no asymmetry and 1 to an infinite tail [232])

for asymmetric pseudo-Voigt line profiles [232] fitted to 115In hyperfine spectra with

varying extraction field gradients. As previously highlighted, the FWHM and asymmetry

increases with increasing field gradient. At the field gradient of 3 V/mm and above the

asymmetry becomes too large for the asymmetric pseudo-Voigt profile as additional

hyperfine spectra appear, corresponding to the other time-of-flight components which
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5p 2P3/2 → 9s 2S1/2 (246.8 nm)
A)

B)

Figure 5.14: An example fitted hyperfine spectrum with the 5p 2P3/2→ 9s 2S1/2 (246.8-
nm) transition, showing residuals. Part A) shows the spectrum without correcting for
ToF, part (linewidth of 150(30) MHz) B) shows the spectrum after correction for ToF
(linewidth of 68(1) MHz), as described in Section 5.3.2. The spectrum was measured
with the 0.02 V/mm extraction field configuration. The total count rate was normalised
to 100. A Voigt line profile was used.

are extracted from the ablation source. See Figure 5.11. The remaining Gaussian and

Lorentzian contributions to the FWHM of the Voigt profiles of the spectra in Figures 5.14

and 5.11 after the ToF correction, along with the parameters from other field gradient
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configurations are also shown in Table 5.3.

A clear correlation between the electric field gradient and the Gaussian contribution to

the linewidth was observed. This can be attributed to a residual energy spread from the

field gradient. Each field gradient required adjustment of the subsequent ion optics to

regain a nominal 300(100) fA beam current used for these measurements, measured

at the end of the interaction region. Therefore the beam intensity remained the same

while the energy spread of the bunch increased, in the analysis 100 ns slices were

used for all configurations and therefore the remaining Gaussian linewidth increased,

this is reflected in the final correct values in Table 5.3. This can be seen in the FWHM

of Figure 5.13. Hence with increased beam current, finer time slices could be used and

reduced Gaussian contributions obtained. However from the linewidth obtained, an up-

per limit on the intrinsic energy spread of the bunch in the high-field condition of 8 V/mm

can be given a value of <13 eV. Table 5.4 gives the relative FWHM contributions as a

function of beam energy, TB. The Gaussian contribution was observed to reduce with

increasing TB, as the energy spread of the bunch is reduced. From this measurement.

The intrinsic energy spread of the bunch created by the ablation laser under the low

field condition can be given a value of <3.5 eV from these measurements.

In both Tables 5.3 and 5.4 the Lorentzian component is smaller than the laser linewidth

(∼35 MHz). In both cases this is likely due to a non-uniform energy spread with ToF, cre-

ating an effectively larger Gaussian component when the spectra are corrected, which

may explain the remaining residuals to the Voigt fit seen in Figure 5.14. This could be

corrected by using smaller time slices to remove the varying Gaussian contribution, this

would also require a larger beam current. Alternatively the ∆t of the time slices could

be chosen to be non-uniform in order to select parts of the bunch with a uniform energy

spread.

Figure 5.16 compares the final average values of the extracted hyperfine structure con-

stants for the different field configurations before and after the ToF correction. The four

varied approaches were found to agree with each other and also the final quoted values

from this work. The approach with the least uncertainty was for the zero-field configu-

ration after ToF correction, which could be expected from from the reduced asymmetry

and linewidth of the uncorrected spectra.

The final quoted values for the hyperfine structure constants of 115In and 113In are

presented in Table 5.7. These values agree well with previous measurements for the
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2P1/2,3/2 states which were available. For the 4P5/2 state two measurements of Ahf
have been made [235, 236] which are 2σ apart, the measurement from this work agrees

closest with the laser spectroscopy measurement by [236] and improves on its preci-

sion by an order of magnitude. The measured isotope shift values for the 5p 2P3/2
→ 9s 2S1/2 (246.8-nm), 5p 2P1/2 → 8s 2S1/2 (246.0-nm) and 5p 2P1/2 → 6s 2S1/2
(410-nm) transitions are displayed in Table 5.5 and agree with the available previous

measurement of the 5p 2P1/2→ 6s 2S1/2 (410-nm) transition.

Table 5.5: Isotope shift values extracted from measurements with the 5p 2P1/2 → 8s
2S1/2 (246.0-nm), 5p 2P3/2→ 9s 2S1/2 (246.8-nm) and 5p 2P1/2→ 6s 2S1/2 (410-nm)
transitions. Statistical and systematic uncertainties are shown by the curly and square
brackets respectively.

λ (nm) Transition δν115,113 (MHz)

Literature [Ref] This work

246.0 5p 2P1/2→ 8s 2S1/2 -268(2)[4]
246.8 5p 2P3/2→ 9s 2S1/2 -270(2)[6]
410.2 5p 2P1/2→ 6s 2S1/2 -258(3) [237] -260(3)[5]
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Figure 5.15: Measured hyperfine structures of 115In (blue) and 113In (green) for the A)
5p 2P1/2 → 8s 2S1/2 (246.0-nm), B) 5p 2P3/2 → 9s 2S1/2 (246.8-nm), C) 5p 2P3/2 →
5s5p2 4P5/2 (283.7-nm) and D) 5p 2P1/2 → 6s 2S1/2 (410-nm) transitions after ToF
corrections. Fits by a Voigt profile are shown by the solid lines.
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Figure 5.16: Comparison of extracted hyperfine structure constants for the 5p 2P3/2→
9s 2S1/2 (246.8-nm) transition with the low and high-voltage extraction configurations,
as well for parameters extracted with and without using the ToF corrections described
in Section 5.3. High Ext. Volt. corresponds to 5 V/mm and Low Ext. Volt. to 0.02 V/mm
from the simulations shown in Figure 5.10
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5.5 Benchmarking coupled-cluster calculations

Coupled-cluster calculations in the singles and doubles approximation, with a pertur-

bative correction to triple excitations (‘CCSD(T)’) and without the correction (‘CCSD’),

were performed by Sahoo [16] to determine the atomic parameters needed to precisely

extract the nuclear quadrupole moments, QS, of indium. Previously the most precise

measurement of 115In was made with indium halide molecules using quantum-chemical

calculations to determine the quadrupole coupling constant [238]. A comparison to lit-

erature with the QS values determined in this work is later made in Table 5.8.

The atomic components of the hyperfine structure constants in Equations 2.26, 2.27

were calculated in the forms Ahf/gI and Bhf/Q, independent of the nuclear system,

for the nuclear gyromagnetic factor gI and the nuclear quadrupole momentQS respec-

tively. In Table 5.6 a comparison is made between calculations of the Ahf and Bhf
constants using DHF alone and with the CCSD(T) approach [16] (see Section 2.3.2) for

the six atomic states measured in this work.

The contribution from each of these corrections is also shown in Table 5.6. The dif-

ference between DHF and CCSD values makes apparent the varying importance of

electron-correlation effects for each state, where the DHF value has a larger value for

only the 5p 2P3/2 state, with it being smaller for all other states. The correction from

triples was found to be large compared to the Breit or QED corrections. Higher-order

excitations were not taken into account but are expected to have a smaller contribution

[16].

A comparison with theAhf constants measured in this work is made in Table 5.7 where

the atomic factors, Ahf/gI, are combined with high-precision nuclear magnetic dipole

measurements of 115In and 113In by NMR, with values of µ=+5.5408(2) µN [55] and

µ=+5.5289(2) µn [239] respectively.

A comparison with the Bhf constants cannot be made as atomic-model-independent

measurements of the nuclear electric quadrupole moment exist, which would be needed

to evaluate Bhf from the calculated electric field gradient factor, Bhf/Q. There is 1.5σ

agreement of the theoretical CCSD values with the values measured in this work and

those from literature for both 115In and 113In. The inclusion of triples with the CCSD(T)

calculation increased the accuracy of the Ahf values, from 15 MHz to 10 MHz for the



134 CHAPTER 5. LASER ABLATION ION SOURCE STUDIES OF INDIUM

Table 5.6: Comparison of calculated atomic parameters Ahf/gI and Bhf/Q using DHF
and CCSD methods. Corrections to the CCSD approach from the Breit interaction,
QED effects and triples are also stated. Calculations by Sahoo [17, 84].

5p 2P1/2 5p 2P3/2 6s 2S 7s 2S 8s 2S 9s 2S

Ahf/gI (MHz) values
DHF 1454.81 218.78 800.55 274.17 127.36 72.56

Values from CCSD method
DC 1841.52 207.96 1321.11 415.95 187.41 106.88
Breit −2.67 0.10 1.61 0.64 0.30 0.15
QED −3.11 0.78 −5.81 −2.11 −1.08 −0.78
Triples 11.27 −3.68 19.07 7.87 2.59 1.46
Uncer. ± 20.0 8.0 30.0 15.0 8.0 3.0

Bhf/Q (MHz/b) values
DHF 419.83

Values from CCSD method
DC 581.61
Breit −2.27
QED 0.04

Triples −3.78
Uncer. ± 4.0

5p 2P3/2 state for example, while a similar 1.5σ level of agreement was maintained.

Improved agreement with experiment and a reduction in calculated uncertainties may

be achieved by a full treatment of the triple excitations.

SD calculations, which only consider linear terms in the CCSD method [84] were pre-

viously made by [240] and are also compared in Table 5.7. Significant differences are

present between the SD and CCSD calculations, highlighting the importance of non-

linear terms included with the RCC method in accurately including electron correlations.

CCSD calculations of the Ahf values for these atomic states were originally reported in

[215], and are shown in the literature column of Table 5.7. In addition to an increased

accuracy of our extracted QS values, the improvement of these calculations also ben-

efits atomic EDM measurement experiments. The indium atom has been shown to
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have a large EDM enhancement factor, and its relatively smaller size, compared to

the present best limit for a paramagnetic atom EDM from Tl [241], would allow for im-

proved accuracy of the atomic factors. The limit to the accuracy of the atomic factors in

these studies is from the error in the weak-interaction Hamiltonians used. These errors

are evaluated from the off-diagonal matrix elements of the magnetic dipole interaction

Hamiltonian, which are proportional to
√
Ahf of the corresponding states in the matrix

elements [215, 242, 243]. The 5p 2P1/2 and 6s to 9s 2S1/2 states listed in Table 5.7

were found to give the leading contributions.

The Ahf values of the 8s 2S1/2 and 9s 2S1/2 states were previously not measured by

experiment until this work. Agreement with experiment improved with the values from

the new CCSD(T) calculations, with the most significant difference for the 9s 2S1/2 state.

Compared to the previous calculations [215], the biggest differences are the inclusion of

higher-order relativistic terms, non-linear terms in the RCC hyperfine interaction opera-

tor and the use of quadratic (QTO) instead of Gaussian type orbitals (GTO), which are

more appropriate for high-lying s states [16, 90]. Measurement of the 5s5p2 4P5/2 Ahf
and Bhf constants for 113In were also made for the first time in this work with the 283-nm

(5p 2P3/2→ 5s5p2 4P5/2) transition. However due to the lower atomic physics incentive

and the type of orbitals used, the hyperfine structure constants were not calculated for

the 5s5p2 4P5/2 Ahf [84].

The literature Ahf value of 115In for the 5s5p2 4P5/2 state measured by George et al.

[235] differs from our measured value by 3σ. A value reported by Zhao et al. [236]

agrees within 1σ of both our value and that of George et al. [235] due to a large un-

certainty. Although disagreement between our value is 7 MHz compared to 35 MHz

from the George et al. [235] value. As Ahf was also measured for 113In, a comparison

can be made with the ratio of magnetic moments, reported by NMR measurements as

1.00215(5) [239, 55]. This gives a ratio of 1.0003(16) for our measurement and 0.990(4)

for the measurement by George et al. [235]. Our reported value is within 1.2σ rather

than 3σ, giving support to our reported values for the 5s5p2 4P5/2 state.
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Table 5.7: Hyperfine structure constants of 115In and 113In extracted from measurements with the 246.0-nm (5p 2P1/2 → 8s 2S1/2), 246.8-
nm (5p 2P3/2 → 9s 2S1/2), 283-nm (5p 2P3/2 → 5s5p2 4P5/2) and 410-nm (5p 2P1/2 → 6s 2S1/2) transitions. Statistical and systematic
uncertainties are shown by the first and second brackets respectively. NMR measurements values of 115In and 113In with µ=+5.5289(2) µN
[239] and µ=+5.5408(2) µN [55] were used to compare to Ahf/gI values.

Ahf (MHz) Bhf (MHz)
Theory Experiment Experiment

Level Literature Sahoo [17, 84] Literature [Ref] This work Literature [Ref] This work
SD [240] CCSD [215] CCSD∗ CCSD(T)†

115In
5p 2P1/2 2306 2256(30) 2260(30) 2274(25) 2281.9501(4) [31] 2282.04(45)(53)
5p 2P3/2 257(15) 253(10) 242.1647(3) [31] 241.98(12)(26) 449.545(3) [31] 450(1)(0.5)
6s 2S1/2 1812 1611(50) 1621(50) 1645(37) 1685.3(6) [14] 1684.75(76)(39)
7s 2S1/2 544.5 516(30) 510(30) 520(19) 541.0(3) [235]
8s 2S1/2 240.8 234(20) 230(20) 233(10) 243.85(24)(19)
9s 2S1/2 128.1 106(10) 131(10) 136(6) 131.07(98)(15)

5s5p2 4P5/2 3654(13) [235] 3696(1)(2) -644(13) [235] -660(30)(3)
3689(20) [236] -638(50) [236]

113In
5p 2P1/2 2255(30) 2270(25) 2277.0860(4) [62] 2277.07(34)(77)
5p 2P3/2 256(15) 252(10) 241.6409(4) [62] 241.75(25)(21) 443.414(4) [62] 442(3)(1)
6s 2S1/2 1618(50) 1642(37) 1681.8(8) [244] 1682.47(98)(76)
7s 2S1/2 509(30) 519(19)
8s 2S1/2 229(20) 231(10) 243.49(24)(23)
9s 2S1/2 130(10) 136(6) 130.87(94)(38)

5s5p2 4P5/2 3690(2)(3) -558(35)(5)

∗ - The uncertainties of the CCSD calculated values are estimated due to neglected triple excitation configurations
† - The CCSD(T) uncertainties were calculated from comparison to a lower-order basis function [84]
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5.6 Nuclear moments

The calculated atomic parameters of Table 5.6 could then be applied to the measured

hyperfine structure constants to determine the nuclear moments of 115In and 113In, the

results are presented in Table 5.8. The Ahf constant from the 5p 2P1/2 state was

used to determine the magnetic dipole moment as it had the smallest uncertainty and

the Bhf constant from the 5p 2P3/2 state was used to determine the nuclear electric

quadrupole moment. The atomic parameters were Ahf(2P1/2)/gI=1847(20) MHz and

Bhf(2P3/2)/QS=576(4) MHz/b respectively.

The determined magnetic dipole moments also agree well with the high-precision val-

ues from NMR [55, 239], giving confidence in the atomic parameters used and in the

accuracy of the QS values evaluated in Table 5.8 and QS values of the neutron-rich

isotopes determined in Chapter 7.

TheQS values reported here for 115In and 113In agree within uncertainty with the previ-

ously reported most precise values in literature [238], and improves upon the precision

by 1 mb and 30 mb respectively. Using literature values for Bhf (indicated by † in Table

5.8) further improves the precision by 2 mb and 6 mb.

Table 5.8: Nuclear magnetic dipole moments and nuclear electric quadrupole mo-
ments determined using the atomic parameters Ahf(2P1/2)/gI = 1847(20) MHz and
Bhf(2P3/2)/QS = 576(4) MHz/b.

113In 115In
Literature [Ref] This work Literature [Ref] This work

µ (µN) 5.5289(2) [239] 5.548(62) 5.5408(2) [55] 5.560(62)
QS (b) 0.80(4) [14] 0.767(11)∗ 0.83(10) [245] 0.781(7)∗

0.770(5)† 0.770(8) [238] 0.780(5)†

∗ - with the measured hyperfine structure constants in Table 5.7.
† - using literature Ahf and Bhf values [62, 31].
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5.7 Atomic state lifetime measurement

The lifetimes of the upper states of the 246.0-nm (5p 2P1/2→ 8s 2S1/2), 246.8-nm (5p
2P3/2 → 9s 2S1/2), and 410-nm (5p 2P1/2 → 6s 2S1/2) transitions were measured by

delaying the Q-switch of the final ionization 1064-nm laser and measuring the change

in ionization rate on the MCP detector. The fits to the de-excitation curves are shown

in Figures 5.17 A, B, C). No transitions are known to exist which would populate states

above the 37268 cm−1 threshold for ionization by the 1064-nm light from de-excitation

of the 2S1/2 upper states. The integrated count rate over the leftmost hyperfine structure

peak (F= 6→ 5) was measured for each 1064-nm light delay value. Typical measure-

ment times of 10 minutes per Q-switch delay measurement were used, the measure-

ment time for each scan was used to normalise the total count rate. The pulse duration

of the 1064-nm laser is quoted as 10 ns, while the pulse duration FWHM of the IS

laser was measured to be a 50 ns. The timing precision of the pulse delay generator is

quoted to a level of 500 ps. No jitter in the relative timing of the laser pulses from lasers

was observed at a 1 ns level using a photodiode (which will include Q-switch and pulse

delay generator timing jitter) at the end of the beamline, this was therefore used as the

upper limit to the level of relative timing precision.

The remaining count-rate errors were likely from the fluctuations in atom beam current,

laser-atom overlap and atom-laser overlap. Measurements of the resonant count rate

at the same delay values at the start and end of the lifetime measurements were used

to estimate an uncertainty in the resonant count rate to account for longer term drifts

in atom beam current and laser intensity. The results from these measurements are

shown in Table 5.9 and are compared to literature values.

As shown in Figures 5.17 A, B, C), it was found that a term for a constant background

rate needed to be included, which is shown by the fit in blue (the fit in red is without).

These fits correspond to the values in Table 5.17. While the magnitudes of the lifetimes

are correct, the values for the all three upper states are overestimated. In Figures 5.17

A, B) a slight curvature is observed with respect to the log scale of the count rate.

From the remaining unaccounted sources of error, the most likely explanation for the

overestimation of the lifetime is due to variations in laser-atom overlap as a function of

Q-switch delay. This could explained if the resonantly ionized ions have a different ion

transmission to the detector depending on the position in the interaction region they are
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created, or if the atom-laser overlap is not perfectly uniform.

When gating on the quartiles of the ToF distribution for the detected bunch, for the

5s29s 2S 1/2 upper state, lifetimes of 521(37) ns and 373(20) ns were extracted for the

upper and lower quartiles respectively. There is therefore a dependence on the ToF

of the detected ions. This source of error is included in the square brackets in Table

5.17, which brings the 5s26s 2S 1/2 state lifetime into 1σ agreement with literature and

reduces the disagreement for the 5s29s 2S 1/2 and 5s28s 2S 1/2 states (2σ, 3σ).

As the detected bunch represents only the ionized component of the full atom beam

this only gives a partial explanation for the overestimation of lifetime, but suggests that

the laser-atom overlap does indeed need to be accounted for. A dedicated study of

the measurement systematics in a well known system would be needed to confirm the

source of the error in the overestimation of the lifetimes, in order to make use of a multi-

step laser ionization schemes for reliable lifetime measurements in the future with this

setup.

Table 5.9: Lifetimes of the upper states extracted from an experiment on stable Indium
isotopes using the ablation source. Values extracted from a fit of exponential decay to
the Q-switch delay of the second step laser (the ionization step). A systematic error
from the gated quartile of the ToF is included in square brackets, as discussed in the
text.

Transition Upper state
Lifetime

Measured
(ns)

Lifetime
Literature
(ns) [ref.]

246.8 nm 5s29s 2S 1/2 457(58)[147] 104(12)[246]
246.0 nm 5s28s 2S 1/2 149(17)[40] 55(6)[246]
410 nm 5s26s 2S 1/2 10.8(8)[30] 7.0(3) [247]
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Figure 5.17: Log scale of the count rate used to determine the lifetimes of the A)
5s28s 2S 1/2 (40 636.98 cm−1), B) 5s29s 2S 1/2 (42 719.02 cm−1) and C) 5s26s 2S 1/2
(24 372.957 cm−1) states determined by fitting of an exponential to the Q-switch delay
of the second step laser (the ionization step). Fits including a constant background rate
are show in blue, those without in red.
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5.8 Isotopic abundance

The isotopic abundance of 113In relative to 115In was additionally measured in this work

as the relative resonance ionization rate of the masses was measured in several scans.

As mentioned in Section 5.3.2, the isotope mass selectivity came from the selectivity of

the laser ionization, due to the difference in absolute hyperfine transition frequencies of
113In versus 115In. Using the ToF alone, the mass resolution is poor,m/∆m≈ 1, this is

indicated in red in Figure 5.7.

Table 5.10: The natural abundance of 113In extracted from hyperfine transition intensity
ratios of 115In and 113In, compared to literature values [179].

113In
Abundance (%)

246.8 nm 4.59(22)
246.0 nm 3.99(24)

Average 4.30(16)

Literature 4.28(5)[179]

The relative peak intensity between 113In and 115In for the same hyperfine split atomic

transitions in a spectrum was used to determine the relative isotopic abundance for

each scan. This has the advantage over integrating the total counts in each region that

fluctuations which change the measured count rate when on resonance, are included

in the amplitude error of the fitted resonances. As shown in Figure 5.4, the level of

fluctuation in beam intensity reduced with increasing time from the start of the ablation

laser. Although all of the measurements were made after around an hour of starting

the ablation laser, determining the relative isotopic abundance in this way from fitting

the resonance peaks of the hyperfine structure gave an uncertainty estimation from the

remaining fluctuations in atom-beam intensity or laser power.

Figures 5.18 A, B) show the variation in 113In abundance with the number of hyperfine

scans whilst Table 5.10 gives the average value for each transition. The combined aver-

age of the relative isotopic abundance of 113In extracted from the 5p 2P3/2→ 9s 2S1/2
(246.8-nm) and 5p 2P1/2 → 8s 2S1/2 (246.0-nm) transition measurements agree well

with the natural abundance of 113In [179].
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See Figure 5.19 for the variation in the isotopic abundance of 113In extracted over 15

hyperfine structure measurements when integrating the total count rate. The distribu-

tion has a very small uncertainty (<0.1% per scan) due to the large number of counts,

despite a standard deviation of 2% isotopic abundance. In comparison with the ap-

proach to extract the isotopic abundances shown in Figures 5.18 A, B), integrating the

counts takes no account of fluctuations during a scan, which explains the non-statistical

scatter seen in the figure.
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Figure 5.18: Natural abundances of 113In from hyperfine spectra intensity ratios of 115In
and 113In over many scans of the A) 5p 2P3/2 → 9s 2S1/2 (246.8-nm) B) 5p 2P1/2 →
8s 2S1/2 (246.0-nm) transition
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Figure 5.19: Natural percent abundance of 113In extracted from summing counts with
the 5p 2P3/2 → 9s 2S1/2 (246.8-nm) transition. This demonstrates the non-statistical
scatter when integrating the counts over a hyperfine spectrum without accounting for
resonance rate fluctuations during the scan.

5.9 Atomic populations following charge exchange

The relative populations of the 5p 2P1/2 and 5p 2P3/2 states in indium were also mea-

sured with the ablation ion source, at a beam energy of 20 keV. Following neutralisation

with the reactions of the type

In+(0)+Na(0)→ In(k)+Na+(0)+∆E , (5.3)

and after 120 cm of ion flight, the relative ionization rate of the 5p 2P1/2 → 8s 2S1/2
(246.8-nm) and 5p 2P3/2 → 9s 2S1/2 (246.0-nm) transitions were measured, giving

the relative populations of the 5p 2P1/2 and 5p 2P3/2 states. The ionization laser was

delayed by 20 ns from the resonant excitation step to avoid lineshape distortions from

the high-power pulsed light [248] but to maintain the laser ionization efficiency. The

close proximity in wavelength of the two transitions enabled rapid switching between

them (<10 minutes), maintaining near identical laser beam properties between two

measurements with each transition. Reproducible spacial overlap of the atoms and

ions was ensured by alignment irises and Faraday cups through which both ion and

laser beam transport was maximised. The 532-nm ablation laser remained active while
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the resonant laser was being tuned to the other transition to minimise the change in

beam intensity from oxidation or cooling of the target.

The integrated count rate of a hyperfine spectrum from each transition was used to give

the proportion of atomic populations in the lower states (5p 2P1/2 and 5p 2P3/2). Nor-

malisation of the atom beam intensity and uncertainty from fluctuations was taken into

account using the background rate between the hyperfine structure peaks in the spec-

tra. It was not possible to use the same procedure as in Section 5.8 as this cannot be

performed between different transitions, additionally in Section 5.8 the background rate

was not measured reliably as only a short scan region around a single hyperfine tran-

sition was measured. The background count rate was measured with a relative uncer-

tainty of ∼18% and 5% for the 5p 2P3/2→ 9s 2S1/2 (246.8-nm) and 5p 2P1/2→ 8s 2S1/2
(246.0-nm) transitions respectively, the reduced uncertainty for the 5p 2P1/2→ 8s 2S1/2
(246.0-nm) transition was due to the much larger scan region off resonance due to the

larger splitting (Ahf) of the hyperfine structure.

The atomic level populations measured in this work, in addition to the results of the sim-

ulation (described in Chapter 2.4) are displayed in Figure 5.20 and Table 5.11. The ratio

of the ionization rates from the states 5p 2P1/2 and 5p 2P3/2 was used for comparison

to simulation, as the populations are relative (to the 5p 2P1/2 state in this case).

The experimental values agree within 1σ with those simulated, although the experi-

mental uncertainty is large. This gave confidence in extending the simulations to other

atomic systems as well to a beam energy of TB = 40 keV, which was later used for the

measurements of the neutron-rich indium isotopes. The results were also compared

against available experimental data for fluorine [249] and nickel [134] in Table 5.11.

The normalisation of the beam current using the atomic fraction was the largest un-

certainty in the reported values. In future work this uncertainty could be significantly

reduced by using a particle detector to detect the neutral current, from the portion of

the beam which is not ionized and deflected, rather than the collisional re-ionization

rate, which is purposely suppressed with the CRIS technique. This could be achieved

using an ITO coated glass plate [250, 251], which is able to detect current from atom

impact and has photoelectric effect suppression making it insensitive to the laser pulses

collinear to the neutral fraction. Normalisation of the laser intensities using a photodi-

ode or charge-coupled detector could be used to normalise fluctuations in laser power
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Figure 5.20: Comparison of experimental to simulated values of the relative atomic
populations of atomic indium 5p 2P1/2 and 5p 2P3/2 states following neutralisation of
indium ions. The relative population of the simulated values was normalised to the
count rate for the 5p 2P1/2 state.

density (if not in a saturated regime), allowing this source of error to be reduced. Com-

bined with these planned improvements, the experimental setup would be very effective

for measuring the relative atomic populations.

The results of the simulations compared to the relative atomic population measure-

ments of this thesis and previous work is displayed in Table 5.11. To the authors knowl-

edge, this table shows all data for atomic populations measured in the energy range

TB=1-100 keV to date.

The magnitudes of the simulated atomic populations largely agree, but are outside>1σ

of the experimental values in two cases. The simulated final population for the 3s 4P5/2

state in fluorine is a factor of two greater than the measured value, while the simulated

initial population is 0.079, which would agree with the experimental value. This could

be explained by i) overestimation in the transition rates available for fluorine in literature

ii) the contribution from high-lying states could be reduced if collisionally ionized before

decay into the state of interest (see Section 6.3.3 for a discussion of collisional ionization

from high-lying states). iii) an error in the preferential ionization [252] factor (for re-

ionization with a helium cell) used by [249] in the evaluation of the population from the
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measurement iv) or neglected experimental uncertainties.

Table 5.11: Comparison to available data of relative atomic populations after charge
exchange.

TB (keV) lfl (cm) State Sim. Rel. Pop. Exp. Sim. Rel. Pop. [134]

In 20 120 5p 2P1/2 0.319 *
In 20 120 5p 2P3/2 0.665 0.619(116)

F 40.8 190 3s 4P5/2 0.19 0.083(4) [249]
Ni 29.85 40 4s 3D3 0.130 *
Ni 29.85 40 4s 3D2 0.107 0.114(10) [134] 0.1138(100)
Ni 29.85 40 4s 3D1 0.06 0.00(1) [134] 0.083(1)
Ni 29.85 40 4s 1D2 0.02435 0.0229(46) [134] 0.0354(1)

* - indicates the atomic populations were taken relative to this state i.e. divided by the count rate for the
transition from the state

The simulated value was 0.06 for the 4s 3D1 state in nickel, however no population

was observed in the values reported by Ryder et al. [134] for nickel, despite the strong

(Aij = 1.2× 108 s−1) 4s 3D1 → 4p 3P0 transition being used. One explanation could

be inaccurate branching ratios of the transitions, de-exciting the initial population, which

would reduce the population of the 4s 3D1 state.

As the calculation method has been shown to be useful in predicting relative populations

in these cases, the calculations have been extended to all elements from Z = 1 to Z

= 89 with available atomic data, for incident ions A+(0) upon potassium and sodium

vapours B(0)

A+(0)+B(0)→ A(k)+B+(0) , (5.4)

where both the vapour and ion beam are again assumed to be in their ground states.

The results are shown in Tables D.1 and D.2 for potassium and sodium vapours respec-

tively, in the appendix.

While simulations were performed for 1 6 Z6 89 for completeness, for atomic numbers

Z 6 3 at TB = 40 keV, their velocities are over the boundary of the assumed interme-

diate velocity region. While for heavier systems relativistic calculations become more

important [253] and therefore validity of the above approach reduces. The reliability has

not been tested for very light or heavy systems and is therefore unknown, this is also
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true for systems where very little atomic data is known. These cases are marked in Ta-

bles D.1 and D.2. The results are displayed for the initial population distribution at 0 cm

from charge exchange, and for the final population distribution following 120 cm of atom

flight, for beam energies of 5 keV and 40 keV. The five most highly populated states

are listed in these tables. In lighter systems such as hydrogen or helium, much exper-

imental cross-section data and cross-section calculations are available [130]. However

as a cross section needs to be determined for every state in order to determine the

initial relative populations, the approximate approach used in this work (see Section

2.4.2) is less computationally expensive. In the case of systems with very few known

transition probabilities, the initial populations prior to the decay part of the simulations

are quoted but their final population following decay are not. Their atomic analogues

can be used as an indicator for their expected relative atomic populations. The relative

populations in Tables D.1 and D.2 were normalised by the total cross section for all of

the charge-exchange reactions, these values are displayed in Table D.3, the accuracy

of these values is highly dependent upon the completeness of available atomic data

however.

5.10 Conclusions

The practicality of a collinear resonance ionization beamline in tandem with an ablation

ion source has been demonstrated using indium as an example case. Although the

idea to combine the two systems is simple, it is the first time to the authors knowledge

that this has been performed, along with the time-of-flight corrections, and it allows for

a significantly reduced complexity of a collinear resonance ionization setup.

A minimum in the energy spread of the ion beam produced with the ablation source was

found with a low extraction electric field configuration (0.01 V/mm). This was directly ob-

servable in the lineshapes of the measured hyperfine spectra due to the high-resolution

of the injection-seeded laser (20 MHz).

However, the use of a 500 ps timing resolution ion time-of-flight data acquisition allowed

the reconstruction of high-resolution spectra in low- or high-field extraction configura-

tions (down to 60(8) MHz with low field). Although the energy spread was a hindrance

for measurement of atomic parameters, when combined with time-of-flight information
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further insight was gained into laser-plasma interactions [254, 255] as a function of time.

The systematics of the laser ablation plasma process measured from hyperfine struc-

tures will be explored in future work at CRIS. In addition, the time-of-flight information

may be of use for measurements of other systems with large energy spread, such as

atomic or molecular systems which are insufficiently cooled.

Measurements of the the hyperfine-structure constants of the 5s28s 2S1/2 and 5s29s 2S1/2
states were made for the first time using this setup. These measurements highlight

the potential for precision atomic physics studies which this low-complexity apparatus

opens up. The Ahf constants of the 5s28s 2S1/2 and 5s29s 2S1/2 states are sensitive

parameters for the benchmarking relativistic coupled-cluster calculations [215]. The

corrections that were needed for improved agreement between the CCSD(T) values

and measured Ahf constants gave confidence in the accuracy of the electric-field gra-

dient parameter Bhf/QS for the 5p 2P3/2 state, which was later used for the studies of

radioactive indium isotopes.

In addition, the field shifts for the 5p 2P1/2 → 8s 2S1/2 (246.0 nm) and 5p 2P3/2 →
9s 2S1/2 (246.8-nm) transitions, 113In / 115In isotopic abundance ratio and lifetimes of

the 5s26s 2S1/2, 5s
28s 2S 1/2 and 5s29s 2S1/2 states were measured.

The relative isotopic abundance of 113In to 115In obtained, 4.30(16)%, is in agreement

with the literature value. However the lifetime measurements were largely overesti-

mated for the three upper states measured, a 30% variation in the extracted lifetime

values with the ToF of the detected ions suggests the problem may be due to inhomo-

geneous laser-atom overlap. Further studies of the systematics are needed before this

setup could be reliably used for atomic lifetime measurement. Lifetime measurements

would provide complementary information for the testing of underlying atomic theories

by comparison to calculated lifetimes [256].

Simulations were performed to predict the relative atomic populations of the atomic

population distribution of indium ions, following neutralisation by a sodium vapour, at

a beam energy of 20 keV and 40 keV This included calculating the cross sections for

neutralisation of the atomic states in indium using a semi-classical impact-parameter

approach [107], and then the simulation of the population redistribution by de-excitation

over 120 cm. Measurements were made of the relative atomic populations of indium

neutralised with sodium at 20 keV, also using the ablation source. The population of

the two lowest-lying states in indium, 5p 2P1/2 and 5p 2P3/2, were extracted and are
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in agreement with the simulated population. The simulations were then extended to

predict the relative atomic population with ions of atomic numbers 1 6 Z 6 89 neu-

tralised by sodium and potassium vapours (the results are shown in Tables D.2 and

D.1 respectively). Beam energies of 5 keV and 40 keV were used, as this covers the

energy range of typical values used for CRIS and collinear laser spectroscopy experi-

ments. A comparison was made with literature measurements for fluorine and nickel.

The reproduction of the overall population distribution was found to be good, however

two states were measured to have values outside of experimental uncertainty; possible

explanations for the discrepancies were given. These results will be of use for future

collinear laser spectroscopy experiments, as prediction of atomic populations is vital

for choosing or developing an efficient laser scheme, while experimental data remains

extremely sparse. The verification of the relative population of the 5p 2P1/2 and 5p
2P3/2 states at 20 keV gave confidence that using sodium to neutralise the neutron-rich

indium isotopes from ISOLDE at 40 keV would give the highest relative population of

the 5p 2P3/2 state. The feasibility of the ablation source with the CRIS technique for

measuring relative atomic populations has been demonstrated. The principle improve-

ment to the setup which would allow for extraction of populations with higher accuracy

is the simultaneous recording of the atom beam current, for normalisation of the total

beam intensity.

The 5p 2P3/2 → 9s 2S1/2 (246.8-nm) transition was found to have a compact hyper-

fine structure, desirable for the online measurements detailed in Section 6. The total

hyperfine structure of <4 GHz gave Ahf and Bhf with uncertainties of <1% and <5%

respectively, compared to <14 GHz for the 283.7 nm transition. This was important

when step sizes as small as 6 MHz/min were required to gather enough statistics to

resolve the structure of the most exotic isotopes.

The potential compatibility of the ablation source with a solid target of any material

allows the study of many atomic and molecular species without the need for cooling

and bunching [159]. This in principle allows highly reactive elements such as oxygen

and carbon to be studied. Producing bunched oxygen, carbon or fluorine [249] beams

presents a challenge at ISOLDE due to the ready formation of molecules in both the

ISOLDE targets and the ISCOOL cooler buncher. An additional advantage of using

CRIS is the population of high lying meta-stable states in charge exchange, creating

accessible transitions to laser spectroscopy which were not possible previously due to

the deep-UV lasers or two-photon transitions [257, 258] that would be needed to excite
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from the ground state. This is highlighted in the relative populations simulated in Tables

D.2 and D.1 of the appendices. Laser spectroscopy studies of these elements would

be important for fundamental nuclear structure [259], and also environmental science

[260], and in general the low background, high efficiency, high selectivity of a CRIS

setup is well suited to molecular spectroscopy or trace analysis such as for geophysical

dating [261, 262, 263, 264].

The ablation source setup also has potential applications in future exploratory stud-

ies of molecular systems such as HfF or BaF, which are highly sensitive to parameters

relevant to fundamental physics [265, 266]. In systems such as these, precise measure-

ment of transitions is important for both verification of quantum-chemical calculations

and for developing laser cooling schemes [267, 266]. The source can support stud-

ies of radioactive molecules, which are produced in the ISOLDE target [268], but for

which very little is known about the isotopic dependence of their hyperfine structure

[269, 84]. Recent high-resolution measurements [84] of transitions in RaF molecules

produced at ISOLDE show that CRIS the technique is indeed suitable for molecular

measurements. The measurement of radioactive molecules will provide a new source

of valuable nuclear structure information for which this ablation ion source may provide

valuable supporting studies.

The ablation source and CRIS setup is well suited to exploratory studies as compared

with directly in traps, as limitations due to space-charge effects (1012 ions/laser pulse

is possible) [270], refilling trap time [271] and distribution of states [272] are avoided

with collinear laser spectroscopy. Additionally a separation of typically <10 µs between

neutralisation and resonance excitation allows access to metastable states not possible

with traps.



Chapter 6

Analysis of neutron-rich indium

studied with laser spectroscopy

This chapter describes the analysis procedure implemented in order to take the mea-

sured ion count rates and resonant step laser frequencies and extract hyperfine struc-

ture parameters from fitting of the wavenumber-binned spectra, in addition to the pro-

cess used to quantify and correcting for known sources of experimental error.

6.1 Data sorting procedure

The measured ion counts from the MCP detector and wavenumbers from the waveme-

ter were saved in the form of timestamped arrays during the experiments. To construct

the hyperfine spectra the two arrays were first correlated in time by backfilling [273] the

wavenumber data for each measured count. This was necessary as the data acquisition

was not event-by-event, with the wavelength and count rate being recorded at different

rates, therefore the timestamps were not synchronised. This is a valid approximation

as the time difference between wavelength measurements and ion counts timestamps

were at the <5 ms level while the maximum laser frequency scan speed used was at

the level of 6 kHz per ms on average, where the finer laser step sizes were a function

of the unknown digital-to-analog converter precision used inside the seed laser (see

Section 4.1.4). Corrections to the measured laser frequencies were also made at this

151
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stage, to account for drifts in the accuracy of the wavemeter and beam energy, TB,

which was used to convert the frequencies to the atomic rest frame (see Section 6.1.1).

The counts were then binned by laser frequency, using the same bin width as the laser

frequency step used to scan the laser. This was typically 6 MHz per step (one sec-

ond per step) for high-resolution scans using the M-Squared SolsTiS for the injection-

seeded laser (Section 4.1.4). For each laser frequency step taken to collect a spectrum,

the frequency was taken as a ‘setpoint’ with a feedback loop between the wavemeter

and laser that adjusted the laser optics (mainly the etalon) until the frequency was

reached. Only when the setpoint was reached would the next step be taken. As the

amount of time this takes was not uniform, it creates small differences in the actual scan

speed. The non-uniform time per step was corrected for by converting the total number

of counts in each frequency bin into a count rate by using the total time spent in each

frequency bin.

In some cases multiple scans were combined in order to enhance the statistics of spec-

tra for a given isotope, or to combine partial scans of a hyperfine spectrum which had

a large hyperfine splitting. This was performed similarly by working out the time spent

at each wavelength and the corresponding number of counts for the separate scans

before binning the data to construct a final spectra with a weighted count rate.

Figures 6.1 and 6.2 show a compilation of scans from the even- and odd-mass indium

isotopes measured during the experiment. A summary of the number of scans taken

at each mass with the 246.8-nm (5p 2P3/2 → 9s 2S1/2) and 246.0-nm (5p 2P1/2 →
8s 2S1/2) transitions is shown in Table 6.1.

6.1.1 Frequency corrections

There were two principle sources of error in the determination of hyperfine transition

frequencies during these experiments. The largest source of error (up to 150 MHz)

was due to drifting of the wavelengths measured by the wavemeter due to imperfect

calibration, which was attributed to thermal fluctuations in the laboratory temperature.

For this reason the frequency of a diode laser was used as a reference to correct for

such drifts in the wavemeter, which was locked to a single frequency, see Section 4.3.
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Table 6.1: Number of full scan ranges completed with the 5p 2P3/2→ 9s 2S1/2 (246.8-
nm) and 5p 2P1/2 → 8s 2S1/2 (246.0-nm) transitions. The ‘minutes’ (m) listed in these
tables indicates the total amount of time spend scanning the laser frequencies over the
hyperfine structure at each mass.

Minutes (# scans) with transition
Mass 246.8 nm 246.0 nm

113 32 min. (2) 24 min. (1)
114 101 min. (2) 61 min. (1)
115 958 min. (38) 243 min. (9)
116 91 min. (2) 27 min. (1)
117 16 min. (1) 43 min. (1)
118 124 min. (2) 36 min. (1)
119 20 min. (1) -
120 75 min. (2) 49 min. (1)
121 27 min. (1) -
122 147 min. (2) 48 min. (part.)

Minutes(# scans) with transition
Mass 246.8 nm 246.0 nm

123 28 min. (1) -
124 26 min. (part.) -
125 50 min. (2) -
126 87 min. (1) -
127 132 min. (2) 137 min. (2)
128 129 min. (2) 34 min. (1)
129 431 min. (4) 182 min. (2)
130 254 min. (3) 94 min. (1)
131 908 min. (6) 343 min. (1)

The second largest source of error was due to changes in the ISCOOL extraction volt-

age, which determines the ion beam energy and therefore gives the level of accuracy

the spectra could be Doppler-shift corrected to. If the ISCOOL voltage changes are on a

scale longer than the duration of a scan (typically 30 minutes) then the hyperfine struc-

ture parameters, Ahf and Bhf, will be unaffected by the change (the error from shorter

time-scale voltage drifts are assessed in Section 6.3). But as the centre of gravity of

the hyperfine structure will be shifted due to an incorrect Doppler shift, the isotope shift

values will be in error. A change in 1 V at mass 115 corresponds to a centroid shift of

14 MHz at a beam energy of 40 keV.

In order to quantify and correct for these and other sources of error in the transition

frequencies measured, the hyperfine spectrum of 115In was measured before and after

each measurement of the neutron-rich isotopes (or at most two measurements). The

independent measurements of the hyperfine spectra of 115In allowed for the accuracy of

the neutron-rich isotopes measurements to be validated and allowed the quantification

of systematic correlations over time.
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Figure 6.1: A compilation of hyperfine spectra at each measured odd indium isotope
mass. Each isotope has at least one isomer, also visible in the spectra and indicated
by the coloured star makers.
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Figure 6.2: A compilation of hyperfine spectra at each measured even indium isotope
mass. Each isotope has at least one isomer, also visible in the spectra and indicated
by the coloured star makers.
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Wavemeter correction

The accuracy of the recorded wavelength by the wavemeter used in these experiments

(Section 4.3) varies with temperature and pressure in its environment. By using a fibre-

optic switch box and a diode reference laser with a high long-term stability (<1 MHz

specified [202]), the correction relation

∆f1
f1

=
∆f2
f2

, (6.1)

can be used (within ±200 nm of the calibration wavelength [202]), for this Fizaeu type

wavemeter [274]. Allowing the drift in resonant laser frequency to be corrected with the

recorded diode frequency, as both measurements are made with the same interferom-

eter [275] in the wavemeter unit. The reference diode laser was locked to a 795-nm

hyperfine transition in rubidium [204] (see Section 4.3). This transition was then used

as a reference frequency, f2, allowing any change in this frequency, ∆f2, recorded by

the wavemeter to be used to work out the corresponding correction needed, ∆f1, for

the measured injection seeded laser frequency, f1.

Figure 6.3 shows the recorded drift in the calibration of the wavemeter as shown by

the diode laser during the course of a measurement of the hyperfine structure of 115In.

The scatter in the individual measurements of the wavelength of the diode laser can

be seen, compared to an average of 10 s along with the corresponding time-binned

hyperfine spectrum. Figure 6.4 shows the count rate observed as a function of the

closest measurement in time of the diode reference laser. The wavelength sample

rate was 100 ms compared to the number of detected ions recorded every 10 ms. No

correlation between the resonance count rate and the drift in the frequency of the diode

laser was seen, indicating that this shorter time-scale scatter did not correlate with a

change in resonance count rate over the course of the scan. The correlation with the

extracted 115In centroids with the longer time-scale drift is discussed below.

The source of this scatter is not known, but may be due to thermal or electrical noise,

however it is below the level of the specified precision of the wavemeter used (Section

4.3). Figures 6.5 A) and B) shows the effect of using the recorded drift in the diode fre-

quency as a correction to the recorded resonant laser frequency, and the corresponding

decrease in scatter of the extracted centre-of-gravity frequencies of the 115In reference
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Figure 6.3: Example hyperfine spectrum of 115In binned in time compared to the drift
in wavemeter calibration measured using the diode reference laser. A binning and
averaging of 10 seconds was used.

spectra.

The 5p 2P3/2→ 9s 2S1/2 (246.8-nm) transition exhibited significantly more deviation in

the recorded 115In centroids compared to the 5p 2P1/2 → 8s 2S1/2 (246.0-nm) transi-

tion, although there was a more stable period for around 20 hours.

The pulsed fundamental light produced by the injection-seeded Ti:Sa (Section 4.1.4)

was fibre coupled directly to the wavemeter before frequency tripling. The one possi-

ble explanation is due to the use of a multi-mode fibre-optic switch box, used to allow

measurement of multiple laser frequencies with the single-channel wavemeter. This

may have allowed multiple spatial modes to exist for measurement by the wavemeter,

and may explain the short time-scale fluctuations seen in Figure 6.5 A) as a function

of time for the 5p 2P3/2 → 9s 2S1/2 (246.8-nm) transition, if the dominant mode was

fluctuating.

Differences between the fibre coupling for the 738-nm and 740.4-nm fundamental light,

for the 5p 2P3/2→ 9s 2S1/2 (246.8-nm) and 5p 2P1/2→ 8s 2S1/2 (246.0-nm) transitions
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Figure 6.4: Count rate plotted as a function of the closest wavemeter frequency of the
diode reference laser. No correlation between change in observed diode frequency and
count rate was observed.

respectively, may have had lead to a difference in the extent to which this effect was

present.

Additionally, differences in the fibre coupling may have lead to differences in the energy

deposition of the fundamental pulsed light into the wavemeter, which could have caused

a higher level of thermal fluctuations for one than the other.

The correlation between the diode wavelength drift and the measured 115In centroid drift

was very strong in both cases, as shown in Figure 6.6. After applying the correction

the spread in the 115In centroids was reduced from ±50 MHz to ±2.5 MHz for the

5p 2P3/2 → 9s 2S1/2 (246.8-nm) transition, and reduced from ±15 MHz to ±1 MHz

for the 5p 2P1/2 → 8s 2S1/2 (246.0-nm) transition. This was a significant correction

to the accuracy of the extracted isotope shifts, however the shorter time-scale scatter

observed during measurements with the 5p 2P3/2 → 9s 2S1/2 (246.8-nm) transition

may still have been the principle limitation to the accuracy of both isotope shift and

hyperfine constants later reported in this work.
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Figure 6.5: The effect of correction to the centre-of-gravity shift of the 115In hyperfine
spectra, using the wavemeter correction based on the recorded reference diode wave-
length. Shown for the : A) Transition #1: 5p 2P3/2 → 9s 2S1/2 and B) Transition #2:
5p 2P1/2 → 8s 2S1/2. See Figure 6.6 for the correlation plots before correction. The
centroid frequencies are divided by 3 to show the frequency drifts on the scale of the
fundamental light which was measured.

ISCOOL voltage Doppler correction

Corrections due to drifts in the ISCOOL extraction voltage were applied following the

wavemeter correction described above. The magnitude of change in the 115In centroid
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Figure 6.6: Correlation plots of the 115In hyperfine spectra centroids for the
5p 2P1/2 → 8s 2S1/2 (246.0-nm) and 5p 2P3/2 → 9s 2S1/2 (246.8-nm) transitions ver-
sus the reference diode laser frequency recorded by the wavemeter. r is the correlation
coefficient.

frequencies due to the wavemeter drift (±50 MHz) would have obscured the correlation

between the ISCOOL voltage and the 115In centroid frequencies, which are on the order

of a few MHz in the 113-131 atomic mass region of indium.

The ISCOOL extraction voltage was recorded every few seconds during the experiment.

The measurement was made by a resistive voltage divider connected to an analog-to-

digital voltmeter. It was therefore not possible to decouple real drifts in voltage from

changes in the resistance of the voltage divider, which is sensitive to temperature and

RF fields. A more recently constructed and calibrated precision high-voltage divider

borrowed from the University of Mainz [276] was used to calibrate the voltage divider

just before the measurements of the experiment began. This gave a calibration fit which

was used as a correction to the recorded ISCOOL extraction voltage values in this

analysis as Vcorrect = 0.99877(1)×Vmeasured+0.027(22).

Figure 6.7 shows the 115In centroids following the wavemeter correction alongside the

recorded ISCOOL extraction voltage. It can be seen from this that the remaining scatter

in the 115In centroids is of the order expected for the changes in ISCOOL extraction volt-

age for the 5p 2P1/2 → 8s 2S1/2 (246.0-nm) transition (2 MHz), while a larger scatter

remains for the 5p 2P3/2 → 9s 2S1/2 (246.8-nm) transition (10 MHz). The correla-

tion coefficients [277] for the 115In centroids with scatter in voltage recorded during the

measurements with the 5p 2P3/2 → 9s 2S1/2 (246.8-nm) and 5p 2P1/2 → 8s 2S1/2
(246.0-nm) transitions were determined to be r=0.1 and r=0.8 respectively. For the 5p
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Figure 6.7: The change on the centre of gravity of the 115In hyperfine spectra using a
Doppler correction based on the recorded ISCOOL extraction voltage. The correlation
coefficients were r=0.8 and r=0.1 for the A) Transition #1: 5p 2P3/2→ 9s 2S1/2 (246.8-
nm) and B) Transition #2: 5p 2P1/2→ 8s 2S1/2 (246.0-nm) transitions respectively.

2P3/2 → 9s 2S1/2 (246.8-nm) transition a remaining systematic error dominates, pos-

sibly from the smaller time scale drift in the wavemeter calibration, seen in the diode

reference wavelength mentioned above. While for the 5p 2P1/2→ 8s 2S1/2 (246.0-nm)

transition there is a clearer correlation, hence the Doppler correction was applied to the

spectra using the ISCOOL voltage as a function of time.
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The difference in masses for the isomer states compared to the ground states of iso-

topes in indium also contribute a Doppler shift. In this work the isotope masses were

taken from the 2016 atomic mass evaluation [278], and isomer excitation energies from

the Nuclear Data Sheets [52, 53]. Of the measured states the majority have excitation

energies <500 keV, which corresponds to a Doppler shift in the hfs centroid shift of

<1.5 MHz. For the the 21/2− and 23/2− states in 127In and 129In, with excitation en-

ergies of 1863 keV and 1630 keV respectively, this shift becomes more significant as

the excitation corresponding to shifts of 8 MHz and 7 MHz in the centroid of the spectra

respectively. Excitation energy Doppler corrections were performed by re-binning and

fitting the spectra with the corrected additional mass for the excited isomer state.

6.2 Hyperfine structure fitting

Once binned by frequency the hyperfine spectra were fitted using a model of the hyper-

fine structure based on the known or tentative nuclear spin I, and the known electronic

upper Ju and lower Jl states for the transition. The fitting was performed in Python with

χ2 minimisation of the model to a binned spectrum using the package LMFIT [279, 280].

Equation 2.25 was used for the upper and lower electronic angular momenta, Jupper,

Jlower, to give the transition frequency between hyperfine levels νhf as

νhf = νcog+αupperAupper+βupperBupper−αlowerAlower−βlowerBlower (6.2)

the centroids of each hyperfine structure peak in the structure as well as the centre

of gravity of the structure νcog, was fitted using this relationship which allowed the

hyperfine constants Ahf, Bhf and isotope (or isomer) shift values to be determined.

The relative peak intensities were initially calculated using Equation 2.31, but left as a

free parameters in the fitting as the polarisation of the light was not recorded, although

it was expected to not change after the harmonic-generation crystal. The simultaneous

fitting of hyperfine models to separate spectra was also performed in some cases with

the aid of linked hyperfine models in the package SATLAS [281]. TheAhf ratio obtained

between the transitions from the reference isotope 115In was used for this purpose.
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The additional constraint from linked model fitting was also valuable in assigning peaks

to the structures measured with the 5p 2P3/2 → 9s 2S1/2 (246.8-nm) transition, for

which the spectra contained hyperfine structures from up to three nuclear states. Whereas

the 5p 2P1/2 → 8s 2S1/2 (246.0-nm) transition had a maximum of 4 peaks per state,

with a large separation due to the large Ahf value.

For many of the indium isotopes measured with the 5p 2P3/2 → 9s 2S1/2 (246.8-nm)

transition, the rightmost hyperfine structure peaks were unresolved (the F= 4→ F= 5

and F= 3→ F= 4 transitions) due to the limited linewidth of the injection-seeded laser

(34 MHz [168]), for example in Figure 5.14. For this reason and the relatively small

Ahf and Bhf values for the transition (see Table 6.4), the correlation map shown in

Figure 6.8 was generated to determine if this overlap would cause any correlation in

the parameters by their uncertainties. Only a slight correlation between the Alower and

Aupper parameters was observed (at the level of <0.02% inside 1σ uncertainty of the

parameters), showing that the values can compensate for each other to a small but

negligible extent.

0

20

s0_s0_Amp3__4
0.5392+0.00220.0022

s0_s0_Al
238.356+0.0120.012

23
8.
30

23
8.
40

s0
_s
0
_A
l

s0_s0_Au
128.279+0.0270.028

12
8.
2

12
8.
4

s0
_s
0
_A
u

43
0.
5

43
1.
5

2

s0_s0_Bl
431.09+0.130.13

12
8.
2

12
8.
4

s0_s0_Au
23
8.
30

23
8.
40s0_s0_Al0.

53
0.
55s0_s0_Amp3__4

43
0.
5

43
1.
5

s0
_s
0
_B
l

3

2

1
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6.2.1 Lineshape

The lineshape used to fit all of the hyperfine structure resonances this work was a

Voigt profile [282], resulting from the convolution of a Gaussian profile with a Lorentzian

profile. Where the Gaussian component is attributed to inhomogeneous broadening

such as Doppler broadening and where the Lorentzian component is from the natural

lineshape of the transition and homogeneous broadening such as power broadening

[283]. For computational convenience the Voigt profile was evaluated as

V(x,σ,γ) =
Re[w(z)]
σ
√
2π

, (6.3)

where Re[w(z)] is the real part of the Faddeeva function [284]

w(z) = e−z
2

erf(−iz) , (6.4)

where erf() is the error function and the parameter

z=
x+ iγ

σ
√
2
, (6.5)

includes the Lorentzian and Gaussian FWHM contributions, γ and σ, respectively. The

relative contribution to the FWHM of the Gaussian or Lorentzian components was left

as a free parameter for the peaks. These parameters were shared between all of the

components of the hyperfine structures in a given spectrum, as they are independent

of the nuclear structure or atomic transition. Figure 6.9 shows the relative Gaussian

and Lorentzian contributions to the linewidth over the experiment plotted alongside the

χ2r of the fit to the peaks. While the average total linewidth remains around 47(9) MHz,

the relative Gaussian to Lorentzian component changes and the increasing Gaussian

component is correlated with an increased χ2r . This can be attributed to the use of too

high of an atom beam current, which has the combined effect of magnifying any present

fluctuations in laser or atom beam intensity beyond the level of the statistical scatter. In

addition to causing saturation of the data-acquisition electronics at the highest count

rate component of the peak. This causes the Gaussian contribution to increase to
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compensate, as for a given amplitude a Gaussian profile has a larger FWHM than a

Lorentzian profile. The χ2r values would increase from this and from the higher statistics

scatter in the resonant count rate. Figure 6.10 displays the correlation between the χ2r
of the fitted profiles and the average count rate for the 115In reference measurements,

which gives support to this hypothesis.
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Figure 6.9: The relative Gaussian and Lorentzian contributions with scan number for
Transition #1: 5p 2P3/2→ 9s 2S1/2 (246.8 nm) and Transition #2: 5p 2P1/2→ 8s 2S1/2
(246.0 nm). The Lorentzian component disappears for increased χ2r of the fitted peaks.

A peak asymmetry was observed in the hyperfine spectra obtained with both the 5p 2P1/2
→ 8s 2S1/2 (246.0-nm) and 5p 2P3/2 → 9s 2S1/2 (246.8-nm) transitions in this work

(shown in Figure 6.11 for the 246.0-nm transition). An understanding of the source of

the asymmetry is important for determining the centroid of the measured hyperfine tran-

sition accurately. Not modelling the asymmetry correctly can introduce an offset which

would reduce the accuracy of the isotope shift values, if the asymmetry is not constant

between the isotope measurements.

From the population simulations (see Section 2.4), the asymmetry is predicted to be

partially accounted for by the population of the 5p 2P1/2 and 5p 2P3/2 states by the de-

cay of intermediate states following neutralisation. This is due to the additional energy

E∗ used to populate these intermediate states compared to the direct population of the

5p 2P1/2 or 5p 2P3/2 states. The required energy is taken from the kinetic energy of the
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Figure 6.10: Correlation between the average count rate over the 115In reference scans
and the increase in the χ2r of the hyperfine structure fit. With a correlation coefficient of
r = 0.64.

beam, causing a Doppler shift in the resonance frequency for a fraction of the atomic

beam and therefore a contribution to the resonance lineshape offset from the nominal

beam energy.

To show this, the beam energy before the reaction TB,I with that after the reaction TB,II
with an energy difference in IP of ∆E= IA− IB is

TB,II = TB,I−∆E , (6.6)

where as this becomes

T∗B,II = TB,I−∆E−E
∗ , (6.7)

for the intermediate reaction, thus the difference in beam energy between atoms neu-

tralised with these reactions is given by the excitation energy for the intermediate state,

∆T∗B,II = E
∗ . (6.8)

The intermediate states de-excite by spontaneous photon emission [285], the popula-

tion in the lower state of interest as well as the sidepeak amplitude and asymmetry is
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A) 5p 2P1/2→ 8s 2S1/2 B) 5p 2P3/2→ 9s 2S1/2

Figure 6.11: The calculated detuned populations compared to direct population (at 0
MHz) of the lower levels A) 5p 2P1/2 and B) 5p 2P3/2 for the 5p 2P1/2→ 8s 2S1/2 (246.0-
nm) and 5p 2P3/2 → 9s 2S1/2 (246.8-nm) transitions respectively. The line profiles for
each transition were modified according to these populations. The fitted line profiles
also indicated.

therefore a function of time from the neutralisation point. In addition to this source of the

sidepeak amplitude, inelastic collisions following neutralisation can have a similar effect

[286] (the degree of similarity depends upon the energy spacing of the atomic levels of

the atomic system), this contribution is discussed later.

These asymmetries were already simulated as the population passing through the in-

termediate states was also saved in the simulation. The Voigt line profile was used to

model the resonances, with the sidepeaks offset by their corresponding frequency to

model the indirect populations via the intermediate states.

In Figure 6.11 both the simulated population and fitted peak shape for the 5p 2P1/2 →
8s 2S1/2 (246.0-nm) transition is shown, where the largest contribution was determined

to be from the 5s26s 2S1/2 intermediate state

In+(5s2 1S)+Na(2S1/2)→ In(5s26s 2S1/2)+Na+(1S)+∆E , (6.9)

which then de-excites to the ground state

In(5s26s 2S1/2)→ In(5s25p2P1/2)+E
∗
γ , (6.10)

for those atomic states E∗γ = 3.021 eV of additional kinetic energy required from the ion
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beam for this reaction, compared to those atoms which directly populate the 5s26s 2S1/2

state. This difference corresponds to a resonance peak Doppler shifted by 40 MHz to

lower frequencies (for the collinear geometry). A much smaller contribution was pre-

dicted from charge exchange alone for the 5p 2P3/2 → 9s 2S1/2 (246.8-nm) transition,

shown in Figure 6.11 B).

Table 6.2: Comparison of simulated sidepeak amplitude contributions from excited up-
per states to values determined experimentally from fitting the line profile of 115In ref-
erence measurements. The contributions were fitted from the lower state of the 2P1/2
→ 8s 2S1/2 (246.0-nm) and 5p 2P3/2 → 9s 2S1/2 (246.8-nm) transitions. Spectra with
0.8 < χr < 1.2 were included in the average. ‘Collisional’ referees to energy loss of the
indium atomic beam by collisions with sodium, discussed in the text.

Upper state
6s 2S1/2 5d 2D3/2 7s 2S1/2 6d 2D3/2

5p 2P1/2 contrib. 2.70% 0.60% 0.30% 0.20%
Eγ (eV) 3.022 4.078 4.501 4.841
Sim. total 3.80%
Measured 13.9(14)%
Collisional 10.1(14)%

5p 2P3/2 contrib. 0.40% 0.10%
Eγ (eV) 3.807 4.573
Sim. total 0.50%
Measured 5.7(27)%
Collisional 5.2(27)%

Many of the individual contributions from the detuned populations could not be resolved

with the laser used (34 MHz linewidth [168]), therefore the amplitude of the largest

contribution was used as the free parameter the peak shape fitting, with the others

fixed proportional with the simulated relative populations.

The sidepeak amplitudes for the 5p 2P3/2 → 9s 2S1/2 (246.8-nm) and 5p 2P1/2 → 8s
2S1/2 (246.0-nm) transitions were determined to be 5.7(27)% and 13.9(14)% respec-

tively. These values are an average of 12 hyperfine spectra for the 5p 2P3/2→ 9s 2S1/2
(246.8-nm) transition and 10 for 5p 2P1/2→ 8s 2S1/2 (246.0-nm) transition. The contri-

butions predicted by simulation were 0.5% and 3.8%, the largest contribution was from

the 6s 2S1/2 state for both transitions.

The peak asymmetry in hyperfine structure measurements is also attributed to inelastic
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collisions. Successive collisional excitation and de-excitations into an accessible state

with an excitation energy of ∆E creates sidepeaks evenly spaced as n∆E for n suc-

cessive collisions [286]. The probability of n independent successive collisions is given

by Poisson’s law as

P(n) =
xn

n!
exp(−x) , (6.11)

where x is the factor depending on the length and density of the vapour. The amplitude

ratio between the sidepeaks is then given by P(n).

The first excited state after the 2P1/2 and 2P3/2 states is also the 5s26s2 S1/2 state.

The remaining contribution to the sidepeak amplitude can then be attributed to this

mechanism, the remaining contributions being 10.1(14)% and 5.2(27)% respectively.

The sidepeak contributions are summarised in Table 6.2. An additional contribution

to the sidepeak amplitude which could not be quantified is the population of unknown

states during charge exchange which also decay to populate the 2P1/2 and 2P3/2 states.

An alternative contribution to the side peak amplitudes could be due to the population

of states during charge exchange, which decay to the 2P1/2 and 2P3/2, but which are

unknown in literature. The most likely origin of the sidepeaks for symmetric charge

exchange (e.g. Na+ + Na) is then inelastic collisions (the ground state population will be

dominant for low TB). In the case of asymmetric charge exchange, the higher probability

for populating intermediate states will introduce these intrinsic sidepeaks in addition to

those from inelastic collisions.

The sidepeak contribution from this source would have been much higher using potas-

sium to neutralise indium, as potassium has a lower ionization potential than sodium

and will therefore have a larger relative population in high-lying intermediate states.

This can be seen in Figure 2.7.
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6.3 Extracted atomic observables

6.3.1 Averaging observables

The hyperfine structure constants extracted from the scans of the reference isotope
115In are shown for the 2P1/2→ 8s 2S1/2 (246.0-nm) transition in Figure 6.14 and for the
2P3/2 → 9s 2S1/2 (246.8-nm) transition in Figure 6.13. The averaging and uncertainty

calculation of the hyperfine structure constants is described below.

The parameters were averaged using the weighted mean x̄ as [287]

x̄=

∑n
i=1xiσ

−2
i∑n

i=1σ
−2
i

, (6.12)

where xi is a single measurement and σi is the uncertainty on the measurement. The

values are weighted by the reciprocal of the variance wi =
1

σ−2i
. Initially there was an

over dispersion (scatter outside of statistical uncertainty) of the parameter from the in-

dividual reference scans due to unknown sources of experimental error not accounted,

for this reason the dispersion relation

σ̂2x̄ =
1∑n

i=1σ
−2
i

× 1

(n−1)

n∑
i=1

(xi− x̄)
2

σ2i
, (6.13)

was used to estimate the uncertainty on the mean value accounting for dispersion, σ̂2x̄.

Where σ̂2x̄ is related to the usual uncertainty on the weighted mean σ2x̄ by σ̂2x̄ = σ
2
x̄χ
2
r ,

where the reduced chi-squared χ2r is included to account for any over dispersion [287].

6.3.2 Systematic error

The statistical error alone of each scan was far too small to account for the dispersion

of the hfs constants and isotope shifts, as shown for example for the 115In reference

isotope values in Figure 6.13. Therefore additional possible sources of systematic error

were assessed using the 115In reference isotopes and included in quadrature to the
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error of each parameter extracted from the scans of each nuclear state. See Table 6.3

for the systematic contributions which were determined for the final uncertainties.

The assessed sources of additional systematic uncertainty, remaining from the correla-

tions already discussed, included the following:

1. A possible drift in the wavelength accuracy in the range of the quoted accuracy

of 2 MHz for the wavemeter (Section 4.3). This was assessed by the change in

atomic parameters extracted by simulating linear drift in the wave meter of 0 -

2 MHz over the time to take a single scan, using count-rate data from a hyperfine

structure scan of 115In.

2. Variation in the extracted parameters with changes in binning of the spectra, in

a range of 1 MHz to 20 MHz bins. This was determined from scatter in the fit

parameters when re-binning the spectra with bin widths of 1, 3, 6, 12, 16 and

20 MHz.

3. Possible Doppler shift drift due to the limited precision of the extraction voltage

readout and short time-scale variations in the extraction voltage. This was deter-

mined by comparing the atomic parameters extracted with and without using the

ISCOOL Doppler-correction data.

Of these sources the binning had by far the largest effect, this is possibly because of

alterations in the line shapes with binning due to fluctuations in the ionization process

over the course of a scan. While this source of uncertainty is partially accounted for in

the χ2r of the hyperfine structure fit, the extent depends upon the uncertainty in count

rate for each bin and therefore the width in frequency of the bins. In reality the laser

frequency scan ranges were not perfectly divisible by the laser frequency steps, there-

fore a beating effect will appear in the count rate as a function of bin width. Additionally,

the laser frequency steps were not always precise, but with an oscillation around the

set point of the frequency (∼1 MHz). An additional source of variation in the count

rate with frequency binning width could be due to inhomogeneity in the actual laser fre-

quency step sizes taken, which could be at the level of the wavemeter relative precision

(0.5 MHz), or greater following the correction for the wavemeter frequency drift. Both of

these effects could also contribute in isolation or together to explain the dependence of

the extracted parameters on the frequency binning used. They are illustrated in Figures
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6.12 A), B) and C). An adaptive function to work out the correct minimum inhomoge-

neous bin sizes for each spectrum could be used in future work to reduce these two

effects.

Table 6.3: Systematic error calculated from varying parameters of a reference scan
from each transition. λ cali. - wavemeter calibration uncertainty. Data Analysis - un-
certainty from variation in binning and fitting. Voltage cali. - ISCOOL extraction voltage
calibration precision. Additional possible sources of remaining systematic uncertainty
are discussed in this section.

Ahf Ahf Bhf Ahf Ahf
5p 2P3/2 9s 2S1/2 5p 2P3/2 5p 2P1/2 8s 2S1/2
(MHz) (MHz) (MHz) (MHz) (MHz)

1. Wavemeter drift 0.02 0.06 0.10 0.03 0.04
2. Frequency binning 0.13 0.37 0.39 0.14 0.07
3. ISCOOL V drift 0.02 0.05 0.14 0.05 0.04

Total 0.13 0.38 0.43 0.15 0.09

The inclusion of these systematic errors resulted in improved agreement with the av-

erage error for the Ahf parameters shown in Figures 6.14 and 6.13. These sources

of systematic error were then also included for all the extracted indium nuclear state

parameters. A remaining source of error for the parameters remained which could not

be quantified however. This is visible in the over dispersion seen in Figures 6.13 A,

B, C). The errors on the 115In parameters were calculated using the over-dispersion

correction, Equation 6.13, this can be seen by the wide error band for the average Bhf
value.

In order to take into account these sources of systematic uncertainty in the hfs constants

extracted for the other indium isotopes, which have comparatively few scans, these

uncertainties determined using the 115In isotopes were used. As the source of the over

dispersion in the hfs parameters could not be found for the 115In values, the standard

deviation measured for the 115In was included as an additional systematic error in the

determination of the Bhf values for the 2P3/2 state.

The source of this dispersion may be due to residual short time-scale variations in the

wavemeter drift correction, which are clearly visible at around 75 hours in Figure 6.5

A), on-top of the longer time scale variations. This could be verified by applying a sine

function correction to the spectra with varying frequency, and comparing the effect to
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Figure 6.12: A) Recorded frequencies of the scanned resonance laser using setpoints
of 6 MHz per step. Below are exaggerations of the data (not real) to show possible varia-
tions in binned count rate due to B) a ’phase’ difference between the binned and actual
laser frequencies scanned and C) inhomogeneous laser frequency steps. The blue
lines indicate the laser frequency step sizes, with the blue dots indicating the spread
around the frequency set points, the red line indicates homogeneous frequency bin
widths.

the frequencies of the variation observed in diode reference laser frequency by the

wavemeter. However, using the above approach the magnitude of this error was al-

ready quantified and accounted using the 115In reference measurements.
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Figure 6.13: Variation in A) Alower, B) Aupper, C) Blower for the 5p 2P3/2 → 9s 2S1/2
(246.8-nm) transition over all scans taken of the reference isotope 115In. µ - Weighted
average mean. σ - Weighted average error. SD - Standard deviation.
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Figure 6.14: Variation in A) Alower, B) Aupper for the 5p 2P1/2→ 8s 2S1/2 (246.0-nm)
transition over all scans taken of the reference isotope 115In. µ - Weighted average
mean. σ - Weighted average error. SD - Standard deviation.
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Isolated or partial measurements
Of the spectra collected it is worth highlighting those measurements which may have

poorer reliability, as this needed to be accounted for in their reported accuracy. Table 6.1

summarises the completed scans with the two transitions.

As the experiment was time limited, for some lower-priority isotope measurements only

single scans of their hyperfine structure were performed. The isotopes 117In, 119In,
121In, 123In, 124In were measured only once with the 5p 2P3/2 → 9s 2S1/2 (246.8-

nm) transition. While the isotopes 113In, 114In, 116In, 117In, 118In, 122In, 128In were

measured only once with the 5p 2P1/2→ 8s 2S1/2 (246.0-nm) transition. The hyperfine

constants determined for these isotopes therefore have larger reported uncertainties

as a weighted averaging does not occur, the systematic uncertainties determined in

Section 6.3.2 dominate.

As some of these single scans were measured once with both transitions, they are later

compared for consistency in this analysis.

Two of hyperfine structure scans can be considered as incomplete. 122In measured

with 5p 2P1/2 → 8s 2S1/2 (246.0-nm) transition was created from the combination of

two scans due to a laser lock error part way through the initial scan, this took 17 min-

utes to resolve and continue the scan. While the scan of 124In with the 5p 2P3/2 →
9s 2S1/2 (246.8-nm) transition missed two hyperfine transition peaks. This is visible in

the spectra compilation Figure 6.1 and was simply due to human error in calculating

the scan ranges. The values for 124In are therefore not reported in the tables of this

work, as it was not possible to quantify the error of the hyperfine parameters without the

complete spectra. The 116In measurement with 246.0-nm transition was also a partial

scan, with a single peak missing from the 5+ state. The 116In isotope was measured

multiple times with the 246.8-nm transition however, therefore in the fitting procedure a

linked model was used to fit the states of 116In with both transitions simultaneously, the

ratio of Ahf between the transitions was taken from 115In.

Linked model fitting

The atomic parameters fitted in the indium spectra were left as unconstrained as pos-

sible to avoid biasing final values. However in some cases a spectrum did not allow for



6.3. EXTRACTED ATOMIC OBSERVABLES 177

unconstrained fitting. Simultaneous fitting of the spectra from the 5p 2P1/2→ 8s 2S1/2
(246.0-nm) and 5p 2P3/2→ 9s 2S1/2 (246.8-nm) transitions was required to extract the

hyperfine parameters of the Iπ = 1+ state of 116In. This was necessary as many of the

hyperfine structure peaks of the Iπ = 1+ state were obscured by the neighbouring nu-

clear states for the 246.8-nm transition, while Iπ = 1+ state was only partially measured

with the 246.0-nm transition. Figure 6.15 shows an example spectrum for 116In with the

5p 2P3/2 → 9s 2S1/2 (246.8-nm) transition which shows the issue. The Ahf constant

ratios between the two transitions from 115In were used to link the fitting of the spectra.

The quadrupole moments extracted from the 116In Iπ = 1+ state are later shown to be

consistent with literature.

Figure 6.15: Example 116In spectrum measured with the 5p 2P3/2 → 9s 2S1/2 (246.8-
nm) transition, showing the obscured Iπ = 1+ state which required constricting of the
Iπ = 5+ and Iπ = 8− states with the 5p 2P1/2 → 8s 2S1/2 (246.0-nm) transition to fit
more accurately.

In the 131In hyperfine structure spectrum the Iπ = 1/2− isomer structure becomes col-

lapsed and unresolvable with the 5p 2P3/2→ 9s 2S1/2 (246.8-nm) transition, as shown

in Figure 6.27 B). However the structure was still resolvable in the 5p 2P1/2→ 8s 2S1/2
(246.0-nm) transition (Figure 6.28), due to its larger Ahfs parameter. Therefore the

linked model fitting was used between the spectra of 131In with the two transitions,

essentially constraining the shape of the asymmetry of the collapsed structure seen

with the 246.8-nm transition, allowing for a higher accuracy of the centroid value of the

Iπ = 1/2− structure for the 5p 2P3/2→ 9s 2S1/2 (246.8-nm) transition.
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6.3.3 Reaching the limit of sensitivity: 132In

An order of magnitude reduction in yield was expected from 130In to 132In [288]. Only

0.1 pA of 130In was measured on the ISOLDE central beamline Faraday cups with RILIS

laser enhancement (2×104 ions/s were measured at the ISOLDE table station), out of

2 pA of 130Cs (the ratio of 130In to 130Cs measured at the ISOLDE tape station was

0.1%, from the decay of all nuclear states) and other contamination.

Whereas a beam current of 6 pA was measured at mass 132 with no discernible en-

hancement from RILIS lasers. Almost all of this can be attributed to 132Cs, which was

measured to be produced at a rate of 5×108 per µC of proton current, by β− spec-

troscopy on the ISOLDE tape station [136].

A beam current of 2 pA was measured at mass 113 with RILIS lasers on and 0.1 pA with

RILIS lasers blocked. With this almost pure 113In beam the count rate on resonance was

measured to be 1200 cps, indicating a total measurement efficiency from the ISOLDE

central beamline to detection by CRIS of 0.05% or, 1:2000. While the maximum count

rate for the 130In measurement was 10 cps, corresponding to a total efficiency of 0.1%

or 1:1000 using the tape station yields. The difference could be due to saturation of

the data-acquisition system at the high 113In count rate, or a difference in transmission

compared to the 130In measurement at the tape station.

At mass 132 with 1 pA of beam current (following gating), a count rate of 0.89(17) cps

was observed with no lasers going into the CRIS beamline, no increase in count rate

outside of this error was seen with lasers on and overlapping the bunch. This implies a

small proportion of photo-ionization background from the lasers and a background sup-

pression of 1 in 108 of the contamination. No peaks were observed above background

in the expected scan range for 132In. Assuming an order of magnitude reduction in yield

[154] and a 0.05% total efficiency to give a conservative estimate, a simulated spectrum

for 132In is shown in Figure 6.16. A 3σ effect above background is predicted following

48 hours of scanning a 6 GHz range, using coarse frequency steps of 20 MHz. This

assumes that the background rate is constant, but this varied as a function of proton

current on the UCX target, a stable proton super-cycle configuration would therefore

also be required.

Future measurements of neutron rich-indium at ISOLDE with the CRIS experiment
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would require a large reduction in this background to continue to measure lower yield

neutron-rich isotopes without further significant increases in measurement time, al-

though the UCx target was accidentally vented during this experiment which increased

the level of caesium contamination. As the 1064-nm light had little influence on the

background count rate, it can be assumed that non-resonant photo ionization of the

contaminant component was not the dominant source of background from the contam-

ination.

Simulation: 132In
48 hours
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Figure 6.16: Simulated spectrum of 132In using the background and signal rates in the
text. For the 5p 2P3/2 → 9s 2S1/2 (246.8-nm) transition, assuming a spin of I = 7 for
the ground state of 132In. Using 9.6 minutes per 20 MHz frequency step.

Collisional ionization of caesium was the most likely source of background, as it was

the most likely contamination in the mass region of interest (115-132). Isobaric con-

tamination can be orders of magnitude larger than the isotope of interest at ISOL facili-

ties [141], allowing collisional ionization to result in an appreciable non-resonant back-

ground. The pressure of the interaction region was 1-2×10−9 mbar with all valves open

during the experiment.

During the charge-exchange process many high-lying states are also populated, by the
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element of interest as well as the contamination. This can be seen in the relative popu-

lation simulation Figure 2.7 for indium, in Section 2.4. Many high-lying states (including

Rydberg states) can have long lifetimes [289], however at these much higher atomic en-

ergy levels the geometric cross section for collisional ionization becomes much larger

[290, 291]. This source of background can partly be quantified by looking at the fraction

of atomic population in these high-lying states following charge exchange, using the

simulations outlined in Chapters 2.4 and 5.9.

In Figure 6.17 the fraction of the atomic population in these high-lying states is shown for

1 6 Z6 89. For the energies below the ionization potential of the element, the Nd:YAG

laser harmonics wavelengths are plotted (1064 nm, 532 nm, 355 nm and 266 nm),

giving a guide as to the extent these states will contribute to the background for a

given atomic number. Although the simulations may overestimate these populations if

transition rates are not fully known, the relative population in the plot indicates the level

of certainty one can have these high-lying states will have a contribution to laser or

collisional background for a given element.

For caesium (Z = 55), ∼30% of its atomic population is expected to be within reach of

the energy of the ionization potential for being ionized by 1064-nm light, used as the final

non-resonant ionization step laser for the neutron-rich indium isotope measurements.

As no increase in background was observed with the 1064-nm light overlapping the

atom bunch in the interaction region, it is possible that the photo-ionization cross section

for these high-lying states may be low [292] (no weighting was included for the photo-

ionization cross sections from the states) or that the contribution was collisionally re-

ionized before interacting with the 1064-nm light in the poorer vacuum region along the

charge-exchange cell (<10−6 mbar).

This source of collisional background can be reduced by the use of field ionization plates

[293, 294] after the charge-exchange cell to ionize and deflect the atoms in these high-

lying states before they reach the interaction region. These field ionization plates were

recently implemented and tested in the 104−115In mass region and indeed resulted in a

factor of 2-3 reduction in the background rate for indium [295].

Further reduction of collisional ionization can be achieved by reducing the pressure in

the interaction region, improvements have been made since the neutron-rich indium

experiment measurements, allowing a reduction down to 3×10−10 mbar [224]. This

may be difficult to further reduce without the use of cryogenic cooling of the beamline.
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It is also likely that the collisional background is increased due to a molecular beaming

effect (mentioned in Section 3.2.1) of neutrals which escape the relatively poor vacuum

region of the charge-exchange cell and effectively higher-density region for collisional

ionization which overlaps with the path of atom bunch to be probed (see Figure 3.10).

Alternative detection methods can be used to increase the background suppression.

Field ionization with the appropriate excitation scheme to a Rydberg state can be used

to ionize only those atoms below a known ionization potential at the end of the beam-

line [296, 293]. In cases where the α- or β−-decay half-life of the isotope is sufficiently

short or the γ-decay transitions are well known then decay-assisted laser spectroscopy

can be used to suppress background contamination [176]. A variety of methods on

the production, ionization and separation side of ISOLDE can also be used purify the

radioactive beams [136, 297], which could be further developed for indium measure-

ments.
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Figure 6.17: Calculated fraction of atomic population within photon energies Eγ of the
ionization potential of elements 1 6 Z 6 89. Using the simulations discussed in Chap-
ters 2.4 and 5.9. Cross sections were calculated for a 40-keV ion beam neutralised by
a sodium vapour. Populations are stated after 120 cm of flight.

6.3.4 Hyperfine parameters and isotope shifts

Taking into account the above considerations in the analysis, the extracted isotope and

isomer shift values relative to 115In are displayed in Table 6.5. Although the error is
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larger for some of the lower-yield isomers, the isomer shifts are clearly determined and

their implications will be discussed later.

The extracted hyperfine parameters are displayed in Table 6.4, for two of these atomic

states, 5p 2P1/2 and 5p 2P3/2, previous measurements by [14] were included. It is in-

formative to compare the values at this stage, before additional error may be introduced

in converting to the nuclear electromagnetic moments.

The 113In and 115In isotope Ahf and Bhf values shown in Table 6.4 were all found to

agree within 1σ of the values determined using the ablation ion source, displayed in

Table 5.7 of Chapter 5. The isotope shift values determined between 113In and 115In

in Table 5.5 using the ablation source also have 1σ agreement with literature, which

gives further validation of the time-of-flight correction technique used to determine the

isotope shifts (described in Chapter 5).

All of the newly determined hyperfine parameters are within 2σ of literature values [14],

with the following exceptions: 116In 5+ for the Ahf of the 5p 2P1/2 state, 117In 1/2−

for the Ahf of the 5p 2P3/2 state, which are within 5 σ, and 4 σ respectively. Of the

extracted Bhf values, most agree within 1 σ of the values reported by [14], the Bhf
values for the 118In 5+ and 116In 5+, 119In 9/2+ and 120In 8− states agree by 2 σ.

The discrepancies could be due to an additional uncertainty not accounted for in the

fitting of these spectra, which have a few overlapping hyperfine transition peaks, or

intermittent undetermined experimental error, those within 2 σ are reasonable within

scatter of the large data set. Only single scans were performed at each of these masses

(116,117,118In). Additionally, the literature values reported by [14] did not report any

systematic uncertainties. Comparison with the µ andQS values determined from these

parameters will provide a test of the agreement of the parameters determined with each

of the atomic states, and also indicate the physical significance of the values outside of

2σ.
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Table 6.4: Compilation of nuclear spins and hyperfine structure constants extracted
from this work using the transitions at 246.0 nm (5p 2P1/2 → 8s 2S1/2) and
246.8 nm (5p 2P3/2 → 9s 2S1/2). All values have positive signs except where sign
is given. Literature values were available from Eberz et al. [14], with the exception of
the values denoted by †, which are reported by [31].

This work Literature

Ahf Ahf Bhf Ahf Ahf Ahf Ahf Bhf
Mass Spin 5p 2P3/2 9s 2S1/2 5p 2P3/2 5p 2P1/2 8s 2S1/2 5p 2P1/2 5p 2P3/2 5p 2P3/2

(MHz) (MHz) (MHz) (MHz) (MHz) (MHz) (MHz) (MHz)

113 9/2+ 242.44(94) 129.3(14) 441(15) 2276.0(8) 242.66(84) 2277.086 241.6409(4) † 443.414(4)
113 1/2− -82.6(65) -50(19) -774(49) -90(53)
114 1+ 556.4(57) 301(14) 57(15)
114 5+ 182.76(91) 99.6(14) 412(12) 1729.24(66) 184.96(44) 1729.0 (2.0) 183.5 (0.4) 410(6)
115 9/2+ 239.9(16) 130.3(14) 452(24) 2281.93(84) 243.29(59) 2281.9501(4) 242.1647(3) † 449.545 (3)
115 1/2− -94.5(21) -47.3(79) -903(20) -66(11) -902.5 (1.1) -95.97(1)
116 1+ 554.7(84) 292(19) 46(14)
116 5+ 166.54(94) 92.7(14) 421(13) 1566.6(13) 169.3(21) 1573.7 (0.4) 168.3 (0.5) 445 (6)
116 8− 79.05(93) 43.6(14) 158(13) 743.63(77) 79(1) 744.6 (0.4) 80.1 (0.3) 172 (5)
117 9/2+ 240.65(92) 129.7(14) 465(12) 2277.3(18) 243.5(15) 2279.2(1.0) 241.4 (0.5) 460 (6)
117 1/2− -106.9(28) -51(10) -1028(11) -112.8(78) -932.996(12) -99.005(10)
118 1+ 546.6(25) 292.4(61) 71(13) 5142.8(19) 548.5(35)
118 (5)+ 166.21(93) 89.9(14) 425(13) 1567.48(74) 167.44(88) 1568.9 (1.6) 167.1 (0.3) 442 (4)
118 (8−) 81.91(91) 44.7(13) 243(13) 768.35(69) 82.39(46) 770.1 (0.4) 82.5 (0.2) 245 (5)
119 9/2+ 240.39(93) 130.5(14) 457(13) 2270.6 (1.2) 241.7 (0.3) 474(4)
119 1/2− -134.9(47) -70(10) -124.8 (4.3)
120 1+ 547.0(48) 293(11) 82(13) 5133.6(19) 543.4(63)
120 5+ 170.38(97) 94.4(15) 439(13) 1590.8(9) 170.64(66) 1591.7 (0.8) 168.9 (0.8) 450 (9)
120 8− 91.22(91) 49.6(13) 277(12) 855.45(56) 91.13(44) 854.9 (0.5) 91 (2) 294 (5)
121 9/2+ 242.93(91) 132.8(13) 462(13) 2266.0 (1.8) 240.8 (0.3) 452 (6)
121 1/2− -140.3(17) -87.8(33) -139.0(3.5)
122 1+ 546.4(51) 293(12) 109(12) 5140.3(29) 548.3(64)
122 5+ 172(1) 94.3(17) 452(13) 1599.2(11) 171.02(54) 1600.1 (1.3) 170.1 (0.9) 447 (11)
122 (8−) 93.20(91) 50.3(13) 337(13) 875.22(65) 93.64(45) 875.5 (0.7) 93.0 (0.3) 329 (12)
123 9/2+ 237.68(92) 129.2(14) 424(13) 2264.6 (1.3) 240.4 (0.3) 420 (5)
123 1/2− -159.9(22) -80.3(47) -160.3 (5.2)
125 9/2+ 240.3(11) 129.9(15) 387(14) 2265.9 (1.4) 240.5 (1.0) 394 (20)
125 1/2− -177.5(71) -92(15) -172.0(4.4)
126 3(+) 262.3(11) 141.4(17) 275(13) 2497.5(7.5) 264.0(5.7) 274(32)
126 (8−) 99.63(93) 55.0(14) 380(13) 943.3(1.7) 100.1 (1.6) 379(7.0)
127 9/2+ 242.36(93) 130.1(14) 338(16) 2278.30(58) 243.80(45) 240.8(0.7) 327(16)
127 1/2− -172.4(27) -87.0(57) -1613.3(94) -174.1(81)
127 (21/2−) 99.22(93) 54.2(14) 464(12) 942.51(68) 100.89(66)
128 3+ 269.84(99) 147.9(15) 239(13) 2525.2(12) 272.4(21)
128 (8−) 114.78(93) 61.9(14) 266(12) 1078.36(77) 114.72(75)
129 9/2+ 243.5(18) 132.63(72) 280.4(73) 2304.86(95) 244.84(72)
129 1/2− -157.7(25) -81.1(13) -1434.5(22) -162(14)
129 (23/2−) 100.99(96) 54.69(26) 344(18) 956.61(64) 101.30(42)
130 1− -689.9(63) -381(11) 34.5(55) -6400.3(63) -682.7(77)
130 (5+) 114.2(16) 61.3(14) 214.2(87) 1063.25(67) 113.19(92)
130 (10−) 99.0(5) 53.8(8) 333(15) 929.00(84) 99.42(52)
131 9/2+ 275.9(6) 149.3(7) 177.3(57)
131 1/2− -19.7(74) -11(4) -188(15) -20.3(19)
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Table 6.5: Compilation of isotope shifts extracted in this work using the transitions at
246.0 nm (5p 2P1/2→ 8s 2S1/2) and 246.8 nm ( 5p 2P3/2→ 9s 2S1/2 ).

IS115,A IS115,A

Mass Spin 246.8 nm 246.0 nm
(MHz) (MHz)

113 9/2+ -278(5) -265(5)
113 1/2− -238(6) -241(10)
114 1+ -188(7)
114 5+ -171(10) -175(5)

115 9/2+ 0 0

115 1/2− 33(5) 26(8)
116 1+ 106(20)
116 5+ 99(20) 89(5)
116 8− 99(2) 86(8)
117 9/2+ 265(3) 243(5)
117 1/2− 283(4) 265(5)
118 1+ 333(3) 334(6)
118 (5)+ 329(2) 330(5)
118 (8−) 324(3) 324(5)
119 9/2+ 475(3)
119 1/2− 487(4)
120 1+ 571(9) 551(6)
120 5+ 556(5) 531(5)
120 8− 530(2) 500(5)
121 9/2+ 654(2)
121 1/2− 661(3)
122 1+ 710(8) 728(7)
122 5+ 674(5) 704(5)
122 (8−) 658(8) 687(5)
123 9/2+ 756(3)
123 1/2− 753(3)
125 9/2+ 941(4)
125 1/2− 926(5)
126 3(+) 1026(3)
126 (8−) 1019(5)
127 9/2+ 1129(4) 1115(5)
127 1/2− 1114(3) 1098(5)
127 (21/2−) 1110(3) 1086(5)
128 3+ 1147(3) 1147(9)
128 (8−) 1127(4) 1101(7)
129 9/2+ 1251(2) 1254(5)
129 1/2− 1231(4) 1233(6)
129 (23/2−) 1171(2) 1167(5)
130 1− 1340(3) 1324(8)
130 (5+) 1281(3) 1253(6)
130 (10−) 1305(3) 1289(5)
131 9/2+ 1364(4)
131 1/2− 1366(3) 1342(9)
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6.4 Extraction of nuclear moments

6.4.1 Magnetic dipole moments

The magnetic moments were extracted using the hyperfine constant ratio (Equation

2.29) with the magnetic moment of 115In as the reference, the value was µ=+5.5408(2) µN
as measured by a high-precision NMR experiment [55]. Which was found to agree with

the value of µ=+5.560(62) µN determined with the calculations and our measured Ahf
value for 115In, displayed in Table 5.8.

The extracted parameters are displayed in Table 6.6, where four columns display the

magnetic moments from the four atomic states from which the hyperfine constants were

measured. The literature values of the magnetic moments are also displayed, a variety

of techniques were used to determine these values. Most measurements heavier than
118In were measured by [14], also using laser spectroscopy.

The extracted magnetic moments were found to be consistent within 1 or 2 σ between

atomic states. The largest discrepancy is for the 1/2− isomer state of 115In, measured

with the 8s 2S1/2 state, with a value of -0.169(29) µN compared to the other states

within error of the NMR measurement of -0.24398(5) µN [298]. This may be due to

the smaller value of the Ahf with only two peaks for this state relative to the 5p 2P1/2
state (Ahf = 243.3(6) MHz vs 2281.9501(4) MHz) of the same transition (see Figure

6.27), making it more sensitive to experimental fluctuations. Due to the 100 minutes

half-life of the 1/2− state relative to the stable 9/2+ state, a large difference in yield was

observed during reference measurements of 115In, which was worsened by turning the

protons off during reference measurements (to conserve the UCx target). Given the

large number of measurements performed over the experiment the 2σ deviation for the
1/2− state is likely then not significant. The 5p 2P1/2 state provides the most accurate

value for the Iπ = 1/2− state in 115In. As the hfs constants determined from each of

these atomic states constitutes a separate measurement, and the values agree within

error, the error-weighted average of the states was taken and is shown in the column µ̄

in Table 6.6. Most of the µ̄ values agree within 2σ of the literature values, and improve

upon the precision in some cases. Discrepancies exist between the µ̄ values and the

literature values for the 121,119In 9/2+ states and the 119,117In 1/2−. However in these

cases a 1σ agreement between the values from all the atomic states of the separate
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transitions was found, which gives confidence in reporting these values.

6.4.2 Electric quadrupole moments

It is also possible use the hyperfine constants ratio in Equation 2.30 with the reference

isotope to determine the quadrupole moment of the newly measured isotopes, by us-

ing literature values. However the quadrupole moments have not yet been measured

directly and depend on calculated atomic parameters used in a particular study. Earlier

in this work measurements were made of 115In and 113In to benchmark against cal-

culations of the atomic parameters needed to determine the magnetic dipole moment.

These same calculations gave a value of the electric field gradient which should be the

most accurate available for indium to date and is therefore used for the extraction of

the quadrupole moments of these newly measured isotopes. A value of Bhf/Q=576(4)

(MHz/b) was calculated for the atomic parameter used to extract the quadrupole mo-

ments from Bhf. The agreement of the calculated Ahf/gI factors with experimental

values, discussed in Section 5.6, gave confidence in the calculated Bhf/Q factor, which

was used to determine the QS values listed in Table 6.6.

Many of available literature values in this case were again measured by [14] from the

same atomic state 5p 2P3/2. The quadrupole moments values are given as originally

reported, and recalculated from their Bhf values using the new Bhf/Q value of this

work for consistency. The original and recalculated values are shown in Table 6.6 as

QlitS andQlit†S respectively, as expected the overall agreement improves when using the

same Bhf/Q factor. Between these literature values and those extracted in this work,

only those which initially disagreed on their Bhf values by 2σ (in Table 6.4) disagree

on their QS values. As QS could only be determined using the 5p 2P3/2 state from

the 5p 2P3/2 → 9s 2S1/2 (246.8-nm) transition, it was not possible to compare against

a value from the other states (5p 2P1/2, 8s 2S1/2, 9s 2S1/2). Further measurements

would be required to determine if these discrepancies are significant.
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Table 6.6: Compilation of nuclear magnetic moments and nuclear spectroscopic
quadrupole moments extracted from this work using the transitions 246.0 nm (5p 2P1/2
→ 8s 2S1/2) and 246.8 nm ( 5p 2P3/2 → 9s 2S1/2 ). ∗ - Literature values reported by
[14], all other literature values agree with these quadrupoles, where they do not they
also disagree with our measurements and are discussed in the text. † - These values
were determined from literature Bhf values [14] using the Bhf/Q constant calculated
in this work.

5p 2P3/2 9s 2S1/2 5p 2P1/2 8s 2S1/2 5p 2P3/2
Mass Spin µ µ µ µ µ̄ µlit Ref QS QlitS Q

lit†
S

(µN) (µN) (µN) (µN) (µN) (µN) (b) (b) (b)
113 9/2+ 5.547(22) 5.45(9) 5.526(2) 5.526(23) 5.5264(19) 5.5289(2) [299] 0.767(27) 0.80(4) 0.77(4)
113 1/2− -0.210(17) -0.233(88) -0.209(13) -0.23(13) -0.21(1) -0.21074(2) [300]
114 1+ 2.829(29) 2.82(14) 2.828(28) 2.817(11) [301] 0.099(26)
114 5+ 4.646(23) 4.661(86) 4.6653(18) 4.680(16) 4.6654(18) 4.653(5) [14] 0.716(22) 0.74(12) 0.71(12)
115 9/2+ 5.489(36) 5.489(91) 5.541(2) 5.541(19) 5.541(2) 5.5408(2) [55] 0.784(42) 0.81(5)
115 1/2− -0.2402(54) -0.221(37) -0.2436(53) -0.167(29) -0.2405(38) -0.24398(5) [298]
116 1+ 2.820(43) 2.73(18) 2.816(41) 2.7876(6) [302] 0.079(25) 0.11(1) [303]
116 5+ 4.234(24) 4.338(84) 4.2265(34) 4.283(55) 4.2270(34) 4.235(15) [14] 0.732(23) 0.802(12) 0.775(12)
116 8− 3.216(38) 3.27(11) 3.2100(33) 3.186(42) 3.2099(33) 3.215(11) [14] 0.275(23) 0.310(9) 0.300(9)
117 9/2+ 5.506(21) 5.465(89) 5.5295(44) 5.546(37) 5.5286(43) 5.519(4) [14] 0.807(22) 0.83(1) 0.80(1)
117 1/2− -0.2717(71) -0.237(48) -0.2774(29) -0.29(2) -0.2766(27) -0.25174(3) [14]
118 1+ 2.779(13) 2.737(67) 2.775(1) 2.776(19) 2.775(1) 0.124(22)
118 (5)+ 4.226(24) 4.210(83) 4.229(2) 4.237(25) 4.229(2) 4.231(9) [14] 0.738(22) 0.796(8) 0.770(8)
118 (8−) 3.332(37) 3.35(11) 3.317(3) 3.34(2) 3.317(3) 3.321(11) [14] 0.422(22) 0.441(7) 0.426(7)
119 9/2+ 5.500(21) 5.497(91) 5.499(62) 5.515(1) [14] 0.794(23) 0.854(7) 0.826(7)
119 1/2− -0.343(12) -0.330(49) -0.342(12) -0.319(5) [14]
120 1+ 2.781(24) 2.74(11) 2.7700(11) 2.750(32) 2.770(1) 0.143(22)
120 5+ 4.331(25) 4.418(89) 4.2918(24) 4.32(2) 4.2926(24) 4.295(5) [14] 0.763(23) 0.81(2) 0.78(2)
120 8− 3.710(37) 3.72(11) 3.6927(24) 3.69(2) 3.6927(24) 3.692(4) [14] 0.482(21) 0.530(1) 0.512(1)
121 9/2+ 5.558(21) 5.60(9) 5.575(62) 5.502(5) [14] 0.803(23) 0.814(11) 0.787(11)
121 1/2− -0.3567(42) -0.411(16) -0.3600(41) -0.355(4) [14]
122 1+ 2.778(26) 2.74(12) 2.7736(15) 2.775(33) 2.7736(15) 0.19(2)
122 5+ 4.370(26) 4.416(95) 4.3146(29) 4.328(17) 4.3156(28) 4.318(5) [14] 0.785(24) 0.81(2) 0.78(2)
122 (8−) 3.791(37) 3.76(11) 3.7780(28) 3.79(2) 3.7783(28) 3.781(6) [14] 0.586(22) 0.59(2) 0.57(2)
123 9/2+ 5.438(21) 5.445(89) 5.442(61) 5.491(7) [14] 0.736(23) 0.757(9) 0.732(9)
123 1/2− -0.4065(56) -0.376(22) -0.4047(54) -0.400(4) [14]
125 9/2+ 5.498(25) 5.473(94) 5.496(24) 5.502(9) [14] 0.673(24) 0.71(4) 0.69(4)
125 1/2− -0.451(18) -0.430(69) -0.450(17) -0.433(4) [14]
126 3(+) 4.002(17) 3.97(7) 4.000(16) 4.034(11) [14] 0.477(23) 0.49(5) 0.47(5)
126 (8−) 4.053(38) 4.12(12) 4.059(36) 4.061(4) [14] 0.661(23) 0.683(12) 0.660(12)
127 9/2+ 5.545(21) 5.48(9) 5.5319(14) 5.552(17) 5.5321(14) 5.522(8) [14] 0.588(29) 0.59(3) 0.57(3)
127 1/2− -0.4382(69) -0.407(27) -0.4352(25) -0.44(2) -0.4355(24)
127 (21/2−) 5.30(5) 5.33(15) 5.3399(39) 5.362(38) 5.3398(38) 0.806(22)
128 3+ 4.116(15) 4.154(68) 4.0877(19) 4.135(33) 4.0883(19) 0.416(22)
128 (8−) 4.669(38) 4.63(12) 4.6549(33) 4.645(32) 4.6549(33) 0.462(21)
129 9/2+ 5.571(42) 5.588(76) 5.5964(23) 5.576(21) 5.5961(23) 0.487(13)
129 1/2− -0.4010(64) -0.3797(76) -0.38701(59) -0.410(34) -0.38709(58)
129 (23/2−) 5.905(56) 5.889(79) 5.936(4) 5.896(28) 5.9349(39) 0.598(32)
130 1− -3.508(32) -3.56(11) -3.4535(34) -3.45(4) -3.4542(34) 0.0599(96)
130 (5+) 2.905(42) 2.870(75) 2.8685(18) 2.864(24) 2.8686(18) 0.372(15)
130 (10−) 5.034(25) 5.037(98) 5.0127(45) 5.032(29) 5.0138(44) 0.578(26)
131 9/2+ 6.313(14) 6.291(84) 6.312(14) 0.31(1)
131 1/2− -0.050(19) -0.050(19) -0.0507(41) -0.0514(48) -0.051(3)
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6.5 Extraction of the nuclear mean-square charge radii

The well known relation to extract the changes in mean-square charge radii from the

measured isotope shift values

δ
〈
r2
〉A,A ′

=
ISA,A

′
i −MA,A ′

i

Fi
(6.14)

was used in this thesis for transitions i. Where MA,A ′
i =(KNMS,i + KSMS,i)/µA,A ′ , the

mass shift (MS) factor, being the sum of the normal mass shift (NMS) and specific mass

shift (SMS). Fi is the field shift (FS) factor. The choice of the atomic parameters KSMS
and Fi however requires some discussion.

The tin (Z = 50) and cadmium (Z = 48) isotopes neighbouring indium have 10 and 8 sta-

ble isotopes respectively, allowing absolute
〈
r2
〉A,A ′

values to be precisely determined

from measurements with muonic atoms and elastic electron scattering experiments

[304, 305]. This allows extraction of the atomic parameters MA,A ′
i and Fi with high

precision, needed for obtaining the atomic factors for the evaluation of δ
〈
r2
〉A,A ′

from

optical spectroscopy measurements for indium. The absolute
〈
r2
〉A,A ′

values have

only been determined using the naturally occurring 113,115In isotopes. This results in a

large error of the extracted atomic factors, which makes the extrapolation of δ
〈
r2
〉A,A ′

to neuron-rich (or deficient) indium isotopes unreliable. All odd-proton elements, with

the exception of potassium, have 62 naturally abundant isotopes accessible for mea-

surement and therefore share the problem in common.

Two approaches have been used in an attempt to determine the atomic parameters

for evaluation of δ
〈
r2
〉A,A ′

despite this problem. Both were applied on measurements

from the 5p 2P3/2→ 6s 2S1/2 (451-nm) transition [14] in indium and highlight the need

for accurate atomic structure calculations.

The first approach by [14] used a relativistic Dirac-Fock calculated value of F451=2.07(1) GHz/fm2

[306], combined with an empirically determined MA,A ′
i value, this had to be empiri-

cally determined due to the difficulty of calculating the KSMS,i contribution to MA,A ′
i .

Charge radii measurements of δ
〈
r2
〉
(114,116Sn) and δ

〈
r2
〉
(112,114Cd) gave a ratio of

SMSA,A ′
=-1.17(20)NMSA,A ′

for the specific to normal mass shift using the analysis

described in [307], which allowed the MA,A ′
i value to be approximately determined for
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the transition. This ratio at least suggests that the SMS is a significant effect in the

indium atomic system that should be quantified.

The second approach followed muonic atom transition measurements of 113,115In [308]

to determine δ
〈
r2
〉113,115
oµe

=157(11) fm2. A combined analysis by G. Fricke [309] used

the δ
〈
r2
〉113,115
oµe

value combined with the 5p 2P3/2 → 6s 2S1/2 (451-nm) transition

optical data to determine F451 nm = 1.36 GHz/fm2 andM451 nm = 364 GHz. However,

the SMS had to be assumed to be SMSA,A ′
= 0 for their analysis and so no error was

reported with these atomic factors.

The range of uncertainty between the above two approaches to extract the δ
〈
r2
〉A,A ′

values from the measured isotope shifts, using the 5p 2P3/2 → 6s 2S1/2 (451-nm)

transition [14], is shown in Figure 6.20 a) as the orange area ‘literature’. The nuclear

structure implications of the 113−131In δ
〈
r2
〉A,A ′

isotope values is discussed in Chap-

ter 7.

The values extracted using the original data by Eberz et al. [14] agree within error

of the values calculated using the above parameters by G. Fricke [309], despite the

very different atomic parameters used. This is possible as the large negative SMS is

cancelled by the larger field shift in the opposite direction. The errors on the Fi factor

have more of an effect at higher or lower mass isotopes where the agreement becomes

poorer along with the reliability of the extracted δ
〈
r2
〉A,A ′

values. The large variation

in the δ
〈
r2
〉A,A ′

values and their large error with these two approaches highlights the

reliability issues appearing from assuming a SMS factor or inaccurate calculation of the

FS factor for the indium atom.

With the new measurements described in this thesis and those in literature [14], there

now exists measurement of the isotope shifts in indium over a range of 24 mass units

with four separate transitions. Additionally, the measurements from this thesis had suf-

ficient precision for MS-independent isomer shift values to be reported. Using these

measurements the FS and the SMS factors could be extracted for comparison to the

calculations of the FS and MS factors from the AR-RCC approach mentioned in Section

2.3.2. The following section describes the findings.
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6.5.1 Comparison to atomic factors from relativistic coupled clus-

ter calculations

Due to the inaccuracy of the approaches mentioned above, calculations of the atomic

FS and MS factors were performed by Sahoo [17] with an ‘analytic response’ (AR) [93,

81] approach in the relativistic coupled cluster (RCC) theory framework (see Section

2.3.2). Two commonly used RCC approaches to determine the MS and FS factors,

finite field (FF) and expectation value evaluation (EVE) were also used to calculate the

FS and MS factors and the values shown for comparison.

An analysis using the isotope shift measurements from this work enabled all three ap-

proaches of the RCC calculations to be compared in order to judge the accuracy of the

approaches for calculating the MS and FS factors, and therefore the accuracy of the

evaluated
〈
r2
〉A,A ′

values using those factors.

The FS, NMS and SMS factors calculated for the atomic states in the 246.8-nm (5p 2P3/2
→ 9s 2S1/2) and 246.0-nm (5p 2P1/2 → 8s 2S1/2) transitions in are presented Table

6.7, in addition to the 6s 2S1/2 and 7s 2S1/2 states, for comparison to literature transi-

tions. The FS and MS factors for a transition are given by the difference between the

FS or MS factors for the individual atomic states involved. The values from the FF and

EVE approach calculations are also displayed in Table 6.7.

The normal mass shift can be approximated [310] by the non-relativistic expression

KNMS = νi
meMA
me+MA

, where νi is the frequency of the transition. MA and me are the

mass of the isotope and electron respectively, in units of u. These KNMS values are

shown in Table 6.7 as ‘Energy’ for comparison to the calculations, where the calcula-

tions determine the total isotope shift energy and then the KNMS and KSMS terms.

In order to determine the charge radii from the measured isotope shifts, one method

typically employed is to use the King plot procedure as described in Section 2.2.3. In

this work however, the King plot analysis was used to extract ratios of FS and MS factor

for comparison to the calculations.

The King plots are shown in Figure 6.18 A) for the 5p 2P3/2 → 9s 2S1/2 (246.8-

nm) and 5p 2P1/2 → 8s 2S1/2 (246.0-nm) transitions and in Figure 6.18 B) for the

5p 2P1/2→ 6s 2S1/2 (410-nm) and 5p 2P3/2→ 6s 2S1/2 (451-nm) transitions. The AR

procedure calculation values are indicated by the blue lines in Figure 6.18 and are within
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Table 6.7: Comparison of FS, NMS and SMS factors of the six states in indium from
the FF, EVE and AR approaches obtained using the RCCSD method. Calculations
performed by Sahoo [17].

Method 5P1/2 5P3/2 6S1/2 7S1/2 8S1/2 9S1/2

F (GHz/fm2)

FF 1.544 1.491 -0.437 -0.155 -0.069 -0.033
EVE 1.275 1.299 -0.408 -0.135 -0.061 -0.033
AR 1.435(6) 1.442(6) -0.383(1) -0.1281(5) -0.0559(25) -0.0307(5)

KSMS (GHz.u)

FF 749 711 364 170 98 63
EVE 1340 375 458 201 113 71
AR 774(41) 734(37) 340(5) 163(2) 96(1) 61.7(5)

Knon-rel.
SMS (GHz.u)

FF 724 583 405 183 105 66
EVE 1355 227 503 216 120 74
AR† 806(57) 670(101) 385(50) 178(17) 103(8) 65(5)

‘Energy’ 768 731 367 171 99 65

KSMS (GHz.u)

FF -470 -403 119 38 17 9
EVE -1048 -899 136 42 18 10
AR -638(71) -533(69) 94(26) 29(8) 13(4) 8.6(5)

Expt. -536(122) -507(111) 169(51) 55(42) 24(80) -13(66)

LIS113,115 (MHz)

Exp. 277(10) 272(6)[307] 17(6) 12(6) 9(12) 2(10)

† Level energies from [113] were used.
* To determine KSMS from Eq. 6.14, the measured differential ISs, δE113,115, were combined with FS

factors from the AR approach and δ
〈
r2
〉113,115
µ

= 0.157(11) fm2 [311].

1σ agreement of the experimental values. The FF values also agree within 1σ, while

the EVE derived values result in an intercept on the King plot far outside of agreement,

due to the significantly different MS factors.

King plots between the combinations of transitions of this work (5p 2P3/2 → 9s 2S1/2
(246.8-nm) and 5p 2P1/2 → 8s 2S1/2 (246.0-nm)) and the transitions available from lit-

erature [14] (5p 2P1/2 → 6s 2S1/2 (410-nm) and 5p 2P3/2 → 6s 2S1/2 (451-nm)) were

not used to extract the FS or MS parameters, as systematic errors (e.g. voltage calibra-

tion) would not cancel when comparison is made between two experiments and would

therefore introduce an error in the extracted King plot parameters. This is typically used

to its advantage as the values from the King plot fix the δ
〈
r2
〉A,A ′

extracted with a newly
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measured transition to agree with the δ
〈
r2
〉A,A ′

values measured in another transition

or with absolute
〈
r2
〉A,A ′

values from muonic data, for which the atomic parameters

are already reliably known, despite any systematic error.

A) (5p 2P3/2→ 9s 2S1/2) vs. (5p 2P1/2→ 8s 2S1/2)

B) (5p 2P3/2→ 6s 2S1/2) vs. (5p 2P1/2→ 6s 2S1/2)

Figure 6.18: King plots of the A) 246.0-nm (5p 2P1/2 → 8s 2S1/2) and 246.8-nm (5p
2P3/2→ 9s 2S1/2) and B) the 410.2-nm (5p 2P1/2→ 6s 2S1/2) and 451.1-nm (5p 2P3/2
→ 6s 2S1/2) transitions. The shaded red area indicates the uncertainty of the linear fit.

Orthogonal distance regression (ODR) [312] was used for the linear fit of the King plots.

In the case of King plots ordinary least squares or distance regression fitting would no
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longer be valid as both the dependent and independent variables have measurement

errors.

The measured isomer shift values, δνmi , to isomeric states,m, provide a test of the FS

factors independent of the MS factor, as A−A ′

AA ′ → 0 for the isomeric states. Of the long-

lived isomeric states in indium studied in this work, all have excitation energies below

1800 keV (most below 500 keV), which corresponds to an uncertainty of <0.05 MHz

introduced by the assumption of Mi
A ′−A
A ′A = 0. This is significantly smaller than the

experimental uncertainties and is therefore neglected.

Therefore taking the ratio of the isomer shifts between the same states for two transi-

tions then gives the ratio of the FS factors

δνmi
δνmj

∼=
Fi
Fj
. (6.15)

The fit to extract this ratio is shown in Figure 6.19 for the available combinations of

isomer shift measurements, δνmi , with the 5p 2P3/2 → 9s 2S1/2 (246.8-nm) and 5p
2P1/2→ 8s 2S1/2 (246.0-nm) transitions used in this work, up to two δνmi values were

measured at each isotope mass.

Figure 6.19: The ratio of isomer shift values δνmi for the transitions 5p 2P3/2 →
9s 2S1/2 (246.8-nm) and 5p 2P1/2 → 8s 2S1/2 (246.0-nm) allowed determination of
F246.0/F246.8 = 1.07(9) independent of the mass shift factorMi.

The literature measurements [313, 14] made with the 410.2-nm (5p 2P1/2→ 6s 2S1/2)

and 451.1-nm (5p 2P3/2→ 6s 2S1/2) transitions did not have sufficient relative precision

to report δνmi values. The extracted value of F246.0/F246.8 = 1.07(9) has 1σ agreement
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with both the AR calculated value of F246.0/F246.8 = 1.01489 as well as the King plot

value of F246.0/F246.8 = 1.017(22). The averaging would have to be performed with

many more isomeric states, with improved precision on the isomer shift values, or be-

tween isomers with larger isomer shift values to determine the ratio F246.0/F246.8 more

accurately.

Comparison to can be made to independent mean-square charge radii measurements

of the stable 113,115In isotopes, using Equation 6.14, and represents a further test of the

accuracy of the calculated atomic factors.

Two measurements of the charge radii difference, δ
〈
r2
〉113,115
µ

, have been reported in

literature. In the most recent, using a combined analysis of muonic-atom and electron

scattering data, Fricke and Heilig [311] determined a value of δ
〈
r2
〉113,115
µ

=0.157(11)

fm2, while previously Engfer et al. [314] reported a value of δ
〈
r2
〉113,115
µ

= 0.191(14)

fm2 from muonic-atom measurements alone. The δ
〈
r2
〉113,115
i

values evaluated using

the atomic factors from the AR, FF and EVE approaches are compared in Table 6.8.

The AR approach produces values that have the best agreement with the literature val-

ues, within 1σ of the values reported by Fricke and Heilig [311] and within 2σ of the

work by [314]. Additionally the values using the AR procedure are consistent between

all four transitions. The values extracted from the FF approach have a similar level of

consistency between the transitions, but the values are underestimated compared to

the literature values. While the values extracted using the EVE approach show the low-

est level of consistency between the transitions, with two transitions 6σ overestimated

compared to the closest literature value.

The SMS contribution of a state to the SMS of a transition decreases with increas-

ing principle quantum of the state [315], therefore for transitions to high-lying Rydberg

states the contribution from the upper state of the transition can be neglected. In or-

der to test the SMS calculated for the individual atomic states s, the level isotope shift,

δν113,115s , from the two-photon 5s25p 2P3/2 → 5s2np 2P1/2,3/2 (n = 27-35) transitions

[307] was used in combination with the other optical transition δν113,115i values of this

work, where np 2P1/2,3/2 (n = 27-35) are high-lying Rydberg states.

This allowed the determination of the level isotope shift values δν113,115s values shown

in Table 6.9 and the state-specific SMS values by Equation 6.14, which are also dis-

played in Table 6.7. The subscript s in δν113,115s indicates that the term is the isotope
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Table 6.8: The δ
〈
r2
〉113,115

values extracted from the δν113,115i of the four optical

transitions i. For comparison with δ
〈
r2
〉113,115
oµ

extracted from muonic atom transitions
[311, 308].

MCalc.i µ113,115−δν113,115i

FCalc.i

= δ
〈
r2
〉113,115

(fm2)

upper 6s 2S1/2 6s 2S1/2 8s 2S1/2 9s 2S1/2
lower 5p 2P3/2 5p 2P1/2 5p 2P1/2 5p 2P3/2
AR 0.1512(3) 0.158(2) 0.162(3) 0.163(4)
FF 0.1465(3) 0.146(2) 0.149(3) 0.159(4)

EVE 0.279(4) 0.181(2) 0.180(4) 0.279(4)

δ
〈
r2
〉113,115
oµe

(fm2) [311] δ
〈
r2
〉113,115
µ

(fm2) [314]

0.157(11) 0.191(14)

shift for the state not the transition. The agreement of the experimental values and the

calculated values for the SMS is good using the AR approach, within 1σ for all atomic

states. Agreement is also very good using the FF approach, with only the 6s 2S1/2
outside of 1σ agreement, while the EVE approach presents large discrepancies for the
2P1/2,

2P3/2 and 6s 2S1/2 states. The FS ratio using the EVE approach was similar to

the values using AR or FF approaches in comparison to the values extracted from a

King plot. However, the absolute values of the state FS have a large effect in the ex-

traction of the experimental KExp+FSSMS,s , and the values extracted using the EVE approach

even changes the sign of the SMS, in addition to not agreeing with the calculated SMS

values, KCalc.SMS,s. Greater precision and accuracy in the level isotope shift values would

be needed to make any further comparison of the accuracy of the calculations for the

other states using the FF approach.

6.5.2 Extracted nuclear charge radii

The nuclear charge radii of 113−131In extracted with these new atomic factors from the

AR approach are plotted in Figure 6.20 A) for the two transitions of this work (5p 2P3/2
→ 9s 2S1/2 (246.8-nm) and 5p 2P1/2→ 8s 2S1/2 (246.0-nm)) in addition to the two from
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Table 6.9: Comparison of experimentally evaluated SMS factors for individual atomic
states s, KExp.+FSSMS , extracted from experiment using Equation 6.14 with calculated Fs
factors, versus the calculated SMS factors, KCalc.SMS .

Method AR FF EVE

δν113,115s K
Exp.+FS
SMS,s KCalc.SMS,s K

Exp.+FS
SMS,s KCalc.SMS,s K

Exp.+FS
SMS,s KCalc.SMS,s

s (MHz) (GHz.amu) (GHz.amu) (GHz.amu) (GHz.amu) (GHz.amu) (GHz.amu)

2P3/2 272(6) [307] -507(111) -488 -462(114) -403 69(101) -899
2P1/2 277(10)[84] -527(112) -614 -525(119) -470 -842(102) -1048

6s 2S1/2 17(6) [313] 168(50) 117 191(52) 119 68(50) 136
7s 2S1/2 12(6)[316] 55(42) 39 67(42) 38 16(42) 42
8s 2S1/2 9(12) 24(47) 16 31(48) 17 8(47) 18
9s 2S1/2 2(10) -13(43) 9 -14(43) 9 -22(43) 10

literature (410.2-nm (5p 2P1/2→ 6s 2S1/2) and 451.1-nm (5p 2P3/2→ 6s 2S1/2)). The

total spread between the evaluated δ
〈
r2
〉115,A

values from the four atomic transitions

are shown by the blue area in Figure 6.20 A). For comparison, the FF and EVE values

are indicated by the purple and red areas respectively. The errors previously highlighted

in the calculation of both the FS and MS factors using the EVE approach result in a large

over estimation of the neutron-rich isotope radii and under estimation of the radii of the

neutron-deficient isotopes.

As the FS and MS factors from the AR approach have passed experimental validation,

one can have confidence in the accuracy of calculations and of the extracted nuclear

charge radii values. This has allowed the nuclear charge radii of indium to be evaluated

for the first time, independent of parameters from its neighbouring isotopes tin and

cadmium. A plot of the absolute
√
〈r2〉A values is shown in Figure 6.7 B). The AR and

FF values lie between the neighbouring isotopes of tin and cadmium, while the radii

extracted using the EVE approach would be significantly larger than that for tin. Even

considering the difference between all transitions used, the uncertainty on the AR or

FF approach values is much smaller in the neutron-rich isotopes than the uncertainty

introduced by previous FS and MS factors used in the cadmium [317] and tin [33] work.

The δ
〈
r2
〉115,A

values evaluated from these atomic factors are displayed in Table 6.10

(and plotted in Figure Figure 6.7 A)), which are used for the remainder of the discussion

in this thesis.
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Table 6.10: Compilation of the changes in mean-square charge radii extracted in this
work using the 246.0-nm (5p 2P1/2 → 8s 2S1/2) and 246.8-nm ( 5p 2P3/2 → 9s 2S1/2
) transitions. The systematic error from the AR approach calculations are stated inside
the square brackets. The statistical errors are stated inside the round brackets.

δ
〈
r2
〉115,A

δ
〈
r2
〉115,A

Mass Spin 246.8 nm 246.0 nm
(fm2) (fm2)

113 9
2

+
-0.163(4)[16] -0.162(3)[17]

113 1
2

−
-0.139(5)[15] -0.15(1)[19]

114 1+ -0.115(5)[5]
114 5+ -0.103(7)[3] -0.109(3)[6]

115 9/2+ 0 0

115 1
2

−
0.022(3)[1] 0.018(5)[1]

116 1+ 0.06(1)
116 5+ 0.05(1)[1] 0.052(3)[1]
116 8− 0.055(2)[6] 0.050(5)[6]

117 9
2

+
0.155(2)[18] 0.148(3)[17]

117 1
2

−
0.167(3)[17] 0.160(4)[16]

118 1+ 0.189(2)[18] 0.202(4)[16]
118 5+ 0.186(2)[18] 0.199(3)[17]
118 8− 0.183(2)[18] 0.195(4)[16]

119 9
2

+
0.273(2)[28]

119 1
2

−
0.282(3)[27]

120 1+ 0.326(6)[36] 0.333(4)[36]
120 5+ 0.316(3)[37] 0.320(3)[37]
120 8− 0.299(2)[38] 0.299(3)[37]

121 9
2

+
0.371(2)[48]

121 1
2

−
0.376(2)[48]

122 1+ 0.398(5)[45] 0.438(5)[55]
122 5+ 0.373(3)[47] 0.423(3)[57]
122 8− 0.363(5)[45] 0.411(3)[57]

123 9
2

+
0.419(2)[58]

123 1
2

−
0.415(2)[58]

124 3+ 0.443(7)[63]
124 8− 0.444(2)[68]

125 9
2

+
0.522(3)[67]

125 1
2

−
0.511(4)[66]

126 3+ 0.569(2)[78]
126 8− 0.564(3)[77]

127 9
2

+
0.628(2)[88] 0.666(3)[88]

127 1
2

−
0.614(4)[86] 0.653(4)[86]

127 21
2

−
0.599(3)[87] 0.638(4)[86]

128 3+ 0.630(2)[88] 0.681(6)[94]
128 8− 0.617(2)[88] 0.651(5)[95]

129 9
2

+
0.691(1)[99] 0.747(3)[97]

129 1
2

−
0.675(2)[98] 0.733(3)[97]

129 23
2

−
0.635(3)[97] 0.682(4)[96]

130 1− 0.741(2)[98] 0.788(5)[95]
130 5+ 0.701(2)[98] 0.741(4)[96]
130 10− 0.718(2)[98] 0.765(3)[97]

131 9
2

+
0.747(3)[97]

131 1
2

−
0.749(2)[98] 0.795(6)[94]
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Ref. [14]

Ref. [317]
Ref. [33]

Figure 6.20: A) δ
〈
r2
〉115,A

values for the 113−131In isotopes extracted from the IS
measurements of four optical transitions and using the calculated FS and MS fac-

tors. Eberz et al. [14] - The error in extracting the FS from δ
〈
r2
〉113,115
oµe

with range

of KSMS,451=±2KNMS,451 is indicated by the yellow area. B)
√
〈r2〉A compared to tin

(Z = 50) [317] and cadmium (Z = 48) [33] isotopes.
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6.6 Spin assignments

113−129In

The indium hyperfine spectra were initially fitted with the spin assignments from liter-

ature [13]. For the correct spin assignment the nuclear parameters in Equation 2.26

should cancel for the upper and lower states when dividing by their respective hyperfine

dipole constants, Au,l, leaving only the atomic parameters, Ju,l and Be(0)u,l, as

Au

Al
=
JlBe(0)u
JuBe(0)l

(6.16)

therefore consistency with this ratio can therefore be used to determine nuclear spin,

I, given sufficient precision in the Au/Al ratio. This requires that one of the states in

the atomic transition has J> 1/2 and it is not a J= 0→ 1 transition. Therefore only

the 5p 2P3/2 → 9s 2S1/2 (246.8-nm) transition was sensitive to spin in this work. For

all states with spins below I=4 a clear change from Au/Al = 0.543(3) was observed.

This is shown in Figure 6.21, showing a spin assignment of I = 3 to the ground state of
128In. However for higher spins, although a minima in Au/Al was found for the literature

spin assignments, and often also in the χ2R of the fit, the error in Au/Al was too great

to completely rule out neighbouring spins. See Figure 6.24 for an example using the

Iπ = 5+ and Iπ = 10− structures in 130In.

The Au/Al ratios for 113−131In are plotted in Figure 6.22. The ratios are all in agree-

ment of the 115In reference isotope Au/Al ratio, with the following exceptions. For the

Iπ = 1/2− isomers the uncertainty on the Au/Al values is large, this is due to the small

hyperfine splitting of the state and only two well resolved out of a total of three hyper-

fine transition peaks. However the unique number of peaks in the hyperfine structure

rules out any spin assignment other than Iπ = 1/2 for these isomers. The only other

nuclear state not in agreement is the Iπ = 3+ of 124In, but as mentioned in Section

6.3.2, this comes from a partial scan of the hyperfine structure. There was no evidence

of an hyperfine anomaly outside the experimental uncertainty of this data, where the

observed differential anomaly was of the order A∆A
′
=-0.00238(13)% for the 5p 2P3/2

state [62, 63] with the 113,115In isotopes.
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Figure 6.21: TheAu/Al ratio plot for the ground state in 128In. For spins lower than I = 4
the Au/Al ratio allowed spin assignment. This is show in Figure 6.22 for all isotopes.

Also visible in Figure 6.24 is the change in isomer shift with spin assignment. The

difference in the field shift constants ratios F246.8/F246.0 for determining between two

configurations of 130In (Figure 6.26) gave an incentive to test the spin assignments of
113−131In ratios for all isotopes using the approach described below.

As all masses measured had at least one isomer state, this allowed for a two- or three-

point King plot type fit for each isotope mass to test for consistency with the F246.8/F246.0
ratio. The result of this analysis is shown in Figure 6.26 A). Where, for an example, the

assignment with poorer agreement for 130In is indicated as ‘configuration B)’ in the

figure. Incidentally, 130In is an ideal case for spin assignment using this method (the

spin assignment of 130In is discussed in the following sub section). The error on the

F246.8/F246.0 value decreases with increasing isomer shift between the isomers, the

precision on their centroids and the number of isomers. This may explain why this

method has not to the authors knowledge been used before, as very few isotope chains

have been measured with an abundance of isomers with a high precision. Those with

smaller isomer shifts or only two nuclear states, such as 128In have a large uncertainty

on F246.8/F246.0 as the gradient is poorly defined, and so no firm conclusions can be

made for these cases. However all spin assignments are consistent within 1,2 σ using

this method where possible for the 113−131In isotopes.
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Using the additivity rule in Equation 2.14 the calculated g-factors in Section 7.2 for

the odd-odd masses are all consistent with measurement using literature spin assign-

ments, except for the Iπ = 5+ isomer in 130In, which is discussed in the following sub

section. Additionally the quadrupole moments calculated with the additivity rule are

also consistent, for all but the Iπ = 8− states. The very constant magnetic moment of

the Iπ = 9/2+ states, indicative of single-particle behaviour persists up until 129In, sup-

porting the assignment of this spin from the g9/2 proton hole. The persistence of the

accompanying Iπ = 1/2− states also makes any other configuration for this single-hole

state very unlikely.
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Figure 6.22: The ratio between Au and Al should remain constant for correct spin
assignments, given the hyperfine transition is sensitive to spin. The plot shows Au/Al
for 113−131In for the 5p 2P3/2→ 9s 2S1/2 (246.8-nm) transition.

130In ambiguity

For the isotope 130In, three isomeric states were known to exist from β− and γ decay

measurements [318]. Two were given unique spin assignments of Iπ = 1− and Iπ = 5+

from β- and γ-ray selection rules and a tentative spin assignment of Iπ = 10− for the

third. The hyperfine structure spectrum of 130In is shown in Figure 6.23 for the 5p 2P1/2
→ 8s 2S1/2 (246.0-nm) transition (used to show the issue clearly), the isotope was



202 CHAPTER 6. ANALYSIS OF NEUTRON-RICH INDIUM

also measured with the 5p 2P3/2→ 9s 2S1/2 (246.8-nm) transition which gave the spin

sensitivity.
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Figure 6.23: Spectra of the two possible options for the assignment of hfs transitions to
the higher spin isomers in 130In, A) the most intense isomer corresponds to Iπ = 10−

or B) the most intense isomer corresponds to Iπ = 5+. Only spectra for the 5p 2P1/2→
8s 2S1/2 (246.0-nm) transition are shown for clarity.

The Iπ = 1− state was easily identifiable as such, fitting with Iπ = 2 resulted in unphys-

ical isotope shifts (δ
〈
r2
〉
=0.5 fm2), changes in the Auhf/A

l
hf ratio and large χ2r values.

However the two remaining hyperfine structures were not immediately identifiable as

belonging to the Iπ = 5+ or Iπ = 10− states, the magnetic moments extracted from

each of the lines were consistent between the transitions.

Each of the hyperfine structures were fitted with a range of nuclear spins to cover both

possibilities for each structure with the 5p 2P3/2→ 9s 2S1/2 (246.8-nm) transition. The

trends are shown in Figure 6.24 and suggest that the innermost structure in Figure 6.23
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belongs to the higher spin of the two, although both are within the Auhf/A
l
hf ratio error

and the hyperfine constants do not give a clear assignment to either.

Plotting the two options on a King plot as in Figure 6.25 clearly reveals that only the

assignment with Iπ = 10− as the innermost hyperfine structure is compatible with the

gradient of the King plot from the rest of the nuclear isotopes, option A) in Figure 6.23,

in agreement with the Auhf/A
l
hf ratio plots. Therefore the innermost structure in Figure

6.23 was assigned the high-spin configuration for the remainder of this work.

Although initially unexpected from a configuration point of view, the Iπ = 5+ assignment

was assigned from β and γ spectroscopy, a spin of Iπ = 4+ was ruled out as an E3

transition could proceed to the Iπ = 1− state [319].

The F246.8/F246.0 ratio of the two possible hyperfine structure configurations for 130In are

shown in Figure 6.26 A), indicating the agreement for ‘configuration A)’. with the inner-

most structure being the higher-spin state.The agreement with the King plot F246.8/F246.0
ratio and rules out all configurations with I6 7 for the high-spin structure, with the best

agreement for the assignment of I = 10 or I = 9, although I = 8,11,12 agreed within

the uncertainty of the approach.
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Figure 6.24: Trends in the fitted hyperfine structure parameters with changing nuclear
spin of the two structures shown in Figure 6.23 for 130In measure with the 5p 2P3/2 →
9s 2S1/2 (246.8-nm) transition. The parameters are shown for fitting to the A) innermost
and most intense structure and B) the outermost and least intense structure.
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Figure 6.25: Magnified section of King plot of all nuclear states measured with both
5p 2P3/2→ 9s 2S1/2 (246.8-nm) and 5p 2P1/2→ 8s 2S1/2 (246.0-nm) transitions. The
two possibilities of spin assignments of the states in 130In are shown in purple and red.
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Figure 6.26: Field shift constant ratios F246.8/F246.0 extracted from King plots of individ-
ual masses of the nuclear states measured with the 5p 2P3/2 → 9s 2S1/2 (246.8-nm)
and 5p 2P1/2 → 8s 2S1/2 (246.0-nm) transitions. cfg A) and cfg B) refer to the hy-
perfine structure assignments shown in Figure 6.23. The orange band indicates the
F246.8/F246.0 extracted from the full King plot in Figure 6.18.
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The spin assignments confirmed or found to be consistent with literature [13] using the

above methods are summarised in Table 6.11.

Table 6.11: Summary of the confidence in spin assignments of the states from this
analysis compared to tentative assignments from literature [13]. ‘g-factors’ indicates
consistency with the additivity rules discussed in Section 7.2. Inconsistency with the
additivity rules may simply indicate the state is a mixed configuration different from the
pure proton and neutron state coupling.

Isotope mass Proposed Spin Conclusion

113-131 odd mass 1/2− Confirmed, hfs
113-131 odd mass 9/2+ Consistent Au/Al, F246.8/F246.0.
114-122 even mass 1+ Confirmed, Au/Al
114-122 even mass 5+ Consistent Au/Al, F246.8/F246.0, g-factors
126-128 even mass 3+ Confirmed Au/Al, F246.8/F246.0, g-factors
114-128 even mass 8+ Consistent Au/Al, F246.8/F246.0

127 21/2− Consistent Au/Al, F246.8/F246.0.
129 23/2− Consistent Au/Al, F246.8/F246.0.
130 1− Confirmed, Au/Al, g-factors
130 10− Consistent Au/Al, F246.8/F246.0. 12> I> 7, g-factors
130 5+ Consistent Au/Al, F246.8/F246.0 7> I> 3

γ-, β-decay spectroscopy [318] 6= 3+, 4+, 6+

6.7 Analysis of 131In

The structure of the Iπ=1/2− isomeric state in 131In is collapsed and systematically

smaller than the previous neutron-rich isotopes 115−129In, which corresponds to a re-

duction in its magnetic moment atN = 82. This can be seen by comparing the spectra in

Figures 6.27 A) and 6.27 B). The centroids of the Iπ=9/2+ structure were used to com-

bine three separate full scans of 131In, in an attempt to make the central structure more

immune to variations in wavelength error and better define the collapsed Iπ=1/2− peak

structure. These three scans shared the same 5 proton pulses per laser frequency step,

and therefore changes in background due to changing proton beam intensity should be

small. However only the asymmetry of the collapsed Iπ=1/2− structure can be seen,

which would give a large error on the µ value of this state with the 5p 2P3/2→ 9s 2S1/2
(246.8-nm) transition alone.
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Figure 6.27: A) Spectrum of 129In measured with the 246.8-nm (5p 2P3/2 → 9s 2S1/2)
transition B) Spectrum of 131In measured with the 246.8-nm (5p 2P3/2 → 9s 2S1/2)
transition.

The predicted centre of gravity of the 131In isotope was scanned with the 5p 2P1/2→ 8s
2S1/2 (246.0-nm) transition to give the spectrum shown in Figure 6.28 of the Iπ=1/2−

state. Fortunately the large Ahf of the 5p 2P1/2 → 8s 2S1/2 (246.0-nm) transition

allowed two of the three peaks for the 1/2− to be resolved, providing a more precise

determination of its magnetic dipole moment. The relative intensities of the smaller

resolved peak and the collapsed doublet were consistent with the Iπ=1/2− assignment.
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Figure 6.28: Spectrum of 131In measured with the 5p 2P1/2 → 8s 2S1/2 (246.0-nm)
transition. Only the Iπ=1/2− state was scanned.



Chapter 7

Evolution of neutron-rich indium

proton-hole states

7.1 The odd indium isotopes

7.1.1 Nuclear magnetic dipole moments

The additivity rule, Equation 2.14, can also be used to calculate the magnetic moment

expected for a single nucleon with total angular momentum I in orbital L, with spin

S= 1/2 as

µ(I)s.p. = I
[1
2
(gL+gS)+

1

2
(gL−gS)

L(L+1)− 3
4

I(I+1)

]
, I= L± 1

2
(7.1)

giving the single-particle values known as ‘Schmidt’ values [320]. See the Schmidt

lines on Figures 7.2 and 7.4 for comparison to the moments of the Iπ = 1/2− and Iπ =
9/2+ states, with Schmidt values of µ(π1g−1

9/2
)=+6.793 µN and µ(π2p−1

1/2
)=-0.264 µN

respectively.

Significant deviations from these single-particle Schmidt values are known to occur

from residual interactions [321] and higher-order currents [322]. In this region of the

210
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nuclear chart deviations from the Schmidt values have been attributed to ‘core polari-

sation’ [323, 324] and meson-exchange currents (MECs) [325, 326] which modify the

magnetic moments [327]. Chains of isotopes with closed shell Z configurations plus

or minus a single proton offer a valuable probe of the coupling of the core and pro-

ton with varying neutron number and the dependence on the particle or hole nature

of the proton. An explanation for the increase of the magnetic moment with neutron

number of the antimony (Z = 51) Iπ = 7/2+ magnetic dipole moments [325], while the

indium Iπ = 9/2+ ground state magnetic moments (Section 7.1.2) exhibit a fairly con-

stant behaviour [14] is not yet clear. Furthermore, the mechanism for the decrease in

the magnetic dipole moments of the indium isomer Iπ = 1/2− states (Section 7.1.3) with

increasing neutron number [14] is also not clear.

Residual interactions introduce configuration mixing [15], an effect attributed to exci-

tations of the core (first-order configuration mixing is also known as ‘core polarisation’

[328]). The one-body µ operator in Equation 2.13 can be modified into an effective

operator by using effective g-factors, gπeff, which attempt to correct for neglected con-

tributions [325, 329]. Many of these deviations can be due to neglected many-body

contributions [73, 330] however, and an understanding of their origin may require ab-

initio many-body calculations. Both coupled-cluster [10] and valence-space in-medium

similarity-renormalization-group (VS-IMSRG) [331, 73] many-body methods are now

able to reach the Z = 50 region of the nuclear chart.

7.1.2 The Iπ = 9/2+ single-proton-hole ground states

The remarkably constant value of µ=5.5±1 µN of the Iπ = 9/2+ ground states in

indium, originally observed over 22 isotopes 103−127In [13, 14], has now been measured

to persist up to 129In. This constancy was thought to be due to the stability of the 1g−1
9/2

orbital configuration and core admixture, allowing a single-particle description to persist

despite evolving neutron number. The constant value was described by a hole plus

vibrating core model described by Heyde et al. [332] using geffs = 0.7gfrees , with the

collective contribution to µ of less than 3% giving a final value of µ=5.88 µN [43]. A

comparison with the new measurements for the µ values determined for the Iπ = 9/2+

states is shown in Figure 7.1.
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Ref. [14]
Ref. [333]

Figure 7.1: Nuclear magnetic dipole moments of the I= 9/2 ground states extracted for
the indium isotopes 113−131In. Hollow markers show the moment values extracted by
Eberz87 [14]. Calculations by Heyde et al. [333] are shown by the solid black line, with
the individual contributions to the moment indicated.

The magnetic dipole moment for 129In was found to be again consistent with this con-

stant value only two neutrons away from theN = 82 shell closure However, for the 131In

isotope, the µ value abruptly increases towards the Schmidt value. This result con-

tradicts the quenched geffs single-particle picture with little influence from the neutron

core.

Collective modifications to the µ values were partially accounted for in the calculations

by Saperstein et al. [334] including particle-phonon coupling [334]. The calculations by

Saperstein et al. [334] used the Fayan’s energy density functional [335] DF3-a, to create

a self-consistent mean field model. The results are plotted alongside the experimental

results of this work in Figure 7.2. A gradual rise in the magnetic moment values towards

the shell closure is predicted, which has poor agreement with the constancy of the

values and sudden change at N = 82 observed by experiment.
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Figure 7.2: Nuclear magnetic dipole moments of the I=9/2+ ground states extracted
for the indium isotopes 113−131In. Hollow markers show the moment values extracted
by Eberz et al. [14]. Calculations by Saperstein et al. [334] with the phonon-coupling
model are shown by the markers in red.

All experimentally measured ground-state g-factors around neutron-rich shell closures

to date are shown in Figures 7.3 A, B, C), for the Z = 82, Z = 50, and Z = 20 shell

closures respectively. For single-proton hole isotopes with proton holes at Z = 82,

Z = 50 and Z = 20 (other than potassium for which a spin change occurs at the shell

closure (see Figure 7.3 C) ), no experimental measurements of the magnetic moments

have been made, and are challenging to access experimentally.
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Figure 7.3: All experimentally measured ground-state g-factors of hole states around
proton shell closures. A) around Z = 20±1 (Sc and K [13]) B) around Z = 50±1,
(Sb [325]) C) around Z = 82±1 (Bi [13] and Tl [336, 337, 13]). Note that the spin of
the ground-state changes at N = 28, for potassium, and N = 72 for antimony. The
uniqueness of the indium isotopic chain is discussed in the text.

A linear increase with neutron number in the µ values of the antimony (Z = 50+1)
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ground states was observed, as seen in Figure 7.3 B). The µ values of 133Sb [325]

and 209Bi [338] both were suggested to display evidence for meson-exchange current

contributions [339], while the variation in the magnetic dipole moment with neutron

number was attributed to collectivity, where an effective ‘collective g-factor’ was used

to reproduce the slope. However there are no available measurements [325] of the

QS values for antimony to assess the change in collectivity directly. The Tl (Z = 81)

isotopes exhibit very constant magnetic dipole moment values of µ=1.58±0.1 µN up

to the N = 126 shell closure, where a sudden increase is observed to µ=1.876(5) µN
[336], seen in Figure 7.3 A). The origin of the ground states in thallium (I = 1/2+) is

from the proton hole π3s−1
1/2

orbital, which are highly susceptible to configuration mixing

and for which meson-exchange currents contributions are suggested to be negligible

[340, 336] (in contrast to the I = 1/2− states in indium discussed in Section 7.1.2).

Additionally, it is not possible to isolate collective contributions [336] for the change in

Tl, as the QS values cannot not be measured for spin I = 1/2 states, which is also an

additional issue for the I = 1/2+ spin state of 47K at the N = 26 shell closure. These

issues contrast with the Iπ = 9/2+ ground states in indium measured in this work.

The 1g−1
9/2

orbital Iπ = 9/2+ states of indium are therefore the only nuclear systems

available to study the proton-hole-neutron interactions with the same orbital configu-

ration up to a neutron-rich shell closure, below Z = 82. Additionally, the Iπ = 9/2+

states have observableQS values, which can be used as a measure of collectivity (see

Section 7.1.4), and the accompanying Iπ = 1/2− hole states (see Section 7.1.3) are

uniquely positioned to isolate meson-exchange current or higher-order contributions to

the µ values of the odd indium isotopes.

From comparison of this new experimental observation with the theoretical approaches

to determine the µ values mentioned above in Figures 7.2 and 7.1, it is clear that they

are missing an underlying contribution which would predict the process occurring at the

N = 82 closure for indium.
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7.1.3 The Iπ = 1/2− single-proton-hole isomer states

A clear deviation in the µ values from the Schmidt value for the Iπ = 1/2− states can be

seen in Figure 7.4. The decrease in µ with neutron number and crossing of the Schmidt

value at 117In was originally observed by [14], while the increase after N = 76 is a new

observation. Attempts to explain this behaviour in terms of configuration mixing with

collective excitations would be inconsistent with the observed stability of the Iπ = 9/2+

moments [43]. The deviation has remained an unresolved problem in the interpretation

of nuclear structure in this region of the nuclear chart.

Admixtures of other configurations can contribute to cause deviations from the Schmidt

values [341]. In the configuration mixing picture the final nuclear wave function |ψI〉 can

be written [342] as

|ψI〉 ∝ |χI〉+
∑
P

αP |φP,I〉 , (7.2)

where |χI〉 represents the extreme single-particle configuration, and |φP,I〉 represents

the wave functions of possible admixed configurations, P, which can combine to I,

denoting the nuclear spin of the state of interest. Admixtures linear in αP are significant,

but this requires a maximum difference of one particle state and that the orbital state

is the same, l+ 1/2 to l− 1/2 excitations satisfy this condition [343]. However for

p1/2 nuclei first-order configuration mixing contributions go to zero for excitations of a

proton or neutron from the core [342]. This can be seen in the deviations of magnetic

moments, δµ, derived for first-order configuration mixing by Arima and Horie [15]. For

an odd proton number in a j= l− 1/2 orbital, the deviation has the coefficient

δµ∝ (l−1)l1
(2l+1)(2l1+1)

, (7.3)

where l1 is the valance nucleon orbital angular momentum i.e. l1 = l. δµ becomes

zero for the 2p1/2 proton orbital and therefore for the Iπ = 1/2− states. The collective

contribution to the change in the µ values of the Iπ = 1/2− states are expected to be

small, as they would also affect the Iπ = 9/2+ µ values which are observed to be con-

stant up to N = 80 (see also the isomer shift discussion in Section 7.3.2). This suggests

that MECs or higher-order configuration mixing could add an appreciable contribution

to the deviation of the Iπ = 1/2− states from the Schmidt line.



7.1. THE ODD INDIUM ISOTOPES 217

62 64 66 68 70 72 74 76 78 80 82

N

0.6

0.5

0.4

0.3

0.2

0.1

0.0

0.1

0.2

[
N
]

Schmidt value
I = 1/2  Ref. [14]

I = 1/2  This work

111 113 115 117 119 121 123 125 127 129 131
A

Figure 7.4: Nuclear magnetic dipole moments of the Iπ = 1/2− isomer states of the
indium isotopes 113−131In. Hollow markers show the moment values extracted by Eberz
et al. [14].

7.1.4 The Iπ = 9/2+ state nuclear electric quadrupole moments

The particle-core coupling model of Heyde et al. [332] predicts a large collective con-

tribution to the Iπ = 9/2+ state quadrupole moments, QS, of ∼60%. Values of Qeff ≈
0.7 b with a decrease towards N = 78 were calculated by Heyde [43], as shown in

Figure 7.5. This decrease is observed to continue, with a remaining deformation at the

N = 82 shell closure, which may be due to a remaining core polarising effect of the

proton hole. From these QS values alone it is not possible to discern any collective

contributions which would cause the sudden increase in the µ value at theN = 82 shell

closure.

The phonon-coupling calculations by Saperstein et al. [344] were also performed for

the Iπ = 9/2+ quadrupole moments. The results are shown in red in Figure 7.5. While

the agreement is poor with experiment, the general trend towards the shell closure is
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reproduced. The dip in Q values around N = 64 measured by experiment could be

indicative of a sub-shell closure, this is a potential reason for the large deviation of the

Q experimental values towards the mid-shell compared to calculations by Saperstein

et al. [344].

While neither theories mentioned above were able to reproduce the measured QS val-

ues within experimental error, the stability at the mid-shell was reproduced in the cal-

culations by Heyde [43]; this may be due to the inclusion of all proton orbitals between

Z = 28 and Z = 50.

Shell-model calculations and measurements of the B(E2) values in the tin isotopes

similarly display a parabolic behaviour around N = 66 [345, 346, 347, 348, 349]. The

increase in deformation with a maximum at the mid-shell is expected from the seniority

scheme [350, 12, 351]. The saturation of deformation at the mid-shell of the even-mass

tin isotopes has been attributed to a collectivity reducing effect of the ν3s1/2 orbital

[348]. This coincides with the ground state spin of the tin isotopes becoming Iπ=1/2+

for 113−119Sn and Iπ=5+ (π1g−1
9/2
⊗ν3s1/2) for 114−122In.

A comparison of the static deformation determined from these QS values to the total

deformation parameters extracted from charge radii is made in Section 7.3.1 for these

Iπ = 9/2+ states. The accurate calculation of the evolution of the QS values towards

N = 82, and of the measured value at 131In may give a better understanding of the

important contributions to collectivity in the Z = 50 region.
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Figure 7.5: Nuclear electric quadrupole moments of the I=9/2 ground states extracted
for the indium isotopes 113−131In. Hollow markers show the moment values extracted
by Eberz et al. [14]. Calculations by Saperstein et al. [344] with the phonon-coupling
model are shown by the hollow markers in red. Calculations by Heyde et al. [333] shown
in black. See Figure 7.12 for the determined static deformation parameters, βstatic2 .

7.2 The odd indium isotopes

7.2.1 Nuclear magnetic dipole moments

The magnetic dipole moment additivity rule shown in Equation 2.14 was used to calcu-

late the composite moments of the states in the odd indium isotopes. This also helped

to give further evidence of the assigned spins to the states, which were so far found

to be consistent with literature [13], and indicates the purity of the single-particle con-

figurations. Values from tin [317, 13] were used for the relevant neutron In states and

indium for the Ip proton states from the odd indium isotopes of this work. The assumed

coupling between configurations which were used are shown in Table 7.1.
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Table 7.1: Primary configuration couplings expected to produce the nuclear ground and
isomeric spin states in 113−131In

Odd-Z Even-N Odd-Z Odd-N
Mass Spin Configuration Mass Spin Configuration

113 9/2+ π1g−1
9/2

114 1+ π1g−1
9/2
⊗ν1g7/2

113 1/2− π2p−1
1/2

114 5+ π1g−1
9/2
⊗ν3s1/2

115 9/2+ π1g−1
9/2

116 1+ π1g−1
9/2
⊗ν1g7/2

115 1/2− π2p−1
1/2

116 5+ π1g−1
9/2
⊗ν3s1/2

117 9/2+ π1g−1
9/2

116 8− π1g−1
9/2
⊗ν1h11/2

117 1/2− π2p−1
1/2

118 1+ π1g−1
9/2
⊗ν1g7/2

119 9/2+ π1g−1
9/2

118 5+ π1g−1
9/2
⊗ν3s1/2

119 1/2− π2p−1
1/2

118 8− π1g−1
9/2
⊗ν1h11/2

121 9/2+ π1g−1
9/2

120 1+ π1g−1
9/2
⊗ν1g7/2

121 1/2− π2p−1
1/2

120 5+ π1g−1
9/2
⊗ν3s1/2

123 9/2+ π1g−1
9/2

120 8− π1g−1
9/2
⊗ν1h11/2

123 1/2− π2p−1
1/2

122 1+ π1g−1
9/2
⊗ν1g7/2

125 9/2+ π1g−1
9/2

122 5+ π1g−1
9/2
⊗ν3s1/2

125 1/2− π2p−1
1/2

122 8− π1g−1
9/2
⊗ν1h11/2

127 9/2+ π1g−1
9/2

124 3+ π1g−1
9/2
⊗ν2d3/2

127 1/2− π2p−1
1/2

124 8− π1g−1
9/2
⊗ν1h11/2

127 21/2− π1g−1
9/2
⊗ν1h11/2⊗ν2d−13/2 126 3+ π1g−1

9/2
⊗ν2d3/2

129 9/2+ π1g−1
9/2

126 8− π1g−1
9/2
⊗ν1h11/2

129 1/2− π2p−1
1/2

128 3+ π1g−1
9/2
⊗ν2d3/2

129 23/2− π1g−1
9/2
⊗ν1h11/2⊗ν2d−13/2 128 8− π1g−1

9/2
⊗ν1h11/2

131 9/2+ π1g−1
9/2

130 1− π1g−1
9/2
⊗ν1h11/2

131 1/2− π2p−1
1/2

130 10− π1g−1
9/2
⊗ν1h11/2

130 5+ π1g−1
9/2
⊗ν2d3/2

The resultant g-factors from these magnetic moment couplings are shown in Figure 7.6.

The additivity-rule values slightly overestimates the g-factors for the 1+, 3+ and 5+

states, but given no residual nuclear effects are included this gives confidence in the

coupling configurations used.

The Iπ = 8− states show an increasing departure from their additivity rule values with

neutron number, while the Iπ = 5+ isomer in 130In has the biggest departure from
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the additivity rule values for all the states. Using the coupling 1g−1
9/2
⊗ ν1h11/2; 5−

instead gives much better agreement for the magnetic moment (g=0.52) but this would

predict a change in sign for the quadrupole moment (QS = - 172 mb), which was not

observed and can therefore be ruled out. The Iπ = 5+ isomer of the 130In isotope

appears from the 1g−1
9/2
⊗ν2d3/2 configuration coupling, it is not immediately apparent

why this results in a spin of 5+ rather than 3+ or 6+. The existence of the 5+ isomer spin

over 3+ or 6+ from the 1g−1
9/2
⊗ν2d3/2 configuration coupling is not obvious. It has been

suggested [319] that this might be due to a mixing contribution from the 1g−1
9/2
⊗ν3s1/2

configuration making the Iπ = 5+ from the 1g−1
9/2
⊗ν2d3/2 configuration preferable. In

this case it is not surprising that these simple additivity rules do not agree with the

experimental moments for the Iπ = 5+ state. In combination with the relative pure

1− and 10− states from π1g−1
9/2
⊗ν1h11/2 aligned and anti-aligned configurations, the

simultaneous reproduction of the µ values for the three isomer states in 130In by nuclear

theory may give a further explanation into the preference for the Iπ = 5+ spin state.

Figure 7.6: The g-factors of the odd indium isotopes moments extracted using the
Alower of the measured 5p 2P3/2→ 9s 2S1/2 (246.8-nm) transition, compared to those
predicted by the two-particle additivity rule. The error bar on the additivity rule values is
only from the single-particle values used.

The additivity rule predicts a constant µ value with increasing neutron number for the

Iπ = 8− states. The measured magnetic moments are shown in Figure 7.7 A). The

values increase abruptly after N = 70 and again after N = 78 with a linear increase
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Figure 7.7: A) The magnetic dipole moments of the the Iπ = 8− states extracted us-
ing the Alower of the measured 5p 2P3/2 → 9s 2S1/2 (246.8-nm) transition, compared
to those predicted by the two-particle additivity rule. Literature value of 112In Ionescu-
Bujor et al. [352]. B) Comparison of the difference between additivity rule values using
cadmium and tin reference neutron-state magnetic moment values, µ(Jn). The addi-
tivity rule values for I=7,9,10 are also indicated alongside the determined experimental
µ values fitting with spins I=7,9,10. The same comparison is shown for the Iπ = 10−

state in 130In.

with neutron number between these jumps. This second jump at 128In was not pre-

viously observed. It has been suggested that a possible cause for these deviations

could be due to neutron pairs filling orbitals out of order due to pairing correlations [43].

Measurements of the spin of the corresponding even-odd tin isotopes corroborate this

idea [13], where the ground-state spin goes from Iπ = 1/2+ for N = 63-69 then be-

comes Iπ = 3/2+ at N = 71, then turns to Iπ = 11/2− for N = 73-77 before finally

returning to Iπ = 3/2+ for N = 79-81. In recent measurements of the spins and mo-

ments of 107−129Cd [353] the only deviation from an otherwise linear dependence of
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the observed µ values is over N = 73-81 with a downwards dip of µ ≈ 0.2 µN. This

corresponds to a change in the ground-state spin from Iπ = 1/2+ for N = 63-71 to

Iπ = 3/2+ forN = 73-81. The trend in the Iπ = 8− states of indium, which results from

the coupling of this ν1h11/2 neutron orbital with the seemingly stable (πg9/2)
−1 states

from the proton hole, is not a constant independent of neutron number as the additivity

rule would predict.

In Figure 7.7 B), a comparison is made to the Iπ = 8− values determined by the ad-

ditivity rules, using the cadmium neutron-state µ values [353] rather than tin [44]. The

experimentally determined µ values from fitting with spins of I= 7, I= 9 and I= 10 for

the high-spin state in 128In and the corresponding additivity rule values are indicated.

The measured and additivity rule values for the Iπ = 10− state in 130In are also shown.

The use of the cadmium values improves the agreement with the 116,118In µ values,

however the step changes are not reproduced with the additivity rule, and therefore

spin assignments based on the values is not appropriate. Spin assignments of I = 7

to I = 10 were consistent with the analysis in this work for the tentatively assigned

[354, 355] spin I = 8 states of 120,122,124,126In. While the additivity rule could indicate

that the spin changes to I = 9 for 120,122,124,126In and then I = 10 for 128,130In, the

difference between additivity rule values using tin or cadmium moment values for the

I = 8 and I = 10 assignments of 116−128In and 130In respectively, indicate there are

underlying structural changes which are not accounted for by the additivity rule.

In contrast with these Iπ = 8− states in indium and the cadmium ground states, the

magnetic moments of tin display very little variation with neutron number [317]. This is

expected in the absence of core polarisation [356]. The two proton hole in cadmium has

a significant effect on the core [353] nucleons, resulting in the linear dependence with

neutron number, the change in ground-state spins, and the deviation from the linear

dependence coinciding with this change in spin.

It appears that there may be a change in the core structure correlated with the change in

spin to Iπ = 3/2+ atN = 71 in tin then occurs atN = 71-79 in indium andN = 73-81 in

cadmium. Any model describing these states in the indium isotopes will need to include

higher order effects, which are not accounted for by these simple additivity rules. This

may indicate the effect of a single-proton hole is significant on the underlying neutron

structure, and may principally be due to the effect of pair correlations which lead to

changes in core polarisation. Recent Monte-Carlo configuration interaction calculations
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by [349] for tin also motivate this interpretation, they predict a phase change in neutron

separation energy which finishes at N = 70; this prediction is due to pair correlations

which take over at N = 66.

Further measurements which confirm the spins unambiguously or calculations which

reproduce the step changes seen in the Iπ = 8− states may shed light on their origin (in

addition to the yet unaddressed deviation seen in the h11/2 magnetic dipole moments

of the cadmium isotopes [353]).

7.2.2 Nuclear electric quadrupole moments

The extracted quadrupole moments from this work are plotted in Figure 7.8 alongside

literature values where available. Ab-initio electric field gradient calculations by Errico

and Renterı́a [357] were applied to a quadrupole coupling constant measured by a

solid-state experiment using the nuclear quadrupole alignment technique [358] to ex-

tract a quadrupole moment for the 5+ state in 114In of Q(114In)=-0.14(1) b. This was in

clear disagreement with the value of +0.7(1) b measured by [14] using collinear laser

spectroscopy, the proposed reason was that the electric field gradient calculation in

[14] used approximations including ‘Sternheimer corrections’ [359]. For indium the ex-

pected order of these corrections is only around 10% however [359]. The measurement

of 114In in this work combined with accurate calculation of the electric-field gradient for

the free indium atom (Section 5.5) yields a value of Q(114In) = +0.716(22) b. Given the

repeated and consistent measurement of this value, and the increased complexity of

both experiment measurements and theoretical calculations of electric field gradients

within a solid compared to an atom for collinear laser spectroscopy, it is likely that either

the experimental value input [358] or the calculations performed by Errico and Renterı́a

[357] contain an error which resulted in their value of QS(114In)=-0.14(1) b.

The quadrupole moments of the 5+ states in 116In and 118In reported in this thesis are

not in agreement with literature value of Eberz et al. [14], however the work does not

state a systematic error for their values and the 114In and 104In QS values for the 5+

states also measured with the same transition have significantly larger error bars. The

5+ quadrupole values determined in this work will be used for consistency.

As with the magnetic dipole moments, the additivity rules give fair agreement for the
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Figure 7.8: The nuclear spectroscopic-quadrupole moments of the odd indium isotopes
moments extracted using the Blower of the measured 5p 2P3/2→ 9s 2S1/2 (246.8-nm)
transition. Literature values were taken from Grupp et al. [303], Winnacker et al. [360],
B.R.Casserberg and Casserberg [361], Eberz et al. [14]

1+, 3+ and 5+ states but not for the 8− or 130In 5+ state. It is suggestive of shared

underlying mechanism for the deviations of theQS values of the 1+ and 5+ states given

their agreement within 10 mb given a constant offset of 600 mb between them over
114−122In. The overestimation of the QS for the 10− state is also large here. Collective

effects are known to play a role in these high-spin states however, but are neglected by

this simple rule [362, 363].

The deviation of the Iπ = 8− states from that expected for the additivity rule was previ-

ously seen up to 126In [14], and could also follow from the pair correlations which were

discussed for the magnetic moments. At 128In, the QS value is now observed to sud-

denly decrease while its µ value increases. This is consistent with the idea that the

neutron core structure is changing over N = 71-79 in indium and once the orbital filling

is over, the QS value drops as the effective charge from this core polarisation reduces.
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Figure 7.9: The nuclear spectroscopic-quadrupole moments of the odd indium isotopes
moments extracted using the Blower of the measured 5p 2P3/2→ 9s 2S1/2 (246.8-nm)
transition, compared to those predicted by the two-particle additivity rule.

7.3 Nuclear charge radii of the indium isotopes

The atomic factors used in this work calculated by the AR approach (see Section 6.5.1)

have allowed evaluation of the nuclear charge radii,
√
〈r2〉A, of indium for the first time,

independent of its neighbouring isotones. The value of
√
〈r2〉A=4.615 fm [311] was

used for the 115In reference isotope. These values are compared to its neighbouring

isotopes tin (Z = 50) [317] and cadmium (Z = 48) [33] in Figure 7.10. An interesting

trend can be seen, the radii of the indium isotopes have a similar charge radius to tin

on the neutron rich side, while they are similar to cadmium for the proton rich. Although

the trend could be due to a deficiency in the new atomic factor calculations, or those

used in the reported values of cadmium (for which the uncertainties are large towards

neutron-rich) and tin, similar trends can be seen in other regions of the nuclear chart

[364]. Another feature to note is the kink atN = 79 for both the indium and tin isotopes,

but not the cadmium. This feature is clearer in the evaluated odd-even staggering of

the charge radii, to be discussed below (Section 7.3.3).
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Figure 7.10:
√
〈r2〉A values of indium determined in this work (see Table 6.10), com-

pared to tin (Z = 50) [317] and cadmium (Z = 48) [33] isotopes.

7.3.1 Deformation

The determined δ
〈
r2
〉A

values of 113−131In are plotted against isodeformation lines

from the droplet model [50, 38] in Figure 7.11. This indicates that 131In has a remain-

ing deformation contribution to its
〈
r2
〉A

value. Although this is a highly nuclear model

dependent reference for a spherical nucleus, the droplet model with no deformation

agrees with the experimental value of 132Sn [317]. The deformation is observed to in-

crease towards the mid-shell, reaching a deformation βtotal2 ∼ 0.25 below N=72. This

can be seen in comparison to the static deformation parameters, βstatic2 , extracted from

the QS values of the Iπ = 9/2+ states in Figure 7.12. The dynamic deformation param-

eter, βdynamic2 , is also indicated (from Equation 2.22). Despite the model dependent

offset in the βtotal2 values, it is clear that the dynamic contribution to the deformation

increases significantly at the mid-shell. The parabolic behaviour in the βtotal2 values

determined from the nuclear charge radii is predicted by the seniority scheme [324].

However it is not possible to pinpoint the origin of the large dynamic contribution from

these observations alone. Variations in surface thickness with neutron number [365]
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Figure 7.11: Changes in mean-square nuclear charge radii of the 113−131In isotopes
determined from measurements with the 5p 2P3/2 → 9s 2S1/2 (246.8-nm) transition.
Isodeformation lines determined from the droplet model are also shown [50, 38].

or dynamic quadrupole and octupole contributions [366] could play a role in explaining

the increased charge radii outside of the βstatic2 contribution. The βtotal2 values for the

Iπ = 1/2− states are also indicated in Figure 7.12. The difference from in the βtotal2 val-

ues from the Iπ = 9/2+ states is very small on this scale and indicates that the dynamic

and static deformations may be shared between the states (see Section 7.3.2).
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Figure 7.12: Evolution of the deformation parameters, β2, for the Iπ = 9/2+ states. The
βstatic2 values were determined from the QS values and Equations 2.18 (giving Q0)

and 2.21 . The βtotal2 values from the δ
〈
r2
〉115,A ′

values and Equation 2.11.

7.3.2 Isomer shifts

The shift in charge radius of the isomer states in the odd 113−131In isotopes are shown

relative to the Iπ = 9/2+ ground states in Figure 7.13 A). These isomer shifts were not

previously measured with sufficient precision outside of the ground state isotope shift

uncertainty to discern any trend.

A change in sign from positive to negative relative isomer shift was observed for the

Iπ = 1/2− states at N = 74, with a minima at N = 80 before returning to no difference

from zero, within error, at the N = 82 shell closure. These changes are smaller than

0.016 fm2, which is less than that gained for the addition of a neutron (∼0.05 fm2), (for

comparison the change for the high-spin state Iπ = 23/2− is ∼0.06 fm2).

Figure 7.13 B) shows this shift in terms of the change in βtotal2 value from the Iπ = 9/2+
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Figure 7.13: The difference in the A) charge radii and B) total deformation parameters,
δβtotal2 = βtotal2 (9/2+) - βtotal2 (1/2−), between the Iπ = 1/2− and Iπ = 9/2+ states, for
the odd indium isotopes.

state, defining δβtotal2 = βtotal2 (9/2+) - βtotal2 (1/2−).

As the Iπ = 1/2− states have no measurableQS then their isomer shifts give an indica-

tion of collectivity. The deviation in µ values of the Iπ = 1/2− states from their Schmidt

value also goes towards negative values for increasing neutron number. Although col-

lective effects may contribute to the deviation [367], this cannot easily be connected

with the magnitude of the observed isomer shifts. The µ values of the Iπ = 1/2− state

begin to increase at N = 78, while this occurs abruptly at N = 82 for the isomer shift.

The scale of this effect in terms of a change in radius due to deformation can been seen

on an absolute scale in Figure 7.12. Compared to the large static and dynamic defor-

mations, the change in deformation for the Iπ = 1/2− states is small, and no deviation in
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the µ values of the Iπ = 9/2+ states was observed (until N = 82) accompanying these

large changes in deformation.

The change in sign of the isomer shift may be due to surface effects [363, 368], which

have a contribution to the odd-even staggering (OES) of charge radii [231, 7, 33], and

which also play a role for high-spin quasi-particle isomers [369, 362] (a significant reduc-

tion is also seen for the Iπ = 21/2− and Iπ = 23/2− states [370]). The abrupt increase in

the relative isomer shift atN = 82 is due to a reduction in the OES which occurs for the

Iπ = 9/2+ state but not the Iπ = 1/2− state. The observed OES is discussed in Section

7.3.3.
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Figure 7.14: Differences in charge radii of the isomer states compared to the ground
states, for the odd indium masses.

The shifts in charge radius for the isomer states in the odd indium isotopes are shown

in Figure 7.14, with respect to the ground state, which changes spin from Iπ = 1+ to

Iπ = 3+ after N = 74. Again the charge radii of the excited states decrease in size

compared to the ground states for increasing neutron number. It is interesting to note

the turning point where the isomers become smaller than the ground state corresponds

to the minimum in the excitation energy (minus a neutron) of isomeric states in binding

energy. This indicates that the charge radii are highlighting collectivity not discernable

in the binding energy (see Section 7.3.3 for the OES in binding energy). See the thesis

of Binnersley [370] for a detailed discussion of the high-spin isomer states of 127In, 129In

and 130In.
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7.3.3 The odd-even staggering effect

A measure of the odd-even staggering (OES) of charge radii can be given by the triple

point difference between an isotope charge radii and its neighbouring isotope mass

charge radii, ∆(3)
r (A), as [34]

∆
(3)
r (A) =

1

2
(δr115,A+1−2δr115,A+δr115,A−1) , (7.4)

where δr115,A+1 ,δr115,A and δr115,A−1 are the root-mean-square charge radii.

Figure 7.15 shows the extent of OES observed in the ground and isomeric states of the
113−131In isotopes measured determined in this work, alongside the OES observed for

the neighbouring isotopes tin (Z = 50) [317] and cadmium (Z = 48) [33].
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Figure 7.15: Odd-even staggering of charge radii evaluated using triple difference in
charge radii from Equation 7.4. Compared to literature values for tin (Z = 50) (Le Blanc
et al. [317]) and cadmium (Z = 48) isotopes (Hammen et al. [33]).

There are several prominent features in this plot. A reduction in the OES of ground state

radii betweenN = 70 andN = 74 is now observed, this was not previously seen despite

being so close to stability [14], as the ground states are significantly shorter lived than

the isomer states in this region (see Figure 2.3) and so were not accessible. Although

the mechanism of odd-even staggering is not fully understood in terms of a quantitative
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microscopic theory [371, 372, 373, 324], it is thought to be due to an orbital blocking

effect of the unpaired nucleon and pairing correlations appear to play a significant role

[7, 33]. The OES reduction correlates with the jump in µ values seen in the Iπ = 8−

(π1g−1
9/2
⊗ν1h11/2) states in the odd isotopes, also attributed to possible neutron-pair

correlations.

The Fayans energy density functional (EDF) approach explained the OES of charge

radii in terms of neutron pairing density [374, 375, 335]. The Fayans approach has

been applied successfully to reproducing the intricate odd-even staggering trend in the

calcium isotopes [4, 376, 377]. It was found that the reproduction of the OES in the

calcium charge radii (40−52Ca) was very sensitive to a pairing term which controlled

the neutron-pairing density. The changes in mean-squared charge radii were found

to be the most important experimental ingredient to constrain the functional [34]. This

is shown in Figure 7.17 A). The combination of the Fayan pairing functional term with

a Skyrme EDF [34, 378] also was shown to capture the same essential physics in

reproducing the calcium radii, although agreement was poorer. Predictions of binding

energies were insensitive to both pairing and surface terms in the functionals.
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Figure 7.16: Odd-even staggering of binding energy of indium isotopes evaluated us-
ing triple difference in binding energy from Equation 7.5, compared to cadmium and
tin isotopes, as well as indium isomers. Binding energy data from Wang et al. [278]
(AME2016), and Babcock et al. [379]
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For comparison to the charge radii OES, the triple differences in binding energies of

the indium ground states [380, 278] are plotted in Figure 7.16, using the equivalent

equation for the binding energy OES

∆
(3)
E (A) =

1

2
(B.E.A+1−2B.E.A+B.E.A−1) , (7.5)

with the recent isomer binding energies measured by Babcock et al. [379]. The tin,

indium and cadmium binding energy OES values show a clear decrease at the N = 82

with no obvious discrepancies, other than a reduction in the OES magnitude for the

indium isotopes towards the shell closure. Babcock et al. [379] observed that the bind-

ing energy differentials indicated no signs of deviation from sphericity up to 130In. The

single-particle energies indicate a re-ordering of neutrons as they are removed from

the N = 82 shell however, and the derived empirical proton-neutron correlation ener-

gies [381] indicate that the valance proton-neutron interaction is playing a role [379].

The explanation for the reduction in the OES of the ground state charge radii may then

be due to pairing effects which do not significantly alter their binding energies and so

were not seen as clearly in the binding energy OES as compared to the charge radii

OES.

The same Fayan’s functionals constrained by the calcium radii were recently applied to

make predictions of the cadmium charge radii [33]. The results compared to experi-

mental values are shown in Figure 7.17 B). Although the OES effect in the charge radii

are significantly more pronounced in these calculations compared the experimental val-

ues [5], the trend is encouraging. The calculations predict that the OES will disappear

at N = 83 corresponding to the shell closure at N = 82, before returning for higher

neutron number. This disappearance is seen in the OES of charge radii of indium in

this work (Figure 7.15) for the ground states at N = 81, one neutron number earlier

than predicted for cadmium, while the OES remains undisturbed from N = 64-82 for

the isomeric states. Measurements are not yet available to compare to this prediction

for cadmium (requires measurement at N = 83). The same trend as observed in in-

dium grund states is also found in the tin (Z = 50) isotopes [317], shown in Figure 7.15,

again one neutron number earlier, indicating that this disappearance of OES may be

due the proximity to the Z = 50 shell closure. Measurements of antimony (Z = 51) iso-

tope and isomer shifts in the proximity of Z = 50 would help understand how universal

these phenomenon are and their relationship to the hole or particle nature away from
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FIG. 3. Three-point binding energy difference ∆ee
E (mul-

tiplied by the mass number to easily compare different sys-
tems) for the spherical open-shell nuclei 44Ca, 124Sn, 204Pb,
and 212Pb computed with selected Fayans and Skyrme func-
tionals and compared to experiment.

40Ca and 48Ca is incorrect. It is only in the functionals
with the full Fayans pairing and constraints on differen-

tial radii that large ∆
(3)
r values can be obtained.

Another set of radius differences, which had raised
much attention in the past is that along the Pb chain.
It has been argued in [18, 30] that the Fayans pairing

functional allows to reproduce the kink in δ⟨r2⟩ at 208Pb.
In this case, however, pairing seems not to be the only
influential agent. For instance, relativistic and Skyrme
mean-field models can associate the kink with spin-orbit
coupling [61, 62]. As it is a task of its own to disentan-
gle various influences on the kink in 208Pb, we are not
addressing this observable here.

The functionals with the full Fayans pairing, namely
Fy(∆r), Fy(∆r,∆roe), and Sk+PFy, perform well up to
48Ca. However, the δ⟨r2⟩ values in 49−52Ca are under-
estimated in all models except for Fy(∆r). This seems
to suggest that correlations beyond mean field [6, 8, 36]
can play a role there. It is also interesting to note that

the attempt to tune ∆
(3)
r in Fy(∆r,∆roe) results in a

deterioration of the reproduction of differential radii ∆r.

To illustrate the performance of our optimized func-
tionals for odd-even staggering in medium-mass and
heavy nuclei, shown in Fig. 5 are their predictions for

neutron values of ∆
(3)
r and ∆

(3)
E in 44Ca, 64Ni, 124Sn,

and 204Pb. In accordance with the discussion around
Fig. 4, Fy(std) and SV-min fail in reproducing ∆

(3)
r , and

Fy(∆r,∆roe) and Sk+PFy have a comparable perfor-

mance. The results for ∆
(3)
E in 44Ca, 64Ni, and 124Sn are

consistent across different functionals. A large difference

B) Cadmium (Z = 48)√
〈r2〉A,A

′
OES

constant Kion ¼ 1860ð1920Þ GHz amu is large and is
strongly correlated with the slope of the line, for which
Fion ¼ −6260ð1860Þ MHz=fm2 is obtained in excellent
agreement with the result of a semiempirical approach of
Fse;ion ¼ −6124ð772Þ MHz=fm2 presented in [39]. Simple
Gaussian error propagation leads to the confidence band
shown as a dashed red curve, producing large uncertainties
for the extracted size parameters. However, the modified
isotope shifts of the unstable isotopes cluster around those
of the stable isotopes, where the line is much better
determined than represented by the uncertainty interval.
This is particularly true for the neutron deficient ones as
indicated in the figure. One option to improve the
procedure is to propagate the errors including the full
covariance matrix. Alternatively, the simple linear trans-
formation x → ðx − αÞ shifts the y axis into the center of
the distribution and therefore reduces the correlation
between the two degrees of freedom to almost zero for
α ¼ 1026 fm2 amu. This leads to a modified y-axis inter-
cept of K1026 ¼ −4561ð115Þ GHz amu and the 1 − σ con-
fidence band shown in blue in Fig. 1.
By transforming Eq. (1) accordingly, solving for λ and

applying K1026 and F, we obtain the nuclear size parameter
for all isotopes according to

λA;A
0 ¼ ðδνA;A0 − Kα μÞ=F þ α=μ: ð3Þ

The isotope shift determined in the Cd I transition is
projected onto the Cd II transition by performing a King
plot between the isotope shifts of both transitions. The

projected isotope shift is then used to calculate λ of those
isotopes for which Cd II data are unavailable. The excellent
agreement between the results from both transitions for all
other isotopes confirms the compatibility of the data.
Combined results are listed in Table I, where the systematic
uncertainty of the rms charge radii is based on the
uncertainty of F. A −2.7% contribution of the higher
moments to λ was adopted for all isotopes.
Charge radii were calculated from λ114;A based on the

reference radius of Rð114CdÞ ¼ 4.612ð1Þ fm [5] and are
compared with predictions from nuclear DFT in Fig. 2.
From the nonrelativistic models, we consider the Skyrme
functional SV-min [40] and the Fayans functional FyðΔrÞ
[25]. The latter is in most respects very similar to Skyrme
but has two crucial extensions: a gradient term within the
surface term and a gradient term in the pairing functional.
Besides the Skyrme functional, we have also checked two
parametrizations with other functional forms, the Fayans
functional Fy(std) [25] and a density-dependent relativistic
model RMF-DD [41], both fitted to the same set of data as
SV-min. Both yield practically the same result as SV-min
and are thus not shown explicitly in Fig. 2. Additionally, we
consider one example for a relativistic mean-field model
(RMF, FSU-Garnet) and take here the most recent BNN fit
to charge radii residuals which took care to achieve a good
global fit of nuclear radii [27]. All DFT models, except
FyðΔrÞ, fail to reproduce the isotopic trend as a whole and
the odd-even staggering in detail. The reason is that neither
the standard Skyrme model nor the RMF has a sufficiently

FIG. 1. King plot of the Cd II data showing the results
for the stable isotopes with uncertainties based on the charge
radii from muonic atoms, the regression line, and the confidence
intervals based on the (standard) regression (dashed, red) and the
one that removes the correlation between the intercept and the
slope by shifting the x axis by 1026 fm2 amu (solid, blue). Stars
(magenta) indicate the positions of the unstable isotopes in the
King plot (A > 114 with λmod < 800 fm2 amu, A < 114 with
λmod > 1000 fm2 amu).

FIG. 2. Experimental nuclear charge radii along the Cd isotopic
chain compared with theoretical predictions from different
nuclear DFT models: SV-min from the Skyrme functionals
[40], FyðΔrÞ from the Fayans functionals [25], and the relativistic
functional FSU-Garnet that was optimized on a global set of rms
charge radii data taken from [42] (including Cd) employing a
Bayesian neural network (BNN) approach [27]. The gray band
represents the systematic uncertainty of the experimental results
due to the uncertainty of the field-shift constant F. The inset
shows the corresponding one-neutron separation energies from
experiment [36] and nonrelativistic DFT.

PHYSICAL REVIEW LETTERS 121, 102501 (2018)

102501-4

Figure 7.17: A) Comparison showing the highly sensitive charge-radii OES for the
Fayans functionals with DFT developed by Reinhard and Nazarewicz [34], where a the
‘pairing gradient functional’ was found to be critical to produce OES in calcium radii. Fig-
ure modified from [34]. B) Charge radii calculations of cadmium performed by Hammen
et al. [33] using the same calcium radii tuned functional as Reinhard and Nazarewicz
[34]. Figure modified from [33].

the shell closure. It is interesting to compare the increase in magnitude of the OES in

the cadmium isotopes to those in indium. While the first increase in OES staggering is

observed for all tin, indium and cadmium at N = 79, the disappearance of OES is not

seen in cadmium at N = 81. This suggests that the increase in OES at N = 79 is due

to a separate phenomenon to the disappearance of OES at N = 81.



236CHAPTER 7. EVOLUTION OF NEUTRON-RICH INDIUM PROTON-HOLE STATES

The ground and isomeric states in indium are displaying intricate features in the OES,

aspects of which are also seen in the neighbouring cadmium and tin isotopes, but were

not observed in the binding energy OES shown in Figure 7.16. This gives credence to

these observed features in the neighbouring isotopes and suggests that reproduction

of these trends with developments from nuclear theory should give a valuable insight

into the nuclear structure in this area, for which neutron pairing correlations appear to

play an important role.



Chapter 8

Conclusion

This thesis presented laser spectroscopy measurements of the electromagnetic proper-

ties of the long-lived nuclear ground and isomeric states (>200 ms) of neutron-rich in-

dium isotopes 113−131In, of which 128−131In were completely unexplored by laser spec-

troscopy. The properties of many states in 113−128In were also previously unmeasured,

including the shorter lived ground states. This allowed extraction of 17 new magnetic

dipole moment µ values, 15 new quadrupole moments QS values, 7 new changes in

mean-squared charge radii δ
〈
r2
〉
g

values to ground states with sufficient isomer shift

precision for 25 new δ
〈
r2
〉
m

values for the isomers. In addition the nuclear spins,

I, of 11 of these states were confirmed unambiguously. The remaining 26 higher-spin

states had values consistent with literature spin values using multiple analysis methods.

These measurements were guided and assisted by a series of technical and theoret-

ical developments, which are outlined below along with the findings from these new

measurements of the indium isotopes.

The development of a laser ablation ion source setup for offline measurements with

beams of the naturally occurring 113,115In isotopes allowed for multi-step laser ionization

scheme testing. It was determined that the 246.8-nm (5p 2P3/2→ 9s 2S1/2) and 246.0-

nm (5p 2P1/2 → 8s 2S1/2) atomic transitions were the most appropriate for sensitivity

to the nuclear electromagnetic observables and their efficient measurement. Simula-

tions were made of the available atomic population following charge exchange of indium

ions incident on vapours of potassium and sodium at 20 keV and 40 keV. The relative

populations of the 5p 2P1/2 and 5p 2P3/2 states were then measured at 20 keV with

237
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the ablation source, validating the charge-exchange calculations and their extension to

the 40 keV beam energy later used to measure the neutron-rich indium isotopes. The

calculations were also found to well reproduce other available relative population mea-

surements and so the calculations were extended to 1 6 Z 6 89, at beam energies of

5 keV and 40 keV, to assist in the planning of other future collinear laser spectroscopy

experiments.

The combination of a laser ablation ion source in tandem with collinear resonance ion-

ization spectroscopy was found to be very effective, allowing determination of atomic

parameters of potentially any element or molecule which can be contained within a

solid matrix. Linewidths of 60(10) MHz were achieved when using low electric field gra-

dients for ion extraction and lineshape corrections using ion time-of-flight information.

The measurements additionally give insight into the time dynamics of the laser-ablation

plasma itself, a potential area for future studies. The previously unmeasured magnetic

dipole hyperfine structure constants Ahf of the upper states of these two transitions,

8s 2S1/2 and 9s 2S1/2, provided valuable input to benchmarking of CCSD(T) calcu-

lations (performed by [16]). The calculations were used to determine the electronic

electric field gradient
〈
∂2V
∂z2

〉
e= Bhf/QS, improving the accuracy of the nuclear electric

quadrupole moment values, QS, for the neutron-rich indium isotope measurements.

The isotope shift values for the neutron-rich indium isotopes were then used to test the

field shift and mass shift factors of the CCSD(T) calculations. A developed ‘analytic

response’ approach was found to have good agreement with the experimentally deter-

mined factors. These atomic factors were used to allow the first isotone independent

determination of the δ
〈
r2
〉

for the indium isotopes. The
〈
r2
〉

values of the Iπ = 1/2−

states for the isomer states were observed to be smaller than the ground Iπ = 9/2+

states for N > 67 in the odd-mass indium isotopes. The effect in terms of deformation

was determined to be small, but may be connected to surface effects [231, 362], which

were further explored in the odd-even staggering (OES) values of δ
〈
r2
〉
. A reduction in

the OES was observed for the ground but not the isomeric states between N = 70 and

N = 74, and then again at N = 81, one neutron number earlier than expected for the

neutron shell closure at N = 82. The same disappearance at N = 81 was previously

seen in the tin isotopes [317] but not the cadmium isotopes [33], neutron-pair correla-

tions are expected to play an important role [34, 33]. The charge radii of the I = 9/2+

states indicate a large dynamic collective contribution at the mid-shell on top of the in-

creasing static contribution determined from theQS values, residual static and dynamic
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collective contributions were found to remain at 131In.

With a few exceptions, the measured µ andQS trends for the odd-mass indium isotopes

could be reproduced by the additivity rule using the corresponding neutron and proton

single-particle values from odd-mass tin (or cadmium) and odd-mass indium isotopes.

The moments for the I = 8− states increase abruptly compared to the predictions, a

sudden drop inQS accompanied with a increase in µ has now been measured at 128In.

Along with the changes in OES observed in
〈
r2
〉
, these observations may be explained

by neutron pairing correlations in this region of the nuclear chart and the suspected

change in structure of the underlying tin core [349].

In the odd-mass In isotopes the first significant change in the µ of the I = 9/2+ states

was observed at the N = 82 shell closure (131In), out of a chain of at least 24 isotopes

(105−129In) with a remarkably constant µ. This feature was previously attributed to a

very small collective or configuration mixing contribution to µ allowing the single-particle

behaviour to persist. At the same time it was found that afterN = 76 the µ values of the

accompanying I= 1/2− isomer states increase and then abruptly cross the Schmidt line

at N = 82. The mechanism behind the change in the I = 1/2− and I = 9/2+ µ values

is not yet clear, but the deviation of the µ values for the I = 1/2− states supports an

explanation in terms of higher-order configuration mixing or meson-exchange currents.
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R. Neugart, G. Neyens, W. Nörtershäuser, I. Podadera, G. Tungate, P. Vinger-

hoets, and D. T. Yordanov. An ion cooler-buncher for high-sensitivity collinear

laser spectroscopy at ISOLDE. European Physical Journal A, 42(3):503–507,

2009. ISSN 14346001. doi: 10.1140/epja/i2009-10828-0.

[160] A. Jokinen, M. Lindroos, E. Molin, and M. Petersson. RFQ-cooler for low-energy

radioactive ions at ISOLDE. Nuclear Instruments and Methods in Physics Re-

search Section B: Beam Interactions with Materials and Atoms, 204:86–89, may

2003. ISSN 0168-583X. doi: 10.1016/S0168-583X(02)01894-3. URL https:

//www.sciencedirect.com/science/article/pii/S0168583X02018943.

[161] Kara Marie Lynch. Laser assisted nuclear decay spectroscopy:. PhD thesis,

2013.

[162] A Nieminen, J Huikari, A Jokinen, J Aysto, J Billowes, P Campbell, and

E C A Cochrane. An ion beam cooler for collinear laser spectroscopy. Tech-

nical report, 2000. URL https://link.springer.com/content/pdf/10.

1023{%}2FA{%}3A1012694407204.pdf.

[163] Harald J W Müller-Kirsten. Basics of Statistical Physics. WORLD SCIENTIFIC,

may 2013. ISBN 978-981-4449-53-3. doi: 10.1142/8709. URL https://www.

worldscientific.com/worldscibooks/10.1142/8709.

[164] Valentin Fedosseev, Katerina Chrysalidis, Thomas Day Goodacre, Bruce

Marsh, Sebastian Rothe, Christoph Seiffert, and Klaus Wendt. Ion beam

production and study of radioactive isotopes with the laser ion source

at ISOLDE. Journal of Physics G: Nuclear and Particle Physics, 44

(8):084006, aug 2017. ISSN 0954-3899. doi: 10.1088/1361-6471/

http://link.springer.com/10.1023/A:1012603025802
http://link.springer.com/10.1023/A:1012603025802
https://www.sciencedirect.com/science/article/pii/S0168583X02018943
https://www.sciencedirect.com/science/article/pii/S0168583X02018943
https://link.springer.com/content/pdf/10.1023{%}2FA{%}3A1012694407204.pdf
https://link.springer.com/content/pdf/10.1023{%}2FA{%}3A1012694407204.pdf
https://www.worldscientific.com/worldscibooks/10.1142/8709
https://www.worldscientific.com/worldscibooks/10.1142/8709


264 BIBLIOGRAPHY

aa78e0. URL http://stacks.iop.org/0954-3899/44/i=8/a=084006?key=

crossref.d6d5210c0d6f03d7db22808c72e24c0f.

[165] K. R. Anton, S. L. Kaufman, W. Klempt, G. Moruzzi, R. Neugart, E. W. Ot-

ten, and B. Schinzler. Collinear Laser Spectroscopy on Fast Atomic Beams.

Physical Review Letters, 40(10):642–645, mar 1978. ISSN 0031-9007. doi:

10.1103/PhysRevLett.40.642. URL https://link.aps.org/doi/10.1103/

PhysRevLett.40.642.

[166] William H. Wing, George A. Ruff, Willis E. Lamb, and Joseph J. Spezeski.

Observation of the Infrared Spectrum of the Hydrogen Molecular Ion H D +.

Physical Review Letters, 36(25):1488–1491, jun 1976. ISSN 0031-9007. doi:

10.1103/PhysRevLett.36.1488. URL https://link.aps.org/doi/10.1103/

PhysRevLett.36.1488.

[167] S.L. Kaufman. High-resolution laser spectroscopy in fast beams. Op-

tics Communications, 17(3):309–312, jun 1976. ISSN 00304018. doi:

10.1016/0030-4018(76)90267-4. URL http://linkinghub.elsevier.com/

retrieve/pii/0030401876902674.

[168] Volker Sonnenschein. Laser developments and high resolution resonance ion-

ization spectroscopy of actinide elements by Volker Sonnenschein. Number 1.

2015. ISBN 9789513960490.

[169] Glenn F. Knoll. Radiation detection and measurement. John Wiley, 2010. ISBN

0470131489.

[170] I S Gilmore and M P Seah. ION DETECTION EFFICIENCY OF

MICROCHANNEL PLATES. Technical report, 2000. URL http:

//resource.npl.co.uk/docs/science{_}technology/nanotechnology/

nanopubs/iondetectionefficiency.pdf.

[171] HAMAMATSU. PHOTOMULTIPLIER TUBES PHOTON IS OUR BUSI-

NESS Basics and Applications THIRD EDITION (Edition 3a). Technical

report, 2007. URL https://www.hamamatsu.com/resources/pdf/etd/

PMT{_}handbook{_}v3aE.pdf.

[172] ETP. ETP Ion Detect, 2018. URL https://www.etp-ms.com/.

http://stacks.iop.org/0954-3899/44/i=8/a=084006?key=crossref.d6d5210c0d6f03d7db22808c72e24c0f
http://stacks.iop.org/0954-3899/44/i=8/a=084006?key=crossref.d6d5210c0d6f03d7db22808c72e24c0f
https://link.aps.org/doi/10.1103/PhysRevLett.40.642
https://link.aps.org/doi/10.1103/PhysRevLett.40.642
https://link.aps.org/doi/10.1103/PhysRevLett.36.1488
https://link.aps.org/doi/10.1103/PhysRevLett.36.1488
http://linkinghub.elsevier.com/retrieve/pii/0030401876902674
http://linkinghub.elsevier.com/retrieve/pii/0030401876902674
http://resource.npl.co.uk/docs/science{_}technology/nanotechnology/nanopubs/iondetectionefficiency.pdf
http://resource.npl.co.uk/docs/science{_}technology/nanotechnology/nanopubs/iondetectionefficiency.pdf
http://resource.npl.co.uk/docs/science{_}technology/nanotechnology/nanopubs/iondetectionefficiency.pdf
https://www.hamamatsu.com/resources/pdf/etd/PMT{_}handbook{_}v3aE.pdf
https://www.hamamatsu.com/resources/pdf/etd/PMT{_}handbook{_}v3aE.pdf
https://www.etp-ms.com/


BIBLIOGRAPHY 265

[173] E. Liénard, M. Herbane, G. Ban, G. Darius, P. Delahaye, D. Durand, X. Fléchard,
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Appendix A

Additional formulae

Wigner 6-j coefficients

The Wigner 6-j coefficients which arise from the coupling of three angular momenta,

were computed by using the Racah formula [382] as

{
j1 j2 j3

J1 J2 J3

}
=
√
∆(j1j2j3)∆(j1J2J3)∆(J1j2J3)∆(J1J2j3)×

∑
t

(−1)t(t+1)!
f(t)

,

(A.1)

summed over all integers t if the factorials in

f(t) = (t− j1− j2− j3)! (t− j1− J2− J3)! (t− J1− j2− J3)!

(t− J1− J2− j3)! (j1+ j2+ J2+ J2− t)! (j2+ j3+ J2+ J3− t)!

(j3+ j1+ J3+ J1− t)! ,

all have non-negative values. The ∆(abc) are the triangle coefficients [56] given by

∆(abc)≡ (a+b−c)!(a−b+c)!(−a+b+c)!
(a+b+c+1)!

. (A.2)
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Wigner 3-j coefficients

The Wigner 3-j are a specific case of the 6-j symbols which can also be computed by a

Racah relation [382] as

(
a b c

α β γ

)
= (−1)a−b−γ (A.3)

×
√
∆(abc)

√
(a+α)!(a−α)!(b+β)!(b−β)!(c+γ)!(c−γ)!

(A.4)

×
∑
t

(−1)t

x
, (A.5)

where the condition for the sum over t is the same and x is given by

x= t!(c−b+ t+α)!(c−a+ t−β)!(a+b−c− t)! (A.6)

× (a− t−α)!(b− t+β)! . (A.7)

Doppler shift

To reverse the Doppler effect in the frequency of the transitions νDop. measured, into

the rest frame frequencies, νrest, the Doppler shift formula

νrest = νDop.

√
1±β
1∓β

, (A.8)

was used. Where the ± sign corresponds to a collinear geometry (+) or an anti-

collinear geometry (−), β=v/c, the speed of light c.
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Measurement time

Statistical significance, σ, and measurement time, t, relationship for a signal rate, S and

background rate, B calculated by [169]

σ=
St−

√
St√

Bt
. (A.9)

Propagation of uncertainties

For uncorrelated independent variables x, y, z, ... related by a function F, with un-

certainties of the variables σx, σy, σz, ..., the uncertainty of the function σF can be

propagated by [169]

σF =

√(
∂F(x,y,z, ...)

∂x
σx

)2
+

(
∂F(x,y,z, ...)

∂y
σy

)2
+

(
∂F(x,y,z, ...)

∂z
σz

)2
+ ... .

(A.10)

Quadrupole explicit formula

Q0 =
3√
5π
ZeR2β2

(
1+π2

(a
R

)2
+
2

7

√
5

π
β2

)
, (A.11)

where a is an empirical correction for the surface diffuseness and R is the radius of an

homogeneous sphere [48], which when related to mass A of the nucleus (usually by

R= 1.2A1/3 fm), can allow for a measure of the static deformation β2 of the nucleus.

Muonic atom calibration

The nuclear radius parameter Λ113,115µe =0.157(11) fm2 was determined from muonic

atom transition [308] measurements of 113,115In. This parameter is related to the change

in mean-squared charge radii δ
〈
r2
〉113,115
oµe

by
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Λ113,115µe = δ
〈
r2
〉113,115
oµe

+HM , (A.12)

where HM are the higher radial moments. From the Seltzer moments of indium [69]

this contribution should be less than 0.06%, this can be included as an error to give

value of δ
〈
r2
〉113,115
oµe

=0.157(11) fm2.
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Additional figures

Total neutralisation cross sections

Figure B.1: Total neutralisation cross sections from Table D.3, orbital shell blocks are
indicated by colour.
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Laser ablation ion source studies of indium
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Figure B.2: An initial spectrum taken with the ablation ion source, before the resolution
of the spectra were improved with an optimised extraction voltages.
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Figure B.3: A comparison of the initial hyperfine spectrum taken using the broadband
Z-cavity and later using the high-resolution injection-seeded cavity.
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Individual peak scatter in natural abundance
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Figure B.4: Natural abundances of 113In from hyperfine spectra intensity ratios of 115In
and 113In over many scans of 246.0-nm transition, the ratio from the individual ampli-
tudes of the hyperfine transitions is shown by the smaller markers.
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2d time-of-flight slice correction
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Figure B.5: Combined surface plot and histograms for laser frequency versus time-of-
flight. 115In measured with the 246.8-nm line for an electric gradient of 5 V/mm around
the ablation plume. ToF slices (orange) can be used to create a corrected Doppler
corrected final hfs spectrum (blue).
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ISCOOL voltage calibration
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Figure B.6: A comparison of measured voltages between a higher precision reference
high voltage divider[276] and the divider installed at ISCOOL during these experiments.
This gave the calibration function Vcorrect = 0.99877(1)×Vmeasured+0.027(22),
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ISCOOL correlation plots
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Figure B.7: Correlation plot of the 115In hyperfine spectra centroids for the 246.0-nm
transition versus the recorded ISCOOL extraction voltage. r is the correlation coefficient.
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Figure B.8: Correlation plot of the 115In hyperfine spectra centroids for the 246.8-nm
transition versus the recorded ISCOOL extraction voltage. r is the correlation coefficient.
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Additivity rule values using cadmium coupling
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Figure B.9: The determined 113−131In magnetic dipole moment values compared to
additivity rule values using the µ(Jn) values from the cadmium isotopes [353].
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Figure B.10: The determined 113−131In electric quadrupole moment values compared
to additivity rule values using the Q(Jn) values from the cadmium isotopes [353].
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130In F ratio spin assignment

Figure B.11: Spin assignment of the structures in 130In from the Fi/Fj ratios. The labels
indicate the fits for: [I= 1 structure, centre-most structure, other structure].

131In A ratio spin assignment

3.50 3.75 4.00 4.25 4.50 4.75 5.00 5.25 5.50
Nuclear spin, I

0.0702

0.0704

0.0706

0.0708

0.0710

2 r

0.002

0.000

0.002

0.004

Au
/A

l d
iff

er
en

ce
 fr

om
 11

5 In

115In Au/Al
131In ground state 246.8-nm transition

Figure B.12: The Au/Al ratios from fitting the higher spin state in 131In with I = 7/2,
I= 9/2 or I= 11/2. Showing the insensitivity to spin of the 5p 2P3/2→ 9s 2S1/2 (246.8-
nm) transition.
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Sidepeak amplitude fitting
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Figure B.13: Fitted amplitudes of the sidepeak due to indirect population of the 5p
2P1/2 and 5p 2P3/2 states for the for the 5p 2P1/2 → 8s 2S1/2 (246.0-nm) and 5p
2P3/2→ 9s 2S1/2 (246.8-nm) transitions respectively. Only spectra with 0.8 < χr < 1.2
were included in the average. Error on the averages are indicated by the shaded area.
Predicted contribution from intermediate charge exchange populations are indicated by
the dashed line. The remaining contribution is likely due to collisional excitation.

Free proton and neutron magnetic moment comparison
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Figure B.14: Magnetic moments µ of the free proton and neutron, compared to the
µ values of the proton hole and neutron particle ground states in the indium and tin
isotopes [317].
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Cross-experiment King plots
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Figure B.15: King plot of all nuclear states measured with both 246.8-nm (5p 2P3/2 →
9s 2S1/2) and 451 nm (5p 2P3/2→ 6s 2S1/2) transitions.
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Figure B.16: King plot of all nuclear states measured with both 246.0 nm (5p 2P1/2 →
8s 2S1/2) and 451 nm (5p 2P3/2→ 6s 2S1/2) transitions.



Appendix C

Lineshapes

C.1 The Voigt profile

Two sources dominate the line-profile of atomic transitions in most cases [383]. The first

is the Lorentzian profile from the natural linewidth of the transition, which also includes

homogeneous broadening, such as laser power broadening, given as

L(x) =
1

π

1
2Γ

(x−x0)2+(12Γ)
2
, (C.1)

where Γ is the FWHM of the resonance. The second is a Gaussian profile to take into

account Doppler broadening from the energy distribution of the atoms, as well as any

other sources of non-homogeneous broadening, given as

G(x) =
1

σ
√
2π

exp

(
−
1

2

(
x−x0
σ

)2)
. (C.2)

The convolution of the two effects is given by the Voigt [282] lineshape as

V(x) =

∫+∞
−∞ G(x ′)L(x−x ′)dx ′ . (C.3)
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C.2 The asymmetric pseudo-Voigt

A formulation of an asymmetric Voigt function which can be readily fitted to the asym-

metries seen in atomic transitions is given by [232] which could also be used for the

fitting of hyperfine spectra.

For computational convenience a pseudo-Voigt y(ν) was used as

y(ν) = fL(ν)+(1+ f)G(ν) (C.4)

with the Gaussian part as

G(ν) =
A

γ0

√
4 ln2
π

exp

[
−4 ln2

(
ν−ν0
γ0

)2]
(C.5)

and the Lorentzian part as

L(ν) =
2A/πγ0

1+4
(
ν−ν0
γ0

)2 (C.6)

the asymmetry is introduced by replacing γ0 with the function

γ(ν) =
2γ0

1+ exp[a(ν−ν0)]
(C.7)

with the adjustable parameter a to represent the degree of asymmetry.



Appendix D

Charge-exchange calculation result

tables

D.1 Table: Relative atomic populations following neu-

tralization with K

Table D.1: Atomic population distribution simulation results for neutralisation of an ion
beam of elements A=1-90 by free K atoms. Atomic data sourced from the NIST atomic
database[113]. Only the 5 most populous states are listed in this table. † - insufficient
transition data was available to provide reliable values for these elements. ‡ - insufficient
level data was available for these elements. ? - these light elements are outside of the in-
termediate velocity region at 40 keV. The columns for 0 cm and 120 cm flight distance give
respectively the initial populations after charge exchange at 0 cm and the final populations
after a further 120 cm of atom flight at the corresponding beam energy.

.

A++K→A(k)+K+

40 keV 5 keV

A+ Initial (0.0 cm) Final (120.0 cm) Initial (0.0 cm) Final (120.0 cm)

(Z) # Level (cm−1) % Level (cm−1) % Level (cm−1) % Level (cm−1) %

1? 1 109610.2232 1 0.0 41.5 82258.91911 3.9 0.0 54.6

2 109606.6628 1 82258.9544 1.9 82258.9544 3.9 82258.9544 2.5

3 109602.8177 1 109610.2232 1 82259.158 3.9 107440.4385 0.9

4 109598.6566 1 109606.6628 1 82259.285 3.9 107440.43933 0.9

5 109594.1439 1 109602.8177 1 97492.2112 1.9 107965.04916 0.9

Continued on next page
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D.1. TABLE: RELATIVE ATOMIC POPULATIONS FOLLOWING NEUTRALIZATION WITH K315

A++K→A(k)+K+

40 keV 5 keV

A+ Initial (0.0 cm) Final (120.0 cm) Initial (0.0 cm) Final (120.0 cm)

(Z) # Level (cm−1) % Level (cm−1) % Level (cm−1) % Level (cm−1) %

2? 1 171134.89695 1 159855.97433 50.5 166277.44014 10.6 159855.97433 62.2

2 169087.83081 1 0.0 9.1 159855.97433 9.5 0.0 9.3

3 169086.8429 1 193921.61495 0.7 169086.76647 9.0 166277.44014 1.3

4 169086.76647 1 193921.61772 0.7 169086.8429 9.0 193921.61495 0.6

5 166277.44014 1 193921.62024 0.7 169087.83081 9.0 193921.61772 0.6

3? 1 14903.66 3.5 0.0 43.2 14903.66 27.2 0.0 59

2 14904.0 3.5 42003.3 0.8 14904.0 27.2 42003.3 0.6

3 0.0 2.8 42298.0 0.8 0.0 17.9 42298.0 0.6

4 27206.12 2.4 42389.0 0.8 27206.12 2.4 42389.0 0.6

5 30925.38 1.9 42389.0 0.8 30925.38 1.2 42389.0 0.6

4 1 42565.35 3.5 21978.28 66.8 42565.35 50.8 21978.28 70.6

2 52080.94 3 21978.925 13 52080.94 7.7 21978.925 10

3 54677.26 2.6 0.0 5.5 54677.26 4.1 0.0 8.6

4 56882.43 2.3 21981.27 4.6 21981.27 2.6 21981.27 3.6

5 58907.45 2.1 56882.43 1.5 21978.925 2.6 56882.43 1.7

5 1 40039.6907 5.3 0.0 36.1 28658.4 26.7 0.0 33.6

2 28658.4 5.2 15.287 14.1 28652.07 26.7 28658.4 12.4

3 28652.07 5.2 28658.4 2.6 28647.43 26.7 28652.07 12.4

4 28647.43 5.2 28652.07 2.6 40039.6907 10.1 28647.43 12.4

5 47856.809 3.6 28647.43 2.6 47856.809 1.3 15.287 7.5

6 1 60333.43 1.9 16.4 32.3 60333.43 15.2 16.4 40.7

2 60352.63 1.9 0.0 17.4 60352.63 15.1 0.0 24.4

3 60393.14 1.9 43.4 14.1 60393.14 15.0 43.4 12.3

4 61981.82 1.8 10192.63 5.5 61981.82 10.5 10192.63 5.7

5 64086.92 1.7 88873.95 0.4 64086.92 6.2 33735.2 0.4

7 1 83364.62 1.9 0.0 43 83284.07 15.2 0.0 60.8

2 83317.83 1.9 19224.464 6.9 83317.83 15.1 19224.464 7.7

3 83284.07 1.9 19233.177 3.9 83364.62 15.1 19233.177 5.6

4 86137.35 1.9 28838.92 1.2 86137.35 10.0 28838.92 0.7

5 86220.51 1.9 106868.635 1.1 86220.51 9.9 106868.635 0.6

8 1 76794.978 4.4 73768.2 38.6 73768.2 41.8 73768.2 46.9

2 73768.2 4.3 0.0 15.3 76794.978 39.1 0.0 22.8

3 86625.757 3 158.265 4.7 86625.757 2.3 158.265 2.9

4 86627.778 3 102865.655 1 86627.778 2.2 102865.655 0.7

5 86631.454 3 226.977 0.8 86631.454 2.2 105441.645 0.4

9 1 105056.28 4.1 102405.71 9.2 105056.28 20.6 102405.71 19.6

Continued on next page



316 APPENDIX D. CHARGE-EXCHANGE CALCULATION RESULT TABLES

A++K→A(k)+K+

40 keV 5 keV

A+ Initial (0.0 cm) Final (120.0 cm) Initial (0.0 cm) Final (120.0 cm)

(Z) # Level (cm−1) % Level (cm−1) % Level (cm−1) % Level (cm−1) %

2 104731.05 4.1 102680.44 7.3 104731.05 20.1 102680.44 14.8

3 102840.38 3.9 102840.38 4.1 102840.38 15.0 102840.38 9.5

4 102680.44 3.8 104731.05 4 102680.44 14.4 104731.05 8.9

5 102405.71 3.8 105056.28 2.1 102405.71 13.5 105056.28 5.6

10 1 135888.7173 4.1 0.0 11.9 135888.7173 25.2 134041.84 20.7

2 134818.6405 3.9 134041.84 10.1 134818.6405 18.8 0.0 17.6

3 134459.2871 3.9 134818.6405 2.2 134459.2871 16.9 134818.6405 5

4 134041.84 3.8 158601.1152 1.9 134041.84 14.9 158601.1152 1.6

5 148257.7898 3.2 159379.9935 0.8 148257.7898 3.2 159379.9935 0.6

11 1 0.0 14 0.0 51.9 0.0 60.7 0.0 66.5

2 16956.17025 11.4 37059.54 0.8 16956.17025 12.3 37059.54 0.6

3 16973.36619 11.4 38400.9 0.7 16973.36619 12.3 38400.9 0.6

4 25739.999 3.5 38400.904 0.7 25739.999 1.0 38400.904 0.6

5 29172.837 2.1 38401.147 0.7 29172.837 0.5 38401.147 0.6

12 1 21911.178 8.7 21870.464 22.4 21911.178 28.6 21850.405 27.5

2 21870.464 8.7 21850.405 18 21870.464 28.2 21870.464 23.6

3 21850.405 8.7 21911.178 13.2 21850.405 28.0 21911.178 17.7

4 35051.264 7.6 0.0 6.3 35051.264 7.3 0.0 6

5 41197.403 3.7 46403.065 4.4 41197.403 0.9 46403.065 3.7

13 1 25347.756 9.2 0.0 32 25347.756 17.5 0.0 38

2 112.061 7.4 112.061 21.9 112.061 17.3 112.061 20.1

3 0.0 7.3 29020.41 2.6 0.0 16.8 29020.41 3.3

4 29020.41 5.6 29066.96 2.6 29020.41 5.8 29066.96 3.3

5 29066.96 5.5 29142.78 2.6 29066.96 5.8 29142.78 3.3

14 1 33326.053 8 77.115 22.1 33326.053 68.8 77.115 25.8

2 39683.163 5.2 0.0 20 39683.163 5.3 0.0 21.9

3 39760.285 5.2 223.157 7.3 39760.285 5.1 33326.053 9.1

4 39955.053 5.1 48264.292 4.1 39955.053 4.7 223.157 5.9

5 40991.884 4.5 6298.85 3.9 40991.884 3.2 48264.292 3.4

15 1 55939.421 4.5 0.0 15 55939.421 19.0 0.0 30.9

2 56090.626 4.5 11361.02 3.9 56090.626 17.8 11361.02 6

3 56339.656 4.4 65788.455 1.8 56339.656 15.9 65788.455 1.7

4 57876.574 3.7 65585.13 1.7 57876.574 8.1 65585.13 1.6

5 58174.366 3.6 65450.125 1.6 58174.366 7.1 65450.125 1.5

16 1 52623.64 11 0.0 38.2 52623.64 65.3 0.0 48.3

2 55330.811 9 52623.64 27.2 55330.811 19.6 52623.64 23.4

Continued on next page



D.1. TABLE: RELATIVE ATOMIC POPULATIONS FOLLOWING NEUTRALIZATION WITH K317

A++K→A(k)+K+

40 keV 5 keV

A+ Initial (0.0 cm) Final (120.0 cm) Initial (0.0 cm) Final (120.0 cm)

(Z) # Level (cm−1) % Level (cm−1) % Level (cm−1) % Level (cm−1) %

3 63446.065 3.2 63446.065 14.5 63446.065 1.0 63446.065 12.6

4 63457.142 3.2 396.055 8 63457.142 1.0 396.055 7.6

5 63475.051 3.1 573.64 3 63475.051 1.0 573.64 2.1

17 1 71958.363 6.9 0.0 26.4 71958.363 29.3 0.0 52

2 72488.568 6.7 71958.363 7.8 72488.568 24.0 882.3515 11.5

3 72827.038 6.6 882.3515 6 72827.038 20.9 71958.363 4.6

4 74225.846 6.1 87979.49 1.2 74225.846 11.2 87979.49 0.8

5 74865.667 5.8 88080.042 1.2 74865.667 8.3 88080.042 0.8

18 1 93143.76 9.9 93143.76 19.1 93143.76 32.9 93143.76 29.5

2 93750.5978 9.8 0.0 15.5 93750.5978 28.2 0.0 23.7

3 94553.6652 9.5 94553.6652 3.9 94553.6652 21.1 94553.6652 8.5

4 95399.8276 9.2 112750.153 1.3 95399.8276 14.5 112750.153 0.9

5 104102.099 3 113716.555 1.1 104102.099 0.3 113716.555 0.7

19 1 0.0 31.8 0.0 35.8 0.0 97.2 0.0 59.4

2 12985.18572 8.4 30617.31 0.6 12985.18572 0.5 30617.31 0.4

3 13042.89603 8.3 30617.31 0.6 13042.89603 0.5 30617.31 0.4

4 21026.551 1.9 33910.42 0.5 21026.551 0.1 33910.42 0.3

5 21534.68 1.8 33910.42 0.5 21534.68 0.1 33910.42 0.3

20 1 15157.901 9.7 20335.36 7.3 15157.901 29.3 15210.063 15.5

2 15210.063 9.7 15210.063 6.9 15210.063 29.1 15157.901 15.3

3 15315.943 9.6 20349.26 5.8 15315.943 28.5 15315.943 14.7

4 20335.36 7 20371.0 5.6 20335.36 3.1 20335.36 7.4

5 20349.26 7 15315.943 5.5 20349.26 3.1 20349.26 6.2

21 1 18504.06 2.3 0.0 11.2 18504.06 4.7 0.0 15.7

2 18515.69 2.3 168.34 8.8 18515.69 4.7 168.34 13.5

3 18571.41 2.3 11519.99 5.2 18571.41 4.7 15881.75 4.2

4 18711.02 2.3 11557.69 3.9 17307.08 4.6 16210.85 4.1

5 18855.74 2.3 11610.28 3.6 17255.07 4.6 16026.62 4

22 1 20795.603 1 0.0 7.7 20126.062 3.1 0.0 9.7

2 20209.447 1 386.874 6.3 20062.886 3.1 386.874 7.2

3 20126.062 1 170.1328 6 20209.447 3.1 170.1328 6.8

4 20062.886 1 6598.765 3.6 20006.039 3.1 6598.765 3.7

5 20006.039 1 6556.833 3.1 19937.855 3.1 6842.962 3.3

23 1 20202.47 1 2153.21 5.7 19189.33 2.6 2153.21 7.8

2 19189.33 1 0.0 5.1 19145.13 2.6 2220.11 7.5

3 20606.5 1 2220.11 4.7 19078.11 2.6 0.0 6.4

Continued on next page
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A++K→A(k)+K+

40 keV 5 keV

A+ Initial (0.0 cm) Final (120.0 cm) Initial (0.0 cm) Final (120.0 cm)

(Z) # Level (cm−1) % Level (cm−1) % Level (cm−1) % Level (cm−1) %

4 19145.13 1 2112.28 4.6 19026.33 2.6 2311.36 6.3

5 20687.76 1 2311.36 4.2 19023.52 2.6 2424.78 5.6

24 1 20517.4222 1.9 0.0 10.7 20517.4222 8.5 0.0 12.3

2 20519.5515 1.9 7593.1484 5.6 20519.5515 8.5 7593.1484 4.9

3 20520.9029 1.9 7810.7795 3.3 20520.9029 8.5 20519.5515 4

4 20523.629 1.9 7927.441 3.2 20523.629 8.5 20517.4222 4

5 20523.8999 1.9 8307.5753 2.9 20523.8999 8.5 20520.9029 3.7

25 1 25287.74 3 0.0 11.8 24802.25 7.8 0.0 22.2

2 25285.43 3 17052.29 4.1 24788.05 7.8 25265.74 4.1

3 25281.04 3 17451.52 4 24779.32 7.8 25285.43 4

4 25265.74 3 17568.48 3.2 25265.74 7.8 25281.04 4

5 24802.25 3 17282.0 2.7 25281.04 7.8 25287.74 3.9

26 1 29056.324 1.1 0.0 9.6 28819.954 3.7 0.0 14.4

2 29313.008 1.1 415.933 6.6 28604.613 3.7 415.933 10.8

3 29320.026 1.1 704.007 6.2 29056.324 3.7 704.007 9.9

4 29356.744 1.1 888.132 4.6 29313.008 3.6 888.132 6.6

5 29371.812 1.1 7376.764 2.9 29320.026 3.6 7376.764 2.3

27 1 28845.22 1.6 0.0 9.6 28470.51 4.8 0.0 16.3

2 28777.27 1.6 816.0 6.7 28777.27 4.8 816.0 13

3 29216.37 1.6 1406.84 6.3 28845.22 4.8 1406.84 9.5

4 29269.73 1.6 1809.33 5 28345.86 4.8 1809.33 5.5

5 29294.52 1.6 3482.82 4.1 29216.37 4.5 26597.64 3.4

28 1 27260.894 2.6 204.787 16.7 26665.887 7.2 0.0 22.4

2 27414.868 2.6 0.0 14 27260.894 6.8 204.787 17.4

3 26665.887 2.6 879.816 13.4 27414.868 6.6 879.816 12.1

4 27580.391 2.6 1713.087 6.2 25753.553 6.3 1713.087 5.6

5 27943.524 2.6 1332.164 5.5 27580.391 6.3 27260.894 5.1

29 1 30535.324 21.6 0.0 28.6 30535.324 50.9 0.0 52.8

2 30783.697 21 11202.618 6.6 30783.697 43.5 11202.618 5

3 39018.69 4.7 13245.443 3 39018.69 0.7 39018.69 2.4

4 40114.01 3.7 39018.69 2.8 13245.443 0.5 13245.443 2.3

5 13245.443 3.3 40909.16 2.3 40114.01 0.4 40909.16 1.7

30 1 46745.413 22.3 32890.352 6.7 46745.413 41.9 32890.352 12.1

2 32890.352 14.8 32501.421 6.5 32890.352 18.7 32501.421 11.1

3 32501.421 13.8 32311.35 6.4 32501.421 15.7 32311.35 10.7

4 32311.35 13.3 53672.28 4 32311.35 14.5 46745.413 6.1

Continued on next page



D.1. TABLE: RELATIVE ATOMIC POPULATIONS FOLLOWING NEUTRALIZATION WITH K319

A++K→A(k)+K+

40 keV 5 keV

A+ Initial (0.0 cm) Final (120.0 cm) Initial (0.0 cm) Final (120.0 cm)

(Z) # Level (cm−1) % Level (cm−1) % Level (cm−1) % Level (cm−1) %

5 53672.28 5.3 46745.413 2.8 53672.28 2.0 53672.28 4

31 1 24788.53 18.5 0.0 12.7 24788.53 22.1 0.0 15

2 826.19 15.9 826.19 10.4 826.19 21.3 826.19 10.7

3 0.0 13.6 33044.05 1.7 0.0 16.7 33044.05 1.7

4 33044.05 2.8 33155.07 1.7 33044.05 2.2 33155.07 1.7

5 33155.07 2.8 37975.768 1.1 33155.07 2.2 37975.768 1

32 1 37451.6893 15.7 557.1341 20.1 37451.6893 22.6 557.1341 22.6

2 37702.3054 14.8 0.0 11.6 37702.3054 20.0 0.0 13.9

3 39117.9021 10.5 1409.9609 4.8 39117.9021 10.9 1409.9609 4.4

4 40020.5604 8.4 45985.592 2.6 40020.5604 7.8 45985.592 2.4

5 16367.3332 7.5 46834.3798 2.3 16367.3332 7.7 46834.3798 2.2

33 1 50693.8 16.8 50693.8 8.2 50693.8 32.0 50693.8 13.3

2 51610.2 13.7 51610.2 7.4 51610.2 19.3 51610.2 10.3

3 52897.9 10.1 52897.9 6.4 52897.9 10.2 52897.9 7.5

4 53135.6 9.5 55366.4 4.7 53135.6 9.2 55366.4 4.5

5 54605.3 6.6 56863.6 3.8 54605.3 5.0 53135.6 3.6

34 1 48182.19 37.1 48182.19 76.2

2 50996.931 20.5 50996.931 14.1

3 59242.798 2.4 59242.798 0.6

4 59287.818 2.3 59287.818 0.6

5 59391.306 2.3 59391.306 0.6

35 1 63436.45 22 63436.45 6.7 63436.45 60.1 63436.45 20.6

2 64907.19 17.5 64907.19 5.9 64907.19 21.5 64907.19 12.3

3 66883.87 11.6 66883.87 4.8 66883.87 6.3 66883.87 6.7

4 67183.58 10.8 67183.58 2.3 67183.58 5.3 67183.58 3.1

5 68970.21 7 68970.21 1.9 68970.21 2.2 68970.21 2

36 1 79971.7417 26.2 79971.7417 9.2 79971.7417 63.1 79971.7417 24.5

2 80916.768 23.6 80916.768 7.1 80916.768 31.9 80916.768 16.2

3 85191.6166 10.1 85846.7046 3.5 85191.6166 1.7 85846.7046 2.9

4 85846.7046 8.6 85191.6166 3 85846.7046 1.2 85191.6166 2.9

5 91168.515 2.1 91168.515 1.5 91168.515 0.1 91168.515 1.1

37 1 0.0 68.6 0.0 15.9 0.0 99.2 0.0 50.2

2 12578.95 4.3 12816.545 3 12578.95 0.1 12816.545 1.8

3 12816.545 4 19355.203 1.1 12816.545 0.1 19355.203 0.7

4 19355.203 0.8 19355.649 1.1 19355.203 0.0 19355.649 0.7

5 19355.649 0.8 20132.51 1 19355.649 0.0 20132.51 0.6

Continued on next page
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A++K→A(k)+K+

40 keV 5 keV

A+ Initial (0.0 cm) Final (120.0 cm) Initial (0.0 cm) Final (120.0 cm)

(Z) # Level (cm−1) % Level (cm−1) % Level (cm−1) % Level (cm−1) %

38 1 14317.507 18.4 14317.507 9.5 14317.507 35.7 14317.507 19

2 14504.334 17.9 18159.04 8.6 14504.334 30.9 14898.545 14.2

3 14898.545 16.7 14898.545 7.4 14898.545 22.8 14504.334 9.9

4 18159.04 8.2 14504.334 7.2 18159.04 2.5 0.0 9.6

5 18218.784 8.1 18218.784 7.2 18218.784 2.5 18159.04 7.3

39 1 15476.533 3.3 0.0 8.9 15221.633 6.4 0.0 7.2

2 15328.865 3.3 530.351 5.3 15245.803 6.4 15326.741 4.7

3 15326.741 3.3 10937.39 3.3 15326.741 6.4 14948.994 4.6

4 15245.803 3.3 15326.741 3 15328.865 6.4 15221.633 4.6

5 15221.633 3.3 14948.994 2.6 14948.994 6.3 15245.803 4.6

40† 1 18738.94 1.5 18738.94 4.0

2 18976.36 1.5 18276.92 4.0

3 19096.53 1.5 18243.56 4.0

4 18276.92 1.4 18976.36 3.8

5 18243.56 1.4 19096.53 3.7

41† 1 19765.18 1.3 19556.91 3.8

2 19623.96 1.3 19568.72 3.8

3 19916.69 1.3 19623.96 3.8

4 19931.98 1.3 19427.9 3.7

5 19568.72 1.3 19765.18 3.7

42 1 22244.375 1.8 0.0 10.3 22244.375 6.4 0.0 8.5

2 22875.942 1.8 10768.332 4.4 21618.63 5.8 20350.507 2.8

3 21618.63 1.8 11142.784 2.4 22875.942 5.7 20280.968 2.7

4 23516.476 1.8 11858.498 2.3 21343.204 5.3 20130.313 2.6

5 23534.407 1.8 12346.28 1.9 21153.884 4.8 20157.802 2.6

43 1 22615.94 1.9 0.0 7.6 22503.1 4.9 0.0 13.8

2 22503.1 1.9 2572.89 2.6 22265.46 4.9 22503.1 3.3

3 22265.46 1.9 17522.92 1.7 22615.94 4.9 22265.46 3.3

4 22180.1 1.9 16874.51 1.6 22180.1 4.8 21920.15 3.2

5 23265.32 1.9 16428.71 1.5 21926.79 4.6 21752.14 3.1

44 1 24927.48 2.1 0.0 4.5 24173.68 7.4 0.0 7.1

2 24173.68 2.1 1190.64 4 24927.48 6.8 25214.16 5.2

3 25214.16 2 2091.54 2.3 25214.16 6.1 25464.49 4.9

4 25464.49 2 29160.46 1.9 23453.47 5.9 1190.64 4.3

5 25602.6 2 29352.41 1.8 23392.6 5.7 26035.56 4.1

45 1 25820.8 6 0.0 17 24686.0 23.3 0.0 26.2
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A++K→A(k)+K+

40 keV 5 keV

A+ Initial (0.0 cm) Final (120.0 cm) Initial (0.0 cm) Final (120.0 cm)

(Z) # Level (cm−1) % Level (cm−1) % Level (cm−1) % Level (cm−1) %

2 24686.0 6 2598.03 12.3 25820.8 22.2 1529.97 11.6

3 27075.26 5.5 1529.97 11.4 23655.93 13.9 25820.8 8.8

4 23655.93 5.5 3472.68 3.7 27075.26 10.4 2598.03 8.4

5 23157.57 5.2 3309.86 3 23157.57 9.8 24686.0 7.8

46 1 34068.977 9.5 6564.148 12.4 34068.977 29.8 6564.148 17.5

2 35041.751 8.4 29711.109 6.6 29711.109 17.3 29711.109 15.2

3 29711.109 8.2 28213.767 5.8 35041.751 13.6 34068.977 10.6

4 35451.443 7.8 0.0 5.8 35451.443 9.7 28213.767 8.5

5 35927.948 7.2 25101.235 4.1 35927.948 6.6 35041.751 8.1

47 1 29552.05741 32 0.0 39.7 29552.05741 47.4 0.0 54.6

2 30242.29835 27.8 30242.29835 15.6 30242.29835 27.4 30242.29835 22.9

3 30472.66516 26.5 34714.22643 8.7 30472.66516 23.0 34714.22643 5.8

4 34714.22643 8.6 42556.147 3 34714.22643 1.8 42556.147 1.4

5 42556.147 1 51886.965 1.1 42556.147 0.1 51886.965 0.5

48 1 31826.952 26.3 0.0 18 31826.952 38.1 0.0 23.7

2 43692.384 24.2 30113.99 16.8 43692.384 24.4 31826.952 23.3

3 30656.087 19.5 31826.952 15.9 30656.087 19.0 30113.99 18.2

4 30113.99 17 30656.087 2.3 30113.99 14.3 58390.9 1.3

5 51483.98 2.5 58390.9 1.8 51483.98 0.8 58461.6 1.3

49 1 2212.599 37.1 0.0 16.6 2212.599 45.8 0.0 17.4

2 0.0 21 2212.599 12.5 0.0 20.6 2212.599 14.3

3 24372.957 12.5 31816.982 2.1 24372.957 10.6 31816.982 2.1

4 31816.982 1.8 32115.251 2 31816.982 1.5 32115.251 2

5 32115.251 1.7 34977.678 1.5 32115.251 1.4 34977.678 1.5

50 1 17162.499 34.2 1691.806 13.3 17162.499 53.6 1691.806 14.3

2 34640.758 11.7 0.0 10 34640.758 8.9 0.0 10.6

3 34914.282 10.7 3427.673 6.5 34914.282 8.0 3427.673 6.4

4 8612.955 3.8 17162.499 4.5 8612.955 2.6 17162.499 4.9

5 38628.876 3.4 8612.955 3 38628.876 2.4 8612.955 3.1

51 1 43249.337 29.4 0.0 21.5 43249.337 36.7 0.0 23.7

2 45945.34 12.2 8512.125 4.5 45945.34 11.9 8512.125 4.6

3 46991.058 8.8 9854.018 3.8 46991.058 8.2 9854.018 3.8

4 48332.424 5.8 55135.1 2.4 48332.424 5.3 55135.1 2.4

5 18464.202 5.1 55168.3 2.4 18464.202 4.7 55168.3 2.4

52 1 44253.0 39.9 0.0 18 44253.0 57.7 0.0 24.2

2 46652.738 18.2 54160.094 2.6 46652.738 16.1 54160.094 2.5
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A++K→A(k)+K+

40 keV 5 keV

A+ Initial (0.0 cm) Final (120.0 cm) Initial (0.0 cm) Final (120.0 cm)

(Z) # Level (cm−1) % Level (cm−1) % Level (cm−1) % Level (cm−1) %

3 23198.392 4.7 54199.122 2.6 23198.392 3.3 54199.122 2.5

4 54160.094 1.8 54535.345 2.5 54160.094 1.2 54535.345 2.4

5 54199.122 1.8 55677.722 2.1 54199.122 1.2 55677.722 2.1

53 1 54633.46 35.3 0.0 12.9 54633.46 58.1 0.0 20.5

2 56092.881 22.5 7602.97 3.7 56092.881 22.7 7602.97 3.5

3 60896.243 4.7 63186.758 1.8 60896.243 2.4 63186.758 1.7

4 61819.779 3.5 64906.29 1.4 61819.779 1.7 64906.29 1.3

5 63186.758 2.3 64989.994 1.4 63186.758 1.1 64989.994 1.3

54 1 67067.547 38.8 0.0 10.8 67067.547 62.8 67067.547 16.9

2 68045.156 29.5 67067.547 9.2 68045.156 28.6 0.0 14.1

3 76196.767 2.2 78403.061 1.5 76196.767 0.6 78403.061 1.3

4 77185.041 1.7 76196.767 1.4 77185.041 0.5 76196.767 1.3

5 77269.145 1.6 78119.798 1.2 77269.145 0.5 78119.798 1.1

55 1 0.0 80.2 0.0 26.8 0.0 97.3 0.0 44.7

2 11178.26816 2.6 18535.5286 1.1 11178.26816 0.4 18535.5286 0.9

3 11732.3071 2.2 22588.821 0.8 11732.3071 0.3 22588.821 0.6

4 14499.2568 1.1 22631.6863 0.8 14499.2568 0.2 22631.6863 0.6

5 14596.84232 1.1 24317.1494 0.7 14596.84232 0.2 24317.1494 0.5

56 1 9033.966 18 9033.966 9.7 9033.966 37.0 9033.966 20.9

2 9215.501 17.5 9215.501 9.2 9215.501 31.2 9215.501 19.2

3 9596.533 16.3 9596.533 7.6 9596.533 21.6 9596.533 15.4

4 11395.35 10.7 12636.623 5.9 11395.35 4.1 12266.024 5.1

5 12266.024 8.3 12266.024 5.2 12266.024 2.1 12636.623 4.7

57† 1 9960.904 3.9 9960.904 14.4

2 9919.821 3.9 9919.821 14.4

3 9719.439 3.9 9719.439 14.0

4 9183.797 3.7 9183.797 11.3

5 9044.214 3.7 9044.214 10.4

58† 1 9830.608 0.6 9709.012 2.0

2 9787.22 0.6 9787.22 2.0

3 9903.122 0.6 9830.608 2.0

4 9709.012 0.6 9462.705 2.0

5 9947.822 0.6 9903.122 2.0

59† 1 9268.75 1.2 9268.75 3.8

2 9464.43 1.2 9464.43 3.6

3 9483.5 1.2 8835.42 3.6
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D.1. TABLE: RELATIVE ATOMIC POPULATIONS FOLLOWING NEUTRALIZATION WITH K323

A++K→A(k)+K+

40 keV 5 keV

A+ Initial (0.0 cm) Final (120.0 cm) Initial (0.0 cm) Final (120.0 cm)

(Z) # Level (cm−1) % Level (cm−1) % Level (cm−1) % Level (cm−1) %

4 9646.9 1.2 8829.06 3.6

5 9675.01 1.2 9483.5 3.6

60 1 9692.277 1.1 0.0 0.7 9692.277 3.9 9692.277 2.2

2 9814.683 1.1 9692.277 0.6 9814.683 3.8 9814.683 2.2

3 9927.387 1.1 9814.683 0.6 9927.387 3.7 9939.704 2.1

4 9939.704 1.1 9939.704 0.6 9939.704 3.7 9115.092 2.1

5 10004.583 1.1 9115.092 0.6 10004.583 3.6 8800.392 2

61† 1 8609.21 9.1 8609.21 51.8

2 7497.99 7.6 7497.99 18.7

3 6562.86 6.1 6562.86 8.0

4 5872.84 5.2 5872.84 4.5

5 5460.5 4.6 5460.5 3.2

62 1 10801.1 2.2 10801.1 1.3 10801.1 15.9 10801.1 5.9

2 11044.9 2.2 11044.9 1.3 11044.9 14.6 11044.9 5.6

3 11406.5 2.2 11406.5 1.3 11406.5 11.9 11406.5 5.1

4 11877.5 2.1 11877.5 1.3 11877.5 8.2 11877.5 4.2

5 12313.11 2 12445.35 1.2 12313.11 5.5 12445.35 3.2

63 1 12923.72 7.3 0.0 21.7 12923.72 20.2 0.0 23.9

2 13048.9 7.1 15421.25 4.1 13048.9 17.8 15137.72 5.7

3 13222.04 6.9 15248.76 3.9 13222.04 14.9 15248.76 5.6

4 13457.21 6.5 15137.72 3.8 13457.21 11.7 15421.25 5.4

5 13778.68 6.1 15680.28 3.5 13778.68 8.4 15680.28 4.5

64 1 14777.975 1.2 215.124 1.2 14669.148 4.1 14777.975 2.5

2 14669.148 1.2 15744.826 1 14777.975 4.1 15744.826 2.5

3 15121.22 1.2 15758.277 1 14298.311 4.0 15758.277 2.5

4 15173.639 1.2 15758.651 1 14253.948 3.9 15758.651 2.5

5 15174.0 1.2 15833.797 1 15121.22 3.7 14253.948 2.5

65† 1 12453.14 1.8 12296.45 4.2

2 12475.74 1.8 12283.3 4.2

3 12296.45 1.8 12250.99 4.2

4 12283.3 1.8 12228.28 4.2

5 12250.99 1.8 12453.14 4.1

66 1 12892.76 3.3 0.0 8.1 12892.76 11.5 13495.932 7.5

2 12655.13 3.3 13495.932 2.8 12655.13 11.2 12298.551 6.5

3 13495.932 3.2 4134.222 2.5 13495.932 9.8 12007.121 5.9

4 12298.551 3.2 12298.551 2.4 12298.551 9.7 13952.001 5.6
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A++K→A(k)+K+

40 keV 5 keV

A+ Initial (0.0 cm) Final (120.0 cm) Initial (0.0 cm) Final (120.0 cm)

(Z) # Level (cm−1) % Level (cm−1) % Level (cm−1) % Level (cm−1) %

5 13952.001 3.1 13952.001 2.4 12007.121 8.1 0.0 5.4

67 1 13094.42 11.3 0.0 5 13094.42 51.9 13094.42 14

2 15081.12 10.4 10695.75 4.3 15081.12 23.6 15081.12 9.4

3 15792.13 9.2 8605.16 3.2 15792.13 11.4 10695.75 8.9

4 10695.75 7.6 20210.6 2.9 10695.75 6.1 15792.13 6.5

5 8605.16 4.1 13094.42 2.8 8605.16 1.0 8605.16 3.6

68 1 13097.906 8.3 0.0 4 13097.906 53.5 13097.906 7.9

2 12377.534 7.4 10750.982 1.7 12377.534 26.8 12377.534 5.6

3 10750.982 5 13097.906 1.4 10750.982 5.2 10750.982 3.9

4 19362.105 3.1 12377.534 1.4 19362.105 1.2 0.0 3.3

5 20166.13 2.3 22102.844 1.3 20166.13 0.7 19362.105 1.5

69 1 20406.84 11.8 0.0 9.1 20406.84 18.8 0.0 9

2 8771.243 9.7 22419.764 5.2 8771.243 15.1 8771.243 5.6

3 21799.38 7 22559.502 5 21799.38 7.5 22419.764 5.5

4 22419.764 5.5 22742.777 4.9 22419.764 5.3 20406.84 5.3

5 22559.502 5.3 8771.243 4.3 22559.502 4.9 22559.502 5.3

70 1 17288.439 35.8 0.0 19.5 17288.439 64.1 17288.439 39.5

2 17992.007 30.8 17288.439 18.2 17992.007 29.6 0.0 28

3 19710.388 18.6 19710.388 13.1 19710.388 5.2 19710.388 11.2

4 24489.102 3.1 24489.102 5.4 24489.102 0.2 24489.102 2.5

5 24751.948 2.8 24751.948 5.1 24751.948 0.2 24751.948 2.3

71 1 7476.39 41.3 0.0 18.4 7476.39 93.6 7476.39 40.4

2 4136.13 17.4 7476.39 10.7 4136.13 3.6 0.0 12.6

3 1993.92 8.4 1993.92 10.3 1993.92 0.8 4136.13 9.1

4 0.0 4.3 4136.13 8.6 0.0 0.3 1993.92 6.8

5 17427.28 3.8 18851.31 2.4 17427.28 0.2 18851.31 1.5

72 1 19791.3 4 21738.7 2.9 19791.3 14.1 19292.69 6.3

2 20784.87 4 17901.28 2.7 20784.87 11.2 20960.09 6

3 20908.42 3.9 22450.56 2.7 19292.69 11.0 21738.7 5.5

4 20960.09 3.9 23448.61 2.4 20908.42 10.2 20784.87 5.1

5 19292.69 3.9 16766.6 2.4 20960.09 9.8 20908.42 4.9

73 1 26022.74 1.8 2010.1 4.3 25926.34 4.3 2010.1 6.4

2 25926.34 1.8 0.0 3.8 26022.74 4.3 0.0 4.9

3 26219.62 1.8 12234.76 3.1 26219.62 4.1 25181.12 4.7

4 26363.69 1.8 3963.92 2.9 25512.63 4.0 25926.34 3.6

5 25512.63 1.8 13351.45 2.9 25478.3 4.0 26022.74 3.6
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D.1. TABLE: RELATIVE ATOMIC POPULATIONS FOLLOWING NEUTRALIZATION WITH K325

A++K→A(k)+K+

40 keV 5 keV

A+ Initial (0.0 cm) Final (120.0 cm) Initial (0.0 cm) Final (120.0 cm)

(Z) # Level (cm−1) % Level (cm−1) % Level (cm−1) % Level (cm−1) %

74 1 28392.7 1.8 2951.29 14.4 28392.7 4.4 2951.29 22.4

2 28720.88 1.8 1670.29 6.5 28347.6 4.4 1670.29 7.9

3 28347.6 1.8 6219.33 5.5 28291.88 4.3 6219.33 6.4

4 28291.88 1.8 0.0 4.3 28233.44 4.3 0.0 4.4

5 28797.24 1.8 3325.53 3.7 28204.2 4.3 28347.6 3.3

75† 1 28542.13 3.4 28030.32 8.1

2 28030.32 3.4 27827.65 7.6

3 27827.65 3.3 28542.13 7.6

4 28809.87 3.3 28809.87 6.6

5 28854.18 3.3 27514.31 6.5

76† 1 33124.48 3.9 33124.48 18.3

2 32684.61 3.8 32684.61 17.0

3 32457.44 3.7 32457.44 15.1

4 34125.4 3.7 34125.4 10.4

5 34365.33 3.5 34365.33 8.2

77 1 37446.13 3.3 0.0 19.8 37446.13 9.6 0.0 31.9

2 37515.31 3.3 4078.94 5.7 37515.31 9.5 4078.94 11.9

3 37692.75 3.3 2834.98 4.5 37692.75 9.0 37446.13 6.8

4 37871.69 3.3 5784.62 4.1 37871.69 8.2 11831.09 6.6

5 38120.94 3.2 11831.09 2.6 38120.94 6.9 5784.62 6.2

78† 1 36781.6 11.8 36781.6 35.0

2 36296.4 11.3 36296.4 24.6

3 38536.2 11.1 38536.2 18.0

4 38815.9 10.6 38815.9 13.3

5 40194.2 7.7 40194.2 2.7

79 1 41174.613 26.8 0.0 26.8 41174.613 47.2 0.0 55.5

2 37358.991 24.2 42163.53 12.1 37358.991 35.1 42163.53 16.9

3 42163.53 21.1 45537.195 6.7 42163.53 15.1 45537.195 3.8

4 45537.195 6.4 46174.979 5.9 45537.195 0.8 46174.979 3.1

5 46174.979 5 46379.0 5.7 46174.979 0.5 46379.0 2.9

80 1 54068.6829 39.5 44042.909 14.7 54068.6829 46.1 44042.909 21.6

2 44042.909 35.8 37644.982 14.6 44042.909 43.8 0.0 15.6

3 39412.237 7.5 0.0 14.4 39412.237 3.6 37644.982 13.2

4 37644.982 4.4 71336.005 1 37644.982 1.8 71336.005 0.8

5 62350.325 2.1 70932.2 0.7 62350.325 0.7 70932.2 0.6

81 1 7792.7 73.7 7792.7 28.7 7792.7 87.9 7792.7 50.4
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A++K→A(k)+K+

40 keV 5 keV

A+ Initial (0.0 cm) Final (120.0 cm) Initial (0.0 cm) Final (120.0 cm)

(Z) # Level (cm−1) % Level (cm−1) % Level (cm−1) % Level (cm−1) %

2 26477.5 9.1 0.0 19.1 26477.5 4.8 0.0 26.1

3 0.0 7.1 34159.9 2.9 0.0 3.8 34159.9 3.7

4 34159.9 1.1 35161.1 2.6 34159.9 0.6 35161.1 3.3

5 35161.1 0.9 41368.1 1.4 35161.1 0.5 41368.1 1.8

82 1 45443.171 8.5 10650.3271 7 45443.171 13.6 10650.3271 15.5

2 46060.8364 7.4 7819.2626 3.5 46060.8364 11.9 7819.2626 8.3

3 46068.4385 7.4 0.0 3.5 46068.4385 11.9 0.0 7.8

4 46328.6668 7 52101.66 1.9 46328.6668 11.3 52101.66 4.4

5 52101.66 2.2 52311.315 1.9 52101.66 3.8 52311.315 4.4

83 1 21660.914 73.5 21660.914 30.6 21660.914 98.0 21660.914 72

2 15437.501 9 15437.501 11 15437.501 0.8 15437.501 6.4

3 32588.221 6.6 0.0 10.6 32588.221 0.5 0.0 5.8

4 33164.805 5.4 33164.805 8.3 33164.805 0.4 33164.805 4.4

5 11419.039 2.6 11419.039 7.9 11419.039 0.2 11419.039 3.9

84† 1 39081.19 45.2 39081.19 56.5

2 40802.7 23.1 40802.7 20.8

3 42718.0 11.4 42718.0 8.6

4 21679.11 9.2 21679.11 7.0

5 16831.61 2.6 16831.61 1.8

85‡

86† 1 54620.35 57.7 54620.35 79.1

2 55989.03 34.9 55989.03 19.9

3 66244.97 0.8 66244.97 0.1

4 66707.53 0.7 66707.53 0.1

5 67906.52 0.5 67906.52 0.1

87† 1 0.0 94.7 0.0 59.6 0.0 99.8 0.0 96.4

2 12237.409 1 16229.87 3.1 12237.409 0.1 16229.87 1.4

3 13923.998 0.6 16429.64 2.8 13923.998 0.0 16429.64 1.3

4 16229.87 0.4 19739.98 2.6 16229.87 0.0 19739.98 0.9

5 16429.64 0.3 30936.325 0.5 16429.64 0.0 27118.21 0

88‡

89 1 9217.28 20.6 9217.28 47.2

2 9863.59 18.7 9863.59 23.3

3 10000.0 18.2 10000.0 19.8

4 10906.02 14.3 10906.02 6.6

5 12078.07 9.5 12078.07 1.8
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D.2 Table: Relative atomic populations following neu-

tralization with Na

Table D.2: Atomic population distribution simulation results for neutralisation of an ion
beam of elements A=1-90 by free Na atoms. Atomic data sourced from the NIST atomic
database[113]. Only the 5 most populous states are listed in this table. † - insufficient
transition data was available for these elements. ? - these light elements are outside
of the intermediate velocity region at 40 keV. The columns for 0 cm and 120 cm flight
distance give respectively the initial populations after charge exchange at 0 cm and the
final populations after a further 120 cm of atom flight at the corresponding beam energy.

A++Na→A(k)+Na+

40 keV 5 keV

A+ Initial (0.0 cm) Final (120.0 cm) Initial (0.0 cm) Final (120.0 cm)

(Z) # Level (cm−1) % Level (cm−1) % Level (cm−1) % Level (cm−1) %

1? 1 107965.04916 1 0.0 41.5 82258.91911 4.4 0.0 60.8

2 107965.04971 1 82258.9544 1.8 82258.9544 4.4 82258.9544 4.9

3 107965.05487 1 107440.43933 1 82259.158 4.4 107440.4385 0.8

4 107965.05488 1 108324.72418 1 82259.285 4.4 107440.43933 0.8

5 107965.05677 1 108324.72416 1 97492.2112 1.8 107965.04916 0.7

2? 1 166277.44014 1.2 159855.97433 52.9 159855.97433 16.4 159855.97433 75.8

2 169086.76647 1.2 0.0 9.1 166277.44014 10.4 0.0 7

3 169086.8429 1.2 193921.61495 0.7 169086.76647 7.5 166277.44014 4.3

4 169087.83081 1.2 193921.61772 0.7 169086.8429 7.5 193921.61495 0.3

5 159855.97433 1.2 193921.62024 0.7 169087.83081 7.5 193921.61772 0.3

3? 1 0.0 4.4 0.0 52.5 0.0 53.2 0.0 90.2

2 14903.66 4.1 42003.3 0.7 14903.66 12.5 42003.3 0.2

3 14904.0 4.1 42298.0 0.7 14904.0 12.5 42298.0 0.1

4 27206.12 2.4 42389.0 0.7 27206.12 1.4 42389.0 0.1

5 30925.38 1.8 42389.0 0.7 30925.38 0.7 42389.0 0.1

4 1 42565.35 4.2 21978.28 64.2 42565.35 26.8 21978.28 44.8

2 21981.27 3.1 21978.925 15.5 21981.27 15.0 21978.925 21.6

3 21978.925 3.1 0.0 6.3 21978.925 15.0 21981.27 18.2

4 21978.28 3.1 21981.27 5.9 21978.28 15.0 0.0 13

5 52080.94 2.9 56882.43 1.6 52080.94 3.3 56882.43 0.8

5 1 28647.43 7 0.0 37.1 28647.43 30.6 28647.43 30.6

2 28652.07 7 15.287 14.4 28652.07 30.6 28652.07 30.5

3 28658.4 7 28647.43 6.9 28658.4 30.5 28658.4 30.5

4 40039.6907 5.2 28652.07 6.9 40039.6907 2.6 0.0 5.7

5 47856.809 3.2 28658.4 6.9 15.287 0.5 15.287 1.3

Continued on next page



328 APPENDIX D. CHARGE-EXCHANGE CALCULATION RESULT TABLES

A++Na→A(k)+Na+

40 keV 5 keV

A+ Initial (0.0 cm) Final (120.0 cm) Initial (0.0 cm) Final (120.0 cm)

(Z) # Level (cm−1) % Level (cm−1) % Level (cm−1) % Level (cm−1) %

6 1 60333.43 2.2 16.4 36.7 60333.43 11.7 16.4 48.3

2 60352.63 2.1 0.0 21.1 60352.63 11.7 0.0 29.2

3 60393.14 2.1 43.4 13.4 60393.14 11.6 43.4 9.2

4 61981.82 2 10192.63 6 61981.82 7.9 10192.63 5.6

5 64086.92 1.8 33735.2 0.8 33735.2 4.9 33735.2 2.6

7 1 83284.07 2.4 0.0 54.7 83284.07 16.2 0.0 82.8

2 83317.83 2.4 19224.464 8 83317.83 16.0 19224.464 6.1

3 83364.62 2.4 19233.177 5.1 83364.62 15.8 19233.177 5.6

4 86137.35 2.2 28838.92 1.1 86137.35 7.5 28838.92 0.2

5 86220.51 2.2 106868.635 1 86220.51 7.3 106868.635 0.2

8 1 73768.2 6.1 73768.2 46.8 73768.2 54.6 73768.2 72.3

2 76794.978 5.5 0.0 19.9 76794.978 23.1 0.0 21.8

3 86625.757 2.7 158.265 4.1 86625.757 1.5 158.265 1.1

4 86627.778 2.7 102865.655 0.9 86627.778 1.5 102865.655 0.1

5 86631.454 2.7 226.977 0.7 86631.454 1.5 105441.645 0.1

9 1 102405.71 6 102405.71 19.1 102405.71 23.4 102405.71 29.8

2 102680.44 6 102680.44 16 102680.44 22.0 102680.44 27

3 102840.38 6 102840.38 10.8 102840.38 21.2 102840.38 24.9

4 104731.05 5.7 104731.05 7.8 104731.05 12.8 104731.05 8.2

5 105056.28 5.6 105056.28 5.1 105056.28 11.7 105056.28 6.9

10 1 134041.84 6.6 0.0 25.2 134041.84 26.4 0.0 44.9

2 134459.2871 6.6 134041.84 22.1 134459.2871 24.9 134041.84 33.4

3 134818.6405 6.6 134818.6405 7.1 134818.6405 23.5 134818.6405 18.6

4 135888.7173 6.5 158601.1152 2 135888.7173 18.9 158601.1152 0.1

5 148257.7898 2.7 159379.9935 0.8 148257.7898 0.5 159379.9935 0.1

11 1 0.0 26.4 0.0 72.9 0.0 95.5 0.0 98.8

2 16956.17025 8.4 37059.54 0.5 16956.17025 0.8 37059.54 0

3 16973.36619 8.4 38400.9 0.4 16973.36619 0.8 38400.9 0

4 25739.999 2.5 38400.904 0.4 25739.999 0.1 38400.904 0

5 29172.837 1.5 38401.147 0.4 29172.837 0.1 38401.147 0

12 1 21850.405 13.4 21870.464 27.8 21850.405 32.6 21850.405 33.3

2 21870.464 13.4 21850.405 26 21870.464 32.5 21870.464 33

3 21911.178 13.4 21911.178 22 21911.178 32.3 21911.178 32.7

4 35051.264 5.3 0.0 6.3 35051.264 0.5 0.0 0.4

5 0.0 2.9 46403.065 2.3 0.0 0.2 46403.065 0.1

13 1 112.061 18.4 0.0 41.5 112.061 46.9 0.0 48.6
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A++Na→A(k)+Na+

40 keV 5 keV

A+ Initial (0.0 cm) Final (120.0 cm) Initial (0.0 cm) Final (120.0 cm)

(Z) # Level (cm−1) % Level (cm−1) % Level (cm−1) % Level (cm−1) %

2 0.0 18.3 112.061 30.3 0.0 45.1 112.061 48

3 25347.756 5.8 29020.41 3.5 25347.756 1.2 29020.41 0.6

4 29020.41 3.5 29066.96 3.5 29020.41 0.6 29066.96 0.5

5 29066.96 3.5 29142.78 3.4 29066.96 0.5 29142.78 0.5

14 1 33326.053 8.5 77.115 27.9 15394.37 32.8 33326.053 25

2 15394.37 7.6 0.0 22.6 33326.053 27.6 77.115 24.4

3 39683.163 4.2 223.157 8.3 39683.163 3.5 0.0 18.3

4 39760.285 4.2 6298.85 5.3 39760.285 3.4 15394.37 7.6

5 39955.053 4 33326.053 5.2 39955.053 3.2 223.157 5.7

15 1 55939.421 4.2 0.0 30 55939.421 9.9 0.0 50.6

2 56090.626 4.1 11361.02 6.5 56090.626 9.5 11361.02 8.4

3 56339.656 4 65788.455 1.9 56339.656 8.7 65788.455 1.4

4 57876.574 3.3 65585.13 1.9 57876.574 5.5 65585.13 1.4

5 58174.366 3.2 65450.125 1.9 58174.366 5.1 65450.125 1.4

16 1 52623.64 10.8 0.0 38.5 52623.64 36.5 0.0 47.6

2 55330.811 7.8 52623.64 32.1 55330.811 14.9 52623.64 31.7

3 22179.954 3.5 63446.065 13.6 22179.954 4.3 63446.065 8

4 63446.065 2.6 396.055 6.9 63446.065 1.9 396.055 8

5 63457.142 2.6 573.64 2.6 63457.142 1.9 573.64 1.3

17 1 71958.363 7.7 0.0 42.4 71958.363 22.5 0.0 67.2

2 72488.568 7.3 71958.363 12.2 72488.568 18.3 882.3515 17.1

3 72827.038 7 882.3515 12.1 72827.038 16.1 71958.363 6.1

4 74225.846 5.9 87979.49 1.1 74225.846 9.7 87979.49 0.4

5 74865.667 5.4 88080.042 1.1 74865.667 7.8 88080.042 0.4

18 1 93143.76 11.3 0.0 29.3 93143.76 30.0 93143.76 40.8

2 93750.5978 10.5 93143.76 28.6 93750.5978 22.9 0.0 36.6

3 94553.6652 9.5 94553.6652 9.6 94553.6652 16.1 94553.6652 12.8

4 95399.8276 8.5 112750.153 1.1 95399.8276 11.4 112750.153 0.3

5 104102.099 2.1 113716.555 0.9 104102.099 0.8 113716.555 0.3

19 1 0.0 36.5 0.0 65.5 0.0 87.8 0.0 94

2 12985.18572 5.4 30617.31 0.4 12985.18572 1.2 30617.31 0.1

3 13042.89603 5.4 30617.31 0.4 13042.89603 1.1 30617.31 0.1

4 21026.551 1.5 33910.42 0.3 21026.551 0.3 33910.42 0

5 21534.68 1.4 33910.42 0.3 21534.68 0.3 33910.42 0

20 1 15157.901 10.3 15210.063 14.9 15157.901 21.2 15157.901 25.8

2 15210.063 10.2 15157.901 14.4 15210.063 20.7 15210.063 24.8
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A++Na→A(k)+Na+

40 keV 5 keV

A+ Initial (0.0 cm) Final (120.0 cm) Initial (0.0 cm) Final (120.0 cm)

(Z) # Level (cm−1) % Level (cm−1) % Level (cm−1) % Level (cm−1) %

3 15315.943 10.1 15315.943 14 15315.943 19.7 15315.943 23.9

4 0.0 8.7 20335.36 9.3 0.0 18.7 0.0 8.5

5 20335.36 5.1 20349.26 8.3 20335.36 2.7 20335.36 4

21 1 11677.38 3.3 0.0 12.3 11519.99 11.8 11519.99 13.9

2 11610.28 3.3 168.34 10.6 11557.69 11.8 11557.69 13.9

3 11557.69 3.3 11519.99 6.2 11610.28 11.8 11610.28 13.9

4 11519.99 3.3 11557.69 5.7 11677.38 11.8 11677.38 13.9

5 14926.07 3 11610.28 5.6 14926.07 4.6 0.0 8.5

22 1 14105.634 1.4 0.0 6 13981.773 5.3 15877.081 5.4

2 14028.436 1.4 386.874 5.2 14028.436 5.3 16106.076 4.9

3 13981.773 1.4 170.1328 4.9 14105.634 5.2 15975.631 4.7

4 15108.111 1.4 6598.765 4.3 15108.111 4.3 15108.111 4.2

5 15156.802 1.4 6742.756 3.8 15156.802 4.3 15156.802 4.2

23 1 13801.54 1.3 2153.21 6.2 13801.54 4.7 14909.97 4.1

2 13810.94 1.3 2220.11 5.6 13810.94 4.7 14949.37 4

3 14514.76 1.3 2311.36 4.9 14514.76 3.9 15000.94 3.9

4 14548.81 1.3 2112.28 4.3 14548.81 3.9 15062.96 3.9

5 14909.97 1.3 2424.78 4.2 11100.59 3.4 2220.11 3.4

24 1 8307.5753 2.8 0.0 11.5 8307.5753 11.1 8307.5753 11.4

2 8095.1842 2.8 7593.1484 6.6 8095.1842 10.0 8095.1842 10.4

3 7927.441 2.7 7810.7795 4.2 7927.441 9.2 7927.441 9.6

4 7810.7795 2.7 7927.441 4.2 7810.7795 8.7 7593.1484 9.4

5 7750.7465 2.7 8095.1842 4.1 7750.7465 8.5 7810.7795 9.1

25 1 18705.37 4.3 0.0 13.6 18531.64 11.9 18705.37 14.6

2 18531.64 4.3 18402.46 6.8 18705.37 11.8 18402.46 13.8

3 18402.46 4.3 18705.37 6.6 18402.46 11.8 18531.64 13.5

4 17637.15 4.2 18531.64 6.4 17637.15 10.7 17637.15 9.9

5 17568.48 4.2 17451.52 5.6 17568.48 10.5 17568.48 9.8

26 1 22650.416 1.3 0.0 8 22249.429 3.2 22650.416 5.4

2 22838.323 1.3 415.933 6.2 22650.416 3.2 23270.384 5

3 22845.869 1.3 704.007 5.8 21999.13 3.2 0.0 4.4

4 22946.816 1.3 888.132 4.7 22838.323 3.1 23244.838 4.3

5 22996.674 1.3 19350.891 2.4 22845.869 3.1 23192.5 4.1

27 1 22475.36 2 0.0 7.7 21920.09 6.4 23611.78 9.1

2 23152.57 2 816.0 5.9 22475.36 6.4 23855.62 8.3

3 21920.09 2 1406.84 4.7 21780.47 6.4 24326.11 6.8
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D.2. TABLE: RELATIVE ATOMIC POPULATIONS FOLLOWING NEUTRALIZATION WITH NA331

A++Na→A(k)+Na+

40 keV 5 keV

A+ Initial (0.0 cm) Final (120.0 cm) Initial (0.0 cm) Final (120.0 cm)

(Z) # Level (cm−1) % Level (cm−1) % Level (cm−1) % Level (cm−1) %

4 23184.23 2 1809.33 3.6 21215.9 5.8 24733.28 5.6

5 23207.76 2 23611.78 3.6 23152.57 5.7 25041.16 4.7

28 1 22102.325 4.5 204.787 16 22102.325 32.6 22102.325 16.5

2 16017.306 3.5 0.0 13.7 16017.306 10.3 0.0 11.5

3 15734.001 3.4 879.816 12.1 15734.001 8.8 16017.306 9.3

4 15609.844 3.4 1713.087 6.6 15609.844 8.2 25753.553 9

5 25753.553 3.3 1332.164 5 14728.84 5.1 204.787 8.7

29 1 13245.443 18.8 0.0 39.9 13245.443 41.7 13245.443 41.8

2 30535.324 14 13245.443 19.2 11202.618 17.8 0.0 31.7

3 11202.618 13.5 11202.618 16.7 30535.324 14.3 11202.618 18.9

4 30783.697 13.4 39018.69 2.7 30783.697 12.9 39018.69 1

5 39018.69 2.7 40909.16 1.9 39018.69 1.0 40909.16 0.7

30 1 32890.352 27.1 32890.352 29.4 32890.352 37.8 32890.352 37.9

2 32501.421 26.4 32501.421 28.7 32501.421 32.2 32501.421 32.3

3 32311.35 26.1 32311.35 28.4 32311.35 29.5 32311.35 29.6

4 46745.413 5.5 46745.413 2 46745.413 0.2 46745.413 0.1

5 53672.28 1.4 53672.28 1.5 53672.28 0.0 53672.28 0

31 1 826.19 39.7 826.19 41.6 826.19 58.0 826.19 58.2

2 0.0 34.7 0.0 40.2 0.0 37.8 0.0 38.8

3 24788.53 3.9 33044.05 0.8 24788.53 0.7 33044.05 0.1

4 33044.05 0.8 33155.07 0.8 33044.05 0.1 33155.07 0.1

5 33155.07 0.8 37975.768 0.4 33155.07 0.1 37975.768 0.1

32 1 16367.3332 39.9 557.1341 28.3 16367.3332 83.5 16367.3332 42.6

2 7125.2989 7.3 0.0 18.6 7125.2989 2.4 557.1341 17.8

3 37451.6893 6 16367.3332 8.8 37451.6893 1.7 0.0 12

4 37702.3054 5.7 1409.9609 7.5 37702.3054 1.6 1409.9609 4.6

5 39117.9021 4.1 7125.2989 4.9 39117.9021 1.1 7125.2989 3.7

33 1 50693.8 12.2 50693.8 16.1 50693.8 14.1 50693.8 18.4

2 51610.2 9.8 51610.2 13 51610.2 10.7 51610.2 13.9

3 52897.9 7.3 52897.9 9.6 52897.9 7.4 52897.9 9.7

4 53135.6 6.9 55366.4 5.5 53135.6 7.0 55366.4 5.2

5 54605.3 4.9 53135.6 4.6 18647.5 5.0 53135.6 4.6

34† 1 48182.19 24.1 48182.19 33.4

2 50996.931 12.2 22446.202 13.7

3 22446.202 11.9 50996.931 12.6

4 59242.798 1.9 59242.798 1.6
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A++Na→A(k)+Na+

40 keV 5 keV

A+ Initial (0.0 cm) Final (120.0 cm) Initial (0.0 cm) Final (120.0 cm)

(Z) # Level (cm−1) % Level (cm−1) % Level (cm−1) % Level (cm−1) %

5 59287.818 1.9 59287.818 1.5

35 1 63436.45 19.7 63436.45 23.8 63436.45 30.6 63436.45 35.4

2 64907.19 13.9 64907.19 16.8 64907.19 17.0 64907.19 19.7

3 66883.87 8.6 66883.87 10.4 66883.87 8.5 66883.87 9.8

4 67183.58 8 67183.58 4.8 67183.58 7.7 67183.58 4.4

5 68970.21 5.2 68970.21 3.1 68970.21 4.4 68970.21 2.6

36 1 79971.7417 23.5 79971.7417 30.2 79971.7417 36.6 79971.7417 42.6

2 80916.768 18.8 80916.768 22.6 80916.768 23.7 80916.768 26.3

3 85191.6166 6.6 85191.6166 5.5 85191.6166 5.1 85191.6166 4.1

4 85846.7046 5.6 85846.7046 5.1 85846.7046 4.3 85846.7046 3.6

5 91168.515 1.6 91168.515 1.5 91168.515 1.2 91168.515 1

37 1 0.0 58.5 0.0 63.3 0.0 79.6 0.0 82.3

2 12578.95 3 12816.545 3.2 12578.95 1.6 12816.545 1.6

3 12816.545 2.9 19355.203 0.9 12816.545 1.5 19355.203 0.5

4 19355.203 0.9 19355.649 0.9 19355.203 0.5 19355.649 0.5

5 19355.649 0.9 20132.51 0.8 19355.649 0.5 20132.51 0.4

38 1 0.0 33.9 0.0 20.1 0.0 82.4 0.0 66.7

2 14317.507 11.6 14317.507 17.3 14317.507 3.9 14317.507 9.3

3 14504.334 11.1 14898.545 14.4 14504.334 3.6 14898.545 7.1

4 14898.545 10.1 14504.334 13.5 14898.545 3.1 14504.334 4.9

5 18159.04 4.5 18159.04 7.8 18159.04 1.0 18159.04 2.9

39 1 10529.169 6.1 0.0 6.7 10529.169 20.5 10529.169 20.5

2 10937.39 5.9 10937.39 6.2 10937.39 15.9 10937.39 16

3 11078.614 5.8 10529.169 6.1 11078.614 14.5 11078.614 14.5

4 11277.928 5.7 11078.614 5.9 11277.928 12.7 11277.928 12.7

5 11359.757 5.6 11277.928 5.9 11359.757 12.0 11359.757 12

40† 1 12342.37 2.2 11956.33 7.7

2 12503.44 2.2 12342.37 7.6

3 11956.33 2.2 12503.44 7.5

4 12760.66 2.2 11640.72 7.4

5 12772.78 2.2 12760.66 7.0

41† 1 13404.77 1.7 13145.71 4.7

2 13145.71 1.7 13012.2 4.7

3 13515.2 1.7 12982.38 4.7

4 13629.15 1.7 13404.77 4.6

5 13012.2 1.7 12692.12 4.6
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D.2. TABLE: RELATIVE ATOMIC POPULATIONS FOLLOWING NEUTRALIZATION WITH NA333

A++Na→A(k)+Na+

40 keV 5 keV

A+ Initial (0.0 cm) Final (120.0 cm) Initial (0.0 cm) Final (120.0 cm)

(Z) # Level (cm−1) % Level (cm−1) % Level (cm−1) % Level (cm−1) %

42 1 16641.081 3.3 0.0 5.2 16641.081 12.8 16641.081 13.1

2 16692.905 3.3 16692.905 3.9 16692.905 12.5 16692.905 12.9

3 16747.72 3.3 16747.72 3.9 16747.72 12.2 16747.72 12.6

4 16783.856 3.3 16641.081 3.9 16783.856 12.1 16783.856 12.4

5 16784.522 3.3 16783.856 3.9 16784.522 12.1 16784.522 12.4

43 1 16287.79 2.4 16428.71 4.7 16025.15 6.1 16428.71 10.4

2 16133.98 2.4 16874.51 4.7 16133.98 6.1 16874.51 9.1

3 16025.15 2.4 17522.92 4.6 15770.42 6.1 17522.92 6.6

4 16415.64 2.4 0.0 4.5 16287.79 6.0 16025.15 5.4

5 16428.71 2.4 16287.79 2.4 15624.25 5.9 16133.98 5.4

44 1 17096.87 2.8 0.0 3.5 17096.87 12.6 17096.87 18.6

2 17045.97 2.8 17096.87 3.2 17045.97 12.3 16240.13 12

3 16712.58 2.8 16240.13 3 16712.58 10.6 16712.58 11.2

4 16240.13 2.7 15550.16 2.8 16240.13 8.1 16190.61 8.3

5 20055.71 2.7 1190.64 2.6 16190.61 7.8 15550.16 7.6

45 1 16943.5 6.9 16943.5 11.3 16943.5 26.4 16943.5 36.7

2 16120.72 6.3 16118.69 10.3 16120.72 15.0 16118.69 20.8

3 16118.69 6.3 0.0 9.4 16118.69 15.0 16120.72 10.4

4 16017.94 6.2 14787.87 8.4 16017.94 13.9 16017.94 9.6

5 14787.87 5.2 12723.07 5.7 14787.87 5.7 14787.87 7.9

46 1 25101.235 20.3 25101.235 25.2 25101.235 62.9 25101.235 63.6

2 28213.767 18.3 28213.767 22.7 28213.767 27.0 28213.767 27.3

3 29711.109 14.7 29711.109 18.2 29711.109 7.5 29711.109 7.5

4 34068.977 5.5 6564.148 8.4 34068.977 0.5 6564.148 0.4

5 35041.751 4.3 34068.977 3.7 35041.751 0.3 34068.977 0.3

47 1 29552.05741 29.6 0.0 59.1 29552.05741 34.8 0.0 62.9

2 30242.29835 24.7 30242.29835 24.7 30242.29835 26.2 30242.29835 26.2

3 30472.66516 23.2 34714.22643 7.9 30472.66516 23.9 34714.22643 5.7

4 34714.22643 7.9 42556.147 1.5 34714.22643 5.7 42556.147 0.9

5 0.0 4.3 51886.965 0.3 0.0 2.9 51886.965 0.2

48 1 31826.952 31.8 31826.952 32.7 30656.087 36.4 0.0 36.3

2 30656.087 31.7 30113.99 32 31826.952 33.6 31826.952 33.7

3 30113.99 30.8 0.0 28.5 30113.99 29.9 30113.99 29.9

4 43692.384 2.4 30656.087 5.1 43692.384 0.0 30656.087 0.2

5 51483.98 0.4 58390.9 0.1 51483.98 0.0 53310.101 0

49 1 2212.599 56.8 2212.599 57.1 2212.599 83.3 2212.599 83.4
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A++Na→A(k)+Na+

40 keV 5 keV

A+ Initial (0.0 cm) Final (120.0 cm) Initial (0.0 cm) Final (120.0 cm)

(Z) # Level (cm−1) % Level (cm−1) % Level (cm−1) % Level (cm−1) %

2 0.0 36.9 0.0 38.3 0.0 16.2 0.0 16.3

3 24372.957 1 31816.982 0.2 24372.957 0.1 31816.982 0

4 31816.982 0.2 32115.251 0.2 31816.982 0.0 32115.251 0

5 32115.251 0.2 34977.678 0.2 32115.251 0.0 34977.678 0

50 1 17162.499 67.5 17162.499 26.1 17162.499 99.1 17162.499 95.4

2 8612.955 12.4 1691.806 15.7 8612.955 0.4 8612.955 1.3

3 3427.673 3.5 8612.955 14.5 3427.673 0.1 1691.806 0.9

4 1691.806 2.4 3427.673 13.9 1691.806 0.1 3427.673 0.8

5 0.0 1.7 0.0 11.4 0.0 0.0 0.0 0.7

51 1 18464.202 35.9 18464.202 29.5 18464.202 46.4 18464.202 39.9

2 16395.359 21.2 0.0 19.1 16395.359 21.6 16395.359 18.5

3 43249.337 6.3 16395.359 17.5 43249.337 5.0 0.0 15.7

4 9854.018 4.8 9854.018 5.5 9854.018 3.8 9854.018 4.5

5 8512.125 3.6 8512.125 5.4 8512.125 2.9 8512.125 4.5

52 1 23198.392 50.3 0.0 30.8 23198.392 69.4 23198.392 37.2

2 44253.0 11 23198.392 21 44253.0 7.5 0.0 26.8

3 46652.738 5.7 54160.094 2.2 46652.738 3.6 54160.094 1.7

4 10557.877 2.7 54199.122 2.1 10557.877 1.7 54199.122 1.7

5 4750.712 1.1 54535.345 2 4750.712 0.7 54535.345 1.6

53 1 54633.46 20.8 0.0 36.2 54633.46 24.5 0.0 41.2

2 56092.881 13.6 7602.97 5 56092.881 14.8 7602.97 5

3 60896.243 3.8 63186.758 2.4 60896.243 3.8 63186.758 2.4

4 61819.779 3.1 64906.29 1.7 61819.779 3.1 64906.29 1.7

5 63186.758 2.3 64989.994 1.6 63186.758 2.3 64989.994 1.6

54 1 67067.547 24.3 67067.547 27.9 67067.547 27.5 67067.547 31.2

2 68045.156 18.2 0.0 23.4 68045.156 19.3 0.0 24.3

3 76196.767 2.2 76196.767 1.8 76196.767 2.2 76196.767 1.8

4 77185.041 1.8 78403.061 1.7 77185.041 1.8 78403.061 1.6

5 77269.145 1.8 78119.798 1.6 77269.145 1.7 78119.798 1.5

55 1 0.0 56.8 0.0 68.1 0.0 62.1 0.0 72.8

2 11178.26816 3.3 18535.5286 0.9 11178.26816 2.9 18535.5286 0.8

3 11732.3071 2.9 22588.821 0.5 11732.3071 2.6 22588.821 0.4

4 14499.2568 1.7 22631.6863 0.5 14499.2568 1.6 22631.6863 0.4

5 14596.84232 1.7 24317.1494 0.4 14596.84232 1.5 24317.1494 0.3

56 1 0.0 48.8 0.0 27 0.0 98.3 0.0 95.5

2 9033.966 9.1 9033.966 15.7 9033.966 0.4 9033.966 1.2
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A++Na→A(k)+Na+

40 keV 5 keV

A+ Initial (0.0 cm) Final (120.0 cm) Initial (0.0 cm) Final (120.0 cm)

(Z) # Level (cm−1) % Level (cm−1) % Level (cm−1) % Level (cm−1) %

3 9215.501 8.6 9215.501 14.8 9215.501 0.3 9215.501 1.1

4 9596.533 7.7 9596.533 12.8 9596.533 0.3 9596.533 0.9

5 11395.35 4.5 12266.024 5.8 11395.35 0.1 12266.024 0.3

57† 1 3494.526 7.2 3494.526 22.8

2 4121.572 7.1 3010.002 20.7

3 3010.002 7.1 4121.572 20.4

4 2668.188 6.9 2668.188 17.8

5 1053.164 5.7 1053.164 5.3

58† 1 3312.24 1.2 3210.583 4.2

2 3210.583 1.2 3196.607 4.2

3 3196.607 1.2 3312.24 4.1

4 3100.151 1.2 3100.151 4.1

5 3710.513 1.2 3710.513 3.9

59† 1 2846.75 3.6 2846.75 25.3

2 1376.6 3.3 1376.6 14.9

3 4381.1 3.3 4381.1 11.5

4 4432.22 3.3 4432.22 11.0

5 4866.54 3.1 4866.54 7.6

60 1 3681.696 3.8 3681.696 3.3 3681.696 28.7 3681.696 28

2 2366.597 3.7 2366.597 3.2 2366.597 26.3 2366.597 25.6

3 5048.602 3.4 5048.602 2.9 5048.602 11.5 5048.602 11.2

4 1128.056 3.3 1128.056 2.8 1128.056 10.9 1128.056 10.6

5 0.0 2.7 0.0 2.5 0.0 4.2 0.0 4.1

61† 1 3919.03 9 3919.03 22.6

2 2797.1 8.7 2797.1 19.1

3 5089.79 8.4 5089.79 11.9

4 5249.48 8.3 5249.48 10.5

5 5460.5 8.1 1748.78 9.2

62 1 4020.66 7.1 4020.66 7.1 4020.66 37.9 4020.66 37.8

2 3125.46 6.8 3125.46 6.7 3125.46 27.7 3125.46 27.6

3 2273.09 6.1 2273.09 6.1 2273.09 14.5 2273.09 14.5

4 1489.55 5.4 1489.55 5.4 1489.55 7.2 1489.55 7.2

5 811.92 4.7 811.92 4.7 811.92 3.9 811.92 3.9

63 1 0.0 19.1 0.0 46.4 0.0 60.7 0.0 82.2

2 12923.72 5.6 15137.72 4.7 12923.72 3.4 15137.72 1.7

3 13048.9 5.4 15248.76 4.6 13048.9 3.2 15248.76 1.7
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A++Na→A(k)+Na+

40 keV 5 keV

A+ Initial (0.0 cm) Final (120.0 cm) Initial (0.0 cm) Final (120.0 cm)

(Z) # Level (cm−1) % Level (cm−1) % Level (cm−1) % Level (cm−1) %

4 13222.04 5.1 15421.25 4.5 13222.04 2.9 15421.25 1.6

5 13457.21 4.8 15680.28 4 13457.21 2.7 15680.28 1.4

64 1 8498.434 2.8 10222.233 4 7947.294 9.3 7653.927 13.8

2 7947.294 2.8 10359.905 3.9 8498.434 9.1 7562.457 13.3

3 7653.927 2.8 10576.41 3.8 7653.927 8.6 7426.71 12.5

4 7562.457 2.8 10883.505 3.6 7562.457 8.3 7234.91 11.2

5 7480.348 2.8 7653.927 3.6 7480.348 8.0 6976.508 9.4

65† 1 5829.86 2.2 5829.86 6.0

2 6259.09 2.1 5483.98 5.7

3 6351.75 2.1 6259.09 5.6

4 6488.28 2.1 5425.06 5.6

5 5483.98 2.1 6351.75 5.5

66 1 7050.603 8.5 7050.603 9.3 7050.603 35.2 7050.603 35.5

2 7565.61 8.2 7565.61 9 7565.61 25.9 7565.61 26.2

3 8519.21 7.3 8519.21 8.1 8519.21 11.5 8519.21 11.6

4 4134.222 6.7 4134.222 7.8 4134.222 9.1 4134.222 9.2

5 9211.591 6.5 9211.591 7.1 9211.591 6.0 9211.591 6

67 1 8605.16 22.6 8605.16 24.5 8605.16 49.2 8605.16 49.6

2 5419.7 21.3 5419.7 23 5419.7 40.5 5419.7 40.8

3 10695.75 15.2 10695.75 16.5 10695.75 7.0 10695.75 7

4 13094.42 7.5 0.0 6.7 13094.42 1.1 0.0 0.7

5 0.0 5.3 13094.42 4.4 0.0 0.6 13094.42 0.6

68 1 6958.329 18.7 6958.329 20.9 6958.329 69.7 6958.329 74.3

2 10750.982 14 10750.982 15.6 5035.193 13.0 10750.982 11.6

3 5035.193 13.9 5035.193 9.8 10750.982 10.9 5035.193 8.8

4 12377.534 9.2 12377.534 6.5 12377.534 2.5 12377.534 1.7

5 13097.906 7.4 13097.906 5.2 13097.906 1.4 13097.906 1

69 1 8771.243 63.7 8771.243 60.7 8771.243 99.1 8771.243 99

2 0.0 8.9 0.0 10.5 0.0 0.3 0.0 0.3

3 20406.84 2.5 22419.764 2.2 20406.84 0.1 22419.764 0

4 21799.38 1.6 22559.502 2.1 21799.38 0.0 22559.502 0

5 22419.764 1.3 20406.84 2.1 22419.764 0.0 20406.84 0

70 1 17288.439 26.7 0.0 36.3 17288.439 28.6 0.0 37.3

2 0.0 23.2 17288.439 33 0.0 25.5 17288.439 35.8

3 17992.007 20.9 19710.388 14.2 17992.007 20.6 19710.388 12.9

4 19710.388 11.5 24489.102 3.2 19710.388 10.3 24489.102 2.9

Continued on next page



D.2. TABLE: RELATIVE ATOMIC POPULATIONS FOLLOWING NEUTRALIZATION WITH NA337

A++Na→A(k)+Na+

40 keV 5 keV

A+ Initial (0.0 cm) Final (120.0 cm) Initial (0.0 cm) Final (120.0 cm)

(Z) # Level (cm−1) % Level (cm−1) % Level (cm−1) % Level (cm−1) %

5 24489.102 2.6 24751.948 3 24489.102 2.3 24751.948 2.7

71 1 1993.92 31.1 1993.92 31.6 1993.92 63.4 1993.92 63.4

2 4136.13 27.5 4136.13 27.6 4136.13 21.9 4136.13 21.9

3 0.0 24.2 0.0 25.7 0.0 13.6 0.0 13.6

4 7476.39 11.7 7476.39 11.7 7476.39 1.0 7476.39 1

5 17427.28 0.4 18851.31 0.3 17427.28 0.0 18851.31 0

72 1 14017.83 6.9 14092.28 9.3 14017.83 19.6 14092.28 22.9

2 14092.28 6.9 14740.68 8.9 14092.28 19.1 14017.83 17.7

3 14435.13 6.8 15673.33 7.8 14435.13 15.9 14740.68 15.3

4 14541.68 6.7 14017.83 7 14541.68 14.8 14435.13 14.3

5 14740.68 6.6 14435.13 6.8 14740.68 12.7 14541.68 13.3

73 1 19657.78 2.7 0.0 6.3 19657.78 10.2 0.0 12.8

2 19178.45 2.7 20646.54 3.7 19178.45 10.1 19657.78 12.1

3 20340.39 2.6 21153.33 3.5 20340.39 7.5 20646.54 9.9

4 20560.26 2.6 21622.92 3.2 18504.72 7.2 19178.45 8.4

5 18504.72 2.5 23355.41 3.2 20560.26 6.4 21153.33 6.2

74 1 22476.68 2.6 2951.29 8.9 22476.68 8.5 1670.29 19.4

2 21453.9 2.6 1670.29 8.6 21453.9 8.4 0.0 10.2

3 21448.76 2.6 0.0 6.4 21448.76 8.3 22476.68 9.4

4 22773.78 2.6 4830.0 4.8 22773.78 7.3 23047.31 9.3

5 22852.8 2.6 23047.31 4.3 22852.8 6.9 22773.78 8.1

75† 1 21775.4 4.9 21775.4 17.0

2 22160.04 4.9 22160.04 15.7

3 22422.83 4.8 22422.83 13.9

4 23154.81 4.5 20481.73 9.0

5 20481.73 4.5 20447.8 8.8

76† 1 25601.55 3.8 25601.55 10.8

2 25593.94 3.8 25593.94 10.7

3 27954.32 3.8 27954.32 8.2

4 28139.52 3.7 25275.42 8.1

5 25275.42 3.7 28139.52 6.8

77 1 30529.66 6 0.0 27.7 30529.66 32.3 30529.66 29.7

2 32463.58 5.5 7106.61 8.5 32463.58 13.0 7106.61 16.1

3 32513.43 5.4 5784.62 8.2 32513.43 12.4 0.0 15.5

4 32830.78 5.1 32830.78 7 32830.78 8.9 5784.62 12.4

5 33064.83 4.9 2834.98 6.5 33064.83 7.0 32830.78 11.5
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A++Na→A(k)+Na+

40 keV 5 keV

A+ Initial (0.0 cm) Final (120.0 cm) Initial (0.0 cm) Final (120.0 cm)

(Z) # Level (cm−1) % Level (cm−1) % Level (cm−1) % Level (cm−1) %

78† 1 30157.0 31.3 30157.0 93.2

2 26638.6 14.9 26638.6 3.4

3 36296.4 10 36296.4 1.1

4 36781.6 8.5 36781.6 0.7

5 38536.2 4.6 38536.2 0.3

79 1 37358.991 51.5 0.0 65.4 37358.991 80.6 0.0 87.3

2 41174.613 13.8 42163.53 9.8 41174.613 6.6 42163.53 4.1

3 42163.53 9.8 21435.191 5.5 42163.53 4.1 21435.191 2.2

4 21435.191 5.5 45537.195 3.3 21435.191 2.2 45537.195 1.1

5 45537.195 3.3 46174.979 2.7 45537.195 1.1 46174.979 0.9

80 1 44042.909 47.6 44042.909 48.7 44042.909 85.9 44042.909 86

2 39412.237 29.9 0.0 31.4 39412.237 11.3 0.0 11.4

3 37644.982 17.6 37644.982 18.5 37644.982 2.6 37644.982 2.6

4 54068.6829 2.1 71336.005 0 54068.6829 0.1 71336.005 0

5 62350.325 0.2 70932.2 0 62350.325 0.0 76466.936 0

81 1 7792.7 86.3 7792.7 86.4 7792.7 99.7 7792.7 99.7

2 0.0 12 0.0 12.6 0.0 0.3 0.0 0.3

3 26477.5 0.5 34159.9 0.1 26477.5 0.0 34159.9 0

4 34159.9 0.1 35161.1 0.1 34159.9 0.0 35161.1 0

5 35161.1 0.1 41368.1 0 35161.1 0.0 46949.9 0

82 1 45443.171 6.2 10650.3271 11.4 45443.171 5.9 10650.3271 10.6

2 46060.8364 5.6 7819.2626 5.7 46060.8364 5.3 7819.2626 5.6

3 46068.4385 5.6 0.0 5.6 46068.4385 5.3 0.0 5.3

4 46328.6668 5.3 52101.66 2.1 46328.6668 5.1 52101.66 2.1

5 52101.66 2.1 52311.315 2.1 52101.66 2.1 52311.315 2.1

83 1 15437.501 52.6 15437.501 52.9 15437.501 90.2 15437.501 90.2

2 21660.914 28 21660.914 28.1 21660.914 7.2 21660.914 7.2

3 11419.039 16.4 11419.039 16.6 11419.039 2.5 11419.039 2.5

4 32588.221 0.8 0.0 0.9 32588.221 0.0 0.0 0.1

5 0.0 0.7 33164.805 0.7 0.0 0.0 33164.805 0

84† 1 21679.11 70.9 21679.11 89.9

2 16831.61 14.8 16831.61 5.8

3 39081.19 4.9 39081.19 1.5

4 40802.7 3 40802.7 0.9

5 42718.0 1.8 42718.0 0.5

85‡
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A++Na→A(k)+Na+

40 keV 5 keV

A+ Initial (0.0 cm) Final (120.0 cm) Initial (0.0 cm) Final (120.0 cm)

(Z) # Level (cm−1) % Level (cm−1) % Level (cm−1) % Level (cm−1) %

86† 1 54620.35 45.5 54620.35 49.2

2 55989.03 28 55989.03 27.6

3 66244.97 1.8 66244.97 1.6

4 66707.53 1.6 66707.53 1.4

5 67906.52 1.3 67906.52 1.1

87 1 0.0 78.4 0.0 88.7 0.0 83.1 0.0 91.7

2 12237.409 2.4 16229.87 1.4 12237.409 1.9 16229.87 1.2

3 13923.998 1.7 16429.64 1.3 13923.998 1.3 16429.64 1.1

4 16229.87 1.1 19739.98 0.9 16229.87 0.9 19739.98 0.9

5 16429.64 1.1 30936.325 0.1 16429.64 0.8 30936.325 0.1

88‡

89 1 2231.43 43.2 2231.43 80.4

2 0.0 34 0.0 18.8

3 9217.28 5.5 9217.28 0.2

4 9863.59 4.3 9863.59 0.1

5 10000.0 4 10000.0 0.1
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D.3 Table: Total neutralisation cross-sections

Table D.3: Total cross-sections σCE for neutralisation of an ion beam of elementsA = 1-90
by free K or Na atoms. Atomic data sourced from the NIST atomic database [113] ‡ -
insufficient level data was available to provide reliable values for these elements.

Total cross-section σCE (cm2)

A++K→A+K+ A++Na→A+Na+

A+(Z) 40 keV 5 keV 40 keV 5 keV

1 3.7e-13 1.1e-13 3.0e-13 7.0e-14
2 4.0e-13 5.6e-14 2.8e-13 3.1e-14
3 1.2e-13 1.5e-14 7.6e-14 9.8e-15
4 1.3e-13 1.2e-14 8.8e-14 7.5e-15
5 8.9e-14 2.0e-14 6.1e-14 1.6e-14
6 2.7e-13 3.0e-14 1.7e-13 8.4e-15
7 2.8e-13 4.8e-14 1.7e-13 1.2e-14
8 1.2e-13 1.7e-14 7.1e-14 5.3e-15
9 1.3e-13 3.8e-14 7.3e-14 2.0e-14
10 1.2e-13 2.0e-14 6.8e-14 2.3e-14
11 2.8e-14 2.6e-15 1.7e-14 7.1e-15
12 5.2e-14 9.8e-15 3.5e-14 1.9e-14
13 2.8e-14 9.3e-16 1.9e-14 2.8e-15
14 7.3e-14 8.0e-15 4.0e-14 1.7e-15
15 1.1e-13 5.7e-15 5.2e-14 1.0e-15
16 5.2e-14 4.6e-15 2.6e-14 6.3e-16
17 8.9e-14 1.9e-14 4.2e-14 1.7e-15
18 6.3e-14 2.4e-14 3.1e-14 1.6e-15
19 2.0e-14 9.0e-15 1.1e-14 9.1e-16
20 6.5e-14 2.8e-14 3.4e-14 2.5e-15
21 2.7e-13 1.9e-13 1.6e-13 6.5e-14
22 6.2e-13 2.9e-13 3.7e-13 1.4e-13
23 6.7e-13 3.5e-13 4.1e-13 1.5e-13
24 3.4e-13 9.8e-14 1.4e-13 1.2e-14
25 2.2e-13 1.2e-13 1.3e-13 6.7e-14
26 6.3e-13 2.5e-13 4.5e-13 2.5e-13
27 4.3e-13 1.9e-13 2.9e-13 1.2e-13
28 2.6e-13 1.3e-13 1.3e-13 1.6e-14
29 2.8e-14 5.0e-15 1.5e-14 6.2e-16
30 1.8e-14 1.1e-15 2.1e-14 1.6e-14
31 6.4e-15 1.3e-16 8.2e-15 7.6e-16
32 1.3e-14 3.1e-16 8.2e-15 5.3e-16
33 1.8e-14 6.5e-16 5.8e-15 1.1e-16
34 1.2e-14 1.1e-15 4.5e-15 1.1e-16
35 2.6e-14 3.6e-15 7.5e-15 2.1e-16
36 2.5e-14 6.9e-15 7.9e-15 2.1e-16
37 1.0e-14 6.8e-15 3.7e-15 1.3e-16
38 3.0e-14 4.3e-15 1.2e-14 9.6e-16
39 2.2e-13 1.6e-13 9.5e-14 2.2e-14
40 5.0e-13 2.5e-13 2.8e-13 1.1e-13
41 5.7e-13 2.7e-13 3.6e-13 1.8e-13
42 4.1e-13 1.6e-13 1.9e-13 5.7e-14
43 4.0e-13 2.1e-13 2.6e-13 1.4e-13
44 3.6e-13 1.4e-13 2.2e-13 5.7e-14
45 1.2e-13 4.1e-14 8.3e-14 1.7e-14

Total cross-section σCE (cm2)

A++K→A+K+ A++Na→A+Na+

A+(Z) 40 keV 5 keV 40 keV 5 keV

46 7.3e-14 1.5e-14 3.1e-14 1.2e-14
47 1.7e-14 2.5e-15 3.7e-15 8.7e-17
48 1.1e-14 5.9e-16 2.0e-14 2.3e-14
49 2.9e-15 6.2e-17 8.4e-15 1.9e-15
50 5.7e-15 1.5e-16 9.2e-15 7.8e-15
51 3.6e-15 8.0e-17 2.8e-15 7.0e-17
52 5.3e-15 1.6e-16 2.8e-15 8.6e-17
53 8.7e-15 3.6e-16 2.2e-15 4.1e-17
54 1.1e-14 6.7e-16 2.5e-15 4.5e-17
55 6.1e-15 7.3e-16 1.3e-15 2.4e-17
56 3.8e-14 8.6e-15 1.3e-14 8.1e-15
57 2.0e-13 7.4e-14 9.2e-14 3.9e-14
58 1.4e-12 5.3e-13 5.6e-13 2.2e-13
59 6.3e-13 2.8e-13 1.9e-13 3.5e-14
60 7.3e-13 2.7e-13 1.7e-13 2.8e-14
61 7.9e-14 1.0e-14 7.5e-14 3.9e-14
62 3.6e-13 6.5e-14 9.6e-14 2.4e-14
63 9.1e-14 1.2e-14 1.9e-14 6.2e-16
64 6.4e-13 2.6e-13 2.4e-13 9.6e-14
65 4.5e-13 2.6e-13 3.1e-13 1.5e-13
66 2.4e-13 9.5e-14 7.8e-14 2.3e-14
67 6.9e-14 1.9e-14 2.7e-14 8.9e-15
68 8.8e-14 1.1e-14 3.4e-14 9.8e-15
69 2.0e-14 4.8e-16 1.1e-14 8.8e-15
70 1.9e-14 4.6e-15 3.2e-15 6.8e-17
71 1.7e-14 5.7e-15 2.1e-14 1.4e-14
72 2.0e-13 7.5e-14 9.7e-14 4.4e-14
73 4.5e-13 2.5e-13 2.5e-13 9.0e-14
74 4.4e-13 2.5e-13 2.6e-13 9.9e-14
75 2.4e-13 1.4e-13 1.4e-13 5.5e-14
76 2.1e-13 6.0e-14 1.7e-13 5.5e-14
77 2.5e-13 1.1e-13 1.1e-13 2.7e-14
78 6.8e-14 2.8e-14 2.2e-14 8.2e-15
79 2.6e-14 6.2e-15 6.1e-15 2.6e-16
80 6.8e-15 2.7e-16 1.4e-14 5.4e-15
81 2.0e-15 5.4e-17 8.2e-15 9.5e-15
82 2.3e-16 1.9e-18 1.1e-16 3.7e-19
83 8.6e-15 2.0e-15 1.1e-14 2.7e-15
84 3.4e-15 7.0e-17 3.7e-15 1.7e-16
85‡

86 8.7e-15 8.3e-16 9.5e-16 1.4e-17
87 6.6e-15 1.6e-15 7.2e-16 1.2e-17
88‡

89 3.9e-14 1.6e-14 1.6e-14 1.1e-14
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