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Chapter 1

Introduction

1.1 The Standard Model and its Limits

The Standard Model (SM) [1–3] is the theoretical framework which provides a

consistent description of three of the four known fundamental interactions in na-

ture, namely the electromagnetic, the weak and the strong interactions [4]. The

fourth interaction gravity refuses the quantum field theory approach. The SM

is undergoing a continuous development since the past four decades [5] and the

SM is known to be the most successful theory in physics. Numerous interesting

experiments and measurements have been carried out in this period to discover

and to prove different properties of particles and their interactions. Despite its

success to describe all experimental observations it is not considered as the ulti-

mate description of nature, because of a lack of explanation for some experimental

facts. Such open questions include the masses of the fundamental fermions, the

number of particle generations, the large energy difference between electro-weak

and grand unification (gauge hierarchy problem), the dominance of matter and

antimatter in the universe, and the origin of parity violation. The model has

many free parameters that can only be determined experimentally. A number

of speculative theoretical extensions to the SM have been suggested in order to

explain some of the unanswered questions. Such models include Supersymme-

try [6], Technicolor [7], Grand Unified Theory [8], and String Theory [9]. The

predictions from such models come either in the form of new possible particles

or new possible interactions leading to extended radiative corrections [10]. Those

theoretical approaches have no status in physics until they are confirmed by ex-

perimental findings. Experimental tests of the SM are therefore motivated to

1



2 Introduction

identify the existence of new particles and/or new physical processes that would

explain the yet not well understood physical facts observed in nature [11–15].

There are two principally different approaches to test the SM extensions. New

particles and interactions can be directly searched for in high energy experiments.

The number of facilities to carry out a high energy experiment is limited and the

research is done on a large scale of international collaborations. Alternatively,

there are precision experiments at lower energies using atomic physics techniques

where physical quantities are determined which can be compared to calculations

of high accuracy within the established theories and deviations indicate incom-

pleteness of the theory. A significant deviation of the measurement from the

calculation leads to an indication of new physics. This approach is complemen-

tary to high energy experiments and can probe physics at mass scales well above

the direct access to the present and near future generation accelerators.

1.2 Outline of the Thesis

The motivation of the TRIµP (Trapped Radioactive Isotopes: µ-laboratories for

fundamental Physics) research program at the Kernfysisch Versneller Instituut

(KVI) of the University of Groningen is to test fundamental interactions and

symmetries in nature. Through precision experiments experimental signatures of

the breaking of discrete symmetries are searched for. Of particular interest are

the time reversal symmetry (T) and the parity symmetry (P). The TRIµP facility

provides short-lived radioactive isotopes which can be studied as atoms or ions

in suitable traps [16–20] (Fig.1.1).

This work is concerned with the development of an experimental setup to

carry out a state-of-the-art atomic parity violation (APV) measurement on a

single trapped ion. APV in this trapped ion will be measured via a determination

of light shift of the Zeeman levels of the low lying ground and metastable states.

Such a measurement will yield the weak charge of the radium ion nucleus from

which the weak mixing angle will be extracted. This measurement will test

the SM in a complementary way to other approaches. A sub-percent accuracy is

aimed for comparing it to the high energy physics experiments. In particular, the

electroweak mixing angle or the Weinberg angle is aimed for with a sub-percent

accuracy or a 5 fold improvement over the best existing measurement which was

performed on atomic cesium [22–24]. Recently Ra+ has been identified to be

an excellent candidate for this experiment [25, 26]. Due to the unique atomic
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Fig. 1.1: Conceptual view of the TRIµP facility and the TRIµP research program.
Radioactive ion beams are produced in nuclear reactions with the beam from the
AGOR cyclotron and the production target. A magnetic separator is used to select
isotopes of interest. A thermal ionizer and a radio frequency quadrupole cooler
convert the high energetic particles to ion or atom beams at thermal energies.
Optical traps provide the experimental environment to store and perform high
precision measurements with the goal to search for physics beyond the SM [21].

and nuclear structure, sensitivity to the parity violating weak interaction effects

in this alkali like system is strongly enhanced. To exploit this enhancement an

experiment is being developed within the TRIµP research program at KVI. APV

experiments probe the electroweak interaction as described in the SM of particle

physics. The agreement with the SM on parity violation could reveal the existence

of new physics beyond the SM and guide model building [27,28]. As an example,

the current agreement between the cesium measurement and the SM provides a

lower mass limit on an additional Z ′ boson at 1.3 TeV/C2 [29].

The thesis describes the necessary steps towards a new APV measurement

in a new system Ra+ (Fig. 1.2). In the framework of this thesis, a setup for

this experiment has been developed based on the requirements of the measure-

ment. Some of the experimental parameters have been investigated by several

measurements. The planned parity violation experiment is technically challeng-

ing and a long-term project in scope. The first step is the production of radium

at the TRIµP facility at KVI. The produced high energetic radium isotopes are

thermalized to singly charged ions. The ions are trapped and cooled in a linear

Paul trap where precision laser spectroscopy is performed to search for essential
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Atomic 
Physics

Standard 
Model

Experiment

Atomic Theory

THIS
 W

ORK
● Radium ion production
● Radium ion trapping
● Radium ion spectroscopy

● Hyperfine structure intervals
● Isotope shifts
● Life times

● Selection of a sensitive system
● Development of experimental tools
● Test measurements

Atomic 
Parity 

Violation

Fig. 1.2: Depiction of the layout of this thesis. Atomic physics techniques are
used to precisely measure atomic parity violation enabling a low energy test of
the Standard Model. On one hand atomic theory is indispensable to interpret
the experimental results and on the other hand the required atomic theory needs
experimental input. This work is concerned with the development of necessary
experimental tools and leads to important physics results that are required to test
the atomic theory.

atomic, nuclear and spectroscopic properties in this system which are scarce in

literature. This work provides indispensable building blocks for the parity vio-

lation measurement in the radium system. It is at the overlap of many different

fields in experimental and theoretical physics.

This thesis is organized as follows.

• We start with a description of violation of parity symmetry in an atomic

system. The experimental effort is placed into context with worldwide

parity violation research. The principle of measurement of parity violation

in general is also discussed.

• We describe the general requirements of an atomic system to be a potential
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candidate for this experiment. We compare Ra+ with other candidates

(Ba+, Yb+, Fr and Cs). The observable for APV is presented.

• The tools that have been developed are introduced. The TRIµP facility is

discussed with an emphasis on the operation of different components of the

facility for radium production. The experimental results of radium isotope

production are presented and discussed. Special attention has been given

to ion traps which are dedicated to this experiment. The laser systems are

described extensively with emphasis given to frequency calibration.

• The results from the measurements of hyperfine structure, isotope shift and

lifetime are presented. Data analysis and interpretation of the results are

discussed with emphasis given to isotope shifts.

• We summarise the results of radium isotope production and the results of

laser spectroscopy. The importance of the results towards the planned APV

experiment is discussed.

• We conclude with an outlook. The principle of measurement of differential

light shift by RF spectroscopy using shelving technique is discussed. The

current status of the experiment and an overview of short-term plans are

presented.

Ra+ is the heaviest alkaline-earth ion for which a high precision measurement

of atomic parity violation can be carried out. At the same time one can expect

that the achievable precision depends on a precise atomic description of this

system. The sensitivity to parity violating effects in this alkali like system is

50 times higher than in cesium where the best such measurements have been

performed till date [22, 23, 29, 30]. The energy levels of Ra+ which are relevant

for this work are shown in Fig. 1.3. It is a particular advantage of Ra+ that all

transitions relevant for an APV measurement are accessible with commercially

available cost effective diode laser systems.

The concept for an APV experiment based on a single ion has been worked

out for Ba+ [31–33]. However, the relative strength of the APV signal is 20 times

larger for Ra+ [26] and an experiment to exploit this enhancement is currently

developed within the TRIµP research program at KVI. The experiment aims at

a 5 fold improved measurement of the weak mixing angle over the sole best APV

result in atomic cesium.
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7s 2S
1/2

+ ε np 2P
1/2

6d 2D
3/2

+ ε np 2P
3/2

6d 2D
5/2

7p 2P
1/2

7p 2P
3/2

E2 E1APV

Repump
1080 nm

Cooling & Detection
468 nm

Off-Resonant
828 nm

Fig. 1.3: Level diagram of Ra+ with emphasis given to the admixture of P states
with the low lying S and D states.

A parity violation experiment requires a good study of possible systematic

effects. This work developed the principle and realization of production of short-

lived radium isotopes, the subsequent trapping and laser spectroscopy in a linear

Paul trap. The next steps towards trapping and cooling of a single ion is under-

way.



Chapter 2

Atomic Parity Violation and

Standard Model

2.1 Parity Violation

2.1.1 The Discrete Symmetries

There are three discrete symmetries in the description of the SM. They are the

parity (P) symmetry, the time reversal (T) symmetry, and the charge conjugation

(C) symmetry. The parity symmetry was introduced by Wigner in 1927 to explain

the selection rules observed in atomic transitions [34]. Parity is the operation of

space reflection, where all spatial coordinates ~r ≡ (~x, ~y, ~z) are reversed through

the origin. Mathematically, it is represented by the operator P̂ which transforms

P̂ ~r = −~r
P̂ ψ(~r, t) = ψ(−~r, t).

In quantum mechanics the parity operator has a quantum number associated

with it. Since P̂ 2ψ = ψ the parity operator P̂ has two eigenvalues: +1 and -1

corresponding to even and odd parity eigenstates respectively.

The time reversal symmetry was also introduced by Wigner in 1932 [35]. The

time reversal symmetry transformation is represented by an operator T̂ which

reverses the time coordinate

T̂ t = −t
T̂ ψ(~r, t) = ψ(~r,−t).

The time reversal operation relates the initial and final states in quantum me-

chanics and it has no quantum number associated with it.

7



8 Atomic Parity Violation and Standard Model

The charge conjugation symmetry was introduced by Kramers in 1937 follow-

ing the formulation of the Dirac equation and the development of quantum field

theory [36]. It is often called particle-antiparticle conjugation [37]. The charge

conjugation symmetry transformation is represented by the operator Ĉ which

reverses the charge

Ĉ q → −q
Ĉ ψ(q)→ ψ(−q).

In 1951, Schwinger formulated the CPT theorem which states that the com-

bined CPT operation is a symmetry of any local Lorentz-invariant quantum field

theory [38]. The prediction of the SM and confirmation from all experimental

observations indicate that all physical laws are invariant under the combined

application of all three discrete symmetries (ĈP̂ T̂ ) irrespective of their order.

Individually, these symmetries are not preserved by nature. Soon after the formu-

lation of CPT theorem, violation of different discrete symmetries were observed

after the suggestion to search for it in the weak interaction by Lee and Yang [39].

We will discuss only the violation of parity symmetry in the scope of this thesis.

2.1.2 History of Parity Violation

A physical law conserves the parity symmetry if its form is retained under a

parity transformation operation. Parity is conserved if left and right can not be

distinguished by performing a physical experiment. It is quite evident that one

can not simply apply an abstract transformation operator to the experimental

apparatus to get some sense of parity violation. However, one can effectively do

this by reversing the parity of the experiment. In order to search for a signature

of parity violation, an experiment is performed to measure some physical process

and the measurement is repeated with the parity of the experiment reversed.

Any discrepancy observed between the two measurements is the basic signature

of parity violation and it would imply a fundamental handedness1 associated with

the physical process.

In order to understand the present status of the physics of parity violation, it

is illuminating to look at the path of discoveries. Here we present the milestones

in the history of significant developments in the field of parity violation.

• Until 1950, almost every physicist had a notion that parity is a funda-

mental symmetry of the universe.

1The handedness has also been observed in muon decay.



2.1 Parity Violation 9

• In 1950, E.M. Purcell and N.F. Ramsey realized that a permanent electric

dipole moment (EDM) of a fundamental particle would violate the parity

symmetry [40]. This was the beginning of the searches for EDM which have

set over the decades strong limits on SM extensions. They also indicated

that there was no limit on parity violation for the weak interaction.

• In 1956, T.D. Lee and C.N. Yang predicted that the weak force might

violate parity symmetry based on their theoretical work on τ−θ puzzle [39].

They proposed experiments that could test their prediction. They were

later awarded the Nobel Prize for this work. Several experiments were

started thereafter.

• In 1957, C. Wu et al. performed a significant variation of the experi-

ment proposed by Lee and Yang which led to the first observation of parity

violation in nuclear β-decay [41]. Many experiments followed thereafter.

• In 1959, Zeldovich speculated that neutral currents might be the cause that

leads to parity violating effects in atomic systems and not just in nuclear

β-decay [42]. This speculation created an interest among experimentalists,

though it was apparent that the effects would be immeasurably small at

that time.

• In 1967, S.L. Glashow, S. Weinberg, and A. Salam proposed the elec-

troweak theory which unifies electromagnetism with the weak force [1–3].

This unified gauge theory predicts the existence of a massive Z0 boson

which is responsible for the parity violating weak interaction effects.

• In 1974, M.A. Bouchiat and C.C. Bouchiat realized that parity violation

effects are stronger in heavy atomic systems and the strength of the effects

scales with the cube of atomic number (Z3 law) [43]. This triggered the

beginning of a new era of experiments to search for neutral current effects

in atomic systems. Since then, there have been several groups pursuing

experimental measurements of atomic parity violation in heavy atomic sys-

tems [22–24,30–33,44–50,50–53].

2.1.3 Electroweak Unification

The long range electromagnetic interaction in atomic systems is mediated by the

exchange of a massless photon (γ). This interaction is parity conserving and is
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described by the laws of Quantum Electrodynamics (QED). The short range weak

interaction is mediated by the exchange of a weak vector boson. This interaction

is parity violating. The electroweak theory claims that all electromagnetic phe-

nomena and all weak phenomena are results of the manifestation of one universal

electroweak interaction between spin 1/2 quarks (up, down, top, bottom, charm,

strange) and leptons (electron, muon, tau, neutrinos) mediated by four spin 1

bosons: two charged ones (W+ and W−) and two neutral ones (W0 and B0).

These four particles are the eigenstates of weak interaction. However, they are

not the mass eigenstates. The two charged vector bosons (W+ and W−) cannot

mix because of their electric charge while the neutral bosons (W0 and B0) mix

in two orthogonal linear combinations. In one linear combination, the photon

remains massless and the coupling strength is given by the charge of the electron.

The consistency of the theoretical framework required the existence of a massive

second neutral boson Z0 (∼ 91 GeV) which was predicted by the electroweak

theory. The mixing of the photon (γ) and the Z0 boson (cf. Fig. 2.1) is described

by a single fundametral parameter, the weak mixing angle or the Weinberg angle

(θW ). The mass eigenstates in terms of the linear combinations of neutral bosons

are written as

|γ〉 = sin θW |W 0〉+ cos θW |B0〉 (2.1)

|Z0〉 = cos θW |W 0〉 − sin θW |B0〉. (2.2)

+

2

EM

X

EM Weak

2

Weak

+

EM Weak

2Zγ γ Zγ Z

e- e- e-e- e- e-e-e- e- e-e-e-

Fig. 2.1: Electrons in an atom interact with the nucleus through the electromag-
netic force (EM) via the exchange of massless photons (γ). The weak force (Weak)
is mediated by Z0 bosons. The weak effects by themselves are too small to be seen
directly. This figure provides a pictorial representation of the quantum interfer-
ence between the electromagnetic and weak processes. The sum of the amplitudes
squared enables to observe the effect of Z0 boson exchange. Adapted from [54].

If the mediating particle is a charged vector boson (W+ or W−), the interac-

tion is called charged current interaction, e.g., nuclear β-decay. If the mediating
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particle is a neutral vector boson (Z0), the interaction is called neutral current

interaction. The existence of Z0 boson and the neutral current interaction was

confirmed by indirect observation of neutral current processes [55, 56] and later

by direct observation of the Z0 resonance [57,58]. Over the years the accelerator

based high energy experiments have confirmed the predictions of the electroweak

theory with great precision.

The weak mixing angle θW connects two independent coupling constants of

the electroweak theory. One is the electric charge (e), the coupling constant of

the electromagnetic interaction. The other is gW , the coupling constant of the

weak interaction. These two coupling constants are connected to the Weinberg

angle via the relation

sin2 θW =
e2

g2
W

. (2.3)

Since electroweak theory is a quantum field theory, these two coupling constants

vary with the energy at which they are measured due to radiative corrections.

The prediction of the electroweak theory for the running of Weinberg angle is

shown in Fig. 2.2.

It shows that sin2 θW first decreases by about ∼ 3% from low energy to the

mass of the Z0 boson. This is caused by the creation and annihilation of quark-

antiquark pairs resulting in the vacuum polarization which shields the interacting

particles, causing gW to increase. At very high energy (beyond 100 GeV) the W±

pairs start to dominate vacuum polarization resulting in anti-shielding, causing

gW to decrease and sin2 θW to increase. This prediction of the SM is confirmed

by several experiments and several experiments are underway.

2.1.4 Experiments Worldwide

Here we restrict ourselves to the APV experiments aiming for a precise determi-

nation of Weinberg angle. A number of such experiments have been performed

at different energy scales, each of which has contributed an experimentally mea-

sured value of the Weinberg angle. These experiments along with the planned

experiments are listed in Table 2.1.

The e+e− experiment performed at LEP, CERN (LEP 1 in Fig. 2.2) yielded

a result that defines θW at the Z0 pole. This is the most precise measurement

performed at high energy frontier. Interestingly the leptonic (0.23113±0.00021)

and the hadronic (0.23222±0.00027) measurements of sin2 θW differ by 3.2σ [62].

Two other experiments at this energy scale were performed at SLC (SLAC) and
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Ra+ @ KVI

MOLLER

Qweak

e-DIS

Fig. 2.2: The running of the γ-Z0 mixing angle from low atomic energies to the
high energy scales. The blue trace is the prediction of the SM. The data points in
red color are the completed or ongoing experiments. The data points in magenta
color are proposed experiments with the anticipated error bars. Adapted from [59].

Tevatron (Fermilab) [63].

The NuTeV experiment at Fermilab (ν-DIS in Fig. 2.2) determined the Wein-

berg angle by looking at the scattering of the beams of neutrinos and antineutrinos

off a proton target. The interaction between the (anti)neutrinos and the quarks

can be either a charged or a neutral weak current. By determining the ratio of

the charged to neutral current cross sections for either the neutrino or antineu-

trino beam, a value of the Weinberg angle was extracted. The final report was

published in 2002 with a value for sin2 θW that differed from the SM prediction

by 3σ [61].

The E158 experiment at SLAC (QW (e) in Fig. 2.2) determined the weak

charge of the electron by looking at the amount of parity violation in electron-

electron scattering. The measurement was performed by accelerating polarized

electrons to ∼ 50 GeV and scatter them off other electrons in a liquid hydrogen

target. Since the Z boson couples differently to left handed electrons than to
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Table 2.1: Recent APV experiments from low energy to high energy scales. Ex-
periments marked with an asterisk have been proposed. The last column indicates
the level of precision that has been achieved or anticipated.

Measurement Laboratory Observable Precision

Cs APV QW (APV)@JILA Boulder QW (Cs) 0.35% [22]

ee scattering E158@SLAC QW (e) 0.5% [60]

ν-DIS NuTeV@Fermi Lab - 0.7% [61]

e+e− at Z0 pole LEP@CERN - 0.07% [62]

ep scattering* Qweak@J-Lab QW (p) 0.3%

ee scattering* Moller@J-Lab QW (e) 0.1%

e-DIS* J-Lab QW (e) 0.45%

Fr APV* Legnaro QW (Fr) -

Ba+ APV* Seattle QW (Ba+) 0.5%

Yb+ APV* Los Alamos QW (Yb+) 0.1%

Ra+ APV* Groningen QW (Ra+) 3%

right handed electrons, the polarized electron beam is scattered differently de-

pending on its polarization. This leads to a parity violating asymmetry. The

determination of parity violation leads to the determination of the Weinberg an-

gle. The first data was collected in the summer of 2004 [64] and the final report

was published a year later [60].

Several experiments are planned to be performed in the medium energy sector.

The Qweak experiment at the Jefferson Lab (J-Lab) aims to measure the weak

charge of the proton QW (p) by elastic electron-proton scattering. The Moller

experiment and e-DIS experiment at J-Lab aim to measure the weak charge of

electron QW (e).

In the lower energy sector, there exists only one measurement which deter-

mined the weak nuclear charge with a sub-percent accuracy [22]. The result of

this measurement agrees to better than one standard deviation with the pre-

diction of the SM (cf. Fig. 2.2). This level of agreement is a consequence of

tremendous theoretical effort that was pursued to achieve the level of accuracy

called for by the experimental result [29, 65]. Over the years the theoretical pre-

diction has relaxed towards the experimental value about a decade after the final

experimental number. Then it becomes desirable to perform an independent high

precision measurement of the weak charge in Cs or in a different system using
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a completely different experimental concept. Several groups are pursuing this

goal. For cesium (Z=55), a new measurement was performed by the ENS-Paris

group [30] and plans exist at SUNY, Stony Brook. At INFN, Legnaro an exper-

iment is planned to measure the weak charge for francium (Z=87) in a magneto

optical trap (MOT). At Seattle an experiment to measure the weak charge for

Ba+(Z=56) is underway. At Los Alamos an experiment is planned to measure

the weak charge for Yb+ (Z=70). At KVI, we are preparing a competitive APV

experiment using a single trapped ionic radium (Z=88).

2.2 Parity Violation Experiments

2.2.1 Parity Violation in Atomic Systems

Parity violation in atomic systems is caused by the interaction of electrons with

the quarks in the nucleus through the exchange of Z0 bosons. This interaction can

be depicted using a Feynman diagram (Fig. 2.3). In the left diagram the parity

violation of an electron due to a t-channel interaction with a Z0 boson inside the

nucleus is shown. In the right diagram it is shown that the weak interactions can

be treated in a contact potential approximation, with GF being the point contact

coupling constant. It is related to the underlying physical weak force coupling

constant gW as GF ∝ gW [66].

�Z0

e

q

e

q

gW

gW

Effective Field Theory−−−−−−−−−−−−→�
e

q

e

q

GF =
(

gW

MZ0

)2

GF =
(

gW

MZ0

)2

Fig. 2.3: Feynman diagrams depicting atomic parity violation. The left diagram
shows the interaction of an electron (e) with a quark (q) with an exchange of Z0

boson. The right diagram shows the coupling of four fermions in a contact potential
approximation using effective field theory.

The dominant contribution to atomic parity violation comes from the ex-

change of the Z0 between the electrons and the quarks in the nucleus, where the
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Z0 couples to the spin of the electron and to the weak charge of the quarks. As

a result of coherent addition of the weak charges of each quark, the nucleus ac-

quires a weak nuclear charge (QW ). This weak interaction introduces a non-zero

off-diagonal matrix element in the energy eigenstate representation of P̂ . As a

result, the energy eigenstates will not have a well defined parity. A state of well

defined parity gets a tiny admixture from opposite parity states and becomes a

state of ill defined parity. This mixing is maximum between the states for which

the overlap of electron wave functions at the nucleus is maximum. Far away from

the nucleus, the exchange of Z0 bosons between the electrons and the quarks is

suppressed because of the large mass of Z0.

The weak charge QW of the nucleus is expressed as

QW = (2Z +N)Qw(u) + (Z + 2N)Qw(d) (2.4)

= [Qw(u) + 2Qw(d)]N + [2Qw(u) +Qw(d)]Z, (2.5)

where N is the number of protons and Z is the number of protons inside the

nucleus. Using the values of the weak charges of the up (u) and down (d) quarks

according to the electroweak theory, the weak nuclear charge takes the form

QW = −N + (1− 4 sin2 θW )Z. (2.6)

Experimentally, the value of sin2 θW has been determined to be ' 0.23 [62].

Thus QW ' - N + 0.08 Z ∼ -N, and hence the weak nuclear charge is roughly

proportional to the atomic number Z. The extent to which the admixed opposite

parity states overlap at the nucleus is roughly proportional to Z2. Combining

these two facts together leads to a conclusion that the amplitude of mixing effect

is proportional to Z3 [43].

The neutral weak interaction between an atomic electron and the nucleus is

described by a zero-range effective Hamiltonian which is added as a perturbation

to the usual Coulomb Hamiltonian. The parity violating part of the electron-

nucleus interaction Hamiltonian HAPV can be expressed as

HAPV = HNSI
1 +HNSD

2 , (2.7)

where HNSI
1 is the nuclear spin independent contribution and HNSD

2 is the nuclear

spin dependent contribution. HNSI
1 is a scalar in the electronic variables. Thus,

it is unable to change the angular momentum of the electron. HNSI
1 can be

expressed as

HNSI
1 = AeVN , (2.8)
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where Ae is the axial vector component of the electronic neutral weak current

and VN is the vector component of the nucleonic neutral weak current.

HNSD
2 is dependent on the nuclear spin and plays a role only in the odd

isotopes. It can change the electron angular momentum. HNSD
2 actually consists

of two parts,

HNSD
2 = HNSD

2a +HNSD
2b . (2.9)

The first part (HNSD
2a ) originates from unbalanced nucleon spin and is equal to

VeAN , where Ve is the vector component of the electronic neutral weak current

and AN is the axial vector component of the nucleonic neutral weak current.

The second part (HNSD
2b ) originates from the electromagnetic coupling of the

electrons to the nuclear anapole moment. The combined nuclear spin dependent

contribution HNSD
2 = HNSD

2a + HNSD
2b is only a few percent of the nuclear spin

independent contribution HNSI
1 . The study of isotopes with zero and non-zero

nuclear spin can distinguish these contributions.

In the non-relativistic limit, HNSI
1 can be written as [67]

HNSI
1 = QW ×

GF

2
√

2
γ5ρN(r), (2.10)

where QW is the weak nuclear charge, GF is the weak coupling constant or Fermi

constant, γ5 is the Dirac matrix and ρN(r) is the nucleon density function. ρN(r)

is non-zero only for nuclear dimensions and it is essentially a delta function. It can

be either the proton density function or the neutron density function and both of

them can be assumed to be the same. Nevertheless the nuclear parameter plays

a role in the interpretation of the weak interaction results. Hence the parameters

such as charge radii, hyperfine structures and lifetimes have to be determined

experimentally.

2.2.2 APV: Low Energy Test of the SM

While the strong and electromagnetic interactions are parity even, the weak in-

teraction is parity odd. Hence a measurable parity violating effect in an atomic

system can only be explained by the weak interaction. Measuring parity violation

via a low energy precision experiment and finding agreement with the SM to a

sub-percent accuracy would exclude new bosons with a mass < 1 TeV, which is

already better than the capabilities of current high energy experiments. On the

other hand, any deviation would indicate “new physics” beyond the SM.
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The interface between an atomic parity violation experiment and the SM is

the weak nuclear charge, QW . The weak charge QW is obtained by combining

the results of atomic parity violation experiments and relativistic many-body

calculations. Thus, a parity violation experiment in conjunction with required

atomic theory can determine an experimental value of the weak nuclear charge

QW , from which the weak mixing angle θW can be extracted and compared with

the standard model prediction shown in Fig. 2.2.

2.2.3 Principle of APV Experiments

Due to the Z0 induced mixing of states, there is a small but non-zero parity

violating transition amplitude (APV ) between states of the same parity. The am-

plitude APV will change sign if parity of the experiment is effectively reversed, for

example, by reversing the directions of electric, magnetic, and laser fields [22,50],

while all parity conserving amplitudes will remain unchanged under this reversal.

The goal of an APV experiment is to precisely determine this parity violating

amplitude APV which is observed by its interference with either a parity conserv-

ing transition amplitude (APC) or another parity violating transition amplitude

that can be induced externally.

The amplitude APC can be a magnetic dipole (M1) transition amplitude and

this is the basis of an optical rotation experiment. The physics underlying the

optical rotation experiment is concerned with the rotation of the plane of polar-

ization of light as it passes through a medium of atoms, owing to the intrinsic

chirality of atoms arising from the weak interaction. This APV-induced opti-

cal rotation violates mirror symmetry. An excellent description of the optical

rotation experiments is given in [68]. Optical rotation experiments have been

performed on atomic bismuth [69], lead [70], thallium [71] and samarium [72].

APV experiments based on Stark interference aim at measuring the transition

rate between two states, for which there is a parity violating transition matrix

element [68, 73]. In such experiments the amplitude APV can be measured by

observing its interference with a Stark-induced electric dipole (E1) transition

amplitude. Candidates for such an experiment are atomic cesium [22], ytter-

bium [50], and francium [74]. Alternatively, the amplitude APC can be chosen as

an electric quadrupole (E2) transition amplitude (Fig. 2.1). Candidates for such

an experiment are Yb+, Ba+, and Ra+.

Since the parity violating matrix elements are much smaller than the par-

ity conserving matrix elements, the weakly allowed parity conserving transition
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completely dominates the experiment. In terms of Rabi frequencies the absolute

transition rate between the two states is given by,

R =| ΩPV + ΩPC |2 (2.11)

= |ΩPV|2 + 2Re
(
Ω†PVΩPC

)
+ |ΩPC|2 (2.12)

The first term may be neglected as it depends quadratically on the small parity

violating transition amplitude. The last term depends quadratically on the large

parity conserving transition amplitude which dominates the transition rate. This

indicates that a direct approach of measuring the absolute strength of parity

violating transitions is bound to fail and hence one needs to take an indirect

approach by exploiting the interference term, which is linear in parity violating

amplitude. This interference term is a pseudoscalar and hence it will change sign

upon a coordinate system reversal. Since the last term dominates the transition

rate, it must be distinguished from the interference term. This can be done by

using the parity violating signature of the interference term which makes it behave

differently from the parity conserving term under coordinate system reversals.

Trapped heavy atoms and ions are good systems for the measurement of

atomic parity violation. Because of the electric charge an ion can be preferred

over an atom, since it is easier to manipulate an ion than an atom. Alkali atoms

or alkaline-earth ions with a single valence electrons are preferred for such an

experiment.



Chapter 3

Measuring Parity Violation in a

Trapped Ion

3.1 Heavy Alkaline-earth Ions: Ba+ and Ra+

Laser spectroscopy has evolved to be a very powerful technique to determine

atomic and nuclear properties of an element including but not limited to the

information on the electron shell, the lifetime of excited atomic levels, the nu-

clear spin, the charge distribution, and the electric/magnetic multipole moment

of nuclei. A better knowledge of these properties is essential for a better under-

standing of the atomic and nuclear structures. For example, hyperfine structures

and isotope shifts depend on atomic and nuclear properties respectively. The

hyperfine structure intervals enable one to understand the atomic wave functions

better. Similarly the isotope shifts enable one to understand the shape and size

of atomic nuclei.

Towards a competitive APV experiment, all the atomic and nuclear proper-

ties need to be determined for the atomic system of interest in order to extract

the small contributions from parity violating weak effects to the atomic structure.

The singly charged radium ion (Ra+) has been identified as an ideal system. How-

ever, an extensive study of this system through laser spectroscopy is indispensable

to determine the missing atomic and nuclear properties. Since radium is scarce,

precious, radioactive and is known to have no stable isotope, it is impossible to

investigate them on a daily basis. Hence we developed the experiment with singly

charged barium ions (Ba+), which are chemically homologous to Ra+ (Table 3.1).

Though Ba+ is a well understood system, very limited spectroscopic information

about Ra+ is available in the literature. In this section, we give an overview of

19
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Table 3.1: Atomic properties of the ionic heavy alkaline-earth elements Ba+ and
Ra+.

Atomic Property Ba+ Ra+

Atomic number 56 88

Melting point (K) 1000 1196

Electronic configuration [Xe]6s1 [Rn]7s1

Ground state 6s 2S1/2 7s 2S1/2

Most abundant isotope 138Ba (71.7%) 226Ra (90%)

Nuclear spin Even: 0, Odd: 1/2, 3/2 Even: 0, Odd: Many

Number of stable isotopes 7 Nonea

aThe longest lived radium isotope with I 6=0 is 225Ra (I=1/2) and the lifetime is 14.9(2)
days. The longest lived radium isotope with I=0 is 226Ra and the lifetime is 1600(7) years.

the known properties of the Ra+ system and we discuss the informations needed

for measuring parity violation in this system.

3.1.1 Atomic Properties of Ra+

The radioactive element radium was discovered by M. Curie in 1898 and subse-

quently many short-lived isotopes of radium were found. Ra+ is an alkaline earth

ion. Its atomic number is 88 and the electronic configuration is [Rn] 7s1. It is a

single valence electron system and the ground state LS configuration is 7s 2S1/2.

Radium has an important role in the understanding of the physics of radioactiv-

ity. The activity of one gram of 226Ra is defined as the unit of radioactivity (Ci).

The important physical properties of radium are listed in Table 3.1.

Four decades after the discovery of radium, E. Rasmussen in 1933 was the first

to perform arc emission spectroscopy of radium atoms [77] and radium ions [76]

using a discharge lamp and a grating monochromator. A total of 62 transitions

were identified in radium ions [76]. The lines were recorded on a photographic

film and the level structure was extracted. These measurements together with the

measurements for radium atoms [77,78] confirmed the identification of radium as

an alkaline-earth element. The level structure of Ra+ is shown in Fig. 3.1.

After a long gap of about 50 years, laser spectroscopy of Ra+ was resumed

at the ISOLDE facility of CERN. Radioactive radium isotopes with half life
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Fig. 3.1: Level diagram of Ra+. Calculated lifetimes and branching ratios are
taken from [75]. Wavelengths are taken from [76].

between 23 ms and 1600 y were produced. On-line collinear fast-beam laser

spectroscopy was performed on the strong ionic 7s 2S1/2 - 7p 2P1/2 transition to

measure the hyperfine structures and isotope shifts in a series of radium isotopes

in the mass range of 208 ≤ A ≤ 232 [79]. These measurements enabled the

determination of nuclear spins, magnetic dipole moments, and electric quadrupole

moments of those isotopes [79,80]. Later on, the hyperfine structure and isotope

shift measurements were continued for the 7s 2S1/2 - 7p 2P3/2 transition [81].

From these measurements the mean square charge radii were extracted [82]. A

direct measurement of nuclear magnetic moments of 213Ra and 225Ra was also

performed [83].

Due to the unique atomic and nuclear properties, radium isotopes are con-

sidered as promising candidates for several high precision experiments. This is

the motivation for performing high precision calculations of the necessary atomic

wave functions in this system, because precise calculations of many atomic prop-

erties such as hyperfine structure, transition rates, excited state lifetimes etc,

have a strong dependence on the knowledge of atomic wave functions. The rel-
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Table 3.3: Barium isotopes with their nuclear spins, atomic masses, isotopic
abundances, and lifetimes [86].

Isotope Spin Mass (amu) Abundance (%) Lifetime
130Ba 0 129.906282 0.11 Stable
132Ba 0 131.905042 0.10 Stable
133Ba 1/2 132.906008 - 10.5 y
134Ba 0 133.904486 2.42 Stable
135Ba 3/2 134.905665 6.59 Stable
136Ba 0 135.904553 7.85 Stable
137Ba 3/2 136.905812 11.23 Stable
138Ba 0 137.905232 71.70 Stable

ativistic nature of this system makes the calculation challenging. The results

of such calculations have serious impact on the interpretation of experimental

results and also on the evaluation of sensitivity to symmetry breaking effects.

On the other hand, highly precise experimental determination of these quantities

provide reliable input for atomic structure calculations.

Several atomic properties such as the transition rates, hyperfine structures,

isotope shifts, excited state lifetimes and branching ratios of several states etc.

have been calculated by several groups using different theoretical approaches [25,

26,65,75,84,85]. The calculated results have very little physical significance until

they undergo experimental verification. Any possible discrepancy will require

physical explanation and further investigation.

3.1.2 Atomic Properties of Ba+

Barium was discovered by H. Davy in 1808. Ba+ is also an alkaline earth ion.

Its atomic number is 56 and the electronic configuration is [Xe] 6s1. It is a single

valence electron system and the ground state LS configuration is 6s 2S1/2. The

level structure of Ba+ is shown in Fig. 3.2.

Ba+ has a similar atomic structure as Ra+. Hence we use Ba+ as a precursor to

develop the necessary experimental tools and the laser spectroscopic techniques

which we can apply to Ra+. Barium has seven stable isotopes and they are

readily available in nature. All the stable barium isotopes with their isotopic

abundances are listed in Table 3.3. Ba+ is a well understood system and a large
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Fig. 3.2: Level diagram of Ba+. Wavelengths and lifetimes are taken from [32,
44–46,52,87]

pool of experimental data is readily available in the literature. This enables us to

understand the theoretical and experimental aspects on the trapping and cooling

of Ra+.

3.2 Ra+: An Ideal Candidate for APV Experi-

ment

A novel experimental method to measure atomic parity violation in a single

trapped ion was proposed by E.N. Fortson [31]. Crucial steps have been taken

and certain proof-of-principles have been demonstrated towards a single ion par-

ity violation experiment using a single 138Ba ion [44, 52]. This concept can be

extended to Ra+.

A high precision APV experiment is not self sufficient for a precise extraction
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of weak nuclear charge. The interpretation of experimental data requires a pre-

cise atomic theory. The existing ab initio methods in atomic theory to calculate

atomic wave functions require experimental input to assess the accuracy of these

methods. A heavy atomic system with a single valence electron is preferred for

which the atomic wave function is comparatively easier to calculate and the APV

signal would be bigger because of the Z3 law [43]. The heaviest alkali systems

like cesium atom (Z=55) and francium atom (Z=87) or the heaviest earth-alkali

systems like Ba+(Z=56) and Ra+(Z=88) meet these requirements. Recently Yb+

(Z=70) has been chosen as a potential candidate for a similar experiment [88].

But Ra+ is the heaviest among others and hence it is expected to have compara-

tively larger parity violation. The relevant parity violating 7s 2S1/2 - 6d 2D3/2 am-

plitude is expected to be about a factor of 20 and 50 larger in Ra+ than that

in Ba+ and Cs respectively [26, 65, 88], resulting in less stringent requirements

for the theory while the statistical sensitivity would be larger. About 1 hour of

data collection can lead to a statistical resolution of 1 Hz and about 10 days of

data collection can lead to a 5 fold improvement of over the cesium result. More-

over, all the relevant transitions which are useful for probing parity violation in

Ra+ are in the visible or near infrared regime and hence they are accessible by

commercial semiconductor diode lasers with narrow linewidth, which is certainly

advantageous compared to Ba+ (cf. Figs. 3.1 and 3.2). Being a heavy element,

Ra+ can be confined to a comparatively smaller trapping volume than Ba+, since

the Lamb-Dicke parameter is inversely proportional to the square root of mass of

the ion. This will lead to the reduction of systematic uncertainties due to stray

electric fields. Also the relative statistical uncertainty for Ra+ is expected to be

smaller compared to Ba+. Thus, Ra+ seems to be the superior candidate for a

competitive parity violation experiment.

3.3 Signature of Parity Violation in Ra+

A determination of the weak charge requires a robust and strong experimental

signature. Here we discuss how atomic parity violation manifests itself in Ra+.

The exchange of Z0 bosons between the electron and the quarks of an ion results

in a mixing of the opposite parity states. The magnitude of mixing is maximum

for S and P states.

In case of Ra+, the 7s 2S1/2 state gets a tiny admixture from the np 2P1/2 states
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Fig. 3.3: Level diagram of Ra+ with emphasis given to the admixture of P states
with the low lying S and D states.

and no longer remains in a state of definite parity,

| 7s 2S̃1/2〉 =| 7s 2S1/2〉+ ε | np 2P1/2〉 (3.1)

=| 7s 2S1/2〉+
∑
n

| np 2P1/2〉
〈np 2P1/2 | HW | 7s 2S1/2〉

E7s 2S1/2
− Enp 2P1/2

, (3.2)

and the 6d 2D3/2 state also gets a tiny admixture from the np 2P3/2 states,

| 6d 2D̃3/2〉 =| 6d 2D3/2〉+ ε | np 2P3/2〉 (3.3)

=| 6d 2D3/2〉+
∑
n

| np 2P3/2〉
〈np 2P3/2 | HW | 6d 2D3/2〉

E6d 2D3/2
− Enp 2P3/2

, (3.4)

where the Weak Hamiltonian HW is given by,

HW = QW ×
GF√

8
γ5ρn(r). (3.5)

An electric quadrupole transition (E2) between the 7s 2S1/2 and the 6d 2D3/2 states

is allowed by the parity selection rule. But the admixture from P states makes

a small dipole transition (E1) possible between these energy eigenstates which

is otherwise forbidden by the parity selection rule. The strength of the parity
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violating E1 amplitude is given by,

E1APV = 〈7s 2S̃1/2 | D | 6d 2D̃3/2〉 (3.6)

=
∑
n

〈7s 2S1/2 | HW | np 2P1/2〉〈np 2P1/2 | D | 6d 2D3/2〉
E7s 2S1/2

− Enp 2P1/2

(3.7)

+
∑
n

〈7s 2S1/2 | D | np 2P3/2〉〈np 2P3/2 | HW | 6d 2D3/2〉
E6d 2D3/2

− Enp 2P3/2

. (3.8)

Substitution of the weak Hamiltonian from Eq. 3.5 gives,

E1APV = QW ×
GF√

8

∑
n

〈7s 2S1/2 | γ5ρn(r) | np 2P1/2〉〈np 2P1/2 | D | 6d 2D3/2〉
E7s 2S1/2

− Enp 2P1/2

(3.9)

+QW ×
GF√

8

∑
n

〈7s 2S1/2 | D | np 2P3/2〉〈np 2P3/2 | γ5ρn(r) | 6d 2D3/2〉
E6d 2D3/2

− Enp 2P3/2

(3.10)

= QW × k. (3.11)

While E1APV can be experimentally measured, k arises from theoretical cal-

culations using atomic theory. A detailed treatment on the calculation can be

found in [89]. Since E1APV is extremely small, it must be measured using an

indirect approach. The interference between the parity conserving E2 amplitude

and the parity violating E1 amplitude leads to a measurable signal which can

be observed as a small shift of the two ground state Zeeman sub-levels. This

shift is a vector like AC Stark shift or differential light shift. From the differen-

tial light shift the parity violating E1 amplitude can be distinguished from the

electromagnetic contribution, and the weak charge QW for the ion can be inferred.

In conlusion, Ra+ is a sensitive system for probing parity violation. The

sensitivity to parity violating weak interaction effects in this system is 50 times

larger than that in cesium where the best such experiment was performed till date.

Ra+ is preferred over all other possible candidates based on the theoretical and

experimental requirements for extracting the weak charge from a parity violation

experiment. Spectroscopic information on hyperfine structures, isotope shifts

and lifetimes in this system can yield the E1 and E2 matrix elements which

are necessary for a parity violation measurement. Such information is scarce in

literature. Hence an extensive study of this system through laser spectroscopy is

indispensable.



Chapter 4

Experimental Methods and Tools

The development of a new type of experiment requires the building of state-of-

the-art methods and tools which exploits the progress in many different fields of

experimental physics. Here we present the development of the setup to produce,

trap, and spectroscopically study Ra+, guiding the path towards atomic parity

violation experiments on a single trapped ion. The principle of operation and the

underlying physics are discussed for each experimental tool that was developed

or shared with other TRIµP experiments [16,17].

4.1 Radium Isotope Production

Radium is radioactive in nature and most of the radium isotopes have a lifetime

shorter than a couple of weeks. Short-lived radium isotopes with different nuclear

spins are required to systematically investigate important physical properties such

as isotopes shifts, hyperfine structure intervals and lifetimes. In this section we

discuss the principle, the required experimental tools and the results of radium

production.

The radium isotopes are produced in nuclear reactions at typical center of

mass collision energies of 7-9 MeV/u. The high energetic reaction products are

guided and selected in a magnetic separator. At the end of the separator the high

energetic isotopes are converted into a low energy ion beam and are transported

electrostatically to the experiments. This section provides the details of this part

of the setup.

27
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Fig. 4.1: Operating diagram of AGOR cyclotron [90]. It shows the range of beam
energies as a function of charge-to-mass ratio of the beam particles.

4.1.1 The AGOR Cyclotron and Ra Production Target

Station

The superconducting cyclotron AGOR (Accelerator Groningen ORsay) which

was commissioned in 1996 [90] provides primary light and heavy ion beams to

produce radioactive particles for the TRIµP research program. The acceptance

range of charge-to-mass ratios for the cyclotron is shown in the operating diagram

(Fig. 4.1).

An Electron Cyclotron Resonance (ECR) source provides initial ions from

gaseous and metallic material. For the heavy ions, the charge-to-mass ratio de-

termines the maximum achievable energy and it can accelerate protons up to 190

MeV/u. Presently the AGOR cyclotron delivers 1 kW of beam power for ions of

interest for the TRIµP research program.

The radium isotopes are produced via fusion-evaporation reaction in inverse

kinematics mode [91]. The lead and carbon nuclei are fused to create a compound

nucleus which eventually evaporates some neutrons (n) to yield a residual radium
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nucleus. The nuclear reaction underlying the production mechanism is written

as
206Pb+12 C →(218−X) Ra+Xn. (4.1)

This technique is called inverse kinematics because the high energetic projectile

(Pb) is heavier than the target (C) and hence the residual nucleus has approxi-

mately the primary beam velocity and direction matching the acceptance of the

TRIµP double magnetic separator.

The optimum production cross section of radium isotopes in the mass re-

gion A ≤ 215 is yielded with 206/204Pb beam of 8-10.3 MeV/u from the AGOR

cyclotron. The high energy lead beam is bombarded on a diamond-like-carbon

(DLC) target of 4 mg/cm2 thickness, obtained from TRIUMF (Canada) or on a

pyrolytic graphite target, obtained from MINTEQ International Inc (USA). The

choice of the energy of primary beam depends on the cross section of 206/204Pb

beam and 12C target for optimum production of the radium isotope of interest.

The calculated cross sections from the PACE code [92] for the nuclear reaction

of 206/204Pb and 12C as a function of primary beam energy are shown in Fig. 4.2

and 4.3. For our experiments, the optimal charge state of the 206Pb beam for

the most stable operation and efficient production is 27+. For 204Pb beam the

optimal charge state is 28+.

The primary beam from the AGOR cyclotron consists of about 3 × 1010

particles/s at about 100 W beam power. At any given energy (Fig. 4.2 and 4.3)

this flux of particles is sufficient for the optimum production yield. The target

shows deterioration after about 200 hours of use at such beam intensity. Higher

beam intensities, when used for higher production yields, even results in the

destruction of the target. To enhance the life of the production target, a rotating

wheel was built on which the carbon foils are mounted. The target wheel is

rotated at a maximum frequency of 15 Hz. A primary beam intensity of about

2 × 1011 particles/s has been used for more than 1000 hours with this rotating

target. A picture of the target wheel is shown in Fig. 4.4.

4.1.2 Double Magnetic Separator

The radium isotopes are separated from the primary lead beam and other reaction

products, mostly from fission, in the TRIµP double magnetic separator [19,93,94].

It consists of two dipole sections. Each section has magnetic quadrupoles (Q) and

magnetic dipoles (D) in the configuration QQDDQQ. A schematic layout of the

separator is shown in Fig. 4.5.
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Fig. 4.2: Calculated cross section for 204Pb beam and 12C target. For the pro-
duction of a specific isotope, energy of primary beam is chosen at which the yield
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not a fit.
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Fig. 4.4: Pyrolytic graphite target mounted on a rotating wheel. A trace of the
primary beam can be seen on the target. It arises from local heating. The bottom
right hand side shows a target ladder with auxiliary targets.

The magnetic quadrupoles focus the beam and the magnetic dipoles provide

bending of the beam. The first section creates a dispersion of particles with

different momentum-to-charge ratio according to their magnetic rigidity which is

defined as

Bρ =
P

q
' v

A

Z
. (4.2)

This allows the selection of particles with different magnetic rigidities at the

Intermediate Focal Plane (IFP) by a slit system which stop particles outside of

the desired rigidities. The second section is used to further separateand refocus

the secondary beam at the Final Focal Plane (FFP).

The radium isotopes are not fully stripped of their electrons after they leave

the target. The average charge state is 58+ with a typical width of 8 charge

state [19]. Thus the ions do not have the same rigidity and we can only select the

most intense charge states. The magnet settings of the separator for optimum

production yield are calculated using the LISE++ code [95].

Production of radium isotopes is confirmed at the FFP of the separator by

using a 80 µm thick aluminum catcher foil, mounted in front of a silicon detector.

The detector and the catcher foil are kept at an angle of 45◦ which stop the

primary beam and allow to detect the α particles from the decay of radium

isotopes.
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Fig. 4.5: Schematic diagram of the separator (not to scale) [91]. Q and D are
abbreviations for quadrupole and dipole respectively.

4.1.3 Thermal Ionizer

The energy of the secondary beam is too high (a few MeV/u) for our experiments

and they are decelerated to thermal velocity energies by stopping and extraction

from material. The basic principle of operation of the thermal ionizer can be

explained in five consecutive steps: stopping, diffusion, effusion, ionization, and

extraction [19, 96]. The TRIµP thermal ionizer consists of a stack of 0.75 µm

thick tungsten foils placed in a tungsten cavity. The schematic diagram of the

TRIµP thermal ionizer is shown in Fig. 4.6. The secondary particles at the

exit of separator are completely stopped by the tungsten foils inside a tungsten

cavity. The maximal thickness of the foils is chosen to stop the full energy

distribution of secondary particles at the exit of separator. For the experiments

reported here, a stack of 3 × 0.75 µm foils has been used. The particles move

to the surface of the foils by diffusion. Since the diffusion time to the surface

depends on (thickness)2, thin foils are needed. The thickness is as small as

the rolling manufacturing process allows. The diffusion process is enhanced by

heating the foils of the cavity to a very high temperature, about 2500 K. The

cavity is heated by electron bombardment from surrounding tungsten filaments.
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Fig. 4.6: Schematic diagram of the thermal ionizer (not to scale). It thermalizes
the radioactive ion beams (RIB) for TRIµP experiments. Adapted from [19].

At the surface of the foils the particles escape by effusion. They are ionized by

multiple collisions with the stopping foils and with the cavity walls. During this

process the charge state of the particles changes multiple times, i.e., a fraction

of the particles is neutral. The charged particles are dragged out of the tungsten

cavity by electrostatic extraction, using an electric field gradient formed by a DC

potential on the extraction electrode, as shown in Fig. 4.7.

The extracted particles are singly charged radium ions. Neutral radium iso-

topes inside the TI remain unextracted, but will diffuse out at a relatively lower

rate. Charge states higher than +1 are completely negligible, because of the dif-

ference in the work function of tungsten and the necessary ionization energy to

create higher charge states. Typical extraction efficiencies are about 8% [91] for

radium and about 50% for sodium [19]. An extensive treatment of the principle,

design, characterization of thermal ionizer can be found in [19].

An alternative approach was followed by other groups. They stop the reaction

products in noble gases, typically helium. A fraction of the isotopes remain in the

singly charged state and they can be extracted from the dense gas environment

by electric fields [97–99]. A drawback is the large ionization of the stopping gas
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Fig. 4.7: Calculation of electric potentials inside the TI cavity created by setting
the TI extraction electrode to -9.5 kV. Equipotential lines are shown for -0.1, -0.2,
-0.3, and -0.4 V. A schematic trajectory of an ion is shown in the plot. Adapted
from [19].

at high incoming beam intensities which leads to a decrease in efficiency in the

range of operation for the TRIµP facility.

The foils of the thermal ionizer contain traces of elements, such as cesium,

barium, sodium etc. Such alkali and alkaline-earth ions are an unavoidable part

of the output of thermal ionizer. This feature of the thermal ionizer is actually

advantageous for us. As discussed in chapter 3, Ba+ is a chemical homologue of

Ra+. We always carry out different diagnostic experiments with Ba+, including

but not limited to the alignment of beam line, optimization of the setting of ion

optics, trapping, and spectroscopy. In that context, the thermal ionizer serves as

an uninterrupted source of barium ions.

4.1.4 Wien Filter

Since the output of the thermal ionizer is not isotope selective, all other ions

are considered as contaminants for experiments with a specific atomic ion. To

eliminate these contaminants, a Wien filter is employed. A Wien filter selects
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charged particles according to the charge-to-mass ratio by orthogonal electric and

magnetic fields. Singly charged particles extracted from the thermal ionizer are

injected into the Wien filter system with their velocity (v) orthogonal to both the

electric field (E) and the magnetic field (B). Hence the particles will experience a

Lorentz force, F = e(E+ vB). Since there are particles of different isotopes with

different velocity classes, isotope selection is made by choosing a specific velocity

class which experience a zero transverse force, for which v = E/B. Such particles

will travel undeflected though the Wien filter. Particles experiencing a non-zero

force will be deflected from their original trajectory and will be lost. Ions of mass

m and kinetic energy T can pass the filter undeflected, for an electric field of

E =

√
2T

m
B. (4.3)

The Wien filter has a static magnetic field (∼ 200 mT) and a tunable electric

field. The length of the electrodes is 92 cm and the the length of the magnetic

field is 80 cm. The resolution of Wien filter is better than two mass units in the

region of 21Na [19]. The electric field for sodium and radium are 570 V and 180

V respectively.

4.1.5 Results of Radium Production Experiments

212,213,214Ra isotopes are produced using a primary 206Pb beam at an energy of

8.5 MeV/u. For the production of 209,210,211Ra isotope a 204Pb beam at an energy

of 10.3 MeV/u is employed. The radium isotopes are separated from the primary

beam and other reaction products online in the double magnetic separator. At

the final focal plane of the separator, the radium isotopes are stopped and re-

ionized to Ra+ in a thermal ionizer with a transmission efficiency of up to 8%.

The singly charged radium isotopes are extracted from the thermal ionizer by ap-

plying a negative electrostatic potential of several kV on the extraction electrodes

(Fig. 4.7).

The production of radium is quantitatively characterized measuring the ra-

dioactive decay. This is achieved by stopping the extracted ion beam from the

thermal ionizer on a 1.8 µm thick aluminum foil in front of a silicon detector. α

particles emitted from the stopped radium isotopes and their daughter nuclei are

observed. Isotopes are identified by the characteristic energy of the α-particles.

The characteristic energy spectrum of the α particles is shown in Fig. 4.8. The

silicon detector is calibrated using an α source which consists of three different
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α emitters with a well known energy (239Pu with Eα=5.244 MeV, 241Am with

Eα=5.637 MeV, 244Cm with Eα=5.901 MeV) [100].
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Fig. 4.8: Characteristic α-particle energy spectrum of radium observed after the
TI. The ions are deposited on a 1.8µm aluminum foil in front of a calibrated silicon
detector [91].

The production rate is estimated and the half lives of the produced isotopes are

extracted by studying the output of thermal ionizer in two different modes [91].

In one mode the primary beam from the cyclotron is continuously on, while the

extraction of ion beam from the thermal ionizer is cycled with 500 s extraction

on and 500 s extraction off. Hence the build-up and decay of the activity on

the aluminum foil depend only on the half-lives of the extracted isotopes. In the

other mode, extraction of ions form the thermal ionizer is continuously on, while

the primary beam from the cyclotron is chopped in a cycle with 500 s beam on

and 500 s beam off. Hence the half lives of the produced isotopes at the site of

measurement are influenced by the time the particles spend inside the thermal

ionizer. Therefore, in case of the beam on/off mode the output is expected to

be delayed as compared to the extraction on/off mode. The chopping time for

the primary beam and the cycling time for the extraction of thermal ionizer
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Table 4.1: Half lives and production rates for 212−214Ra [91].

Isotope Half lives Production rate
212Ra 12.5(1.0) s 800 ions/s
213Ra 162.0(1.7) s 2600 ions/s
214Ra 2.42(14) s 1000 ions/s

Table 4.2: Half lives for 209−211Ra isotopes.

Isotope Half lives
209Ra 4.6(1.5) s
210Ra 3.66(18) s
211Ra 12.61(5) s

are chosen to be 500 s in order to exceed the half lives of the radium isotopes.

The beam on/off and extraction on/off measurements are carried out at different

temperatures of the thermal ionizer foils. At low temperatures the output of the

thermal ionizer for beam on/off mode is found to be delayed compared to the

extraction on/off mode. The results are shown in Fig. 4.9. The results show that

high temperatures are needed to achieve a release time of the radium isotopes

from the thermal ionizer which is shorter than the timescale given by the lifetime

of the isotope.

The characteristic half lives of the radium isotopes and their production rate

are extracted by fitting the activity curve obtained from the extraction on/off

measurements by gating on the appropriate parts of the spectrum shown in

Fig. 4.8 and correcting for computer deadtime. The extraction on/off measure-

ments give a better reflection of half lives since the extraction on/off measurement

is independent of the delay time in case of beam on/off measurements which is

associated with the residence time inside the thermal ionizer [91, 101]. The ex-

traction on/off measurements are shown in Fig. 4.10. The extracted half lives

and the production rates are listed in Table 4.1.

The production of lighter radium isotopes 209,210,211Ra has also been verified

using the same technique as described for 212,213,214Ra. A typical activity curve

obtained by extraction on/off measurement is shown in Fig. 4.11. The half lives

of the lighter isotopes and their long-lived daughters are listed in Table 4.2. The

production yield of 209Ra is about a factor of 10 less compared to the production

yield of 213Ra because of the cross section.
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Fig. 4.9: Activity curves obtained by extraction on/off (blue markers) and primary
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K [91]. A delay time related to the residence time inside the thermal ionizer can
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Fig. 4.10: Measured activity for (a) 214Ra+ (b) 213Ra+ (c) 212Ra+at T = 2430
K [91]. An exponential fit is applied to each data set. The fit results are shown by
solid red line. The dashed line in each case indicates the time when the extraction
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Fig. 4.11: Measured activity for a mixture of three radium isotopes 209−211Ra+.
A fit of four exponential functions is applied to the data, one exponential function
for each of the three radium isotopes of interest and one exponential function for
the daughter isotope of 209Ra. The fit result is shown by the solid line. However
this fit is not unique and other daughters can be present. Using the optical signals
discussed later an estimate of production rates can be made (Table 7.1). The
dashed line indicates the time when the extraction from the TI was switched off.

4.2 Radium Ion Trapping and Spectroscopy

4.2.1 Trapping in a Radio Frequency Quadrupole

The segmented Radio Frequency Quadrupole (RFQ) is an extended version of a

linear Paul trap [102]. In Fig. 4.12 the schematic diagram of the TRIµP RFQ sys-

tem is shown, which was originally built to improve radioactive beam emittance

by cooling the ions with buffer gas, guiding them in a radial quadrupole field and

with the ability to store the ions and extract them in bunches [19]. It consists of

two mechanically identical sections. Each section has an entrance electrode with

an aperture, the four RF/DC electrodes with segmented structures, and an exit

electrode with an aperture. The apertures are needed for differential pumping

which provides a controlled difference in pressure between the two sections. The

first section (cooler) provides transverse cooling of the ions. Cooling is achieved



4.2 Radium Ion Trapping and Spectroscopy 41

Fig. 4.12: Schematic diagram of the RFQ (not to scale) [19]. It has two identical
sections. Each section has an entrance electrode with aperture, 4 electrodes each
with 30 segments, and an exit electrode with aperture.

Fig. 4.13: Schematic diagram of the RFQ. The trapping region is optional and it
has been enlarged here for better visibility. Ion trapping and laser spectroscopy is
realized in this part. The last part is a drift tube which enables extraction of the
trapped ions.
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by interactions of the ions with a buffer gas at about 1-2 × 10−2 mbar pressure

which is optimal for transverse cooling. A buffer gas with high ionization poten-

tial is chosen (e.g., He, Ne, or N2) to prevent charge-exchange processes. With

an RF voltage between opposite rods, DC voltage between the segmented elec-

trodes, and a small potential difference between the two sections of RFQ, the ions

are guided along the central axis up to the end of the second section (buncher).

The buncher works with a buffer gas at about 1-2 × 10−3 mbar pressure or even

lower. It can also be operated in trapping mode. The voltages of the last four

electrodes are chosen such that a potential well is created to store the ions. The

trapping region in the buncher section of RFQ is shown in Fig. 4.13. Discussion

of the physics of ion trapping can be found in Appendix A.

The Ra+ beam from the thermal ionizer is decelerated to 2.8 keV using an

electrostatic deceleration lens. The decelerated ion beam is injected into a gas

filled radio frequency quadrupole operated at a radio frequency of 500 kHz with

an RF amplitude of 190 V applied between the neighboring rods from which the

RF voltage is capacitively coupled to the opposite half-moon shaped electrodes.

The half-moon shaped electrodes are 10 mm in length and have a tip distance of

5 mm. The ions are cooled in the cooler stage with nitrogen (N2) or neon (Ne)

as a buffer gas at a pressure of about 1-2 × 10−2 mbar. The buffer gas atoms

(Ne) or molecules (N2) dissipate the large energy of the ions from the thermal

ionizer. The ions are guided to the buncher section which works at a lower gas

pressure of about 5-9 × 10−4 mbar. The ions are trapped at the end of RFQ with

an effective potential depth of 13 V and an axial potential depth of 10 V. This

configuration of axial potentials is found to be optimal for most efficient trapping

in a large trapping volume. The buffer gas enables to compress the trapped ion

cloud and also enhances the storage time. About 104 ions can be stored in the

trap. The storage time of the trapped ions is of the order of 100 s at a residual

gas pressure of 10−8 mbar. In presence of buffer gas the level lifetimes are found

to be influenced due to optical quenching and hyper(fine) structure mixing [103].

4.2.2 Spectroscopy of Trapped Radium in RFQ

We first demonstrate our ability to trap Ba+ and perform spectroscopy in the

RFQ which is indispensable for working towards Ra+. Using the thermal ionizer

as a barium ion source and operating the RFQ in trapping mode, Ba+ ions

are trapped as a cloud. Laser spectroscopy of trapped Ba+ is performed with

two lasers (Fig. 3.2). Frequency doubled light of wavelength 493 nm originating
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Fig. 4.14: 5d 2D3/2 - 6p 2P1/2 transition in Ba+. Two lasers, one at 493 nm and
the other at 650 nm, drive the pump and repump transitions, respectively.

from the second harmonic generation of light of wavelength 987 nm is used to

pump the ground 6s 2S1/2 state, thereby populating the excited 6p 2P1/2 state.

The frequency of this light is tuned to be on resonance to continuously pump

the ground state. From the 6p 2P1/2 state the ions decay to the metastable

5d 2D3/2 state with a branching ratio of about 1 in 5. Light of wavelength 650

nm is employed to repump the ions from the metastable state. The frequency of

this laser is scanned. A spectrum of the 5d 2D3/2 - 6p 2P1/2 transition in Ba+ is

shown in Fig. 4.14.

4.2.3 Trapping and Spectroscopy in a Linear Paul Trap

Trapping and spectroscopy of Ra+ in the RFQ described in sections 4.2.1 and 4.2.2

enables us to search for relevant transitions and crucial spectroscopic informa-

tion that is scarce in the literature. Moreover optical measurements of physical

properties such as hyperfine structures, isotope shifts and lifetimes are performed
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on the trapped radium ions in the RFQ. It is worthwhile to mention here that

the final goal of the experiment is to perform a precision measurement of atomic

parity violation in a single trapped radium ion. This requires trapping of radium

ions in linear Paul trap that is free of any background buffer gas. Since RFQ

is not an appropriate system to achieve this goal we follow a different approach

where the radium ion beam from the TI is injected into a pulsed drift tube (in-

stead of RFQ) from which the beam is further transported to a linear Paul trap

via a low energy beam line (LEBL) consisting of steering plates, Einzel lenses,

an electrical mirror, and another drift tube. A schematic view of the LEBL is

shown in Fig. 4.15. In the linear Paul trap at the end of LEBL, trapping of ions

is investigated without any buffer gas.

Description of LEBL

The LEBL allows to connect the TI and the ion and atom traps via a pulsed drift

tube. The drift tube, due to its pulsing capability, can replace the RFQ. The

pulsed drift tube enables transportation of an accelerated ion beam of several

keV. The drift tube is operated at a potential corresponding to the beam energy.

It can be switched on and off by a fast high voltage switch (Behlke HTS-81-03-

GSM Options DLC-ISO-HFS) which is equipped with water cooling and therefore

allows to achieve a maximum toggle frequency of 100 kHz over about a week of

operation. During the on period the ions can travel into the drift tube and during

the off period the ions can travel out of the drift tube without experiencing the

fringe field at the entrance and exit of the tube. The ions that are not in phase

with the on/off time sequence of the drift tube are lost. In the optimal situation

the on period of the drift tube allows to fill the tube completely. The duty cycle

of the drift tube (D) is defined as the ratio of on period (t) to the full period of

the pulse (τ) at the optimal situation

D =
t

τ
(4.4)

τ =
2l√

2T/M
, (4.5)

where l is the length of the drift tube, T is the kinetic energy of the accelerated

ion, and M is the mass of the ion.

The LEBL in our experiment consists of two pulsed drift tubes, two pairs of

bending plates, two Einzel lenses, an electrostatic mirror, and a linear Paul trap

at the end of beam line. A schematic view of the low energy beam line is shown in
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1. Drift Tube I
2. Einzel Lens I
3. Bending Plates I
4. Electrostatic Mirror
5. Bending Plates II
6. Einzel Lens II
7. Drift Tube II
8. Deceleration Electrode
9. Linear Paul Trap

Beam To MOT
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3

4

Beam From TI

Ion Trap

Fig. 4.15: Schematic view of low energy beam line (not to scale). Experimental
parts numbered from 1 to 3 were developed in the past for magneto optical trapping
of 21Na. Experimental parts numbered from 4 to 9 have been developed for the
trapping and spectroscopy of Ra+.

Fig. 4.15. The first drift tube after the TI is pulsed between −2.8 kV and 0 V at

a frequency of 22 kHz. For this tube a duty cycle of 45% is achieved for Ra+ at

2.8 keV energy with the length of the drift tube l=100 cm and with 1/τ=22

kHz. The second drift tube before the ion trap is pulsed between +2.8 keV and

-100 V at a frequency of 22 kHz. The loading and unloading timing sequence of

this second drift tube is a critical parameter which is carefully adjusted using a

synthesizer and a gate-delay generator module. The phase difference between the

pulsing of the two drift tubes requires careful adjustment according to the time

of flight of the ions from the first drift drift tube to the second drift tube. For

the second drift tube the on period is 22.4 µs and the full period of the pulse is
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Fig. 4.16: Pulsing sequence of drift tubes. The phase between the timing of
two drift tubes requires careful adjustment according to the time of flight of ions
between the two tubes. The on and off period of the drift tube are 23.6 µs and
22.4 µs respectively.

46 µs. The timing sequence is shown in Fig. 4.16.

The bending plates enable vertical and horizontal steering of beams. The

Einzel lenses enable focusing and defocusing the beam as necessary. An elec-

trostatic mirror is mounted on an adjustable translational stage. It bends the

beam trajectory by 90◦ for transporting them to the linear Paul trap. Without

this mirror, the beam can be transported to a magneto optical trap (MOT) of
21Na. At several positions of the beam line detectors like micro channel plates

(MCP) and silicon detectors are mounted on movable translational stages. Such

detectors enable beam diagnostics such as alignment, spot size of the ion beam,

and transport efficiency. For example, a silicon detector before and after the elec-

trostatic mirror determines the efficiency of the electrostatic mirror to be about
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Fig. 4.17: Schematic diagram of linear Paul trap with an overview of the optical
setup necessary for optical detection and spectroscopy. The electrodes with their
segmented structure is shown. The RF voltage is applied to the stainless steel rod
from which it is capacitively coupled to the half moon shaped copper electrodes.
The wavelengths are λ1= 468 nm, λ2= 1079 nm, and λ3= 708 nm.

50%. A linear Paul trap is placed at the end of the beam line.

A schematic drawing of the Paul trap is shown in Fig. 4.17. The geometry of

the trap electrodes is similar to that in the RFQ. The trap consists of 4 diago-

nally opposite rods made of stainless steels. Each rod contains 3 segmented half

moon shaped copper electrodes. DC voltages are directly applied to the copper

electrodes. The radio frequency voltages are applied to the stainless steel rods.

From these rods the RF voltage is capacitively coupled to the copper electrodes.

A thin insulating material between the rods and the electrodes is necessary to

prevent electrical breakthroughs as well as to provide higher capacitance. Kap-

ton, a polyamide foil, is used as an insulating material. Polyamide materials are

preferred for such purposes because of their stable electrical properties. Their

dielectric strength stays in the order of a few kV/mm and their electrical proper-

ties are preserved at higher temperatures (∼ 300◦ C). Hence this material is also

suitable for vacuum baking.

The alignment of this newly commissioned low energy beam line is critical for

trapping ions in the ion trap at the end of the beam line. This can be achieved
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Fig. 4.18: The left figure shows a scan of the voltage applied to the electrostatic
mirror. The right figure shows a scan of the voltage applied to the Einzel lens II.
MCP 3 is located after the linear Paul trap (Fig. 4.15). For both the figures an
error of ±5 V and ±0.5 kHz have been taken for the horizontal and vertical axes
respectively.
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Fig. 4.19: A scan of the voltage applied to the electrostatic mirror. The maximum
efficiency of 50% has been achieved by applying any voltage between 1700 volts
and 2200 volts. MCP 2 is located between the Einzel lens II and drift tube II
(Fig. 4.15).
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by optimization of the signal from a micro channel plate (MCP) mounted after

the trap and operated in counting mode. The voltages are applied using NIM HV

modules and the MCP signal is processed with a discriminator. Some examples

of the scans are shown in Figs. 4.18 and 4.19. The mirror is not sensitive between

1700 volts to 2200 volts when its performance is tested immediately after the ions

are bent around the corner. This is shown in Fig. 4.19. But the sensitivity around

2000 V as shown in Fig. 4.18 is due to the fact that the ions travel through many

lenses and apertures before the trap.

4.3 Lasers

Lasers at visible, near infrared and far infrared wavelengths are required to drive

the atomic transitions in Ra+ (Fig. 3.1). All the transitions can be accessed

with cost effective semiconductor laser diodes. The diode lasers are available

in commercially standardized packages of 5.6 mm and 9 mm diameter. Such

diode laser systems are user friendly for spectroscopy experiments due to smaller

size and operational simplicity [104, 105]. The laser systems, their frequency

stabilization, their intensities and spot sizes, the calibration of their frequencies,

and the optical layout for spectroscopy are described in this section. A list

of all the laser systems necessary for our experiments with the relevant atomic

transitions in Ba+ and Ra+ is given in Table 4.3.

4.3.1 Lasers for Ra+

The lasers for Ra+ are frequency stabilized in an external cavity diode laser

(ECDL) configuration or Littrow configuration [104,105] by providing frequency

selective optical feedback. Laser diodes can operate in a single longitudinal or

transverse mode. They are extremely sensitive to feedback of light which is within

its gain profile. This fact is exploited in ECDL where a grating provides frequency

selective optical feedback. A schematic drawing of the mechanical set up of the

Littrow configuration is shown in Fig. 4.20.

The external cavity consists of a diffraction grating that couples part of the

light into the laser through the end orifice of the diode. The grating angle is

set to reflect light for a particular wavelength in the direction of the incoming

light. This is the concept of Littrow configuration. The diffraction angle for

a grating in Littrow configuration satisfies the grating equation 2d sin θ = nλ,

where d is the groove spacing which is equal to (groove density)−1, θ is the angle
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Table 4.3: Laser systems for driving different optical transitions in Ba+ and Ra+.
The corresponding atomic level schemes are shown in Fig. 3.1 and 3.2. Wavelength
with an asterisk indicate that the laser system will be made operational in near
future.

Atomic Wavelength Transition Diode Laser & Power

System (nm) Manufacturer (mW)

Ra+ λ1=468 7s 2S1/2 - 7p 2P1/2 NDHA210APAE1 20

Nichia

Ra+ λ2=1079 6d 2D3/2 - 7p 2P1/2 LD-1080-0075-1 40

Toptica

Ra+ λ3=708 6d 2D3/2 - 7p 2P3/2 HL7001MG 40

Opnext

Ra+ λ=802* 6d 2D5/2 - 7p 2P3/2 QLD-810-100S 100

QPhotonics

Ra+ λ=828* 7s 2S1/2 - 6d 2D3/2 ELD83NPT50 60

Roithner Laser Technik

Ra+ λ=381* 7s 2S1/2 - 7p 2P3/2 NDHU110APAE3 20

Nichia

Ra+ λ=728* 7s 2S1/2 - 6d 2D5/2 - -

Ba+ λ1=493 6d 2D3/2 - 7p 2P3/2 L980P300J @ 987 nm 300

Freq. Doubled Thorlabs

Ba+ λ2=649 6d 2D3/2 - 7p 2P3/2 DL3147-060 5

Thorlabs

of incidence, n is the order of diffraction, and λ is the wavelength of the incident

light. The only wavelengths that satisfy this grating equation are reflected back

from the grating. The laser diode is forced to resonate at the wavelength that is

fed back from the grating and hence it oscillates at a frequency that is coupled

into it. By changing the angle θ, the emission frequency of the laser diode can

be altered. The 0th order diffraction is coupled out of the external resonator and

the −1st order diffraction is coupled into the laser diode. The criteria based on

which a grating is chosen are that the angle between incident beam and first

order diffraction angle should be close to 45◦, and the intensity that is coupled

back should lie between 20-30%. The efficiency of a grating depends on the total

number of illuminated grooves and the polarization of the incident light.
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Fig. 4.20: Schematic drawing of the mechanical set up of the external cavity diode
laser in Littrow configuration. More details can be found in [18].

ECDL configuration for the lasers of our experiment is achieved using home

built mounting systems (Fig. 4.20). The setup consists of a holder for the diode

laser, a holder for the collimation optics and an adjustable mount for the grating.

A temperature sensor (AD590) measures the temperature of the diode and a TEC

element under the laser diode acts as a heat sink. The diode laser is placed inside

its mount in such a way that the linear polarization is aligned vertically and hence

the narrow expansion of the beam lies in the vertical direction. The polarization

is orientated parallel to the grating lines. Afterwards the divergence of the diode

is corrected with an aspheric lens which is adjusted so that the output beam is

collimated. To align the grating the laser diode current is kept just below the

lasing threshold. The grating is placed on the holder and then by shining the

laser light on the grating different orders of diffraction are observed. It is fine

tuned with the help of two screws, one changes in the vertical plane and the other

changes in the horizontal plane. When the −1st order diffraction beam is coupled

back to the laser diode the brightness of the emission suddenly increases as a

result of the initiation of the lasing action. The threshold of the lasing action
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is decreased due to the optical feedback that is provided through the −1st order

diffraction. Optical feedback is optimized carefully with the internal photodiode

equipped with the laser diode. The whole setup is covered with a plastic box to

shield the laser diode from temperature drifts and this increases its stability.

The frequency of the lasers in ECDL configuration can be changed by altering

the operating current. The frequency can also be changed by altering the external

cavity. This can be achieved by changing the temperature of the laser and/or

by moving the PZT (piezo electric transducer) mounted grating by varying the

voltage applied to the PZT. This alters the angle of incidence (θ) and hence

the emission frequency of the laser changes. The PZT element has an extension

coefficient of 30(10) nm/V which is a measure of the rate of change of expansion

per unit voltage applied. The frequency stabilized laser systems in our experiment

have a long-term stability of about several hours. By altering the PZT-mounted

grating element together with the operating current, the frequency of the lasers

can be scanned over 10 GHz without any mode hop. The 468 nm laser diode

is set up with a holographic grating (3600 lines/mm from Edmund Optics) with

the angle of incidence at 58◦. The 1079 nm laser diode is also set up with

a holographic grating (1200 lines/mm from Edmund Optics) with the angle of

incidence at 76◦.

The cooling laser at wavelength λ1 drives the 7s 2S1/2 - 7p 2P1/2 transition,

thereby bringing the ions from ground 7s 2S1/2 state to excited 7p 2P1/2 state.

From the 7p 2P1/2 state the ions decay to the metastable 6d 2D3/2 state with

about 10% branching ratio. The repump laser at wavelength λ2 transfers the

ions back to the 7p 2P1/2 state. These two lasers are employed to demonstrate

trapping and optical detection of Ra+. We are in possession with all lasers for the

remaining atomic transitions in Ra+. They will be set up and made operational

in near future.

4.3.2 Lasers for Ba+

Two diode lasers are employed to drive the pump and repump transitions in Ba+.

One drives the cooling and fluorescence transition at 493 nm and excites the ions

from the ground 6s 2S1/2 state to the excited 6p 2P1/2 state from which they decay

to the metastable 5d 2D3/2 state. To repump the ions back to the 6p 2P1/2 state a

second laser at wavelength of 650 nm is needed. The repump transition is driven

with a commercially available diode laser at wavelength 649 nm. The 649 nm

laser diode is set up in Littrow configuration with a ruled grating (1800 lines/mm
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from Edmund Optics) for the angle of incidence at 35◦. As there is no laser diode

available that directly delivers light at wavelength 493 nm, a high power IR

laser diode emitting light at a wavelength of 980 nm is tuned to 987 nm and is

frequency doubled. The 980 nm laser diode is also setup in Littrow configuration

with a ruled grating (1200 lines/mm from Thorlabs) for the angle of incident at

36◦. Light at 987 nm is also available from a Ti:Sapphire laser system (Coherent

MBR-110) which is shared with another TRIµP experiment [17]. The Ti:Sapphire

laser is arranged in a bow-tie cavity and is specified with a linewidth of 500 kHz. It

operates in a wavelength region from 700-1000 nm. At the operating wavelength

987 nm it delivers 300 mW with a pump power of about 8 W. For frequency

doubling of the 987 nm light a linear (two mirror) cavity is employed where a

potassium niobate (KNbO3) crystal heated to about 75◦C causes second harmonic

generation and delivers light at 493 nm [106]. The doubling cavity consists of

two mirrors which are highly reflective for infrared (99.9% at 965 nm) and highly

transmissive for blue. The spacing between the two mirrors is 10 cm. The free

spectral range (FSR) and the finesse of the cavity are 1.740(2) GHz and 67(3)

respectively.

4.3.3 Overlap of Beams and Measurement of Spot Size

The diameter of the trapped ion cloud is about 1 mm. Hence the spot sizes

of the laser beams should be about 1 mm which ensures interaction of photons

with the entire ion cloud. Moreover the laser beams should be overlapped at the

site of ion cloud to ensure simultaneous interaction of both beams with the same

velocity class of ions in the cloud. To satisfy these requirements light from two

laser diodes at 468 nm wavelength is overlapped and transported to the ion trap

using a single mode optical fiber (460HP). Similarly light from a laser diode at

1079 nm wavelength is transported to the ion trap using a separate single mode

optical fiber (1060XP). The laser beams are overlapped using a dichroic mirror

just before the trap. The beams are then aligned axially through the trap to

minimize stray light. Spot sizes of the laser beams at the site of ion cloud are

measured using scanning slit optical beam profilers (BP109-UV and BP109-IR

from Thorlabs). At the trap center, typical spot sizes are ∼ 1 mm. Light from

the lasers for Ba+ is also transported together with the light at 468 nm in the

same fiber. Typical laser intensities at the trap center are 200 µW/mm2 (λ1) and

600 µW/mm2 (λ2).
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4.4 Spectroscopy

Laser spectroscopy is performed by driving optical transitions at wavelengths λ1

= 468 nm and λ2 = 1079 nm. The transitions are detected through fluorescence

at wavelength λ1 using a photomultiplier tube. The fluorescence light from the

ion cloud is collected with an imaging lens of focal length 30 mm placed inside

the vacuum and a low-pass filter with 80% transmission for wavelengths shorter

than 500 nm. A schematic diagram for laser spectroscopy is shown in Fig. 4.21.
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Fig. 4.21: Optical layout for trapping and laser spectroscopy. Repump laser
I is continuously locked to the wavelength meter. This is also cross-referenced
to the frequency comb and serves as a reference laser. Repump laser II is used
for spectroscopy. Both the pump lasers are used for spectroscopy and they are
monitored with a tellurium (Te2) molecular reference.

4.4.1 Absolute and Relative Frequency Calibration

A precise determination of atomic and nuclear properties like hyperfine structure

splittings and isotope shifts requires an accurate calibration of the frequency

axis. In order to determine the absolute frequency of an atomic transition it

needs to be compared to a line of known frequency. A conventional way to do

this is to compare the atomic transition to be calibrated with a known molecular



4.4 Spectroscopy 55

Wavelength Meter

Te
2
 / I

2
 Molecules

Trapped Ra+

Frequency Comb

468.2975 nm

Etalon

Beatnote

4.

5.

Fig. 4.22: Principle behind frequency calibration. Part of the laser light needed
for spectroscopy is used for frequency calibration with Te2 and I2 reference lines,
etalon, wavelength meter and a frequency comb. Adapted from [107].

transition. Since molecules have many more lines compared to atoms there is

a high probability of finding a molecular line of known frequency close to the

frequency of interest. Tellurium (Te2) and iodine (I2) molecular lines are often

used as frequency references. Recently, the optical frequency comb has been

evolved to be a tool of interest for absolute frequency calibration. A Fabry-Perot

etalon can also be employed for relative calibration. The principle to calibrate

the frequency axes for our measurements is shown in Fig. 4.22.

The wavelengths of the lasers are monitored by two commercial wavelength

meters (WS6 VIS and WS6 IR from High Finesse-Ångstrom) with an absolute

frequency uncertainty of 50 MHz. This is achieved by calibrating them against

the molecular iodine I2 reference line R116(2-9)a15 [108] at νI2 = 419,686,834(3)

MHz employing saturated absorption spectroscopy [109].

The laser at wavelength 468 nm is stabilized to a fraction of the Doppler

broadened linewidth of about 500 MHz (FWHM). It is monitored with a tellurium
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absorption line 178 [110] at frequency 640.14652 THz through linear absorption

of light in a tellurium glass cell at 500 K. A typical tellurium absorption signal

is shown in Fig. 4.23.

Laser Frequency Offset [MHz]
1440 1450 1460 1470 1480 1490T

el
lu

ri
u

m
 A

b
so

rp
ti

o
n

 S
ig

n
al

 [
ar

b
. u

n
it

s]

0.04

0.06

0.08

0.1

0.12

 = 640.14652 THzν

Fig. 4.23: Tellurium molecular absorption line 178 [110] at frequency 640.14652
THz through linear absorption of light in a tellurium glass cell at 500 K. This
line provides absolute frequency calibration of light at 468 nm. The 7s 2S1/2 -
7p 2P1/2 transition in 212Ra+ is 20 MHz below this line.

The frequency of the laser at 1079 nm is determined with the help of an

optical frequency comb. The latter is achieved by employing an auxiliary laser

at wavelength λ2, which is referenced against the frequency comb by a beatnote

fBeatComb = νaux − νnth , where νaux is the frequency of auxiliary laser and νnth is

the frequency of the nth comb line. The signal-to-noise ratio of the beatnote is

typically 40 dB with 1 MHz bandwidth. The frequency νLaser of the laser which

drives the 6d 2D3/2 - 7p 2P1/2 transition is determined by the beatnote frequency

fBeatLaser = νLaser − νaux with the auxiliary laser, yielding

νLaser = n× fREP + fCEO + fBeatComb + fBeatLaser. (4.6)

Here, n is the mode number, fREP = 250,041,000 Hz is the repetition rate and
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Fig. 4.24: Schematic drawing of optical arrangement for imaging the fluorescence
onto the photocathode of a photomultiplier tube. The fluorescence is transported
to the photomultiplier tube with a mirror and a pin-hole system with an aperture.
The aperture enables to discard unwanted scattered photons.

fCEO=20,000,000 Hz is the carrier-envelope-offset frequency of the comb. The

accuracy of the frequency comb is derived from a GPS stabilized Rb clock to be

better than 10−11 which is not limiting the precision of the results obtained in

this work. The sign of fBeatLaser is either positive or negative depending on the

detuning of the scanning laser with respect to the auxiliary laser. The coarse

determination of the frequency with the calibrated wavelength meter yields a

mode number n = 1111032. The uncertainty is only a fraction (0.2) of one mode

spacing due to the calibration accuracy of the wavelength meter. This results

in the frequency of the nth comb line νnth = 277,803,572.31(3) MHz, where the

uncertainty arises from the Rb clock.

4.4.2 Imaging System and Optical Detection

The fluorescence light at wavelength λ1 from the trapped ions is detected using a

photomultiplier tube (R7449 from Hamamatsu Corp.). A narrow band interfer-

ence filter FB470-10 or short-pass filter FES0500 (both from Thorlabs Inc.) can

be used in front of the photomultiplier tube to filter the fluorescence at wave-

length λ1, for which FB470-10 has a transmission of 50% and FES0500 has a

transmission of 80%. The short pass filter FES0500 can also filter fluorescence
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from Ba+ transition (493 nm) in addition to the fluorescence from Ra+ transi-

tion (468 nm). Hence we choose a FES0500 filter which enables us to perform

both diagnostics and actual measurements without disturbing the imaging and

detection system. A schematic drawing of imaging and optical detection system

is shown in Fig. 4.24. The imaging system consists of a plano-convex lens of focal

length f=30 mm, mounted inside the vacuum. It is at a distance of 30(5) mm

from the trap center and collects fluorescence from the trapped ions with a solid

angle Ω=0.4 sr.

4.5 Computer Control and Data Acquisition

Experimental data are taken with a data acquisition system based on the software

package ROOT [111] into which the measurement hardware is network integrated.

ROOT serves as an interface for experimental control. A program script running

in ROOT is used to start and stop acquisition runs and also to provide a sequence

of shutting laser beams after beginning a data run for normalization. Different

experimental parameters are controlled remotely from the data acquisition com-

puter. Such parameters include the currents in the dipole and the quadrupole

magnets of the separator, the voltages of the low energy beam line, the voltages

of the ion trap, the status of the laser shutters, the laser frequencies etc.



Chapter 5

Spectroscopy of Short-Lived

Radium Isotopes in an Ion Trap

Precision laser spectroscopy of trapped radium ions in a linear Paul trap provides

a new quality to the spectroscopic data which are relevant for the development

of an experiment to measure the parity violating weak interaction effects in this

system. Here we present and discuss the measurements of hyperfine structures,

isotopes shifts, and lifetime, using trapped radium ions in a linear Paul trap. The

measurements provide the following results.

• Hyperfine structure intervals of the 6d 2D3/2 state in 209,211,213Ra+.

• Isotope shifts of the 6d 2D3/2 - 7p 2P1/2 transition (1079 nm) in 209−214Ra+.

• Isotope shifts of the 6d 2D3/2 - 7p 2P3/2 transition (708 nm) in 212−214Ra+.

• Lifetime of the 6d 2D5/2 state in 212Ra+.

The results provide a benchmark for the required atomic theory, the precision

of which is indispensable for the interpretation of results from the planned mea-

surement of parity violation in Ra+.

5.1 Hyperfine Structure Interval of 6d 2D3/2 State

A description of hyperfine structure is given in Appendix B. Elaborate details

can be found in atomic physics textbooks [107, 112, 113]. We have measured the

hyperfine structure interval of the 6d 2D3/2 state in three isotopes with I 6=0.

The isotopes we have studied are 213Ra+ (I=1/2) and 209,211Ra+ (I=5/2). The

relevant level schemes are shown in Fig. 5.1.

59
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Fig. 5.1: Level schemes of odd isotopes with hyperfine structures. Upper and
lower figures correspond to 213Ra+ (I=1/2) and 209,211Ra+ (I=5/2) respectively.

To measure the hyperfine structure interval of the 6d 2D3/2 state in 213Ra+,

frequencies of the light from two pump lasers at wavelengths λ1 are tuned to con-

tinuously pump each hyperfine level (F=0 and F=1) of the ground 7s 2S1/2 state,

thereby exciting the ions to both hyperfine levels (F=0 and F=1) of the excited

7p 2P1/2 state. The hyperfine structure interval of the 7s 2S1/2 state in 213Ra+ has

been determined to be 22920(6) MHz [79]. Hence two lasers are employed to pump

the ground state hyperfine levels. From the excited 7p 2P1/2 hyperfine levels, the

ions decay to the metastable 6d 2D3/2 hyperfine levels (F=1 and F=2). Light

from a repump laser at wavelength λ2 is scanned over the 6d 2D3/2(F=1, 2) -

7p 2P1/2(F=0, 1) resonances. Many such scans are averaged to obtain a good
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signal-to-noise ratio. Data are collected for a few hours to accumulate enough

statistics. The observed resonances are shown in Fig. 5.2.
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Fig. 5.2: Hyperfine structure intervals of 6d 2D3/2 and 7p 2P1/2 states in 213Ra+.
The solid line represents a fit of three Voigt profiles to the data. The Gaussian
widths of the transitions are 181(20) MHz (FWHM).

For this measurement nitrogen (N2) is used as a buffer gas at 3 × 10−3

mbar. This results in hyperfine mixing of the 6d 2D3/2 hyperfine levels. This

effect prevents any possible shelving of ions to the metastable 6d 2D3/2 F=1 or

F=2 state while the 6d 2D3/2 F=2 or F=1 state is depopulated by the reso-

nant light at wavelength λ2. The frequency is calibrated with an infrared wave-

length meter. The measured hyperfine structure interval of 4542(7) MHz for the

7p 2P1/2 state is within 2 standard deviations off the value 4525(5) MHz as mea-

sured at ISOLDE [79]. The hyperfine structure interval for the 6d 2D3/2 state

is measured as 1055(10) MHz. The hyperfine structure constants A for the

6d 2D3/2 and 7p 2P1/2 states are listed in Table 5.1. The theoretical values [26,84]

quoted in Table 5.1 are calculated for 213Ra+ by scaling with I/I
′ × µ′

I/µI . The

relevant nuclear magnetic moments (µI) and the electric quadrupole moments

are taken from [81,83].
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Fig. 5.3: Hyperfine structure intervals of the 6d 2D3/2 states in 209,211Ra+.
6d 2D3/2(F=2,3,4) - 7p 2P1/2(F=3) transitions are shown. The solid line in each
case represents a fit of three Gaussian functions to the data. The top and bottom
figures correspond to 211Ra+ and 209Ra+ respectively.
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To measure the hyperfine structure intervals of the 6d 2D3/2 states in 209,211Ra+,

frequencies of the light from two pump lasers at wavelengths λ1 are tuned to con-

tinuously pump both hyperfine levels (F=2 and F=3) of the ground 7s 2S1/2 state

for the isotope under investigation. The hyperfine structure interval of the

7s 2S1/2 state in 211Ra+ has been determined to be 19874.4(3.0) MHz [79].

Though there is no reported value for 209Ra+, it is expected to be compara-

ble to that of 211Ra+ due to the fact that the two isotopes have comparable mass

and identical nuclear spin. The two pump lasers excite the ions to the hyperfine

level F=3 of the excited 7p 2P1/2 state from which the ions decay to the three

out of the four metastable 6d 2D3/2 hyperfine levels (F=2, 3, 4). This pump-

ing scheme ensures that ions do not decay to the 6d 2D3/2(F=1) state. Light

from a repump laser at wavelength λ2 is scanned over the 6d 2D3/2(F=2, 3, 4)

- 7p 2P1/2(F=3) resonances of the isotope under investigation. Many such scans

are averaged to obtain a good signal-to-noise ratio. Data were collected for a

few hours to accumulate enough statistics and to resolve the lines. The observed

resonances are shown in Fig. 5.3. In case of 209Ra+, the signal-to-noise ratio is

very low. This is a consequence of very low production yield and shorter lifetime

of this particle as discussed in section 4.1.5.

For these measurements neon (Ne) is used as a buffer gas. To ensure collision

induced hyperfine mixing of the 6d 2D3/2 hyperfine levels, a higher buffer gas

pressure (1 × 10−2 mbar) is used, which is different from the measurements

in 213Ra+. This effect prevents any possible shelving of ions to the metastable

6d 2D3/2 hyperfine levels while the 6d 2D3/2 state is depopulated by the resonant

light at wavelength λ2. The frequency is calibrated with a reference laser which

is referenced to an optical frequency comb. The hyperfine structure constants A

and B for the 6d 2D3/2 state are listed in Table 5.2. The theoretical values [75]

Table 5.1: Hyperfine structure constants A(6d 2D3/2) and A(7p 2P1/2) for 213Ra+.
The most recent theoretical values are scaled for 213Ra+ using I/I

′ × µ′
I/µI with

the experimentally measured magnetic moments [83].

A(6d 2D3/2) MHz A(7p 2P1/2) MHz

This work 528(5) 4542(7)

ISOLDE [79] - 4525(5)

Theory [26] 543 4555

Theory [84] 541 4565
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Table 5.2: Hyperfine structure constants A(6d 2D3/2) and B(6d 2D3/2) for
209,211Ra+.

Isotope A(6d 2D3/2) MHz B(6d 2D3/2) MHz
211Ra+ 151(2) 103(6)

150* 147*
209Ra+ 148(10) 104(38)

148* 122*

*The most recent theoretical values [75] are scaled for 209,211Ra+ using the exper-

imentally measured magnetic and quadrupole moments [81,83].

quoted in Table 5.2 are calculated for 209,211Ra+ by scaling with I/I
′ × µ

′
I/µI

for the hyperfine constant A and with I/I
′ × Q′

I/QI for the hyperfine constant

B. The relevant nuclear magnetic moments (µI) and the electric quadrupole

moments (QI) are taken from [81,83].

To summarize, we have measured the hyperfine structure intervals of the

6d 2D3/2 states in three isotopes with I 6=0. They are listed in Table 5.3. The

6d 2D3/2 state is of particular importance for the 7s 2S1/2 - 6d 2D3/2 transition

relevant for the planned APV measurement in Ra+. The measured hyperfine

structure intervals and the corresponding hyperfine constants A and B as listed

in Table 5.1 and 5.2 are an important probe of the atomic wavefunction in Ra+.

Table 5.3: Hyperfine structure intervals between the hyperfine levels F and F-1
for the 6d 2D3/2 state in 209,211,213Ra+.

211Ra+(I=5/2) 209Ra+(I=5/2) 213Ra+(I=1/2)

F ∆E MHz ∆E MHz ∆E MHz

4 686(9) 673(28) -

3 407(7) 396(49) -

2 - - 1055(10)

5.2 Isotope Shifts

A description of isotope shifts is given in Appendix C. Elaborate details can

be found in atomic physics textbooks [107, 112, 113]. We have measured isotope
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Fig. 5.4: Isotope shift of 6d 2D3/2 - 7p 2P1/2 transition in 210,212,214Ra+. The
solid line represents in each case a fit of a Gaussian function to the data.

shifts of the 6d 2D3/2 - 7p 2P1/2 tansition in six isotopes and shifts of the 6d 2D3/2 -

7p 2P3/2 tansition in three isotopes.

5.2.1 Isotope Shifts of 6d 2D3/2 - 7p 2P1/2 Transition

Isotope shifts have been measured for the 6d 2D3/2 - 7p 2P1/2 transition in
209−214Ra+. Determination of isotope shifts for a transition in a range of iso-

topes requires knowledge of the frequencies of the transition for all the concerned

isotopes relative to a common frequency reference. For the results reported here,

a frequency comb serves as the reference to which relative differences in the fre-

quencies are determined.

For the isotopes with I=0 (210,212,214Ra+) the frequencies of the 6d 2D3/2 -

7p 2P1/2 transition are determined with light from one laser at wavelength λ1

which continuously pumps the ground 7s 2S1/2 state to the excited 7p 2P1/2 state

from which the ions decay to the 6d 2D3/2 state with about 10% branching ra-

tio. Light from another laser at wavelength λ2 is scanned over the resonance of

6d 2D3/2 - 7p 2P1/2 transition. The observed resonances are shown in Fig. 5.4.

The principle of measurement as described for the measurement of hyper-
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fine structure applies for the isotopes with I 6=0 (209,211,213Ra+). The measured

transitions are shown in Figs. 5.5 and 5.6.

For the measurement of isotopes shifts only neon is used in order to minimize

the influence of buffer gas on the resonance line shapes. As shown in Figs. 5.4-5.6

all the measured transitions have been calibrated to a common frequency axis

where the offset frequency of the laser has been given relative to the n=1111032

comb line which has an absolute frequency of 277,803,572.31(3) MHz. The prin-

ciple of absolute calibration for the 6d 2D3/2 - 7p 2P1/2 transition has been given

section 4.4.1.

5.2.2 Isotope Shifts of 6d 2D3/2 - 7p 2P3/2 Transition

7s 2S1/2

6d 2D3/2

6d 2D5/2

Repump
1079 nm ( λ2 )

Pump
468 nm ( λ1 )

7p 2P1/2

7p 2P3/2

F=1

F=0

F=1

F=0

F=2

F=1

F=2

F=1

S helving
708 nm ( λ3 )

Fig. 5.7: Level scheme of 213Ra+ showing the 6d 2D3/2 - 7p 2P3/2 shelving tran-
sition.

Isotope shifts have been measured for the 6d 2D3/2 - 7p 2P3/2 transition in
212,213,214Ra+. For this measurement a third laser at wavelength λ3=708 nm is

employed in addition to the pump and repump lasers as described in the previous

measurements. The relevant level scheme is shown in Fig. 5.7.

To determine the isotope shifts of the 6d 2D3/2 - 7p 2P3/2 transition, the lasers
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Fig. 5.8: Isotope shifts of 6d 2D3/2 - 7p 2P3/2 transition in 212,213,214Ra+. The
solid lines represent in each case a fit of a Voigt profile to the data. The different
Gaussian widths are due to different buffer gas pressures at which the measurements
are carried out.

operating at wavelengths λ1 and λ2 are tuned to frequencies corresponding to the

resonances for the 7s 2S1/2 - 7p 2P1/2 transition and 6d 2D3/2 - 7p 2P1/2 transition

respectively, for the isotope under investigation. This creates a fluorescence cycle.

The frequency of the laser light at λ3 is scanned over the 6d 2D3/2 - 7p 2P3/2 res-

onance. Near resonance the ions are pumped from the 6d 2D3/2 state to the

7p 2P3/2 state, from which about 10% of the ions decay to the 6d 2D5/2 state.

This is a metastable state where the ions are shelved and they no longer remain

in the fluorescence cycle. This creates a dip in the fluorescence signal. This is

also known as dark resonance.

By pumping on the 7s 2S1/2(F=1) - 7p 2P1/2(F=0) transition and repump-

ing on the 6d 2D3/2(F=1) - 7p 2P1/2(F=0) transition, the fluorescence cycle is

established for 213Ra+. This leaves the 6d 2D3/2(F=2) state largely depopulated.

The 6d 2D3/2(F=1) - 7p 2P3/2(F=1) resonance is deformed by the close lying

6d 2D3/2(F=2) - 7p 2P3/2(F=2) resonance. The 6d 2D3/2(F=2) - 7p 2P3/2(F=1)
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resonance has been used to determine the isotope shift of 213Ra+.

The transitions observed are shown in Fig. 5.8. These measurements have

been performed at different gas pressures 3 × 10−3, 2 × 10−3, 2 × 10−2 mbar

with neon as the buffer gas.

5.2.3 Data Analysis and Results

The isotope shifts of a spectral line are usually parameterized as [114],

δνMM ′ = (KNMS +KSMS)
M −M ′

MM ′ + FFSδ〈r2〉MM ′ (5.1)

where δνMM ′ = νM − νM ′ . M and M
′

are the masses of the reference isotope

and the isotope of interest respectively, both in atomic mass units. KNMS and

KSMS are the normal and specific mass shift components and FFS is the field shift

component. δ〈r2〉MM ′ is the difference in mean square nuclear charge radii, which

is common to all transitions for a pair of nuclei. Both the specific mass shift and

the field shift are characteristic to a particular transition. Here they are defined

as the shift of the lower level, minus the shift of the upper level. The normal

mass shift can be calculated from the expression KNMS = νme, where ν is the

transition frequency and me is the mass of electron in atomic mass units.

A King plot analysis [115] is used to separate the specific mass shift and the

field shift components. Here the transformed isotope shifts (∆νKing

MM ′ ) are taken,

which are obtained by subtracting the normal mass shift component from the

experimentally measured isotope shifts and multiplying both sides of Eq. (5.1)

by MM
′
/(M −M ′

). Eq. (5.1) is rewritten as

∆νKing

MM ′ = KSMS + FFS δ〈r2〉MM ′
MM

′

M −M ′ (5.2a)

= δνMM ′
MM

′

M −M ′ −KNMS. (5.2b)

In a comparison between two different optical transitions i and j, the transformed

isotope shifts can be written as

∆νj,King

MM ′ =
F j
FS

F i
FS

∆νi,King

MM ′ +Kj
SMS −

F j
FS

F i
FS

Ki
SMS. (5.3)

This is essentially a linear relation of the transformed isotope shifts of one transi-

tion (∆νj,King

MM ′ ) against the corresponding shifts of the other transition (∆νi,King

MM ′ ).

The slope yields the ratio of field shifts and the difference in specific mass shifts

appears as the crossing with the abscissa.
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Table 5.4: Isotope shifts of 6d 2D3/2 - 7p 2P1/2 transition in 209−214Ra+ with the
relevant hyperfine constants. The comparatively large error bar on the isotope shift
of 209Ra+ is a consequence of low signal-to-noise ratio due to lower yield and shorter
life time of the isotope. δν214,M ′ is the shift of the 6d 2D3/2 - 7p 2P1/2 transition
with respect to 214Ra+.

Mass A(6d 2D3/2) B(6d 2D3/2) A(7p 2P1/2) δν214,M ′

Number MHz MHz MHz MHz

214 - - - 0

213 528(5) - 4525(5) [79] 707(14)

212 - - - 1025(12)

211 151(2) 103(6) 1299.7(0.8) [79] 1755(14)

210 - - - 1884(16)

209 148(10) 104(38) 1276(20)a 2645(56)

aCalculated using Eq. 5.4.

214Ra+ has been chosen as the reference isotope in order to be consistent with

previous work [79]. The difference in transition frequencies for the even isotopes

yields directly the isotope shift. For 209,211,213Ra+(I 6=0) the isotope shifts are

given between the centers of gravity of the 6d 2D3/2 and 7p 2P1/2 states. This

requires the magnetic dipole A and the electric quadrupole B hyperfine constants

for those states (Table 5.4). For the 6d 2D3/2 state, the hyperfine constants have

been derived from measured hyperfine intervals. The hyperfine constants A for

the 7p 2P1/2 state are taken from [79]. For the case of 209Ra+ no value has been

reported. It is derived with the nuclear magnetic moments µ [83] using

A(7p 2P1/2,
209 Ra+)

A(7p 2P1/2,213 Ra+)
=
I(213Ra+)

I(209Ra+)
× µ(209Ra+)

µ(213Ra+)
. (5.4)

The measured isotope shifts for all the even and odd isotopes (209−214Ra+) and

the relevant hyperfine constants for the 6d 2D3/2 and 7p 2P1/2 states in case of

isotopes with I 6=0 are given in Table 5.4.

A King plot of the transformed isotope shifts of the measured 6d 2D3/2 -

7p 2P1/2 transition against the corresponding shifts of the 7s 1S0 - 7s7p 1P1 tran-

sition in neutral radium [79] is shown in Fig. 5.9. The values for the atomic

masses of the isotopes are taken from [116]. The normal mass shift coefficient of

the 6d 2D3/2 - 7p 2P1/2 transition in ionic radium is KNMS = 152.4 GHz amu. For

the 7s 1S0 - 7s7p 1P1 transition in neutral radium, the normal mass shift coeffi-
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Table 5.5: Isotope shifts of 6d 2D3/2 - 7p 2P3/2 transition in 212−214Ra+. All values
are in MHz. δν214,M ′ is the isotope shift of the 6d 2D3/2 - 7p 2P3/2 transition with
respect to 214Ra+.

Mass δν214,M ′

Number MHz

214 0

213 453(34)

212 701(50)

cient is KNMS = 340.8 GHz amu. Plotting the transformed isotope shifts against

each other shows that the data satisfies a linear relation within the measurement

uncertainties (Fig. 5.9). The slope determines the ratio of field shift coefficients,

F 1079 nm
FS /F 482 nm

FS = −0.342(15). The abscissa determines the difference of the

specific mass shift to be −1.9(1.1) THz amu.

The frequency of the measured 6d 2D3/2 - 7p 2P3/2 resonances are calibrated

against the P(146)(2-8) single pass absorption resonance in molecular iodine (I2)

at νIodine=423,433,720 MHz [108]. The frequencies of the 6d 2D3/2 - 7p 2P3/2 tran-

sitions relative to the molecular iodine reference line, νRa+ - νIodine, are found to

be +568(42) MHz, -64(13) MHz, and +1269(23) MHz for 212Ra+, 213Ra+, and
214Ra+ respectively. The linearity of the scan of the laser has been verified with

a cavity of finesse 1200 and free spectral range (FSR) 10 GHz. The measured

isotope shifts are listed in Table 5.5.

The isotope shifts of the 6d 2D3/2 - 7p 2P3/2 transition are measured with refer-

ence to 214Ra+. For 213Ra+, the determination of isotope shift requires knowledge

of the hyperfine constant A for the 7p 2P3/2 state which is not reported. Hence

it is extracted using the measured values for the 6d 2D3/2 state and the values

reported in [79,81,83]. A King plot of the 6d 2D3/2 - 7p 2P3/2 transition (708 nm)

against the 6d 2D3/2 - 7p 2P1/2 transition (1079 nm) in Ra+ is shown in Fig. 5.10.

To summarize, we have measured the isotope shifts of 6d 2D3/2 - 7p 2P1/2 tran-

sition in 209−214Ra+ and the shifts of 6d 2D3/2 - 7p 2P3/2 transition in 212−214Ra+.

The isotope shifts of the transitions from the metastable 6d 2D3/2 state are of

particular importance beacause they are sensitive to the short range part of the

atomic wavefunctions. The measured isotope shifts are listed in Table 5.4 and 5.5

respectively. They are an important probe of the atomic wavefunctions and the

nuclear shape and size.
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5.3 Lifetime of Metastable 6d 2D5/2 State

The demonstrated shelving of ions from the fluorescence cycle to the 6d 2D5/2 state

by accessing the 6d 2D3/2 - 7p 2P3/2 transition as described in section 5.2.2 also

enables a measurement of the lifetime of this metastable state [117]. This has

been studied only in 212Ra+. The lasers at λ1, λ2, and λ3 are tuned to be on

resonance for the relevant transitions. The laser at λ3 is pulsed with a mechanical

chopper wheel with 170 ms on-periods and 670 ms off-periods. When the laser at

λ3 is on, the 6d 2D5/2 state is populated via the 7p 2P3/2 state. When the laser

at λ3 is off, the 6d 2D5/2 state gets depopulated and the ions reenter the fluo-

rescence cycle with a time constant equal to the lifetime of the 6d 2D5/2 state.
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Fig. 5.11: Lifetime of 6d 2D5/2 state in 212Ra+ at neon buffer gas pressure 4 ×
10−5 mbar. The solid line represents a fit of an exponential function to the data.

This is shown in Fig. 5.11. However, the neon buffer gas causes a reduction of the

lifetime of the metastable state by quenching it to the ground state. To estimate

this effect of the buffer gas, the measurement has been carried out at different

gas pressures ranging from 10−2 to 10−5 mbar and the lifetime is extrapolated

to zero pressure. This is shown in Fig. 5.12. The buffer gas is found to have a



74 Spectroscopy of Short-Lived Radium Isotopes in an Ion Trap

Gas pressure [mbar]
-410 -310 -210 -110

Li
fe

tim
e 

[s
ec

]

0

0.05

0.1

0.15

0.2

0.25

Fig. 5.12: Lifetime of 6d 2D5/2 state in 212Ra+ measured at different gas pressures.

strong influence on the radiative lifetime.

Since no detailed theory is currently available to explain the extrapolation to

zero pressures, extrapolated radiative life time of 232(4) ms is treated as a lower

bound. This number corresponds to the lifetime measured at the lowest pressure

of about 4 × 10−5 mbar. The theoretical predictions of the radiative lifetime of

the metastable 6d 2D5/2 state in 212Ra+ are 297(4) ms [75] and 303(4) ms [84].

Our experimental result confirms that the 6d 2D5/2 state is long-lived. This is

an essential property in view of the long coherence times needed in a single ion

APV experiment. The measured lifetimes are important probes of the E2 matrix

element which is essential for the APV experiment.

5.4 Conclusion

Towards a planned measurement of parity violation in a single trapped ion an ex-

perimental set up has been developed within the TRIµP research program which

enables the production and thermalization of radium isotopes. Precision spec-

troscopy of trapped radium ions in a linear Paul trap yields results on hyperfine
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structure intervals, isotope shifts, and lifetime. They are important experimental

input for improving the atomic structure calculations.





Chapter 6

Towards Single Ion Parity

Violation Measurement

In this chapter the principle of measurement of a parity violating vector like AC

Stark shift in the ground 7s 2S1/2 state Zeeman sub-levels of a single trapped

Ra+ is described. Here the experimental method and some underlying physics

are discussed. We start with an explanation on the coupling of states with some

mathematical treatment for matrix elements and Rabi oscillations. The AC Stark

shift is introduced thereafter which is followed by the principle of measurement of

AC Stark shift using radio frequency spectroscopy. We end with a current status

of the experiment in this direction.

6.1 Coupling of States

A two state coupling diagram that depicts two atomic levels |1〉 and |2〉 is shown

in Fig. 6.1 where the ground state |1〉 and the excited state |2〉 are coupled by

an interaction. The interaction is assumed to be near resonant with the atomic

energy level splitting ~ω0. The resonant field that is responsible for the interaction

Hamiltonian is oscillatory at ωL = ω0 + δ, where δ is the detuning. For simplicity

the spontaneous decay of the excited state is ignored.

An atomic Hamiltonian H0 can be considered which includes all of the internal

structures of the atom, e.g., electrostatic and fine structure energies, in order to

have just two eigenstates |1〉 and |2〉 for the ground state and the excited state

respectively. Using standard mathematical expressions [107,118] the Hamiltonian

77
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Fig. 6.1: A two level coupling diagram showing the ground state |1〉 and the
excited state |1〉 which are coupled by an interaction Ω = 1

~〈1|Hint|2〉. The in-
teraction is assumed to be near resonant with the atomic energy level splitting
~ω0. The resonant field that is responsible for the interaction Hamiltonian Hint is
oscillatory at ωL = ω0 + δ, where δ is the detuning.

can be written as

H0 = ~
∑
i=1,2

ωi|i〉〈i|, (6.1)

where ωi is the energy of the state i. The atomic Hamiltonian H0 is perturbed

by the comparatively small time varying interaction Hamiltonian Hint generated

in the laboratory. Hence the total Hamiltonian is H = H0 +Hint(t).

An atomic wavefunction can be written as a linear combination of orthogonal

eigenstates ϕk(~r),

ψ(~r, t) =
∑
k=1,2

ck(t)ϕk(~r)e
−iωkt. (6.2)

The time dependent Schrödinger equation is applied to see how it evolves in time,

Hψ(~r, t) = i~
∂

∂t
ψ(~r, t) (6.3)

[H0 +Hint(t)]
∑
k=1,2

ck(t)ϕk(~r)e
−iωkt = i~

∂

∂t

∑
k=1,2

ck(t)ϕk(~r)e
−iωkt. (6.4)

The diagonal terms of Hint(t) represent energy shifts and hence they can be

absorbed into H0 for now. Multiplying both sides by ϕj(~r) and integrating over

~r gives differential equations for the state amplitudes c1(t) and c2(t)

i~
d

dt
c1(t) = c2(t)〈1|Hint(t)|2〉e−iω0t (6.5)

i~
d

dt
c2(t) = c1(t)〈2|Hint(t)|1〉e+iω0t, (6.6)
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where the matrix elements introduced are defined as

〈i|Hint(t)|j〉 =

∫
ψ∗i (~r)Hint(t)ψj(~r)d

3~r. (6.7)

We now consider an interaction Hamiltonian Hint(t) due to coherent electric field

nearly resonant with this two state system

Hint(t) = −e ~E(~r, t) · ~r. (6.8)

Here e is the electronic charge. ~E(~r, t) is an oscillating electric field ~E cos(ωLt+
~k ·~r+φ). In terms of two complex exponentials, the oscillating electric filed may

be expressed as

~E(~r, t) =
~E

2

[
exp

(
+i[ωLt+ ~k · ~r + φ]

)
+ exp

(
−i[ωLt+ ~k · ~r + φ]

)]
. (6.9)

By choosing a constant phase φ=0, the interaction Hamiltonian becomes

Hint(t) = −e
~E

2

[
exp

(
+i[ωLt+ ~k · ~r]

)
+ exp

(
−i[ωLt+ ~k · ~r]

)]
· ~r. (6.10)

Expansion of the exponential yields,

Hint(t) = −e
~E

2

[
e+iωLt

(
1 + i~k · ~r + · · ·

)
+ e−iωLt

(
1− i~k · ~r + · · ·

)]
· ~r. (6.11)

Since atomic dimensions (a0 ≈ 0.5 nm) � wavelength of light (λ ≈ 500 nm),

according to the electric dipole approximation ~k · ~r ∼ a0/λ � 1 and hence
~k · ~r and its higher order terms may be neglected. With this approximation

1± i(~k · ~r) + · · · '1 which gives

Hint(t) =
∑
i,j

~
2

(
Ωi,je

−iωLt + Ω∗i,je
+iωLt

)
, (6.12)

where i and j both sum over the states |1〉 and |2〉. Ωij is called the Rabi

oscillation frequency and is given by

Ωi,j = − e
~
〈i| ~E · ~r|j〉 (6.13)

= − e
~

∫
ψ∗i (~r) ~E · ~rψj(~r)d3~r. (6.14)

An extensive mathematical treatment of the physics of Rabi oscillation can be

found in [45].



80 Towards Single Ion Parity Violation Measurement

ΔE
1δ

Ω Ω

δΔE
1

ΔE
2

ΔE
2

›1

›2

›1

›2

Off Resonant – Red Detuning Off Resonant – Blue Detuning

Fig. 6.2: Illustration of Stark shift on a two level system. The ground state |1〉
and the excited state |2〉 are coupled by an off-resonant laser light. The direction of
energy shift is dependent on the direction of frequency detuning from the transition
resonance.

6.2 The AC Stark Shift

An ion in an intense laser light field gets a light-induced polarization (atomic

polarization) which interacts with the light field. The oscillating atomic polar-

ization follows the light electric field either in phase or out of phase resulting in a

decrease or increase of the energy level of a state. This shift in the energy of an

atomic state is referred to as the AC Stark shift or light shift. Using first order

perturbation theory and the mathematical treatment described in the previous

section, the energy shift can be expressed as

∆E1,2 =
~
2

(∓δ ±
√

Ω2 + δ2), (6.15)

where Ω is the Rabi oscillation frequency which scales linearly with the light

electric field strength and the atomic dipole matrix element 〈1|er|2〉, and δ is the

detuning of the laser frequency from the resonant frequency of the two states |1〉
and |2〉. An illustration of the AC Stark shift or light shift is shown in Fig. 6.2.

In the far off-resonance limit |δ| � Ω, and
√

Ω2 + δ2 ' δ(1 + 1
2

Ω2

δ2
). Hence the

energy sifts are

∆E1 = ~
Ω2

4δ
and ∆E2 = −~

Ω2

4δ
. (6.16)

As depicted in Fig. 6.2, the sign of the shift depends on the detuning of the

applied field from resonance. Using Ω from Eq. 6.14 and taking δ = E1−E2−~ωL,
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the AC Stark shift of the ground state energy can be written as

∆EStark
1 = ~

Ω2

4δ
=
e2

4~
|〈1| ~E · ~r|2〉|2

(E1 − E2 − ~ωL)
. (6.17)

When the laser frequency is far below the resonant frequency of the two states

(red detuning), the atomic polarization follows the light electric field in phase. In

this process the energy of the ground state (|1〉) is reduced. On the other hand,

when the laser frequency is far above the resonant frequency (blue detuning), the

atomic polarization follows the light electric field out of phase, thereby increasing

the ground state energy.

6.3 A Discussion of Original Proposal

6.3.1 The Principle of Measuring the AC Stark Shift

The principle of measurement of AC stark shift or light shift is illustrated in

Fig. 6.3. The physical location of a single trapped ion can be carefully engineered

in such a way that it is placed at the antinode of a standing wave of laser light

which is resonant with the 7s 2S1/2 - 6d 2D3/2 transition. The ion is simultaneously

placed at the node of another standing wave of laser light in the perpendicular

direction, which can be derived coherently from the same laser or from a different

laser at the same frequency. At the antinode the intensity of electric field ( ~E ′)

is maximum whereas at the node the gradient of electric field ( ~E ′′) is maximum.

The ion does not see the spatial electric field gradient due to ~E ′ and hence it

does not drive the electric quadrupole (E2) transition between the 7s 2S1/2 and

6d 2D3/2 states. However it only couples the two states via a parity violating

electric dipole (E1) transition. On the other hand the ion does see the spatial

electric field gradient due to ~E ′′. Hence it drives only the E2 transition and not

the E1 transition. Let’s denote the interaction Rabi frequencies of the E1 and

E2 transitions as Ω′ and Ω′′ respectively. The two intensities can interfere with

each other and add coherently to give

Ω = Ω′ + Ω′′. (6.18)

Light shifts are usually described in terms of the effective interaction [33] Ω†Ω

Ω†Ω = (Ω′ + Ω′′)†(Ω′ + Ω′′) (6.19)

= (Ω′† + Ω′′†)(Ω′ + Ω′′) (6.20)

= Ω′†Ω′ + (Ω′†Ω′′ + Ω′′†Ω′) + Ω′′†Ω′′. (6.21)
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ẑ

ŷ
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Fig. 6.3: Illustration of the measurement principle of a parity violating light shift
in the 7s 2S1/2 state of a single trapped Ra+. The ion is placed at the antinode of a
standing wave of laser light which is resonant with the 7s 2S1/2 - 6d 2D3/2 transition.
This enables to drive the E1APV transition. The ion is simultaneously placed at
the node of an orthogonal standing wave of same frequency. This enables to drive
the E2 transition.

The first term has a quadratic dependence on the very small parity violating

E1 interaction. Since it is immeasurably small it may be neglected. The last

term has a quadratic dependence on the very large E2 interaction. This is a

purely electromagnetic term which is parity conserving. The two terms within

the parentheses describe the interference between the electromagnetic and weak

interactions. Neglecting the first term the experimental observable can be written

as

Ω†Ω ' (Ω′†Ω′′ + Ω′′†Ω′) + Ω′′†Ω′′. (6.22)

Due to an external magnetic field the 7s 2S1/2 state splits into two Zeeman

sub-levels. Due to the pure electromagnetic contribution (Ω′′†Ω′′) each Zeeman

sub-level undergoes a common energy shift. This is a scalar like AC Stark shift.
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The Zeeman splitting or the Larmor precession frequency remains unchanged in

this case. Due to the contribution from the interference of the weak and elec-

tromagnetic terms (Ω′†Ω′′ + Ω′′†Ω′) the Zeeman sub-levels undergo an additional

shift. This is a vector like AC Stark shift. This differential shift itself is the

signature of atomic parity violation.

6.3.2 Radio Frequency Spectroscopy

The differential light shift can be measured by performing radio frequency (RF)

spectroscopy [119]. A block diagram of the steps involved in RF spectroscopy is

shown in Fig. 6.4.
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Fig. 6.4: Principle of RF Spectroscopy. The six crucial steps involved are shown.
There is only one ion to be dealt with, but in some steps more than one ion is
shown. This is to distinguish between the possible states where the ion can be
found.

• State preparation: With linearly polarized cooling and repump laser beams

the ion is kept in the fluorescence cycle. The ion is then prepared in a
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definite m state. For example, by using a σ− polarized cooling laser beam

the m = −1/2 state can be decoupled and after a few cycles the ion will be

stuck in this state.

• Spin flip by RF transition: A RF transition is driven with a resonant RF

pulse. A successful RF transition can change the spin state of the ion from

m = −1/2 to m = +1/2.

• Probe of spin state by optical pumping : By applying a dim probe beam

which is a σ− polarized low intensity cooling laser beam, a state selective

optical pumping is made. If a spin flip was successful in the previous step,

the ion will be transferred to the 6d 2D3/2 state via the 7p 2P1/2 state. If

a spin flip did not take place the ion is stuck at the 7s 2S1/2(m = −1/2)

state.

• Shelving : If the ion is still stuck at the 7s 2S1/2(m = −1/2) state a shelving

laser beam is used to transfer the ion to the metastable 6d 2D5/2 state via

the 7p 2P3/2 state. Otherwise the ion will be at the metastable 6d 2D3/2 state

as a result of state selective optical pumping.

• Detection: In order to detect whether a shelving was successful or not, lin-

early polarized cooling and repump laser beams are turned on. If a shelving

was successful no fluorescence will be detected. If shelving was not success-

ful, the ion will be transferred from the 6d 2D3/2 state to the 7p 2P1/2 state

and fluorescence will be detected from the 7p 2P1/2 - 7s 2S1/2 transition.

• Deshelving : If the ion was shelved, a deshelving laser beam can be used

to bring the ion back to the ground 7s 2S1/2 state. In addition, linearly

polarized cooling and repump beams are applied to initiate the fluorescence

cycle.

With the sequence of procedures described above the shelving probability is mea-

sured for a particular RF pulse. To obtain good statistical resolution the shelving

probability is measured at different RF pulses and the RF resonance is mapped

out at which the shelving probability drops (Fig. 6.5). The measurements are also

repeated with and without the light shift laser. The difference in the resonant

frequency with and without the light shift laser determines the differential light

shift. The proof-of-principle of the light shift measurement in Ba+ has been es-

tablished by the research group of N. Fortson and elaborate details can be found

in [33,45].
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Fig. 6.5: Light shift in the 6s 2S1/2 Zeeman sub-levels in Ba+. The shelving
probability is plotted as a function of radio frequency. ωS is the resonant frequency
without the light shift laser and ωLSS is the resonant frequency with the light shift
laser. ∆S , the difference between these two resonant frequencies, is the differential
light shift. Adapted from [45].

6.4 Future Directions

A measurement of parity violation via a determination of the differential light

shift is the final goal of this experiment. In order to achieve this goal we need to

demonstrate and convince ourselves with our ability to trap a single radium ion

in a linear Paul trap. The experimental results reported so far in this work reveal

that the transitions are Doppler broadened and the line widths of the observed

transition are about 500 MHz (FWHM), whereas the natural linewidths of such

transitions are about 20 MHz. The parameters that are used to obtain those

results are certainly optimal for an experiment in a gas-filled RFQ. But laser

cooling of the trapped ions and eventually a single ion trapping require a much

better experimental environment, e.g., a linear Paul trap with precise fields and

absence of background gas. To realize this goal we have developed a dedicated

beam line which ends with a linear Paul trap. The experimental description

of this beam line has been given in section 4.2.3. The alignment of this newly
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Fig. 6.6: First optical signal of trapped 212Ra+ in a linear Paul trap at the end
of new beamline. The 6d 2D3/2 - 7p 2P1/2 transition is shown while the solid line
represents a fit with a Gaussian function to the data.

commissioned beam line has been optimized with an optical signal of Ba+ in

the linear Paul trap at the end of low energy beam line (Fig. 4.15). In order to

move a step further radium ions have been trapped in this trap and have been

detected optically. A typical optical signal of trapped Ra+ in this trap is shown

in Fig. 6.6. This signal has been obtained with neon as a buffer gas. The signal

size is comparatively lower than the signal sizes reported on the measurements

with RFQ. This is due to losses at different parts of the low energy beam line.

For example, the loss at the electrical mirror is about 50%. All such losses can

be minimized by better alignment of the entire beam line.

Nevertheless a parity violation experiment requires a single ion. So the pri-

mary goal at this point of time is to laser cool a single ion. A smaller ion trap has

been built to trap and laser cool a single ion. The trap is currently being tested

to trap and laser cool a single barium ion. The concept and the technology will

be replicated for the trapping and laser cooling of a single radium ion. A picture

of the prototype of this trap is shown in Fig. 6.7.
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Fig. 6.7: An ion trap to confine a single ion. It can be loaded from a collector
ion trap. It can also be loaded independently using a barium atomic beam and an
electron beam crossing at the center of the trap.

The trap has a tip spacing of 2.5 mm and an optical access of about 1 mm.

Currently the trap can be loaded with barium atoms from a barium ion source

(SAES Ba dispenser ST2/FR/12 FT2 10+10). The atoms are converted to ions at

the trap center using a commercial electron gun. Different systematic effects are

being studied to optimize trapping conditions. Eventually this trap will be used

in combination with a collector ion trap from which a few ions will be transported

to this trap. Laser cooling and single ion trapping of Ba+ is a well established

technique. Hence it is only a matter of doing it. Then the technique needs to

be adapted to Ra+. It is essential to study the systematic effects and to obtain

a good control over them and such studies require a lot of time. Based on the

present status of the experiment and based on what needs to be done in the near

future, a measurement of atomic parity violation in a trapped radium ion seems

within reach. A replica of this experimental setup can be used to realize a high

stability frequency standard [120].





Chapter 7

Summary of Results and

Conclusion

Here we present a list of achievements and a compilation of final results achieved

in the laser spectroscopy of Ra+. This provides an indispensable ground work

towards a high precision atomic parity violation experiment in this system.

• We have set up a dedicated laboratory to investigate trapping and cooling

of Ba+ which is indispensable for the work towards Ra+. Several ion traps

have been built, commissioned, and tested. Laser systems necessary for

Ba+ spectroscopy have been set up in this laboratory. Ba+ ions have been

gas cooled and trapped as a cloud. Trapping and laser cooling of a single

Ba+ ion is underway.

• A low energy beam line consisting of an electrostatic mirror, a drift tube,

several lenses, several steering plates, and a linear Paul trap has been built

and successfully commissioned to investigate trapping and cooling of Ra+.

Several commissioning measurement have been performed to test the in-

tegrity of this apparatus. Such measurements enable to draw conclusions

about possible future upgrades in order to optimize the functionality of

various parts of the apparatus.

• An independent data acquisition system has been set up for the experiment.

This is an essential requirement for the online Ra+ experiment followed by

offline analysis of the experimental data.

• An isotopic chain of radium isotopes with different nuclear spins has been

produced using the AGOR cyclotron and the TRIµP facility. A rotating

89



90 Summary of Results and Conclusion

target wheel has been developed to enhance the lifetime of the production

target. The produced isotopes were thermalized and ionized to Ra+ using

a thermal ionizer and were extracted as a singly charged Ra+ ion beam

which was mass separated by a Wien filter system. The Ra+ ion species

were quantitatively characterized with a calibrated silicon detector. The

results of radium production are listed in Table 7.1. The amount of radium

ions produced are sufficient to carry out further experiments with their

trapping and spectroscopy.

Table 7.1: An isotopic chain of radium isotopes was produced by shooting a
204/206Pb beam on a 12C target.

Isotope I T1/2 (s) Nuclear Reaction Beam Energy Production Rate

(MeV/u) (ions/s)
209Ra+ 5/2 4.6(1.5) 204Pb28++12C 10.3 200
210Ra+ 0 3.66(18) 204Pb28++12C 10.3 500
211Ra+ 5/2 12.61(5) 204Pb28++12C 10.3 1000
212Ra+ 0 12.5(1.0) 206Pb27++12C 8.5 800
213Ra+ 1/2 162.0(1.7) 206Pb27++12C 8.5 2600
214Ra+ 0 2.42(14) 206Pb27++12C 8.5 1000

• The Ra+ ion beam was injected into a gas-filled radio frequency quadrupole

operated in trapping mode. Transverse cooling and trapping of ions were

realized here. Laser spectroscopy was performed on the trapped ion cloud

which yielded new and high quality spectroscopic information on hyperfine

structures, isotope shifts, and lifetime. Such results are important input to

test the accuracy of atomic theory which is indispensable for the planned

parity violation experiment. The results of the precision spectroscopy mea-

surements are listed in Table 7.2 and 7.3. The relevant level schemes are

displayed in Fig. 7.1 which are supplementary to the results presented.

• For laser cooling of Ra+, the Ra+ ion beam from thermal ionizer was trans-

ported to a linear Paul trap via the newly commissioned low energy beam

line and trapping of Ra+ in a buffer gas free environment was investigated.

• In conlusion, this work provides indispensable building blocks for a parity

violation measurement in single trapped radium ion.
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209,211Ra+ (I=5/2).
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Chapter 8

Samenvatting van de Resultaten

en Conclusies

Hier presenteren wij een lijst met behaalde doelstellingen en geven een compilatie

van de uiteindelijke resultaten die werden behaald door middel van laserspectro-

scopie van Ra+. Dit levert de onontbeerlijke basis voor de precisiemeting van

atomaire pariteitschending in dit systeem.

• We hebben een laboratorium opgezet dat gewijd is aan het onderzoeken

van het vangen en laserkoelen van Ba+ ionen. Dit onderzoek is onmisbaar

voor het werk aan Ra+. Verschillende ionenvallen zijn gebouwd, getest en

in gebruik genomen. De lasersystemen die nodig zijn voor het uitvoeren van

spectroscopie van Ba+ zijn opgezet in dit lab. Ba+ ionen werden succesvol

gasgekoeld en gevangen als ionenwolk. Laserkoeling van enkele Ba+ ionen

is gaande.

• Een bundellijn voor laag-energetische geladen deeltjes werd geconstrueerd.

Deze bundellijn bestaat uit een elektrostatische spiegel, een “drift tube”,

verscheidene lenzen, verscheidene stuurplaten en een lineare Paul val. Deze

onderdelen werd met succes in gebruik genomen. De bundellijn is bedoeld

voor het transporteren, vangen en laserkoelen van Ra+ ionen. Verscheidene

experimenten werden uitgevoerd om het apparaat te testen. Zulke metingen

stellen ons in staat om conclusies te trekken over mogelijke toekomstige

verbeteringen die kunnen worden aangebracht.

• Een onafhankelijk data-acquisitiesysteem werd opgezet voor dit experiment.

Dit is een vereiste om het Ra+ experiment te kunnen monitoren, en om de

experimentele data achteraf te kunnen analyseren.
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• Een keten van radiumisotopen met verschillende kernspin werd geproduceerd,

waarbij gebruik werd gemaakt van de deeltjesversneller AGOR en de TRIµP-

faciliteit. Een roterend koolstof doelwit werd ontwikkeld om de levensduur

van het productiedoelwit te verlengen. De geproduceerde isotopen werden

gethermaliseerd en gëıoniseerd tot Ra+ gebruikmakende van een “thermal

ionizer”. De deeltjes werden vervolgens geëxtraheerd als een bundel van

enkelvoudig geladen Ra+ ionen. Deze ionenbundel werd massa-gefilterd in

een Wien filter. De productie van Ra+ isotopen werd kwantitatief geanaly-

seerd met behulp van een gekalibreerde silicium detector. De resultaten van

de radiumproductie zijn samengevat in Tabel 8.1. De hoeveelheid gepro-

duceerde isotopen is voldoende om verdere metingen uit te kunnen voeren

aan de vangst en spectroscopie van radiumionen.

Table 8.1: Een keten van radiumisotopen werd geproduceerd door een 204/206Pb
bundel op een 12C doel te schieten.

Isotoop I T1/2 (s) Kernreactie Bundelenergie Productietempo

(MeV/u) (ions/s)
209Ra+ 5/2 4.6(1.5) 204Pb28++12C 10.3 200
210Ra+ 0 3.66(18) 204Pb28++12C 10.3 500
211Ra+ 5/2 12.61(5) 204Pb28++12C 10.3 1000
212Ra+ 0 12.5(1.0) 206Pb27++12C 8.5 800
213Ra+ 1/2 162.0(1.7) 206Pb27++12C 8.5 2600
214Ra+ 0 2.42(14) 206Pb27++12C 8.5 1000

• De laag-energetische Ra+ ionen-bundel werd gëınjecteerd in een gasgevulde

radiofrequente quadrupool die werd gebruikt als ionenval. Transversale

vangst en koeling werd hier gerealiseerd. Laserspectroscopie van de gevan-

gen ionenwolk werd uitgevoerd hetgeen leidde tot data van hoge kwaliteit

op het gebied van hyperfijnstructuur, isotoopverschuivingen en de levens-

duur van een meta-stabiele toestand. Deze resultaten leveren belangrijke

gegevens op waaraan de nauwkeurigheid van de atoomtheorie, die onmis-

baar is voor de geplande pariteitschendingsmeting, kan worden getoetst.

De resultaten van deze precisiespectroscopie zijn samengevat in Tabel 8.2

en 8.3. De relevante energieniveaus van Ra+ worden getoond in Fig. 8.1.

• Voor de laserkoeling van Ra+ werd de ionenbundel van de “thermal ionizer”
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getransporteerd naar een lineare Paul val met behulp van de recentelijk in

gebruik genomen lage-energie bundellijn. Het invangen van de deeltjes in

een buffergasvrije omgeving werd getest.

• Concluderend, dit werk levert de onontbeerlijke bouwstenen voor een met-

ing van atomaire pariteitschending in een enkel gevangen radiumion.

7s 2S1/2

6d 2D3/2

6d 2D5/2

Repump
1079 nm ( λ2 )

Pump
468 nm ( λ1 )

7p 2P1/2

7p 2P3/2

F=1

F=0

F=1

F=0

F=2

F=1

F=2

F=1

S helving
708 nm ( λ3 )

7s 2S1/2

6d 2D3/2
6d 2D5/2

Repump
1079 nm ( λ2 )

Pump
468 nm ( λ1 )

7p 2P1/2

7p 2P3/2

F=3

F=2

F=3

F=2

F=4

F=3

F=1
F=2

Fig. 8.1: Energieniveaus van oneven isotopen met hyperfijnstructuur. The boven-
ste figuur correspondeert met 213Ra+ (I=1/2) en de onderste figuur correspondeert
met 209,211Ra+ (I=5/2).
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Appendix A

Discussion of Ion Trapping

In this section the basic principles of trapping ions are discussed. Elaborate

treatment of these principles and related techniques can be found in [121,122].

Earnshaw’s theorem states that: A charge acted on by electrostatic forces can

not rest in stable equilibrium in an electric field. It implies that it is not possible

to generate a minimum of the electrostatic potential in free space. Hence it is

not possible to confine an ion using a purely electrostatic field. However it is

possible to circumvent Earnshaw’s theorem by superimposing a magnetic field to

create a Penning trap or by superimposing a time varying electric field to create

a Paul trap. We will discuss the Paul traps and the underlying physics [107,123].

Discussion of Penning traps can be found in [124].

A.1 Paul Trap

The principle of confining ions in a Paul trap can be understood using a simple

mechanical analogue, a ball moving on a saddle-shaped surface which is shown

in Fig. A.1. Rotation of the saddle-shaped surface, at a suitable speed about

a vertical axis, can prevent the ball rolling off the sides of the saddle and gives

stable confinement. The gravitational potential energy of a ball on a saddle-

shaped surface has the same form as the potential energy of an ion close to a

saddle point of the electrostatic potential in a Paul trap.

Confinement of charged particles requires a potential minimum at some point

in space in order that the corresponding force is directed toward that point in all

three dimensions. In general, the dependence of the magnitude of this force on

the coordinates can have any arbitrary form. However, it is convenient to have a

binding force that is harmonic, since it can simplify the analytical description of
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Fig. A.1: Mechanical model of dynamic stability. A rotating saddle shaped surface
provides dynamic stability to a ball on this surface.

particle motion.

Particles are elastically bound to an axis or a coordinate system in space if

a binding force acts on them which increases linearly with their distance r, for

which we have

F ∝ −r. (A.1)

If U = QΦ is the potential energy, then it follows from F = −∇U that, the

potential Φ is a quadratic function in cartesian coordinates

Φ =
ϕ

2r0
2
(αx2 + βy2 + γz2). (A.2)

The potential has to satisfy Laplace’s equation in free space (∇2Φ=0). ∇2Φ=0

imposes the condition α + β + γ=0. There are two simple ways to satisfy this

condition. α = 1 = −β, γ=0 results in a two-dimensional field whereas α = γ =

1, β = −2 results in a three-dimensional configuration,

Φ =
ϕ

2r0
2
(x2 − y2) for α=1=-β, γ=0 (A.3)

=
ϕ

2r0
2
(x2 + y2 − 2z2) for α=β=1, γ=-2. (A.4)

Trapping of Particles in a Two Dimensional Quadrupole Trap

A two dimensional configuration as in Eq. A.3 can be generated by four hyper-

bolically shaped electrodes linearly extended in the z-direction as shown in the

Fig. A.2.

The filed strength is given by the field equations

Ex = − ϕ0

r0
2
x, Ey =

ϕ0

r0
2
y, Ez = 0. (A.5)
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Fig. A.2: Electrode structure for a two dimensional quadrupole trap

If ions are injected along the z-direction, the electric field equations (A.5) suggest

that the ions will perform harmonic oscillations in the x-z plane. However, the

amplitude of oscillation in the y-direction will increase due to the opposite sign

of the field Ey. This will create instability and as a result the ions will hit the

electrodes and hence will be lost from the trap. Such a situation can easily be

avoided by applying an additional voltage (ϕ0) that is alternating in time. ϕ0

can be made periodic with a DC voltage U and an RF voltage V with driving

frequency ω

ϕ0 = U + V cosωt. (A.6)

If the voltage ϕ0 is applied between the electrode pairs then the potential on

the electrodes is ±ϕ0/2. The non-relativistic motion of a charged particle in an

electric filed is described by
~F = Q~E. (A.7)

The equation of motion of the charged particle is written as

r̈ =
Q

m
~E. (A.8)

The equations of motion in x and y direction are given by

ẍ =
Q

m
Ex =

Q

m

(
− ϕ0

r0
2
x

)
, ÿ =

Q

m
Ey =

Q

m

(
ϕ0

r0
2
y

)
. (A.9)

These equations may be rewritten in a more conventional way as

d2x

dt2
+

Q

mr0
2

(U + V cosωt)x = 0 (A.10)

d2y

dt2
− Q

mr0
2

(U + V cosωt) y = 0. (A.11)
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The differential equations A.10 and A.11 are knows as Mathieu equations. With

some simple mathematical manipulation, the Mathieu equations can be written

using dimensionless parameters a, q and τ . With τ=ωt/2 and d2

dt2
≡ ω2

2
d2

dτ2 , the

Mathieu equations can be written as

d2x

dτ 2
+ (a+ 2q cos 2τ)x = 0 (A.12)

d2y

dτ 2
− (a+ 2q cos 2τ)y = 0, (A.13)

where the dimensionless parameters a, q and τ are given by

a =
4QU

mr0
2ω2

, q =
2QV

mr0
2ω2

, τ =
ωt

2
. (A.14)

These dimensionless parameters are called Mathieu parameters. As expressed in

Eq. A.14, the Mathieu parameters a and q depend on the DC voltage U and the

RF voltage V respectively. Both parameters also depend on the charge-to-mass

ratio Q/m of the ion and quadratically on the distance 2r0 between opposite rods

and the oscillation frequency ω.

A.2 Stability of Ions in a Trap

The Mathieu equations have both stable and unstable solutions. In case of stable

situation, the ions oscillate in the xy-plane with limited amplitude and they

can travel through the quadrupole field along the z-direction without hitting the

electrodes. In case of unstable solution, the amplitude of oscillation in the x, y,

or both directions grows and the ions will be lost. The stability of the ions in

the trap depends only on the Mathieu parameters a and q, and not on the initial

parameters of the ion motion, Hence it is important to know the zones of stability

in the a-q map, also know as Mathieu stability diagram.

The trapped ions are stable in all regions of Mathieu stability diagram where

x-stable and y-stable portions overlap. As shown in Fig. A.3, there exist several

regions of stability in the Mathieu stability diagram at high value of a and q.

But the most used stability region is defined by q < 0.91 and small a. For fixed

values of r0, ω, U, and V, all ions with the same charge-to-mass ratio Q/m have

the same operating point in the Mathieu stability diagram. Since a/q is equal to

2U/V and is independent of the mass m, all masses lie along the operating line

a/q=constant (Fig. A.4).
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Fig. A.3: Mathieu stability diagrams in a two dimensional quadrupole trap. The
right figure indicates the zone of stability. Adapted from [19].

Radial confinement of ions in a linear Paul trap relies on the inhomogeneity

of electric fields between the electrodes. Only in a homogenous field the time-

dependent term of the force cancels out in the time average. But in a quadrupole

field, which is a periodic inhomogeneous field, there is a small average force left

pointing toward the center of the trap which enables the ions to traverse the

quadrupole field without hitting the electrodes. Hence the motion of the ions

around the z axis can be stable with limited amplitude in x and y directions. In

a quadrupole field the potential at the geometrical center between the electrodes

is zero and it increases with the distance from center according to Eq. A.3. This

field inhomogeneity leads to a small average force in the direction towards the

low field regions (closer to the center of trap), resulting in a pseudo potential well

for the ions [125]. With r as the distance from the trap axis the pseudo potential

ΦPS(r) for the ions confined by the RF field (V cosωt) is given by

ΦPS(r) =
qV

4r2
0

r2. (A.15)

A.3 Macromotion and Micromotion

The stable motion of ions in the RF quadrupole field can be decomposed into

two separate oscillatory motions, the micromotion and the macromotion. The
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micromotion is caused directly by the electric field oscillations. Thus, it has the

same frequency ω as that of RF, except it is out of phase with the field by π. It

also follows the strength of the electric field. The macromotion or secular motion

is associated with the pseudo potential and it has a lower frequency (ωmacro)

which is related to the RF frequency (ω) as

ωmacro =
q

2
√

2
ω. (A.16)

Trapping of Particles in a Three Dimensional Quadrupole Trap

Trapping of particles in a three dimensional quadrupole field is very similar to the

two dimensional case as discussed before. A three dimensional configuration as

in Eq. A.4. can be generated in many different ways, e.g., with a hyperbolically

shaped ring electrode and two hyperbolic rotationally symmetric caps. The field

equations in the three dimensional case are given by

Ex =
ϕ0

r0
2
x, Ey =

ϕ0

r0
2
y, Ez = −2

ϕ0

r0
2
z. (A.17)

Using similar mathematical treatment as shown in the two dimensional case, one

can arrive at the conclusion that the equations of motions of the ions in a three

dimensional quadrupole trap can be represented by similar Mathieu equations

d2x

dτ 2
− (a+ 2q cos 2τ)x = 0 (A.18)

d2y

dτ 2
− (a+ 2q cos 2τ)y = 0 (A.19)

d2z

dτ 2
+ (a+ 2q cos 2τ)z = 0, (A.20)

where the dimensionless parameters a, q and τ are given by

ax = ay = 2az =
4QU

mr0
2ω2

(A.21)

qx = qy = 2qz =
2QV

mr0
2ω2

(A.22)

τ =
ωt

2
. (A.23)

Accordingly the region of stability in the a-q map for a three dimensional trap

has a different shape, as shown in Fig. A.4. Similar to the two dimensional coun-

terpart, the motion of ions in a three dimensional quadrupole trap is described as

a slow secular motion modulated with a micromotion. The pseudo potential [125]
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Fig. A.4: Mathieu stability diagram in a quadrupole trap for two dimensional
(right) and three dimensional (left) case . Adapted from [123].

in a three dimensional quadrupole field is given by

ΦPS = D
x2 + y2 + 4z2

r2
0 + 2z2

0

, (A.24)

where, D is the potential depth. Both in two and three dimensional quadrupole

traps the radio frequency voltage amounts to be a few hundred volts and potential

depth is of the order of 10 volts. The width of the potential well is defined by

the geometrical dimension of the trap.





Appendix B

Discussion of Hyperfine

Structure

B.1 Hyperfine Structure Interval

The term hyperfine structure refers to a structure in atomic spectra which results

from the existence of spins and electromagnetic multipole moments of atomic

nuclei. The interactions of these nuclear moments with the electrons lead to an

additional splitting of the spectral lines which is knows as the hyperfine structure.

B.2 Spins and Electromagnetic Multipole Mo-

ments

If the nucleus has a nonzero nuclear spin I, then it is said to possess a nuclear

angular momentum ~I, where

|~I| =
√
I(I + 1)~. (B.1)

The quantum number I may be integral or half integral1. Similar to electronic

angular momentum, the nuclear angular momentum is observable along the quan-

tization axis, e.g., in the z -direction where an applied magnetic field is oriented.

The x and y components have time averages equal to zero and hence are not

observable. For the z -component (~I)z=mI~ with mI=I, I-1, ..., 0, ..., -I+1, I.

Thus there are 2I +1 possible orientations of nuclear angular moment relative to

1Stable atomic nuclei are known with 0 < I < 15/2.
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the quantization axis, corresponding to the possible values of nuclear magnetic

quantum number mI .

B.3 The Hyperfine Interaction

In addition to spin a nucleus has also electromagnetic multipole moments. The

interactions between those moments and the electromagnetic field produced by

the electrons at the nucleus are responsible for the hyperfine structure.

By arguments of parity and time-reversal symmetry the only non-vanishing

multipole (2k-pole) moments, apart from the electric charge for k=0, are the

magnetic moments for odd k and the electric moments for even k. Interactions of

the higher order multipole moments (k≥3) with the electrons are negligibly small.

Hence the two lowest orders of interaction, i.e., the magnetic dipole interaction

and the electric quadrupole interaction are of physical importance with regard to

hyperfine structure.

B.3.1 Magnetic Dipole Interaction

Magnetic dipole interaction is the interaction of a point nuclear magnetic moment

~µI with the magnetic field ~BJ produced by the electrons at the nucleus. The

nuclear magnetic moment ~µI is connected with nuclear angular momentum ~I as

~µI = γ~I =
gIµN

~
~I, (B.2)

where γ is the gyromagnetic ratio. gI is the nuclear g-factor. µN = e~/2mp is the

unit of nuclear magnetic moment (nuclear magneton) which is analogous to the

Bohr magneton µB = e~/2me.

Following the quantization rules for the angular momentum

(~µI)z =
gIµN

~
(~I)z = gIµNmI . (B.3)

The Hamiltonian for the magnetic dipole interaction is given by

HD = −~µI · ~BJ . (B.4)

This is to be treated as a small perturbation. ~µI depends on nuclear coordinates

only and ~BJ depends on electronic coordinates only. With an adoption of IJ

coupling approximation, one can write ~BJ ∝ ~J , as ~BJ operates in the space of

electronic coordinates only. Hence Eq. B.4 can take the form

HD = A~I · ~J, (B.5)
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where A is the hyperfine structure constant, an experimentally measurable quan-

tity. According to IJ coupling approximation

~F = ~I + ~J (B.6)

~F 2 = (~I + ~J)2 = ~I2 + ~J2 + 2~I. ~J (B.7)

~I. ~J =
1

2

[
~F 2 − ~I2 − ~J2

]
. (B.8)

To first order2, the energy shift of a level J is given by the expectation value of

the interaction Hamiltonian (for magnetic dipole interaction) of Eq. B.5

∆ED = 〈IJFmF |HD|IJFmF 〉 (B.9)

= 〈IJFmF |A~I · ~J |IJFmF 〉 (B.10)

=
A

2
[F (F + 1)− J(J + 1)− I(I + 1)] . (B.11)

In summary, a level with well-defined total angular momentum J splits into

hyperfine states, labelled by F , which are (2F+1)-fold degenerate. The hyperfine

structure constant A is a measure of the splitting and there is an interval rule,

∆EF −∆EF−1 = AF. (B.12)

F has 2I +1 values for I<J or 2J +1 values for J≤I. The electric dipole selection

rule for F is ∆F=0,±1 while F =0 → F =0 is forbidden.

B.3.2 Electric Quadrupole Interaction

Electric quadrupole interaction is the interaction between the nuclear electric

quadrupole moment and the electric field of electrons. The nuclear electric

quadrupole moment depends on the nuclear charge distribution. For nucleus

with I > 1/2, the quadrupole moment is non-zero. It is positive for prolate3 and

negative for oblate4 charge distribution.

The quadrupole interaction causes a shift of the hyperfine levels. In first order,

the energy shift is

∆EQ = 〈IJFmF |HQ|IJFmF 〉 (B.13)

=
B

4

[ 3
2
K(K + 1)− 2I(I + 1)J(J + 1)

I(2I − 1)J(2J − 1)

]
, (B.14)

2Consideration of configuration mixing and relativistic effects, though important in hyperfine
structure, is beyond the scope of this thesis.

3Cigar-shaped charge distribution, elongated along the direction of I.
4Pin-cushioned shaped charge distribution, flattened perpendicular to I.
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where K = [F (F + 1)− J(J + 1)− I(I + 1)]. B is another hyperfine structure

constant. The quadrupole interaction vanishes for S terms because of spherically

symmetric electron charge distribution. The quadrupole interaction also vanishes

unless I ≥ 1, J ≥ 1.

Combining the magnetic dipole and electric quadrupole shifts from Eq. B.11

and Eq. B.14, the hyperfine structure interval can be written as

∆EHFS =
A

2
K +

B

4

[ 3
2
K(K + 1)− 2I(I + 1)J(J + 1)

I(2I − 1)J(2J − 1)

]
. (B.15)

This shows that the electric quadrupole interaction gives rise to a departure from

the interval rule, because its dependence on F is different from that of magnetic

dipole interaction. When B/A is sufficiently large the order of F -levels may even

be different from that when B/A=0.



Appendix C

Discussion of Isotope Shift

C.1 Isotope Shift

Bohr’s model predicts that for a transition between energy levels with principal

quantum numbers n1 and n2, an atom emits light with a wave number given by

ν̃∞ = R∞

(
1

n2
1

− 1

n2
2

)
, (C.1)

where R∞ is the Rydberg constant. The subscript ∞ indicates that the nucleus

is assumed to be infinitely massive.

But the spectral lines in hydrogen obey the mathematical formula

ν̃ = RH

(
1

n2
1

− 1

n2
2

)
. (C.2)

There is a subtle difference between R∞ and RH . In reality, the electron and the

nucleus move around the center of mass of the system. Mathematically R∞ can

be expressed as

hcR∞ =
(e2/4πε0)2me

2~2
. (C.3)

For a hydrogen nucleus of finite mass mp,

hcRH =
(e2/4πε0)2m

2~2
, (C.4)

where m is the reduced mass of the electron, memp

me+mp
.

Now it is evident that

RH = R∞
mp

me +mp

. (C.5)

This reduced mass correction is not the same for different isotopes of a particular

element, e.g., hydrogen and deuterium. This leads to a measurable difference in
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the frequency of a spectral line for two different isotopes. This is called isotope

shift. For many-electron atoms the nuclear properties that contribute towards iso-

tope shifts are the finite mass (mass effect) and the extended charge distribution

of the nucleus (field effect).

C.2 Mass Effect

The mass effect may be treated by considering the kinetic energy operator in

Schrödinger’s equation

T =
~P 2
N

2MN

+
∑
i

~p2
i

2me

, (C.6)

where PN and MN are the momentum and mass of the nucleus, while pi and me

are the momentum and mass of the ith electron. By following the principle of

conservation of momentum for a stationary atom,

~PN = −
∑
i

~pi. (C.7)

Hence,

T =
(
∑

i pi)
2

2MN

+

∑
i p

2
i

2me

(C.8)

=

∑
i p

2
i

2MN

+
1

MN

∑
i>j

pi · pj +

∑
i p

2
i

2me

. (C.9)

The second term in Eq. C.9, which contains the dot product of electron momenta,

can be ignored for single electron systems, e.g., hydrogen and deuterium. The

remaining two terms can be combined with the introduction of the reduced mass

m = memp

me+mp
. Thus an energy level E(MN) for an atom whose nucleus has a finite

mass MN is raised above the fictitious level (E∞) for a ‘theoretical’ atom whose

nucleus is infinitely heavy. This can be expressed as

E(MN) = E∞
MN

me +MN

. (C.10)

In terms of wavenumber

ν̃ = ν̃∞
MN

me +MN

(C.11)

' ν̃∞

(
1− me

MN

)
. (C.12)
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However, ν̃∞ can not be measured and only the difference in wave numbers

between two isotopes of an element can be observed. Considering two isotopes

with nuclear masses M
′
N and M

′′
N , the wavenumber shift for the observed spectral

line is

∆ν̃mass = νM ′′
N
− νM ′

N
(C.13)

' ν̃∞

[(
1− me

M
′′
N

)
−
(

1− me

M
′
N

)]
(C.14)

' ν̃∞me

(
M

′′
N −M

′
N

M
′′
NM

′
N

)
(C.15)

' meδMN

M
′
N −M

′′
N

ν̃∞, (C.16)

where the isotope of greater mass has the larger wavenumber. This phenomenon

is known as normal mass shift. This shift is the largest for hydrogen-deuterium.

Since the mass shift is proportional to 1
M2 , the mass effect is small for heavy

elements.

For multi-electron systems, the cross term in Eq. C.9 can not be neglected

and it leads to an additional isotope shift known as the specific mass shift. Since

the cross term involves a correlation between the motions of electron pairs, this

effect is very difficult to calculate for many electron atoms. For lighter elements

the specific mass shift has the same order of magnitude as the normal mass shift.

But in heavy elements, the effect is small.

C.3 Field Effect

Isotope shifts originating from the variations of the nuclear charge distribution

from one isotope to another is referred to as field shifts. Such shifts are of

physical significance because the measurement of field shifts in spectral lines helps

one study the size and shape of nucleus as a function of neutron number. The

field effects can be treated by understanding the electric monopole interaction

between the nucleus and the electrons, and considering its departure (for real

nuclei) from the pure coulomb potential of a point nuclear charge. To probe

the nuclear charge distribution the s-electron must be considered whose charge

density does not vanish in the region of the nucleus1. Then an isotope shift is

expected in a spectral line for which the number of s-electrons is different in the

1Relativistically, P1/2 electrons also have a non-vanishing charge density in the region of
nucleus. Other electrons with l 6=0 have a negligible charge density.
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two terms involved in the transition. Without considering relativistic and higher

order perturbation treatment it is possible to estimate an order of magnitude of

the field effects in heavy elements.

For simplicity we consider a nuclear model which assumes a spherically sym-

metric nuclear charge distribution. For example, the liquid drop model assumes

a spherically symmetric nuclear charge distribution with radius r0 given by

r0 ' 1.2× A1/3 fm. (C.17)

We consider the isotope shift of a term for two isotopes whose nuclear radii differ

by
δr0

r0

=
1

3

δA

A
. (C.18)

This field effect, in particular, is known as volume shift. In first order, the contri-

bution to the energy shift of a term for each electron is the expectation value of

the electrostatic potential energy difference V (r)− V (r0), where V (r) and V0(r)

are the potential energies appropriate to an extended nucleus and to a point

nucleus respectively. Thus,

∆Evolume =

∫ ∞
0

ψ∗ [V (r)− V0(r)]ψ4πr2dr (C.19)

' |ψ(0)|2
∫ r0

0

[V (r)− V0(r)] 4πr2dr. (C.20)

The range of integration is restricted to 0 ≤ r ≤ r0 since, by Gauss’s theorem,

V (r) = V0(r) for r ≥ r0 and over this range the electron charge density (ρe) is

assumed to be approximately constant

ρe ' −e|ψ(0)|2. (C.21)

For a point nuclear charge

V0(r) = − Ze2

4πε0r
( r > 0 ), (C.22)

and, for a uniform nuclear charge distribution

V (r) =
Ze2

4πε0r0

(
−3

2
+

1

2

r2

r2
0

)
(0 ≤ r ≤ r0 ). (C.23)

By substitution in Eq. C.20 and upon integration

∆Evolume =
4π

10
|ψ(0)|2 Ze

2

4πε0

r2
0. (C.24)
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The quantity that is directly related to the observation of isotope shift is the

difference in ∆Evolume for the two isotopes

δ(∆Evolume) =
4π

10
|ψ(0)|2 Ze

2

4πε0

2r0δr (C.25)

= |ψ(0)|2Ze
2

5ε0

r2
0

δr

r0

(C.26)

= |ψ(0)|2 Ze
2

15ε0

r2
0

δA

A
using Eq. C.18. (C.27)

Hence the isotope shift caused by the volume effect is

δν̃volume =
δ(∆Evolume)

hc
= |ψ(0)|2 Ze2

15hcε0

r2
0

δA

A
. (C.28)

Accurate determination of isotope shift through precision laser spectroscopy is

an excellent way to probe nuclear shape and size, though it is necessary to know

the absolute value of nuclear charge radius by another means.





Appendix D

Settings of the LEBL

Here the typical settings of various experimental parameters are recorded.

Table D.1: Settings of the low energy beam line and the linear Paul trap.

LEBL Component HV Module Channel A Channel B

Lens A2 NIM08 0 1852

Wien Filter NIM09 2890 2715

Bending Plate (Top/Bottom) NIM10 2793 2818

Bending Plate (Left/Right) NIM11 2808 180

Mirror NIM24 1800 -

Einzel Lens 2 / Einzel Lens 1 NIM25 1650 1450

LEBL Component HV Module Channel Number

0 1 2 3 4 5 6 7

Bending Plate INa EHQ19 0 0 0 0 0 0 0 0

Bending Plate OUTb EHQ20 115 85 32.5 25 0 0 0 0

Ion Trap DC Voltages EHQ22 5 20 5 5 20 5 5 0

aBefore Switch Point
bAfter Switch Point

LEBL Component Setting

Drift Tube (After TI) 22 kHz, HV High: 84.0/30 kV, HV Low: 0 V

Drift Tube (Before Trap) 22 kHz, HV High : 80.6/30 kV, HV Low: −0.1 kV

Paul Trap Frequency: 974.19 kHz, Voltage: 600 V (Peak-Peak)

Extraction TI −6.85 kV

Deceleration Lens −2.8 kV
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