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Abstract
The 229 Th nucleus possesses an exceptionally low-lying isomeric state of
about 8 eV, about four orders of magnitude lower than common nuclear excitation energies. This state is coupled to the ground state by a magnetic
dipole transition with an estimated linewidth of less than 1 mHz. It has been
proposed to use this unique transition as a reference for a new type of optical
clock. Such a nuclear clock is expected to be highly immune to perturbations
from external electromagnetic elds, as well as a sensitive probe for temporal
variations of fundamental constants.
A non-destructive optical detection method for the isomeric state is a key
feature in the ongoing experimental search for the direct excitation of the nucleus, as well as the future clock operation. The realization of such a detection
scheme based on hyperne spectroscopy is the main focus of this thesis. To
this end, the hyperne structures of several electronic transitions in 229 Th+ and

229 Th2+ are investigated. Their splitting constants, as well as their isotope shift
with respect to 232 Th are measured using laser spectroscopy. Measurements
are also performed on thorium ions produced by the α decay of 233 U, where
2 % of the thorium ions are in the isomeric state. This led to the rst optical
detection of the isomer via hyperne spectroscopy and to the measurement of
its nuclear magnetic dipole moment µ = −0.37(6) µN , its electric quadrupole
moment Qs = 1.74(6) eb, as well as the increase in mean squared charge radius

compared to the nuclear ground state δhr2 i229m,229 = 0.0107(16) fm2 . Based on
these values, a rst experimental estimation on the sensitivity of the nuclear
transition to temporal variations of the ne structure constant α is given.

In a further experiment, the excitation of the isomeric state in 229 Th2+ via

electronic bridge processes is investigated. Selected electronic states of 229 Th2+

are addressed in a two-step excitation scheme to search for a coupling to the
nuclear transition in the energy range from 7.14 eV to 10.46 eV. Since no
excitation has been observed so far, limits on the detectable excitation rate
are given.

Thorium, Th-229, nuclear clock, hyperne spectroscopy, electronic bridge
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Chapter 1
Introduction
Precise clocks are essential in a wide range of daily applications, e.g., in global
navigation satellite systems (GNSS) or in high-speed network synchronization,
with the best available timekeepers being atomic clocks [1]. They are also employed in fundamental research, like the search for dark matter [2], tests of the
local Lorentz invariance [3] and tests of the temporal variation of fundamental
constants [4].
Atomic clocks are based on the principle of coupling an electromagnetic
oscillator (e.g., microwave generator or laser) to a transition frequency of a
certain chemical element [1]. The success of this concept is visible in the fact,
that the current denition of the second, the SI unit of time, is based on
the ground-state hyperne transition frequency of the caesium-133 atom [5].
An improvement in clock performance can therefore be expected to benet
fundamental science, as well as industrial applications.
Two of the main characteristics of a clock are its accuracy and its stability.
A visualization of this properties is given in Fig. 1.1. The accuracy determines
how well the natural frequency f0 of the transition is realized over a long
averaging period. It can be described by the relative shift δf /f0 from the
transition and the relative uncertainty u/f0 of the shift. Usually the relative
uncertainty is the determining value when comparing clock performance, since
the absolute shift can be taken into account in the evaluation. Current optical
atomic clocks based on optical transitions in trapped ions or atoms (e.g., Yb+ ,
Al+ , In+ , Sr, Yb) can reach fractional uncertainties below 10−18 [6].

The stability of a clock is inuenced by several factors which cause the mea1

2
sured frequency to uctuate over time, which is usually characterized by the
Allan deviation σy (τ ) [1]. A fundamental limitation of the stability of optical
clocks is the so called quantum projection noise, arising from the quantum
uctuation in the state detection. This inuence on the stability can be re√
duced by investigating a larger ensemble of particles, since σy ∝ 1/ N , with

N being the number of atoms or ions that are investigated. Among the most
stable clocks are currently strontium lattice clocks with a reported fractional
instability of 4.8 · 10−17 τ −1/2 [7].

a)
f

b)
f

c)
f

d)
f

f0

f0

f0

f0

time

time

time

time

Figure 1.1: Schematic representation of dierent clock performances.
a) stable and accurate, b) accurate but not stable, c) stable but not accurate,
d) neither stable nor accurate.

1.1

229 Th

nuclear clock

In 2003, a new type of optical clock based on a magnetic dipole transition
inside the nucleus 229 Th between its ground state and its rst excited state

has been proposed [8]. The excited state, denoted 229m Th, lies at an energy of

8.28(17) eV [9] and is the lowest of all known long-lived nuclear excited states,

called isomers. This transition of 229 Th is currently the only viable candidate
for a 'nuclear clock', since its wavelength of 150(3) nm can be produced with
current laser technology.

The second lowest isomer, 235m U, has an excitation energy of about 76.7 eV

[10] with a corresponding wavelength of 16 nm. However, its expected radiative
lifetime of about 1015 years and its large internal conversion factor on the order
of 1020 [11] make it unsuitable as a clock transition.

In the case of a bare 229 Th nucleus, the nuclear transition is expected to have

a linewidth of < 1 mHz [12]. It is also expected to be less sensitive to external
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perturbations, like frequency shifts caused by electromagnetic elds, compared
to atomic clock transitions, due to the signicantly smaller size of the nucleus
compared to an atom. It has been shown for the 229 Th3+ ion, that inuences
from external elds on the nuclear transition can be strongly suppressed by
choosing specic electronic states, so called stretched states [13]. The resulting
relative inaccuracy for a single ion clock was estimated as 1.5 · 10−19 .
A unique feature of nuclear transitions is, that they can be investigated
while the atom is bound in a solid state. This gives the chance to build a solid
state nuclear clock based on ≈ 1014 nuclei doped inside a transparent crystal
(see, e.g., Refs. [14; 15]). Although the accuracy of such a clock is limited
by the inuence of the crystal lattice environment, it is expected to reach a
stability of 10−17 τ −1/2 . It could therefore serve as a secondary standard when
calibrated with respect to a primary clock.

A clock based on the 229 Th nuclear transition has also been proposed as a

highly sensitive system with respect to temporal variations of the ne-structure
constant α = e2 /4π0 h̄c and the strong interaction parameter mq /ΛQCD [16].
This proposal is based on the model, that the small energy dierence between
ground state and isomer is the result of a near cancellation of the change
in Coulomb energy and the change in nuclear energy linked to the strong
interaction. Both contributions are expected to be in the keV to MeV energy
range, but with opposite signs. The sensitivity to a change in α arises from the
ratio of the change in Coulomb energy to the isomer excitation energy, which
is about ve orders of magnitude.

1.2

229m Th

history

Although the existence of this low energy nuclear transition in 229 Th has been
assumed for several decades, the corresponding optical clock has not been realized yet. The main hindrances are the challenges related to the measurement
of a nuclear transition energy with sucient precision. The following section

gives a short overview of central research advances concerning 229 Th with regards to its isomeric state. A more comprehensive review of theoretical and
experimental investigations can be found in Ref. [17].

The rst indication of a nuclear level with very low energy in 229 Th was
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given in 1976 by Kroger and Reich [18]. Analyzing the γ -spectrum of 229 Th

after its production via α decay of 233 U, they identied that the bandhead

of the K π = 3/2+ rotational band (see Ch. 2) must lie within 100 eV of the
ground state to satisfy the observed level structure. Further independent support for the existence of this low-lying state came from the investigation of

230 Th(d,t)229 Th reactions in 1990 [19].

A rst energy measurement was published in the same year by Reich and
Helmer, based on the energy dierence of γ -ray transitions ending up in the
nuclear ground state and the low-lying isomer. The γ -photons were measured with an intrinsic germanium detector and the energy dierence between the two states was given as ∆E = −1(4) eV [20], which was updated
to ∆E = 3.5(1.0) eV in 1994 by the same group [21].
In 2007, an analysis of the γ -photons emitted by 229 Th with higher resolution was published [12]. In this study the authors used a microcalorimeter
spectrometer to determine the energies of the photons emitted from selected
intraband and interband transitions (see Fig. 1.2). The energy of the low-lying
isomer has been determined as 7.6(5) eV by calculating the dierence of these
energies. This value was updated by the same group to 7.8(5) eV in 2009 [22].
Results of an experiment for the direct optical excitation of the isomer were

published in 2015 [23]. The authors exposed a 229 Th-doped LiSrAlF6 crystal to

tunable synchrotron radiation and measured the resulting uorescence. However, they reported no evidence of the nuclear excitation for the energy range
from 7.3 eV to 8.8 eV and isomer lifetime of (1 − 2) s < τ < (2000 − 5600) s.
A rst direct observation of the decay of the isomeric state was reported by
the thorium group at the Ludwig-Maximilians-Universität München (LMU) in
2016 [24]. In this experiment, 229 Th was also produced via α decay of 233 U. Of
all produced thorium nuclei via this process, 2 % end up in the isomeric state.
Using a buer-gas stopping cell and a radio frequency (rf) quadrupole mass
separator, a monoisotopic beam of 229 Th ions with charge states up to 3+ was
formed and subsequently deposited on a microchannel plate (MCP). On the
MCP the ions neutralized, which opens the internal conversion decay channel
for the isomer, since the ionization potential of neutral thorium (E = 6.3 eV,
Ref. [25]) is below the isomer energy. The isomer excitation energy is therefore
transferred to the outermost electron, which is ejected from the atom. These
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Partial level structure of the 229 Th nucleus. The three
lowest levels of the two rotational bands 5/2+ [633] and 3/2+ [631] of 229 Th are
Figure 1.2:

shown, labeled by their nuclear momentum I , parity π and excitation energy
[12]. Intraband and interband transitions are depicted as green and red arrows,
respectively.

electrons were then detected using the MCP, a phosphor screen and a CCD
camera.
In 2017, a collaboration of the thorium group at the Physikalisch-Technische
Bundesanstalt (PTB), the group at LMU and the group for super heavy elements at the Johannes Gutenberg-Universität Mainz (JGU) performed the
rst measurement of the nuclear magnetic dipole and the electric quadrupole
moment, as well as the mean squared charge radius of the isomer [26]. These
values were obtained via hyperne spectroscopy of isomeric 229 Th2+ ions. This

experiment is a central part of this thesis and will be discussed in Ch. 5 and
Ch. 6.
Recently, the LMU group reported an improved value for the isomer energy [9]. Using a modied version of their experimental apparatus which is
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introduced above, they measured the excess energy of the electron which is
emitted after internal conversion. To this end, the ions were neutralized in
ight by passing through a graphene foil and the energy of the subsequently
emitted electrons was measured with a magnetic bottle spectrometer to deduce an isomer excitation energy of 8.28(17) eV. This result was most recently
supported by the determination of the isomer energy as E = 8.30(92) eV from

γ -spectroscopy of the decay of the 5/2+ [631] level (see Fig. 1.2) in Ref. [27].
This experiment beneted from the precise determination of the branching
ratio from this level to ground state and isomer, as well as the energy of the

5/2+ [633] → 5/2+ [631] transition in Ref. [28].
However, the current uncertainty of the isomer excitation energy is still
about 17 orders of magnitude larger than the expected natural linewidth. Optical excitation of the isomeric state is expected to signicantly improve its
energy determination. For this reason, various excitation schemes are currently pursued by several experimental groups (see, e.g., Ref. [29]). Two of
these schemes are presented in Ch. 7 and Ch. 8.

1.3 This thesis
The structure and main aspects of this thesis are outlined hereafter by a short
description of each chapter:
- Chapter 2 gives an overview of the theoretical models used throughout

the thesis to describe nuclear and atomic properties of 229 Th. A short introduction to selected nuclear models is followed by a description of the interaction
between nucleus and electrons in the form of hyperne splitting and the isotope shift. The energy transfer between nucleus and electron shell is discussed
with a focus on the electronic bridge mechanism.
- Chapter 3 introduces the experimental apparatus used to perform hyper-

ne spectroscopy on Th+ and Th2+ ions and to search for optical excitation of

the nucleus. It consists of two dierent ion traps, one at PTB and one at LMU,
as well as the employed laser excitation and detection system. For the system
at PTB, the production and long-term storage of Th2+ ions are discussed.

- Chapter 4 describes hyperne spectroscopy experiments performed on

Th+ ions, which are aimed at identifying an isomeric signal using ions loaded
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from a 233 U recoil source. These experiments include the investigation of the

hyperne structure (HFS) of the 49960 cm-1 level via two-step excitation, following up on previous experiments [30; 31].

- In Chapter 5, selected optical electronic transitions of Th2+ are investi-

gated. In particular, the isotope shift between 229 Th2+ and 232 Th2+ , as well as

the hyperne structure of these lines in 229 Th2+ are measured. Doppler-free

hyperne spectroscopy is also performed on isomeric 229m Th ions, conducted
in cooperation with LMU and JGU.
- Chapter 6 gives the evaluation of the isomer HFS to deduce the underlying nuclear moments and the mean squared charge radius. These values are
then used to make estimates on the performance of a future 229 Th nuclear

clock and its sensitivity to temporal variations of the ne structure constant

α.
- Chapter 7 discusses an experiment aimed at the optical excitation of

the nucleus in 229 Th2+ ions via electronic bridge processes [32; 33]. Hyperne spectroscopy is employed in this experiment as a nuclear state detection
scheme.
- Chapter 8 presents a summary of the main results of this thesis, as well
as planned steps for the future. This includes an experiment for direct optical
excitation of the isomer based on a four-wave mixing laser system.
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Chapter 2
Nuclear and atomic theory
This chapter provides a short introduction to the theoretical background used
throughout this thesis. The rst two parts are a brief overview of nuclear
models leading up to the Nilsson model, which is usually used to describe
strongly deformed nuclei and their excitation states, such as 229 Th and 229m Th,
and their treatments of nuclear moments. This overview is based on Ref. [34].
The third part introduces the interaction between the electron shell and the
nucleus, resulting in the hyperne structure of spectroscopic lines and the
isotope shift. This part is based on Refs. [35; 36]. The fourth section discusses
the energy transfer between the nucleus and the electron shell, in particular
via the electronic bridge process.

2.1 Nuclear models
So far, no complete treatment of the atomic nucleus in the framework of quantum chromodynamics is available. Nuclear models are therefore adjusted to
incorporate specic nuclear properties. In the nuclear shell model, the nucleons
are treated as independent non-interacting particles inside a mean potential.
This model is derived analogously to the electronic states of an atom, where
the Coulomb potential acting on the electrons is replaced by a mean potential
arising from the attractive force between the nucleons. This potential has to
account for the nuclear radius, which has been experimentally observed to be
well dened. A suitable potential, which also incorporates continuity, is the
9

10
Woods-Saxon potential:



V (r) = −V0 1 + e

r−R
a

−1

.

(2.1)

V0 is the potential depth, R is the nuclear radius and a represents the surface
thickness. This potential, which lies between a box potential and a harmonic
oscillator (see Fig. 2.1), agrees well with the measured density distribution of
the nucleons. This model already describes discrete excitations of the nucleus,
which are not present in more simplied models, like the droplet model.

0

r
box potential

V(r)

harm.
oscillator

-V0

Woods-Saxon

R

4.4 a

Figure 2.1: Comparison of nuclear model potentials. The Woods-Saxon
potential can be viewed as a compromise between a box potential and a harmonic oscillator to describe the nuclear potential. It incorporates the nuclear
radius R, as well as the surface thickness a. The gure is adapted from Ref. [34].

A characteristic feature of nuclear structure are the so called magic numbers
of protons and neutrons, at which the separation energy to remove one nucleon
exhibits a large step. This phenomenon arises from the closure of a neutron
or proton shell. To incorporate this eect into the model, one has to take into
account the spin-orbit coupling of the nucleons. This is achieved by adding an
energy term that is dependent on the scalar product of angular momentum ~l
and spin ~s of the nucleon:

Vi = V (r) + Vls (r)(~l · ~s).

(2.2)
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The expectation value of ~l·~s can be derived from the square of the total angular
momentum ~j = ~l + ~s:

1
3
1
h~l · ~si = [hj 2 i − hl2 i − hs2 i] = [j(j + 1) − l(l + 1) − ].
2
2
4

(2.3)

The radial function Vls (r) can be assumed constant for a simplied discussion
of the nuclear level structure.
So far, the nuclear model always used a spherically symmetric potential, but
this assumption is only valid in the case of closed shells. In fact, for partially
lled shells experiments show large quadrupole moments which indicate strong
nuclear deformations. A model to describe these deformed nuclei was presented
by Nilsson in 1955 [37]. Instead of using a deformed Woods-Saxon potential,
he used a deformed harmonic oscillator to simplify calculations:

V (~r) =

m 2 2
[ωxy (x + y 2 ) + ωz2 z 2 ],
2

(2.4)

with m being the magnetic quantum number associated to the total angular
momentum ~j . To account for the deviation from the Woods-Saxon potential, a
correction term Dl2 was added. For the contribution of the spin-orbit coupling

Vls (r) = C = const was assumed:
Vi =

m 2 2
[ωxy (x + y 2 ) + ωz2 z 2 ] + C~l · ~s + Dl2 .
2

(2.5)

Taking into account a constant nuclear volume, the two frequencies ωxy and

ωz can be dened as
2
1
ωz = ω0 (1 − δ), ωxy = ω0 (1 + δ),
3
3

(2.6)

employing the deformation parameter δ . The deformation can also be expressed by the Nilsson quadrupole deformation parameter 2 as [38]:

1
5
37 4
2 = δ + δ 2 + δ 3 +
δ + ...,
6
18
216
which is related to the deformation parameter β2 via:
r
∞
16π X 1 n
β2 =
 .
5 n=1 3n 2

(2.7)

(2.8)

The resulting single particle energy levels are characterized by the asymptotic
quantum numbers [N,nz ,lz ], together with the nuclear spin I and the parity.
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N = nx + ny + nz is the main quantum number of the potential, nz and lz are

excitation and angular momentum along the z -axis. In the case of 229 Th, the
nuclear ground state is described as 5/2+ [633] and the isomer as 3/2+ [631].

The Nilsson model only takes into account the quadrupole deformation of

the nucleus, which has been estimated for 229 Th to be β2 ≈ 0.24 [39]. However,

229 Th is predicted to also exhibit an octupole (β3 ≈ 0.115 [39]) and a hexadecapole (β4 ≈ 0.114 [40]) deformation, resulting in a reection-asymmetric
pear-like shape (see Fig. 2.2). These higher multipolarity deformations need

to be accounted for in model approaches to describe the 229 Th nucleus, e.g.,
in order to predict the radiative transition probability between isomeric and
nuclear ground state [39].

6
4
2
0 IP
2
4
6
6 4
2 0
IP 2 4
6
Figure 2.2: Simulated shape of the

6

4

2
0
2 IP

4

6

229 Th nucleus.

The shape is based

on the theoretically predicted deformation parameters β2 , β3 and β4 presented
in Refs. [39; 40] and the experimentally determined nuclear radius given in
Ref. [41].

Deformed nuclei can also show collective excitations in the form of rotations.
The Hamilton operator in this case is a combination of inner excitations Hi
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and a rotational term Hrot :

H = Hi + Hrot = Hi +

X R2
i
,
2θ
i
i=x,y,z

(2.9)

~ being the angular momentum of the rotation and θi being the eective
with R
moments of inertia with respect to the three axes x, y and z , with z being
the symmetry axis of the nucleus. Since rotations around the z -axis would be
~ is therefore
indistinguishable, the expectation value of θz is zero. The vector R
orthogonal to the z-axis, because excitation energies for rotations around the
z-axis are innitely high. Furthermore, θx = θy = θ follows from the axial
symmetry of the nucleus. The total angular momentum I~ of the nucleus is
the sum of the angular momentum of the valence nucleon ~j and the angular
~ of the rotation, I~ = ~j + R
~. R
~ can therefore be expressed as
momentum R
~ = I~ − ~j . The rotational term is then given by:
R

Hrot = (1/2θ)[Ix2 + Iy2 + jx2 + jy2 − 2(Ix jx + Iy jy )].

(2.10)

The term (1/2θ)(jx2 + jy2 ) does not dependent on the rotation and can therefore
be combined with Hi to H 0 . When including I 2 + I 2 = I~2 − I 2 , Eq. 2.9 can be
i

x

y

z

expressed as:

1 ~2
1
(I − Iz2 ) + (Ix jx + Iy jy ).
(2.11)
2θ
θ
When neglecting the last term, which is analogous to the classical Coriolis
H = Hi0 +

interaction and expected to be small, the energy values of the rotation can be
given as:

h̄2
[I(I + 1) − K 2 ],
(2.12)
2θ
with K = jz being the projection of ~j along the z-axis. Eq. 2.12 describes
therefore a so called rotational band of excitations for each value of ~j with
Erot =

I = K, K + 1, K + 2, ... (K 6= 0).

(2.13)

The case I = K is called the bandhead of the rotational band.

2.2 Nuclear moments
Assuming a bare nucleus, the transition between the nuclear ground state and
the low-lying isomeric state in 229 Th is a magnetic dipole transition (M1). The
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nuclear magnetic moments of the two states are therefore of central interest,
since they are directly coupled to the transition rate B(M1) [42].
To estimate the magnetic moment of a nucleus one can start with the model
developed by Schmidt in 1937 [43]. Following the observation that all nuclei
with an even number of protons and an even number of neutrons have a spin
of 0, the model assumes that for nuclei with an odd nucleon number the spin
and magnetic moment only arise from the unpaired valence nucleon. The
nuclear spin I~ is therefore equal to the total angular momentum of this nucleon

I~ = ~j = ~l + ~s, resulting in I = l ± 1/2. The magnetic moment µ
~ can then be
calculated as follows:

~ + gs (~s · I))
~ I.
~
µ
~ = gµN I~ = (µN /|I|2 )(gl (~l · I)

(2.14)

µN is the nuclear magneton and the g-factors are gs = −3.8263 and gl = 0 in
case of a valence neutron, as it is the case for 229 Th. The absolute value of the
magnetic moment can therefore be calculated as:

µ=

gs (I(I + 1) + (3/4) − l(l + 1))
IµN ,
2I(I + 1)

resulting in µ = −1.913 µN in the case of I = l + 1/2 and µ = 1.913 ·

(2.15)
I
I+1

µN

for I = l − 1/2. These results are also called Schmidt-lines (see Fig. 2.3).
This model only takes into account the valence nucleon, neglecting inuences from the remaining nucleus. The results have therefore to be regarded
more as limiting cases rather than realistic predictions. Using the more suited
Nilsson model and taking into account Coriolis mixing, theoretical predictions
for the magnetic moments of the two lowest nuclear states of 229 Th were derived
in Ref. [44]. The magnetic moment is calculated in this case as:

µ = gR K + (gK − gR )K 2 /(I + 1).

(2.16)

The values for the rotational gyromagnetic ratio gR = 0.309(16) and the internal gyromagnetic ratio gK = 0.128(17) of the nuclear ground state 5/2+ [633]
were taken from Ref. [45]. The value gK − gR = −0.58(9) for the isomeric state

3/2+ [631] was measured in Ref. [18] and gK ≈ −0.29 was estimated based on
Ref. [46]. For both states K is equal to I because they are the bandheads of
their respective rotational band. The resulting predictions are µgr = 0.45 µN
for the nuclear ground state and µis ≈ −0.076 µN for the isomeric state.

15

Figure 2.3: Measured nuclear magnetic moments and Schmidt-lines.
Magnetic moments of nuclei with an unpaired neutron are shown. The theoretical predictions of the Schmidt model are visible as the so called Schmidt-lines.

The dipole moments for the nuclear ground state and isomer of 229 Th predicted
in Ref. [44] are shown in red and marked with (*). Experimental values are
shown in blue, taken from Ref. [47] for the nuclear ground state and measured
in this thesis for the isomer. The gure is adapted from Ref. [34].

When the nuclear shape, or rather the charge distribution, diers from a
sphere, the nucleus also exhibits an electric quadrupole moment Q0 . If the
nucleus is described as a homogeneously charged spheroid with the charge Z · e
and the half-axes a and b, the quadrupole moment can be calculated as:


2
4
∆R
4
2
2
2
Q0 = Ze(b − a ) = ZeR̄
= ZeR̄2 · δ,
(2.17)
5
5
5
R̄
with R̄ = (a+b)/2, ∆R = (b−a) and the previously introduced deformation parameter δ . Q0 is also called the intrinsic quadrupole moment, which is dened
in the body-xed reference frame of the nucleus. The observable quadrupole
moment in the laboratory frame is called the spectroscopic quadrupole moment

Qs , which is related to Q0 by [48]:
Qs = Q0 (3K 2 − I(I + 1))/((I + 1)(2I + 3)).
In the case of 229 Th, it follows that Qs =

5
Q
14 0

(2.18)

for the nuclear ground state

16
(I = 5/2) and Qs = 15 Q0 for the isomeric state (I = 3/2), since K = I .

2.3 Nuclear inuence on atomic transitions
If the nuclear moments dier from zero, the resulting electromagnetic elds
interact with the electron shell, which is called hyperne interaction. This
causes a splitting of an electronic level with angular momentum J into 2I + 1
sub-levels if J ≥ I , or into 2J + 1 sub-levels if J < I . These sub-levels are now
described by the total angular momentum F~ = I~ + J~ (see Fig. 2.4). This eect
was rst theoretically interpreted by Pauli in 1924, where he already pointed
out its possible application as a method to investigate the nuclear structure
via atom spectroscopy [49].

J = 5/2, I = 5/2

J = 3/2, I = 5/2

F=5
F=4
F=3
F=2
F=1
F=0

F=1
F=2
F=3
F=4

Figure 2.4: Schematic representation of the hyperne splitting. The
two electronic levels with angular momenta J = 3/2 and J = 5/2 split into
four and six sub-levels respectively, due to their interaction with the nuclear
spin I = 5/2. The resulting hyperne structure of a transition between the
two levels consists therefore of twelve individual transitions.

The energy shift associated with this splitting can be expressed as (see, e.g.,
Refs. [48; 35]):

∆EHF S (JIF ) = A

3
C(C + 1) − I(I + 1)J(J + 1)
C
+B4
,
2
2I(2I − 1)J(2J − 1)

(2.19)
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with C = F (F + 1) − J(J + 1) − I(I + 1). The hyperne constants A and B
represent the coupling to the nuclear moments with:

A=

µH(0)
, B = Qs φJJ (0).
IJ

(2.20)

H(0) is the magnetic eld strength and φJJ the electric eld gradient caused
by the electrons at the place of the nucleus. Only the magnetic dipole moment

µ and the electric quadrupole moment Q of the nucleus are considered, since
the inuences of moments with higher multipolarity are signicantly smaller
[50] and therefore beyond the precision of the experimental setup employed in
this thesis.
Due to the high accuracy that can be achieved in microwave and laser atomic
spectroscopy, it is now a well established method to determine nuclear moments
based on their inuence on atomic levels, called hyperne spectroscopy. In
such experiments, the hyperne constants A and B are usually not known,
but have to be inferred from the measured spectra. To this end, it is necessary
to assign the observed resonances to their corresponding hyperne transitions.
It is therefore benecial to know the expected line strength of the individual
transitions. The strength S of an HFS transition between the states |γJIF i
and |γ 0 J 0 IF 0 i in the case of an electric dipole transition is given by:

(
SHF S = |hγJIF ||P̂ ||γ 0 J 0 IF 0 i|2 = |F, F 0 |

J
F

I F
0

1 J

)2
|hγJ||P̂ ||γ 0 J 0 i|2 ,

0

(2.21)
with |F, F 0 | = (2F + 1)(2F 0 + 1), P̂ being the dipole moment of the atom, γ, γ 0
being all additional quantum numbers needed to describe the states and the

{} expression being the Wigner 6j-symbol. The squared matrix element at the
end represents the total line strength. This term can be neglected in the case
when only the relative intensities of the components are of interest. Dividing
by (2I + 1) gives the normalized expression [51]:

(2F + 1)(2F 0 + 1)
S=
·
2I + 1

(

J

I F

F 0 1 J0

)2
.

(2.22)

A further inuence on the atomic transitions arises from the nite size
and mass of the nucleus, called the isotope shift. Since the nucleus is not a
point-like object, part of the electron wave function extends inside the nuclear
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radius, where the eld is not described by a Coulomb potential anymore. If
the nucleus is assumed to be a homogeneously charged sphere with the radius

rN , the potential inside the nucleus can be modeled as [52]:


3
r2
Ze2
− + 2 , 0 ≤ r ≤ rN .
V (r) =
4π0 rN
2 2rN

(2.23)

The energy shift for the electron wave function ψnlm follows then from the
dierence between nuclear and Coulomb potential:
Z rN
2
4π
2
2
2 Ze
2
∆E ≈ |ψnlm (0)|
(V (r) − VCoul )4πr dr =
|ψnlm (0)|
rN
.
10
4π0
0

(2.24)

This lowers the binding energy of the electrons with increasing nuclear radius,
causing the levels to be shifted upwards. This so called eld shift is typically
the dominant contribution to the overall isotope shift for heavy elements. It
also causes the isomeric shift between dierent states of the same nucleus.
Additional to the eld shift is the eect of the nite mass of the nucleus.
Since the nucleus is not innitely heavy, it moves relative to the center of
mass of the atom. Taking this into account by employing a reduced mass
for the electron yields the so called normal mass shift (NMS). In the case of
hydrogen-like atoms this causes the electronic levels to be shifted further down
with increasing nuclear mass M :

En = −


1 µe e4
me 
1 me e4
M
0
≈
E
1
−
.
=
−
·
n
2 h̄2 n2
2 h̄2 n2 me + M
M

(2.25)

For many-electron systems the coupling between the electrons is an additional
factor, causing the so called specic mass shift (SMS). Since the kinetic energy
of the nucleus is about me /M times smaller compared to the electrons, the
motion of the nucleus can be treated with perturbation theory. The total mass
shift is assumed to be ∆E = hP~ 2 /2M i, with P~ being the nuclear momentum.
Due to momentum conservation, the nuclear momentum has to compensate
P
the electron momenta P~ = − i P~i . The mass shift then follows as:
!
!
me X P~i2
me X P~i · P~k
∆E = ∆En + ∆Es =
+
.
(2.26)
M
2m
M
2m
e
e
i
i6=k

The rst term represents the NMS and the second the SMS. Although the
NMS can be usually neglected for heavy elements (Z > 60), the SMS can
constitute up to a few percent of the isotope shift, making it relevant in high
precision calculations and experiments [53].
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2.4 Energy transfer between nucleus and electron shell
A central goal of the research directed at 229 Th is the driven excitation of the
isomeric state. Apart from the direct coupling of the nucleus to the electromagnetic eld, energy can also be transferred via the electron shell. A well
known process is the nuclear de-excitation via internal conversion (IC) (see,
e.g., Ref. [54]). In this case, the nuclear excitation energy is transferred to a
shell electron via a virtual photon, which then leads to ionization, due to the
fact that most nuclear excitations are several orders of magnitude higher than
the binding energy of the electron. Although this is a higher order process
compared to γ -radiation, it can be the dominant decay channel, eectively
suppressing γ decay.
In Ref. [55], Krutov and Fomenko discuss the de-exitation of the nucleus via
radiation from the electron shell, calling the process 'electronic bridge' (EB).
It has also been referred to as 'bound internal conversion' due to the similarity to IC [56; 57], except that the electron is only intermediately excited, but
not ejected from the shell. The probability of this process therefore depends
strongly on a resonance between the nuclear excitation and the electronic transition. A scheme of the process is shown in Fig. 2.5. The involvement of the
electron shell can also open further decay channels, in the case of the isomer

229m Th the electric quadrupole (E2) transition, which is not present in the
direct optical decay (see, e.g., Ref. [39]).

First experimental observation of the EB mechanism was reported by Kekez
et al.

in 1985 [58], studying the decay of the 30.7 keV isomeric level in

93 Nb. The corresponding excitation scheme was rst theoretically discussed by
Morita in 1973 [59], introduced as 'nuclear excitation by electron transition'

(NEET), and later observed experimentally by Fujioka et al. in 1984 [60].
The term electronic bridge has subsequently also been used to describe the
excitation process.

In the case of the isomer 229m Th, the nuclear excitation energy of 8.28(17) eV

is comparable to electronic transitions (see Fig. 2.6). An enhancement of the
nuclear excitation and de-excitation via the EB mechanism is therefore expected to play an important role, especially for systems with a dense electronic
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structure. A recent experiment indicated that the isomeric lifetime in 229 Th+ ,
a three valence electron system, might be below 10 ms due to a strong EB
decay channel [61].

b)

a)
is

es

is

is

M1/E2
virtual photon

nuclear
ground state

isomeric state

es

is

M1/E2
virtual photon

isomeric state

nuclear
ground state

Figure 2.5: Feynman diagrams of the electronic bridge mechanism.
The state of the electron shell is depicted with a thin line and the nuclear
state as bold. The process of nuclear excitation (a) and de-excitation (b) via
the transition of the electron shell between its initial state (is) and an excited
state (es) is shown. In the case of 229 Th, the nuclear and electronic states are
coupled via a virtual M1 or E2 photon.
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Energy

M1/E2
hyperfine
mixing

2

E = 8.28(17) eV

1

229g

Th

229m

Th

Figure 2.6: Scheme of the electronic bridge mechanism. The electronic
level structure for both nuclear states is shown schematically. Levels in the
isomeric state are treated as shifted by the nuclear excitation energy. The
electron shell in the nuclear ground state is excited via two photons λ1 and λ2
to either a virtual (dashed line) or a real excitation state (solid line). These can
in turn couple to a real or a virtual electronic state of the isomer via hyperne
mixing.
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Chapter 3
Experimental setup
This chapter gives a short overview of the laser excitation and uorescence
detection setup used for hyperne spectroscopy, as well as the ion traps and
loading schemes at PTB and LMU used in this thesis.

3.1 Optical excitation and detection
The spectroscopy of the thorium hyperne structure in the experiments within
this thesis is provided by continuous wave (cw) extended cavity diode lasers
(ECDLs). These lasers are available for a variety of wavelengths and typically
exhibit a linewidth of ≈ 100 kHz (see, e.g., Ref. [62]). To achieve a mode-hop
free scanning range of several gigahertz, which is needed for the experiments,
the laser drive current is changed together with the voltage of a piezo transducer, which controls the tuning of the cavity via a feed forward scheme. The
resulting change in laser output power during the scanning has to be accounted
for when evaluating the recorded spectra. The radiation of the lasers is delivered to the trap by single mode polarization maintaining bers. The specic
lasers and their parameters are introduced in the according chapters.
In the experiments, the successful excitation of an electronic level by a
laser is recorded via detecting the uorescence decay of the excited level using photo multiplier tubes (PMTs). These detectors are available for several
spectral ranges from infrared up to vacuum ultraviolet (VUV) and can provide
high gain, as well as high quantum eciencies [63]. If possible, a decay channel is selected, that diers in wavelength from the excited transition. In this
23
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case an optical narrowband lter can be used in front of the PMT to suppress
background from laser stray light (see, e.g., Fig. 4.3). In the case of a high photon ux the PMT signals are read out using gated integrators (SRS, SR250).
Single photon counting of weak signals is provided by photon counters (SRS,
SR400).

3.2 Ion trap at PTB
Measurements on Th+ and Th2+ ions at PTB are conducted using a radiofrequency linear Paul trap (see Fig. 3.1), which is described in detail in Ref. [64].
This trap consists of four segmented stainless steel rods with a total length of

160 mm, a rod diameter of 8 mm and a diagonal distance between the electrodes
of 7 mm. The rods are segmented into three parts with a central trapping section of 20 mm length. The resonance frequency of the trap is 1.92 MHz and the
rf eld has a typical peak-to-peak voltage of Upp = 1700 V, which corresponds

to a trap depth of about 40 eV for Th+ ions. The end-cap sections are on a

dc potential of +20 V relative to the trapping section to achieve axial connement. The radial secular frequency of the ions is about 270 kHz and the trap
has a capacity to store up to ≈ 106 Th+ ions. It is housed in a stainless steel

vacuum chamber under ultra-high vacuum conditions with a background pressure of 10−8 Pa. A turbomolecular pump evacuates the system continuously
while a non-evaporative getter pump is activated every six months.

3.2.1 Ablation loading
The trap can be loaded with the isotopes 229 Th and 232 Th. The low-lying

isomeric nuclear state only exists in 229 Th, but due to its radioactivity only
an amount of up to 150 ng is permitted in the laboratory at the same time,
which corresponds to an activity of 1 kBq. However, the permitted amount

for the naturally occurring isotope 232 Th is 2.5 g due to its long half life of

≈ 1010 years, making it a good test system when the nuclear properties are
not important. Ions are loaded via laser ablation from samples located between
the lower electrodes of the trap (see Fig. 3.1). Ablation is achieved by using a
Nd:YAG laser emitting 5 ns pulses with an energy of below 1 mJ at 1064 nm.

For the isotope 232 Th, the sample consists of a solid thorium wire. Since 229 Th
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ionization radiation

laser ablation

spectroscopy radiation
spectroscopy radiation
229Th target

Figure 3.1:

Schematic of the PTB ion trap. Th+ ions are loaded via

laser ablation from a dried Th(NO3 )4 solution, deposited on a tungsten wire,
and cooled via an argon buer gas at 0.1 Pa pressure. The trap has a capacity

to store up to 106 Th+ ions. Th2+ ions are produced via resonance enhanced
three-photon ionization. Spectroscopy laser beams are applied along the trap
axis. The gure is adapted from Ref. [26].

has to be produced articially, it is only available in small quantities. Our

229 Th targets for laser ablation are produced by drying droplets of Th(NO3 )4

solution on a tungsten wire, with a thorium amount per target of about 75 ng.
From such a sample the ion trap can be loaded about 100 times per sample

before it has to be replaced [65]. 229 Th and 232 Th are present on the dried
solution target in about equal proportions, causing both isotopes to be loaded
and trapped simultaneously.

3.2.2 Buer-gas system and photodissociation
The level structures of Th+ and Th2+ do not provide fast decaying closed
transitions that could be employed for laser cooling. The ions are therefore
only cooled to room temperature by collisions with an argon buer gas (purity
of 99.99999 %, Ar 7.0) at 0.1 Pa pressure, which also depopulates metastable
states via collisional quenching [30]. The buer gas is applied from a reservoir,
which in turn is lled periodically from the gas bottle with the gas running
through a catalytic noble gas purier (SAES Getters, MC190-902F).
Since the vacuum system still contains small amounts of reactive contaminants after cleaning and baking, the time the ions are available for the experiment is ultimately limited by the formation of molecules with these impurities. However, it was shown that the accumulation of ThX+ molecules can be
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strongly suppressed via photodissociation using radiation with a wavelength
below 289 nm and an intensity above 50 kW/cm2 [66]. To this end, the 4th har-

monic radiation of a Q-switched Nd:YAG laser at 266 nm with a pulse energy
of ≈ 10 µJ is employed. The eective storage time rises in this case from 650 s
to 5 · 105 s.
For a better understanding of the dissociation process, the masses of the

ThX+ molecules present in the trap have been measured in a previous work to
be between 246 and 259 amu, indicating the presence of the molecules ThCH+
2,

ThO+ and ThOH+ [66]. The dissociation process is therefore expected to be
mainly characterized by the bond-dissociation energies DH(ThCH+
2 ) = 4.8 eV
[67] and DH(ThO+ ) = 9.1 eV [68]. The ability to dissociate ThCH+
2 molecules
is tested by switching the 266 nm dissociation laser o and on while using

5 · 10−3 Pa of methane as buer gas with trapped Th+ ions, showing a recovery
of almost the full uorescence signal (see Fig. 3.2). Based on the dierence of
up to 0.5 eV between photon energy and ThCH+
2 bond-dissociation energy in
Ref. [66], it has been concluded that the dissociation has to occur at least in a
two-photon process.
Theoretical estimations for the bond-dissociation energies of the correspond-

2+
ing ThX2+ molecules are DH(ThCH2+
2 ) = 5.6 eV and DH(ThO ) ≥ 7.8 eV

[69; 70]. Irradiating trapped Th2+ ions and their molecular compounds in the
ion trap, using the third harmonic generation (THG) of a pulsed titaniumsapphire (Ti:Sa) laser, does not show any dissociation process for wavelengths

from 280 nm to 250 nm with intensities up to 300 kW/cm2 and down to 236 nm
with intensities of 30 kW/cm2 . It is therefore assumed that the photodissocia-

tion of ThX+ compounds benets from enhancement, possibly due to a higher
level density compared to ThX2+ compounds.

3.2.3 Th2+ production and storage
In the setup at PTB, Th2+ is not directly loaded via laser ablation. To pre-

pare a sample of Th2+ ions, the trap is rst loaded with Th+ ions and then

doubly charged ions are generated via resonant three-photon ionization (see
Fig. 3.3 ). A 402 nm ECDL with an output power of 20 mW, shaped into pulses
with a duration of 90 ns by an acousto-optic modulator, is used to pump the

24874 cm-1 level of Th+ as a rst excitation step.
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Figure 3.2:

Photodissociation of ThX+ compounds in CH4 buer

gas. Th+ ions are initially stored in the trap while applying the 266 nm laser
radiation and using 5 · 10−3 Pa of methane as buer gas. The dissociation
laser is switched o 7 s after the start of the measurement, followed by a rapid
decrease in uorescence signal due to the predominant formation of ThCH+
2
molecules [67]. Switching the 266 nm laser on initiates dissociation of the
molecules, visible as a reappearing uorescence signal. The nal uorescence

signal level is smaller than the initial, possibly due to further reactions to nondissociable molecules with impurities of the buer gas while the 266 nm laser
is switched o.
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The second and third excitation step photons are provided by the THG of
a pulsed Ti:Sa laser (pulse duration of 10 ns, THG peak power of ≈ 1 kW) via

the 63258 cm-1 Th+ state [66]. Both lasers operate at a repetition rate of 1 kHz
and pulses of the Ti:Sa laser and the ECDL are synchronized and overlapped
in time.

402 nm

260 nm

260 nm

a)

97600 cm-1
ionization potential
63258 cm
J = 3/2

b)

Th2+ spectroscopy
beams

-1

ionization
beams

trap
electrodes

24874 cm-1
J = 5/2
0 cm-1
J = 3/2

sample
holder

Figure 3.3: Th2+ production and trapping. a) Th2+ ions are produced

via resonance enhanced three-photon ionization of Th+ . b) Cross-section of

the ion trap, showing schematically (not to scale) the Th2+ ion cloud (dark
blue), which is surrounded by a shell of Th+ ions (light blue). The ionization
laser beams are shifted from the trap center by 1 mm to maximize the overlap
with the Th+ ions, while the laser beams for Th2+ spectroscopy are adjusted
to the trap center.
The larger mass-to-charge ratio of the Th+ ions causes them to be mostly

located in a shell around the Th2+ ions, which are stronger concentrated to

the trap center, since they experience a twice deeper trap potential. The
ionization laser beams are therefore shifted by about 1 mm from the trap center

to maintain overlap with the Th+ cloud also in the presence of Th2+ ions (see
Fig. 3.3). This reduces the initially produced amount of Th2+ when applying

the ionization beams, but enlarges the steady state amount. A stable amount
of > 103 Th2+ ions can be reached, dened by an equilibrium of the ionization
rate and losses due to chemical reactions with impurities in the buer gas.
A cryogenic buer-gas cleaning based on a cold nger is employed to further

extend the storage time of the Th2+ ions. The cold nger is mounted on the
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main vacuum chamber close to the ion trap and is cooled by a continuous ux
of liquid nitrogen (LN2 ), supplied from a 120 liter dewar. Using the cold nger over the course of four months to concentrate impurities for more ecient
pumping increased the storage time of Th+ (without dissociation) and Th2+

from τ (Th+ ) = 650 s and τ (Th2+ ) = 350 s to τ (Th+ ) = 1000 s and τ (Th2+ )

= 600 s. During the operation of the cold nger the storage time of Th+ and
Th2+ ions increases additionally by ≈ 60 % up to 1600 s and 1000 s respec-

tively. Together with the aforementioned continuous ionization from Th+ to
Th2+ , this gives an operational time for one loading of τ (Th2+ ) ≈ 2 · 105 s,
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suitable for 3 days of experiments (see Fig. 3.4).
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Figure 3.4: Long term measurement of Th2+ uorescence. An opera-

tional time for Th2+ of τ ≈ 2·105 s per loading is reached by constantly ionizing

a small amount of trapped Th+ ions and using a liquid nitrogen cold nger for
cryogenic buer-gas cleaning. Molecules with Th+ ions are photodissociated.
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3.3 Ion trap at LMU
Parts of the experiments are also performed at the Maier-Leibnitz-Laboratorium
at LMU. Only a brief introduction will be given here, since the setup has already been described extensively in Refs. [24; 71].
The experimental setup uses thorium ions which are produced by the α

decay of 233 U [72]. The reason for this is, that a fraction of about 2 % of
these thorium nuclei are in the low-lying isomeric state, which is populated via
the γ cascade following the 233 U α decay. The 233 U source was produced via

molecular plating by the group for super heavy elements at JGU in Mainz [73].
It consists of 290 kBq of 233 U, which is deposited onto a titanium-sputtered

silicon wafer over a circular area with a diameter of 90 mm. To allow for on-

axis laser-spectroscopy experiments, the 233 U source has a central hole of 8 mm
diameter [24] (see Fig. 3.5).
rf+dc-funnel
233

U source

spectroscopy radiation
spectroscopy radiation

supersonic
Laval nozzle

Figure 3.5:

Schematic of the LMU ion trap. A 233 U source produces

229 Th ions with a kinetic energy of about 84 keV. The ions are stopped in a
buer-gas cell lled with 3.2 · 103 Pa of helium and directed to a nozzle via an
rf funnel system. The ions are then dragged by the gas through the nozzle
and trapped in a segmented rf quadrupole, acting as a Paul trap. The gure
is adapted from Ref. [26].

Since the thorium ions leave the uranium source with a high kinetic energy
of about 84 keV, they need to be decelerated in order to be trapped. To this
end, the uranium source is housed in a buer-gas stopping cell lled with

3.2 · 103 Pa of helium (purity of 99.9999 %) [74], which is additionally puried
by catalytic purication and an LN2 cryo trap [24; 72]. Highly charged thorium
ions undergo charge exchange with the buer gas during the stopping process,
producing mostly ions in the charge states 2+ and 3+. These ions, together
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with the daughter products of the 233 U decay chain, are guided by an electric
rf+dc-funnel system, consisting of 50 concentric ring electrodes, towards a
Laval extraction nozzle with a throat diameter of 0.6 mm. The Laval nozzle
forms a supersonic gas jet, which drags the ions into a 12-fold segmented rf
quadrupole. This quadrupole is operated as an ion trap by applying dc voltages
to selected segments. The trapping region is continuously evacuated by a turbo
molecular pump, resulting in a He pressure of about 0.1 Pa.

3.3.1 Ion loading
About 105 229 Th α-recoil ions are leaving the 233 U source per second. The
charge states 2+ and 3+ have an extraction eciency of ≈ 5 % and ≈ 10 %,
respectively. The extraction eciency is dened as the ratio of the amount
of ions of a specic charge state which enters the rf quadrupole and the total

amount of ions leaving the recoil source. This means that more than 104 229 Th
ions enter the rf quadrupole per second. The trap is therefore continuously
loaded with 229 Th ions, but only about 103 229 Th2+ ions are actually trapped
due to the selected operating parameters of the trap.
Due to charge exchange, the 229 Th3+ ions are reduced to 229 Th2+ over time.

This is visible in an increase in the Th2+ amount. Depending on the amount
of impurities in the vacuum chamber (the main source for charge exchange)

the maximum number of Th2+ ions is reached 5 to 30 s after applying the dc
trapping voltages. Afterward, the Th2+ amount decreases due to the accumu-

lation of molecular compounds in the trap formed via chemical reactions with
impurities. Since the system is continuously pumped via a turbo molecular
pump, the amount of impurities decreases slowly over time. This is visible in
the measurements as a slower charge exchange and a slower accumulation of
molecular compounds (see Fig. 3.6). Each experimental cycle therefore starts
with a loading time of up to 20 s, followed by 60 s of data acquisition. Afterward, the trap is emptied by setting the dc trapping potential to 0 V for one
second before a new cycle starts.
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Figure 3.6: Th2+ ion amount in the LMU trap over time. The Th2+
uorescence signal is acquired while continuously loading the trap. The black
curve shows a measurement performed two days after evacuating and baking
the chamber, the red curve shows a measurement performed 24 days later.

3.3.2 Other trapped nuclides
The recoil source also contains 232 U with a fraction of below 10-6 . Due to its
short lifetime of about 70 years and fast decaying daughter products [75], even a
small relative amount can lead to a signicant additional activity of the recoil

source. Daughter isotopes of 233 U and 232 U were removed via ion-exchange
chromatography before deposition (25 months prior to the experiments).
However, due to ingrowth over time these isotopes have to be expected
to enter the ion trap. Additionally, ions of uranium are emitted via recoil
sputtering, i.e. energy transfer from recoil ions to surrounding uranium atoms
of the source. Expected isotopes in the trap, together with an estimation of
their relative abundance compared to 229 Th [26], are listed in Tab. 3.1.
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Table 3.1: Relative extraction of isotopes from the

233 U source.

The

relative amounts of ions leaving the 233 U source via α decay and recoil sputter-

ing are listed. The extraction ratios are estimated upper limits on the number
of extracted ions relative to the number of 229 Th [26].
Isotope

Extraction

Isotope

(rel. to Th-229)

Extraction
(rel. to Th-229)

Th-229

1

Th-228 decay chain

7 · 10−4

U-233

≈1

Pu-240

4 · 10−4

U-234

2 · 10−2

Th-229 decay chain

2 · 10−4

U-235

1 · 10−2

Ac-227

1 · 10−4

U-236

1 · 10−2

Pa-231

2 · 10−5

Th-230

7 · 10−3

Ac-227 decay chain

6 · 10−6

Pu-239

2 · 10−3

Pu-238

4 · 10−6

Th-228

1 · 10−3

U-232

6 · 10−7
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Chapter 4
Th+ measurements
The hyperne structures of several transitions in 229 Th+ have already been
investigated previously in Refs. [31; 76; 77], in particular the transition from
the electronic ground state 03/2 (denoted in cm-1 with the angular momentum J

as subscript) to the excited state 248745/2 , including its isotope shift compared
to 232 Th+ [31]. In this case, the excitation of this transition was driven by
laser radiation at a wavelength of 402 nm, provided by an ECDL. A saturated
absorption spectroscopy technique has been used to determine the hyperne
structure. Non-linear spectroscopy signals of the hyperne structure of 229 Th+

are depicted in Fig. 4.1. The employed spectroscopy technique is also used
in this thesis and is therefore briey introduced in the following, based on
Ref. [78].

4.1 Doppler-free spectroscopy
If the ions were at rest, the HFS components would show a linewidth of

γs = γ(1 + S0 )1/2 , where γ is the natural linewidth of the transition and S0
is the saturation parameter, which depends on the applied laser intensity.
However, if the ions are only cooled by buer gas to room temperature, the
spectroscopic features of the HFS components exhibit a Doppler-broadening
of:

r

8ln(2)kb T
f0 ,
(4.1)
mc2
where kb denotes the Boltzmann constant, T the ion temperature, m the ion
∆fF W HM =

mass and c the speed of light. In the case of the 03/2 → 248745/2 transition
35
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in Th+ this amounts to ∆fF W HM ≈ 600 MHz for T = 300 K, which is on
the same order as the hyperne splitting [31]. A spectroscopy technique that
obtains Doppler-free resonances is therefore necessary to resolve the hyperne
structure.
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Figure 4.1:

229 Th+ .

Hyperne structure of the 03/2 → 248745/2 transition of

a) Level scheme showing the individual hyperne transitions. b)

HFS recorded using saturated absorption spectroscopy by retro-reecting the

402 nm excitation laser, taken from Ref. [31]. The individual hyperne transitions are labeled by their Fg → Fe quantum numbers. The transition 4 → 3
was not observed. Its predicted position is marked with a dotted arrow. The
hyperne constants are shown with subscript 'g' for the ground state and 'e'
for the excited state.

4.1.1 Saturated absorption spectroscopy
Doppler-free resonances can be achieved by retro-reecting the excitation laser
beam through the ion trap. For the laser frequency f , the two beams create
Bennet holes in the ground state population velocity distribution at vz =

(2π(f − f0 ))/k and vz = −(2π(f − f0 ))/k , with vz being the ion velocity along
the z-axis of the trap, f0 being the resonance frequency of the transition and

k being the absolute value of the laser radiation wave vector. The width of
the Bennet holes is determined by γs and the laser linewidth γl . Usually γl
can be neglected, since in most cases γl  γs . If f = f0 , both beams are
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interacting with the same velocity class of ions vz = 0, i.e. ions which are
moving practically perpendicular to the beams. In this case the two Bennet
holes overlap, causing a narrow decrease in the uorescence signal, the so called
Lamb dip [79].
In the experimental apparatus employed in this thesis, the full width at
half maximum (FWHM) of this dip is not only given by the linewidth γs ,
but is further broadened by mechanisms like the transit time eect and frequency modulation from micromotion [80]. Nevertheless, the FWHM of this
dip is still about one order of magnitude smaller than the Doppler-broadened
linewidth [31] (see Fig. 4.1). The Lamb dip enables therefore a more precise
determination of the central frequency for each transition of the HFS.
However, this spectroscopy technique is not guaranteed to resolve the HFS

of isomeric ions loaded from a 233 U recoil source, since only about 2 % of
the trapped ions will be in the isomeric state. The isomeric HFS might thus
be covered by the signal from ions in the nuclear ground state. A two-step
excitation spectroscopy scheme is therefore employed as well [81; 76].

4.1.2 Two-step excitation
In this type of excitation scheme the ions are rst excited via one laser from
the initial state (g) to an intermediate state (i). Ions are only excited by
this rst excitation step laser if the following resonance condition is fullled:

f1 −k1 vz /2π = fgi . The frequency of the laser is f1 and the transition frequency
is fgi . The velocity spread of ions in the intermediate state is therefore not
Doppler-broadened anymore, but mainly determined by γs . These ions are
then probed by a second laser via excitation to a higher state (e), which is
detected via uorescence decay (see, e.g., Fig. 4.3b). The resonance condition
for the second step is ±k2 vz /2π = f2 − fie , with the laser frequency f2 and
the transition frequency fie . The sign depends on the conguration of the
two beams, +k2 v/2π corresponds to co- and −k2 v/2π to counter-propagating
beams (see Fig. 4.2). Assuming that the ions do not change their velocity in
the intermediate state, the two resonance conditions can be combined to:

f2 = ±

k2
(f1 − fgi ) + fie .
k1

(4.2)
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For the selected two-step excitations in this thesis, the ratio (k2 /k1 ) only
changes on the order of 10−5 and is therefore approximated as constant. It
follows from Eq. 4.2, that if the frequency of the rst step excitation laser f1
is shifted by ∆f1 , the resonance frequency of the second step will shift by

∆f2 = ±∆f1 · k2 /k1 . However, the observed interval (f2 − f20 ) for two dierent
second step transitions fie and fie0 is independent of f1 . This is also true for
0
two dierent rst step transitions fgi and fgi
. The amplitude of an observed

resonance is given by the fraction of ions which interacts with the rst step
laser radiation, determined by (f1 −fgi ), and the product of Ω2gi and Ω2ie , where

Ω is the Rabi frequency of the respective transition (see, e.g., Ref. [81]).

e
-k2v

k 2v
i

k 2v

-k2v

ion velocity distribution

k 1v
g ion velocity distribution
Figure 4.2:

Schematic representation of a two-step excitation. Ions

in the ground state (g) exhibit a thermal velocity distribution along the trap
axis. Only ions with a certain velocity v are in resonance with the rst excitation step laser and get excited to the intermediate level (i). Excitation
from the intermediate level to the higher excited level (e) by scanning the
second excitation step laser shows therefore a narrow uorescence line. The
resonance frequency of the second laser, as well as the resonance amplitude
are dependent on the frequency of the rst laser and the beam alignment (coor counter-propagating).
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4.2 Hyperne structure of the 49960 cm-1 level
For the two-step excitation of 229 Th+ the transition 03/2 → 248745/2 → 499607/2
is selected (see Fig. 4.3). Two advantages of this scheme are that the HFS constants for the lower two levels are already known [31] and that the spectroscopy
lasers at 402 nm and 398.6 nm are available from a previous measurement of

this transition in 232 Th+ [30]. Furthermore, the upper level exhibits decay
channels at wavelengths between 300 nm and 390 nm, which gives the opportunity for background free detection using a PMT (Hamamatsu, R7459) with
a 390 nm short pass interference lter. The two laser beams are overlapped
and aligned in a counter-propagating conguration along the trap axis.
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Figure 4.3:

Two-step excitation scheme for Th+ . a) Level scheme of

the 03/2 → 248745/2 → 499607/2 transition showing the individual hyperne
components. Th+ ions are excited from the ground state to the 24874 cm-1 level
using a 402 nm laser and then further excited to the 49960 cm-1 level by a laser

at 398.6 nm to achieve Doppler-free resonances. The two-step HFS consists of
32 individual hyperne transitions Fg → Fi → Fe . b) Simplied excitation
scheme showing the decay channels selected for uorescence detection.

To measure the hyperne splitting constants of the 499607/2 level, twostep hyperne spectra are recorded by setting the 402 nm laser to 45 selected
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frequencies within the Doppler-broadened HFS of the 03/2 → 248745/2 line.
The frequency of the 402 nm laser is stabilized to a Fizeau wavelength meter (Angstrom HighFinesse WS7) via a computer based locking scheme. The
wavelength meter is periodically calibrated using an ECDL at 780 nm, which

is locked to the 2 S1/2 F = 3 → 2 P3/2 F = 4 line of 85 Rb in a vapor cell
by the modulation transfer spectroscopy technique (see, e.g., Ref. [82]). By
this method an absolute instability of the wavelength meter below 5 MHz is
achieved. For each frequency of the rst-step transition, the second-step laser
is continuously scanned over a range of 3 GHz. The tuning is monitored by
a confocal cavity, which is placed in a temperature stabilized vacuum chamber.
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Selected uorescence spectra of the 03/2 → 248745/2 →
two-step transition. The spectra are recorded by stabilizing the

Figure 4.4:

499607/2

402 nm laser to a selected wavelength, given in the top right corner, and scanning the 398.6 nm laser over a range of 3 GHz. The observed resonances are
labeled with numbers 1 to 32 and the corresponding hyperne transitions are
given in Tab. 4.1.
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Labeling of the 03/2 → 248745/2 → 499607/2 two-step excitation resonances. The detected resonances are labeled with numbers 1
Table 4.1:

to 32 and are listed with the total angular momenta of the electronic states

Fg → Fi → Fe involved in the excitation (see Fig. 4.3).

Label
1
2
3
4
5
6
7
8
9
10
11

Fg → Fi → Fe
4→5→6
4→5→5
4→5→4
4→4→5
4→4→4
4→4→3
3→4→5
3→4→4
3→4→3
4→3→4
4→3→3

Label
12
13
14
15
16
17
18
19
20
21
22

Fg → Fi → Fe
4→3→2
3→3→4
3→3→3
3→3→2
2→3→4
2→3→3
2→3→2
3→2→3
3→2→2
3→2→1
2→2→3

Label
23
24
25
26
27
28
29
30
31
32

Fg → Fi → Fe
2→2→2
2→2→1
1→2→3
1→2→2
1→2→1
2→1→2
2→1→1
1→1→2
1→1→1
1→0→1

Typical recordings of the two-step excitation are depicted in Fig. 4.4. Since
the transitions of the rst step are Doppler-broadened, more than one hyperne
transition is usually excited by the 402 nm laser at a certain frequency. A
single scan is therefore insucient to assign the observed resonances to certain
rst-step or second-step transitions. However, it is possible to identify the
same resonance for each of the rst-step frequencies, since its frequency in the
second-step spectrum will shift by ∆f2 = −∆f1 · k2 /k1 , when the rst-step
laser is shifted by ∆f1 , as stated above. In this way 32 individual resonances
are identied, which corresponds to the predicted number (see Fig. 4.3a).

4.2.1 Identication of hyperne transitions
For each of the 45 two-step excitation spectra, the frequency positions and
amplitudes of all observed resonances are noted, using a multi-peak t function
[83]. The amplitudes are corrected concerning variations of the amount of ions
for the individual scans and changes of the laser power. Since the employed

398.6 nm ECDL also shows a non-linear frequency scanning, the frequency
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axis for each measurement is adjusted using the transmission peaks of the
monitoring cavity. The resulting uncertainty for the position of each resonance
is between 5 and 30 MHz.
As a rst evaluation step, the resonances are assigned to their corresponding rst-step hyperne transitions Fg → Fi . To this end, the amplitude for
each resonance in each measurement is plotted as a function of the rst-step
laser frequency. Fitting Gaussian functions to the data points results in 32
curves, from which selected curves are depicted in Fig. 4.5 and Fig. 4.6. The
center position of each curve corresponds to the respective rst-step hyperne
transition frequency, which were determined in Ref. [31]. Although the center
position of each curve has an uncertainty of about 150 MHz, limited by the
absolute accuracy of the wavelength meter of about 100 MHz and the tting
uncertainty for the amplitudes of the two-step resonances, it is possible to
assign a rst-step transition Fg → Fi to all 32 curves (see Fig. 4.5).
Up to three two-step resonances belong to the same rst excitation step (see
Fig. 4.3). By calculating the theoretical relative amplitudes of the second step
using Eq. 2.22, it is possible to also assign the corresponding hyperne states

Fe of the 499607/2 level to the transitions (see Fig. 4.6 and Tab. 4.1).

4.2.2 Hyperne constants of the 49960 cm-1 level
Although the two-step resonances are shifting in frequency with respect to
the 402 nm laser frequency, the relative intervals between the resonances only
depend on the hyperne splitting of the three involved levels and the ratio

k2 /k1 , which can be assumed as constant. These intervals can therefore be
used to recalculate the hyperne constants A and B for each level based on
Eqs. 2.19 and 4.2. Only few of the 32 resonances are visible in every individual
measurement, but it is possible to determine the frequency intervals between
all resonances, as long as at least one is visible in two subsequent measurements
when shifting the rst excitation step laser frequency.
The hyperne constants of the ground state 03/2 and the 248745/2 level have
already been measured previously in Refs. [31; 76] (see Fig. 4.1). The A and
the B constant of the 499607/2 level are determined by tting the measured
two-step hyperne structure intervals using Eqs. 2.19 and 4.2 and a gradientdescent algorithm (see, e.g., Ref. [84]). The validity of a result produced by the
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Identication of rst excitation step transitions. For 10

of the 32 two-step resonances, the amplitude measured in each scan is plotted
as a function of the 402 nm laser frequency of that scan. The points lie on
Gaussian functions (shown with best t), which are centered on the respective
rst-step resonance (see Fig. 4.1). The shown transitions are labeled by their
respective F quantum numbers of the involved states Fg → Fi → Fe .

44

R e la tiv e a m p litu d e ( a r b . u .)

2 5

4 -4 -5

3 -4 -5
3 -4 -4

4 -4 -4

3 -3 -4

2 0

3 -4 -3

4 -4 -3

3 -3 -3
1 5
3 -3 -2
1 0

5

0
-3 0 0 0

-2 0 0 0

4 0 2 n m

-1 0 0 0

0

1 0 0 0

2 0 0 0

3 0 0 0

4 0 0 0

la s e r f r e q u e n c y d e tu n in g ( M H z )

Figure 4.6: Identication of second excitation step transitions. Three
groups of resonances, each belonging to one rst-step transition Fg → Fi , are
depicted. Data points are plotted in the same way as in Fig. 4.5. The assignment of the respective state Fe inside one group is based on their relative
amplitudes, compared to the theoretical rel. amplitudes from Eq. 2.22. Differences in the center frequencies of curves of the same group arise due to the
limited absolute accuracy of the wavelength meter of about 100 MHz and the
tting uncertainty for the amplitudes of the two-step resonances.
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algorithm is checked by comparing the calculated assignment of resonances to
hyperne transitions with the result obtained in Sec. 4.2.1.
To account for the uncertainties of the hyperne constants of the levels 03/2
and 248745/2 , the tting algorithm is executed repeatedly with randomized
values for these constants based on their 1σ -uncertainty and a Gaussian distribution. In the same manner, the measurement uncertainties of the frequency
intervals are taken into account. For each initial data set, the algorithm calculates the A and the B constant of the 499607/2 level, determined by the minimal
mean squared error of the dierences between the calculated and measured intervals. This minimal error also denes the t quality. The nal results for the
hyperne constants (see Tab. 4.2) are calculated as the mean values of the individual tting results weighted by their respective t quality. Selected two-step
measurements are combined in Fig. 4.7 to create a spectrum as it would appear
for the second-step transition 248745/2 → 499607/2 , if the 248745/2 level would
be homogeneously populated without Doppler-broadening. A theoretical curve
based on the determined HFS constants is depicted to give an impression of
the overall t quality.
Table 4.2: Hyperne splitting constants of the 499607/2 level in 229 Th+

obtained via spectroscopy of the two-step transition 03/2 → 248745/2 →
499607/2 .
Level (cm-1 )

A (MHz)

B (MHz)

49960

-7.9(3.5)

-1107(39)

Additionally to the HFS constants of the 499607/2 level, the isotope shift

of the 248745/2 → 499607/2 transition between the isotopes 229 Th and 232 Th is

measured. To this end, the transition frequency in 232 Th+ is measured using
the Fizeau wavelength meter by stabilizing the 402 nm laser to the center of the

03/2 → 248745/2 transition and scanning the 398.6 nm laser over the resonance.
The center of the second-step transition is measured to be 398.6192(1) nm. The
line center of the 229 Th HFS is determined by tting the measured two-step

spectra with xed hyperne constants, while leaving the line center frequency
as a free parameter. With this analysis, the isotope shift is determined as

16.9(3) GHz.
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Figure 4.7: Reconstructed HFS of the 248745/2 → 499607/2 transition.
Selected two-step measurements (distinguished by color) are combined to create a spectrum as it would appear for the 248745/2 → 499607/2 transition, if
all sub-levels of the 248745/2 level would be homogeneously populated without Doppler-broadening. The components are labeled with their respective

F → F 0 transitions and a theoretical curve based on the determined hyperne
constants of the 499607/2 level is shown. The transition 5 → 4 is not observed.
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4.3 Measurements using the recoil source at LMU
Measurements of the 03/2 → 248745/2 transition using the α-recoil loaded ion
trap at LMU unfortunately show an average ion number of only ≤ 100 Th+ ions

in the trap. This number is estimated to be too small to achieve a suitable
signal-to-noise ratio (SNR) to resolve the isomeric signal with the two-step
excitation during the available measurement time of three weeks. Measurements of the single-step excitation of the 03/2 → 248745/2 transition are therefore performed using linear spectroscopy to search for isomer signals outside

the 229g Th+ hyperne structure. These signals would be visible in the case
of a large isomeric shift. To achieve background-free signals, the excitation
of the 248745/2 level is recorded by detecting the uorescence decay to the

15215/2 level at 428.2 nm using a bandpass lter with a transmission range of
450 ± 35 nm (see Fig. 4.3).
The measurements show deformations of the 3-4 and 4-5 hyperne components (see Fig. 4.1), as well as eight additional resonances on the high frequency
side (see Fig. 4.8). However, since these resonances are of similar amplitude as
the 229g Th+ HFS, they can not originate from the isomeric state.

Apart from thorium in its 2+ and 3+ charge states, the most abundant

ions in the trap are 233 U+ and 233 U2+ (see Fig. 4.9). Since the level structure

of uranium in several charge states has been extensively investigated (see, e.g.,
Ref. [85]), it is assumed that the additional resonances arise from a transition
between known levels of one of these ions. The most probable candidate is

the excitation of the 28911/2 → 2516413/2 transition in 233 U+ . This is the only
transition that ts the criteria of having an initial state that can be populated
via collisions with the buer gas and having a uorescence decay of the upper
level inside the spectral window of the detection (2516413/2 → 1749.12313/2 ,

λ = 427.1 nm, Ref. [85]).
Based on these assumptions, the hyperne constants of the levels 28911/2
and 2516413/2 are determined by employing the previously introduced gradientdescent tting algorithm. Since the hyperne structures of 229 Th+ and 233 U+

are partially overlapped, only the intervals of the eight resonances outside the

Th+ HFS are considered by the algorithm. The results are shown in Tab. 4.3.
Since the hyperne A constants are measured with an uncertainty of about
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2 %, they could potentially be used, together with measurements on neutral

233 U [86], to improve the current value of µ = 0.59(5) µN [87] for the nuclear
magnetic dipole moment of 233 U by employing high-precision electronic structure calculations (see, e.g., Ref. [47]). The measured B constants are, due to
their large uncertainty, not suitable to improve the measured value for the
electric quadrupole moment of Qs = 3.663(8) eb (1 b = 10−28 m2 ) [88].

Since the Th+ measurements using the recoil source show an insucient

amount of loaded ions to resolve the isomeric HFS in a reasonable timescale,
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further experiments are conducted using Th2+ ions.
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Figure 4.8: Fluorescence signal recorded using ions loaded from the

233 U recoil source.

Trapped ions are excited with a laser at 402 nm and

uorescence decay is detected in the wavelength range from 415 nm to 485 nm.
Additionally to the expected hyperne structure of the 03/2 → 248745/2 tran-

sition of 229 Th+ (see Fig. 4.1), further resonances are visible. These resonances

are assumed to belong to the HFS of the 289.04111/2 → 2516413/2 transition

of 233 U+ , which is partially overlapped with the 229 Th+ signal. A theoretical
curve based on the extracted hyperne constants is shown in red.
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Figure 4.9:

Mass scan of ions loaded from the 233 U recoil source.

The mass scan shows that apart from thorium in its 2+ and 3+ charge states,
the most abundant ions in the trap are 233 U+ and 233 U2+ . The spectroscopy

experiments described here are performed using source 2 (black data points).
The gure is adapted from Ref. [17].

Hyperne splitting constants of the levels 28911/2 and
of 233 U+ . The observed intervals are only slightly eected by the

Table 4.3:

2516413/2

nuclear quadrupole moment, causing large uncertainties for the results of the

B constants.
Level (cm-1 )

A (MHz)

B (MHz)

289

-301(6)

2860(320)

25164

371(8)

215(600)
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Chapter 5
Th2+ measurements
The HFS of 229 Th2+ is investigated with three single-step excitations and one
two-step excitation with the goal to also measure the HFS of the isomeric state

(see Fig. 5.1). Although the amount of Th2+ ions generated from photoion-

ization in the trap at PTB is only about 10 % of the Th+ ion number, its
extraction rate is about 30 times higher compared to Th+ from the uranium

recoil source at LMU (see Fig. 4.9). Detecting the isomer HFS is therefore

more likely using hyperne spectroscopy of Th2+ . The transitions are rst
investigated in the PTB trap before searching for an isomer signal in the LMU
trap. Parts of this chapter are already published in Refs. [26; 53; 89].

5.1 Single-step excitations using the PTB trap
Single-photon excitations of Th2+ at three dierent wavelengths, which can
be addressed by ECDLs (see Fig. 5.1), are studied to record their HFS in

229 Th2+ and their isotope shift with respect to 232 Th2+ . The levels 151484 and
217844 are excited from the electronic ground state 04 via laser radiation at
660.1 nm and 459.1 nm, respectively. The 217844 level has a decay channel to
the level 31884 at 537.8 nm, allowing for a detection free from background of
laser stray light by using a narrowband interference lter (transmission window

540 ± 8 nm), while the 151484 excitation is detected on the laser wavelength.
The level 207111 is excited from 632 by laser radiation at 484.3 nm and the
excitation is detected via uorescence decay of the 160372 → 5102 transition
at 644 nm using a lter transmitting at 643 ± 10 nm. The 632 level population
51
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is coupled to the ground state via collisions with the buer gas, resulting in
a population ratio of approximately 0.6. This ratio is calculated assuming a
thermal equilibrium described by the Boltzmann distribution.
29300 cm-1
J = 0, 5f 2
1164.3 nm

laser
excitation
fluorescence
decay

nm

Figure 5.1: Partial scheme of the

m

16037 cm-1
J = 2, 6d7s

.1 n

0.1

66
63 cm-1
J = 2, 6d 2

21784 cm-1
J = 4, 5f 2

459

15148 cm-1
J = 4, 5f6d

484.3 nm

20711 cm-1
J = 1, 5f6d

0 cm-1
J = 4, 5f6d

7921 cm-1
J = 1, 5f6d
3188 cm-1
J = 4, 5f6d
510 cm-1
J = 2, 5f6d

229 Th2+ level structure.

The investi-

gated transitions of Th2+ are depicted. The involved levels are labeled by their
energy in cm-1 , their angular momentum J and their electronic conguration.
Solid arrows show laser excitation and dashed arrows indicate uorescence
decay.

For each of the selected single-step transitions the HFS of 229 Th2+ and

the resonance of 232 Th2+ , which has no hyperne structure since the nuclear
spin of 232 Th is I = 0, are measured at the same time to also determine

their isotope shifts. To this end, Th2+ ions of both isotopes are stored in the
trap simultaneously. The uorescence signals of the three transitions are each
recorded while scanning the excitation lasers over a frequency range of up to

12 GHz. The frequency tuning of the lasers during the scanning is measured
using a temperature stabilized confocal cavity, similar to the one used in Ch. 4.
The output power of each laser is in the range of 10 mW and the beams are
retro-reected to provide saturation absorption spectroscopy as described in
Ch. 4. The recorded spectra are shown in Fig. 5.2.
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Figure 5.2: Fluorescence signals of

232 Th2+ and 229 Th2+ .

8000
Signals ob-

tained with saturated absorption spectroscopy are shown (blue), together with
the theoretical line shapes (red) and the determined isotope shifts. Dopplerfree resonances are visible for the 232 Th2+ signals, but most of them are not

resolved for the 229 Th2+ hyperne structures due to limited contrast. The

229 Th2+ HFS centers are determined by overlaying the uorescence signal with
a theoretical line shape based on hyperne constants presented in Ref. [89]
and noting the frequency for A = B = 0. The depicted transitions are a)

04 → 217844 at 459 nm, b) 632 → 207111 at 484 nm and c) 04 → 151484
at 660 nm.
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The centers of the 232 Th2+ lines can be easily identied by their nonlinear

resonance, but most of the Doppler-free Lamb dips of the 229 Th2+ HFS are not

resolved due to insucient contrast and SNR, limited by the ion storage time.
The center of each HFS is therefore identied by overlaying the spectroscopy
signal with a theoretical line shape using the hyperne constants (A, B) of
the involved levels given in Ref. [89]. The amplitudes are calculated based on
Eq. 2.22 and taking into account saturation eects to obtain the relative line
strengths of the hyperne components. While the measured and calculated
spectra for the 632 → 207111 and 04 → 151484 transitions are in good agreement, a mismatch in amplitudes for the 04 → 217844 transition is visible (see
Fig. 5.2 (a)). This mismatch can be probably attributed to optical pumping of
the decay channels (see, e.g., Ref. [90]). However, this eect can not be easily
taken into account, due to limited data on the decay rates of the involved intermediate levels. This HFS is therefore recorded with a higher SNR to achieve
a better contrast for the non-linear resonances (see Fig. 5.3 (a)), in order to
determine the hyperne splitting constants.
The frequency positions of the individual resonances are determined by the
zero crossings with negative slope of the third derivative of the spectroscopic
signal. The positions of the four main features are marked in Fig. 5.3 with
vertical lines. The hyperne constants are obtained by tting the intervals
between resonances by employing the previously introduced gradient-descent
tting algorithm, taking into account crossover resonances. The best t is
achieved for 04 : A = 80 MHz, B = 3500 MHz and 217844 : A = 25 MHz, B =

215 MHz. The theoretical values for the hyperne constants given in Ref. [89]
are 04 : A = 81(4) MHz, B = 3008(260) MHz and 217844 : A = 26(2) MHz, B =

39(45) MHz. The experimental values for the A constants are in agreement
with Ref. [89] and the B constant of the 04 level agrees within 2σ . Only
the B constant of the level 217844 shows a signicant discrepancy between
theoretical prediction and best experimental t. However, the HFS centers
for the theoretical and the experimental values, determined in both cases by
overlapping the measured spectrum with the calculated resonance positions
and setting A = B = 0, only dier by 50 MHz. Estimating an uncertainty
of 150 MHz for the overlapping of the measurement in Fig. 5.2 (a) and the
calculated spectrum yields a total uncertainty of 160 MHz for the hyperne
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structure center position. The excitation laser exhibits a nonlinear scanning
behavior caused by the piezoelectric transducer inside the ECDL. This eect
is corrected in the recorded spectrum by monitoring the laser frequency with a
reference cavity. The interval measurement between the resonance of 232 Th2+

and the HFS of 229 Th2+ has a remaining uncertainty of 80 MHz, giving a total
uncertainty of 180 MHz for the isotope shift.
The resulting isotope shifts for all three transitions are depicted in Fig. 5.2.
The main contributions to the uncertainties for the transitions 632 → 207111
and 04 → 151484 result from the laser frequency interval measurement and
from the t of the calculated HFS to the experimental spectra, giving the same
combined rounded value of 200 MHz for the uncertainty in all three transitions.
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Comparison between measurement and best t for the
04 → 217844 HFS. a) Fluorescence signal of the 04 → 217844 transition in
229 Th2+ , obtained with saturated absorption spectroscopy. b) Third derivative
Figure 5.3:

of the uorescence signal, showing the non-linear resonances as zero crossings
with negative slope (marked with vertical lines). c) Positions and amplitudes
of the hyperne components, obtained from tting the hyperne constants A
and B of the states 04 and 217844 to the resonance positions. d) Positions and
amplitudes of the expected crossover resonances.
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5.2 Single-step excitations using the recoil source
Measurements of the 04 → 217844 and the 04 → 151484 single-step transitions

in 229 Th2+ are also conducted using the LMU trap. A wide scanning range of
up to 30 GHz is chosen to not only search for the isomeric signal, but also to

detect possible signals from other isotopes, elements or molecules which might
interfere with the measurements. A SNR of 500 is achieved for the spectrum
of the 04 → 217844 hyperne structure (see Fig. 5.4). Spurious signals can
therefore be excluded for the investigated scan range down to 0.2 % of relative
amplitude. Since no additional signal from the isomer is visible, it is assumed
that these resonances are covered by the Doppler-broadened nuclear ground
state HFS. A two-step excitation scheme is therefore performed as a next

F lu o r e s c e n c e s ig n a l ( a r b . u .)

experiment.
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Figure 5.4:

229 Th2+ .
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Hyperne structure of the 04 → 217844 transition in

The signal is recorded using uorescence detection free from laser

stray light and is depicted in logarithmic scale. A SNR of 500 is achieved, but
no isomeric signal was observed inside the scan range of 30 GHz.
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5.3 Two-step excitation using the PTB trap
The transition from the 632 electronic state to 293000 via the 207111 intermediate state is selected for Doppler-free two-step spectroscopy (see Fig. 5.1).
The 632 electronic level is split into ve sub-levels for the nuclear ground state
(I = 5/2) and four sub-levels for the isomeric state (I = 3/2). The 207111 level
consists of three hyperne levels in both nuclear states. Following the selection
rules for electric dipole transitions (∆F = 0, ±1 with F = 0 6↔ 0), the twostep excitation spectrum with J = 2 → 1 → 0 for the nuclear ground and the
isomeric state consists of nine and eight resonances, respectively (see Fig. 5.5).
The decay of the 293000 level to the 79211 level at 467.7 nm also gives the
opportunity to employ uorescence detection free from laser stray light using
a bandpass interference lter that transmits in the range of 445 ± 23 nm.
The HFS is rst investigated using the ablation loaded trap at PTB to obtain reference spectra with no isomeric signals present. The spectroscopy part
of the experimental setup consists of three ECDLs. The two-step excitation
is provided by ECDLs at 484 nm and 1164 nm (see Fig. 5.1). Their beams are
overlapped and aligned along the trap axis. The diode laser at 459 nm is used
for single-photon excitation of Th2+ from the 04 ground state to the 217844

state to monitor the amount of Th2+ ions in the trap in order to normalize the
uorescence signals observed from dierent HFS components. This is required
because the ion number decreases in time due to chemical reactions and charge
exchange with impurities in the buer gas. The power of all lasers in the trap
is about 4 mW, corresponding to an intensity of 1.5 W/cm2 for each beam,

which is sucient to saturate the transitions. A schematic of the employed
laser setup is depicted Fig. 5.6.
The recording of the two-step hyperne structure is performed similar to
Sec. 4.2. The frequency of the 484 nm laser is tuned within the Dopplerbroadened HFS of the 632 → 207111 line in 35 discrete steps of ≈ 120 MHz,
shown in Fig. 5.7 schematically as a blue bar. The frequency of the rststep laser is stabilized at each position to the Fizeau wavelength meter with
a resulting absolute instability below 5 MHz. For each frequency step of the

484 nm laser, the second laser at 1164 nm is scanned continuously over a range
of 4 GHz to provide the excitation of the two-step HFS resonances.

58

Fi
(i)

29300 cm-1
J = 0, 5f 2

20711 cm-1
J = 1, 5f6d

7/2
3/2

484.3 nm

Fg
9/2

63 cm-1
J = 2, 6d 2

7/2

e

m

F

i

1/2

m
g

F

1/2
3/2
5/2

5/2
3/2
1/2

Figure 5.5:
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Hyperne level splitting of the selected Th2+ two-step

excitation. The HFS of the transition between initial (g) and intermediate
level (i) consists of nine resonances for the nuclear ground state and eight for
the isomer. The two-step excitation spectra consist of the same number, respectively, since the intermediate hyperne sub-levels only have one transition
to the excited level (e) each. Hyperne sub-levels are labeled by their total
angular momentum F and F m .

59

fluorescence detection
interval
measurements

confocal
cavity

wavelength
meter

ionization

ECDL
1164 nm

ion trap
(recoil)

ECDL
459 nm

ECDL
402 nm

two-photon
spectroscopy lasers

ion trap LMU

single-photon
spectroscopy laser

AOM

ECDL
484 nm

ion trap
(ablation)

ion trap PTB

THG
Rb stabilized ECDL
780 nm

nsNd:YAG
1064 nm

Q-DPSS
266 nm

tunable
ns-Ti:Sa

calibration laser

laser ablation

photodissociation

ionization

Figure 5.6: Scheme of the optical setup for the two-step excitation

of Th2+ . The rst step excitation laser at 484 nm is locked to the wavelength
meter. The wavelength meter is calibrated using an ECDL at 780 nm, which
is locked to a rubidium line. The tuning of the second step laser at 1164 nm is
monitored with a confocal cavity. The 459 nm ECDL is used to determine the

amount of ions in the traps via uorescence detection. The loading of Th2+

in the PTB trap is provided by ablation loading of Th+ ions (ns-Nd:YAG

1064 nm) and further three-photon ionization (1st step: 402 nm ECDL, 2nd /3rd
steps: THG of ns-Ti:Sa).

60
The scanning is monitored via a confocal cavity, placed inside a temperature
stabilized vacuum chamber. The drift of the cavity resonance frequency at

1164 nm is measured to be less than 5 MHz over the course of one month. The
FWHM of the two-step resonances obtained in the PTB trap is 70 MHz using
argon as a buer gas. Six selected spectra of the two-step nuclear ground state
HFS resonances for co-propagating beams are shown in Fig. 5.8. All spectra
are also recorded with counter-propagating laser beams.
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Figure 5.7:

229 Th2+ two-step excitation.

Exemplary high resolution

two-step spectrum (a), depicted together with the Doppler-broadened singlephoton spectrum of the rst step (b). The rst step excitation shows the

8.2(2) GHz isotope shift between 232 Th2+ and 229 Th2+ . For the two-step spec-

trum, the frequency of the rst excitation step laser is xed at −800 MHz

detuning (indicated by the blue dot) with respect to the center of the 229 Th
HFS. Measurements are performed for 35 discrete steps of the laser at 484 nm,
indicated schematically by the blue bar on the frequency axis.
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Selected spectra of the two-step excitation of 229 Th2+
using the PTB trap. Six spectra for dierent wavelengths of the rst exci-

Figure 5.8:

tation step ECDL at 484 nm (shown in the upper right corners) recorded with
co-propagating beams are shown. Resonances are labeled with numbers 1 to
9. The description of the peaks with their respective hyperne transitions is
given in Tab. 5.3.

Analogous to Sec. 4.2 the second-step frequency positions and amplitudes
of all resonances for each of the rst-step frequencies are extracted by using
the multi-peak t function of Ref. [83]. Nine components are identied in
co- and counter-propagating beam congurations, labeled subsequently 1 to 9
(see also Tab. 5.3). In contrast to Sec. 4.2, the amplitude for each resonance in
each measurement is now plotted not as a function of the rst-step, but as a
function of the second-step laser frequency. Fitting Gaussian functions to the
data points results in nine curves which are therefore each centered on their
corresponding second-step hyperne transition (see Fig. 5.9).
Some curves show dierent amplitudes in the co- and counter-propagating
plots (see, e.g., No. 2 in Fig. 5.9). These dierences occur when the two-step
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excitation resonances are not suciently resolved, causing distorted values for
their amplitudes in the multi-peak t. However, the inuence of this distortion
on the later determination of the hyperne splitting constants is small, since
the constants only depend on the intervals between the two-step resonances,
not their amplitudes.
Since the 293000 level has no hyperne splitting, the visible structure of
three groups only depends on the hyperne constants of the intermediate

207111 level. This allows for a preliminary estimation on its splitting constants as A ≈ 90 MHz and B ≈ 900 MHz, as well as the assignment of the
corresponding second-step hyperne transitions to the nine resonances, which
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Identication of the second excitation step 207111 →

293000 . The experimental points present amplitudes and positions of the twostep resonances obtained by setting the 484 nm laser on selected frequencies
and tuning the 1164 nm laser. The frequency of the 484 nm laser is changed in
steps of 120 MHz. The results from (a) co- and (b) counter-propagating measurements are depicted. This representation shows, that the resonances 1 to
3, 4 to 6 and 7 to 9 each belong to the same second-step hyperne transitions,
labeled as Fi → Fe .
The hyperne constants of the 632 level, as well as more precise values
for the 207111 level, are obtained by tting the frequency intervals of the
two-step hyperne resonances with the same algorithm used in Sec. 4.2. The
determined hyperne constants are shown in Tab. 5.1. The experimental values
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agree with the theoretical values of Ref. [89] inside their 1σ -uncertainty, except
for the B constant of the 207111 level, which is apart by 2σ . This gives
further reassurance that all resonances are identied correctly. The isotope
shift of the 207111 → 293000 transition between 232 Th and 229 Th is determined
analogously to the two-step transition in Sec. 4.2 as 6.2(3) GHz.
Table 5.1: Hyperne constants of the

229 Th2+ levels

632 and 207111

obtained using the PTB ion trap.
Level (cm-1 )

A (MHz)

B (MHz)

63

146(9)

77(67)

20711

86(6)

890(19)

5.4 Two-step excitation using the recoil source
The two-step excitation measurements are conducted at LMU, using the recoil
loaded trap, analogously to the experiments with the PTB trap. The frequency
of the 484 nm laser is stabilized to the same 35 selected frequencies within
the Doppler-broadened HFS of the 632 → 207111 transition while the 1164 nm
laser is scanned. The uorescence signals are again recorded in co- and counterpropagating beam congurations, resulting in 70 individual spectra. Because
the expected isomer signal is in the range of only 2 % of the signal from ions in
the nuclear ground state, averaging times of typically four hours per spectrum
are chosen. Six representative spectra are shown in Fig. 5.10, while all 70
spectra are available online at Ref. [91]. The measured frequency intervals of
the nuclear ground state HFS are used together with the measurements at PTB
to reduce the uncertainty of the values for the hyperne splitting constants.
The nal results are shown in Tab. 5.2. 50 % of the total uncertainty is given
by the systematic uncertainty, with the main contributions coming from the
uncertainty in the reference cavity length, the instability of the frequency of
the rst excitation step laser and the non-linearity of the frequency tuning of
the second-step laser.
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Selected spectra of the two-step excitation of 229 Th2+
loaded from the recoil source. Six spectra for dierent wavelengths of

Figure 5.10:

the rst excitation step ECDL at 484 nm (shown in the upper right corners)
recorded with co-propagating beams are shown. Resonances belonging to the
nuclear ground state are labeled with numbers 1 to 9, isomeric resonances with
i1 to i8. Resonances originating from state-changing collisions of ions in the
intermediate state with the buer gas are labeled c1 to c7. The description of
the peaks with their respective hyperne transitions is given in Tab. 5.3.

Table 5.2: Final values for the hyperne constants of the levels 632

and 207111 of 229 Th2+ .

Level (cm-1 )

A (MHz)

B (MHz)

63

151(8)

73(27)

20711

88(4)

897(14)
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The recordings are evaluated analogously to the previous two-step experiments. The individual resonances are identied by their expected shift of

∆f2 = ±∆f1 · k2 /k1 = 50 MHz between scans, when the rst excitation step
laser at 484 nm is shifted by 120 MHz. Additionally to the nine resonances of
the nuclear ground state HFS, 16 extra resonances for the co-propagating and
13 extra resonances for the counter-propagating beam conguration are observed (see, e.g., Fig. 5.10). The isomer HFS consist of eight resonances, which
leads to the conclusion that at least one additional source of signals must be
present. These resonances need to be identied to distinguish them from the
isomer HFS.
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Comparison of excitation spectra obtained in the two
traps. a) Two-step excitation spectrum of 229 Th2+ , where the rst excitation
step laser is stabilized at −800 MHz detuning with respect to the 229 Th HFS
Figure 5.11:

center and the second excitation step laser is scanned. Signals obtained using
the PTB and the LMU trap are shown in red and blue, respectively. Resonances are labeled according to Tab. 5.3. b) Enlarged view of (a), with the
signal recorded at LMU up-shifted for better inspection and the isomeric state
resonances marked in cyan. The resonances c1 and c2 belong to the nuclear
ground state and arise from a collision-induced change of the intermediate HFS
state.

66
Table 5.3: Labeling of the observed

229 Th2+ two-step resonances.

The

two-step excitation resonances are listed with the total angular momenta F
of the electronic states involved in the excitation. The resonances belonging
to the nuclear ground state are labeled with numbers 1 to 9. Resonances
that arise from changes of the intermediate hyperne state via collisions are
described by both quantum numbers, Fi (before the collision) and Fi0 (after the
collision), and are labeled c1 to c7. Isomeric resonances are labeled i1 to i8.
The resonance i3 (marked with an asterisk) is not observed in the experiment.
Label
1
2
3
4
5
6
7
8
9

Fg → Fi → Fe
9/2 → 7/2 → 5/2
7/2 → 7/2 → 5/2
5/2 → 7/2 → 5/2
7/2 → 5/2 → 5/2
5/2 → 5/2 → 5/2
3/2 → 5/2 → 5/2
5/2 → 3/2 → 5/2
3/2 → 3/2 → 5/2
1/2 → 3/2 → 5/2

Fg → Fi ; F ’i → Fe
Label
c1
7/2 → 5/2; 7/2 → 5/2
c2
7/2 → 5/2; 3/2 → 5/2
c3
9/2 → 7/2; 3/2 → 5/2 &
5/2 → 5/2; 3/2 → 5/2
c4
7/2 → 7/2; 3/2 → 5/2
c5
7/2 → 7/2; 5/2 → 5/2
c6
5/2 → 3/2; 5/2 → 5/2
c7
3/2 → 3/2; 5/2 → 5/2

Label
i1
i2
i3*
i4
i5
i6
i7
i8

F mg → Fmi → Fme
7/2 → 5/2 → 3/2
5/2 → 5/2 → 3/2
3/2 → 5/2 → 3/2
5/2 → 3/2 → 3/2
3/2 → 3/2 → 3/2
1/2 → 3/2 → 3/2
3/2 → 1/2→ 3/2
1/2 → 1/2 → 3/2

5.4.1 Exclusion of spurious signals
As a rst possible source of additional signals, the radiation of the spectroscopy
lasers is investigated. Unwanted additional resonances can, for example, occur
if a laser emits several frequencies simultaneously. This multi-mode operation
has been excluded by investigating the transmission signal of the reference
cavity, which would show the additional modes, and by varying the laser diode
current, which would change the ratio of the mode amplitudes. Additionally, a
back reection of the spectroscopic laser beams, which would lead to a mixing
of co- and counter-propagating signals, is excluded by comparing measurements for the same laser frequencies in both beam geometries. These tests
conrm that the observed resonances are original spectroscopic features.
The next possible candidates for extra resonances are other isotopes of tho-

rium and elements emitted from the uranium recoil source, like the 233 U+ line
observed in Ch. 4. Tab. 3.1 shows upper limits for the presence of the isotopes

228 Th and 230 Th. The resonance of 230 Th, which has no HFS since the nuclear
spin of 230 Th is 0, should appear between the lines of 232 Th and 229 Th, like
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those of the 229m Th HFS. However, the isotope shift of 230 Th2+ with respect to

229 Th2+ for the 632 → 207111 transition is determined as 3.2 GHz, calculated
from measurements of the 04 → 217844 transition in 230 Th2+ using a 234 U
source and from Ref. [76]. This is outside the frequency range of the observed

resonances. A dedicated search experiment with the 233 U source did not show

a 230 Th2+ resonance, indicating a signicantly smaller extraction rate than

listed in Tab. 3.1.
Concerning spectral lines of other elements than thorium, only uranium and
plutonium have an extracted ux high enough to possibly be detected. Possible
transitions need to originate from low-lying levels that can be populated via
collisions with the buer gas. For the rst excitation step at 484 nm, the

nearest U and Pu lines are detuned by ≈ 200 GHz (238 U+ , ν̃ = 20640.51 cm-1 ,

9159/2 → 215559/2 ) and ≈ 60 GHz (240 Pu+ , ν̃ = 20645.62 cm-1 , 39705/2 →
246153/2 ) (Refs. [85; 92; 93]). These lines are outside the investigated spectral
range and can therefore also be excluded.
Compounds of thorium with organic molecules are present in the ablation
loaded PTB trap (see Ch. 3), but do not lead to additional resonances inside the
investigated frequency ranges. Inuences from Th2+ He complexes, potentially

formed by interaction with the buer gas, are excluded as well. Measurements

of the two-step excitation of 232 Th2+ ions with He buer gas using the PTB trap
do not show additional features arising from Th-He-compounds. Moreover, the

binding energy can be estimated to be below 7500 cm-1 (see, e.g., Ref. [94]).
The laser excitation at 484 nm (20648 cm-1 ) is therefore expected to dissociate

possible Th-He compounds. Even if these compounds are present, the line
shift is expected to be at least some tens of GHz, i.e. outside the analyzed
frequency range (see, e.g., Ref. [95]). Concerning other noble gas compounds,

mass spectrometry analyses of the LMU system show the presence of Th3+ Ar,
but no Th2+ Ar.

The above listed exclusions only regard spurious signals at the rst excitation step wavelength of 484 nm. Since the detected signals additionally require
the coincidence of two resonance conditions, it can be excluded with a high
condence that the recorded thorium spectra are aected by other elements.
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5.4.2 Hyperne state-changing collisions
Some of the additional resonances appear at xed intervals from strong ground
state resonances of 1126 MHz, 1250 MHz and 124 MHz, which correspond to the
second step hyperne splitting (see Fig. 5.9 and Fig. 5.12). These resonances
also display a dependency on the buer gas in the way that their relative
amplitudes decrease with reduction of the buer-gas pressure in comparison
with the other resonances (see Fig. 5.13).
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Figure 5.12: Collision-induced intermediate HFS state changes. Two
exemplary spectra showing weak resonances with a characteristic frequency
interval of 1126 MHz or 1250 MHz from a strong resonance. These weak signals
arise from dierent intermediate hyperne states than the main feature. These
states are populated via collisions of ions in the intermediate level with the
buer gas. The resonances are labeled according to Tab. 5.3.
These characteristics lead to the conclusion, that these resonances arise
from collision-induced changes of the intermediate state HFS population due
to interactions with the buer gas (see, e.g., Ref. [96]). The width of these
resonances is approximately 1.5 times larger than the width of the nine main
HFS resonances. The spectra recorded using the PTB trap only show slight
deformations instead of resonances, indicating that the magnitude of this eect
is signicantly higher with helium as buer gas in the LMU trap than with
argon in the PTB trap. This can be explained by the larger momentum transfer
of collisions with argon atoms, leading to a stronger line broadening and a
higher quenching rate to lower electronic levels. Also, the He buer gas in the
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LMU trap is applied through the Laval nozzle between the stopping cell and the
quadrupole chamber (see Fig. 3.5), probably resulting in a higher gas density
along the trap axis. The positions of resonances caused by collision-induced
hyperne state changes can be calculated based on the measured hyperne
splitting of the intermediate state. By this method, nine resonances in the copropagating measurements and six in the counter-propagating are classied as
originating from collisions, appearing, e.g., as resonances c1 and c2 in Fig. 5.11.
Based on the analysis above, seven new resonances in both beam congurations cannot be attributed to sources of spurious signals. These resonances
are therefore identied as the isomeric hyperne structure.
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from collisional
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1164 nm laser frequency detuning (GHz)

Pressure dependence of collision-induced intermediate
HFS state changes. Two-step excitation spectra of Th2+ recorded for two
Figure 5.13:

dierent He buer-gas pressures are shown. With reduction of the buer-gas
pressure, the relative amplitudes of the collisional resonances decrease. Note
that neither the three strong nuclear ground state resonances, nor the isomeric
resonance are aected by the change in He pressure. The collisional resonances
are shown in the level scheme on the left as thin red lines.
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5.4.3 Splitting constants of the isomeric HFS
The seven resonances are evaluated analogously to the previously described
two-step hyperne structures. Plotting the amplitudes as a function of the
second-step laser frequency enables an assignment of the individual hyperne
transitions (see Fig. 5.14). Calculating their relative amplitudes using Eq. 2.22
shows that the missing 8th resonance is supposed to be the weakest one and is
too small to be resolved at the SNR achieved in the experiment.
The evaluation of the newly observed seven peaks using the gradient-descent
tting algorithm gives consistent results for the data from co- and counterpropagating beam geometries and ts to the HFS pattern of a I = 3/2 nuclear
spin. The isomeric hyperne constants of the investigated levels are shown in
Tab. 5.4.
The tting for the isomeric state is provided without imposing xed proportions Am /A and B m /B , which have to occur for both electronic states. That
these proportions are in fact the same for both levels and that all observed resonances in all individual spectra can be classied without ambiguities makes it
highly unlikely for a spurious unrelated spectral feature to be misinterpreted
and gives condence that the isomeric signal is identied correctly.
Table 5.4: Hyperne splitting constants of the levels 632 and 207111

for the isomeric nuclear state.
Level (cm-1 )

Am (MHz)

B m (MHz)

63

-263(29)

53(65)

20711

-151(22)

498(15)
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Figure 5.14: Identication of the second excitation steps for

229 Th2+

and 229m Th2+ . The data points represent amplitudes and positions of the
two-step resonances of a) nuclear ground state and b) isomer in all 35 spectra obtained with co-propagating beam conguration, analogous to Fig. 5.9a.
Groups are labeled by their corresponding second excitation step momenta

Fi → Fe and resonances are labeled according to Tab. 5.3.
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Chapter 6
Isomer properties
Based on the observed hyperne structure of the Th2+ ions in the isomeric
state, the hyperne constants of the 632 and the 207111 level for both nuclear
states are determined in the previous chapter. These constants are directly
coupled to the interaction between the electron shell and the nucleus (see
Ch. 2) and can therefore be used to gain knowledge on the nuclear structure
of the isomeric state. Parts of this chapter are already published in Ref. [26].

6.1 Magnetic dipole moment
The hyperne splitting constant A is related to the nuclear magnetic dipole
moment µ by Eq. 2.20. The measured ratio Am /A = −1.73(25) therefore
determines the magnetic dipole moment µm of the isomer according to the relation µm = µAm I m /(AI), with µ being the magnetic moment of the nuclear
ground state and I m and I being the nuclear spin values of the isomeric and
the nuclear ground state, respectively (see, e.g., Ref. [48]). Hyperne structure
anomalies are neglected, since they are small for the d2 , fd, and f2 electronic

congurations of Th2+ levels [97; 98]. Therefore, the ratio of the magnetic
moments of the isomer and nuclear ground state is µm /µ = -1.04(15). The

nuclear magnetic moment µ of the ground state has been measured in two
experiments [99; 100], with the most precise value µ = 0.360(7) µN resulting
from the combination of high-precision calculations [47] and hyperne spec-

troscopy of laser-cooled 229 Th3+ ions [100]. Based on this value the magnetic
dipole moment of the isomeric state is derived as µm = −0.37(6) µN .
73
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As introduced in Ch. 2, an estimate based on the leading Nilsson conguration [44; 46] had predicted µm = -0.076 µN . Assuming that the discrepancy
is not caused by experimental errors, this indicates that the simplifying Nilsson approach is insucient for quantitatively characterizing the isomer (see
also Refs. [39; 101]). In a recent paper, Minkov and Pály gave a value for
the magnetic dipole moment of the isomer, based on a model that includes
among others the eects of collective quadrupole-octupole vibration-rotation
motion and the Coriolis interaction between the valence neutron and the core
[102]. Their result of µm = -0.35 µN is in good agreement with the experimental value, although the discrepancy between predicted and measured nuclear
ground state magnetic moment slightly increased. They also investigated the
transition probability B(M1) for magnetic decay of the isomeric state, pointing
out that their model yields a considerable smaller value, leading to a longer
radiative lifetime than the so far assumed ≈ 3 · 103 s [42].

6.2 Electric quadrupole moment
Employing Eq. 2.20, the spectroscopic quadrupole moment of the isomeric state
m
m
Qm
s can be determined from Qs = Qs B /B , with Qs being the spectro-

scopic quadrupole moment of the nuclear ground state. The measured ratio

B m /B = 0.555(19) (see Tab. 5.2 and Tab. 5.4) is mostly derived from the
constants of the 207111 electronic state, due to the large uncertainty of the
values obtained for the 632 level. The electric quadrupole moment of the nuclear ground state Qs has been measured in two independent experiments as

3.15(3) eb [45] and 3.11(6) eb [47; 100]. Using the weighted mean of these two
values, the spectroscopic quadrupole moment of the isomer is determined as

Qm
s = 1.74(6) eb.
As introduced in Ch. 2, the quadrupole deformation in the reference frame
of the nucleus is given by the intrinsic quadrupole moment Q0 , which is connected to Qs via Eq. 2.18, giving Q0 =

14
Qs
5

for the nuclear ground state

and Q0 = 5Qs for the isomer. The resulting intrinsic quadrupole moments
are Q0 = 8.8(1) eb and Qm
0 = 8.7(3) eb, respectively. To within the uncertainty, the intrinsic quadrupole moments of both states are therefore the same
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(Qm
0 /Q0 = 0.991(34)), which is in good agreement with theoretical predictions
[101; 103].

6.3 Mean squared charge radius
The isomeric state is also expected to have a dierent mean squared charge
radius compared to the nuclear ground state, resulting in an isomeric shift of
the HFS. The shifts of the two excitation steps are derived from the centers
of the hyperne structures, calculated by setting A = B = 0. The isomeric
HFS is shifted to lower frequency relative to 229 Th2+ by 0.29(3) GHz for the

632 → 207111 transition and by 0.21(5) GHz for the 207111 → 293000 transition. The corresponding isotope shifts between 229 Th2+ and 232 Th2+ are

8.2(2) GHz and 6.2(3) GHz (see Ch. 5). The isomeric shift arises purely from
the eld shift caused by the change in nuclear radius. The isotope shift on
the other hand also depends on the mass shift (see Ch. 2). Since only the eld
shifts have to be compared to extract the nuclear radius change, the contribution of the mass shift needs to be excluded. This is achieved by employing
results of a theoretical analysis of the isotope shift between 232 Th and 229 Th
in Ref. [53], which is partially based on experimental results of Ch. 5. The
resulting average ratio of isomer and isotope eld shifts for both transitions
is 0.036(5). The dierence in mean-squared charge radius between 232 Th and

229 Th is δhr2 i232,229 = 0.299(15) fm2 [53], with hr2 i229 = 33.13(17) fm2 [41].
Therefore, the dierence between the mean squared radii of the isomeric and
nuclear ground state in 229 Th is δhr2 i229m,229 = 0.0107(16) fm2 .

6.4 Sensitivity to temporal variations of α
The possibility of temporal variations of fundamental constants has been discussed already in 1937 in the framework of relativistic cosmology [104; 105],
but they have not been experimentally observed yet. A nuclear clock based

on 229 Th has been proposed in Ref. [16] as a particularly sensitive system to
search for temporal variations of the ne structure constant α.
The proposal is based on the model that the small nuclear transition energy Eis ≈ 8 eV appears as the result of the nearly perfect cancellation of
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the changes in Coulomb energy ∆EC = ECm − EC ≈ −1 MeV and energy
from the strong interaction between the two nuclear states. The sensitivity

((α/f )df /dα) of the nuclear transition frequency to the value of α would then
be equal to the ratio ∆EC /Eis . However, this model has been criticized based
on the reasoning that the transition is mainly performed by an unpaired neutron, leaving the Coulomb energies of 229 Th and 229m Th essentially equal [106].
Theoretical estimations of ∆EC from nuclear structure calculations [101; 106]
vary from a few keV to a few MeV. It has therefore been proposed to calculate

EC via the change of the nuclear charge radius and electric quadrupole moment from measured isomer shift and HFS data [107]. Following Ref. [107] and
treating the nucleus as a uniform, hard-edged, prolate spheroid, the change
in Coulomb energy can be expressed in terms of the change in mean squared
charge radius and electric quadrupole moment, which are measured above, as

∆EC = −485 MeV((hr2 i229m /hr2 i229 ) − 1) + 11.6 MeV((Qm
0 /Q0 ) − 1), (6.1)
using updated values of Q0 and hr2 i229 . The resulting change in Coulomb
energy is ∆EC = −0.26(40) MeV. The uncertainty of ∆EC is dominated by
the 4 % uncertainty of Qm
0 /Q0 . This result is therefore not sucient to prove

|∆EC |  Eis . Nevertheless, the obtained value for the change in Coulomb

energy would correspond to a sensitivity of a 229 Th nuclear clock to changes
in α of about 104 . It is therefore likely, that the sensitivity of such a clock
exceeds those of present atomic clocks by several orders of magnitude [108].

6.5 Further isomer properties
Apart from the nuclear structure, the simultaneous measurement of the HFS

for both nuclear states gives insight into further properties of 229 Th and its
isomeric state.

The fraction of ions in the isomeric state that are extracted from the 233 U

recoil source was so far only inferred from γ -spectroscopy [109]. By comparing the integrated uorescence signals of isomeric and nuclear ground state
resonances, the rst directly measured value can be provided, determining a
branching ratio of 2.1(5) % (see Fig. 5.14), which conrms the previously assumed value.
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The experimental setup is in principle also suitable to determine the isomeric

lifetime in Th2+ . Since the isomeric state has a nite lifetime, the amplitudes

of the corresponding resonances will show an exponential decay. However,
this experiment is impeded by the limited storage time of the ions in the
trap of τ ≈ 60 s, determined by chemical reactions and charge exchange with
impurities in the buer gas. During this time, no change in the amplitude
ratio is observed. Hence, the value of 60 s can only be given as a lower limit
for the isomer lifetime, conrming the result in Ref. [24]. To measure the
isomeric lifetime on its expected timescale of ≈ 104 s [42] via this method,
an improvement of the storage time by two orders of magnitude would be
necessary.
The nuclear moments of the isomer are also important when estimating the
performance of a future nuclear clock. In the case of a single ion clock based on

229 Th3+ and employing stretched states, the hyperne-mediated shift ∆X HF S
on the transition can be expressed as [13]:
 m
 m


µ −µ
Q0 − Q0
HF S
HF S
∆X
=
X̄µ
+
X̄QHF S ,
µN
|e|b

(6.2)

HF S
with X̄µ,Q
being form factors that only depend on the electronic wave func-

tions. With the new value for the magnetic dipole moment of the isomer,
the dierential Zeeman shifts can be calculated as ∆EZ /B ≈ ±5.5 kHz/mT,
which is about 40 % larger than the value given in Ref. [13]. However, this will
not impact the estimated uncertainty for the transition frequency of the clock,
which is still dominated by the eects of excess micromotion and gravitational
shifts.
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Chapter 7
Search for electronic bridge
excitation in Th2+
This chapter discusses an experiment aimed at exciting the 229 Th nucleus via
an electronic bridge process in Th2+ ions. As introduced in Ch. 2, electronic

bridge excitation relies on the coupling between the electron shell and the
nucleus. In the case of the low-lying 229 Th isomer, if an M1 or E2 decay

channel of the electron shell is in resonance with the nuclear excitation, the
shell can decay non-radiative while exciting the nucleus [32; 110; 111].
Experiments have already been performed to search for a corresponding pro-

cess using Th+ , which exhibits a high electronic level density due to its three
valence electrons [65]. In this experiments, ions were excited in a two-step
scheme with one visible and one UV photon to address levels in the energy
range of the isomer, subsequently referred to as 'high-lying' states. However,

exciting high-lying levels in Th+ can lead to three-photon ionization (see Ch. 3),
since one additional UV photon can excite the ion above its ionization potential of 12.1(2) eV [66]. The laser power applied during these experiments was
therefore limited to be far below saturation, leading in turn to a limited population transfer to the high-lying states.
In contrast, no ionization of Th2+ is expected in a similar scheme due to its
ionization potential of 18.33(5) eV [93]. This allows for saturating transitions
to high-lying states to maximize their population. A disadvantage of Th2+

is, that it does not possess electronic levels inside the 1σ -range of the isomer
energy 8.28(17) eV (Refs. [9; 112; 113]), which could enhance a bridge excita79
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tion [32]. However, it does possess levels at higher energy between 9.25 eV and

10.32 eV. These levels can couple to low-lying states of up to 2.57 eV via M1
or E2 transitions, which in turn decay to the ground state, either via dipole
transitions or via collisional quenching induced by the buer gas [30]. This
allows for M1/E2 transitions from 7.14 eV to 10.46 eV, which can couple to
the nuclear transition in the case of resonance (see Fig. 7.1). All individual
levels are listed in the appendix in Tab. A.3 and Tab. A.4. This process has
also been referred to as 'nuclear excitation via a two-photon electron transition' (NETP) [33]. Its excitation rate, depending on the isomer energy and
the high-lying electronic level, has been investigated in a theoretical study
(Ref. [33], see Fig. 7.2).
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Figure 7.1: Scheme of the NETP process. Th2+ ions are excited from two
initial levels via four intermediate levels to the energy range from 9.25 eV to

10.32 eV. Levels of odd parity are depicted with blue lines, levels of even parity
with purple lines. These levels can couple to low-lying states up to 2.57 eV via
M1/E2 transitions to excite the nucleus (red transition on the right) by the
electronic bridge mechanism. A Feynman diagram of the process is shown in
the upper center.
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Expected rate of the nuclear excitation via the NETP
process for selected high-lying levels. The predicted excitation rate is

Figure 7.2:

depicted as a function of the isomer energy for the high-lying levels 746442
(dotted blue line), 783332 (dash-double-dotted purple line), 799162 (dashed
green line), 832372 (dash-dotted cyan line) and 843743 (red solid). The gure
is adapted from Ref. [33].
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7.1 NETP experiment
The measurements are conducted using the PTB trap and 229 Th2+ ions are
loaded as described in Ch. 3. The electronic levels in the energy range between

9.25 eV and 10.32 eV are accessed via two-step excitations using two frequency
tripled pulsed Ti:Sa lasers (Sirah, Credo). Both lasers produce pulses with a
duration of 10 ns at a repetition rate of 1 kHz and an average pulse power in
the third harmonic of about 100 W.
Four intermediate levels (Tab. A.2) and 15 high-lying levels (Tab. A.3) can
be excited, determined by selection rules and the tuning range of the Ti:Sa
lasers from 710 nm to 900 nm. All transitions are rst excited in 232 Th2+ ions

to obtain necessary experimental parameters, namely saturation power of each
excitation and the detection eciency for uorescence decay from the upper
levels. Fluorescence of the intermediate levels is detected on decay channels
in the wavelength range from 300 nm to 500 nm using a PMT (Hamamatsu,
R647) with a 300 nm long pass interference lter to block stray light from
the UV pulses (see Fig. 7.3a). The observed linewidth is a convolution of the
Doppler-broadened transition and the averaged laser spectrum, which consists
of several longitudinal modes (see Fig. 7.4). VUV uorescence from all highlying levels is detected using a solar blind PMT (Hamamatsu, R6835) together
with a VUV lter (transmission window 140 ± 30 nm) (see Fig. 7.3b).
Employing the obtained experimental parameters, excitation of the high-

lying states is performed with 229 Th2+ ions to search for nuclear excitation.
Two-step hyperne spectroscopy of the 632 → 207111 → 293000 transition
using ECDLs is performed in parallel as a method to detect HFS components
of the isomer, employing the results from Ch. 5. A scheme of the optical setup
is shown in Fig. 7.5. The wavelengths of the 484 nm and the 1164 nm laser
are chosen to excite the isomer transition F m = 5/2 → 3/2 → 3/2 (resonance
i4 in Fig. 5.11). The 1164 nm laser is set to scan in a narrow range around
the resonance frequency to distinguish a possible signal from the background
(see Fig. 7.6), with a single scan taking ≈ 60 s of measurement time. Data is
taken and averaged for up to three weeks per high-lying state to increase the
SNR. Drifting of the 1164 nm laser frequency out of the scan range during the
measurements is corrected with respect to the reference cavity.
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78328 cm-1 (b). All intermediate and high-lying levels are rst investigated
using 232 Th2+ ions to determine the required saturation power.
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Example of the titanium-sapphire laser spectrum. The

spectra of the employed pulsed Ti:Sa lasers consist of several longitudinal
modes. The shown spectrum is recorded in a two-step excitation scheme using

232 Th+ ions and the transition 03/2 → 248745/2 as the rst step, excited by
402 nm radiation from an ECDL. The emission spectrum of the Ti:Sa laser
strongly depends on the laser frequency and adjustment.
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Figure 7.5: Scheme of the optical setup. The optical setup is similar to
Fig. 5.6, but includes the two frequency tripled (THG) pulsed Ti:Sa lasers to
drive the two-step transition to high-lying levels. The nuclear state detection
via two-step hyperne spectroscopy using lasers at 484 nm and 1164 nm is
collectively represented by the box in the upper left corner.
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Figure 7.6: Selected two-step hyperne excitation for nuclear state

detection. The isomer transition i4 (F m = 5/2 → 3/2 → 3/2) is suciently
isolated with a distance of 350 MHz to the next nuclear ground state resonance.

The spectrum recorded with ions from the 233 U recoil source is shown in red,
the same spectrum recorded with ions from laser ablation is shown in black.
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7.2 Detection limit
For the integrated time of the experiment no signal of the isomeric state is
observed. Therefore, only a limit on the detectable NETP excitation rate via
the selected electronic levels can be given. To this end, the achieved SNR of
the recorded HFS is compared with a reference measurement using ions loaded
from the 233 U recoil source (see Fig. 7.6). The reference signal has therefore a

known isomer population of about 2 %. With this comparison, an upper limit
on the average relative population of the isomeric state can be given, which
would be detectable with a SNR of 1.
For all selected high-lying levels, a corresponding limit of 3·10−4 is achieved.
Assuming that the decay rate Γis of the isomeric state is only determined by
its natural lifetime of ≈ 3000 s, an upper limit on the excitation rate Wex ≤

10−7 s-1 can be given, using the steady state condition Nis /Ngr ≈ Wex /Γis . Ngr
and Nis are the ground state and isomeric state population.

In the theoretical analysis of the NETP process in Ref. [33], 100 % of the
ions in the nuclear ground state were assumed to populate the excited electronic state. However, the eective excitation time in the experiments is 10−5 s
during one second, given by the Ti:Sa laser pulse duration of 10 ns and a repetition rate of 1 kHz. The lifetime of the excited electronic state is observed
to be < 5 ns. Saturating the two-step excitation also only leads to ≈ 25 %
of the population being in the high-lying electronic state. The experimental
limit on the detectable excitation rate has therefore to be multiplied by a factor of 4 · 105 to compare it to the theoretical rate. The resulting minimal
detectable excitation rate is ≈ 4·10-2 s-1 in terms of the theoretical calculation
(see Fig. 7.2).
For the levels 746442 , 783332 and 799162 a higher SNR ratio is achieved,

giving a limit for the excitation rate of ≈ 10-2 s-1 . Comparing this limit to
the theoretical prediction of the excitation rate in Ref. [33] shows that only
isomeric energy values close to the electronic resonances can be excluded (see
Fig. 7.7).
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Figure 7.7: Detection limit for the NETP excitation rate. An excerpt
of Fig. 7.2 is shown with the achieved detection limit (red bar). The limit
represents a nuclear excitation rate, which would be visible with a SNR of 1.
The gray area marks the 1σ -uncertainty of the isomer energy value measured
in Ref. [9]. The gure is adapted from Ref. [114].

7.3 Further steps
The lowest exclusion limit is achieved with a measurement time of about three
weeks per selected electronic state. To be able to detect an isomeric signal for
any nuclear excitation energy inside the current 3σ -range, the SNR has to be
improved by two orders of magnitude. This is not feasible with the current
experimental setup, since it would require to extend the measurement time
by four orders of magnitude. To improve future experiments, the hyperne
detection scheme could be changed from scanning over the isomeric resonance
frequency to measuring only the uorescence at two frequency points, one on
the resonance and one o resonance. This would speed up the data acquisition
by a factor of about 30, since currently 75 data points are recorded per scan.
To this end, an improved frequency stabilization has to be employed. This
can be achieved by locking the lasers to the rubidium reference (see Ch. 4)
via a transfer cavity (see, e.g., Ref. [115]), instead of using a wavelength meter. Additionally, the average population time of the high-lying level could be
extended by using cw lasers instead of the currently used pulsed lasers.

Chapter 8
Conclusion and outlook
The main result of this thesis is the rst measurement of the hyperne structure
of 229 Th2+ in the isomeric nuclear state and the extraction of fundamental

nuclear properties of the isomer [26]. The determination of the magnetic dipole
moment µ, the electric quadrupole moment Q and the mean squared charge
radius of the isomer allows one to calculate now the hyperne structure of

229m Th for any electronic transition, when its hyperne constants and isotope
shift are known for the nuclear ground state. This facilitates the sensitive
and non-destructive electronic-nuclear double resonance detection [8] of the

isomer also for other systems than Th2+ . This is particularly important for
future experiments towards the development of a nuclear clock, when the long
radiative lifetime of the isomer makes it dicult to detect photons emitted
in the decay of the isomer. The results for the intrinsic electric quadrupole
moment and charge radius of the isomer were used to estimate the sensitivity
of such a clock to the temporal variation of the ne structure constant α.
Within the scope of this thesis, the hyperne structures of selected transi-

tions in 229 Th+ and 229 Th2+ as well as their isotope shifts with respect to 232 Th
have been measured. The results of this measurements have been used by collaborating theoretical groups to improve the value of the nuclear ground state
mean squared charge radius [53] and to conrm precision atomic structure cal-

culations [89]. All hyperne splitting constants that have been measured in
this thesis are shown in Tab. A.1.
Furthermore, the excitation of the nucleus via an electronic bridge process

in 229 Th2+ has been investigated. Since so far no excitation has been observed,
87
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detection limits for an observable excitation rate have been given, based on
the achieved SNR.
Results of this thesis will be employed in an upcoming extension of an

experiment searching for electronic bridge excitation in Th+ . In previous
measurements, only even parity high-lying levels have been investigated [116].

In the new experiment, based on three-photon excitation, levels of odd parity in the energy range of the isomer will be excited to search for nuclear
excitation.

This experiment will now also employ hyperne spectroscopy

to detect ions in the isomeric state. To this end, the two-step excitation

03/2 → 248745/2 → 499607/2 , described in Ch. 4, will be used. Based on the
determined isotope shift and hyperne constants of the 499607/2 level and the
isomeric nuclear properties, the frequencies of the expected isomeric hyperne
resonances have been calculated and a suitable detection scheme has been chosen (see Fig. 8.1). In parallel, improvements of the Th2+ experiment discussed
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in Ch. 7 are in preparation.
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Nuclear state detection via hyperne spectroscopy in
The two-step excitation 03/2 → 248745/2 → 499607/2 in 229 Th+ can

Figure 8.1:

Th+ .

be used to distinguish ions in the nuclear ground state (blue) from ions in
the isomeric state (red). In the presented calculated spectra, a 2 % fractional
population of the isomeric state is assumed. Resonances are labeled according
to Tab. 4.1.
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The recently started 'ThoriumNuclearClock' collaboration, consisting of
groups from TU Wien, LMU, University of Delaware and PTB, aims for the
direct optical excitation of the nuclear transition. To this goal, three VUV
laser systems are in preparation. The groups at TU Wien and LMU will employ two frequency combs with high harmonic generation to achieve linewidths
below 1 kHz at 150 nm.
At PTB, a laser system to produce VUV radiation based on a four-wave
dierence mixing process (see, e.g., Ref. [117]) is currently set up. In the fourwave mixing process, three frequencies are coupled in a non-linear medium to
generate a fourth frequency. A corresponding scheme is shown in Fig. 8.2.

gas cell
two-photon transition
in noble gas

fUV

f2
fUV

f2

fVUV
fVUV

fUV
fVUV = 2fUV - f2
Figure 8.2:

Scheme of a four-wave dierence mixing process. Laser

radiation with the frequency fU V drives a near-resonant two-photon transition
in a non-linear medium, in this case a noble gas. Since the de-excitation has to
occur also via two photons due to symmetry, supplying one of these photons
via laser radiation at f2 yields VUV radiation with fV U V = 2fU V − f2 .

In the presented scheme, radiation of the frequency fU V is tuned close to
a two-photon transition in the non-linear medium. The de-excitation has also
to occur via two photons due to the inversion symmetry of the atom [118].
By applying additional laser radiation with the frequency f2 , the system can
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be stimulated to emit photons with the frequency fV U V = 2fU V − f2 . By
tuning the frequency f2 , VUV radiation over a wide frequency range can be
produced. The eciency of this process strongly depends on the phases of the
three wavelengths. Phase matching can be achieved by adjusting the pressure
of the noble gas and by selecting a suitable mixture of dierent gases, which
therefore maximizes the eciency of the conversion.
229

pulsed
pump laser

cw
pump laser

cw dye laser

dye ampliﬁer

Th Paul trap

UHV chamber

pulsed
pump laser

cw
pump laser

THG
cw Ti:Sa laser

dye ampliﬁer

Xe/Kr
gas cell

Figure 8.3: Schematic of the planned laser setup for four-wave mixing.
Two tunable cw lasers (dye or Ti:Sa laser) each seed a pulsed dye amplier.
The radiation of one amplier is frequency tripled to generate photons of fU V to
drive a near resonant two-photon transition in xenon or krypton gas. Dierence
mixing with the fundamental or second harmonic frequency (not shown) of the
second amplier yields the VUV radiation for nuclear excitation in the ion trap.

In the planned conguration, fU V will be produced by frequency tripling of
a pulsed dye amplier, which is seeded with a cw Ti:Sa or dye laser. A second
tunable cw laser produces radiation of the frequency f2 which also undergoes
pulsed amplication and optional second harmonic generation (see Fig. 8.3).
By selecting dierent two-photon transitions in xenon or krypton, VUV radiation with a photon energy from 7.4 eV to 10.2 eV can be achieved. The system
is planned to produce VUV pulses with 1013 − 1014 photons per pulse in the
energy range from 8.0 eV to 8.5 eV and a Fourier-transform-limited linewidth
of less than 1 GHz, resulting in a spectral power density of 106 photons/Hz·s.
This can be treated as a broadband radiation source with respect to the narrow
nuclear transition. Assuming a beam waist of 0.25 mm, the excitation rate can
therefore be estimated based on the Einstein B coecient (see, e.g., Ref. [119]
to be about 5 · 10−7 s-1 per ion.
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As a rst stage, the laser will be used to search for excitation of the isomeric

state in Th2+ ions using the ablation loaded ion trap introduced in Ch. 3. In

a later experiment, it is planned to excite sympathetically cooled Th3+ ions,

which are embedded in a Coulomb crystal of laser-cooled Sr+ ions. To this end,

a new ion trap loaded with Th3+ ions from a 233 U recoil source is currently in
development.
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Appendix
Hyperne splitting constants A and B that have been
measured in this thesis. Values are listed with their 1σ -uncertainty. If no

Table A.1:

uncertainty is given, the value represents a quantitative estimate, based on a
not completely resolved HFS.
Ion

229 Th+
233 U+
229 Th2+

B

(MHz)

(MHz)

7/2+

-7.9(3.5)

-1107(39)

5f 3 6d7s

11/2−

-301(6)

2860(320)

5f 2 6d2 7s

13/2+

Electronic level

(cm-1 )

conguration

J

49960

5f 2 6d + 5f 6d7p

289
25164
0
63
20711

229m Th2+

A

Energy

21784
63
20711

Π

371(8)

215(600)

5f 6d

−

4

80

3500

6d2

2+

151(8)

73(27)

5f 6d

1−

88(4)

897(14)

+

25

215

6d2

2+

-263(29)

53(65)

5f 6d

1−

-151(22)

498(15)

5f

2

4
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Table A.2: Excitation levels of Th2+ , used as intermediate levels for

the NETP experiment. Level energies and classications are taken from
Ref. [120].
Energy
(cm-1 )

Electronic

Angular momentum

conguration

J

38431.64

5f7p

3

38580.6

5f7p

4

39280.86

6d7p

1

42313.055

5f7p

3

Excitation levels of Th2+ , used as high-lying levels for
the NETP experiment. Level energies and classications are taken from

Table A.3:
Ref. [112].

Energy
(cm-1 )

Electronic

Angular momentum

conguration

J

74644.27

5f8s

2

74784.31

5f8s

3

78327.71

5f7d

3

78332.73

5f7d

2

78417.26

5f7d

4

78929.56

5f8s

4

79082.84

5f8s

3

79329.56

5f7d

4

79646.36

5f7d

3

79915.98

5f7d

2

80137.22

5f7d

5

81706.37

6d8s

1

82348.62

5f7d

4

82827.05

5f7d

3

83237.74

5f7d

2
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Table A.4: Low-lying states of Th2+ . These states can couple to the states
listed in Tab. A.3 to form M1/E2 transitions with energies from 7.14 eV to

10.46 eV. Level energies and classications are taken from Refs. [112; 120; 121].
Energy
(cm-1 )

Electronic

Angular momentum

conguration

J

0

5f.6d

4

510.758

5f6d

2

2527.095

5f7s

3

3181.502

5f7s

2

3188.301

5f6d

4

4489.641

5f6d

5

4826.826

5f6d

3

5060.544

5f6d

3

6288.221

5f6d

2

6310.807

5f7s

4

7500.605

5f7s

3

7921.088

5f6d

1

8141.749

5f6d

4

8436.824

5f6d

6

8980.557

5f6d

4

10180.766

5f6d

2

10741.15

5f6d

3

11123.179

5f6d

1

11276.807

5f6d

5

13208.214

5f6d

2

15453.411

5f6d

3

19009.908

5f6d

5

20710.949

5f6d

1
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