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Abstract
Precision experiments on Atomic Parity Violation (APV) can provide sensitive
tests for the Standard Model (SM) of particle physics. In particular the determination of the Weinberg angle (sin2 θW ) at low energies enables a search for physics
beyond the present SM. The precision to which this parameter can be determined
depends on the accuracy of the knowledge of the wavefunctions for the atom under
investigation. They can be calculated to sufficient accuracy for systems with one
valence electron such as radium (Ra) and barium (Ba). In addition, APV effects are
much larger in heavy atoms and they scale with a high power of the nuclear charge
Z. The heaviest alkaline ion Ra+ is therefore a well suited system for such a measurement. In this work we exploit trapping and laser spectroscopy of different Ra+
isotopes. In particular the absolute frequency for the 7s 2 S1/2 – 6d 2 D3/2 transition
in the isotopes 212–214 Ra+ was determined to better than 19 MHz. This provides
improved input for further development of the atomic theory of Ra+ ions.
Atomic Parity Violation in Ra+ can be measured at competitive level in a single
localized ion. Since all Ra isotopes are radioactive, their production requires the
decay of other radioactive nuclei or beamtime at accelerator facilities for producing
them in nuclear collisions. As a precursor to Ra+ experiments a single ion APV
experiment is developed at the Van Swinderen Institute in Ba+ . Most relevant
aspects of an APV measurement in Ra+ also apply to Ba+ and they can be studied
in a single Ba+ ion experiment without the additional complications by radioactivity.
Laser spectroscopy and lifetime measurements are therefore performed in a single
Ba+ ion. The absolute frequencies of the 6s 2 S1/2 -6p 2 P1/2 , 5d 2 D3/2 -6p 2 P1/2 and
6s 2 S1/2 -5d 2 D3/2 transitions are measured with uncertainties of 3 MHz. They are
presently systematically limited by frequency calibration. These values are the to
date most accurate measurements which improve previous results by some 2 orders of
magnitude. The lifetime of the 5D5/2 state is determined to be τ5D5/2 = 26.4(1.7) s in
good agreement with theoretical values and within two standard deviations of other
previous measurements. This value provides input for precise calculations concerning
the electric dipole and electric quadrupole transition amplitudes in Ba+ ions. The
results obtained for Ba+ in this thesis guide also the path towards an improved APV
measurement in Ra+ which have particular sensitivity to new physics beyond the
SM.
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1

Introduction
The Standard Model (SM) is a remarkable theory that consistently describes electromagnetic, weak and strong interactions. It provides a framework to explain the
kinematics and interactions in particle physics, and it provides a coherent picture
over the presently experimentally accessible energy range up to about 100 GeV.
However, the SM of particle physics is incomplete. The description of gravity, the
existence of dark matter and neutrino oscillations are some examples of physics that
is not covered by the present SM of particle physics.
There are two distinctively different and complementary approaches to look beyond the SM. First there is direct production of new particles in, e.g., collisions of
high energy particle beams. The Higgs boson is the most recent example [1, 2]. The
second approach exploits high precision determination of known quantities, e.g., at
low energies. A deviation of the measured values from the SM prediction would be
an indication of physics beyond the SM. Some examples of such precision experiments are searches for permanent Electric Dipole Moments (EDMs) [3] and precise
measurements of Atomic Parity Violation (APV) [4, 5].
Symmetries in nature are associated with transformations of a system: a system
has a symmetry if a transformation exists such that the transformed system is indistinguishable from the original one [6]. Such symmetries in nature include: parity (P)
or mirror symmetry defined as the space inversion of coordinates, charge conjugation
(C) that accounts for the exchange of particles and antiparticles, time reversal symmetry (T) that corresponds to the inversion of the time coordinate (t → −t), and
the combination of charge and parity, the CP symmetry. Fundamental symmetries
are described by quantum mechanical operators. Because the operators for parity
and charge conjugation have discrete eigenvalues, e.g., +1 or −1, they are called
discrete symmetries. Parity can be represented by the operator P̂ . An interaction
conserves parity if the Hamiltonian of such an interaction Ĥ commutes with P̂ . In an
experiment parity is conserved if the result of measuring Ĥ does not change through
inverting the spatial coordinates. If this is not the case, the Hamiltonian Ĥ does not
1
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commute with P̂ and parity is violated. In atomic physics the consequences of this
non commutation are known as Atomic Parity Violation(APV).
There are four fundamental interactions known in nature: gravity, electromagnetic, strong and weak. The weak interaction is the only one of them that breaks the
mirror symmetry (P̂ ). The first experimental proof of Parity Violation (PV) in weak
interactions was conducted by C. S. Wu and coworkers in 1957. They studied the
spatial distribution of β-particles emitted from a polarized 60 Co sample at 0.003 K.
The orientation of the 60 Co nucleus spin is determined by a strong magnetic field.
If parity is conserved the β-particle emission would be the same in either direction
along the axis of spin. Wu et al. established that β-particles from 60 Co are emitted
preferentially in the direction of the spin of the decaying nucleus [7]. This shows
that parity is not conserved.
One of the key features of the SM is that all the electromagnetic and weak phenomena are manifestations of one electroweak force that describes the interaction
between the electrons and the nucleus in an atom [8, 9]. The force can be described
as a combination of the long-range electromagnetic interaction mediated by the exchange of a massless photon (γ) and the short-range weak interaction mediated by the
exchange of a massive Z0 boson (e.g. see Fig. 1.1). As an example, the electroweak
interaction provides for a measurement of the Weinberg angle (i.e. sin2 θW ) at low
energies. In the SM sin2 θW is a fundamental parameter that connects the charge
of the electron e with the coupling constant of the weak interaction gW through the
2
[10]. One way to measure the effects of the weak interaction
relation sin2 θW = e2 /gW
is by investigating the interference term of the weak force with the electromagnetic
force (see Fig. 1.1). This approach is followed in the work presented in this thesis.

Figure 1.1: The interaction between the electrons and the nucleus in an atom is through the
electromagnetic (EM) force which is mediated by a photon (γ) and the weak force which is mediated
by a Z0 boson. Atomic Parity Violation can be observed through the interference between the EM
and the weak interaction.

In atoms parity violation arises from the interference of the exchange of Z0
bosons and photons between the atomic electrons and the quarks inside the nucleons
that form a particular atomic nucleus [11]. In this process the nucleus acquires a
weak charge Qweak . The magnitude of Qweak is related to the Weinberg angle θW

3
through [12]
Qweak ≈ −N + (1 − 4 sin2 θW )Z,

(1.1)

where N and Z are the neutron number and the proton number in the nucleus.
The prediction for sin2 θW in the SM at various momentum transfers is shown as
a solid line in Fig. 1.2 [13–15]. The value of sin2 θW decreases about 3 % because of
radiative corrections up to the energy scale where W± and Z0 bosons are produced.
At higher momentum transfer the value increases due the interaction of the vector
bosons with each other [16]. Few precise measurements of sin2 θW have been carried
out to test the SM in four significantly different regions of momentum transfer.
High energy experiments at SLAC and at CERN have determined the Weinberg
angle at the Z-pole by colliding electron and positron beams [17]. The SLAC E158
collaboration measured the parity-violating asymmetry with a fixed target electronelectron (Møller) scattering [18], and the NuTeV collaboration extracted the sin2 θW
by measuring the ratios of neutral current to charged current in neutrino-nucleon
scattering experiments (ν-DIS) [19].

Figure 1.2: Running of the Weinberg angle (sin2 θW ). Blue line: Variation of sin2 θW with
momentum transfer. The black points represent measurements. The blue curve has been fixed by
the average value at LEP and SLD data [16]. Red symbols in the upper part are planned experiments
at different momentum scales. The dashed lines represent the sensitivity of the Weinberg angle at
low energies to hypothetical dark Zdark bosons for different possible masses [20, 21] (see also [22]).
The lower their mass, the more important a precise measurement of Atomic Parity Violation.

Complementary to the high energy experiments one high precision experiment
to measure sin2 θW has been performed in Cs atoms at the lowest accessible momen-

4
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tum transfer. It is the preliminary end of a long chain of experiments on various
atomic species [4]. In Cs atoms the amplitude of the parity-nonconserving transition
between the 6S and 7S states was measured precisely [23]. The extraction of the
Weinberg angle from this measurement is presently in part limited by the accuracy
of calculations of the atomic wave functions in Cs [24–26].
The effects of APV are much larger in heavy atoms. Scaling with Z 3 can be
expected from the number of neutrons that is about proportional to Z and to the
overlap of the electronic wavefunction in s states with the nucleus that scales with
Z 2 . Theory has shown that APV effects scale significantly stronger than with Z 3
[27–29]. For the heaviest alkali metal atom, Fr (Z = 87), calculations show that the
enhancement for an APV effect is 15 times larger than for Cs [30, 31] mainly due to
relativistic effects. The Ra+ ion (Z = 88) is the heaviest alkaline earth ion available.
Calculations have shown that the APV effect in Ra+ are some 20 times larger than
in Ba+ [29] and about 50 times larger than that in atomic Cs [26, 29, 32–38]. As a
particular advantage, the required theory of atomic systems with a single valence
electron can be treated with sufficient accuracy [29, 39]. Therefore, Ra+ provides a
very promising route towards a more precise measurement of APV [29, 32, 40].
The determination of the Weinberg angle at low energies is also a sensitive means
to test additional physics scenarios [13,16,41]. For this a precision measurement can
be translated into bounds on the parameters in theoretical approaches beyond the
present SM. For example, the best limit on the mass of a heavy Z0 boson (MZ0 >
1.3 TeV/c2 ) that couples to electrons and quarks comes from the previous mentioned
Cs experiment [42]. Some recent theories suggest that light particles must couple
very weakly to SM particles [16]. This is the case for a possible dark Zdark boson,
where the low energy precision experiments to determine sin2 θW have an enhanced
sensitivity to the mixing of the Zdark -boson with the photon and the Z0 -boson [21,43].
The effect of this coupling will shift the value of the Weinberg angle at low momentum
transfer scale depending on the mass of Zdark as shown by the dashed lines in Fig.
1.2 [16, 21]. New precision experiments to determine the Weinberg angle at low
energies in Fr atoms [44, 45], Ba+ ions [46] and Ra+ [32] ions are in progress. The
value of sin2 θW with anticipated uncertainty for Ra+ (indicated in Fig. 1.2) will
provide more information about possible physics beyond the SM.
Due the large APV effect a single trapped and laser cooled Ra+ ion is excellently
suited to measure APV and to extract from such a measurement the Weinberg angle
sin2 θW [29,32,47]. The availability of different Ra+ isotopes [48,49] provides further
possibilities to measure ratios of APV effects. In this case the uncertainties associated with atomic wave function calculations cancel to a large extent [40]. A novel way
to measure the interference between the weak interaction and the electromagnetic
interaction has been proposed by Fortson et al. for single Ba+ or Ra+ ions [46, 50].
In these systems an APV signal can be obtained by measuring the nonzero amplitude for electric dipole forbidden transitions. For a single Ra+ ion standing waves
of laser fields drive an electric dipole forbidden transition (E1AP V ) and an electric
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quadrupole transition (E2) between the 7s 2 S1/2 and 6d 2 D3/2 states (see Fig. 1.3).
The interference between these transitions causes a light shift such that the level
splitting between the m = ±1/2 Zeeman levels of the ground state changes. This
splitting is proportional to the light intensity and to the weak interaction contribution. It becomes measurable in a single ion with RF spectroscopy and the electron
shelving technique [51]. This technique allows for example to determine whether the
single ion is or is not in the metastable state 6d 2 D5/2 by measuring the fluorescence
signal from the 7s 2 S1/2 − 7p 2 P1/2 transition in Ra+ (see Fig. 1.3). The measurement
of light shifts requires the precise localization of a single ion in the standing waves
of a laser field to significantly better than one optical wavelength [50, 52, 53]. Other
advantages of a single trapped ion experiment are good control of systematics, long
coherence times and from the technical point of view all the required atomic transitions in Ra+ are accessible with commercially available semiconductor diode laser
systems (see Fig. 1.3).

Figure 1.3: Low lying energy levels of Ra+ together with relevant transitions for an APV measurement and for an ion clock. Due the exchange of a Z0 boson atomic states acquire a tiny admixture
of opposite parity states. For the ground state 7s 2 S1/2 the mixing with the 7s 2 P1/2 state allows
an otherwise dipole forbidden transition E1APV . The interference between the amplitudes for the
dipole forbidden transition E1APV and the allowed electric quadrupole transition E2 provides for
an APV signal. Note that all transitions for the experiment can be driven by semiconductor diode
lasers.

The very same setup which has been designed for a competitive APV measurement in a single Ra+ ion is also very well suited for the realization of a single ion
optical clock [54, 55]. Nowadays, the most accurate and stable time and frequency
standards are based on single trapped ions [56]. Quadrupole shifts due external
electric and magnetic fields of the atomic transitions are the major systematic effect
in most of such clocks [54]. The ion 223 Ra+ is here of particular interest, because

6
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the sensitivity to the quadrupole shift in the 7s 2 S1/2 → 6d 2 D3/2 transition is minimal [54, 57, 58]. Whereas for the APV measurement the light shift needs to be
determined very accurately as a function of laser intensity to yield the desired signal, a high precision clock requires rather the very stable control of the light shift.
A frequency stability of 10−18 or beyond appears feasible for a 223 Ra+ ion clock,
which makes it very competitive with present clocks [54, 59, 60]. In particular high
precision tests of fundamental symmetries, e.g., a search for the time variation of the
fine structure constant α, are enabled with unprecedented accuracy [57, 61, 62], i.e.,
beyond α̇/α = −1.6 (2.3) × 10−17 /year [61].
All the relevant aspects of an APV measurement can not only be applied to
Ra+ , but also to the isoelectric Ba+ ion. Since radium is a radioactive element and
its production requires radioactive sources or beamtime at accelerator facilities, a
single ion experiment on Ra+ is developed in our group using Ba+ as a precursor.
A single Ba+ ion appears to be a well suited system for developing the single ion
trapping technique, for refining single ion laser spectroscopy and for searching for
possible systematic effects. All these studies are indispensable for a future APV
measurement.
Outline of this Thesis
This work is concerned with the development of an experimental setup to carry out
an APV measurement. The first part of this thesis (Chapters 2 and 3) explains the
status of the APV measurement in Ra+ ions. Chapter 2 introduces in detail an
APV experiment with single Ba+ and Ra+ ions and an overview of the experimental
requirements. The work on radium production and our results on laser spectroscopy
for different Ra + isotopes are discussed in Chapter 3. The second part of the thesis
(Chapters 4, 5 and 6) concerns the design and setup of the single ion experiment
which is developed with Ba+ . The underlying physics that is required for laser
cooling of ions is explained in Chapter 4. Chapter 5 contains the information of the
experimental setup to trap a single Ba+ ion. The main results on laser spectroscopy
on a single Ba+ ion are presented in Chapter 6. Laser spectroscopy in a single Ba+
ion has been implemented to measure absolute frequencies of atomic transitions,
to investigate possible systematic effects and to determine their influence on the
experiment. The measurement of the lifetime of the 5d 2 D5/2 state and the results are
reported in Chapter 6. Chapter 7 gives the conclusion and the outlook of this work.
The results reported in this theses are crucial steps towards both a measurement of
APV in a single Ra+ ion and for a Ra+ ion clock.

Chapter

2

Atomic Parity Violation in Ra+
The concept of measuring Atomic Parity Violation (APV) in a single Ra+ ion is
addressed in this chapter. The advantages of radium are discussed over other atomic
systems that have been used to date to measure APV. This includes understanding
and measuring light shifts of atomic levels in atoms. This information is needed to
define the general experimental requirements for a determination of the Weinberg
angle (sin2 θW ) from a measurement of the weak charge in radium isotopes.

2.1

Characteristics of Ra+ and Ba+

Atomic radium (Ra) is an alkaline earth element. Its atomic number is Z = 88
and the electronic configuration is [Rn] 7s2 . All isotopes of radium are radioactive.
Radium is only abundant in nature with its isotope 226 Ra, which lives for τ1/2 = 1600
y. With the exception of 225 Ra the main decay channel for all Ra isotopes is via
α particles emission into radon. Nowadays different radium isotopes with mass
numbers A between 202 < A < 227 and lifetimes varying from τ1/2 = 23 ms to
τ1/2 = 1600 y are known. The production of various Ra isotopes has been achieved
at sufficient quantities for precision laser spectroscopy at accelerator facilities such
as, e.g., ISOLDE at CERN [63] and AGOR TRIµP at KVI [48]. For this several
different nuclear reactions have been exploited; examples as well as production rates
are given in Table 2.1.
Ra+ is the heaviest alkaline earth ion in nature. It is a single valence electron
atomic system where the atomic configuration using LS coupling for the ground
state is 7s 2 S1/2 . The first systematic spectroscopy measurements on radium were
performed by Rasmussen in 1933/34 in the isotope 226 Ra and its ion 226 Ra+ [64, 65].
After more than 50 years the hyperfine structures and isotope shifts were measured
for the isotopes 208−232 Ra by the ISOLDE collaboration at CERN [63, 66]. The
results of these experiments concerning the lowest five atomic states are summarized
in the atomic level scheme for Ra+ in Fig. 2.1. The lifetimes which are given for the
7
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Table 2.1: List of available Ra+ isotopes. Their lifetime for radioactive decay τ1/2 , nuclear spin
I, for each isotope one proven production method and the achieved production rates are given [70].

Isotope

I

209 Ra

5/2
0
5/2
0
1/2
0
3/2
1/2
0

210 Ra
211 Ra
212 Ra
213 Ra
214 Ra
223 Ra
225 Ra
226 Ra

τ1/2
4.6(1.5) s
3.66(18) s
12.61(5) s
12.5(1.0) s
162.0(1.7) s
2.42(14) s
11.43(4) d
14.9(2) d
1 600.0(7) y

Production
Method
204 Pb

+12 C →209 Ra + 7n
204 Pb +12 C →210 Ra + 6n
204 Pb +12 C →211 Ra + 5n
206 Pb +12 C →212 Ra + 6n
206 Pb +12 C →213 Ra + 5n
206 Pb +12 C →214 Ra + 4n
offline source of 227 Ac (21.8 d)
offline source of 229 Th (7.34 ky)
offline source of 230 Th (75.4 ky)

Production
Rate[ions/s]
200
500
1 000
800
2 600
1 000
−
−
−

different states in Ra+ are the result of recent atomic structure calculations [58].
The availability of several isotopes is a particular advantage for an APV measurement with Ra+ . It provides for the possibility to perform ratio measurements
between the different isotopes. Uncertainties due the atomic physics calculations
can thereby be reduced and partially eliminated. Several Ra+ isotopes are presently
accessible for performing a possible APV experiment. A list of these isotopes is
given in Table 2.1 with information about their lifetime for radioactive decay τ1/2 ,
the nuclear spin I and a possible production method.
The isotopes 209−214 Ra+ have been produced for our experiments by fusionevaporation reactions in inverse kinematics. For this, a lead beam (204/206 Pb) from
the AGOR facility collides with a rotating carbon wheel target (12 C) [48, 67]. The
isotope 223 Ra+ can be obtained from the radioactive source 227 Ac (τ1/2 = 21.8 d)
through the decay 227 Ac → β − + 227 Th → 223 Ra + α [68]. A radioactive source
229
Th (τ1/2 = 7932 y) can be employed for the extraction of 225 Ra [69]. The isotope
225
Ra+ is obtained then through the decay 229 Th →225 Ra + α.
The ions Ba+ and Ra+ have very similar atomic structure as shown in Fig. 2.1.
This fact enables the development of the necessary experimental techniques for an
APV measurement with Ra+ using non-radioactive Ba+ . Barium with atomic number Z = 56 has the electronic configuration [Xe] 7s2 . Barium has like radium a
rather large number of isotopes (118 < A < 150). The most abundant isotope is
138
Ba.
Spectroscopy data for 138 Ba+ have been obtained by Karlsson et al. [71]. The optical spectra for Ba and Ba+ , which were emitted from a hollow cathode lamp, have
been analyzed using Fourier Transform Spectroscopy. For those measurements a frequency uncertainty of ≈ 30 MHz has been reported [71]. The atomic data for Ba+
are available from the latest compilation by Curry et al. in 2004 [72]. The compila-
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Table 2.2: Comparison between Ra+ (n = 7) and Ba+ (n = 6) ions concerning transitions
wavelengths, excited state lifetimes and branching ratios for atomic transitions between the low
lying states.
226

Ra+

138

Ba+

Wavelengths
ns 2 S1/2 − np 2 P1/2
np 2 P1/2 − (n − 1)d 2 D3/2
ns 2 S1/2 − (n − 1)d 2 D3/2
ns 2 S1/2 − np 2 P3/2
np 2 P3/2 − (n − 1)d 2 D5/2
ns 2 S1/2 − (n − 1)d 2 D5/2
ns 2 P3/2 − (n − 1)d 2 D3/2
Lifetimes
τnP1/2
τnP3/2
τ(n−1)D3/2
τ(n−1)D5/2
Branching Ratios
np2 P1/2 − ns2 S1/2
np2 P1/2 − (n − 1)d2 D3/2
np2 P3/2 − ns2 S1/2
np2 P3/2 − (n − 1)d2 D5/2
np2 P3/2 − (n − 1)d2 D3/2

468.228(2)
1079.119(10)
827.515(10)
381.442(2)
801.970(10)
727.320(10)
707.802(10)

nm
nm
nm
nm
nm
nm
nm

[65] 493.54541(3) nm [72]
[74] 649.8693(1) nm [72]
[74] 2051.765(1) nm [72]
[65] 455.53098(3) nm [72]
[65]
614.341(1) nm [72]
[74] 1762.174(1) nm [72]
[65]
585.530(1) nm [72]

8.57 (10) ns
4.67(9) ns
0.638(10) s
0.303(4) s

[75]
[75]
[38]
[38]

7.92(10) ns
6.30(17) ns
80.086(714) s
29.856(296) s

[75]
[75]
[76]
[76]

0.909
0.091
0.878
0.106
0.016

[58]
[58]
[58]
[58]
[58]

0.756
0.244
0.756
0.215
0.029

[77]
[77]
[78]
[78]
[78]

tion provides the values for the 6s 2 S1/2 − 6p 2 P1/2 and 5d 2 D3/2 − 6p 2 P1/2 transition
frequencies with an uncertainty of 0.010 cm−1 which corresponds to 300 MHz. The
level scheme in Fig. 2.1 gives a selection of all measured transitions.
Among the experiments that have been performed with Ba+ is the first observation of a single trapped ion in an Radio Frequency (RF) Paul trap. This has been
achieved in 1977 by Toschek, Dehmelt and coworkers [73]. An experiment with a
single Ba+ ion enables furthermore the possibility to better understand the aspects
of trapping, laser cooling and light-shifts measurements in alkaline earth elements.
Barium and radium ions have the particular advantage that the atomic transitions for
detection and spectroscopy can be excited with commercially available light sources
(see Fig. 2.1). Wavelengths, lifetimes and branching ratios of the atomic transitions
which are relevant for the single ion trapping experiment in Ra+ and Ba+ are listed
in Table 2.2.
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Figure 2.1: Level scheme of Ra+ ion and the isoelectric Ba+ ion. Transitions wavelengths and lifetimes of the relevant states are given.
Values from Ra+ are taken from [65] and for Ba+ from [72].
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Ra+ an Excellent Candidate for an APV Measurement

The interference of Z0 bosons and photons exchanged between the atomic electrons
and the quarks in the atomic nucleus leads to a short range parity violating component in the interaction potential between the electrons and the nucleus. The strength
of this component in heavy atoms can be calculated with atomic theory using the
nuclear spin independent Hamiltonian for the weak interaction which is given by [79]
GF
(2.1)
HW = QW × √ γ5 ρn (r),
8
where GF is the Fermi constant, γ5 is the standard Dirac matrix, ρn (r) is the neutron
density in the nucleus and the weak charge QW is
QW ≈ −N + Z(1 − 4 sin2 θW ),

(2.2)

where N and Z are the neutron number and the proton number in the nucleus.
Atomic Parity Violation is stronger for heavy atoms. The overlap of the s and
p atomic wave functions with the nucleus yields a proportionality with Z 2 in the
matrix elements for the Hamiltonian of the weak interaction between electrons and
nucleons in an atom (Eq. 2.1). An additional factor of Z comes from the number
of neutrons in a nucleus which itself is proportional to good approximation to the
number of protons in a nucleus. The total enhancement factor is therefore in first
approximation proportional to Z 3 . The matrix element for the weak interaction can
be written as [27]
hns1/2 |HW |n0 p1/2 i ∝ Z 2 QW K(Z, R),
(2.3)
where K(Z, R) is a relativistic factor that depends on the charge (Z) and the radius
(R) of the atomic nucleus. In heavy atoms the relativistic factor produces an effect
such that the APV signal increases faster than Z 3 . Figure 2.2 shows the matrix
elements for the weak interaction in Eq. 2.3 as a function of the nuclear charge for
singly charged alkaline earth ions. The effect on radium is significantly larger than
in the other elements. Calculations of the matrix elements in Eq. 2.3 reveal that
the APV effect in Ra+ is 20 times larger than in Ba+ [33, 39]. In comparison with
the heavy alkaline earth atoms the APV effect in Ra+ is 50 times larger than in
Cs [25, 40] and 18 times larger than in Fr [30, 31].
The weak interaction induces a mixing of opposite parity states. The modified
]
wavefunctions due the weak interaction ( |nS
1/2 i) can be calculated using perturba+
tion theory. For the Ra ion in LS coupling the state 7s 2 S1/2 mixes primarily with
the state 7s 2 P1/2 . This results in a new atomic state
]
|7S
1/2 i = |7S1/2 i + |nP1/2 i
∞
X
hnP1/2 |HW |7S1/2 i
.
= |7S1/2 i +
|nP1/2 i
E7S1/2 − EnP1/2
n=8

(2.4)
(2.5)
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Figure 2.2: The APV matrix element as a function of nuclear charge for the singly charged
alkaline earth ions (single valence electron system). The blue line corresponds to scaling with the
Z 3 according to [27]. Due the relativistic factor Krel the scaling of the weak matrix element rises
significantly stronger than with Z 3 (red line) [40].

The 6d 2 D3/2 and the 6d 2 P3/2 states in LS coupling also mix which results in a new
state described by
0
^
|6D
3/2 i = |6D3/2 i +  |nP3/2 i
∞
X
hnP3/2 |HW |6D3/2 i
|nP3/2 i
= |6D3/2 i +
.
E6D3/2 − EnP3/2
n=7

(2.6)
(2.7)

Note the summing over all principal quantum numbers n, n > 7∗ . The differences
between the level energies E7S1/2 − EnP1/2 and E6D3/2 − EnP3/2 increase with increasing
n.
The mixing of opposite parity states can be investigated by measuring forbidden
electric dipole (E1) and magnetic dipole (M 1) transitions [12]. In Ra+ this mixing provides for a nonzero transition probability between the 7s 2 S1/2 and 6d 2 D3/2
states which would be forbidden in LS coupling as an electric dipole transition. The
magnitude of the APV effect is determined by the matrix element of the forbidden
electric dipole transition between these two states. In this case the parity violating
∗

Similar equations hold for Ba+ where the principal quantum number is lower by one unit.
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electric dipole amplitude E1AP V is
]
^
E1AP V = h7S
1/2 |D|6D3/2 i
X h7S1/2 |HW |nP1/2 ihnP1/2 |D|6D3/2 i
=
E7S1/2 − EnP1/2
n
X h7S1/2 |D|nP3/2 ihnP3/2 |HW |6D3/2 i
+
E6D3/2 − EnP3/2
n
QW GF X h7S1/2 |γ5 ρn (r)|nP1/2 ihnP1/2 |D|6D3/2 i
= √
E7S1/2 − EnP1/2
8
n
QW GF X h7S1/2 |D|nP3/2 ihnP3/2 |γ5 ρn (r)|6D3/2 i
+ √
E6D3/2 − EnP3/2
8
n
= κQW ,

(2.8)

where QW is the weak charge related to sin2 θW by Eq. 2.2 and κ is a constant
that results from atomic theory calculations that includes the dependence on the
atomic number, the relativistic effects in Eq. 2.3 and the sum over the different matrix elements. In order to extract sin2 θW the constant κ must be determined from
calculations and a measurement of the dipole amplitude E1AP V is needed. The calculations require the determination of the relevant wavefunctions from independent
measurements of hyperfine structure and isotope shifts.
The amplitudes of dipole forbidden transitions have been measured in the past
in several atomic systems, e.g., Thallium (Tl), Lead (Pb) and Bismut (Bi) in order to extract a value for sin2 θW [4]. The main difficulty to yield a value for the
Weinberg angle from these experiments relates to the accuracy to which the atomic
wavefunctions can be calculated for systems with more than one valence electron.
For systems with one valence electron atomic wavefuntions and the constant κ can be
accurately calculated [36,37,80]. The presently available values of κ for alkaline earth
elements are summarized in Table 2.3. The uncertainty for these values depends on
the accuracy to which the atomic wave functions are known. Table 2.3 shows that
Ra+ is a well suited system to measure APV. Francium offers an alternate route
towards measuring sin2 θW in atomic systems which has particular challenges of its
own [44, 81].
The accuracy of the presently available atomic theory for Ra+ has been tested by
measuring the hyperfine structure of the 6d 2 D3/2 state [83], the lifetime of the 6d2 D5/2
state [84] and the isotope shift of the 6d 2 D3/2 − 7p 2 P1/2 transition in 209−214 Ra+
ions [49]. In these experiments the wavefunctions at the origin were scrutinized (see
Chapter 3). Isotope shifts probe the size and shape of the atomic nuclei. Lifetime
measurements of metastable states provide information of the matrix elements of
quadrupole transitions (E2) which are essential for an APV experiment. The comparison between the experimental values and the atomic theory calculations show
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Table 2.3: Matrix elements for electric dipole forbidden transitions for heavy alkali metal atoms
and alkaline earth ions (from [82]).

Atom
133

Cs
137
Ba+
223
Fr
226
Ra+

Transition
h6s|E1AP V |5di
h6s|E1AP V |5di
h7s|E1AP V |6di
h7s|E1AP V |6di

κ [×10−11 iea0 QW /N a.u.]
3.62(14)
2.46(2)
57.1(2.3)
46.4(5)

reference
[79]
[39, 80]
[33]
[29]

agreement at the percent level [58, 83]. The good agreement between theory and
experiments indicates that the atomic theory understands the system and that the
calculated value of κ is known with an accuracy at the few percent level [29, 40]. It
appears that Ra+ is the most promising system for a precise measurement of APV.
The provided theoretical results can be refined by about a factor of 10 which is
possible in the presently used approach [29, 80].

2.3

APV Measurement Principle: Single Ion Required

A single Ra+ ion has superior sensitivity for an APV measurement using the forbidden electric dipole transition 7s 2 S1/2 − 6d 2 D3/2 (see Fig. 2.3). However, the
amplitude of the E1AP V transition is rather small (a factor of 106 ) in comparison
with the electric quadrupole transition between theses states. Therefore a direct
measurement of the transition rate between the 7s 2 S1/2 − 6d 2 D3/2 is not possible.
The signature of the APV signal can be observed using the interference between the
transitions E1AP V with the quadrupole allowed transition E2 between the two states
(see Fig. 2.3). In a localized single ion (localized to a volume V < λ3 ) the amplitudes E1AP V of the forbidden electric dipole transition and E2 of the quadrupole
transition can be driven by standing wave laser fields. A detailed investigation of
the parameters for an APV measurement in single Ba+ and Ra+ ions and a comparison between the two systems are discussed elsewhere [46,50]. We restrict ourself
therefore to the most crucial points.
A single trapped ion is well suited to measure the interference between the E1AP V
and the E2 transition. A single ion confined in an RF Paul trap can be laser cooled
to temperatures below mK, confined to orbits smaller than one optical wavelength,
stored for long periods of time and can provide for good control over systematic
effects. In a localized single ion the E1AP V and E2 transitions can be coupled
individually to standing waves of laser fields [46]. A good control over the phase and
amplitude of these fields will maximize the signature of the APV signal. For a laser
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Figure 2.3: Principle of an APV measurement using a single Ra+ ion (from [70]). Due the mixing
of opposite parity states by the exchange of a Z0 -boson the forbidden electric dipole transition
(E1AP V ) between the 7s 2 S1/2 − 6d 2 D3/2 is weakly allowed. In order to measure the APV effect
the differential light shift ∆Diff of the two Zeeman sublevels is determined. For a localized single
ion the E1AP V and E2 transitions are accessed by standing waves as indicated in the top right in
the Figure.

field described by
~ r, t) = 1 [E(~
~ r) exp(−iωL t) + c.c.],
E(~
(2.9)
2
where ωL is the frequency of the laser light, the probability of a dipole transition
(E1AP V ) is proportional to the amplitude of the field (Ei (~r)) and the probability
of a quadrupole transition (E2) is proportional to the gradient of the laser field
(∂Ei (~r)/∂~r). To optimize the APV effect, the ion must be localized simultaneously
in the anti-node of a standing wave where E1AP V is maximum and in the node of another standing wave where E2 is maximum (see Fig. 2.3), such that the interference
between the two transition amplitudes (E1AP V · E2) is enabled (see Sec. 2.4). The
contribution (E1AP V )2 is some 12 order of magnitude smaller than the contribution
(E2)2 and it is therefore neglected here [40].
The observable in the APV experiment with a single ion is a change in the Larmor
precession frequency, i.e., a shift in the Zeeman splitting between the two m = ±1/2
sublevels of the ground state. For a single Ra+ with zero nuclear spin the splitting
~ is about
between the m = ±1/2 sublevels of the ground state in a magnetic field B
0.23 MHz/mT. A change in the Larmor frequency arises from the interaction of the
ion with an external laser field that generates a light shift or AC Stark shift of the
energy levels. Figure 2.3 illustrates the light shift of the m = ±1/2 Zeeman sublevels
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when the E2 and E1AP V fields are applied. Note that the quadrupole field displaces
the energy of the two levels (m = ±1/2) in the same direction without changing the
Larmor frequency, while the E1AP V field generates a differential light shift between
the levels changing the Larmor frequency. The energy shift of the atomic levels
produced by the two standing waves are estimated in the following section for a
single Ra+ and Ba+ ion.

2.4

Sensitivity of Light Shift Measurements

The interaction between light and matter can be studied by looking at the effects
of resonant and off-resonant laser fields on the atomic transition. When the laser
is in resonance with an atomic transition (|1i → |2i), the laser light and the atom
are strongly coupled. This results in an exchange of population between the |1i and
|2i states, which is known as Rabi oscillation between the two states. An intense
off-resonance laser field does not transfer population but induces a light-polarization
on the atom. The interaction between the induced polarization and the laser field
causes an energy shift of the atomic energy levels. This effect is known as light shift
or AC Stark shift [85].
The main parameters that describe the interaction between the laser light and
the atomic system are the frequency of the transition ω0 , the frequency of the laser
ωL , the detuning δ = ω0 − ωL of the laser frequency with respect to the resonance
of the transition and the Rabi frequency Ω12 related to the strength of the coupling
between the atom and the light field. It is given by
Ω212

e2
~ · ~r|2i|2 ,
= 2 |h1|E
~

(2.10)

~ is the electric field of the laser light. The laser frequency is near resonance
where E
when Ω12  δ. In this case the laser field transfers population between the two
atomic states. If the frequency of the laser is off-resonance with the transition, i.e.,
for δ  Ω12 , the laser light produces an AC Stark shift of the atomic levels. For a
two level system, the energy shift of a state |1i or |2i is given by [70]
Ω212
.
4δ
In particular for the ground state of such an atom, the AC stark shift is
∆E1,2 = ±~

∆EStark
=~
1

~ · ~r|2i|2
Ω212
e2 |h1|E
=
,
4δ
4~ (ω0 − ωL )

(2.11)

(2.12)

where ω0 is (E2 − E1 )/~. Off-resonant laser light modifies the energy of the atomic
transition in two ways: Firstly, when the frequency of the laser is red detuned, i.e.,
ωL < ω0 , the energy difference between the states increases, and secondly, for a

2.4 Sensitivity of Light Shift Measurements

17

Figure 2.4: (a) Light shift produced by a red detuned far off-resonant laser (b) Light shift produced
by a blue detuned far off-resonant laser and (c) Zeeman splitting of level |2i. Each Zeeman sublevel
is detuned ωB from the resonance frequency.

blue detuned laser, i.e., ω0 < ωL , the two levels get closer which reduces the energy of the transition (see Fig. 2.4). An additional splitting of the atomic levels
needs to be considered when an external magnetic field is applied to the system. In
this case the atomic levels split into the Zeeman components with an energy difference ωB (see Fig. 2.4c). A complete treatment of light-shifts for a single Ba+ ion in
a magnetic field using resonant and off-resonant laser fields has been reported in [86].
The APV experiment requires the localization of a single ion in the anti-node
and the node of two standing waves to maximize the APV effect (see Fig. 2.3). The
electric field used for the calculation is a superposition of two fields
~ r) = E
~ 0 (~r) + E
~ 00 (~r),
E(~

(2.13)

~ 0 (~r) and E
~ 00 (~r) correspond to the E1AP V and the E2 light fields. The phase
where E
difference between the two standing waves is chosen such that a phase difference of
π/2 reverses the sign of the APV signal. A possible configuration for the independent
fields that fulfill this condition is [46]
~ 0 (~r) = x̂E 0 cos kz
E
0
00
~
E (~r) = iẑE000 sin kx.

and

(2.14)

The coupling of E1AP V and E2 transitions with the electric fields E00 and E000 is
given by the Rabi frequencies
V
ΩAP
mm0

ΩE2
mm0

1 X
V
0
hE1AP
mm0 ii E0 (0),
2~ i
 00 
1 X
∂E0 (r)
= −
hE2mm0 iij
,
2~ i,j
∂xj
= −

(2.15)
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V
where m, m0 represent the magnetic quantum numbers of the two states and hE1AP
mm0 i,
hE2mm0 iij are the matrix elements of the dipole (see Eq. 2.8) and quadrupole transitions respectively. The light shift of the Zeeman sublevels of a single ion which is
~ r) (see Eq. 2.13) has two independent components.
generated by the total field E(~
The magnitude for each of the components in a single Ra+ ion has been calculated
using the field in Eq 2.14 and considering on-resonance laser light and small Zeeman
splitting (ωB  Ω12 ) [46, 86, 87] such that,

ea0 0
E,
∝ hns|E1AP V |(n − 1)diE00 = (±)46.4 × 10−11
2~ 0
ea0 00 †
∝ hns|E2|(n − 1)diE000 = −2 × 10−4
E .
2~ 0

AP V
∆ωm
E2
∆ωm

(2.16)
(2.17)

.
The values for the hns|E1AP V |(n − 1)di matrix element for Ra+ (n = 7) and
Ba+ (n = 6) are given in Table 2.3. The sign (±) indicates the dependence of the
energy shift on the quantum number m = ±1/2. The matrix element associated with
the quadrupole transition hns|E2|(n − 1)di in Ra+ and Ba+ ion has been estimated
using atomic theory [40]. The ratio between the two light shifts is proportional to
the ratio of the fields amplitude E00 /E000 ≈ 10−6 . The APV effect is optimized when
the amplitude of the E00 field increases, while the intensity of the E000 laser field is
minimal.
The calculation of the differential energy shift in a single ion for the two Zeeman sublevels of the ground state in the presence of two standing waves has been
performed in [87]. The light shift due to the quadrupole field is independent of m
and the Larmor frequency does not change. For the dipole transition the light shift
depends on m. This produces a differential light shift between the two sublevels
(∆Diff in Fig. 2.3). For a single Ra+ ion and a single Ba+ ion localized in a laser field
of 100 mW focused to 10µm beam size the expected differential light shifts are [86]
AP V
AP V
Ra+ : ∆Diff = (∆ωm=1/2
− ∆ωm=−1/2
)/2π ≈ 4 Hz,

(2.18)

+

AP V
AP V
− ∆ωm=−1/2
)/2π ≈ 0.4 Hz.
Ba : ∆Diff = (∆ωm=1/2

The measurement of the differential light shift can be performed with RF spectroscopy and the shelving technique. An explanation of how to prepare one ion in a
m = ±1/2 Zeeman sublevel, how to perform RF spectroscopy and how to measure
light shifts is given in [52, 53, 70, 86].
The possible accuracy of an APV measurement in a single Ra+ ion can be calculated using [50]
√
S
E1APV ∼
=
∆
f
N τ t,
(2.19)
=
Diff
N
δE1APV
†

Close to resonance the linear dependence on the electric fields E00 and E000 dominate other terms
which are relevant for off resonance light shifts and where dependences are proportional to E002 and
E0002
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Table 2.4: Expected size of the observed Atomic Parity Violation signals and the achievable
statistical accuracy based on one day of measurement time.

Expected APV Effect
Differential Light Shift ∆Diff (Eq. 2.18)
Signal to Noise S/N (Eq. 2.19)
Statistical Accuracy

226

Ra+

4 Hz
180
0.4%

138

Ba+

0.4 Hz
200
1.2%

where N = 1 is the number of particles, f is an efficiency factor determined by the
experimental conditions, τ is the lifetime of the (n−1)d 2 D3/2 state and t is the time of
the measurement. The information for the lifetimes in Ra+ (n = 7) and Ba+ (n = 6)
are in Table 2.2. Equation 2.19 yields that for one day of actual measurement time
(t = 24 h) the statistical accuracy that can be achieved with a single Ra+ ion for
f = 0.2 is of order S/N ≈ 180 (0.4 %). The values for the optimal size of the
APV differential light shifts (see Eq. 2.18) and the expected statistical accuracy
for a measurement with a single Ra+ ion and a single Ba+ ion are given in Table
2.4. For Ba+ the quenching rate of the 5d 2 D3/2 metastable state limits the time for
the measurement giving an statistical accuracy of 1.2%. For the Cs experiment an
atomic beam with about 106 particles/s is used but the poor coherence time of the
transition and the limited control over the electric fields provided for an accuracy of
a few percent after 350 hours of measurements [23]. A single Ra+ has therefore the
potential for a more than 5-fold improvement in the measurement of the Weinberg
angle within one day of measuring time. However, in order to achieve this desired
precision, a full understanding and control over all the possible systematic effects is
necessary for a measurement with a single trapped ion.

2.5
2.5.1

Experimental Techniques
Ion Traps

The localization of the single ion to sufficient precision can be achieved in a hyperbolic
RF Paul trap. The confinement of charged particles in a trap enables the possibility
to perform high precision experiments with samples of few particles, e.g., radioactive
isotopes. The trapping of charged particles in vacuum has further advantages such
as thermal isolation, low temperatures and a simple motional spectrum [88]. These
advantages provide for trapping one single isolated particle in vacuum.
According to Earnshaw’s theorem it is not possible to trap a single charge with
electrostatic fields only [89]. The three dimensional confinement of charged particles
can be achieved in two different ways: using a DC electric field together with a DC
magnetic field in a Penning trap [90], or with an AC voltage applied to geometrically
suited electrodes, e.g., a ring electrode and two end caps. Both techniques have been
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Figure 2.5: General setup for the electrodes in a hyperbolic Paul trap where r02 = 2z02 . This is a
cut through the center of the trap and along the axis between the two end caps.

implemented for experiments in the past and are widely used in many laboratories.
A frequently used device is the hyperbolic Paul trap where the ring electrode and
the end caps are shaped according to two surface hyperboloids (see Fig. 2.5). For a
hyperbolic Paul trap the harmonic oscillating potential is given by [91]
Φ =

U0 + V0 cos ΩRF t 2
(2z − x2 − y 2 ),
2d2

(2.20)

is the radius of
where d2 = r02 /2 + z02 is the characteristic dimension of the trap, r0 √
the center ring, 2z0 is the distance between the end caps with r0 = 2z0 , U0 is the
DC potential, V0 is the amplitude of the potential difference between the electrodes
and ΩRF is the RF frequency of the applied AC voltage. In order to have a net force
that converges towards one point, the amplitude and frequency of the field need to
fulfill certain criteria. The conditions for stable confinement are obtained by solving
the equations of motion for a particle with mass M and charge Q in the potential
given by Eq. 2.20. The equations of motion are described by the classical Mathieu
equations
d2 uj
+ (aj − 2qj cos 2T )uj = 0
dt2

u1 = x, u2 = y, u3 = z,

(2.21)

where T = 21 ΩRF t and the dimensionless parameters in a Paul trap aj and qj are
4QU0
M d2 Ω2RF
8QU0
az =
M d2 Ω2RF

ax = ay = −

2QV0
M d2 Ω2RF
4QV0
qz = −
.
M d2 Ω2RF

qx = qy =

(2.22)
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The solutions of the Mathieu equations can be expressed as a linear combination
of harmonic functions as [88]
∞
uj (T ) = Aj Σ∞
−∞ c2n cos[(βj + 2n)T] + Bj Σ−∞ c2n sin[(βj + 2n)T]

j = 1, 2, 3,
(2.23)
where Aj , Bj are constants that depend on initial conditions and βj describes the
q2

stability parameter of the trap. For a particle in an oscillating field, βj ≈ aj + 2j
where aj , qj  1 [88]. In this case the first order solution for the Mathieu equation
is [92]
h
i
qj
uj (t) ≈ u0 cos(2πωj t + φ) 1 + cos ΩRF t ,
(2.24)
2
for j = r, z in a hyperbolic Paul trap. Equation 2.24 implies that the motion of the
ions in a Paul trap can be described as a combination of a fast oscillation or micromotion driven by the RF frequency ΩRF and a slow “secular” motion or macromotion
that is related to the driven frequency ΩRF through
1
(2.25)
ωj,RF = βj ΩRF .
2
The secular frequency can be associated with the motion of the ion in a harmonic
potential with frequency ωj,RF . In the adiabatic approximation where the potential
energy of the ions corresponds to the kinetic energy of the oscillation, the potential
depth which generates the harmonic motion is
Dr =

Dz
QV02
=
2 2
4M r0 ΩRF
2

(2.26)

for a hyperbolic Paul trap with r02 = 2z02 . If a DC field (U0 ) is applied to the end
caps in a symmetric configuration, the potential depth of the trap changes [93] and
Dz0 = Dz + U0 /2,
Dr0 = Dr − U0 /2.

(2.27)
(2.28)

The stable trapping conditions in a Paul trap depend on the parameters a and
q which determine stable or unstable solutions of the Mathieu equation (Eq. 2.21).
The a − q map in Fig. 2.6 represents the lowest stability region for the hyperbolic or
3D quadrupole Paul trap [91]. Other limiting factors in the stability of Paul traps is
the maximum orbit of an ion in the trap which is also connected to the coefficients
a and q. For high values of q, the orbits diverge. This means that ions are ejected
from the trap and the storage time of ions is reduced.
The trapping of particles with different mass/charge ratio is limited by the value
of q. The maximum value q = 0.91 (for U0 = 0) sets a boundary for the minimum
mass/charge ratio of particles that can be stored in a Paul trap. An additional DC
potential (a 6= 0) changes this stability limit. This provides for a means to eject
particles with heavier mass/charge ratios. The manipulation of the trap potentials
across the stability region is a very powerful tool to avoid the trapping of undesired
ions.
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Figure 2.6: Stability of a 3D hyperbolic Paul Trap. It provides the combination of the parameters a
and q for which stable trapping conditions can be achieved. The main lines represent the conditions
for βr,z constant. Figure adapted from [94].

2.5.2

Laser Light Sources

Lasers stable in frequency and power are needed at the wavelengths mentioned in Table 2.2 to conduct a single ion APV experiment. Typical intensities of 100 mW/cm2
and absolute frequency stability at 20 kHz scale are available for such experiments.
Most of the transitions relevant for Ba+ and all for Ra+ are accessible by laser light
produced with semiconductor diode lasers. In our experiment the optical feedback
for a diode laser is provided by an external cavity consisting of a collimation lens
and a grating in a Littrow configuration (see Fig. 2.7) [95]. In this configuration the
first-order diffracted beam from the grating couples the light back to the diode which
increases the gain and results in lasing for these devices. The main advantages of
these laser systems are low cost, long times of operation and compactness in comparison with other systems such as dye lasers, which can produce these frequencies
as well. Table 2.5 lists lasers available to address the relevant atomic transitions in
Ba+ and Ra+ .
High precision experiments require full control over all the crucial parameters in
the experiment. One of the most sensitive parameters is the frequency of the different
light sources. For laser diodes in a Littrow configuration there are three mechanisms
to tune the laser frequency: the first is by adjusting the diffraction angle of the
grating, the second is by changing the current through the diode and the third by
changing the temperature of the diode. The manipulation of these settings provides
for scanning the laser frequency in a range up to 4 GHz, a frequency stability of
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Table 2.5: List of light sources required and available for excitation, laser cooling and laser
spectroscopy of low lying states in Ba+ and Ra+ ions. Some of the frequencies are produced using
Second Harmonic Generation (SHG) of frequency stable laser light.

Ba+

Ra+

Transition

λ (nm)

Laser

λ (nm)

Laser

S1/2 − P1/2
P1/2 − D3/2
S1/2 − D3/2
S1/2 − P3/2
P3/2 − D5/2

493.5
649.8
2050.7
455.5
614.3

SHG Ti:Sapphire
Dye Laser Coherent
Laser Diode
LED455 Thorlabs
SHG Toptica Laser

468.2
1079.1
827.5
382.4
801.9

Laser
Laser
Laser
Laser
Laser

Diode
Diode
Diode
Diode
Diode

Nichia
Toptica
Roithner
Nichia
Qphotonics

< 1 MHz for stable environmental conditions and a bandwidth of order 1 to 2 MHz.
The laser diodes for the APV experiment are set up in a way that provides control
over all three quantities above. Figure 2.7 displays the mechanical setup for a laser
diode in a Littrow configuration. A detailed explanation of the operational procedure
is given in [70, 96].

Figure 2.7: Mechanical setup employed for diode lasers in the Littrow configuration [96].

High precision laser spectroscopy requires narrow-band laser light. For a semiconductor diode laser a narrow frequency can be achieved using additional optical
systems, e.g., high finesse cavities. In comparison with diode lasers, a single frequency dye laser provides for better long term frequency stability and a narrow laser
linewidth (about 500 kHz). Due the frequency stability advantages, the laser light
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at wavelength λr = 650 nm required for Ba+ (see Table 2.5) is produced with a
dye laser (see Sec. 5.4.3). The laser light at wavelength λg = 493.5 nm (see Table
2.5) is not available from a semiconductor diode laser. The light at this frequency is
generated by frequency doubling the light from a solid state Ti:Sapphire laser (987
nm) (see Sec. 5.4.1). A detailed description of Ti:Sapphire and dye laser systems
is found for example in [97]. Details of the implementation of the laser system are
given in the next chapters.

2.5.3

Data Acquisition System - DAQ

The Data Adquisition system (DAQ) aims to read and control most of the parameters
of the experiment. The signals from Photo Multipliers Tubes (PMT), photo diodes
(PD) and additional DC voltages are transformed into frequencies using a Voltage
to Frequency Converter (VFC) module. A scaler module converts all these analog
signals into digital ones. The output of the scaler is read out using a VME computer
with a frequency of 10 Hz. Other parameters from the experiment are controlled
with individual computers, e.g., an electon multiplying CCD camera (EMCCD), the
power meters and the frequency comb. The communication between the different
computers and devices is performed by a streaming program CADDIE (Control and
Distributed Data-acquisition Integrated Environment) developed in the framework
of the TRIµP program. CADDIE collects and reads the data from different modules,
sends it to the main computer and combines these data in one stream (see Fig. 2.8).

Figure 2.8: Schematic overview of the DAQ system. The arrows represent the flow of information,
bidirectional arrows show that remote control of parameters is also possible.
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The information from the different computers is handled in a main computer
using the software framework ROOT developed at CERN [98]. The data is analyzed
using histograms and displayed in different canvasses using a ROOT-based program
called Bogey, developed in house. The updated image and settings from the EMCCD
camera are also controlled and displayed using a separate canvas in Bogey.
A digital output module (CAEN VF997) controls several laser beam shutters,
power supplies and radio frequency power levels via the Bogey software. Figure 2.8
shows an schematic overview of the DAQ system. With this the main experimental
tools have been developed for an APV experiment with single ions.
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Chapter

3

Measurements in Trapped Ra+ ∗
3.1

Role of Spectroscopy in Ra+ Isotopes

Precision spectroscopy experiments on Ra+ provide input for the determination of
the atomic structure and the relevant experimentally accessible parameters of this
spectrum. Such input data was acquired in a series of measurements with ion clouds
of different Ra+ isotopes. The experiments by Rasmussen in 1933 [65] had provided
for wavelengths of 62 transitions in 226 Ra+ . The obtained values had uncertainties
of about 2 GHz in the visible part of the spectrum. These values were the best
determination of absolute transition frequencies in Ra+ ions up to very recently.
Collinear laser spectroscopy in different Ra+ isotopes has been achieved at the
ISOLDE facility at CERN (Geneva, Switzerland) [66]. Isotope shifts and hyperfine
structures have been measured for a range of isotopes. For 208–214 Ra+ and 220–232 Ra+
the transition 7s 2 S1/2 – 7p 2 P1/2 [63], and for 212,214 Ra+ and 221–226 Ra+ the transition
7s 2 S1/2 – 7p 2 P3/2 were investigated [66]. The frequencies were measured with a precision of several MHz relative to the isotope 214 Ra+ . However, no absolute frequency
has been reported.
This chapter addresses the efficient production [48], collection [100] and cooling
of radium isotopes [101]. The measurements on transport efficiency for the isotopes
209–214
Ra+ in a Radio Frequency Quadrupole (RFQ) are also given. The different Ra+
isotopes are stored in a linear Paul trap at the end of the RFQ. Laser spectroscopy
of such trapped ions has been accomplished. Absolute frequency measurements have
been performed for the 7s 2 S1/2 – 7p 2 P1/2 transition (see Fig. 3.1). The absolute
frequency for the 7s 2 S1/2 – 6d 2 D3/2 transition can be inferred by combining the
present results with those from previous laser spectroscopy on the 7p 2 P1/2 – 6d 2 D3/2
transition [49, 83, 84].
∗

The main results reported in this chapter have been published in M. Nuñez Portela et. al.,
Appl. Phys. B 114:173-182 (2014) [99].
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Figure 3.1: Energy levels of a Ra+ ion. The wavelengths λ0 to λ4 are the transitions relevant for
this chapter (from [65]).

3.2

Experimental Setup

The RFQ [102–105] in this experiment is a segmented linear Paul trap (Fig. 3.2)
developed for cooling, bunching and trapping low energy beams of radioactive particles [101]. Particles are extracted from the TRIµP Thermal Ionizer (TI) with an
energy of 2.8 keV [106]. The RFQ employs a nitrogen (N2 ) buffer gas to cool the ions
in three different sections: the first is the cooling section that provides high acceptance beam capture; the second section (“bunching”) enables fine tuning of the axial
trap fields for storage; the third section is for re-acceleration of the cold ions. This
last stage enables the transport of the cooled and now bunched radioactive beam to
further experimental equipment for e.g. spectroscopy measurements (see Fig. 3.2).
Each segment of the RFQ is mounted inside a separate double cross CF150 vacuum
chamber. During normal operation the first section of the RFQ is kept at a buffer gas
pressure of 10−2 − 10−1 mbar and the second is operated between 10−5 − 10−3 mbar.
For online laser spectroscopy the third section was removed and ions were trapped
at the end of the second section of the RFQ using axial potentials, i.e., a linear
Paul trap was formed (see Fig. 3.2) [49, 83, 84]. The RFQ was operated typically
at a frequency of 500 kHz with a peak to peak RF-voltage of Vrf = 380 V applied
between neighboring rods. Nitrogen (N2 ) buffer gas was employed to increase the
RFQ acceptance and storage time [101]. The molecular mass of N2 and its low price
make it optimal for buffer gas cooling the rather heavy Ra+ ions. Impurities in the
buffer gas were removed in the gas supplying tube path with a liquid nitrogen cooled
gas adsorption purifier. Needle valves were installed after the purifier to accurately
adjust and control the gas flow into each of the two RFQ sections.
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Figure 3.2: Schematic overview of the RFQ. The photograph shows a 30 cm long section prior to
installation into the vacuum system. The RF frequency voltages are carried by four stainless steel
bars. Copper half-cylinder electrodes are attached and pressed to the bars. Kapton foil provides
for DC isolation while enabling capacitive coupling of RF to the electrodes. The electrodes are
connected via a resistive voltage divider which provides for shaping the DC potential along the
axis. Opposite half-cylinder electrodes have a tip distance of 5 mm. These electrodes are 10 mm
long, except in the trapping region where they are 5 mm long [106].

An experiment has been carried out at the TRIµP facility to optimize the transmission of Ra+ isotopes through the RFQ. For this purpose, different Ra+ ions were
produced in inverse kinematics reactions by bombarding a diamond-like carbon target with a 204/206 Pb beam. Beam energies from 6.5−10 MeV per nucleon are obtained
from the AGOR cyclotron at KVI (see Sec. 2.1) [48,67]. The isotopes 209–214 Ra were
separated from the primary beam and other reaction products using the TRIµP magnetic separator [107]. Ra+ ions were stopped and re-ionized in the Thermal Ionizer
(TI). This device had a transmission efficiency up to 9% [100]. Radioisotopes were
extracted as an ion beam and passed through a Wien Filter for mass selection. It
eliminated a large part of the contaminants from the TI. Ions were decelerated using
electrostatic potentials upon injection into the RFQ.
The transmission efficiency of the RFQ was obtained by monitoring the α-decay
of the Ra+ particles on silicon-surface-barrier radiation (Si) detectors (Ortec). The α
particles were detected at two positions: (1) directly after the TI where a Si detector
can be moved in the path of the ions; (2) after the extraction from the RFQ where
a second Si detector was installed. The ratio between the two measurements yield
the RFQ transmission efficiency. Calibration of the two detectors was performed
beforehand using an offline radioactive sources such as 239 Pu, 241 Am and 244 Cm [70].
Figure 3.3 shows the transmission efficiency as a function of buffer gas pressure
in the cooler and the buncher. The RF voltage was also optimized for maximum
transmission efficiency.
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Figure 3.3: Transmission efficiency of the RFQ as a function of (a) buffer gas pressure in the
cooling section (b) buffer gas pressure in the buncher section, and (c) peak to peak radio frequency voltage applied to neighboring rods. Displayed uncertainties represent the scatter of actual
measurements.
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From Fig. 3.3 it was found that the optimal transmission was achieved at high RF
voltages (trap parameter q ≈ 0.69). Maximum efficiency was obtained for buffer gas
pressures in the cooler and buncher of p = 2.8 × 10−2 mbar and p = 3.0 × 10−3 mbar,
respectively. At these pressure values the increase on the energy acceptance of the
RFQ was maximal. The transmission is rather insensitive to the entrance energy of
the Ra+ ions when this energy is varied between 10 and 60 eV. At optimum and
stable performance, the achieved transmission through the RFQ is 15–20%. For
online laser spectroscopy the third section of the RFQ has been removed and ions
were trapped in a linear Paul trap at the end of the second section of the RFQ. With
this transmission efficiency ion clouds from 10 to 10000 ions could be trapped for a
few seconds in the Paul trap. The number of particles in the trap is limited by the
Ra+ production rate and the lifetime of the isotopes.

3.3

Laser Spectroscopy of Trapped Ra+ Ions

Inside the linear Paul trap laser spectroscopy of buffer gas cooled short-lived Ra+
ions could be performed. The laser light for spectroscopy was generated by diode
lasers at wavelengths λ1 = 468 nm, λ2 = 1 079 nm and λ3 = 708 nm. Frequency
stabilization was achieved with a grating in Littrow configuration (see Sec. 2.5.2). A
beam splitter and a dichroic mirror were used to combine the different laser beams.
The laser light was aligned along the axis of the linear trap and the RFQ (see
Fig. 3.4). Ions were optically detected by collecting the fluorescence light from the
7s 2 S1/2 − 7p 2 P1/2 transition at the wavelength λ1 . The light scattered by the ions
was imaged with a lens onto a photo-multiplier tube (PMT) which was operated in
photon counting mode. This count rate is the signal for all transitions that were
investigated here. Further details have been reported elsewhere [49, 83].
Laser spectroscopy has been performed on 209-214 Ra+ ions which are stored in
a linear Paul trap. For isotopes with non-zero nuclear spin the hyperfine structure
splitting (HFS) of the 7p 2 P1/2 −6d 2 D3/2 transition has been measured. The hyperfine
structure energy shift of a level with angular momentum J is


A
B 23 K(K + 1) − 2I(I + 1)J(J + 1)
,
(3.1)
∆EHFS = K +
2
4
I(2I − 1)J(2J − 1)
where I is the nuclear angular momentum, F is the total angular momentum of the
atom, K = [F (F + 1) − J(J + 1) − I(I + 1)] [89] and the constants A and B are
the hyperfine structure parameters. The value A is a measurement of the splitting
between the hyperfine levels ∆EF − ∆EF −1 = AF . The constant B is related to the
energy shift of the hyperfine levels caused by the electric quadrupole interaction [108].
Table 3.1 shows the values for the A and B coefficients for the HFS obtained from
the experiment [83,84,109] and the theoretical values. Its measurements in this work
have provided for a test on the accuracy of calculations of the APV matrix elements
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Figure 3.4: Setup for laser spectroscopy in trapped Ra+ ions. Light of three laser beams at
wavelengths λ1 , λ2 and λ3 was combined on a beam splitter and a dichroic mirror, and then
directed along the axis of the linear Paul trap. Resonant fluorescence light from the ions was
collected with a lens in a direction orthogonal to the laser beams. Light was imaged onto a PMT.
On the left side details of the trap electrode assembly are shown [84].

Table 3.1: Values for the A and B hyperfine structure constants in

Isotope

Experiment (MHz) [83]

209,211

Ra+ (from [83]).

Theory (MHz)

211

Ra+

A
B

151(2)
103(6)

155
[29], 150 [58], 155 [38]
147(12) [58]

209

Ra+

A
B

148(10)
104(38)

153
[29], 148 [58], 153 [38]
122(12) [58]

(see Sec. 2.2). In particular the HFS is a sensitive probe of atomic wavefunctions at
the nucleus.
The frequencies measured with laser spectroscopy in 209-214 Ra+ were used to
determine the isotope shift in the 6d 2 D3/2 – 7p 2 P1/2 transition [49]. This information
has been used to calculate differences in the charge radii of Ra isotopes relative to
214
Ra [110]. Figure 3.5 shows the King plot for the isotope shift for the 6d 2 D3/2 –
7p 2 P1/2 transition as a function of the corresponding shift of the 7s 1 S0 − 7s7p 1 P1
transition at wavelength λ = 482 nm in atomic radium [63]. The results show a good
agreement between theory and experiment at the percent level.

3.3.1

Absolute Frequency Calibration

The initial determination of the laser frequencies was provided through wavelength
meters (WS6 VIS and WS6 IR), which have been calibrated against the molecular
I2 reference line R116(2-9)a15 [111] at 714 nm employing saturated absorption spectroscopy (see Sec. 5.4.2). The absolute values for the shelving light at 708 nm and
the pump light at 468 nm were determined by recording simultaneously signals of
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Figure 3.5: Isotope shift for the 6d 2 D3/2 – 7p 2 P1/2 transition as a function of the frequency shift
to the 7s 1 S0 − 7s7p 1 P1 transition at λ = 482 nm in atomic radium [63]. The slope of the fitted
line represents the ratio of the field shift coefficients (from [49]).

Ra+ ions and molecular absorption lines. The absolute calibration of the 1079 nm
light was performed using light from an optical frequency comb [70]. The reference
lines in this case have an accuracy level of about 30 MHz, which is sufficient for the
measurements with ions clouds. These uncertainties could be reduced substantially
in dedicated measurements if needed in future. Figure 3.6 shows the frequency calibration scheme required for laser spectroscopy and to measure absolute frequencies
in Ra+ ions.
The 7s 2 S1/2 − 7p 2 P1/2 pump transition was referenced against single pass absorption in a 10 cm long quartz cell filled with isotopically pure molecular 130 Te2
vapor heated to 800 K. The 130 Te2 molecule presents a dense pattern of absorption
lines around 468 nm. The nearest line in 130 Te2 is labeled #178 and it is listed in the
Tellurium atlas [112] with a wavenumber of 21 352.990 9(3) cm−1 (frequency νTe2 ,178
= 640 146.56(1) GHz).
The absorption line in isotopically pure molecular iodine 127 I2 in a vapor cell is
used as a reference for the 6d 2 D3/2 – 7p 2 P3/2 shelving light. The 60 cm cell is heated
to 750 K. The vapor pressure of molecular iodine was kept around 1 mbar by cooling
a cold finger of the cell to 307 K. The nearest transition to wavelength λ3 is the
P(146)(2-8) line, which has a frequency of νI2 = 423 433.72(3) GHz. The frequency
was calculated from the dense grid of calibrated lines and molecular parameters of
iodine [111, 113].
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Figure 3.6: Calibration scheme of laser frequencies required for spectroscopy and determinations
of the absolute frequencies. The coarse determination of all wavelengths was done with calibrated
wavelength meters (HighFinesse). The light at wavelength λ1 was referenced to an absorption line
when passed through a vapor cell filled with 130 Te2 . The light at wavelength λ3 was referenced to
an absorption line when passed through a vapor cell filled with 127 I2 . The infrared wavelength λ2
was measured in a beatnote with light from an optical frequency comb (Menlo Systems).

For the 6d 2 D3/2 – 7p 2 P1/2 repump transition no molecular or atomic reference line
is available. The wavelength λ2 was determined with a calibrated wavelength meter
(WS6 IR from HighFinesse-Ångstrom) to better than 100 MHz. A measurement of
λ2 with a precision of better than 1 MHz was performed with a beatnote between this
light and the light from a frequency comb operating with a mode spacing of 250 MHz
(Menlo Systems FC1500/75). The spectrum of the 6d 2 D3/2 – 7p 2 P1/2 transition for
the isotopes 210,212,214 Ra+ is shown in Fig. 3.7. The absolute frequencies for these
transitions are listed in Table 3.3 [49].

3.3.2

Absolute Frequency for the 7s 2 S1/2 – 7p 2 P1/2 Transition

The 7s 2 S1/2 – 7p 2 P1/2 transition can be observed when the transition in the trapped
ions is excited with laser light at 468 nm (λ1 ). The metastable 6d 2 D3/2 state was
quenched in collisions with N2 buffer gas. The buffer gas pressure in the ion trap
was set to few 10−2 mbar to optimize this process. The frequency of the diode laser
was scanned across the resonance over a range of typically 5 GHz. The sum of a
set of such scans generated the full spectrum. Laser frequencies were continuously
monitored with the wavelength meter. Figure 3.8 shows the spectra recorded for
the 7s 2 S1/2 – 7p 2 P1/2 transition in 212–214 Ra+ ions. The amplitude of the signals
in Fig. 3.8 reflected the differences in the production rates and the lifetimes of the
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Figure 3.7: Spectrum for the 6d 2 D3/2 – 7p 2 P1/2 repump transitions in 210,212,214 Ra+ at wavelength λ2 . The solid line represents a fit of a Gaussian lineshape to the data for each case. The
absolute laser frequency was determined with a frequency comb [49]. The signal is detected via
fluorescence light at wavelength λ1 .

radioactive isotopes (see Sec. 2.1). The small symmetric broadening of the different
lines (see Fig. 3.8) was caused by a velocity modulation of the ions. The modulation
was generated by small differences in the capacitive coupling of the RF voltage
to the segments of the RFQ, which resulted in a slight imbalance in the RF voltage
amplitude along the axis of the RFQ. The damping of the modulation depends on the
N2 buffer gas pressure which was kept constant in each of the different measurements
at a value in the range 5 × 10−3 to 2 × 10−2 mbar.
Absolute frequencies for the 7s 2 S1/2 – 7p 2 P1/2 transition were measured with
respect to the absorption spectrum of molecular νTe2 ,178 frequency. The zero point
of the frequency calibration in Fig. 3.8 corresponds to the absorption line #178
in Te2 [112]. In order to reduce extrapolation uncertainties, the offset frequency
between the Ra+ transitions to the nearest Te2 absorption line was determined. The
frequencies of the weaker lines (letters a–g in Fig. 3.8b) relative to νTe2 ,178 were
measured with a wavelength meter (WS6 VIS from HighFinesse-Ångstrom). The
experimental determined offset frequencies and the labels of the tellurium lines are
given in Table 3.2. The transition in 213 Ra+ is closest to the line #178. The offset
for the hyperfine structure component 7s 2 S1/2 (F = 1) – 7p 2 P1/2 (F = 0) to that
line was found to be 1.861(6) GHz. The offset frequencies for 212,214 Ra+ are also
listed in Table 3.2. The values for absolute frequencies ν(2 S1/2 – 2 P1/2 ) for the 7s 2 S1/2
– 7p 2 P1/2 transition are listed in Table 3.3.
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Figure 3.8: (a) The 7s 2 S1/2 – 7p 2 P1/2 transition at wavelength λ1 for the isotopes 212 Ra+ ,
Ra+ and the hyperfine structure component 7s 2 S1/2 (F = 1) – 7p 2 P1/2 (F = 0) for 213 Ra+ .
The spectra were recorded with N2 as buffer gas at a pressure of 2 × 10−2 mbar, which was added
to quench the metastable 6d 2 D3/2 state. The different signal amplitudes are due to the different
number of stored ions in the Paul trap and hyperfine structure. The solid lines represent fits to the
signal which take a velocity modulation of the ions in the trap into account. (b) Linear absorption
spectrum of molecular 130 Te2 in a 10 cm long cell at temperature of 800 K. The strongest line at
0 GHz corresponds to the absorption line #178 at νTe2 ,178 . The frequency axis is relative to this
line. The labels a–g denote lines which are not listed in the Te-atlas. The solid lines represent
Gaussian fits to the absorption profile. The span of the frequency axis was calibrated using a
wavelength meter (see Fig. 3.6).
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Table 3.2: Frequency offsets in MHz between the 7s 2 S1/2 – 7p 2 P1/2 transition at wavelength λ1
in 212–214 Ra+ to nearest Te2 absorption lines. Uncertainties are statistical in nature.

Isotope
Ra+
213
Ra+
214
Ra+
214
Ra+
212
Ra+
213

(F = 1 – F = 0)
(F = 1 – F = 0)

Line

Offset [MHz]

a
178
c
d
f

358 (8)
1 861 (6)
-454 (21)
1 159 (19)
-169 (9)

Our measurements give the absolute frequency for the 7s 2 S1/2 – 7p 2 P1/2 transition in 212,213,214 Ra+ ions. Together with the results from isotope shifts and hyperfine
structure measured at ISOLDE [63], the absolute transition frequencies have been
extrapolated for 225,226 Ra+ ions. Of particular interest is the isotope 226 Ra+ , where
the radioactive lifetime is the longest (see Table 2.1). The value for the frequency
ν(2 S1/2 – 2 P1/2 ) in this isotope appears to be 5 GHz higher than the previous best
measurement of ν(2 S1/2 – 2 P1/2 ) = 640 091 700(2 000) MHz [65].

3.3.3

Absolute Frequency for the 7s 2 S1/2 – 6d 2 D3/2 Transition

Combining the absolute frequency measurements in the 7s 2 S1/2 – 7p 2 P1/2 presented here with the previously reported frequencies in the 6d 2 D3/2 – 7p 2 P1/2 transition [49, 83], it was possible to determine the absolute frequencies for the optical
clock transition 7s 2 S1/2 – 6d 2 D3/2 in 212−214 Ra+ (see Table 3.3). For heavy isotopes
the absolute frequency of the 6d 2 D3/2 – 7p 2 P1/2 transition was calculated using a
previous measurement for the isotope shift in lighter ions (Fig. 3.5) [49] and isotope
shift measurements performed at ISOLDE [63]. The frequencies for the different
transitions are given in Table 3.3. With these results the absolute frequency has
been obtained for the clock transition, 7s 2 S1/2 – 6d 2 D3/2 , in the isotopes 225,226 Ra+ .
Calculations have revealed that 226 Ra+ isotope is well suited for an optical single ion
clock [54]. The major advantage of such a clock is that the sensitivity of the energy
shift for the 7s 2 S1/2 – 6d 2 D3/2 transition due external fields is minimal.

3.3.4

Absolute Frequency for the 6d 2 D3/2 – 7p 2 P3/2 and 7s 2 S1/2
– 7p 2 P3/2 Transitions

The laser cooling cycle for the Ra+ ions requires two lasers beams that drive the
transitions 7s 2 S1/2 – 7p 2 P1/2 and 6d 2 D3/2 – 7p 2 P1/2 . With the frequencies of these
two lasers tuned to resonance, a third laser field at wavelength λ3 was scanned
across the 6d 2 D3/2 –7p 2 P3/2 transition. In this case some of the ions are shelved to
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Table 3.3: Absolute frequencies for the transitions between the 7s 2 S1/2 , 7p 2 P1/2 and 6d 2 D3/2
states in Ra+ . The 7s 2 S1/2 – 7p 2 P1/2 transition frequencies for several isotopes have been determined using the isotope shifts in [63] and the absolute frequency of the tellurium reference line 178.
The 6d 2 D3/2 – 7p 2 P1/2 transition frequencies are from [49]. The clock transition (7s 2 S1/2 –
6d 2 D3/2 ) frequencies result from the difference in the frequencies of the 7s 2 S1/2 – 7p 2 P1/2 and the
6d 2 D3/2 – 7p 2 P1/2 transitions. All values are in GHz and the uncertainties are statistical.

Isotope

ν(2 S1/2 – 2 P1/2 )
ν(2 D3/2 – 2 P1/2 )
ν(2 S1/2 – 2 D3/2 )
−640 000 GHz −277 800 GHz −362 000 GHz

Ra+
213
Ra+
214
Ra+
225
Ra+
226
Ra+
212

159.082(14)
157.548(13)
154.499(14)
99.789(23)
96.647(23)

4.631(12)
4.949(14)
5.656(11)
18.555(18)
19.285(18)

354.451(18)
352.599(19)
348.842(18)
281.234(33)
277.361(33)

Table 3.4: Frequency offsets in MHz between 6d 2 D3/2 – 7p 2 P3/2 transition at wavelength λ3 in
Ra+ isotopes with respect to the P(146)(2-8) transition in molecular 127 I2 . The uncertainties
are statistical.
212–214

Isotope
Ra+
213
Ra+
214
Ra+
212
Ra+
213

Offset [MHz]
(F = 2 – F = 1)
(F = 1 – F = 1)

-64(13)
880(34)
1 269(23)
586(42)

the 6d 2 D5/2 metastable state via the 7p 2 P3/2 level. If ions are shelved, there is a
reduction of the scattered light from the 7s 2 S1/2 –7p 2 P1/2 transition (see Fig. 3.9).
This dark resonance has been measured for the isotopes 212–214 Ra+ . The absolute
frequency reference for this particular transition is the absorption line P(146)(2-8)
in molecular 127 I2 . The frequency offsets between the 6d 2 D3/2 – 7p 2 P3/2 transition
and the line in I2 are presented in Table 3.4.
The absolute frequency ν(2 D3/2 – 2 P3/2 ) of the 6d 2 D3/2 – 7p 2 P3/2 transition in
combination with the determined value of the frequency ν(2 S1/2 –2 D3/2 ) of the clock
transition (Table 3.3) was then used to extract the absolute frequency ν(2 S1/2 – 2 P3/2 )
of the 7s 2 S1/2 – 7p 2 P3/2 transition (Table 3.5). This result has been combined
with an isotope shift measurement for the 7s 2 S1/2 – 7p 2 P3/2 transition [66] to
determine the frequency ν(2 S1/2 – 2 P3/2 ) = 785 721.670(70) GHz in 226 Ra+ . This is
the best known value for this transition and it improves the previous result of
ν(2 S1/2 – 2 P3/2 ) = 785 723.0(2.5) GHz [65] by more than a factor of 30.
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Figure 3.9: (a) The 6d 2 D3/2 – 7p 2 P3/2 transition at wavelength λ3 in 212–214 Ra+ . The solid lines
represent in each case a fit of a Voigt profile to the data. Different widths of the resonances are
due to different buffer gas pressures for the measurements. (b) Molecular absorption line P(146)(28) in I2 [111] at frequency νP(146)(2-8) = 423 433.72(3) GHz. It provided the absolute frequency
calibration.

Measurements in Trapped Ra+
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Table 3.5: Absolute frequencies for the 6d 2 D3/2 – 7p 2 P3/2 transition in Ra+ . The combination
with the 7s 2 S1/2 – 6d 2 D3/2 transition yields values for the absolute frequency of the 7s 2 S1/2 –
7p 2 P3/2 transition. Uncertainties are statistical.

Isotope
Ra+
213
Ra+
214
Ra+

ν(2 D3/2 – 2 P3/2 )
ν(2 S1/2 – 2 P3/2 )
−423 000 GHz −785 000 GHz

212

3.4

(F = 2 – F = 1)

434.306(55)
433.656(50)
434.989(42)

788.757(62)
–
783.831(52)

Conclusion and Outlook

The dynamic stabilization of charged particles using high frequency electric quadrupole
fields has been successfully applied in research on trapped rare isotopes. The performance of the RFQ in the TRIµP facility has been characterized as a cooler and
buncher stage for a low-energy radioactive beam. A transmission efficiency of 15% to
20% was achieved for several different Ra+ isotopes. The last segments of the RFQ
enables storing of Ra+ ions with storage times of longer than 1 s. Laser spectroscopy
could be performed at that location for 209–214 Ra+ ions.
In a series of experiments the absolute transition frequencies for the transition
2
7s S1/2 – 6d 2 D3/2 were determined for the isotopes 212–214 Ra+ with an accuracy of
better than 19 MHz. For the isotopes 225 Ra+ and 226 Ra+ the frequency for this
transition could be determined with 33 MHz accuracy. These isotopes are of particular interest for offline precision experiments in ion traps. The frequency of the
7s 2 S1/2 – 7p 2 P1/2 transition has been measured. The accuracy of this measurement
was improved by two orders of magnitude with respect to the only available earlier
measurement (see Table 2.2), where an accuracy of about 2 GHz was claimed. A
most precise knowledge of this absolute frequency is a prerequisite for finding the
narrow transition in small or single-ion samples and hence for the success of any
experiment which bases on excitation of this sub-Hz wide spectral line, such as in an
optical clock or in a precise measurement in fundamental physics.
The radioactive Ra+ ion offers unique possibilities to measure APV and for ultraprecise optical clocks. Significant progress has been made concerning the trapping
of a small number of ions and performing laser spectroscopy on them. Next steps
for an APV measurement are focused on the construction of a single ion experiment
to perform measurements of light shifts.

Chapter

4

Single Ion Trapping
Trapping of a single Ra+ ion provides the basis for a precision Atomic Parity Violation measurement and at the same time for an accurate optical clock. In this chapter
we cover the general aspects of the interaction of laser light with ions. The state
populations and coherences in an ideal three level system, which approximates very
well in Ba+ or Ra+ ions, are described with the Optical Bloch Equations (OBE).
The solutions to the OBE are in good agreement with the spectrum for single Ba+
or Ra+ ions under different experimental conditions.
The laser cooling technique is essential for the optical detection and the localization of a single trapped ion. Here this technique is used to explore the lineshape of
a laser cooled Ba+ ion as an example. In this system so-called “dark states” exist,
i.e., states that cannot be repumped with one linearly polarized light field. Efficient
laser cooling requires destabilization of the dark states. We discuss the principles of
optical pumping and methods to destabilize these states in this chapter.
The main features of the optical response of the ion to the laser fields are illustrated by results collected with the experimental setup in this thesis. This information provides the diagnostics and characterization of the properties of a single ion
in the particular trap. This is required for the unambiguous interpretation of the
results of the following chapters.

4.1

Interaction of Laser Light with an Ion

We concentrate on two effects which are essential for the interaction of laser light
with an ion in our context. The first effect is produced by intense off-resonance laser
light fields that cause an energy shift of the atomic levels known as light shift (see
Sec. 2.4). The second effect arises for laser light near resonance with the atomic
transition. This causes population transfer between two atomic levels. In general
41
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the Hamiltonian of an ion in a laser field can be written as
Ĥ = Ĥ0 + ĤI (t),

(4.1)

where Ĥ0 is the Hamiltonian for a free atomic system and ĤI describes the interaction between the laser light and the ion. The states |ii are the eigenstates for the
Hamiltonian Ĥ0 of the free atom such that Ĥ0 |ii = ~ωi |ii = Ei |ii. For a two-level
system the atomic wave function at any time is expressed as a linear combination of
the two states as
Ψ(~r, t) = c1 (t)e−iE1 t/~ |1i + c2 (t)e−iE2 t/~ |2i,

(4.2)

where E1 and E2 are the energies of the levels |1i and |2i respectively and the
frequency of the atomic transition is ω0 = (E2 − E1 )/~∗ .
The interaction between the atom and the laser light is treated as a perturbation
of the atomic wavefunctions. In general, the laser light is an oscillating electric field
~ =E
~ 0 cos(ωL t), where ωL is the frequency of the laser light and E0 is the amplitude
E
of the field. The laser field interacts with the electric dipole moment of the atom
(dipole approximation), such that the Hamiltonian of the interaction can be written
as
ĤI (t) = e~r · E~0 cos(ωL t).
(4.3)
Laser light in resonance with the atomic transition mixes the states |1i and |2i,
such that the population between the two states oscillates at the Rabi frequency Ω12
(see Sec. 2.4) which is given by [89]
Ω12 =

~ 12
~ 0 |2i
E0 ê · D
h1|e~r · E
=
,
~
~

(4.4)

where
~ 12 = h1|e~r|2i
D

(4.5)

is the electric dipole matrix element for the transition and ê is the unit vector in the
direction of the laser electric field vector. This matrix element can be calculated as
a function of the wavelength of the transition λ21 as
|D21 |2 =

30 ~λ312
Γ21 ,
8π 2

(4.6)

where Γ21 is the natural linewidth of the transition. The natural linewidth Γ is
associated with the lifetime of the state τ due to the Heisenberg uncertainty principle
(∆E∆t ≈ ~/2). For an atomic state, the energy uncertainty is ∆E = ~Γ/2 and
1
∆t = τ , therefore Γi = 2πτ
. In a two level system the natural linewidth is related to
i
the Einstein coefficient A21 for the spontaneous emission from |2i to |1i as
Γij = Aij /2π.
∗

The frequency ω is related to the absolute frequency ν through ω = 2πν.

(4.7)
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The lifetime τ2 of the state is connected to the Einstein coefficients of spontaneous
emission such that τ2 = A−1
21 . For a multilevel system one state can decay via
spontaneous emission to several states. In this case Γij is the partial decay rate and
the lifetime τi of the state includes all the individual decay rates as
1
.
j Aij

τi = P

(4.8)

The magnitude of the electric field in Eq. 4.4 can be determined as a function of
laser light intensity I and the permittivity of the vacuum 0 [114] as
|E0 |2 = 2

I
.
c0

(4.9)

The on-resonance Rabi frequency becomes equal to the spontaneous decay rate
at the so-called saturation intensity. The laser intensity required to satisfy this
condition is given by [89]
πhcA21
.
(4.10)
Is ≡
3λ321
For intensities below saturation intensity, the population is mostly in the ground
state. Whereas for high intensities the population is equally distributed between the
two states [108].

4.1.1

The Λ-Systems

Alkaline earth ions such Ba+ and Ra+ provide not such a simple two-level scheme
that is suited for laser cooling. They exhibit a three-level system that, however,
is well suited for this purpose. The so called three-level Λ-system is shown in Fig.
4.1. For Ba+ and Ra+ ions the |1i, |2i, |3i level scheme coincides with the ns 2 S1/2 np 2 P1/2 -(n − 1)d 2 D3/2 states where the np 2 P1/2 state decays to both ns 2 S1/2 and
(n − 1)d 2 D3/2 with the branching ratios given in Table 2.2. Here laser cooling the
ions requires two laser fields. Each of them is in resonance with a different atomic
transition. The wavelengths for these transitions for Ba+ and Ra+ are shown Fig. 4.1.
In order to study the Λ-systems, it is convenient to use the matrix representation
of the Hamiltonian. For a free atom the Hamiltonian of the three level system is


ω21 0 0
Ĥ0 = ~  0 0 0  ,
(4.11)
0 0 ω32
where the zero energy has been chosen for level |2i and the frequencies of the transitions are ω21 = ω2 − ω1 and ω32 = ω3 − ω2 . The Hamiltonian of the interaction with
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Figure 4.1: Λ-level scheme in Ba+ and Ra+ ions. It corresponds to the three lowest energy levels
with different angular momenta.

two laser fields is [115]

ĤI = ~ 

Ω12
2

0
exp (−iωg t)
0

Ω12
2

exp (+iωg t)
0
Ω32
exp
(+iωr t)
2

Ω32
2


0
exp (−iωr t)  ,
0

(4.12)

~ 12 and ~Ω32 = eE0r êr · D
~ 23 are the Rabi frequencies for
where ~Ω12 = eE0g êg · D
the ns 2 S1/2 -np 2 P1/2 and np 2 P1/2 -(n − 1)d 2 D3/2 transitions that describe the oscillation of the state population between states. The respective laser frequencies are
represented by ωg and ωr . The total Hamiltonian of the system is then

Ĥtotal = ~ 

Ω12
2

ω21
exp (−iωg t)
0

Ω12
2

exp (+iωg t)
0
Ω32
exp (+iωr t)
2

Ω32
2


0
exp (−iωr t)  .
ω23

(4.13)

In order to eliminate the time dependence of ĤI it is convenient to transform the
Hamiltonian into the rotating frame of the laser light. The transformation employs
the unitary matrix


exp (−iωg t) 0
0
.
0
1
0
U =
(4.14)
0
0 exp (−iωr t)
0
The total Hamiltonian is transformed as ĤTotal
= U ĤTotal U † − i~UdU † /dt. In the
rotating wave approximation the total Hamiltonian of the system becomes
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δg

0
ĤTotal
= ~

Ω12
2

0
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Ω12
2

0
Ω32
2

0



Ω32
2



(4.15)

δr

where
δg = ωg − ω21

and

δr = ωr − ω32

(4.16)

are the detunings of the laser frequencies with respect to the atomic resonance. The
values for the Einstein coefficients Aij and the saturation intensities for the relevant
transitions in Ra+ and Ba+ ions are given in Table 4.1. The Rabi frequencies Ωij have
been calculated for laser intensities in the order of 60 mW/cm2 together with the
Einstein coefficients for the transitions np2 P1/2 − ns2 S1/2 and np2 P1/2 − (n − 1)dD3/2
(Eqs. 4.4 and 4.6). The natural linewidth for these transitions is given by the lifetime of the np2 P1/2 state. For Ba+ the linewidth is about 20 MHz and for Ra+ about
19 MHz.

Table 4.1: Electric dipole transitions for Ba+ and Ra+ for the two atomic transitions in the Λsystem of Fig. 4.1. The information about the Einstein coefficients Aij was taken from [40]. Rabi
2
frequencies are calculated for the typical laser intensities at the experiment (I= 60 mW/cm ).

Transition

Aij [×107 s−1 ] Is [mW/cm2 ]

Ωij /2π[MHz]

Ba+
6p 2 P1/2 − 6s 2 S1/2
6p 2 P1/2 − 5d 2 D3/2

9.29(11)
3.34(11)

16.1
2.5

21
26.5

21.6
1.8

29
32

Ra+
7p 2 P1/2 − 7s 2 S1/2
7p 2 P1/2 − 6d 2 D3/2

10.68(11)
1.06(3)

The Hamiltonian in Eq. 4.15 describes the coherent effects due the interaction of
the ion with monochromatic light. However, it does not include the incoherent effects
due to e.g. spontaneous emission and lasers linewidth. The spontaneous emission
causes a pure state to evolve into a mixed state of the two atomic levels. The full
system, including the spontaneous emission effects, can be described by the density
matrix formalism [108].
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Density Matrix Formalism

In the density matrix formalism an atomic system is described by the operator ρ̂ =
|ΨihΨ|, where the state |Ψi
P of the system is a linear combination of the eigenfunctions
of H0 , such that |Ψi =
ci |ii. With this information, the density matrix elements
i=1

can be written as
ρij = hi|ρ̂|ji,

(4.17)

where the
P diagonal elements represent the probabilities to find the system in a pure
state ( i ρii = 1), and the off-diagonal terms describe the coherences between the
states. The time evolution of the density matrix can be described by the Liouville
equation [96, 116]
dρ̂
(4.18)
i~ = [Ĥ, ρ̂] + Ldamp (ρ̂),
dt
where the Ldamp (ρ̂) is the Liouville operator that accounts for all damping effects.
†
that describe the different dissipative
This operator is given by the operators Ĉm , Ĉm
processes as
1X †
†
†
[Ĉm Ĉm ρ̂ + ρ̂Ĉm
Ĉm − 2Ĉm ρ̂Ĉm
].
(4.19)
Ldamp (ρ̂) = −
2 m
For a Λ-system the main damping effects are the spontaneous emission and the
frequency width of the laser light. In Ba+ and Ra+ the level P1/2 (|2i) decays into
the S1/2 (|1i) and D3/2 (|3i) states with partial decay rates Γ21 and Γ23 (see Eq. 4.7).
The operators Ĉm for spontaneous emission between the different transitions are
p
p
Ĉ12 = Γ12 |1ih2|
Ĉ23 = Γ23 |3ih2|.
(4.20)
The operators Ĉm associated with the finite frequency linewidth Γg and Γr for the
lasers λg and λr in Fig. 4.1 are given by
Ĉg =

p
2Γg |1ih1|

Ĉr =

p
2Γr |3ih3|.

(4.21)

The parameters Γg and Γr are input parameters for the evolution of the matrix
elements which depend on the experimental conditions (see Sec. 5.4) and significantly
influence the spectral response (see Fig. 4.5, Fig. 6.6 and Fig. 6.12).

4.1.3

Optical Bloch Equations

The time evolution of the population of the different states in a three-level system
is found by solving the Liouville equation (Eq. 4.18). It is convenient to write the
components of the density matrix as a vector
ρ~ := (ρ11 , ρ12 , ..., ρ23 , ρ33 ),

(4.22)
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where
ρ̇i =
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d~
ρi X
=
Mij ρ~j .
dt
j

(4.23)

The matrix M contains the information to describe the interaction between the atom
and the laser fields including the decoherence effects due to spontaneous emission.
Equation 4.23 describes a set of coupled differential equations. They are known as
the Optical Bloch Equations (OBE). The time evolution for the density matrix ρ~(t)
is given by
ρ~(t) = exp(M t)~
ρ0 ,
(4.24)
where ρ~0 is the initial condition of the system. For a three-level system the OBE are
ρ̇22
ρ̇11
ρ̇33
ρ̇12
ρ̇32
ρ̇13

= −Γρ22 − i(ρ12 − ρ21 )Ω12 /2 − i(ρ32 − ρ32 )Ω23 /2,
= Γ21 ρ22 + i(ρ12 − ρ21 )Ω12 /2,
= −Γ23 ρ22 + i(ρ32 − ρ32 )Ω23 /2,
= (−Γ/2 − iδg )ρ12 − i(ρ22 − ρ11 )Ω12 /2 + iρ13 Ω23 /2,
= (−Γ/2 − iδr )ρ32 − i(ρ22 − ρ33 )Ω23 /2 + iρ31 Ω12 /2,
= i(δr − δg )ρ13 + iρ12 Ω23 /2 − iρ23 Ω12 /2 − iΓ13 ρ13 .
(4.25)

Here the matrix elements are related to the partial decay rate of the state |ii to |ji,
Γ21 = A21 /2π and Γ23 = A23 /2π and with the natural linewidth of the transition
Γ = Γ12 + Γ23 . The numerical solutions of the OBE can be found for the steady state
where ρ~(∞) = constant. These numerical solutions provide the spectrum for any
3-level Λ-system and in particular for a single Ba+ ion [115, 117–119]. This can be
extended to a multi-level system which e.g. includes Zeeman sublevels or hyperfine
structure.

4.2

Two-Photon Raman Transition

The three-level system reaches a particular steady state solution of the OBE (Eq.
4.25), if the frequencies of the two laser fields are detuned with respect to the atomic
transition such that δr = δg = δ (see Eq. 4.16). For this condition the population ρ22
is minimal and the fluorescence from the ns 2 S1/2 − np 2 P1/2 transitions disappears.
The two laser fields induce coherent coupling between the ns 2 S1/2 and (n − 1)d 2 D3/2
states. This two-photon transition is known as a Raman transition. Figure 4.2
illustrates the condition δr = δg = δ in a Ba+ ion. The population transfer in
this case is described by the Rabi frequency ΩSD for the ns 2 S1/2 − (n − 1)d 2 D3/2
transition which can be written as a function of the Rabi frequencies ΩSP and ΩPD
for the individual transitions as
ΩSP ΩPD
.
(4.26)
ΩSD =
2δ
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PMT Signal [cnts/s]

Figure 4.2: Principle of the Raman transition between the 6s 2 S1/2 and 5d 2 D3/2 states in a Ba+
ion. The frequency detuning is the same for both lasers, i.e., δg = δr . Both lasers are close to the
6s 2 S1/2 − 6p 2 P1/2 and 6p 2 P1/2 − 5d 2 D3/2 transition.
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Figure 4.3: Demonstration of the laser cooling lineshape for a single Ba+ ion. The detuning
dependences of the laser cooling process (see Sec. 4.3) and the two-photon Raman resonance
determine the lineshape of the 6s 2 S1/2 − 6p 2 P1/2 transition. The signal profile is asymmetric with
a sharp drop on the high frequency side because of the laser heating the ion. The position of the
Raman resonance is indicated by fRaman .

4.2 Two-Photon Raman Transition

49

Figure 4.4: Level scheme of Ba+ ions. The eight Zeeman sublevels are shown.

Figure 4.3 displays the lineshape of a single laser cooled ion where a dip in the
signal is observed due the two-photon Raman transition. The fluorescence signal is
collected from emitted photons of the 6p 2 P1/2 − 6s 2 S1/2 transition in a single Ba+
ion. The signal has been recorded for a constant red detuned frequency for the light
from the repump laser (δr < 0). The frequency of the cooling laser at wavelength
λg = 493.5 nm is scanned across the atomic resonance. For δg < 0, every scattered
photon reduces the kinetic energy of the ion increasing in the fluorescence signal.
The maximum signal is observed for the laser near resonance. A blue detuned laser,
i.e. δg > 0, heats the ion out of the laser beam such that the fluorescence signal
disappears (see Fig. 4.3). For δr = δg the two-photon transition 6s 2 S1/2 − 5d 2 D3/2
is driven. It corresponds to the dip in the fluorescence signal at δg = −30 MHz in
Fig. 4.3.

4.2.1

Zeeman Splitting of the Atomic Levels

The degeneracy of the atomic states is lifted in a magnetic field. The Zeeman
effect splits the levels in substates which are characterized by the magnetic quantum
number mj , where mj = −J, ..., +J. For Ba+ and Ra+ ions the three-level scheme
splits into an eight-level system as shown in Fig. 4.4. The energy splitting of each
~ is given by
level in a magnetic field of strength |B|
~
∆Ej = mj gj µB |B|,

(4.27)

where µB is the Bohr magneton and gj is the Landé g-factor for an atomic level given
by
3 S(S + 1) − L(L + 1)
gj = +
.
(4.28)
2
2J(J + 1)
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Table 4.2: Landé g-factors for the different energy levels in Ba+ /Ra+ ions.

Level

2

gj

S1/2
2

2

P1/2

2/3

2

D3/2
4/5

2

P3/2

4/3

2

D5/2
6/5

[a.u.]

For Ba+ and Ra+ the Landé g-factors for the different energy levels are listed
in Table 4.2. The strength of the possible transitions between the Zeeman sublevels depends on the Clebsch-Gordan coefficient for the particular transition, the
polarization of the laser light and the direction of the magnetic field.
1.4
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Figure 4.5: Summed population of the 2 P1/2 levels of single Ba+ ion as a function of the detuning
of the repump laser δr . The spectra are numerically calculated from the OBE for an eight-level
system for δg = −28 MHz, ∆B = 2.4 MHz and an angle of 90◦ between the magnetic field and the
polarization of the light. The dashed line is the result of a simulation with laser light at saturation
intensity assuming negligible laser linewidth. For the solid line the intensity of the laser light is
twice the saturation intensity and the laser linewidth of 0.5 MHz. For simplicity the temperature
of the ion is assumed constant for the different light frequencies. Vertical line represents the central
value for the two-photon Raman transition.

The solution for the state population in heavy alkaline earth systems in a magnetic field requires the OBE for an eight-level system (see Sec. 4.1.3). For Ba+ ions
numerical calculations of the spectra have been performed for the system in a magnetic field of up to a few hundred µT using a Matlab program reported in [119]. The
calculated spectrum depends on the laser light intensities (Rabi frequencies), the
magnitude and direction of the magnetic field, the detuning of the laser frequencies
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with respect to the resonance and the polarization and spectral width of the laser
light. Figure 4.5 shows these spectra calculated using the eight-level OBE equations
for different parameters. The magnetic field is assumed to be perpendicular to the
polarization of the laser light. The dashed line corresponds to the spectrum for laser
light at the saturation intensity and with negligible linewidth. Four Raman transitions are resolved that correspond to the transitions between the Zeeman sublevels.
The solid line corresponds to a spectrum at twice the saturation intensity and a laser
bandwidth of 0.5 MHz which are similar to our experimental conditions. In this case
the individual Raman transitions cannot be resolved. This lineshape suffices for fitting the spectrum that is measured for a single Ba+ such as the one shown in Fig.
4.3.

4.3

Laser Cooling of Trapped Ions

The first experiment of laser cooling of an atomic sodium beam was reported by
Ertmer et al. [120]. The first experiments of laser cooling on trapped particles were
reported by Wineland et al. using Mg+ ions [121] and by Neuhauser et al. where the
first laser cooled single Ba+ ion was observed [73]. An extensive explanation of the
different aspects of the laser cooling process in atoms and ions is found in literature
[108, 122]. Laser cooling of a single ion provides for precision laser spectroscopy,
measuring quantum jumps and localization of single ions. All these are elements and
concepts required for an APV experiment.
In the laser cooling process the kinetic energy of the ion is dissipated by the
exchange of energy and momentum between the ion and the photons of the laser
beam. For a laser frequency near resonance of the atomic transition, the absorption
and emission of a photon changes the momentum of the ion by ~k, where ~k is the
direction of the propagation of the light (k = 2π/λ). In each of these processes
the minimum change on the kinetic energy of the ion is given by the recoil energy
R = (~k)2 /2M . In total the energy difference of the ion per absorbed or emitted
photon is ∆E = ~~k · ~v + R. The cooling process is possible for ~~k · ~v < −R. This
condition is achieved when the frequency of the laser light is red detuned with respect
to the energy of the atomic transition, δg , δr < 0. The average force F exerted on
the ion depends on the scattering rate γp as [108]
F = ~kγp = ~k

s0 Γ/2
,
1 + s0 + (2δ/Γ)2

where Γ is the linewidth of the atomic transition and
2Ω2
I
s0 =
=
2
(2πΓ)
Is

(4.29)

(4.30)

is the saturation parameter related to the saturation intensity Is (see Eq. 4.10). For
a blue detuned laser, the scattering of photons produces the opposite effect increasing
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(b)

(a)

Figure 4.6: (a) Illustration of the weak confinement and (b) of the strong confinement in the
Lamb-Dicke regime. The curve represents the atomic resonance of width Γ. The vertical lines
represent the laser spectrum in the reference frame of the ion. Figure from [116].

the kinetic energy of the ions. The minimum temperature
Tmin =

~Γ
2kB

(4.31)

is associated with the natural linewidth of the transition (Γ) and the Boltzmann
constant (kB ) and it is known as the Doppler limit [108]. For both Ba+ and Ra+
ion, the Doppler limit is 470 µK.
In order to describe the laser cooling process, the motion of the ion in the trap
has to be taken into account. The ion oscillates in the harmonic pseudo potential
(see Eq. 2.26) with a secular frequency ωRF (see Eq. 2.25). As a consequence of
the motion the absorption spectrum contains in addition to the resonance at ω0
discrete sidebands at frequencies ω0 ± lωRF for l = 1, 2, ... (see Fig. 4.6). There are
two regimes for the observation of the sidebands depending on the secular motion
frequency ωRF and the natural linewidth Γ of the atomic transition [116, 123]:
1. For the weak confinement limit, ωRF < Γ, all the side band frequencies fall
within the modified single resonance peak of the transition (see Fig. 4.6a). The
laser cooling process in this case works in the same way as for free particles,
where the lowest temperature of the ions is given by the Doppler limit.
2. For the strong confinement limit, ωRF > Γ, the sidebands of the spectrum can
be resolved. Maximum laser cooling of the ions is achieved when the frequency
of the laser matches the first red sideband ωL = ω0 − ωRF (see Fig. 4.6b). This
cooling scheme is known as sideband cooling. In this case cooling below the
Doppler limit becomes possible and the amplitude of the axial motion of the
ion in the trap can be reduced. This condition is known as the Lamb-Dicke
regime [124, 125].
The sideband cooling is required to cool an ion to the motional ground state of the
trapping potential where the ion will be localized to less than one optical wavelength.
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Temperature of a Single Ion

The temperature of a single ion is a measurement of the kinetic energy of the trapped
particle. It can be determined by measuring the Doppler width of the atomic transition or by measuring the average fluctuation of the position of the ion in the trap.
For a single Ba+ ion the lineshape of the 6s 2 S1/2 − 6p 2 P1/2 and 6p 2 P1/2 − 5d 2 D3/2
transitions is significantly distorted by the laser cooling process. The sweep of the
frequency of the cooling laser across the resonance modifies the temperature of the
ion, therefore the lineshape differs strongly from a Lorentzian distribution (see Fig.
4.7). However, the Raman transition 6s 2 S1/2 − 5d 2 D3/2 effects the cooling process
less. Its natural linewidth due to the long lifetime of the 6s 2 S1/2 and 5d 2 D3/2 states
is very narrow and it depends experimentally on the laser intensities, lasers linewidth
and the motional state of the ion.
The Doppler width of an atomic transition δνD is related with the temperature
of the ion by

2
mc2 δνD
,
(4.32)
T =
kB
ν0
where ν0 is the frequency of the transition, kB is the Boltzmann constant and m is
the mass of the ion. For a Ba+ ion a Doppler width of 1 MHz for the two-photon
Raman transition with copropagated laser beams corresponds to a temperature of
70 mK.
The observed width ∆νm of the transition is determined from a spectrum like in
Fig. 4.7 (see Sec. 4.2.1). This width includes the effects of homogeneous broadening
due the lasers linewidth, power broadening and temperature of the ion, such that
2
2
∆νm
= δνD
+ δfg2 + δfr2 + ΩSD /2π,

(4.33)

where δfg and δfr are the respective laser linewidths and ΩSD is the two-photon
Rabi frequency (see Eq. 4.26) that accounts for the effects of power broadening. The
later can be neglected for the power levels in this experiment. A width of ∆νm =
1.6(4) MHz was determined for the Raman transition. This value is dominated by the
linewidth of the pump and repump laser δfg = 0.7(1) MHz and δfr = 1.05(10) MHz
yielding δνD = 0.97(42) MHz, which corresponds to a temperature below 100 mK. A
more elaborate measurement of the temperature by this method would require ultra
narrow lasers and a systematic study of the different broadening effects.
The kinetic energy K of the ions in the trap can be determined independently
by measuring the position of the ions in the trap potential such that
 2
Rt
(4.34)
K = Dr
r
where Dr is the potential depth of the trap (Eq. 2.26), r = 2.5 mm is the radius of
the ring electrode in the Paul trap (see Sec. 2.5.1) and Rt is the radius of the ion
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Figure 4.7: Lineshape for a crystal of 3 ions (triangular markers) and for a single Ba+ ion (circular
markers). The frequency is measured as a detuning from the frequency of the transition with a
different reference point as compared to Fig. 4.3. The frequency of the laser light at λg is scanned
across the resonance. The width of the Raman transition is obtained by fitting the model in Sec.
4.2.1 to the measured spectra. The same lineshape and linewidth was found for both a single ion
and a 3-ion Coulomb crystal at the level of accuracy given here. Frequency offset between the two
spectra is caused by different detuning δr of the laser at wavelength λr for both measurements.

Figure 4.8: Image of a single Ba+ ion (left) and a Coulomb crystal consisting of three ions (right).
The temperature of a single ion can be determined by measuring the position of the ion (1 pixel
= 1 µm) at the known trapping potential (see Sec. 5.1). The spatial resolution for the position of
the single ion is the same as for one of the ions in the Coulomb crystal.
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motion in the trap potential. This can be determined by measuring the position of
the ion in the trap. For a single trapped Ba+ ion the position is recorded with an
electron multiplying CCD camera (EMCCD). Figure 4.8 shows the image of a single
ion and three ions in the trap. Here the radius of the image Rm is related to the
amplitude of the motion for the ion in the trap Rt by
2
= Rt2 + Ro2 ,
Rm

(4.35)

where Ro2 is the spatial resolution of the optical system. The radius Rm in Fig. 4.8
is 3.1(0.6) pixels, where one pixel corresponds to 0.8 µm. This results in a width of
the ion image of Rm = 2.5(0.5) µm. The diffraction limited spatial resolution due
the geometry of the hyperbolic Paul trap is Ro = 1.9(1) µm (see Sec. 2.5.1). This
yields Rt = 1.6(5) µm corresponding to a temperature of 13(8) mK for a potential
depth of Dr = 5 eV.
The crystal formation of few ions in the trap is an indication of ion temperatures
below 10 mK [126]. Figure 4.7 shows the spectrum of a 3-ion crystal. The spectrum
of the Raman transition for the crystal yields a similar width as for a single ion.
This is also observed by the spatial resolution of the EMCCD image in both cases
(see Fig. 4.7 and 4.8), which provides a consistent result for the ion temperature of
less than 10 mK.

4.5
4.5.1

Laser Cooling and Magnetic Fields
Optical Pumping

Under certain conditions the fluorescence light from a single ion can be reduced.
In the previous sections dark resonances due to a two-photon Raman process are
described. The fluorescence signal is also reduced by dark states, which are due
to the forbidden transitions between two angular momentum eigenstates. In this
process optical pumping takes place to atomic states which experience a weaker
coupling to the laser field depending partially on the polarization of the laser light.
For a system with two angular momentum states, the number of dark states depends
on the difference ∆J between the two states and the polarization of the laser light.
In absence of a magnetic field each of the three states ns 2 S1/2 , np 2 P1/2 and (n −
1)d 2 D3/2 in Ba+ and Ra+ , consists of a set of degenerate sublevels which are characterized by the magnetic quantum numbers mj (see Fig. 4.9). The transitions between
the different Zeeman sublevels are determined by the selection rules for angular momentum and the polarization of the laser light (Clebsch-Gordan coefficients). For
linear polarized light transitions with ∆mj = 0 are allowed and for circular polarized
light transitions with ∆mj = ±1 can be driven. The angular momentum selection
rules determine if there is a dark state [127]. For Ba+ (n = 6) and Ra+ (n = 7)
ions, there are two dark states for the np 2 P1/2 − (n − 1)d 2 D3/2 transition for every
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Figure 4.9: Diagram of a Ba+ ion displaying the possible transitions between the Zeeman sublevels
of the 6s 2 S1/2 , 6p 2 P1/2 and 6p 2 P1/2 states. Here the detunings δg and δr are not the same in
order to avoid Raman transitions.

polarization of the light. Figure 4.9 illustrates the possible transitions with linear polarized laser light. In this case all the sublevels of the nd 2 D3/2 state are populated via
spontaneous emission. However, only the sublevels with mj = ±1/2 are repumped
to the np 2 P1/2 state with linear polarized light while the states with mj = ±3/2 are
dark states. A general discussion of the theory of dark states for different atomic
systems and the techniques for destabilization of them is given in [127].

4.5.2

Destabilization of Dark States

The population in the dark states can be modified by making the energy of the
state time dependent. There are two ways to achieve this: the first is by shifting
the energies of the Zeeman sublevels with a magnetic field and the second is by
modulating the polarization of the laser field. These two approaches were studied in
detail by Berkeland et al. [127].
The application of an external magnetic field to the ion reduces optical pumping.
In this case the direction of the magnetic field defines the quantization axis of the
system and the direction of the polarization of the light. The optimal values for
the magnitude and direction of the magnetic field, the polarization of the laser light
and laser intensities (Rabi frequencies) for efficient destabilization of dark state are
found in [127]. The optimal values are for example achieved when the magnitude
~ is such that 0.01Γ < gJ µB |B|/~
~
of the magnetic field (|B|)
< 0.1Γ (see Fig. 4.10),
where gJ is the Landé g-factor (see Sec. 4.2.1). This field is of order 200 µT for Ba+ .
~
For gJ µB |B|/~
> 0.1Γ the energy splitting of the Zeeman sublevels becomes larger
than the width of the laser light, which reduces the efficiency of the destabilization.
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Figure 4.10: PMT signal of a single Ba+ ion as a function of the magnetic field. Every data
point was measured for around 100 s. The uncertainties of the data points are statistical and error
bars are smaller than the plotted symbols. The photon scattering rate, which is proportional to
the the laser cooling power, decreases with the amplitude of the magnetic field because the lifetime
of the dark states due optical pumping increases. The vertical lines limit the region used in this
experiment for efficient destabilization of dark states.

The destabilization of the dark resonance was measured in our experiment for a
single Ba+ ion. Figure 4.10 shows the fluorescence signal in the 6s 2 S1/2 − 6p 2 P1/2
~ The direction of the magnetic field
transition as a function of the magnetic field B.
is set perpendicular to the polarization of the light. The maximum signal is obtained
for a magnetic field of 190 µT that corresponds to a Zeeman shift of ∆EB = 1 MHz
in the 6p 2 P1/2 sublevels (0.2 MHz < ∆EB < 2 MHz).
Destabilization of dark states using a magnetic field is the most common and
employed method. For building a single ion optical clock, however, the external
fields should be minimized. In this case dark states can be avoided by modulating
the laser field. One possible modulation scheme will give different frequencies to
the σ + and σ − polarization components of the laser field. The frequencies of the
two components can be shifted independently using an Acousto Optical Modulator
(AOM). The magnitude of the shift δAOM is given by the frequency of the AOM, and
the optimum destabilization rate is achieved when 0.01Γ < δAOM < 0.1Γ [127].

4.6

Conclusion

The examples in this chapter illustrate the main features of a laser cooled ion which
we exploit for precision measurements. The response of the ion to several light fields
is described by the OBE. This enables the analysis of the observed rich spectra under
various experimental conditions. Different methods which exploit the dynamics of
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the ion in the trap have been used to determine the temperature of the single ion.
They yield a temperature below 10 mK which was consistent for all the methods.
Dark states due a two-photon Raman transition or polarization dependence of the
laser cooling process were discussed. Their effect on the observed spectra is well understood and is applied to the measurement of transition frequencies and metastable
lifetimes in the single charged Ba+ ion.

Chapter

5

Trap for a Single Ba+ Ion
An experiment to trap a single Ba+ ion and to perform precision measurements on it
has been set up as a precursor for Ra+ . In this chapter details on the experimental
setup are given. The geometry of the trap, the trap voltage electronics, the ion source
and the optical detection system are described. Laser cooling of an ion requires
frequency stability of the light sources and precision laser spectroscopy demands the
determination of their absolute frequencies. A description of the laser systems that
fulfills these two conditions is provided.

5.1

Hyperbolic Paul Trap

A Paul trap is employed for Ba+ ion trapping. Two end caps and a central ring of
hyperbolic shape define the electrodes for this trap (see Fig. 5.1). This geometry
produces a harmonic pseudopotential at the center of the trap by applying AC voltages to the trap electrodes (see Sec. 2.5.1). The dimensions of the Paul trap are
based on a prototype for storing different mass ions which had been tested at the
IBM Almaden Research Center, San Jose [128]. The inner radius of the center ring
is r0 = 2.5 mm. The distance between the end caps is z0 = 1.76 mm. The trap provides the possibility to localize one single ion to better than one optical wavelength.
It has a rather large trap volume that facilitates capturing and confining also small
samples of radioactive particles.
The OFHC (Oxygen Free High Conductivity) copper electrodes are mounted on
a Macor holder (Fig. 5.1d). The Macor piece is attached to a copper base plate
inside a vacuum chamber (see Fig. 5.2). An electron gun and a barium oven are
mounted to the same plate using a holding fixture that was aligned such that the
beam of electrons and the atomic beam intersect in the center of the trap.
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Figure 5.1: (a) Scheme of the hyperbolic Paul trap. A RF and a DC potential are applied between
ring and end cap electrodes. (b) Hyperbolic shaped center ring, (c) end cap, (d) 3D view of the
trap. The electrodes are held by a MACOR spacer.

Figure 5.2: Picture of the ion trap assembly. The trap is capable of storing single ions. (a) Light
collection lens, (b) hyperbolic trap held by the Macor piece, (c) barium oven, (d) electron gun.

5.1 Hyperbolic Paul Trap

5.1.1
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RF Electronics

The electronic circuit that produces the RF voltage for the Paul trap is shown in
Fig. 5.3. The RF signal is generated by a HP33120A function generator. The
output after the synthesizer is pre-amplified with a Mini-Circuits coaxial amplifier
ZHL-1A-S (Amp1) and post-amplified with a RM-KL500-24 high power linear amplifier (Amp2). A combination of two 50 Ω impedance low pass filters at 6 MHz
(HPLP-06P00-C-300-N) and 11 MHz (HPLP-06P00-C-300-N) are installed to suppress higher harmonics in the trap potential. The frequency is tuned to be in resonance with an LC circuit (ΩRF = 5.44 MHz). The matched LC circuit provides the
high RF voltage. This voltage is applied to the center ring electrode with amplitudes
up to 1800 Vp-p. For Ba+ the trap operates at q values between 0.05 < q < 0.4 (see
Eq. 2.22). An independent DC voltage of −9 V < U0 < 9 V can be applied between
the individual end caps and the ring electrode. The right combination of these potentials allows trapping ions within the stability region of the hyperbolic Paul trap
(Fig. 2.6). The RF input in the LC circuit is monitored by a 20 dB attenuation RF
probe connected to a URV35 RF millivolt meter. An RF pick up is connected to
an oscilloscope. The pickup signal is used to tune the synthesizer frequency to the
resonance of the LC circuit and to monitor the behavior of the step up transformer.

Figure 5.3: Representation of the resonant circuit for generation an RF potential of up to 1800
Vp-p in the hyperbolic Paul trap. The input signal from a synthesizer is pre-amplified with a
Mini-Circuits coaxial amplifier ZHL-1A-S (Amp1) and post-amplified with a RM-KL500-24 high
power linear amplifier (Amp2). Two lowpass filters at 6 MHz and 11 MHz are installed to suppress
higher harmonics in the trapping field. An RF meter (URV35 RF millivolt meter) monitors the RF
power at the entrance of the LC circuit. The voltage amplification of the amplifiers and the LC
circuit is indicated.
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5.1.2

Vacuum System

Collisions with the residual gas in the vacuum system reduce the lifetime of the ions
in the trap and influence high precision measurements of, for example, the lifetime
of excited atomic states. In order to keep the influence due to collisions small, a
background pressure below 10−10 mbar is required (see Sec. 6.2). To satisfy the
vacuum requirements, the hyperbolic trap is mounted on a CF200 flange which is
attached to an ultra high vacuum compatible chamber. The operating pressure is
reached via 3 steps of pumping down: first an oil-free roughing pump is used to
reach pressures down to 10−4 mbar, second, a turbo pump TURBOVAC TW 70 l/s
H enables pressures of order 10−8 mbar, and finally, a TiTan 75s (75 l/s) ion pump
reduces the pressure below 10−10 mbar. Pressures lower than 10−10 mbar can be
obtained after a few days of heating the chamber to 140 ◦ C. An additional 3 filament
titan sublimation pump which is operated for 1 min every week boosts the pumping
speed maintaining the pressure at a constant level. The pressure is monitored with
an ionization gauge down to 5 × 10−9 mbar and with the ion pump current in the
ultra high vacuum region. Custom AR coated glass windows attached to flexible
bellows seal the ports where the laser beam passes through (specifications Appendix
B). Two sets of three apertures with a 5 mm hole in the center act as light baffle to
avoid stray light from the laser beams (see Fig. 5.4). The apertures are coated with
a vacuum compatible black paint MLS-85-SB (specifications Appendix C).

Figure 5.4: Two special AR coated glass windows (W1 and W2 ) attached to flexible bellows seal
the ports where the laser beams for spectroscopy (solid arrow) and photoionization (dashed arrow)
enter and exit the vacuum chamber. Two sets of 3 apertures (A1 , A2 and A3 ) which are connected
with stainless steal roads are installed inside the vacuum chamber as light baffles. Each aperture
has a 5 mm hole in the center which removes stray light from the laser beam. The aperture A2 acts
also as a vacuum seal between the bellows and the vacuum chamber. With this the positions of the
other two apertures are fixed. Distances are dA2 −A1 = 30 mm and dA2 −A3 = 25 mm. Diameters
are DA1 = 34 mm, DA2 = 48.2 mm and DA3 = 60 mm. The dotted line represents the outer
surface of the vacuum chamber. The trap is drawn to illustrate its dimensions.

5.2 Ion Source

5.2
5.2.1

63

Ion Source
Barium Oven

An atomic 138 Ba beam is obtained by heating a mixture of barium carbonate and
zirconium powder (138 BaCO3 + Zr) [96]. The mixture is deposited in a 0.9 mm× 40
mm stainless steal tube which is resistively heated up to 1000◦ C by a DC current (see
Fig. 5.5). The current is supplied by a ES015-10 Delta Elektronika power supply
controlled via an Ethernet interface from the data acquisition system. The voltage
drop across the tube is about 1 V. Typically a current of 6.5 A is needed to produce
an atomic beam with a flux of order 106 atoms/s through the hyperbolic Paul trap.
Figure 5.2c shows the stainless steal holder for the tube in vacuum. The tip of the
tube is kept cold. This collimates the atomic beam to a 10 degrees opening angle
in the direction of the trap center. Barium atoms are ionized inside of the trap by
electron bombardment or photoionization.

Figure 5.5: A schematic drawing of the barium oven. A stainless steal tube is filled with a mixture
of 138 BaCO3 with Zr powder. This tube is resistively heated by an electric current of order 6.5 A.
A representation of the heat profile across the tube is sketched. The tip of the tube is kept cold to
achieve a collimated beam of barium atoms. A stainless steal mount holds the tube in the vacuum
chamber and keeps the tip of the tube cold.

5.2.2

Electron Beam Ionization

Barium atoms are ionized by an electron bombardment in the center of the trap.
The electron beam is produced using a conventional electron gun as shown in Fig.
5.6 (Vision Tech Devien CO). A cathode voltage of 1000 V, an anode voltage of
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75 V, a focus voltage of 30 V and a filament voltage around 7.5 V yield to a typical
current of 1 µA which is measured in a carbon paint pick up resistor opposite to the
e-gun (see Fig. 5.2). A voltage in the Wehnelt cylinder stops the electron flux in
the direction of the trap. The electron bombarding technique provides for loading
up to 106 ions in a few minutes. Big ion clouds were exploited in the early stages
of the experiment for a rough alignment of the laser beams and for setting up the
detection system. However, the number of loaded ions could not be controlled with
this technique.

Figure 5.6: (a) Schematic drawing of the electron gun [55]. (b) photograph of the commercial
electron gun employed in the experiment (scale in cm).

5.2.3

Photoionization

Loading ions in a Paul trap using photoionization has many advantages over electron
beam ionization. Some examples are suppression of collection of charge at spots
on metallic surfaces (patch potentials) [129, 130], the reduction of static charges in
dielectrics, the isotope selective ionization and the possibility to control the process.
For barium ion trapping, different photoionization schemes using a dipole resonant
two-photon transition had been studied [131]. Examples of these schemes are shown
in Fig. 5.7 together with possible schemes for Ra.
The two-photon photoionization cross section using different transitions in barium
atoms has been measured [131, 132]. A comparison between the different schemes

5.2 Ion Source
(a)
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(b)

Figure 5.7: (a) Photoionization schemes for barium atoms [131]. (b) Possible photoionization
schemes for radium atoms.

can be found in [131–133]. For radium, the photoionization cross section has been
calculated [134, 135] but no actual measurement has been performed yet. However,
the similarity between the values of the two cross sections is an indication that the
photoionization schemes for radium showed in Fig. 5.7(b) are feasible.
Photoionization using the resonant two-photon transition 6s2 1 S0 − 5d6p 3 D1 −
continuum at 413 nm is exploited in the current barium ion experiments. For a
stable atomic flux, loading 1 to 20 ions is possible with 10 µW laser power applied
for 200 ms.
Photoionization Laser at 413 nm
A semiconductor diode laser (Thorlabs DL5146-101S) at 413 nm is set up in Littrow
configuration to photoionize barium atoms (see Sec. 2.5.2). The frequency of the
laser light is achieved by increasing the temperature of the diode to 75 ◦ C. An output
power of 20 mW at 413.5 nm was obtained. Isotope selected photoionization is
accomplished by tuning the laser to the Doppler broadened resonance of the 6s2 1 S0 −
5d6p 3 D1 transition in 138 Ba atoms that corresponds to a wavelength of 413.3592
nm [71]. The laser frequency is monitored with the HighFinesse Angstrom WS6 VIS
wavelength meter. A Glan-Thompson polarizer is employed to adjust the intensity
of the light sent to the experiment. A dichroic mirror (Thorlabs DMLP425) directed
the laser to the center of the trap (see Fig. 5.22).
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5.3

Detection System

Fluorescence light from the 6s 2 S1/2 − 6p 2 P1/2 transition in Ba+ is detected from
the ion using a Photo Multiplier Tube (PMT Hamamatsu H11123) and a Electron
Multiplying CCD camera (EMCCD) opposite to the PMT. The PMT provides for
time resolution of the ion signal while the EMCCD provides for spatial resolution.
The geometry of the hyperbolic trap (Fig. 5.1) provides for a solid angle of 0.03 sr
for light collection. Figure 5.8 shows the light collection and the detection system.
The photograph in Fig. 5.9 shows the vacuum chamber on the laser table. The
position of the EMCCD, the PMT and the laser beams are indicated.

Figure 5.8: Optical setup for detection of Ba+ ions. The optical system for imaging the ions into
a PMT and EMCCD camera is shown. The red arrow represents the direction of the lasers beams.
The dashed circle represents the vacuum chamber. PMT optics: fL1 = 40 mm, fL2 = 140 mm,
fL3 = 40 mm, A3 = 2 mm. A ×16 magnification was obtained for the EMCCD with fL4 = 83 mm
and fL5 = 30 mm.

Figure 5.9: Photograph of the experimental setup for trapping single Ba+ ions. The vacuum
chamber resides on an optical table. The EMCCD camera and the PMT are indicated. The blue
arrow represents the laser beam.
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Light Collection System

Thermal Dark Count Rate [cnts/s]

The light from the ions detected by the PMT is collected with a 40 mm best form
lens L1 (see Fig. 5.8) mounted inside of the vacuum chamber (Fig. 5.2a). A set of
black coated (MLS-85-SB) apertures reduces the scattered light reaching the PMT.
A lens L2 focuses the light through a 2 mm imaging aperture. The light is collimated
by a best form lens L3. Before reaching the PMT, a narrow band filter at 493 nm
(Thorlabs FB490-10) that transmits 37% of the light at this wavelength is installed.
Figure 5.8 shows the layout for the PMT optics. An overall detection efficiency of
10−6 for the PMT system is estimated as a result of the solid angle, the transmission
of the filter and the quantum efficiency of the PMT (about 20%). The scattering
rate of a single cooled Ba+ ion is around 108 photons/s, that yields to a signal of
few times 102 counts/s (see Fig. 5.11). The signal rate is comparable to the typical
dark count rate of the PMT at room temperature.
The dark count rate owning to the thermal emission of electrons from the photocathode of the PMT is reduced by cooling the cathode with a Peltier element. The
dependence on the dark count rate as a function of temperature of the cathode is
shown in Fig. 5.10. In our experiment the temperature is set to 13 ◦ C to avoid water
condensation on the photocathode and is kept constant to better than 0.1 ◦ C with
a homemade temperature controller. At this temperature the count rate is reduced
to about 10/s as shown in Fig. 5.10. For temperatures below 5 ◦ C the dark count
rate is limited by the leakage current through the glass window of the PMT due to
radioactive decay of e.g. 40 K.
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Figure 5.10: Dependence of the PMT dark count rate as a function of temperature. A temperature
of 13◦ C is chosen to avoid condensation of water in the PMT assembly. For each data point the
dark count rate corresponds to a sample period of 150 s.

Trap for a Single Ba+ Ion

68

5.3.2

Imaging onto EMCCD Camera

PMT Signal [cnts/s]

The image of a single ion was taken by an A-DU860-DCS-BV, iXon EMCCD detector
of 512 × 512 pixels. A ×16 image magnification is achieved with the telescope shown
in Fig. 5.8. A sharp image of the ions is obtained by moving the best form lens
L5 along the trap axis with a translation stage. The image noise is reduced by
internally cooling of the detector. The electron multiplication gain, the binning and
the exposure time can be selected for each image. In Fig. 5.11 the images of three,
two and one ion are displayed. The signals from a few ions detected with the PMT
and with the EMCCD camera are compared.
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Figure 5.11: Top: PMT count rate from stored Ba+ ions. The PMT signal displays steps from
four to one ions. The count rate per ion is about 350 cnts/s. The count rate without ions is due to
laser light scattered in the vacuum chamber (approximately 400 cnts/s here). Bottom: The image
of three, two and one ions recorded with the EMCCD camera. For these images the detector was
cooled to −40 ◦ C, the electron multiplication gain was set at 80 and an exposure time of 2 s was
selected.
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Laser System

In this section a description of the different light sources required for single Ba+
ion spectroscopy is given. In Ba+ the ions in the 6p 2 P1/2 state decay to both
the 6s 2 S1/2 and the metastable 5d 2 D3/2 state with branching ratio 1:3 (see Table 2.2). To avoid population of the state 5d 2 D3/2 a repump laser is required to
drive 5d 2 D3/2 → 6p 2 P1/2 transition. Here two main laser systems at wavelengths λg
and λr are required. All the light sources are set up on a floating laser table with
active self-leveling isolators. The laser sources are localized in the laser laboratory
which is separated by 30 m from the laboratory in which the Ba+ trap experiment
is located. The light is transported via single-mode optical fibers. Figure 5.12 shows
the layout of the laser system which is described in this section.

5.4.1

Absolute Frequency Calibration of Laser Light at 493.5
nm

For detection and laser cooling of Ba+ ions the 6s 2 S1/2 − 6p 2 P1/2 transition needs to
be driven. Laser light at λg = 493.5 nm is generated by frequency doubling light at
987 nm from a single-frequency Ti:Sapphire Laser (Coherent MBR-110). This light
is brought to the experiment with a single mode optical fiber (see Fig. 5.12) where
it is focused to a MgO doped PPNL second harmonic generation crystal (Covesion
MSHG976-0.5-xx) inside of a linear cavity (see Fig. 5.13). The quasi phase matching
condition is achieved by heating the crystal to 156.8 ◦ C. A temperature controller
(Covesion) is used to keep this value constant. About 100 mW of laser light at
987 nm is coupled to the linear frequency doubling cavity. The frequency doubling
occurs in both propagation directions of the light inside the cavity. This produces
two counterpropagating laser beams at λg with about 5 mW of laser power each
which is sufficient for the experiments (see Fig. 5.13).
An Acousto-Optical Modulator AOM-1 is used to shift the frequency and for
power stabilization of the laser light at wavelength λg . A signal generator HP8657B
provides an RF frequency for the AOM. The first order diffracted beam from AOM1 is coupled to the trapping setup using a single-mode optical fiber. The intensity
of this beam depends on the RF power applied to AOM-1. The laser intensity is
controlled using a photo diode (SM1PD1A) after the trap (see Fig. 5.22). The signal
of the photodiode (PD) is locked to a reference voltage with a PID controller∗ . A
ZLW-2 mixer from Mini-Circuits combines the output of the PID controller with the
AOM-1 RF power such that the diffracted beam intensity is corrected.
The frequency of the laser is monitored by a HighFinesse Angstrom IR wavelength
meter. The laser light at λg is actively stabilized in frequency. The internal cavity
lock of the Ti:Sa laser provides for frequency stability of order a few MHz. For
∗

The Proportional, Integral and Differential (PID) electronic locking is frequently exploited in
our stability setups. An introduction to this is given in Appendix D.
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Figure 5.12: Lasers and optical system for spectroscopy in trapped Ba+ ions (principle concept). The laser sources are located in the laser
laboratory. The light is transported to the Ba+ laboratory with single-mode optical fibers. The numbers in the figures are given for more
details of each optical setup. The diagnostics for the laser light intensities and laser beam position are set up next to the trap.
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Figure 5.13: Optical setup for the laser light at wavelength λg . The IR light is transported
from the Ti:Sa laser in the laser laboratory with a single-mode optical fiber (see Fig. 5.12). Beam
splitters (BS) are used to send fractions of the light to photo diodes (PD). Broadband Dielectric
Mirrors for infrared (DM) and visible (E02 Thorlabs) light are used to align the beams. The lens
L1 is used to mode match the IR beam with the doubling cavity. The lenses L2 and L3 adjust the
size of the beam at λg that is fiber-coupled to the experiment. A Polarizer Beam Splitter (PBS)
combines the laser beams at λg and λr .

stable laser cooling a frequency control of order 1 MHz is essential. Therefore an
additional frequency locking scheme is implemented. A beatnote fIR-B between the
light from the Ti:Sapphire laser and the light from a femtosecond frequency comb
operating at a mode spacing of 250 MHz (model FC1500/075 from Menlo Systems)
is set up (see Fig. 5.12). The frequency offset of the beatnote is measured with
respect to one of the frequency comb lines. Figure 5.14(a) show a photograph of the
beatnote fIR-B on a spectrum analyzer. The beatnote frequency fIR-B is recorded and
monitored during the experiment. The Fig. 5.14(b) displays this frequency measured
every 100 ms over a period of about 1 h. The distribution of the frequencies within
100 ms sampling time is presented in Fig. 5.14(c). From the Gaussian distribution
the frequency stability of the Ti:Sa laser with respect to the frequency comb can be
derived. The FWHM of this distribution is about 7 kHz which is better than the
required for experiments. The long term stability from the frequency comb light is
provided by GPS signals. To synchronize, we employed a rubidium clock (FS 725)
which has an intrinsic frequency stability of 10−11 in 1 s and 10−12 in 10 000 s.
Figure 5.15 shows the relation between the frequency of the light from the Ti:Sa
laser and the light seen by the ions in the trap fg . The absolute frequency of the
laser light fg in the trapping device is
fg = 2 × fIR + nAOM-1 fAOM-1 ,

(5.1)
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Figure 5.14: (a) Photograph of the beatnote between the light from the Ti:Sa laser and the light
from the frequency comb (fIR-B ) on a spectrum analyzer. The horizontal scale is 10 MHz per
division. The vertical axis is 10 dB per division. (b) Frequency of the beatnote fIR-B during more
than one hour measured every 100 ms (c) Projection of the frequencies measured for the fIR-B . The
FWHM of the Gaussian distribution is about 7 kHz.

where fIR is the frequency of the IR light, fAOM-1 and nAOM−1 = +1 are the frequency
and the diffraction order of AOM-1 respectively. The absolute frequency of the IR
light is obtained from the beatnote frequency fIR-B by
fIR = fFC-IR + fIR-B ,

(5.2)

where fFC-IR = 2fCEO + mIR frep is the frequency of the nearest comb line [136],
fCEO = −20 MHz is the offset frequency of the comb, mIR is the frequency comb
mode number (around 1.2 × 106 ), frep = fsynth /4 + fO MHz is the repetition rate
of the frequency comb, fsynth is the control synthesizer frequency set to a value
around to 20 000 900 Hz, fO = 245.000000 MHz and the beatnote frequency fIR-B =
+29.45(2) MHz is measured with the frequency comb in 1 s integration time. The
sign of the beatnote is verified by modifying the frequency comb reference.
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Figure 5.15: Representation of the different frequencies used at the frequency stabilization of the
laser light at frequency fg . The fg is the frequency for spectroscopy in the position of the ions,
fFC-IR is the frequency of the closest frequency comb line, fIR is the frequency from the Ti:Sa laser
light locked to the frequency comb, fIR-B is the frequency of the beatnote between the IR light and
the light from the frequency comb. The IR light is frequency doubled by passing the laser light at
frequency fIR through a non linear PPNL crystal. Finally, the doubled frequency 2fIR is shifted
by the frequency of AOM-1 (fAOM−1 ).

5.4.2

Molecular I2 Saturation Absorption Frequency Lock

Transitions in molecular 127 I2 are widely used as reliable secondary frequency standards [96]. High resolution saturated absorption spectroscopy of molecular I2 hyperfine transitions delivers a natural frequency scale in the range of 500 to 900 nm. A
narrow line from this spectrum is employed to stabilize the frequency of the light
from a reference diode laser at wavelength λr . The experimental setup for saturated
absorption frequency locking is shown in Fig. 5.16. A detailed explanation of the
technique is given in [96].
The frequency of the light from the diode laser is referenced to the frequency of the
P(25)(6-5) transition in molecular I2 . This transition had been determined previously
to 1 MHz accuracy [111]. Figure 5.17a shows the calculated resolved Doppler free
frequency modulated hyperfine spectrum for this transition. The calculation is based
on the results of [113] using the software package Iodine Spec. 4.0 from Toptica. The
individual lines of the spectrum are labeled a1 to a21 from low to high frequency. The
line a3 was chosen as the absolute frequency reference near the 6p 2 P1/2 − 5d 2 D3/2
transition in Ba+ ions. The spectrum measured with the setup in Fig. 5.16 is shown
in Fig. 5.17b for the lines a1 to a4 . The zero crossing of the line a3 serves as a lock
point to the frequency stabilization of the diode laser.
The frequency of the diode laser fDiode is shifted with respect to the frequency
νa3 by the frequency of the AOM-I2 (fAOM-I2 ). When the light from the diode laser
is frequency locked to the a3 line, the frequency is
fDiode = νa3 + fAOM-I2 .

(5.3)

The frequency of the light from the reference diode laser can also be measured with
the frequency comb. A beatnote fB1 between the light from the diode laser and
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Figure 5.16: Experimental setup employed to lock the reference diode laser to a line in molecular
I2 using saturated absorption spectroscopy (from [96]). A beam splitter sends two beams of light of
about 0.5 mW in a diameter of 0.3 mm through the vapor cell. A counterpropagating laser beam
of 5 mW in 0.3 mm diameter overlapped with one of the probe beams. Its frequency is shifted and
modulated by twice the frequency fAOM-I2 . The absorption of the probe beams is recorded on a
split photodiode. The differential signal is demodulated in a lock-in amplifier in order to produce
the error signal which is sent to the PID controller to adjust the diode laser frequency fDiode .

the light from the frequency comb is set up for this purpose. A photograph of this
beatnote on the spectrum analyzer is shown in Fig. 5.18a. The frequency fB1 is
monitored and recorded during the experiments with the data acquisition system.
The Fig. 5.18b shows a measurement of the beatnote frequency fB1 every 100 ms
when the diode laser is locked to the I2 line. The distribution of the measured
beatnote frequencies shows a full width at half maximum of about 20 kHz over a
period of 1 h. This demonstrates the stability of the diode laser frequency. This
performance can varied from day to day operation, however it is always kept below
the level required for the spectroscopy experiments described in Chapter 6. The
absolute frequency of the diode laser is therefore
fDiode = fF C−650 + fB1 ,

(5.4)

where fFC−650 = 2fCEO + m650 frep is the frequency of the nearest comb line, fCEO is
the frequency comb offset frequency, m650 is the number of the nearest comb mode
for this frequency, frep = fsynth /4 + fO is mode spacing of the comb lines. The saturated absorption spectroscopy results in the comb mode number m650 = 1845248
with the frequency fAOM-I2 = 73.97(1) MHz and the synthesizer frequency fsynth =
20 000 934 Hz. The frequency fB1 = −28.80(2) MHz was observed with the frequency
comb in 1 s integration time when the laser light from the diode locked to the line a3 in
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Figure 5.17: (a) Hyperfine spectrum of the P(25)(6-5) transition in molecular I2 . The line a3 is
indicated. This line is used as reference for absolute frequency calibration. A diode laser is frequency
locked to this transition using saturated absorption spectroscopy. (b) Measured I2 spectrum near
line a3 obtained by frequency modulation saturated absorption spectroscopy.
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Figure 5.18: (a)Photograph of the beatnote between light from the diode laser and light from the
frequency comb, the horizontal (frequency) axis corresponds to 5 MHz per division. The vertical
(amplitude) axis is 10 dB per division for both pictures. (b) Frequency of the beatnote fB1 measured
every 100 ms during more than one hour. (c) Distribution of the frequencies of the beatnote fB1
measured every 100 ms. The FWHM of the Gaussian distribution is of order 20 kHz.

I2 . This yields an absolute frequency fDiode = 461 312 362.07(2) MHz measured with
the frequency comb. With this frequency a 50 times more accurate value for the frequency of the a3 line in molecular I2 was determined at νa3 = 461 312 288.10(2) MHz.
The locked system provides light at stable frequency for typically days before it has
to be reset to the correct I2 line.

5.4.3

Absolute Frequency Calibration of the Laser Light at
650 nm

A Coherent CR-699 ring dye laser is used to generate a single frequency, tunable, and
stable output at the desired wavelength for the 5d 2 D3/2 − 6p 2 P1/2 transition in Ba+
ions. The CR-699 laser employs active stabilization to an internal reference cavity. A
Coherent Verdi-V10 (10W) diode pumped solid-state laser at 532 nm optically pumps
the DCM (4-(dicyanomethylene)-2-methyl-6-(p-dimethylaminostyryl)-4H-pyran) dye
which is dissolved in benzyl-alcohol. The concentration of the dye solution for optimum performance at λr is 1 gram of DCM dye in 0.6 liter of benzyl-alcohol added
to 1 liter of ethylene glycol. An output power of 150 mW of single frequency laser
light at λr is accomplished for 2 W pump power. The light is transported from the
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laser laboratory to the experiment in a single-mode optical fiber of 50 m length (see
Fig. 5.12). More than 10 mW of laser power at λr is deliver to the experiment. This
is sufficient for laser spectroscopy and diagnostics. A fraction of this light is sent to a
Fabry-Perot interferometer installed to control the frequency mode of the laser (see
Fig. 5.19). The performance in frequency stability and bandwidth of the light from
the dye laser were found to be better than light from semiconductor lasers available
for this wavelength.

Figure 5.19: Optical setup for the laser light at λr . The laser light is transported from the dye
laser in the laser laboratory with a single-mode optical fiber (see Fig. 5.12). Beam splitters (BS)
are used to send fractions of the light to the Fabry-Perot cavity and photo diodes (PD). Broadband
Dielectric Mirrors (E02 Thorlabs) are used to align the beam. The light from the I2 reference laser
is combined with the dye laser using a BS. A Polarizer Beam Splitter (PBS) combines the laser
beams at wavelengths λg and λr .

The frequency stability of the laser light in the trapping setup is provided by
the stabilized diode laser frequency fDiode (see Sec. 5.4.2). Light from the dye laser
and from the reference diode laser (fDiode ) are overlapped in a photodiode (PDS02
see Fig. 5.19). This provides a beatnote of the difference frequency fB2 from 0.5
GHz to 1.5 GHz of the two laser lights. This beatnote is frequency locked, via a
PID controller, to a stable reference frequency from a synthesizer, which permits the
selection of the desired frequency. Figure 5.20a represents the different frequencies
involved in the frequency stabilization of the laser light at fr . A photograph of the
display of the spectrum analyzer showing the beatnote between the light from the
diode laser with light from the dye laser (fB2 ) is shown in Figs. 5.20b.
Prior to entering the trap the light from the dye laser is double passed through an
acousto-optical modulator AOM-2. The frequency of the AOM-2 shifts the frequency
of the light to the trapping device fr by 2 nAOM−2 · fAOM-2 with respect to the
frequency of the light from the dye laser fdye . Here nAOM−2 = +1 and fAOM-2 are the
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(a)

Figure 5.20: (a) Representation of the different frequencies involved in the frequency stabilization
scheme of the laser light at λr . fdye is the frequency of the light from the dye laser, fr is the frequency
of the laser light in the trapping setup, νa3 is the absolute frequency of the I2 line, fDiode is the
frequency from the diode laser and fFC-650 is the frequency of the nearest line of the frequency
comb. Here fB1 and fB2 are the frequencies of the beatnotes. fAOM-I2 is the offset frequency from
the I2 frequency locking scheme and fAOM−2 is the frequency of the AOM-2 (b) Photograph of the
beatnote between the dye laser light and the light from the frequency locked laser diode (B2). The
horizontal (frequency) axis corresponds to 2 MHz per division.

first diffraction order and the driving frequency of the AOM-2 respectively. Therefore
the frequency of the light from the dye laser at the position of the ions is
fr = fDiode − fB2 + 2 × fAOM-2 .

(5.5)

The AOM-2 can be operated between 300 MHz and 400 MHz with a double pass
efficiency larger than 10 %. The frequency shifted beam is combined with the laser
light at λg on a polarizing beam splitter cube (see Fig. 5.19). Both wavelength light
fields are coupled to a single-mode optical fiber and transported to the ion trap.
Power stability to better than a few percent level is not as critical for the repump
transition. The stability is achieved by the direct output of dye laser. However,
power control over a large dynamic range of 5 µW to 100 µW at the ion trap is also
provided by the AOM-2 setup (see Fig. 5.19).

5.4.4

Light Sources for Shelving

A fiber-coupled high power LED (M455F1) at a wavelength around 455 nm is employed for the measurement of the lifetime of the atomic 5d 2 D5/2 state. The typical
intensity for this LED is about 100 mW in a 10 nm bandwidth. This corresponds
to 100 nW in bandwidth of 20 MHz typical for dipole allowed transitions. The light
from the LED passes through a bandpass filter FB450-10 which transmits 13% of
the light at wavelength 455 nm. This light excites the 6s 2 S1/2 − 6p 2 P3/2 transition in Ba+ (see Fig. 2.1). This way the Ba+ ion can be shelved to the 5d 2 D5/2
metastable state via the 6s 2 S1/2 − 6p 2 P3/2 pumping transition. The shelving light
is overlapped with the laser beams at wavelength λg and λr using a dichroic mirror
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Thorlabs DMPL490 (see Fig. 5.22). A second LED at 617 nm Thorlabs 617D2 is
available to deshelve the ions from the 5d 2 D5/2 state.

5.5

Features of the Ion Trap Setup

x Pixel Number

y Pixel Number

Optimum cooling and detection conditions are found when the laser beams are
aligned with respect to the ion in the center of the trap. For a perfect hyperbolic trap
the potential minimum and geometrical center are the same. However, the presence
of patch potentials or external DC electric fields can move the potential of the ions.
This dependence has been measured in the characterization of the trap working at
low q values (0.05 < q < 0.2 see Eq. 2.22). The position of the ions depends then on
the strength of the RF fields. Figure 5.21 shows the position of one ion for different
RF potentials. A stray DC field of 1 V/cm in the direction orthogonal to the laser
table (z) was determined by observing the ion displacement from the geometrical
trap center at low RF potentials [90]. The main cause of these fields are a layers of
barium at several parts of the trap electrodes [137]. Unfortunately, field compensation in this direction is not possible in the present setup. For q > 0.2 the position of
the ion changes on small scale with the q value. In this case the ion is located within
6 µm from the geometrical trap center. Settings with q > 0.2 have been used for
most of the measurements in this experiment. In the direction of the propagation
of the laser beam (see Fig. 5.8), the position of the ion remains the same for all
different applied RF potentials (see Fig. 5.21b). In the plane defined by the rotation
symmetry of the hyperbolic Paul trap, stray fields can be compensated partially by
applying a DC potential to the individual end caps (see Fig. 5.3).
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Figure 5.21: Position of one ion for different RF potentials (1pixel = 1µm). No DC potential was
applied to the end caps. (a) Vertical direction (perpendicular to the laser table). An exponential
curve is fitted to the data. From the fitted parameters a stray field of 1 V/cm was determined. (b)
in the direction of the propagation of the laser beam.
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Figure 5.22: Optical setup next to the vacuum chamber. Beam splitters (BS) are used to send fractions of the light to power meters (PM)
or photo diodes (PD). Broadband Dielectric Mirrors (E02 Thorlabs) are used to align the beam. The lenses L2 and L3 form a telescope
that focus the light to the center of the trap. The UV light from the photoinization laser is sent trough the chamber in the direction
counterpropagating to the spectroscopy beams.
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Providing good overlap of the ion position and the laser beams requires control
over their size and position inside of the trap. Figure 5.22 shows the optical setup
next to the vacuum chamber. The light at the frequencies fg and fr is transported to
the trap with an optical fiber. A set of lenses adjusts the diameter of the laser beam
inside the trap. A pellicle beam splitter sends a fraction of the light to a BP106 VIS
beam profiler to monitor the dimensions and position of the laser beam. A beam
radius of 60 µm was determined for the laser beams at frequencies fg and fr . Two
servo motor controlled mirror mounts permit the adjustment of the beam position
inside of the trap. The power of the lasers before and after the trap are monitored
by power meters (Thorlabs S120C) and photodiodes (SM1PD1A) and recorded in
the data acquisition system. The laser light at fg and fr is separated for diagnostics
before and after the trap by dichroic mirrors (DMLP567) and narrow band filters.
The polarization of the light inside the trap is defined by a Glan-Taylor polarizer
and a half waveplate in front of the chamber. The photoionization light at 413 nm
(see Sec. 5.2.3) passed through the trap in the opposite direction of the laser beams
at frequencies fg and fr .
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Figure 5.23: PMT signal for a single ion as a function of the magnetic field in different directions.
The squares markers () correspond to a magnetic field applied perpendicular to the laser table,
the triangular markers (N) correspond to a magnetic field applied in the direction of the detection
system (PMT) and the circular markers (•) correspond to a magnetic field with an offset angle
of about 20◦ with respect to the direction of propagation of the laser beam. The measurements
indicated with dot markers and triangle markers suffer from imperfect alignment of the magnetic
field with respect to the laser beam.

The whole vacuum setup is placed inside of three pairs of rectangular current
~ in
coils arranged in a cubical geometry to generate an adjustable magnetic field B
the trap center region. Figure 5.22 shows the orientation of the coils on the laser
~ defines the quantization axis for the ions. The magnetic
table. The direction of B
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field allow the measurement the Zeeman sublevels in a Ba+ ion. It also provide for
an efficient way to avoid dark states in the laser cooling process (see Sec. 4.5.2) [127].
The photon scattering rate from the ion monitored by the PMT signal was measured
as a function of the magnitude and orientation of the magnetic field. The results are
shown in Fig. 5.23. A current of 5 A (B = 180 µT) in the direction orthogonal to
the laser table was found optimal in terms of the count rate for single ion detection.

5.6

Conclusion

An experimental setup for trapping a single Ba+ ion has been built. We have provided information on the geometry of the hyperbolic Paul trap and introduced the
electronics for the trapping potential. Details of the vacuum system and the atomic
Ba source are given. The single ion experiments employed photoionization to ionize
the atoms inside the Paul trap. The detection system for scattered photon consist
of the single photon counting with a PMT as well as the imaging system with an
EMCCD campera. The PMT provides high temporal resolution and the EMCCD
camera high spatial resolution. Furthermore, the features of the laser system for
laser cooling, laser spectroscopy and photoionization were described. In particular,
the frequency of the laser light required for spectroscopy is determined to an accuracy of better than 0.1 MHz with the help of secondary references and the optical
frequency comb.

Chapter

6

Single Ba+ Spectroscopy
The features of the experimental setup provide in particular for precision laser spectroscopy in the Ba+ ion. Accurate measurements of transition energies between low
lying atomic energy levels were carried out. The absolute frequency of the quadrupole
forbidden transition 6s 2 S1/2 − 5d 2 D3/2 has been determined via a two-photon Raman transition. The lifetime τD5/2 of the metastable state 5d 2 D5/2 is measured by
the electron shelving technique. Lifetime measurements are a probe for the amplitudes of the different atomic transitions and they are in particular sensitive to the
electric quadrupole transition 6s 2 S1/2 − 5d 2 D3/2 . The comparison between calculated and measured lifetime values is a sensitive test of the methods employed in the
calculations and for atomic theory itself. These measurements provide input for the
calculations of electric dipole transition matrix elements and the APV matrix elements. Possible systematic effects which disturb these measurements are discussed
here.
(a)

(b)

Figure 6.1: (a) Setup for laser spectroscopy in a Ba+ ion. Light at wavelengths λg , λr and λb is
overlapped with the ion. The fluorescence light from a single Ba+ ion at λg is collected and imaged
onto the photocathode of the photomultiplier tube (PMT) and on the electron multiplying CCD
camera (EMCCD). (b) Energy levels of a Ba+ ion relevant for this chapter.

83

84

Single Ba+ Spectroscopy

A single 138 Ba+ ion which is localized in the center of the Paul trap is the starting
point for the measurements (see Sec. 5.1). The laser beams of frequency stabilized
light at wavelengths λg and λr are overlapped with the ion. The power levels at the
position of the ion are between 5 µW to 100 µW in a beam radius of 60 µm for both
laser beams. Part of the fluorescence light from the 6s 2 S1/2 − 6p 2 P1/2 transition is
detected by the PMT in photon counting mode as shown in Fig. 6.1. A magnetic field
of order 200 µT splits the Zeeman sublevels in the Ba+ ion and actively destabilizes
the dark states (see Sec. 4.5.2). Measurements of the fluorescence of a single 138 Ba+
ion are analyzed taking into account laser cooling effects, Zeeman splitting of levels
and the Raman transition.

6.1

Absolute Frequency Measurements in

138

Ba+

The Rb-clock stabilized optical frequency comb and the iodine spectroscopy (see
Sec. 5.4) are the basis for the absolute frequency determination. The transfer of
its frequency precision to the light at wavelengths λg and λr involves several steps
(see Figs. 6.2 and 6.3). The frequency of the Ti:Sa laser is referenced by counting
the beatnote frequency fIR-B between a small fraction of the light from the Ti:Sa
laser and light from one mode of the frequency comb (see Sec. 5.4.1). The main
part of the light from the Ti:Sa laser is frequency doubled to generate light at λg .
The frequency of light at wavelength λg is shifted with the acousto-optic modulator
AOM-1 operated at frequency fAOM-1 before it is sent to the trap. The beatnote
fIR-B between light from the Ti:Sa laser and light from the frequency comb is actively
stabilized by a frequency locking loop, such that the frequency fg is referenced to
the frequency comb. The comb repetition rate frep determines then the frequency
of the light. A scan range of 240 MHz for fg is achieved by changing the repetition
rate of the frequency comb frep over a range of 50 Hz (see Eq. 5.2).
The light for the repump transition is referenced to the diode laser which itself
is frequency locked to the P(25)(6-5) transition in I2 . The frequency of the diode
laser is monitored with the beatnote fB1 with respect to the frequency comb. The
beatnote fB2 between light from the dye laser and light from the stabilized diode
laser is controlled by a reference frequency to a frequency offset controlled servo
system (see Fig. 5.20). The control frequency fC and the frequency fAOM−2 driving
the acousto-optical modulator determine the light frequency fr in the trap (see Fig.
6.3). This frequency can be controlled by either changing the frequency fB2 with fC
or the driving frequency fAOM−2 . A scan range of more than 200 MHz is possible
with either of these methods.
The different frequencies which set the absolute frequencies of the laser light
at fg and fr as well as the uncertainties of these values are summarized in Table
6.1. All frequencies of the different synthesizers, e.g. AOM driving frequencies, are
locked to the rubidium clock (FS 725) that provides a 10 MHz reference signal with
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Figure 6.2: Scheme to transfer the frequency stability of the frequency comb to the light fg
for the spectroscopy of 138 Ba+ . The beatnote (IR-B) between the IR light from the Ti:Sa laser
and light from the frequency comb permits frequency locking the Ti:Sa laser light. The IR light
at wavelength 987 nm from the Ti:Sa laser is frequency doubled in order to produce light at λg .
The frequency of the light after the doubling cavity is shifted by fAOM−1 = 198.90 MHz with the
acusto-optic modulator (AOM-1). This device is employed to control the laser light intensity in the
trap. With this the 10−12 absolute accuracy of the frequency comb is transfered to the frequency
fg .

Figure 6.3: Transfer of the stable frequency of the diode laser locked to the a3 (P(25)(6-5)) line
in I2 to the light fr for the spectroscopy of 138 Ba+ . The beatnote (B1) between the light from
the diode laser and the light from a frequency comb is set up to monitor the absolute frequency to
better than 10−12 absolute accuracy. The frequency stability of this beatnote is of order 20 kHz in 1
s. The beatnote (B2) between the light from the dye laser and the light from a reference diode laser
at fDiode permits the actively frequency locking of the dye laser. Before the light is sent to the ion
trap it double passes through AOM-2. The frequency of the laser light is shifted up by 2 × fAOM−2
MHz. This AOM-2 provides also for regulation of the light power in the trap by modulating the
power fed to this device.
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a frequency stability of 10−11 in 1 s integration time and 10−12 over long time. This
device is GPS disciplined.
Table 6.1: Frequencies which determine absolute frequencies. All frequencies are measured with
respect to the 10 MHz output of the FS 725 Rb-clock. The principal origin of their uncertainties
is given.

Frequency

Value [MHz]

Uncertainty

Fixed Frequencies
fCEO
fO
fAOM−1
fAOM-I2
fIR-B
fB1 ∗
fDiode

20.000 000
Phase lock to Rb clock
245.000 000
Phase lock to Rb clock
198.900 000 (1)
1 Hz from synthesizer
73.97(1)
10 kHz from voltage control oscillator
29.45(2)
20 kHz measured in 1 s
28.80(2)
20 kHz measured in 1 s
461 312 362.07(2)
20 kHz (beatnote with frequency comb)
Range for Adjustable Frequencies

fAOM−2
fsynth
fB2

320 - 380
20.000 760 - 20.001 000
400.00 - 1500.00

1 Hz from synthesizer
Frequency lock to Rb clock
20 kHz measured in 1 s

External reference
νa3
νa3
fRb-clock

6.1.1

461 312 288(1)
461 312 288.10(2)
10.00

1 MHz from [111]
20 kHz, this work
10−11 stability in 1 s.

The 6s 2 S1/2 − 6p 2 P1/2 Transition

The resonance frequency of the 6s 2 S1/2 −6p 2 P1/2 transition in 138 Ba+ is derived from
the immediate response of the laser cooled ion to the detuning of the light at fg . At
frequencies below the resonance of the transition (δ < 0) the ion observes a cooling
force (see Eq. 4.29) which keeps it in the trap center. The cooling force decreases
for smaller detuning. For a positive detuning (δ > 0) the force provides heating
to the ion which eventually can push it out of the laser beams. As a consequence
the fluorescence signal decreases in a sharp step during a scan across the resonance.
The frequency at which this occurs is very sensitive to the transition from cooling
to heating of the ions and depends on the parameters of both lasers.
∗

This value is measured for fsynth = 20 000 934 Hz.
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Figure 6.4: Spectrum of a single 138 Ba+ ion scanning the frequency fg from low frequencies to high
frequencies. (a) Spectrum obtained for low power of the laser light at wavelength λg (Pg = 5 µW at
beam radius 60 µm). (b) Spectrum obtained for a higher power of the laser light at wavelength λg
(Pg = 20 µW). Note that the “edge” in the spectrum at these frequencies depends on the change
of cooling conditions for the trapped ion. This spectrum is shifted by an offset of 50 cnts/s added
to the PMT signal for better visibility.

The two different spectra in Fig. 6.4 are measured for different intensities of the
laser light at frequency fg . In this particular example the frequency of the repump
laser light is set to fr = 461 311 865.07(2) MHz by setting the fAOM−2 = 360 MHz
and fB2 = 1 210.8(3) MHz (see Eq. 5.5 and Table 6.2). The laser light at frequency
fg is scanned from low to high frequencies across the resonance. The light from
the Ti:Sa laser was locked to the mode mIR = 1 214 851 of the frequency comb.
The repetition rate of the frequency comb was varied from frep = 250.000 218 MHz
to frep = 250.000 284 MHz in steps of 0.125 Hz. This corresponds to a frequency
fg scan from 607 426 206.38(3) MHz to 607 426 279.27(3) MHz. The solid lines
through the measured points correspond to a laser power Pg = 5 µW (green) and to
a laser power Pg = 20 µW (blue). The beam size at the position of the ion is 60 µm
radius. For the lower power Pg = 5 µW the cold ion signal drops at a frequency
fg = 607 426 268(2) MHz and for the higher laser power Pg = 20 µW it drops at
fg = 607 426 274(2) MHz showing the sensitivity to the laser beam parameters.
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Table 6.2: Frequency values to obtain the absolute laser light frequencies fg and fr according to
Eq. 5.1 and Eq. 5.5 for the spectra in Fig. 6.4.

Frequency
For fg :
fCEO
fsynth
fIR-B
fAOM−1

Value [MHz]
20.00
scan [20.000 870 − 20.000 990]
29.51(2)
198.90(2)

For fr :
fDiode
fB2
1
fAOM−2
2
fAOM−2
Duty cycle

461 312 362.07(2)
1 210.8(3)
347.00(2)
360.00(2)
20 %

# Events per 4 MHz Bin

Such signal drops and the corresponding frequencies were observed and extracted
from 26 similar spectra that were measured for various power levels and different
frequencies fr . The distribution of these frequencies are shown in the histogram in
Fig. 6.5. No step with frequencies fg > 607 426 283(2) MHz was observed. Thus
above this frequency the ion is not cooled anymore.

10
8

6
4
2

0

265

270

275

280

285

290

295

300

f g - 607 426 000 [MHz]

Figure 6.5: Distribution of the frequencies measured when the ion signal drops for 26 spectra like
in Fig. 6.4. For lower frequencies the ion is kept cold in the trap center. The higher frequency
fg = 607 426 283(2) MHz is considered the limit for the frequency transition from cooling to heating
the ion.

6.1 Absolute Frequency Measurements in

6.1.2

138

Ba+

89

The 6s 2 S1/2 − 5d 2 D3/2 Transition

The dipole forbidden two-photon transition is strongly driven, if the detunings from
the resonance frequencies have the same values for the two single photon transitions
(6s 2 S1/2 − 6p 2 P1/2 and 6p 2 P1/2 − 5d 2 D3/2 ) in the rest frame from the ion. However,
a velocity ~v of the ion can produce a Doppler shift which is given by δDoppler = ~v · ~k.
It is different for both transitions. The frequency νSD = ν(6s 2 S1/2 − 5d 2 D3/2 ) of the
6s 2 S1/2 − 5d 2 D3/2 transition can be extracted from the light frequencies fr and fg
that correspond to the Raman transition. We have
νSD = fg − fr
= (νSP + δDoppler-SP − δg ) − (νP D + δDoppler-PD − δr )
= (νSP − νP D ) + ~v · (~kg − ~kr ) − (δg − δr ),

(6.1)

where |~kg | = 2π/λg and |~kr | = 2π/λr are wave vectors, νSP and νP D are the frequencies of the atomic transitions ν(6s 2 S1/2 − 6p 2 P1/2 ) and ν(6p 2 P1/2 − 5d 2 D3/2 ),
respectively. Laser cooling reduces the ion motion strongly. For a laser cooled
Ba+ the temperature is estimated to be below 10 mK (|~v | ≈ 1 m/s) in Sec. 4.4.
This translates into a limit on the Doppler shift of the Raman transition of order
0.5 MHz/(m/s). According to Eq. 6.1 the frequency difference of the two lasers
corresponds to the frequency ν(6s 2 S1/2 − 5d 2 D3/2 ) of the dipole forbidden clock
transition (see Sec. 4.2).
The spectrum of the Raman transition is obtained by scanning the laser light frequency fr while the frequency fg is kept constant. Figure 6.6(a) shows the spectrum
for a single Ba+ ion as a function of the frequency fB2 (see Fig. 6.3). A spectrum of
the same frequency range is recorded for a different frequency settings fg , where no
Raman resonance is observed. The ratio of the two measurements yield a spectrum
~ The Zeeman splitting of
that is analyzed taking into account the magnetic field B.
2
2
the 6s S1/2 and 5d D3/2 levels and the polarization dependence selection rules result
in four individual transitions for linear polarized light and a magnetic field parallel
to the direction of the propagation of the light. Therefore, a function h(ν) composed
of four Gaussian profiles





(ν − fRaman − 0.2νZ )2
(ν − fRaman + 0.2νZ )2
+ exp −
h(ν) = A0 + A1 exp −
2σ 2
2σ 2





(ν − fRaman + 1.4νZ )2
(ν − fRaman − 1.4νZ )2
+A2 exp −
+ exp −
,
2σ 2
2σ 2
(6.2)
is fitted as an approximation to the data in Fig. 6.7. Here fRaman is the center
frequency of the Raman transition, νZ is the Zeeman splitting for the transition (see
Eq. 4.27), A1 is the amplitude for transitions from mj = ±1/2 to mj = ±1/2 and
A2 is the amplitude for the transitions from mj = ∓1/2 to mj = ±3/2. The width σ
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Figure 6.6: (a) Typical spectrum of a single laser cooled Ba+ ion as a function of the frequency
fr . The dip in the spectrum corresponds to the two-photon Raman transition. The frequency axis
corresponds to 2 × fAOM−2 − fB2 in MHz. (b) Shape of a laser cooling profile for a single Ba+ ion.
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Figure 6.7: Spectrum obtained for the Raman 6s 2 S1/2 − 5d 2 D3/2 transition by scanning the
frequency fr . In this measurement the frequency fg was set to 607 426 245.13(2) MHz and the
magnetic field B was 230 µT parallel to the ~k-vector of the light which is linear polarized. The
data was obtained by correcting for the effect of the laser cooling process. The lineshape of Eq. 6.2
has been fitted to the data.
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is common for the four Gaussian lines since the natural line width of the 6s 2 S1/2 −
5d 2 D3/2 is of order Hz and the broadening mechanisms due to laser linewidth and
power broadening are the same for all four lines.
Table 6.3: Frequency values to obtain the absolute frequencies according to Eq. 5.1 and Eq. 5.5
for the spectra in Fig. 6.7.

Frequency

Value [MHz]

For fg :
fCEO
fsynth
fIR-B
fAOM−1

20.00
20.000 934
29.45(2)
198.90(2)

For fr :
fDiode
fB2
fAOM−2

461 312 362.07(2)
scan [1 180 − 1 230]
350.00(2)

The spectrum in Fig. 6.6a was measured at fg = 607 426 245.13(2) MHz. The
frequency fB2 is scanned from 1 230.0(1) MHz to 1 180.0(1) MHz that corresponds
to a frequency range for fr from 461 311 832.1(1) MHZ to 461 311 882.1(1) MHz
(see Eq. 5.5 and Table 6.3). From the fit to the data the best suited parameters for
the function given in Eq. 6.2 were obtained
A0 =
0.63(2),
A1 =
0.17(16),
A2 =
0.22(5),
fRaman = −495.8(5) MHz,
νZ =
2.3(1.1) MHz,
σ =
2.4(9) MHz.

(6.3)

The resonance frequency fRaman relates to the frequency fr through Eq. 5.5. The
absolute frequency for the 6s 2 S1/2 − 5d 2 D3/2 transition equates then to
ν(6s 2 S1/2 − 5d 2 D3/2 ) = fg − fr = 146 114 378.8(5) MHz.

(6.4)

The width σ of the transition is limited by the linewidth of the laser light. This
width is of order 0.7(1) MHz for the Ti:Sa laser light and less than 1.05(10) MHz for
the dye laser. It depends on the daily operating conditions and it is presently not
further controlled.
The uncertainty in this frequency results in part from the uncertainties of the fitted parameters. Additional uncertainty arises from the method employed to correct
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for the approximate lineshape of the 5d 2 D3/2 − 6p 2 P1/2 transition and the laser cooling process. Different profiles, such as Lorentzian or Voigt, and the normalization
spectrum can shift the center frequency of the Raman transition by about 2 MHz
which is a major uncertainty for our measurement. The measurement would improve
significantly, if the four individual transitions can be resolved which would require
narrower laser linewidths for both lasers.

6.1.3

The 5d 2 D3/2 − 6p 2 P1/2 and the 6s 2 S1/2 − 6p 2 P1/2 Transitions

The dissipative cooling force on the ion is proportional to the photon scattering rate
and the detuning of the lasers from resonance. At the Raman transition both laser
frequencies have the same detuning (δg = δr ). The photon scattering rate of the ion
reduces in this case significantly, as observed in the spectra. As a consequence the
cooling power decreases and leads to a change of the ion temperature. This effect
is mitigated by probing the spectrum of the ion for a small time interval while the
temperature of the ion is kept constant at optimized frequency detunings for cooling
most of the time. This is achieved by changing the repump frequency fr between
two values with an RF switch (Mini-Circuits ZASW-2-50) that selects the frequency
1
fAOM−2 of the acousto-optical modulator AOM-2 between frequencies fAOM−2
and
2
1
2
fAOM−2 . The frequency fAOM−2 probes the atomic transition and fAOM−2 cools the
ion. A square pulse signal from a function generator controls the switching frequency
2
1
could be varied
and fAOM−2
fs between 1 kHz to 300 kHz. The duty cycle for fAOM−2
between 10% and 90%.

Figure 6.8: Scheme for switching the frequency fr by changing the driving frequency of the double
1
2
passed AOM-2. At frequency fAOM−2
the resonance of the ion is probed and at frequency fAOM−2
the laser cooling process is maintained. A duty cycle of 80% is shown here. Experiments are
conducted with switching frequencies between fs = 1 kHz and fs = 300 kHz. The switching time
between the two frequencies has been determined to be < 25 ns.
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1
The PMT signals is recorded and sorted for the periods when either fAOM−2
or
2
fAOM−2 were active. For this the PMT output signal is gated with the signal that
switches between the two synthesizer frequencies to the AOM-2, in order to assign
PMT pulses to the synthesizer active at the moment. As a result the two interleaved operating conditions are separated and they can be analyzed individually
(see Fig. 6.9).

5d 2 D3/2 − 6p 2 P1/2 Transition
The spectrum of the 5d 2 D3/2 − 6p 2 P1/2 transition is measured by changing the beat1
note control frequency for fB2 (see Fig. 6.3) while the frequency fAOM−2
is kept
constant. The laser cooling of the ion is kept stable by scanning simultaneously the
2
frequency fB2 and the frequency fAOM−2
with a Voltage Controlled Oscillator (VCO)
such that the frequency fr is constant. This double scan provides for spectra with
2
1
(see Fig. 6.9). The
and laser cooling at fAOM−2
stable power conditions at fAOM−2
switching frequency fs for this measurement was chosen to be fs = 53.6 kHz and
the duty cycle was set to 80% for cooling. This implies that the ion is laser cooled
for 14.9 µs, and the transition is probed thereafter for 3.7 µs. Note that the stable
laser cooling signal (see Fig. 6.9b) is about 4 times larger than the signal rate in the
probe spectrum. With the EMCCD camera images, taken quasi-simultaneously, we
monitored the number of ions and their temperature during the measurements.
Table 6.4: Frequency values to obtain the absolute frequencies according to Eq. 5.1 and Eq. 5.5
for the spectra in Fig. 6.9.

Frequency
For fg :
fCEO
fsynth
fIR-B
fAOM−1
For fr :
fDiode
fB2
1
fAOM−2
2
fAOM−2

Value [MHz]
20.00
20.000 906
29.45(2)
198.90(2)
461 312 362.07(2)
Scan [1 116.8(1)-1 274.2(1)]
352.00(2)
scan [310.00 − 390.00]

The frequencies of the 5d 2 D3/2 − 6p 2 P1/2 and 6s 2 S1/2 − 5d 2 D3/2 transitions are
determined from the spectrum in Fig. 6.9a. The spectrum is approximated by two
Gaussian functions that are fitted to the data corresponding to the 5d 2 D3/2 −6p 2 P1/2
1
and the Raman transitions. The resulting fitting parameters are 2 × fAOM−2
− fB2 =
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Figure 6.9: PMT signals for an ion crystal recorded simultaneously while switching the frequency
fAOM−2 between two different values. (a) Signal measured for the 5d 2 D3/2 − 6p 2 P1/2 transition.
1
For this example fAOM−2
is set constant at 352 MHz constant while fB2 is scanned for 200 s. The
2
transition in probe 20% of the time (b) The frequencies fB2 and fAOM−2
are scanned simultaneously
1
to keep the laser cooling conditions stable. For this example fAOM−2 is set constant at 352 MHz
2
constant and fAOM−2
is scanned for a 200 s period from 310 MHz to 390 MHz. The ion is laser
cooled 80% of the time. The magnetic field for this measurement was set to 150 µT. This spectrum
was recorded for an ion crystal. At frequency −570 MHz the red laser was blocked to determine
the background scattering rate from the green laser.
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−485.8(4) MHz for the center frequency of the 5d 2 D3/2 − 6p 2 P1/2 transition and
1
2 × fAOM−2
− fB2 = −511.2(4) MHz for the Raman transition (see Eq. 5.5). For this
measurement the frequency fB2 was sweep from 1 116.8(1) MHz to 1 274.2(1) MHz at
1
fAOM−2
= 352 MHz and the frequency fg was kept constant at 607 426 228.27(2) MHz
(see Table 6.4). With this the frequencies for the transitions are (see Eq. 5.5)
ν(5d 2 D3/2 − 6p 2 P1/2 ) = 461 311 876.3(4) MHz
ν(6s 2 S1/2 − 5d 2 D3/2 ) = fg − fr = 146 114 377.4(4) MHz.

(6.5)

From these values the frequency of the 6s 2 S1/2 − 6p 2 P1/2 is found to be
ν(6s 2 S1/2 − 6p 2 P1/2 ) = ν(6s 2 S1/2 − 5d 2 D3/2 ) + ν(5d 2 D3/2 − 6p 2 P1/2 ) (6.6)
= 607 426 253.7(6) MHz.
This procedure was applied to a set of 10 measurements. It was observed that
the fitted center frequency of the 5d 2 D3/2 − 6p 2 P1/2 transition varied over a range
of 2 MHz. However, the frequency of the two-photon Raman transition cannot be
determined very accurately with this procedure. An uncertainty of 8 MHz has been
estimated for the frequency of the 6s 2 S1/2 − 5d 2 D3/2 transition for the variance of
the fit results.
Table 6.5: Frequency values to obtain the absolute frequencies according to Eq. 5.1 and Eq. 5.5
for the spectra in Fig. 6.10. The duty cycle for all measurements was 80%.

Frequency
For fg :
fCEO
fIR-B
fAOM−1
Spectrum (a)
fsynth
Spectrum (b) & (c)
fsynth
For fr :
fDiode
fB2
2
fAOM−2
Spectrum (a)
1
fAOM−2
Spectrum (b)
1
fAOM−2
Spectrum (c)
1
fAOM−2

Value [MHz]
20.00
29.45(2)
198.90(2)
20.000 896
20.000 906
461 312 362.07(2)
scan [1 116.8(1)-1 274.2(1)]
scan [310.00 − 390.00]
354.00(2)
364.00(2)
352.00(2)
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1
Spectra such as the one displayed in Fig. 6.9a were recorded for different fAOM−2
frequencies and different laser powers. For analyzing the transition frequencies accurately a calculated lineshape obtained from 8-level Optical Bloch Equations (OBE)
(see Sec. 4.2.1) is fitted consistently to eight spectra measured for this transition.
This OBE model takes into account the Zeeman substructure of the 6s 2 S1/2 , 6p 2 P1/2
and 5d 2 D3/2 levels, the polarization of the light and the magnetic field. The main parameters of the model are the frequencies, the saturation intensity and the linewidth
of the transitions, the magnitude of the magnetic field and the angle between this
and the polarization of the laser light. Three spectra are shown in Fig. 6.10. The
solid line corresponds to the model fitted to the data. The resulting parameters
provide the frequencies of the 5d 2 D3/2 − 6p 2 P1/2 and 6s 2 S1/2 − 6p 2 P1/2 transitions
in the Ba+ ion. The resonances were found at

ν(5d 2 D3/2 − 6p 2 P1/2 ) = 461 311 876.3(4) MHz
ν(6s 2 S1/2 − 6p 2 P1/2 ) = 607 426 260.0(2) MHz.

(6.7)

With these values the frequency of the 6s 2 S1/2 − 5d 2 D3/2 can be calculated to be
ν(6s 2 S1/2 − 5d 2 D3/2 ) = ν(6s 2 S1/2 − 6p 2 P1/2 ) − ν(5d 2 D3/2 − 6p 2 P1/2 ) (6.8)
= 146 114 383.3(5) MHz.
The absolute values for these transition frequencies have been reproduced in
several independent measurements which agree within 3 MHz. This is taken as an
estimate of the systematic uncertainty.
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Figure 6.10: Spectrum measured for the 5d 2 D3/2 −6p 2 P1/2 with an ion crystal while scanning the
1
frequency fr . The laser beams had power Pg = 6 µW, Pr1 = 3.5 µW at fAOM−2
and Pr2 ≈ 16 µW
2
at fAOM−2 in 60 µm beam radius. (a) Spectrum recorded at fg = 607 426 222.19(2) MHz. (b)
& (c) Spectrum recorded at fg = 607 426 228.27(2) MHz. The theoretical lineshape arises from
a model base on the Optical Bloch Equations (OBE) the parameters of which were fitted to the
data. Vertical lines correspond to the frequency of the Raman two-photon transition (fRaman ) and
to the frequency of the 5d 2 D3/2 − 6p 2 P1/2 transition (νPD ) that were found with the model. The
number of ions in the crystal is different for the three scans.
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It is also possible to obtain such signals as in Fig. 6.10 for a positive detuning
δg > 0 of the green laser. With such conditions the red detuned light at frequency
fr provides for sufficient laser cooling of the ion (see Fig. 6.11).
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Figure 6.11: Signal measured for the 5d 2 D3/2 − 6p 2 P1/2 at a magnetic field of 230 µT perpendicular to the polarization of the laser light. The two-photon Raman transition is observed for
δg blue detuned for δr < 0 red detuned. For this measurement the frequencies of the lasers were
2
− fB2 = −510.0(2) MHz that corresponds to
set to fg = 607 426 264.71(2) MHz and 2 × fAOM−2
fr = 461 311 852.07(2) MHz. The two dips in the spectrum correspond to the Zeeman splitting
of the two-photon Raman transition. The solid line corresponds to the Optical Bloch Equations
model which is fitted to the data.

6s 2 S1/2 − 6p 2 P1/2 Transition
Laser spectroscopy is performed by scanning from low to high frequency the laser
light at fg across the 6s 2 S1/2 − 6p 2 P1/2 transition. Figure 6.12 shows three spectra
measured for different laser powers, duty cycles and magnetic fields (see Table 6.6).
1
The laser frequency fr is kept constant and it is value is set by setting fAOM-2
and
2
fAOM-2 independently. Two different values are selected to keep the temperature
of the ion constant during the measurement. For these spectra fs = 14.7 kHz was
selected. The blue line in each figure corresponds to the spectrum taken for the
1
2
frequency fAOM-2
and the green line corresponds to the frequency fAOM-2
. For the
spectra in Figs. 6.12a and 6.12b the duty cycle of 50% was chosen while for 6.12c
the duty cycle was 80%.
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Table 6.6: Frequency values to obtain the absolute frequencies according to Eq. 5.1 and Eq. 5.5
for the spectra in Fig. 6.12.

Frequency
For fg :
fCEO
fsynth
fIR-B
fAOM−1
For fr :
fDiode
fB2
Spectrum (a)
1
fAOM−2
2
fAOM−2
duty cycle
Spectrum (b)
1
fAOM−2
2
fAOM−2
duty cycle
Spectrum (c)
1
fAOM−2
2
fAOM−2
duty cycle

Value [MHz]
20.00
scan [20.000 860 − 20.001 000]
29.45(2)
198.90(2)
461 312 362.07(2)
1 210.5(5)
357.00(2)
363.00(2)
50%
347.00(2)
358.00(2)
50%
347.00(2)
353.00(2)
80%

The parameters in the 8-level OBE model were fitted simultaneously to a set of
48 different spectra like the ones in Fig. 6.12. As a result of the fit the resonance
frequency of the 6s 2 S1/2 − 6p 2 P1/2 transition is determined at
ν(6s 2 S1/2 − 6p 2 P1/2 ) = 607 426 259.1(2) MHz.

(6.9)

The resonant frequency of the 5d 2 D3/2 − 6p 2 P1/2 transition is determined by
measuring the frequency of the Raman transition (δr = δg = δ) in the different
spectra in Fig. 6.12. The resonance is at 2 × fAOM-2 = 724.0(2) MHz. This value
corresponds to a frequency for the atomic transition of (see Eq. 5.5)
ν(5d 2 D3/2 − 6p 2 P1/2 ) = 461 311 875.1(2) MHz.

(6.10)

The simultaneous measurement of the absolute frequencies of the transitions
6s S1/2 − 6p 2 P1/2 and 5d 2 D3/2 − 6p 2 P1/2 provides the absolute frequency for the
6s 2 S1/2 − 5d 2 D3/2 transition as
2

ν(6s 2 S1/2 − 5d 2 D3/2 ) = 146 114 384.0(3) MHz.

(6.11)
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Figure 6.12: Spectrum measured for the 6s 2 P1/2 − 6p 2 P1/2 transition while scanning frequencies
of the laser light at fg . The different parameters for each scan are: (a) Pr1 = 23 µW, Pr2 = 18 µW,
1
2
fAOM-2
= 357 MHz, fAOM-2
= 363 MHz and B = 180 µT. (b) Pr1 = 26 µW, Pr2 = 19 µW,
1
2
fAOM-2 = 347 MHz, fAOM-2 = 358 MHz and B = 180 µT. (c) Pr1 = 25 µW, Pr2 = 18 µW,
1
2
fAOM-2
= 347 MHz, fAOM-2
= 353 MHz and B = 360 µT. Vertical lines correspond the frequency
of the Raman two-photon transition and to the frequency of the 6s 2 S1/2 − 6p 2 P1/2 transition.
These values were obtained by fitting a model based on Optical Bloch Equations to the data.
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With one set of measurements, which typically has been obtained within one
day, the statistical accuracy is 0.2 MHz. The results for absolute frequencies from
different days of measurements varied within a range of less than 1 MHz which is
taken as an estimate of the bound on the systematic uncertainties.

6.1.4

Results of Frequency Measurements in Ba+

Laser spectroscopy in a single Ba+ ion has been performed in order to determine the
absolute frequency for the most relevant transitions in this ion concerning an optical
clock and an APV measurement. The absolute frequencies of the 6s 2 S1/2 − 6p 2 P1/2 ,
5d 2 D3/2 − 6p 2 P1/2 and 6s 2 S1/2 − 5d 2 D3/2 transitions have been extracted using
different approaches with an uncertainty of < 10 MHz. These values are the most
accurate measurements for these transitions to date. Table 6.7 shows the values
measured in this work and the best previously published data [71]. The difference
in the values for the absolute frequency of the transitions obtained by the different
methods agree within their uncertainty. The optical Bloch equations (OBE) model
describes the 8-level system in the Ba+ ion and provides the most accurate values
for the frequencies of the transitions.
Table 6.7: Absolute frequencies for the transitions between the 6s 2 S1/2 , 6p 2 P1/2 and 5d 2 D3/2
states in 138 Ba+ determined with different methods. The values obtained by Karsson et al. [71]
are also quoted. The precisely measured frequencies with different methods agree within their
uncertainties at the 1 MHz level.

Method

Reference/
Section

ν6s 2 S1/2 −5p 2 P1/2
[MHz]

ν6p 2 P1/2 −5d 2 D3/2
[MHz]

Measured †
Calculated

[71]
From [71]

607 426 288(30)

461 311 880(30)

Ratio 2 Spectra
Two Gaussians
Calculated

Sec. 6.1.2
Sec. 6.1.3
Sec. 6.1.3

OBE Model
Calculated

Sec. 6.1.3
Sec. 6.1.3

607 426 260.0(2)

OBE Model
Calculated

Sec. 6.1.3
Sec. 6.1.3

607 426 259(1)

†

ν6s 2 S1/2 −5d 2 D3/2
[MHz]
146 114 408(42)

461 311 875(2)

146 114 379(2)
146 114 377(8)

607 426 254(8)
461 311 876.3(4)
146 114 383.3(5)
461 311 875(1)
146 114 384(1.7)

Barium spectra were obtained from a hollow-Cathode discharge source with Fourier transform
spectroscopy [71].
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6.2

Lifetime of the 5d 2D5/2 State in Ba+

Lifetime measurements of long lived (metastable) atomic states are inherently sensitive to variations of experimental parameters during rather long periods (typically
several hours). In particular collisions with background gas or interactions between
particles can produce collisional excitation or de-excitation of metastable states. The
accuracy of a lifetime measurement requires good control of the residual gas pressure in the apparatus. For a single trapped ion the systematic error due to collisions
with other trapped particles (such different species) is largely suppressed. Several
further systematic effects other than collisions need to be investigated such as RF
amplitudes and light intensities.
In Ba+ the lifetime τD5/2 of the 5d 2 D5/2 state has previously been measured in
different experiments [51,138–140]. Calculations of the lifetime of this state are available from different independent theory groups. They used different and independent
methods [33, 80, 140–143]. Table 6.8 gives a compilation of the to date measured
and calculated values for the lifetime τD5/2 . Since τD5/2 provides for a test of atomic
theory we have performed a new measurement with high accuracy under controlled
conditions and with a single trapped ion in ultra high vacuum.
Table 6.8: Status of calculations and measurements of the lifetime τD5/2 of the 5d 2 D5/2 state in
Ba+ ions (see also Fig. 6.20).

Theory

6.2.1

Experiments

τD5/2 [s]

Year

Reference

τD5/2 [s]

Year

Reference

29.8(3)
30.3(4)
31.6
30.3
37.2

2012
2008
2007
2001
1991

[80, 141]
[142]
[140]
[33]
[143]

31.2(0.9)
32.0(4.6)
34.5(3.5)
32(5)
47(16)

2014
2007
1990
1986
1980

[144]
[140]
[138]
[51]
[139]

Electron Shelving Technique

In an atom with at least 3 levels, and where one of the excited levels is long lived, the
electron-shelving technique is a well suited method for, e.g., lifetime measurements.
It exploits the fluorescence of an atomic transition to monitor whether an atom or
ion is or is not in a particular atomic state such as the one with long lifetime. The
first demonstration of electron shelving was reported by Nagourney et al. [51]. It was
the direct observation of “quantum jumps” in a single Ba+ ion between the 5d 2 D5/2
and 6s 2 S1/2 states. With this electron-shelving technique the lifetime of the 5d 2 D5/2
state in a single Ba+ ion is measured in this work. If the ion is “not shelved” in
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the 5d 2 D5/2 state, the electron stays in the 6s 2 S1/2 − 6p 2 P1/2 − 5d 2 D3/2 closed cycle
and the fluorescence from the 6s 2 S1/2 − 6p 2 P1/2 can be detected (see Fig. 6.13a).
The ion is “shelved” to the 5d 2 D5/2 state by exciting the 6p 2 P3/2 state with an additional light source (LED) providing light at wavelength 455 nm (see Fig. 6.13b).
The shelved period starts with the absorption of a photon at 455 nm and it finishes
with a quantum jump of the electron between the 5d 2 D5/2 and 6s 2 S1/2 states.

Figure 6.13: (a) Laser cooling transitions 6s 2 S1/2 -6p 2 P1/2 and 6p 2 P1/2 -5d 2 D3/2 for Ba+ ions.
(b) Light at 455 nm is absorbed in the 6s 2 S1/2 -6p 2 P3/2 transition. The 6p 2 P3/2 state can decay
with 22% probability [78] into the metastable state 5d 2 D5/2 where the atom is “shelved” for on
average one lifetime of this state. We have measured the lifetime τD5/2 of this state, which can
decay through an electric quadrupole transition to the ground state.

Figure 6.14a shows the PMT signal where the ion is not shelved (high count rate)
or shelved in the 5d 2 D5/2 metastable state (low count rate). Each step between the
two counting rate levels correspond to quantum jumps between the 6s 2 S1/2 and
5d 2 D5/2 . In this way they can been observed [51]. Figure 6.14b shows the image of
the ion when it is not shelved. No image of the ion is possible when it is shelved in
the 5d 2 D5/2 state (Fig. 6.14c). These images were taken with the EMCCD camera
(Fig. 6.1).
The distribution of the PMT signal high recorded during 3.3 h is shown in
Fig 6.15. In this period 168 shelved as well as not shelved periods were counted. The
data was taken at constant pressure of 3.3 × 10−10 mbar, at laser powers Pg = 27 µW
and Pr = 13 µW and at RF amplitude 830 Vp-p at 5.44 MHz. Two peaks are observed. The right maximum corresponds to fluorescence signals when the ion is not
shelved. A signal of more than 250 cnts/s is observed for a single Ba+ ion. The left
peak corresponds to the periods where the ion is shelved in the 5d 2 D5/2 state. The
signal is then below 150 cnts/s. In this situation the count rate is due to laser light
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Figure 6.14: (a) Quantum jumps in a single Ba+ ion. The fluorescence signal is detected with a
PMT and with an EMCCD camera. (b) Picture of one ion with the EMCCD camera when light is
scattered during the laser cooling cycle. (c) The ion is shelved to the 5d 2 D5/2 , no light scattered
by the ion can be detected. Therefore it is not possible to obtain an image of the ion.
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Figure 6.15: Histogram of the fluorescence signal for a single Ba+ ion. The right maximum
corresponds to fluorescence from the ion in the cooling cycle. The left peak corresponds to periods
when the ion is shelved in the 5d 2 D5/2 state. The background count rate (no ion at all) is identical
to the shelved ion case. The data was taken at constant vacuum pressure of 3.3 × 10−10 mbar, at
laser powers Pg = 27 µW and Pr = 13 µW and at RF amplitude around 830 Vp-p.
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scattered from the trap electrodes and to the thermal noise in the PMT photocathode (see Sec. 5.3.1). The threshold to observe quantum jumps from the 5d 2 D5/2
to the 6s 2 S1/2 state is set at the minimum between the two peaks.

6.2.2

Measurements

In order to measure the lifetime 49 data samples with several shelved periods (from
30 to 168 periods) were recorded and analyzed. They were taken under in part
significantly different conditions to enable observing and correcting for systematic
errors. In particular data were collected for different RF amplitudes, different laser
powers and different background pressures. As an example, Fig. 6.16 contains two
data samples where the duration of shelved periods were measured under different
experimental conditions. An exponential decay curve is fitted to each data using a
binned log-likelihood method. The lifetime τD5/2 is obtained from the fit parameters.
In order to obtain a most reliable result a set of 22 data samples was selected
from the 49 samples that has been collected during the lifetime measurements. To
select the samples for the final analysis four criteria were applied:
1. Data samples that showed a visible movement of the ion (more than 8 pixels)
during the measurement time were not considered. The position of the ion was
analyzed offline with images from the EMCCD camera. This can be due to the
presence of other ions in the trap or stray DC fields during the measurement.
2. Laser power instabilities or other ions in the trap produce an additional level
in the count rate of the PMT signal during the measurement. If this third level
is observed the measurement was excluded.
3. Non harmonic trapping potentials also produced instabilities in the measurement of the lifetime. For high RF potential higher harmonics in the RF field
were detected to appear in the data samples. This increased the macromotion
of the ion in the trap and thereby modified in a not controlled way the lifetime
measurements.
4. Unstable pressure conditions produced by, e.g. turning on an ion gauge while
a data set was recorded, can load additional particles in the trap and thereby
modifies the measured lifetime value.
The fulfillment of these four criteria was verified during the offline analysis of
the data and, independently, already when looking at the incoming data during the
measurements.
To search for potential systematic effects, the lifetime τD5/2 has been measured
as a function of the trapping potential. Figure 6.17a shows the results of a set of 5
of such measurement (400 shelved periods in total) that were recorded at constant
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Figure 6.16: Examples of exponential decay functions fitted to the data points of the individual
dark periods for the lifetime measurement of the 5d 2 D5/2 . (a)The data correspond to a sample
of 151 shelving periods recorded within 2.3 h. This was taken at constant pressure 3.3 × 10−10
mbar, at laser powers Pg = 50 µW and Pr = 57 µW and at RF amplitude 790 Vp-p. (b) The
data correspond to 96 shelving events (1.2 h) taken at constant pressure 7.9 × 10−10 mbar, at laser
powers Pg = 23.4 µW and Pr = 17.5 µW and at RF amplitude 430 Vp-p.
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pressure 2.7(3) × 10−10 mbar. For this measurement the trapping potential varied
from 410 Vp-p to 1200 Vp-p. This corresponds to a potential depth in the trap
between 3 eV < Dr < 26 eV (see Sec. 2.5.1). No correlation was found between the
lifetime τD5/2 and the trapping potential in this range.
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Figure 6.17: Verification of data quality for the runs that enter the final analysis. (a) Life time
measurement as a function of RF amplitude at pressure 2.7(3) × 10−10 mbar where 1 Vp-p in the
RF pickup corresponds to 230 Vp-p at 5.44 MHz on the trap electrodes. (b) Measured lifetimes
as a function of laser powers in a 60 µm laser beam radius at the position of the ions. Triangles
represent laser power at λg for a pressure 3.3(4)×10−10 mbar. Big triangles correspond the samples
that enter the final analysis and small triangles are the data excluded by the four criteria. Squares
the laser power at λr at pressure 4.5(4) × 10−10 mbar. Big squares correspond the samples that
enter the final analysis and small squares are the excluded samples at pressure 5.3(4) × 10−11 mbar.
The RF voltage dependence and the laser power dependence cause no significant systematic shift
of the lifetime with the given uncertainties.

The lifetime τD5/2 was measured also as a function of the power (respectively
intensity) of the laser light at wavelengths λg and λr (see Fig. 6.17). For all measurements the Gaussian radius of the laser beams was 60 µm at the position of the
ions. A set of 7 data samples were considered for each wavelength. The power at
λg was varied between 10 µW and 60 µW at constant pressure of 3.3(4) × 10−10
mbar. For λr the power was varied between 8 µW and 60 µW at constant pressure
of 4.5(4) × 10−10 mbar. Figure 6.17 indicates that the measurement of the lifetime
τD5/2 does not change with the different laser powers applied in this experiment.
Furthermore, a systematic study of the heating rate of the ion has been performed
when no light is scattered. For this the repump laser at λr has been blocked for
different time intervals, e.g. 5 s, 10 s, 20 s and 40 s as shown in Fig. 6.18a. During
these intervals the ion stays in the metastable 5d 2 D3/2 state and it is not laser cooled.
When the laser at λr is unblocked the laser cooling process starts and typically the
signal from a cold ion appears within a few ms. The study showed that after a 40 s
interval, the cooling signal can appear in our setup with a delay of about one second.
This effect is due by the time that is required to laser cool the ion again. The same
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effect can occur when the ion is shelved in the 5d 2 D5/2 state as shown in Fig. 6.18b.
Low laser powers, e.g., Pg = 9 µW and Pr = 7.3 µW, or very large detuning of the
laser λg (δg > 60 MHz) can delay the laser cooling process and therefore artificially
increase the lifetime measured for the 5d 2 D5/2 .
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Figure 6.18: (a) Systematic study of the heating rate of the ion when no light is scattered. The
repump laser at λr is blocked for different time intervals, e.g. 5 s, 10 s, 20 s and 40 s which are
separated by 5 s intervals each. The vertical lines in the figure indicate the situation where the
signal reappears delayed by few seconds after a period of 40 s without red light. (b) Example of a
shelved period during a lifetime measurement where the same effect is visible.

Collisions with background gas can reduce the lifetime of the metastable state.
In order to extrapolate the absolute value for the lifetime towards zero pressure, the
lifetime τD5/2 was measured at different background pressures. Figure 6.19 displays
the results from the selected 22 measurements. The uncertainty for the lifetime in
each value corresponds to the statistical error from fitting an exponential decay curve
to the data. A range of pressures between 2.5 × 10−10 and 8.7 × 10−10 mbar was
explored by changing the temperature of the vacuum chamber in the range from
289 K to 296 K and by adjusting the pumping speed of the ion pump. For the
small change in temperature needed here changes in the collision rate between the
ion and the residual gas atoms can be neglected. A linear function is fitted to the
data in Fig. 6.19. The lifetime of the 5d 2 D5/2 is found to be τD5/2 = 26.4(1.7) s by
extrapolating the measurements to zero pressure. In Fig. 6.19 the red area around
the fitted line corresponds to a 95% confidence interval for the value and the green
area corresponds to a 63% confidence interval.

6.2.3

Summary of Lifetime Measurements of 5d 2 D5/2 in Ba+

The lifetime of the metastable 5d 2 D5/2 has been measured for a single Ba+ ion. A
value τD5/2 = 26.4(1.7) s has been found through extrapolation to zero pressure. For
the analyzed data no dependence was found on different trapping potentials and laser
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Figure 6.19: Lifetime measurement at different background pressure in the vacuum chamber. The
extrapolation to zero pressure yields the measured lifetime for the 5d 2 D5/2 state. Red and green
shadows correspond to 95% and 68% confidence level respectively.

intensities. Our measurement agrees well within error bars with other measurements
with a single ion [51].

6.3

Discussion and Conclusion

Laser spectroscopy in a single Ba+ ion has been performed. The absolute frequencies
of the 6s 2 S1/2 -6p 2 P1/2 , 5d 2 D3/2 -6p 2 P1/2 and 6s 2 S1/2 -5d 2 D3/2 transitions have been
measured with an uncertainty of order 2 MHz (see Table 6.9). This to our knowledge is the most precise measurement for these transition frequencies and improves
previous values by factors between 15 and 20.
Table 6.9: Weighted average of absolute frequencies measured in this work for the 6s 2 S1/2 −
5p 2 P1/2 and 6p 2 P1/2 − 5d 2 D3/2 transitions in 138 Ba+ . From these we extracted the 6s 2 S1/2 −
5d 2 D3/2 transition frequency. The statistical uncertainties are given here. The systematic uncertainty is taken to be 3 MHz from the full spread of variations between several measurement
days.

Transition
ν6s 2 S1/2 −5p 2 P1/2
ν6p 2 P1/2 −5d 2 D3/2
ν6s 2 S1/2 −5d 2 D3/2

Value [MHz]
607 426 259.7(2)
461 311 875.8(4)
146 114 383.2(5)
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The lifetime of τD5/2 s for the 5d 2 D5/2 state was obtained by measuring the length
of the shelving periods in a single Ba+ ion. The value obtained is
τD5/2 = 26.4(1.7) s.

Lifetimec[s]

We have improved the accuracy of the lifetime measurement by Nagourney et
al. [51] by a factor of three by observing 1600 shelving periods (eight times more).
Our value also agrees well with the latest reported theory value by Sahoo et al.
(τD5/2 = 29.8(3) s) [141]. It agrees within two standard deviations with the very
recent value of Auchter et al. [144]. Both independent measurements exploit significantly different methods and therefore have different systematics. Figure 6.20
shows the time evolution of different measurements and of calculated values for the
lifetime of the 5d 2 D5/2 state in Ba+ . In the course of time the values for τD5/2 have
apparently been decreasing. The measured and the most recent calculated values
are in good agreement.
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Figure 6.20: State-of-the-art for the life time measurement of the 5d 2 D5/2 state. Squares represent
measurements, triangles represent calculations during the past years. References are given for the
data points and for the theoretical values. The references to the experimental data correspond to
W. Nagourney et al. [51], A. A. Madej et al. [138], J. Gurell et al. [140], F. Plumelle et al. [139]
and C. Auchter et al. [144]. For the calculated values, the references are B. K. Sahoo et al. [141],
E. Iskrenova-Tchoukova et al. [142], J. Gurell et al. [140], V. A. Dzuba et al. [33] and C. Guet et
al. [143]. Note that C. Guet et al. and Dzuba et al. do not quote uncertainties for their calculated
values.
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Conclusions and Outlook
A single Ra+ ion trapped in a Paul trap is excellently suited for a precise measurement of Atomic Parity Violation (APV). This system provides for the best determination of the electoweak mixing angle (sin2 θW ) at low momentum transfer. The
precision to which this parameter can be determined depends on the accuracy of the
knowledge of the atomic wave functions of Ra+ . The thesis explored the available
information on the atomic system Ra+ and provided experimental input for verifying
recent calculations for the Ra+ wavefunctions. Base on this information a single ion
experiment was designed, which is compatible with the requirements for an APV
measurement. The setup was characterized by measurements with a single Ba+ with
attention to possible systematic effects.
With the AGOR cyclotron and the associated TRIµP facility on-line laser spectroscopy of different short lived Ra+ isotopes was performed. In a series of experiments the absolute frequencies for the 7s 2 S1/2 − 6d 2 D3/2 transition could be
determined for the isotopes 212−214 Ra+ with an accuracy of better than 19 MHz. For
the isotopes 225 Ra+ and 226 Ra+ the frequency of this transition had been determined
with 33 MHz accuracy. These measurements provide for a serious test of atomic
structure calculations in Ra+ .
A precise APV measurement with a single Ra+ ion requires this single ion to
be localized to better than an optical wavelength. A measurement of light shifts
of order a few Hz in transitions between the Zeeman sublevels of the 7s 2 S1/2 state
is the central part of the ultimate APV experiment. In this work a single Ba+ ion
experiment was constructed. It serves as a precursor for the isoelectric Ra+ ion. The
detection and storage of a single Ba+ ion is accomplished for several hours on a daily
basis, demonstrating the good understanding of the single ion trapping technique.
The apparatus provides for the observation of Coulomb ion crystals. Using these
crystals, the temperature for a single ion has been estimated to be bellow of 10 mK.
This temperature implies that a laser cooled Ba+ ion can be localized in a Paul trap
to better than 1 µm in all three directions of the space, where the limit comes from
111
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the diffraction limit of the present observation geometry. The system is therefore
ready for a single ion parity measurement.
Laser spectroscopy in a single Ba+ ion has been performed. The absolute frequencies of the 6s 2 S1/2 − 6p 2 P1/2 , 6s 2 S1/2 − 5d 2 D3/2 and 6p 2 P1/2 − 5d 2 D3/2 have been
measured with an accuracy better than 10 MHz. Our results are the most precise
measurements to date of transitions in Ba+ . The accuracy of previous experiments
is exceeded by about one order of magnitude. The precision at which these frequencies are known is essential for operating the upcoming experiments to measure light
shifts in Ba+ .
We report here also on a measurement of the lifetime of the metastable 5d 2 D5/2
state in a single Ba+ . For this the technique of electron shelving in this state
is employed and the connected quantum jumps are observed. This measurement
is very sensitive to different systematic effects in the experimental setup. Measurements of the lifetime at different residual gas pressures in the vacuum chamber yield a value for the lifetime through extrapolation to zero pressure. We find
τD5/2 = 26.4(1.7) s. Lifetime measurements are necessary to determine the matrix
elements for the quadrupole transitions 6s 2 S1/2 − 5d 2 D3/2 and 6s 2 S1/2 − 5d 2 D5/2 .
These are required for extracting sin2 θW from an APV experiment. These results
guide the path towards an APV measurement in Ra+ ions after Ba+ .
The APV experiment consist in a lightshift measurement in a single Ba+ ion.
Initial measurements have been set up and they will be performed with an intense
laser field focused at the position of the ion. However, for the APV experiment a
measurement of lightshifts produced by standing waves is necessary. The design and
implementation of vacuum compatible high finesse cavities to produce and control
these standing waves is in progress [145].
The construction of an offline Ra+ source is in progress towards an APV measurement with a single Ra+ ion. The latter has also very good perspectives for a
single ion clock [146]. An optical fiber link to a Cs clock combined with a sub-Hz
laser at the Vrije Universiteit Amsterdam has already been established. This link has
been tested and characterized [147]. Clock signals can be transfered between Amsterdam and Groningen already one order of magnitude better than possible with
GPS. This link will be employed for future clock comparison and for searching for
drifts of fundamental constants in time [148]. Laser cooling and trapping of few
223
Ra+ ions is planned for the coming year. At the same time refinement on theory
is ongoing to enable the determination of the Weinberg angle (sin2 θW ) from an APV
experiment with some 5 times higher accuracy than it was possible for Cs atoms.
The extraction of sin2 θW from experiments with single ions at low energies provides
a sensitive means to search for physics beyond the Standard Model. Such a measurement is particularly sensitive to extra Z’ bosons, leptoquarks and dark Z bosons,
furthermore, it will provide for new limits on the quark-electron couplings [16].
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Het Standaardmodel van de deeltjesfysica is de meest succesvolle theorie die drie
van de vier fundamentele natuurkrachten beschrijft: de elektromagnetische kracht,
de zwakke kernkracht en de sterke kernkracht. De zwaartekracht en het bestaan van
donkere materie worden echter niet door deze theorie beschreven. Het Standaardmodel kan worden getest door experimenten bij hoge energie met versnellers zoals
bij CERN, waar deeltjesbundels op elkaar botsen om nieuwe deeltjes te maken. De
recente ontdekking van het higgsboson is een voorbeeld daarvan. Het Standaardmodel kan ook getest worden bij lage energie door middel van precisiemetingen in veel
kleinschaliger opstellingen die nog op één tafel passen. In een dergelijk experiment
wordt één van de parameters van het Standaardmodel zeer precies gemeten en wordt
deze waarde vervolgens vergeleken met de theoretische voorspelling. Een discrepantie tussen beide zou een indicatie zijn voor natuurkunde buiten het Standaardmodel.
Atomaire pariteitsschending is het onderwerp van onderzoek als voorbeeld van zo’n
kleinschalig precisie-experiment dat momenteel ontwikkeld wordt aan het Van Swinderen Instituut.
Naast de krachten omvat het Standaardmodel ook fundamentele symmetriëen.
Zo zijn daar pariteit (P) of spiegelsymmetrie, gedefiniëerd als de ruimtelijke inversie
van alle coördinaten, ladingsconjugatie (C) dat gaat over het uitwisselen van deeltjes
en antideeltjes, tijdsomkering (T) waarbij de tijdscoördinaat wordt omgedraaid en de
combinatie (CP) van ladingsconjugatie en pariteit. De zwakke kernkracht is de enige
van de vier krachten die pariteitssymmetrie schendt. Dit houdt in dat alle processen
waarbij de zwakke kracht een rol speelt, zoals radioactiviteit, niet noodzakelijkerwijs
isotroop zijn.
In een atoom bestaat de wisselwerking tussen de elektronen en de kerndeeltjes uit
een combinatie van de elektromagnetische kracht en de zwakke kernkracht. Men kan
pariteitsschending meten door middel van de interferentie tussen die twee krachten.
Het effect van atomaire pariteitsschending is groter in zwaardere atomen; typisch
schaalt dit met Z 3 , waarbij Z de kernlading aanduidt. Een enkel gevangen Ra+ ion
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(Z = 88) in een Paulval is daarom uitermate geschikt voor een zeer nauwkeurige
meting van atomaire pariteitsschending. In dit systeem kan men de Weinberghoek
(sin2 θW ) bij lage impulsoverdracht het meest precies bepalen. Deze Weinberghoek relateert de koppelingssterkte van de elektromagnetische kracht aan die van de zwakke
kernkracht.
De nauwkeurigheid waarmee deze hoek bepaald kan worden hangt af van de theoretische kennis van de golffuncties in Ra+ . In dit proefschrift werd de beschikbare
informatie over Ra+ verzameld en werden er experimentele resultaten geleverd die
nodig zijn voor het verifiëren van de recente berekeningen aan de Ra+ -golffuncties.
Met behulp van het AGOR-cyclotron en de aangelegen TRIµP-faciliteit is laserspectroscopie verricht op verschillende bundels van kortlevende radiumisotopen. In
deze meetserie werden met ongekende nauwkeurigheid de absolute frequenties van
de 7s 2 S1/2 − 6d 2 D3/2 overgang bepaald voor de isotopen 212−214 Ra+ . Deze resultaten
vormen een serieuze test voor de atomaire structuurberekeningen aan Ra+ .
Een nauwkeurige meting van pariteitsschending met een enkel Ra+ -ion vereist dat
dit ion gelokaliseerd wordt tot op een afmeting kleiner dan een optische golflengte.
Het doel van het uiteindelijke experiment is het meten van de AC-Starkverschuiving
in de orde van een paar Hz in de overgangen tussen de Zeemantoestanden van het
7s 2 S1/2 -niveau. In dit promotieonderzoek werd een experiment opgezet voor een
enkel gevangen Ba+ -ion. Dit dient als voorloper voor een experiment met het radioactieve en iso-elektrische Ra+ . De detectie en opsluiting van een enkel Ba+ -ion
gedurende enkele uren in de hyperbolische Paulval kon routinematig worden gerealiseerd. Hieruit blijkt onze goede beheersing en begrip van de technieken omtrent
enkele-ionenvallen. In het apparaat konden ionenkristallen waargenomen worden (zie
Fig. 8.1) wat erop duidt dat de temperatuur van een enkel ion lager was dan 10 mK.
Dit houdt in dat een lasergekoeld bariumion in de Paulval gelokaliseerd kan worden
binnen 1 µm in alle drie de ruimtelijke richtingen. De opstelling is daarmee klaar
voor een meting van pariteitsschending.

Figuur 8.1: Foto’s van een ionenkristal bestaande uit drie ionen, twee ionen en een enkel ion. De
Ba+ -ionen zijn gevangen in een radiofrequente Paulval.
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In de opstelling werd laserspectroscopie uitgevoerd op een enkel Ba+ -ion. De absolute frequenties van de 6s 2 S1/2 − 6p 2 P1/2 , 6s 2 S1/2 − 5d 2 D3/2 en 6p 2 P1/2 − 5d 2 D3/2
overgangen werden gemeten met een onzekerheid kleiner dan 10 MHz. Onze resultaten zijn de meest nauwkeurige metingen tot nu toe aan deze overgangen in Ba+ .
Ze overtreffen de vorige metingen met een ordegrootte. Het is essentieel om deze
frequenties zeer nauwkeurig te kennen alvorens de AC-Starkverschuiving te gaan
meten.
We presenteren hier ook een meting van de levensduur van de metastabiele
5d 2 D5/2 toestand in een enkel Ba+ -ion. Hierbij werd het valentie-elektron een tijdje
in die toestand geparkeerd en werden de bijbehorende kwantumsprongen in het ion
geobserveerd. Zo’n levensduurmeting is erg gevoelig voor verschillende systematische verstoringen van de opstelling. Metingen bij verschillende achtergronddrukken
maakten het mogelijk om via extrapolatie de levensduur in vacuum te bepalen op
τD5/2 = 26.4(1.7) s. Dit resultaat plaveit het pad in de richting van een pariteitsmeting in Ra+ na Ba+ .
Daarnaast wordt nu gewerkt aan de constructie van een radiumionenbron die niet
aan de versneller gekoppeld is. Deze zal worden gebruikt voor het experiment met
enkele Ra+ -ionen. Deze ionen zijn ook zeer geschikt om te dienen als een optische
klok. Een glasvezelverbinding tussen de Vrije Universiteit Amsterdam en ons instituut is reeds aangelegd en getest om later zulke klokken te kunnen vergelijken en
te zoeken naar mogelijke tijdsafhankelijkheid van fundamentele natuurconstanten.
Laserkoelen en opsluiten van enkele 223 Ra+ -ionen in een val is voorzien voor het komend jaar. Tegelijkertijd vindt er verfijning van de theoretische berekeningen plaats
om de bepaling van de Weinberghoek een factor vijf nauwkeuriger te kunnen maken
dan hiervoor behaald met cesiumatomen. We concluderen dat in dit proefschrift
cruciale stappen met Ba+ zijn gezet om tot een meting van pariteitsschending in
Ra+ te komen.
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Appendix

A

List of Symbols
Table A.1: List of symbols employed in this thesis

Symbol
ai
A
Aij
βj
~
B
Ĉm
Di
~ ij
D
∆Diff
∆E
δg
δr
δνD
δfg
δfr
Ei
E1AP V
E2
fAOM−1
fAOM−2
fAOM-I2
fB1
fB2

Description
Stability parameter in a Paul trap
Mass number
Einstein coefficient for spontaneous emission
Stability parameter in a Paul trap
Magnetic field
Operator that describe dissipative process
Potential depth of harmonic potential in Paul trap
Electric dipole matrix element
Differential light shift
Energy shift of an atomic state
Detuning of the laser light at wavelength λg
Detuning of the laser light at wavelength λr
Doppler width of an atomic transition
Laser linewidth at wavelength 493.5 nm
Laser linewidth at wavelength 650 nm
Energy of the state |ii
Amplitude of the APV electric dipole transition
Amplitude of the electric quadrupole transition
Frequency AOM-1
Frequency AOM-2
Frequency AOM-I2
Beatnote: light from diode laser and frequency comb light
Beatnote: light from diode laser and light from dye laser
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Reference
Eq. 2.22
Sec. 2.1
Eq. 4.7
Eq. 2.23
Sec. 2.3
Eq. 4.19
Eq. 2.26
Eq. 4.5
Eq. 2.18
Eq. 2.11
Eq. 4.16
Eq. 4.16
Eq. 4.32
Eq. 4.33
Eq. 4.33
Sec. 2.2
Eq. 2.8
Fig. 1.3
Fig. 5.13
Fig. 5.19
Fig. 5.16
Eq. 5.4
Eq. 5.5
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Symbol Description
fCEO
Offset frequency from frequency comb
fDiode
Frequency of the reference diode laser
fdye
Frequency of the light from the dye laser
fg
Frequency of the laser light at λg in the trap
fIR
Frequency of the light from Ti:Sapphire laser
fIR-B
Beatnote: IR light and frequency comb light
fIR-FC
Frequency of nearest comb line to the IR frequency
f650-FC
Frequency of nearest comb line to the frequency at 650 nm
fr
Frequency of the laser light at λr in the trap
fRaman
Frequency of two-photon Raman Transition
fRb-clock Frequency of the rubidium clock
frep
Repetition rate of the frequency comb
fO
Frequency used to calculate in the frep of the frequecy comb
fs
Switching frequency for the AOM-2
fsynth
Synthesizer frequency from frequency comb
gj
Landé factor
GF
Fermi constant
γ5
Dirac matrix
γp
Scattering rate of light from the laser in the atom
Γij
Partial decay rate from |ji to |ii
Γ
Natural linewidth
Ĥ0
Hamiltonian of a free atomic system
ĤI
Hamiltonian of the interaction between laser light and ion
HW
Hamiltonian of the weak interaction
Is
Saturation intensity
κ
Constant from atomic theory calculations
~k
Wave vector (|~k| = 2π/λ)
K
Kinetic energy of the ions in the trap
K(Z, R) Relativistic factor
λij
Optical wavelength of the transition
λg
Wavelength at 493.5 nm
λr
Wavelength at 650 nm
N
Number of neutrons in the atomic nucleus
νa3
Frequency of the line a2 in molecular I2
ΩRF
RF frequency Paul trap
Ωij
Rabi frequency between the states |ii and |ji
ω0
Frequency of a transition
ωij
Transition frequency between the states |ii and |ji

Reference
Sec. 5.4.1
Eq. 5.3
Fig. 5.20
Eq. 5.1
Eq. 5.2
Eq. 5.2
Eq. 5.2
Eq. 5.4
Eq. 5.5
Fig. 4.3
Table 6.1
Sec. 5.4.1
Sec. 5.4.1
Sec. 6.1.3
Sec. 5.4.1
Eq. 4.28
Eq. 2.1
Eq. 2.1
Eq. 4.29
Eq. 4.7
Sec. 4.1
Eq. 4.1
Eq. 4.3
Eq. 2.1
Eq. 4.10
Eq. 2.8
Sec. 4.3
Eq. 4.34
Eq. 2.3
Eq. 4.6
Fig. 4.1
Fig. 4.1
Eq. 1.1
Fig. 5.17
Sec. 2.5.1
Eq. 2.11
Eq. 2.12
Eq. 4.11
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Symbol
ωRF
ωL
ωg
ωr
Φ
qi
QW
r0
Rt
Rm
Ro
ρn (r)
ρij
sin2 θW
τi
τ1/2
τD5/2
T
U0
V0
W±
2 × z0
Z0
Zdark
Z

Description
Reference
Secular frequency Paul trap
Eq. 2.25
Laser frequency
Eq. 2.9
frequency of the laser at wavelength 493.5 nm
Eq. 4.12
frequency of the laser at wavelength 650 nm
Eq. 4.12
Harmonic oscillating potential in a Paul trap
Eq. 2.20
Stability parameter in a Paul trap
Eq. 2.22
Weak charge
Eq. 1.1
Radius of center ring electrode of trap
Fig. 2.5
Radius of the ion motion in the trap potential
Eq. 4.35
Radius of the ion image from the EMCCD camera
Eq. 4.35
Spatial resolution for optical system in the EMCCD camera Eq. 4.35
Neutron density in the nucleus
Eq. 2.1
Density matrix elements
Eq. 4.17
Weinberg angle
Eq. 1.1
Lifetime of the |ii state
Eq. 4.8
Lifetime for radioactive decay
Table 2.1
2
+
Lifetime of the 5d D5/2 state in Ba
Sec. 6.2
Temperature of the ion
Eq. 4.32
DC potential in a Paul trap
Eq. 2.20
Amplitude of RF potential in a Paul trap
Eq. 2.20
Bosons that mediates the weak interation
Chap. 1
Distance between the end caps in the Paul trap
Fig. 2.5
Boson that mediates the weak interation
Chap. 1
Possible dark boson
Chap. 1
Number of protons in the atomic nucleus
Eq. 1.1

Appendix

B

Specifications of AR Windows
In order to minimize the stray light in the experiment custom antireflection (AR)
coated windows are used which are supplied bu the company VACOM, Jena, Germany. The specifications are given in Table B.1.
Table B.1:
Specifications of custom AR coated windows (VACOM MVPZ40-DUVQAR468/493/802)

Window material
Surface quality
Flatness
Homogeneity
Inclusion
AR-coated
View diameter
Flange material

HPFS 7980 DUV Fused Silica
20/10 scratch/dig
lambda/4 (at 632 nm)
grade A
class 0
468 nm, 493 nm and 802 nm
appr. 35 mm
stainless steel, braze
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C

Specifications Black Coating

Reflectance

Metal parts of the apparatus near the optical beams and inside the vacuum chamber
were cover with the silicone optical black paint (MLS-85-SB) coating provided by
AZ Technology, Huntsville, Alabama, USA. This paint is particularly suited for use
in UHV vacuum systems, in optical instruments or in internal as well as in external
spacecraft applications. The typical spectral reflectance curve MLS-85-BS coating
is given in the Figure C.1. The data was taken with AZ Technology’s Laboratory
Portable Spectro-Reflectometer LPSR-300 [149].

Wavelength [nm]
Figure C.1: Reflectance of the black paint coating for the apertures in the vacuum
chamber as a function of the wavelength [149].
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D

PID Locking
In the experiments light sources could be stabilized in their power, frequency or operating
temperature in order to reduce the detrimental effects on laser cooling as well as limitations to the resolution of optical spectroscopy. Fluctuations in time of the laser frequency
and the laser power are mainly due to random oscillations, electronic noise, temperature
changes and pressure drifts. A Proportional-Integrating-Derivative (PID) loop controller
is a standard tool for correcting such fluctuations and in particular suited for intensity,
frequency and temperature stabilization [150].
The PID controller loop actively stabilizes a system to a reference value. The first
step of the process is to compare the system output to a given reference. The difference
between the measured parameter and the reference provides an error signal (e(t)). In the
PID controller the error signal is multiplied by a proportional gain (gp ) to determine the
amplitude in the response of the circuit, the integral (gi ) gain that accounts for the accumulation of errors over time and the differential (gd ) gain that improves the stability of the
system based on the slope of the error signal with respect to time. In general, the output
of the PID controller (u(t)) can be expressed as
Z t
d
u(t) = gp e(t) + gi
e(τ )dτ + gd e(t).
(D.1)
dt
0
The signal from the PID controller (u(t)) is fed back to the system to adjust the output
actively. The error signal e(t) approaches zero if the references value is reached. In practice
the PID scheme is used in the current setup to lock laser frequencies, temperatures and
laser light intensities.
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