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Abstract

Most precise tests of the Standard Model (SM) in particle physics set
stringent bounds on New Physics models and enable searches for new
Physics beyond the SM. Conducting precision experiments on Atomic
Parity Violation (APV) paves a way to determine the SM parameter
Weinberg angle (sin?fy,) at low energies. Knowledge of atomic wave
functions arbitrates the precision to which sin? €y can be determined.
Calculations on atomic systems with a single valence electron such as
Bat and Ra™ are possible with sufficient accuracy for this purpose. Such
an experiment becomes feasible, if a single ion is localized to better than
one optical wavelength in order to have the ion in the maximum of the
electric and the magnetic fields of two standing waves which drive the
two relevant transitions.

Measurements on a single trapped **Ba* ion for the detailed under-
standing of atomic structure at percent level precision have been per-
formed with laser spectroscopy referenced to an optical frequency comb.
The one-photon and two-photon components of the line shape are ex-
tracted using an eight-level optical Bloch model. Measurement of transi-
tion frequencies in different Ba™ isotopes, *Ba* and '**Ba* enable the
determination of isotope shifts. An analysis employing Fano line pro-
files provides for extracting the transition frequencies between the lowest
lying S, P and D states in Ba™ isotopes within 200 kHz. Furthermore,
systematic effects are investigated by comparing multiple measurement
schemes on trapped Ba™ ions in a radio frequency Paul-trap setup.

Transitions in molecular 271, serve as reliable secondary frequency
standards. The line shape of signals from frequency modulated saturated
absorption spectroscopy of hyperfine transitions in 1271, is analyzed. The
derived line shape includes effects arising from experimental parameters.
Consistent results for line center, density broadening and density shift of
spectral lines to 107! relative accuracy have been obtained.

Precise spectroscopy is a major prerequisite for an experiment to de-
termine atomic parity violation. This work is an important step towards
a precise determination of sin?fy with some 5 fold improvement over
the previous best measurement in one week of actual measurement time.
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1. Introduction

1.1. Standard Model and Electroweak interaction

The Standard Model (SM) of particle physics [1, 2] provides a unique
and elegant description of fundamental interactions between elementary
particles. The SM has been enormously successful in describing and
predicting a wide range of phenomena in physics and in particular in
particle physics. Its remarkable success strongly suggests that the SM
will remain an excellent approximation to nature from cosmic scales to
distance scales as small as 107*®m [3]. The discovery of the Higgs boson
in 2012 [4, 5] represents an impressive confirmation of the concepts in
the SM. The production rate as well as the decay pattern follow the
predictions of the theory. The Higgs boson discovery completes the search
for all particles foreseen in the SM (see Fig 1.1).

A number of experimental and theoretical reasons are known which
strongly point to the fact that the SM is an incomplete description of
the full set of observations in physics. Theoretically, the SM presents
a number of unsatisfying features such as the hierarchy problem (insta-
bility of the electroweak scale), the unexplained origins of elementary
particle mass and the violation of discrete symmetries (e.g parity), and
it lacks a path to unification with gravity. Similarly, experimental ob-
servations of neutrino oscillations, along with cosmological phenomena
of dark matter and energy and the matter-antimatter asymmetry, have
posed puzzles for particle physics that cannot be solved within the SM.
The search for physics beyond the SM that addresses these experimental
and theoretical questions entails effort at three frontiers: the high energy
frontier, for example, at the CERN Large Hadron Collider; the Cosmo-
logical frontier, including probes of the cosmic microwave background
and large scale structure, as well as indirect astrophysical detection of
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Figure 1.1.: Standard Model of elementary particle physics with the three generations
of matter, gauge bosons in the fourth column, and the Higgs boson in
the fifth. The values currently reflected in this graphic are as of 2017.
(Adapted from [6]).

dark matter; and the Precision frontier, for example, Atomic Parity Vio-
lation measurements (APV) and searches for permanent Electric Dipole
Moments (EDMs).

The SM combines the weak and electromagnetic forces in a single elec-
troweak gauge theory [1, 2], in a similar way to Maxwell’s unification of
the seemingly distinct forces of electricity and magnetism. The theory
suggests that all electromagnetic and weak phenomena are manifesta-
tions of one universal electroweak interaction mediated by four massless
spin-1 bosons, two charged (W*) and two neutral ones (Z° and the pho-
ton 7). After the spontaneous breaking of the electroweak symmetry by
the vacuum, three of the four bosons acquire mass. The weak interac-
tions are mediated by the three massive gauge bosons, W* and Z°. Due
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to these large masses, the range of the weak interactions with 10~!"m
is rather short. Direct measurement of weak interactions is not possible
since it is about 18 orders of magnitude weaker than the electromagnetic
force, which to the contrary is rather strong and can be experimentally
measured very accurately. However, it is possible to measure the effect of
Z° boson exchange between an electron and a nucleus by looking at the
quantum mechanical interference between these processes which is only
about 6 orders of magnitude weaker than the electro magnetic interac-
tion (Fig 1.2). Unlike the electromagnetic force, the weak force does not
respect certain discrete symmetries such as parity (P), which describes
the symmetry between right- and left-handed particles; charge conjuga-
tion (C), which is the exchange of particles by antiparticles, i.e., particles
with the same mass but opposite charge; and the combination of these
two symmetries (CP).

Electroweak theory permits the extraction of the SM parameter called
the weak mixing angle or the Weinberg angle (sin?y,) [7] which describes
the mixing of the photon (y) and the Z° boson. It connects the two inde-
pendent coupling constants of the electroweak theory: the electric charge,
e, and the weak coupling constant, gy, through the relationship [§]

o2
Iw
It can be defined as [7, 9]
sin*Ow =1 — (myw /mz)?, (1.2)

where my, and my represent the masses of the W and Z bosons re-
ceptively. A quantitative determination of the electroweak interaction
in atoms is possible by the electric charge and the weak nuclear charge
Quear- The magnitude of Queqx is given by [10]

Queak(Z,N) = —N + (1 — 4sin*0y ) Z, (1.3)

where N and Z are the number of neutrons and protons in the nucleus.
The finite nuclear size corrections are dominated by the spatial depen-
dence of the neutron density. The uncertainties for the measurement
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of the Weinberg angle associated with this correction have been esti-
mated [11] to be about £0.15% for cesium. The uncertainties associated
with nucleon structure are comparably small [12, 13].

Fig 1.3 shows the Weinberg angle (sin?fy) as a function of the mo-
mentum transfer in experiments. It is predicted by electroweak theory
(black solid line). When propagating from low energies to about the W+
boson mass scale the mixing angle slowly decreases by about 3% [14] due
to vacuum polarization by the formation of quark-antiquark pairs. A
screening effect is caused due to this which effectively reduces the weak
charge of the interacting particles. At higher energies, an anti-screening
of the interacting particles is caused if W* pairs start to dominate the
vacuum polarization. This results in an increase of the weak charge and
hence results in an increase of the mixing angle. At high Q as indicated in
Fig 1.3 the weak mixing angle has been measured accurately by SLAC’s
SLD experiment and the LEP experiments at CERN [15] at the Z-pole.
The SLAC E158 collaboration [16] measured the parity-violating asym-
metry with a fixed target electron-electron (Mgller) scattering, and the
NuTeV [17] collaboration extracted the sin?fy by measuring the ratios of
neutral current to charged current cross sections in neutrino-nucleon deep
inelastic scattering experiments. In addition, such an experiment has sen-
sitivity to new physics such as dark Z bosons and leptoquarks [18, 19]
(see Fig 1.3).

Unlike the gauge couplings of QED and QCD, whose running below
the weak scale has been stringently tested in a variety of ways, the low
scale running of (sin?@y,) has been tested precisely in only a handful of
experiments. A well known precise experiment that probes sin?fy is
the APV experiment on Cs with an accuracy of 0.35% by the Boulder
group [20, 21, 22, 23, 24, 25, 26]. The experiment was conducted by
exploiting the Stark interference method, a method involving applying
an external electric field to a vapor, thereby inducing Stark-mixing of
the atomic levels and leading to parity forbidden atomic transitions and
a beam of cesium atoms. Higher precision (0.1%) is required to search
for new Physics (NP) beyond SM [27]. An independent measurement
by measuring atomic parity violation in a single trapped barium or ra-
dium ion together with the experiments at higher momentum transfer
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has potential to confirm the running of the mixing angle over more than
4 orders of magnitude in momentum transfer.

. A 2 \/,2 VV

Y @ || T | 7

x @
® 8 &6 & &

EM Weak EM EM Weak

Figure 1.2.: Quantum mechanical interference between weak and electromagnetic in-
teractions in atomic systems. The amplitudes of both these processes are
coherently added to arrive at the probability of the combined process.
Modified from [28].

'\/'2
+ @
B
Weak

Various nuclear and atomic parameters are relevant for the interpre-
tation of measurements on atoms in terms of weak interaction effects.
Understanding atomic structure and atomic behavior to percent accu-
racy needs the determination of parameters such as lifetime, transition
frequencies, light shifts, hyperfine structure and isotope shifts (IS) to be
determined experimentally. In this work we are devoted to this task.

1.2. Atomic Parity Violation in atomic systems

Scientists first observed parity violation in 1957 with a crucial pioneering
experiment on the S-decay of polarized %°Co nuclei [31]. There it was
found that electrons are emitted preferentially opposite to the direction
of the nuclear spin. Parity violation in atomic systems is caused by
the interaction of electrons with the quarks in the nucleus through the
exchange of Z° bosons. The APV measurements are interpreted in terms
of the weak nuclear charge Qucqr , Which quantifies the strength of the
electroweak coupling between atomic electrons and quarks in the nucleus.
The relation between Queqr and the APV amplitude, E14py, can be
represented as
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Figure 1.3.: Running of the Standard Model parameter Weinberg angle (sin?6y,) as
a function of momentum transfer Q. The solid line represents the behav-
ior of sin?fy as predicted by the SM where the curve has been fixed at
the z-pole. The results from the SLAC, LEP, deep inelastic v scattering,
PV Mgller scattering, and APV(Cs) are shown. The red and blue bands
represents the sensitivity to a possible dark Z-boson of mass 200 MeV /c?
and 100 MeV /c? respectively. APV is particularly sensitive to dark Z
bosons [19, 29, 30] with masses below 100 MeV. This may be of sig-
nificance in the determination of dark matter in the universe (adapted
from [30]).

E]-APV = kaeakm (14>

where k is an atomic-structure dependent factor. The interpretation re-
quires atomic-structure calculations of k with an accuracy that matches
the experimental uncertainty in APV. Atomic systems with one valence
electron enable to reduce the complexity in atomic wavefunction calcu-
lations. In such ions and atoms the APV calculations can be carried
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out to highest possible accuracy. Also the parity-violating weak effects
in atoms increases faster than Z* [32](see Fig 1.4) which makes heavy
alkaline earth metal ions like Ra® and Ba™ much preferred systems for
experimental studies. The atomic structure of these two atoms is simpler
to calculate and the theoretically predicted enhancement factors of weak
effects in atomic systems like Fr [33, 34] , Ba [35] and Ra [36, 37, 3§]
compared to Cs are 2.3, 16, and 52, respectively.

2000
1500}

1000}

(s121HWlP12)

500

0 20 40 60 80 100

Figure 1.4.: The scaling of the weak interaction matrix element for transition between
n|S;/2) - m| Py 2) states atoms with atomic number Z. The blue line corre-
sponds to the scaling with Z3 [32] and red line shows the scaling stronger
than Z3 due to the relativistic factor K,..; [39].

There are principally different techniques that can be used to measure
APV such as optical rotation in atomic vapor [40, 41, 42|, Stark inter-
ference in atomic vapor [43], in atomic beams [44, 21, 45], with small
number of atoms and light-shift in a single trapped and laser cooled
ion [46, 47]. We use the light-shift in single trapped and laser cooled ion
technique since single trapped and laser cooled ion is free from unknown
perturbations (e.g.: absence of Doppler broadening) and it has long co-
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herence time. Systematic uncertainties are easily tractable and therefore,
the system is more favored for such experiment.

Atomic parity violation leads to mixing of different parity states with
the ground state 7|S;/2). Thus this ground state has also in particular
a small contribution from 7|P; ;) state resulting in a non-zero probabil-
ity of electric dipole-dipole transition between 7|51 /2) and 6|D3/2) states
which is in an atomic system strictly following the lambda system cou-
pling scheme a forbidden electric dipole transition. A transitional dipole
interacts with the electric field while a quadrupole interacts with the
field gradient. It is possible in the experiment to induce both a dipole
transition(E14py ) as well as a quadrupole transition (E2) between 7|5 /o)
and 6|Ds/5) states. The interference term of these two leads to a measur-
able frequency change of the Larmor frequency between the ground state
Zeeman sublevels while the laser fields are present and absent. Fig 1.5
shows the light shifts of the Zeeman magnetic sublevels of ground state
of Ra™ if light fields are applied which drives the E14py and E2 transi-
tions. For a single Ra™ ion with zero nuclear spin, the splitting between
the Zeeman sublevels m= +1/2 and m= -1/2 of the 7S;/, ground state
in a magnetic field is about Aw.ceman = 23 % [48].

A possible configuration of the laser light fields to obtain the required
APV frequency shift is

Elapy = 2E|coskz (1.5)
and
E2 = izZE{sinkz (1.6)

where Efjand Ej are the electric field amplitudes of the two lasers [46].
The coupling strength of E1 4py and E2 transitions with the electric fields
E{ and E is given by the Rabi frequencies

m,m’ 1 m,m’
Qapy = Y E (B13 5y )iko(0), (1.7)
. . ToEr)
Qmm <E2m,m >z 0 ’ (18)
B2 2h J ij
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Figure 1.5.: Scalar and vector light shifts on the ground state magnetic sub-levels in
the Ra™ ion with n=7 ground state in the presence of light field driving
the E2 and E1 4py transitions. The configuration is similar for Bat with
n=6 ground state.

where m and m’ represent the magnetic quantum numbers of the two
states and (F lfl’fw and (E2™™) are the matrix elements for the dipole
and quadrupole transitions, respectively. An ion placed at the antinode
of an electromagnetic wave field with electric field strength E14py, will
have an APV induced electric dipole light-shift while the ion placed at the
node of an electromagnetic wave of electric field strength E2 will show an
electric quadrupole light-shift(see Fig 1.5). The quadrupole light-shifts
of the Zeeman sublevels in the ground state due to the E2 field are of
the same magnitude and direction and hence will not lead to any change
of the ground state Larmor frequency defined by the energy difference
between the Zeeman sublevels of the ground state. On the contrary, the
shifts due to E1 4py field will increase the Larmor frequency and produces
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a differential light shift between the two sublevels (Agfs in Fig.1.5).
This change in Larmor frequency is proportional to the magnitude of the
ElAPV field [46]

E1 APV B,

Figure 1.6.: The ion is localized in two standing wave light fields which are perpendic-
ular in polarization to each other for an APV measurement. E2 represents
the laser light wave driving the quadrapole transition and E14py is the
dipole transition [45].

The possible accuracy of an APV effect in a single Ra™ ion is given by,

S FElapy

D LOAPY o A /N 1.
N @i JV NI (1.9)

where N is the number of particles and N = 1, f is an efficiency fac-
tor determined by the experimental conditions, 7 is the lifetime of the
metastable D3/, state and ¢ is the total measurement time. Table 1.1

10
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gives the expected APV effects [46] for a single trapped Ba™ and Ra™
ions.

Table 1.1.: Expected light shifts in single trapped Ba® and Ra®t ion on resonance
for 100mW beam focussed to a 10pm diameter spot size at the ion at
wavelength 2050 nm for Ba™ and 828 nm for Ra™.

Expected APV light shifts Bat Ra't[47]
Differential light shifts 0.4Hz 4Hz
Signal to Noise 200 180
Statistical accuracy 1.2 % 0.4 %

A single Rat has the potential for a more than 5-fold improvement
in the measurement of the Weinberg angle within one day of measuring
time.

1.3. Sensitivity to atomic structure and wavefunctions
calculations

Important atomic properties for measuring atomic parity violation are
the line shapes of atomic transitions, isotope shifts, light shifts and tran-
sition matrix elements. The determination of such is in the center of this
thesis.

1.3.1. Line shapes and absolute transition frequencies

In order to investigate the interaction between light and matter and for
applications based on high precision spectroscopy such as to construct
optical clocks, good understanding of the optical line shapes involved
is indispensable. Line shape modeling and extracting the transition fre-
quencies provides crucial input for high precision cross checks with atomic
structure calculations and can also improve the understanding of data
collected experimentally.

11
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The line shape analysis and extraction of absolute frequencies of *27I,
lines used as a secondary frequency standard in our experiment is ex-
plained in Chapter 3. The fitting of the resonant fluorescence with a
calculation on the basis of Optical Bloch Equations(OBE) and the deter-
mination of all relevant transition frequencies is explained in Chapter 4.

1.3.2. Isotope shift
Isotope shift in APV measurement

Atomic structure computations for Ba™ isotopes are expected to achieve
the same level of precision as for cesium (see Ref [49]). A comparison
of APV effects in different isotopes eliminates the large atomic structure
theory uncertainties. In particular, if a ratio is formulated as [7]

_ AP (YY) — ARRP(N)
-~ ANRP (N + ANRP(N)
where ANSIP(N) is a nuclear spin independent APV observable. If
the atomic structure effects which are governed largely by the nuclear

Coulomb field, do not vary appreciably along the isotope chain, then we
have

R1

(1.10)

_Qw(N')-Qw(N) N —-N
Qw(N)+Qw(N) ~ N + N’
where the dependence on atomic structure has largely canceled from the

ratio. An analogous result occurs for the ratio R2 = AYSIP(N')JAYSIP(N).

At present, in order to provide meaningful probes of NP, the theoretical

uncertainties associated with this effect appear to be larger than needed

for precise isotope measurements [11].

R1

(1.11)

Isotope shift in transition frequency measurement

The difference in neutrons in different isotopes of Ba™ has two small ef-
fects of comparable size on atomic wavefunctions and therefore on tran-
sition frequencies. The first is called the mass shift and the second is
called the volume (field) shift. For heavy elements the optical isotope

12
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shift 51/;4 A" between isotopes with mass number A and A’, can be writ-
ten as [50, 51]

AN A —A
A2 1.12
MRV (1.12)
where F and M are the field- and mass-shift factors, respectively. §
is the change in mean-square charge radii between isotopes. Here M =
Knus + Ksars, the sum of the normal (Kyjrg) and specific (Kgprg) mass
shifts. The normal mass shift can be calculated as [52]

sut = Fo (r?)

AA
(r?)

Knus = vome, (1.13)

where 14 is the transition frequency and m,. the mass of the electron.
The Kgrg is due to the modifications to all other non-valence electrons
which is hard to calculate accurately due to poor convergence of the
perturbation theory for this quantity [53]. However, the contribution of
the mass shift (both Kxypys and Kgpg) is small for heavy atoms and
simplified estimations are sufficient.

For two transitions, 1 and 2, in a certain element, Eq. 1.12 gives

Fy

e AA
MA,A 51/1 AT
F

f AW F
A su A M — FlMQ, (1.14)
2

where pA4" = AA’/(A’ — A) is the mass-modification factor.

The King plot of MA’A/(SVQL‘ A’ against uA’Aléuf A" is used for experiment
at the ISOLDE facility of CERN [52] for analysis such that from the gra-
dient and intercept of the linear fit, F and M are calculated (see Fig 1.7).
Using rather low-resolution laser spectroscopy of the very neutron-rich
233Ra atom the isotope shift and relative charge radius was determined
for the first time at ISOLDE.

Ref. [54] provides a formalism to interpret linear King plots as bounds
on new physics with minimal theory input, a method which resembles
the data-driven background estimation in collider searches for NP. As
King linearity is equivalent to the coplanarity of the vectors the formulas
are simplified by introducing a geometrical description of the leading
order (LO) factorization of Eqn. 1.14. For each transition, a vector is
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Figure 1.7.: King-plot analysis for the extraction of the atomic factors F and M. Insets
are X100 magnification to show the uncertainties on the data values.
(Adapted from [52]).

formed. Also the nuclear parameters of the field and mass shifts 44
and 0 (r2>A’A/ are written as vectors.

Experimental IS data can thus be used to test the precise theoreti-
cal predictions. Chapter 5 explains the experimental determination of
isotope shifts in different isotopes of Ba™.

1.3.3. Light shifts

The light shift or ac-Stark shift is a fundamental aspect of field-matter
interaction. In the presence of on-resonant laser light the strong coupling
of laser light with a single ion results in exchange of population between
the ground state and the excited states. This is known as Rabi oscilla-
tions. The energy level shift in a two-level system for large detunings

14
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compared to the power broadened linewidth is

QQ
AE,, = £h—% 1.15
9, 46 ? ( )
where €, is the Rabi frequency which is determined by the strength of
the coupling between the ion and the light field. ¢ is the detuning of
the laser frequency with respect to the resonance of the transition and is
given by,

(S:(.U()—WL, (116)
where wy is the frequency of the atomic transition and wy, is the frequency
of the laser light.

For particular ground and excited states |g) and |e), the AC stark shift
1s

Qge _ € |{g|E-Tle)]”
40 N 4h Wy — Wp, ‘

If the light is far off-resonant red-detuned light, the ground state energy
is reduced due to an oscillating polarization that is in phase with the light
electric field. Likewise, laser fields tuned far above the resonance will
induce a polarization out of phase with the electric field and the ground
state energy will be increased (see Fig 1.8). In general, these light shifts
are different for any two internal states of an atom and depend on the
local intensity of the laser light beams and also on the polarization of
the field [55, 56]. Hence changing the detuning and Rabi frequency will
affect the fidelity of the experiment.

Additional splitting of the atomic levels into Zeeman components takes
place when an external magnetic field is applied to the atomic system.
For an isotope with zero nuclear spin there are three Zeeman-split com-
ponents of the transition. A Stark induced transition amplitude is gen-
erally expressed in terms of real scalar, vector, and tensor transition
polarizabilities [58, 59, 60]. Fig 1.9 shows a representation of the struc-
ture of the scalar, vector and tensor light shifts in Bat and Rat. A
detailed explanation of this is given in [61, 57]. The measurement of
several different experimental parameters of the light shift contribution

permits the determination of atomic matrix elements for the Ba™ sys-
tem [61, 47, 57, 35, 62].

AE,. =T (1.17)
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Figure 1.8.: Illustration of the ac-Stark shift or light shift on a two-level system due
to far detuned laser light. When the laser frequency is far below the two
state resonance, the ground state energy is decreased. Likewise, when
laser fields are tuned far above the two state resonance the ground state
energy will be increased. Adapted from [57].

1.3.4. Lifetime of the long-lived D;/, state

Lifetime measurements provide transition matrix elements of the quadrupole
transition (E2) and therefore test the long-range parts of the nucleus [36,
63, 64]. In atoms or ions the lifetime of an excited state is related to the
absolute transition probability

1N
DA (ilr[k)

where 7 is the lower state and k is the higher state, A;; is the spontaneous

transition probability for electric quadrupole transitions which is given
by

T

(1.18)

8 5
Au =D 2l (61Qlon) P, (1.19)

(2

where Q) is the electric quadrupole operator.
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Figure 1.9.: The structure of the scalar, vector and tensor light shifts in the ns 2S; /2
and (n-1)d ?D3/5 levels where n=6 for Ba™ and n=7 for Ra™. Here wy
and wp represents the splitting in the Zeeman sublevels of the ns?2S; /2
and (n-1)d 2D3/2 levels respectively. A2 and A7 are the scalar shift in
the S and D states and AY and AY, are the vector shifts in the S and D
states. Modified from [57].

1.4. Ra™ lon Spectroscopy

Spectroscopy on short-lived isotopes of Ra™ (2*7211Ra™) has been per-
formed and calculated atomic wavefunctions of Ra™ were tested [28, 65].
The lifetime of the 6d?Ds/e state in ?*?Ra™ ions [66, 47] (see Fig 1.10)
has been determined. The hyperfine structure of the 6d?D3/, state [65]
and the isotope shift in the 6d?Dg/~7p*Py/» transition in 29°~2*Ra*
ions [65] (see Fig 1.11) could be measured at the TRiuP facility at the
AGOR cyclotron. These are crucial for the evaluation of the uncertainties
of atomic structure calculations. It appears that experiment and theory
agree at typically to % level. Improved calculations are possible at sub-%
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level when the experimental work will have reached the precision needed.

-
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Figure 1.10.: Lifetime measurements of the 6d 2D5/2 state in 2!'?Ra’ ions in neon
buffer gas at pressure 4x10~°mbar. The solid line represents the re-
covery time needed for ions to re-enter the fluorescence cycle and an
exponential function is fitted to the data. The measurements were per-
formed with ions trapped in a Paul trap (from [28, 65]).
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Figure 1.11.: (a) Fluorescence spectrum for the 6d2Ds /2 state of different isotopes
of 209=214Ra* ions. The odd isotopes have hyperfine structures on it
while there are no hyperfine structures for the even isotopes of Ra™
ions. (b) Isotopic shifts on the 6d 2Ds /2P 2P, /2 transition for different
isotopes of 2097214Rat jons. The measurements were performed with
ions trapped in a Paul trap.(From [28, 65]).
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1.5. Experimental Realization

The scheme of measuring APV in a single trapped ion or atom was
proposed by Fortson in 1993 [46]. Since Ra' and Ba' are isoelectronic,
and due to the lack of stable isotopes for Ra™ measurements towards APV
are conducted using a Ba™ ion confined in a radio frequency hyperbolic
Paul trap. The energy level scheme for Ra™ and Ba™ for the relevant
transitions are given in Fig 1.12.

Ra+

7525, 6575,

Figure 1.12.: Energy level scheme for Ra™ and Ba™ for the lowest lying S, P and D
states. Ra™ and Ba™ have a A-level configuration.

In an ideal hyperbolic Paul trap [67, 68, 69], which is comprised of a
center hyperbolic ring electrode and two hyperbolic end-caps, the electric
potential is given by [70]

:222—x2—y2

2d?

1
d= \/57‘8—1—23. (1.21)

Here U, is an applied DC potential between the ring and both endcaps,
Vp is the amplitude of the AC potential difference between the electrodes,

) (Up + VocosQppt), (1.20)

where
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Qgp is the rf frequency of the applied AC voltage, rg is the inner radius
of the center hyperbolic ring and 2z, is the minimum distance between
the two endcaps (see Fig 1.13).

(a) (b)
V(t) = U, +V,cos(Q,t)

Figure 1.13.: (a). Representation of hyperbolic Paul trap. A time varying AC poten-
tial V(t) is applied to the ring electrode. Uy is the DC offset, Vj is the
amplitude of the potential difference between the electrodes. A biased
DC voltage Vpc is applied to the endcaps. rg is the inner radius of the
center hyperbolic ring and 2z is the minimum distance between the two
endcaps. Adapted from [71]. (b). The mechanical analog to the rf Paul
trap. Rotating the hyperbolic saddle shaped potential at a proper rate,
makes the ion stay on the surface [67, 72].

The equation of motion for a charged particle is described by the Math-
ieu equation as

d2Uj
dt?

Here u; = z,us = y,us = z, T = $Qppt and a; and g¢; are the di-
mensionless stability parameters that determine the stable and unstable

+ (aj — gjcos2T)u; = 0. (1.22)
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solutions of the Mathieu equations. We have

—4
Uy = a, = ﬂ a, = M (1.23)
Y Md20%, Md*Q%,.
2QVo —4QV,
e = 4y = Md202,, 7= = Md2Q32,, (1.24)

where M and Q are the mass and charge of the ion, respectively. In
adiabatic approximation, Eq 1.22 has stable solutions if a;, ¢; < 1 where
j= 1,2,3. In this case, the first order solution for the Mathieu equation is

u; & ugcos(2mw;t + ¢)[1 + %COSQRFt], (1.25)

The secular motion of ions corresponds to a harmonic oscillation at fre-
quency w (macromotion) in the x, y-plane with an amplitude that is
modulated at the trap frequency Qgzpr (micromotion). The frequency of
the this secular motion is,

1
UJ]‘J{F = §ﬁjQRF, (126)

2
where 3; ~ a; + %. The potential energy of the ions corresponds to
the kinetic energy of the oscillation and potential depth generating the
harmonic motion is then given by
WV D,
D ——2h_ D (127)
MrgQds,p 2
for a hyperbolic Paul trap with rZ = 222. If a DC voltage (Up) is applied
to the end caps in a symmetric configuration, the potential depth of the
trap changes and we have

, U,

@:@+§, (1.28)
and U

QZ&—f- (1.29)
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1. Introduction

The stability domain in (a, q) space is shown in Fig 1.14 [74]. The
maximum value q = 0.91 (for Uy = 0) sets a boundary for the minimum
mass/charge ratio of the particles that can be stored in a Paul trap. For
high values of q, the orbits diverge and the ions are discarded from the
trap (see Fig 1.14). This stability limit can be changed by an additional
DC potential (a # 0). This provides for a means to expel particles with
e.g. heavier mass/charge ratios. The manipulation of the trap potentials
across the stability region is a substantial method to avoid trapping of
undesired ions.

In this work chapter 2 gives important experimental and technical de-
tails about the setup of our particle trap. Chapter 3 discusses the line
shape of molecular iodine signals which are calibrated and used further
in this work for frequency locking of lasers. In chapter 4 we describe the
line shape of trapped ion signals with optical Bloch equations as they
were used for singly charged ions of the isotope **Ba*. In chapter 5 we
measure and analyze spectroscopy signals of ions of the isotopes *4Ba™
and ¥%Ba® for which an analysis method based on Fano profile treat-
ment has been developed. This approach results in a measurement of
the isotope shifts for these isotopes with respect to **Ba*. Chapter 6
summarizes this work in the context of associated measurements and a
future parity violation experiment.
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2. Apparatus and Laser System for
Ba"™ Spectroscopy

For the experiments described in this thesis two hyperbolic Paul traps
are set up inside two separate Ultra High Vacuum (UHV) chambers for
efficient trapping and spectroscopy of heavy alkaline Ba™ ions. One Paul
trap (named as “trap 1’) contains the isotope *¥Ba® [61]. A modified
version of this trap (named as “trap 2”) contains two different isotopes
134Bat and ¥%Bat. The “trap 2”7 setup is explained in detail in this
chapter. Both traps use the same laser light sources and similar optical
detection schemes which are also described here. Parameters which are
pivotal for a precision spectroscopy such as laser frequency stability, po-
larization control, manipulation of detuning, beam profiles are explained
in detail. The laser system is localized in laser laboratory which is sepa-
rated by some 30 m from the laboratory where the traps for Ba™ is reside.
Optical fibers transport the necessary laser light from the laser lab to the
Ba ion trapping lab.

2.1. Hyperbolic Paul trap

A hyperbolic Paul trap is designed to create optimal trapping conditions
(see Fig. 2.2). It is made of two end cap electrodes and a center ring
electrode. The chosen geometry results in a harmonic pseudo-potential
at the center of the trap for an AC voltage applied between the electrodes.
The end cap electrodes are grounded. The dimensions of the Paul trap
are based on a prototype for storing different mass ions which had been
developed at the IBM Almaden Research Center, San Jose [75].

25



2. Apparatus and Laser System for Bat Spectroscopy

2.1.1. Trap for Ba™ ions

The center ring electrode and end cap electrodes are made of OFHC
(Oxygen Free High Conductivity) copper which are mounted on a MACOR,
holder which is fixed to a copper base plate (see Fig. 2.1). The center
ring electrode has a diameter dg = 2.8 mm and thickness ty = 1 mm. The
distance between the tips of the end caps is zg = 2mm (see Fig. 2.2).

(a) (c)

V|:¥ VD%

Figure 2.1.: The ring electrode and end cap electrodes of the Paul trap. (a) end
cap electrode (b) center electrode (¢) mounted trap with two end cap
electrodes and a center ring electrode. The ions are confined in a Paul
trap created by applying a rf field to the center electrode and dc voltage
to the end cap electrodes. In the center of the assembly the electrodes
approximate well the field geometry of a hyperbolic trap.

A holder for two Ba ovens containing 3*Ba* and *°Ba™ is also fixed
on the copper base plate. For ¥*Ba™ a mixture of 88.1(4:0.4)% enriched
Barium Carbonate(BaCOj3) and Zirconium (Zr) and for ¥*Ba™ a mix-
ture of 95.4(£0.2)% enriched BaCOj3 and Zr are filled in a 0.9 mm inner
diameter x 40 mm length resistively heated stainless steel hollow medical
needle each (the production of atoms is explained in detail elsewhere and
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2. Apparatus and Laser System for Ba™ Spectroscopy

can be found in, e.g. [61]). Atomic beam with a flux of the order of 10°
atoms/s are produced when a current of typically 6.5 A, supplied by ES
015-10 power supply (Delta Elektronika) is applied to the needle.

Stray electric fields develop in the trap from residuals deposited on the
electrodes when a beam of Ba atoms passes through the trap. Stray fields
can also come from charges produced photo-electrically. To compensate
for this, four auxiliary electrodes are mounted symmetrically around each
end cap electrode. These auxiliary electrodes are made of tantalum with
thickness t,,. = 1 mm and are mounted on a Macor holder which is then
fixed to the Cu base plate. The base plate also has a best form lens
of focal length f;= 40 mm which is mounted on the lens holder for the
collection of fluorescence from trapped ions in addition to an aperture
to reduce the background scattering from laser beams passing through
the trap. A 1mm slit aperture is also mounted on the base plate in the
direction of the entrance of the laser beams which aids in the alignment
of the beams and blocks the scattering. These apertures are painted with
UHV compatible black paint (MLS-85-SB) [48] to prevent reflections.

2.1.2. Electronics for generating the trapping field

The trapping potential for the Paul trap is provided by an RF electronic
circuit (see Fig. 2.4). A function generator (HP3325A) provides a sinu-
soidal RF signal. This is then amplified with a RM-KL-500 high power
linear amplifier(AMP). Higher harmonics in the signal are suppressed by
a 502 impedance low pass filter at 15 MHz. The amplitude of the signal
is varied using a variable attenuator. The synthesizer frequency is tuned
to be in resonance with an LC circuit. The transformer coil of the LC
oscillator is made by winding a 0.90 mm thick silk covered 99.99% silver
wire 25 times on a Teflon core. For monitoring frequency matching the
RF feedback (read out) is connected to an oscilloscope. The whole cir-
cuit is enclosed in a brass cylinder to reduce sending of the RF to other
sensitive electronics. The RF voltage is then applied to the center ring
electrode. A balanced DC voltage of —9V<Uy<9V each can be applied
between the end cap electrodes.

To test the LC circuit an RF signal from a synthesizer (RIGOL DG
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Figure 2.2.: Mounted trap assembly.The region between the end cap electrodes and
the center ring electrode is the trap volume. Diameter of the center
ring electrode dg = 2.8 mm and the distance between the end caps zg =
2mm. Two Ba isotopes are available, each from a different oven. The
fluorescence light from the ion(s) is collected by a best form lens of focal
length f;= 40 mm. The laser light passes through the middle of the center
ring electrode.

4162) is fed to ‘RF in’ connected to the LC circuit after amplifying the
signal (see Fig. 2.3(a)). A voltage probe (Tek P6139A 500 MHz, 8 pF,
10 MQ) connected to an oscilloscope (TDS 202413) measures the voltage
applied to the center ring electrode in the trap. The RF read out is also
monitored on the same oscilloscope. Such a measurement confirms the
reliably of tuning the synthesizer frequency to match the resonance of
LC circuit. A similar measurement is done to determine the resonance
frequency Qgp of the LC circuit and to calibrate the voltage at the trap
by generating the RF signal from HP3325A function generator.

In order to calibrate the voltage at the trap a set of measurements is
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2. Apparatus and Laser System for Ba™ Spectroscopy

(@) (b)

Voltage
at the trap

CH1 - Voltage at the trap (x10)
CH3 - RF read back
CH4 - Synthesiser (RIGOL DG4162) Voltage

Figure 2.3.: (a) LC circuit which delivers the RF voltage to the trap after amplifica-
tion. A DC voltage synthesizer (RIGOL DG 4162) provided the input
voltage to ‘RF in’. A voltage probe (Tek P6139A 8 MHz, 8 pF, 10 M) is
used to measure the voltage applied to the ring electrode in the trap. (b)
Measurement to test the LC circuit and to calibrate the RF voltage at the
trap. The frequency of the synthesizer(in green) is tuned to match with
the resonance frequency of the LC circuit frequency (in yellow is the volt-
age measured at the trap and in magenta is the RF read back voltage).
RF read back ~ 31mV,, and RF measured at the trap ~ 6 V.

done by changing the RF signal amplitude from the synthesizer and mea-
suring the voltage at the trap and the RF read back voltage at resonance
(see Fig 2.3(b)). The measured voltages for calibration of the RF voltage
at the trap are tabulated in Tab. 2.1.
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Figure 2.4.: Circuit diagram of the electronics for generating the high RF voltage
from amplified and filtered sinusoidal signal.The trap is operated at RF
frequency Qgp = 11.383(1)MHz with a voltage amplitude V,; between
100V - 2500V applied to the ring electrode. The LC circuit is enclosed
in a brass cylinder.
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In order to determine the resonance frequency of the LC circuit, the
frequency of the synthesizer for different RF read out voltages are plot-
ted. The frequency response curve of an LC circuit is fitted which is in
excellent agreement with the measured points (see Fig 2.5). The reso-
nance frequency of the circuit is determined to be Qrpr = 11.383(1)MHz
with a Quality factor of 76.
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Figure 2.5.: Measurement of RF resonance in the Paul trap assembly. The RF signal is
generated by HP3325A function generator. The uncertainties of the mea-
surements are below symbol size. The curve for the frequency response
of an LC oscillator is fitted which agrees very well with the measured
points.The resonance frequency of the circuit, Qgpr = 11.383(1)MHz. The
quality factor of the circuit is Q= 76.

2.1.3. Stray electric field compensation

A precision experiment involves placing the ion at the center of the RF
quadrapole field with pm precision where it is less perturbed by stray
electric charges and hence enhancing the life time of the ions in the trap.
The micro-motion of ions are reduced when placed at a position with
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Table 2.1.: Voltage calibration at the trap

Function Generator RF read back Voltage at the trap
(Vpp) (Vpp) (Vpp) *
14 8.4 1500 0.14
0.9 56 1000 0.10
0.2 1.4 250 0.03

a minimum amplitude of the RF filed. Due to the deposition of extra
charges on the electrodes, while changing the amplitude of the RF trap-
ping field the position of the ions are displaced. To compensate for this,
a DC voltage is applied to the end cap electrodes which compensates for
the horizontal movement of the ions. The voltage controller is designed
in such a way which makes it possible to apply a DC voltage to each
end caps separately and also to both simultaneously using a common
potential. The circuit connection could be found in Appendix A.

Four auxiliary electrodes are fixed symmetrically around each end cap
electrode to compensate for the displacement of ion from the center of
the trap due to stray electric charges. A high voltage power supply
(NHQ 236L, 2x6kV/1mA) provides the DC voltage to each of these
electrodes. The polarities for the electrodes are chosen such that the ion
is placed at the center of the trapping field. The image of the trapped
ions on an EMCCD camera (see Section 2.4.2) is used to monitor the
movement of the ions. Fig 2.6 shows the direction in which the ions
move when a voltage up to 100V is applied to each of the electrodes. In
order to calibrate the voltages applied to each of the auxiliary electrodes
the relative movement of the ions are plotted against change in the DC
potential applied to them (see Fig 2.7).
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Figure 2.6.: The movement of the ion cloud as observed with the EMCCD camera by
changing the voltage on the auxiliary electrodes by 100 V. EL: auxiliary
electrode. The arrows show the direction in which the ions move on the
camera when the high voltage is applied to each of the electrodes. The
polarity of voltage applied to each of the electrodes are also indicated.
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Figure 2.7.: Calibration of voltages applied to the auxiliary electrodes. The distance
moved by the ions with respect to each other per volt is shown. EL:
auxiliary electrode. The relative distance moved by the ions per pixel is,
dEL1:O~29 pX/V, dEL2:0~053 pX/V, dEL3:0~24 pX/V7 dEL4:0-17 pX/V,
dEL5=O.O47 pX/V, dEL6:0-20 pX/V7 dEL7=0.O6O pX/V, dELSZO.OQO
px/V.
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2.1.4. Vacuum System

In a high precision experiment an as far as possible undisturbed system
is cardinal. Collisions of the trapped ions with residual gas, for example,
can shorten the lifetime of the excited atomic states as well as the lifetime
of the ion stored inside the trap. In order to reduce the influence of
collisions, the residual gas pressure inside the chamber is maintained
below a few times 107'mbar. The hyperbolic trap is mounted on a
special rotatable CF 160-flange which is fixed to an ultra-high vacuum
chamber made of stainless steel (RVS 316LN), see Fig 2.8.

The operating pressure is attained as follows: (i) an oil-free roughing
pump (Aneta Iwata Scroll meiser 5.3m?3/h) brings down the pressure to
several 1073 mbar, (ii) a turbo pump (Leybold TMP70) pumps it further
down to 10~®mbar and (iii) a titan ion pump (Gamma Vacuum 800)
enables to reach at the operating pressure of 107!° Pa. The flow of the
residual gas is controlled by all metal valves in between the pumps (spec-
ifications in Appendix A). Pressure lower than 1071 mbar is attained by
baking the chamber to 130 °C for about three days. In order to boost the
pumping speed and to maintain a constant pressure level inside the cham-
ber, an additional 3 filament titanium sublimation pump (SUBLI-CON
360043)is operated for 3min every week. The pressure is monitored by
a Pirani gauge and by a Bayard Alpert gauge connected to an ion gauge
and the current to the Titanium ion pump. In order to transmit the light
at wavelengths Agg4, Ags0 and Ag13 custom AR coated glass windows are
attached to stainless steel extension arms that seals the port. A set of
3 apertures coated with vacuum compatible black paint (MLS-85-SB) is
placed on each side of the two extended arms to avoid stray light from
the laser beams. These apertures are held inside the extended arms by
means of 3 threaded rods (see Fig 2.9).

2.2. Laser system
Different light sources are employed for producing, laser cooling and spec-

troscopy of Ba™ ions. Here we describe the generation of light at the
required wavelengths and frequency stabilization of these lasers imple-
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Figure 2.8.: Stainless steel ultra-high vacuum chamber containing the Paul trap. The
trap is held on a rotatable CF 160-flange and is fixed to the chamber. The
whole chamber is fixed on a floating optical table unperturbed by external
vibrations. The axis and direction of the laser beams at wavelengths Ag94,
Ags0 and Ag13 through the vacuum chamber and the axis for the detection
systems, EMCCD and PMT placed outside the chamber are represented
in the inset.

mented by means of absolute frequency references such as light from a
frequency comb and saturated absorption spectroscopy of molecular io-
dine (I5). The time base of the experiment is precisely given by a SRS
Rubidium clock (FS725-10 MHz Rb, Stanford Research Systems) by pro-
viding a TTL signal at 10 MHz.

2.2.1. Photoionization laser

The creation of Ba™ ions is done by two-step photoionization of Ba atomic
beam passing through the center of the Paul trap. This process involves
resonantly driving the 6s? 'Sy - 5d 6p 3D, transition at wavelength A3
with light from an external cavity laser diode (ECDL) in Littrow config-
uration, Fig 2.10. The advantages of such a scheme are higher efficiency
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Trap assembly
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Figure 2.9.: Mounted trap inside the vacuum chamber. A set of 3 apertures coated
with vacuum compatible paint are fixed on each arm to avoid stray light
from the laser beams. The outer most aperture held inside an arm of the
vacuum chamber by means of three long threaded rods is shown in the
picture.

and the isotope selectivity [76] compared to electron bombardment tech-
nique. In addition to this, benefits like strongly reduced static charging
of dielectrics [77], lower motional heating rates of the ions after loading
due to the suppression of patch potentials [78] is of great advantage.

In order to achieve the wavelength A\j13= 413.3495(3) nm for photoion-
ization we employ a diode laser at wavelength 405nm (DL-5146-101S)
operated at current of ~90mA and temperature of ~110°C, which is
beyond the manufacturer specifications. A part of the beam, before en-
tering the trap is split off using a beam splitter and is coupled into a
wavelength meter (HighFinesse,WS/6-UV) to monitor the wavelength.
The other part is tightly focused at the trap center by a lens of focal
length, f4;3 = 500 mm. This beam is counter propagated with the light
at wavelength A494 and Ags9 through the trap so that overlap of these
beams at the trap center is ensured. The operating temperature of the
diode laser is turned down to 40°C when it is not operational for the
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sake of lifetime of the diode laser.
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Figure 2.10.: Energy level scheme of two-step photoionization of Ba atoms. The first
one couples the ground state with the 5d 6p 3D;. The second photon
excites the electron deeply into the continuum.

2.2.2. Optical frequency comb

An optical frequency comb consists of many continuous wave laser modes,
equidistant in frequency space, which can be used like a ruler to determine
large frequency differences between lasers. We employ a fiber-based fem-
tosecond optical frequency comb (FC1500-250-WG) operated at a mode
spacing of 245 MHz as a very precise frequency reference to the laser
systems. The frequency of each mode is then

VUmp =M X Veomb,reprate + Veomb,of fsets (21)

where m is the mode number, Veomp reprate = Vsyntn/4 + 245 MHz is the
repetition rate of the laser pulses where vy, is the synthesizer frequency
and Veomp,of fset 18 the carrier-envelop offset frequency.

The frequency comb is disciplined by an SRS Rubidium frequency stan-
dard which in turn is locked to an external frequency 1pps GPS signal.
Hence the frequency comb obtains a frequency stability of better than
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107'%2 in 100s. The long term stability of the offset beat and repetition
rate of the frequency comb is show in Fig 2.11.

& a000- (b) o
S 35005 Wt
> E -
O 30005 S .
O  2500F . .
i 2000F o
.'!_) 20MHz 1500; * .-'
j E ~ -
1000F- -
500E ~ K
. .
ST 279 0 1 2 3
(Vcomb,offset- 20’000’000) [HZ]
240005
2 = (c)
C 200005
= L
O  16000F-
O E
12000
8000F-
40005

—04603—04‘002—04‘001 6 0.601 OAO‘OZ 0.603

(v - 250,000,231) [Hz]

comb.rep

Figure 2.11.: (a) Offset beat note displayed on the oscilloscope is shown on the left
side. The offset frequency is locked to 20 MHz. The long term stability
of offset beat (b) and repetition rate (c) of the frequency comb.

2.2.3. lodine-stabilized diode laser

An iodine-stabilized diode laser is used as a secondary frequency reference
for the experiment. The light at wavelength 650 nm is generated from an
ECDL (HL6366DG/67DG) in Littrow configuration operated at a current
of 153mA and temperature of 40.2°C. This laser light has a typical
linewidth of order 2MHz and provides about 30 mW of light for the
experiment. For short-term frequency stability the diode laser frequency
is locked to a transition in molecular iodine (Iy). A narrow line from
the hyperfine structure in the molecule is employed for this purpose by
high resolution saturated absorption spectroscopy of molecular I,. A
detailed explanation of the experimental set up and frequency-modulated
saturated absorption spectroscopy of I, is given in Chapter 3. The dye

39



2. Apparatus and Laser System for Bat Spectroscopy

laser light uses the light from the iodine-stabilized diode laser as the
reference frequency (see Section 2.2.4). In order to achieve long-term
frequency stability a small fraction of the light from the diode laser is split
off and overlapped with light from the frequency comb on a photodiode
which has a nonlinear response to the electric field of the light wave. The
beat note is used for phase locking the diode laser to a particular line in
the spectrum of the optical frequency comb. The absolute frequency of
the diode laser is then

Vdiode = T X Vcomb,reprate +2 X Veomb,of f set + VB, (22)

vp, is the beat note frequency between diode laser and frequency comb.
The stability of this beat note is within £(80 - 90)kHz (see Fig 2.12).
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Figure 2.12.: (a) Beat note signal of iodine stabilized-diode laser with the frequency
comb displayed on an oscilloscope. Example of (b) beat note signal and
(c) the long term stability of this beat note signal which stays within
5 kHz.

2.2.4. Dye laser

The light at wavelength A\g50 = 650 nm is generated by a Coherent CR-
699 ring dye laser (Coherent Inc. Palo Alto, USA) by optically pumping
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the DCM

(4-(dicyanomethylene)-2-methyl-6-(p-dimethylamino styryl)-4H-pyran) dye
dissolved in benzyl-alcohol by a Coherent Verdi-V10 diode pumped solid
state laser. This laser has a linewidth of 500 kHz and delivers output
power in the range 80-100 mW at wavelength of A\g59 with a pump power
of 1.8 W. This light is transported to the laboratory where the ion traps
are located via a 100 m long single mode optical fiber. A part of the light

is split off and coupled to a wavelength meter (WS6 VIS, HighFinesse-
Angstrom) to monitor the wavelength.

The short-term stability of the iodine-stabilized diode laser is to the
dye laser by the method of frequency offset locking. Light from the dye
laser and the iodine-stabilized diode laser are overlapped on a photodiode
(PDS02). This beat note signal is then monitored with a 1 GHz spec-
trum analyzer (HM5510). For a very stable frequency with a slow drift
the beat note frequency is compared with a reference frequency from an
rf-synthesizer using a phase locked loop (PLL) circuit (ADE4007). The
error signal produced by this PPL is fed back to the laser via a PID con-
trol which permits the selection of the desired frequency while stabilizing
the frequency difference. The absolute frequency of the dye laser light is
then

Vdye = Vdiode + V/B2a (23)

where vp, is the beatnote frequency between the light from the diode
laser with light from the dye laser. 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 is shown in Fig 2.13. This dye laser
light at Ags0 is then transported to the Paul trap.

2.2.5. Ti:sapphire laser and frequency doubling

The light at wavelength A9, = 494 nm is generated by second harmonic
generation of light from optically pumped single mode Ti:Sapphire laser
(Coherent MBR-110) by a diode pumped solid state laser (Coherent
Verdi-V10). The power delivered at 7W of output pump power at wave-
length of Ti:Sapphire \gg7; = 987 nm is typically 300 mW. This light has
a linewidth of about 500 kHz. A part of the light is split off using a beam
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Figure 2.13.: (a) Offset beat note signal of dye laser with iodine stabilized-diode laser
displayed on a spectrum analyzer. (b) Example of offset beat note of
dye laser with iodine stabilized-diode laser. (¢) The long term stability
of the beat note.

splitter and is monitored on a wavelength meter. Frequency stabilization
of Ti:Sapphire laser light to better than 100 kHz is achieved by locking
it to the frequency comb (see Fig 2.14). The absolute frequency of this
light at wavelength A\gg7 is then given by

Vggy = M X Veomb,reprate +2x Veomb,of fset + VB, (24)

where vp, is the beatnote frequency between TiSa laser and frequency
comb. The sign of the beat note is verified by modifying the frequency
comb reference. The light at wavelength Agg7 is transported to the lab-
oratory where the ion traps are located via a 100m long single mode
optical fiber. Around 150 mW is coupled into an enhancement linear
cavity. In the focus of the cavity a MgO-doped PPLN crystal (Covesion
MSHG976-0.5-xx) is placed. The crystal is temperature tuned to achieve
quasi phase matching at t=159°C. This produces laser beam at wave-
length A9, with 10mW of power. This light is then transported to the
Paul trap.
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Figure 2.14.: (a) Beat note signal for light at wavelength Agg7; with the frequency
comb displayed on the oscilloscope. Example of (b) a beat note signal
and (c) the long term stability of this beat note signal which is better
than 10 kHz over typical hours.

2.3. Beam diagnostics and manipulation

Before entering the Paul trap the laser light at wavelength \94 is passed
through an Acousto-Optic Modulator (AOM-494) and the laser light at
wavelength Ag5o is passed through a double pass AOM (AOM-650) to
shift the light frequency and for stabilizing the power. The double pass
AOM-650 helps for directional stability.

RF frequency for the AOM-494 is provided by a signal generator HP8657B
for spectroscopy and for the AOM-650 is provided by HP8656B signal
generator. The intensity of this beam depends on the RF power applied
to the AOMs. The first order diffracted beam for light at wavelengths
Asg4 and Agso from the AOM-494 and AOM-650 respectively is coupled to
the trapping set up via a single mode optical fiber. The center frequency
of the RF synthesizer used for spectroscopy for the blue light is given by
Vaon—-494 = 198.9 MHz and that for the red light is given by vion—_es50
= 362 MHz.

Here we describe the manipulation of the timing and detuning of light
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at wavelength A4 and Agso for high resolution spectroscopy. The laser
light intensities, polarization, detuning and the beam profiles are the im-
portant parameters that are controlled and recorded. The determination
of laser frequencies in the trap with the intermediate frequencies involved
are given. The distribution of light to the trapped ions is described.

2.3.1. Timing and detuning control

A high precision measurement requires to have constant intensity of the
laser lights at wavelengths A\s94 and Ags¢ during the spectroscopy. In ad-
dition, efficient trapping of ions involve keeping the temperature of the
ions constant at optimized frequency detunings for cooling. Hence cooling
the ion for long time relative to probing the atomic transition is neces-
sary. This is achieved by using an RF switch (Mini-Circuits ZASW-2-50)
that selects the frequency of the acousto-optic modulators, 40650 be-
tween two frequencies v eso and V4017650 and for vaonr_494 between
Vhorr—a0a a0d V350,404 The frequencies v}y, 400 and v}5a,_ 650 PrObES
the atomic transition while v3,,, 40, and v%5,, 650 CoOls the ion. The
timing between these two frequencies is manipulated by a switching fre-
quency v, which is controlled using a square pulse signal from a function
generator ranging from 1kHz to 300 kHz. The duty cycle for AOM-494
and AOM-650 could be varied between 10% and 90%. The signals are
recorded and sorted in the DAQ for the period of cooling and probing
using a frequency counter. The duty cycle of the counter can be varied to
synchronize with the switching. We observe a time delay, t; between the
gating time period for switching and for counting the frequency, due to
which about 5% of the signal from cooling is leaked into the spectroscopy
signal during the switching (see Fig 2.15). The time period for which the
laser lights are used for spectroscopy is given by Ts and the time period
for which the laser lights are used for cooling is given by T. Therefore,
the switching frequency is given by,
1

Vs = Ts+T0) (2.5)

Manipulating the frequency of the light at wavelength Ag5o is done by
simultaneously scanning the frequency vj and the frequency 3¢y, _gs0
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Figure 2.15.: The timing control of laser light frequencies for cooling and for spec-
troscopy of trapped ions. Duty cycle is set for switching the frequencies
for spectroscopy and for cooling the trapped ions. V%O M represents
the frequency of light optimized for probing the atomic transition and
vhioar represents the frequency of light optimized for cooling. There is
a time delay t4 between the time period for spectroscopy Tg and the
time period for cooling T¢.

with a Voltage Controlled Oscillator (VCO) such that the frequency of
light at wavelength Ag5 is kept constant.

Manipulating the frequency of light at wavelength A\494 is done by
controlling the frequency 135, 44 by an additional signal generator
HP8644A. The center frequency of this synthesizer is varied, such that
V2 oar—a04 15 Optimized at a frequency detuning resulting in a constant
cooling and v}y, 40, 1S optimized at a different detuning where the
atomic transition is probed simultaneously.

Laser light frequencies in the trap

After the frequency stabilization and power stabilization, the frequency
of the light in the trap at wavelengths 494 and Ag59, denoted by v and
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vy respectively are given by,

V= 2 % (Vcomb,offset + my X Veomb,rep + VBl) + VAoM—494 (26)

/
Vo = Veomb,of fset + mo X Veomb,rep + VB, + VB, +2 X VAOM—-650 (27)

2.3.2. Delivery of laser beam to the trap

The light at wavelengths Ag59 and A494 is brought to the experimental
table via a single mode optical fiber ( Thorlabs, 460HP, 10-C0157-10-
3D-12). The beam after passing through a set of achromatic lens with
focal length, f; = —20mm and f; = 300 mm, is steered using mirrors to
direct it to the trap and to focus it at the trap center.

Two wavelength selective quarter wave plates are fixed back to back on
two separate rotational mounts on the beam path before the beam enters
the trap. This is done in order to manipulate the polarization of the two
beams independently by an appropriate choice of the two rotation angles.

The laser light at wavelengths Ay94 and Ag59 before entering the trap is
split off using a beam splitter as shown in Fig. 2.17. It is imaged on a
CCD camera (Thorlabs, DCU223M) which has a pixel size of 4.65 pm x
4.65pm. The distance between the beam splitter and the sensor of the
camera is equal to the distance between the beam splitter and the center
of the trap. This makes it possible to estimate the beam properties at the
position of the ion. Fig. 2.16 shows the CCD image of the laser beam at
wavelengths Ag94 and Ag50. The beams after going through the trap are
split off using a beam splitter to two photo diodes with the appropriate
filters for light at wavelengths A494 and Ag50 in order to monitor the power.

The laser light at wavelength A494 has a beam diameter, dsg3,m =
55(2) pm and the one at the wavelength Agso has a beam diameter, dgsonm
= 80(2) pm. We observe that the red and the blue beams do not overlap
with each other perfectly because of the imperfections in the manufac-
turing of the commercial lenses and fiber couplers. Due to this the ion
signal is very sensitive to the overlap of beams with the ion. A movement
of the laser beam by less than a beam diameter imaged on the camera
caused the signal to drop by a factor of 2.
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Figure 2.16.: Overlap of laser beams at wavelengths Aj94 and Agso at the trap cen-
ter imaged on CCD camera. The blue beam has a beam diameter of
d493nm=505(2) pm and red beam has dgsonm,m=80(2) pm. The blue circle
and red circle roughly sketch the position of the beams.
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Figure 2.17.: Setup for monitoring the position of the beam on the CCD cam-
era(Thorlabs, DCU223M). L1 and L2: Lenses for focusing the beam
at the trap cente; L1 =—20mm and L2 = 300 mm. (A\/4); and (A\/4)a:
quarter wave plates for controlling the polarization of the beams. M1
and M2: Mirrors to steer the beam to the trap center, M3: Mirror to
steer the beam to a beam splitter, BS1: Beam-splitter to split off the
beam going to the trap, BS2: Beam-splitter to split off the beam to im-
age on the CCD and to a photo diode PD; to measure the power of the
beams on the incoming side, BS3: beam splitter to split the beams on
the outgoing side to photo diodes PDy and PD3 to monitor the power
of the light at wavelengths A494 and Ag59 respectively. Monitoring the
beam in this way makes it possible to characterize the beam properties
at the position of the ion.
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2.4. Detection System

A Photo Multiplier Tube (PMT) and an Electron Multiplying Charge
Coupled Device (EMCCD) are used for the detection of fluorescence from
the trapped ions. The PMT provides for the temporal resolution and the
EMCCD provides for the spatial resolution. The position of the detectors
with respect to the vacuum chamber is shown in Fig 2.8.

2.4.1. Photo Multiplier Tube

A PMT (Hamamatsu H11123) is used for a high sensitivity photon count-
ing in our experiment. The fluorescence from the ions is collected initially
by a 40 mm best form lens mounted on the Cu base plate inside the vac-
uum chamber (see Fig 2.8) and this is then collimated on the PMT. The
detection efficiency of the PMT is determined by the individual trans-
mission of the different optical elements making up the PMT system, the
solid angle for light collection and the quantum efficiency of the PMT.
This is given by,

€= QE x () x Twindows X Toptics X Tapertures X Tfilters- (28)

where QE is the quantum efficiency of the PMT which is about 0.1, Q2
is the solid angle subtended = 0.05sr, Tyindows; Lopticss Lapertures and
T firrers Tepresents transmission through windows, optics, apertures and
filters. An overall detection efficiency of 107¢ for the PMT system is
estimated considering these parameters. The scattering rate of a single
cooled Ba™ ion is about 108 photons/s, and hence the signal of a few times
102 cnts/s is obtained (see Fig 2.18). which is comparable to the typical
dark count rate of the PMT at room temperature. This count rate can
be further reduced by cooling the cathode of the PMT with a Peltier
element. Therefore, the operating temperature of the PMT cathode is
set to Tpyr=13°C where we have in our laboratory the dew point. The
dark count rate is then reduced to 60s™! in our new "trap 2” setup. The
PMT signal is read out with a time resolution of 100 ms.
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Figure 2.18.: PMT count rate from the trapped Ba™ ions. Rate of photons scattered
per ion could be determined from such a step on the PMT counter when
an ion is lost from the trap (approximately 400 counts/s in this case).
The background count rate is due to the scattering of laser light inside
the vacuum chamber.

2.4.2. EMCCD

The trapped ions are imaged on an EMCCD (Andor iXon Ultra) camera
with 512 x 512 pixels. This camera has an internal cooling system to
reduce image noise. For each image the electron multiplying gain, the
binning, the exposure time, frame rate etc. can be selected. The sharp-
ness of the image is adjusted by moving a lens in the camera assembly
along the axis of the trap. The image on the EMCCD is used to monitor
the movement of the ions due to stray electric fields inside the trap so
that active compensation can be done.

2.5. Magnetic field calibration
A defined magnetic field of the order of 80 uT removes the degeneracy

of the Zeeman sublevels by sufficiently splitting them [79]. A pair of 3
Helmholtz coil each is fixed on all three axis the vacuum chamber so that
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the magnetic field at the center of the trap is canceled and a homogeneous
static magnetic filed is applied. The axis in which the laser beams are
transmitted through the trap is defined as y-axis, the axis in which the
detectors are placed is defined as x-axis and the axis perpendicular to
these is defined as z-axis as indicated in Fig 2.19. This field defines the
quantization axis. The magnetic filed at the center of the chamber, where
the trap sits is measured using a Gauss meter (Model VGM, AlphaLab
Inc.) and it is calibrated for the three axises as B,= 0.72(5) G/A, B,=
0.71(6) G/A and B,= 2.12(2) G/A (see Fig 2.20).

AN
7

Laser beams

Detectors

Figure 2.19.: The defined axis for the set of 3 pairs of Helmholtz coils. The y- axis
is the axis of the laser beams through the trap, the x-axis is the axis in
which the detectors are placed with respect to the vacuum chamber and
the z-axis is the vertical axis perpendicular to the other two axes.
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Figure 2.20.: The total magnitude of the magnetic field measured at the center of the
vacuum chamber where the trap is placed for currents applied to the
Helmhotz coils in the x, y and z direction. The total magnetic field at
the center is zero at currents of I, = 0.24(2)A, I, = 0.005(1)A and I, =
0.14(1)A in the z, y and z direction, respectively.
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2.6. Section summary

A new hyperbolic Paul trap (trap 2) with some factor of 2 smaller dimen-
sions has been set up to trap Ba™ ions in an ultra high vacuum chamber
at residual gas pressure of <10~ mbar. The RF circuit required to gen-
erate the trapping field is explained. Calibrating the auxiliary electrodes
permits to apply the sufficient high voltages to compensate for the stray
electric fields inside the trap which displaces the ion from the trap cen-
ter. The laser systems required for the production of Ba't ions and for
laser cooling including the set up for frequency stabilization is given. Set
up for manipulating and recording the essential parameters such as laser
light polarization, intensity, detuning, beam profile etc are implemented.
Optical detection scheme for the trapped ions are set up using a PMT
for time resolution and an EMCCD for spatial resolution.

53



3. Line Shape of Molecular lodine in
Frequency Modulation
Spectroscopy

Frequency modulation (FM) spectroscopy is often employed in order to
create a dispersive line shape for precision frequency determination and
for frequency locking of lasers. Hyperfine transitions in molecular '*7I,
are widely employed as reliable frequency reference for laser stabilization
in wavelength range of 500 nm - 900 nm [80]. The R(25)(6-5) transition in
molecular I is less than 485 MHz above the 6p?Py /5 — 5d?Dss transition
in Ba™ [81]. A narrow line from this spectrum is employed to stabilize the
frequency of the light at wavelength 649.86 nm from a grating stabilized
diode laser.

The line shape of signals from frequency modulated saturated absorp-
tion spectroscopy of hyperfine transitions in 271, is affected by external
parameters on the signal. The line shape obtained by FM spectroscopy
are dispersive, i.e. with a zero-crossing at resonance. This shape is ideal
as a reference point for the laser for frequency stabilization. However, the
zero crossing is only at the center of the resonance line, if the line shape
is symmetric around the line center. This symmetry can be broken in
the experimental realization due to asymmetries in the modulation pat-
tern. Such may arise from nonlinearities in the modulation amplitude
and higher harmonic functions contained in the modulation frequency.
Measuring the full line shape and analyzing it are relevant to estimate
density shift, density broadening and hyperfine splitting. This requires
the incorporation of all parameters in an experiment that can affect the
line shape into the description of it. The derived line shape provides
consistent results for line center, density broadening and density shift of
spectral lines to 107! relative accuracy. Residual amplitude modulation,
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which is inherent in modulation spectroscopy induces shifts of the zero
crossing of the dispersive line shape.

3.1. Experimental Setup

A Doppler-free saturation absorption spectroscopy is achieved with counter-
propagating beams passed through I, vapor cell which is placed inside
a temperature controlled oven, Fig. 3.1. The vapor cell has a diame-
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bAQ 7] Amplifier 1 orderl
[ - i fmod P VCOf = == == = = == 1 Al

Isolator

Temperature
Controller

Frequency
comb
1
Rb Clock
Aviv=10"12

BS I, Oven Balanced

Photodetector

Light stabilized at
frequency fpioge =H —————

Figure 3.1.: Schematics of optical setup for the saturation absorption spectroscopy
in molecular Is. The gray frame indicates how the frequency stability is
realized for the diode laser. Black dotted lines indicate the electric path
and red lines indicate the optical path. BS: Beam Splitter, VCO: Voltage
Controlled Oscillator, PBS: Polarizing Beam Splitter, L: Lens, WP: Wave
Plate, PID: electronics servo loop

mmmmmmoommmeo oo

ter of 12cm and a length of 70 cm. The cell temperature is maintained
at 63°C but is designed and fabricated for reaching temperatures up to
600°C [82]. This particular Iy cell was employed for absolute frequency
calibration in a measurement of the two-photon 1S-2S transition in muo-
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nium [18]. The vapor pressure of the molecular I in the cell can be
controlled by the temperature of a cold finger outside of the oven. The
transmitted strong beam (pump beam) is directed through a polarizing
beam splitter (PBS1) for double passing through an Acoustic-Optical
Modulator (AOM). This AOM which is driven by an RF power ampli-
fier (ZHL-1-2W) provides the frequency modulation for the pump beam.
This creates different orders of diffraction. The separation between the
zero order and the first order beam is 15 mrad. The zero order beam is
blocked with an iris diaphragm and the first order is used as the mod-
ulation frequency. The polarizing beam splitter cube (PBS2) is used to
superpose the pump and probe beams. The double pass AOM helps to
improve optical isolation, intensity noise suppression and fast frequency
modulation. The frequency modulation is provided by a Voltage con-
trolled oscillator (ZOS-100+, 12V) operated at the center frequency,
fmoa = 73MHz while maintaining pointing stability. This is attained
by applying a voltage of certain amplitude between 100-800 mV and an
offset voltage of 3.7V using a waveform generator (HP 3314A). The typ-
ical modulation frequency and modulation depth which can be as large
as 6 MHz are further controlled by this waveform generator.

The demodulated first derivative signal of the Lorentzian absorption
signal is obtained with a 1- 100 kHz lock-in amplifier (Scitech, 420 dual
phase lock-in amplifier). The main achievement of lock-in detection is
that it filters a small-amplitude signal from a seemingly overwhelming
amount of noise [81]. We make advantage that the output of the lock-
in detector is proportional to the derivative of the absorption signal.
The line shape of first harmonic, second harmonic and third harmonic
of the modulation frequency is shown in Fig. 3.2. The first harmonic
output signal generated by lock-in detection has a higher signal to noise
ratio than the second or third harmonic. However the slope at the zero-
crossing is less steep. The signal is hence less sensitive to a frequency
change. Also, since the response of the lock-in detector is dispersive, it
can be used for stabilizing the frequency modulated laser. The steep
slope around the zero-crossing is a property of the lock-in response that
can be used for stabilizing the laser frequency. The low noise balanced
photo-detector signal together with the modulated signal are fed to the
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lock-in amplifier. The frequency of the diode laser at 650 nm is stabilized
by phase locking it to a frequency comb which transfers the stability of
the GPS disciplined Rb clock of 10712 optical range.

3.2. Doppler-free saturated absorption spectroscopy

The resolved Doppler free frequency modulated hyperfine spectrum of
the transition in iodine is predicted by the Iodine Spec program based
on model descriptions of the hyperfine and rovibronic structures [83].
The saturated absorption spectrum of R(25)(6-5) transition of '*7Iy at
649.86 nm after demodulation is shown in Fig. 3.3. The spectroscopy is
carried out by scanning the laser frequency, Vgi.q. (see Eq. 2.2)by chang-
ing the reference frequency of the frequency comb in discrete steps for
acquisition times of 100 ms per data point. The spectra is recorded
by changing Veom rep it steps of 0.25 Hz yielding a frequency step size of
0.461 312 MHz on the laser frequency. In the spectrum, some weak lines
are visible under the strong ones which are not listed in the Iodine spec
program. Also, the program assumes a constant line width, and hence
generates the hyperfine lines which look different in amplitude to those
observed during the spectroscopy.

The first three hyperfine lines are selected for recording and further
analysis since those are well separated from the rest and hence less per-
turbed by the neighboring lines.

3.3. Vapor Pressure dependence

The change in vapor pressure, which is essentially achieved by changing
the cold finger temperature affects the I, hyperfine lines. A careful study
is required to quantify this. The vapor pressure not only affects the
amplitude, but also the line width and center frequency of the signal.
A large uncertainty arises from the determination of the vapor pressure
by changing the cold finger temperature because it takes approximately
30min for the temperature to settle to the set value. The iodine vapor
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Figure 3.2.: (a) The first harmonic, (b) second harmonic and (c) the third harmonic of
the modulation frequency of Lorentzian absorption signal from the out-
put of lock-in amplifier(Scitech, 420 dual phase lock-in amplifier). They
correspond to the 1%, 27¢ and 37? derivative of the signal with respect
to the frequency. The first and second harmonics signals have a modula-
tion depth of 2.64 MHz and the third harmonic signal has a modulation
depth of 3.3 MHz. The first harmonic of the absorption signal is used for
spectroscopy and for laser stabilization.
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Figure 3.3.: Observed hyperfine spectrum of the R(25)(6-5) transition in molecular
Is. The nomenclature of the lines are indicated from a; to ag; . For
experimental purpose where I is used as a secondary standard, the zero
crossing of line a3 is used as reference for absolute frequency calibration.

pressure is calculated by the empirical formula [84],

—3512.830
T

where P is the iodine vapor pressure in Pascal and T is the cold finger
temperature in Kelvin.

To determine the density of Iy inside, the single pass absorption for
different vapor pressures are measured which is shown in Fig. 3.4. The
measured data agree very well with the empirical formula Eqn. 3.1, up
to a temperature of approximately 30°C. At this temperature the vapor
pressure has reached approximately 82 Pa and all iodine in the cell is in
the gas phase. We compare the measured points to the calculated value
in order to find the pressure at higher temperatures and correct for it
in the following measurements. In order to study the effect of pressure
shift and pressure broadening the cold finger temperature is varied from

log(P) = —2.013 - log(T) + 18.37971, (3.1)
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the least temperature we could attain, that is, 0.7°C to 40°C and the
spectra is recorded.
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Figure 3.4.: Single pass absorption of resonant light passing through the iodine cell.
This agrees well up to 30°C with the calculated vapor pressure depen-
dence as function of the cell’s cold finger temperature. At higher temper-
ature all iodine inside the cell is in vapor phase and hence density remains
constant.

3.4. The fit function

The hyperfine transition lines a;, as, ag are used for the analysis. A fit
function is formulated with offset signal, the slope of the background, am-
plitude modulation, modulation depth, line center frequencies, Lorentzian
width and amplitudes of the three lines as the fit parameters. These are
the characteristics of the signal. Fig. 3.5 shows how the signal varies
with different modulation depths. The fit function used for the analysis
is given by,

S(f) = /me Z V(f + dsin(wpt))sin(nw,t + ¢)dt (3.2)
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where V' is a Voigt profile [85], which is a convolution of a Gaussian
and a Lorentzian profile describing the line shape, w,, is the modulation
frequency, ¢ is the modulation depth | n is the order of the derivative
and ¢ is the phase. We see a clear indication of amplitude modulation
up to 1% on the lines after fitting them to this function.
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Figure 3.5.: The red line is a fit to the experimental data recorded with a modulation
depth of 3.96 MHz and the blue line is a fit to the experimental data
recorded with a modulation depth of 1.32 MHz. The integration time per
point is 100 ms. The error bars represent rms values of the lock-in signal.
The offset voltage of the lock-in detector is measured independently from
off-resonant parts of the spectra.

3.5. Pressure shift and pressure broadening

Increasing the vapor pressure changes the center frequency and the line
width of transitions because of the increase in collision rate of the molecules
in the cell. The pressure shift of three hyperfine lines in molecular iodine
as a function of vapor pressure is plotted in Fig. 3.6. By fitting a line, and
extrapolating the data, the center frequency at zero vapor pressure could
be determined for the three lines a;, a; and az. We do not observe any
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differences in the slopes of these three lines. The uncertainty is caused
mainly due to the uncertainty in the vapor pressure in the iodine cell,
which is approximately 1Pa/K. From the slope of the fit, the shift in
center frequency is determined to be about 10kHzPa~!. The absolute
line center frequencies extracted to an accuracy of 107! and pressure
shift extrapolated to zero vapor pressure of the three components (a;, as
and ag) are tabulated in Table 3.1.

Table 3.1.: Center frequencies extrapolated to zero vapor pressure and pressure shift
of a;, ag and ag lines.

I, line  Center frequency(MHz) Pressure shift(MHz/Pa)

a1 461312279.9330(5) —0.0105(3)
ap 461312315.1104(5) ~0.0102(3)
as 461312346.9020(6) —0.0101(1)

Hyperfine splitting between the lines is also determined which shows
a consistent result, Fig. 3.7. A linear fit of the data points shows great
linearity, proving that all three lines shift equally with change in vapor
pressure. This makes molecular iodine a stable and reliable frequency
standard. The hyperfine structure splitting is extracted in Table 3.2.

Table 3.2.: Hyperfine structure splitting of I lines extrapolated to zero vapor pressure
and the shift in the splitting with respect to change in vapor pressure.

Hyperfine Splitting Frequency(MHz) Af/A P(MHz/Pa)

as - ar 35.1884(6) 1.980(2)
as - a 66.9309(6) 2.622(2)
as - ag 31.7957(5) 1.358(2)

Similar to the center frequency, the line width of a transition also de-
pends on the vapor pressure in the iodine cell. In Fig. 3.8, we see the
relation between vapor pressure and the extracted Lorentzian width of
the three hyperfine transitions in molecular iodine. Similarity in the
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Figure 3.6.:
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Relative shifts of the center for the lines a;, as and ag as function of vapor
pressure. The zero point of the frequency shift has been found by extrapo-
lating to zero vapor pressure. We find for the center frequencies fa;(P) =
fag(P)—0.0105(3) MHz/Pa, fas(P) = fao(P)—0.0102(3) MHz/Pa and
fas(P) = fao(P)—0.0101(1) MHz/Pa, wherefag is the center frequency
at zero vapor pressure .
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Figure 3.7.: Hyperfine splitting between lines ap and a; (red triangle data points)
and between lines ag and a; (blue square data points) extrapolated to
zero vapor pressure. A linear fit of the data points makes it evident the
splitting shifts in a similar way with change in vapor pressure.

slopes of the fitted linear line indicates that all three lines broadens in
the same way to about 60kHzPa~!. At high temperature it becomes
difficult to estimate it accurately since the lines broadens in such a way
that it perturbs the neighboring line and affects the fit procedure. The
line widths and pressure broadening, extrapolated to zero vapor pressure
are summarized for each components, a; , ap and ag, in Table 3.3.
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Figure 3.8.: Pressure broadening of the I, saturated absorption lines a;, as and as.
The data points were extracted from data fitted with the line shape model
(section 3.4). The linewidths extrapolated to zero vapor pressure, for a;
is 5.564(3) MHz, for as is 5.101(3) MHz and for as is 6.198(3) MHz
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Table 3.3.: Line widths and pressure broadening of a; , as and as.

I line  Line width(MHz) Pressure broadening (MHz/Pa)

a1 5.564(3) 0.059(9)
as 5.101(3) 0.060(6)
as 6.198(3) 0.060(7)

3.6. Clock comparison

Frequency modulated saturated absorption spectroscopy in I, was per-
formed three months apart with two independent Rubidium(Rb) (FS
725) clocks as frequency reference. The parameters which affect the line
shape of the signal such as modulation frequency, modulation depth,
temperature of the cold finger were fixed to the same values for both the
measurements. A shift of 27(5) kHz Pa™! in the line center with an accu-
racy of 5 x107'! was observed due to change in the Rb clock (Fig. 3.9).
It appeared that one of the Rb clock was broken. Although it was GPS
time disciplined [86] it had a timing offset which disappeared after the
repair. Such equipment failure is important to monitor constantly in
order to be able to detect potential systematic offsets.
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Figure 3.9.: The I signal recorded with two independent Rubidium clocks three
months apart. Both the measurements were carried out with a modu-
lation depth of 400 mV, modulation frequency of 14.43 kHz, iodine cell
temperature at 40°C and cold finger temperature of the cell at 15°C.
The blue line indicates the residual electronic offset.

3.7. Section summary

Understanding the line shape is crucial in precision measurements to
comprehend the effects of external parameters. The effects of the vapor
pressure in the iodine cell on the line shape of transition lines in the
spectrum have been investigated. A spectrum measured at low vapor
pressures, i.e. below 10Pa, provides the best signal-to-noise ratio for
the determination of absolute frequencies due to minimized broadening
and shift. The uncertainty in temperature of the cold finger gives the
uncertainty in the vapor pressure which is about 1Pa/K. The center
frequencies of the lines in molecular iodine are shifted approximately by
10kHz Pa~—!. The center frequency of the lines of about 6 MHz natural
linewidth can be determined with an accuracy of 10~ after correction of
the pressure shift. In addition, the line width of the lines is increased by
approximately 60kHzPa~!. Measured results are consistent, as can be
seen from the fact that the three hyperfine lines behave similarly. This
means that molecular iodine is a reliable spectral reference. Also, we have
a better defined lock point on narrow, single line which is well separated
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from other I, lines. Another conclusion that can be taken from the fact
that measured results are consistent, is that the fit function is valid over a
large range of experimental parameters, including vapor pressure. Resid-
ual amplitude modulation up to 1% on the lines induces shifts of the zero
crossing of the dispersive line shape. The results described in this section
are indispensable for an unbiased analysis of the experimental spectro-
scopic data in the subsequent sections and a parity violation experiment.
Without adequate data treatment a parity violation experiment will be
hampered in its results.
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4. Line Shape in Ba® A- System
6s-6p-5d*

Comprehension of optical line shape is essential for applications based on
high precision spectroscopy. A model based on optical Bloch equations
(OBE) is implemented employing an optical frequency comb and tran-
sition frequencies in a single trapped **Ba* ion stored in ’'trap-1’ are
determined. This is an essential ingredient to determine Atomic Parity
Violation in single Ba™ [46, 47] and Ra™ [36, 87] ion.

The sensitivity of the line shape due to various parameters are sum-
marized and results are recapitulated following from the paper [81].

4.1. Optical line shape model

Transition between three of the lowest fine structure levels in Ba™ form a
A-configuration. When the two laser fields driving the transitions 6s 2S; /2
- 6p?P1/> (at wavelength Ags) and 5d2Djjs - 6p 2Py (at wavelength
A¢s0) are detuned by the same amount from their respective atomic res-
onances a coherent coupling between the 6s2S; /5 and 5d?Ds/o levels is
observed, a phenomena known as Raman resonance. Under these condi-
tions, a two-photon process reduces the population of the 6p 2Py o level
[88]. The dynamics of the population of the *Py/; level is described by
OBE [89, 90, 91].

By solving the Liouville (optical Bloch) equation, which are the equa-
tions of motion for the elements of the density matrix, the Doppler- free
spectrum of Ba™ ion can be calculated for a three-level system as follows,

#We summarize here the main contents of the paper where it distinguishes itself from the treat-
ment in Chapter 5 of this thesis. The main contents of this chapter is also published under E. A.
Dijck et al. [81], where also additional material is provided.
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d

P %[Ha pl + R(p) (4.1)

where H is the Hamiltonian describing the interaction of the ion with
two laser fields and R(p) is the damping matrix modeling relaxation and
decoherence phenomena.

H contains the detunings A; and A, of the two laser frequencies and the
corresponding Rabi frequencies €2y and €2y depending on the amplitude
of the lasers F; and E.

R(p) comprises of the spontancous decay of the 6p *Py 2 level and the
decoherence effect due to finite laser linewidths. The matrix elements
involve I'y and I'y which are the partial decay rates of the transitions
6p ?P1 /265251 /2 and 6p Py 2-5d *Ds/e [92, 93] such that the total decay
rate '=I";+I"y with associated decoherence rate v = I'/2 and ~. which is
the laser linewidth. These matrices together with the three- level scheme
of Ba™ is shown in Fig. 4.1.

I*P,),)
L - I, A Q0
AI_—A H=h|Q 0 O
\ 2 0 Q5 A,
Q
Q, N

\ +171 pag P12 P13
D R(p) = par —Lpa P23
3/2) P31 P32 +19pao
2S1/2)

Figure 4.1.: Low-lying energy levels of the Ba™t ion. H is the Hamiltonian and R(p)
is the damping matrix in the Liouville equation. H includes the laser
detunings A; and As and the corresponding Rabi frequencies €; and
0. R(p) includes the relaxation rate I', decoherence rate v and the laser
linewidth ~,.

70



4. Line Shape in Bat A- System 6s-6p-5d*
4.2. Eight-level Bloch equation

The degeneracy of the magnetic sublevels is broken by applying a mag-
netic field of 170 uT. The atomic sub-levels of Ba™ is then represented
by Fig. 4.2.

+3/2
+1/2
—-1/2

.- |5 ~3/2
-~ 2051.8 nm

2) :+1/ 2)4-
-----A 65251/2
1) —1/2
Figure 4.2.: The relevant energy levels along with their m;; states and the transition
wavelengths in 3¥Bat.

A1 = 493.5 nm

5d 2D3/2

The Doppler- free spectrum of Ba't ion is then calculated by solving
the Liouville equation for the eight-level system given by,

d ?

7P =7 Z(Hikpkj — piHy;) + Rij(p), (4.2)
K

where the Hamiltonian H is given by 8 X8 matrix as

Ai—wp 0 —F 0 0 0 0 0
0 Aitws 0 Z5 0 0 0 0
*%Ql 20 7%0.)3 10 ﬁQQ %QQ 72\/%92 Z0
Hp=| 0 w0 ooaws 0 g G
0 0 -5 0 Ao—fws O 0 0
0 0 T2 -2 0 A—Zfwp 0 0
0 0 T 5 0 0 As+2wp O
0 0 0 5 0 0 0  Ar+fws
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where wp = pp|B|/h is the Larmor frequency in a magnetic field B. The
corresponding Rabi frequencies are given by

Ql = %El <63251/2||6T||6p2pl/2>,
1 (4.3)
QQ = ﬁE2<6p2P1/2||€7’||5d2D3/2>.
this is when the light at wavelength A494 is linearly polarized, parallel
to ]§z and the light at wavelength Ag5o is circularly polarized.
The detuning parameters A; and A, are,

A1 = V1 — V(6528 ,—5d2Dy ) — V(5d2Dy 5 —6p2P, 1) (4.4)
Ay =1 — V(5d2D3/5—6p2 Py 3)

where 14 and vy are the laser frequencies (see Equations 2.6 and 2.7),

+
V(6528, j3—5d2Ds )1 V(5d2 D5 /5—6p 2Py 3) and V(5d2Ds55—6p 2P, j3) 1€ the Ba™ tran-
sition frequencies.
The total 8x8 relaxation matrix R(p) is given by,
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where ['y= 14.7 MHz and I'y=5.4 MHz, The linewidths of the two lasers
are both taken to be equal to v, and v = y+;.

The OBE is solved numerically to determine the steady state solution
for the density matrix p. The population in the 6p 2Py, state is repre-
sented by the sum of the matrix elements (p33-+p44). This is proportional
to the fluorescence rate at wavelength A\s94 that is observed in the exper-
iment.

4.3. Experimental determination and frequency
stabilization

The schematics of the trap setup (trap 1) and the optical detection
method used for the measurement is shown in Fig. 4.3. Both light fields
are taken to propagate along the —y direction and the magnetic field B

defines the z direction.
Trap \' EMCCD
:C@ :
Z ‘/;‘f yv
z

Figure 4.3.: Schematics of the Paul trap used for trapping '*®Bat ions. The inner
diameter of the ring is 5mm. Optical detection of the florescence from
the ions are done by a PMT and an EMCCD camera. Both light fields

propagate along the -y direction.

Laser
beams

PMT

The scheme to transfer the Av/v = 107 frequency stability of the
frequency comb to light at wavelengths Ay94 and Ag5o are shown in Fig 4.4.
The important parameters required for a measurement is tabulated in
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Table 4.1. The settings relevant to the laser frequencies are tabulated in
Table 4.2.

| Rb
Grs ClQCk Lock
i v

Ti:sapph Aagq
?,Q 4’@* lasgrp ‘ SHG | ‘AOM—l}—’
&) Bl
= & ,
o Q B
$° o2 | Diode | 22 | Dye A
= iode ye ||} 650
P laser laser AOM-2

A
1o cell i Lock

Figure 4.4.: Scheme to transfer the Av/v = 107! frequency stability of the frequency
comb to light at wavelengths A494 and Ag59. The implementation of the
different laser light sources, frequency stabilization, timing and detuning
controls of the laser lights are explained in the respective sections as
indicated.

Table 4.1.: Important parameters for the experimental determination. wq is the beam

waist.
Parameters Value
Wo 60 pm
Vs 53.6 kHz
te 0.80
ts 0.20
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Table 4.2.: Intermediate frequencies to determine the laser frequencies in the trap (see
also Fig 2.17) according to Eqns. 2.6 and 2.7. During measurements the
repetition rate of the comb Veomp,rep has been varied in order to change

V.

Frequency Value
Veombrep 250000 233.5 Hz
Vcomb,offset —40000 000.0 Hz
For light at wavelength A494:

my (mode number) 1214851
Vg, 29.01(1) MHz
VAOM-1 198.90 MHz
For light at wavelength Ags0:

ms (mode number) 1845248
VB, —27.33(1) MHz
- —[1116.8(1)-1274.2(1)] MHz
vaoM-2 (double pass) 348.00 MHz

4.4. Results for transition frequencies in 13¥Ba™

Spectra are recorded for different magnetic field settings, laser intensities,
and laser polarization by scanning across the 5d 2Ds /2-6p ’p, /2 Tesonance.
The line shape calculated numerically by solving the eight-level optical
Bloch equations is fitted to each individual spectrum. The atomic tran-
sition frequencies are determined by estimating and confirming the pa-
rameters of the Bloch equations describing the system. This is required,
because these parameters cannot be found in a fitting procedure.

4.4.1. Line shape as a function of detuning

In Fig 4.5 spectra recorded with constant laser intensities and different
detunings A; varied in steps of 12 MHz are displayed. The red solid
lines correspond to the fitting of OBE to the data. We observe here a
substantial change in the shape of the resonances. Nevertheless they are
described well by OBE fits.
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Figure 4.5.: Spectra of the 5d 2D3/276p 2P1/2 transition in a single Ba™ ion recorded
for different detunings A; varied in steps of 12 MHz. Note that the
baselines are shifted to show the spectra. The intensities of the light
fields are kept constant. Solid lines correspond to the result of fitting the
OBE to the data.

4.4.2. Line shape as a function of intensity

In Fig 4.6 a set of four spectra recorded with different intensities of the
light at wavelength Ags50, corresponding to different Rabi frequencies €5 is
given. The intensity ranged from 0.3 to 4 times the saturation intensity
of the 5d D3 /,—6p P12 transition. The frequency vy is kept constant
during these measurements. The prominent feature in the spectra is a
dip in the fluorescence caused by the two-photon process at A;=A, ap-
pearing at A; ~ Ay, ~0MHz . The polarizations of the two laser fields
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determine which coherences cause a fluorescence dip. For the measure-
ments presented here the dominant contributions are from coherences
|1) (5] and |2)(8| (see Fig 4.2). In this case, the magnetic field magnitude
is too small to resolve the two individual components here.

500 T T T T T T T T
© 400 3 1
c
S
2300 1
o
5
3200 -
(&)
=
o 100 B T
0 1 1 1 1 1 1 1

830 840 850 860 870 880 890 900 910 920
v, - 461311000 (MHz)

Figure 4.6.: Spectra of the 5d 2D3,/5-6p *P o transition in a single Ba™ ion recorded
for different light frequencies {29, ranging from 0.3 to 4 times the satu-
ration intensity. Frequency v is kept constant with A; ~ 0. Solid lines
correspond to the result of fitting the OBE to the data. The width of the
spectra shows power broadening.

4.4.3. Line shape as a function of polarization

An example of spectrum is displayed in Fig. 4.7 where both the light at
wavelength Ago4 and Agsg is about 85% linearly polarized under an angle
of 75° to a magnetic field of 600 pT. In this more complex polarization
state, multiple dips in the fluorescence appear. The outermost features
are due to coherences |1)(8] and |2)(5]. The frequency difference between
these outer dips can be employed as a calibration of the magnetic field
strength (wp).
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Figure 4.7.: Spectra of the 5d 2D3/276p 2P1/2 transition in a single Ba™ ion. Both
light fields are linearly polarised at an angle of 75° to the magnetic field
direction, with about 15 % admixture of circularly polarised light. The
solid line corresponds to the fit of the adjusted OBE, taking into ac-
count the polarisation of the laser light. Detuning A; & 0 results in the
symmetric line shape.

4.4.4. Transition frequencies

The atomic transition frequency is determined by extrapolating the fitted
value to zero laser intensity (see Fig 4.8). Intensity-dependent light shift
effects are included in the OBE and will drop out in the fitting procedure.
However, a small mismatch in polarization or magnetic field orientation
between model and experiment can modify a transition amplitude com-
ponent resulting in a mismatch in the light shift.

The weighted average of the 5d?Ds/p—6p?P1/2 and 6s2S;/2-5d *Ds s
transition frequencies as well as their sum, the 6s?S; ,—6p Py > transition
frequency in *®*Ba™, are given in Table 4.3. The results presented here
are limited by statistics and the stability of the laser system.
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Figure 4.8.: Extracted transition frequency v(5q:2p, J2—6p2P, ) A8 function of laser in-
tensity Q3 (given in terms of saturation intensity €3 .,;) for A; ~ 0.
The data shown include those from the spectra in Fig. 4.6. An intensity-
dependent shift can be seen, which is attributed to a small mismatch
between model and experiment in magnetic field direction. The solid line
corresponds to a linear extrapolation to zero laser light intensity, with 1o
confidence bounds indicated.

Table 4.3.: Transition Frequencies of the 5d 2Dg/TGp 2P1/2 and 6s 281/275d 2D3/2
transitions in Ba®. Their sum yields the frequency of the 6s2S; /26D 2P, /2

transition.

Transition Frequency (MHz) Relative uncertainty
V(5d2Dy,s 6p2Py,) 461 311 878.5(1) 2x10710

V(6s28, /552Dy ) 146 114 384.0(1) 6x10~10
V(6s2S, )5 6p2Py ) 007 426 262.5(2) 3x10710
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4.5. Section summary

The optical line shape is described by an eight-level optical Bloch model.
Spectra have been recorded by trapping a single *®Ba™ ion and vary-
ing parameters such as laser polarization with respect to the magnetic
field, intensities and detunings of the laser fields. These are in excellent
agreement with the OBE. The atomic transition frequencies of 6s2S; /2~
6p 2P1/2, 5d2D3/2 - 6p 2P1/2, and 6s 281/2 - 5d 2D3/2 transitions in 138Ba+
have been determined to sub-MHz precision by selecting the suitable pa-
rameters. This work provides an improvement of 3 orders of magnitude
over previous measurements that had obtained these transition frequen-
cies between low-lying levels to order 100 kHz accuracy using Fourier
transform spectroscopy in large ion samples [94, 95].

This was possible due to the laser cooling of the ion, the technical
implementation of scanning over the full resonance without significant
effects from heating of the ion sample and the full description of the line
shape in the frame work of the optical Bloch equations.
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and “'Ba*

Measurement of isotope shifts (IS) for different transitions provide probe
for the atomic wave functions at the position of the nucleus. Extracting
the transition frequencies for 5d *D3/; — 6p ?Py 9, 652S1/2 — 5d ?D3/5 and
6s %S, /2 — 6p 2P, /2 transitions in different isotopes of Ba™ enable us to
determine the isotope shifts for these transitions with unprecedented ac-
curacy. Transition frequencies extracted from measurements on a single
trapped *8Ba™ ion were presented in Chapter 4. Here we extend this
study to the isotopes **Ba® and ?Ba* ions stored in the modified trap
described in Chapter 2. We explore the dependence of line shape in par-
ticular to the detuning, intensities, polarization of the laser lights and
number of ions with a model based on quantum interference.

The spectral response is dependent on the way of excitation of the sys-
tem. We describe the spectral line shape in the steady state limit which
means that the interaction time of the atomic system with laser fields
of constant intensities and frequency is much longer than any coherence
time in this system. In the previous chapter (Chapter 4) the experimen-
tally observed spectra are analyzed by comparing experimental spectra
to numerical solution of the Optical Bloch Equation (OBE). These had
to be generated for every change in the parameters. The OBE, based
on the rotating wave approximation, is capable of describing the time
evolution of the system, which is not studied here. The observable in the
experiments discussed in this thesis is proportional to the steady state
solution. It can be shown that for a 3-level Lambda system under certain
conditions the steady state solution of the OBE is equivalent to a Fano
profile [96]. Fano profiles describe the interference between two pathways
to a common final state. The linewidth of the first transition pathway is
typically assumed to be much larger than the second transition. In that
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limit, the transition amplitude of the first can be considered as constant
over the resonance width of the second transitions. The characteristic
shape arises from the phase shift between the two contributions leading
to constructive or destructive interferences. This result in spectra ob-
served in a wide variety of physical systems such as solid state physics,
particle physics, e.g. the n — p resonance and atomic physics. The phase
shift of the two interfering amplitudes becomes a parameter with physi-
cal meaning. An approach by putting the emphasis on the interpretation
of the physical phenomena has been employed in the discussion of dark
resonances in the Ba®t ion system [89].

The light - ion interactions are used to discern the influence of the
various parameters by recording individual spectrum for different exper-
imental conditions. The experimental procedure and control on experi-
mental parameters are investigated further to understand the influence of
these to the obtained line shape. The line shape depends on experimen-
tal parameters. These can be extracted through a line shape description
with a Fano profile, i.e. the ion can be employed as a detector of such
experimental parameters.

5.1. Light shift in A-system

The light shift (Section 1.3.3) enables the test of atomic theory and im-
proves the understanding of atomic structure which are essential for an
atomic parity violation experiment. The calculation approach of the
optical Bloch equations employs unperturbed energy levels and Rabi fre-
quencies which are not ”a priori” known (Fig. 5.1(a)) in order to calculate
the spectral line shape. The Fano-profile results from the interference be-
tween two paths 2S; 5 - 2Py /5 and ?Dgjs - P15 to the final state 2Py,
on the basis of the light shifted energy levels (dressed states) as shown
in Fig. 5.1(b).

In a three level system, forming a A-configuration (see Fig. 5.1(a)) the
two transitions ?Sy/p - 2Py/5 and 2Dyjs - ?Py2 are driven by two lasers
with frequencies wy94 and wgsg, respectively to the atomic frequencies

Wwsp = (EP—ES)/h (51)
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Wpp = (EP—ED)/h (52)

and

wsp = (ED — ES)/h (53)

respectively with the detunings between the laser frequencies and atomic
frequencies given as

01 = Wigs — Wsp (5 4)

02 = Wes0 — Wpp-

The stimulated Raman resonance condition between unperturbed en-
ergy levels leading to coherent population trapping when é; = ¢ is then
given as

hw494 — hw650 - ED — Es. (55)

This is only valid in the limit of very low intensities such that light
shifts do not play a role. Intensity-dependent light shifts occur at finite
intensities of light at wavelengths A\j94 and Agq9 driving the transitions
6s2S1/2 — 6p P12 and 5d *Dy o — 6p 2Py 5, respectively (see Fig. 5.1(b)).
A shift of energy level AE;, g(py is caused due to laser light at wavelength
A494 and an energy level shift of AE} () is caused due to laser light at
wavelength Agg9. This light shift is also dependent on the detunings d;
and d5. Then the stimulated Raman resonance condition becomes

hwags — hweso = Ep + hdps — Es, (5.6)

where 41 is the shift in frequency due to light shift caused by the laser
fields. The light shift of level Py /5 is opposite to that of level 2Dj 5 [96].
The approach with OBE takes the intensities and detuning depended
shifts into account but requires the knowledge of all parameters such as
intensities and detunings.
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Figure 5.1.: (a) Three level A-configuration (*Py /s, 2S; /2, 2Dj/5) driven by two laser
fields at frequencies wy94 and wgsg. 01 and d9 are the two detunings and
light shifts are negligibly small. (b) Light shifted energy levels due to the
presence of high intensity laser fields. AE} g(p) is the change in energy
of the atomic state caused by laser at wavelength Ajos and AE} g(r) is
the change in energy of the atomic state caused by laser at wavelength
A6ag. The light shift depends both on the detunings and the intensity of
the laser light.

5.2. Fano Profile

Fano profiles have a wide range of applications in nuclear, atomic, and
solid-state physics [97, 98, 99, 100, 101, 102, 103, 104, 105, 106]. They
result in systems where interfering pathways lead to a common final
state which is observed in the experiment. As a result the shape of the
spectrum exhibits more features than just the sum of two Lorentzian
line shapes. We analyze the Ba®™ system where we want to calculate
the spontaneous emission rate from the 6p 2P, /2 state (dashed line in
Fig. 5.1). The interfering pathways to the 6p *Py ; state are excitation of
the S-P transition by one photon from the laser field at frequency w494 and
the three step process via a virtual intermediate state. The lineshape can
be written as an interference pattern of two detuning dependent complex
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transition amplitudes a; and ao, with

V' N;/T; 1+i( v;)/T;)
; =4/N;/T 5.7

%= 1+i(v—uv;)/Ty /] V—VJ/F)Q’ (5:7)
where j is a label for the transition, N; the normahzatmn, I'; the linewidth

and v; the resonance frequency for transition j. The detuning can be then
written as,

(Sj =V — Vj. (58)

The resultant transition amplitude is the sum of the individual ampli-
tudes, where an additional free parameter ¢ accounts for a relative phase
between a; and as.

Aot = a1 + ag exp(—ig); (5.9)

Multiplying the amplitude with its complex conjugate yields an ana-
lytical form for the spectrum S;,; as a result of the interference. The
spectral line shape S;,; becomes

Sint = Qint * Ay = |a1|2 + |a2|2 + aya; exp(io) + ajas exp(—ig), (5.10)

where the first two parts represent the spectrum in case of no interfer-
ence between the two contributions and the last part is the interference
contribution. (Note: the sum of a complex number and its complex
conjugate is real). The interference term is explicitly given by

+ (R(az)I(a1) — R(ar1)I(az)) sin(¢) }- (5.11)

The spectral shape exhibits a strong deviation from the sum of two
Lorentzian contributions. The interference term dominates the spectrum
and its particular shape strongly depends on the value of the phase ¢ (Fig.
5.2). We observe constructive interference for ¢ = 0 and destructive
interference for ¢ = —m. The parameter € = —cot(¢) is called the Fano
factor in the classical description by Fano [107].
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Figure 5.2.: (a): The spectral lineshape for the two individual resonances. The wider
one is centered at 0 and has a width of 1, while the narrow line is centered
at -0.7 with a width of 0.1. (b): The resultant spectral lineshape due to
the interference for different phase shifts. Note: Neither the minima nor
the maxima of the interference line shape appears at the location of the
center (-0.7) of the narrow transition.

The fit function of the Fano profile is given by

F(V) :Sint(a'h ag, ¢) + bkg
=Sint(a1(01, 1, N1), az(0a, I'a, No), @) + bkg,

where a; and a, are the complex transition amplitudes. This form is
easily written in a closed form in programming languages like C++ which
include complex algebra. The explicit form in real algebra will require
many more terms and results in a less stable fitting function.

The Fano profile is equivalent to steady state solution of the OBE under
the conditions that the two laser lights at wavelengths Mg and gy
driving the respective transitions have intensities such that the atomic

(5.12)
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transitions are not saturated. There are advantages of the description
of the line shape as a Fano profile rather than the solution of the OBE.
The Fano-profile can be written in analytically closed function which is
better suited for a x? - fitting (Eqn. 5.10). We verify the equivalence of
the Fano - profile and the steady state solutions of the eight level optical
Bloch equations by fitting the analytic function (Eqn. 5.10) to 8-level
OBE simulations (see Fig. 5.3). Here we have chosen the parameters
for the polarization of the laser light and the direction of the magnetic
field to be the same as in the measurements. The polarization of light
at A\go4 is linear and parallel to the magnetic field direction B,. Light at
wavelength Agq9 is elliptically polarized. In particular we have studied
the parameters for the extraction of the transition frequencies and the
light shifts of the relevant energy levels.

We verified the validity of Eqn. 5.10 by comparison with a number
of parameters such as detuning (Fig. 5.4) and intensities (Fig. 5.5 and
Fig. 5.6) which had been employed in the experiment. The analysis of
the line shape (Eqn. 5.10) in terms of the intensities Iy94 of the light
at wavelength A\494 and the intensity Ig49 of the light at wavelength Ag49
shows excellent agreement of the two methods for extracting the spectral
line shape. An example of such a test is demonstrated in Fig. 5.3 where
for fixed intensities of light at wavelength As9s and Ags9 the detuning 6
is varied from -15MHz to +14 MHz. The results comprise of the change
in (i) the frequency at the Raman condition if the light shift is also taken
into account together with the detuning from the unperturbed energy
level at resonance given as 6; — 09 + drg =0 (ii) the width of the Raman
feature (iii) the frequency of the transition of the unperturbed S-P level
(iv) the width of the S-P transition and (v) the phase between S-P and
D-P transitions with respect to changes in the intensities I494 and Igy
of the light at wavelengths A\j94 and Ag49, respectively. The light shift in
these transitions can be extracted with the Fano line shape model.

The agreement between OBE and Fano profile is on a level of 30 kHz
which is much better than the achieved statistical accuracy. This gives us
confidence to use the Fano profile model for the extraction of transition
frequencies in the Ba™t system with a high accuracy.
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Figure 5.3.: Fano profile fit to the calculated steady state solution of the OBE for a 3-
level lambda system at different laser detunings §; of light at wavelength
Ag94 with constant intensity I494 and Ig49 for light at wavelengths Ag94
and Ag49, respectively. Detuning d494 is changed in the OBE calculations
in steps of 1 MHz while other parameters are kept constant.
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Figure 5.4.: Results from the Fano profile fit for light at different detunings d494. The
calculated data has wider range than the data range from the experi-
ments. The uncertainty on the extracted fitting parameters are below
the size of the symbols.
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Figure 5.5.: Results obtained after fitting a Fano-profile to the calculated steady state
solution of the Optical Bloch Equation at different intensity I494 for light
at wavelength Aj94 and at a constant detuning d494. The frequencies.
The width of the Raman resonance increases with increase in intensity
I494 when the width of D-P transition decreases at higher intensities I4g4.
Shift in the phase as a function of intensity 1494 explains the origin of the
asymmetric line shape of the Fano profile.
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Figure 5.6.: Results obtained after fitting a Fano-profile to the calculated steady state
solution of the Optical Bloch Equation at different intensity Ig49 for light
at wavelength A\g49 and at a constant detuning d494 and constant intensity
I404 for light at wavelength A494. The width I'y increases with respect
to increase in intensity Ig49 of light at wavelength Ag49 due to power
broadening.
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5.3. Experimental procedure and conditions

The apparatus, laser light sources, stabilization of power and frequencies
used for the measurements are discussed in Chapter 2. Here we describe
the experimental steps which have been taken to record a resonance spec-
trum. One of the two ovens is operated to produced Ba atoms of the two
isotopes 3*Bat and ®Bat. When switching to the other isotope the
trap is emptied. Suitable voltages are applied to the end cap electrodes
and the auxiliary electrodes in order to minimize the micro motion by
compensating for the stray electric fields developed inside the trap.

The line shape of the A-System is recorded as a function of the 5d ?Dj
~6p?P, /2 transition at various experimental parameters for the detuning
from 6s2S; 2 — 6p ’p, /2 transition and intensities at the two transition
frequencies. The determination of the absolute laser light frequencies and
the sensitivity of the line shape to the method of recording the spectra
and to different experimental conditions such as number of ions trapped
and polarization of the laser light field with respect to the magnetic field
direction is estimated in prior to extracting the transition frequencies.
The details of the experimental procedures are identical to those reported
in Chapter 4 with an improvement that the frequency v494 during the
cooling can be independently controlled in frequency and power. This
results in a better control of the ion temperature over a large range
of detunings and powers. In section 5.4 the absolute frequencies are
determined.

5.3.1. Determination and control of absolute laser light frequencies

The determination of absolute laser light frequencies are required in order
to determine the frequencies v; and v4 at the position of the ions as given
by Eqns. 2.6 and 2.7. This approach is identical to the method used in
the determination of the transition frequency in *®Ba™ as described in
Chapter 2. The intermediate frequencies required to determine this are
tabulated in Table 5.1.

In order to monitor and stabilize the frequency of light at wavelength
A94 the beat note between the TiSa laser light and the frequency comb
is constantly recorded (see Chapter 2) and small variations are corrected
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for. The absolute frequency of light at wavelength Ag49 is given by Eq.
2.3. The absolute frequency accuracy is derived from frequency mod-
ulated saturated absorption spectroscopy of *7I, (see Chapter 3). In
these experiments a diode laser is stabilized against the iodine transi-
tion and the absolute frequency is determined with the frequency comb.
The stability of the iodine-stabilized diode laser is monitored as shown in
Fig 5.7(a). The fit for the calibration of the diode laser frequency results
in a frequency of 461312347.8392(15)MHz (Fig 5.7(b)).

Table 5.1.: Intermediate frequencies to determine the absolute laser frequencies ac-
cording to the Eqns. 2.6 and 2.7. During measurements the repetition
rate of the comb Veomp rep has been varied in order to change vy. va.
*referenced to the Rb clock at 107'2 relative accuracy.

**limited by the accuracy of the line width of the laser lights within 100 ms
counting period. The frequency of the laser light vg49 at wavelength Ags9
is controlled by changing this frequency.

Frequency Value
Vcomb,rep 250000 332.5 Hz*
Vcomb,offset —40000 000.0 Hz*
For light at wavelength A494:

m1 (mode number) 1214851
VB, 29.01(1) MHz**
VAOMaos 198.8 MHz*
VAO Mo 188.8 MHz*
For light at wavelength Ag49:

ms (mode number) 1845248
VB, —30.44(3) MHz**
Vo —[976.2(1)-1072.0(1)] MHz**
vaom-2 (double pass) 362.00 MHz*

In order to study the heating effects due to the change in laser detun-
ings the spectra is recorded. The frequency of the laser light at Ag49 is
determined by see Eq 2.7. It is stepped across resonance. This frequency
is controlled by changing the reference frequency to the frequency off-
set lock between the iodine stabilized diode laser and the dye laser (see
section 2.2.4). Fluorescence photons from the 6p 2P/, — 6s2S;/2 tran-
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Figure 5.7.: (a) Beat note between iodine stabilized diode laser and frequency comb
as a function of the repetition rate Veomp, rep Of the frequency comb. (b)
The fit for the calibration of the diode laser frequency. Adding the offset
for the calibration of the diode laser frequency results in a frequency of
461312347.8392(15)MHz.

sition are counted in 100 ms intervals. These are stored together with
the other experimental parameters such as frequency vy, power P49 and
Pgy9 for laser light at wavelengths A\j94 and Agy9 respectively. Frequency
is stepped in ascending and descending order for a frequency span of
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100 MHz each in 200s. We do not observe any difference in the line
shape between stepping the frequency in ascending and descending order
accross the resonance. This indicates that there is no observable bias in
such a procedure towards extracting the transition frequencies.

The ion temperature is kept constant by Doppler cooling for most of the
data acquisition time. This is achieved by fast switching between a fixed
detuning for cooling for a fraction of 80% of the time and a detuning
for spectroscopy (see Equs. 2.5).The implementation of this method is
described in Section 2.3.1. Sensitivity of the line shape to the switching
duty cycle Ty is studied by recording spectra by varying the switching
frequency, vy as 53 kHz, 23 kHz, 13 kHz and 6 kHz. The duty cycle for the
measurements is given in Table. 5.2. This is done at a fixed frequency
V494 and fixed power of laser lights, P94 and Pgyg at wavelengths Ay94 and
Aga9 Tespectively. No substantial change in the line shape was observed
with different switching frequencies. The delay between switching rate
and counter rate, t; results in increased background scattering rate on
the PMT when v, is higher.

Table 5.2.: Period for cooling and probing of the ion signal for the switch and the

counter
Fraction of Fraction of .
. . . Fraction-delay
cooling period spectroscopy period
tq
T, Ts
Switching duty cycle 0.80 0.20 0.05

5.3.2. Laser light properties

The optical resolution of spectral features depends on the intensity of
laser light. Understanding the influence of intensity I494 of the laser light
at Ag94 to the spectrum is essential for this.
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Fluorescence detected by the PMT is recorded for different power levels
Py of light at Aggs ranging from 0.26(2) ptW to 27.8(2) pW at fixed
frequency, v; and at a fixed detuning d494. This low intensity become
feasible by independently controlling the power Pyo4 of laser light at
wavelength A494 during the cooling phase T, (see section 2.3.1). The
power Pyg4 is recorded using a photo diode placed at the exit of the
beams after going through the trap (see Fig. 2.17). The intensity is
given by power per cross-sectional area of the beam overlapping the ion.
A defined part of the spectra which is within 5 MHz is taken to determine
the count rate at different power levels Pygs as shown in Fig. 5.8(a). At
higher intensities, the count rate drops. This is because the line shape
changes with change in intensity I494 as expected in an eight-level system.
The background scattering increases linearly with increase in power P4g4
as observed in Fig. 5.8(b). The relevant parameters for this measurement
could be found in Appendix C.2.

The polarization of the laser light with respect to the magnetic field
direction influences the line shape of the spectrum. The polarization of
the two laser fields at wavelength \494 and Ag49 determine which coherence
cause a florescence dip. This is explained in Chapter 4.

The influence of number of ions in the recorded line shape is studied
here, see Fig 5.9. Spectra are recorded with six, five and one number
of ions at a fixed frequency v, and fixed power Pyoq = 5.0(2) pW. The
count rate increases with increase in photons scattered per ion and the
spectrum gets distorted because of the heating from the ions. The spectra
is less perturbed with a smaller number of ions in the trap. Appendix C.3
has a table of the relevant parameters for this measurement.

97



5. Transition Frequencies in **Bat and '3%Ba™

N
A
o

UIIII|Ihlll‘llllllllllllllll

150

100

Signal Count Rate [1/s]

a
(=)

(a)

10 15 20
Pagsa [UW]

50
40
30

20

10 (b)

N I I R B R
8 10 12 14 16

Pags [MW]

Background Count Rate [1/s]

OrTTTT
ot

'S

o

Figure 5.8.: Fuorescence from trapped ions detected by the PMT for different power
Pygq of laser light at A\g94 at a fixed detuning, d494. The background
scattering is subtracted from florescence from the ion signal detected by
the PMT. The power dependence displays the saturation behavior in the
three-level system. The background scattering detected by the PMT for
various power levels of laser light at \j94 at a fixed detuning. The back-
ground scattering increases linearly with power, P494. The dark count
rate of the PMT accounts for the offset at P494 = OpW. The uncertain-
ties on the count rates are below symbol size.

98



5. Transition Frequencies in **Bat and '3%Ba™

5 ons {

1ion |}
|h|| i i||: |

‘Iﬁ'l |||'||||i | |||| |||* ’||H

v

|
|i{

300

N N
S O
(= —)

i
| +"ﬁ A '|| "
H* {hl i |
Hm i |1H‘| }*l i
it i I ||| | Hfhi“f*ﬂ ity
. m*ﬂ»hu*’!*b*l'h*i:oinﬂ*hm“hhw* .HHH e *|*h| *’i“*.
-1080 -1060 -1040 -1020 -1000 -980
Vg, [MHZ]

150 l|||i }*. |:|{|+ ’H
|| *|

f
100

Count rate [1/s]

(3]
o

Figure 5.9.: Spectra of the 5d 2D3/2 - 6p 2P1/2 transition in '3*Ba™ ion recorded for
six, five and one number of ions. The spectrum is less distorted when
there is less number of ions.

5.4. Determination of transition frequencies in Ba™ ion

The choice of experimental parameters determines the observed spectral
shape in order to extract the transition frequencies in the Ba™. Spectra of
the 5d 2Dy /2—6p ’p, /2 are recorded for different experimental parameters
by confining **Ba™ ions in the hyperbolic Paul trap. The Fano profile
model (Eqn. 5.12) is fitted to individual spectra.

The quantization axis is defined by the magnetic field which is in the
z-direction and both light fields are taken to propagate along the -y
direction (see Fig. 4.3). The polarization of the light at wavelength A9y
is chosen to be linearly polarized, parallel to the magnetic field direction
B, and light at Ag49 is chosen to be elliptically polarized. The line shape
as a function of laser light intensities I494 and Ig49 of light at wavelengths
Ago4 and Agg9 respectively and of laser detunings d; (see Eqn. 5.4) are
studied.
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5.4.1. Fano model and experimental observation

The two photon induced dip in the spectrum appear near the condi-
tion of equal detuning §; = &5 from the unperturbed states. The light
shifts cause a small deviation from this condition in the experimentally
observed signals. Only under the condition that both of the detunings ap-
proach zero, light shifts will vanish and the resultant spectrum becomes
symmetric. Hence this becomes a preferred condition for extracting the
absolute transition frequencies.

We collected series of data for different detuning 6494 but otherwise
constant conditions (Fig. 5.11). The step size of 0.61 MHz arises from
a change of the repetition rate Vepmprep 0f 0.25Hz. The two -photon
resonance then appear at different frequencies and we come close to the
condition of zero detuning from the unperturbed transition frequency
wyg4 in the Ba™ ion. The spectra are fitted individually to the Fano-profile
(Eq. 5.12)and fit results are depicted in Fig. 5.11. The fit parameters
for a Fano - profile is described in Fig. 5.12. The overall behavior of the
fitted parameters agree very well with the fitting to the OBE calculations
(Fig. 5.3. The statistical uncertainty from the experimental spectra of
about 0.3 MHz do not allow to resolve the fine structure seen in the OBE
calculations. The relevant parameters for this measurement is tabulated
in Appendix C.4.

Uncertainties of the recorded data are extracted from counting statis-
tics. The obtained reduced x*/NDF ranges from 1.0 - 1.8. This is
slightly larger than the expectation value of x*/NDF = 1. The expla-
nation for the increased y? in these experiments are other noise sources
which have not been taken explicitly into account. These other contribu-
tions to the uncertainty arise from fluctuations in the power of the laser
lights, laser light intensity variation and possible fluctuation of the ion
temperature during the recording period of the spectrum (about 200s).
Taking into account that the atomic system under consideration is an
eight-level system, the data is highly non-linear and therefore cannot be
normalized although this is not a limitation for the extraction of the
relevant transition frequencies.
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Figure 5.10.: An example of the spectrum of the 5d2D3/2 — 6p 2P1/2 transition in
134Bat ion for a positive detuning d494 of the 6s 281/2 — 6p 2P1/2 tran-
sition. The uncertainties for any given data point is taken from count-
ing statistics on the number of recorded fluorescence photons. The red
solid line is the result from fitting the data against the Fano profile
(Eqn. 5.12), which yields reduced x? of 121.4/115. The extracted pa-
rameters are: v; =-1031.3(4) MHz, I'; = 18.9(7) MHz, N; = 2230(250),
vy = -1021.5(4) MHz, 'y = 5.2(3) MHz, Ny = 570(90), ¢ = -4.47(13)
rad, and bkg = 59(3).
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Figure 5.12.: Results from fitting a Fano profile to Raman spectra of the 5d 2Dy /2

- 6p?P, /2 transition in Bat ion recorded for different detunings 494
for laser at wavelength A494. Spectra are recorded with positive and
negative detunings d494. A symmetric response to frequencies Vrgman
and vp_p on either side of the resonance (at v494 = 0) indicates the
light shift. The data point at d494= —12MHz has a higher power Pgy9
of light at wavelength Ag49. The results obtained are comparable with
the results from simulation given in Fig 5.4 within the error bars with
change in detuning. The range of experimental data is smaller than the
calculated data. 103
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5.4.2. Laser light intensities

Laser light intensities not only influence the rate of observed scattering
photons, but also the line shape and the extracted transition frequencies.
The quantitative determination of the transition frequencies in the Fano
line shape model provides access to intensity depended shifts. These near
resonant light shifts do not scale linear in intensities. Their dependence
can be experimentally determined in the discussed approach. A good un-
derstanding of the observed spectra thus permits the calibration of the
intensities at the ion position. Such a method is indispensable for the ex-
ploitation of single ion spectroscopy in order to extract the contribution
from weak interactions in atomic systems (Chapter 2). The light intensi-
ties are varied using changing rf-voltage to AOM-494 and AOM-649 for
light at wavelengths Agg4 and Agg9 (see Section 2.3.1). This changes the
power level but not the mode of the laser light. The intensity is given by
the power per cross-sectional area of the beam overlapping the ion. The
Rabi frequencies €); and {25 are obtained by quantifying the laser powers
at wavelengths A\g94 and Agg9.

The sensitivity of the Raman spectra for power P49y for light at wave-
length A\494 is inspected. A Fano-profile is fitted to individual spectra
of the 5d?D3/ - 6p ?Py 2 transition in "**Bat ion recorded with different
power P44 at a fixed frequency v494 and a fixed detuning d494. The results
following from the fitted data are shown in Fig 5.14. Table containing
the relevant parameters for this measurement is given in Appendix C.5.
The results are in excellent agreement with the one obtained in Fig. 5.5
which is the result from fitting a Fano profile to the simulated data from
the calculated steady state solutions of the Optical Bloch Equation. This
justifies that the Fano profile is a valid model which provides a physical
insight in coherent population trapping.

Additional spectra of the 5d D3/ - 6p?Py 2 transition in **Ba* ion
have been recorded at different power Pgyg for laser light at wavelength
Aeao at a fixed frequency 14 and a fixed detuning ;. A Fano-profile is
fitted to individual spectra and the results are shown in Fig. 5.16. This
is comparable to the results obtained in Fig. 5.6. Table containing the
relevant parameters for this measurement is given in Appendix C.8.
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Figure 5.13.: Individual fit of Fano-profile to spectra of the 5d 2D3/2 — 6p2P1/2 tran-
sition in '3*Ba* ion recorded for different powers Pyg4 of light at wave-
length A\g494. The power is measured using a power meter outside the
vacuum chamber with an accuracy of about 5% (Fig. 2.16).
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Figure 5.14.: Results from fitting a Fano-profile to spectra of the 5d 2D3/2 — 6p 2P1/2

transition in Ba™ ion recorded for different powers P4g4 of light at wave-
length A494. The results are comparable to that obtained by fitting Fano
profile to the simulated data from the calculated steady state solutions
of the OBE as given in Fig. 5.5. The shift is small at lower intensities.
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Figure 5.16.: Results from fitting a Fano-profile to spectrum of the 5d D35 —6p *P /5
transition in Ba™ ion recorded for different powers Pg49 of light at wave-
length Ag49. We observe that the shift is small at lower intensities.
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5.4.3. Determination of transition frequencies in *Ba* system

The oven containing the isotope 3*Ba* is resistively heated and by on res-
onant photoionization ¥*Ba™ ions are produces and trapped (see Chap-
ter 2) in order to extract the transition frequencies of 5d ?Ds /2 — 6p ’p, /2
65251 /2 — 5d?Ds/2 and 6s2Sy /2 — 6p *Py /2 transitions in **Bat. Spectra
of the 5d2Dj3/s - 6p 2Py, transition in Ba® ion are recorded at a fixed
detuning 6494 with different power P4 of light at wavelength A494. The
relevant parameters required to determine the frequencies v; and v, are
tabulated in Table 5.3. Some unknown impurities in the sample of *Ba*
mixture resulted in producing too small atomic flux from the oven which
limited the quantity of the data collected.

Raman spectra of the 5d?Dg/s - 6p?Py/o transition in **Bat ion is
recorded for different detunings d494 and Fano - profile is fitted to indi-
vidual spectra (Fig. 5.17). Since the spectrum is not measured on res-
onance but slightly negative detuned the frequency has been estimated
from light shifts. Fig.5.18 shows the result from fitting the Fano-profile
to the recorded data.

Table 5.3.: The parameters for spectra recorded to determine transition frequency in
136Bat system. Measurements are taken at a constant frequency vy .

Parameter Value
Veomb,rep 250000 314.5 Hz
Vo -[1080(1)-1180.0(1)] MHz
VAO Mgao 352.00 MHz
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Figure 5.17.: All data sets collected with isotope 3Bat. Solid lines correspond to
the result of fitting the Fano-profile to the individual spectra.
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Figure 5.18.: Results from fitting a Fano profile to Raman spectra of the 5d ?Djy /2 -
6p ?Py /o transition in °Ba™ ion recorded for different detunings 6494
for laser at wavelength Ag94.
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5.5. Results and conclusions

In virtue of the line shape analysis using a Fano profile fit, optimum
parameters are selected in order to extract the transition frequencies of
5d?Ds/3 — 6p 2Py /2, 652512 — 5d *D3/2 and 6s2S; /5 — 6p *Py 5 transitions
in 13Bat and ¥°Ba*t system. The spectrum chosen to extract the rele-
vant transition frequencies involve,

1. Polarization of the light at wavelength A4 as linearly polarized,
parallel to the magnetic field direction B, and light at wavelength
Aga9 as elliptically polarized which makes the dominant contribu-
tions from coherence |1)(8| and |2)(5| resulting in a spectra with a
dip in fluorescence caused by the two-photon process.

2. Spectra recorded at resonance condition that d; = d3 = 0 so that
the spectra is symmetric and the light shifts and other systematic
effects are zero (see section 5.4.1).

3. Low intensity for light at wavelengths As94 and Ags9 Which drives the
transition 6s?Sy/, — 6p?P1/2 and 5d D3y — 6p 2Py e respectively.
This choice makes the frequency shifts reasonably small (see sec-
tion 5.4.2).

From our measurements we extract the transition frequencies between
the 3 lowest lying states in **Ba* and *Ba™(see table 5.4 and table 5.5).
Measurements in isotopes other than '*®Ba* suffer from the low abun-
dance of these isotopes and associated experimental difficulties to prepare
clean sample.
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5.5.1. Transition frequencies in 3*Ba*

The transition frequencies between the 3 lowest lying states in *°Ba™
are extracted. The accuracy is within a factor of 4 to the one obtained
previously for ¥®Ba*. These measurements are a factor of about 50
better than very recent results in 30:132Ba* [108].

Table 5.4.: Transition frequencies of the 5d?Dg/5 — 6p*Py /o and 652S; /5 — 5d*Dys
transitions in '3*Ba™. Their sum yields the frequency of the 6s2S; /2~
6p 2P1/2 transition.

Transition Frequency (MHz) Relative uncertainty
V(5d2Dy s 6p2P1 2) 461312 056.5(2) 5x 10710
V(6sS, 5 5d2Dy)s) 146 114 429.1(4) 3 x 10799
V(652515 6p2P1)2) 607 426 485.5(4) 7x 10710

5.5.2. Transition frequencies in 1*°Ba™

The transition frequencies between the 3 lowest lying states in *Ba*
are extracted. The accuracy is within a factor of 4 to the one obtained
previously for **Ba®. These measurements are a factor of about 50
better than very recent results in 130:132Ba* [108].

Table 5.5.: Transition frequencies of the 5d2D3/2 - 6p 2P1/2 and 68281/2 - 5d2D3/2
transitions in °Ba*. Their sum yields the frequency of the 6s%S;/5 —
6p 2P1/2 transition.

Transition Frequency (MHz) Relative uncertainty
V(5d2Dy 2 6p2P1 2) 461311949.1(3) 7x 10710
V(6528 /5~ 5d 2Dy )3) 146114494.5(4) 3x 1079
V(652515 6p2Py2) 607 426 443.5(2) 3x 10710
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5.5.3. Isotope shifts of the 6s2S;,, — 6p 2Py, and
6p %P1/, — 5d 2Dj3,, electronic transitions of barium ions

Isotope shift in the three transitions 6p *Py o —5d 2Dy s, 65251 /2 —6p 2Py /2
and 6s?S;/2 — 5d?Dj, for the even Ba' isotopes, Ba*, ¥?Ba* [109,
108], 3*Ba™, 13°Ba™ [this work| with respect to *®*Ba' [this work] are
tabulated in table 5.6.

Table 5.6.: Isotope shifts of the 6p 2Py /5 - 652S1 /5 (6°) and 6p 2P /5 - 5d D3/ (617)
electronic transitions of barium ions. The isotope shift is relative to the
transitions in 138Ba® and dv' = vi-vis.

A I sv® (MHz) ov” (MHz) Ref
130 0 355(20) 394(10) [108]
132 0 278(20) 202(10) 108]
134 0 923.0(0.3) 177.9(0.3) this work
136 0 181.1(2) 70.6(2) this work

114



5. Transition Frequencies in **Bat and '3%Ba™

= F X2/ ndf 0.47/2 ' B
% - + ksms,494‘_650 1.4e+03 + 20 n
3 1100— FSRatio,g, ¢ -0.24 +0.014 B
I r n ]
O - 7
£ 1000(— ]
5 ~ —]
3 = ]
o C .
= 900— . L
1500 2000
Mis,q nm [GHZ/amu]
=) - ' X2 I'ndf 0.37/2 T . B
% 2000[— ksms,zosq,4g4 1.1e+03 + 4.3 —
3 B FSRatio, o) 4o 0.81 +0.014 ]
I - i
O, = |
g 1500 _— __
3 R = ]
0 B |
E i e i
0 500 ) 1000
MiS,pe0nm [GHZ/amu]
=) - ' X2 I ndf 0372 T 3
% C _++ Kms 2050,650 1.1e+03 £ 3.5 .
3 11001 FSRatio o0 ceo -0.19 +0.011 B
I r = .
O = ]
£ 1000— _]
IS - ]
[Te) — -
g C .
S 900 . . . L

. 1000
MiS,pe0,m [GHZ/amu]

Figure 5.19.: Comparison of isotope shifts in a King plot in the three transitions
6p2P1/2 — 5d2D3/2, 65281/2 — 6p 2P1/2 and 652S1/2 —5d 2D3/2 for the
even Ba® isotopes, 139Ba™, 132Ba® [109, 108], 3*Ba™, 136Ba™ [this
work] with respect to !38Ba* [this work]. This method and usage of
frequency comb technology have resulted in 100 times improved precision
compared to previous work.
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A test of consistency of isotope shift measurement can be done by
comparing the scaling of shifts for different transitions. Here we have
data on three optical transitions 5d 2D3/2 — 6p 2P1/2, 65281/2 — 6p 2P1/2
and 6s2S;/, — 5d *D3/, and five isotopes, '*"Bat, 32Ba™, 1% Bat, 1¥Bat
and '3¥Ba™ are available (see King plot in Figure 5.19). The isotope shift
calculations are given in subsection 1.3.2. This work achieved a 100 fold
improved precision due to the method and the usage of frequency comb
technology.

The description of three-level system with Fano-profile rather than Op-
tical Bloch Equations offers direct access to parameters such as intensity
and detuning dependent light shifts. The analysis of the recorded data
using Fano profiles provides most accurate values for the transition fre-
quencies in the electronic three-level system 3*Ba*t and '3*Ba*, in par-
ticular the 6s 281/2 — 6p 2P1/2, 5d2D3/2 — 6p 2P1/2 and 6s 281/2 —5d 2])3/2
transitions. The achieved precision is 0.3 MHz for **Ba* and 3 MHz for
136Bat, where we had less atoms available for these experiments. This
improves the isotope shifts by a factor of 3 to 10 over previous measure-
ments and confirms previous results on transition in **Ba*.
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High-precision test of electroweak theory puts strong constraints on the
Standard Model (SM) of particle physics. Atomic Parity Violation (APV)
utilizes low-energy system and gives access to the weak mixing angle,
sin?fyy, a fundamental SM parameter, at low-momentum transfer. APV
experiments are sensitive to new physics beyond SM at energies that
cannot be currently achieved in colliders. The APV effects has strong
enhancement in heavy atom. An independent measurement of the weak
mixing angle (sin*fy) is designed by doing experiments with laser and
radio frequency cooling and trapping techniques on barium and radium
ion. This enables to improve on the landmark result for APV measured
in atomic cesium over some five orders of magnitude. A technique for sin-
gle ions using an APV spin rotation produced by the “light shift” of the
ground state Larmor precession frequency [46] is employed for measuring
APV.

Essential for an APV measurement is the understanding of atomic the-
ory at few percent level of accuracy. This depends on the accuracy of
the knowledge of the atomic structure of the ion in consideration. This
thesis discusses about the significance of underlying line shape, absolute
transition frequencies and isotope shifts in Bat which are the essential
ingredients towards atomic wavefunction calculations.

For long measurement time and for excellent control of experimen-
tal parameters the ion needs to be localized to better than one optical
wavelength. Hence a hyperbolic rf- Paul trap for trapping Ba™ ion is
constructed and mounted inside a vacuum chamber with the residual gas
pressure maintained below a few times 10~!* mbar. It serves as a precur-
sor for the isoelectric Ra™ ion. The Paul trap (“trap 1”) contains **Ba™
isotope and the trap discussed in this thesis (“trap 27) is a modifica-
tion of “trap 1”7 and contains two different isotopes **Bat and '2¢Ba*t
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(Chapter 2). The trap is mounted with eight auxiliary electrodes to com-
pensate for the stray electric fields developed inside which shortens the
lifetime of the trapped ions. Relative frequency stability of 107! for the
laser system is achieved by employing hyperfine transitions in molecular
127, and an optical frequency comb.

Understanding the underlying line shape is important in precision mea-
surements to define and investigate the effects of external parameters. A
line shape analysis of signals from frequency modulated saturated absorp-
tion spectroscopy of hyperfine transitions in molecular 271, as frequency
reference is carried out to determine the absolute center frequencies of
the lines and to understand the effect of external parameters on the signal
(Chapter 3). A Voigt function is used to describe the line shape and the
center frequency of the lines are determined with an accuracy of 107!
after correction to the pressure shift. The fit function is valid over a large
range of experimental parameters, including vapor pressure in the range
of 4Pa to 137 Pa. Residual amplitude modulation, which is inherent in
modulation spectroscopy, up to 1% on the lines induces shifts of the zero
crossing of the dispersive line shape.

Transition frequencies between low-lying energy levels in a single trapped
138Ba™ jon have been measured with laser spectroscopy referenced to an
optical frequency comb (Chapter 4). An eight level optical Bloch model
is used to describe the line shape and to extract the frequencies of one-
photon and two-photon components of the line shape. A line shape
calculated by numerically solving the eight level optical Bloch equations
(OBE) is fitted to each individual spectrum. Intensity-dependent light
shift effects are included in the optical Bloch equations drop out in the
fitting procedure and the atomic transition frequency is determined by
extrapolating the fitted value to zero laser intensity. The transition fre-
quencies of the 6s 281/2 —6p 2P1/2, 6s 281/2 —5d 2D3/2, 6p 2P1/2 —5d 2D3/2
transitions in *®Ba™ are determined to sub-MHz precision which is an
improvement of more than a factor of 100 over previous determinations.

A Fano-profile is employed to describe the line shape for trapped **Ba™*
and 3°Ba™ ions towards the determination of the transition frequencies
of the 68281/2 — 6p2P1/2, 0s 281/2 — 5d 2D3/2, 6p 2P1/2 — 5d 2D3/2 transi-
tions (Chapter 5). Under certain conditions for a 3-level Lambda system
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the steady state solution of OBE is equivalent to a Fano-profile. A set
of simulated data is provided to verify the same. The Fano-profile de-
scribes the two interference pathways, the excitation of the S-P transition
by one photon from the laser field at 1, and the three step process via
a virtual intermediate state to get to the final state which is the spon-
taneous emission of a photon from the P state. This approach gives a
physical interpretation of the Raman resonance condition thereby mak-
ing it possible to extract the light shift due to the coupling of the energy
levels with the photons.

The determination of transition frequencies for the three isotopes,'**Ba™,
134Bat and ¥Bat gives access to the isotope shift in Ba*t. Isotope shifts
(IS) are ideal probes for the atomic wave functions at the position of
the nucleus and experimental IS data can be used to test the precise
theoretical predictions. In addition, by comparing very accurate APV
measurements on a string of isotopes of the same element the atomic cal-
culations could be improved by canceling atomic structure uncertainties.

Validity of calculated atomic structure, in particular the wave func-
tions is crucial for measurements on atomic systems. Lifetime measure-
ments provide transition matrix elements. Continuous quantum jump
spectroscopy is employed and the lifetime of the long-lived 5d*Ds 5 level
in 13¥Ba* ions is measured in trapped single ions and small ion crys-
tals [110, 61] (see Fig 6.1).

Experimental parameters that could potentially have caused system-
atic effects have been scrutinized. The lifetime is found to be 7p, o=
25.6(0.5)s, which is significantly below previously reported values (see
Fig 6.2). This includes a correction for the statistically significant con-
tribution to the decay rate of quenching caused by background gas colli-
sions, a small correction from black-body radiation, and a small correc-
tion for bias introduced by the analysis procedure.

The systematic effects for an APV experiment need an elaborate and
careful study. Deviation of relevant experimental parameters such as
polarization of light fields and ion location, may cause systematic level
shifts that mimic the parity violating light shift.
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Figure 6.1.:

Figure 6.2.:
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6. Conclusion and Outlook

A method of measuring an on-resonant, parity violating, vector light
shift in the 6.5 /5 state of Ba® with the application of standing waves with
2050 nm light (see Fig 1.12) is planned. Vacuum compatible high finesse
cavities to produce and control these standing waves are in preparation.
This experiment also has a good perspective for a single ion clock with a
potential of 107! relative uncertainty. The long term drift in the clock
frequency, once the atomic energy level shifts are under control can be
interpreted as temporal variations in the fundamental constants of nature
itself. All aspects of the APV measurement described so far can not only
be applied to Ba™, but also to Ra™, the heaviest of the earth-alkalies and
isoelectronic to Bat. The extraction of sin?fy, at sub % level accuracy
will provide a sensitive means to extract physics beyond standard model,
e.g. measuring the proton’s weak charge [111], dark Z bosons [30, 29, 18].
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Uiterst nauwkeurige testen van de elektrozwakke theorie leggen sterke
beperkingen op het Standaardmodel (SM) van deeltjesfysica. Atomaire
pariteitsschending (Atomic Parity Violation, APV) maakt gebruik van
een systeem met een lage energie en geeft toegang tot de menghoek
van de zwakke kernkracht, sin?0y, een fundamentele SM-parameter, bij
lage impulsoverdracht. APV experimenten zijn gevoelig voor nieuwe
natuurkunde bij energieén die momenteel niet kunnen worden bereikt
door deeltjesversnellers. De APV-effecten worden versterkt in een zwaar
atoom. Een onafhankelijke meting van de zwakke menghoek (sin®6yy) is
ontworpen door het uitvoeren van experimenten met laser- en radiofre-
quente koeling- en vangtechnieken met barium en radium ionen. Dit
maakt het mogelijk om het mijlpaalresultaat voor gemeten APV in atom-
air cesium te verbeteren met enkele ordes van grootte. Voor het meten
van APV van een enkel ion wordt een techniek gebruikt dat een APV-
spinrotatie produceert door de lichtverschuiving van de grondtoestand-
Larmor-precessiefrequentie[46].

Essentieel voor een APV-meting is het begrip van de atomaire theorie
tot op enkele procenten nauwkeurigheid. Dit hangt af van de nauwkeurigheid
van de kennis van de atomaire structuur van het betreffende ion. Dit
proefschrift bespreekt de essentiéle ingrediénten voor atomaire golffunc-
tieberekeningen, te weten de onderliggende lijnvorm, absolute overgangs-
frequenties en isotoopverschuivingen in Ba™.

Voor een lange meettijd en voor uitstekende controle van experimentele
parameters moet het ion beter dan één optische golflengte worden gelokaliseerd.
Daarvoor is een hyperbolische rf- Paul-val voor het vangen van Ba™ ionen
gebouwd en gemonteerd in een vacuiimkamer met een gasdruk gehand-
haafd onder een paar keer 107!* mbar. Het dient als een voorloper van het
iso-elektrische Rat -ion. De Paul val ("val 17) bevat het isotoop **Ba™
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en de val besproken in dit proefschrift ("val 27) is een aanpassing van ”val
1én bevat de twee verschillende isotopen **Ba* en ¥°Ba™ (Hoofdstuk 2).
Op de val zijn acht extra elektroden gemonteerd om te compenseren voor
de intern opgewekte elektrische strooivelden, die de val-levensduur van
de gevangen ionen zouden verkorten. Een relatieve frequentie-stabiliteit
van 107! wordt verkregen met het lasersysteem door gebruik te maken
van hyperfijntransities in moleculair 27T, en een optische frequentiekam.

Het begrijpen van de onderliggende lijnvorm is belangrijk in precisie-
experimenten, om de effecten van externe parameters te definiéren. Een
lijnvorm-analyse van signalen van frequentie-gemoduleerde verzadigde
absorptiespectroscopie van hyperfijne transities in moleculair 271, als een
frequentiereferentie wordt toegepast. Dit wordt gedaan om de absolute
centrale frequenties te bepalen en om het effect van externe parame-
ters op het signaal te begrijpen (Hoofdstuk 3). Een Voigt-functie wordt
gebruikt om de lijnvorm te beschrijven. De centrale frequenties van de li-
jnen worden bepaald met een nauwkeurigheid van 10~!! na correctie van
verschuiving door druk. De fitfunctie is geldig over een groot bereik van
experimentele parameters, waaronder een dampdruk tussen 4 en 137 Pa.
Overgebleven amplitudemodulatie van ongeveer 1%, die inherent is aan
modulatiespectroscopie, veroorzaakt verschuivingen van de nuldoorgang
van de dispersieve lijnvorm.

Overgangsfrequenties tussen laag-liggende energieniveaus in een enkel
gevangen *®Ba’ ion zijn gemeten met laserspectroscopie met een optis-
che frequentickam als referentie (Hoofdstuk 4). Een optisch Blochmodel
met acht niveaus wordt gebruikt om de lijnvorm te beschrijven en om
de frequenties van één- en twee-foton componenten van de lijnvorm te
verkrijgen. Een lijnvorm berekend door het numeriek oplossen van de
optische Bloch-vergelijkingen (OBE) met acht niveaus wordt gefit aan elk
individueel spectrum. Intensiteit-athankelijke lichtverschuivingseffecten
die zijn inbegrepen in de optische Bloch-vergelijkingen vallen weg in de
fitprocedure en de atomaire overgangsfrequentie wordt bepaald door de
gefitte waarde te extrapoleren naar nul laserintensiteit. De overgangsfre-
quenties van de 6s2S; /o — 6p *Py 2, 65251/ —5d *Dy 2, 6p P12 — 5d ?D3 o
transities in '**Ba* worden bepaald tot op sub-MHz precisie. Dit is een
verbetering van meer dan een factor 100 ten opzichte van eerdere metin-
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gen.

Een Fano-profiel wordt toegepast om de lijnvorm van gevangen **Ba*
en ¥ Ba™ jonen te beschrijven om de overgangsfrequenties van de 6s *Sy jo—
6p?P1/2, 652S1/2 — 5d?Dy/e, 6p2Pyje — 5d?Dy) transities te bepalen
(Hoofdstuk 5). Onder zekere condities is de stationaire oplossing van de
OBE equivalent aan een Fano-profiel. Een verzameling van gesimuleerde
data is verstrekt om hetzelfde te verifieren. Het Fano-profiel beschrijft de
twee interferentiepaden, de excitatie van de S-P transitie door een foton
van het laserveld bij v; en het driestap-proces via een virtuele tussen-
liggende toestand om bij de eindtoestand te komen, welke de spontane
emissie van een foton uit de P staat is. Deze benadering geeft een fy-
sische interpretatie van de Raman resonantieconditie die het mogelijk
maakt om de lichtverschuiving als gevolg van de koppeling van de en-
ergieniveaus met de fotonen te verkrijgen.

De bepaling van overgangsfrequenties voor de drie isotopen 3¥Bat,
134Bat and 13Bat geeft toegang tot de isotoopverschuiving in Ba*. Iso-
toopverschuivingen (IS) zijn ideale instrumenten voor de atomaire golf-
functies op de positie van de kern en experimentele IS data kan gebruikt
worden om de precieze theoretische voorspellingen te testen. Bovendien
kunnen de atomaire berekeningen worden verbeterd door het vergeli-
jken van zeer nauwkeurige APV metingen van een aantal isotopen van
hetzelfde element, doordat hierbij de atomaire structuuronzekerheden
wegvallen. De geldigheid van de berekende atoomstructuur, in het bi-
jzonder de golffuncties, is cruciaal voor metingen van atomaire syste-
men. Levensduurmetingen geven transitiematrix-elementen. Continue
kwantumsprong-spectroscopie wordt toegepast en de levensduur van het
lang-levende 5d* D55 niveau in **Bat ionen wordt gemeten in gevangen
enkele ionen en kleine ionenkristallen [110, 61] (zie Fig 7.1).

Experimentele parameters die zouden kunnen hebben leiden tot sys-
tematische effecten zijn onderzocht. De gevonden levensduur is 7p, , =
25.6(0.5)s, wat significant kleiner is dan eerder gerapporteerde waarden
(zie see Fig 7.2). Dit bevat een correctie voor de statistisch significante
contributie aan de vervalsnelheid van afschrikking (quenching) veroorza-
akt door achtergrond-gasbotsingen, een kleine correctie voor zwarte-lichaamstraling,
en een kleine correctie voor bias geintroduceerd in de analyseprocedure.
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Figuur 7.1.: Voorbeeld van een kwantumspong van een kristal van drie Ba™-ions. (a)
Data verzameld gedurende 3 minuten van fluorescentie bij 494 nm. Pijlen
geven het passeren van grenzen gezet in de analyse aan. (b) Een projec-
tie van de telsnelheid bij een 100 ms tijdresolutie gefit met een model
gebaseerd op Poisson-statistieck om de grenswaarden te bepalen. (c¢) Een
voorbeeld van EMCCD afbeeldingen van het ionenkristal. (Aangepast
van [110])

De systematische effecten van een APV-experiment vragen om een uit-
gebreide en zorgvuldige studie. Afwijkingen van relevante experimentele
parameters, zoals polarisatie van lichtvelden en ionlocatie, zouden sys-
tematische niveauverschuivingen kunnen veroorzaken die lijken op pariteitschen-
dende lichtverschuiving.

Een methode is nodig om op-resonante, pariteitschendende vector-
lichtverschuiving in de 65/, toestand van Ba™ met de toepassing van
staande golven met 2050 nm licht (zie Fig 1.12) te meten. Vacuiimcompatibele
trilholtes met een hoge finesse, om deze staande golven te produceren
en besturen, zijn in voorbereiding. Dit experiment heeft ook goede
vooruitzichten voor een enkele-ionklok met een potentiéle relatieve nauwkeurigheid
van 10718, De lange-termijndrift in de klokfrequentie, wanneer de atom-
aire energieverschuivingen eenmaal onder controle zijn, kan worden geinterpreteerd
als temporele variaties in de fundamentele constanten van de natuur
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Figuur 7.2.: Geschiedenis van metingen (H) en berekeningen (») van de levensduur
van het 5d?Dj j>-niveau in Ba [110]

zelf. Alle tot zover beschreven aspecten van de APV meting kunnen
niet alleen worden toegepast op Bat, maar ook op Ra®, de zwaarste
van de aard-alkalién en iso-elektrisch aan Bat. De bepaling van sin?fy,
op sub-% nauwkeurigheid zal een nauwkeurige manier geven om nieuwe
natuurkunde te vinden, bijvoorbeeld het meten van de zwakke menghoek
van het proton [111], donkere Z bosonen [30, 29, 18].
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List of Symbols

Table .1.: Laser and frequency related symbols employed in this text

Symbol Description

Ag94 Wavelength of laser light at 494 nm

650 Detuning of laser light at 650 nm

0494 Detuning of laser light at 494 nm

0650 Detuning of laser light at 650 nm

Vs Switching frequency

1/}10 M—650 AOM frequency for spectroscopy with laser light at Ags5o
I/?OM_%O AOM frequency for cooling the ion for laser light at Agso
VAOM—194 AOM frequency for spectroscopy with laser light at Agg4
VAOM—494 AOM frequency for cooling the ion for laser light at Asg4
Pag4 Power of light at A\g94

P650 Power of llght at )‘650

Ta94 Intensity of light at A494

m Mode number

Vm Frequency of each mode of the frequency comb

Vcomb,reprate
Vcomb,synth
Veomb,of fset
Vdiode

Vaye

Vg,

I/B1

vy

V3

Comb repetition rate

Synthesizer frequency
Carrier-envelop offset frequency
Absolute frequency of diode laser
Absolute frequency of dye laser light

Beatnote frequency: light from diode laser with light from the dye laser
Beatnote frequency: light from TiSa laser and frequency comb light

Frequency of the light in the trap at wavelength A\g94
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A. Dimensions of various trap parts

In this chapter we collect the mechanical specifications of the new small
trap (trap 2) constructed within the framework of this thesis (see Chapter
2).
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130



A. Dimensions of various trap parts
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A. Dimensions of various trap parts
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A. Dimensions of various trap parts
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A. Dimensions of various trap parts
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Dimensions of various trap parts
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A. Dimensions of various trap parts
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A. Dimensions of various trap parts
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A. Dimensions of various trap parts
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B. Schematics of dc-distribution box

Schematics of a high precision stable voltage distribution for biasing the
correction electrodes (see Chapter 2).
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C. Experimental parameters

Listing of the part of the experimental data which is discussed and ana-
lyzed in this thesis. The data files are organized by the sate of the data
taking. A particular scan is referred by the time stamp in the data file.
Additional parameters from the logbook are also given in the tables.

Table C.1.: Parameters to obtain the spectra of 5d 2D3/2 - 6p2P1/2 transition for
different switching frequencies. Data from 01 November 2017.

Start time | Start time End time Vg Blue Red Veomb,synth | VAOM,I, | YAoM,e50 | Number
(forward) | (backward) | (backward) Power | Power -2e7 of Tons
8 5 B | 0 | @W) | W) | [ | [MEZ | M
30740 30856 30940 53.013 1.98 1.02 1325 72.47 352 20
31390 31490 31590 23.013 1.98 1.02 1325 72.47 352 20
31540 31642 31745 13.013 1.98 1.02 1325 72.47 352 20
31785 31888 31992 6.013 1.98 1.02 1325 72.47 352 20
Table C.2.: Parameters to determine saturation intensity. Data from 28 August 2017.
Start time | End time | Blue Red Veomb,synth | VAOM, I, Vs vaom,eso | Number
Power | Power -2e7 of Tons
g B0 | mW | W | | ME | ki | M
26730 26935 27.8 17 1325 72.47 53.013 352 6
27090 27295 16.1 17 1325 72.47 53.013 352 6
27370 27580 8.5 17 1325 72.47 53.013 352 6
29270 29500 5.4 17 1325 72.47 53.013 352 5
28225 28440 2.7 17 1325 72.47 53.013 352 5
28500 28720 1.3 17 1325 72.47 53.013 352 5
28740 28950 0.5 17 1325 72.47 53.013 352 5
28960 29190 0.26 17 1325 72.47 53.013 352 5
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C. Experimental parameters

Table C.3.: Parameters for spectra recorded for different number of ions. Data from
28 August 2017.

Start time | End time | Blue Red Veomb,synth | VAOM, I, Vs vaom,eso | Number
Power | Power -2e7 of Tons
[s] [s] W] | [aW] [Hz] [MHz] | [kHz] [MHz]
27670 27878 5.4 17 1325 72.47 53.013 352 6
29270 29500 5.4 17 1325 72.47 53.013 352 5
33620 33730 5.4 17 1325 72.47 53.013 352 1

Table C.4.: Parameters for spectra recorded with 3*Ba™ for different detuning d494.
Data from 07 September 2017.

Start time | End time | Blue Red Veomb,synth | VAOM, I, Vs vaom,es0 | Number
Power | Power -2e7 of Tons
g B | W | mW | Mg | MHJ | [k | [MH
28650 29150 8.6 19 1315 72.47 53.013 352 3
29420 29620 8.6 19 1320 72.47 53.013 352 3
29700 29920 8.6 19 1325 72.47 53.013 352 3
29930 30140 8.6 19 1330 72.47 53.013 352 3
30150 30350 8.6 19 1335 72.47 53.013 352 3

Table C.5.: Parameters for spectra recorded with 134 Ba™ for different powers P4g4 at

vaom,e50=262 MHz. Data from 02 November 2017.

Start time | End time | Blue Red Veomb,synth | VAOM,Is Vs vaom,eso | Number
Power | Power -2e7 of Tons
g S| wwW | mwl | H | MHZ | g | [MH]
19040 19250 12.60 6.5 1332 72.47 6.013 362 10
19300 19510 1.98 6.5 1332 72.47 6.013 362 10
19540 19740 0.79 6.5 1332 72.47 6.013 362 10
19760 19970 0.31 6.5 1332 7247 | 6.013 362 10

141




C. Experimental parameters

Table C.6.: Parameters for spectra recorded with 34 Ba* for different powers Pyg4 at
vaom,650=362 MHz. Data from 30 October 2017.

Start time | End time | Blue Red | Veomb,synth | VaOM, I, Vs vaom,eso | Number
Power | Power -2e7 of Tons
[s] [s] W] | [nW] [Hz] [MHz] | [kHz] | [MHz]
29570 29770 0.88 16.38 1345 72.49 53.013 362 5
29780 29990 0.55 16.38 1345 72.49 53.013 362 5
30030 30230 0.35 16.38 1345 72.49 53.013 362 5
30300 30500 3.50 16.38 1345 72.49 53.013 362 5
30640 30850 5.56 16.38 1345 72.49 53.013 362 5

Table C.7.: Parameters for spectra recorded with 34 Ba* for different powers Pyg4 at

vaom,e50=352 MHz. Data from 28 September 2017.

Start time | End time | Blue Red | Veomb,synth | VAaOM, I, Vs vaom,eso | Number
Power | Power -2e7 of Tons
[s] [s] W] | [nW] [Hz] [MHz] | [kHz] | [MHz]
8450 8650 0.88 16.38 1345 72.49 53.013 352 5
8680 8880 0.55 16.38 1345 72.49 53.013 352 5
9470 94670 0.35 16.38 1345 72.49 53.013 352 5

Table C.8.: Parameters for spectra recorded with 13*Ba™t for different powers Pgsg.

Data from 02 November 2017.

Start time | End time | Blue Red Veomb,synth | VAOM,Is Vs vaom,eso | Number
Power | Power -2e7 of Tons
g S| wwW | mwl | H | MHZ | g | [MH]
21200 21400 1.98 1.02 1332 72.47 6.013 362 10
21440 21645 1.98 2.58 1332 72.47 6.013 362 10
21900 22100 1.98 65.52 1332 72.47 6.013 362 10
21680 21890 1.98 6.50 1332 72.47 6.013 362 10
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C. Experimental parameters

Table C.9.: Parameters for spectra recorded with 13Ba* for different powers P4gy.
Data from 27 September 2017.

Start time | End time | Blue Red Veomb,synth | VAOM, I, Vg vaom,es0 | Number
Power | Power -2e7 of Tons
8 B | W | mW) | M| MHJ | [kHZ | [MHZ
26410 26630 8.6 19 1255 72.45 53.013 352 1
26640 26850 8.6 19 1255 72.45 53.013 352 1
26860 27060 8.6 19 1255 72.45 53.013 352 1
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