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Abstract

This thesis describes experiments using a single 88Sr+ ion. The ion is

confined in a radio-frequency end-cap trap and laser cooled on the strong

5s 2S1/2 – 5p 2P1/2 cooling transition. Spectroscopic investigations are per-

formed on the narrow 5s 2S1/2 – 4d 2D5/2 quadrupole transition.

A precision measurement of the 2D5/2 state lifetime has been made. The

decay times of an ion prepared in the 2D5/2 state are measured using Dehmelts

electron shelving technique and analysed using several different fitting and

estimation methods. A comparison of the these complementary techniques

is made and systematic effects are discussed.

By driving the quadrupole transition, the electronic state of the ion has

been coherently manipulated to create superpositions of the 2S1/2 and 2D5/2

states and Rabi oscillations observed. The rate of dephasing of these oscilla-

tions has been used to determine the mean motional quantum numbers of the

Doppler cooled ion. High motional quantum numbers after Doppler cooling

have been observed in the first endcap trap used. A second endcap trap has

been constructed in which cooling to lower motional quantum numbers has

been achieved.

Ramsey spectroscopy has been performed on a Zeeman component of

the quadrupole transition. The first demonstration of Ramsey and Silsbee’s

phase modulation techniques in the optical domain is presented. With this

method, increased signal to noise fringes and dispersion shaped curves have

been observed and stabilisation of the laser to the transition demonstrated.

To simulate these experiments, optical Bloch equations describing the Ram-
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sey oscillatory field method have been set up and solved numerically.

Sub-Doppler cooling may be achieved by resolved-sideband cooling on the

quadrupole transition. To realise an acceptable cooling rate, the 2D5/2 state

is quenched using a laser tuned close to the 2P3/2 – 2D5/2 transition. The

resulting ac-Stark shift of the quadrupole transition has been characterised.

Resolved-sideband cooling of the ion using the lower axial sideband of the

mj = −1/2 – mj = −5/2 component of the quadrupole transition has been

demonstrated.
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Chapter 1

Introduction

The ion trap, when combined with laser cooling techniques, provides a most

powerful experimental apparatus with which to conduct investigations of

fundamental physics. A single trapped ion is well isolated from external

perturbations and begins to approach the ideal of a particle held at rest. As

such, it has long been recognised that a narrow transition in a trapped ion

makes an ideal atomic frequency reference. A number of species are under

investigation for this use in standards laboratories worldwide. In the last 10

years, it has been observed that these same properties make ion traps a highly

attractive candidate experimental system for the realisation of a quantum

computer. It is the aim of the work presented in this thesis to investigate

techniques which will prove useful in both atomic frequency standards and

quantum information processing work.
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1.1 Atomic Frequency Standards

An atomic frequency standard consists of three main elements: a local oscil-

lator, a quantum absorber and a servo system. The local oscillator provides

short-term frequency stability and is stabilised by the servo system to a ref-

erence transition in a quantum absorber to provide long-term stability and

reproducibility. The desire to construct stable atomic frequency standards is

driven by their use in realising the S.I. units of length and time. Presently,

the S.I. unit of time is defined in terms of 9.2 GHz microwave transition

in 133Cs. Accuracies of 1 part in 1015 are now achieved using laser-cooled

caesium atoms in atomic fountains [1, 2, 3].

The stability of an atomic frequency standard, is dependent on the signal-

to-noise ratio with which the reference transition is interrogated, the aver-

aging time of the measurement and the Q-value of the reference transition.

Using quantum absorbers with transitions of higher Q will therefore lead to

a higher stability. The Q of caesium fountain systems is limited to ∼ 1010 by

the maximum interrogation time available due to the time of flight of atoms

in the fountain. In contrast, trapped ions may be stored for much longer

periods. While microwave transitions in trapped ion systems may serve as

reference quantum absorption, a number of narrow optical transitions in ions

with intrinsic Q-values of greater than 1014 are far more attractive.

The accuracy of an atomic frequency standard is limited by how well ex-

ternally induced shifts of the reference transition can be characterised. The

velocity and spatial extent of single trapped ion may be reduced by laser-

cooling so that Doppler broadening of a narrow reference transition is elimi-
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nated. The external fields experienced by the ion may be also be controlled

to a high order. By using a single trapped ion as the quantum absorber, the

collisional shift present in standards using many quantum absorbers can be

eliminated altogether. It is informative to note that collisional shifts are the

largest source of uncertainty in caesium fountain standards [1, 4, 2, 3].

A laser-cooled single trapped ion closely approximates a particle held

at rest, effectively indefinitely, in an environment almost free from external

perturbations and as such makes an ideal reference quantum absorber in an

atomic frequency standard. Currently being investigated as optical atomic

frequency standards are narrow quadrupole transitions in 199Hg+ [5], 88Sr+ [6,

7], 171Yb+ [8], an intercombination line in 115In+ [9] and the extremely narrow

octupole transition in 171Yb+ [10]. Further details of trapped ion atomic

frequency standards may be found in ref. [11] and references therein.

1.2 Quantum Information Processing

1.2.1 Background

In a quantum computer, information is encoded in the states of a register

of two-level quantum mechanical systems known as quantum bits or qubits.

Denoting the two pure states of a qubit by |0〉 and |1〉, each qubit may

exist in a superposition of the form α|0〉 + β|1〉. This should be contrasted

with a classical computer in which information is encoded in bits which may

take only the values 0 and 1. Each qubit is, in some sense, able to store

both logical values 0 and 1 at the same time. The information stored in
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this quantum register may then be processed using unitary transformations

which act upon both states |0〉 and |1〉 of each qubit simultaneously. By

processing a superposition of many different input states in parallel, it might

be possible for a quantum computer to carry out a calculation much more

efficiently than a classical computer.

While the input state of such a quantum computer may be a superposi-

tion state, the final output state of the register which is then read out will

be projected onto the basis set of states |0〉, |1〉 of the qubits. Since this pro-

jection process is probabilistic, any useful quantum computation must result

in an interference of quantum amplitudes to produce a final answer which is

composed of the pure states of the qubits. A number of such quantum in-

formation processing algorithms have been devised which are more efficient

than any alternative classical algorithms known.

The Deutsch-Josza algorithm was the first efficient quantum information

processing algorithm discovered and is capable of determining whether a

function is constant (always outputs the same value, regardless of the input)

or balanced (gives true for one of the two possible inputs and false for the

other) with a single evaluation of the function. Other quantum algorithms of

note are Shor’s algorithm for factorising integers [12] and Grover’s algorithm

for searching unsorted databases [13], both of which are much more efficient

than classical algorithms. Feynman has also pointed out that a quantum

computer could be used to simulate any other quantum system [14], a task

which also cannot be carried out efficiently by a classical computer.
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1.2.2 Trapped ion quantum computing

With the theory of quantum information processing already well developed,

there is a need for experimental work to determine whether such systems

are physical realisable. The challenge of constructing a system that evolves

unitarily and is also controllable is well described by DiVincenzo’s criteria [15]

which state the need for

1. A scalable physical system with well characterised qubits

2. The ability to initialise the register to a simple fiducal state, such as

|000 . . .〉

3. Long relevant decoherence times, much longer than the gate operation

time

4. A ‘universal’ set of quantum gates (from which any unitary operation

may be constructed)

5. A qubit-specific measurement capability

There are many physical systems in which quantum mechanical phenom-

ena are apparent and as such, it is not a surprise that there are a variety

of candidate architectures have been proposed for the purpose of quantum

information processing. These include trapped ions [16, 17, 18, 19], cold

atoms [20, 21], linear optics [22], cavity quantum electrodynamics [23], liquid

state NMR [24, 25], quantum dots [26], Josephson junctions [27] and the

nuclear spins of dopants in silicon [28] to name but a few schemes.
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Quantum information processing was first demonstrated experimentally

using the NMR architecture. This technique uses the nuclear spins of atoms

in a molecule as qubits. In order to prepare and measure such states, a bulk

sample must be used, and the average state used. These states decohere and

dephase slowly enough that the average state may be used as an effective

quantum computer. The bulk nature of an NMR based approach to quantum

information processing leads to limitted scalability and due to the fact that

individual nuclear spins cannot be measured, greatly restricts the application

of quantum error correction schemes which will be required in any useful

quantum computer (see ref. [29] and references therein).

Cirac and Zoller have proposed that a quantum computer may be imple-

mented using cold trapped ions [16]. In this implementation of a quantum

computer, long-lived internal states of the ion act as the qubits and may

be independantly manipulated using laser which can address the individual

ions. Gates are implemented between (not necessarily neighbouring) ions by

coupling through the collective quantized motional modes of the ions, which

may also be excited using a laser. This method may be used to implement

the controlled-NOT gate, and combined with single qubit rotations forms a

set of universal gates [30]. A number of other gate implementations have also

been proposed, such as Sørenson and Mølmer’s gate employing virtual vibra-

tional excitations [17] and the geometric phase gate described by Leibfried

et al. [31].
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1.2.3 Review of experimental progress

The realisation of Cirac and Zoller’s scheme for an ion trap quantum com-

puter requires ions cooled to the ground state of the trap. Ground state

cooling of single trapped ions has been demonstrated with single 199Hg+ [32],

40Ca+ [33] and 115In+ [34] ions and using resolved sideband cooling, 9Be+ [35]

ions using Raman sideband cooling and 40Ca+ [36] by exploiting electro-

magnetically induced transparancy effects. Resolved sideband cooling of

88Sr+ to the motional ground state is described in chapter 9.

After ground state cooling, single ions are in an almost pure motional

state. This has allowed the quantum state engineering of both the ion’s

internal and external state [33] and the generation of non-classical states [37].

The first demonstration of a controlled-NOT gate operating on initialised

states was also demonstrated using a single ion, using the ion’s electronic

state and motional state as the two qubits [38]. Entanglement of the internal

and external states of an ion to produce ‘Schrödinger cat’ states has also been

achieved [39]. More recently, a single 40Ca+ ion has been used to implement

the Deutsch-Josza algorithm [40]. Single ions have also been used to study

decoherence of quantum superpositions in ion traps [41, 42].

Ground state cooling has been extended to two ions stored in linear traps

in both 40Ca+ [43] and 9Be+ [44]. Following this feat, the Cirac and Zoller

controlled-NOT gate has been demonstrated by F. Schmidt-Kaler et al. [45]

using the internal states of two 40Ca+ ions as the register of qubits and

the collective motional degree of freedom as the ‘bus’ qubit. At around

the same time, an alternative two-qubit universal gate was demonstrated by
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Leibfreid et al. [31]. This work implemented a geometric phase gate in which

the register of qubits was formed by the internal states of two 9Be+ ions.

The deterministic entanglement of two and four trapped ions has also been

achieved [46].

1.3 Thesis structure

This thesis describes work carried out within the Fundamental and Wave-

lengths Standards group at the National Physical Laboratory, U.K. towards

achieving the complete control of the quantum state of a single trapped 88Sr+

ion. The 88Sr+ ion has a strongly allowed transition suitable for efficient laser

cooling, and a narrow transition which may be used as a frequency reference.

The upper state of this narrow transition is long lived and combined with

the ground electronic state may be used to form a long lived qubit. Readout

of this qubit may also be carried out with almost unit detection efficience

using Dehmelt’s electron shelving method [47]. Thus 88Sr+ is an ideal candi-

date for both optical atomic frequency standards and quantum information

processing. The narrow quadrupole transition at 674 nm is already under

investigation within the group as an optical atomic frequency standard. In-

deed, this transition is already a recommended radiation for the realisation

of the metre [48].

This thesis is organised a follows. Firstly, chapter 2 gives a brief theoret-

ical background relevant to experiments using trapped ions. In particular,

a model of coherent laser-ion interactions is outlined that includes the ef-

fects of the tight confinement of the ion, the laser phase and the decoherence
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mechanisms of a finite laser coherence time and spontaneous emission.

Chapter 3 details the apparatus used for the work described in this thesis.

During the course of this thesis, a number of improvements were made to the

apparatus. This chapter describes the final set up after these improvements

had been made. The basic experimental techniques for trapping and laser

cooling a single ion are discussed in chapter 4.

Chapters 5 – 9 contain the main experimental results of this thesis. Chap-

ter 5 presents a precession measurement of the lifetime of the metastable

4d 2D5/2 state. Chapter 6 describes the coherent excitation of the quadrupole

transition, resulting in the observation of high contrast Rabi oscillations.

Chapter 7 presents time-domain Ramsey spectroscopy of the quadrupole

transition and in particular, presents the first demonstration of Ramsey and

Silsbee’s phase modulation techniques in the optical domain. Chapter 8 de-

scribes the implementation of a scheme for frequency stabilisation of a laser

to a narrow reference transition using Ramsey and Silsbee’s phase modula-

tion technique to provide the frequency discriminant. The final experimental

chapter (Chapter 9) describes the resolved sideband cooling of one of the

motional modes of a 88Sr+ ion to its ground state.
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Chapter 2

Theory

2.1 Introduction

The experiments described in this thesis employ a single 88Sr+ ion confined

in a radio-frequency trap. The ion is laser-cooled and its internal state in-

terrogated and manipulated using lasers. This chapter gives an overview of

the theory of radio-frequency traps and laser cooling and gives a description

of the atom-laser interaction.

This chapter is organised as follows. First, Section 2.2 briefly describes the

relevant energy levels of the 88Sr+ ion. The principle of operation of the RF

trap is then outlined in section 2.3. The time-averaged force exerted on the

ion by the RF electric field of the trap results in a harmonic ‘psuedopotential’

in which the ion is confined. When the ion is laser-cooled, its kinetic energy

may be reduced to the extent that its motion becomes quantised.

The interaction between a classical electromagnetic field and a bound

two-level atom is described in section 2.4. The coherent oscillations in a
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two-level atom driven by an intense field are discussed for the case of a free

atom including both the effects of spontaneous emission from the atom’s ex-

cited state and the finite coherence time of the driving field. When the ion

is bound within dimensions small compared to the wavelength of the inter-

rogating radiation (the Lamb-Dicke regime), its motion becomes quantised.

The atomic (internal) states of the ion become dressed by the motional (ex-

ternal) states of the ion. The effect of the ion’s motion on its absorption

and emission spectra are discussed. The thermal distribution of the ion over

the motional energy levels of the trap leads to an apparent dephasing of any

coherent oscillations. This effect is also discussed.

The final section of this chapter deals with laser cooling of a 88Sr+ ion.

Doppler-cooling of an 88Sr+ ion is described and typical Doppler cooling

limits are calculated.

2.2 Energy levels of 88Sr+

The 88Sr+ ion has an alkali-like electronic structure, with ground state elec-

tronic configuration identical to that of neutral atomic rubidium (1s22s22p6

3s23d104s24p65s 2S1/2). Figure 2.1 shows the lowest lying energy levels of

the ion, with the wavelengths of the transitions used for laser-cooling, state

manipulation and state detection. The ion has the convenient property that

these transition wavelengths may all be produced by solid state laser sources.

The lowest lying excited states are the 4d 2D5/2 and 4d 2D3/2 states. These

states are metastable as they may only radiatively decay back to the 5s 2S1/2

ground state via weak quadrupole transitions. The transition wavelengths
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Figure 2.1: Lowest lying energy levels of 88Sr+.

and decay rates and lifetimes for decay between the various electronic states

are given in table 2.1.

The trapped ion is Doppler cooled (see section 2.5) on the 5s 2S1/2 –

5p 2P1/2 transition at 422 nm. The 5p 2P1/2 state decays with a branching

ratio of 1:13 to the metastable 4d 2D3/2 state. Radiation at 1092 nm is there-

fore required to prevent optical pumping into this dark state and maintain

efficient Doppler cooling.

Sub-Doppler cooling may be achieved by the technique of resolved side-

band cooling (see chapter 9) on the narrow quadrupole transition at 674 nm.

For resolved sideband cooling on the quadrupole transition, radiation at

1033 nm is used to ‘quench’ the 2D5/2 state by coupling it to the 2P3/2 state.

Light at 1033 nm is also used to return an ion in the 2D5/2 state to the

electronic ground state.

Throughout this thesis, the 2S1/2 – 2P1/2 at 422 nm transition is referred to

20



Transition Wavelength Γ/2π τ = 1/Γ

2S1/2 – 2P1/2 421.6706 nm [49] 20.22 MHz 7.87 ns [50]
2S1/2 – 2P3/2 407.886 nm [49] 22.77 MHz 6.99 ns [50]
2S1/2 – 2D3/2 687.0066 nm [49] 0.37 Hz 435 ms [50]
2S1/2 – 2D5/2 674.02559 nm [48, 7, 6] 0.41 Hz 390.3 ms †
2D3/2 – 2P1/2 1091.7860 nm [49] 1.52 MHz 105 ns [50]
2D3/2 – 2P3/2 1003.94 nm [49] 176.6 kHz 901 ns [50]
2D5/2 – 2P3/2 1033.01 nm [49] 1.38 MHz 115 ns [50]

Table 2.1: Wavelengths, decay rates and decay times of selected transitions
in 88Sr+. † Value determined in this work, see chapter 5

as the ‘cooling’ transition and the 2D3/2 – 2P1/2 at 1092 nm transition as the

‘repumper’ transition. The 2D5/2 – 2P3/2 transition at 1033 nm is referred to

as both the ‘quencher’ transition in the context of resolved sideband cooling

and the ‘clearout’ transition otherwise.

2.3 The RF trap

The radio-frequency (Paul) trap [51] grew out of work on linear quadrupole

mass spectrometers [52]. In the RF trap, a dynamic trapping potential is

created using oscillating electric fields. Such traps have been used to confine

clouds of ions, and as is commonly the case now, single ions. The use of single

ions has relaxed the requirement for a quadrupolar field of high purity over a

large volume, as only the field at the point of the ion is important. As a result,

rather than using the hyperbolic electrodes of the ideal Paul trap, other trap

electrode structures [53, 54, 34, 55, 56], have be used for work employing

single ions. Nevertheless, the basic principle of operation of the RF trap
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remains the same in all these cases, with the time averaged electric field

being used to produce a harmonic ‘pseudopotential’ suitable for confining an

ion. A detailed overview of RF traps and the physics of trapped ions may be

found in one of the many review articles on the subject [57, 58, 51].

A harmonic trapping potential is described by

Φ = Φ0(αx2 + βy2 + γz2) (2.1)

where α, β and γ are constants. Laplace’s equation, ∇Φ2 = 0, requires

that α + β + γ = 0. It is therefore impossible to construct an electrostatic

potential with constant Φ0 which will trap an ion in all three dimensions

simultaneously (Earnshaw Theorem), as this would require α, β and γ to all

be negative. Instead, in an RF trap, a dynamic trap is formed by choosing

Φ0 = U + V cos(ωRFt). (2.2)

with α and β negative and γ positive. The potential Φ0 alternates between

being positive and negative, with the ion bound in the ‘radial’ xy-plane but

unbound in the ‘axial’ z-direction for the one half of the RF cycle, and bound

in the axial direction but unbound in the radial plane during the next half of

the RF cycle. As the RF electric field is inhomogeneous, the time averaged

force it exerts on the ion is not zero. The range of values of U , V and ωRF for

an ion of mass M , which produce a trapping potential which is both radially

and axially stable may be determined by solving the equation of motion of

the ion (a Mathieu equation) as outlined, for instance, by Leibfried et al. [31].
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The regions of trap stability have also been mapped out experimentally [59].

An important result from the solution of the ion’s equation of motion is

that the ion’s motion may be decomposed into a slow harmonic motion known

as the secular motion and a driven motion at the RF trap frequency known as

the micromotion. For an ion placed at the centre of the trapping potential,

the micromotion typically has a much smaller amplitude than that of the

secular motion. If the ion’s micromotion is neglected, a fictional harmonic

potential

qΦp =
1

2
M(ω2

xx
2 + ω2

yy
2 + ω2

zz
2) (2.3)

commonly called the pseudopotential can be thought of as producing the

ion’s secular motion at frequencies ωx, ωy and ωz in the x, y and z directions.

A laser-cooled atom may have its kinetic energy reduced to the extent

that it is comparable with h̄ωx, h̄ωy and h̄ωz. Since the ion is bound in

a harmonic potential, it may be described by the usual expressions for a

quantum mechanical SHO, with the Hamiltonian

Ĥtrap = h̄ωsec(â
†â +

1

2
) (2.4)

describing the ion motion along each of the axes of secular motion, where â†

and â are the creation and destruction operators [60]. The ion’s energy is

therefore quantised according to

Etrap =

(

n +
1

2

)

h̄ωsec (2.5)

where n is the vibrational quantum number of the ion.
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2.4 Atom-field interactions

2.4.1 Coherent excitation of a two-level atom

If a two-level atomic transition is driven by radiation of sufficiently high

coherence and intensity, coherent oscillations in the excited state population

(Rabi oscillations) will be observed [60]. These oscillations will be damped

due to the effects of spontaneous decay from the excited state and the finite

coherence time of the driving radiation.

Consider a two level atom, with transition frequency ωatom between the

ground state |S〉 and excited state |D〉. The excited state decays to the

ground state via spontaneous emission at the rate ΓSD. The atom is driven

by a laser of frequency ωlaser and linewidth Γlaser with a pulse of duration τ

and atom-laser coupling strength ω0.

The density matrix for a two-level atom with ground state labelled S and

upper state D is defined as

ρ̂ =
∑

i,j

ρij|i〉〈j| for i, j ∈ {S, D} (2.6)

or

ρ̂ =







ρSS ρSD

ρDS ρDD






(2.7)

in the matrix representation. The diagonal matrix elements |ρSS| and |ρDD|

are the ground and excited state populations while the off diagonal elements

ρSD and ρDS represent the coherence between the two states. The density

matrix formalism allows the representation of both coherent states and sta-
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tistical mixtures. The dynamics of the system are described by the master

equation

d

dt
ρ̂ = − i

h̄
[Ĥ, ρ̂] (2.8)

where the Hamiltonian is split into two parts

Ĥ = Ĥatom + V̂ (t) (2.9)

the first representing the internal energy of the ion and the second represent-

ing the energy of interaction between the ion and the laser field. The matrix

representation of the internal state Hamiltonian is simply

Ĥatom =







ES 0

0 ED






(2.10)

where the ES and ED are the energies of the ground and excited state and

satisfy h̄ωatom = ED − ES. In general, the atom-field interaction energy in

the dipole approximation is given by

V̂ (t) =







0 1
2
Ω0 exp(i[ωlasert + φ])

1
2
Ω0 exp(−i[ωlasert + φ]) 0






(2.11)

where φ is the phase of the field and Ω0 the laser-atom coupling strength.

The population decay due to spontaneous emission and the rate of de-

phasing of the coherences due to the finite laser linewidth are modelled phe-

nomenologically as outlined, for example, by Boyd [61]. The decay of pop-

ulation from the |D〉 state to the |S〉 state due to spontaneous emission is
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described by the following changes to the diagonal terms

d

dt
ρSS = − i

h̄
[Ĥ, ρ̂]SS + ΓDSρDD, (2.12)

d

dt
ρDD = − i

h̄
[Ĥ, ρ̂]DD − ΓDSρDD, (2.13)

where [Ĥ, ρ̂]ij denotes the element of the matrix [Ĥ, ρ̂] having indices i, j .

The decay of coherences due to the limited coherence of the laser is described

by changes to the off diagonal terms

d

dt
ρSD = − i

h̄
[Ĥ, ρ̂]SD + (Γlaser +

1

2
ΓDS)ρSD, (2.14)

d

dt
ρDS = − i

h̄
[Ĥ, ρ̂]DS − (Γlaser +

1

2
ΓDS)ρDS. (2.15)

Incorporating the damping terms of equations 2.12 – 2.15 into the master

equation 2.8 and making the substitution

ρ̃SD = exp(−iωlaser)ρSD, (2.16)

ρ̃DS = exp(iωlaser)ρDS (2.17)

gives the optical Bloch equations for the system:

ρ̇DS =
[

i(ωlaser − ωatom) − (Γlaser + 1
2
ΓDS)

]

ρ̃DS

− iΩ0

2
e−iφ (ρDD − ρSS) (2.18)

(ρ̇DD − ρ̇SS) = −ΓDS [1 + (ρDD − ρSS)] + iΩ0

(

e−iφρ̃∗
DS − eiφρ̃DS

)

(2.19)

Solving equations 2.18 and 2.19 numerically over the period of the pulse
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duration τ (subject to the boundary conditions ρSS = 1, ρDD = 0 at t = 0)

describes Rabi oscillations of an atomic system driven by a single pulse of

radiation.

The resulting Rabi oscillations in a free two-level atom are shown for

different laser detunings δ = ωlaser−ωatom and decoherence rates in figure 2.2

over a time scale much shorter than the lifetime of the upper state. As

the detuning is increased, the amplitude of the Rabi oscillations decreases,

and as the decoherence rate is increased, the oscillations decay more rapidly.

With the laser field tuned to resonance, the coherent oscillations occur at the

frequency Ω0 known as the Rabi frequency.

2.4.2 The Lamb-Dicke Regime

The fact that the absorption and emission spectra of an atom are modified

when the atom is bound was recognised as long ago as 1953 by Dicke [62].

The total Hamiltonian for a two-level atom in a 1-D harmonic potential

interacting with a classical laser field is

Ĥtotal = Ĥatom + Ĥtrap + Ĥlaser (2.20)

where Ĥatom and Ĥtrap are defined by equations 2.4 and 2.10 and the energy

of interaction between the atom and field is now given by [63, 64]

Ĥlaser =
1

2
h̄Ω0(σ̂

+ + σ̂−)(eiη(â†+â)e−iωLt + e−iη(â†+â)eiωLt). (2.21)
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Figure 2.2: Rabi oscillations in a two-level atom driven by a field with cou-
pling strength Ω0 given by numerically integrating equations 2.18 and 2.19.
Figure (a) shows the time evolution of the excited state population for the
case of no decoherence or spontaneous emission with the field tuned to reso-
nance (solid line) and detunings of δ = Ω0 (dashed line) and δ = 2Ω0 (dotted
line). Figures (b) and (c) show the oscillations expected when the decoher-
ence rate is increased to Γlaser = Ω0/100 and Γlaser = Ω0/100 respectively.
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The terms σ̂+ and σ̂− are the Pauli matrices, Ω0 is the laser-ion coupling

strength (or Rabi frequency) and η is the Lamb-Dicke parameter. The Lamb-

Dicke parameter for a bound atom interacting with light of wavevector k

making an angle θ with the atom’s motional mode is defined as

η = k cos θx0 =
2π

λ
cos θ

√

h̄

2Mωsec
. (2.22)

The Lamb-Dicke parameter is therefore a measure of x0 =
√

h̄/2Mωsec the

spatial extent of motional ground state wavefunction of the ion in terms of

the wavelength of the laser light λ. A further insight into the meaning of the

Lamb-Dicke parameter may be gained by noting that η2 is simply the recoil

energy of the ion when absorbing a photon h̄2k2/2M in terms of the energy

associated with one vibrational quantum of energy h̄ωsec.

The total Hamiltonian has been solved by making the rotating wave ap-

proximation and working in the interaction picture, see for instance [63, 64].

The solution to the total Hamiltonian predicts that the transition between

the ion’s internal states at ωatom is dressed by the ladder of harmonic oscil-

lator levels separated by ωsec. The resulting spectrum therefore consists of a

carrier transition at ωatom with sidebands at ωatom ± mωsec (see figure 2.3).

Driving the ion on the carrier transition, will result in a change of internal

state without affecting the motional state of the ion. However, driving the

ion on the mth blue (red) sideband will result in an increase (decrease) of

the ion’s motional quantum number by m vibrational quanta. The laser-ion

coupling strength is dependant on the ion’s motional quantum number. For

a resonant transition between the n′th and nth motional states the laser-ion
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Figure 2.3: The absorption and emission spectra of a bound atom consist of
a carrier and sidebands spaced by the secular frequency.

coupling on the mth sideband (where m = n′ − n) is given by [63, 64]

Ωn′,n = Ω0e
−η2/2

√

n<!

n>!
η|m|L|m|

n<
(η2) (2.23)

where n> (n<) is the larger (smaller) of n′ and n and Lm
n the generalised

Laguerre polynomial [65]

Lm
n (x) =

n
∑

k=0

(−1)k (n + m)!

(n − k)!(m + k)!k!
xk. (2.24)

In the Lamb-Dicke regime, the the amplitude of the ions motion in the

direction of the radiation is much less than λ/2π. When this is the case, the

laser-ion coupling strengths to second and higher order sidebands are negli-

gible and only transitions on the carrier and first lower (red) and first upper

(blue) sidebands are important. These processes are shown in figure 2.4. It

should be noted that while absorbtion on the red sideband reduces the ion’s

motional quantum number by one vibrational quantum or phonon, emis-

sion on the red sideband increases it by one phonon. Similarly, emission on
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the blue sideband also reduces the ion’s motional quantum number by one

phonon.

nn-1 n+1

S

D

nn-1 n+1

S

D

(a) (b)

Figure 2.4: Absorption on the red sideband, carrier and blue sideband are
shown in (a) and emission is shown in (b). Transitions on the red and blue
sidebands result in a change in the ion’s vibrational quantum number. In the
Lamb-Dicke regime transitions on higher order sidebands may be neglected.

In the Lamb-Dicke limit, the coupling strength on the carrier given by

equation 2.23 may be simplified to second order in η to give

Ωn,n = Ω0

[

1 −
(

n +
1

2

)

η2

]

. (2.25)

Similarly, the coupling strengths to first order in η on the red and blue

sideband are

Ωn,n−1 = η
√

nΩ0 (2.26)

and

Ωn,n+1 = η
√

n + 1Ω0 (2.27)

respectively.

Exciting the atom on the red sideband will reduce the motional quantum

number by one quantum, however for an atom in the ground state of the
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trap, no lower energy motional states exist. As a consequence, the coupling

strength on the red sideband tends to zero as the atom’s motional quantum

number is reduced to zero (see equation 2.26).

2.4.3 Coherent excitation of a bound two-level atom

Describing the coherent excitation of an bound atom is complicated by the

fact that the coupling strength of the laser-atom interaction is dependent on

the atom’s motional state as described in section 2.4.2. For example, Rabi

oscillations observed in a bound atom will exhibit an apparent damping which

is dependent on the atom’s distribution over motional states of the trap. This

section outlines a model of a trapped two-level ion with finite excited state

lifetime interacting with a near-resonant laser of limited coherence.

A Doppler-cooled trapped ion may occupy any one of a number of vibra-

tional energy states |n〉 of the trap. The probability of finding the ion in a

particular vibrational state of the trap is given by thermal distribution

Pn(n̄) =
n̄n

(1 + n̄)1+n
(2.28)

where n̄ is the average vibrational quantum number.

The coherent excitation of a Doppler-cooled trapped ion with mean vi-

brational quantum number n̄ may therefore be modelled as follows. The

optical Bloch equations 2.18 and 2.19 for each vibrational state, given by

replacing the total atom-laser coupling strength Ω0 in these equations with

the n-dependent atom-laser coupling of Ωn′,n given by equation 2.23 must

first be solved. These solutions are then summed with a weight given by the
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occupation probability of the motional state (see equation 2.28). Since each

of the motional states has a different Rabi frequency Ωn′,n, the contributions

from each state cause the observed oscillations to wash out. This is illus-

trated for the case of coherent excitation of the carrier transition resulting

shown in figure 2.5.

p p p p p

n = 0 n = 20 n = 50

Figure 2.5: Rabi oscillations in a two-level atom bound in a 1-D harmonic
potential with mean vibrational occupation number n̄ = 0 (solid line), n̄ = 20
(dashed line) and n̄ = 50 (dotted line) and driven by a resonant monochro-
matic field. As the atom-laser coupling strength is a function of the vibra-
tional state of the atom, the time evolution of the excited state population is
calculated by solving equations 2.18 and 2.19 for each vibrational state and
summing the solutions according to the occupation probability each state.
The oscillations ‘wash out’ since each vibrational state has a different Rabi
frequency.

2.5 Doppler cooling

In order to fulfil the Lamb-Dicke criterion, the trapped ion must be prepared

with a small mean vibrational quantum number. This is equivalent to saying

33



that the ion must be cooled to a low temperature. This feat may be achieved

by using laser cooling techniques.

Laser cooling was first proposed by Hänsch and Schawlow [66] for free

atoms and independently by Wineland and Dehmelt [67] for bound atoms in

1975 and has since become a common tool in atomic physics.

Doppler cooling may be understood as follows. For a two level atom,

with an atomic resonance at ω, absorption of light detuned by δ below the

transition is favoured when the atom is moving towards rather than away

from the light source, due to the Doppler effect. The absorption of a photon

results in a reduction of the ions momentum by h̄k = h̄(ω − δ)/c. The

dipole pattern of the subsequent spontaneous emission process is spatially

symmetric and on average causes no net increase in the atom’s momentum.

Over a number of emission/absorption cycles, the ion’s velocity towards the

light source is reduced, leading to cooling.

The discrete nature of the emission/absorption process imposes a limit

to the final temperature realisable by this method. On each spontaneous

emission the ion receives a momentum kick of h̄k in a random direction.

The minimum achievable energy is calculated by considering the ion to be

performing a random walk in momentum space due to the recoil from spon-

taneous emission In the weak binding limit where the secular frequency of

the ion is much smaller than linewidth of the atomic transition (ωsec � Γ),

the lowest temperature attainable per motional degree of freedom is [68]

kTmin = h̄Γ/2 (2.29)
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occurring at a detuning of δ = −Γ/2. Equation 2.29 is known as the Doppler

limit. Equating this minimum energy to the ion’s average kinetic energy

(n̄ + 1/2)h̄ωsec yields [69]

n̄min =
1

2

(

Γ

ωsec

− 1

)

(2.30)

as the mean vibrational quantum number at the Doppler limit.

In 88Sr+, the most suitable transition for Doppler cooling is the 2S1/2 –

2P1/2 dipole transition at 422 nm which has a linewidth Γ = 20.2 MHz [49].

The ion may be cooled by a single laser beam with components along all three

trap axes. The Doppler limit for typical axial and radial secular frequencies of

3.8 MHz and 2.2 MHz expressed in terms of axial and radial mean vibrational

quantum numbers is n̄r = 4.3 and n̄z = 2.1.
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Chapter 3

Experimental Setup

3.1 Introduction

This chapter describes the apparatus used to trap and laser cool a single

88Sr+ ion and probe and manipulate it on the weak 2S1/2 – 2D5/2 quadrupole

transition (see figure 2.1). The ion is confined in a radio-frequency endcap

trap and Doppler-cooled on the 2S1/2 – 2P1/2 transition at 422 nm. The

2P1/2 state decays with a branching ratio of 1:13 to the metastable 2D3/2

state. Radiation at 1092 nm is therefore required to prevent optical pumping

into this dark state and maintain efficient Doppler cooling. Spectroscopic

investigations of the narrow quadrupole transition are conducted using a

laser at 674 nm. If the ion is excited to the metastable 2D5/2 state, it may be

returned to the electronic ground state using the quencher a laser at 1033 nm.

For resolved sideband cooling on the quadrupole transition (see chapter 9),

this laser is also used to ‘quench’ the 2D5/2 state by coupling it to the 2P3/2

state.
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This chapter is organised as follows. The geometry and main design fea-

tures of the two endcap trap used in this thesis are detailed in Section 3.2,

as are different atomic strontium sources used to load the traps. The trap

drive system is described in section 3.3. In section 3.4, the arrangement of

the various laser beams required for laser cooling, optical pumping, driving

the quadrupole transition and returning the ion to the electronic ground sate

is given, followed by the setup used for fluorescence detection on the cooling

transition. Sections 3.6 –3.9 describe the ‘cooling’ laser at 422 nm, the ‘re-

pumper’ laser at 1092 nm, the ‘probe’ laser at 674 nm the ‘quencher/clearout’

laser at 1033 nm. Finally, the setup used for data acquisition and control of

the experiment is described in section 3.10.

3.2 The endcap trap

An endcap trap [70] consists of two sets of coaxially arranged electrodes as

shown in fig. 3.1. A radio-frequency trapping voltage is applied to the upper

and lower inner endcaps while the concentric outer endcaps are grounded (or

held at small DC potentials to compensate for stray electric fields). Although

this electrode structure departs significantly from the hyperbolic electrode

shape of the ideal Paul trap [51], the endcap trap still yields a highly harmonic

trapping potential at the position of the ion. In addition, the removal of the

ring electrode allows for much improved optical access in the xy-plane.

Two different ion traps, both of the endcap design and constructed by

A.G. Sinclair, have been used during the course of this work. The first

trap was used only for the measurement of the 4d 2D5/2 state lifetime and
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Figure 3.1: Experimental arrangement of the endcap trap

initial investigations of coherent excitation of the quadrupole transition (see

chapters 5 and 6), and was replaced by the second, more recently constructed

trap, before the work described in the remainder of this thesis.

3.2.1 Trap 1

Trap 1 was identical in design geometry to that constructed by Schrama et

al. [70]. The inner endcap electrodes were 0.5 mm in diameter and sepa-

rated by 0.56 mm. The outer electrodes had inner diameter of 1 mm and

outer diameter of 2 mm. The inner and outer electrodes were constructed of

tantalum and separated by an alumina spacer.

DC potentials could be applied to each outer endcap independently. Ap-

38



plying a common potential to both outer endcap electrodes allows the spheric-

ity of the trapping potential to be varied while a potential difference across

between the electrodes is used to null stray electric fields along the z-axis.

A further two compensation electrodes in the xy-plane were used to null the

other components of any stray electric fields.

Compensation
Electrodes

Filaments

Macor
support
structure

Trap

Oven

Figure 3.2: Photograph of endcap trap 1.

Strontium ions for loading the trap were produced by ionising atomic

strontium with electrons from a tungsten filament. Since free strontium

reacts quickly under atmosphere, atomic strontium is produced in the vacuum
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chamber by the following chemical reaction

SrAl4 + Ni → Sr + . . .

in an oven heated to 800◦C. This oven was pointed upwards towards the

centre of the trap (see fig 3.2).

3.2.2 Trap 2

Trap 2 is again identical in geometry to that constructed by Schrama et

al. [70], with inner endcap electrodes of 0.5 mm diameter, separated by

0.56 mm and outer electrodes of 1 mm inner diameter and 2 mm outer

diameter. The inner and outer electrodes are constructed of tantalum and

are separated by an alumina spacer.

More care has been taken with this trap design to minimise any phase

difference between the trapping voltage at the upper and lower inner endcap

electrodes, which would lead to heating of the ion [71]. This has been done

by ensuring that the RF trapping potential is delivered to the trap via two

symmetric arms (see fig 3.3). These arms are also shielded to reduce the

amount of RF radiation broadcast by the trap.

The SrAl4:Ni oven used to load Trap 1 is likely to deposit aluminium and

nickel as well as strontium onto the electrode structure. Such impurities lead

to patch potentials developing on the electrodes and spoiling the quadrupolar

trapping field. This is thought to be a major cause of heating in RF traps.

R.G. DeVoe et al. have observed in experiments using 137Ba+ trapped in RF

microtraps, that the use of a BaAl4:Ni oven led to unstable trap operation
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Figure 3.3: Photograph of endcap trap 2.
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over the course of a number of loads. This was observed as large variation

in the compensation voltages required to minimise micromotion. This type

of behaviour had been obseverved during the final six months of operation

of trap 1 (see section 6.2.1).

DeVoe et al. also demonstrated that onset of trap instability could be

avoided by using a two stage oven: in the first stage, a mixture of barium

oxide and tantalum powder is heated to 1200 ◦C to produce free barium:

BrO + Ta → Br + . . .

which is deposited on a hot plate. As the oven containing the BrO:Ta mixture

has no line-of-sight to the trap, impurities produced by this process are unable

to coat the electrodes. The hot plate is then heated to produce barium with

which to load the trap. In adition, at the lower temperatures required to free

barium from the hotplate, tantalum has a very low vapour pressure.

In order to load Trap 2, a process analogous to that used by DeVoe et

al. is used. An SrO:Ta mix oven is prepared from an oven containing a

SrCO3:Ta mix by heating to 1000◦C for 24 hours. During this time the

SrCO3 evolves CO2 gas, leaving behind only SrO. This process is completed

with the vacuum chamber connected to a turbo pump, before the chamber

is baked and pumped down to UHV conditions.

The first stage in loading the trap is to heat the ovens to 1200 ◦C so that

the reaction:

SrO + Ta → Sr + . . .

takes place, depositing strontium on the hot plate. The hot plate is then
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heated to ∼400 ◦C to produce atomic strontium to load the trap.

3.3 Trap drives

3.3.1 Self-oscillating transitor circuit

In early work the trap drive voltage was produced by an self-oscillating tran-

sistor circuit. This circuit (shown in fig 3.4) was able to produce 350 V

amplitude drive voltage at a frequency of 13.2 MHz. A limitation of this

type of drive system is its poor spectral purity: output at the second har-

monic of the drive frequency was only ∼20 dB below that of the fundamental.

This trap drive was replaced in September, 2002 by a helical coil resonator

system of higher spectral purity (see section 3.3.2).

0.33 Fm

1 mH

1.3 MW

47 nF

4.7 pF

270 kW

500 kW

10 nF

100 nF

100 nF

470 kW

V 350 VS

Output
~1 Hm

Figure 3.4: Self-oscillating transistor circuit trap drive.
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3.3.2 Helical coil resonator

In this drive, the RF trapping potential is produced using a helical res-

onator [72] (see figure 3.5) driven by 1.5 – 4 W input power at 15.9 MHz.

The resonator shield is constructed from copper and the helical inner conduc-

tor from 2 mm diameter copper plated wire. The resonator shield is 100 mm

in diameter and 140 mm in length. The input coil is of 2–3 turns of 20–30 mm

diameter, adjusted for the purpose of impedance matching to the RF source.

The output coil consists of 10 turns of 52 mm diameter. The unloaded Q

of the resonator is 500 at a frequency of 43.4 MHz. When connected to the

trap, the loaded Q is ∼90 at 15.9 MHz. The resonator is driven by a Mar-

coni 2019A RF synthesiser and Wessex RC601-5 5 W amplifier. A directional

coupler is used to couple out the reflected signal from the resonator. The

synthesiser is tuned to the resonator by minimising the reflected power.

The high Q of the helical coil resonator gives a trap drive of high spec-

tral purity, with output at the second harmonic 70 dB below that at the

fundamental drive frequency.

3.4 Vacuum chamber, beam paths and fluo-

rescence detection

The trap is mounted in a stainless steel vacuum chamber 250 mm long and

150 mm in diammeter which is pumped down to around 10−10 Torr by a

Varian triode pump and SAES non-evaporable getter pump. The entire trap

apparatus is constructed directly onto a 20 pin UHV feedthrough, through
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Figure 3.5: Helical resonator trap drive.
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which all the DC electrical connections are made (to the compensation elec-

trodes, ovens, filaments and hotplate). In the setup for trap 1, the connec-

tion from the RF trap drive to the inner endcaps was also made on this

feedthrough, however with the construction of trap 2, the RF trap drive

potential enters the vacuum chamber on a separate coaxial feedthrough.

The ion is Doppler cooled on the cooling transition at 422 nm. The ion

may be optically pumped into one of the Zeeman sub-levels of the 5s 2S1/2

state using circularly polarised light at 422 nm. Light from a repumper

laser at 1092 nm is required to prevent optical pumping of the ion into the

2D3/2 state. The narrow quadrupole transition is driven by a laser at 674 nm

for spectroscopic investigations and resolved sideband cooling. A laser at

1033 nm may be used to quench or broaden the 2D5/2 state by mixing it with

the 2P3/2 state. This laser is also be used as a clearout laser, to return the

ion from the 2D5/2 state to the electronic ground state.

Three different Doppler cooling beams enter the chamber through an-

gled, AR coated windows and exit via Brewster windows. The cooling beam

directions are along unit vectors −0.87x̂ − 0.47ŷ − 0.13ẑ (cooling beam 1),

0.87x̂− 0.34ŷ + 0.34ẑ (cooling beam 2), and −0.87x̂ + 0.13ŷ + 0.47ẑ (cooling

beam 3) as shown in figure 3.6. A pair of ports allows access for the optical

pumping beam and clearout beam along the x-direction and a further pair

are used for two counter-propagating probe beams along 0.87x̂ + 0.5ẑ. The

repumper makes two passes through the trap entering along cooling beam 1

and then being redirected along cooling beam 2. The quencher beam en-

ters the chamber anti-parallel to cooling beam 3. Table 3.1 summarises the

wavelengths and directions of all beams.
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Beam Wavelength Unit Vector

Cooling beam 1 422 nm −0.87x̂ − 0.47ŷ − 0.13ẑ
Cooling beam 2 422 nm 0.87x̂ − 0.34ŷ + 0.34ẑ
Cooling beam 3 422 nm −0.87x̂ + 0.13ŷ + 0.47ẑ
Optical pumping beam 422 nm x̂

Repumper beam 1 1092 nm −0.87x̂ − 0.47ŷ − 0.13ẑ
Repumper beam 2 1092 nm 0.87x̂ − 0.34ŷ + 0.34ẑ

Weak probe beam 674 nm 0.87x̂ + 0.48ẑ
Intense probe beam 674 nm −0.87x̂ − 0.48ẑ

Quencher beam 1033 nm 0.87x̂ − 0.13ŷ − 0.47ẑ
Clearout beam 1033 nm x̂

Table 3.1: Beam wavelengths and unit vectors

x

z

cooling
beam 3

cooling
beam 1

cooling
beam 2

optical
pumping
beam

weak
probe beam

Figure 3.6: Beam paths of cooling beams 1, 2 and 3, optical pumping beam
and weak probe beam. The repumper, intense probe, quencher and clearout
beams are omitted for clarity.
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To maximise the solid angle for fluorescence detection of 422 nm photons

scattered on the cooling transition, one face of the vacuum chamber has a

15 cm re-entrant window. An f/1.05 multi-element lens with magnification of

10 is used to image the ion through a 200 µm pinhole onto an Electron Tubes

9893/350A photo-multiplier tube (PMT). The pinhole is necessary to reduce

the amount of scattered light from the trap electrodes imaged onto the PMT.

A filter is also placed between the pinhole and PMT to reduce its sensitivity

to light at 674 nm, 1033 nm and 1092 nm which may also be incident on

the ion and scattered by the trap electrodes. The PMT is biased at 1600 V,

has a dark count of ∼10 count/s per second and quantum efficiency of 22%

at 422 nm. Fluorescence count rates of ∼ 2 × 104 counts/s are observed

with the cooling laser tuned to half a linewidth below line centre of the

cooling transition compared to background count rates of 300–1600 count/s

depending on which cooling beam or combination of cooling beams is used.

3.5 Magnetic field coils

Magnetic fields of up to 4.5 G may be applied to the ion using three pairs of

mutually orthogonal field coils. The magnetic field coils oriented along the x-

and y-axes each have 80 turns on square formers with 500 mm sides and each

placed 250 mm from the trap. The magnetic field coils along the z direction

have 170 turns each, wound on circular formers of 140 mm diameter, each

approximately 150 mm from the centre of the trap.

The field coils along the y- and z-axes are used solely to null the ambient

magnetic field, while the x-axis field coils is also used to apply a magnetic
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bias field to the ion. The x-axis field coils produce a magnetic field of 1.44 G

per ampere of applied current at the centre of the trap.

3.6 Cooling laser

Light at 422 nm for Doppler cooling the ion is generated by a frequency

doubled 844 nm extended cavity diode laser (ECDL). The diode laser (SDL-

5422-H1) is arranged with collimating lens and grating in the Littrow con-

figuration and housed in a temperature controlled, air-tight enclosure (see

fig 3.7), with a typical output power of 45 mW. The laser is stabilised to a

tunable reference cavity (finesse F = 115) by locking to the side of a trans-

mission fringe. The cavity fringe photodiode signal (PD1) is divided by an

intensity reference photodiode signal (PD2) using an Analog Devices AD534

analogue divider IC to produce a intensity independent discriminant to be

used as an error signal. The laser is stabilised through feedback to two ele-

ments: the diode drive current and the piezo-electric transducer controlling

the extended cavity grating angle (PZT1). A double integrator circuit in a

‘bypass’ topology [73] is used to feed back to the laser diode drive current,

while the output of this servo is passed through a second integrator stage to

provide feedback to PZT1. Fig. 3.8 shows the reduction in noise of the error

signal when the laser is stabilised to the reference cavity. The laser is tuned

by varying the reference cavity length with a second piezo-electric transducer

(PZT2).

The 844 nm ECDL output is doubled using KNbO3 in a bow-tie en-

hancement cavity (see fig 3.7). The KNbO3 crystal is cooled to -17 ◦C to
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Figure 3.7: Diagram of cooling laser set-up
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(a)

(b)

Figure 3.8: FFT of 844 nm diode laser side-of-fringe lock error signal, with
(a) free-running laser and (b) laser stabilised to reference cavity

achieve the non-critical phase matching condition. Around 28 mW of the

fundamental 844 nm light is coupled into the enhancement cavity with a

mode matching efficiency of ∼70% yielding up to 2.6 mW of doubled light.

The enhancement cavity is kept resonant with the fundamental using the

Hänsch-Couillaud technique [74]. The polarisation analysers (made up of

the quarter wave plate, polarising beam splitter and photodiodes PD3 and

PD4) are made independent of beam intensity by dividing the output signals

by that from an intensity reference photodiode, PD5 using an analogue di-

vider IC. The enhancement cavity length is stabilised by feedback to a cavity

mirror mounted on a piezo-electric transducer (PZT3). Notch filters tuned

to the strongest two mechanical resonances of PZT3 are placed in the servo

loop. This allows the servo gain to be increased without exciting mechanical

resonances of the piezo-electric transducer.

51



For long term stability, the cooling laser is offset locked to the Doppler-

free 5s 2S1/2(F
′′=2) – 6p 2P1/2(F

′=3) transition in 85Rb using saturated ab-

sorption spectroscopy. The 5s 2S1/2(F
′′=2) – 6p 2P1/2(F

′=3) transition lies

440 MHz below the cooling transition in 88Sr+ [56]. A double passed acousto-

optic modulator (AOM) is used to down-shift light from the cooling laser to

perform the saturated absorption spectroscopy. A first derivative signal of

the transition spectra with which to stabilise the cooling laser is obtained by

modulating the AOM drive frequency at 20 kHz and using lock-in detection.

An integrator servo applies feedback to the 844 nm diode laser reference cav-

ity piezo (PZT1). The cooling laser frequency is tuned by varying the double

passed AOM drive frequency.

The output of this laser is used for Doppler cooling and optical pumping

on the 5s 2S1/2 – 5p 2P1/2 transition. The cooling light is switched using both

an AOM and a mechanical shutter. The AOM provides a fast switching time

with an extinction ratio of ∼2000. The mechanical shutter is placed just

before a pinhole in a focus of the beam give perfect extinction, but has

a minimum opening time of around 500 µs. This beam of provides upto

75 µW and is split into three beams (cooling beams 1, 2 and 3) by beam

splitters with 2w0 = 100 µm spot sizes at the ion. The optical pumping

beam is circularly polarised using a Glan-Taylor polariser and quarter wave

plate. This beam is also switched using an AOM and mechanical shutter.
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3.7 Repumper laser

Light at 1092 nm needed to drive the 4d 2D3/2 – 5p 2P1/2 repumper transition

is generated by a neodymium-doped fibre laser [56] (see fig 3.9). The Nd3+-

doped fibre is pumped at 825 nm by a diode laser (SDL-5421-G1). The 6 mW

output of the fibre laser consists of a large number of modes at 15 MHz

intervals under a ∼1.4 GHz envelope. This mode spacing corresponds to

the modes of the cavity made up by the 6 m fibre and its grating output

coupler. Unlike the other lasers described in this chapter, the repumper laser

is not stabilised, as when one of the modes of the fibre laser drifts out of

resonance with the transition an adjacent mode drifts in to resonance. This

laser provides upto 2 mW of light into a 2w0 ∼ 560 µm spot at the position

of the ion.
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Polarisation
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Figure 3.9: 1092 nm repumper laser
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3.8 Probe laser

A master-slave diode laser system is used to generate radiation at 674 nm

for probing and manipulating the ion on the 5s 2S1/2 – 4d 2D5/2 quadrupole

transition. Two slave lasers are sideband injection locked [75] to the master

laser. The master and slave lasers are all New Focus Vortex extended cavity

diode lasers and output up to 5 mW of 674 nm radiation each.

The master laser linewidth is reduced to ∼ 3 kHz by stabilisation to a

reference cavity of 1500 MHz free spectral range and finesse of 1500 using

the Pound-Drever-Hall technique [73] (see fig. 3.10). In addition to having

a narrow linewidth, the probe laser centre frequency must remain constant,

requiring the reference cavity length to remain fixed. The cavity mirrors are

therefore optically contacted onto a Corning ultra-low expansivity (ULE)

glass spacer and the reference cavity is temperature stabilised.

Figure 3.10: Probe laser, master ECDL set-up
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The electronic servo loop used to stabilise the laser to the ULE cavity is

similar to that used to lock the 844 nm diode laser to its reference cavity as

described in section 3.6. A double integrator circuit in a ‘bypass’ topology [73]

in parallel with a high pass filtered proportional amplifier provides feedback

to the diode current. The high pass filter channel of the servo loop is required

to compensate for the response function of the reference cavity [76], which

acts as a low pass filter. An integrator servo is used to provide feedback to

the diode laser extended cavity piezo. The resulting reduction in noise of the

error signal is shown in figure 3.11.

(a)
(b)
(c)

Figure 3.11: FFT power spectrum of 674 nm master laser error signal when
(a) free running, (b) stabilised to ULE reference cavity using using feedback
to the grating piezo and (c) stabilised using feedback to both grating piezo
and diode drive current.

The reference cavity is mounted within a temperature stabilised vacuum

chamber at a pressure of 2 × 10−7 mbar. To reduce the sensitivity of the

temperature stabilisation servo to thermal drifts in DC amplifier offsets, a

lock-in amplifier is used as the first stage of the servo. The temperature
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stabilised vacuum chamber is housed in a temperature controlled enclosure

to further isolate the cavity from fluctuations in the ambient temperature.

This two stage temperature stabilisation of the reference cavity enables a

reduction in the drift rate of the laser to less than ∼2 kHz/hour.

In order to produce a tunable output of the power necessary for coherent

excitation (see chapters 6 and 7) and sideand cooling (see chapter 9) on the

quadrupole transition, a slave laser is sideband injection locked [75] to the

master laser (see fig. 3.12). In this technique, the slave diode laser has RF

sidebands imposed on its output spectrum by modulating the drive current.

A few microwatts of light from the master laser is injected into the slave laser.

When the slave laser is tuned such that one of the sidebands approaches the

master laser frequency, the slave laser optically phase locks to the master

laser. The sideband injection lock therefore transfers the narrow linewidth

and stability of the master laser to the slave laser. The slave laser can then be

tuned with respect to the master laser by varying the modulation frequency

of the drive current.

To ensure long term operation of the sideband injection lock, the slave

laser extended cavity length is adjusteded to keep the slave laser within the

capture range of the lock by an additional servo loop. The discriminant for

this feedback loop is obtained by measuring the phase difference between

the slave laser modulation frequency and the beat between master and slave

lasers.

Two slave laser systems of identical design are locked to the master laser,

the first delivers the weak probe beam of up to 750 µW into a spot size

of 2w0 = 260 µm at the ion and the second gives the intense probe beam
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Figure 3.12: Probe laser, slave ECDL set-up

providing 1.5 mW into 2w0 = 30 µm at the ion. The weak probe beam is

switched using an AOM only, giving an extinction ratio of ∼2000. The intense

probe beam is switched using both an AOM and mechanical shutter. The

intense probe beam AOM is switched on and off using Minicircuits ZYSWA-2-

50DR high speed RF switches. Using two switches in series, an RF extinction

ratio in excess of 70 dB is achieved.

3.9 Quencher and clearout laser

A diode laser is used to generate light at 1033 nm for driving the 2D5/2 –

2P3/2 quencher/clearout transition. The diode laser is set up in a Littrow

configuration extended cavity in a temperature controlled enclosure. The

laser produces an output of up to 5 mW at 1033 nm. Some of this light is

used to stabilise the laser to a temperature controlled tunable reference cavity
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by locking to the side of a transmission fringe. The side-of-fringe discriminant

is made independent of the laser intensity by dividing the transmitted signal

by an intensity reference signal (as used for locking the cooling laser to its

reference cavity in section 3.6).

The output from this laser is divided in to two beam paths, the quencher

beam and the clearout beam. The quencher beam is switched by both an

AOM and mechanical shutter and provides up to 700 µW of light at the ion.

The clearout beam is switched only by a mechanical shutter as the exact

switching time is not critical and is capable of depopulating the 2D5/2 state

within 2 ms.

3.10 Experimental control and data acquisi-

tion

The experimental control system consists of a PC and four National Instru-

ments data acquisition and control cards - a PCI-6602 high-speed counter-

timer card, PCI-6533 digital I/O card, PCI-6713 analogue output card and

PCI-GPIB GPIB card. These cards are controlled by routines written in Lab-

VIEW1. The counter/timer has 8 counter devices and an on-board 80 MHz

clock. The counters may be configured by LabVIEW for simple event count-

ing, buffered event counting or pulse train generation. The digital I/O card

has 32 TTL lines which are all configured as outputs and supports buffered

clocked output. The analogue output card has 8 outputs and also supports

buffered clocked output. The counter/timer, digital I/O and analogue out-

1National Instruments LabVIEW 6.0i
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put cards are linked via an internal real time systems intgration (RTSI) bus

system over which TTL signals can routed by software.

Many of the experiments described in this thesis require control of the

apparatus with a timing resolution better than 1 µs. In addition, fluorescence

counting using the counter/timer card must also be synchronised with con-

trol of the apparatus by the analogue output card and/or digital I/O card.

Since LabVIEW software routines cannot respond faster than ∼1 ms, all syn-

chronisation and as much of the switching logic as possible is carried using

hardware triggering. In practice this means dividing down the counter/timer

card’s on-board clock to provided a fixed period pulse train to act as the

master clock for the experiment. This clock signal is distributed via the

RTSI bus to the other cards which are operated in a buffered clocked output

mode. On each rising edge of the clock signal, the cards output the next

output state contained in their respective buffers which are configured before

the start of each experiment. One of the counters of the counter/timer card

is dedicated to counting fluorescence forom the ion and is also configured to

operate in a clocked2 buffered mode. This allows the counts accumulated by

the counter to be retrieved by LabVIEW at some time after the completion

of an experimental cycle without the risk of losing data. Any elements of the

experiments requiring control with resolution better than 1 µs are controlled

by Stanford Research Systems DG535 digital delay generators which are set

via GPIB commands and triggered by the digital I/O card.

The experimental control system is used to set laser frequencies, switch

2In the terminology of counter/timer operations this counter is not clocked, but gated

by a timing pulse train
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Figure 3.13: Overview of experimental control and data aquisition setup.
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beams paths to the trap on and off, count fluorescence photons from the ion

and determine its electronic state as needed (see fig. 3.13). The cooling laser

is tuned by the changing the frequency of the offset lock to the 85Rb saturated

absorption feature. This is achieved by using the analog output card to vary

the control voltage to the VCO providing the RF drive to the AOM in the

offset lock. The frequencies of the weak and intense probe beams are set

by GPIB control of the synthesiser used to modulate the slave laser for the

sideband injection lock. Beams are switched on and off using a combination

of AOMs and mechanical shutters controlled by the digital I/O card. The

signals from fluorescence photons ariving at the PMT are converted to TTL

pulses by an EG&G Ortec amplifier and discriminator setup. These TTL

pulses are then counted by the counter/timer card.

3.10.1 Spectroscopy of the cooling transition

To obtain profiles of the 5s 2S1/2 – 5p 2P1/2 cooling transition lineshape the

counter/timer card and analogue output card are used. A voltage ramp is

calculated and stored in the analog output card buffer while counter 0 of the

counter timer card is configured to generate a square wave of period 25 ms

and counter 1 is set up for buffered counting. The square wave from counter 0

is sent via the RTSI bus to the clock input of the analogue output card and

to to the gate of counter 1 of the counter/timer card (see figure 3.14). On

each rising edge on the RTSI bus, the output voltage of the analogue output

card is updated to the next value stored in the buffer. This outputs the

voltage ramp to the VCO in the cooling laser offset lock, thereby scanning
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the cooling laser frequency. At the same time, counter 1 commits the number

of photons recorded between each rising edge of the clock signal to its buffer.

These counts are then retrieved by LabVIEW after the scan is completed

and post-processed to produce a profile of the cooling line shape.
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Figure 3.14: Analogue output card and counter/timer card setup used for
obtaining profiles of the cooling transition.

3.10.2 Spectroscopy of the quadrupole transition

For spectroscopy and manipulation of the ion on the quadrupole transition,

the counter/timer card and digital I/O card are used (see fig. 3.15). Each

probe cycle is consists of two main tasks - the output of pulse sequences by

62



the digital I/O card and the counting of fluorescence to determine the ion’s

electronic state. The ion is probed a chosen number of times in order to

accumulate statistics and determine the excitation probabilty. This process

is repeated as a particular experimental parameter (such as the probe laser

frequency, or probe pulse duration) is varied.

Figure 3.15: Digital I/O card and counter/timer card setup for interrogating
the quadrupole transition

The experimental sequence is broken down into a series of 10 µs time
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periods and the required logical state of each of the 32 digital I/O card

outputs is calculated for each period. This sequence is loaded into the buffer

of the digital I/O card which is configured for clocked output. In order to

output every 10 µs period in this buffer once and once only, the digital I/O

card clock line must receive exactly the same number of rising edges as points

in the buffer - one for each 10 µs section of the experimental pulse sequence.

This is done by using a pair of counters - counters 2 and 3. Counter 3 is set to

output a square pulse train of 10 µs period, but is gated by counter 2 which

is configured to generate a single pulse of the duration required to output

the digital I/O card’s buffer once. This results in a pulse train of exactly the

right number of pulses at 10 µs intervals to output the buffer.

Fluorescence photons detected at the PMT are counted by counter 1

which is set up for buffered event counting. Counter 0 is configured to pro-

duce a 5 ms period square pulse train which is used as the clock signal for

counter 1. This results in the counts accumulated in each 5 ms bin (i.e.

between rising edges from counter 0) being stored in the counter’s buffer

for later retrieval by the LabVIEW control routine. To synchronise the first

counting bin with the cooling light state detection pulse, the buffered event

counting clock is gated 2.5 ms (half a bin) before the cooling light is switched

on. To produce the gating signal, one of the output lines of the digital I/O

card is set to output a trigger pulse sequence, which is converted to a TTL

high signal by counter 4. The intermediate counter is needed because it

is necessary to reset the gating signal independently of the digial I/O card

buffer, which is required for the next probe cycle. The fluorescence counted

in each bin is then read by LabVIEW as it is acquired. Once the number of
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counts exceeds the state detection threshold 4.6.1 the probe cycle is complete

and counter 4 followed by counters 0 and 2 are reset. If LabVIEW has been

unable to empty the fluorescence count buffer quickly enough, there may be

a backlog of count which need to be cleared. For this purpose counter 5 is

used to count the number of bins elapsed. The difference between this value

and the number of bins LabVIEW has already retrieved indivualy is the size

of the backlog. The entire backlog is then retrieved from the buffer in one

fast operation rather than on a bin by bin basis. It should be noted that

from the time counter 1 is configured for buffered event counting it begins

to count fluorescence from the PMT even though the first bin has not yet

started. This means that the first count retrieved from the buffer in each

probe cycle must be discarded.
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Chapter 4

Trapping A Single 88Sr+ Ion

4.1 Introduction

Before the experiments described in later chapters of this thesis can be per-

formed, the endcap trap has to be loaded with a single ion and its mi-

cromotion minimised. For work requiring the Zeeman components of the

quadrupole transition to be resolved, a magnetic bias field may be applied.

The relevant Zeeman components can then be identified and their transition

frequencies determined. This chapter details the methods used to accomplish

these tasks for the basic day to day operation of the ion trap.

4.2 Loading the endcap trap

4.2.1 Trap 1

Trap 1 was loaded using the following procedure. A current of 4.2 A was

passed through the SrAl4:Ni oven for 30 s. During the last 10 s of this process,
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a current of 3.5 A was passed throgh one of the filaments to produce electrons

to ionise the atomic strontium. The cooling laser is detuned ∼250 MHz below

line centre of the cooling transition in order to efficiently cool any hot atoms

which have been ionised and trapped. The cooling laser frequency is then

swept in towards the cooling resonance. If fluorescence is observed at greater

than the background count rate due to cooling light scattered from the trap

electrodes, an ion (or a number of ions) has been trapped.

To determine whether a single ion rather than a number of ions has been

trapped, the micromotion is minimised in 1D by maximising the fluorescence

just below line centre of the cooling transition (see section 4.3) and the cooling

lineshape examined. If more than one ion is present, a low peak fluorescence

rate will be observed, and the fall off in fluorescence as the cooling laser is

tuned above line centre will not be sharp. In addition, as the laser is tuned

back below resonance, there is a quick return of fluorescence when a single

ion is present, as opposed to a slow return when there are a number of ions

trapped.

If a number of ions has been loaded in to the trap, the excess ions are

removed from the trap by blocking the repumper light. With the repumper

light blocked, the ions are optically pumped into the metastable 2D3/2 state

and Doppler cooling effectively ceases. Without laser cooling, the ions are

slowly heated out of the trapping potential. After a period of between 1

and 5 mins, the repumper is unblocked and the ion(s) Doppler cooled. This

period is chosen to be short enough that not all of the ions are heated out

of the trap. If there is still more than one ion in the trap, the process is

repeated by blocking the repumper beam again.
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4.2.2 Trap 2

Strontium atoms required for loading trap 2 are produced in a two-stage

process (see section 3.2). In the first stage, the ‘hotplate’ is loaded with

strontium. The two ovens containing the SrCO3:Ta mixture are heated al-

ternately for 30 s each, reaching a temperature of ∼1200 ◦C for the last 10 s.

The ovens are heated by passing a current of between 7.0 and 7.4 A through

them. This process is repeated four times to charge the hotplate. In the

second stage the hotplate is heated for 30 s to ∼400 ◦C to produce strontium

directed at the trap. During the last 12 s of this process, a current of 3.5 A

is passed through one of two filaments. The filament is biased at -35 V to

produce electrons with which to ionise the atomic strontium from the hot-

plate. The oven assemblies, which are in close proximity to the filament and

normally earthed, are also biased to -35 V to prevent them from drawing

the electrons towards themselves and away from the trapping region. On

each successive loading of the trap, the current used to heat the hot plate is

increased by ∼0.05 A from 6.0 A on the first load until a current of 8.0 A

is reached. At this point there is no longer enough strontium left on the

hotplate to load the trap and the hotplate must be recharged.

To maximise the probability of loading an ion, trap 2 is also made more

shallow than is normally the case. This is done by reducing the RF power

incident on the helical resonator trap drive by 3 dB. As was the case for

trap 1, the cooling laser is detuned ∼250 MHz below the cooling transition.

While the ion is being loaded, all three cooling beams and both repumper

beams are incident on the trap. If a number of ions have been trapped, the
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extra ions can be removed from the trap by blocking the repumper laser to

stop the Doppler cooling process as described in section 4.2.1.

4.3 Minimising micromotion

In general, when the trap is loaded, stray electric fields will cause a displace-

ment of the ion from the centre of the trapping potential. These stray fields

are attributed to two mechanisms. Firstly, the oven or hotplate which pro-

duces neutral strontium to load the trap is situated on one side of the trap

electrodes (see figures 3.2 and 3.3). As the trap is repeatedly loaded, this

will lead to an uneven coating of the electrodes with strontium, causing con-

tact potentials. Secondly, the electrons used to ionise strontium during the

loading process are emitted over a large solid angle and unevenly charge the

insulating surfaces around the trap (such as the macor support structure).

Displacement of the ion from the centre of the trapping potential leads

to ‘micromotion’, the driven motion of the ion synchronous with the radio-

frequency trapping field. Micromotion results in the modulation of atomic

transitions such that the spectrum exhibits a carrier and RF sidebands, com-

plicating the observed quadrupole transition spectra and reducing the cou-

pling strength of the probe laser with the ion. For larger linewidth transitions

such as the cooling transition, where the carrier and sidebands cannot be re-

solved, this is observed as a broadening of the transition. Micromotion also

limits the storage time of the ion in the absence of laser cooling. In addition,

micromotion leads to second order Doppler shifts and Stark shifts (as the

electric field is zero only at the centre of the trap) in transitions frequen-
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cies. These shifts however are not a limiting factor in the work described

in this thesis and are mainly of concern in high precision spectroscopy of

narrow transitions for optical atomic clocks and frequency standards work

(see refs. [10, 77] for instance).

As the micromotion is driven motion it can not be significantly reduced

using techniques such as laser cooling. It is therefore vital that the micro-

motion is minimised by positioning the ion at the centre of the trapping

potential. This is accomplished by applying voltages to the compensation

electrodes (see figure 3.1) to displace the ion in the horizontal plane and to

the outer endcap electrodes to displace the ion axially. A number of tech-

niques may be used to determine the magnitude of the ion’s micromotion

and are discussed extensively by Berkeland et al. [71]. In the work described

in this thesis, the micromotion is first reduced by adjusting the compen-

sation voltages to maximise the fluorescence observed just below resonance

on the cooling transition. The more sensitive fluorescence modulation tech-

nique [78, 71] (see section 4.3.2) is then used to minimise the micromotion.

4.3.1 Coarse compensation

Micromotion leads to broadening of the observed cooling transition linewidth,

and a reduction in the fluorescence rate measured at line centre. This may

be used as a diagnostic to coarsely minimise the ion’s micromotion. The

cooling laser is tuned to just below line centre of the cooling transition. To

minimise the micromotion in all three dimensions, three non-coplanar cooling

beams are used. The unit vectors of the three cooling beams (1, 2 and 3)
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given in table 3.1 have k-vector components in all three dimensions and are

therefore sensitive to micromotion in all three dimensions. The compensation

voltages are then adjusted to maximise the detected fluorescence rate, thus

minimising the component of micromotion parallel to the cooling beam used.

Since the three cooling beam directions are not orthogonal and the com-

pensation electrode geometry is such that micromotion along any one beam

cannot be independently adjusted without affecting the others, an iterative

process is used to minimise the micromotion along all three cooling beams

simultaneously.

It has been found that the following iterative strategy converges quickly.

The micromotion along beam 1 is minimised by varying the voltage on com-

pensation electrode 1 and then compensation electrode 2 is used to minimise

the micromotion along beam 2. This is repeated several times to minimise

the micromotion in the plane of beams 1 and 2. The fluorescence rate is then

measured using beam 3. This procedure is repeated, each time adjusting

the compensation voltages applied to the outer endcap electrodes to try to

maximise the fluorescence rate along beam 3. Once the fluorescence rate is

maximised along beams 1, 2 and 3 simultaneously, the micromotion has been

coarsely reduced in all three dimensions.

4.3.2 Fine compensation: fluorescence modulation tech-

nique

A more sensitive method for measuring the micromotion is the fluorescence

modulation technique [78, 71], also known as the RF-photon correlation tech-
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nique. Since the 7.4 ns lifetime [50] of the 2P1/2 state is much shorter than

the 63 ns period of the 15.9 MHz RF trapping potential, the ion’s micromo-

tion modulates the ion’s fluorescence due to the first order Doppler effect.

This modulation at the RF trap drive frequency is greatest when the cooling

laser is tuned to the steepest slope of the cooling lineshape (see figure 4.1).

For greatest sensitivity, the cooling laser is therefore detuned Γ/2 below line

centre of the cooling transition.
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Figure 4.1: Due to its micromotion the ion is Doppler shift up and down the
absorption profile of the cooling transition. This leads to the modulation of
the fluorescence rate at the trap drive frequency.

The fluorescence modulation at the RF drive frequency is measured as

follows. A time-to-amplitude-converter is used to generate an output voltage

proportional to the time between the start of an RF trap drive cycle and

the next photon registered by the PMT (see figure 4.2). The start and

stop triggers for the time-to-amplitude-converter are the zero-crossings of the

trap drive and the trigger pulses from the counting electronics respectively.

These voltages are binned by a multi-channel-analyser. The compensation
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voltages are then adjusted to minimise the modulation on the resulting traces.

Typically a 15 s integration time is used to acquire modulation traces.

Figure 4.2: Time-Amplitude-Converter setup used for fluorescence modula-
tion technique.

To ensure that the observed modulation is due solely to the ion’s mi-

cromotion (rather than intensity modulation of the cooling laser due to RF

pickup of the trap drive, for example) RF-photon correlation traces of light

scattered from the trap electrode without a trapped ion present have been

checked for modulation. No such effect was found.

To minimise the micromotion in all three dimensions, the iterative strat-

egy used in section 4.3.1 is employed. Figure 4.3 shows typical RF-correlation

traces observed after the micromotion has been reduced using the coarse

method of section 4.3.1 and after the micromotion has been further reduced

using the fluorescence modulation technique.
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Figure 4.3: Typical fluorescence modulation observed when using cooling
beam 3 at a power of 4.0 µW after (a) reduction of micromotion using the
coarse method of section 4.3.1 (data recorded over 15 s integration time)
and (b) further reduction of micromotion using the fluorescence modulation
technique (data recorded over 60 s integration time).
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4.4 Minimising the magnetic field

The spectrum of the quadrupole transition in a magnetic field is in general

split into ten Zeeman components (see figure 4.9), each with axial and radial

sidebands. Identifying each of these transitions is greatly simplified if they

are resolved. This is achieved by applying a well chosen magnetic field. In

addition, for sideband cooling (see chapter 9), well resolved transitions allow

a closed cycle to be realised. The magnetic field is applied to the ion using

three magnetic field coils arranged along the x, y and z-axes (see section 3.5).

As the magnetic field is reduced to zero, the scattered light on the cooling

transition also falls to zero. The magnetic field coil currents required to null

the earth’s field and stray fields from the ion pump, etc. are found roughly by

looking for these fluorescence nulls on the cooling transition. The magnetic

field is then reduced further by minimising the Zeeman splitting observed on

the quadrupole transition. Once this has been done, bias fields applied using

the magnetic field coils are calibrated by measuring the resulting Zeeman

splittings.

It has already been noted that the fluorescence rate on the cooling transi-

tion falls to zero as the magnetic field is reduced to zero [53, 79, 80, 56]. This

is attributed to optical pumping into dark Zeeman sub-levels of the 2D3/2

state in the following simple model. In a magnetic field, the repumper tran-

sition is split into six Zeeman components, two π components with ∆mj = 0

and four σ components with ∆mj = ±1. When viewed transversely to the

magnetic field, the π and σ components are plane polarised orthogonally

to each other [81]. All six Zeeman components may therefore be driven by
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choosing the direction of polarisation of the linearly polarised repumper laser.

If the polarisation of the repumper is parallel to the magnetic field, only the

π components will be driven and the ion will become optically pumped into

the dark 2D3/2 mj = ±3/2 states. As the magnetic field is reduced to zero,

the quantisation axis (previously defined by the magnetic field) is defined by

the polarisation of incident repumper light. The polarisation of the repumper

light can therefore be considered to be always parallel with quantisation axis,

hence only the π components will be driven by the repumper laser and the

ion will once again be optically pumped into the 2D3/2 mj = ±3/2 states.

It should be noted that if circularly polarised repumper light is used, the

selection rule becomes ∆mj = +1 or −1 depending on the handedness of

the polarisation leading to optical pumping into either the mj = +1/2 and

+3/2 states or the mj = −1/2 and −3/2 respectively. A more rigorous treat-

ment of dark states in Zeeman-degenerate systems is that of Berkeland and

Boshier [82].
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Figure 4.4: Zeeman sublevels of the 2S1/2,
2P1/2 and 2D3/2 states in small

magnetic field.
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The fluorescence nulling effect is used to coarsely minimise the magnetic

field as follows. The second repumper beam is blocked so that only repumper

beam 1 is incident on the ion. The remaining repumper beam is vertically

polarised using a half-wave plate. Each of the magnetic field coil currents

(Ix, Iy and Iz in the x,y and z-field coils respectively) are then adjusted to

minimise the observed fluorescence rate. The fluorescence falls to zero not

only when the magnetic field is zero, but also when the magnetic field is

parallel to the polarisation of the repumper light. To avoid this condition,

the polarisation of the repumper beam is chosen to be horizontal and Ix, Iy

and Iz are varied to minimise the fluorescence. This process is repeated until

the fluorescence is minimised for both polarisations simultaneously. With

the magnetic field minimised and the cooling laser detuned to Γ/2 below line

centre, a fluorescence rate of 3 ×103 s−1 is observed. In a small bias field, the

fluorescence rate is restored to 2 ×104 s−1. The fluorescence in zero magnetic

field does not fall to the background level of scattered light from the trap

electrodes. This is due to the imperfect linear polarisation of the repumper

laser and any AC-magnetic fields present which cannot be nulled by the field

coils.

After the magnetic field has been roughly minimised using the fluores-

cence nulling method, A Zeeman splitting of around 200 kHz is observed on

the quadrupole transition. This corresponds to a magnetic field of around

∼20 mG (see equation 4.3) The field is further reduced by adjusting the

magnetic field coil currents to further minimise the quadrupole transition

Zeeman splitting. This process is repeated for both vertical and horizontal

polarisations of the probe, as the line strength of each Zeeman component is
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dependent on the orientation of the polarisation to the magnetic field [83].

Using this method, the Zeeman splitting on the quadrupole transition is typ-

ically reduced to 40 kHz, corresponding to a magnetic field at the ion of

∼5 mG.

To restore fluorescence and efficient Doppler cooling in zero magnetic

field, techniques such as ‘polarisation spinning’ cite [82] may be used. In

this technique the polarisation of the repumper is varied faster than the time

taken for the ion to be optically pumped into a dark magnetic sub-level of

the 2D3/2 state. This method has been demonstrated using an electro-optic

modulator to change the phase of the repumper light on the ion [80]. In

the work described in this thesis, a different method is used to recover fluo-

rescence at zero magnetic field. A second repumper beam with polarisation

roughly orthogonal to the first is incident on the ion. This repumper beam

is produced by redirecting repumper beam 1 back through the trap along a

different beam path (see section 3.4).

4.5 Cooling transition spectra

With the micromotion minimised (see section 4.3) and the ion in a 3.6 G mag-

netic field, the cooling transition spectrum shown in figure 4.5 is observed.

This spectrum is acquired by measuring the fluorescence as the cooling laser

frequency is scanned over the cooling transition. For the spectrum shown

in figure 4.5, cooling beam 3 was used at a power of 4.0 µW. The observed

cooling lineshape is the sum of four unresolved Zeeman components of the

cooling transition. The fall in fluorescence above line centre is attributed to
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Figure 4.5: Cooling transition in 3.6 G magnetic field
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heating of the ion by the blue detuned cooling laser. As the ion is heated,

the Doppler effect shifts the cooling transition out of resonance with the

cooling laser leading to the reduction in observed fluorescence. The line-

shape has a width of 20 MHz at the half maximum points giving a FWHM

of Γ/2π= 40 MHz. This is in good agreement with the 20 MHz natural

linewidth of the cooling transition given the 13 MHz splitting between the

highest and lowest frequency Zeeman components of the transition.

For Doppler cooling, the cooling laser is detuned approximately 20 MHz

below resonance, where the fluorescence falls off to half the peak fluorescence

observed at line centre. This corresponds to the −Γ/2 cooling laser detuning

condition required for optimal Doppler cooling (see section 2.5).

4.6 Quadrupole transition spectra

This section describes how pulsed spectroscopy of the quadrupole transition

is performed. Spectra of the quadrupole transition in zero magnetic field and

a 3.6 G magnetic field are presented.

The method used to probe the quadrupole transition is similar to previ-

ously published routines [56, 84]. The typical experimental pulse sequence

for one interrogation is shown in figure 4.6 and proceeds as follows. The ion

is first Doppler cooled using 422 nm light from the cooling laser, detuned

Γ/2 below line centre of the cooling transition. When working in a magnetic

field, the ion may if necessary be optically pumped into the mj = −1/2 mag-

netic sub-level of the 2S1/2 electronic ground state using a pulse of circularly

polarised 422 nm light (see section 4.7). The quadrupole transition is then
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interrogated with a pulse of 674 nm radiation from the probe laser. Follow-

ing this, the cooling laser is switched back onto the ion so that Dehmelt’s

electron shelving technique [47, 85] may be used to determine the electronic

state of the ion. If the ion has been excited into the metastable 2D5/2 state,

it will be unable to scatter photons on the cooling transition. Therefore, if

fluorescence is observed at the background rate, the ion has been ‘shelved’ in

the 2D5/2 state, but if a high rate of fluorescence is observed, the ion has not

been excited to the 2D5/2 state and is instead cycling on the cooling tran-

sition. Finally, if the ion has been ‘shelved’ in the 2D5/2 state, the clearout

laser is used to return the ion to the 2S1/2 electronic ground state.

The ion is interrogated a number of times to determine the excitation

probability. To build up a spectrum of the quadrupole transition, the exci-

tation probability is measured as the probe laser frequency is stepped across

the transition.

4.6.1 State Detection Threshold

Dehmelt’s electron shelving technique exploits the fact that an ion in the

2D5/2 state cannot scatter light on the cooling transition. Although the ion

will scatter no photons when shelved, there will still be fluorescence at the

background rate due to light scattered from the electrodes, etc. It is therefore

clear that a ‘state detection threshold’ fluorescence rate must be set, above

which the ion may be assumed to be cycling on the cooling transition and

below which the ion is assumed to be shelved in the 2D5/2 state.

The background fluorescence rate, RD is measured by blocking the re-
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Figure 4.6: Typical experimental sequence used for pulsed spectroscopy of
the quadrupole transition.
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pumper light so that the ion becomes shelved in the 2D3/2 state and counting

the photons detected at the PMT over a period of 3 s. As the background

rate does not change significantly over the course of one day, this is measured

for each cooling beam at the beginning of each day the ion trap is operated.

The fluorescence rate RS observed when the ion is cycling on the cooling

transition is determined by measuring the detected fluorescence over 100 ms

with both the cooling and repumper lasers on the ion. This is done at just

before a spectrum is acquired as the fluorescence rate may vary by up to

10 % over the day. This small variation is due to drifts in the repumper laser

frequency, and changes in the ion’s micromotion as the stray charge produced

when loading the trap dissipates.

The state detection threshold is set as follows. The fluorescence detected

at the PMT is counted in consecutive periods or ‘bins’ of duration td. If the

ion has been shelved in the 2D5/2 state, D = RDtd counts are expected in

one bin. If the ion has not been excited, S = RStd counts are expected. The

threshold count T is set such that it is equal number of standard uncertainties

xσD above D and xσS below S (see figure 4.7) giving

T = D + xσD = S − xσS (4.1)

where x will now be referred to as the ‘safety factor’. Since the standard

errors in counting D and S are σD =
√

D and σS =
√

S respectively, equa-

tion 4.1 may be solved for x to give

T =
√

SD. (4.2)
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Below this threshold, the ion is assumed to be shelved in the 2D5/2 state, while

above the threshold, it is assumed that the ion has not been excited to the

2D5/2 state. At the threshold, the probability of mistaking a shelved ion for

one that is cycling on the cooling transition is equal to that of mistaking an

ion cycling on the cooling transition for one which has actually been shelved

in the 2D5/2 state.

Figure 4.7: The state detection threshold, T is set so that it is an equal num-
ber of standard errors xσD above D, the number of counts per bin expected
if the ion is shelved in the D state and xσS below S, the number of counts
expected if the ion is cycling on the cooling transition.

Typically, bin periods of td = 5 ms are used. With a background scatter

rate RD < 1.5 × 103 s−1 and a fluorescence rate on the cooling transition of

RS = 2× 104 s−1, D = 7.5 and S = 100 counts per bin per bin are expected

for a shelved and unshelved ion respectively. This results in a safety factor

greater than x = 7. The probability of incorrectly determining the state

of the ion due to counting statistics is less than ∼ 1 × 10−12. Collisions

between the ion and background gas particles in the UHV chamber may
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cause a reduction in fluorescence as the ion is heated out of resonance with

the cooling laser. An upper limit on the rate of these collisions is estimated

to be 2.2×10−3 s−1 (see section 5.6.1). The probability of a collision occuring

during a ∼20 ms interrogation cylce resulting in the state of the ion being

incorrectly determined, is therefore less than ∼ 5×10−5. The ion’s electronic

state is thus determined with almost unit detection efficiency.

4.6.2 Quadrupole transition spectrum in zero magnetic

field

The quadrupole transition spectrum in figure 4.8 is observed when the ion

is in zero magnetic field. For the spectrum shown, a 1.4 mW probe beam

focussed into a 30 µm spot is used with a probe pulse of 20 µs duration. Each

point is the result of 50 interrogations. The high beam power, large probe

laser frequency steps and low number of interrogations at each frequency

are chosen to reduce the length of time needed to aquired the spectrum.

The spectrum consists of a carrier and axial and radial secular sidebands at

ωz = ± 3.9 MHz and ωr = ± 2.1 MHz. The secular sidebands are due to the

thermal motion of the ion in the trapping potential.

4.6.3 Quadrupole transition spectrum in 3.6 G mag-

netic field spectrum

In a magnetic field, the quadrupole transition is split into ten components

(see figure 4.9). The energies of the 2S1/2 and 2D5/2 state magnetic sub-levels
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Figure 4.8: Spectrum of quadrupole transition in zero magnetic field, con-
sisting of a carrier and axial and radial sidebands at ωz = ± 3.8 MHz and
ωr = ± 2.1 MHz

are given by

∆E = gjµBBmj (4.3)

where µB is the Bohr magneton, B the magnitude of the magnetic field, mj

the magnetic quantum number of the sublevel and gj is the Landé g-factor.

For an ion with total angular momentum quantum number J , total spin

angular momentum quantum number S and total orbital angular momentum

L, the Landé g-factor is

gj =
3

2
+

S(S + 1) − L(L + 1)

2J(J + 1)
(4.4)

The g-factors for the 2S1/2 and 2D5/2 states are therefore 2 and 5/6 respec-

tively.
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Figure 4.9: (a.) Energy splittings and g-factors of the 2S1/2 and 2D5/2 state
magnetic sub-levels. Detunings and relative intensities of quadrupole tran-
sition Zeeman components with (b.) vertical and (c.) horizontal probe
polarisations. The ∆m = 0 components are not present when the ion is
interrogated with a horizontally polarised probe beam.
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The relative intensities of the Zeeman components are dependent on θ, the

angle between the probe beam’s direction of propogation and the magnetic

field and φ the angle between the probe beam polarisation and the plane

formed by the magnetic field and probe direction. The probe beam is inclined

at θ = 30◦ to the direction of the magnetic field. The relative line strengths

for vertical (φ = 0◦) and horizontal (φ = 90◦) probe polarisations calculated

using the method outlined by James [83] are shown in figure 4.9. The ∆m = 0

components are not observed when the probe beam polarisation is horizontal.

A high resolution scan of the 2S1/2 (mj = −1/2) – 2D5/2 (mj = −1/2)

∆m = 0 Zeeman component is shown in figure 4.10. The probe laser is

scanned across the transition in 500 Hz steps. At each frequency, the ion is

interrogated 1000 times. A weighted-least squares fit of a Lorentzian to the

transition gives a FWHM of γ/2π = 2.4 kHz. The free parameters is this fit

were the transition frequency, peak excitation probability and FWHM. The

natural width of the transition is 0.4 Hz. The observed width is attributed

to the probe laser linewidth over the 5 minute timescale needed to acquire

the spectrum and other broadening mechanisms such as ac-magnetic fields.

4.7 Optical pumping

When the ion is in a magnetic field, circularly polarised 422 nm light directed

along the field can be used to prepare the ion in one of the magnetic sublevels

of the electronic ground state (see figure 4.11). For this purpose, a σ− po-

larised beam is used to drive the 2S1/2 (mj = 1/2) – 2P1/2 (mj = −1/2)

component of the cooling transition resulting in optical pumping to the
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Figure 4.10: High resolution scan of the 2S1/2 (mj = −1/2) – 2D5/2 (mj =
−1/2) ∆m = 0 Zeeman component. Each point is the result of 1000 interro-
gations with the probe laser scanned in steps of 500 Hz. A 1 ms probe pulse
was used and the probe intensity was 75 µW into 30 µm spot. The solid line
is Lorentzian weighted least squares fit to the data, with FWHM of 2.4 kHz.
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2S1/2 (mj = −1/2) state. The optical pumping beam intensity is well below

that needed to saturation the transition — with the beam set to vertical

polarisation and tuned to Γ/2 below resonance, less than 3, 000 counts/s are

detected by the photomultiplier tube.

Figure 4.11: Optical pumping on the cooling transition. The ion is optically
pumped into the 2S1/2 (mj = −1/2) sub-level of the electronic ground state
using σ− polarized light on the cooling transition.

The efficiency of the optical pumping process is measured by comparing

the excitation probabilities on the 2S1/2 (mj = −1/2) – 2D5/2 (mj = −1/2)

and 2S1/2 (mj = −1/2) – 2D5/2 (mj = +1/2) components of the quadrupole

transition. An optimal optical pumping pulse efficiency of 97% is achieved

using an optical pumping pulse duration of 20 µs. The optical pumping

efficiency is reduced for shorter pulse durations.

A lower limit on the optical pumping efficiency may also be determined

from the peak excitation probability when the 2S1/2 (mj = −1/2) – 2D5/2 (mj =

−1/2) Zeeman component is coherently driven (see chapter 6).
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4.8 Summary

The experimental methods used to trap a single 88Sr+ ion in an endcap trap

and acquire spectra of the cooling, quadrupole and quencher transitions have

been detailed.

For loading trap 1, strontium was produced using an oven containing a

SrAl4:Ni mixture. In trap 2, an oven and hot-plate two-stage atomic stron-

tium source is used to the avoid build-up of impurities on the electrode struc-

ture. Filaments are used to ionise the atoms for trapping in the endcap trap.

Once trapped, the ion is Doppler cooled on the 422 nm cooling transition.

The ion’s micromotion is detected by both monitoring the peak fluores-

cence at line centre on the cooling transition, and measuring the RF fluo-

rescence modulation on the cooling transition. Compensation electrodes are

then used to position the ion at the centre of the trapping potential and

reduce its micromotion. The magnetic field is coarsely minimised using the

fluorescence nulling technique and then further reduced by minimising the

observed Zeeman splitting on the quadrupole transition.

Photons scattered on the cooling transition are detected at the PMT.

Spectra of the cooling transition show a peak fluorescence rate of 4 × 104 s−1.

Therefore, a fluorescence rate of 2 × 104 s−1 is achieved when the cooling

laser is detuend Γ/2 below line centre. A background fluorescence rate of less

than 1.5 × 103 s−1 is observed. This allows almost unit detection efficiencey

when determining whether the ion is in the 2D5/2 state using Dehmelt’s

electron shelving method. Optical pumping into dark states of the 2D3/2

in the absence of a magnetic bias field is avoided using two orthogonally
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polarised repumper beams. This allows efficient Doppler cooling when no

magnetic field is present.

Pulsed spectroscopy of the quadrupole transition has been performed.

The ion’s electronic state is determined using Dehmelt’s electron shelving

method. The spectra exhibit axial and radial sidebands. The motional fre-

quencies observed in trap 2 are ωz = ± 3.8 MHz for the axial mode and

ωr = ± 2.1 MHz for the radial mode. High resolution spectra of a single

Zeeman component show a probe laser linewidth of 2.4 kHz.

When placed in a magnetic bias field, the ion may be prepared in the

2S1/2 (mj = −1/2) with a fidelity of greater than 97%. This is achieved by

optical pumping using σ− light on the cooling transition.
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Chapter 5

Precision measurement of the

4d 2D5/2 state lifetime

5.1 Introduction

This chapter, presents a precision measurement of the natural lifetime of the

4d 2D5/2 state in 88Sr+. The ion is prepared in the 2D5/2 state by direct laser

excitation of the 2S1/2 – 2D5/2 transition and the decay time measured using

Dehmelt’s electron shelving method [47, 85]. By accumulating 160,000 decay

times, a measured lifetime that is over an order of magnitude more accurate

than the previous best measurement [86] is obtained. The data used in the

measurement presented here consists of 63,000 shelved periods recorded in

May 2000 and 97,000 recorded in July 2002. The measured value of the

lifetime is 390.3 ms.

A measurement of the lifetime of the 4d 2D5/2 metastable state also gives

the natural linewidth of the 2S1/2 – 2D5/2 transition. This transition is being
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investigated as a reference ‘clock’ transition in an atomic frequency stan-

dard [6, 7] and as shown by work using the analogous quadrupole transition

in 40Ca+ [87, 45, 88], may also be used for investigations of quantum infor-

mation processing and cavity QED. The lifetime of the 2D5/2 state is useful

in determining the ultimate limit to the stability of an optical clock based

on the 2S1/2 – 2D5/2 transition. The 2D5/2 state lifetime also imposes a limit

within which all quantum computations using the 2S1/2 and 2D5/2 states as a

qubit must be completed [16]. Knowledge of the lifetime is important for fu-

ture cavity QED investigations using the quadrupole transition in 88Sr+, for

instance a strong atom-cavity coupling requires an atom-cavity interaction

frequency greater than the rate of decoherence to the external environment.

Lifetimes of the metastable 2D5/2 states are also of interest in astrophysics,

since quadrupole transitions may be used as diagnostics of temperature and

electron density in various astronomical objects [89]. The lifetime of the 2D5/2

state may be of use in efforts to explain the origin of the forbidden 2S1/2 –

2D5/2 transition in recent spectroscopic studies of an emission filament of

ejected matter from Eta Carinae [90].

A precision measurement of the 2D5/2 state lifetime in 88Sr+ offers a

means of testing atomic structure calculations [91, 92, 93, 86]. There are

several reported measurements of the 4d 2D5/2 state lifetime in 88Sr+, and

have all been made using different approaches. The earliest reported mea-

surement [94] used a cloud of ions in an R.F. quadrupole trap and monitored

the exponential decay of photons at 674 nm. The first measurement using

a single trapped ion [79] excited the 2S1/2 – 2D5/2 transition with a laser

at 674 nm, and compared dark and bright periods of strong fluorescence at
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422 nm. The technique of using a single ion, prepared in the 4d 2D5/2 state,

and accumulating statistics of decay times has also been used [95]. More

recently, laser probing the metastable ions in a storage ring [86] has also

yielded a measurement.

5.2 Experimental Method

The interrogation scheme used to measure the 4d 2D5/2 lifetime is almost

identical to that described in section 4.6. The ion is Doppler cooled and the

count rate of fluorescence photons from the 2S1/2 – 2D5/2 transition recorded.

The cooling beam is then switched off and a pulse of 674 nm light irradiates

the ion in order to excite it to the 2D5/2 state. The cooling laser is switched

on again and the count rate of 422 nm photons is recorded. If the ion has

made the transition and is shelved in the 4d 2D5/2 state, photons are recorded

at the normal background count rate, D. However, if the ion has not been

shelved in the 2D5/2 state, then it will scatter light on the 2S1/2 – 2P1/2 cooling

transition and photons will be detected at the normal fluorescence count rate,

S. A shelved ion is therefore easily identifiable with almost unit efficiency.

The 1092 nm repumper light remains incident on the ion throughout the

interrogation cycle.

Fluorescence photons from the cooling transition detected by the pho-

tomultiplier are counted in bins of td = 10 ms period. The state detection

threshold count, T is given by equation 4.2. When the ion is detected in

the 2D5/2 state, the time taken for the ion to decay to the ground state is

recorded. In practice this means recording the number of 10 ms bins which
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elapse before the fluorescence rises above the threshold T .

This cooling, probing and interrogating process is repeated many times

in order to record a large number of decays from the 2D5/2 state.

5.3 Data analysis: fitting and estimation meth-

ods

5.3.1 Single-parameter model

The simplest approach to determining the lifetime from decay time data is

to assume that the data is dependant on only one parameter: the lifetime of

the 2D5/2 state. For an atom prepared in an excited state of natural lifetime

τ , the probability of decay per unit time at a time t is given by

P (t, τ) =
1

τ
exp

(

− t

τ

)

. (5.1)

The time taken for the ion to decay is repeatedly measured. Each observed

decay period is known only to the nearest bin of duration td (td � τ), where

the ith bin (i = 1, 2, 3 . . .) extends in time from (i−1)td to itd. The mid-point

of the ith bin occurs at the time ti = (i − 1
2
)td. If a total NT decay periods

are measured, from equation 5.1 the expected number of decays observed in

the ith bin is given by

N(ti, τ) ≈ NT
td
τ

exp

(

−ti
τ

)

. (5.2)
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It is therefore to be expected that over a large number of decay events, the

number of shelved periods Ni ending in the ith bin will exhibit an exponential

dependence on time, from which the lifetime τ may be determined.

Three different methods have been used in this work to determine τ

from the recorded data using this single-parameter model: the weighted least

squares fit, the maximum likelihood estimator of τ and the minimum vari-

ance unbiased estimator of τ . These methods will now be described, along

with the means of estimating the statistical uncertainty in the value of τ .

5.3.1.1 Weighted least-squares fit

In the weighted least-squares fit [96], the best fit value of τ is that which

minimises the sum of the squared deviations of each data point from the

fitted curve in terms of the error on each point. In other words, the function

N(ti, τ) is fitted to the data (ti, Ni) by varying the parameter τ to minimise

the quantity

χ2(τ) =
∑

i

(

N(ti, τ) − Ni

σi

)2

=
∑

i

(

N(ti, τ) − Ni√
Ni

)2

(5.3)

where σi =
√

Ni is the standard uncertainty associated with Ni due to count-

ing statistics.

The use of χ2(τ) as a measure of how well the function N(ti, τ) fits the

data (ti, Ni) makes the assumption that both Ni and σi are normally dis-

tributed. However, in the case of exponentially distributed decay times, Ni

and σi are governed by the Poisson distribution. For Ni > 10, the Poisson

distribution is well approximated by the normal distribution, however for
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Ni < 10 this approximation no longer holds and χ2(τ) ceases to be a good

measure how well the theoretical curve fits the data. For this reason, bins in

which less than 10 events are recorded are not included in the fitting proce-

dure. In practice, this is done by truncating the data set at the first bin in

which Ni < 10.

The standard uncertainty in the fitted value of τ is its 68.3% confidence

interval. The boundaries of this interval [τ − u, τ + u] are given by the two

solutions of [96]

χ2(τ ± u) = χ2
min + χ2

0.683,1 (5.4)

where χ2
min is the minimised sum of weighted least squares (given by equa-

tion 5.3) and χ2
0.683,1 is the 68.3% point of a one-tailed chi-squared distribution

with one degree of freedom.

5.3.1.2 Maximum likelihood estimator

An alternative approach to determining the lifetime which best characterises

the data is to find the value of τ which has the maximum probability of

producing the observed data set. This technique is known as maximum

likelihood estimation [97].

From equation 5.2, the number of decay periods ending in the ith bin is

expected to be

Xi = N(ti, τ) = (NT td/τ) exp(−ti/τ). (5.5)
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The probability of observing Ni decays in the ith bin is,

P (Ni) = exp(−Xi)
XNi

i

Ni!
(5.6)

according to the Poisson distribution. The probability of a particular value

of τ producing the observed data set is therefore given by the likelihood

function

L(τ ; N1, . . . , NT ) =
∏

i

P (Ni) =
∏

i

exp(−Xi)
XNi

i

Ni!
. (5.7)

The best estimate of τ will be the value which has the maximum proba-

bility of producing the observed data; i.e. the value of τ which maximises

equation 5.7. For ease of computation, the log-likelihood

ln[L(τ)] =
∑

i

[−Xi + Ni ln(Xi) − ln(Ni!)] (5.8)

is maximised with respect to the single parameter τ .

For large samples, the Wilk’s likelihood ratio statistic

W = 2 ln[L(τ)/Lmax(τ)], (5.9)

where Lmax(τ) is the maximised likelihood, is normally distributed [97].

Therefore, the 68.3% confidence interval [τ − u, τ + u] found by solving

2 ln[L(τ ± u)/Lmax(τ)] = χ2
0.683,1 yields the standard uncertainty in the esti-

mated value of τ .
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5.3.1.3 Minimum variance unbiased estimator

If the data is instead treated as an exponentially distributed set of decay

times [t1, . . . , tNT
], with probability density function given by equation 5.1,

the log-likelihood may be written as

ln[L(τ ; t1, . . . , tNT
)] = −NT ln(τ) − 1

τ

∑

i

ti. (5.10)

This expression may be maximised by requiring

∂ ln[L(τ ; t1, . . . , tNT
)]

∂τ
=

NT

τ 2

(∑

i ti
NT

− τ

)

= 0. (5.11)

yielding µ =
∑

i ti/NT as the maximum likelihood estimator for τ . It follows

from equation 5.11 and the Crámer-Rao theorem [97] that with a variance of

Var(µ) = τ 2/NT , µ is the minimum variance unbiased estimator of τ . There-

fore, the minimum variance unbiased estimator gives τ = µ with standard

uncertainty στ = τ/
√

NT .

5.3.2 Two-parameter model

The decay time data may also be modelled using a two parameter model

in which the amplitude of the fitted exponential is allowed to vary. The

expected number of decays in the ith bin is now modelled by

N(ti, τ, A) = A exp

(

−ti
τ

)

. (5.12)

A weighted least squares fit, and the maximum likelihood estimate of τ
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and A may again be performed as follows.

5.3.2.1 Weighted least-squares fit

The best fit value of τ and A are those which minimise the sum of the squared

deviations of each data point from the fitted curve in terms of the error on

each point.

χ2(τ) =
∑

i

(

N(ti, τ, A) − Ni

σi

)2

(5.13)

where σi =
√

Ni is the standard uncertainty associated with Ni due to count-

ing statistics.

As with the single parameter model, in order to satisfy the assumption

that both Ni and σi are normally distributed, only the portion of the data

set where Ni > 10 may be used.

The two dimensional confidence region containing within which there is

a 68.3% of finding the actual values of τ and A is enclosed by the constant

χ2-boundary

χ2
bound = χ2

min + χ2
0.683,2 (5.14)

where χ2
min is the minimised sum of weighted least squares (given by equa-

tion 5.13) and χ2
0.683,2 is the 68.3% point of a one-tailed chi-squared distri-

bution with two degrees of freedom. The standard uncertainty in the fitted

value of τ is found by projecting the two-dimensional confidence region onto

the one dimensional parameter space of τ alone. This is shown in figure 5.1.
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by the projection of confidence boundary χ2
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0.683,2 onto the
y-axis as shown.
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5.3.2.2 Maximum likelihood estimator

Maximum likelihood estimates may also be made for τ and A, using a similar

method to that described for the one parameter model in section 5.3.1.2. In

this case however, the expected number of decays in the ith bin is given by

Xi = N(ti, τ) = A exp(−ti/τ). (5.15)

rather than equation 5.5. The best estimates of τ and A are the values which

maximise the log-likelihood given by equation 5.7.

The normally distributed Wilk’s likelihood ratio statistic (see equation 5.9)

may be used to determine the 68.3% confidence region in τ and A. The

boundary of this region satisfies the condition

2 ln[L(τ ± u)/Lmax(τ)] = χ2
0.683,2 (5.16)

where Lmax(τ) is the maximised log-likelihood and χ2
0.683,2 is the 68.3% point

of a one-tailed chi-squared distribution with two degrees of freedom. The

standard uncertainty in τ may then be found by projecting this confidence

region onto the one-dimensional parameter space of τ alone as outlined in

section 5.3.2.1.

5.3.3 Discussion of fitting and estimation techniques

Of the three methods using the single-parameter model to determine a value

of τ from the experimental data, the minimum variance unbiased estimator

is the simplest to calculate. This method whilst giving the estimate of τ with
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smallest statistical uncertainty, relies on the validity of treating the data as

an exponentially distributed set of decay times following equation 5.1 and

provides no means to check this. The weighted least-squares method has the

advantage that the residuals - the differences between the observed data and

the fitted curve normalised by the standard error on each point, may be used

as a measure of the goodness of fit of the data to the exponential form of

equation 5.2. Due to the restriction that Ni > 10, a portion of the data must

be rejected for the purposes of the least squares fitting procedure, in turn

resulting in a larger uncertainty. While the maximum likelihood estimator is

the most demanding of the three methods in terms of computation, all the

data may be used resulting in a small statistical uncertainty in the resulting

estimate of τ .

The two parameter model increases the complexity of the calculation

required to determine the optimum value of τ , but offers an estimate free

from small systematic errors introduced as a result of the finite duration

of each bin and the time required to determine the state of the ion (see

sections 5.6.5 and 5.6.6).

It should be noted that linearising the data, i.e. using the data set

(ti, ln(Ni)), and fitting a straight line using a weighted least squares method

is wholly inappropriate, since the logarithm does not preserve the normal

distribution of uncertainties. A fitting procedure based on this linearised

least-squares method will therefore introduce a bias in the fitted value of τ .
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5.4 Apparatus

The data used for this measurement of the 2D5/2 state lifetime was recorded

over 3 days in May 2000 and 3 days in July 2002. Two different configurations

of the apparatus described in chapter 3 was used over these two periods and

will therefore be briefly described here.

Endcap trap 1 was used for both data sets. The UHV chamber in which

the trap was housed was pumped only by a 40 ls−1 ion pump, resulting in a

pressure of between ∼ 4 × 10−10 and 1 × 10−9 torr.

5.4.1 May 2000 setup

During the May 2000 data sets, trap 1 was operated using the self-oscillating

transistor trap drive described in section 3.3.1. Typical operating conditions

of the trap were a drive frequency ΩRF /2π = 13 MHz, with a drive voltage

amplitude of 300V, resulting in motional frequencies (ωr, ωz) = (1.8, 3.0)

MHz. The trap drive potential was produced by the self-oscillating transistor

circuit described in section 3.3.1.

The cooling laser was stabilised only via the offset lock to the 85Rb feature,

with the higher frequency side-of-fringe stabilisation to the reference cavity

not yet implemented. The probe laser system was stabilised to the ULE cav-

ity using the Pound-Drever-Hall technique. However, the inner temperature

servo for the ULE cavity used a DC bridge temperature monitor and the

RF sideband for the Pound-Drever-Hall lock were generated by RF current

modulation of the master laser diode current. These lasers would therefore

have a larger linewidth and drift rate than is now the case. The beam di-
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rections and typical powers of the cooling and repumper beams and also the

weak probe beam were nominally the same as those described in chapter 3,

with the intense probe beam not yet having been setup. Without the intense

slave, the probe laser was configured to drive the 2S1/2 – 2D5/2 transition

below saturation using the weak probe beam. All beams were switched using

AOMs only. The experiment was also controlled by Visual BASIC software

written by G. P. Barwood, rather than the LabVIEW routines described in

section 3.10.

5.4.2 July 2002 setup

Following the data of May 2000, and prior to the data of July 2002, several

improvements were made to the experimental apparatus. The LabVIEW [98]

routines (see section 3.10) were installed and used to control the apparatus.

The second slave laser was constructed, delivering 1.5 mW of radiation at

674 nm focused into a 30 µm (2ωo) spot at the ion. Mechanical shutters were

installed in the laser beams, ensuring complete extinction of 674 nm light

during the detection period. In addition, the spectral purity of the RF trap

drive was improved through the use of the helical coil resonator.

In the July 2002 data, the intense slave laser was used at maximum

intensity to drive the 2S1/2 – 2D5/2 transition and prepare the ion in the

2D5/2 state. This yields a much larger percentage of attempts resulting in an

ion shelved in the 2D5/2 state. As a consequence, the time required to record

a set number of shelved periods was reduced.
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5.5 Results

Individual data sets were recorded for periods of around one hour. Before

each data set was recorded, the ion’s micromotion was verified to be min-

imum. In addition the probe laser was scanned across the 2S1/2 – 2D5/2

transition to verify the RF offset lock frequency required for the probe laser

to be on resonance.

In the data recorded in May 2000 the weak probe beam was used below

saturation to prepare the ion in the 2D5/2 state. Between 2,000 and 5,000

decay times were recorded in each data set, and a total of 63,000 decay events

were observed over the course of three days.

The various methods described in section 5.3 were all used to determine

the lifetime of the 2D5/2 state and its associated uncertainty. When using the

single-parameter model, the weighted least-squares method gives a measured

lifetime of 391.2(1.8) ms, the maximum likelihood estimator 392.2(1.6) ms,

and the minimum variance unbiased estimator yields 391.8(1.6) ms, where

the 1σ statistical uncertainties are given in parenthesis. These results are

displayed in table 5.1. Figure 5.2(a) shows the decay times recorded in May

2000, with the exponential decay function of equation 5.2 fitted using the

single parameter least-squares method. The residuals (the difference between

the data points and the fit function normalised by the uncertainty in each

point) are shown in figure 5.2(b). Shown in figure 5.3(a) is the exponential

function corresponding to the maximum likelihood estimate of the lifetime,

while (b) shows the least-squares residuals for this exponential decay. These

residuals are not used in the maximum likelihood estimator method and are
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shown only to illustrate that above decay times of 2000 ms, where the number

of decay events recorded in each bin falls below 10, the residuals begin to

show structure and are clearly no longer normally distributed. As such, they

cease to be a good measure of the departure of the data from the fitted

function. This highlights the necessity of removing theses data points when

using the least-squares fitting method.

When using the two-parameter model, the weighted least-squares method

gives a lifetime of 391.1(1.8) ms and the maximum likelihood estimator gives

392.2(1.6) ms. The confidence regions in the values of τ and A from the

weighted least-squares fit and the maximum likelihood estimate are shown

in figure 5.4.

The July 2002 data, also recorded over three days, used the intense probe

beam to prepare the ion in the 2D5/2 state. With the intense probe, the ion

may be prepared in the 2D5/2 state with high probability, by coherently driv-

ing the 2S1/2 – 2D5/2 transition (see chapter 6). As a result, between 10,000

and 14,000 decay times were recorded in each data set and over the course of

three days a total of 97,000 decay times were recorded. The data is analysed

using the fitting/estimation techniques described in section 5.3. When us-

ing the single-parameter model, the weighted-least squares gives a measured

lifetime of 388.6(1.4) ms, the maximum likelihood estimator 389.9(1.3) ms

and the minimum variance unbiased estimator 389.9(1.3) ms with the 1σ

statistical uncertainties being the figures in parenthesis. These results are

also displayed in table 5.1 for comparison.

The weighted least-squares fit to the July 2002 data is shown in fig-

ure 5.5(a) with the residuals of this fit shown in figure 5.5(b). Figure 5.6(a)
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Fitted Lifetime, Decay Rate /s−1

τ /ms

May 2000 Data

Single-parameter model:
Weighted Least-Squares Fit 391.2 ± 1.8 2.556 ± 0.012
Maximum Likelihood Estimator 392.2 ± 1.6 2.550 ± 0.010
Min. Var. Unbiased Estimator 391.8 ± 1.6 2.552 ± 0.010

Two-parameter model:
Weighted Least-Squares Fit 391.1 ± 1.8 2.557 ± 0.012
Maximum Likelihood Estimator 392.2 ± 1.6 2.550 ± 0.010

July 2002 Data

Single-parameter model:
Weighted Least-Squares Fit 388.6 ± 1.4 2.573 ± 0.009
Maximum Likelihood Estimator 389.9 ± 1.3 2.564 ± 0.009
Min. Var. Unbiased Estimator 389.9 ± 1.3 2.565 ± 0.009

Two-parameter model:
Weighted Least-Squares Fit 388.6 ± 1.4 2.573 ± 0.009
Maximum Likelihood Estimator 389.9 ± 1.3 2.565 ± 0.009

Table 5.1: Lifetimes and corresponding decay rates of the 2D5/2 state deter-
mined from the May 2000 data and July 2002 data using the weighted least-
squares fit, maximum likelihood estimator and minimum variance unbiased
estimator with the single-parameter model and the weighted least-squares fit
and maximum likelihood estimator with the two-parameter model.
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Figure 5.2: Weighted least squares fit to May 2000 data consisting of 63,000
shelved periods. Shown in (a) are the number of shelved periods Ni in each
10 ms bin at time ti while the residuals i.e.

(

N(ti, τ) − Ni

)

/
√

Ni are shown
in (b).
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Figure 5.3: Exponential decay curve of maximum likelihood estimate of τ
from May 2002 data of 63,000 shelved periods. Shown in (a) are the number
of shelved periods Ni in each 10 ms bin at time ti. For comparison with the
least-squares method,

(

N(ti, τ) − Ni

)

/
√

Ni is shown in (b), although these
least-squares fitting residuals are not used in the maximum likelihood esti-
mator. These residuals are clearly not normally distributed for ti > 2000 ms
demonstrating the need to remove these data points from a least-squares fit.
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shows the July 2002 data along with the exponential decay function corre-

sponding to τ = 390.0 ms as determined by the maximum likelihood estima-

tor. Shown in figure 5.6(b) are the least-squares residuals for this exponential

decay. Once again, these residuals are not used in the maximum likelihood

estimator method and are shown only to illustrate that as the number of

decay events recorded in each bin falls below 10, the residuals are clearly no

longer normally distributed and cease to be a good measure of the departure

of the data from the fitted function.

With the two-parameter model, the weighted least-squares method gives

a lifetime of 388.6(1.4) ms and the maximum likelihood estimator gives

389.9(1.3) ms. The confidence regions in the values of τ and A from the

weighted least-squares fit and the maximum likelihood estimate are shown

in figure 5.7.

The results of the different methods for determining the 2D5/2 state life-

time τ shown in table 5.1 do no yield exactly the same value, however it is

important to note that all values agree to within the 1σ level of statistical

uncertainties. This is also the case for the July 2002 data. There does not

appear to be any statistically significant systematic shift between then re-

sults yielded by the different methods for determining τ for either of the two

sets of data.

For both sets of data, a measured value of τ is determined by taking the

mean of the values give by the two-parameter model weighted least squares

fit and maximum likelihood estimator, as these methods are not skewed by

systematic uncertainties in the decay time of each event (see sections 5.6.5

and 5.6.6). Symmetric 1σ uncertainty bounds in the measured value of τ are
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Figure 5.5: Weighted least squares fit to July 2002 data consisting of 97,000
shelved periods. Shown in (a) are the number of shelved periods Ni in each
10 ms bin at time ti while the residuals i.e.

(

N(ti, τ) − Ni

)

/
√

Ni are shown
in (b).
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Figure 5.6: Exponential decay curve of maximum likelihood estimate of τ
from July 2002 data of 97,000 shelved periods. Shown in (a) are the number
of shelved periods Ni in each 10 ms bin at time ti. For comparison with
the least-squares method,

(

N(ti, τ) − Ni

)

/
√

Ni is shown in (b), although
these least-squares method residuals are not used in the maximum likelihood
estimator method.
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chosen so as to include the 1σ uncertainty intervals of each of the constituent

values. This yields measured values of 391.7(2.4) ms for the May 2000 data

and 389.3(2.1) ms for the July 2002 data, and corresponding measured decay

rates of 2.553(0.016) s−1 and 2.569(0.014) s−1 respectively.

5.6 Systematic Effects

The decay rates determined in section 5.5 are the total decay rates of the

2D5/2 state determined for each data set and include not only the radiative

decay rate, but also rates associated with other decay channels such as col-

lisional decays. As such, the quoted decay rates must be corrected for these

and any other systematic effects to find the radiative decay rate and the cor-

responding natural lifetime of the 2D5/2 state. The recent measurement of

the 3d 2D5/2 state lifetime in 40Ca+ also using a single trapped ion [99] has

given extensive consideration to the systematics associated with this type of

measurement. The relevant systematic effects, and their relative importance,

are now discussed.

5.6.1 Collisional effects

During a collision with a background gas molecule, the ion may gain signif-

icant kinetic energy (i.e. be heated) or may change its electronic state. In

the first case, where the ion is heated, it may become Doppler-shifted out

of resonance with the cooling transition, leading to a drop in florescence. In

the July 2002 data, on occasion, the fluorescence was observed to disappear

abruptly and return slowly over the time scale of a few hundred milliseconds.
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This was attributed to such collisions, where the ion is quickly heated out

of resonance and then is slowly Doppler-cooled back into resonance again.

This phenomenon was not observed in the data of May 2000. This there-

fore suggests that the background pressure in the UHV chamber was greater

during July 2002 than May 2000. Ion gauge readings also indicate that the

background pressure had risen slightly over the period between May 2000

and July 2002.

In the data of July 2002, it is estimated that around 8 collisions per

hour, where the fluorescence recovers slowly, were observed. These observed

events were discarded, since the gradual return of fluorescence could result in

several false decays being recorded as the signal crossed the threshold. The

rate of 8 collisions per hour, or 2.2 ×10−3 s−1 is assumed as an upper limit

to the rate of collisional decay. Barton et al. [99] discuss a similar approach

in estimating this rate. Each interrogation was allowed to proceed only after

an appropriate count rate has been detected, thus ensuring that the ion is

properly cooled.

5.6.2 Off-resonant quenching by the repumper laser

When the ion is shelved in the 2D5/2 state, any radiation driving the 2D5/2 –

2P3/2 transition at 1033 nm may return the ion to the electronic ground state

via the 2P3/2 state (see figure 2.1). Since the cooling laser and repumper laser

must both be incident on the ion during the shelved period, one possible

source of quenching is off-resonant excitation of the 2D5/2 – 2P3/2 transition

at 1033 nm by the far-detuned repumper laser at 1092 nm. The repumper
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laser has a typical power of 4 mW and is directed onto the ion in a 2ω0 = 600

µm spot. Following the analysis by Barton et al. [99], the deshelving rate R

is given by

R =
2JP + 1

2JD + 1

π3c3

h̄ω3
PD

APD
I

c
g(ωL − ωPD) (5.17)

where JP and JD are the total angular momenta of the 2P3/2 and 2D5/2

states respectively, ωPD is the angular frequency of the 2D5/2 – 2P3/2 quench-

ing/clearout transition at 1033 nm, ωL is the angular frequency of the re-

pumper laser and g(ωL−ωPD) is the normalised transition lineshape function.

It is assumed that the lineshape is Lorentzian, with

g(ωL − ωPD) =
ΓP /2π

(ωL − ωPD)2 + Γ2/4
(5.18)

where ΓP is the decay rate of the 2P3/2 level (over all decay channels). Using

the P-D decay rate APD = 8.7 ×106 s−1 gives an upper deshelving rate of 6

×10−4 s−1.

The recent measurement of the 3d 2D5/2 state lifetime in 40Ca+ [99]

demonstrated that background emission from the analogous repumper laser

(at 866 nm) was able to quench the 2D5/2 state by excitation of the 2D5/2 –

2P3/2 transition at 854 nm. This led to a significant shortening of the mea-

sured lifetime. The quenching of the 2D5/2 state by the repumper laser in

this work was particularly pronounced due to the broad spectral output of

the diode laser used, which extended several nanometres from the lasing

wavelength. This background is due to the high gain in these devices.

The analogous effect in 88Sr+ would be the presence of 1033 nm radiation

in the output of the repumper laser. As described in section 3.7, this laser is
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a Nd3+-doped fibre laser. This type of laser is incapable of lasing at 1033 nm

having a tuning range of 1070 nm – 1140 nm [100]. The spectral output

of the repumper laser has also been examined using an optical spectrum

analyser. No significant evidence of radiation at 1033 nm above the noise

floor of the instrument was detected (∼60 dB down from the peak emission).

It is informative to note that in the 40Ca+ work, the background was easily

detectable.

5.6.3 Quenching by blackbody radiation

Blackbody radiation is another source of light at 1033 nm which may lead to

quenching of the 2D5/2 state. The rate of deshelving from the 4d 2D5/2state

is given by (1 − b)BDP ρ(ωPD), where b is the branching ratio from the 5p

2P3/2 state, ρ(ωPD) is the spectral energy density in the blackbody radia-

tion, ωPD is the transition frequency, and the subscripts D and P denote

the relevant atomic states. The Einstein B-coefficient is given by BDP =

(gP π2c3APD)/(gDh̄ω3
PD), therefore the deshelving rate becomes

(1 − b)
2JP + 1

2JD + 1
APD

1

exp(h̄ωPD/kBT ) − 1
(5.19)

At room temperature, this leads to a quenching rate of 10−14 s−1, which is

negligible compared to the decay rate being measured.

Illumination of the ion by a higher temperature source such as a tungsten-

filament lamp or ion gauge filament could result in a deshelving rate which

is no longer negligible. In the apparatus used for this measurement however,

the vacuum windows are shielded from room lights in order to reduce the
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background photons detected by the photomultiplier and the ion gauge was

not in operation. In addition, there are no tungsten-filament lamps in use,

therefore deshelving due to thermal radiation is insignificant.

5.6.4 Residual 674 nm radiation

A further possible source of systematic uncertainty existed in the May 2000

set of data. In that experiment, no mechanical shutter was used to ensure

total extinction of the 674 nm probe beam: only an acousto-optic modulator

was used. Despite the extinction ratio being around 1 part in 2000, there is

a possibility that some of the 674 nm light leaking through the AOM could

drive the ion back to the ground state. However, the data of May 2000 was

recorded with the probe laser well below saturation. This possible source

of systematic error was removed in the July 2002 data. Had this been a

significant systematic error in the May 2000 data, then the result of the July

2002 data would have exhibited a larger measured lifetime than the May

2000 data.

5.6.5 Effect of binning

The effect of determining the decay time of each shelved period only to within

the time interval corresponding to one bin leads to a negligible systematic

error when the single-parameter model is used to determine τ , and no sys-

tematic error when the two parameter model is used. This may be shown as

follows.

From equation 5.1, it is to be expected that if a total of NT decay events
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are measured, the number of events expected to occur during the ith bin of

duration td centred around a time ti is

Ne(ti) =

∫ ti+
1

2
td

ti− 1

2
td

NT

τ
exp

(

− t

τ

)

dt (5.20)

= NT exp

(

−ti
τ

)[

exp

(

td
2τ

)

− exp

(

− td
2τ

)]

(5.21)

which to third order in td/τ is

Ne(ti) = NT
td
τ

exp

(

−ti
τ

)(

1 +
t2d

24τ 2

)

. (5.22)

When compared with the single-parameter model of equation 5.2, it can be

seen that the exponential fitted to the data has the same slope as equa-

tion 5.22, and differs only in amplitude by (1+ t2d/24τ 2) which for the values

of td and τ in this work is a negligible difference of less than 0.003%.

When using the two-parameter model, the amplitude of the exponential

is left as a free parameter and so there is no systematic due to the binning

process.

5.6.6 Attributing quantum jumps to the wrong bin

Consider an ion which decays from the excited state a short time δt before

the end of a bin. If a count rate RS is detected when the ion is no longer

shelved, only a small amount of fluorescence, δtRS above the background

will be counted before the end of the bin. If δt is short enough, this will be

below T the threshold number of counts (see section 4.6.1) and the ion will

be assumed to have not decayed in this bin. Instead, the decay time will
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attributed to the next bin.

If all decay events occurring within a time ε of the end of a bin are

attributed to the next bin, according to the single-parameter model of 5.1

the number of events expected in each bin is

Ne(ti) =

∫ ti+
1

2
td−ε

ti− 1

2
td−ε

NT

τ
exp

(

− t

τ

)

dt (5.23)

= NT
td
τ

exp

(

−ti
τ

)

exp
(

− ε

τ

)

(5.24)

neglecting the higher order terms in td/τ which have already been shown in

section 5.6.5 to be negligible. To first order in ε/τ , the amplitude of this

function differs from the single-parameter model of equation 5.2 by a factor

(1 + ε/τ), while the time constants of the exponential parts of the functions

are equal.

If a count rate of 15,000 s−1 is detected when the ion is fluorescing and

a background of 1,000 s−1 is detected when the ion is shelved in the 2D5/2

state, for a bin duration of 10 ms, it should be expected that ε ∼ 2 ms. This

in turn means that the amplitude of the fitted function may be different to

that of the data by ∼0.5%. For the fitting and estimation methods using the

single-parameter models, it is difficult to estimate the resulting systematic

in the determined values of τ since both the time constant and amplitude of

the fitted exponential are dependent on τ .

If the τ is chosen so that the amplitude of the exponential function fits

the data well, the time constant of the exponential will be too large (on a

logarithmic plot, the slope of the function will be too steep). If on the other

hand, τ is chosen so that the slope of the exponential fits that of the data, it
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should be expected that the amplitude of the exponential will be too large.

As a result, the optimal value of τ determined unsing the single-parameter

model must lie between these two extremes. The determined value of τ must

then be within 0.5% of the actual value of τ associated with the data.

When using the two-parameter model, this systematic is again not present,

since the amplitude of the exponential decay curve is a free parameter and

the value of τ is determined from the decay time constant of the data only.

5.6.7 Discussion

The most significant systematic effects are therefore considered to be the ef-

fect of collisions and of off-resonant excitation out of the 2D3/2 state by the

1092 nm laser. Both effects serve to reduce the measured decay rate. These

effects are not directly measurable in our apparatus, however the magnitude

of each has been estimated. An uncertainty exists in these estimates, there-

fore the uncertainty introduced by each systematic is set to the upper limit

of the effect as quoted above.

Table 5.2 shows the measured decay rates, together with the rates asso-

ciated with the systematic effects described in the previous section. Both

measurements were corrected for systematic effects and an uncertainty was

calculated based on those shown in table 5.1. Taking the weighted mean of

the results shows that the value for the lifetime measured in this experiment

is 390.3(1.6) ms where the uncertainty is the 1σ error.
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May 2000 Rates /s−1 July 2002 Rates /s−1

Measured Rate 2.553 ± 0.016 2.569 ± 0.014

Systematic effect

Collisional deshelving 2.2×10−3 ± 2.2×10−3 2.2×10−3 ± 2.2×10−3

Off-resonant excitation of 6×10−4 ± 6×10−4 6×10−4 ± 6×10−4

2D5/2 –2P3/2 transition

Corrected (Radiative) 2.550 ± 0.016 2.569 ± 0.014
Decay Rate

Table 5.2: Measured decay rate of the 2D5/2 state, decay rates due to non-
radiative decay mechanisms and corrected, radiative decay rate of the 2D5/2

state.

5.7 Discussion

The result of τ = 390.3(1.6) ms is compared with other measured and cal-

culated values in figure 5.8, which quotes the corresponding 1σ uncertainty

where possible [101, 102, 103].

In comparing the different experimental results, it is helpful to consider

some of the salient features of the various experiments. The work of Gerz et

al [94], was conducted using a cloud of ions in an r.f. trap. This experiment

was performed at pressures in the range ∼3×20−8 to 1.5×10−6 mbar, and

the result of 345(33) ms was determined by extrapolating to zero pressure.

The result of Madej and Sankey [79] was not limited by collisional de-

excitation, being performed at a pressure of 4×10−10 mbar. In that work,

the ratio of shelved to unshelved periods in a single trapped ion was used

to determine the 2D5/2 state lifetime. This method is dependent on both
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Experiment t ± 1s

Gerz et al. 1987 345 ± 33

Madej and Sankey 1990 372 ± 25

Barwood et al. 1994 347 ± 11

Biemont et al. 2000 408 ± 22

This work 390 .3 ± 1.6

Theory

Warner 1968 209

Guet and Johnson 1991 405

Poirier 1993 396

Biemont et al. 2000 384

200 250 300 350 400 450

t /ms

Figure 5.8: Previous measurements and calculations of the natural lifetime
of the 4d 2D5/2 state. Measured values are shown as filled circles with 1σ
uncertainty error bars and calculated values shown as open circles.

the power of the 422 nm cooling laser as well as the power of the excitation

laser at 674 nm. The laser powers were varied to extract the lifetime of

372(25) ms. The result of Barwood et al. of 347(33) [95] (the uncertainty

quoted is 3σ [102]) was performed in the same fashion as the work reported

in this paper, however it was only based on only 5120 observed decays.

More recently, the lifetime has been measured using an ion storage ring [86].

The result of 408(22) ms is arrived at after correcting for a beam loss rate of

0.21 s−1 and a collisional loss rate of 0.23 s−1: note that these corrections are

both around 10% of the radiative decay rate. It is also interesting to note

that the lifetime of the 2D3/2 state has been measured using the same laser

probing technique, as well as with a separate optical pumping technique. The

results for the 2D3/2 state lifetime are: 455(29) ms measured using the former
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method, and the smaller value of 435(4) ms measured using the latter [86].

The result 390.3(1.6) ms determined in this work is in agreement with

the results of Madej and Sankey [79] and Biémont et al [86] at the level

of one standard uncertainty. The large amount of data recorded in this

work yields an uncertainty over an order of magnitude more accurate than

all other experimental investigations. The theoretical calculation of Poirier

(396ms) [93] is closest to the measurement presented here.

5.8 Summary and Conclusion

This paper has described a measurement of the 4d 2D5/2 metastable state

of 88Sr+ natural lifetime using a single laser-cooled ion confined in an RF

trap. This measurement has been performed on two separate occasions un-

der slightly different experimental configurations. The measured value of

390.3(1.6) ms agrees with other experimental results and is an order of mag-

nitude more accurate than previous measurements. The most significant

source of error in the final value is statistical rather than systematic.
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Chapter 6

Coherent excitation on the

quadrupole transition

6.1 Introduction

This chapter describes the coherent manipulation of the electronic state of the

Doppler-cooled ion by driving the 2S1/2 (mj = −1/2) – 2D5/2 (mj = −1/2)

Zeeman component of the quadrupole transition. Coherent Rabi oscillations

are observed on both the carrier and sidebands of the transition. The os-

cillations exhibit a decaying contrast over time. This decay is the result of

two different effects. The first is decoherence, attributed mainly to the finite

probe laser linewidth. The second effect is an apparent damping due to the

ion’s distribution over motional states of the trap. The different motional

states of the ion have different Rabi frequencies with the probe laser (see

section 2.4.2). This leads to a dephasing between contributions from each of

the ion’s motional states and a washing out of the observed Rabi oscillation.
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Since the dependence of the Rabi frequency on the ion’s motional state is

weaker on the carrier component than the sidebands, the contrast of Rabi

oscillations on the carrier decays more slowly.

As the loss of contrast is dependent on the motional state of the ion, the

mean motional quantum number after Doppler-cooling may be determined

from the observed Rabi oscillations. This is an invaluable tool for optimising

the Doppler-cooling process.

The contrast of the Rabi oscillations is an important figure of merit for

the implementation of the Cirac and Zoller proposal for an ion trap quantum

computer [16]. The fidelity of electronic state and motional state manipula-

tions using the probe laser is given by the contrast of the oscillations on the

carrier and sidebands respectively.

6.2 Investigations of coherent excitation on

the quadrupole transition in trap 1

The first investigations of coherent excitation of the quadrupole transition

using the intense probe laser were made using trap 1. Figure 6.1 shows Rabi

oscillations observed in December 2001. The ion was Doppler-cooled using

cooling beam 3 at a power of 4.2 µW and the probe laser tuned to line

centre of the 2S1/2 (mj = −1
2
) – 2D5/2 (mj = −1

2
) carrier transition. The

interrogation pulse duration was varied from 0 to 12 µs in steps of 100 ns.

The intense probe beam power was 1.5 mW and 400 interrogations were

made at each different pulse duration.
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Figure 6.1: Rabi oscillations of the 2D5/2 state population observed when the
2S1/2 (mj = −1/2) – 2D5/2 (mj = −1/2) carrier transition is driven. Each
data point is the result of 400 interrogations.

Since the radial secular frequencies are almost degenerate, a two dimen-

sional basis set of motional states consisting of an axial motion and a radial

motion is chosen. In this model, the ion’s motional state is described by

|nz, nr〉. From equation 2.23, the Rabi frequencies on the carrier may there-

fore be written as

Ω(nr ,nz),(nr ,nz) = Ω0e
−η2

r/2Lnr
(η2

r)e
−η2

z/2Lnz
(η2

z) (6.1)

where ηr and ηz are the radial and axial Lamb-Dicke parameters (see sec-

tion 2.4.2), Ω0 is the free atom Rabi frequency and Lm is the mth order

Laguerre polynomial. The observed Rabi oscillations may be modelled by

summing the solutions to equations 2.18 and 2.19 over the motional states
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nr and nz with the appropriate weight given by Pnr
(n̄r)Pnz

(n̄z) the proba-

bility distribution of a thermal state of mean vibrational quantum numbers

n̄r and n̄z (see equation 2.28). This approach is however computationally

intensive. For the purpose of fitting a curve to the data, where the computa-

tion time required to produce the large number of solutions as fit parameters

are varied is too great, an alternative, computationally simpler approach is

adopted. In this method, the excitation probability, PD as a function of the

pulse duration is approximated by superposing pure sinusoidal solutions of

Rabi frequency Ω(nr ,nz),(nr ,nz) for each motional state and assuming that each

of these solutions is damped with the same decoherence rate γ as follows [84]

PD(t) =
A

2

(

1 − e−γt
∑

nr ,nz

Pnr
(n̄r)Pnz

(n̄z) cos
(

Ω(nr ,nz),(nr ,nz)t
)

)

. (6.2)

The term A is the fidelity with which the ion is prepared in the 2S1/2 (mj =

−1
2
) Zeeman sublevel before the atom is driven on the quadrupole transition

i.e. the optical pumping efficiency. The decoherence rate γ accounts for

decoherence mechanisms such as the finite coherence time of the driving field.

Equation 6.2 is fitted to the data using a maximum likelihood method [97]

assuming the binomial statistics of quantum projection noise [104] in the

measurement of population in the 2D5/2 state. It is assumed that the radial

and axial modes of motion are equally well cooled, meaning that

EDoppler = h̄ωz

(

n̄z +
1

2

)

= h̄ωr

(

n̄r +
1

2

)

. (6.3)
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Given the axial and radial motional frequencies in trap 1 of ωz/2π =

2.3 MHz and ωr/2π = 1.6 MHz, the resulting fit yields mean radial and axial

motional quantum numbers of n̄r = 48 and n̄z = 33 and a decoherence rate

of γ/2π = 0.25 kHz. It should be noted that the fitted value of γ has a large

associated uncertainty and cannot be used to accurately establish the probe

laser linewidth. The fit is shown as the solid line in figure 6.3. This should

be compared with the Doppler limit of n̄r = 3.9 and n̄z = 3.4 (calculated

using equation 2.30). This clearly indicates that the ion was not well Doppler

cooled, probably due to an anomalous heating rate in trap 1.

6.2.1 Onset of unstable behaviour in trap 1

Over the period between December, 2001 and June, 2002, the contrast of

coherent oscillations on the carrier transition decreased even further. By the

end of June 2002, the contrast of the observed coherent oscillations appeared

to be varying on a time scale of ∼ 5 minutes. This was approaching the

time taken to acquire coherent excitation data. The micromotion had also

become progressively harder to compensate, with an increase in the drift rate

of the required compensation voltages. This behaviour was similar to that

described by DeVoe et al.in 137Ba+ microtraps [55]. DeVoe et al. ascribed

these observations to high trap heating rates caused by contact potentials

between the endcap electrodes and impurities sputtered onto them during

the trap loading process.

Attempts were made to ‘clean’ the impurities from the electrode struc-

ture of the trap. The first method used was that of ‘high potting’. A high
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Figure 6.2: Rabi oscillations observed on the 2S1/2 (mj = −1/2) –
2D5/2 (mj = −1/2) carrier transition is driven. Each data point is the result
of 200 interrogations. The low contrast of the Rabi oscillations implies that
the ion is very poorly cooled.

voltage source was connected across the inner and outer endcaps and gradu-

ally increased from 0 V to 520 V. As the voltage was increased above 400 V,

spikes were observed in the current flowing across the inner and outer end-

caps indicating arcing. These events were accompanied by a rise in pressure

observed at the ion pump. This process was applied to both the upper and

lower endcaps. However, this method proved unsuccessful in cleaning the

trap sufficiently to enable high contrast Rabi oscillations to be observed.

A second attempt to clean the electrode structure was made using an Ar+

ion laser. A beam from this laser was directed through the large re-entrant

window of the vacuum chamber onto each of the trap electrodes in turn. The

power in the beam was slowly increased until a rise in pressure was observed

at the ion pump. The highest power used was a total of 4 W.

Unfortunately, this process caused some form of damage to the trap,
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leading to an intermittent RF short between the inner electrodes and one of

the outer electrodes. As a result, it was impossible to continue to use trap 1

and trap 2 was constructed (see section 3.2.2).

6.3 Coherent excitation of a Zeeman com-

ponent of the quadrupole transition in

trap 2

Once trap 2 had been constructed and single ions successfully trapped, in-

vestigations of coherent excitation on the 2S1/2 (mj = −1/2) – 2D5/2 (mj =

−1/2) Zeeman component of the quadrupole transition were carried out. It

should be noted that trap 2 has higher motional frequencies than trap 1,

with ωr/2π = 2.2 MHz and ωz/2π = 3.8 MHz.

6.3.1 Coherent excitation of the carrier component

The ion was interrogated using the intense probe beam at a power of 1.5 mW

and tuned to line centre of the 2S1/2 (mj = −1/2) – 2D5/2 (mj = −1/2)

carrier transition. The Rabi oscillations observed when the interrogation

pulse duration is varied from 0 to 45 µs in steps of 100 ns are shown in

figure 6.3. Each data point in the figure is the result of 400 interrogations.

These oscillations were of higher contrast than those previously observed

under similar conditions in trap 1.

Repeating the fitting procedure described in section 6.2 yields mean radial

and axial motional quantum numbers of n̄r = 14 and n̄z = 8, a decoherence
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Figure 6.3: Rabi oscillations of the 2D5/2 state population when the
2S1/2 (mj = −1/2) – 2D5/2 (mj = −1/2) carrier transition is driven. Each
data point is the result of 400 interrogations.

rate of γ/2π = 0.46 kHz and Rabi frequency Ω0/2π = 313 kHz for the data

shown in figure 6.3. These motional quantum numbers are much lower than

those observed in trap 1 (see section 6.2) and less than a factor of 4 above

the Doppler limit of n̄r = 4.3 and n̄z = 2.1 calculated in section 2.5.

6.3.2 Coherent excitation of the upper radial sideband

Coherent excitation of the 2S1/2 (mj = −1/2) – 2D5/2 (mj = −1/2) upper

radial sideband was performed. The intense probe laser was tuned to the

sideband and the excitation probability recorded as the interrogation pulse

length was varied from 0 µs to 40 µs. The resulting Rabi oscillations in the

2D5/2 state population are shown in figure 6.4.

Following the model of equation 6.2 the observed Rabi oscillations on the
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Figure 6.4: Rabi oscillations on the upper radial sideband of the 2S1/2 (mj =
−1/2) – 2D5/2 (mj = −1/2) transition. Each data point is the result of 200
interrogations.

upper radial sideband are described by

PD(t) =
A

2

(

1 − e−γt
∑

nr,nz

Pnr
(n̄r)Pnz

(n̄z) cos
(

Ω(nr ,nz),(nr+1,nz)t
)

)

(6.4)

where

Ω(nr ,nz),(nr+1,nz) = Ω0

√
nr + 1ηre

−η2
r/2L1

nr
(η2

r)e
−η2

z/2Lnz
(η2

z) (6.5)

as given by equation 2.23. After setting Ω0/2π = 313 kHz (as determined

from coherent excitation on the carrier, equation 6.4 was fitted to the data

of figure 6.4 using the procedure outlined in section 6.2. This yields mean

radial and axial motional quantum numbers of n̄r = 16 and n̄z = 9. The

poor fit of equation 6.4 to the data at times above 15 µs is likely to be due
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to a small detuning of the probe laser from the radial sideband which is not

accounted for in this analysis.

Coherent oscillations of higher contrast may be achieved by preparing the

ion in a pure motional state by cooling the to the motional ground state of

the trap [33]. With high contrast oscillations, it will be possible to prepare

the ion in specific motional states with high fidelity by driving the sideband

transitions. This is a requirement for the implementation of Cirac and Zoller’s

proposal for an ion trap quantum computer [16].

6.3.3 Coherent excitation of the upper axial sideband

Rabi oscilations were also observed on the upper axial sidebands of the

2S1/2 (mj = −1/2) – 2D5/2 (mj = −1/2) transition. Figure 6.5 shows the

result of varying the interrogation pulse duration from 0 µs to 50 µs. Once

again, an intense probe beam power of 1.5 mW is used. This data however,

is not well described by the model used to describe the coherent oscillations

observed on the carrier and upper radial sideband. Since coherent oscilla-

tions on the sideband are particular sensitive to the thermal distribution over

the motional states of the trap, it should be expected that the oscillations

dephase much more quickly than observed. The coupling strength

Ω(nr ,nz),(nr ,nz+1) = Ω0e
−η2

r/2Lnr
(η2

r) ×
√

nz + 1ηze
−η2

z/2L1
nz

(η2
z) (6.6)

should also be small for a well cooled ion with nz ∼ 10. However, the data

exhibits oscillations of both high contrast and high frequency.

It is hypothesised that the assumption that the ion’s axial motional state
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Figure 6.5: Rabi oscillations on the upper axial sideband of the 2S1/2

|mj = −1
2
〉 – 2D5/2 |mj = 5

2
〉 transition. Each data point is the result of

200 interrogations.

is described by a thermal distribution over the motional states of the trap

does not hold in the data of figure 6.5. A non-thermal narrow distribution

with high mean axial motional quantum number may account for the data

observed. This however requires further investigation. This situation of an

unknown distribution of the ion over the motional states of the trap may be

avoided by cooling the ion to the ground state of the trap, for example by

the technique of sideband cooling (see chapter 9).

6.4 Summary

This chapter has demonstrated coherent ‘Rabi’ oscillations between the 2S1/2

(mj = −1/2) and 2D5/2 (mj = −1/2) state. Due to the distribution of the
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ion over the motional states of the trap, the observed oscillations exhibit a

decaying contrast. The rate of decay of this contrast is an invaluable tool for

assessing the efficiency of Doppler cooling.

Coherent oscillations were observed by driving the 2S1/2 (mj = −1/2) –

2D5/2 (mj = −1/2) carrier transition in an ion stored in trap 1. The poor

contrast of these oscillations implied that the ion was not well Doppler cooled,

probably due to the existence of an anomalous heating rate in this trap.

Coherent oscillations of high contrast were observed on the 2S1/2 (mj =

−1/2) – 2D5/2 (mj = −1/2) carrier transition using an ion in trap 2. The

rate at which the contrast decays implies an ion with mean radial and axial

motional quantum numbers of n̄r = 14 and n̄z = 8, which is a few times

above the Doppler limit. Coherent oscillations have also been observed on

the radial and axial sidebands of the 2S1/2 (mj = −1/2) – 2D5/2 (mj = −1/2)

transition. The contrast of these oscillations decay much more rapidly than

those on the carrier. This is due to the laser-ion coupling strength on a

sideband having a stronger dependance on the ion’s motional state than the

coupling strength on the carrier.
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Chapter 7

Ramsey spectroscopy

7.1 Introduction

The previous chapter has shown that it is possible to coherently drive the

2S1/2 – 2D5/2 transition and prepare the Doppler cooled ion in a superposition

of the |S〉 and |D〉 states with high fidelity. This suggests that Ramsey’s

method of separated oscillatory fields may be used to perform spectroscopy

of the 2S1/2 – 2D5/2 quadrupole transition.

Ramsey’s method of separated oscillatory fields (Ramsey spectroscopy)

was originally developed in 1950 [105] to improve the accuracy of molecular

beam resonance experiments, and has since found widespread use in preci-

sion atomic and molecular spectroscopy [106]. In this technique, the atomic

sample is interrogated by two coherent pulses of radiation, separated by a pe-

riod of free precession. Ramsey’s method of separated oscillatory fields has

a number of advantages over conventional single pulse interrogation tech-

niques, providing a reduction in the observed linewidth and an insensitivity
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to inhomogeneity in the field experienced during the free precession period.

These advantages have led to the use of this method in interrogating the

hyperfine clock transition in cesium beam clocks [107] and, as laser-cooling

methods have been developed, in atomic fountain clocks using cesium [108]

and rubidium [109].

Early demonstrations of Ramsey spectroscopy in the optical domain were

performed using a neon atomic beam [110] and a sodium vapour cell [111].

The prospect of high-precision optical experiments using Ramsey’s method

was illustrated by the observation of the Sagnac effect in a calcium beam

interferometer [112]. The intercombination transition in laser-cooled 40Ca

atoms, interrogated using Ramsey’s method, now represents the forefront of

research into optical frequency standards based on high-Q optical transitions

in neutral atoms [113, 114, 115, 116, 117]. Optical Ramsey spectra have been

reported for similarly narrow transitions in single trapped ions of 199Hg+ [5]

and 88Sr+ [118], which are also candidates for a future optical frequency

standard. The work of Rafac et al. [5] presents results confirming that a

Ramsey experiment results in a narrower linewidth when compared to a

single pulse experiment of the same interrogation cycle duration. In addition,

high contrast, high signal-to-noise Ramsey spectra have been used to study

decoherence of quantum superpositions of the narrow 4s 2S1/2 – 3d 2D5/2

quadrupole transition in trapped 40Ca+ ions [42, 87]. Ramsey spectroscopy

has also been used to characterize ac-Stark shifts induced by an intense off-

resonant laser on the same transition [119].

The characteristic fringe pattern observed in Ramsey spectroscopy is a

result of quantum interference between the atomic excitation amplitudes of

141



the two temporally separate interactions. Any unintended phase shifts be-

tween the two oscillatory fields, as experienced by the atomic sample will

lead to a shift in the resonance frequency observed [106]. A laser source of

minimal phase fluctuations (i.e. high coherence) is therefore required. In

addition, due to the short wavelength of the optical interrogation field, large

unintended phase shifts will also occur due to atomic motion during the

free precession period. This problem may circumvented by using two-photon

Ramsey spectroscopy. In this technique, the atomic sample is interrogated

using a standing wave laser field [120] in which the atom absorbs a photon

from each direction to complete a two-photon transition. The total opti-

cal phase of the field is therefore independent of position. This method has

been used to perform spectroscopy of the 1S – 2S transition in a beam of

atomic hydrogen [121]. An alternative approach using single photon ab-

sorption, is the geometry of Bordé [122], which uses four travelling waves.

This technique is used in spectroscopy of the narrow intercombination line

in existing neutral 40Ca experiments [113, 114, 115, 116, 117]. The system-

atic uncertainties of these systems should be reduced as sub-Doppler cooling

schemes [123, 124, 125] and confinement in optical dipole traps [126] are

employed. In contrast, an ion trapped in the Lamb-Dicke regime is con-

fined to dimensions small compared to the wavelength of the interrogating

radiation (see section 2.4.2). Therefore, the techniques of two-photon Ram-

sey spectroscopy and the Bordé four beam geometry are unnecessary and

single-photon optical Ramsey spectroscopy using two temporally-separated

oscillatory fields is possible [5, 118, 42, 87].

As discussed previously any unintended relative phase shift between the
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separated fields experienced by the atomic sample will lead to a shift in

the observed fringe pattern. Ramsey and Silsbee have pointed out that the

fringe pattern may be shifted in a predictable manner through the use of a

controlled phase difference δφ between successive interrogating pulses, and

that this can provide significant advantages over ‘conventional’ Ramsey spec-

troscopy in which there is no phase difference [127]. Substantial benefits may

be gained by simply measuring the difference in transition probability on

switching δφ from +90◦ to −90◦ when using Ramsey’s method of separated

oscillatory fields. This interrogation scheme (hereafter referred to as ‘phase

modulation technique RS1’) results in an anti-symmetric resonance signal,

with a zero-crossing at line centre A further advantage is that the observed

line centre frequency is insensitive to drifts in signal amplitude. A second,

similar technique in which the change in transition probability on switching

δφ from 0◦ to 180◦ yields in a symmetric fringe pattern with a maximum at

line centre. This scheme will be referred to a ‘phase modulation technique

RS2’. Both Ramsey phase-modulation techniques are relatively insensitive

to drifts in background signal. They were particularly useful in beam ex-

periments where the beam intensity was a limiting factor, with the resulting

signal being equivalent to that when the beam intensity was doubled. These

are well-known techniques for rf and microwave experiments with beams,

however to the best of the author’s knowledge, there have been no reported

demonstrations in the optical domain.

This chapter describes a series of experiments using Ramsey’s method

of separated oscillatory fields to perform spectroscopy of the |mj = −1/2〉 –

|mj = −1/2〉 component of the quadrupole transition of a Doppler-cooled ion
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and is organised as follows. Firstly, section 7.2 gives a theoretical description

of the method of separated oscillatory fields applied to a Doppler-cooled

trapped ion, including the effect of a finite laser coherence time and a relative

phase difference between interrogating pulses. The means of generating a

relative phase shift in the probe beam is described in section 7.3. Section 7.4

presents optical Ramsey spectra of the 2S1/2 (mj = −1/2) – 2D5/2 (mj =

−1/2) transition. Conventional time-domain Ramsey spectroscopy (with no

relative phase shift δφ between interrogating pulses) has been demonstrated

and used to investigate the coherence of the experimental system. The effect

of varying the relative phase difference δφ at line centre of the transition

has been investigated and the results of phase modulation techniques RS1

and RS2 are presented. The observed fringe patterns are well described by

numerical integration of the optical Bloch equations. The relevance of phase

modulation technique RS1 and the controlled variation of the relative phase

difference between Ramsey interrogation fields is discussed with regard to

optical frequency standards and quantum information processing respectively

in section 7.5.

7.2 Theoretical model

In Ramsey’s method of separated oscillatory fields, an atomic transition is

interrogated using two coherent fields of equal duration τ , separated by a pe-

riod, T of free precession. The atom-field coupling strength is characterised

by the Rabi frequency Ω0. The pulse duration and Rabi frequency are cho-

sen such that Ω0τ = π/2 giving a ‘π/2-pulse’. The first of these π/2-pulses
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prepares the ion in the 1√
2
(|S〉 + |D〉) coherent superposition of ground and

excited electronic states. If the laser frequency ωlaser differs from the reso-

nance frequency of the atomic transition ωatom, a relative phase shift will be

accumulated during the period of free precession. If this phase difference is

an odd multiple of π, the second Ramsey π/2-pulse will return the atom to

the ground state. At other phase differences, the ion is left in a superposi-

tion of ground and excited states and a non-zero excitation probability will

be observed. When the laser is tuned to the centre of the resonance, there

is zero accumulated phase difference and the maximum excitation probabil-

ity occurs. The accumulated phase difference, which is linearly dependent

on the detuning (ωlaser − ωatom) of the laser from the atomic resonance thus

determines the excitation probability and as a result, fringes approximately

separated by 1/(T + τ) are observed in the spectral line shape.

The coherent manipulation of the electronic state of a trapped ion has

be described using the optical Bloch equations (equations 2.18 and 2.19) in

section 2.4. This system of equations may also be used to model the evolution

of the electronic state of the ion during Ramsey spectroscopy. During the

first π/2 pulse, the atom-laser coupling strength is Ω0 and the phase of the

field is φ = 0. From equations 2.18 and 2.19, the evolution of the system is

therefore described by

ρ̇DS =
[

i(ωlaser − ωatom) −
(

Γlaser + 1
2
ΓDS

)]

ρ̃DS − iΩ0

2
(ρDD − ρSS) (7.1)

(ρ̇DD − ρ̇SS) = −ΓDS [1 + (ρDD − ρSS)] + iΩ0 (ρ̃∗
DS − ρ̃DS) . (7.2)

During the free precession period, the atom-laser coupling strength Ω0 = 0
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and the optical Bloch equations become

ρ̇DS =
[

i(ωlaser − ωatom) −
(

Γlaser + 1
2
ΓDS

)]

ρ̃DS (7.3)

(ρ̇DD − ρ̇SS) = −ΓDS [1 + (ρDD − ρSS)] . (7.4)

Finally, during the second π/2-pulse, the atom-laser coupling strength is once

again set to ω0 and the evolution of the system is described by

ρ̇DS =
[

i(ωlaser − ωatom) −
(

Γlaser + 1
2
ΓDS

)]

ρ̃DS

− iΩ0

2
e−iδφ (ρDD − ρSS) (7.5)

(ρ̇DD − ρ̇SS) = −ΓDS [1 + (ρDD − ρSS)] + iΩ0

(

e−iδφρ̃∗
DS − eiδφρ̃DS

)

(7.6)

where δφ is the phase difference between the Ramsey pulses.

The time evolution of the system is then found by numerically solving

equations 7.1 – 7.6, for the relevant experimental parameters (τ, T, Ω0) with

the ion starting in the ground state (i.e. the initial condition ρSS = 1, ρDD = 0

at t = 0). The expected Ramsey fringe pattern for this two-level system is

then given by finding this excitation probability as a function of the laser

frequency ωlaser.

The results of solving 7.1 – 7.6 for a Ramsey pulse duration τ and pulse

separation T = 2τ , for the case of conventional Ramsey spectroscopy in

which there is no relative phase difference between Ramsey pulses are shown

in figure 7.1a. In this case δφ = 0◦ and equations 7.5 and 7.6 are reduced

to 7.1 and 7.2. The fringe pattern for phase differences of 90◦, 180◦ and −90◦

found in the same fashion are shown in figure 7.1b – d respectively. The
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lineshapes expected from using phase modulation techniques RS1 and RS2

given by the change in transition probability on switching a relative phase

difference δφ from +90◦ to −90◦ and switching from 0◦ and 180◦ respectively.

The calculated lineshapes for theses two schemes are shown in figure 7.1e

and f.

As discussed in section 2.4.2, a Doppler-cooled trapped ion will have a

probability distribution over a number of vibrational levels |n〉 of the trap.

An ion in each of these vibrational levels has a different atom-laser cou-

pling strength, Ωn,n given by equation 2.23. In one dimension, the coupling

strength on the carrier transition is found from 2.23 to be

Ωn,n = Ω0e
−η2/2Ln(η2) (7.7)

where Ω0 is the total coupling strength and Ln(η2) is the nth order Laguerre

polynomial. It can now be seen that a π/2-pulse cannot be realised for

an ion in all vibrational states simultaneously, since Ωn,nτ > π/2 for some

vibrational states and Ωn,nτ < π/2 for others. The resulting fringes will

therefore exhibit a lower contrast than the ideal case of a two-level atom at

rest.

The expected fringe patterns for a Doppler-cooled ion may be calculated

be taking into account the ion’s thermal probability distribution over vi-

brational states |n〉 given by equation 2.28. The fringe pattern is therefore

found by numerically solving equations 7.1 – 7.6 for each vibrational level,

and summing these solutions in proportion to the occupation probability of

the vibrational state. This may be viewed as a similar procedure to sum-
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Figure 7.1: Calculated Ramsey fringe patterns for different relative phase
shifts δφ between Ramsey pulses. Spectra shown are for δφ of (a) 0◦ (con-
ventional Ramsey spectrum) (b) +90◦, (c) −90◦, and (d) 180◦. The difference
between the +90◦ and −90◦ signals yield an anti-symmetric signal shown in
(e). The predicted change in transition probability on switching between 0◦

and 180◦ is shown in (f).
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ming over the contributions of different velocity classes to the fringe patterns

observe in atomic and molecular beam experiments [105]. The complication

of summing contributions over the ion’s thermal distribution of vibrational

states may be avoided by preparing the ion in the motional ground state

of the trap. This would mean that only a single Rabi frequency would be

relevant in the calculation. In addition, this would also result in fringes of

higher contrast [87].

7.3 Varying the probe laser phase

In order to demonstrate phase modulation techniques RS1 and RS2, it is

necessary to introduce a relative phase difference between the two Ramsey

pulses. The phase of the probe beam may be shifted using an electro-optic

modulator, however this would require careful and precise calibration of the

phase shift as a function of the voltage applied to the modulator. An alter-

native approach is to use an acousto-optic modulator (AOM) to introduce a

phase shift into the probe beam.

If a phase shift δφR is applied to the RF drive of the AOM, a change in

the optical phase δφO of the first-order diffracted beam occurs. It has been

shown that δφR = δφO [128], that is to say that the optical phase shift is

equal to the phase shift introduced to the RF drive. The intense probe beam

optical setup includes a single-pass, fixed frequency AOM, required for fast

switching of the intense probe beam (see section 3.8). Arbitrary phase shifts

may thus easily be imposed on the intense probe beam by using a direct

digital synthesis (DDS) RF source and amplifier to drive this AOM.
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The phase modulation technique RS1 requires only two different relative

phase shifts: δφ = +90◦ and −90◦, while phase modulation technique RS2

requires only 0◦ and 180◦. These phase differences maybe easily produced

using an in-phase and quadrature (I&Q) modulator, which produces the

four phase quadratures of an RF input. For the work described in this

chapter, both an I&Q modulator and DDS sources have been used. The I&Q

modulator was a Minicircuits MIQC-88M and at the frequency of 80 MHz

used in this setup produced phase difference accurate to the 1◦. On the

other hand, the Novatech Instruments 2908A, DDS signal generator also

used during the course of this work, allowed arbitrary phase shifts to be set

with a precision of ∼0.02◦ (1 part 16,384).

7.4 Spectroscopy of the 2S1/2 (mj = −1/2) –

2D5/2 (mj = −1/2) transition

Ramsey spectroscopy of the 2S1/2 (mj = −1/2) – 2D5/2 (mj = −1/2) transi-

tion is performed using an experimental sequence similar to that for single-

pulse spectroscopy described in previous chapters. The only difference in this

experimental routine is that the single interrogation pulse used previously is

replaced by two Ramsey pulses of duration τ separated by a period of free

precession T . The pulse sequence is shown in diagram 7.2.

For all the Ramsey spectra presented in this chapter, the intense probe

beam was reduced to a power of ∼75 µW, approximately 5% of the power

typically used when performing single pulse coherent spectroscopy (see chap-
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Figure 7.2: Pulse sequence using to perform Ramsey spectroscopy. (Not to
scale)

151



ter 6).

To calculate the lineshapes that best describe the measured data, the opti-

cal Bloch equations (equations 7.1 – 7.6) were integrated numerically for each

harmonic oscillator level, and summed with a statistical weight determined

by the thermal occupation probability of each level. In all instances, the best

fit to the data was determined using a maximum likelihood method pawi01,

with τc = 1/Γlaser as the only free parameter.

In order to determine the best fit to the data, the statistical noise present

on the Ramsey signals must be considered. At each detuning of the probe

laser, N independent measurements of the ion’s electronic state are made.

Each measurement results in one of two possible outcomes — the ion is

either in the excited state or the ground state. The probability of each of

these occurrences are PD = ρDD and PS = (1 − ρDD) as predicted by the

optical Bloch equations. Such a situation may be described by binomial

statistics. So, for a specific set of experimental parameters, a series of N

interrogations will result in a signal of NPD observed excitations, with the

standard deviation on the signal being
√

NPD(1 − PD). In conventional

optical Ramsey spectroscopy on a single trapped ion, the statistical noise of

the central Ramsey fringe is largest half way up the fringe and approaches

zero at the maximum and minimum.

The analysis of the noise in a Ramsey fringe signal has been considered

in detail by Itano et al. [104] using a quantum treatment of the problem. It

is important to note that in the case of a single ion, this quantum treatment

yields the same result of binomial statistics in the number of excitations

observed outlined above. These signal fluctuations have been named by
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Itano et al. as the quantum projection noise [104]. In contrast to these

noise statistics on a single ion, Ramsey experiments in atomic beams and

fountains are limited by fluctuations in the atom number. By measuring the

populations of the two states of the clock transition, the quantum projection

noise limit can be reached [129], circumventing this limitation.

7.4.1 Conventional Ramsey Spectroscopy

Conventional Ramsey spectroscopy of the 2S1/2 (mj = −1/2) – 2D5/2 (mj =

−1/2) transition is performed by setting zero phase difference between pulses

(i.e. δφ = 0). The ion is then repeatedly interrogated to determine the

excitation probability. This procedure is repeated at each frequency in the

interval of interest in order to build up the spectrum.

Using the probe laser beam at the reduced intensity of ∼75 µW, a sin-

gle Rabi oscillation period was recorded, and the Rabi frequency Ω0/2π was

determined to be 15.7 kHz. Conventional Ramsey spectroscopy experiments

were then conducted on the |mj = −1/2〉 – |mj = −1/2〉 Zeeman compo-

nent of the quadrupole transition. A pulse duration of τ = 15.5 µs was

found to maximise the observed fringe contrast. The experimentally deter-

mined parameters Ω0 and τ gave a good approximation to a π/2-pulse, since

Ω0τ = 0.49π. Conventional Ramsey spectroscopy was performed using pulse

separations of T = 20, 40, 60, 80, 100, 150 and 200 µs. In all instances, the

ion was interrogated 100 times at each detuning. However as T increased,

the resolution of the scans was increased accordingly. This is detailed in

Table 7.1, where the incremental steps in detuning for each scan are listed.
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T /µs Interrogations Step size 1/Γlaser Γlaser/2π Approx. scan
per step /kHz /µs /kHz rate / kHz/s

20 100 1.0 800 0.199 0.60
40 100 1.0 550 0.289 0.61
60 100 0.5 450 0.354 0.31
80 100 0.5 400 0.398 0.31
100 100 0.4 400 0.398 0.25
150 100 0.2 300 0.530 0.13
200 100 0.2 300 0.530 0.13

Table 7.1: Fitted values of Γlaser for conventional Ramsey spectra shown in
figure 7.3, along with step size and scan rate for each spectrum.

The resulting spectra are shown in figure 7.3 along with fitted theoretical

fringe patterns for the experimental parameters τ , T and Ω0. The theoret-

ical fringe patterns were calculated by numerically integrating the optical

Block equations (equations 7.1 – 7.6) as described in section 7.2 and the

best fit chosen using a maximum likelihood method with the laser coherence

decay rate τc = 1/Γlaser being the sole free parameter. It is worth noting

here that the model assumes only Gaussian laser phase fluctuations and that

Γlaser laser is the resulting laser linewidth.

From figure 7.3 it can be clearly seen that as the pulse separation is in-

creased the Ramsey fringe contrast decreases. While there is good agreement

between the experimental data and the theoretically predicted lineshapes,

the apparent value of Γlaser, as determined from the fitted theoretically pre-

dicted lineshapes, does not remain constant throughout the data. In fact,

Γlaser is observed to increase as the pulse duration T is increased, starting

with Γlaser/2π = 0.19 kHz when T = 20 µs and increasing up to Γlaser/2π =
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Figure 7.3: Conventional Ramsey spectroscopy of the 2S1/2 (mj = −1/2) –
2D5/2 (mj = −1/2) transition. The data shown used consecutive pulses of
15.5 µs duration, separated by periods T of (a) 20 µs, (b) 40 µs, (c) 60 µs, (d)
80 µs (e) 100 µs, (f) 150 µs and (g) 200 µs. Each data point is the result of
100 interrogations. The solid lines are fitted simulations with Ω0 = 15.6 kHz
and laser coherence decay rate Γlaser/2π of (a) 0.19 kHz, (b) 0.29 kHz, (c)
0.35 kHz, (d) 0.40 kHz, (e) 0.40 kHz, (f) 0.53 kHz (g) 0.53 kHz.
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0.53 kHz at T = 200 µs. These apparent values of Γlaser are also inconsistent

with the 2.4 kHz linewidth observed when using a weak single pulse excita-

tion scheme to measure the laser linewidth (see figure 4.10) as discussed in

section 4.6.3. Indeed, if Γlaser = 2π × 2.4 kHz (equivalent to a characteristic

decay time 1/Γlaser = 55 µs), the Ramsey fringe contrast would be expected

to decay much faster than in the data of figure 7.3.

The most likely explanation for these observations is slow drifts in the

probe laser frequency not accounted for in the theoretical model used to

predict the fringe patterns. The incremental step size in detuning for the

various scans of figure 7.3 was chosen to record the Ramsey spectra with an

appropriate resolution. Therefore, as the pulse seperatation T was increased,

and the fringe seperation became smaller, a reduction in incremental steps

in probe laser detuning was required. As a result, slower scan rates were

employed at T was increased (see Table 7.1). With a slower scan rate, the

Ramsey signal then becomes more sensitive to slow drifts in the probe laser

frequency, resulting in an additional decrease in contrast. In the fitting pro-

cedure, τc = 1/Γlaser is the only free parameter and this slow drift manifests

itself as an apparent increase in the fitted laser linewidth.

The 2.4 kHz wide spectral line of section 4.6.3 would be particularly

sensitive to the slow laser drift. It was recorded with a scan rate of around

0.04 kHz/s, which is considerably slower than for any of the Ramsey data

of figure 7.3. Therefore the data of figure 4.10 has a far higher sensitivity

to probe laser frequency drifts and noise components at the lowest Fourier

frequencies.

Any significant heating of the ion during the Ramsey sequence would
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also reduce the fringe contrast. However, this is unlikely to be the case since

the timescale of the experiments performed here is less than 1 ms, whereas

heating rates as low as 1 phonon in 190 ms have been reported for a trap of

similar dimensions [33].

7.4.2 Effect of oscillator phase

The characteristic fringe pattern observed when using Ramsey’s method of

separated oscillatory fields is a result of the phase difference between the

interrogation field and the atomic transition accumulated during the period

of free precession. It is therefore to be expected that introducing a further

phase shift to the second Ramsey interrogation pulses will similarly alter the

fringe pattern in a predictable fashion.

The effect of varying the relative phase difference δφ between the Ram-

sey interrogation pulses was demonstrated as follows. The laser was tuned to

line-centre of the atomic transition and the ion interrogated using two suc-

cessive 15.5 µs π/2-pulses. With the pulse separation T fixed at 20 µs, the

excitation probability was measured as the relative phase difference δφ be-

tween Ramsey pulses was varied. The results of this measurement are shown

in Figure 7.4. Each data point is the result of 400 interrogations. Since the

frequencies of the probe laser field and the atomic resonance are equal, no

phase difference between the two is accumulated during the period of free

precession. The sinusoidal variation in excitation probability is due solely to

the relative phase difference between the two Ramsey interrogation pulses.

The excitation probability is therefore maximised when δφ = 0◦ and min-
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imised when δφ = 180◦. The expected form of the excitation probability is

shown by the solid curve of figure 7.4.

Figure 7.4: Excitation probability at line center on the 2S1/2 (mj = −1/2) –
2D5/2 (mj = −1/2) transition as the relative phase shift δφ between the
Ramsey pulses is varied.

This data demonstrates precise control of the optical phase of the interro-

gation field relative to the ion. As an arbitrary phase shift may be introduced

between the ion and the interrogation field, this technique may be used to null

any known unwanted phase difference, or in the case of Ramsey spectroscopy

any known frequency shifts.

7.4.3 Phase modulation techniques

The phase modulation techniques RS1 and RS2 measure the change in tran-

sition probability on switching δφ, the relative phase shift between Ram-

sey pulses from δφx to δφy [127]. For phase modulation technique RS1,

δφx = +90◦ and δφy =−90◦, while for RS2, δφx =0◦ and δφy = 180◦. In or-

der to measure the change in transition probability on switching the relative
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phase shift, the ion is interrogated using each phase shift δφx and δφy at each

probe laser detuning. Rather than interrogating the ion using the repeating

sequence (δφx, δφy) a more complex sequence of (δφx, δφy, δφy, δφx, δφy,

δφx, δφx, δφy) is used. This sequence is chosen to reject systematic errors

in the measurement of the change in transition probability at each detuning

due to time-dependent linear and quadratic drifts of any background signal

that may exist [130]. The change in transition probability is simply found by

calculating the mean difference between the excitation probabilities for each

relative phase shift.

The phase modulation technique RS1 was demonstrated using a π/2-pulse

duration of τ = 15 µs and a free precession period T = 40 µs. The ion was

interrogated using 25 sets of the relative phase shift interrogation sequence

(δφx, δφy, δφy, δφx, δφy, δφx, δφx, δφy) - a total of 100 interrogations of

each relative phase shift at each probe laser detuning. The resulting fringe

patterns are shown in figure 7.5(a), while (b) and (c) show the excitation

probability for the two constituent phase shifts δφx = +90◦ and δφy = −90◦.

The fringe pattern predicted by solving the optical Bloch equations as out-

lined in section 7.2 are shown as solid lines in each figure.

Phase modulation technique RS2 has also been demonstrated using the

same experimental parameters as those used to demonstrate phase modula-

tion technique RS1 (τ = 15 µs and T = 40 µs). Again, the ion was interro-

gated using 25 sets of the relative phase shift sequence (δφx, δφy, δφy, δφx,

δφy, δφx, δφx, δφy) at each probe laser detuning. Figure 7.6(a) shows the

resulting fringe pattern. It is important to note that this fringe pattern has a

zero-crossing at line centre. The fringe patterns corresponding to each of the
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Figure 7.5: (a) Ramsey fringe pattern observed when measuring the change
in excitation probability on switching the Ramsey pulse relative phase shift
δφ between +90◦ and −90◦ (phase modulation technique RS2). Each point
results from 100 interrogations of each phase. (b) Data for Ramsey measure-
ment with δφ = + 90◦ phase only, extracted from data of (a). (c) Data for
Ramsey measurement with δφ = − 90◦ phase only, extracted from data of
(a). The solid curves are calculated using the optical Bloch equations and
fitted to the data. The anti-symmetric lineshape in (a) crosses zero at line
center.
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two relative phase shifts δφx = 0◦ and δφy = 180◦ are shown in figures 7.5(b)

and (c) respectively. The solid lines in each of these figures represents the

theoretically predicted fringe patterns for the experimental parameters used.

7.5 Discussion

Ramsey’s method of separated fields has been employed in both quantum

information processing studies and also in optical frequency standards. The

possible applications of controlled variation of the relative phase shift δφ and

phase modulation technique RS1 (the measurement of the change in transi-

tion probability on switching from δφ = +90◦ to −90◦) are now discussed in

this context.

Ramsey spectroscopy was employed by Häffner et al. to investigate the

phase shifts induced by an intense off-resonant laser beam incident on a single

40Ca+ ion during the period of free precession. This work was motivated

by the fact that such phase shifts commonly occur in quantum information

processing schemes where superpositions of atomic states are manipulated

by intense lasers. These unintentional phase shifts of the quantum states

are due to the AC-Stark shifts of the atomic energy levels caused by the

off-resonant interaction of the laser with other nearby transitions (such as

motional sidebands, or other Zeeman or hyperfine transitions). Häffner et al.

used a second off-resonant laser beam to induce an equal but opposite ac-

Stark shift to that caused by the first laser beam. Rather than using a second

laser field to null the phase shift induced by the intense off-resonant laser

present during the free precession period, the phase shift may be compensated
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Figure 7.6: (a) Ramsey fringe pattern observed when measuring the change in
excitation probability on switching the Ramsey pulse relative phase shift δφ
between 0◦ and 180◦ (phase modulation technique RS1). Each point results
from a total of 200 interrogations, 100 of each phase. (b) Data for Ramsey
measurement with δφ = 0◦ phase only, extracted from data of (a). (c) Data
for Ramsey measurement with δφ = 180◦ phase only, extracted from data of
(a). The solid curves are calculated using the optical Bloch equations and
fitted to the data.
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simply by introducing the necessary phase shift to the laser field. As has been

demonstrated in section 7.4.2 this may be achieved by simply altering the

phase of the RF drive of an AOM in the beam path.

In an optical frequency standard, a local oscillator is stabilised to a high-Q

atomic transition. To date, the various standards using a trapped ion as the

atomic reference have used a frequency modulation scheme [116, 6, 7, 131],

where the transition is interrogated both below and above resonance. The

asymmetry in the excitation probability determines the required correction

to the laser frequency to tune it to line centre.

Phase modulation technique RS1 offers a significant advantages over the

measurement of the asymmetry in excitation probability above and below

resonance. This phase modulation technique yields an anti-symmetric dis-

criminant with a zero-crossing at line center. This technique is therefore

highly relevant for laser stabilization to a narrow optical transition. This

Ramsey signal is also advantagous in that the frequency of the line center

is independent of drifts in signal amplitude. Such drifts, due to deviations

from the π/2-pulse condition, will only affect the gradient of the signal at

line center. It is useful to note that as long as the relative phase shifts remain

identical in magnitude, but of opposite sign, the zero-crossing of figure 7.5

will remain at line center. Therefore a small offset δθ in the phase, such that

δφx = −δφy = (90◦ + δθ), also only result in a small change of the fringe

pattern’s gradient at line center.

This laser stabilization technique, is discussed further and demonstrated

in chapter 8. This same phase-modulated Ramsey technique will also be of

benefit to neutral atom optical frequency standards when the atomic sample
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is appropriately confined, allowing a two-pulse Ramsey experiment [126].

7.6 Summary and conclusion

This chapter has presented the demonstration of optical Ramsey spectroscopy

of a single Zeeman component of the 2S1/2 – 2D5/2 quadrupole transition in a

Doppler cooled 88Sr+ ion. High contrast Ramsey fringes have been observed

with visibilities of up to ∼90%. Increasing the period of free precession

between Ramsey interrogation pulses results in a decrease in fringe contrast

that is attributed to the finite coherence time of the probe laser.

Introducing a controlled phase difference between Ramsey interrogation

pulses is observed to alter the Ramsey fringe pattern in a predictable manner.

Varying the optical phase by an arbitrary amount is of use in compensat-

ing unwanted atomic phase shifts during a sequence of coherent pulses to

manipulate an atomic state, as in quantum information processing studies.

In addition to conventional Ramsey spectroscopy, the phase modulation

techniques proposed by Ramsey and Silsbee have been demonstrated. In the

first, phase modulation technique RS1, the change in transition probability

on reversing a 90◦ is measured. This produces an anti-symmetric Ramsey

fringe pattern and would make an ideal discriminant for the stabilisation

of a local oscillator to a narrow atomic reference transition in a trapped

ion. In the second method, phase modulation technique RS2, the change in

transition probability on switching the relative phase difference δφ from 0◦

to 180◦ is measured. This results in a symmetric fringe pattern with a a

maximum at line centre.

164



A theoretical model for describing the interrogation of a Doppler cooled

trapped ion has been presented. All observed fringe patterns are found to

agree well with those predicted.
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Chapter 8

Stabilisation of the probe laser

to the quadrupole transition

8.1 Introduction

In an optical atomic frequency standard, a local oscillator is stabilised to

a high Q-factor reference transition. A number of suitable reference tran-

sitions are being investigated in laser-cooled samples of neutral atoms such

as 40Ca [113, 114, 115, 116, 117] and cold trapped ions such as, 88Sr+ [6, 7],

171Yb+ [131, 10], 199Hg+ [5], 115In+ [9]. For such an optical atomic frequency

standard, the local oscillator stabilised to the reference transition is a high

stability laser source.

In work using laser cooled 40Ca atoms, Ramsey’s method of separated

field has been used. However, reported absolute measurements of optical

clock transitions in single ions of 199Hg+ [5], 88Sr+ [6, 7], 171Yb+ [131, 10]

and 115In+ [132] have not so far taken advantage of the superior signal to

166



noise ratio afforded by Ramsey’s technique. Instead, these measurements

interrogated the clock transition using a single pulse excitation scheme. The

majority of these experiments [116, 6, 7, 131] stabilized the laser to the line

centre by comparing alternate measurements of a relatively low excitation

rate on either side of the line.

This chapter describes the stabilisation of the probe laser to the 2S1/2

(mj = −1/2) – 2D5/2 (mj = −1/2) Zeeman component of the quadrupole

transition. Ramsey’s method of separated oscillatory fields using phase mod-

ulation technique RS1 (see chapter 7), in which the change in transition prob-

ability on reversing a 90◦ phase shift between interrogation fields is measured,

provides the discriminant for feedback to the probe laser frequency.

8.2 Stabilisation of the probe laser to the 2S1/2

(mj = −1/2) – 2D5/2 (mj = −1/2) transition

As with the demonstrations of Ramsey’s method of separated oscillatory

fields of chapter 7, the probe laser intensity was reduced to ∼75 µW. The

experimental sequence of figure 7.2 was again used and for the work described

in this chapter, a free precession period, T of 40 µs was employed. A pulse

duration of τ = 18 µs was found to maximise the observed fringe contrast of

Ramsey spectra of the 2S1/2 (mj = −1/2) – 2D5/2 (mj = −1/2) transition.

Spectra of the 2S1/2 (mj = −1/2) – 2D5/2 (mj = −1/2) transition where

then obtained using phase modulation technique RS1 in which the change

in transition probability on reversing a 90◦ phase shift between the Ramsey
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interrogation pulses is measured. As in section 7.4.3 the ion was interrogated

with the relative phase difference δφ of δφx = +90◦ and δφy = −90◦ in the

sequence (δφx, δφy, δφy, δφx, δφy, δφx, δφx, δφy). The difference signal is

given by the difference between the number of times the ion is excited to

the 2D5/2 state when δφ = +90◦ and when δφ = −90◦. This interrogation

scheme results in an anti-symmetric fringe pattern of figure 8.1 which has a

zero crossing at the resonance frequency. The fringe pattern was obtained

using free precession period of 40 µs and an interrogation pulse duration of

18 µs. Each data point in this figure corresponds to the result of 25 sets of

the sequence of 8 interrogations — a total of 100 interrogations of the ion

with each relative phase difference.
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Figure 8.1: Ramsey spectra of the 2S1/2 (mj = −1/2) – 2D5/2 (mj = −1/2)
transition recorded using phase modulation technique RS1. A pulse duration
of τ = 18 µs and pulse separation of T = 40 µs was used. Each data point
is the difference in excitation probability measured over 100 interrogations
with a +90◦ phase shift and 100 interrogations with a −90◦ phase shift.

With the zero-crossing corresponding to line-centre identified, the central
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fringes around the resonance frequency were recorded again using 200 inter-

rogations of each phase difference at each point (again with, T = 40 µs and

τ = 18 µs). The resulting Ramsey difference signal is shown in figure 8.2.

For this pulse duration and separation, the difference signal remains positive

up to 7.5 kHz below line-centre and negative up to 7.5 kHz above line-centre.

The capture range of a feedback loop using this discriminant will therefore

be ±7.5 kHz. The slope of the discriminant at line centre is ∼ 0.3 kHz−1.
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Figure 8.2: Spectra recorded using phase modulation technique RS1 showing
the central fringes and zero-crossing at line centre of the 2S1/2 (mj = −1/2) –
2D5/2 (mj = −1/2) transition. A total of 400 interrogations (200 of each
phase) where taken at each point.

The Ramsey difference signal was then used as the discriminant for stabil-

ising the probe laser frequency to the 2S1/2 (mj = −1/2) – 2D5/2 (mj = −1/2)

transition. The stabilisation servo loop is implemented in software and pro-

vides proportional feedback. This feedback is applied to the active tuning

element of the slave laser, namely the offset lock RF synthesizer (see sec-

tion 3.8). To start, the probe laser was intentionally detuned by ∼ 7.5 kHz
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below line centre and the feedback loop was engaged. The resulting time evo-

lution of the correction to the offset lock frequency required to tune the laser

to line centre is shown in figure 8.3a. The ion was probed at each point using

50 sets of eight phase-modulated interrogations to measure an error signal

and determine the correction to be applied to probe laser frequency. The

proportional gain of the servo was set to 3,000 Hz per unit error signal. The

error signal during the period the lock was engaged is shown in figure 8.3b.

As the lock is engaged, the laser actively tunes towards, and locks to, line

centre. Since the feedback is proportional, the point at which the correction

frequency step is largest corresponds to the point at which the error signal

is largest.

The correction to the offset lock frequency required to keep the probe

laser tuned to line centre continues exhibits a slow drift after the lock has

engaged. This relative frequency drift between the probe laser and the 2S1/2

(mj = −1/2) – 2D5/2 (mj = −1/2) transition is likely to be due to offset

drifts in the master laser lock to the ULE cavity which is of relatively low

finesse.

8.3 Discussion

This section compares the Ramsey interrogation scheme with the ‘traditional’

single pulse interrogation schemes which have been previously used to gen-

erate frequency discriminants in work using trapped ions [116, 6, 7, 131].

In the case of the Ramsey scheme employing phase modulation technique

RS1, the discriminant is found by detecting an imbalance in the number of
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(b)

(a)

Figure 8.3: Laser stabilisation using phase modulation technique RS1 dis-
criminant. The probe laser is detuned half a fringe below line centre when
the laser lock is engaged. The laser lock is engaged at 0 s and has settled
to line centre of the transition by ∼200 s. The correction to the offset lock
frequency and the error signal given are shown in (a) and (b) respectively.
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transitions observed when using phase differences of +90◦ and −90◦ between

the Ramsey pulses. In contrast, in the single pulse interrogation scheme, the

imbalance in the number of transitions observed at detunings of ±∆ω gives

the frequency discriminant.

A common measure of the performance of a stabilised laser is its Allan

variance (two-sample variance). If the laser frequency is measured over con-

secutive intervals of time τ , and the fractional frequency difference between

the nth measurement and the (n+1)th measurement is ∆yn, the Allan vari-

ance is given by

σ2
y(τ) =

1

2

N−2
∑

n

(∆yn)2

N − 2
. (8.1)

where N is the total number frequency measurements made. In the case

of random and uncorrelated frequency fluctuations of the laser, the Allan

variance is then simply the relative frequency variance over the set of mea-

surements. The Allan deviation (i.e. square root of the Allan variance) is

given by averaged relative frequency fluctuations

σy(τ) =

〈

∆frms

f0

〉

(8.2)

where ∆frms is the root mean square frequency fluctuation and f0 is the laser

frequency.

The r.m.s. frequency fluctations of the stabilised laser is calculated ac-

cording to the procedure outlined by Riis and Sinclair [133] as follows. For

the sake of generality, the following notation is adopted. The excitation

probability at each detuning ±∆ω in the single pulse scheme and each phase

difference of ±90◦ in the Ramsey scheme is denoted by P±(ω). A single
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‘measurement’ is composed of a pair interrogations, one at each frequency or

phase corresponding to points P±(ω).

The discriminant signal S, obtained by making NT measurements in a

total time T , is

S(ω) =
NT

T
P+(ω) − NT

T
P−(ω). (8.3)

where S has units of s−1. If each interrogation takes a time ∆T , and the dead

time between interrogations is assumed to be negigible, NT measurements

takes a time 2NT ∆T and it follows that

S(ω) =
P+(ω) − P−(ω)

2∆T
. (8.4)

The gradient of the signal at line centre is thus given by

D = 2π
dS

dω

∣

∣

∣

∣

ω=ω0

(8.5)

where the 2π is required to express the gradient in ‘real’ frequency rather

than angular frequency units.

Each measurement consists of 2NT interrogations of the ion, with ex-

citation probability P . The statistical noise is due solely to the quantum

projection noise [104] and is described by binomial statistics. The standard

deviation in measuring the discriminant σS is therefore

σS =

√

2NT P (1 − P )

T
=

1√
T

√

P (1 − P )

∆T
. (8.6)

The r.m.s. frequency fluctuations of the laser may now be found be projecting
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this measurement noise in the discriminant onto the frequency axis using the

slope of the discriminant

∆frms =
σS

D
=

1√
T

(
√

P (1 − P )

∆T

/

2π
dS

dω

∣

∣

∣

∣

ω=ω0

)

(8.7)

giving the Allan deviation

σy(T ) =
1

f0

√
T

(
√

P (1 − P )

∆T

/

2π
dS

dω

∣

∣

∣

∣

ω=ω0

)

(8.8)

of the stabilised laser.

To do:

AC-Stark shift must be considered.

Ultimately achievable stability for reasonable experimental parameters - ap-

plication to δm = 0 transition in, for example, 87Sr+.

8.4 Summary and conclusion

A dispersion-like fringe pattern has been obtained using Ramsey’s method of

separated oscillatory fields with phase modulation RS1. This signal contains

a zero-crossing at line centre and is therefore an ideal laser stabilisation

discriminant. Using a proportional feedback servo, the probe laser has been

stabilised to the narrow 2S1/2 (mj = −1/2) – 2D5/2 (mj = −1/2) transition.

This method is of use in optical frequency standards, where a local oscillator

must be stabilised to a narrow optical resonance. ??Quote realistic state-of-

the-art 87Sr+ stability using this method??
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Chapter 9

Resolved Sideband Cooling

9.1 Introduction

An ion cooled to the zero-point energy of its trapping potential, while itself

of fundamental interest as a non-classical motional state, is a prerequisite

for wide range of experiments. With an atom cooled to the ground-state

of the trap, the Jaynes-Cummings interaction [134] may be realised in the

strong coupling regime. This interaction may also be exploited to generate

other nonclassical states of motion, such as squeezed states [135, 136, 137]. If

the collective motion of a number of ions is cooled to the ground state of the

trapping potential, it is possible to create ‘EPR’-like [138, 139] states in which

the ions have correlated internal states [46]. Such a ‘spin-squeezed’ system

should allow a reduction of the quantum projection noise in spectroscopic

measurements [140, 141].

In Cirac and Zoller’s proposal for an ion trap quantum computer [16],

information is encoded in the internal energy states of the ion, while quan-
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tum gates are realised by coupling the ions through their collective motional

state. As a result, this scheme requires the ground state cooling of the

centre-of-mass motion. Single ions cooled to the ground state of their trap-

ping potentials have been used to demonstrate a logic gate [38] and the

Deutsch-Josza algorithm [40] and more recently two-ion systems have been

used to demonstrate the Cirac-Zoller C-NOT gate [45] and a two-qubit phase

gates [142].

Ground state cooling may be achieved by the technique of resolved side-

band cooling [67, 143, 144]. If the linewidth of an optical transition in the

ion is smaller than the vibrational frequency of the trap (Γ � ωsec), the

ion is in the so-called strong binding regime and the transition is split into

a well resolved carrier and sidebands spaced at the secular frequency. By

driving the lower (red) sideband of the transition, the ion’s motional energy

is reduced by one vibrational quantum (see figure 2.4). For an ion in the

Lamb-Dicke regime, the subsequent spontaneous emission occurs predomi-

nantly on the carrier without a change in motional quantum number. Each

absorption-emission cycle therefore reduces the kinetic energy of the ion by

one vibrational quantum. As this process is repeated, the ion is transferred

down the ladder of motional states, as shown in figure 9.1. Since the laser-ion

coupling strength on the red sideband is proportional to
√

n to first order (see

section 2.4.2) the red sideband vanishes as the ion is cooled to the motional

ground state of the trap and the ion becomes decoupled from the laser.

The strong binding regime is difficult to achieve experimentally as typi-

cal secular frequencies are of the order of 1 MHz — smaller than the typical

linewidths of allowed electric-dipole optical transitions. While traps with
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Figure 9.1: Absorption and emission processes in resolved sideband cooling
on the quadrupole transition. Absorption on the red sideband and emission
on the carrier leads to a reduction in the ion’s motional quantum number by
one phonon.

much higher secular frequencies [54] have been developed in the hope of

allowing resolved sideband cooling on electric-dipole transitions, sideband

cooling on such strong transitions has not been reported in the literature.

Resolved sideband cooling to the motional ground state has instead been

achieved using weakly allowed optical transitions, such as quadrupole tran-

sitions in 198Hg+ [32] and 40Ca+. [33], the narrow intercombination line in

115In+ [34] and two-photon Raman transition in 9Be+ [35]. In the case of

88Sr+, the 2S1/2 – 2D5/2 quadrupole transition at 674 nm with a linewidth of

0.4 Hz satisfies the condition Γ � ωsec of the strong binding regime.

Resolved sideband cooling on the bare quadrupole transition will be ham-

pered by the long natural lifetime of the excited state. The 390.3 ms lifetime

of the 2D5/2 state in 88Sr+ (see chapter 5) would limit the rate of sponta-

neous emission to one photon in 390.3 ms, giving a maximum cooling rate

of 2.6 vibrational quanta per second. In fact, since reported external heat-

ing rates in RF traps are of the order of 5 quanta/s [33, 32], cooling on the
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bare quadrupole transition may not be possible at all. In order to realise an

acceptable cooling rate, the effective lifetime of 2D5/2 state is be shortened

by coupling it to the short-lived 2P3/2 state using a ‘quencher’ laser. The

ion is cooled using a similar scheme to that used in 40Ca+ [33] which has an

analogous electronic structure to 88Sr+. After resolved sideband cooling, the

ion’s motional state is determined from the asymmetry in first upper and

lower motional sidebands.

This chapter is organised as follows. Section 9.2 outlines a simple the-

oretical model of sideband cooling, the cooling scheme used in 88Sr+ and

a method for determining the motional state after cooling. Section 9.3 de-

scribes the first demonstration of resolved sideband cooling of a 88Sr+ ion.

Spectra identifying the various motional sidebands are presented, the AC-

Stark shift in the quadrupole transition due to the presence of the ‘quencher’

radiation is characterised, and the vibrational quantum number after side-

band cooling of the axial motional mode is measured. This result is discussed

in section 9.4.

9.2 Theory

9.2.1 Simple model of sideband cooling

The dependencies of the cooling rate on the sideband cooling laser and

quencher laser intensities and detunings have been investigated theoreti-

cally [145]. These numerical models are beyond the scope of this thesis.

Instead, the simple model of Leibfried et al. [31] which outlines the salient
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features of the system is used.

The 88Sr+ ion is treated as a three level ‘cascade’ system (see figure 9.2).

The 2S1/2 – 2P3/2 and 2P3/2 – 2D5/2 transitions have linewidths ΓPS and

ΓPD respectively. The sideband cooling laser is detuned from the 2S1/2 –

2D5/2 transition by δSD and quencher laser detuned from the 2P3/2 – 2D5/2

transition by δPD. The quencher laser has a coupling strength of ΩPD with

the 2P3/2 – 2D5/2 transition. In the limit that the saturation parameter

sPD =
Ω2

PD/2

δ2
PD + (Γ2

PS + Γ2
PD)/4

(9.1)

for the 2P3/2 – 2D5/2 transition is small (SPD � 1) and |δSD| � ΓPS + ΓPD

the 2P3/2 state is hardly occupied and may be adiabatically eliminated to

give the effective decay rate of the 2D5/2 state [145]

Γ′ =
sPD

2
ΓPD. (9.2)

The cooling rate is then given by the product of the decay rate of the excited

level and its occupation probability [31],

R = Γ′ η
√

nΩ0

2(η
√

nΩ0)2 + Γ′2 . (9.3)

where η
√

nΩ0 is the laser-ion coupling strength on the red sideband given by

equation 2.26.

From equations 9.2 and 9.3, it is clear that the cooling rate is dependent

on both the saturation parameter of the laser on the quencher transition and

the ion’s vibrational quantum number. It follows that the optimum 2D5/2
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Figure 9.2: Three level ‘cascade’ system of 88Sr+

state effective decay rate of

Γ′
opt =

√
2 × (η

√
nΩ0) (9.4)

yields the highest cooling rate

Rmax =
Γ′

opt

4
=

η
√

nΩ0

2
√

2
(9.5)

for an ion with vibrational quantum number n.

9.2.2 Sideband cooling scheme for 88Sr+

A good approximation to the three-level atom of section 9.2.1 may be realised

by using an identical sideband cooling scheme to that employed in work using

40Ca+ [33]. In this scheme, a magnetic field is applied to split the Zeeman

components of the quadrupole transition and the ion is optically pumped into
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the 2S1/2 (mj = −1/2) state. The ion is then sideband cooled on the lower

motional sideband of the 2S1/2 (mj = −1/2) – 2D5/2 (mj = −5/2) transition.

A quencher laser is used shorten the lifetime of the 2D5/2 state. Due to the

∆m = 0,±1 selection rule for dipole transitions, the quencher laser couples

the 2D5/2 (mj = −5/2) state only to the 2P3/2 (mj = −3/2) state. This state

then decays with a high branching ratio (16:1) back to the 2S1/2 (mj = −1/2)

state. Thus a number of cooling steps may be completed before the ion

is lost from the cooling cycle. The 2S1/2 (mj = −1/2) → 2D5/2 (mj =

−5/2) → 2P3/2 (mj = −3/2) → 2S1/2 (mj = −1/2) cooling cycle is shown in

figure 9.3.

While the 2S1/2 (mj = −1/2) → 2D5/2 (mj = −5/2) → 2P3/2 (mj =

−3/2) → 2S1/2 (mj = −1/2) cooling cycle at first glance seems equally well

suited for sideband cooling, it is not used for the following reason. The

2S1/2 (mj = +1/2) – 2D5/2 (mj = +5/2) is the highest frequency Zeeman

component, which means that its lower motional sidebands may accidentally

coincide with upper motional sidebands of other Zeeman transition. Since the

2S1/2 (mj = −1/2) – 2D5/2 (mj = −5/2) component is the lowest frequency

Zeeman component, such an occurrence is impossible.

9.2.3 Sideband cooling rate in 88Sr+

It is instructive to consider how the simple model of equations 9.2 and 9.3

influence the choice of laser parameters when sideband cooling 88Sr+.

The coupling strength Ω0 on the 2S1/2 (mj = −1/2) – 2D5/2 (mj = −5/2)

181



2
S1/2

5p P
2

3/2

2
D5/2

m

1/2

-1/2

j

m

3/2
1/2

-1/2
-3/2

j

m

5/2
3/2
1/2

-1/2
-3/2
-5/2

j

Sideband
cooling
laser

Quencher
laser

Figure 9.3: Resolved sideband cooling cycle. The ion is sideband cooled
on the lower motional sideband of the 2S1/2 (mj = −1/2) – 2D5/2 (mj =
−5/2) transition. The quencher laser couples the 2D5/2 (mj = −5/2) to the
2P3/2 (mj = −3/2) state which quickly decays back to the 2S1/2 (mj = −1/2)
ground state forming a closed cooling cycle.
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transition is given by [83]

Ω0 =
e|E|
h̄

√

5ASD

8|k|3cαg(k,E) (9.6)

where E and k are the electric field vector and wave-vector of the sideband

cooling laser, ASD is the spontaneous decay rate, α is the fine structure

constant. The factor g(k,E) accounts for the experimental geometry of the

laser polarisation and direction. For the case in this work (see chapter 3)

that the sideband is driven by vertically polarised light at an angle of 30◦

to the magnetic field, it is found that g(k,E) = 0.177. Using an incident

power of 1.4 mW in a 30 µm diameter beam waist gives the electric field

strength |E| = 2.73 × 105 V m−1 at the centre of the Gaussian beam. The

coupling on the 2S1/2 (mj = −1/2) – 2D5/2 (mj = −5/2) carrier transition

is therefore Ω0/2π = 35 kHz. For this sideband cooling beam geometry and

a typical (axial) secular frequency of 3.8 MHz, the Lamb-Dicke parameter is

calculated from equation 2.22 to be η = 0.018.

Now, using equations 9.2 and 9.3, it is possible to calculate the sideband

cooling rate as a function of both n and sPD (see figure 9.4). This calcula-

tion illustrates that as the ion is cooled, the saturation parameter required

to maximise the sideband cooling rate is also reduced. This highlights the

necessity of having a well Doppler cooled atom for as a prerequisite the suc-

cessful implementation of sideband cooling. Numerically solving equation 9.3

for cooling on the axial mode (ωz/2π =3.8 MHz) for an ion initially in the

n = 10 motional state and an effective decay rate Γ′ chosen to maximise the

sideband cooling rate for n = 10, shows that the ion may be cooled to 99.9%
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ground state occupation within 10 ms (see figure 9.5).

Figure 9.4: Resolved sideband cooling rate as a function of sPD the saturation
parameter on the quencher transition for an ion with vibrational quantum
number n = 0.5, 1, 5 and 10.

Discrepancies between this simple model and attainable cooling rates may

arise from the fact that this model does not consider heating due to colli-

sions, ambient electrical noise, etc. or off-resonant heating mechanisms (for

instance, off-resonant driving of the carrier or blue sideband), or the satura-

tion of the red sideband by the cooling beam. It is these sources of heating

which limit the final harmonic oscillator level achievable.

9.2.4 Motional state determination

While the mean motional state, n̄ of the ion may be determined from the

apparent damping of coherent oscillations (see chapter 6), the simplest and
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Figure 9.5: Calculated time evolution of vibrational quantum number and
sideband cooling rate of an ion with initial vibrational quantum number
n = 10 with quencher transition saturation parameter optimised for n = 10.

most robust method for determining n̄ for low vibrational quantum numbers

is to compare the excitation probability on the red and blue sidebands [32]. If

it is assumed that the ion is prepared in a thermal distribution after sideband

cooling and that decoherence may be neglected, from equations 2.28 and 2.28,

it may be seen that the excitation probability on the blue sideband for an

interrogation pulse of duration t is

Pbsb =

∞
∑

n=0

1

2

n̄n

(1 + n̄)n+1
cos2(Ωn,n+1t). (9.7)

Similarly, the excitation on the red sideband is,

Prsb =
∞
∑

n=1

1

2

n̄n

(1 + n̄)1+n
cos2(Ωn,n−1t) (9.8)
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which may be written as

Prsb =

∞
∑

n=0

1

2

n̄n+1

(1 + n̄)n+2
cos2(Ωn+1,nt) (9.9)

=
n̄

1 + n̄
Pbsb (9.10)

since, from equation 2.23, Ωn+1,n = Ωn,n+1. This means that the ratio of

absorption probabilities is simply

R =
Prsb

Pbsb
=

n̄

1 + n̄
(9.11)

and the mean vibrational quantum number of the thermal state is

n̄ =
R

1 + R
(9.12)

independent of the pulse duration t used. It should be noted that if the

ion does not have a substantial ground state occupation probability, the

asymmetry in excitation probability on the sidebands will be small and the

measured mean vibrational quantum number will have a large uncertainty.

9.3 Sideband cooling of the axial mode

9.3.1 Motional sideband spectra

For resolved sideband cooling, it is necessary to resolve the 2S1/2 (mj =

−1/2) – 2D5/2 (mj = −5/2) carrier and sideband transitions from those of

the other Zeeman components of the quadrupole transition originating from
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the 2S1/2 (mj = −1/2) state. This is achieved by applying a magnetic bias

field of 3.4 G to the ion. Spectra of carrier and lower axial and radial motional

sidebands of this transition obtained using the intense probe beam at a power

of 1.38 mW are shown in figure 9.6. It was possible to resolve the two lower

radial sidebands, which were split by 60 kHz.
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Detuning from |m = -1/2  - |m = -1/2  carrier /MHzj j
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Figure 9.6: Spectra of the (a) lower axial sideband, (b) lower radial sidebands
and (c) carrier component of the 2S1/2 (mj = −1/2) – 2D5/2 (mj = −5/2)
transition. Spectra were obtained using the intense probe beam at a power
of 1.38 mW. The data shown in (a) and (b) were obtained using 100 inter-
rogations per point and an interrogation pulse duration of 30 µs, while 50
interrogations per point and an interrogation pulse duration of 3 µs were
used in (c).

While the asymmetry in the upper and lower sidebands of this transition

may be used to determine the motional state, the sidebands of the 2S1/2
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(mj = −1/2) – 2D5/2 (mj = −1/2) transition are preferred. This is due

to the fact that the geometrical factor g(k,E) [83] is 2.45 times larger for

the latter transition in the experimental setup of this work. The carrier and

motional sidebands are shown in figure 9.7. These spectra where obtained

using the weak probe laser at a power of 560 µW for the sidebands and a

reduced power of 13 µW for the carrier to avoid saturation.

9.3.2 AC-Stark shift measurement

During the sideband cooling process, the intense probe laser is tuned to a

lower motional sideband and the quencher laser used to reduce the lifetime

of the 2D5/2 state. The presence of the quencher radiation will lead to an

AC-Stark shift in the 2D5/2 state, and a shift in the frequency of the motional

sidebands.

The AC-Stark shift was characterised by recording the quencher induced

frequency shift of a motional sideband transition as the quencher laser fre-

quency is varied. The centre frequency of the sideband is determined using

the same method of pulsed spectroscopy as that described in section 4.6.

The only difference in the experimental sequence used, is that quencher ra-

diation is incident on the ion during the intense probe interrogation pulse. If

the quencher light is present after the end of the intense probe interrogation

pulse, it will return an ion shelved in the 2D5/2 state back to the ground

state. If this occurs before the detection period (see figure 4.6) when the

ion’s electronic state is determined using the electron shelving method, no

signal would be detected, even if the atom had been excited to the 2D5/2
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Figure 9.7: Spectra of the 2S1/2 (mj = −1/2) – 2D5/2 (mj = −1/2) transi-
tion’s carrier and sidebands. Shown are (a) lower axial sideband, (b) lower
radial sidebands and (c) carrier component, (d) upper radial sidebands and
(e) upper axial sideband. Spectra were obtained using the weak probe beam
at a power of 560 µW, except in the case of the carrier component in (c)
when a reduced power of 13 µW was used to avoid saturation.
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state. To avoid this, the quencher radiation was switched off at the same

time as the interrogation pulse.

The centre frequency of one of the lower radial sidebands was measured

as the quencher laser was scanned across the 2D5/2 –2P3/2 transition. When

the laser was far detuned a large excitation probably was observed. However,

as the quencher detuning was reduced, the number of interrogations which

resulted in the excitation of the ion to the 2D5/2 state fell.
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Figure 9.8: AC-Stark shift of lower radial sideband of the 2S1/2 (mj = −1/2) –
2D5/2 (mj = −5/2) transition when using a quencher beam power of 30 µW.

9.3.3 Cooling of the axial mode of motion

For sideband cooling, the standard experimental sequence described in sec-

tion 4.6 was preceded by a sideband cooling step as shown in figure 9.9. The

ion is first optically pumped into the 2S1/2 (mj = −1/2) state. The ion is
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then subjected to a sideband cooling pulse of radiation on the lower axial

sideband of the 2S1/2 (mj = −1/2) –2D5/2 (mj = −5/2) transition. The

quencher laser is also incident on this time and is present for a further 200 µs

after the end of the sideband cooling pulse. This is to ensure that the ion is

returned to the 2S1/2 state after sideband cooling. The ion is then interro-

gated on the 2S1/2 (mj = −1/2) –2D5/2 (mj = −1/2) upper and lower axial

sidebands to determine its motional state.

A 3.4 G bias field was applied to resolve the lower axial sideband of the

2S1/2 (mj = −1/2) – 2D5/2 (mj = −5/2) transition used for sideband cooling

and the upper and lower axial sidebands of the 2S1/2 (mj = −1/2) – 2D5/2

(mj = −1/2) used for subsequent motional state determination, from all

other transitions. These sidebands will be referred to as the cooling sideband

and the detection sidebands respectively.

For sideband cooling, a quencher power of 70 µW was used, and the

quencher laser was detuned between 400 and 600 MHz below the 2D5/2 –

2P3/2 transition. Initially, the sideband cooling experimental sequence was

repeated as the intense probe sideband cooling laser was scanned across the

frequency interval in which the cooling sideband was expected to be Stark

shifted. During this experimental sequence, the weak probe laser frequency

was tuned to line centre of the lower axial sideband. By minimising the

excitation probability on the lower detection sideband, the sideband cooling

rate was optimised. With a sideband cooling pulse of 5 ms duration at a

power of 1.38 mW, the optimal quencher laser detuning was found to be

∼530 MHz and the cooling sideband Stark shift was -730 kHz.

The absorption spectra of the detection sidebands after sideband cooling
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Figure 9.9: Experimental pulse sequence used for sideband cooling.
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were obtained using the weak probe laser (see figure 9.10). Also shown

are the spectra, when the intense probe beam is blocked, and there is no

sideband cooling. These spectra are the result of 200 interrogations per data

point at intervals of 1 kHz. The weak probe beam power was 560 µW and

interrogation pulse duration was 400 µs.

Detuning from carrier /MHz

(a) (b)

Figure 9.10: Absorption spectra on both upper (b) and lower (a) axial side-
bands of the 2S1/2 (mj = −1/2) – 2D5/2 (mj = −1/2) transition, before
(open circles) and after (filled circles) resolved sideband cooling. A mean
axial vibrational quantum number after sideband cooling of n̄z = 0.3± 0.1 is
inferred from the asymmetry in excitation probabilities on the sidebands.

The asymmetry in the excitation probabilities on the upper and lower

sideband indicates that the ion has been sideband cooled to a mean axial

motional quantum number of n̄z = 0.3±0.1. This should be contrasted with

the mean axial motional quantum number of n̄z = 8 after Doppler cooling
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found in section 2.5. From equation 2.28, it may be seen that n̄z = 0.3± 0.1

is equivalent to a ground state occupation probability of (77 ± 6)%.

The measured value n̄ = 0.3 is in good agreement with the value of

n = 0.15 predicted by the simple model of sections 9.2.1 and 9.2.3 for an ion

initially in the pure n = 8 motional state and sideband cooled using a 5 ms

pulse (in this model the lasers are set to the detunings which produce the

optimal cooling rate at n = 8).

9.4 Discussion

The mean axial vibrational quantum of n̄z = 0.3± 0.1 is likely to be limited

by short duration of the sideband cooling pulse used. However, it is still

informative to compare the results of this initial demonstration of sideband

cooling of 88Sr+ with previous experiments in which ground state cooling has

been achieved.

Ground state cooling was first demonstrated by Diedrich et al. [32] in

1989 by resolved sideband cooling a single trapped 199Hg+ ion. The ion was

cooled by driving the lower motional sidebands of the narrow 2S1/2 – 2D5/2

quadrupole transition and the motional ground state was achieved 95% of

the time in 2D. In order to achieve this ground state occupation probability,

a typical sideband cooling pulse of 200–500 ms was used, far longer than the

5 ms pulse used in this work.

Roos et al. have also used resolved sideband cooling on the quadrupole

transition in 40Ca+. In fact the cooling scheme used in this demonstration

of sideband cooling in 88Sr+ is identical to that used in the 40Ca+ work.
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Roos et al. were able to cool a single 40Ca+ ion to the ground state of

its trapping potential with a probability of 99.9% on the axial mode (ωz =

4.51 MHz). This result was achieved with a sideband cooling pulse duration

of 6.4 ms and a power 1 mW in a 1 kHz bandwidth and 30 µm spot at the

ion. These parameters are comparable to those used here in sideband cooling

88Sr+ but result in a much higher ground state occupation probability. This

may be explained by the more favourable beam and magnetic field geometry

employed which results in a larger laser-ion coupling strength in the 40Ca+

work.

Another demonstration of resolved sideband cooling on a weak optical

transition is that of Peik et al. using the 5s2 1S0 – 5s5p 3P1 intercombination

line in 115In+. This work differs from the other demonstrations of sideband

cooling discussed so far in that the intercombination line has a linewidth

of 360 kHz which is ∼ 105 larger than the linewidths of the quadrupole

transitions above. This allows for a high cooling rate without the need to

reduce the lifetime of the upper state via coupling to a quickly decaying state.

Indeed, in this work 115In+ ions were sideband cooled directly by driving

higher-order lower sidebands, without the need for a Doppler pre-cooling

stage. While the motional sidebands were well resolved from the carrier, they

were not well resolved from each other, allowing all three degrees of freedom

to be cooled simultaneously. Using the technique of cooling simultaneously

on both the first red sideband and also a higher order red sideband, Peik

et al. report cooling all three motional modes to the ground state with an

occupation probability of greater than 50%. This measurement was limited

by the fact the sidebands were not resolved, making it difficult to measure
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low temperatures from their strengths.

Cooling to the zero point of motion in 3D has also been achieved by Mon-

roe et al. by sideband cooling of a 9Be+ using stimulated Raman transitions

ion [35]. In this experiment, the ion was cooled by driving the lower sidebands

of the Raman transition between hyperfine levels. The ion was prepared in

the ground state 98% of the time when cooled on one motional mode only,

and 92% of the time when cooled on all three motional modes. This method

is also particularly fast with the sideband cooling process taking sim100 µs.

An important difference to note between this work in 9Be+, and the other

experiments discussed here is the very low vibrational quantum numbers

(as low as (nx, ny, nz) = (0.47, 0.30, 0.18)) achieved after the Doppler pre-

cooling stage. This is due to the very high secular frequencies of the trap

of 10 – 30 MHz. However, an anomalous heating rate of 1000 phonons/s

was reported in this trap, which is almost 3 orders of magnitude large than

heating rates in measured in the 199Hg+ and 40Ca+ work discussed above.

An ion may be also cooled to the ground state of the trap by laser cooling

with electromagnetically induced transparency [146]. In this method, quan-

tum interference in a driven Λ-shaped atomic system is used to suppress the

carrier transition. The dipole transition may then be driven with absorption

only occurring on the remaining ‘lower sideband’ transition. Ground state

cooling of 40Ca+ has been achieved using this technique with 90% probability

when cooling a single motional mode, and 74% and 58% respectively in two

modes cooled simultaneously [36].

The resolved sideband cooling technique demonstrated in this chapter

has been used to prepare the ion in the ground state of the axial vibrational
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mode with a probability of 77%. This ground state occupation probability

is comparable with previously published work using ground state cooling

schemes.

9.5 Summary and conclusion

This chapter has presented the first demonstration of resolved sideband cool-

ing of a 88Sr+ ion. The ion has been sideband cooled on the lower axial mo-

tional sideband of the 2S1/2 (mj = −1/2) – 2D5/2 mj-5/2 component of the

quadrupole transition. To realise an efficient cooling cycle, the 2D5/2 state

lifetime has been reduced by coupling it to the 2P3/2 state using a quencher

laser. Measurement of the asymmetry between upper and lower axial side-

bands of the 2S1/2 (mj = −1/2) – 2D5/2 mj-1/2 component of the quadrupole

transition after sideband cooling have shown that the ion has been cooled to

a mean axial vibrational quantum number n̄z = 0.3± 0.1. This is equivalent

to a ground state occupation probability of (77 ± 6)%.
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Chapter 10

Conclusions and Outlook

10.1 Summary

This thesis has described a series of experiments performed using a single

88Sr+ ion confined in an endcap trap. The aim of this work has been to gain

an understanding of the experimental techniques required to perform studies

of quantum information processing using trapped ions. A further long-term

goal of this project is to investigate cavity QED effects on the quadrupole

transition by placing a high finesse cavity around the ion.

Over the course of this work, a number of improvements have been made

to the experimental apparatus from the initial setup [56]. This apparatus had

a number of limitations, most notably, the trap suffered from an anomalous

heating mechanism which meant that the ion was not well Doppler cooled.

The trap was therefore unsuitable for coherent excitation studies and resolved

sideband cooling experiments. The anomalous heating was thought to be

casued by build up of impurites on the trap electrodes from the 88Sr atomic

198



sources. Following similar observations in a 137Ba+ microtrap, and the design

of a new atomic 137Ba source to alleviate this problem by DeVoe et al. [55],

an analogous ‘oven and hot plate’ source for 88Sr was constructed by A. G.

Sinclair, based on the SrO + Ta reaction. It is believed that this will sputter

fewer impurities on to the trap structure than the SrAl4 + Ni system used

previously.

A second slave laser at 674 nm was constructed to provide the high inten-

sity required for coherent excitation excitation and sideband cooling on the

quadrupole transtion. The medium term-stability of the probe laser system

was limited by drifts in the offset of the master laser Pound-Drever-Hall error

signal. This offset was the result of the large residual amplitude modulation

caused by producing the Pound-Drever-Hall sidebands by modulating the

master laser diode drive current. The residual amplitude modulation has

since been reduced by generating the Pound-Drever-Hall sidebands using an

electro-optic modulator instead. The long term stability of the probe laser

has also been improved by employing an AC detection method in the first

stage of the ULE reference cavity temperature control system.

In order to generate the ever more complex pulse sequences needed for the

experiments described in this thesis, a new experimental control system has

been been constructed and a control and data acquisition program written

in LabVIEW. This has also allowed the use of the clearout laser to quickly

return the ion to the ground state after the ion has been shelved in the 2D5/2

state. Rather than being forced to wait ∼400 ms for the ion to decay, it

is typically returned to the ground state within 5 ms. This has yielded a

∼ 10-fold increase in the number of interrogations which may be performed
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in a given time when coherently driving the quadrupole transition.

As preliminary work towards investigations of cavity-QED with trapped

ions, the lifetime of the 4d 2D5/2 state has been measured using Dehmelt’s

electron shelving technique. A total of 160,000 shelved periods were ob-

served, 63,000 in May 2000 and 97 in July 2002. Three different statistical

methods have been used to analyse this data and a comparison of these

methods has been made. Both systematic and statistical sources of error

have been evaluated. This precision measurement yields a 2D5/2 state life-

time of 390.3 ms, an order of magnitude more accurate than the previous

best measurement [94, 79, 95, 86].

The 2S1/2 (mj = −1/2) – 2D5/2 (mj = −1/2) transition has been coher-

ently driven in the Doppler cooled ion. Rabi oscillations with a decaying

contrast have been observed on the carrier, and radial and axial sidebands of

this transition. The apparent damping of the Rabi oscillations is caused the

differing Rabi frequencies between the laser and each motional state. The

contrast of Rabi oscillation observed on the sidebands is seen to decay in

fewer oscillation periods than those observed on the carrier transition. This

is due to the fact that the Rabi frequency of the laser coupled with a side-

band transition have a stronger dependance on the ion’s vibrational quantum

number than that for the carrier transition.

Time-domain Ramsey spectroscopy of the 2S1/2 (mj = −1/2) – 2D5/2

(mj = −1/2) transition has been performed and Ramsey fringes with a

contrast of up to ∼ 90% have been observed. Due to the finite coherence time

of the probe laser, the observed fringe contrast decreases as the period of free

precession between the two Ramsey interrogation pulses is increased. Varying
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the relative phase difference between the Ramsey interrogation pulses alters

the excitation probability in a predictable manner. By varying the laser’s

relative phase, it will be possible to compensate for unwanted atomic phase

shifts incurred when manipulating atomics states with coherent pulses (for

instance in quantum information processing studies).

The two phase modulation techniques of Ramsey and Silsbee [127] have

been demonstrated for the first time in the optical domain. A symmetric

fringe pattern is observed when measuring the change in transition probabil-

ity on introducing a 180◦ relative phase shift between Ramsey interrogation

pulses. In contrast, an anti-symmetric fringe pattern is observed when mea-

suring the change in transition probability on the reversal of a 90◦ relative

phase shift. This second fringe pattern with its zero-crossing at line centre

will make an ideal discriminant for stabilising a laser to a narrow atomic

reference transition in an optical frequency standard.

The anti-symmetric Ramsey fringe pattern has been used as the frequency

discriminant for stabilisation of the probe laser to the 2S1/2 (mj = −1/2) –

2D5/2 (mj = −1/2) transition. A proportional feedback loop was used.

Resolved sideband cooling has been demonstrated on the lower axial side-

band of the 2S1/2 (mj = −1/2) – 2D5/2 (mj = −5/2) transition. The ion was

cooled to a mean axial vibrational quantum number of n̄z = 0.3±0.1, equiv-

alent to an axial harmonic oscillator ground state occupation probability of

(77 ± 6)%.
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10.2 Future Work

The first step towards quantum information processing using trapped ions is

the complete control of the quantum state of a single trapped ion. Although,

the ion’s electronic state may already be manipulated with a high fidelity and

the cooling of one motional mode to the ground state most of the time has

been demonstrated, to achieve the desired level of control over both internal

and external states of the ion, the following further work must be carried

out.

Firstly, the sideband cooling process requires optimisation. An investiga-

tion of the time evolution of the ion’s motional state during sideband cooling

must be performed and the experimental cooling limit found. The cooling

of a single motional mode to the ground state is a necessity for its use as a

qubit for the demonstration of a quantum gate using a single ion [38]. How-

ever, while necessary this condition may not sufficent, and it may be that

cooling of all three motional modes to the ground state is required in order

to implement such a quantum gate [16]. Since the main practical difficulty

in performing quantum infomation processing using trapped ions will be the

intrinsic trap heating rate which will lead to decoherence of these fragile

motional quantum states must be measured [33].

In the work demonstrated so far, coherent manipulations have been on

the carrier transition and may be used to prepare the ion in an arbitrary in-

ternal electronic state without affecting the ion’s external motional state. In

order to coherently manipulate the ion’s motional state, it will be necessary

to coherently drive the sideband transitions in a ion cooled to the motional
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ground state. The observation of high contrast Rabi oscillations on the mo-

tional sideband transitions is an important step towards demonstrating the

potential of this experimental system for quantum information studies.

The coupling strength on the sideband transitions, is much smaller that

that on the carrier (see equations 2.26 and 2.27). A higher spectral intensity

of light at 674 nm would therefore be highly desirable. This may be achieved

by reducing the probe laser linewidth still further. In practice this will re-

quire further isolation of the ULE reference cavity from the ambient noise of

the laboratory. For instance mounting the reference cavity on a low spring

contant platform and housing the cavity in a quiet-house will reduce the

vibrational and accoustic noise. In addition to porviding a higher spectral

intensity, reducing the linewidth will also increase the laser coherence time,

alowing an increased period in which coherent operations may be performed.

Increasing the available absolute intensity at 674 nm is also desirable,

as this will allow a greater sideband cooling rate to be realised. Work has

already been performed by S.-K. Choi on an injection locked broad area

laser diode system [147] capable of providing up to 60 mW of 674 nm light

at the trap. For sideband cooling, the drift rate of the quencher laser also

needs reducing. This may easily be achieved by improving the temparature

stabbilisation of both the laser diode housing and the laser’s reference cavity.

A major limitation to the work at present is the electron bombardment

method used to ionise neutral strontium atoms to load the trap. Since the

filaments are not directional, stray charges are deposited over the insulating

surface of the trap structure causing large stray electric fields at the ion which

must be compensated to reduce the its micromotion. A greater problem is
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that this charge dissipates over a the course of a day, and the minimisation

must therefore be repeatedly minimised over this time. This problem may be

avoided by using the method of photoionisation as has been demonstrated

recently in 40Ca+ experiments [148, 149, 150]. It would appear that there

are two viable methods of photoionisation for 88Sr. The first is analogous to

that used by Kjærgaard et al.and would require a 293 nm laser source, while

the second is analogous to the method used by Gulde et al. [149] and more

recently Lucas et al. [150] and would require sources at 461 nm and 405 nm.

Although the new 88Sr source removes the possibility of impurities such

as aluminium and nickel from being sputtered onto the trap electrodes, over

time they will become coated with strontium. It is at the moment unknown

wether this will lead to an increase in the trap’s heating rate. This poten-

tial problem may also be avoided by using the photoionisation technique

which, with its much higher efficiency, is able to load traps using 10−5 of the

atomic flux needed for electron bomabardment loading. It is also important

to note that the method of photoionisation allows isotepe selective determin-

istic loading of an ion trap, widely regarded as a key technology for pursuing

quantum information studies using ion strings.

In the long term, it is hoped that this single ion trap will be used for

investigations of cavity QED by placing a high finesse cavity around the trap

within the vacuum chamber. It is also anticipated that quantum information

processing studiess will require the construction of a linear ion trap for use

with strings of trapped ions.
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