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Abstract

Trapped ions are one of the most promising candidates for quantum information applica-

tions. We describe an experimental setup using a linear rf Paul trap for confining 171Yb+

ions, in which quantum bits (qubits) are to be hosted in the ground-state hyperfine levels of

the ions. In particular, the required lasers and lock setups are described in detail. One of the

key requirements for qubit manipulation is achieving high fidelity state-selective detection.

A well established means to accomplish this is through the use of laser fluorescence. The

fluorescence theory of 171Yb+, including the effect of coherent population trapping which

can suppress the fluorescence, is documented together with the counter-acting effect of a

magnetic field. In addition, the fluorescence theory of 174Yb+, which has simpler atomic

structure and behavior, is also described for comparison. The resonance fluorescence be-

haviour of both isotopes is studied experimentally as a function of magnetic field, laser

polarization, power and detuning. The experimental results for both isotopes agree with

theoretical models, including the effect of coherent population trapping. These results will

be used to optimize laser cooling and qubit detection for 171Yb+ in future experiments.
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MHz and a linewidth of 24.6(1) MHz including all broadening terms. The

horizontal axis is offset and scaled using the fit value of ν0,171 to indi-

cate UV detuning. (b) Scan of UV laser frequency to locate resonance of
174Yb+ in presence of sympathetic cooling by a simultaneously trapped
172Yb+ ion. The horizontal scale for the scan has been shifted by 2 MHz to

account for a measured ac Stark shift from the 172Yb+ cooling laser. The
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shifted 0.39(5) MHz relative to the resonance in (a), which is attributed

to systematic error in ac Stark shift determination. The fited linewidth is

25.5(2) MHz. The fit includes a baseline -7.6(6). . . . . . . . . . . . . . . 89
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and θBE = 2.8◦. (a) Counts in 10ms, averaged 10 times, are shown as a

function of 369.5-nm laser power at the range of detunings indicated. De-

tunings are determined from the resonance location as shown in Fig 5.8.

Each line is a separate weighted fit to a scan at a given detuning. The fit

function is a general saturation form (see text) with two fit parameters, am-

plitude coefficient and saturation-related factor ds/d p. (b) Plot of fit values
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Chapter 1

Introduction

The basic element of information in a quantum computer is the quantum bit (qubit). Unlike

classical bits that are limited to a state of either 0 or 1, qubits can be in an arbitrary su-

perposition of these two states. The quantum superposition principle is often pointed to as

the advantage of a quantum computer over its classical counterparts because of the massive

parallelism it implies [1]. In this regard, another important feature of qubits is quantum en-

tanglement or quantum non-local connection. Entanglement leads to a correlation between

qubits and allows for simultaneous operations on multiple states.

Large-scale quantum computers are believed to provide a speed-up over classical de-

vices for certain information processing applications. Perhaps the most famous example

is Shor’s algorithm for factoring an n-digit number. Solving Shor’s algorithm can be a

threat for current encryption schemes, which are based on the inability of classical comput-

ers to factorize large numbers in a short amount of time. In addition, quantum computers

are naturally adept at efficient modelling of quantum systems which is called “quantum

simulation” [2].

A qubit can be any physical quantum two-level system such as the vertical and horizon-

tal polarizations of a single photon or the two quantized spin states of a spin 1/2 particle.

To implement a quantum computer, there are five requirements that a physical system needs

to fulfill. These requirements were introduced by David Divincenzo as follows [3]

• Well-defined qubits, scalable to a large number.

• The ability to initialize the qubits to a simple state.

1
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• Long qubit decoherence times, much longer than the gate operation time.

• Universal set of gates.

• Qubit measurement capability.

Laser-cooled, trapped ions are widely considered to be a promising candidate to imple-

ment a quantum information processor. Our group, in particular, is working with trapped

Ytterbium ions. Trapped 171Yb+ ions currently find application in precision spectroscopy

for time and frequency metrology [4, 5, 6, 7], ion-trap quantum information process-

ing [8, 9, 10, 11] and studies of interactions with ultracold atoms [12, 13]. In these ap-

plications, efficient fluorescence scattering is required as it forms the basis for the mechan-

ical action of Doppler laser cooling [14] and permits high-fidelity state-selective detec-

tion [15, 16]. This thesis focuses on the fluorescence behaviour of single trapped Yb+ ions,

the optimization of which is a key step in the setup of new laboratory for ion trap quantum

information technology.

Chapter 2 of the thesis introduces the 171Yb+ ion as a hyperfine qubit and gives a de-

tailed theoretical description of fluorescence theory for two Yb+ isotopes, 171Yb+ and, for

comparison, 174Yb+ with simpler level structure and behaviour. One of the key complica-

tions that arises for 171Yb+ is coherent population trapping (CPT) on the main cooling and

fluorescence transitions. This effect, which suppresses the fluorescence, is a key theme of

this thesis.

Chapter 3, gives a general overview of the different parts of the experimental setup

including the linear Paul trap used to confine ions, the imaging system, and lasers used for

photo-ionization-loading, Doppler cooling, fluorescence detection and repumping.

Chapter 4 provides greater detail on three of the lasers: the 399 nm diode laser used

for photo-ionization, the 369.5 nm frequency-doubled diode laser system used for detec-

tion/cooling and the 935 nm diode laser used for repumping. We also describe the lock

setups for the 369.5-nm and 935-nm lasers and offline tests of the stability of those locks

over hours using a stabilized wavemeter.

Finally, Chapter 5 begins with a description of basic experimental procedure and tests

of laser stability with respect to the optical resonances of the ions themselves. We then

show measurements of the fluorescence behaviour for both of the isotopes, 171Yb+ and
174Yb+, as a function of magnetic field, laser polarization, detuning and power. As part
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of our fluorescence studies, we have verified a model presented by Berkeland and Boshier

[17] for suppressing the effect of CPT using a magnetic field of sufficient strength.

Although coherent population trapping is certainly a well known phenomenon in atomic

physics and the issues we are addressing are well known amongst ion trapping groups,

this thesis aims to provide a complete and quantitative experimental study and emphasizes

the intuitive theoretical approach of Berkeland and Boshier. Moreover, understanding and

avoiding fluorescence suppression due to coherent population trapping is critical to obtain

good laser cooling and good qubit detection fidelity using laser fluorescence. We have

already used the experience gained from this thesis work to optimize our detection of the
171Yb+ qubit and have achieved 97% fidelity [18], which is comparable to previously

published results for 171Yb+ [11].



Chapter 2

Fluorescence theory

In this chapter we first describe the Ytterbium ion 171Yb+ as our qubit candidate in detail.

A well-established means to achieve high fidelity state-selective detection of an ion-qubit

is through the use of laser fluorescence. Based on this motivation, we describe the steady-

state fluorescence theory for the 171Yb+ ion and extend the theory already presented by

Berkeland and Boshier [17], to include repump effects. We also present approximate theo-

retical expressions for the fluorescence of the 174Yb+ isotope, which is used as a “control”

ion with simpler level structure and behaviour to validate 171Yb+ experimental results. In

Chapter 5, the steady-state fluorescence of both isotopes is measured experimentally and

compared to the theory presented here.

2.1 Ytterbium ion

In 1995 Cirac and Zoller first introduced quantum information applications to ion trap

systems by proposing a quantum entangling gate scheme [8]. Since the first demonstration

of a quantum logic gate [19], trapped ions have evolved into a promising candidate for

quantum information applications. There are generally two types of qubits implemented

with ions: optical qubits where the two qubit levels are separated by an optical frequency

(see for example [20]) and hyperfine qubits where the two qubit levels are stored in the

ground-state hyperfine manifold and are separated by a microwave frequency [16]. Ions

that are being used for quantum computing applications include Yb+, Ba+, Be+, Ca+,

Cd+, Mg+ and Sr+. In this thesis, we use Yb+ ion as the hyperfine qubit.

4



CHAPTER 2. FLUORESCENCE THEORY 5

Like the other ions, Yb+ has a single active electron, which ensures the ion has a simple

level structure. This allows, in particular, a relatively simple closed transition for laser cool-

ing. Ytterbium has seven stable isotopes. The stable isotopes with their natural abundances

are shown in Table 2.1 [21].

Isotope Natural Abundance(%) Atomic Nuclear Spin Hyperfine Splitting [GHz]
168Yb 0.13 0 -
170Yb 3.04 0 -
171Yb 14.28 1/2 12.6
172Yb 21.83 0 -
173Yb 16.13 5/2 10.5
174Yb 31.83 0 -
176Yb 12.76 0 -

Table 2.1: Ytterbium isotopes.

Of the isotopes listed in Table 2.1, only the odd numbered isotopes, 171Yb+ and 173Yb+

can be used as hyperfine qubits. The even-numbered isotopes of Ytterbium do not have any

nuclear spin; hence, the interaction between nuclear spin (I) and electronic angular momen-

tum (~J), which causes hyperfine splitting, vanishes. Of the two odd isotopes, 173Yb+ has a

high nuclear spin (I = 5/2) which complicates the level structure and has disadvantages for

quantum information applications; hence, 171Yb+ with a nuclear spin of I = 1/2, is used

as the qubit due to its simple hyperfine structure. It is worth noting that the abundance of

the 171Yb isotope is 14.3%, which makes the loading process easy and fast.

Partial energy levels of 171Yb+ are shown in Fig 2.1. The ground-state 2S1/2 hyperfine

levels |F = 0,mF = 0〉 ≡ |↓〉 and |F = 1,mF = 0〉 ≡ |↑〉 are the two qubit levels, separated

by 12.64 GHz. These two qubit states, in addition to having long lifetimes, have a transition

that is insensitive to magnetic field noise to first order at zero magnetic field. The residual

second order Zeeman shift is δ = (310.8Hz/G2) ·B2 for magnetic field, B, expressed in

Gauss [22].

The primary transition for Doppler cooling and fluorescence detection is 2S1/2(F = 1)−
2P1/2(F = 0) at 369.5 nm. High power diode or Ti-Sapphire lasers are available at a wave-

length of 739 nm, which can easily be doubled to 369.5 nm. The natural linewidth of the
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Figure 2.1: Yb+ atomic structure involved in fluorescence detection and cooling. Hyperfine

states for 171Yb+ are shown, including mF = 0 qubit states.

transition is 19.60(5) MHz, inferred from previous lifetime measurements [23, 24]. A small

leak from the 2P1/2 excited-state to the low lying 2D3/2 state occurs with a branching ratio

of α = 0.00501(15) [11] and requires the use of a repump laser to maintain fluorescence.

Clear-out of the 3D[3/2]1/2 state is achieved via a 935-nm transition to the 3D[3/2]1/2

excited-state. The 935-nm transition has a linewidth of 4.22(6) MHz inferred from previ-

ous lifetime measurements [25] and the ion returns to the ground state with a calculated

branching ratio β = 0.982 [26]. We assume the remainder of the branching ratio is back to

the 2D3/2 state. There is also a low lying and long-lived metastable 2F7/2 state that can be

populated via collisional processes [27, 28, 29]. An additional repump laser at 638 nm is

necessary to depopulate the 2F7/2 state to a 1D[5/2]5/2 state from which the ion can return

to the cooling cycle.
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2.2 Fluorescence theory

2.2.1 Coherent population trapping

In this section we study the fluorescence of single trapped ions for the case of two Yb+

isotopes, 174Yb+ and 171Yb+. Due to the multilevel nature of atomic systems in general,

efficient fluorescence can be compromised by optical pumping to dark states. In most cases,

this is simply countered through additional laser repump frequencies or by appropriate

choice of laser polarizations to ensure a closed fluorescence cycle. However, if two or more

lower states share an excited-state, interference effects can arise such that, even though all

couplings are present, the fluorescence will be suppressed through coherent population

trapping (CPT) [30, 31]. A commonly discussed example of coherent population trapping

is a Λ-type three level system (see Fig 2.2) where two laser frequencies are used to couple

two different lower states (|1〉 and |2〉) to a common upper state (|3〉) [31]. If the lasers’

detunings are matched, the interaction of the atom with the two laser beams optically pumps

the atom into a dark state composed of a superposition of two lower states. The dark state

Figure 2.2: A Λ-type three-level system in which coherent population trapping can occur.

is decoupled from the lasers because the transition amplitudes from the two lower states to

the upper state interfere destructively.

Coherent population trapping and its related physics [32] can be exploited for useful ap-

plications including novel cooling schemes such as velocity selective coherent population

trapping (VSCPT) [33] and electromagnetically-induced-transparency (EIT) cooling [34].

However, coherent population trapping can also arise in a Zeeman degenerate transition
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driven by a single laser field and leads to a detrimental suppression of fluorescence. In

this case, the Λ-systems correspond to polarization couplings between different Zeeman

levels. One of the particular cases of Zeeman degenerate transitions that exhibit coherent

population trapping is a transition between two states with equal integer angular momen-

tums. The second case is a transition with higher multiplicity in the ground-state where the

angular momentum can be either half-integer or integer [17]. The second case occurs for

the hyperfine 2S1/2(F = 1)→2 P1/2(F = 0) cooling transition of 171Yb+ (see Fig 2.2) and

also for its repump transition 2D3/2(F = 1)→3 D[3/2]1/2(F = 0). In the case of 174Yb+,

CPT is absent on the main UV transition 2S1/2→2 P1/2 but arises for the repump transition
2D3/2→3 D[3/2]1/2.

Figure 2.3: The main UV transition of 171Yb+ which exhibits coherent population trapping.

Another way of interpreting CPT in these cases is in terms of optical pumping to po-

larization dark states in the absence of a well-defined quantization axis [35]. For example,

consider a linearly polarized laser that is incident on a 171Yb+ ion and tuned close to the
2S1/2(F = 1)−2 P1/2(F = 0) resonance. If we insert a magnetic field along the ẑ-axis, it

will define a quantization axis. The ~E field of the incident laser should then make an angle

with respect to the quantization axis to ensure that all Zeeman states are coupled. If instead
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the laser’s ~E lies along the ẑ direction, the presence of π polarization and absence of circular

polarizations will optically pump the ion out of the |F = 1,mF = 0〉 sublevel and into the

|F = 1,mF =±1〉 polarization dark states that have no coupling to the excited-state. Now,

in the limit of no magnetic field, the lack of a well-defined quantization axis implies that the

ion’s Zeeman states can always be rotated into a basis where the ẑ-axis overlaps with the ~E

field of the laser. Physically this means that the atom’s ground-state spin will be optically

pumped to the two polarization dark states in this new rotated basis. The dark states are, in

general, a superposition of the Zeeman levels in the original ẑ-axis basis. Although this dis-

cussion has focused on zero magnetic field, the CPT effect persists at finite magnetic fields

for sufficiently strong laser powers because the dressed atom will adiabatically follow the

Larmor precession of ground-state spin, and remain dark.

Berkeland and Boshier [17] have provided a detailed theory of dark state formation in

Zeeman degenerate systems and have described the two common experimental methods

for dark-state destabilization. The first method involves modulating the polarization of

the laser at a rate sufficiently fast that the ground-state populations and coherences cannot

follow, effectively projecting out of the dark state [35, 36]. The second method uses a

magnetic field to rotate the ground-state spin-polarization out of the dark state by magnetic

field precession [37, 38, 39]. The laser modulation scheme has the advantage that it works

near zero magnetic field where, for example, clock-state hyperfine qubits [16] of the type

in 171Yb+ are first-order insensitive to field fluctuations. The advantage of the magnetic

field method is that it is simple to implement. In this thesis, we study in detail the magnetic

field method of dark-state destabilization for single, trapped Yb+ ions.

2.2.2 Liouville equation

In this section, we derive the internal state populations and coherences for Yb+ by solving

for the steady-state density matrix using the quantum Liouville equation [40]. The ion’s

UV fluorescence rate ηγPp that we measure experimentally is proportional to the photon

collection efficiency η of our imaging system, the linewidth γ of the 369.5-nm transition

and the total 2P1/2 excited-state population Pp.

The time evolution of the density matrix, ρ describing the internal state of the ion

governed by Liouville’s equation as follows:
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ih̄
dρkl

dt
= [H,ρ]kl + ih̄〈k |Γ| l〉 (2.1)

Diagonal terms in the density matrix, ρkk, represent the population of the kth state, and

each off-diagonal term, ρkl , is the coherence between the kth and lth states. The total Hamil-

tonian H includes the interactions of the ion with laser fields and an external magnetic field,

while 〈k |Γ| l〉 represents the damping effects. In our case, damping terms are exclusively

due to spontaneous emission processes. We ignore the effect of ion motion in the trap and

assume a laser spectral-width much narrower than the linewidth.

It is long but straight forward to account for the complete set of levels involved in fluo-

rescence (shown in Fig 2.1); however, the problem can be solved in a piecewise way. Since

the leakage rate to the 2D3/2 state is weak, the essential steady-state fluorescence behaviour

is accounted for by the 2S1/2− 2P1/2 transition, with only a small correction required for

the 2D3/2 repump as long as the 935-nm laser parameters are properly optimized. We ig-

nore the small repump correction in first order but consider its effect at the end. Lastly,

there is also the low-lying and long-lived metastable 2F7/2 state, shown in Fig 2.1, that is

not strongly linked to the 2D3/2 state because of selection rules but nevertheless can be

populated via collisional processes [27, 28, 29]. While an additional repump laser at 638

nm is necessary to depopulate the 2F7/2 state, collisional de-excitation events are relatively

rare in practice and so we ignore the 2F7/2 state in our model of fluorescence.

We start by considering the 174Yb+ since it has no hyperfine structure and continue

with the 171Yb+ isotope afterwards.

2.2.3 174Yb+ fluorescence theory

Figure 2.4 shows the Zeeman-resolved structure of the 2S1/2(J = 1/2)− 2P1/2(J = 1/2)

transition for 174 Yb+, which is used for the cooling and fluorescence detection. The
174 Yb+ ion has no nuclear spin and so no hyperfine structure. Both the ground and excited-

states have the same half-integer angular momentum J = 1/2. While it is possible to opti-

cally pump dark if we only provide σ+ or σ− polarization, there is no CPT effect for this

transition. We represent the four 2S1/2 and 2P1/2 Zeeman states in the following vector

format:
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Figure 2.4: Zeeman resolved structure of the main 369.5-nm 2S1/2−2 P1/2 transition for
174Yb+. In the figure, ωl is the frequency of laser, ω0 is the frequency of the 2S1/2−2 P1/2

atomic transition and ∆ is the laser detuning. The magnetic field splittings are shown in

units of δB (see text).
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The total Hamiltonian of the ion consists of three parts:

Ĥ = Ĥ0 + ĤB +V̂ (t). (2.3)

The unperturbed Hamiltonian Ĥ0 of the ion is
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Ĥ0 = h̄


0 0 0 0

0 0 0 0

0 0 ω0 0

0 0 0 ω0

 (2.4)

where ω0 corresponds to the angular frequency of the 2S1/2(J = 1/2)−2 P1/2(J = 1/2)

transition (see Fig 2.4).

An external magnetic field B shifts the energy of Zeeman sublevels. At low fields, the

energy shift is linearly proportional to the magnetic field strength as follows [41]:

∆EB(J,mJ) = gJmJ ·µBB = gJmJ · (h̄δB) = 1.4
MHz

G
·B[G] (2.5)

where µB is the Bohr magneton and δB = µBB/h̄ is the Zeeman frequency-shift. The Lande

g-factor, gJ , for a total angular momentum J, orbital angular momentum L, and spin angular

momentum S is as follows:

gJ = 1+
J(J+1)+S(S+1)−L(L+1)

2J(J+1)
. (2.6)

Using the above equation, the g-factor is gJ = 2 for 2S1/2(J = 1/2) and gJ = 2/3 for
2P1/2(J = 1/2); thus, the Hamiltonian HB describing the magnetic field interaction becomes

ĤB = h̄


−δB 0 0 0

0 δB 0 0

0 0 −δB/3 0

0 0 0 δB/3

 . (2.7)

The last remaining term to be discussed in Eq. (2.3) is the interaction of the ion with

the laser field. In general, the Hamiltonian for dipole coupling is:

V̂ (t) =−e~E(~r, t) ·~̂r (2.8)

where e~̂r is the dipole operator and ~E, the laser’s electric field, is:

~E(~r, t) = E0ε̂cos(~k ·~r−ωl · t). (2.9)
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In the above equation, E0 is the amplitude of electric field; ε̂ is the unit polarization; and ωl

is the angular frequency of the laser field. The coupling matrix elements of the interaction

Hamiltonian between an arbitrary ground-state |g〉 and excited-state |e〉 can be written in

terms of a Rabi frequency Ω as

V = h̄Ωcos(~k ·~r−ωl · t), (2.10)

where the laser Rabi frequency is defined by

Ω≡ −eE0

h̄
〈e |ε̂ ·~r|g〉=

−µeg ·E0

h̄
. (2.11)

The electric-dipole moment µeg of the transition depends on the wavefunctions of the

ground and excited-states and can be complicated to calculate. However, this is unnec-

essary as all information can be obtained from the transition frequency ω0, and the mea-

sured linewidth. The remainder of the behaviour is the angular momentum dependence

which is easily extracted using the Wigner-Eckart theorem. For 174Yb+, the coupling Rabi

frequency between angular momentum states |J′,M′〉 and |J,M〉 is as follows:

ΩJ′M′JM =
−e ·E0

h̄

〈
α
′J′M′ |ε̂ ·~r|αJM

〉
(2.12)

where α represents all the other quantum properties besides the angular momentum J.

Using the Wigner-Eckart theorem, the coupling Rabi frequency can be simplified to

ΩJ′M′JM = (−1)J−M′
√

2J′+1 ΩJJ′∑
q
(−1)q

ε−q

(
J 1 J′

M q M′

)
(2.13)

where the Wigner 3- j symbol in parentheses determines the polarization selection rules and

the reduced Rabi frequency ΩJJ′ =
−e0·E0

h̄ 〈α′J′‖r‖αJ〉 can be rewritten in terms of experi-

mentally measured parameters of wavelength λ, linewidth γ, and intensity I as follows:

ΩJJ′ =

√
s0(JJ′)

2
· γ, S0(JJ′) =

I
Isat(JJ′)

, Isat(JJ′) =
πhc
3λ3 · γ. (2.14)

The Rabi frequency and associated on-resonance saturation parameter S0 are defined in

terms of the bare 2S1/2−2P1/2 fine-structure transition to make comparison between 174Yb+

and 171Yb+ explicit. Since the total angular momentum of the ground and excited-states of
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the studied transition (2S1/2− 2P1/2) is fixed for both isotopes, we denote ΩJJ′ by Ω0 for

simplicity from now on.

The Rabi frequencies between the various ground and excited Zeeman states for the
2S1/2→ 2P1/2 transition in 174Yb+, are evaluated according to Eq 2.13 and displayed in the

Table 2.2.

Ω MJ q MJ′ 3j ΩJ′M′JM

Ω24 1/2 0 1/2
√

1/6
√

1/3ε0Ω0

Ω13 -1/2 0 -1/2
√

1/6 −
√

1/3ε0Ω0

Ω14 -1/2 +1 1/2 −
√

1/3
√

2/3ε−1Ω0

Ω23 1/2 -1 -1/2 −
√

1/3 −
√

2/3ε+1Ω0

Table 2.2: The Zeeman-resolved Rabi frequencies for the main UV transition of 174Yb+.

Figure 2.5: External magnetic field and laser’s electric field orientation

We consider exclusively the special case of a linearly polarized laser. For a magnetic

field along the ẑ direction, the spherical components of the linear polarization may be ex-

pressed as:

ε0 = εz = cos(θBE), (2.15)

ε+1 =−
1√
2
(εx− iεy) =−

1√
2

sin(θBE)e+iφBE , (2.16)
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ε−1 =
1√
2
(εx + iεy) =

1√
2

sin(θBE)e−iφBE , (2.17)

where θBE and φBE , describe the polarization in terms of polar coordinates as illustrated in

Fig 2.5. Substituting polarization values into the Rabi frequency equations we get

Ω42 =
√

1/3Ω0 cos(θBE), (2.18)

Ω31 =−
√

1/3Ω0 cos(θBE), (2.19)

Ω41 =
√

1/3Ω0eiφBE sin(θBE), (2.20)

Ω32 =
√

1/3Ω0e−iφBE sin(θBE). (2.21)

Now that we have calculated the Rabi frequencies between the ground and excited-states of

the 2S1/2−2 P1/2 transition, we can rewrite the laser-atom interaction described in Eq 2.10

as:

V̂ = h̄ · cos(~k ·~r+ωlt)


0 0 Ω13 Ω14

0 0 Ω23 Ω24

Ω31 Ω32 0 0

Ω41 Ω42 0 0

 . (2.22)

To simplify the Hamiltonian, we first apply the dipole approximation (ei~k·~r ≈ 1). We then

transform to the laser rotating basis and apply the rotating-wave approximation to remove

fast-oscillating terms in the density matrix components. The remaining interaction terms

are constant, as follows:

V̂RWA = h̄ ·


0 0 Ω13/2 Ω14/2

0 0 Ω23/2 Ω24/2

Ω31/2 Ω32/2 0 0

Ω41/2 Ω42/2 0 0

 . (2.23)

Using Hamiltonians in Eqs.(2.4), (2.7), and (2.23), and assuming that the laser detuning

is ∆, we combine the results as follows:
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ĤRWA = h̄ ·


−δB 0 Ω13/2 Ω14/2

0 δB Ω23/2 Ω24/2

Ω31/2 Ω32/2 −∆−δB/3 0

Ω41/2 Ω42/2 0 −∆+δB

 . (2.24)

Finally, the damping terms due to spontaneous emission need to be calculated to be able

to solve Liouville’s equation (Eq. (2.1)). The damping terms for density matrix elements

involving excited-states only are quoted in general form ( [42, 43]) as follows:〈
αe1Je1Me1|Γρ|αe2Je2Me2

〉
=−1

2
(γαe1Je1 + γαe2Je2)〈αe1Je1Me1|ρ|αe2Je2Me2〉 , (2.25)

where γαeiJei is the spontaneous decay rate from a given excited-state. Note that the diagonal

elements correspond to the population decay of the associated excited-state. In the specific

case of 174Yb+, all of excited-states are simply Zeeman sublevels that have the same decay

rate, γ, and so the damping term simplifies to

〈αeJeMe|Γ|αeJeMe〉=−γ〈αeJeMe|ρ|αeJeMe〉 . (2.26)

The damping terms for the optical-coherence elements of the density matrix, which involve

cross terms between ground and excited-states, are in general:〈
αeJeMe|Γρ|αgJgMg

〉
=−1

2
(γαeJe)

〈
αeJeMe|ρ|αgJgMg

〉
, (2.27)

where the decay rate is half of the excited-state population decay rate.

The damping terms for density matrix elements involving the ground-states are as fol-

lows:〈
αg1Jg1Mg1|Γρ|αg2Jg2Mg2

〉
= ∑

αe1αe2Je1Je2Me1Me2

(Jg1Jg2Mg1Mg2|A|Je1Je2Me1Me2)

×〈αe2Je2Me2|ρ|αe1Je1Me1〉 . (2.28)

This includes both source terms for the ground-state populations arising from the excited-

states’ population decay and source terms for the off-diagonal coherences between ground

states arising from joint relaxation of Zeeman excited-states. The coefficient〈
Jg1Jg2Mg1Mg2 |A|Je1Je2Me1Me2

〉
is a generalized Einstein A-coefficient for spontaneous

emission that defines the joint relaxation of two states. Rewriting the Einstein A-coefficient
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in terms of Clebsch-Gordan coefficients, the decay terms for the ground-states can be sim-

plified to:

〈
αgJgM′g|Γρ|αgJgMg

〉
= (−1)M′g−Mg(2Je−1)γJeJg ∑

q

(
Jg 1 Je

M′g q −M′e

)

×

(
Jg 1 Je

Mg q −Me

)〈
JeM′e|ρ|JeMe

〉
. (2.29)

Using Eqs. (2.26-2.29) and identifying γαeJe as γ, the damping matrix is as follows:

〈
k|Γρ|l

〉
=


γ

3ρ33 +
2γ

3 ρ44
−γ

3 ρ34
−γ

2 ρ13
−γ

2 ρ14
−γ

3 ρ43
2γ

3 ρ33 +
γ

3ρ44
−γ

2 ρ23
−γ

2 ρ24
−γ

2 ρ31
−γ

2 ρ32 −γρ33 −γρ34
−γ

2 ρ41
−γ

2 ρ42 −γρ43 −γρ44

 . (2.30)

Finally, we substitute Eq. (2.30) and Eq. (2.24) into Liouville’s equation. The equation

is easy to solve numerically, but we prefer to have an analytical solution to study the depen-

dences more easily. We use Maple Software to solve for the steady-state both numerically

and analytically. Solving for the steady-state solution for 174Yb+ analytically is compli-

cated by the appearance of the decay terms from excited-state to ground-state coherences

in the Liouville equation. Numerical simulations, however, indicate that the coherences be-

tween ground-state Zeeman levels and those between excited-state levels are zero or close

to it over a wide range of parameters, so we set them to zero in our equations and pro-

ceed with an approximate solution for the steady-state. This approximation amounts to a

rate-equation approach. Analytical solutions for the rate equations, in particular the total
2P1/2 population Pp, can then be obtained easily but are still too involved to be convenient.

To a very good approximation theoretically, as long as δB is not too large ( δB . γ/2), we

find that the excited-state population can be simplified, as follows, to a saturation form

analogous to a two level system with an effective linewidth extracted from the ∆→∞ limit:

Pp =
1/2

∑
MJ=−1/2

Pp(MJ) =
1
2
·

Ω2
0

6

∆2 +
(

Γ174
2

)2 , (2.31)

(
Γ174

2

)2

=
Ω2

0
6

+
γ2

4
·

(
1+ 16δ2

B
9γ2

)(
1+ 64δ2

B
9γ2

)
1+ 16δ2

B
9γ2 · (3cos2 θBE +1)

. (2.32)
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Figure 2.6: Total excited-state population in 174Yb+ versus laser-polarization angle θBE

when ∆/2π =−8 MHz, δB/2π = 8.2 MHz, γ/2π = 19.6 MHz and S0 = 10. Points are the

numerical solution. The approximate solution for the steady-states where we set coherences

between ground-state Zeeman levels and those between excited-states level to zero is shown

as a blue line. The approximate function in Eq. (2.31) is shown in red. The maximum

excited-state population occurs at θBE = 0◦, and the minimum occurs at θBE = 90◦.

These equations apply only to the special case of a linearly polarized laser field. The

effective linewidth Γ174 includes both power- and Zeeman-broadening and approaches the

natural linewidth γ in the limit of vanishing magnetic field (δB→ 0) and laser power (Ω→
0).

The excited-state population according to Eq. (2.31) is plotted versus θBE in Fig 2.6

for detuning ∆/2π = −8 MHz, Zeeman shift δB/2π = 8.2 MHz, linewidth γ/2π = 19.6

MHz, and on-resonance saturation parameter S0 = 10. These values are close to typical

experimental values used in Chapter 5. As can be seen, there is no polarization dark state.

The peak fluorescence occurs at θBE = 0◦, which is equivalent to a π-polarized laser field,

and the minimum fluorescence occurs at θBE = 90◦, which is equivalent to a perpendicular

polarization.

To demonstrate that our approximations do not significantly affect the results, we show

the full numerical steady-state solution without approximation in Fig 2.6 (black points).
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Figure 2.7: Total 2P1/2 excited-state population for 174Yb+ versus saturation parameter S0

when ∆/2π = −8 MHz, δB/2π = 8.2 MHz, γ/2π = 19.6 MHz and θBE = 0◦. Points are

the full numerical solution without approximation to Eq. (2.31) . The approximate solution

for the steady-states where we set coherences between ground-state Zeeman levels and

those between excited-states levels to zero is shown in blue and the approximate function

according to Eq. (2.31) is shown in red. The population saturates at high powers to 0.5 as

for a 2-level system.

Also included in the plot is the approximate analytical solution for the steady-state where

we set coherences between ground-state Zeeman levels and those between excited-states

levels to zero (blue line). As can be seen, both approximate solutions matches the full

numerical one reasonably well, with the largest discrepancy of a few percent near 15◦. It

is important to note that the discrepancy vanishes at the special points of θBE = 90◦ and

θBE = 90◦.

The plot of excited-state population versus saturation parameter is shown in Fig 2.7.

The detuning is ∆/2π = −8 MHz, Zeeman shift δB/2π = 8.2 MHz, linewidth γ/2π =

19.6 MHz and polarization angle is optimal, θBE = 0◦. Clearly, increasing the power, or

equivalently the saturation parameter, increases the fluorescence until saturation is reached.

The maximum achievable population is 0.5, in which case the population is distributed

equally between the ground and excited-states. In the absence of Zeeman broadening,

the population of the excited-state reaches half its maximum value at S0 = 3. The power
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required is three times higher than that for a two-level cycling transition because of Zeeman

sublevel branching ratios.

2.7.

0 50 100

0 50 100
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(a)

(b)

Figure 2.8: 174Yb+ excited-states population versus detuning for δB/2π = 8.2 MHz,

γ/2π = 19.6 MHz, θBE = 0◦ and S0 = 10. b) δB/2π = 20 MHz and θBE = 45◦ while

other parameters are the same as (a). Points are the full numerical solution. The approx-

imate analytical solution for the steady-states where we set coherences between ground-

state Zeeman levels and those between excited-states levels to zero is shown as a blue line.

The further approximated function in Eq. (2.31) is shown as a red line.

Two plots of excited-state population versus laser detuning are shown in Fig 2.8. In Fig

2.8(a), the parameters are a Zeeman shift of δB/2π = 8.2 MHz, a linewidth of γ/2π = 19.6

MHz, an on-resonance saturation parameter of S0 = 10, and a polarization angle θBE = 0◦.
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As in the previous plots, the numerical solution without approximation is plotted as black

points. The approximate analytical solution for the steady-state where we set coherences

between ground-state Zeeman levels and excited-state levels to zero is shown in blue, and

the further approximated function in Eq. (2.31) is shown in red. As can be seen all the

solutions match each other. In fact, although Eq. (2.31) is derived as an approximation

in general at finite magnetic field, the functional form is correct for the special case of

π-polarization (θBE ≈ 0◦), as has already been shown in Fig 2.6.

For the experimental results in Chapter 5, we increase the magnetic field up to an equiv-

alent maximum Zeeman splitting of δB/2π = 11.2 MHz. At these larger magnetic fields,

we expect the maximum deviation from the approximate expression in Eq. (2.31). In Fig

2.8(b), the Zeeman shift is set to an even larger value of δB/2π = 20 MHz, and the polar-

ization angle is set to θBE = 45◦ in order to elicit a worst-case deviation. It can be seen

that even at this high magnetic field, Eq. (2.31) still describes the full numerical solution

reasonably well.

The excited-state’s population in Eq. ( 2.31), can be generalized to the following form

to account for the decay from 2P1/2 state to the low-lying 2D3/2 state, as well as the counter-

effect of a 935-nm laser repumping via the 3D[3/2]1/2 state:

P(r)
p =

Pp(α = 0)
1+ξPp(α = 0)

, (2.33)

where the repump factor ξ is defined as

ξ =
αγ

βγIR

1
P[3/2](β = 0)

. (2.34)

The linewidth γ of the 369.5-nm transition, the linewidth γIR of the 935-nm transition, and

branching ratios α and β have already defined (Fig 2.1). Pp(α = 0) is the 2P1/2 population

assuming no leakage to the 2D3/2 state and is given by Eq. ( 2.31), while P[3/2](β = 0) is

the total population of the 3D[3/2]1/2 excited-state assuming a closed 935-nm transition. A

small value of ξ corresponds to good repumping and a small effect on the UV fluorescence.

The 2D3/2 → 3D[3/2]1/2 repump transition has a larger Zeeman multiplicity in the

lower state and is susceptible to coherent population trapping, but calculating the repump

factor analytically is challenging since the number of Zeeman levels involved is large, and

no obvious approximations present. Therefore, we use numerical simulation to estimate
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the value of P[3/2](β = 0) as a function of magnetic field and the 935-nm laser polariza-

tion and power, and obtain a repump factor of about ξ = 0.1 for the magnetic field range

3.4-8.1 G and near-optimal 935-nm laser parameters considered in this experiment. When

the UV transition is saturated (Pp = 0.5), the repump effects are expected to comprise

approximately at most a 5% correction to the fluorescence.

2.2.4 171Yb+ fluorescence theory

The Zeeman-resolved hyperfine structure of the 2S1/2 −2 P1/2 transition for 171Yb+ is

shown in Fig 2.9. Doppler cooling and fluorescence detection works on the 2S1/2(F = 1)→
2P1/2(F = 0) transition, which is closed to the 2S1/2(F = 0) ground-state according to an-

gular momentum selection rules.

The same procedure used to calculate the steady-state fluorescence of 174Yb + can

be applied to 171Yb+. An analytical solution has already been presented elsewhere [17];

however, we show the calculation for completeness and include the effect of the 935-nm

repump transition.

Figure 2.9: Zeeman-resolved hyperfine structure of the main 369.5-nm 2S1/2−2 P1/2 tran-

sition for 171Yb+. The UV hyperfine repump transition is also shown.
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We represent the four 2S1/2 and 2P1/2 states in vector format as follows:

∣∣S1/2,F = 1,mF =−1
〉
=


1

0

0

0

 ,
∣∣S1/2,F = 1,mF = 0

〉
=


0

1

0

0

 ,

∣∣S1/2,F = 1,mF = 1
〉
=


0

0

1

0

 ,
∣∣P1/2,F = 0,mF = 0

〉
=


0

0

0

1

 . (2.35)

Similar to 174Yb+, we evaluate the different parts of the total Hamiltonian H, including

the magnetic-field and laser interactions. The unperturbed Hamiltonian is:

Ĥ0 = h̄


0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 ω0

 (2.36)

where ω0 corresponds to the frequency of the 2S1/2(F = 1)−2 P1/2(F = 0) transition. The

Zeeman shift of a hyperfine level |F,mF〉 is, as follows, in the low magnetic field limit:

∆EB(F,mF) = gFmF ·µBB = gFmF · h̄δB. (2.37)

In the above expression, gF is the Lande-g factor of an atom with total angular momentum

F according to:

gF = gJ
F(F +1)+ J(J+1)− I(I +1)

2F(F +1)
(2.38)

where J is the quantum number for angular momentum including spin and orbital contri-

butions, I is the nuclear spin, and F is the total angular momentum quantum number. With

gJ from Eq. (2.6) and the value of gF = 1 for the 2S1/2(F = 1) sublevels, the Hamiltonian

of the ion in the presence of the magnetic field is:
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ĤB = h̄


−δB 0 0 0

0 0 0 0

0 0 δB 0

0 0 0 0

 . (2.39)

Note that there is no Zeeman shift for the excited-state since it has mF = 0.

Using Eq. (2.11), the Rabi frequency between |F ′,M′〉 and |F,M〉 is defined as

ΩF ′M′FM = (−1)J′+I−M′F+1
√
(2J′+1)(2F ′+1)(2F +1)

{
J′ F ′ I

F J 1

}
Ω0

×∑
q
(−1)q

ε−q

(
F 1 F ′

M q M′

)
. (2.40)

The expression in curly braces,

{
J′ F ′ I

F J 1

}
, is a 6- j symbol that describes recoupling

of the angular momenta, and the expression in standard braces,

(
F 1 F ′

M q M′

)
, is a 3- j

symbol as in the previous section. The Rabi frequencies between ground and excited-states

are calculated explicitly in the Table 2.3 as a function of Ω0, which has previously been

defined for the 2S1/2-2P1/2 transition of 174Yb+ in Eq. (2.14).

Ω MF q MF ′ 3- j ΩF ′M′FM

Ω14 -1 +1 0
√

1/3 −
√

2/3ε−1Ω0

Ω24 0 0 0 −
√

1/3 −
√

2/3ε0Ω0

Ω34 +1 -1 0
√

1/3 −
√

2/3ε+1Ω0

Table 2.3: The Rabi frequencies for the main UV transition of 171Yb+.

Ω41 =−
√

1/3 ·Ω0 · eiφBE · sin(θBE), (2.41)

Ω42 =−
√

2/3 ·Ω0 · cos(θBE), (2.42)

Ω43 =−
√

1/3 ·Ω0 · e−iφBE · sin(θBE). (2.43)
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As was done for 174Yb+, we apply the dipole approximation and the rotating wave

approximation in the laser rotating basis to obtain the laser-atom interaction Hamiltonian:

V̂RWA = h̄ ·


−δB 0 0 Ω14/2

0 0 0 Ω24/2

0 0 δB Ω34/2

Ω41/2 Ω42/2 Ω43/2 0

 . (2.44)

The damping terms for 171Yb+ are simpler than 174Yb+, since there are no excited-state

coherences. Similar to the fine structure case of 174Yb+, the spontaneous damping terms for

matrix elements involving only hyperfine excited-states are, in general, as follows [42, 43]:〈
αe1Fe1Me1|Γρ|αe2Fe2Me2

〉
=−1

2
(γαe1Fe1 + γαe2Fe2)〈αe1Fe1Me1|ρ|αe2Fe2Me2〉 . (2.45)

Since there is only one excited-state, this term simplifies to the population decay of the

excited-state: 〈
P1/2,F = 0,MF = 0|Γρ|P1/2,F = 0,MF = 0

〉
=

γ
〈
P1/2,F = 0,MF = 0|ρ|P1/2,F = 0,MF = 0

〉
, (2.46)

where we have identified γαeFe as γ. The damping terms for optical coherence elements of

the density matrix that involve cross terms between ground and excited-states are:〈
P1/2,F = 0,MF = 0|Γρ|S1/2,F = 1,Mg

〉
=

− γ

2
〈
P1/2,F = 0,MF = 0|ρ|S1/2,F = 1,Mg

〉
. (2.47)

Finally the damping terms for ground-state elements are in general as follows [42, 43]:〈
αg1Fg1Mg1|Γρ|αg2Fg2Mg2

〉
= ∑

αe1,αe2,Fe1,Fe2,Me1,Me2

(Fg1Fg2Mg1Mg2|A|Fe1Fe2Me1Me2)

×〈αe2Fe2Me2|ρ|αe1Fe1Me1〉 . (2.48)

This is exactly the same as Eq. (2.29) where J is replaced by F .

Using Eqs. (2.45-2.48) for different states, the damping matrix is:

〈
k|Γρ|l

〉
=


γ

3ρ11 0 0 −γ

2 ρ14

0 γ

3ρ22 0 −γ

2 ρ24

0 0 γ

3ρ33
−γ

2 ρ34
−γ

2 ρ41
−γ

2 ρ42
−γ

2 ρ43 −γρ44

 . (2.49)
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Note how Eq. (2.48) reduces to the expected three diagonal source-terms for the ground

Zeeman states (+γ/3ρkk, k = 1,2,3). There are no decay source terms for the ground-state

coherences since there is a single excited-state and so no excited-state coherences. Substi-

tuting Eq. (2.44) and Eq. (2.49) into the Liouville equation (Eq. (2.1)), the steady-state

density matrix can be obtained. Unlike 174Yb+, the solution is straightforward, and can be

obtained analytically. The steady-state population in the P1/2(F = 0,mF = 0) excited-state

is:

Pp =
3
4
· cos2 θBE sin2

θBE

1+3cos2 θBE

Ω2

3

∆2 +
(

Γ171
2

)2 , (2.50)
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3
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1+3cos2 θBE

+
cos2 θBE

1+3cos2 θBE

(
Ω4

36δ2
B
+4δ

2
B

)
. (2.51)

This is the same expression with minor modifications to that already presented by

Berkeland and Boshier [17]. From the θBE dependence, it can be seen that 171Yb+ has po-

larization dark states for θBE = 0◦ and θBE = 90◦, which correspond to situations where at

least one of the three polarization couplings vanishes. Since all the couplings have the same

Clebsch-Gordon coefficient, the optimum excited-state population at fixed δB is achieved

when the Rabi frequencies for the three polarization components are all equal. This occurs

at a linear laser polarization given by θBE ≈ θo ≡ arccos( 1√
3
) = 54.7◦. The excited-state

population is plotted versus polarization angle in Fig 2.10. Parameters used for the figure

are a detuning of ∆/2π = −8 MHz, a Zeeman shift of δB/2π = 8.2 MHz, a linewidth of

γ/2π = 19.6 MHz, and a saturation parameter of S0 = 10. Even when all couplings are

present, the higher multiplicity in the F = 1 ground-state can still lead to suppressed flu-

orescence through coherent population trapping. The ion is pumped into a ground-state

spin coherence that is decoupled from the laser field. A sufficiently strong magnetic field

destabilizes the spin coherence by introducing rapid time-dependent phases to the Zeeman

levels. As discussed in Ref. [17], the Ω4/δ2
B term in the effective linewidth (Eq. (2.49))

describes the competition between the magnetic-field induced evolution of the dark states

and the ability of the dressed atom to follow.
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Figure 2.10: 171Yb+ excited-state population versus polarization angle when ∆/2π = −8

MHz, δB/2π = 8.2 MHz, γ/2π = 19.6 MHz and S0 = 10. There is a polarization dark state

for θBE = 0◦ and for θBE = 90◦.

The plot of excited-state population versus saturation parameter is shown in Fig 2.11.

Parameters assumed for the figure are a detuning of ∆/2π = −8 MHz, a Zeeman shift

of δB/2π = 8.2 MHz, a linewidth of γ/2π = 19.6 MHz and a polarization angle at the

optimum value θBE = 54.7◦. At low laser powers, the linewidth is roughly constant and

the excited-state population grows as Pp0 ∼ Ω2 ∼ S0 while at high powers (Ω� γ,δB)the

effective linewidth broadens rapidly and the population drops off as Pp0 ∼ 1/Ω2 ∼ 1/S0

. With the approximation θ = θ0, at fixed δB the fluorescence peaks at the following Rabi

frequency:

Ωpk ≈
[

9δ2
B

2
(3γ

2 +12∆
2 +8δ

2
B)

]1/4

(2.52)

where the peak excited-state population is

Max(Pp0)≈
1√
2

δB√
3γ2 +12∆2 +8δ2

B

. (2.53)

In the limit of large magnetic field and laser power, the excited-state fraction can reach 1/4,

half of the standard saturation value.

Similarly to 174Yb+, repump effects associated with leakage to the 2D3/2 state can be

considered for 171Yb+. The repump corrected Eqs. (2.33) and (2.34) also apply to 171Yb+
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Figure 2.11: 171Yb+ excited-state population versus saturation power when ∆/2π = −8

MHz, δB/2π = 8.2 MHz, γ/2π = 19.6 MHz and θBE = 54.7◦. The CPT effect can be seen

for high power, where the fluorescence is suppressed.

with Pp taken from Eq. (2.50) and P[3/2](β= 0) is the 3D[3/2]1/2(F = 0) excited-state pop-

ulation assuming a closed 935-nm transition. The 935nm repump transition 2D3/2(F = 1)→
3D[3/2]1/2(F = 0) itself is susceptible to coherent population trapping. Since the hyper-

fine structure is the same as the UV transition, Eq (2.50) can also be applied to calculate

P[3/2](β = 0). Over the range of magnetic field 3.4-8.1 G where most of data for this ex-

periment is taken, optimal values of the polarization and power of the 935-nm laser give

a value of ξ of about 0.1, which corresponds to a maximum correction to the UV fluores-

cence of below 2%. For the low side of the magnetic field range the optimization is more

sensitive; however, since the peak population in the 2P1/2(F = 0) state is also reduced in

low magnetic fields, the values of ξ can be as large as 0.5 but still contribute only 2% cor-

rection to the fluorescence. This correction is relatively small; however, the effect of the

repump transition is experimentally significant for the 174Yb+ ion, which reaches much

higher 2P1/2 excitation values, and so we include the correction for both isotopes.

As a final note, the 2D3/2(F = 2) state in 171Yb+ has been ignored since it is approxi-

mately closed to the fluorescence cycle and is only populated weakly. The state is cleared

out in the experiment using another repump laser frequency but this does not constitute a

significant correction to the fluorescence theory for our purposes.



Chapter 3

Experimental Setup

In this chapter, we give an overview of the different parts of the experimental setup used

to obtain the data in this thesis. We start with the linear rf Paul trap, that is mounted in

a vacuum chamber, and discuss the ion’s behaviour in the trap. Then we proceed to the

techniques of photo-ionization loading, Doppler laser cooling, and laser fluorescence. At

the end of the chapter the imaging system of the experiment is discussed. In Chapter 4,

all of the components of the lasers are described in more detail and the basic experimental

procedure is left to Chapter 5.

3.1 Trap System

Figure 3.1: Linear rf Paul trap consisting of four rods in a square configuration to confine

the ion radially via an rf pseudopotential and two endcap needles to confine the ion axially

via dc potentials.

29
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According to Earnshaw’s Theorem [44], a collection of point charges cannot be con-

fined in three directions solely by static electric fields. To overcome this problem, there are

two common solutions to achieve trapping of ions [45]. The first is a Penning trap which

uses a homogeneous static magnetic field and a spatially inhomogeneous static electric field

together. The second solution is an rf Paul trap which uses an inhomogeneous electric field

oscillating at radio frequency. The concept of the rf Paul trap was invented by Wolfgang

Paul, who shared half of the Nobel prize with Hans Dehmelt in 1989 for the development

of ion-trap techniques.

We use a linear rf Paul trap [46] consisting of four rods held in a square configuration

and two endcap needles parallel to the rods (see Fig 3.1). This style of trap is convenient for

quantum computing and quantum simulation where two or more ions are simultaneously

confined in the same trap. Two of the opposing rods of the trap are rf-grounded, and the

other two are connected to a radio-frequency source (V0 cosΩt) that generates an oscillating

quadrupolar potential in the radial direction. The needles are connected to a dc voltage U0

to confine the ion axially. Near the center of the trap, the electric field due to both rf and dc

potentials is as follows [47, 45]:

~E(x,y,z, t) =−V0

(
x~̂x− y~̂y

R′2

)
cos(Ωt)− κU0

Z2
0
[2z~̂z− x~̂x− y~̂y]. (3.1)

The ẑ-axis corresponds to the axial direction of the trap (Fig 3.1). The first term in Eq. (3.1)

is due to the rf potential from the rods, and the second term is due to the potential from the

end-caps. For simplicity, we have neglected the small component of alternating electric

field that occurs in practice along the ẑ direction. In the above equation, 2Z0 is the distance

between the two needles and R′ is approximately the distance from the trap axis to each of

the electrodes, and κ is a geometrical factor. From Newton’s Second Law of motion, the

equation of motion for a single ion with mass m and charge Q in the above electric field

obeys a Mathieu equation in each direction as follows:

ẍi +[ai +2qi cos(Ωt)]
Ω2

4
xi = 0. (3.2)

In this equation,

ax = ay =−
1
2

az =−
4QκU0

mZ2
0Ω2

, (3.3)
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and

qx =−qy =
2QV0

mR′2Ω2 , qz ∼= 0. (3.4)

The position of the ion as function of time can be derived by solving the Mathieu equations

in each direction assuming ai«1 and qi«1. The solution is as follows:

xi(t)≈ x0i cos(ωit +φSi)[1+
qi

2
cos(Ωt)] (3.5)

where the phase, φSi, is determined by the initial conditions of the ion, and the secular trap

frequency is:

ωi ∼=
1
2

Ω

√
ai +

1
2

q2
i . (3.6)

As can be seen in Eq. (3.5), the motion of the ion in each direction consists of two os-

cillatory components: a low-frequency motion called secular motion and a high-frequency

motion of relatively small amplitude, known as micro-motion. In the radial direction, the

secular motion is associated with simple harmonic oscillation in a time-averaged pseudo-

potential while, in the axial direction, a harmonic oscillator potential is generated directly

by the dc endcap voltages U0. The secular motion oscillates with the frequency of ωi, and

its amplitude x0i can be reduced by cooling. Micromotion occurs at the same frequency as

the rf trap frequency, Ω, and since it is assumed q «1, the micromotion’s amplitude is much

smaller than that of secular motion. The size of the micromotion is proportional to the

displacement of the ion from the rf null and is minimized at the null rf point. The motion

of the ion is shown in Fig 3.2.

As already mentioned above, the linear rf Paul trap is convenient for applications where

two or more ions need to be simultaneously held in the trap. One advantage of the linear

Paul trap is the ability to place several ions along the 1-D rf null, thus minimizing the effect

of micro-motion on laser cooling and laser-based quantum operations on the system.

Our realization of a linear rf trap is shown in Fig 3.3. The four rods are made of tungsten

and are held in place with precision ceramic spacers. The diameter of the rods is 0.48 mm,

and their center-to-center distance is 1.27 mm. The two needles are also made of tungsten

with tip-to-tip separation of 2.30 mm.

The rf frequency of Ω/2π ≈ 30 MHz is inserted on two opposing rods via a bifilar

quarter-wave resonator and the other two rods are rf-grounded. The simplified sketch of

the potential connections to the four rods is shown in Fig 3.4. About 6 W of power is
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Figure 3.2: Motion of an ion in the radial direction of a linear rf Paul trap consists of two

parts: secular motion with low frequency ω and large amplitude, and micro-motion with

high frequency Ω and small amplitude. Secular motion alone is shown in black while the

combined motion is shown in red. In the axial direction, there is nominally no micro-

motion.

applied to the rf resonator, which has a quality factor of 100-200. The endcaps use ∼26

V. Four π-filters allow us to apply a separate dc voltage to each rod through an rf ground

in order to move the ion onto the rf null. The secular trap frequencies are measured by

ac-coupling an oscillating voltage onto the electrodes, and the result from direct excitation

is {ωr1,ωr2,ωaxial}= {2π ·0.41,2π ·0.43,2π ·0.18}MHz for the trap used in this thesis.

The ion trap setup needs to be kept in an ultra-high vacuum system to achieve long ion-

trap lifetimes. We achieve lifetimes from several hours to several days. Inelastic collisions

with the background gas lead to population of the long-lived 2F7/2 state about every 10-

30 mins, and a 638-nm laser is required to repump the ion out of this state. More rarely,

inelastic collisions also lead to molecular-ion formation [48], although we are often able

to recover the Ytterbium ion through the use of a strong (12 mW) UV beam. Presumably,

other occasions when the ion truly leaves the trap are due to charge-exchange collisions

with background gas atoms or heating out of the trap.

An ion pump in combination with a titanium sublimation pump is used to keep the

pressure of the vacuum chamber low. An ion gauge which is somewhat remote from the

trap location (see Fig 3.5) normally has the pressure of < 10−11 torr. When the pressure

at the ion gauge exceeds this value, we flash titanium sublimation pump. This is typically

done once a month. The titanium sublimation pump consists of a titanium filament through
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Figure 3.3: Top view of SFU linear rf Paul trap in the vacuum chamber.

which a high current of about 43 A is passed for ∼5 min. This current makes the titanium

filament reach sublimation temperature. The surrounding walls become coated with a fresh,

thin film of titanium. Fresh titanium reacts readily with background gases in the trap and

forms a stable, solid product; hence, the pressure in the trap reduces significantly.

3.2 Photo-ionization loading of ions

Once the trap is assembled and the chamber has reached ultra-high vacuum pressure, the

next step is loading Ytterbium ions into the trap. This process begins with an effusive

atomic beam of neutral Ytterbium produced by an oven. The oven located near the trap

consists of solid Ytterbium metal in a stainless steel tube that is heated resistively with a

current around 5 A. The increased temperature evaporates the Ytterbium, which travels to

the trap in a reasonably collimated beam. We use a photo-ionization method to ionize the

Ytterbium atoms coming from the oven. The other possible method is electron bombard-

ment, which uses an electron beam with kinetic energy higher than the ionization threshold

of the neutral atom. Photo-ionization is known to be more advantageous compared to elec-
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Figure 3.4: Trap rf-voltage circuit diagram. All four rods are connected to π-filters that

allow us to dc bias each rod independently. The RF frequency is inserted via a bifilar

quarter-wave resonator, indicated by the dashed boundary.

tron bombardment ionization [49, 50, 51, 10], because an electron gun’s hot filament spoils

the ion-trap pressure. Furthermore, the electron beam can also charge the insulators near

the ion trap and impact its performance. By comparison, photo-ionization does not effect

the pressure and is less likely to lead to charging effects as long as material work-functions

are sufficiently high. Photo-ionization is also isotopically selective and significantly more

efficient [49, 50, 51, 10].

In the photo-ionization process, a 398.9-nm external-cavity diode laser is used to res-

onantly excite neutral Yb atoms from the 1S0 to 1P1 state. There are two possibilities for

ionizing the atom in the 1P1 state [10]. The atom can absorb another photon at 399 nm

and reach a high-lying Rydberg level, which can then be ionized by the trap electric fields.

Alternatively, a 369.5 nm photon from the laser used for ion cooling has sufficient energy

to remove the electron in the 1P1 state directly to the continuum (see Fig 3.6). During load-

ing, the 398.9-nm laser is overlapped with a relatively high power 2 mW 369.5-nm laser

beam. The 398.9-nm laser beam has a waist diameter of 60−100µm and is maintained at

a reduced power of about 100 µW to limit saturation broadening of the 1S0 – 1P1 transi-

tion and thereby improve the isotopic selectivity of the photo-ionization. The high power

369.5-nm beam is presumed to dominate the second step of photo-ionization [10]. The

photo-ionization beam is also perpendicular to the atomic beam coming from the oven to
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Figure 3.5: Location of ion pump and Titanium-Sublimation pump

minimize Doppler broadening (see Fig 3.7).

Finally, it worth noting that the energies of the 399 nm and 369.5 nm photons are ap-

proximately 3 eV, which is below the work function of the tungsten trap electrodes (4.5 eV).

Hence, photo-electric charging is expected to be minimized during the photo-ionization

process. In Chapter 5, some of our early photo-ionization studies will be presented as part

of the basic trapping procedure of Yb+.

3.3 Doppler cooling

After photo-ionization loading, the trapped Yb+ ion is Doppler cooled by a 369.5-nm beam

on the 2S1/2 to 2P1/2 transition. The beam is produced by a frequency-doubled and ampli-

fied diode laser system at 739.05 nm. A lithium triborate (LBO) crystal in a bow-tie res-
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Figure 3.6: One- and two-color photo-ionization processes for neutral Ytterbium.

onant cavity produces about 5 mW of UV power from 250 mW of fundamental power. A

single-mode, polarization-maintaining fibre is used to transfer the UV beam from the laser

to the experiment path. The fibre gives a positionally stable beam going to the trap that is

not affected by the frequent alignments of the doubling cavity. The fibre output also gives

a high quality beam. The fibre input-coupler is a PAF-X-5-A fibre port from THORLABS,

which allows micro-positioning alignment, and in practice, gives stable alignment. The UV

beam’s path to the trap is shown in Fig 3.8. There is a polarized beam-splitter (PBS), right

after the fibre’s output to convert the polarization noise, which arises from residual ther-

mal drifts, to amplitude noise. The beam out of the PBS goes to a variable power divider

composed of a half-wave plate (HWP) and another PBS. The HWP is set to ∼95◦, which

makes the ratio of power in the two output paths 90/10. A power of 2 mW goes to a path

used for loading and 200 µW goes to the other path used for detection/cooling.

The detection/cooling beam, after passing through the dividing PBS, reaches a 200 mm

lens that focuses the beam into a 7.37 GHz free-space resonant electro-optic modulator

(EOM) used to impose frequency sidebands on the laser beam for hyperfine repumping.

The second sideband is used to drive the 2S1/2(F = 0)→2 P1/2(F = 1) transition in 171Yb+

(see Fig 3.10) and pump the ion from the 2S1/2(F = 0) state back to the fluorescence cycle.

The beam out of the 7.37 GHz EOM goes to a HWP to change the polarization to vertical,
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Figure 3.7: Top view of the laser beam paths to the trap along with the location of the oven

and the direction of the magnetic field

which is needed for the next EOM at 2.1 GHz. The first sideband imposed by the 2.1

GHz EOM is resonant with the 2S1/2(F = 1)→2 P1/2(F = 1) transition. This transition

is used to initialize the ion to the
∣∣F = 0,m f = 0

〉
=|↓〉 state via optical pumping at the

start of quantum information experiments. Further information on hyperfine repump and

optical pumping is provided in Chapter 5. The two EOMs together reduce the beam’s

power approximately by half due to absorptions by the crystals inside the EOMs. We keep

the power of the beam in the cooling/detection path low to prevent any crystal damage due

to photo-refractive effects. The beam from the 2.1 GHz EOM is collimated and sent to an

80 MHz acousto-optic modulator (AOM) from IntraAction Corp. The first order diffracted

beam is picked off for use in the experiment and its frequency is up-shifted by the AOM

frequency. In our experiment AOMs are used primarily to switch and to vary the power of

the laser but may be used also to tune its frequency. The beam out of the AOM reaches

a PBS, which reflects the pure vertically polarized beam to a final HWP, which sets the

polarization of the beam to the trap. Finally, the beam goes through a 10 cm focal-length

lens mounted on an XYZ translation stage, which controls the beam’s focus and position at

the trap. The power of the beam going into the vacuum chamber is around 60-70 µW.

The high-power 369.5 nm loading path is used primarily during the loading procedure

and it goes through a separate 80 MHz AOM for power switching. The diffracted beam

from the AOM passes through two 20 cm lenses used for beam collimation and independent
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Figure 3.8: The path of the 369.5-nm laser beam to the trap. The path is divided into two

parts, the loading path with a high power and the detection/cooling path with lower power.

alignment adjustment and combines with the cooling and detection beam before the final

HWP (see Fig 3.8).

In order to keep the ion in the cooling/detection cycle, 935-nm and 638-nm lasers are

needed for repumping. The 935-nm laser is used to drive the ion from the metastable 2D3/2

state back to the 2S1/2 state and the 638-nm laser is used to depopulate the 2F7/2 state (see

Fig 2.1). The 935-nm beam’s path to the trap is shown in Fig 3.8. The 935-nm beam is

fibre coupled from the laser and has a power of about 2-3 mW at the trap. The beam is also

modulated by a broad-band fibre modulator at 3.07 GHz to depopulate the 2D3/2(F = 2)

state of 171Yb+. The 935-nm beam and modulation sidebands are continuously on during

the experiment. The 638-nm laser is overlapped with the 369.5-nm beam via a dichroic

beam-splitter (see Fig 3.8) and is also continuously on during the experiment. All four

lasers are coupled to a wavemeter to monitor their wavelength. Details of the laser paths to

the wavemeter are provided in the following chapter.

To ensure a stable detuning and narrow linewidth, the 369.5-nm and 935-nm lasers

need to be stabilized. The 369.5-nm laser’s fundamental wavelength at 739 nm is sta-

bilized before frequency doubling. The 739 nm ECDL ’s linewidth is narrowed using a
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Figure 3.9: The path of the 935-nm laser beam to the trap.

Pound-Drever-Hall lock to the doubling resonator cavity. Long-term drifts are prevented

by locking the laser to a hyperfine absorption line of molecular iodine using a saturated ab-

sorption technique. The 935-nm laser is stabilized at long times with a transfer-lock setup

which is based on a Fabry-Perot cavity locked to the stabilized 739-nm laser. The 935-nm

laser linewidth is also narrowed by using the cavity error signal and fast current feedback.

The details of the lock setups are given in Chapter 4.

In addition to all of the lasers, an external magnetic field is needed to provide a quanti-

zation axis and to overcome coherent population trapping in 171Yb+. The magnetic field in

the trap is generated by a single Helmholtz coil with 100 turns. The coil is located approx-

imately 75 mm from the trap center. Inhomogeneity of the magnetic field is not an issue

for our primarily single-ion experiments since the ion position is stable. The magnetic field

is arranged to be nominally perpendicular to the 369.5-nm laser beam path (see Fig 3.11).

The magnetic field in the trap center can be varied by changing the current of the coil.

3.4 Imaging System

Scattered photons from the ions are collected with an anti-reflection-coated UV microscope

objective lens with a focal length of 20 mm and a high numerical aperture (NA≈ 0.23). For

efficient light gathering, reentrant windows are used to accommodate the 13 mm working

distance of the objective. An intermediate image of the ion(s) is focused about 20-30 cm
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Figure 3.10: Zeeman resolved structure of 171Yb+ with the qubit’s |↓〉 and |↑〉 states. Opti-

cal pumping is used to initialize the ion in the |↓〉 state and a hyperfine repumping beam is

used to repump the |↓〉 state to the bright state

behind the objective where a 600 µm pinhole is used to block scattered light. A back-

to-back pair of 75 mm lenses re-images the ion(s) into an intensified CCD camera for

diagnostic purposes or onto a photo-multiplier-tube (PMT) for measurement of the ion

fluorescence by photon counting. The total magnification of the imaging system is about

140.

The net photon collection efficiency of the PMT-based imaging system is about 3 ·10−3.

The PMT’s detection efficiency is not spatially uniform. To suppress drifts in photon count

rates, we check the position of the ion’s image on the CCD camera consistently during the

experiment and adjust the imaging system as needed. A dichroic mirror is also added to

the imaging optical path to suppress all except UV photons from reaching the camera and

PMT. The 638-nm and 935-nm lasers do not appreciably contribute to the PMT background

count rate. An image of three ions is shown in Fig 3.12.
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Figure 3.11: Side view of the trap showing the position of imaging objective lens and

Helmholtz coil. The 369.5-nm laser enters from the left and the coil generates a field

nominally perpendicular wavevector of the laser.

Figure 3.12: A picture of three 171Yb+ions taken with the intensified CCD camera. each

pixel is binned eight-fold in both directions. The separation between ions is 10 µm.



Chapter 4

Lasers and Lock Setups

In this chapter we explain in detail three of the lasers used in the experiment: the 399-nm

laser used for photo-ionization, the 369.5-nm frequency-doubled laser used for Doppler

cooling and detection, and the 935-nm laser used to repump the ion from the 2D3/2 state.

In particular we describe the lock setups for 369.5-nm and 935-nm lasers, including a check

on the stability of the lasers using a wavemeter. This gives a simple diagnostic but, in the

next chapter, we ultimately compare the stability of the lasers with respect to the optical

resonances of the ions themselves. Note that a discussion of the 638-nm laser required for

depopulating the metastable 2F7/2 state is left to a future thesis.

4.1 The 399-nm laser

We use a tunable, grating-stabilized external-cavity diode laser (ECDL) from TOPTICA

(model DL100) for photo-ionization at 399 nm. A simplified mechanical schematic of

the DL100 is shown in Fig 4.1. As can be seen in the figure, external optical feedback

is produced by a grating set to the Littrow configuration, which gives considerably higher

output power than other possible configurations. The zero-order reflection of the grating

forms the output beam, while the first-order diffraction goes back to the laser diode as

optical feedback, and creates a resonator between the diode’s back facet and the grating

(see Fig 4.1). This external cavity has a higher finesse compared to the cavity formed by

the laser diode’s facets; hence, the laser’s linewidth is significantly smaller (a few MHz)

compared to the free-running diode. The laser’s wavelength can be changed by rotating

42
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Figure 4.1: Schematic sketch of the tunable, grating-stabilized, external-cavity diode laser

from TOPTICA. The beam-steering mirror is mechanically attached to the grating (not

shown).

the grating about the vertical axis with a piezo actuator. The Littrow configuration has the

side effect that moving the piezo tilts the output beam’s direction slightly, which can lead

to large beam-walk downstream. A beam-steering mirror is fixed to the grating holder to

limit the effect of the tilt to a small lateral displacement. To get a wide mode-hop-free

tuning range, a feed-forward mechanism is used to add a compensating laser current as the

grating is tuned. There are three electronic modules in the Toptica control rack for precise

control of the diode laser’s current, temperature and piezo. Typical values of current and

temperature we use for this laser are ILD = 47 mA and TLD=23.6◦C.

The beam from the laser passes through a 30 dB optical isolator from Optics for Re-

search, and is separated into two parts. One part, with a power of ∼8 mW, goes to the

ion trap through free space, and the other part, with a power of ∼2 mW, is sent to a fibre-

coupled Bristol wavelength meter for wavelength determination and also to a Fabry-Perot

cavity for ensuring single- mode operation. A schematic of the 399-nm beam’s optical path

out of the laser is shown in Fig 4.2.

The 399 nm ECDL has been the most robust of our lasers during the last five years and

has required no significant maintenance. On a daily basis, we adjust the current to get a



CHAPTER 4. LASERS AND LOCK SETUPS 44

Figure 4.2: The optical path of the 399-nm laser beam to the experiment and to the diag-

nostic path consisting of a wavemeter and Fabry-Perot cavity.

single longitudinal mode and then adjust the piezo to get the desired wavelength. The 399-

nm laser’s passive linewidth is good enough for isotope-selective photo-ionization, during

which we are power broadening the resonance somewhat anyway. Moreover, the loading

process takes less than one hour and the long-term passive stability of the 399-nm laser

seems to be adequate. In the future, it may be useful to stabilize the laser to remove the

long-term drifts.

4.2 The 369.5-nm laser

4.2.1 Laser description

Doppler cooling and detection on the 2S1/2-2P1/2 transition at 369.5 nm are accomplished

with an amplified, frequency-doubled diode laser system from TOPTICA. A schematic

sketch of the laser setup is shown in Fig 4.3. As can be seen in the figure, the 739-nm beam

out of the DL100 master oscillator (the same design used for the 399-nm laser) goes to a

single-pass, tapered semiconductor-amplifier (TA100). There is a 60 dB Faraday optical

isolator between master oscillator and tapered amplifier to prevent feedback reflections
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back to the master oscillator. Because of the elliptical polarization out of the master ECDL,

about half of the power is lost through the isolator with only about 4.5 mW transmitted.

This is enough for reasonable operation of the tapered amplifier. Following the amplifier

there is another 60 dB isolator to inhibit feedback from the doubling cavity to the amplifier.

We get ∼300 mW out of the amplifier after the isolator with ∼4.5 mW input power. The

amplified beam is separated immediately after the isolator into two parts with a 90-10

beam-splitter. About 10%, or 25 mW, is transmitted out of the laser enclosure and is used

for locking and diagnostics, while 90% is reflected towards the frequency-doubler.

Figure 4.3: Schematic sketch of the Toptica 369.5-nm laser which consists of a 739-nm

DL100 master oscillator, amplifier, and resonant doubling cavity. Two 60 dB isolators

prevent master-amplifier and amplifier-cavity feedback.

The frequency-doubling cavity has a bow-tie design (see Fig 4.4) with two plane mirrors

and two concave mirrors. The doubling crystal is placed in the tight beam waist between

the two concave mirrors. The doubling crystal is lithium triborate (LBO), which is used

at normal incidence with an AR coating to minimize reflections. The UV beam out of

the doubling cavity first passes through a plano-concave cylindrical lens, which reduces

astigmatism, and then a collimation lens before exiting the laser enclosure with a power

of about 5 mW. This output beam is transferred to the experiment via a PM fibre with a

coupling efficiency of 40%.
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The bow-tie cavity is used to improve the UV power of the laser by resonant enhance-

ment of the doubling process and needs to be stabilized to the input fundamental. At the

same time the cavity is used as a reference to narrow the linewidth of the 739-nm master.

The error signal for both these purposes is obtained from a Pound-Drever-Hall lock signal

as follows. The master is frequency modulated at ∼20 MHz via its current. As can be

seen in Fig 4.4, the input-reflection port of the cavity is sent to a fast photo-diode, which

is connected to the input of a Thorlab’s PDD module (Pound-Drever-Hall demodulator).

The dispersive error-output of the PDD is split and fed back to the cavity via a PID module

(proportional integral derivative) and to the laser via its current. The output of the PID

module is connected to a piezo mounted on one of the plane mirrors of the resonator cav-

ity and acts to maintain the cavity on resonance with the input fundamental. The lock of

the resonator cavity to the laser is a slow loop with a bandwidth of few kilohertz and can

regulate slow thermal and acoustic noise affecting the cavity. The lock of the laser to the

cavity is a fast lock that feeds back to the diode current using a FET (field effect transistor)

current control. This fast feedback is a pure proportional regulator with a bandwidth of 5

MHz, but it has a small locking range. With all the locks in place, the laser frequency can

still drift over hours. To remove slow drifts for the 739-nm master laser, a molecular iodine

absorption line is used as a long-term reference, as described in the following section.

4.2.2 Lock setup for the 739-nm laser

To avoid long-term drifts of the 369.5-nm laser, caused by factors like temperature fluctua-

tions in the lab, a saturated absorption lock is implemented to stabilize the 739-nm funda-

mental to molecular iodine. Molecular iodine has a rovibrational B0u+← X0g+ electronic

transition that provides a dense comb of narrow hyperfine absorption lines from green to

near-infrared wavelengths (500 nm-900 nm). Ytterbium’s cooling/detection wavelength

corresponds to about one-half of 739.05-nm, which lies in the IR region where iodine

absorption lines start from high vibrational levels [52]. These high levels need to be popu-

lated thermally by heating the iodine cell [53]. We heat the cell to 420◦C . Iodine’s boiling

point is 184.3◦C; therefore, at 420◦C there would be a high vapour pressure in the cell,

which would lead to pressure broadening and shifts in the absorption lines. To overcome

this problem, a cold finger near room temperature is added to the cell to regulate its vapour
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Figure 4.4: The resonator doubling cavity in the 369.5-nm laser. The cavity is a bow-tie

design and uses an LBO crystal for frequency-doubling.

pressure (see Fig 4.5). The iodine cell is 15 cm long and 2.5 cm diameter with 2 degree

wedged mirrors to prevent reflection fringes. The cold finger extends 75 mm from the cell’s

body. The cell is insulated with ceramic wool and aluminium foil to reduce temperature

variation on the optical table. At the high temperatures in the cell, Doppler broadening

increases the natural linewidth of absorption from a few MHz to a few GHz, which is un-

suitable for locking purposes. To eliminate Doppler broadening, the saturated absorption

technique is used.

The schematic of our iodine lock setup, which has been constructed prior to this the-

sis as part of several undergraduate projects, is shown in Fig 4.6 and is similar to pump-

modulation saturated absorption setups presented in Refs. [53, 11]. The iodine setup is

located on a separate table in part to keep the hot iodine cell from affecting other optical

setups of the experiment. The 739-nm beam is transferred to the iodine table by a PM

fibre. The iodine absorption line we have chosen to use has a wavelength of 739.0337-

nm which is several gigahertz different from the wavelengths associated with the different

Yb+ isotopes (For example the wavelength of the UV transition for 171Yb+ corresponds to

739.0521 nm before doubling, which is around 10 GHz away). Hence, the fibre-coupled
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Figure 4.5: Iodine cell with the cold finger

beam is sent to a fibre EOM to provide an offset sideband that bridges the gap. The EOM

is directly driven by an HP 8672 synthesizer at full power. The frequency synthesizer pro-

vides 3 kHz adjustment from the front panel or remotely via GPIB. The beam out of the

fibre EOM has a power of 4.5 mW and reflects from a PBS that cleans the polarization and

then goes through a thick plate beam-splitter, which separates the beam into three parts.

Two reflections from the surfaces of the splitter provide the "probe" and "reference" beams

and have a power of 100-200 µW. Most of the beam passes through the splitter to pro-

vide the "pump" beam. The strong pump and weak probe beams enter the cell in opposite

directions.

The pump beam first passes through an AOM before entering the cell, and its frequency

is shifted and modulated by νAO = 80 MHz+∆νsin(ωmod · t), where ∆ν ∼4 MHz and

ωmod/2π =20 kHz in our setup. The sin(ωmod · t) term leads to a dispersive signal after

demodulation with a robust zero-crossing that is suitable for locking [54, 53]. The probe

and reference beams go to an autobalance detector that subtracts the two signals to ensure

a zero baseline for the signal. Since the absorption and, specifically, saturated absorption

signals are not very strong, a lock-in technique is used to increase the signal-to-noise ratio.

The iodine saturated-absorption spectrum near 739.0337 nm has many hyperfine lines

available for locking. In Fig 4.7, we show the line used for locking. The feature is a

relatively strong, isolated line that avoids the ambiguity of several closely spaced zero-

crossings (compare other features in Fig 4.7). In Fig 4.8(a), the magnified picture of the

same signal is shown for two output time constants of the lock-in amplifier. In Fig 4.8(b),

the error with the 739-nm laser locked to the zero-crossing is shown for the same two time
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Figure 4.6: Schematic of the iodine setup used for locking the 739-nm laser.

constants. It can be seen that, for τ =10 ms, the noise amplitude is 100 mVpp, which is

17% of the signal and corresponds to a 1.4 MHz frequency excursion while, for τ=1 ms,

the noise amplitude is 300 mVpp which is 43% of the signal and corresponds to a 0.47 MHz

frequency excursion. The frequency of the noise is 60 Hz and 120 Hz, that is, line noise.

Since we only intend the iodine lock to account for slow drifts, we use a large lock-in time

constant to filter out the 60/120 Hz noise. Even further filtering is applied before the signal

is fed back to the laser. In the future, we intend to identify the source of line noise in the

lock path and eliminate it.

4.3 The 935-nm laser

4.3.1 Laser description

The 935-nm laser, used for repumping the ion from the 2D3/2 state, is another DL100

from Toptica with similar design to the 399-nm laser and with similar control modules

for temperature, current and piezo. Typical current and temperature values are ILD = 125

mA and TLD=19◦C. The beam out of laser passes through a 30 dB isolator from Optics
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Figure 4.7: Saturated absorption spectrum of iodine near 739.0337 nm showing resolved

hyperfine structure. The dispersive line shapes are due to pump-frequency modulation. The

line used for locking is also identified.

for Research, and separates into three parts. About 20 mW of the power is sent to a fibre

coupler for use in the experiment, 2 mW goes to the Bristol Wavelength meter through free

space, and the remaining 6 mW is sent to the lock setup through another fibre.

The performance of the original 935-nm laser deteriorated over the years, leading it to

go multimode on a regular basis. Some of the lock-setup data that is presented in later

sections used this laser; however, the laser diode has since been replaced to improve per-

formance.

The 935-nm laser needs to be locked to remain stable over several hours of the experi-

ment. The lock setup for this laser is explained in the following section.

4.3.2 Lock setup for the 935-nm laser

To prevent long term drifts of the 935-nm laser, we reference it to the 739-nm laser, which

in turn is stabilized to iodine. A Fabry-Perot cavity is used to transfer the stability of the

739-nm laser to the 935-nm laser. Additionally, the short-term stability of the cavity is

used as a reference to narrow the linewidth of the 935-nm laser using fast diode-current

feedback.

In the following sections the transfer-cavity lock setup is explained in detail. Before

we provide more information on the lock setup, it is useful to study the properties of the
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Figure 4.8: (a): Demodulated iodine signal out of the lock-in amplifier for output time-

constants of 1 ms and 10 ms. To obtain the plot, the frequency of the laser is scanned

slowly to avoid suppression of the peak amplitude. The scan-range is calibrated by using

the lock-offset synthesizer. (b): In-loop lock errors corresponding to each of the time

constants in (a).
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Fabry-Perot cavity as it forms the main part of the transfer lock.

4.3.3 Fabry-Perot cavity

A Fabry-Perot cavity is an optical resonator consisting of two mirrors displaced by a dis-

tance L. For a cavity with the length of L, a laser field with wavelength λN can be on

resonance with the cavity if

λN =
2L

N ·n
N ∈ {1,2,3, ...}. (4.1)

In the above equation, N labels the resonance mode, and n is the refractive index of air

inside the cavity.

The free-spectral range (FSR) of a non-confocal resonator cavity is defined as the fre-

quency spacing of cavity’s successive resonator modes [55]:

FSR =
c

2L
. (4.2)

Our cavity design consists of two concave mirrors set to a confocal configuration. In a

confocal configuration the separation between the two mirrors is equal to their radius of

curvature, and has the benefit that it makes the transverse spatial modes degenerate in

frequency. We follow the definition of the FSR in Eq. (4.2) for the case of our confocal

cavity as well. In that case, the even and odd modes are separated by FSR/2 (see Fig 4.9(a)).

Figure 4.9: a) The odd and even resonant modes in a confocal cavity separated by FSR/2

(see text). b) Suppressed odd modes and enhanced even modes for symmetric input-

coupling.
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The finesse of the cavity resonance is defined as the FSR of the cavity divided by the

bandwidth of its resonance (full width at half maximum) [55]:

Finesse =
FSR

FWHM
=

π
√

r
1− r

. (4.3)

In the above equation, r is the amplitude reflectivity of the cavity’s mirrors. All values of

the finesse quoted here will be calculated using the non-confocal FSR. A higher signal and

finesse can be achieved by mode-matching to the single lowest mode of the cavity. We

do this partially by obtaining a well-centered alignment for the input beam so that the odd

modes are suppressed. This gives a factor of 2 increase in peak transmission-signal without

perfect coupling (see Fig 4.9(b))

Since our cavity is to be used as a transfer cavity, it needs to be on resonance with

both of the 739-nm and 935-nm input beams. However, in general, the cavity will not be

simultaneously resonant with the 935-nm and 739-nm wavelengths required for a given

Yb+ isotope, except for very specific lengths of the cavity. The effect of a change in cavity

length can be understood as follows. Suppose the (2N′)th even mode is on resonance with

the 739-nm laser and, at the same time, the 2Nth even mode is on resonance with the 935-

nm laser for a given length of the cavity (see Fig 4.10(a)). If the length of the cavity is

changed slightly to bring the next mode – the 2(N′+ 1)th mode – on resonance with the

739-nm laser, the cavity resonance for the 935-nm laser will not move to its next mode,

that is, the 2(N +1)th mode. For a given cavity length change that leads the 739-nm laser

to move by one FSR, the cavity resonance will move relative to the 935-nm laser by a

frequency as follows:

∆ν935 = n935
∆ν739

n739
=

λ935

λ739
FSR. (4.4)

For our setup, the cavity has a length of L = 75 mm, and its free spectral range is 2 GHz

(see Eq.4.2); hence, the "mismatch" is ∆ν935 =1.58GHz or, equivalently, FSR- ∆ν935= 420

MHz.

On a daily basis the cavity is not expected to maintain a fixed length. However, the

mismatch calculation shows that, at worst, if we move the cavity by 5 FSR ’s at 739 nm,

then we reach another similar point of operation.

To account for residual relative offsets and to allow for the tuning of the 935-nm laser

while locked, we use a fibre frequency-modulator to modulate the laser, and lock the cavity
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Figure 4.10: a) The even-mode resonances of the cavity are shown with 935-nm and 739-

nm laser frequencies simultaneously resonant (the "matched" case). b) The length of the

cavity is changed so that the 739-nm laser resonates with the next even mode. However,

the 935-nm laser will no longer match with a cavity resonance (the "mismatched" case).

to the first sideband. The sideband’s frequency is changed by an HP8640 signal genera-

tor. The signal generator is connected to a rf frequency-doubler (Minicircuits FK-3000),

allowing easy access to the frequency range of 0-2 GHz.

4.3.4 Cavity, lock optical setup

The picture of our Fabry-Perot cavity is shown in Fig 4.11. All mechanical components

other than rods are part of a Thorlab cage kit, except the stainless steel rods were replaced

by 6 mm diameter Invar rods to improve thermal stability. The two plano-concave mirrors

M1 and M2 are made of fused silica with a 75 mm radius of curvature. The mirrors are

triple HR coated for 399 nm, 740 nm and 935 nm, and the reflectivity is 99.7% for these

wavelengths. The back mirror (M2) is glued to a piezo-electric tube with stress coefficient

of about 5 µm/kV. The cavity is supported by a single 2.5 cm post attached to point P4 in

Fig 4.11.

To set the cavity on a confocal configuration, we used the 739 nm laser. The transmitted



CHAPTER 4. LASERS AND LOCK SETUPS 55

Figure 4.11: The confocal Fabry-Perot cavity used in the transfer lock setup. The support

structure consists of four invar rods passing through Thorlabs thick cage plates (P3, P4 and

P5) with a 2.5 cm support post mounted on P4. The cavity mirrors (R=75 mm) are located

at P3 and P4. The mirror at P5 is mounted on a ring PZT. Aperture (P1) and lens (P2) aid

with in-coupling. An aluminum housing (not shown) reduces air currents.
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Figure 4.12: a) Double-peak transmission signal of the Fabry-perot cavity due to birefrin-

gence from the cavity mirrors. b) The effect of birefringence on the PDH error signal is

visible as a reduced slope near the zero-crossing. Note that the horizontal scales are differ-

ent in the two graphs.

beam through the cavity could be detected with a photo-diode. We moved the front mirror

(M1) horizontally to change the length of the cavity until we could see some transmission

peaks. We then tightened the mirror while making fine adjustments to the mirror position in

order to obtain as close to a confocal condition as possible. While setting the cavity, we saw

it was impossible to get a clean transmission peak. The problem was traced to birefringence

from the mirrors, which caused two individual peaks separated by about 2.9 MHz to appear

in place of a single transmitted peak (see Fig. 4.12). The double peaks that appear in both

transmitted and reflected beams from the cavity distort the Pound-Drever-Hall error signal,

as can be seen in Fig. 4.12(b).

The relative angular orientation and phase anisotropy of the two Fabry-Perot mirrors

give rise to two different eigenstates of polarization in the cavity with non-degenerate fre-

quencies [56]. The birefringence effect in the Fabry-Perot cavity is amplified by multiple

reflections inside the cavity and enhances the frequency splitting between the two polariza-

tion eigenstates. The Fabry-Perot cavity effectively behaves like a waveplate. To measure

the ellipticity of the light induced by the Fabry-Perot cavity, a half-wave plate is placed be-
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Figure 4.13: Setup for measuring the birefringence of the cavity mirrors.

fore the Fabry-Perot cavity to allow for different input polarization and a polarized beam-

splitter with a photo-diode is placed after the cavity to analyze the output polarization (see

Fig 4.13). We also mounted one of the mirrors of the cavity on a rotating mount to be able

to change the relative angle orientation between the two mirrors. We varied the relative an-

gle between the mirrors in 10◦ intervals from−170◦ to 170◦. For each angle, the half-wave

plate is changed to get the maximum and minimum transmitted intensities in one of PBS

ports. From this we determine a contrast factor Imax−Imin
Imax+Imin

.

The contrast factor versus the angle between the mirrors is plotted in Fig 4.14. It can be

seen that the parameter takes values between 0.4 and 1. For the angles where Imax−Imin
Imax+Imin

∼1,

we get Imin ∼ 0, meaning the birefringences of the two mirrors cancel each other (and

they are close in magnitude). When the cavity ’s birefringence is active, the polarization

becomes elliptical and the contrast is spoiled.

From this data, we decided to set the cavity’s mirror angle to 30◦ where Imax−Imin
Imax+Imin

is 0.99

and the birefringence effects of the mirrors nearly cancel. We changed the mirror’s rotat-

ing mount to a fixed one while trying to keep the angular orientation between the mirrors

constant, and then set the cavity to the confocal configuration to complete its construction.

To see the cavity transmission peaks, a high voltage needs to be applied on the cavity’s

piezo. An HP signal generator provides a triangular voltage signal with a frequency of 100

Hz and an amplitude of 10 V, which is converted to high voltage in a PID regulator module

installed in the control rack of the 369.5-nm laser. The high voltage output is connected

to the Fabry-Perot’s piezo. The transmission peaks for the 739-nm beam are shown in Fig

4.15, where the coupling has been optimized to suppress the odd modes and to give a factor

of 2 higher signal for the even ones. The ratio of even modes to odd modes is 94% to 6 %.

The transmission peaks for the 935-nm laser can be seen in Fig 4.16. The amplitude

of the odd mode is so tiny that it cannot be seen in Fig 4.16(a). In Fig 4.16(b) the peaks
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Figure 4.14: Transmission contrast factor versus Fabry-Perot’s front mirror orientation.

The parameter changes between 0.4 and 1. When the parameter is equal to 1, birefringence

vanishes.

are magnified with an oscilloscope to be able to see suppressed odd modes. The amplitude

ratio of even to odd modes is 99.5% to 0.5%, which is better than the transmission peaks

for the 739-nm beam.

The transmission peaks can be used to measure the finesse of the cavity for each beam.

Using Eq. (4.3), the theoretical non-confocal finesse of our cavity is FR = 1000, which is

the highest possible value assuming perfect mode matching. The maximum finesse that is

achieved in practice with our Fabry-Perot cavity is 300, which was measured during the

primary setup of the cavity for the 739 nm s TEM00 mode in a non-confocal configuration.

This value is far less than the theoretical value, which can be explained by mis-alignment,

absorption in the mirror, and diffractive losses.

The width of the 739-nm transmission peak in the confocal configuration is 8.1 MHz

(see Fig. 4.17), and the finesse is calculated to be 250, using 2 GHz for the cavity’s FSR.

In Fig. 4.17, we had magnified the signal with the oscilloscope, and it can be seen that

the signal appears to be asymmetric. To find out if the asymmetry is due to the photo-

diode’s time constant or to the cavity itself, we took another picture and decreased the

ramp’s amplitude applied on the cavity’s piezo to zoom in on the signal. The transmission

peak is plotted in Fig. 4.18. Although the signal looks less asymmetric compared to the one
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Figure 4.15: Even and odd transmission modes for the 739-nm beam where the odd modes

are deliberately suppressed through optimization of the in-coupling. The amplitude ratio

of the even to odd modes is 94% to 6%.

in Fig. 4.17, it is still slightly asymmetric, which is likely due to a slight deviation of the

cavity from confocal in combination with poor mode matching. In any case, the transmis-

sion peak is sufficient for locking purposes. We also measured the finesse and transmission

width of the Fabry-Perot cavity for the 935-nm laser. As can be seen in Fig 4.19, the width

of the 935-nm laser’s transmission peak is 6.3 MHz and the finesse is calculated to be

320. The finesse of the cavity at 935 nm is more than that at 739 nm, which shows that

the 935-nm beam’s alignment and mode matching are presumably slightly better. Also the

transmitted peak does not have any asymmetry problem, which supports this conclusion.

4.3.5 Transfer-lock

The transfer-lock is made to prevent long-term drifts of the 935-nm laser. A sketch of the

optical setup in Fig 4.20 shows the paths for both the 739-nm and 935-nm lasers into the

Fabry-Perot transfer cavity. The 739-nm diagnostic beam out of the 369.5-nm laser is first

split with the majority of power (∼20 mW) sent to the iodine setup. The remainder of

the power passes through a 50:50 beam-splitter that divides the power equally between the

wavemeter and the transfer-lock setup . There is about 1 mW of 739-nm light sent to the

lock setup. This beam, after some reflections, passes through a half-wave plate before going

through a polarized beam-splitter (PBS) and quarter-wave plate (QWP). The combination

of PBS and quarter-wave plate acts as an isolator to separate the reflected light from the

cavity and to send it to a photo-diode. The quarter-wave plate is set to 52◦ to optimize the
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Figure 4.16: a) Even and odd transmission modes for the 935-nm beam. The odd mode is

too small to be seen. The ratio of the even to odd modes is 99.5% to 0.5%. b) Zoom in with

oscilloscope on the top picture to see the suppressed odd mode.

isolation. The beam out of the QWP reflects from a dichroic beam-splitter (DBS) and enters

the cavity. The DBS coating is designed to reflect the 739-nm beam at 45◦ and transmit the

935-nm beam. The back side is AR coated for the 935-nm beam.

The 935-nm beam enters the transfer-lock setup through a PM fibre. The power of the

beam out of the fibre is 2.5 mW. After a couple of reflections, the beam passes through

a PBS and QWP in combination, designed to separate out the reflected beam from the

cavity. There is no need for any HWP before the PBS because the fibre is oriented to obtain

maximum transmission. The QWP is set to 55◦ to optimize the isolation. The beam out of

the QWP is combined with the 739-nm beam at the DBS and enters the cavity.

We make use of both the transmitted and reflected beams from the Fabry-Perot cavity.

Fast photo-diodes for the reflection are used to obtain the Pound-Drever-Hall signal while
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Figure 4.17: The even transmission mode of the 739-nm beam. We have magnified the

peak with the oscilloscope. The peak’s width is 8 MHz.

the transmitted beams are used for alignment and for re-lock circuits. The transmitted 739-

nm and 935-nm beams out of the Fabry-Perot cavity need to be separated before they can

be sent to separate monitor photo-diodes. The separation is done with a blazed diffraction

grating with blaze wavelength of 750 nm. The grating has 1200 line/mm, so the distance

between successive grooves is 833 nm. The grating is designed to have best efficiency

when it is set at the Littrow angle (26◦). At the Littrow angle, the incident and first order

diffracted beams lie on top of each other. We measured 70% efficiency for the diffracted

739-nm beam when the grating was set to the Littrow angle (26◦). However, the primary

requirement is to obtain a clear separation between the two diffracted beams in order to

send them to separate photo-diodes. The separation between the two diffracted beams is

higher at lower incident angles, θi; therefore, we set the grating to θi = 15◦ where we

get 20◦ separation between the 739-nm and 935-nm diffracted beams. We still have 50%

efficiency for the diffracted 739-nm beam, which is equivalent to around 300 µW power at

the photo-diode, and 20% efficiency for the 935-nm beam, which gives 200 µW power at

its photo-diode.

The separation of the 739-nm and 935-nm beams reflected from the cavity is performed

by the DBS mentioned above. The 739-nm beam reflects from the beam-splitter. How-

ever, there is a small fraction of the 935-nm beam’s reflection on the 739-nm’s beam path;

therefore, we use two BB1-EO2 mirrors from Thorlabs in the path that have a reduced

reflectivity for the 935-nm beam. Almost all of the 935-nm reflected beam’s power is
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Figure 4.18: The even transmission mode of the 739-nm beam. The voltage of the ramp’s

amplitude on the piezo of the cavity is decreased to magnify the signal. We also have

zoomed in on the peak with the IGOR software. The signal is less asymmetric compared

to Fig 4.17.

dumped after these reflections, which suppresses the 935-nm light travelling back to the

739-nm laser. The reflected 739-nm beam, after reflection from the PBS, reaches another

blazed diffraction grating, and the diffracted beam enters a photo-diode. We have used an-

other grating here to suppress any leakage of the 935-nm beam to the photo-diode, which

might cause cross talk between the lock signals.

The 935 nm power that is reflected from the cavity transmits through the DBS, is sep-

arated from the input path by a QWP-PBS isolator and reaches the photo-diode. There

is no need for any diffraction grating before this photo-diode because the DBS strongly

suppresses the transmission of any 739-nm beam into the 935-nm beam path.

The reflected 739-nm beam is used to lock the Fabry-Perot cavity to the 739-nm laser,

and the reflected 935-nm beam is used to lock the 935-nm laser to the locked cavity. The

signal from the fast photo-diode in the 739-nm reflected path goes to the input of a Pound-

Drever-Hall demodulator (Toptica PDD110 module) installed in the electronic control rack

of the 369.5-nm laser. The demodulator’s output is a dispersive Pound-Drever-Hall lock

signal, which is fed to a PID110 servo module for feedback to the transfer cavity’s piezo-

electric transducer. The PID110 module provides proportional-integral-differential control

to optimize the lock of the cavity to the 739-nm laser. A separate input of the PID 110

comes from an external ramp-offset control circuit shown in Fig 4.21. The ramp-offset
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Figure 4.19: The even transmission mode for the 935-nm beam. The Fabry-Perot cavity’s

transmission width is 6.3 MHz

control gives the ability to scan and adjust the length of the transfer cavity via the PZT

during locking. The maximum voltage output is 150 V, high enough to scan across ∼2-3

FSR’s.

In Fig 4.22(a), the Pound-Drever-Hall lock signal is shown and has signal-to-noise ratio

of 26. The horizontal axis is converted to frequency by using the fact that the zero crossings

are separated by the PDH modulation frequency, which is 20 MHz. In Fig 4.22(b), the in-

loop error signal is shown for the lock. The noise amplitude corresponds to a fractional 9%

RMS noise, which corresponds to 0.5 MHz frequency excursion.

The signal from the photo-diode in the 935-nm reflection path goes to a PDD110 mod-

ule installed in the electronic rack of the 935-nm laser, and the output error signal is sent

to a PID110 module for feedback to the laser’s piezo and to a FET control for laser-current

feedback of the 935-nm laser. The 935-nm beam ’s reflected power right before the fast

photo-diode is 1.3 mW. In Fig 4.23(a), the Pound-Drever-Hall lock signal is shown and

has a signal-to-noise ratio of 32. In Fig 4.23(b), the in-loop error signal is shown. The

noise amplitude corresponds to a fractional 14% RMS noise, which corresponds to 1 MHz

frequency excursion. Note that this noise is high-frequency and, in part, due to the PDH

modulation.

Having discussed the lock setups in detail, the next step is to check how much locking

improves the stability of the lasers.



CHAPTER 4. LASERS AND LOCK SETUPS 64

Figure 4.20: The paths of the 739-nm and 935-nm laser beams to the transfer cavity setup.

4.4 Tests of lock stability using a wavemeter

The simplest method for testing the stability of the lasers and laser locks described above

uses our Bristol model-621 laser wavelength meter. Although this method has accuracy

and precision limitations due to the wavelength meter, it still helps to study laser drifts over

long times easily. The experiment is set up such that we can send any of the 399-nm, 739-

nm and 935-nm lasers to the wavelength meter, as is shown in Fig 4.24. For each laser,

we record the wavelength over a few hours with the Bristol control software to see how the

wavelength drifts over time. The measurement rate is about 4 Hz and, according to the data

sheet, the absolute accuracy of the wavemeter is 0.0002 nm at 1000 nm.

4.4.1 Wavelength drift of the 399-nm laser

The wavelength of the unlocked 399-nm laser was monitored over 2 hrs and the behavior is

shown in Fig 4.25. The laser shows a drift of approximately 25 MHz/hr. For comparison,
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Figure 4.21: a) transfer-lock electrical setup. b) The circuit for the ramp circuit box, shown

in (a).

the loading process, during which the photo-ionization beam is used, takes less than 10

min, and the resonances for different Yb isotopes are separated by a few hundred MHz

[10]; hence, we so far have found no need to lock this laser. It is stable enough to obtain

the selective photo-ionization we require.

4.4.2 Wavelength drift of the 739-nm laser

The wavelength of the 739-nm laser was monitored over 4 h, both when unlocked and

when locked to iodine (see Fig 4.26). For both cases, the lock for the doubling cavity is
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Figure 4.22: a) Pound-Drever-Hall lock signal versus frequency. The scan is performed by

ramping the cavity length with a PZT and converting the ramp time to frequency using the

known Pound-Drever-Hall modulation frequency. b) In-loop error signal versus time for

the 935-nm laser locked to the Fabry-Perot cavity. The vertical axis has the same scaling

as in (a).

also engaged to mimic actual experiment conditions. In the plots shown in Fig 4.26, there

are 50 MHz point-to-point fluctuations and sudden changes in the fluctuations, but these

are attributed to the wavelength meter itself. (The wavelength meter was repaired later, and

the point-to-point fluctuations were improved). In any case, we are only concerned with

long-term behaviour. As can be seen in Fig 4.26, the unlocked beam’s drift is 0.0007 nm

over 4 h, or 110 MHz/h. The case where the laser is locked to iodine is much more stable

with a drift of at most 8.5 MHz over 4 h. This represents only an upper limit on the drift.
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Figure 4.23: a) Frequency scan of the Pound-Drever-Hall lock signal for the 935-nm laser.

The horizontal frequency scale is obtained by converting the cavity’s length scan to fre-

quency using the known FSR. b) In-loop error signal versus time. The vertical axis uses

the same scale as (a)

4.4.3 Wavelength drift of the 935-nm laser

The wavelength of the 935-nm laser was monitored both when the laser was indirectly

stabilized to iodine via the transfer-lock and when it was unlocked (see Fig 4.27). Because

of laser-performance issues, the wavelength used for these tests is not the same as the ones

required for Yb+, but the general behaviour of the laser is expected to be the same. We

also had problems maintaining the laser in single-mode operation for a long time during

the measurements; hence, the unlocked case was only studied over about 1.5 h. The laser

survived in a single mode for about 2.5 h for the locked case. In Fig 4.27, the locked case,

with a drift of less than 10 MHz/h, is clearly more stable compared to the unlocked case,

with a drift of about 95 MHz/h. There is a slight jump in the locked case after 1 h, which

may be due to the wavemeter.
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Figure 4.24: The optical paths of the 399nm, 739nm and 935nm beams to the wavemeter.

Ultimately, the 369.5-nm and 935 nm optical resonances of a trapped Yb+ ion make

for a better test of the wavelength stability of the lasers than the wavemeter-based tests dis-

cussed above. The ion resonance is stable, and the sensitivity to wavelength drifts is higher.

We have monitored the lasers’ wavelengths relative to their respective ion resonances over

a few minutes, and the technique and results will be discussed in detail in the next chapter.

In the next section, we conclude with a discussion of the effect of external environmental

factors on the transfer-lock, and we use a trapped ion to measure the frequency drifts of

the locked 935-nm laser in an attempt to relate the drifts to variations in the laboratory

environment.

4.4.4 Stability of the transfer-lock versus environmental parameters

As explained above, the Fabry-Perot transfer cavity transfers the stability of the iodine-

stabilized 739-nm laser (master laser) to the 935-nm laser (slave laser). Our Fabry-Perot

cavity is not kept in vacuum; hence, the environment influences the performance of the
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Figure 4.25: Passive stability check for the wavelength of the 399-nm laser, measured by

the wavemeter.

lock. Fluctuations in external environmental factors like temperature, pressure and humid-

ity change the index of refraction for air and lead to shifts in the resonances of the cavity.

This is the ultimate limitation to the frequency stability of the transfer-lock [57]. If one of

the environmental parameters, denoted in general by α changes by δα, the frequency of the

slave laser changes by

δνs ≈ νs
δα

α
(nm−ns). (4.5)

In the above equation, nm and ns are the indices of refraction of air for the master and

slave laser. For 171Yb+, for which the wavelengths in the transfer-lock setup are 739.0521

nm and 935.1879 nm, the indices of refraction for the master and slave wavelengths at 20
◦C and 1 atm are, respectively, nm = 1+2.69262 ·10−4 and ns = 1+2.70329 ·10−4 [58].

Using Eq (4.5), the frequency change of the 935-nm laser due to pressure and temperature

changes inside the transfer cavity are as follows:

δνs

δp
=

342MHz
760Torr

= 0.45
MHz
Torr

(4.6)

δνs

δT
=

342MHz
293K

=−1.17
MHz

K
(4.7)

According to the above equations, if the temperature changes by 2◦C, the frequency of

the locked 935-nm laser is expected to drift by ∼ 2.4 MHz. We have monitored the 935

nm resonance of single, trapped 171Yb+ ion over a few minutes as a function of the lab

temperature, recorded very roughly using the laboratory thermostat. The offset frequency

of the 935-nm laser lock required to maintain the laser on resonance with the ion was found
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Figure 4.26: Stability check of the wavelength of the 739-nm laser, measured by a waveme-

ter when the laser is both unlocked and locked to iodine. In both cases, the laser is short-

term stabilized to the frequency-doubling cavity.

to change as the room air conditioning cycled on and off. The offset frequency has been

plotted as a function of laboratory temperature in Fig 4.28, and a clear linear correlation

is apparent with a fit slope of -16 MHz/◦C. The sensitivity is not what is expected from

Eq. (4.7). Since we do not measure the cavity’s temperature directly, it is possible that the

fluctuations are larger than recorded using the laboratory thermostat. Further investigation

will be undertaken in the future.

On a different day, we performed a similar experiment to monitor the 935-nm laser

and the laboratory temperature, except the data was collected over a longer time of several

hours. The results are shown in Fig 4.29. In this case, there is no obvious trend between

the two plots. The offset frequency changes by 30 MHz over 3.5 hours. The change in

frequency is, again, too large to be explained by Eq. (4.7), given the measured temperature

variations. Furthermore, we do not expect there to be a pressure variation large enough to

account for the drifts in laser frequency. One possible explanation is that there may be water

resonances near our wavelengths causing enhanced fluctuations in the refractive index of

air, or there may simply be some other technical issues that we have not yet found. In the

mean time, we simply correct for the drift by adjusting the 935-nm lock-offset frequency

on a regular basis during data runs.
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Figure 4.27: Stability check of the 935-nm laser ’s wavelength, measured by the wavemeter,

for both locked and unlocked cases. The lock consists of stabilization to the transfer cavity

which is in turn locked to an iodine-stabilized 739-nm laser.

Figure 4.28: Lock-offset frequency for the 935-nm laser versus lab temperature over a

few minutes. The lock-offset frequency is determined by comparison to a single trapped
171Yb+ ion.
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Figure 4.29: Laboratory temperature and the 935-nm laser’s lock offset frequency over 3.5

h. The offset frequency is adjusted to maintain resonance with a trapped 171Yb+ ion.



Chapter 5

Experimental results

In this chapter, the primary experimental results of this thesis are discussed. We start with

the basic experimental procedure for loading single trapped ions with photo-ionization and

then laser-cooling and detecting them. We also present some preliminary investigations

into the isotopic selectivity of the photo-ionization loading in our setup. Next, as a natural

extension of the offline laser-stability tests presented in the previous chapter, the stability

of the two primary lasers required for fluorescence is assessed by monitoring the ion flu-

orescence in different lock situations over a few minutes. Following these technical tests,

we proceed to measure the fluorescence of single trapped 171Yb+ and 174Yb+ ions and

compare our results to the theory of Chapter 2. The measurements begin with a calibration

of the magnetic field at the position of the trapped ion by measuring the induced Zeeman

shift of 171Yb+ energy levels. We continue with a calibration of laser detuning and mea-

surements of the linewidths for the UV transition of both 174Yb+ and 171Yb+. Finally, we

study the effect of laser polarization, laser power and magnetic field on the fluorescence of

both isotopes. The results in this chapter have also been published in [18].

5.1 Experimental procedure and summary of setups

Most of the experimental details have already been summarized in Chapter 3. We present

here a brief description of the typical procedure and remind the reader of important essential

details of the experiment.

73
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Ytterbium Isotope 176Yb 174Yb 172Yb 171Yb

photo-ionization wavelength (nm) 398.9119 398.9115 398.9113 398.9111

detection-cooling wavelength (nm) 369.5261 369.5243 369.5250 369.5255

D state repump wavelength (nm) 935.1878 935.1874 935.1799 935.1724

F state repump wavelength (nm) 638.6101-638.6151 638.6185

Table 5.1: Wavelengths of the photo-ionization, cooling, and repump lasers for different

Ytterbium isotopes.

5.1.1 Loading, cooling and detecting single trapped Yb+ ions

To load an Ytterbium ion of a given isotope, we first tune the 739-nm, 935-nm and 638-

nm lasers to the corresponding wavelengths for that isotope according to Table 5.1 shown

below [59]. We also choose the offset frequencies for the 739-nm iodine lock and the

935-nm transfer cavity lock in preparation for laser stabilization (see Table 5.1 and Chapter

4). If it is the start of the day, we will also optimize the 369.5-nm output power of the

Toptica frequency doubler, and adjust all of the fibre couplings to maximize the laser power

delivered to the experiment. During the loading procedure, we detune the 369.5-nm laser

by a few hundred MHz below resonance to obtain a larger velocity capture range for the

laser cooling. We also activate both the UV beams from the loading path and the detection

path (see Fig 3.8 as well as the description of the paths in Chapter 3). The high power

loading beam is counter-aligned with the 399-nm photo-ionization beam to obtain efficient

two-color photo-ionization (see Chapter 3) and additional laser-cooling for the ions. In Fig

5.1, the paths of all four laser beams to the trap are shown.

After all the optimizations, we turn on the current to the Ytterbium oven and introduce

the photo-ionization beam at full power. The CCD camera is run at maximum frame rate

to provide a video-like monitor of the center of the trap. After a few minutes, the oven

has warmed up sufficiently and ions will begin to load into the trap. The experiments

explained later in this chapter focus on single ions. To load a single ion, we reduce the

photo-ionization power to improve isotopic selectivity and to slow down the loading rate.

If we are loading an even isotope with no coherent dark state on the UV transition, we

can simply wait and look for a single ion to appear on the camera during the loading pro-
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cess. For 171Yb+, coherent population trapping suppresses the fluorescence at high powers;

hence, in the simplest procedure, we need to reduce the UV power before checking if an

ion has been loaded. (Alternative procedures currently in use will be described in a future

thesis). As soon as we see a trapped ion on the CCD readout, we block the photo-ionization

beam and turn off the oven to prevent further loading. We also turn off and block the 369.5-

nm loading beam. The 369.5 detection and cooling beam is then set to reduced power and

tuned close to resonance of the trapped ion. If the offset frequency of the Iodine lock has

been correctly set up, the 739-nm fundamental will be simultaneously close to the Iodine

absorption feature and can be locked to hold the laser stable. The transfer cavity is then

locked to the 739-nm laser, and finally the 935-nm laser is locked to the transfer cavity.

Figure 5.1: Simplified schematic of beam paths for the cooling/detection laser at 369.5-nm,

D-state repump laser at 935-nm, and photoionsiation laser at 399 nm (reproduced from

Chapter 3). The cooling/detection beam is divided into high power and low power paths.

Both are used during loading; only the low power path is used during the experiment.

To load the ion, for each isotope we set the lasers to the corresponding wavelengths for

that isotope according to the table shown below. We then optimize all the fibre couplings
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and laser powers. The next step is locking the bow-tie cavity to the 739-nm laser to get the

maximum UV power out of the doubler. Atoms coming out of the oven are hot; hence, we

blue detune the 739-nm (or equivalently the 369-nm laser beam) by a few hundred MHz

for the loading process to get a more efficient cooling and capture range. We also let the

UV beams from the loading path and the detection path reach the trap at the same time.

The high power loading beam is counter aligned parallel with the photo-ionization beam to

get good loading. In Fig 5.1, the paths of all four laser beams to the trap are shown. After

all the optimizations, we turn on the oven and unblock the photo-ionization beam. Ions in

the trap are monitored with the CCD camera during loading. All the experiments explained

later in this chapter, have been done with single ions. We wait for a single ion to appear.

If we are loading an even isotope with no coherent dark state, we can look for the single

ion to appear on the camera during the loading process. For 171Yb+, CPT suppresses the

fluorescence at high powers; hence, we need to reduce the UV power and check if any ion

has appeared. As soon as we see the ion, we block the photo-ionization beam and turn off

the oven to prevent further loading. We then block the UV beam from the loading path

and start to lock the lasers. First the 739-nm laser is locked to the iodine on resonance.

We then lock the transfer Fabry-Perot cavity to the locked 739-nm laser, and finally the

935-nm laser is locked to the transfer cavity. After locking the lasers, we make sure that

the 369.5-nm and 935-nm beams are aligned properly on the ion by adjusting the focusing

lenses (see Fig 5.1).

After locking the lasers, we optimize the alignment of the 369.5-nm and 935-nm beams

on the ion by adjusting the focusing lenses mounted on XYZ translation stages (see Fig 5.1).

The next step is to suppress the ion’s excess micro-motion which broadens the linewidth

of the transition [47]. Excess micro-motion arises when stray electric fields offset the ion

is offset from the rf trap center. We wait for several minutes after loading to allow the trap

and chamber to rethermalize and to allow for any rapid dissipation of surface charging to

occur before checking the micro-motion. We use a standard photon-correlation technique

to detect its presence of micro-motion [17], and minimize its effect on the cooling laser in

real time by biasing the trap rods with dc voltages in the range of 0-100 mV.
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5.1.2 After loading

Once trapped, ions are Doppler cooled on the 2S1/2(F = 1)−2 P1/2(F = 0) transition by the

369.5-nm detection and cooling laser. The laser system produces about 4 mW of UV power

and 2 mW of it is fibre-coupled to the experiment. The majority of the fibre-coupled beam

goes to a path used during loading while about 200 µW is directed to the primary beam line

used for laser cooling, optical pumping and fluorescence detection of the ions. The primary

beam line (Fig 5.2) consists of two resonant electro-optic modulators (EOMs) at 2.1 and

7.37 GHz. The second side-band of the 7.37 GHz EOM is used to repump 171Yb+ out of

the 2S1/2(F = 0) to maintain steady-state fluorescence. The first sideband of the 2.1 GHz

EOM can be activated to drive the optical pumping transition 2S1/2(F = 1)− 2P1/2(F = 1)

to initialize the ion to the |2S1/2;F = 0,m = 0〉 state (see Fig 5.3). An 80 MHz acousto-

optic modulator (AOM) provides fast control of the UV laser power incident on the ion. A

maximum of roughly 60 µW reaches the trap where the laser beam’s waist diameter is 60

µm.
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Figure 5.2: Schematic of essential experimental details for Doppler laser-cooling and fluo-

rescence detection of trapped Yb+ ions.

In order to keep the ion in the cooling and detection cycle, the stabilized external-cavity

diode lasers at 935.2 nm and 638.6 nm are used to repump the ion from the metastable 2D3/2
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and 2F7/2 states respectively. Roughly 2 mW of 638.6-nm laser power is overlapped with

the 369.5-nm cooling beam and sent to the trap. Up to 3 mW of 935.2-nm laser power is

delivered through an independent beam path (Fig 5.2) and focused to a beam waist diameter

of 200 µm. The 935.2-nm beam is additionally frequency modulated with a broadband fibre

modulator at 3.07 GHz to provide hyperfine repumping out of the 2D3/2(F = 2) state. The

935.2-nm beam and modulation sidebands are left continuously on during the experiment,

as is the 638.6-nm laser.

Additional specific details relevant to the ion fluorescence measurements are high-

lighted as follows:

Laser detuning control and stability - See Chapter 4. A broadband fibre EOM in the

lock paths for both the 739.05-nm and 935.2-nm lasers allows each laser to be frequency

tuned while locked.

Laser power control - The 80 MHz AOM in the 369.5-nm primary beam line is used to

perform automated scanning of the laser power incident on the ion. Power calibrations of

the AOM response using a photodiode power meter are done to limit day-to-day systematic

errors in the power dependence of the ion’s fluorescence to better than 10 %. The power

calibration is made at the entrance to the vacuum chamber with only about 8% reduction

at the ion expected due to reflection from the uncoated vacuum ports. The AOM’s zeroth

order is also used to monitor the UV power during data collection in order to correct for

laser power drifts in subsequent analysis.

Polarization control - The polarization of the 369.5-nm and 935.2-nm beams are ini-

tially linearly polarized by polarizing beam splitter cubes. Zero-order quartz half-wave

plates are used to adjust the polarization of each. The basic behavior of the UV half-wave

plate in particular is verified off-line.

Photon collection - Scattered photons from a trapped ion are collected with an anti-

reflection-coated UV microscope objective lens with high numerical aperture (NA≈ 0.23)

and the image is relayed to a intensified CCD camera for diagnostic purposes, or to a photo-

multiplier tube (PMT) for measurement of the ion fluorescence by photon-counting. The

net photon collection efficiency of the imaging system is about 3×10−3. The PMT’s detec-

tion efficiency is not spatially uniform. To suppress drifts in photon count rates, we check

the position of the ion’s image on the CCD camera consistently during the experiment and

adjust the imaging system as needed. A pinhole is inserted at an intermediate image plane
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to suppress background scatter from the trap electrodes. A dichroic mirror is also used

in the imaging optical path to suppress all except UV photons from reaching the camera

and PMT. The 638.6-nm and 935.2-nm lasers do not appreciably contribute to the PMT

background count rate.

Figure 5.3: Zeeman levels of the 171Yb+ 2S1/2 state. The optical pumping transition used

for initializing the ion in the j 6= i state and the repump transition used for maintaining the

fluorescence are shown

Magnetic field- The magnetic field in the trap is generated by a single Helmholtz coil.

Field homogeneity is not an issue since the trap and ion’s position are essentially fixed

relative to the coil. The magnetic field is arranged to be nominally along the y direction,

orthogonal to the UV laser beam direction (see Fig 5.2).

Microwave transitions - A microwave horn delivers 12.6 GHz radiation to the trapping

region in order to drive transitions between arbitrary hyperfine ground-states of 171Yb+. A

typical Rabi frequency of 10-20 kHz is achieved using a 100 mW amplifier driven by an

HP8672 synthesizer. The microwaves are used both for magnetic field calibration and for

state preparation of the |2S1/2;F = 0,mF = 0〉 qubit state. The latter procedure involves

making a microwave π pulse after initialization of the |2S1/2;F = 0,m = 0〉 state.

Qubit detection - The ion’s fluorescence can be used to detect the state of the hyper-

fine qubit via the standard technique of state-sensitive flurescence (see [60] and references
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therein.). Although this thesis does not include a detailed study of detection of the 171Yb+

hyperfine qubit, the technique is used for the magnetic field calibration described later and

so is mentioned here. The 2S1/2(F = 0) to 2P1/2(F = 1) transition is used for the detec-

tion with the hyperfine repump deactivated (see Fig 5.3). If the ion is initially prepared

in the |2S1/2;F = 0,mF = 0〉 to 2P1/2(F = 1); state, according to the selection rules, it is

forbidden to go to the 2P1/2(F = 0) state and it is 14.7 GHz away from the 2P1/2(F = 1)

state; hence, it scatters very few photons. On the other hand, if the ion is prepared in the

|2S1/2;F = 1,mF = 0〉; state, then it is on resonance with the detection transition and scat-

ters photons. Our group’s detection studies of the171Yb+ hyperfine qubit are discussed in

[18] including limitations on the fidelity. See also [10, 11].

Figure 5.4: Top: photo-ionization resonances for even numbered isotopes of Yb at high

photo-ionization intensity (∼ 8 mW) . Bottom: Photo-ionization loading of 174Yb+ at two

different photo-ionization powers of 8mW and 1.5 mW. The actual rate of photo-ionization

at 1.5 mW is slower; therefore, the two datasets have been normalized to their respective

peak values. The beam waist in both cases is 60-100 µm.
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Experiment pulse sequence - A typical experiment to acquire fluorescence of a trapped

ion is run as a pulse sequence controlled by computer, although some of the steady-state

fluorescence results presented later in the chapter are performed in stand-by mode. First

we apply Doppler cooling for 2.6 ms, followed by a photon counting interval of upto or 10

ms to record the fluorescence. During the photon counting interval, automated control of

the laser power permits scans of fluorescence as a function of laser power to be acquired.

For each data point, the experiment sequence is repeated several times to average down

the Poissonian counting noise. In more complicated experiments such as microwave spec-

troscopy of 171Yb+, the experiment sequence is somewhat different. The Doppler cooling

stage is followed by optical pumping to initialize the ion to the |2S1/2;F = 0,m = 0〉 state

and then a microwave pulse is applied. Finally, during the photon counting interval, a

state-sensitive detection sequence is applied as described above.

5.2 Results

5.2.1 Selectivity of photo-ionization loading

During the summer after we had first trapped ions, we made a brief investigation of the

photo-ionization selectivity. The first test was done for the even isotopes, 172Yb, 174Yb and
176Yb, at full photo-ionization power of ∼8 mW. This provides fast loading but provides

little selectivity. For each isotope, the wavelengths of the cooling/detection and repump

lasers were set to the appropriate value for that isotope (Table 5.1). The photo-ionization

wavelength was adjusted to different values using the wavemeter and, for each value, the

number of ions loaded in a 10 s interval was counted using the CCD camera. The results are

shown in Fig 5.4, plotted as a function of photo-ionization frequency relative to the neutral
176Yb resonance. It can be seen that there are three overlapping resonances corresponding

to the three even isotopes. The separation between peaks is of the order of 0.5 GHz, and

match approximately the isotope shifts measured in [10]. The peak widths are about 1

GHz. Given that the photo-ionization beam has a waist size of 60-100 µm at the ion and

that the saturation intensity for the 1S0 to 1P1 transition in neutral Ytterbium is 60 mW/cm2,

a photo-ionization power of ∼8 mW would give a power-broadened linewidth of 1-2 GHz

(versus a natural linewidth of 30 MHz). This is close to the observed linewidths in Fig 5.4.
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To study the effect of power broadening on the selectivity of the photo-ionization load-

ing, we have measured the loading efficiency for 174Yb+ as a function of photo-ionization

frequency at powers of 8 mW and 1.5 mW. The data is shown in Fig 5.4. The width of

the loading resonance decreases roughly from 2 GHz to 0.7 GHz when we decrease the

399 nm power by a factor of 4, as might be expected from power broadening. Although

decreasing the power reduces the loading rate, the selectivity for loading isotopes improves

significantly. In practice, we attenuate the photo-ionization power yet further and use only

100 µW. To maintain a reasonable loading rate, we make use of 2-3 mW of 369.5-nm laser

power at the same time to enable a presumed 2-colour loading process (see [10] and the

discussion in chapter 3).

We have not studied the photo-ionization loading much beyond what has been presented

above; however, it would be interesting to determine the minimum linewidth achievable for

the photo-ionization features. Even though the photo-ionization laser crosses the atomic

beam emitted by the Ytterbium oven nominally at right angles to minimize Doppler effects,

the width of the linewidth is probably limited by Doppler broadening at low laser powers.

Finally, it would also be interesting to study the dependence of the photo-ionzation rate on

the 399-nm and 369.5-nm laser powers in order to elucidate the two-color photo-ionization

process (see chapter 3).

5.2.2 Test of laser-lock stability with ions

To study the general behaviour of the laser and trap setup, we usually use a single 174Yb+

ion. It has the highest isotopic abundance and no coherent population trapping on the UV

transition, both features making 174Yb+ easy to trap and work with. For this reason, we

have investigated the stability of the 369.5-nm and 935-nm lasers using 174Yb+ ions. The

previous chapter described offline studies of the stability using a wavemeter as a reference.

The ultimate way, however, to check the stability of the lasers is to compare their frequency

to the absorption resonance of a trapped ion. This technique was already used at the end

of the previous chapter to study long-term drifts of the 935-nm transfer lock. We now

show some additional data here that looks at shorter-term stability between 0.1 s and a few

minutes.

We start with the 369.5-nm laser, whose fundamental wavelength at 739 nm is locked
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Figure 5.5: Top: PMT fluorescence counts versus iodine offset-lock frequency for the

369.5-nm 2S1/2 to 2P1/2 detection and cooling transition in a single trapped 174Yb+ ion.

The fluorescence counts are acquired in 1 s. Note that a higher lock offset frequency corre-

sponds to a lower laser frequency at the ion. Also note that the horizontal frequency scale

should be doubled to obtain actual values at the ion since the 739-nm fundamental is locked

to Iodine rather than the doubled 369.5-nm. Bottom: The ion’s fluorescence as a function

of time when the 369.5-nm laser is locked to the half-way point of the ion’s resonance,

as indicated in the top figure. The fluorescence counts are acquired in 1 ms, averaged 20

times.
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to the Iodine saturation absorption setup. A broadband fibre-EOM in the lock path allows

the laser to be frequency-tuned while locked. This is used to record the resonance profile

of the 2S1/2 to 2P1/2 transition of a 174Yb+ ion, as shown in Fig 5.5. The data is taken

at a relatively low value of the laser power so as not to broaden the transition too much.

We set the laser about halfway down the side of the resonance where the slope makes the

fluorescence of the ion more sensitive to changes in the frequency of the laser. The ion

is monitored over ∼11 min and, as can be seen in Fig 5.5, the fluorescence of the ion is

reasonably stable. From the figure, it can be estimated that the 739-nm lock fluctuates less

than 0.5 MHz, corresponding to 1 MHz in the UV, over 11 min. This is an upper limit that

does not account for fluctuations in the power of the laser or Poissonian noise in the photon

counting.

We have also studied the stability of the 935-nm laser using a similar procedure. A

broadband fibre EOM in the 935-nm lock path also allows this laser to be frequency-tuned

while locked. We first measure the resonance of the 2D3/2−3 D[3/2]1/2 transition at low

laser power (∼1-10 µW) by changing the fibre-modulator frequency (see Fig 5.6). The

measured full width at half maximum is about 10 MHz. We then lock the laser to the half-

way point with the steepest slope and monitor how the fluorescence of the ion changes over

∼5 min. Figure 5.6 shows a worst scenario. For comparison, we also lock the laser to the

top of resonance and record the fluorescence of the ion for the same time interval. This

data is also shown in Fig 5.6. It can clearly be seen that the data on the side of resonance

fluctuates much more (on a time scale of a few minutes) compared to the data at the top of

resonance; therefore, the observed drift is attributed to frequency noise. Given the relatively

quiet resonance measurement shown in Fig 5.6, it appears that the magnitude of the drifts

vary over time. We have not yet determined the cause for certain; however, we are not

limited by frequency drifts in the 935-nm laser in our fluorescence studies. Firstly, we use

2-3 mW of 935-nm power at the trap during the experiment, which broadens the repump

transition and greatly reduces its sensitivity to laser frequency changes. Second, we also

monitor the repump resonance every few minutes during data collection and adjust the lock

offset frequency as required.
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5.3 Studies of single-ion fluorescence

In the following experiments we study the fluorescence behavior of the 171Yb+ and 174Yb+

isotopes as a function of magnetic field, laser power, polarization, and detuning. These

parameters are all calibrated in situ with the exception of laser power, and at reasonably

low error to suppress the effect of parameter correlations in fits to theory. For each section,

we start with simpler 174Yb+ isotope, chosen as a "control" ion for comparison since it

is free of hyperfine structure and does not have coherent population trapping on its main

fluorescence transition. We then proceed to single, trapped 171Yb+ ions, which we intend

for use as hyperfine qubits. For each isotope, we compare our results with the theory

presented in Chapter 2.

5.3.1 Magnetic field calibration

The magnetic field strength at the trap is calibrated using microwave spectroscopy of the
171Yb+ hyperfine ground-state. Resonances of all three microwave Zeeman transitions

|2S1/2,F = 0,mF = 0〉 → |2S1/2,F = 1,mF = 0,±1〉 are measured to extract the Zeeman

shift between the F = 1 sub-levels as a function of magnetic bias coil current Icoil . The

measurement cycle begins with a 2.6 ms period of Doppler cooling, followed by optical

pumping for 0.3 ms to prepare the ion in the |2S1/2,F = 0,mF = 0〉 state. A microwave

pulse close to a π pulse is applied, and state-selective fluorescence detection is used to probe

the population transfer as a function of microwave frequency. The frequency is scanned in 1

kHz steps to obtain a Rabi lineshape, which is fit for resonance location. The measurement

cycle is repeated 50 times to average detection noise. At each bias coil current, UV laser

power and detection time (0.4-4 ms) are adjusted to optimize the state detection efficiency.

The Zeeman-shifted resonances obtained for all three hyperfine transitions are plot-

ted as a function of bias coil current in Fig 5.7. The magnetic field dependence of the

resonances are fit to the Breit-Rabi theory together with a parametrization of both current-

dependent and static-background magnetic fields. Resonance at zero magnetic field is in-

ferred from the fit to be near 12642.81 MHz. We extract a coil-dependent linear Zeeman

shift of 3.991(2) MHz/A corresponding to a magnetic field calibration dB/dI=2.851(1)

G/A. Although the fit includes the quadratic Zeeman effect, we ignore it in further analysis,

which constitutes an error of only 20 kHz at the largest currents considered. A non-zero
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Figure 5.6: Top: PMT fluorescence counts versus iodine offset-lock frequency for the 935-

nm 2D3/2 to 3D[3/2]1/2 repump transition in a single trapped 174Yb+ ion. The fluorescence

counts are acquired in 1 s. Note that the actual offset frequency is a factor of 2 larger than

the horizontal scale shown, due to an rf doubler used in the setup. Bottom: The ion’s

fluorescence as a function of time when the 935-nm laser is locked to the top of the repump

resonance (red) or to the half-way point (blue). The fluorescence counts are acquired in 1

ms, averaged 20 times.

minimum Zeeman shift of δB=0.952(7) MHz occurs at a value of Icoil = −0.343(1) A,

which indicates a residual static background field of 0.98 G parallel and 0.68 G transverse

to the coil. The static background field is due to magnets in optical posts around the trap

and earth’s magnetic field, and is largely stable over the course of days and longer (better

than 100 kHz drift) so we simply incorporate it into our calibration. The majority of the

fluorescence data is taken over coil currents in the range 0.8-2.5 A where the coil field

dominates and the magnetic field changes only slightly in direction due to the background.

Common values of coil current used are {0.805 A, 1.695 A, 2.505 A} corresponding to

δB/2π ={4.68 MHz, 8.19 MHz, 11.41 MHz}.
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Figure 5.7: Calibration of the magnetic field at the trapped ion’s location using mi-

crowave spectroscopy of 171Yb+. Shown are measured transitions from the ground hy-

perfine state |F = 0,mF = 0〉 to |F = 1,mF =−1〉 (triangles), |F = 1,mF = 0〉 (circles),

and |F = 1,mF =+1〉 (squares) as a function of bias coil current Icoil . The vertical axis is

referenced to the inferred resonance frequency ν0 = 12642.8 MHz at zero magnetic field.

Solid lines are a fit to Breit-Rabi theory with three magnetic-field parameters, (i) current-

dependent Zeeman shift 3.991(2) MHz/A corresponding to dB/dI=2.851(1) G/A, (ii) offset

current Io =−0.344(1) A and (iii) minimum Zeeman splitting 0.952(7) MHz. The last two

parameters characterize a constant background field of about 1 G. The fit lines match the

data to ±10 kHz.
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5.3.2 Yb+ resonance, Linewidth

Modeling the ion’s fluorescence behaviour relies on a reasonably accurate calibration of

laser detuning. Measuring the resonances for 174Yb+ and 171Yb+ provides the detuning

calibration for these two isotopes and allows us to check the linewidth. We start with mea-

suring the 174Yb+ resonance. This isotope is used to study the linewidth carefully in dif-

ferent ways. After that, for 171Yb+, we use only the simplest method primarily determine

resonance.

174Yb+ resonance

The location of the primary 369.5-nm UV transition for 174Yb+ is verified using a Zee-

man shift δB/2π =8.19 MHz, near-optimal polarization angle θBE = 2.8◦ and a relatively

low laser power of 0.83 µW (s0 = 0.63). The frequency-doubled 369.5-nm laser frequency

is scanned by tuning the Iodine lock offset frequency of the 739-nm fundamental. The

fluorescence counts, recorded in a 10 ms interval and averaged ten times, are plotted as a

function of UV laser frequency in Fig 5.8(a). The scan starts below resonance and proceeds

up to and past the resonance position. Because of the mechanical effects of the laser scat-

tering, the trapped ion is heated on the high side of resonance, and is effectively Doppler

shifted off resonance. This results in a characteristic half-lineshape [61] where the standard

procedure is to identify the drop-out as resonance. The background-subtracted data is fit

to a Lorentzian lineshape with an exponential suppression above resonance. The fit gives

a lock offset frequency on resonance of ν0,174=8975.8(1) MHz, which corresponds to a

fundamental wavelength of approximately 739.0499(1) nm as determined by a waveme-

ter [62]. Besides resonance location, the fit provides a linewidth of 24.6(1) MHz and an

inferred natural linewidth of 20.0(1) MHz. This value, which is within 2% of 19.60 MHz,

is sensitive to errors in laser power determination and ignores technical broadening such as

that due to laser linewidth.

To verify that there is nothing pathological in the half-resonance curve, we have per-

formed a control experiment where a simultaneously trapped 172Yb+ ion is used to sym-

pathetically cool the 174Yb+ ion [63] while its resonance is scanned. The cooling allows

the full resonance shape to be obtained [63, 64]. A separate UV laser system is used to

provide Doppler cooling of the 172Yb+ isotope, whose resonance is 1.2 GHz blue-detuned
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Figure 5.8: (a) Scan of UV laser frequency to locate resonance of a single trapped 174Yb+

ion. The frequency-doubled laser is scanned with the fundamental locked to iodine by tun-

ing lock offset-frequency ν. The parameters for the scan are δB/2π= 8.19 MHz, θBE = 2.8◦

and saturation parameter s0 = 0.63. The solid line is a fit to a Lorentzian with exponential

suppression above resonance. The fit yields a resonance location ν0,174=8975.8(1) MHz

and a linewidth of 24.6(1) MHz including all broadening terms. The horizontal axis is off-

set and scaled using the fit value of ν0,171 to indicate UV detuning. (b) Scan of UV laser

frequency to locate resonance of 174Yb+ in presence of sympathetic cooling by a simulta-

neously trapped 172Yb+ ion. The horizontal scale for the scan has been shifted by 2 MHz to

account for a measured ac Stark shift from the 172Yb+ cooling laser. The other parameters

are similar to (a). The fited resonance position is slightly shifted 0.39(5) MHz relative to

the resonance in (a), which is attributed to systematic error in ac Stark shift determination.

The fited linewidth is 25.5(2) MHz. The fit includes a baseline -7.6(6).
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from 174Yb+. The additional 2D3/2− 3D[3/2]1/2 repump frequency for 172Yb+ is easily

obtained by adding a modulation sideband of 2.56 GHz to the 935.2-nm laser using the

pre-existing fibre modulator. The 638.6-nm laser is continuously scanned at a slow rate to

ensure it covers both isotopic resonances. The majority of fluorescence from the 172Yb+

ion is blocked from reaching the PMT at an intermediate image plane in the imaging sys-

tem and the remainder is subtracted as a background from the 174Yb+ fluorescence signal

of interest.

The resonance scan of 174Yb+ in the presence of sympathetic cooling is shown in Fig

5.8(b). The data have been corrected for the residual background. Additionally, an offset

of +2 MHz is applied to the horizontal frequency scale to account for the ac Stark shift

due to the 172Yb+ cooling beam. The value of the ac Stark correction was estimated in a

separate measurement. The data have been fit to a Lorentzian lineshape, which gives a UV

resonance frequency slightly shifted 0.39(5) MHz relative to that of the single ion shown in

Fig 5.8(a). The resonance shift is within the bounds of the systematic error of the ac Stark

shift estimation. In any case it is at least clear that there is nothing grossly wrong with

using the drop-out point of a single trapped ion to determine resonance. The Lorentzian fit

also gives a linewidth of 25.5(2) MHz, and an inferred natural linewidth of 20.9(2) MHz.

We do not correct the fluorescence theory for any extra broadening effects outside of

the theoretical expressions presented in Eqs. (2.31) and (2.32). The largest correction is

probably due to the laser linewidth. The absorption linewidths from all the resonance scans

presented have given inferred natural linewidths within 5% of the previously published

value of 19.6 MHz [11]; however, the scans are done at fixed magnetic field and laser

power and require correction for Zeeman and saturation broadening to reveal any remaining

effects. We have done a more careful experiment to remove the saturation broadening and

to constrain the size of any systematic effects such as laser linewidth. We perform relatively

fast scans of laser power at several values of detuning to extract the resonance profile for

the fluorescence. The laser power for each scan is scaled to correct for slow drifts. The

laser sidebands required for hyperfine repump of 171Yb+ are also kept active. They are far

off resonant and have no appreciable effect, but by having them active for 174Yb+ studies

also, we are able to compare saturation powers directly between the two isotopes without

correction. The data is collected at a fixed magnetic field corresponding to δB/2π = 8.19

MHz and a polarization angle θBE = 2.8◦.
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Figure 5.9: 174Yb+ resonance extracted from laser power scans at δB/2π = 8.19 MHz and

θBE = 2.8◦. (a) Counts in 10ms, averaged 10 times, are shown as a function of 369.5-nm

laser power at the range of detunings indicated. Detunings are determined from the res-

onance location as shown in Fig 5.8. Each line is a separate weighted fit to a scan at a

given detuning. The fit function is a general saturation form (see text) with two fit pa-

rameters, amplitude coefficient and saturation-related factor ds/d p. (b) Plot of fit values

ds/d p obtained as a function of laser detuning. The line is an unweighted fit to Eq.( 2.32)

with fixed zero baseline and fixed resonance position. Two points near the peak are ex-

cluded (see text). Residuals shown above main plot. The natural linewidth from the fit is

γ/2π = 19.6(1) MHz and saturation power is psat = 1.25(1) µW.
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Laser power scans of 174Yb+ fluorescence, corrected for background, are shown in Fig

5.9(a) for a selection of laser detunings. The fluorescence counts are acquired for 10 ms

and averaged 10 times. The analysis makes use of the fact that 174Yb+ data should fit to a

general saturation form with repump correction. Each laser power scan at a given detuning

is fit to the following equation which includes the 935.2 nm repump factor ξ explicitly:

ηγPp = A ·
(

s
1+(1+ξ/2)s

)
. (5.1)

The free fit parameters are an amplitude coefficient A and a proportionality constant ds/d p

linking the laser power p to the generalized saturation parameter s = (ds/d p) · p. The

repump factor, estimated from separate measurements, is fixed at a value of 0.1. The gen-

eral form of the equation should still apply for finite laser linewidth with modification to

the linewidth and saturation power [65]. Errors used for fit weighting, determined from

repeated measurements, are Poissonian with an additional 2% fractional noise before aver-

aging. Reduced χ2 for the fits are generally good, on average 1.0(2) for 66 degrees of free-

dom, except for the two detuning values nearest resonance where the trapped ion becomes

motionally unstable at high powers. The fit amplitude coefficients are roughly constant

over the range of detunings shown. At larger detunings fitting difficulties and correlations

of the fit parameters become significant.

The saturation factors ds/d p obtained from the individual fits are plotted as a function

of detuning in Fig 5.9(b). An unweighted fit to the data is made using the following

Lorentzian form obtained from Eq.( 2.32):

ds
d p

=
1
3

1
psat

γ2

(Γ174(Ω = 0))2 +4∆2 . (5.2)

where psat is a saturation power and the linewidth Γ174(Ω = 0) only includes the Zeeman

broadening. Although Eq. (2.32) and by extension Eq. (5.2) are derived as an approxima-

tion in general at finite magnetic field, the functional form is correct for the special case

of π-polarization (θBE ≈ 0◦) considered here. The fit uses only two free parameters, psat

and the natural linewidth γ. Resonance location, determined as shown in Fig 5.8, is held

fixed. Excluding the two data points closest to resonance that show excess noise in fluo-

rescence scans, the fit provides parameters psat = 1.25(1) µW and γ/2π = 19.6(1) MHz.

If the points at the peak are included, these values change to 1.28(1) µW and 20.1(2) MHz
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respectively. The values of the inferred natural linewidth match reasonably well with the

previously published value of 19.6 MHz [11] to about the 5% level. Given this level, we

simply use the previously published value of the natural linewidth in our analysis and leave

any additional broadening effect as a potential systematic error in our results.

171Yb+ resonance

A laser frequency scan to locate the drop-point as the resonance of a single trapped 171Yb+

ion is shown in Fig 5.10, performed in the same way as described for 174Yb+. Scan param-

eters include a Zeeman shift δB/2π = 8.19 MHz, optimal polarization angle θBE = 57.5◦,

and a relatively low UV laser power. As before, the frequency-doubled 369.5-nm laser is

scanned with the fundamental locked to iodine by tuning the lock offset-frequency. The

data is fit to a Lorentzian lineshape with an exponential suppression above resonance. The

fit resonance location for 171Yb+ is at a lock offset frequency ν0,171 = 10193.00(5) MHz

which includes various AOM offsets and corresponds to a fundamental laser wavelength of

approximately 739.0520(1) nm as determined by a wavemeter [62]. The value of ν0,171 is

stable to 0.1 MHz or better over several weeks.

The residuals in Fig 5.10 demonstrate that there is no substantial distortion from a

Lorentzian line shape. Micromotion is nulled to a level where the residual effect might

only be a slight broadening. Doppler broadening is complicated by variation in the laser’s

cooling effect with detuning below resonance; however, at our level of precision, the over-

all correction to the lineshape should amount to a small, if not negligible, increase in the

width [61]. The fit linewidth of 24.6(2) MHz combined with calibrations of Zeeman split-

ting, polarization, and power saturation parameter s0=1.590(4) gives an inferred natural

linewidth, ignoring other broadening effects, of 20.1(2) MHz. The fit linewidth is suscep-

tible to systematics associated with the half-resonance and with points at the peak where

the ion begins to decrystallize. A Lorentzian fit to data 1 MHz below resonance with

the resonance location fixed gives a slightly lower linewidth 24.3(1) MHz and inferred

natural linewidth 19.8(1) MHz. The dominant source of broadening is likely the laser

linewidth which, if Lorentzian, would directly add to the 19.6 MHz natural linewidth. A

laser linewidth of ∼0.5 MHz would not be surprising. We do not correct our theory for the

relatively small laser linewidth, but leave it as a systematic error.
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Figure 5.10: Scan of UV laser frequency to locate the resonance of a single trapped 171Yb+.

The frequency-doubled laser is scanned with the fundamental locked to iodine by tuning

the lock offset frequency ν relative to resonance ν0,171. Data shown is taken at δB/2π=8.19

MHz, s0=1.590(4), and θBE=57.5◦. The line is a fit to a Lorentzian with exponential sup-

pression above resonance. Residuals are shown in top panel. Fit parameters are a peak am-

plitude coefficient, lock offset on resonance ν0,171=10193.00(5) MHz and linewidth 24.6(2)

MHz, where errors include sensitivity to initial guesses. The horizontal axis is recalculated

using the fit value of ν0,171.
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5.3.3 Polarization

In this section we study the polarization dependence of ion fluorescence for both 174Yb+

and 171Yb+. Measurements are approached differently for the two isotopes. For 174Yb+

the dependence of fluorescence on Zeeman splitting is very weak and the primary behavior

expected from Eq.( 2.31) is a washing out of the polarization dependence at higher laser

powers due to saturation; therefore, we focus on measuring the polarization behavior as

function of laser power.

For 171Yb+, the fluorescence signal strongly depends on the incident 369.5-nm laser’s

polarization. We take advantage of this sensitivity in our analysis to calibrate the laser

polarization with respect to the magnetic field quantization direction as a function of bias

coil current. The magnetic field direction changes with the current because of the presence

of a residual ∼1G background magnetic field. Thus the polarization calibration’s primary

role is to correct for the magnetic field direction (to within directional symmetries and

ambiguities).

Defining the UV laser’s polarization to lie in the x− z plane, the angle θBE between

magnetic field and UV polarization can be expressed in terms of angular coordinates θB

and φB of the magnetic field and the orientation θE of the laser’s electric field as

cosθBE = cosθE cosθB + sinθE sinθB sinφB. (5.3)

where the angle θE = 2θ λ

2
is controlled by the half-wave plate orientation θλ/2 as defined

in Fig 5.1.

174Yb+ Polarization

The polarization dependence of 174Yb+ is studied as a function of laser power for the

reason described above. The data is susceptible to drifts in laser power. To suppress their

effect, we follow a similar procedure to the linewidth analysis and record relatively rapid

scans of laser power as a function of half-wave plate angle θλ/2, and correct for slow drifts

in laser power between scans.

The complete data set after background and power-drift correction is shown in Fig

5.11. The magnetic bias coil current is fixed at 2.505 A to provide a Zeeman shift of 11.41

MHz. The laser detuning is set to 8.4 MHz below resonance. The variation in fluorescence
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Figure 5.11: 174Yb+ fluorescence as a function of 369.5-nm laser power and linear po-

larization controlled by half-wave plate angle θλ/2. Zeeman shift is δB/2π = 11.4 MHz

(Icoil = 2.5A). The laser detuning is fixed at ∆/2π =−8.4 MHz. The data consists of fifty

four 68-point scans of laser power at half-wave plate positions over a 240-degree range.

Fluorescence photons are counted by a PMT in a 10 ms integration time, averaged 10

times. Error bars suppressed for clarity. The lines are a global weighted fit to the theory

in Eq.( 2.31) with two free parameters, an amplitude coefficient 3660(2) related to photon

collection efficiency, and saturation power psat = 1.247(2)µW. Other parameters are fixed

including magnetic field angles as per calibration in Fig 5.13. The reduced χ2 of 1.39 for

3672 total points, is sufficiently low to give reasonable parameter errors. See text and Fig

5.12 for a detailed quantitative assessment of this data and fit.
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is very mild in comparison with 171Yb+ (see below) since there are no polarization dark

states. Errors are assumed to be the quadrature sum of Poissonian and 2% fractional noise

before averaging. A global weighted fit to the repump-corrected 174Yb+ theory Eqs.( 2.33)

and ( 2.31) has been made with two fit parameters, saturation power 1.247(2) µW and

amplitude coefficient 3660(2). Other parameters in the fit are fixed including the magnetic

field coordinates {θB,φB} determined from 171Yb+ polarization studies (see below) and

repump factor ξ = 0.1. The reduced χ2 of 1.39 for 3672 total points, is sufficiently low to

give reasonable parameter errors on par with an unweighted fit. The large χ2 is attributed

to systematic error associated with the approximations made in Eq. ( 2.31) and excess

instabilities and scan-to-scan drifts over the several hours of data collection. Regardless,

Fig 5.11 shows that the fit is qualitatively good overall.

Figure 5.12 shows cross-sections of the polarization data at three different laser powers

together with the global fit. Each cross-section has been scaled with respect to its peak value

to emphasize how the polarization dependence saturates at high laser powers as expected.

Unlike 171Yb+, the fluorescence peaks at θλ/2 = 48.6◦, equivalent to θBE = 0◦ where the

effective linewidth (eqn 2.32) reaches a minimum.

To emphasize the analogy with an effective two-level system, we also demonstrate the

polarization analysis in an alternative way using the same approach as for laser detuning

dependence. The laser power scan at each polarization angle has been fit to the generalized

saturation function (Eq.( 5.1)) to extract the saturation derivative ds/d p as a function of

θλ/2. The fit values are plotted in Fig 5.12(c). An unweighted fit to Eq.( 5.2) with a

single fit parameter psat = 1.247(3) µW matches the data well, giving reasonably random

residuals. The value for psat matches the global fit as it should.

171Yb+ Polarization

We have studied the effect of UV polarization angle on 171Yb+ fluorescence for four dif-

ferent bias coil currents {-0.343 A, 0.805 A, 1.695 A, 2.505 A} corresponding to Zeeman

shifts δB/2π ={0.95 MHz, 4.67 MHz, 8.17 MHz, 11.39 MHz}. The current -0.343 A is

chosen to be close to the minimum Zeeman shift in Fig 5.7 to assess the background mag-

netic field orthogonal to the field provided by the bias coil. The detuning of the 369.5nm

laser is chosen to be ∆/2π =−8.0 MHz to maintain good laser cooling during data collec-

tion. In preparation for the measurements, the polarization of the 935.2-nm laser is adjusted
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Figure 5.12: (a) Contour plot of data from Fig 5.11 showing location of data cross-sections

in (b) at three laser powers (i) 1.1 µW, (ii) 10.5 µW, and (iii) 66.6 µW, corresponding to sat-

uration parameters s0 of 0.9, 8.4 and 53.4 respectively. (b) Cross-sections of fluorescence-

count data as a function of half-wave plate angle θλ/2. The count rates are normalized to

the maximum value of the fit model. Solid lines are global fits from Fig 5.11. (c) Alter-

native analysis technique using separate weighted fits of each laser power scan in Fig 5.11

to a generalized saturation form to extract the amplitude coefficient and saturation-related

parameter ds/d p. Fit values of ds/d p are plotted as a function of half-wave angle θλ/2.

The solid line is an unweighted fit to the 174Yb+ theory given by in Eq.( 2.31) plot.
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to optimize the repump rate. The 935.2-nm laser power is also adjusted to be large enough

to reduce sensitivity to beam pointing and detuning drifts, but not so large that the repump

rate is significantly compromised by coherent population trapping. The UV fluorescence is

not particularly sensitive to the repump parameters; therefore, the parameters are left fixed

for all bias coil currents with the one exception being the value -0.343 A where the low

Zeeman splitting of 0.95 MHz requires the 935.2 nm power to be reduced by a factor of

roughly ten.

For each coil current, the polarization of the 369.5-nm laser is first set near to its opti-

mal polarization angle, and the laser power is scanned to identify the value where the UV

fluorescence peaks (Eq.( 2.52)). The laser power is set to this value to reduce sensitivity to

power drifts. Values used for -0.342 A, 0.805 A, 1.695 A, and 2.505 A are 1.4 µW, 6.5 µW,

10.1 µW, and 15.6 µW respectively. The polarization of the 369.5-nm laser is then varied

by changing the half-wave plate angle θλ/2. For each angle, PMT counts are recorded in

three 1s intervals and averaged to obtain the fluorescence signal.

The fluorescence data for the four coil currents are corrected for background and plotted

as a function of half-wave plate angle in Fig 5.13(a). The value of the peak fluorescence

varies with Zeeman shift δB, which is due to coherent population trapping and will be

discussed in the following section. That aside, all four plots show common features: a sharp

minimum corresponding to θBE = 90◦, and a broad minimum corresponding to θBE = 0◦ or

a π-polarized laser field. The fact that the sharp minima show good contrast indicates that

the 369.5-nm laser has good linear polarization at the ion. The worst contrast occurs for

the case of -0.343 A and is attributed to non-ideal wave-plate behavior near the minimum’s

location. The change in location of the sharp minimum for different bias coil currents is

due to change in the magnetic field direction and is primarily sensitive to the coordinate θB.

For an arbitrary magnetic field direction, a sharp minimum will always exist that is

fully dark in the ideal case since it is always possible to find a perpendicular laser polar-

ization by rotating the half-wave plate. On the other hand, for the broad minimum, the

minimum value of the fluorescence depends on how close the laser field comes to parallel

polarization over the range of the half-wave plate, which in turn depends on the magnetic

field orientation set by the coordinate φB. Clearly for all data sets, the broad minimum

is quite low so the magnetic field is always approximately in the plane of rotation of the

laser polarization vector, that is, φB ≈ 90◦. To fit the data we first parameterize the coil
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Figure 5.13: (a) Fluorescence counts for 171Yb+ versus 369.5-nm half-wave plate angle

θλ/2 at four different magnetic bias coil currents {-0.343, 0.805, 1.695, 2.505}A. Lines

show a global weighted fit. (b) Half-wave plate location of the sharp minimum as a function

of magnetic bias coil current.

and static-background magnetic vectors in terms of magnitude constraints obtained from

the magnetic field calibration and a minimum set of three spherical coordinates. We then

perform a weighted global fit of data from all bias coil currents to Eqs.( 2.33) and ( 2.50).

The 935.2-nm repump factor is included in the fit function and is calculated as a function

of magnetic field based on separate calibration measurements. The correction to the UV

fluorescence rate is small, less than 2% maximum, for all magnetic fields considered.

Error bars used for the fit weighting are the quadrature sum of Poissonian error and 0.2◦

uncertainty in half-wave angle transferred to the vertical axis through slope interpolation.

Nevertheless, the fluctuations in the data are completely dominated by various systematic
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errors. The fit is performed for a selected subset of 206 data points, about 2/3 of the

total data, and leads to a reduced χ2 of 0.97 for eight fit parameters. Excluded points

include several outliers, points near the sharp minima of -0.343 A data, and data at angles

larger than 35◦ where the half-wave plate shows a small but noticeable non-ideal behavior.

Regardless, it is clear from Fig 5.13 that the fit is qualitatively quite good overall.

As mentioned above, the fit uses eight free fit parameters. The −8.0 MHz laser detun-

ing and appropriate Zeeman shifts are held fixed in the fit. Besides the three angles used to

parameterize the magnetic field direction, a small shift of 0.024(1) G accounts for drift in

the magnitude of the background field parallel to the coil. Three amplitude coefficients of

367.7(2), 363.0(4) and 349.9(8) for the 1.7 A-2.5 A, 0.8 A and -0.34 A plots respectively

allow for variability in the photon collection efficiency η. Finally, the fit imposes a sin-

gle saturation power 1.262(8) µW for all data. The amplitude coefficients A = 10−3ηγ in

terms of KiloHertz count rates convert to a collection efficiency η≈ 2.9 ·10−3. For typical

currents {0.805 A, 1.695 A, 2.505 A} the total magnetic field’s angular coordinates eval-

uated from the global fit are θB ={104.25(3)◦, 99.15(4)◦, 97.26(4)◦} and φB ={87.26(7)◦,

87.60(5)◦, 87.73(5)◦}. The φB values are ambiguous with π− φB but both give the same

result for θBE .

To confirm the calibration of magnetic field direction obtained from the global fit, we

have measured the half-wave plate position of the sharp minimum as a function of coil

current. As shown in Fig 5.13(b), the prediction obtained from the global fit parameters

matches the data very well over a wide range of bias coil current. Furthermore, we iden-

tify the range 0.8A-2.5A of magnetic bias coil current as a useful interval where the coil

magnetic field dominates the background field and the total magnetic field’s direction is

reasonably constant (see Fig 5.13(b) inset). This range is the focus of the fluorescence

studies as a function of laser power and magnetic field in the following section.

5.3.4 Laser power and magnetic field dependence

With magnetic field, laser detuning and laser polarization calibrated, it is now possible to

assess the fluoresence as a function of laser power and magnetic Zeeman shift and compare

the fluorescence behaviour of the two isotopes. The magnetic bias coil’s current is limited

to 0.8-2.5 A or equivalent Zeeman shift of 4.5-11.9 MHz, which provides a factor of 2.5
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change in Zeeman shift but this range is small enough that the magnetic field direction

remains nearly constant and orthogonal to the laser beam direction. Also the lower limit on

Zeeman shift avoids excessive heating and “de-crystallization" of the ion in the trap over

the full range of power considered for fluorescence.

174Yb+: Laser power and magnetic field dependence

We first consider power-saturation curves for 174Yb+ as a function of magnetic field strength.

Figure 5.14 shows fluorescence versus power for three different Zeeman shifts

{4.68 MHz,8.19 MHz,11.41 MHz} corresponding to bias coil currents {2.505 A,1.695A,0.805

A}. The half-wave plate angle is set to θλ/2 = 48.9◦, which is near the optimum polariza-

tion angle θBE = 0 relative to magnetic field for all cases within the small residual variation

in magnetic field direction and the 369.5-nm laser detuning is fixed at ∆/2π =−8.4 MHz

The experimental sequence involves a 2.6 ms Doppler cooling interval followed by

a 10 ms fluorescence photon counting interval. We keep all repump beams needed for
171Yb+ on to have similar powers for the two isotopes at the trap and to be able to compare

saturation powers easily. The power of the UV laser is scanned and for each power value

the fluorescence counts are averaged ten times for a net integration time of 100 ms.

Power scans, following power drift and background count correction as usual, are dis-

played in Fig 5.14 for all three Zeeman shifts. There is only a small difference between

the data since the Zeeman dependence is rather weak. A weighted global fit of the repump-

corrected 174Yb+ theory (Eqs. ( 2.31) and ( 2.33)) is applied to a set of five power scans

including the three curves shown in Fig 5.14. A constant repump factor of ξ = 0.1 is used

for all magnetic field values. As before, the error model used for weighting is the quadra-

ture sum of Poissonian and 2% fractional noise before averaging. Residuals for the fit are

shown in figure’s top panel since the differences between curves are slight. An acceptable

reduced χ2 of 1.07 is obtained for this relatively small data set of 304 points and two fit

parameters; however, the quality of fits to larger data sets is not as good, compromised by

slow drifts of the photon collection efficiency and other effects. The amplitude coefficient

from the fit is A = 3638(5), and the fit saturation power is psat = 1.264(4)µW. These values

are similar to those obtained from other 174Yb+ data sets shown earlier.
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Figure 5.14: 174Yb+ fluorescence versus UV laser power at three magnetic fields. Flu-

orescence counts are collected in 10 ms, averaged ten times. The three Zeeman shifts

δB/2π = {4.68,8.19,1.41}MHz as indicated correspond to bias coil currents{0.80, 1.69,

2.50}A. Fitted residuals for 174Yb+ are shown in top panels.
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taken with UV detuning -8.0 MHz and half-wave angle θλ/2 = 20.9◦, which is near-optimal

linear polarization for all data. The lines are a single weighted global fit to all data. Error

bars are suppressed for clarity. The reduced χ2 is 1.05 for 1496 data points. Fit parameters

are saturation power 1.226(1), and amplitude coefficient 3645(2). See text and Fig 5.16

for further quantitative assessment of fit.

171Yb+:Laser power and magnetic field dependence

We now consider the power dependence for for 171Yb+ fluorescence as a function of mag-

netic field. The laser detuning is -8.0 MHz and the half wave angle is set to θλ/2 = 20.87◦

which is near the peak of the fluorescence across the range of Zeeman splitting. The data

collection sequence is the same as previous using a 10 ms fluorescence counting time,

repeated and averaged ten times. All repump beams are prior-optimized and are active

throughout. The Doppler cooling interval is at fixed power and the level is adjusted to

inhibit de-crystallization of the trapped ion at the low end of magnetic fields considered.

The 171Yb+ is very sensitive to magnetic field; hence, the scan of UV laser power from

approximately 0-70 µW is performed at seventeen values of the Zeeman shift from 4.6 to

11.4 MHz. Each scan of 68 power values takes approximately 30 s while the complete data
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set is acquired over 1-2 hours. The counts are corrected for background and the laser power

for each scan is corrected to account for slow drifts. Figure 5.15 shows the total data set,

where the fluorescence reaches a maximum at a power value that increases with Zeeman

shift δB. The fluorescence value at the peak also increases with increasing Zeeman shift.

Errors in the count values are determined from repeated measurements at Icoil = 1.695

A and are modeled as the quadrature sum of Poissonian and 2% fractional noise before

averaging. A weighted global fit is performed with only two free fit parameters, an ampli-

tude coefficient A and saturation power psat . Fixed parameters used are linewidth γ and

detuning ∆/2π = −8.0 MHz, while Zeeman splitting δB, polarization angle θBE , and the

935.2 nm repump correction are determined as a function of bias coil current from prior

calibrations. The reduced χ2 is an acceptable value of 1.05 for 1496 degrees of freedom

(8% significance). The values for the fit parameters are psat = 1.226(1) µW and amplitude

coefficient A = 10−2 ·ηγ = 3645(2), giving a photon collection efficiency η = 2.9 ·10−3.

Figure 5.15 provides an overall impression of the quality of the global fit. Figure 5.16

shows quantitative detail including data slices and global fit residuals at three example

Zeeman shifts. The residuals exhibit some instabilities and discrete outliers which exceed

Poissonian statistics. Nevertheless, separate fits of an individual laser scans are often mod-

erately acceptable with Poissonian error bars alone (reduced χ2 below 1.3 for 66 degrees of

freedom). The global fits are more challenging due to scan-to-scan drifts particularly of the

amplitude coefficient (from the ion drifting relative to PMT sensitive position) but agree-

ment is quite good overall with residuals only 2-4% near the peak of fluorescence. System-

atic errors due to detuning and linewidth have been explored qualitatively, and reasonable

fits can still be obtained for small variations around the values used but with modified fit

parameters.

On the contour plot of Fig 5.16(a), the approximate theoretical expression for Ωpk

(Eq.( 2.52)) is seen to match well with the peak location across the magnetic field range

considered. In Fig 5.16(b), the approximate theoretical expression for peak fluorescence

value Max(Pp0) (Eq.( 2.53)) is also seen to match well with the data.

As a final comment, an additional technical issue arises when scanning the power of

the 369.5-nm laser. Since the 369.5-nm hyperfine repump is obtained from a modulation

sideband of the 369.5-nm laser, the repump power also varies as the laser power is scanned.

We have separately verified that the repump sideband power can be reduced by more than
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Figure 5.16: (a) Contour plot of 171Yb+ fluorescence counts as a function of power and

magnetic field (same data set as Fig 5.15). The contour scale is shown at top. The solid

line is an approximate expression for the power at peak fluorescence (Eq.( 2.52)). Arrows

and horizontal dotted line indicate location of cross-sections shown in (b) at three different

Zeeman splittings. (b) Counts in 10 ms as a function of laser power at three Zeeman

splittings δB/2π= {11.41,8.19,4.68}MHz. Lines are a single weighted global fit as shown

in Fig 5.15. Residuals shown for each Zeeman splitting. Drop lines indicate expected peak

count rate and location according to Eqs. ( 2.52) and ( 2.53) and the values of the global fit

parameters.
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Figure 5.17: 174Yb+ and 171Yb+ fluorescence versus UV laser power at three magnetic

fields. The three Zeeman shifts δB/2π = {4.68,8.19,11.41}MHz as indicated correspond

to bias coil currents{0.80, 1.69, 2.50} A. The three 174Yb+ scans are taken at near-optimal

linear polarization θλ/2 = 48.9◦(θBE = 2.8◦) and with laser detuning -8.4 MHz. The three
171Yb+ scans are reproduced from Fig 5.16 and the three 174Yb+ scans are reproduced

from Fig 5.14

a factor of two without observable effects on the fluorescence curves.

5.3.5 Comparison between 174Yb+ and 171Yb+ behaviours

For direct comparison, the 171Yb+ data from Fig 5.16(b) and the 174Yb+ data from Fig

5.14 are reproduced in Fig 5.17. It shows the overall reduction in fluorescence due to

coherent population trapping. To be specific, the maximum scattering rate in Fig 5.17

reached by 174Yb+ at δB/2π = 8.19 MHz corresponds to an excited state fraction of about

Pp = 0.45, or about 90% of the maximum 0.5. By contrast, at the same magnetic field

value, the inferred excited state fraction of 171Yb+ is about 0.15 at its highest point. This

is 60% of the absolute maximum 0.25 for 171Yb+, and about 0.3 lower than the value for
174Yb+.

A comparison of the three curves for 174Yb+ alone shows that the fluorescence lags

slightly with increasing magnetic field as the effective linewidth is Zeeman broadened and
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the saturation power increased. All curves; however, approach the same saturated response

at high laser powers. The same lag effect is also observable for 171Yb+ at low powers but

the dominant observed effect is the increase in peak fluorescence with increasing magnetic

field as optical pumping to the coherent dark state is countered.

Figure 5.17 also shows that the low power response of 171Yb+ is significantly slower

(by a factor of∼3) than that of 174Yb+. This is not a coherent population trapping effect but

rather is due to the fact that the laser power for 171Yb+ must be split over three polarizations

(θBE = 54.7◦) to couple to all ground Zeeman states. On the other hand, π polarization

alone (θBE = 0◦) suffices in general to provide maximum fluorescence for 174Yb+.

The amplitude coefficients obtained from the 174Yb+ fit (A = 3638(5)) and from the
171Yb+ fit in Fig 5.15 (A = 3645(2)), are close as expected given that the value is a

essentially a measurement of the photon collection efficiency of the imaging system. In

fact, all the fit shown above yield quite close values for A , and give a collection efficiency

of about η = 2.9 · 10−3. Moreover, the saturation powers obtained from the 174Yb+ fit

(1.264(4) µW) and the 171Yb+ fit (1.226(1) µW) are within 5%. There may be a slight high

bias for 174Yb+ over all the data sets taken but the small level of disagreement is within the

uncertainty of our day-to-day calibration of laser power and is comparable to variations in

saturation power seen for a single isotope. Inclusion of the 935.2-nm repump effect was

helpful to improve the agreement between isotopes since the effect acts asymmetrically.

It reduces the saturation power and increases the amplitude coefficient by about 5% for
174Yb+ but has little effect on 171Yb+.

For a typical value of psat = 1.26µW and a measured beam waist diameter of 60 µm

for the 369.5-nm laser, the saturation intensity is calculated to be 60 mW/cm2. This value

includes a correction of 28% to account for power lost to hyperfine repump sidebands

and a correction of 8% to account for power lost from reflection at the uncoated entrance

windows to the vacuum system. The value for saturation intensity matches quite well with

the expected value of Isat = 51 mW/cm2 using the value of γ/2π = 19.6 MHz as usual.

Note again that the values calculated here are defined for a two-level cycling transition and

specifically exclude factors related to the multi-level transition.

Figure 5.17 summarizes the fluorescence results. The saturated count rate of 174Yb+

essentially provides a simple, direct measure of the imaging system’s photon collection

efficiency with minimal theoretical input and largely independent of laser parameters. The
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simple saturation form of the fluorescence also provides a basic calibration of the saturation

intensity at the ion. These two experimental numbers together with the magnetic field and

polarization calibration obtained from 171Yb+ behaviour are all the experimental inputs

required to calculate the expected fluorescence count rate during detection of the hyperfine

qubit in 171Yb+ ion.

5.4 Conclusion

In conclusion, we have measured the fluorescence of a single trapped 171Yb+ ion, which

exhibits coherent population trapping in the transitions used for fluorescence detection and

cooling, and we have verified a model for suppressing dark-state formation using a mag-

netic field of sufficient strength. We have also compared the 171Yb+ behaviour against a

control isotope 174Yb+ with simple atomic structure for which coherent population trap-

ping is absent on the primary transition. The fluorescence behavior of the two isotopes and

comparison to analytical models provide a useful means to optimize experimental param-

eters in preparation for quantum information applications (see Ref. [18]). For 171Yb+ in

particular, measurement of fluorescence as a function of laser power and the identification

of the power for peak fluorescence are a critical calibration integrated into daily experiment

routine. Although not discussed in this thesis, as an application of our fluorescence studies,

we have already studied the fidelity of state-selective detection for the 171Yb+ hyperfine

qubit [18]. We have obtained reasonable experimental agreement with theoretical models

modified for experimental calibrations of parameters, and have obtained a single-shot qubit

detection fidelity of 97%, limited currently by technical noise [18].

The next goal in the experiment is to implement stimulated two-photon Raman tran-

sitions to couple the spin and motional degrees of freedom of the trapped ion and to cool

the ion to near its ground state of motion using Raman sideband cooling [60]. The fluores-

cence studies presented in this thesis will be useful for optimization of the Doppler cooling

in preparation for Raman sideband cooling. A magnetic field of∼ 6 G ( δB/2π= 8.2 MHz),

used in many of the results discussed above, is expected to provide a Doppler-cooling limit

that is suitable to initiate Raman cooling in a slightly stronger trap than the one used in this

thesis. As a final note, at a field of 6 G we have also measured qubit coherence for a single

trapped ion that shows negligible decay out to 100 ms. Few-second coherence times have
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also been demonstrated for 171Yb+ in a similar setup [11]. These coherence times will be

more than sufficient for initial quantum gate tests, including two-ion entanglement.
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