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Abstract

The thesis describes the use of a high numerical aperture phase Fresnel lens for high

resolution ion imaging and scalable fluorescence collection. We have demonstrated

the first step towards fabricating and integrating a scalable collection optic with an

ion trap with applications towards large scale ion trap quantum computers. I outline

the use of the lens for capturing high resolution images of trapped ions. Using these

high resolution images we have demonstrated spatial thermometry, a thermometry

technique which relies on imaging the small changes in the ion spot size as the ion

temperature changes. By adding a beam propagating along the optic axis of the

imaging system we have also been able to use the high resolution imaging system

to observe the absorption image from a single atom. We have verified that the

contrast of the absorption images was the maximum achievable with our imaging

system according to theory. Finally, using the absorption images we have been able

to observe the phase shift of the light scattered by the atom with respect to the

illumination field. The observed phase shift was found to be the maximum allowed

by theory.
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Chapter 1

Introduction

The ability to trap, manipulate and study a single atom has been an exciting ca-

pability for physics over the last 50 years. Such capabilities have opened up many

new possibilities for studying and understanding quantum mechanics. The ability

to place a quantum particle in a superposition of states, or when involved in a larger

system, an entangled state, has led to the intriguing field of quantum computing

[1, 2].

To create a quantum computer, control over all degrees of freedom of a quantum

particle is required. Full control cannot be realised without a well isolated system.

The ion trap provides us with a system that is well isolated. The internal energy

levels and motional states of trapped ions can be fully controlled making ions a strong

candidate for large scale quantum computing when the concept was proposed. To

provide the control which would eventually be needed to use ions as qubits, two

main technologies needed to be developed, the ion trap and laser cooling.

Two main forms of the ion trap, the Penning trap and the RF Paul trap, were

proposed [3]. The first Penning trap was constructed by Hans Dehmelt who was

inspired by Penning’s work with ion gauges. The Penning trap confines particles

using a combination of static electric and magnetic fields [4]. The Penning trap

was used to trap the first elementary particle, an electron, in 1973 by Dehmelt

2
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and coworkers [5]. In 1980 the first positively charged atomic ion, a Ba+ ion, was

trapped using an RF Paul trap, again by Dehmelt and coworkers [6]. Both Dehmelt

and Paul shared one half of the 1989 Nobel Prize in physics for their work. While

Penning traps offer a major advantage over the RF Paul traps in the sense that there

is no micromotion, cooling all the ions’ motional degrees of freedom to the ground

state in the Penning trap is difficult because one degree of freedom (the magnetron

motion) is not able to be cooled directly. The RF Paul trap on the other hand

confines charged particles using either a combination of DC and RF electric fields

(linear Paul trap) or using RF electric fields alone (3D Paul trap). RF Paul traps

allow the ion to be cooled directly in all three motional degrees of freedom. This

is advantageous for ion trap quantum computing as one of the main techniques for

coupling two ions is through their motion [7]. For this reason RF Paul traps are

commonly used to perform research into ion trap quantum computers.

Laser cooling was a major advance in the cooling and control of atoms. Laser

cooling has led to significant advances in metrology [8] and spectroscopy [9] among

other fields. Laser cooling was first proposed simultaneously by David Wineland and

Hans Dehmelt for studying trapped ions [10] and Hänsch and Schalow for studying

free neutral atoms [11]. The first demonstrations of laser cooling were performed

by Wineland et al. with magnesium ions [12] and Neuhauser et al. using barium

ions [13]. Since then laser cooling has evolved to allow the cooling of atoms to the

motional ground state [14] in all three motional axes [15].

Discovery of a quantum factoring algorithm by Peter Shor in 1994 [16] sparked

both theoretical and experimental interest in quantum computing. In 1995, Cirac

and Zoller proposed that the internal states of two ions could be entangled using

their collective quantized motion. This proposal led to the beginning of trapped

ion quantum computing [7]. The gate was performed by Wineland’s group a few

months later [17]. Since then all elementary requirements for quantum computation
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[18, 19, 20] including state preparation [15, 21, 22], manipulation [22, 17, 23, 24] and

readout [22, 25, 26] have been demonstrated [27].

In all current quantum computing experiments with trapped ions, readout is

achieved optically with the quantum bit (qubit) encoded in a photon state. The

presence or state of the photon is typically entangled with the ion’s state. If the

photon is left unmeasured, the entanglement between the emitted photon and ion

remains. Entanglement between two ions can be created by interfering two photons

emitted by two different ions. The use of photons to create entanglement between

two ions allows entanglement of two spatially separated ions [28]. The rate at which

two ions can be entangled through photon mediation is dependent on the square of

the photon collection efficiency. With increased light collection comes better ion-

photon coupling rates which in turn allows for higher remote ion-ion entanglement

rates. Conventionally ion traps use low numerical aperture (NA) refractive lenses

placed far from the ion for fluorescence collection. While this approach allows for

a high degree of flexibility in adjusting the lens position and focus, due to the low

NA of the system, only a small percentage of the ion’s solid angle can be covered

making the collection efficiency of the system quite low.

Recently work towards creating large scale ion trap quantum computers has been

undertaken. Large scale trap arrays have been demonstrated [29] with multiple in-

teraction zones. Until recently a scalable optic for use with large scale trap arrays

has not been demonstrated. A number of different approaches have been pursued

to effectively collect photons emitted from individual trapped ions. These tech-

niques include conventional bulk optics [30, 31, 32, 33, 34, 35], high finesse cavities

[36, 37, 38], micro fabricated mirrors [39] and multimode fibres [40]. Each tech-

nique while promising does have a drawback. Conventional refractive optics and

high finesse cavities are difficult to align and fabricate, while multimode fibres and

microfabricated mirrors cannot effectively couple light into a single optical mode. In
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contrast, phase Fresnel lenses (PFLs) provide diffraction-limited high-NA coupling

and can be microfabricated in large arrays on a single surface [41, 42, 43, 44]. PFLs

also provide diffraction limited high NA collection of light. Large arrays of lenses

can be fabricated on a single surface allowing PFLs to be easily manufactured for

use with large scale ion trap quantum computers [45, 46]. While PFLs do not have

unit focusing efficiency due to the nature of the lens (described in section 3.2.2),

focusing efficiencies of 60%-80% are achievable [47].

In this thesis I describe experiments on high resolution imaging of trapped atomic

Yb+ ions. Throughout the work covered in this thesis, the ion’s scattered light was

collected using a phase Fresnel lens. The first section of the thesis (chapters 2 and

3) describe the theory and experimental apparatus needed to perform the experi-

ments outlined in later chapters. In chapter 2 the electrical systems and vacuum

technology used are described in detail. Chapter 3 outlines the optical systems used

throughout my work. This chapter also includes the relevant electronic transitions

in both neutral and ionic Yb and the laser sources used to create, cool and manipu-

late the ions. The chapter also outlines the imaging system used to image the ion’s

scattered light including the PFL and reimaging telescopes. In the later sections of

the thesis (chapters 4-7) I present the experimental results. Chapter 4 discusses the

aberrations incurred when performing high resolution imaging and the alignment

procedure used to minimise these aberrations. I then present the unaberrated, high

resolution ion images. Chapter 5 describes the use of the high resolution ion imag-

ing for the application of spatial thermometry. The spatial thermometry technique

is outlined and the results are compared to the more conventional spectral ther-

mometry technique. Chapter 6 presents the first absorption image of a single atom.

The maximum diverted power and the absorption contrast are found to achieve the

semiclassical limit predicted for the 174Yb+ ion. Chapter 7 describes the use of

absorption imaging to measure the phase of the scattered wave from the ion. The
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phase shift is found to achieve the theoretical prediction for an ideal scatterer.



Chapter 2

Trapping Apparatus

The experiments described in this thesis used 174Yb+ ions confined in the 3D radio-

frequency (RF) trap under UHV. The trapping potential is created by applying a

large RF voltage to electrodes made of conducting material. The large RF voltages

create a quadrupole electric potential with a minimum at a single point in free space.

For appropriate RF voltages and frequencies the RF field induces a ponderomotive

potential that confine the ions harmonically at the field minimum. This chapter

outlines the theory and apparatus used to create the trap.

2.1 Trapping Potential

To confine charged particles in vacuum, we need a potential with a minimum in

free space. From Laplace’s equation we know that no electrostatic potential can

have a stable minimum [48]. To get around this constraint the RF Paul trap was

proposed [3]. RF Paul traps use time varying electric fields to tightly confine single

ions while allowing every motional degree of freedom of the ions to be cooled. For

the application of high resolution imaging of trapped ions, RF Paul traps offer the

most suitable platform.

The RF Paul trap creates a harmonic trapping potential using an oscillating

electric quadrupole. The harmonic potential in 3D is given by

7
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Ψ (x, y, z) =
1

2
krr

2 =
m

2

(
ωx

2x2 + ωy
2y2 + ωz

2z2
)

(2.1)

where m is the mass of the ion, kr is the spring constant in the r direction and ωx,

ωy and ωz are the secular frequencies in the x, y and z directions respectively.

Such a harmonic potential can be created by applying an RF voltage to two

electrodes as shown in Figure 2.3. In an ideal case the hyperbolic shape of the

needle tips gives rise to a quadrupole potential of the form [49]

V (x, y, z, t) = (U0 + V0 cos (ΩRF t))

[
1

2
− x2 + y2 − 2z2

dT
2

]
(2.2)

dT
2 ≡ r0

2 + 2z0
2 (2.3)

with

r0
2 = 2z0

2 (2.4)

where ΩRF/2π is the RF drive frequency, U0 is the amplitude of the static voltage,

V0 is the amplitude of the RF voltage, r0 is the distance between the RF electrodes

and RF ground (which in this case is the trap body) and 2z0 is the distance between

the two RF electrodes which form the trap. In reality the deviations from the ideal

hyperbolic electrode shape give rise to higher-order multipole contributions to the

electric potential. These contributions scale as (x/r0)n where n = 4, 6, 8.... Since the

ion motion remains small, x � r0, the quadrupole term (x/r0)2 always dominates

over the higher-order terms. Therefore we can neglect the higher-order terms. The

classical equations of motion along the ith direction for an ion placed in the potential

are
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mr̈i = −q (∇V (x, y, z, t) · r̂) (2.5)

where q is the charge of the ion. Equations with the same form as equation 2.5 can

be transformed, through the use of the Mathieu equation, into the form

∂2x

∂τ 2
+ [a+ 2q cos (2τ)]x = 0 (2.6)

where we have defined

τ ≡ 1

2
ΩRF t (2.7)

a ≡ 8eU0

mΩRF
2 (r0

2 + 2z0
2)

(2.8)

q ≡ 4eV0

mΩRF
2 (r0

2 + 2z0
2)

(2.9)

The equation of motion along the y axis is identical to equation 2.6 however for

motion along the z axis the a and q parameters are multiplied by -2. Solutions to

the Mathieu equation can be found using the well known Floquet theorem [50, 51]

x (τ) ∝ e±iβτf (τ) (2.10)

Stable solutions to the above equation require β to be real. Traps are typically

operated in the region where |a| < q2 � 1 [51]. Expanding equation 2.10 around

small a and q to lowest order we find

x (τ) ≈ x0e
iβ(τ−τ0)

[
1 +

q sin 2τ

2

]
(2.11)
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β2 = a+
q2

2
(2.12)

where τ0 is a constant phase. Equation 2.11 has two distinct terms. The first term

is a periodic motion of the ion in the harmonic potential called the secular motion.

The second term is also periodic however it is at the RF drive frequency and is called

micromotion.

Ambient electric fields create a force on the ion that needs to be taken into

account [51]. These electric fields arise from insulting material used to create the

trap becoming charged. For a cooled ion the secular motion of the ion in the trap

is small enough that the spatial variation of the fields can be neglected. The ion

would then feel a constant force Fi from the field along ı̂. Including the extra force

in equation 2.11 we get

x (τ) ≈ (x0e
iβ(τ−τ0) + xi)

[
1 +

q sin 2τ

2

]
(2.13)

where xi = 4Fx/mω
2 is the displacement of the ion from the trap centre due to

the stray electric fields. For Doppler cooled ions, the amplitude of the secular

motion is small enough that even small stray fields can increase the amplitude of

the micromotion.

2.2 Electrode Configurations

To create the trapping potentials discussed above, RF voltage is applied to two

electrodes with the trap body acting as ground. The RF electrodes (needles) were

made by chemically etching tungsten wire to a point with a 20 µm tip radius. The

needles were separated by approximately 300 µm (shown in Figure 2.1 (b)).

To compensate the stray electric fields, four compensation electrodes (DC elec-
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Yb+ Ion

Compensation Electrodes

RF Electrode RF Electrode

a)

300 µm

Yb+ Ion

Compensation Electrodes

RF Electrodeb)

Figure 2.1: Schematic of the RF and compensation electrode mounting configura-
tion. (a) shows the electrodes from a top view while (b) is from the side.

trodes) were placed in close proximity to the RF node. The DC electrodes were

chemically etched in a similar way to the needles. Unlike the needles, the DC elec-

trodes were etched to one side. By mounting the compensation electrodes in the

right way, the lop sided etch of the DC electrodes created an offset in height of the

electrode tips, (shown in figure shown in figure 2.1 (b)) allowing compensation of

stray electric fields in the vertical axis. By mounting a DC electrode on either side

of both needles, compensation of stray electric fields in the other two axes could be

achieved (shown in figure 2.1 (a)).

To ensure the ion was trapped at the focus of the optics used to collect the ion’s

fluorescence, the needles were mounted inside an in-vacuum optical mounting block.

The mounting block housed our PFL and an uncoated aspheric lens. The mounting

block held the PFL and aspheric lens at distancees equal to their respective focal

lengths fPFL = 3 mm and fa = 4 mm away from the RF node. Figure 2.2 shows a



12 CHAPTER 2. TRAPPING APPARATUS

schematic of the optical mounting block and the position of the needles inside it.

Yb+ Ion

PFL

Asphere

fa = 4 mm

fPFL = 3 mm

RF Electrode RF Electrode

Figure 2.2: Schematic of the optical mounting block used to house our PFL and an
aspheric lens. The view of the optical mounting block is side on.

2.3 Vacuum System

The electrodes and optical mounting block were held inside a chamber at ultra-high

vacuum. A schematic showing the position of all in vacuum components, pumping

units and diagnostic gauges is shown in figure 2.3. Since the ion lifetime was heavily

dependent on the background pressure, long ion lifetimes were only achievable at

pressures of ∼10−11 Torr. At these pressures, ion lifetimes can range from a few

hours to days, which is far longer than needed to take a typical data set. Even at

these low pressures the lifetime of the Yb+ was limited by collisions with background

atoms and molecules. Collisions either resulted in the formation of YbH+, causing



2.3. VACUUM SYSTEM 13

the cooling laser to become ineffective, or in the ejection of the ion from the trap

due to kinetic energy exchange.

Oven

RF 
Needle

Picomotor
Translation

Stages

Picomotor
Translation

Stages

Bellows

Bellows

DC
Feedthrough

Helical
Resonator

Ti:Sub
Pump

Ion 
Gauge

Ion Pump

All Metal
Angle Valve

399 nm 
laser

370 nm and 935 nm 
lasers

Macor
Spacer

Optical 
Mounting

Block

Figure 2.3: Schematic of the trap and vacuum system. The white squares attached
to the RF electrodes are Macor spacers used to isolate the RF electrodes from the
trap body which is acting as ground. The DC electrodes are omitted for clarity
however they would enter at the four corners of the optical mounting block held
in the centre of the main chamber. The optical mounting block in the centre has
been shown previously in figure 2.2. The light blue circle in the centre of the optical
mounting block is the PFL.

The trap used in this work was housed in a Kimball Physics 6” spherical octagon

which allowed for optical access from the top and bottom as well as along multiple

axes in the horizontal plane. The top and bottom 6” fused silica windows were

specially AR coated for 370 nm 399 nm, 935 nm and 638 nm to reduce loss and

etaloning effects in the imaging system. Three 2 3/4” fused silica windows in the

horizontal plane provided optical access for the laser beams while two of the other 2
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3/4” fittings were used for electrical feedthroughs and one to connect the trap head

to the rest of the vacuum system. Pumping while under UHV was taken care of with

a 300 l/s ion pump which was continuously run to keep the background pressure

around 10−11 Torr. Additionally a Titanium sublimation pump (Ti:Sub pump) was

used when the background pressure rose by a factor of 2.

To reach UHV pressures, it is important to remove contaminantes and water

from the walls of the vacuum chamber by baking. Baking procedures typically re-

quire careful completion of multiple steps. First, all components (excluding optical

components) were cleaned by sonication in acetone then methanol and lastly iso-

propanol to remove any contaminants. Before the sensitive materials such as lenses

and windows are placed in the vacuum chamber, the bulk components and ceramic

parts were assembled and the system evacuated by a turbo pump. Once the chamber

was at low enough pressure (10−8 Torr), a residual gas analyser (RGA) was used to

leak check the seals between vacuum components. Once leak checked, the chamber

was heated to a temperature of ∼350◦C driving the water off the walls and allowing

excess hydrogen to outgas from the stainless steel. The partial pressures of oxygen,

water, carbon dioxide, nitrogen, hydrogen and helium are monitored and the bake

was ended when the partial pressures reached steady state. Once the initial bake

was completed the turbo pump was turned off and the chamber was over pressured

with nitrogen. The sensitive components are then placed in the chamber and the

chamber was resealed. Once resealed, the system was rebaked at the maximum

temperature allowable (typically 250◦C) and the partial pressures were again moni-

tored. Once the second bake was complete, the chamber was cooled down and the

titanium sublimation pump, ion gauge and ion pump were degassed to remove any

residual gas in their components. The chamber was sealed off from the turbo and

RGA using an all metal angle valve and the ion pump was turned on reducing the

chamber pressure to the final pressure of 10−11 Torr.
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2.4 RF Electrode Nanopositioning System

Unlike most ion traps, alignment of the lens to the ion was prohibitively difficult.

This was caused by the mounting of the collection optics within the vacuum chamber.

Moving the lens with respect to the ion would require a number of different in

vacuum electronic components, any of which may fail. Instead we aligned the ion

to the lens. We aligned the ion to the lens by moving the RF electrodes. To

place the ion at the focus of the PFL the needles were positioned approximately 3

mm below the lens. To allow the ion position to be adjusted with respect to the

PFL each needle was attached to a wobble stick, a bellows with a ridged stick that

extends from the inside to the outside of the vacuum chamber. The needles were

attached to the wobble sticks using a Macor spacer which also electrically isolated

the needles from ground, shown in figure 2.3. We translated the needles using New

Focus Picomotors (model: 8302) to drive to a New Focus (model: 460P-XYZ) 3

axis translation stage [52]. The stages had a position resolution of 20 nm per step

allowing for high resolution positioning of the ion. The New Focus Picomotors could

also be manually driven to allow rough alignment of the electrodes. We measured

the position of the needles using dial callipers with a measurement resolution of 0.5

µm. The force on the wobble stick created by the vacuum caused the needles to

slip occasionally. These events were not always registered by the dial callipers and

were detected by a change in the ion image size or position. The inability of the

dial callipers to register the change could be due to the needles rotating instead of

translating. For this reason, the use of the dial callipers for position measurement

was only effective in combination with recording the ion spot size.

Measurement of the needle to needle spacing was important to ensure the needles

did not collide. Any collision of the RF electrodes could distort the tip shape. We

used two different measurement techniques to measure the needle to needle spacing.
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The first required us to translate the lens used to focus the lasers to the ion position.

By moving the lens over small distances we could assume the beams moved by an

equivalent amount. To find the positions of the needle tips, the beams were moved

while the light transmitted through the trap was monitored. The tip position was

identified by a characteristic scatter pattern forming at the back of the trap. The

beam was then moved to the second needle and the spacing was measured. This

technique made the assumption that for a laser beam close to the centre of the

lens, a small change in the lens position creates and equivalent change in the focus

position. Due to the difficulty in identifying the exact position of the tip, the error

in the needle to needle spacing was quite large. The second technique relied on

directly imaging the tips of the needles. This technique required a low imaging

system magnification to see both needles simultaneously. The distance between the

needles could be measured by counting the number of pixels between the needles

on the camera and converting to real distance using the known magnification of

the imaging system. To ensure a significant amount of light was scattered from the

needles, the lens used to focus the lasers to the ion position was removed increasing

the lasers’ beam waist. The accuracy and error of this technique was limited by the

resolution of the imaging system.

2.5 RF Voltage Generation

High RF voltages, on the order of Vpeak = 100−200 V, were required to generate ad-

equate trapping potentials. To create the required voltages we use helical resonators

driven by 50 Ω RF amplifiers. Owing to the simplicity of the helical resonator design

and construction, two resonators with different drive frequencies were created for

use with the trap. The first had a resonance frequency of 20 MHz which did not

allow the micromotion sidebands to be resolved. However the 20 MHz resonator
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was operated at relatively low power reducing the power dissipated in the trap and

increasing the thermal stability of the RF electrodes. A second resonator was built

with a resonance frequency of 40 MHz which allowed the micromotion sidebands to

be resolved. Due to the increased drive frequency, a higher voltage needed to be used

to create a stable trap. This is easily understood when considering equation 2.9.

Both resonators were driven by a 40 dB, 10 W high power RF amplifier (typically

only run at a few watts), the output of which was fed into the antenna of the helical

resonators. The electric field strength and hence the trap depth could be controlled

by adjusting the amplitude of the AC current being injected into the helical res-

onator. The trap depth needed to be adjusted when the needle to needle spacing

was changed significantly. For the 20 MHz resonator 31 dBm of RF power was

coupled into the helical resonator. For the 40 MHz resonator 40 dBm of RF power

was needed. The output of the resonators, which can be as high as a few thousand

volts, was limited by electrical discharge across the vacuum feedthrough. A DC bias

could be applied to both RF electrodes simultaneously allowing the strength of the

trap to be weakened along the axis of the electrodes.

(a) (b) (c)

Figure 2.4: Images of a typical helical resonator with (a) the helical inner coil (b)
the pigtail style antenna and (c) the main body and antenna together. Notice the
BNC plug at the bottom of image (c) used to bias both needles with a static DC
voltage

To construct the helical resonators a number of different components were needed.

The outer casing of the helical resonator was made of a copper tube which was sand
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blasted to remove any surface contaminants. One end of a copper wire helix was at-

tached to a BNC plug mounted on the outer casing allowing us to bias both needles

with a DC voltage. The other end of the helix was attached to the RF feedthrough

which in turn was attached to the needles. The antenna used to couple the RF

power into the helical resonator was made by coiling thin copper wire into a pigtail

style antenna. One end of the antenna was attached to a BNC plug and the other

end was attached to case ground. Current from the amplifier passed through the

antenna to ground.

To optimally couple the RF power to the resonator, the antenna position and RF

frequency needed to be adjusted. The coupling efficiency was measured by monitor-

ing the amount of reflected RF. The exact rotation and position of the antenna was

set when the reflected RF was minimised for a given drive frequency. The reflection

was further minimised by adjusting the drive frequency and readjusting the antenna.

The procedure was repeated until the RF reflection could no longer be minimised.

Figure 2.4 shows images of a typical helical resonator used to drive the trap.

The helical resonators were designed using the equations and instructions in

[53, 54]. The design equations take as inputs the required resonance frequency,

quality factor and resonator length and outputs the values for resonator parameters

needed to build it including inner coil length, number of turns, wire gauge, winding

pitch, and the outer conductors length and diameter. Using the design equations we

are able to construct a compact resonator with a quality factor (Q) that can reach

a few hundred to a thousand.

Capacitive loads changed both the resonant frequency and the Q of the resonator.

When designing the resonator it was important to consider the capacitance of the

feedthrough and trap electrodes. A RF feedthrough was attached to the output of

the resonator during the initial construction to simulate the load of the trap. The

length of the coil was trimmed to ensure the loaded resonance frequency is correct
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and the loaded Q is measured to ensure it meets specifications. The quality factor

(Q) of the resonator is defined as

Q =
fD
fB

(2.14)

where fD is the drive frequency and fB is the bandwidth. The resonators typically

had a Q of ∼125.

2.5.1 Atom Source

Production of Yb+ ions requires a flux of neutral Yb atoms to ionise. The neutral Yb

atoms are produced by an atom oven. The oven consists of a spot welded tantalum

foil cylinder crimped at one end. The oven is filled with Yb metal shards. The oven

was resistively heated by passing current (∼8 A) through the oven itself. When

heated a vapour of neutral Yb is expelled out of the end of the oven and towards

the mounting block in the middle of the vacuum chamber. A small hole drilled into

the mounting block served two functions: (1) it allowed the neutral Yb to reach the

centre of the trap and (2) it collimated the neutral beam reducing the transverse

velocity of the atomic beam.

While firing the oven, a small fraction of the vaporised Yb did not make it to the

centre of the trap. The small amount of stray Yb was deposited on surfaces around

the trap including the top 6” window of the vacuum chamber. Over time this layer of

Yb caused the transmission of the window to drop from ∼98% to 25%, significantly

reducing the photon flux through the top window. The deposited layer of Yb was

removed by soaking the window in a dilute concentration of sulphuric acid. Adding

a mask between the oven and the top window prevented further deposition.



Chapter 3

Optical Systems

3.1 Laser Systems

The absorption and emission of photons by a single ion is the basis of all the exper-

iments described in this thesis. Atoms will only absorb light within a small range

of wavelengths. To create light at the right wavelength we use external cavity laser

diodes (ECLDs). ECLDs are tuneable, operate at a single frequency, have a free

running wavelength close to resonance of the appropriate transition, output a few

mW of optical power and have a narrow linewidth. ECLDs are also robust and

relatively simple to use.

Three lasers have been used in this work to drive transitions (shown in figure

3.1) in both neutral and ionic Yb. The first is the isotope selection laser (λ = 399.2

nm) resonant with the 1S0 - 1P1 transition in neutral Yb. The natural linewidth of

the transition is Γ/2π = 28 MHz giving an excited state lifetime of τ399 = 5.7 ns.

The 399 nm laser allows us to create ions from neutral Yb. The process used to

do this is isotope selective photoionisation [55, 56] and is discussed in section 3.1.2.

The second laser is the cooling laser (λ = 369.5 nm) which is resonant with the

2S1/2 - 2P1/2 transition in Yb+. The 370 nm laser allows us to cool the ion’s motion

once it has been loaded into the trap. The natural linewidth of the transition is

20
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2P1/2

2S1/2

2D3/2

3D[3/2]1/2

369.5 nm

935.2 nm
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(a) (b)
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Energy Levels
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0.5%

99.5%

Figure 3.1: Energy level diagrams for (a) Yb+ and (b) neutral Yb. Dashed lines
represent spontaneous decay pathways while solid lines represent transitions driven
by our various lasers. Branching ratios are given for the decay paths from the 2P1/2

state in Yb+. Note: the energy level spacings are not to scale.

Γ/2π = 19.6 MHz resulting in an excited state lifetime of τ = 8.1 ns. To ensure

we do not optically pump the ion into a dark state, we drive the cooling transition

with π light. To define the quantisation axis of the ion we apply a small magnetic

field. To create the magnetic field we use three sets of coils aligned along three

orthogonal axes made from Kapton coated wire. The 370 nm laser is also used

during the photoionisation process. Third is the repumping laser (λ = 935.2 nm)

resonant with the 2D3/2 - 3D[3/2]1/2 transition in Yb+. The 935 nm laser is used to

repump the ion out of the metastable state 2D3/2. Each of the lasers was home built

and have been modified throughout the course of my PhD. In this section I review

the laser systems used to take the majority of the data presented in this thesis.



22 CHAPTER 3. OPTICAL SYSTEMS

3.1.1 Laser Cooling

3.1.1.1 Doppler Cooling

Doppler cooling of the ion’s harmonic motion was an important prerequisite for all

the experiments described in this thesis. To simplify the explanation of Doppler

cooling, initially I will only consider ion motion along the wavevector of the laser.

The cooling laser is detuned red of resonance of a strongly allowed transition which

can be used to scatter photons. When the ion travels towards the laser, the red

detuned photons appear to be blue shifted onto resonance in the frame of the moving

ion. The resonant photons are absorbed by the ion resulting in the ion receiving a

momentum kick in the direction opposing its motion. The absorbed photon is then

spontaneously emitted approximately isotropically, randomising the momentum kick

received by the ion from the emitted photon. After many scattering events, the

momentum changed due to the emitted photons averages to 0 leaving the momentum

kicks from the absorbed photons. When the ion moves away from the laser the red

detuned photons appear to be further detuned from resonance. This reduces the

chance that a photon is absorbed. Due to the high scattering rate when the ion is

moving towards the laser beam, and a low scattering rate when the ion is moving

away from the laser, we get an overall cooling of the ion’s motion. Due to the

harmonic potential, any motional excitation results in the ion moving towards the

laser.

In reality the ion has motional kinetic energy in all three dimensions. As the

laser can only apply a force along its wavevector the laser cannot cool ion motion

along any trap axis that is orthogonal to the laser wavevector. This means that

in order to effectively cool the ion’s motion, the laser’s wavevector has to have

components along all three principal trap axes. In the case where two of the trap

axes have degenerate frequencies, the orientation of the axes with respect to the
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trap is not well defined. In this situation if the laser’s k vector is normal to the

plane of degeneracy there will be no cooling force along one of the axes. While

cooling may not occur, recoil heating caused by the emission of photons will still

be present causing the ion to become heated along that axis. Fortunately the trap

used to conduct our experiments had some inherent anisotropy preventing the trap

axes from being degenerate.

3.1.1.2 Laser Setup

We drive the strongly allowed 2S1/2 - 2P1/2 transition at 370 nm to cool the ions and

induce fluorescence. The laser used to drive the transition was a home built ECLD

system. The laser consisted of three main sections, the fast frequency lock, slow

atomic lock and fibre coupling stages for light delivery to the trapping apparatus. A

simple block diagram representing the main sections of the laser is shown in figure

3.2. Fast frequency noise was cancelled by locking the ECLD to a Fabry-Pérot

(FP) cavity using fast servo loop with an bandwidth of ∼100 kHz. Due to thermal

fluctuations the length of the FP cavity slowly changed over time. The slow drift

in the FP cavity length caused the frequency of the laser to drift. By locking the

FP to an atomic reference the slow frequency drift could be cancelled. The atomic

reference also provided the absolute frequency reference for our laser. Throughout

the 370 nm laser setup each of the optics used had to be UV compatible. Optics made

of unsuitable materials experienced UV ageing and degradation. As an exception,

optics in low power (<50 µW) sections of the optical setup could remain unaffected.

The laser used to drive the 2S1/2 - 2P1/2 transition was a home built ECLD

shown in fig 3.3. The ECLD was based around a Nichia NDHU110APAE3 20 mW

UV laser diode with a free running wavelength of 371 nm at room temperature.

The diode was mounted in a custom built mounting block facing a C671TM-405

aspheric lens which was used to collimate the light. The free running wavelength
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Fast Lock
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Fiber Coupled Light
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Figure 3.2: A block diagram of our 370 nm external cavity laser diode system used
to Doppler cool Yb+. The main beam was split into three different beams and sent
to the fast lock, the slow frequency lock and trap apparatus.

of the laser was tuned to 370 nm by cooling the mounting block and hence the

laser diode to -18oC. The diode mount was cooled using two thermoelectric coolers

(TECs). The first TEC was placed between the diode mount and the second TEC

was placed between the first TEC and the baseplate. The second TEC was run in

constant current mode and was used to draw heat away from the first TEC allowing

the diode mount to reach a colder minimum temperature than would be possible

with a single TEC. The temperature of the diode mount was measured using a 10

kΩ thermistor. The temperature was stabilised by controlling the current to the

first TEC using a Thorlabs temperature control unit. To avoid water condensation

forming on the laser diode and collimating lens, an airtight chamber was placed

around the diode mount. A wedged fused silica (FS) blank was sealed to the front

of the chamber using silicone sealant to allow the 370 nm light to exit the sealed

chamber. To remove moisture which would condense when the chamber was cooled,

we purged the chamber with dry nitrogen for 15 minutes. Once the purge was

complete, the chamber was sealed with an overpressure of nitrogen.

The external cavity was created using a Thorlabs G13-36U 3600 groove/mm
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holographic grating in the Littrow configuration and is shown in figure 3.3. This

configuration reflected the first order diffracted mode, approximately 12% of the

total output power, back into the laser diode. The first order diffracted mode from

the grating had a position dependent wavelength. Due to the strict mode matching

conditions required to couple light back into the laser diode, only a small and un-

known fraction of the light sent back towards the laser was coupled into the diode

itself. By adjusting the horizontal angle of the grating, coarse tuning of the laser’s

wavelength could be achieved.To maximise the wavelength resolution, the long axis

of the diode’s spatial mode was directed perpendicular to the grating grooves. By

stabilising the temperature of the ECLD baseplate, we stabilised the length of the

external cavity, reducing the frequency drift of the laser.

Diffraction Grating

Temperature Stabilised
Baseplate

Laser Diode

Faraday
Isolator

To Locking 
And Fibers

Vacuum Can
Aspheric Lens

PZT

Figure 3.3: A schematic of the 370 nm external cavity laser diode. PZT = piezo-
electric transducer.

Fine control over the laser’s frequency was gained by mounting the diffraction

grating on a piezoelectric actuator. By expanding or contracting the piezo the cavity

length could be changed slightly which would in turn change the frequency of the

standing wave within the cavity. For slightly shorter cavity lengths the frequency of
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the standing wave would be higher and vice versa. Using this setup the frequency of

the laser could be adjusted with MHz precision. The temperature of the baseplate

was stabilised using 6 TECs controlled using a Thorlabs TED 350 temperature

control unit.

To maximise the single mode frequency tuning range of the laser, the current

being applied to the diode was linearly dependant on the voltage applied to the piezo

behind the diffraction grating. We set up feedforward electronics to automatically

adjust the laser current when the piezo voltage was changed. The feedforward

box consisted of a simple voltage amplifier and inverting switch. To find the right

feedforward control voltage ratio, the cavity length was swept and the FP peaks

were monitored. To set the gain, we swept the laser and maximised the mode-hop-

free tuning range. The maximum output power in single frequency operation was 7

mW at 369.525 nm.

Light from the ECLD was passed through a Conoptics 711C optical isolator

to isolate the ECLD from back reflected light. The isolator was used to protect

the laser diode from back reflections caused by optical elements downstream of the

laser. The isolator used was specially modified to work at 370 nm. The isolator had

a transmission of 80% and return loss of 35 dB. After the isolator, the light was

split into three beams using a combination of α-BBO Glan-Laser polarising beam

splitter cubes and half waveplates. One beam was sent to the fast frequency lock,

one to the slow frequency lock and one beam was used to create the cooling and

imaging beams.

Fast frequency locking of the laser was achieved by side-locking to a confocal FP

cavity. A schematic of the FP setup is shown in figure 3.4. The FP cavity had a

FSR of 1 GHz, a full width half maximum of 33 MHz and a finesse of 30. The FP

was made using two f=75 mm mirrors with a reflectance of R=99.98% separated by

a 75 mm Super Invar spacer to reduce the cavity’s thermal drift. The FP cavity
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Figure 3.4: A schematic of our 370 nm laser FP setup. The FP setup allows us
to lock the laser to the FP using the side locking technique. PZT = piezoelectric
transducer and ND = variable neutral density filter.

length could be adjusted using a piezo placed between one of the cavity mirrors

and the Super Invar spacer. Sweeping the cavity length allowed the frequency mode

structure of the laser to be observed. A single plano-convex lens was used to achieve

optimum mode matching of the light to the cavity.

To generate the side locking signal, we detected the transmitted light using one

port of a balanced, amplified photodetector. A pickoff placed upstream of the mode

matching lens created a reference beam which was measured on the second port of

the balanced amplified photodetector. The reference beam created a DC offset to the

electronic signal from the FP and also removed laser power fluctuations. By using

a variable neutral density filter, the power of the reference beam could be adjusted.

By adjusting the reference beam power the DC offset could be adjusted allowing us

to centre the FP peaks around zero volts. The signal from the balanced amplified

photodetector was then passed through a loop filter circuit. The signal from the loop

filter was used to control the piezo behind the grating in the ECLD which in turn

changed the frequency of the laser. Using this technique the fast frequency noise

on the laser could be removed. While the FP dealt with fast frequency fluctuations
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such as acoustic noise, slow drift of the FP cavity’s length caused a slow drift in the

laser’s frequency. To eliminate slow drift of the laser’s frequency, the FP cavity was

locked to an atomic reference.

Locking the laser to an atomic reference was achieved using dichroic atomic

vapour laser locking (DAVLL) [57, 58]. DAVLL exploits the linear dichroism of

atoms in a magnetic field. This dichroism occurs when the magnetic sublevels of

atoms or ions in a vapour undergo Zeeman splitting. Due to the energy difference

of the magnetic sublevels σ− polarised light will be preferentially absorbed when

the frequency of the laser was detuned red from resonance while σ+ polarised light

will be preferentially absorbed when the frequency of the laser was detuned blue

from resonance. When the laser was on resonance both σ+ and σ− polarised light

was absorbed equally. Using this effect, we obtained an error signal we could use to

stabilise our laser’s frequency.

σ +

σ -

λ/4 ND
Hollow Cathode Lamp

From Laser

To Locking 
Circuitry

Light is superposition 
of σ -  and σ +

AOM

LP

Rare Earth Magnets

Figure 3.5: A schematic of the 370 nm laser DAVLL system. LP = Linear polariser,
λ/4 = quarter waveplate and ND = variable neutral density filter.

Our DAVLL system has been documented previously in [57] and is shown in

figure 3.5. To create the DAVLL signal a small portion of light from the ECLD

was sent to the DAVLL setup. The light from the laser was passed through a linear

polariser to ensure the light had a pure linear polarisation. Once linearly polarised
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the light is in an equal superposition of σ+ and σ− polarisations. The light was

passed through a sample of Yb+ ions generated in a discharge lamp (explained be-

low). The light exiting the lamp passed through a quarter waveplate and polarising

beam splitter (PBS). By setting the axes of the quarter waveplate and polariser

correctly we were able to performed polarisation analysis on the light transmitted

through the lamp. When the laser was detuned red from resonance, σ+ light was

preferentially absorbed in the lamp. The difference in absorption modified the po-

larisation of the light from linear to elliptical. After passing through the quarter

waveplate the polarisation of the light was diagonal creating an imbalance in amount

of light coming from horizontally and vertically polarised outputs of the PBS. When

the laser was blue of resonance the ellipticity was reversed which in turn changed

whether the horizontally or vertically polarised PBS output had more power. On

resonance there was no difference in the absorption meaning the power coming from

both ports was the same. The power from each port of the PBS was measured using

a balanced and amplified photodetector. The different isotopes of Yb+ created a

number of different error signals. These error signals were frequency shifted from

each other by their respective isotope shifts. This caused the combined error signal

to have multiple local maxima and minima. To ensure the laser’s frequency was on

resonance with the 174Yb+ ions, the laser was locked to the largest error signal (due

to 174Yb+ being the most naturally abundant isotope of Yb).

To increase the signal to noise of the DAVLL setup, the signal was first modulated

and then demodulated. The signal was modulated by chopping the light going to

the lamp using an AA Opto Electronic UV acousto-optic modulator (AOM). Using

an iris, the +1 order was spatially filtered from the remaining light in the 0th order

and sent to the lamp. By demodulating the signal from the balanced photodiode

with a locking amplifier a higher signal to noise ratio locking signal could be created.

The output of the lock-in amplifier was passed to the lock circuitry which was used
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to stabilise the FP. Figure 3.6 shows a typical DAVLL and FP signal.

By locking the FP to the error signal created by the DAVLL, the slow frequency

drift of the laser could be eliminated. Using both the FP side lock and the DAVLL

lock, a variance in the laser frequency of 350 kHz for an integration time of 20 seconds

was achieved [57]. Fine frequency control of the laser’s frequency was important.

Fine control was achieved by adding an electronic offset to the DAVLL lock. The

electronic offset was summed with the error signal causing the lock to stabilise the

sum to zero. This allowed the error signal to effectively be stabilised to the offset

voltage.

While this technique provided sufficient frequency stability to effectively stabilise

the laser’s frequency the spectroscopy drifted and required re-calibration periodi-

cally. To calibrate the signal, the FP free spectral range was calibrated using a

wavemeter. Once the FP free spectral range was calibrated, the frequency of the

laser was swept and both the FP cavity transmission and the DAVLL signal were

recorded as shown in figure 3.6. The FP trace was fit using the following equation

were all parameters are allowed to vary,

Tfp =
n∑

i=1

ai

Γi
2

(x− xi)2 +
(

Γi
2

)2 + c (3.1)

where ai is the amplitude, Γi is the linewidth, xi is the frequency offset of the peaks

and c is the background signal level. Using the frequency spacing between the peaks

and knowing the free spectral range we can calibrate the frequency axis for the

DAVLL trace. A calibrated frequency axis allows us to calculate the relationship

between the error signal voltage and the frequency detuning. By adjusting the

polarisation analysis, the zero crossing was forced onto the 174Yb+ resonance. With

resonance at zero volts, the frequency position of the zero crossing was insensitive

to changes in the DAVLL signal amplitude.
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Figure 3.6: A trace of the 370 nm (a) DAVLL and (b) Fabry-Pérot transmission.
The y axes of both graphs have been normalised while the shared x axis has been
calibrated using the FSR of the Fabry-Pérot. The zero on the frequency axis corre-
sponds to resonance for 174Yb+. The Fabry-Pérot peaks have a DC offset to allow
for side-locking. The blue line on the FP trace is the fit from equation 3.1 to the
data (black dots).

The discharge lamps we used in the DAVLL setup were Hamamatsu (model:

L2783-70NE-YB) hollow cathode discharge lamps. The lamps had Yb metal at-

tached to the cathode and were back filled with Neon to a pressure of 1 Torr. The

lamps generated ions through a multi-stage process. First a voltage was applied
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between the anode and the cathode of the lamp. Once the voltage was high enough,

an arc was formed between an anode and a cathode. The arc sputtered some of

the neutral Yb attached to the cathode forming a vapour. The arc also created

a population of metastable Neon from the Ne buffer gas. Through collisions with

the metastable Neon, the Yb vapour underwent Penning ionisation forming Yb+

ions. To create the magnetic field, 12 neodymium rare earth magnets in two pairs

of 6 were placed either side of the discharge lamp (shown in figure 3.5). To ensure

that the magnetic field was uniform across the entire discharge, the magnets were

arranged in a Helmholtz configuration creating an approximately 12 mT field at the

ions.

The light designated to be used for cooling the ions needed to be power stabilised

and switchable. To allow us to switch the beam and stabilise the beam power we

passed the light through an AA Opto Electronic UV AOM. The AOM was made

of fused silica to reduce UV ageing however due to fused silica’s birefringence the

diffraction efficiency of the AOM was polarisation dependant. By properly setting

the laser polarisation, we obtained a diffraction efficiency of 75% into the first order

diffracted mode. The diffracted light was spatially filtered using an iris and coupled

into a polarisation maintaining fibre for delivery to the trap.

3.1.1.3 Repumping Laser

Since the 2P1/2 state in Yb+ periodically decays to a metastable state, a secondary

laser is needed to repump the ion into the ground state. The 2P1/2 state decays

into the metastable D3/2 state with a branching ratio of 0.5%. The lifetime of this

state was 52 ms over which time, unless repumped, the ion does not reside in the

ground state removing it from the cooling cycle. To repump from the 2D3/2 state

935.180 nm light resonant with the 2D3/2 - 3D[3/2]1/2 transition was used. Once in

3D[3/2]1/2 the ion spontaneously radiates a photon returning the ion to the ground
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state. Due to the small branching ratio to the 2D3/2 state, the frequency with which

an ion falls into the metastable state is low. As long as the repumping laser was on

resonance with the repumping transition during the time the ion is in the metastable

state, the ion will be repumped to the ground state much quicker than if the ion

was allowed to decay naturally from the metastable state to the ground state.

The setup of the 935 nm laser was very similar to that of the 370 nm laser and

is shown in fig 3.7. A home built ECLD was made using an Axcel (model: M9-935-

0100-530) 935 nm laser diode and a Thorlabs G13-12V holographic grating with

1200 grooves/mm. The total output of the ECLD was 50 mW of light. The light

was passed through an optical isolator with a transmission of 90% and an isolation

of 40 dB. The light was coupled into a FP to monitor the mode structure of the

laser. The remaining light was coupled into a fibre and split into two beams using

a 90/10 in fibre beam splitter. The more powerful of the two beams was sent to an

in-fibre AOM and then onto the trap to act as the repumper light. The weaker of

the two beams was sent to a wavemeter to allow us to measure the wavelength of the

laser with 1 pm precision. Due to difficulty in creating an atomic reference for the

935 nm laser, the laser’s frequency was not locked. Instead the laser frequency was

repeatedly scanned over the transition at a modulation frequency of 150 kHz with a

modulation depth of 300 MHz. To sweep the laser a 15 mV AC voltage signal was

injected into the laser diode directly.

3.1.2 Photoionisation of Neutral Yb

3.1.2.1 Ionisation of Yb

Yb has a number of naturally occurring isotopes [59]. All work described in this

thesis was carried out using 174Yb+. The choice of an isotope which did not have

a nuclear spin removed the need to generate more laser frequencies, simplifying the
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Figure 3.7: Schematic of 935 nm laser system. PZT = piezoelectric transducer and
PBS = polarising beam splitter.

laser systems. As Yb174 is the most abundant isotope (as seen in table 3.1), the

choice of isotope also decreased the load time.

We used isotope selective photoionization to generate ions from neutral atoms.

This technique relies on the different isotopes having different resonance frequencies

due to their differing nuclear masses. By using a laser with sufficiently narrow

linewidth, a particular isotope can be resonantly excited. Once excited, a photon

from the 370 nm cooling laser excites an election to the continuum photoionizing

the atom to form the ion.

One concern with isotope selective photoionisation is that unwanted isotopes

could be excited unintentionally. To calculate the relative scattering rates for dif-

ferent isotopes we use the following equation

γs =
s0γ0/2

1 + s0 + (2δ/γ0)2 (3.2)

where γs is the scattering rate, δ is the laser detuning from resonance of a transition
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with a natural linewidth γ0 and s0 = I/Is is the saturation parameter. Using

equation 3.2 we can write the relative scattering rate as

∆γ =
γ174

γ172

= 1 +
(δ172/γ0)2

1 + s0

(3.3)

where δ172 is the difference in frequency from the 174Yb resonance to the 172Yb

resonance which in this case is simply the isotope shift, s0 is the saturation parameter

and is defined as s0 = Ilas/Isat and γ0 is the linewidth for neutral Yb. The natural

linewidth of the 1S0 → 1P1 transition in Yb is Γ/2π = 28 MHz [59]. The intensity

of the 399 nm laser was approximately 1 W/cm2, with a saturation intensity for

the transition of 6.8x10−2 W/cm2 [59] we had a saturation parameter of s0 = 14.5.

From table 3.1 we know δ172 = 533 MHz giving a difference in scattering rate when

compared to 174Yb of approximately 100 x. When the natural abundance of the

172Yb is taken into account we would expect an incorrect isotope to be loaded with

a chance of 1 in 150.

Isotope 168 170 171 172 173 174 176
Natural
abundance

0.13 3.04 14.28 21.83 16.13 31.83 12.76

Normalised
line
strength

0.4 9.6 44.9 68.6 50.7 100 40.1

939 (centroid), 291 (centroid),
Isotope 1887 1192 832 (F=3/2), 533 587 (F=7/2), 0 -509
Shift
(MHz)

1153 (F=1/2) 515 (F=3/2),

-253 (F=5/2)

Table 3.1: Natural abundances [60] and isotope splittings [59] of neutral Yb. Isotopes
with an odd number of atomic mass units will have multiple peaks due to hyperfine
structure.

To reduce the number of events where an unwanted isotope is excited, ideally the

atomic linewidth would remain free from any broadening. To the ensure that the
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atomic linewidth is not Doppler broadened, the velocity of the atomic beam along

the direction of the laser was minimised. We achieved this by collimating the atomic

beam and having the laser’s direction of travel orthogonal to the atomic beam’s as

described in section 3.1.3.

3.1.2.2 Laser Setup

The setup of the 399 nm laser is similar to that of the 370 nm and 935 nm lasers and

is shown in fig 3.8. An external cavity laser diode was used to generate the 7 mW

of light. The light was passed through an optical isolator to protect the diode from

damaging back reflections with a transmission of 80% and an isolation of 37 dB.

The laser was split into two beams, the first was fibre coupled and sent to the trap

to be used as the isotope selection laser, while the remaining light was used to lock

the laser using DAVLL. The DAVLL setup used to lock the laser is identical to the

one used in the 370 nm laser setup. While this technique allowed us to effectively

stabilise the lasers frequency, it is not a sub-Doppler spectroscopic technique and

required us to recalibrate the lock point to the neutral atomic beam periodically.

To calibrate the laser lock, the flux of the atomic beam was significantly increased

by increasing the current supplied to the oven from 7.5 A to 9 A. The increase in flux

in turn increased the neutral atom fluorescence signal to noise. Each of the naturally

occurring isotopes have different abundances. The difference in abundances causes

the different isotopes to have different levels of fluorescence. By scanning the laser’s

frequency over the entire neutral spectrum and recording the fluorescence counts,

individual isotopes can be identified and an associated lock offset can be assigned

for each isotope. A typical spectrum is shown in fig 3.9.

Increasing the atomic flux also lead to changes in the grounding seen by the

ions. The increased atomic flux also led to a coating of Yb forming on the top

vacuum chamber window. To minimise these effects, the 399 nm laser was only
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Figure 3.8: Schematic of 399 nm laser system. PBS = polarising beam splitter
cube, ND = variable neutral density filter, λ/4 = quarter waveplate and LP =
linear polariser.

calibrated when absolutely necessary. The use of a sub-Doppler locking technique

would eliminate the need to periodically calibrate the 399 nm laser lock point. Since

the 399 nm laser caused charging of the electrodes, we blocked the 399 nm laser

except during loading.

3.1.3 Beam Delivery

Light from the various lasers was delivered to the trap using a beam combiner setup.

To increase the robustness of the trap apparatus all lasers are delivered to the trap

via optical fibre. This allowed repairs on the laser system to be decoupled from the

laser alignment at the trap. To simplify the alignment of the lasers to the neutral

atomic beam and RF node the cooling and repumping laser are made to propagate

collinearly. After the output of both fibres had been collimated and turned using a

mirror, the two beams are combined on a dichroic beam splitter. The beams then
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Figure 3.9: 399 nm laser spectrum showing the neutral atom fluorescence (green)
from atoms produced by the oven and the DAVLL signal produced by the spectro-
scopic setup (blue). Peak assignment from [59]

propagated to a plano-convex focusing lens mounted on a 3 axis micrometer stage

and were focused. Because the lens used to focus the lasers to the ions was not

achromatic, the lens had a different focal length for the 370 nm and 935 nm lasers.

Since the 935 nm laser was typically operated well above the saturation intensity

of the repumping transition, even though the 935 nm laser was imperfectly focused,

its intensity was still sufficient to saturate.

To centre the beams between the two RF needles the laser beams were trans-

lated until they scattered off the needle tips. The beams were translated using the

micrometers on the focusing mirror. By measuring the position of the needle tips

on the micrometers the beams could be centred between the two needles. Once

the position of the needle tips was identified, the beams could be placed between



3.1. LASER SYSTEMS 39

the two needles which should correspond to the trap centre. Fine alignment of the

laser beams was achieved by measuring the ion’s scattering rate while each of the

beams was moved independently. The beam position was set when the maximum

scattering rate was observed.

To ensure the 370 nm and 935 nm laser were overlapped everywhere along the

beam path, both the angle and the position of the beams had to be the same over

the entire optical path. To ensure the overlap was done correctly, we used a camera

beam profiler to measure the positions of the beams. By changing the angle and

position of one beam with respect to the other with the focusing lens in and out

respectively, the beams could be made to propagate collinearly.

The 399 nm laser entered through a different viewport on the trap as can be

seen in figure 2.3. This allowed the 399 nm beam to be orthogonal to the atomic

beam for reasons discussed in section 3.1.2.1. The output of the optical fibre was

first collimated and the beam was then focused into the trap. To ensure the 399

nm laser was centred between the two RF needles we used the same procedure as

described above.

Exposing the trap components to scattered UV light could cause the creation

of stray fields. This occurred because the energy of a single photon at 370 nm or

399 nm is larger than the work function of many materials. If the material struck

by a UV photon is conductive, the photoelectrons are conducted to ground and

cannot create isolated pockets of charge. If, however, the material being struck by

the UV is a dielectric, the photoelectrons would form charge pockets which in turn

could create stray fields which affect trapping. If the flux of UV photons striking

the dielectric material is not constant, the stray fields created by the photoelectrons

could fluctuate making compensation of the stray fields difficult. To combat this,

the 370 nm and 399 nm laser were blocked whenever they were not in use. This

effect became particularly important when using the illumination beam in chapters
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6 and 7.

3.2 Imaging System

3.2.1 Optical Wave Theory

Images of trapped ions are formed when the resonant light is scattered by an ion.

The scattered light is described by optical waves. An optical wave can be described

by a function of position and time called the wavefunction u(r, t). Any function that

represents an optical wave must satisfy the wave equation,

∇2u(r, t)− 1

c2

∂2u(r, t)

∂t2
= 0 (3.4)

where c is the speed of light and ∇2 is the Laplacian operator. Because the wave

equation is linear the principle of superposition applies. This means that if u1(r, t)

and u2(r, t) are solutions to the wave equation then the sum of two wavefunctions

uT (r, t) = u1(r, t) + u2(r, t) is also a solution to the wave equation.

It is convenient to represent the real wavefunction in terms of the complex wave-

function.

U(r, t) = a(r) exp [iφ(r)] exp [i2πνt] (3.5)

where ν is the frequency, φ is the phase and a(r) is the amplitude. Like the wavefunc-

tion, the complex wavefunction must satisfy the wave equation in order to represent

an optical wave. The wavefunction described above is simply the real part of the

complex wavefunction such that

u(r, t) = Re [U(r, t] =
1

2
[U(r, t) + U∗(r, t)] (3.6)
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where U∗(r, t) is the complex conjugate of the complex wavefunction. Grouping

the terms in equation 3.5 we can rewrite the complex wavefunction with a complex

amplitude U(r) such that

U(r, t) = U(r) exp [i2πνt] (3.7)

Substituting equation 3.7 into equation 3.4 and using the relation between the

wavenumber k and the frequency k = 2πν/c we get

∇2U(r, t) + k2U(r, t) = 0 (3.8)

which is known as the Helmholtz equation. A simple solution to the Helmholtz

equation in spherical coordinates is the spherical wave given by

U(r) =
A0

r
exp [−ikr] (3.9)

where A0 is constant and A0/r is the radially varying amplitude of the optical wave.

Equation 3.9 represents a spherical wave emanating from a point source. It should

be noted that a wave with the complex wavefunction U(r) = (A0/r) exp [+ikr] is

simply a spherical wave travelling inwards (i.e. focusing) instead of outward (i.e.

diverging). For points close to the optic axis (z axis) and far from the origin such

that
√
x2 + y2 � z we can simplify equation 3.9 using the Fresnel approximation.

For these points the paraxial approximation is valid allowing us to define θ2 =

(x2 + y2)/z2. Taylor expanding around θ = 0 we get

r =
√
x2 + y2 + z2 = z

√
1 + θ2 = z

(
1 +

θ2

2
− θ4

8
+ ...

)
(3.10)

By substituting the expression for theta into equation 3.10 and making the assump-

tion that only the first two terms of the expansion are significant [61] we find
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r ≈ z

(
1 +

θ2

2

)
= z +

x2 + y2

2z
(3.11)

We can now substitute equation 3.11 back into the phase of the spherical wave

given in equation 3.9. A less accurate expression r ≈ z (only taking into account

the first term of the expansion) can be used for the magnitude of the wave as it

is less sensitive to errors than the phase [61]. The result is known as the Fresnel

approximation of the spherical wave:

U(r, t) =
A0

z
exp [−ikz] exp [−ikx

2 + y2

2z
] (3.12)

this approximation plays an important role in simplifying the theory in section 7.1.

For the Fresnel approximation to be valid, the third term of the expansion must

remain small even when multiplied by kz [61]. This imposes the limit

kzθ4/8� π (3.13)

which can be rewritten using the definitions for θ and k as

(x2 + y2)2 � 4z3λ (3.14)

For points lying within a circle of radius a, these expressions can be further simplified

to give

a4 � 4z3λ (3.15)

where the maximum angle for which the approximation holds is given by

θmax = a/z (3.16)
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The Fresnel approximation of a spherical wave can be viewed as a plane wave

A0 exp [−ikz] (3.17)

modulated by a factor

(1/z) exp [−ik(x2 + y2)/2z] (3.18)

This factor serves to bend the planar wavefronts into paraboloidal wavefronts.

To transform the shape of the optical wavefronts one can use refractive optics,

the most common of which is the refractive lens. Ideally a lens would be an infinitely

thin plate that is able to perfectly cancel the phase of a spherical wave in equation

3.9 to create planar wavefronts. This would require the refractive index of the plate

to be near infinity which is unphysical. In reality all lenses have a thickness due to

the limited refractive index of materials available. Instead, lenses use the curvature

of the surface to manipulate the shape of the incident wavefronts.

While it is hard to create an optical element that perfectly cancels the phase of

the spherical wave, it is possible to create a surface that perfectly cancels the phase

of paraboloidal wave. This task can be accomplished using a thin plano-convex lens,

with one spherical and one flat surface. The complex transmittance of the lens is

given by

t(r, t) = h0 exp [ik
x2 + y2

2f
] (3.19)

where h0 = exp [−inkd0] is a constant phase factor, n is the refractive index, f is

the focal length of the lens where f = −r/2 and d0 is the thickness of the lens. The

resulting wavefunction of a paraboloidal wave propagated through a plano-convex

lens is found by multiplying the complex wavefunction of a parabolical wavefront



44 CHAPTER 3. OPTICAL SYSTEMS

(equation 3.12) by the complex transmittance (equation 3.19) of the plano-convex

lens. This results in a plane wave as expected. Plano-convex lenses are used almost

exclusively throughout our optical setups except for the collection of the ion light

which is performed using a phase Fresnel lens (PFL).

3.2.2 Phase Fresnel Lens Design

PFLs fall into a category of optical components that manipulate light through

diffraction rather then refraction [62]. The effect of a PFL can be understood by

imagining that the sections of glass in a refractive lens that do not contribute to the

bending of light rays are removed. The removal of the bulk material while leaving the

curvature creates a hologram of an ideal lens which focuses light through diffrac-

tion. Both the volume and weight of the holographic lens is significantly smaller

than a conventional refractive lens. If we consider the effect of the single ring of the

kinoform, this ring will refract light. By spacing the rings in a deterministic way,

diffraction orders are created. Figure 3.10 shows how a PFL can be created from a

plano-convex lens.

(a) (b) (c)

Figure 3.10: Cartoons of the (a) the curved surface of a plano-convex lens which
has been (b) segregated into 2π phase steps and (c) had the bulk material removed
to form a PFL.

Many properties of the PFL can be understood through a ray optics model. In

this model, the PFL’s grooves form a diffraction grating with radially varying groove
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frequency. The groove frequency at the edges is high leading to a large diffraction

angle of the light rays. In the centre of the lens the groove frequency is low leading

to a small diffraction angle. This change in the groove frequency leads to all the light

rays being diffracted to a single point creating a focus. To simplify the fabrication

process, we did not use a PFL with the same profile as the kinoform. Instead we

used the simple 2 level PFL shown in figure 3.11. Due to the non-ideal shape of the

PFL, not all the light incident on the PFL was directed towards the focus.

(a) (b)

Figure 3.11: SEM images of the PFLs surface. The (a) outer regions and (b) inner
regions have differing groove frequencies allowing the light to be focused.

The diffraction efficiency as a function of polarisation and radial position has

been previously measured for our lens [63]. The diffraction efficiency of PFLs as

a function of radial position is not uniform. PFLs exhibit a sharp reduction in

diffraction efficiency at a particular groove period. For 370 nm light the dip occurs

at a groove period of approximately 700 nm [47]. The diffraction efficiency of the

lens as a function grating period was previously measured [63]. While the effect can

be modelled reliably there is no simple physical explanation for the effect.

As diffractive optics, PFLs do not always have unit efficiency into the focusing

mode. For PFLs the number of levels each of the grooves has effects the diffraction

efficiency into the focusing mode. For a continuous profile (the kinoform) where the
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grooves are smooth, the diffraction efficiency into the focusing mode can become

unity. As our PFL only has a binary structure, the diffraction efficiency of our lens

is below unit efficiency. The diffraction efficiency of our PFL has been experimen-

tally measured to be 29±1% [63]. By increasing the number of levels from 2 to

4, theoretically the diffraction efficiency into the focusing mode can be increased

from 30% to approximately 70%. [47]. While thinking of PFLs as simple diffraction

gratings allows us to easily understand the operation of the lens, we must consider

the effect of the lens on the phase of the optical wavefronts to fully describe a PFL.

In wave optics, the varying thickness of the PFL’s surface imparts a spatially

varying phase onto the optical wavefront shown in figure 3.12. by varying the phase

of the wavefront in the correct way a focusing wavefront can be created. To create

a lens that works correctly there are a number of different parameters that need to

be considered such as

2

6

4

246 135

1

3

5

Figure 3.12: A kinoform phase Fresnel lens imparting a spatially varying phase
to optical wavefronts to form a focusing wavefront. Only specific sections of the
incoming wavefront which are used to create the focusing wavefront are show for
clarity. Figure adapted from [64]

• The efficiency of the lens, defined by the type of profile that can be created,

binary, multilevel or continuous (kinoform).
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• The wavelength the optic must operate at, which defines the feature depth.

• Optimisation of the surface to create the required optic (lens, phase corrector

plate, etc...) and reduce the aberrations.

We require the PFL to create a collimated beam from a diverging wavefront in

order to collect the scattered light from the ion. To create this lens, the grooves of

the PFL need to be placed at specific locations. The grooves are located at integer

number of wavelengths farther from the focal point of the PFL than the on-axis

distance. Using the Pythagorean theorem and some simple geometry we find [64]

r2
p + f 2 = (f + pλ)2 (3.20)

where p is the groove number rp is the radius of the pth groove, λ is the design

wavelength and f is the focal length of the lens. Solving the equation to find the

groove radius rp we get

rp =
√

2pλf + p2λ2 (3.21)

From equation 3.21 it can be seen that a PFL will only work for the wavelength of

light it was designed for similar to conventional refractive lenses. Unlike refractive

lenses PFL exhibit extremely large chromatic aberration making it exceedingly dif-

ficult to image other wavelengths of light. As rp is decreasing as a function of p or

distance from the centre of the lens, the spatially varying period is given by

Λ = rp+1 − rp ≈
fλ

r
(3.22)

From equation 3.22 we can see that at the edges of the PFL the groove frequency

is very high. For sufficiently large PFLs, the feature size at the edge of the lens

approaches the wavelength of light. This causes the diffraction efficiency in these



48 CHAPTER 3. OPTICAL SYSTEMS

regions to become polarisation dependant. To fully model the behaviour of the lens

in this region we have to use vector diffraction models instead of scalar diffraction

models.

The height of the features is also an important parameter for PFLs and defines

the operational wavelength of the optic. For a continuous profile (the kinoform),

the depth of the etch needed to be large enough to create a 2π phase shift. For

noncontinuous PFLs, the best approximation to the kinoform is made if each level

of a n-level PFL phase shifts the wavefront by 2π/n. Our PFL was created by

etching a two level design into a fused silica blank which is transparent at 370 nm.

The etched depth of the grooves was selected such that the light incident on the

unetched region received a π phase shift with respect to the light incident on an

etched region. The optical delay imparted by a level is given by ∆φ = n1l − n2l

where n1 and n2 the refractive indices of the material used to create the lens and

the medium the lens was immersed in respectively. Our PFL was made out of fused

silica (n1=1.47) which was placed in vacuum (n2=1). For our PFL an etch depth of

393 nm imparted the required π phase shift.

The etching was performed using electron beam lithography. Electron beam

lithography uses an electron beam to harden a resist in specific locations. The

unhardened resist is then washed away and hydrofluoric acid is used to etch the

fused silica. Once the hydrofluoric acid has etched the fused silica, the hardened

resist is washed away leaving the desired pattern. Due to the diameter of the PFL

(5 mm), the resist could not be patterned entirely within the field of view of the

lithographic apparatus. Instead four smaller sections were stitched together to form

the lens. The SEM images in figure 3.11 of the PFL do not show any stitching

errors. Our PFL was fabricated by Margit Ferstl at the Heinrich-Hertz-Institut of

the Fraunhofer-Institut für Nachrichtentechnik in Germany.
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3.2.2.1 PFL specifications

The lens was characterised using properties such as the numerical aperture (NA),

solid angle coverage, focal spot size and the M2. From these parameters all other

figures of merit (ie. Rayleigh range) can be calculated. The NA is defined as

NA = nisinθmax where θmax is the maximum acceptance angle (from the focal point

to the edge of the lens) and ni is the refractive index of the medium which in our

case is vacuum. Our PFL has a focal length of f = 3 mm and a lens diameter of

d = 5 mm giving the PFL a NA of 0.64. To understand our lens better we would

like to know what percentage of light scattered by the ion is collected by the lens.

The collection efficiency is given by the product of the solid angle and the diffraction

efficiency. The solid angle Ω is given by

Ω =

∫ φ2

φ1

∫ θ2

θ1

sin θ dθdφ (3.23)

where φ is the azimuthal angle and θ is the polar angle. For our system the total

solid angle coverage was 12% and our diffraction efficiency was 30% giving a total

collection efficiency of 4% [45].

Prior to the work undertaken in this thesis, the PFL was characterised [65].

Both the M2 and the focus size could be calculated by measuring beam width as a

function of position along the optical axis using a submicron beam profiler. Using

the beam profiler a minimum waist size of w0 = 350± 15 nm was measured with an

M2 = 1.08 ± 0.05, where the M2 is defined as the ratio of the measured Rayleigh

range to the Rayleigh range for an ideal lens.

3.2.3 Fluorescence Imaging System

To image the ion’s fluorescence a multistage imaging system was used (shown in fig

3.13). Light scatted by the atom was collimated by the PFL which was mounted



50 CHAPTER 3. OPTICAL SYSTEMS

inside the vacuum system (details in chapter 2). Once the collimated beam exited

the vacuum chamber it was focused to an intermediate imaging plane using a 175

mm plano-convex lens. The combination of the PFL and the reimaging lens form a

telescope with a magnification of 60x.

Camera

First Stage Telescope Second Stage Telescope
M = 0.47x, 0.66x, 4x M = 0.4x, 1x, 3.5x

M = 60 x

Interchangable Telescopes

Ion

PFL Primary Optic Axis

Camera
Translation

Axis

Secondary Optic Axis

First 
Turning 
Mirror

Vacuum Chamber

Figure 3.13: A schematic of the optical system used to collect and reimage the
scattered light from an ion. Both the first and second stage of the reimaging telescope
can be interchanged allowing a wide range of total system magnifications to be
created.

From the intermediate imaging plane the light was relayed onto the camera using

a two stage telescope. Both the first and the second stage of the telescope could

be interchanged independently to change the overall magnification of the imaging

system. The magnifications for the various different telescopes are given in table

3.2.

It was important that the ion image remained in focus whenever either one of the

two stage telescopes was changed. To ensure the ion remained in focus, the object

and image planes of every telescope were made to be the same. The total magnifica-

tion of the system could be changed from approximately 7x to 840x. An ultra-high

magnification telescope could be used in place of the two stage telescope. With the
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ultra-high magnification telescope the total system magnification was 1200x. The

ultra-high magnification tube was fitted when increased resolution was needed. To

simplify the mounting of the telescopes, all telescopes were mounted in 1 inch SM

tubing and subsequently mounted directly onto the camera.

All experiments were performed using a magnification of approximately 600x

which gave a resolution of ∼20 nm per pixel. Due to the large NA of the PFL,

images of ions with large signal to noise (approximately 10-100) could be acquired

in as little as 0.5 s. The pixels of the camera could be binnned (the signal from

multiple pixels added together) to artificially increase the signal to noise of the

image at the cost of resolution. The camera used to take the ion images was an

Andor Model DV437-BU2. The camera array was 512×512 pixels wide with 13×13

µm pixels. The camera was cooled to -30◦C to reduce the number of dark counts.

To increase the quantum efficiency of the camera the CCD chip was back thinned

for use in the UV. The quantum efficiency of the camera was measured to be 28±6

% in section 4.4.

Second stage magnification
/ First stage magnification

Low M =
0.4 (0.43)

Intermediate M
= 1 (0.94)

High M =
3.5 (3.58)

Low M = 0.47 (0.28) 0.19 (0.12) 0.47 (0.26) 1.64 (1)
Intermediate M = 0.66
(0.37)

0.26 (0.16) 0.66 (0.35) 2.31 (1.32)

High M = 4 (3.55) 1.6 (1.52) 4 (3.33) 14 (12.7)

Table 3.2: Magnifications of the first and second stage imaging telescopes. The
theoretical magnifications for each tube and corresponding combination are given
with the experimentally measured magnifications in brackets.

We calibrated the telescope magnification using a USAF target. The USAF

target consisted of high resolution patterns of different sizes. We calibrated the

magnification of the individual telescopes by measuring the size of the USAF pat-

terns at the camera and comparing them to the actual size of the pattern supplied
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by the manufacturer. We could calibrate the magnification of the first stage tele-

scopes by first measuring the magnification of the second stage and then the total

magnification. Over time the magnifications of the telescopes varied slightly due to

small shifts in lens positions. The change in the magnification was accounted for by

measuring the total system magnification as described in section 4.1. Figure 3.14

shows both an image of the ideal USAF target and a typical image of the USAF

target used to calibrate the reimaging telescopes.

(b)(a)

(b)

(b)

Figure 3.14: Images of (a) an ideal USAF target and (b) a representative image of
the USAF target used to calibrate the reimaging telescopes. The group and elements
images by the camera are at the very centre of (a) and are indicated by the arrow.
The magnification measured in this image is 2.7 x taken with a high magnification
first stage and an intermediate magnification second stage.

Changes in the position of the camera also changed the total magnification of the

system. Because we moved the camera regularly to adjust the focus of the ion image

it was important to know magnification as a function of the camera position. The

magnification was measured by loading two ions into the trap and comparing the ion-

ion spacing at the camera with the theoretical value (further details in section 4.1).

Figure 3.15 shows the change in magnification as a function of camera position. The

magnification was normalised to the camera position corresponding to the minimum

ion spot size. The error is dominated by the uncertainty in the measurement of the
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ion-ion spacing at the camera. To obtain better fits, we increased the signal to noise

of the ion images by summing the signal from adjacent pixels together. Summing

the pixels together increased effective size of the resulting pixels. The bigger pixel

size increased the quantisation error and therefore the error in the measured image

sizes.
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Figure 3.15: Change in the total system magnification (M) as a function of the
camera position along the optic axis (xc). The data is fit with a linear regression
of the form y = mx + c with the slope m = 0.007 ± 0.002 mm1 and the intercept
c = 0.78± 0.052.

If the primary optic axis, defined by the ion and the PFL, was not aligned to the

secondary optic axis, defined by the telescopes, the image of the ion could become

aberrated. It was difficult to define the optic axis of the 2 stage telescope. Instead we

aligned the primary optic axis to the camera translation axis. To ensure the primary

optic axis was aligned to the camera translation axis, we adjusted the first turning

mirror until the centre of the ion did not move when the camera was moved in either

direction along the camera translation axis. While this procedure ensured that the

primary and camera translation axis were collinear, the secondary optic axis and

the primary optic axis were not necessarily collinear due to imperfect mounting of
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the telescopes. Because the reimaging telescopes were operated at a low NA, slight

angles or offsets of the telescopes with respect to the light rays would not cause the

ion images to become significantly aberrated. This assumption is verified by the

near diffraction limited images obtained in chapter 4

As a secondary method of recording the ion fluorescence, an aspheric lens was

mounted on the underside of the mounting block inside the vacuum chamber. The

aspheric lens collimated the light scattered downwards by the ion. The light colli-

mated by the aspheric lens was reimaged onto a photomultiplier tube (PMT) allow-

ing the ion’s scattering rate and the ion’s image to be recorded simultaneously. The

optical assembly was later used to create the illumination beam in chapter 6.



Chapter 4

High Resolution Imaging of Ions

High resolution imaging of trapped ions represents a powerful technique for investi-

gations of fundamental light scattering processes with atoms. Previously, in chapter

3, we have talked about the telescopes used to relay the light from the first image

plane to the camera. In this section we will focus on the alignment of the ion with

respect to the PFL. I will also describe the techniques used to obtain high resolution

imaging of single ions.

4.1 Magnification Calibration

To determine the resolution of the imaging system, we needed to measure the mag-

nification. Two different techniques were used to ensure the measurement of the

magnification was correct. The first technique required us to image the tip of one

of the RF electrodes. The electrode was then moved by a known amount as mea-

sured by dial callipers attached to each axis of the RF needle translation stages. At

the same time we measured the translation of the image of the tip on the camera.

The magnification could be calculated by comparing the actual movement with the

distance displaced at the camera plane.

To perform the calibration, the camera was moved so that one of the RF needles

was at the edge of the CCD chip. The needle was then moved by 10 ± 0.5 µm

55



56 CHAPTER 4. HIGH RESOLUTION IMAGING OF IONS

with the distance moved being measured by the dial callipers. On the CCD the

needle moved by 450 ± 1 pixels. From this technique we calculate a magnification

of 585± 44.

While this technique was simple to perform, changing the RF electrode position

also disrupted the alignment of the ion to the PFL. This technique was also vulnera-

ble to the possibility that the needle could rotate instead of purely moving along one

axis. The possible rotation of the needle complicates the measurement and causes

a systematic error in the magnification calculation.

A second technique was used which did not rely on any physical movement of

trap components. When two ions are loaded into the trap they are forced apart by

the Coulomb repulsion while being forced together by the trap. At the temperatures

achieved by Doppler cooling, the ions do not possess enough kinetic energy to move

appreciably. This means the spacing between the two ions is purely dependant on

the trapping potential and on the ions’ charge-to-mass ratio. Figure 4.1 shows an

image of two ions aligned along the weak axis of the trap (horizontal axis in the

picture). The ion-ion spacing could be calculated by equating the inward force from

the trap and the Coulomb repulsion from each ion [48]

− ω2mx =
q1q2

4πε0r2
(4.1)

where m is the mass of the ion, ω is the secular frequency of the trap, x is the

displacement of the ion from the centre of the trap, qi is the charge of the ith ion, ε0

is the permittivity of free space and r is the distance between the two ions. If only

two ions are loaded into the trap then x = r/2. Rearranging equation 4.1 gives an

equation for the ions’ spacing as a function of secular frequency [66]

r = 3

√
q2e2

8π3fs
2ε0m

(4.2)
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Figure 4.1: Image of two ions aligned in the needle axis (horizontal axis). A trap
frequency fs=882±2 kHz was measured and an ion to ion distance of 3.72±0.01µm
was calculated from equation 4.2 and used for magnification calibration. White
dashed circle represents the position a single ion would occupy within the trap.
Reproduced from [52]

where e is the charge of an electron, fs is the ions’ secular frequency along the needle

axis and m is the mass of the ion.

To perform the calibration a pair of ions were loaded into the trap and the ion

spacing was measured. Due to the small field of view associated with the high NA

of the imaging system, the ion on the right of figure 4.1 is out of focus. We fit

a Gaussian profile to both ion images with the centroid of the ion image as a fit

coefficient. Fitting the ion images ensured that measurement of the ion-ion spacing

was accurate [67]. By counting the number of pixels (13 µm × 13 µm pixels) between

the two ions, a separation of 2.3±0.2 mm was measured.

The secular frequency of the weakened axis was needed in order to calculate

the ion-ion spacing along that axis. Resonant excitation of the ion’s secular motion

increased the ion’s motional energy along that trap axis. The increased motional

energy caused the ion image size to increase significantly as the ion could move

further away from the RF node. Excitation of the secular motion was achieved by

applying a 1Vpp AC signal to one of the compensation electrodes. For the ions in

figure 4.1 a trap frequency of fs=882± 2 kHz was measured corresponding to an
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ion-ion spacing of 3.72± 0.01µm. By comparing the calculated ion-ion spacing and

the separation of the ions in the camera plane the magnification was calculated to

be 615± 9.

An error could be incurred if the ions were at different distances from the PFL.

This would happen if the needles were not at the same distance from the PFL or

if the ions aligned themselves along a trap axis that wasn’t perpendicular to the

optic axis. To ensure we knew the orientation of the ions a negative DC voltage was

applied to both the RF electrodes. The voltage weakened the trap along the needle

axis shown in equation 2.13. The ions preferentially align themselves along the weak

axis. We measured the distance from the needles to the PFL using a camera looking

along the 370 nm laser path. To provide enough light to illuminate the needles,

the lens used to focus the 370 nm and 935 nm lasers into the trap was removed.

By removing the lens the beam width of the 370 and 935 nm lasers at the needles

was bigger than the needle-needle spacing. The camera was then able to image the

shadows the needles cast by blocking out the light from the laser beams.

An error in the calculation of the ion separation could occur if we loaded more

than two ions. It is possible to have a dark ion being sympathetically cooled by the

other ions in the trap. To ensure that we only had two ions in the trap during a

magnification calibration we lowered the trap depth and observed the change in the

ions’ positions. If there were only two ions both would move away from the centre

of the trap equally and in opposite directions. If there were more than two ions with

one dark ion being sympathetically cooled we could have two different situations.

The first, if the dark ion is on the edge of the string, would cause one bright ion

to move away from the trap centre and one to remain in the same position. The

second, when the dark ion is in the centre of the string, would cause the bright ions

to be spaced further apart when the trap depth was high. This increased separation

could easily be identified. Both techniques used to calibrate the magnification of
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the imaging system showed an agreement of better than 5% [52].

Due to the short focal length of the PFL, small changes in the distance of the ion

from the PFL could cause a large change in the total magnification of the system.

Once the ion was aligned to the PFL, the distance between the ion and the PFL

was not changed frequently. Therefore every time the distance between the ion and

PFL was changed it was reasonable to recalibrate the magnification.

4.2 Micromotion Detection and Compensation

Stray DC electric fields displace the ion from the RF node of the trap. The displace-

ment of the ion from the field free position of the trap caused the ion to experience a

periodic motion due to the driving field as discussed in section 2.1. The force results

in a time dependent oscillation of the ion’s position at the frequency of the driving

field. For large micromotion amplitudes, micromotion can lead to the trap becom-

ing unstable. To ensure the stray fields are minimised, DC voltages were applied

to 4 electrodes known as compensation electrodes shown in figure 2.3. Correctly

compensating the stray fields requires the combination of fields from the needles to

have the same magnitude but opposite sign to the stray fields at the trap centre.

While compensating micromotion can be simple, detecting it can be complicated.

Micromotion detection in our trap was achieved using two different techniques.

The first relies on reducing the trap depth by lowering the RF drive power. As the

trap depth is reduced the effect of the stray electric fields is more prominent and the

ion moves further from the trap centre. The position change is detected by imaging

the light scattered by the ion. To effectively detect the ion position change, high

resolution imaging is essential.

The second technique relies on spectrally detecting the micromotion. Sidebands

in the ion’s fluorescence spectrum occur due to the Doppler shift as the ion moves
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back and forth. By sweeping the frequency of the cooling laser around resonance

the sidebands associated with micromotion can be detected. The magnitude of the

sidebands compared to the main fluorescence feature indicates the magnitude of the

micromotion. To ensure that we could resolve the micromotion sidebands, the trap

had to be operated at a drive frequency larger than the 20 MHz natural linewidth of

the transition. In our case the trap could be operated at a drive frequency of either

20 or 40 MHz. Operating the trap at 40 MHz allowed us to resolve the micromotion

sideband.

4.3 Aberration Theory

Optical aberrations are unwanted distortions to an optical image formed by errors

in the alignment of optical elements or the elements themselves. High NA optics are

more susceptible to aberrations (described below). Due to the high NA of the PFL,

the images we take of our ions are susceptible to aberration.

To help explain aberrations formed by an imaging system we must first define

the main elements of an optical system. An ideal imaging system can be effectively

modelled as an aperture stop of radius a combined with a single lens with a radius

of curvature of R and a focal length f [68]. The aperture stop physically limits

the NA of the imaging system relieving the requirement to define a lens size. For

a single lens system the aperture acts as both the input and exit pupil. A ray

from the object that passes through the centre of both the aperture stop and the

lens is called the chief ray and defines the optical axis of the system. A ray that

enters at the edge of the aperture stop is called the marginal ray while rays that

pass through the system between the marginal ray and the chief ray are called zonal

rays. The optical path length of a ray is given by the geometrical distance times

the refractive index of the medium n. If the rays that emanate from a point object
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are traced through the system up to the exit pupil such that each one travels the

same optical path length as the chief ray, the resulting surface is called the system

wavefront. If the wavefront is spherical with the centre of the radius of curvature

at the Gaussian imaging point then the sphere conforms to the Gaussian reference

sphere and by definition the image is perfect. If however the wavefront differs from

this ideal wavefront, the image is said to be aberrated. For an aberrated image

the optical path length for a zonal or marginal ray to reach the Gaussian reference

sphere is different to that of the chief ray. The difference in optical path length is

called the wave aberration (W ) of that ray. Accordingly the wave aberration of the

chief ray is always zero. The wave aberration is positive if the aberrated ray has to

travel further than the chief ray to reach the Gaussian reference sphere.

For an imaging system with an axis of rotational symmetry, the wave aberration

can be written in terms of the image height above the optic axis h′ and the coor-

dinates in the plane of the exit pupil r and θ to third order in h′ and is given by

[68]

W (h′, r, θ) = 0a40r
4+1a31h

′r3 cos θ+2a22h
′2r2 cos2 θ+2a20h

′2r2+3a11h
′3r cos θ (4.3)

here the subscripts of the aberration coefficients represent the powers of h′, r and

cos θ respectively. Note that there is no h′4 term as by definition rays with r=0

lie on the optic axis of the imaging system and are considered to be chief rays.

The coefficients 0a40, 1a31, 2a22, 2a20 and 3a11 represent the coefficients of spherical

aberration, coma, astigmatism, field curvature and distortion respectively [68]. For

simplicity we use the notation as, ac, aa, ad and at to represent the coefficients of

spherical aberration, coma, astigmatism, field curvature and distortion respectively.

We can use a normalised radial variable ρ = r/a to simplify equation 4.3 and rewrite
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it as [68]

W (ρ, θ) = Asρ
4 + Acρ

3 cos θ + Aaρ
2 cos2 θ + Adρ

2 + Atρ cos θ (4.4)

where Ai is the peak aberration coefficient which is given by,

Ac = ach
′a3, Aa = aah

′2a2, Ad = adh
′2a2, At = ath

′3a (4.5)

Since 0 ≤ ρ ≤ 1 and 0 ≤ θ ≤ 2π a peak aberration coefficient represents the

maximum value of the corresponding aberration which occurs at the edge of the

pupil.

Each of the aberrations forms distinct patterns in the image plane of the optical

system. The light emanating from a point source is typically used to characterise an

optical system. A single fluorescing ion is a good approximation of a point source

radiator. For our imaging system, the ion image was mainly aberrated by coma,

astigmatism and spherical aberration. As such I will mainly focus on the effects of

spherical aberration, coma and astigmatism on the imaging system.

Spherical aberration causes rays lying on a circle of radius ρ in the exit pupil to

intersect the Gaussian image off-axis. The rays lie off-axis at a distance

rs = 8FAsρ
3 (4.6)

where F is the F-number of the lens [68]. The F-number of the lens is defined as

F=f/D where f is the focal length of the optic and D is the diameter of the entrance

pupil. The maximum radius of the rings formed due to spherical aberration is given

by 8FAs and is due to marginal rays. Spherical aberration is formed due to the use

of spherical surfaces which do not perfectly cancel the phase of a spherical wave.

The rings formed due to spherical aberration are easiest to see when the image of
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the ion is defocused slightly. Figure 4.2 a) shows a typical image of an ion with

spherical aberration.

(A) (B) (C)

Figure 4.2: Representative images of (a) spherical aberration, (b) astigmatism and
(c) coma. The image in (a) has been defocused to exaggerate the effects of the
spherical aberration. The image also exhibits a slight ellipticity from small amounts
of residual astigmatism and coma. The focus in image (b) has been set between
the focus in the x and y planes creating the vertical and horizontal stripes, not to
be confused with the high spatial frequency diagonal stripes which are most likely
due to etalon effects in the imaging system. This was done to minimise the effect
of spherical aberration which is clearer when the ion image is defocused. Images of
point sources after each different aberration that has been applied can be found at
[68].

Coma causes rays lying on a ring of radius ρ in the exit pupil to lie on a circle

with radius rc in the Gaussian image plane where

rc = 2FAcρ
2 (4.7)

the ring is offset from the optical axis by (4FAcρ
2, 0) in the x,y plane [68]. The

circle in the image plane is traced out twice as θ goes from 0 to 2π. All the rays in

the image plane are contained in a cone of semiangle of 30◦ bounded by a circle of

radius 2FAc. The apex of the cone is centred on the Gaussian image point with the

aberrated light facing outwards radially. The similarity between the ”tails” of light

in an aberrated image and a comet tail leads to the name. Figure 4.2 (c) shows a

typical image of an ion aberrated by coma.

Astigmatism causes rays propagating in two perpendicular planes to have two
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different foci. The position of each of the foci along the optic axis can be found by

defocusing the imaging system. The effect of defocusing the imaging system is the

addition of defocus aberration. By adding the defocus aberration to the astigmatism

wave aberration we can rewrite the equation as

W (ρ, θ) = Aaρ
2 cos2 θ +Bdρ

2 (4.8)

where the Bd is the peak aberration coefficient of the defocus aberration and is given

by

Bd = −n∆/8F 2 (4.9)

where ∆ is the difference between the radius of curvature of a defocused wavefront

and the Gaussian wavefront. If Bd = 0 then the rays form a line along the x axis in

the Gaussian image plane. If however Bd = −Aa then the rays form a line in the y

axis at a point corresponding to ∆ = −8F 2Aa [68]. From the above equations it is

clear that as the severity of the astigmatism reduces the distance between the focal

planes for the x and y axes becomes smaller. Figure 4.2 (b) shows a typical image

of an ion aberrated by astigmatism.

If the imaging system has multiple elements then each refracting surface produces

its own aberrations with differing degrees of severity [68]. In this case the aberration

is calculated surface to surface and the total system aberration is found by adding

the contributions from each surface. Since the aberrations of the total system are

simply the sum of the aberrations from each optical element it is possible to correct

aberrations from one optical element by inducing aberrations of the same magnitude

but opposite sign in another optical element.

For a two element optical system, the aberrations from the first surface must

be modified by the magnification between the first surface and the exit plane. For
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example, if W1(x1, y1;h′1) is the aberration at a point (x1, y1) in the plane of the

exit pupil of the first surface for an image of height h′1, it can be transformed

to an aberration contribution at the exit pupil of the second surface by letting

(x1, y1;h′1) = (x2/m2, y2/m2;h′2/M2) where m2 and M2 are the magnifications of

the pupil and image respectively due to the second surface. Therefore the total

aberration (Wt) due to the two surfaces is given by

Wt(x2, y2;h′2) = W1

(
x2

m2

,
y2

m2

;
h′2
M2

)
+W2(x2, y2;h′2) (4.10)

This process can be used to find the total system aberration for a N surface

system.

4.4 Imaging System Alignment

Alignment of the ion to the lens was a critical component of all experiments reported

in this thesis. Due to the PFL being mounted inside the vacuum chamber there was

no simple way to move the PFL with respect to the ion (as discussed in section 2.4).

By moving the ion with respect to the PFL, the aberrations caused by misalignment

could be corrected. In theory, a minimum in the aberrations could be found by

moving the ion to the focus of the PFL.

To position the ion in the focal plane of the PFL, the spherical aberration as

a function of ion height was measured. If the ion was too close to the PFL the

spherical aberration would be apparent in the form of rings when the camera was

defocused by moving it towards the PFL. If the camera was defocused by moving it

away from the PFL the ion image width simply increased as one would expect. As

the ion was moved closer to the focal point of the PFL the severity of the spherical

aberration was reduced resulting in the ring size for a given shift in the camera

position to be smaller. When the ion was moved too far away from the PFL the
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rings due to spherical aberration were observed when the ion image was defocused

by moving the camera away from the PFL. When the ion was too far away from the

PFL and the ion image was defocused by moving the camera towards the PFL, the

ion image width simply increased as one would expect.

With the ion at the focus of the PFL, the rings due to spherical aberration

could be seen when the imaging system was defocused by moving the camera in

either direction. This effect is consistent with higher order aberrations. Once at

the focal plane of the PFL the ion needed to be moved onto the optical axis of

the imaging system to reduce the coma and astigmatism of the imaging system.

Through rigorous experimentation with moving the ion and recording the size and

shape of the resulting image a map of the aberrations could be made. The map is

shown in figure 4.3. This map indicated that the tail of the coma pointed towards

the optical axis of the imaging system instead of pointing away as expected from

theory. While this effect could be repeatably observed there is no simple physical

explanation for its occurrence. By mapping the aberrations we were able to find the

optic axis easily. At the optic axis of the imaging system at the PFL’s focal plane

there were significant amounts of higher order aberrations causing the ion image to

become roughly square with a dark hole at the centre as shown in figure 4.3 c).

By moving the ion towards the lens slightly (∼20 µm) and down (∼10 µm) from

the optic axis the ion position where the ion image had the most gaussian intensity

distribution was created. Images of the ion were taken at the same displacement

from the optic axis in the up, left and right all of which resulted in slightly larger

ion images. To optimise the imaging resolution the ion was moved slightly (on the

order of 1 µm) and the resulting image was fit to find the image size. To ensure

that the global minimum in the ion size was found, the ion was moved in all three

dimensions independently.
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Figure 4.3: Map of the aberrations throughout the PFL’s imaging volume. Images
are representative images typically observed at each respective position. To take
an image of the ion at each location, the ion is moved using the RF needles and
then the camera is re-centered and re-focused on the ion. All images are taken with
the same axes. Point C represents the origin of the imaging system and is in the
object plane of the PFL and on the optic axis. Numbers above the ion images are
approximate displacements in all three axes from the PFL’s optic axis.
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Figure 4.4: Imaging performance of the PFL in our apparatus. a) Image of a single
trapped 174Yb+ ion. Ion size is limited by residual ion motion. b) Depth of focus
measurement for the ion image. Ion image size (FWHM) is plotted as a function of
focal position. Fitting the size to y = y0

√
1 + (z/zR)2 where y is the image FWHM

allows us to calculate a depth of focus 2zR = 19.4 ± 2.4 µm and a minimum spot
size y0 = 3.7±0.3µm. Uncertainty is dominated by pixel quantisation. Reproduced
from [45]

4.5 Imaging system performance

To investigate the performance of the imaging system, the ion image size and imaging

system depth of focus and field of view were measured. Initially, the measured

ion spot sizes were quite large. The large ion spot sizes were attributed to large

micromotion amplitudes. This micromotion was caused by uncompensated stray

electric fields at the RF node. Due to the wire connecting the DC electrodes to the

DC feedthrough breaking during the baking process, the stray electric fields could

not be compensated. While uncompensated, the ion spot sizes were measured at

3.7 ± 0.3 µm. Figure 4.4 (a) shows a typical ion image with uncompensated stray

electric fields.

While the spot size of the ion was larger than the minimum spot size achievable

later on (see below), we were still able to measure the field of view and depth of

focus of our imaging system. The depth of focus is defined as twice the Rayleigh
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range. The Rayleigh range is the distance at which the image area is twice as large

as at the focus. For our PFL the depth of focus was found to be 19.4± 2.4 µm [45].

Figure 4.4 (b) shows measured ion spot sizes (FWHM) as a function of the focus

position.

The field of view of the PFL was another important parameter. The field of view

is defined as the displacement of the ion in a direction orthogonal to the optic axis

required to increase the ion spot area by a factor of 2. The field of view for the PFL

was measured by displacing the ion and measuring the ion spot size. For our PFL

the field of view was measured to be 140± 20 µm [45].

After opening the trap and reattaching the DC electrodes to the DC feedthrough,

we were able to compensate the residual stray fields. Once the stray fields were

compensated correctly the amplitude of the micromotion was significantly reduced.

With no broadening due to the micromotion, the ion spot sizes were significantly

smaller.

The field of view and depth of focus for the wavelength scale ion image was

measured to be 9.2 ± 0.5 µm and 2.4 ± 0.1 µm respectively. Figure 4.5 shows the

smallest ion image recorded with the imaging system with a horizontal FWHM of

340±11 nm and a vertical FWHM of 360±15 nm. This image size is consistent

with the image size of 350±15 nm measured using the sub micron beam profiler in

[57]. The elipticity of the image is attributed to uncompensated aberrations. The

effect of the aberrations can also be seen from the small amount of light protruding

from the top of the ion in the image. In terms of absolute imaging resolution, these

images are nearly 2x better than images found in [69] though the resolution in terms

of wavelength is comparable. It should be noted that eliminating aberrations in the

UV is much more difficult owing to the shorter wavelength.
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370 nm

Figure 4.5: High resolution image of a single ion. By using a Gaussian fit through
the data an ion spot size (FWHM) of 350 nm± 11 nm in the vertical axis and
360 nm± 15 nm in the horizontal axis were calculated.

4.6 Lens Collection Efficiency

The collection efficiency of the PFL was calibrated by comparing the theoretical

scattering rate of the ion with the measured detection rate at the camera. For the

uncompensated ion we measured 22.6± 0.3×103 counts/second (cts/s) of signal at

the camera [45]. To convert from counts/s to photons/second the quantum efficiency

of the camera needed to be measured. The quantum efficiency of the camera could

be calibrated by illuminating the CCD with a known power at the wavelength of

interest and recording the count rate. As the camera is capable of detecting small

numbers of photons the light source needed to be dim. The light source was a

single mode fibre reimaged onto the camera with the same dimensions as an ion. To

ensure the light from the fibre was dim enough ND filters were used to attenuate

the light. To ensure the error in the quantum efficiency calculation was minimised

the ND filters used to attenuate the light needed to be calibrated. To calibrate the

ND filters we illuminated them with a known power and measured the fraction of

transmitted power. Four filters which attenuated the light by 3.2±0.1, 43.2±0.1,

27.7±0.1 and 12.6±0.1 dB were combined to give a total attenuation of 87±1dB.

Using 30 µW of power before the attenuators resulted in 56 fW of power or 1.1×105
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photons/second at the camera. 56 fW of power created a signal level of 33×103

cts/sec resulting in a quantum efficiency of 28±6%. From the quantum efficiency

of the camera we infer a photon flux of 80.7×103 photons/sec before the camera.

We also needed to correct for losses from the line filter used to reject background

light which had an efficiency of 25±5% and the top window of the vacuum chamber

which had a transmission of 97%. Correcting for these losses we infer a photon flux

directly after the PFL of 3.5×105 photons/second.

The theoretical maximum photon flux for a 174Yb+ ion at rest with a natural

linewidth of Γ/2π = 19.6 MHz is 61.5×106 photons/s. Since the lens collection

efficiency measurement was made while the ion suffered from large micromotion

amplitudes, the actual photon flux from the ion was reduced. The maximum photon

flux of the ion was reduced to 14.4±1.5% of that for an ion at rest. This reduced the

theoretical maximum photon flux to 8.9×106 photons/s. Multiplying this photon

flux by the 12% solid angle coverage of the lens, we obtain a theoretical maximum

photon flux of 1.1×106 photons/s after the PFL.

By comparing the experimental and theoretical photon fluxes after the PFL

we can calculate the diffraction efficiency of our lens to be 35±13%. The total

efficiency of the PFL was calculated by multiplying the solid angle coverage of the

lens by the diffraction efficiency resulting in a total collection efficiency of 4.2±1.5%.

Our measured diffraction efficiency is consistent with our independently measured

diffraction efficiency of 30±1% [46]

By comparing the signal level of the scattered light to that of the background

light, we can calculate a signal to noise ratio for the ion images. For the ion images

where we have significant broadening due to micromotion, the signal to noise was

23±4. For the compensated ion images we recorded signal to noise ratios of 320±20

which were in line with the predictions made in [45]. The size of the laser beam

used to cool the ions was only 2.5× lower than the needle to needle spacing. A large
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fraction of the background light was attributed to light from the cooling laser being

scattered by the needles. Images with higher signal to noise ratios could be achieved

by reducing the waist of the cooling laser.



Chapter 5

Spatial Thermometry

The strong Coulomb coupling makes laser-cooled trapped ions attractive for sympa-

thetic cooling at millikelvin temperatures in investigations of fundamental physics

[70], the dynamics of complex molecular [71, 72] and biomolecular [73] ions, nano-

mechanical oscillators [74, 75], resonant electric circuits [76], and Bose-Einstein con-

densates [77]. Thermometry also represents a technique that is useful for identifying

problems [78, 79] with trap apparatus and is typically a prerequisite for the above

experiments. A thermometry technique that can reliably measure temperatures in

the millikelvin regime while keeping the ions in steady state conditions represents a

powerful technique for the ion trapping community [80, 81, 82].

Spatial thermometry is a technique which allows us to measure the temperature

of an ion by measuring the ion’s image size. This technique also allows us to measure

temperature in two dimensions simultaneously. As we do not have to scan or change

any trapping parameters we are able to keep the ions in steady state conditions.

The conventional technique for measuring temperatures at or above the Doppler

cooling limit is to sweep the cooling laser frequency over resonance and recording

the spectrum [83, 84]. This technique suffered from a few draw backs. Firstly

the temperature of the ion can only be measured along the direction of the laser.

Secondly the technique requires the laser detuning to be changed which in turn

73
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changes the cooling applied to the ion. This change in the cooling stops the ion

from being in a steady state.

5.1 Spatial Thermometry Theory

To perform spatial thermometry we require a way to relate the width of an ion image

to a temperature. Fortunately, the equipartition theorem provides a simple way to

achieve just that. For the equipartition theorem to be valid a number of conditions

need to be met. Firstly the total energy of the system needs to split additively such

that

ET = εi(pi) + E ′(q1, ..., pf ) (5.1)

where εi only involves the one variable pi and the remaining part does not depend

on pi. The second condition that needs to be satisfied is that the function εi needs

to be quadratic in pi such that εi = bp2
i where b is some constant. Since the ion is

held in a harmonic potential the total energy of the system is given by

ET = U +K =
1

2
mv2 +

1

2
kx2 (5.2)

where U is the potential energy, K is the kinetic energy, k is the spring constant,

v is the velocity of the ion and x is the position of the ion. This means that an

ion oscillating in a harmonic potential satisfies the requirements of the equipartiton

theorem. Unfortunately, an ion confined in a quadrupole potential has a secondary

motion, micromotion, which can invalidate the assumption that the ion has purely

harmonic motion. Micromotion is caused by the ion moving away from the RF node.

The ion can be displaced from the RF node in two ways. The first is when the ion’s

secular motion causes the ion to move away from the RF node. If the kinetic energy
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due to the micromotion caused by the ion’s secular motion is much less than the

energy due to the secular motion, then we can assume that the micromotion from

the ions secular motion can be neglected.

The kinetic energy of the ion averaged over a period of the secular motion is [85]

EK =
1

4
mu2

sec

(
ω2
i +

1

8
q2
i Ω

2

)
(5.3)

Where Ω/2π = 20 MHz is the RF drive frequency, ω/2π is the secular frequency,

u2
sec is the secular motion amplitude and qi = ω/Ω is the ratio of the secular frequency

and RF drive frequency. By separating equation 5.3 into the energy from the secular

motion

EKsec =
1

4
mu2

secω
2
i (5.4)

and the energy from the micromotion

EKµ =
1

32
mu2

secq
2
i Ω

2 =
1

32
mu2

1i
ω2
i (5.5)

we can see that EKsec = 8EKµ . Since the kinetic energy due to the micromotion

is significantly smaller than that of the secular motion we can assume that we

can neglect the micromotion due to the ion’s secular motion. The ion can also be

displaced from the RF node by stray electric fields. As long as the amplitude of the

micromotion is smaller than the amplitude of the secular motion such that

|xµ|2 � 〈x2
sec〉 (5.6)

where xµ is the peak micromotion amplitude and 〈xsec〉2 is the mean squared of

the ion’s position from the RF node, then we can assume the ion’s motion is harmonic

in nature. We can bound the displacement of the ion due to stray electric fields by
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reducing the strength of the trapping potential and monitoring the ion’s position.

This technique is used to compensate the stray electric fields and is discussed in

section 4.2. Using this technique we experimentally measure the ion’s displacement

at high trap depths to be xstray = 40 nm. This gives the square of the micromotion

amplitude to be |xµ|2 = (xstrayq/2)2 = 4 nm2. For a 174Yb+ ion cooled to the

Doppler limit, the mean square of the ion’s position from the RF node due to its

secular motion is 〈xsec〉2 = 30 nm2 and the condition from equation 5.6 is met.

Therefore we can assume that the ion’s motion is harmonic. The ion’s temperature

along the x axis is then given by [86]

T (x) =
mπ2νx

2〈x2〉
kB

(5.7)

5.2 Experimental Temperature Measurements

A prerequisite for spatial thermometry is that the ion spot size was minimised. As

the temperature of the ions is calculated directly from the spot size, any unnecessary

broadening can lead to decreased sensitivity or systematic errors. To ensure the ion

spot size was minimised the procedure in section 4.4 was used.

Initially we made a qualitative measurement of the spatial thermometry tech-

nique by controllably heating the ion. The ion was heated by injecting a voltage

with a white noise spectrum that had a bandwidth covering all motional frequen-

cies. The noise voltage was injected onto one of the compensation electrodes while

maintaing the correct DC voltage to minimise the stray electric fields. The injected

voltage increased the amplitude of the ion’s secular motion (discussed in section

4.1). The increased secular motion amplitude allowed the ion to move further from

the RF node which in turn increased the ion’s spatial extent resulting in a larger

ion image width. Figure 5.1 shows ion images for three different levels of heating.
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(a)

370 nm

b)

370 nm

(b)

370 nm

(c)

370 nm

Figure 5.1: Images of a trapped ion for three different external heating rates. Tem-
peratures were calculated using equation 5.7 from the horizontal (laser cooling di-
rection) ion spot radii. In the case of no (a), low (b) and high (c) heating rates
we calculate temperatures of 5 ± 5 mK, 30 ± 9 mK and 162 ± 14 mK. Errors were
dominated by systematic uncertainty. All images were taken with the laser detuned
15 MHz from resonance. The ion signal was integrated for 2 seconds in all three
images. Reproduced form [86]

Figure 5.1 (a) is for no heating, (b) for low heating and (c) for high heating (3.3x

the voltage for low heating). There is a clear increase in the ion image width which

is associated with an increase in the ion’s temperature.

By taking images of the ions with different noise voltages, the temperature of

the ions could be quantitatively calculated. To calculate the ion image widths we

fit a 2D Gaussian to the ion images. Since the minimum ion image widths were

not as small as the theoretical diffraction limited imaging resolution this led to

a systematic error in the measured temperature. To provide a lower and upper

bound to the ion temperature the measured ion image widths were deconvolved

using the minimum observed spot size and the theoretical diffraction limited imaging

resolution respectively. The images were deconvolved according to 〈x2〉 = w2
x − w2

i

where w2
i is the imaging resolution.

An ideal imaging system has a minimum 1/e2 radius resolution of 0.43λ/NA.

In our system this corresponds to a lower bound on the imaging resolution of 249

nm. For our imaging system we observed a minimum ion image width of 373 nm at

the time that the data was taken. Using these two numbers we can quantitatively
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calculate the temperature of the ions in figure 5.1 to be 5 ± 5 mK for (a), 30 ± 9

mK for (b) and 162 ± 9 mK for (c). Since the ion image width in (a) is the mini-

mum we observed, the lower bound of the temperature (found by deconvolving with

the upper bound of the imaging resolution) is 0 mK. The deconvolution procedure

significantly increased the accuracy of this technique in the few mK regime. The sys-

tematic uncertainty is the primary limit to the accuracy of the spatial thermometry

technique.

The temperature of the ion for a number of laser detunings and heating rates

was compared to temperatures measured using the well established Doppler spectro-

scopic thermometry technique. To calculate the ion temperature using the Doppler

spectroscopic technique we swept the laser frequency over the cooling transition in

Yb+. The temperature of the ion for a given heating rate was calculated from the

measured spectrum. The ion’s spectrum is conventionally fit using a Voigt profile

[87] however this method was unable to discriminate between the Lorentzian and

Gaussian linewidth components leading to large errors in the measured linewidth.

Instead we fit the ion spectrum using

γdet (δL) ∝ 1

δL
2 + (ΓT/2)2 tan−1

(
δL
ΓL

)
, (5.8)

where δL is the laser frequency detuning, ΓL is the linewidth of the cooling laser

and ΓT is the FWHM spectral linewidth of the ion. The values for ΓL and ΓT were

obtained from the fit. To find the temperature from the fit parameters we needed

to deconvolve the total spectral linewidth, ΓT , into a Gaussian component related

to the ion temperature and Lorentzian component related to the natural linewidth

of the ion at zero temperature [88]. The Gaussian component (ΓG), was related to

the temperature of the ion by T = m
2kB

(ΓGλ)2 [89].

A systematic uncertainty in the temperature estimated by the spectroscopic
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thermometry technique arises from unresolved contributions to the Lorentzian com-

ponent of the spectroscopic linewidth. To minimise the systematic error in the spec-

troscopic temperature measurement, we minimised the measured linewidth. Since

the RF drive frequency was the same frequency as the natural linewidth of the atom,

the micromotion sidebands could not be resolved. This meant that any uncompen-

sated micromotion caused the measured linewidth to broaden. By stabilising the

power of the cooling laser to below the saturation intensity, we ensured that the

spectral linewidth was not power broadened.

An upper bound to the spectroscopic temperature was calculated by assuming

that ΓL was the natural linewidth of the atom. This resulted in a large contribu-

tion from ΓG and subsequently a large spectroscopic temperature. This assumes

that broadening mechanisms such as Zeeman splitting, power broadening and mi-

cromotion have no effect on the natural linewidth of the atom. A lower bound

for the spectroscopic temperature was calculated by assuming ΓL was equal to the

smallest experimentally observed spectral linewidth. This assumes that none of the

broadening mechanisms had an effect on the natural linewidth of the ion.

Figure 5.2 compares the spectroscopic temperature results to those from the spa-

tial thermometry method. The same three external heating rates as in Fig 5.1 are

used and imaging temperatures are obtained for several cooling laser detunings. The

ion temperature at each detuning was calculated from the fitted ion spot sizes in the

horizontal axis of the ion image. In all cases the spatial thermometry technique ap-

pears to be more accurate. The spectral thermometry technique has a large amount

of systemic error associated with the temperature measurement and also appears to

overestimate the temperature of the ion. The overestimation of the ion temperature

by the spectroscopic thermometry technique is expected from considerations of laser

cooling dynamics.

The spatial thermometry technique allows us to investigate these laser cooling
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Figure 5.2: Ion temperature dependence on cooling laser detuning for three different
external heating rates. Both spectroscopic and imaging temperatures for (a) no, (b)
low, and (c) high external heating are shown. The uncertainty in the imaging tem-
perature is dominated by the systematic uncertainty in the correction for ion spatial
extent by the imaging resolution. The spectroscopic temperature 1σ uncertainty
band for each of the three external heating rates is shown as the grey band with the
upper and lower bound depicted as a dashed line. Reproduced from [86]

dynamics. In Fig 5.2 c), with no applied heating, a minimum in the ion imaging

temperature was observed when the laser was detuned ∼ 15 MHz from resonance

corresponding to the expected optimum detuning of ΓT/2. When close to resonance

the ion temperature increases as one would expect from recoil heating. When the

cooling laser is detuned far from resonance, the reduction in scattering rate leads

to a reduction in the laser cooling efficiency which leads to an increase in the ion

temperature. For large applied heating rates and large detunings, the ion’s scattering

rate is significantly reduced making the ion too dim to successfully image.
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5.3 Anisotropic Ion Dynamics

The spatial thermometry technique allows us to measure the temperature of the

ion along both axes perpendicular to the optic axis of the imaging system. We are

also able to measure the ion temperature even when the ion dynamics are highly

anisotropic. We investigate the effects of highly anisotropic cooling dynamics on the

temperature of the ion along two different axes shown in figure 5.3. While this effect

has been previously investigated using other techniques [79, 90], they rely heavily

on simplifying assumptions and simulations [91].

100 mK

1 K

10 K

θ = 3.68oθ = 4.13o θ = 2.26o θ = 1.51o θ = 0.64o
θ = 7.39o

-7 -6 -5 -4 -3 -2 -1
Rotation Angle (degrees)

10 mK

Figure 5.3: Spatial thermometry of a single ion under highly anisotropic laser cool-
ing dynamics. Top: ion images for several rotation angles. Rotations are determined
from the principal axes of the fit to the ion and are referenced to the original orien-
tation of the ion image. The contrast of the ion images has been adjusted for ease
of viewing. Bottom: temperature along weak-cooling axis (filled black squares) and
strong-cooling axis (open red circles). For rotation angles between -3.5◦ and -2.5◦

(grey shaded area) the size of the ion image is larger than the camera chip along the
vertical direction. A temperature difference of a factor of 100 was sustained without
any adverse effects on the trapping. Error bars for the measured temperatures are
smaller than the data points. All ion images were taken with the cooling laser de-
tuned ∼15 MHz from resonance. For hotter ions the fluorescence integration time
was increased due to the decreased intensity. Reproduced from [86]

We were able to controllably decouple the cooling laser from one motional axis
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by applying a DC bias to the RF electrodes. The DC applied to the needles was the

same used to weaken the needle axis for the magnification calibration (see section

4.1). The application of the DC bias to the RF needles rotated the trap axes. We

believe the rotation occurs due to differences between the DC and RF grounding.

When the cooling laser is close to orthogonal to a trap axis but still ”coupled”, each

absorption event only transfers a small fraction of the photon momentum to the

ion. In this regime recoil heating from the emission of photons dominates. When

the laser is ”decoupled” from a trap axis the heating due to random absorption

disappears. Therefore in the decoupled regime the recoil heating from the emission

of a photon also dominates. By decoupling the laser from a single trap axis we were

able to create large temperature differences between two motional axes. Figure 5.3

shows the temperature of the ion as a function of trap axis rotation demonstrating a

large difference between the horizontal and vertical ion temperatures. A maximum

temperature difference of a factor of 1000 was measured. Even with this temperature

difference no adverse effects on the trapping were observed. The large temperature

differences were achieved with a trap aspect ratio of 2.25.

The angular width of the feature in figure 5.3 is much larger then the angular

width of the beam used to cool the ions which has an angular width of 0.3 ◦.

Since the feature had a larger angular width we could effectively measure the effect.

Spectral thermometry along the vertical axis would require the laser direction to

have a projection along that axis, inducing laser cooling. Hence, the anisotropic

dynamics studied here can only be observed by spatial thermometry.
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Single-Ion Absorption Imaging

Absorption of light is a fundamental light scattering process. We can use funda-

mental techniques such as imaging to investigate the absorption of light by matter.

Absorption images originate from the destructive interference between the light scat-

tered by the ion and an illumination field. The quality of an absorption image is

quantified by the contrast C = (Ibkg − Id)/Ibkg, where Ibkg is the intensity of the

illumination field without the ion’s presence and Id is the intensity at the darkest

point in the image with the ion present. When an illumination field is used to illu-

minate a sample with many absorbers, the result is an image with a large contrast.

As the number of absorbers in that sample is reduced the contrast of the subsequent

images will drop. At the level where only a few absorbers remain, the scattering

cross-section is generally much smaller than the imaging resolution, resulting in a

low image contrast per absorber. In thick samples the large number of atoms makes

up for the fact that each only contributes a small amount to scattering the light.

In our case, we are looking at the absorption from a single trapped ion. We

use high resolution imaging with imaging resolutions on the order of scattering

cross section to obtain relatively high contrast images. Our technique also allows

us to obtain an image in a single exposure, providing a substantial speed up over

the raster scanning techniques recently used to take absorption images of single

83
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molecules [92, 93]. At the single ion level, the absorption image can be masked by

variations in the illumination field intensity. We were able to effectively image the

absorption from a single atom by performing a background subtraction.

To perform background subtraction, two images needed to be taken. The first

was an image of the illumination beam with the scattering from the ion absent

providing us with Ibkg. The second is an image of the illumination beam with

the scattering from the ion present from which we can find Id. Subtracting the

background yields a clear image of the absorption. To capture an image where the

ion’s scattering is not present, we optically pump the ion into the metastable 2D3/2

state for the duration of the exposure. We are able to optically pump the ion into

the 2D3/2 by blocking the repumping laser. Even though the metastable state was

long lived, the ion would still decay to the ground state every 52 ms on average.

Once in the ground state the ion would scatter several photons before being optically

pumped into the metastable state once again. Deliberate interruption of the 935.2

nm laser beam reduces the scattering of 369.5 nm light by the ion by an estimated 45

dB. The small residual scattering rate did not affect the contrast of the absorption

image significantly and could be neglected. While taking absorption images we

blocked the laser beam that usually illuminated the ions for fluorescence imaging.

This ensured that the laser cooling dynamics were only driven by the illumination

beam. When operating in absorption imaging mode, the ions were cooled using the

illumination beam.

6.1 Experimental apparatus

The experimental apparatus used to acquire absorption images is similar to the ones

used to acquire fluorescence images in chapters 4 and 5. Unlike in the preceding

chapters, a source of light used to illuminate the ion along the optic axis of the
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imaging system was required. We operated the experiment with an illumination

beam width of 4.8 µm FWHM at the ion. We typically used an illumination beam

power of 15 nW to achieve high contrast absorption images. A schematic of the

illumination beam path is shown in figure 6.1. The illumination beam was created

by taking a small amount of light from the cooling beam at the beam combiner

using a 90/10 beam splitter. The light was then passed through an AOM to allow

the beam to be power stabilised and switched. The diffracted light was attenuated

by an ND filter and the reflected light from the filter was sent to a photodiode which

was used to stabilise the beam power. The light was then passed through a beam

expanding telescope, increasing the waist of the laser beam. The expanded beam

was sent into the bottom of the trap using the PMT image path. The aspheric lens

inside the vacuum chamber was used to focus the beam to the ion position. To

adjust the beam waist at the ion, the fraction of the aspheric lens aperture filled

by the beam was changed. For smaller beams waists we required a larger fraction

of the aspheric lens aperture to be filled and vice versa. We adjusted what fraction

of the aperture was filled using an iris in the Fourier plane of the beam expander

telescope.

To introduce the beam into the PMT imaging path, without significantly per-

turbing the beam path of the scattered light going to the PMT, we used the Fresnel

reflection of a pellicle beam splitter. The beam splitter was thin enough that there

was only a small position displacement of the light going to the PMT. The angle and

position of the illumination beam was coarsely adjusted using two mirrors between

the telescope and the pellicle beam splitter. The angle and position of the beam

was adjusted until the illumination beam overlapped with the ion position and was

traveling along the primary optic axis of the imaging system. Fine adjustments to

the focus position at the ion were made by adjusting the second lens of the beam

expander telescope. To ensure we had fine enough control, the translation stage
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was controlled using Newfocus Picomotors (model: 8302) similar to those used to

control the needle positions.

It was crucial that the illumination beam propagated collinear to the scattered

light from the ion. Any misalignment of the illumination beam could lead to a

reduction in the contrast of the absorption images or could cause the absorption

images to become asymmetric in appearance. Assuming the primary optic axis was

aligned to the camera translation axis (see section 3.2.3), the illumination beam

could be aligned to the primary optic axis of the imaging system by ensuring the

illumination beam did not translate on the camera when the camera was moved

back and forth along the optic axis.

Due to an error in the placement of the aspheric lens, the illumination beam

was slightly aberrated causing the illumination beam waist to be slightly elliptical.

Aberrations were created due to the aspheric lens being tilted with respect to the

PFL. The aberrations due to the error in the placement of the aspheric lens did

not appreciably affect the images taken. Figure 6.1 shows a schematic of the relay

system for the illumination beam.

PMTTo Imaging 
System

PFL
Aspheric

Lens

RF
Electrode

RF
Electrode

Pellicle
Beam Splitter

From 370 nm
Laser

ND Filter

To Power
Stabilisation

Figure 6.1: Schematic of the absorption beam path. The arrows indicate the direc-
tion of propagation for (black) the light used as the illumination beam and (red)
the scattered light imaged by the PMT.

After the illumination beam interacted with the ion, the remaining light was
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relayed onto the camera with the same relay telescopes as described in chapters 4

and 5. Camera integration times needed for high signal to noise absorption images

was typically on the order of 1 second for low illumination beam intensities and down

to 0.05 seconds for high intensities. Over this period of time any vibration of the

imaging system could cause the images to become blurry and unusable. To ensure

the imaging system was stable we made sure to wait a few seconds after touching

the experiment before we took an image.

As the illumination beam wavelength was in the UV, the photons were energetic

enough to create photoelectrons on the surface of the dielectric materials. Similar

effects have been recorded for anti-reflection coated optics [94]. The higher the

intensity of the illumination beam the faster the production of electrons. These

photoelectrons created stray electric fields which needed to be compensated. For

low illumination beam powers, on the order of 15 nW (570Wm−2) the charging rate

was slow. The effects of the charging at these low beam powers was only noticeable

after several hours. Above 100 nW the charging rate was noticeable in a few minutes.

At this rate of charging data collection was difficult. Above 130 nW of power the

ion was lost almost immediately upon unblocking the illumination beam.

6.2 Experimental Results

6.2.1 Imaging the absorption from a single atom

Figure 6.2 shows images of an ion obtained in both absorption (figure 6.2 (b)) and

fluorescence (figure 6.2 (d)) mode. Horizontal cross sections for absorption (figure 6.2

(a)) and fluorescence (figure 6.2 (c)) are fit using a Gaussian profile [67]. Using our

apparatus we were able to observe absorption spot sizes of 485±69 nm FWHM which

were ∼
√

2 larger than obtained with fluorescence imaging [52] which is consistent
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with imaging theory (explained below). These spot sizes were not limited by the

pointing stability or intensity fluctuations of the illumination beam. Our maximum

observed contrast of 3.1 ± 0.3% is nearly four orders of magnitude better than the

previous demonstration of imaging a single molecule [93]. Further work to increase

the contrast since [95] has been conducted. The micromotion caused by stray electric

fields was eliminated along with a better alignment of the illumination beam to the

optic axis of the system. Maximum absorption image contrasts of 5.2±0.2% were

attained.

Figure 6.2: Absorption (A,B) and fluorescence (C,D) images of a single isolated
174Yb+ ion. Measured at -8 MHz from resonance, near the optimum Doppler cooling
detuning for the 369.5 nm transition. A and C are horizontal cross sections taken
along the arrows indicated in B and D. Fits are to a two dimensional Gaussian over
the the whole image. Exposure times are 1 s for B (4x4 pixel binning) and 60 s for
D (no binning). Reproduced from [95]

Our camera detects the intensity of a light field incident on it IT (x, y). The
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intensity of an absorption image is given by the sum of the field from the scattered

wave and the illumination wave as shown below

IT ∝ |Escatt + Eill|2 (6.1)

which when expanded is given by using Ix = |Ex|2 [48]

IT = Iill + 2Re[EscattE
∗
ill] + Iscatt (6.2)

where Iill is the intensity of the illumination field, Iscatt is the intensity of the scat-

tered field and 2|Escatt||Eill| is the destructive interference we observe as absorp-

tion images. For fluorescence imaging the total intensity detected at the camera

is IT = Iscatt. For absorption imaging, the amplitude of the signal is proportional

to the electric field. By comparing the widths of the features for both fluorescence

imaging and absorption imaging we can see the origin of the difference in the image

sizes.

The amplitude of the intensity of the scattered wave is given by [67]

Iscatt ∝ |Ex|2 ∝
[
exp

(
−ρ0

2/w0
2
)]2

= exp
(
−2ρ0

2/w0
2
)

(6.3)

therefore the 1/e2 width is ρ0 = w0 where ρ0 is the radial position from the optic

axis and w0 is the beam waist at the focus. For the absorption images the feature

is proportional to the electric field giving

|Escatt| = exp
(
−ρ0

2/w0
2
)

(6.4)

Therefore the 1/e2 radius is ρ0 =
√

2w0. Comparing the predicted 1/e2 radius of

the absorption image and fluorescence image we can see that the absorption image

should be
√

2 larger than the fluorescence image which we actually observe.
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6.2.2 Spectroscopic and Saturation Properties

To ensure our imaging system was behaving as one would expect, the spectroscopic

and saturation properties of our atom were measured using absorption imaging. The

dependence of the absorption on the laser detuning is shown in figure 6.3 (a). To

measure the frequency dependence of the contrast, the illumination beam was kept

at an intensity of 570 Wm−2 while the laser frequency was tuned around resonance.

The measured dependence follows a Lorentzian response with a sharp cutoff at

resonance which is consistent with laser cooling theory (see section 3.1.1.1). The

cutoff is caused by the laser cooling transitioning to heating. As the ion motion

is heated, the ion image size becomes larger distributing the light absorption over

a larger area. For strong heating, the contrast of the images is reduced below

detectable limits. The data is fit using a similar equation to equation 5.8. The fit

yields a linewidth of 35±12 MHz, which is approximately twice that of a Yb+ ion

at rest. The increase in linewidth is probably due to the uncompensated DC fields

created by the illumination beam charging the PFL and aspheric lens. Despite the

increased linewidth, the maximum observed contrast was still observed -8 MHz from

resonance. While tuning the laser closer to resonance increases the scattering rate of

the ion it also increases the recoil heating. The added recoil heating caused the ion

spot size to increase. The combination of both effects resulted in a slightly reduced

contrast.

The dependence of the contrast as a function of the illumination field intensity is

shown in figure 6.3 (b). All measurements were taken at a detuning of -8 MHz which

is close to the detuning for which we achieve maximum contrast. The intensity of the

illumination beam was varied by changing the power in the illumination beam while

keeping the waist of the beam constant. The power was changed using the power

stabilisation system. The contrast as a function of illumination beam intensity was
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Figure 6.3: Dependence of absorption properties on laser parameters. The contrast
was measured as a function of laser detuning (A) and incident intensity (B) with
the other parameter fixed near its optimum value (denoted by dashed vertical lines
at -8 MHz and 570 W m−2, respectively). At 0 MHz detuning (rightmost point in
(A)) laser cooling ceased and the ion was not detectable until recooled. (C) Total
power absorbed by the ion as a function of the incident power on the maximum
scattering cross section σ0. Dashed horizontal line is the theoretical maximum power
absorption Pmax = hc/(2λτ). Solid line is the linear extrapolation of the fit at low
intensity. Each data point is obtained by fitting to a single image with error bars
from the statistical uncertainty in the fit. The lines represents fits to the theory.
Reproduced from [95].
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fit using

C =
Cmax

1 + I
Isat/2

(6.5)

Where Cmax is the maximum contrast and Isat/2 is the saturation intensity scaled by

the Clebsch-Gordan factor for the transition. Fitting the data yielded a maximum

contrast of 3.2±0.3% and a saturation intensity of 585±128 Wm−2. The measured

saturation intensity could be compared to the theoretically expected saturation in-

tensity Is = πhc/3λ3τ = 508 Wm−2 [96].

Quantum mechanics limits the amount of light a single ion can absorb. For

an excitation wavelength λ and an optical excitation lifetime τ , no more than a

maximum power Pmax = hc/(2λτ) can be scattered by the ion. At the point where

the ion is scattering the maximum possible power, the ion becomes transparent to

further illumination and the ion is considered to be saturated. For a single well

isolated ion, Pmax can be as small as picowatts [97]. The area over which a single

ion interacts with light is called the scattering cross section (σ0). The maximum

possible scattering cross section at low intensities is σ0 = 3λ2

2π
[95], on the order of the

diffraction-limited spot area for imaging at high numerical aperture. A maximum

contrast of approximately 92% can be calculated for this scattering cross section in

the low intensity limit [97].

The total scattered power as a function of the input power is shown in figure 6.3

(c). The total amount of power scattered by the ion is independent of the imaging

resolution and is a function of the incident power saturation properties of the atom.

The scattered power as a function of illumination beam power was fit using [96]

Pscatt =
Pmax ·P
P + Psat

(6.6)

where Pmax is the maximum power the atom can scatter, Psat is the saturation power
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for the transition. Fitting the data yielded a maximum scattered power of Pmax of

34±6 pW. The measured Pmax can be compared to the theoretical scattered power

Pscat = γphc/λ = 33 pW [98]. In the low intensity limit where the ion’s response

is not saturated, the ion diverted 30% of the power incident on its scattering cross

section. The 70% reduction in the ion’s blocking power comes from two effects, a 60%

reduction in the scattering rate due to the detuning and a further 50% reduction

in scattering rate due to the Clebsch-Gordan factor for the transition. Since the

minimum area of the fluorescence image is larger than the scattering cross section

the contrast of the absorption images will be further reduced by 84%. This results in

a maximum achievable contrast of ∼5% for our system. The agreement between the

fitted values and the theoretical model suggests we are approaching the quantum

mechanical limit for our imaging system resolution.

When the laser was detuned far from resonance or when the intensity of the

illumination beam was high, the contrast of the absorption images was low. To help

the fitting routine accurately fit to the images, we used image filters. To remove high

spatial frequency noise such as hot pixels and and read noise an image processing

function with a 1 pixel radius was applied to the images [95]. To remove the low

spatial frequency components, such as ripples in the intensity, we applied a Gaussian

filter with a 20 pixel radius. The values for the filters were found empirically such

that fits of high contrast images (contrasts >2%) were unaffected and stable fits for

low contrast images were obtained. To check that the fits were consistent, the ion

image widths were compared across the data sets. Figure 6.4 shows images of the

ion (a) before and (b) after filtering.
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Normalised AbsorptionA B

+5%
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Figure 6.4: Absorption images before (A) and after (B) filtering procedure. The
illumination spot intensity is greater than the camera read noise across most of the
camera chip. Reproduced from [95].



Chapter 7

Phase Shift

Optical phase shifts can be observed from any optically transparent material. Re-

fractive optics such as lenses and prisms work by applying a spatially varying phase

shift. The phase shift is caused by the refractive index of the material increasing the

optical path length for the light incident on the material. The microscopic origins

of the refractive index is attributed to the delayed response of electrons within the

material to the incident light field. Around atomic resonance, semi-classical theory

predicts that light scattered by an atom will receive a phase advance of 0 rad for de-

tunings far red of resonance, through π/2 for light on resonance, to π for detunings

far blue of resonance.

Techniques for observing the phase shift from single atoms [99] and molecules

[100] have been investigated. The techniques used could not isolate the phase shift

from the scattered wave. Instead they detected the on axis interference between

the scattered field and the illumination field [101]. Due to the limits applied by the

scattering amplitude, these experiments were only able to observe phase shifts on

the 100 mrad level which are far below the theoretical limit for the system. In this

chapter I will describe the system we used to isolate the phase of the scattered wave.

95
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7.1 Atomic Phase Shift Theory

The absorption and emission of light from an atom is well approximated by a classical

damped linear dipole oscillator assuming the driving field does not saturate the

transition [102]. Specifically, we consider an electron cloud bound to a nucleus and

allowed to oscillate around its equilibrium position. We use the co-ordinate x to

describe the distance of the centre of charge from its equilibrium position. For

sufficiently small x, far from saturation, the motion of the charge cloud can be well

approximated by a damped simple harmonic oscillator subject to a sinusoidal driving

field. In the case of a single atom, the driving field is the electric field from a laser.

This system obeys the Abraham-Lorentz equation of motion [102]

d2x(t)

dt2
+ 2γ

dx(t)

dt
+ ω2x(t) =

e

m
E(t) (7.1)

where e and m are the charge and mass of the electron respectively, ω is the natural

oscillation frequency of the oscillator and γ is the damping constant which for atomic

systems is related to the transition linewidth. We assume the electric field from the

laser has the form [102]

E(t) =
1

2
E0e

−iνt (7.2)

where E0 is a constant and real amplitude and ν is the angular frequency. The time

dependent position change of the charge cloud x(t) is given by

x(t) =
1

2
X(t)e−iνt (7.3)

where X(t) is a dimensionless complex amplitude. Substituting equation 7.2 and

7.3 into equation 7.1 and neglecting the small quantities Ẍ(t) and γẊ(t) this gives

[102]
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Ẋ(t) = −
[
γ +

i (ω2 − ν2)

2ν

]
X(t) +

ieE0

2νmx0

(7.4)

In steady state Ẋ(t) = 0 this gives the amplitude

X(t) =
ieE0

2νmx0

[
γ + i(ω2−ν2)

2ν

] (7.5)

assuming that we are close to resonance we can approximate ω2 − ν2 ≈ 2ν (ω − ν)

[102] and substituting equation 7.5 back into equation 7.3 we can reduce equation

7.3 to

x(t) =
ieE0e

−iνt

4mν (γ + iδ)
(7.6)

where δ = (ω − ν) is the detuning of the driving field from resonance. The dipole

moment (d) of two separated charges is d = qx where q is the charge. In light of

equation 7.6, the dipole moment associated with the displaced charge can be written

as

d(t) = d0e
−iνt (7.7)

where d0 is the amplitude of the dipole moment and is given by

d0 =
ie2E0

4mν (γ + iδ)
(7.8)

The oscillating charge emits electromagnetic radiation which is the source of the

damping. The field from the oscillating charge is usually considered in two extreme

cases. The first is the near zone, when close to the source such that r � λ. The

second is the radiation zone, when far from the source such that r � λ [102].

Because the first optic in the imaging system, the PFL, is at a distance of 3 mm
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from the ion we only need to consider the radiation zone. The form of the electric

field is thus given by [48]

~E(r0) ' − ω2d0

4πε0r0

sin θei(kr0−wt)θ̂ (7.9)

where ε0 is the permittivity of free space and r0 is the distance from the ion. Equation

7.9 reproduces the result from a more sophisticated semiclassical model when the

atom is driven on a π transition.

We assume the scattered field is a spherical wave with uniform intensity as a

function of angle. In reality the amplitude of the scattered wave is dependant on

the angle of emission which arises from the sin θ term in equation 7.9. From equation

7.9 we can calculate the change in intensity over the collection angle of our PFL. The

amplitude of the scattered field at the edge of the PFL’s aperture will be ∼60% of

the on axis amplitude. Even though the dipole and spherical wave are significantly

different at the edge of the aperture, at this level of experimental precision, it is

not necessary to take this effect into account. This assumption is justified by the

agreement between the theoretical and experimental images shown in figure 7.2.

From equation 7.9 we can calculate the change in intensity over the collection angle

of our PFL.

We normalise the spatial wave function Usc such that Isc = |Usc|2 [61]. In vacuum,

the intensity is related to the electric field by I = (ε0c/2) |E|2. The spatial wave-

function as a function of electric field can now be written as Usc = A|E| where the

normalisation constant is A =
√
ε0c/2. The spatial wave function of the scattering

wave then becomes

Usc (r0) = −Aω
2d0

4πε0c2

eikr0

r0

(7.10)

Substituting equation 7.8 into equation 7.10 and using U0 ≡ Uill ≡ AE0 as the
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illumination wave amplitude we can rewrite the spatial wavefunction of the scattered

wave as

Usc (r0) =
e2ω

16πε0mc2

1

−δ + iγ

eikr0

r0

U0 (7.11)

rewriting the complex detuning and linewidth in polar coordinates we get the mod-

ulus

| − δ + iγ| =
√
d2 + γ2 = γ

√
1 + (δ/γ)2 (7.12)

and the argument

φsc = arg[−δ + iγ] = tan−1 (−γ/δ) = tan−1 (δ/γ) + π/2 (7.13)

By defining the scattering amplitudes as

asc = α0
1√

1 + (δ/γ)
(7.14)

α0 =
e2ω

16πγε0mc2
(7.15)

we can rewrite equation 7.11 as

Usc (r0) = −asceiφsc
eikr0

r0

U0 (7.16)

From equation 7.13 we can see that for large detunings to the red of atomic resonance

the scattering phase will be 0. For large blue detunings, the scattering phase will

be π. On resonance the scattering phase will be π/2.

To calculate the spatial wavefunction at the PFL, the spatial wavefunction at

the ion is multiplied by the complex transmittance for free space t (x, y) = e−ikl
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where l is the length over which the wave is traveling. In this case we assume that

the ion is at the focus of the PFL and that the wave has travelled a distance equal

to the focal length of the PFL, l = fF = 3mm. The transverse distance traveled by

the wave is given by ρ2
0 = x2

0 + y2
0. Using r0 =

√
f 2
F + ρ2

0 the spatial wavefunction

directly before the PFL can then be written as

Usc (r0) = −asceiφsce−ikfF exp

[
−ik

√
f 2
F + ρ2

F

]
1√

f 2
F + ρ2

F

U0 (7.17)

By design, the PFL exactly cancels the phase of the spherical wave with a complex

transmittance

tF (ρF ) = exp

[
ik
√
f 2
F + ρ2

F

]
(7.18)

The PFL consists of rings that extend out to a radius of ρ = 2.5 mm, beyond which

is flat fused silica. The complex transmittance of the flat fused silica is ∼1. In

principle, the light incident on the flat section of the PFL should be included in

the model, however, in practice the finite aperture of the PFL can be modelled by

introducing a super-Gaussian pupil function with ρmax =∼ 2.5 mm,

ps (ρF ) = e−ρ
4
F /ρ

4
max (7.19)

After the PFL, the spatial wavefunction then becomes

Usc (r0) = Usc (r0) tF (ρF ) ps (ρF ) = −asceiφsce−ikfF
ps (ρF )√
f 2
F + ρ2

F

U0 (7.20)

Up to this point the scattered wave has been propagated nonparaxially. To simplify

the calculation of the scattered wavefunction at the image plane we use the Fresnel

approximation [61]. We use a plano-convex lens with a focal length of fR = 175
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mm, to form an image at the intermediate imaging plane (as seen in figure 3.13).

The scattered wavefunction at the imaging plane z = fF +d is related to the Fourier

transform of the wavefunction at the plane z = ff by [61]

Usc =
−ie−ik(f+d)

λd
asce

iφscũsc

( ρ
λd
, ε
)
U0 (7.21)

ũsc ≡ F2D

[
e−iπερ

2/λ ps (ρ)√
f 2
F + ρ2

]
(7.22)

where ε = 1/d− 1/fR and ≡ F2D is the 2D Fourier transform which converts from

spatial positions (xF , yF ) to spatial frequencies (νx, νy). Since the wavefunction is

only dependent on the radial position ρF , we can write usc solely as a function of νρ.

So far we have only talked about the scattered wavefunction but the camera

detects the total intensity, which arises from both the scattered light and the il-

lumination light. To calculate the total intensity in the image space we have to

consider the illumination beam wavefunction. The illumination beam wavefunc-

tion is assumed to be a Gaussian beam with a focus in the object plane such that

Uill (ρo, z = 0) = U0e
−ρo2/will2 . We assume that the depth of focus of the illumination

beam is large enough that we do not affect the peak intensity or the Gouy phase

through small displacements along the optic axis of the system. We can then write

the illumination wavefunction as

Uill (ρo, z = fF + d) = −U0

M
e−ik(fF+d)exp

[ −ρo2

(Mwill)
2

]
(7.23)

where M = fR/fF is the magnification of the lens system. The minus sign in front

of the equation arises from the Gouy phase shift associated with propagating the

light from the object plane to the image plane.

We can now compute the total intensity at the image plane. The phase prefactor
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−e−ik(ff+d) is common to both the illumination beam and the scattered wavefunc-

tion. We can therefore neglect this term as it has no effect on the intensity. For

simplicity the phase prefactor exp [−iπρ2/ (λd)] is neglected. Neglecting this phase

prefactor contributes <120 mrad over the largest signal region and is common to

all the data taken. It therefore will only add a systematic offset to the calculated

phase. We also only take data close to the focus such that |1 − d/fr| < 0.07. This

assumption only contributes an error of approximately 10%. Using these assumption

we are able to write the intensity at the image plane as

I (ρ, z = ff + d) =
I0

M2

∣∣∣∣1 +
asc
λfF

ei(φsc−π/2)usc

(
ρ

λfR
, ε

)∣∣∣∣ (7.24)

as discussed in section 3.2.3 the intermediate image plane formed by refocusing the

light with the first plano-convex lens is then relayed onto the camera with the two

stage lens telescope. The intensity at the camera plane (observation plane) is easily

computed by assuming the additional relay telescopes are perfect magnifiers with

magnifications of Mc. This was found to be true by calibrating the telescopes using

the USAF target discussed in section 3.2.3. The intensity at the camera plane I(ρc)

is then I(Mcρc)/Mc
2.

7.2 Experimental Results

To acquire the absorption images used to calculate the scattering phase, our exper-

imental apparatus was modified slightly. Our imaging system has been described in

chapters 4, 5 and the illumination beam is focused to the ion position in the same

way described in chapter 6. A cartoon of the apparatus (simplified for clarity) is

shown in figure 7.1. Absorption images are acquired using the same method de-

scribed in chapter 6. Unlike in previous chapters, the illumination beam was tuned
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to the blue side of resonance to acquire data. To keep the ion cool while the illumi-

nation beam is blue of resonance we reintroduced the side beam. We make sure the

illumination field is traveling along the optic axis to ensure there is no angle vari-

ation between the illumination beam and the scattered light from the atom. Any

angle would result in errors when fitting the images to the model.

The normalised background subtracted signal is given by S(x, y) ∝ Re[Usc(x, y)]

as previously described in equation 6.2. The image signal S(x, y) is a spatial inter-

ferogram of the scattered field, with the illumination field serving as the reference

wave. Using these spatial interferograms we are able to extract information about

the scattered wave. In particular we are interested in extracting the phase of the

scattered field as a function of detuning.

When the ion image is in focus, the scattered wave always destructively interferes

with the illumination beam forming the absorption images described in chapter 6.

In focus ion images are shown in row I of figure 7.2 with experimental images on

the left and theoretical predictions from the models in section 7.1 on the right. As

discussed in chapter 6, the contrast of the images varies with both saturation and

detuning as expected.

When we move the camera to a defocused image plane, the phase fronts of the

scattered wave are no longer flat. The curvature of the phase fronts causes the scat-

tered wave to either constructively or destructively interfere with the illumination

beam depending on the radial distance from the optic axis. This difference in path

length causes a bullseye pattern to form as seen in rows II and III of figure 7.2.

If the camera is defocused further, the extent of the bullseye pattern grows. The

detuning dependent phase shift of the scattered wave causes the interference pat-

tern to change for different detunings as described in equation 7.24. The difference

the atomic phase shift makes to the interference pattern is evident from the on axis

intensity of the images at laser detunings of -13 MHz and +9 MHz in row II of figure
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Figure 7.1: Cartoon of experimental apparatus. A laser cooled 174Yb+ ion (red dot)
is confined in a radio-frequency electric quadrupole trap generated by two tungsten
needles. Resonant laser light at λ = 369.5 nm is incident along the optical axis
of the imaging system and focused to a spot of 5 µm FWHM at the ion position.
The transmitted light, consisting of a superposition of the scattering (red lines) and
driving fields (blue lines), is imaged with a large NA phase Fresnel lens [45, 52] onto
the CCD camera at 585× magnification. We acquire images of the transmitted light
at several camera viewing planes. A secondary cooling beam is incident orthogonal
to the needle axis and the optical axis. In the far field, near the PFL, the phase
fronts of the illumination beam will become curved. Figure after [101]

7.2 [101]. The effects of the atomic phase can also be seen more subtly in the ring

spacing of the interference patten in row III of figure 7.2 [101].

For detunings blue of resonance, the contrast of the images is reduced due to

laser heating of the ion. To keep the ion cool while the illumination beam is blue

of resonance, we reintroduce the cooling beam orthogonal to the primary optic axis.

The cooling beam was made to be red of the illumination beam by shifting the

frequency using an AOM. We keep the intensity of the cooling beam low to avoid

unnecessary saturation of the cooling transition. Despite the detuning and low

intensity of the cooling beam, some residual saturation of the transition occurs.
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Figure 7.2: Spatial interferograms of the scattered wave. The theoretical prediction
for each interferogram is shown to the right of the data. The image resolution is
370 nm, approximately equal to the illumination wavelength of 369.5 nm, and each
image is 3.4 µm on a side. Each row of images corresponds to a fixed observation
plane position. In terms of the object space coordinates, row I sits at the nominal
plane of the ion and row II (resp. III) at 1.7 µm (resp. 3.3 µm) upstream of the ion.
The colorbars at the right of the figure indicate the fractional change in transmission
for the images in each row. The images are smoothed with a Gaussian filter of 40
nm width for ease of viewing, but only raw data is used for comparison with theory.
(a) Data (left) and theory (right) at −13 MHz detuning. (b) The same, but for +9
MHz detuning. Reproduced from [101]

Recooling of the ion when the illumination beam was blue of resonance was

performed by the cooling beam. Due to imperfect recooling of the ion by the cooling

beam, the ion’s spatial extent was larger than it would normally be if cooled to the

Doppler limit. The larger spatial extent artificially reduces the resolution of the

imaging system reducing the image contrast. The far red detuned beam also causes

a small change in the transition energy due to AC Stark effects. The AC Stark effect

for our experiment has been calculated to be negligible [101].

We determine the phase of the scattered wave as a function of detuning using

images similar to those shown in figure 7.2. To find the phase the detuning is held

constant and images are taken for different focal positions along the optic axis. The

series of images are then fit using the model described in section 7.1. To measure
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Figure 7.3: Phase shift and normalised scattering probability from a single ion. a)
Phase of the scattered wave as a function of laser detuning. Each data point is
obtained by fitting a series of spatial interferograms to the model. The data shows
a total phase shift of 1.3 ± 0.1 radians. The uncertainty in determining spherical
aberration imparts a common systematic error of ±0.1 rad to all data points. This
common-mode error does not affect the measurement of the differential phase shift.
The data is well fit by semiclassical theory with the linewidth Γ = 34± 8 MHz and
the fitted resonance position shifted 5 ± 2 MHz blue of the nominal resonance fre-
quency. b) Normalised scattering probability as a function of detuning. All values
are normalised to the maximum scattering probability observed in the data. The
theory curve is predicted from the fit to the phase shift. On resonance and at blue
detuning, the scattering probability is lower than expected from the theory. The
mechanical effects of the laser light are seen to be significant, including the broad-
ening and red-shift of the phase-shift data relative to the ideal case. Reproduced
from [101]

the phase and the amplitude of the scattered wave at a particular detuning, the

phase and the amplitude of the scattered wave are used as fit parameters in the

fitting model. When the same model is used to simulate fluorescence images, the

model provides good agreements with the images obtained in [52]. The phase of the

scattered wave as a function of detuning is shown in figure 7.3 (a). As the intensity
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of the illumination beam was kept well below (∼ 250Wm−2) saturation, we are able

to use the semi-classical theory from section 7.1. We fit the data in figure 7.3 (a)

using the equation 7.13.

The data shows a total phase shift of 1.3±0.1 rad. Due to uncompensated spher-

ical aberration all data points have a systematic error of ±0.1 rad. The error does

not affect the measurement of the differential phase shift [101] and only adds a con-

stant offset. Using the fit we obtain a linewidth of 35±8 MHz with atomic resonance

shifted 5±2 MHz blue of the expected resonance frequency. Due to recoil heating

when close to resonance and imperfect cooling when far detuned from resonance the

observed linewidth will be larger than the natural linewidth for an ideal Yb+ ion

at rest. Figure 7.3 (b) shows the scattering probability as a function of detuning.

The data is normalised to the maximum observed scattering rate. On the blue side

of resonance laser heating increases the ion’s spatial extent reducing the observed

scattering rate as discussed in section 3.1.1.1. The predicted scattering probability

agrees well with the data confirming the validity of the phase measurements.

We can calculate the theoretical maximum observable phase shift over the de-

tunings measured using equation 7.13 from the semi-classical theory. For the range

of detunings measured (from approximately -26 MHz to +9 MHz) the maximum

observable phase shift is ∼1.33 rad. This number is in agreement with the experi-

mentally observed phase shift of 1.3± 0.1 rad. Due to the close agreement between

data and theory, we can claim to have seen the maximum allowed phase shift from

a single atom.
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Conclusion

8.1 Conclusions

We have presented the first scalable, high efficiency, near diffraction limited imaging

optic for use with large scale ion trap quantum computers. Using our PFL we

have been able to capture sub-wavelength ion images which represent some of the

highest resolution images of single atoms ever taken. Our collection efficiency of

∼ 4% compares favorably to other techniques for scalable fluorescence collection

from trapped ions [40] including other implementations using phase Fresnel lenses

[42].

Using our high imaging resolution, we have been able to measure the temper-

ature of a single ion in the millikelvin temperature range by observing increases

in the ion spot size due to temperature. This thermometry technique allowed for

the measurement of ion temperatures in steady state conditions. The spatial ther-

mometry technique was also used to observe highly anisotropic ion dynamics. The

anisotropic dynamics are brought about by controllably decoupling the cooling laser

from one motional degree of freedom. These ion dynamics can not be observed

using the more conventional spectroscopic thermometry technique making spatial

thermometry a powerful technique for measuring the temperature of ions even when

the ion dynamics are highly anisotropic.
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By adding a resonant laser beam propagating along the optic axis of the PFL,

we were able to capture an absorption image of a single atom for the first time.

Our high resolution imaging ensured the contrast was ∼10,000 larger than other

absorption imaging techniques previously demonstrated for single molecules. Our

technique for capturing these absorption images was far simpler due to our high

contrasts allowing us to take absorption images with integration times on the order

of 1 second.

By defocusing the absorption images, a spatial interference pattern between the

scattered light from the ion and the illumination beam was observed. The exact

shape and spacing of the interference pattern provided information about the phase

of the scattered light with respect to the illumination beam. By tuning the illumi-

nation beam detuning from the red side of resonance to the blue side of resonance,

the dependence of the scattering phase with the illumination beam detuning could

be measured. We verified that the scatter light experiences the full, radian-level

phase shift predicted by semiclassical theory.

8.2 Outlook

Due to the collection lens and the trap being independent of one another, alignment

of the imaging system could be complicated. A solution that reduced the complexity

of the alignment procedure would be advantageous. By fabricating collection optics

directly onto the trap itself, alignment of the optic to the ion is guaranteed providing

sufficient care in fabrication is taken.

Work towards fabricating optics directly onto the trap has been started. In this

case, the optics (Fresnel mirrors) are fabricated directly onto the surface of a sur-

face trap. The Fresnel mirrors fabricated directly onto the trap itself provide the

advantage of phase Fresnel lenses while reducing the complexity of the alignment
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procedure [42, 44]. These mirrors also have a more uniform diffraction efficiency

vs. grating period and do not display the dip in diffraction efficiency at high grat-

ing period that PFLs have. By adding more levels to the Fresnel mirror we have

calculated that the diffraction efficiency will be ∼50%, an improvement over the

diffraction efficiency of our PFL which has a diffraction efficiency of ∼30%. These

traps with integrated collection optics represent the first fully integrated, scalable

optical interconnect for ion trap quantum computers.
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Trapped ions are a leading system for realizing quantum information processing (QIP). Most of the

technologies required for implementing large-scale trapped-ion QIP have been demonstrated, with one

key exception: a massively parallel ion-photon interconnect. Arrays of microfabricated phase Fresnel

lenses (PFL) are a promising interconnect solution that is readily integrated with ion trap arrays for large-

scale QIP. Here we show the first imaging of trapped ions with a microfabricated in-vacuum PFL,

demonstrating performance suitable for scalable QIP. A single ion fluorescence collection efficiency of

4:2� 1:5% was observed. The depth of focus for the imaging system was 19:4� 2:4 �m and the field of

view was 140� 20 �m. Our approach also provides an integrated solution for high-efficiency optical

coupling in neutral atom and solid-state QIP architectures.

DOI: 10.1103/PhysRevLett.106.010502 PACS numbers: 03.67.�a, 37.10.Ty, 42.25.Fx, 42.50.Ex

Quantum computation [1,2] and communication [3] offer
revolutionary solutions to challenging problems in infor-
mation technology. Trapped ions are a leading system for
demonstrating quantum information processing (QIP), with
all basic operations [4–7] demonstrating excellent perform-
ance and a clear roadmap [8,9] to large-scale implementa-
tions. Recent experiments [10,11] have demonstrated most
of the technologies required by the large-scale roadmap. A
key exception to this is a high-efficiency ion-photon optical
interconnect compatiblewith scaling to amassively parallel
architecture. As we have previously proposed, microfabri-
cated arrays of phase Fresnel lenses (PFLs) satisfy these
criteria and are a promising solution to this problem [12].

Optical interactions are crucial to trapped-ion QIP, driv-
ing initialization, high-speed gate operations, readout, and
remote communications. Awide variety of approaches are
being pursued to efficiently couple between light and
individual trapped ions. These include conventional bulk
optics [7,13–17], high finesse cavities [18–20], microfab-
ricated mirrors [21], and multimode optical fibers [22].
Highly parallel efficient coupling with conventional optics
or high finesse cavities is challenging because of fabrica-
tion and alignment tolerances. Micromirrors and multi-
mode fibers can efficiently collect sufficient light but
suffer from poor single-mode coupling. In contrast, phase
Fresnel lenses provide diffraction-limited high numerical-
aperture (NA) coupling and can be microfabricated in large
arrays on a single surface [23]. Figure 1(a) illustrates the
proposed integration [12] of PFL arrays with a scalable
trapped-ion QIP architecture [8]. Such arrays have been
used for nanolithography [23] to obtain diffraction-limited
performance at 28% solid angle coverage (NA ¼ 0:9).
While PFLs, being diffractive optics, have subunit effi-
ciency, diffraction efficiencies of 60%–80% at high NA
are achievable with minimal additional fabrication

complexity [24]. Fresnel lenses have previously been
used for dipole trapping in neutral atom systems [25].
We demonstrate the principal step towards integrating

PFL arrays with ion traps through the imaging of trapped
Ybþ ions using a single PFL. A two-level (binary) PFL
[Fig. 1(b)] was integrated in ultrahigh vacuum with a
simple yet highly flexible radio frequency (rf) ion trap.
Ybþ ions were trapped in a rf electric quadrupole field
formed by applying a potential V0 cosð�rftÞ with V0 ¼
285 V, �rf=2� ¼ 20 MHz between two tungsten needles
[26,27] [Fig. 1(c)] spaced 200 �m apart. Each needle
was attached to a flexible welded bellows with a ceramic
insulating mount to allow independent movement.
Nanopositioning translation stages located outside the
vacuum chamber were used to control the positioning of
the needles in all three dimensions.
Loading of 174Ybþ ions into the trap was performed

through isotope-selective excitation of a neutral ytterbium
beam with resonant 399 nm light from an UV external
cavity laser diode (ECLD) and subsequent photoionization
with nonresonant 369.5 nm laser light. The 174Ybþ ions
were laser cooled on the 369.5 nm S1=2 to P1=2 transition

using light from an ECLD [28] frequency stabilized toYbþ
ions generated in an electrical discharge [29]. To prevent
interruption of the laser cooling, ions in the P1=2 state

which decayed into the metastable dark D3=2 state (0.5%

branching ratio) were repumped back to the S1=2 state by

driving the transition at 935.2 nm with another ECLD.
Light from all three diode lasers in the setup was delivered
using single-mode fibers and focused through the trap in a
direction perpendicular to both the imaging and needle
axes [Fig. 1(c)]. At the center of the trap the 1=e2 diameter
of the cooling laser was 80 �m.
The rf needles were positioned such that the PFL colli-

mated the light scattered from the trapped ions. The ion
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light was then reimaged with 10� magnification onto an
Andor model DV437-BU2 cooled CCD camera. The PFL
optic was microfabricated by electron-beam lithography of
a fused silica substrate. A series of concentric rings,
390 nm deep, were etched into the fused silica surface to
generate � phase shifts. The resulting phase profile ap-
proximates that from a point source 3 mm from the lens
with a wavelength of � ¼ 369:5 nm. The 3 mm focal
length of the lens is identical to its working distance. The
pattern was written over a diameter of 5 mm, correspond-
ing to 12% of the total solid angle (NA ¼ 0:64).
Independent profiling of the lens optical characteristics
[12] demonstrated a diffraction-limited subwavelength
beam waist of 350� 15 nm (1=e2 radius). While multiple
ions were observed, single ions exhibited superior lifetimes
and linewidths. A magnetic field of 4 G was applied along
the optical axis of the PFL to ensure that the linearly
polarized 369.5 nm cooling laser traveling perpendicular
to the imaging axis excited � polarized transitions.
The background pressure in the vacuum chamber was
4� 10�10 mbar.

Figure 2(a) shows an image of a single 174Ybþ ion
obtained from the fluorescence of the 369.5 nm transition.
Images with FWHM spatial sizes down to 3:7� 0:3 �m
were obtained, limited by the residual ion motion. This
spatial resolution is similar to existing trapped-ion QIP
experiments and sufficient for scalable quantum state read-
out. The independently measured resolution of the PFL [12]
is substantially better and can be achieved by eliminating
the residual ion motion. To estimate the alignment sensitiv-
ity of the PFL we measured the depth of focus and the field
of view. The depth of focus was determined by changing the
position of the camera along the optical axis and inferring
the equivalent change in the position of the ion. The result-
ing fit [Fig. 2(b)] of image size as a function of position
gives a depth of focus of 19:4� 2:4 �m and a minimum
spot size of 3:7� 0:3 �m. Likewise, the field of view was
inferred to be 140� 20 �m by translating the rf needles
�50 �m from their center position and measuring the
increase in ion spot size. In both cases (depth of focus and
field of view) the imaging boundaries are defined as the
range over which the observed ion spot area doubles. Given
that currently used trap electrode feature sizes are [10] on
the order of tens of �m, the measured alignment tolerances
indicate the viability of PFL arrays for use in massively
parallel trapped-ion QIP.
To determine the fluorescence collection efficiency, we

compared the experimentally observed detection rate with
the expected ion scatter rate. Saturation of the ion flores-
cence in the experiment produced a detection rate of
ð22:6� 0:3Þ � 103 s�1. The expected rate is calculated
based on the combination of the maximum scatter rate of
the ion, corrected for the camera’s quantum efficiency,
optical losses, and residual ion motion. Given the solid
angle coverage of 12% and ion transition natural linewidth
of �=2� ¼ 19:6 MHz, we calculate a maximum saturated
flux of 7:39� 106 s�1 at the PFL for an ion at rest.
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FIG. 2 (color online). Imaging performance of the PFL in our
apparatus. (a) Image of a single trapped 174Ybþ ion using the in-
vacuum binary PFL with 12% solid angle coverage (NA ¼
0:64). Ion size is limited by residual ion motion. (b) Depth of
focus measurement for ion image. Ion image size (FWHM) is
plotted as a function of focal position. Fitting the size to

y0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ ðz=w0Þ2
p

gives a depth of focus 2w0 ¼ 19:4� 2:4 �m
and a minimum spot size y0 ¼ 3:7� 0:3 �m. Uncertainty is
dominated by pixel quantization.

FIG. 1 (color online). PFL based optical interconnects for
trapped-ion QIP. (a) Proposed highly parallel readout of
trapped-ion qubits with PFLs [12]. Fluorescence from ions
trapped atmany sites on amicrofabricated trap [8,10] is efficiently
coupled into single optical modes by an array of microfabricated
PFLs on a single substrate. (b) Electronmicroscope image near the
center of the PFL.The 390 nmgroovedepth induces� phase shifts
at � ¼ 369:5 nm. (c) Diagram of the experimental apparatus. A
single 174Ybþ ion is trapped in the rf quadrupole field (dashed
lines) produced between two tungsten needles and illuminated
with resonant light at� ¼ 369:5 nm (arrow). Light scattered from
the ion is collimated with an in-vacuum PFL and imaged onto a
cooled CCD camera (not shown).
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We calibrated the quantum efficiency of our camera by
illuminating the CCD sensor with an attenuated laser beam
whose intensity, wavelength, and spatial profile closely
matched that of the ion signal. The output from a diode
laser was attenuated with a series of filters and then coupled
into a single-mode fiber. Light from the fiber tip was then
imaged onto the camera with a spot size a few pixels
wide, similar to that of the ion. Four optical attenuators of
3:2� 0:1, 43:2� 0:1, 27:7� 0:1, and 12:6� 0:1 dB were
independently measured and combined to produce a total
attenuation of 87� 1 dB. To ensure that no light was leak-
ing around the filters into the fiber from other sources, we
measured the attenuation of pairs of these filters. Variations
in these measurements constitute the dominant source
of uncertainty in the total attenuation. A laser power of
30� 1 �W produced a background-corrected signal level
on the camera of ð33:0� 0:3Þ � 103 s�1. From this we
calculate a quantum efficiency of 28� 6%. Correcting for
the camera’s quantum efficiency as well as for optical losses
from a 370 nm line filter (Thorlabs FB370, measured trans-
mission 25� 5%) and an uncoated vacuum window (calcu-
lated transmission 92%), we infer a total photon flux at the
PFL of ð3:5� 0:9Þ � 105 s�1.

Residual ion motion reduced the scatter rate below that
expected for an ion at rest. Stray electric fields in the trap
chamber pushed the ion away from the node of the rf
quadrupole field. The resulting micromotion broadened
the linewidth and reduced the fluorescence of the ion
[30]. Since the rf drive frequency of 20 MHz and the
transition’s natural linewidth of �=2� ¼ 19:6 MHz are
nearly the same, the micromotion has an effect similar to
homogeneous broadening, because of the unresolved mo-
tional sidebands and because the ion experiences a large
fraction of the possible micromotion velocities during an
excited state lifetime. The effects of the micromotion
dominate the observed ion linewidth of 162� 10 MHz
FWHM, which shows the characteristic spectral ‘‘scal-
loped’’ shape [30]. To this spectral feature we fit a modu-
lation depth parameter � ¼ 7:6� 0:5. The observed
saturation intensity Isat ¼ ð1:1� 0:3Þ � 103 mWcm�2 is
11� 3 times greater than that for an ion at rest, also
consistent with a homogeneous broadening model. The
maximum scattering rate is thus reduced to 14:5� 1:5%
of that for an ion at rest. Including these corrections
we infer an ion fluorescence collection efficiency of
4:2� 1:5%. Dividing this efficiency by the solid angle
coverage gives a PFL diffraction efficiency of 35� 13%
for this lens, in agreement with our independently mea-
sured diffraction efficiency of 30� 1% [12]. Our ion
fluorescence collection efficiency exceeds that of many
recent trapped-ion QIP experiments [5,7,22] and is ap-
proaching the proposed 5% threshold for massively paral-
lel implementations [31].

Imaging of trapped ions is extremely sensitive to stray
light. Scattered light from nearby electrodes could couple

into parasitic diffractive orders of the PFL and overlap with
the ion image. This was not a significant issue in our system.
The ion image contrast (ion signal rate to background rate)
was 23� 4, even though our laser beam’s 1=e2 diameter
was only 2:5� smaller than the needle separation.
Eliminating the residual ion motion will increase the ion
fluorescence while reducing the background rate, improving
the image contrast to* 160, comparable to the current state
of the art for high-fidelity state readout [5].
In conclusion, we have imaged a trapped ion with a

microfabricated optic for the first time. The ease of micro-
fabricating large PFL arrays makes them an attractive
optical interconnect for massively parallel trapped-ion
QIP [8,10]. The demonstrated collection efficiency and
image contrast are competitive with other trapped-ion
QIP experiments and suitable for large-scale QIP.
Microfabricated traps have demonstrated trapping of ions
within 80 �m of an electrically shielded dielectric surface
[22] while maintaining the same solid angle of optical
access as used in this work. Further improvements of the
PFL to 28% solid angle coverage [23] and 80% diffraction
efficiency [24] would increase the collection efficiency to
22%, more than double that recently reported with bulk
optics [16]. At working distance of 80 �m [22], lenses
only 500 �m in diameter give 28% solid angle coverage.
Light-induced charging has been demonstrated to affect
trapping of ions near an unshielded dielectric surface [32].
Maximizing optical access may therefore require careful
consideration of electrical shielding. The field of view
and the depth of focus are compatible with tolerances
in current trapped-ion QIP microfabrication techniques
[9,10]. Neutral [11] and solid state [33] QIP architectures
also rely on interfacing with arrays of strongly divergent
optical sources. Our approach can be readily extended to
highly parallel optical coupling in these systems.
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Abstract. We demonstrate millikelvin thermometry of laser-cooled trapped
ions with high-resolution imaging. This equilibrium approach is independent of
the cooling dynamics and has lower systematic error than Doppler thermometry,
with ±5 mK accuracy and ±1 mK precision. We used it to observe the highly
anisotropic dynamics of a single ion, finding temperatures of <60 mK and >15 K
simultaneously along different directions. This thermometry technique can offer
new insights into quantum systems sympathetically cooled by ions, including
atoms, molecules, nanomechanical oscillators and electric circuits.

Laser-cooled trapped ions are a nearly ideal system for investigation of quantum physics.
The internal ion states are strongly decoupled from the surrounding environment and can
exhibit coherence times of many seconds. In ultrahigh vacuum the motions of the ions are
strongly coupled together, but otherwise exhibit good immunity to external perturbations.
Precision manipulation of ions at the quantum level is readily achieved through the use of lasers
and electromagnetic fields. These properties have made laser-cooled trapped ions a preferred
platform for implementing experiments in quantum information processing (QIP) [1–4] and
precision metrology [5, 6]. The strong Coulomb coupling makes laser-cooled trapped ions
attractive for sympathetic cooling at millikelvin temperatures in investigations of fundamental
physics [7], dynamics of complex molecular [8, 9] and biomolecular [10] ions, nano-mechanical
oscillators [11, 12], resonant electric circuits [13] and Bose–Einstein condensates [14].

Millikelvin thermometry is a key diagnostic in all these experiments. Cooling near the
Doppler limit, ∼1 mK, is a precondition for studies of quantum dynamics and precision
measurements. Millikelvin thermometry is crucial for quantifying the effectiveness of Doppler

1 Author to whom any correspondence should be addressed.
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cooling. The development of new ion trapping architectures for QIP requires millikelvin
thermometry to quantify high anomalous heating rates [15, 17]. Motional decoherence is a
limiting factor in recent experiments, including the long-range mechanical coupling of ions
[18, 19] and the realization of a phonon laser [20]. In sympathetic cooling, thermometry of the
cooling ions is the primary diagnostic for the temperature of the cooled species. In the presence
of a controlled heating process, thermometry of the cooling ions can be used to measure
the cooling power of the sympathetic cooling process. Sympathetic cooling is a necessary
precondition for mixed species experiments such as the Al+/Be+ ion clock [5] and molecular ion
experiments [7, 8, 10]. These applications of thermometry are especially useful for proposed
hybrid systems in which trapped ions sympathetically cool and interact with nanomechanical
oscillators or electric circuits.

Existing trapped ion thermometry techniques in the millikelvin regime are spectroscopic
and rely on varying the cooling laser frequency to obtain a measurement of Doppler broadening
due to ion motion [21, 22]. This approach pushes the system out of thermal equilibrium,
with the variation in laser frequency affecting the cooling rate and subsequently changing
the temperature over the course of the measurement. Recoil heating of the ion increases its
temperature and reduces the peak fluorescence when the laser detuning is less than half the
linewidth from resonance. At laser detunings larger than half the linewidth the cooling rate is
reduced, causing an increase in the temperature and the associated Doppler linewidth. Both
of these effects produce a systematic error that leads to an overestimation of the temperature.
Time-resolved techniques to quantify the effects of non-equilibrium laser cooling dynamics
on the fluorescence signal have been demonstrated [17, 23] but, in their current form, depend
on numerous simplifying assumptions or extensive simulation [24]. The Doppler approach is
also limited to measurement of the ion motion in a single dimension fixed along the axis of
the laser beam. The spectroscopic linewidth of the transition limits the minimum detectable
temperature by the Doppler technique. These deficiencies are less of an issue in traps with low
anomalous heating rates [15], where sub-millikelvin resolved sideband thermometry is feasible.
Spatial thermometry of trapped ions at low (a few µm) spatial resolution was investigated in an
unpublished PhD thesis [16].

We demonstrate an alternative approach to trapped ion thermometry that probes the spatial
distribution rather than the velocity distribution. A key enabling technology of this technique is
our recent demonstration of high-resolution imaging of trapped ions with spot sizes as small as
373 nm 1/e2 radius (440 nm full-width at half-maximum (FWHM)) [25]. Such a high resolution
enables us to measure temperatures of a few millikelvin by spatial thermometry and investigate
phenomena inaccessible through spectroscopic thermometry. For a particle in a harmonic
potential, the spatial extent is dependent on the temperature and the trapping frequency. Imaging
an ion thus provides a measure of its temperature in two dimensions and under steady-state
conditions. Other trapped ion systems typically have imaging resolutions of several µm and
are thus limited to a spatial temperature sensitivity of a few kelvin. Our accuracy of ±5 mK is
limited by uncertainty in the imaging resolution, while the precision of ±1 mK is limited by
image signal to noise.

The apparatus (see figure 1) is similar to that described previously [25]. 174Yb+ ions
were generated by isotope-selective photoionization of a Yb beam and were trapped in a
radio-frequency (RF) electric quadrupole field formed by applying a potential V0 cos(�RFt),
�RF/2π = 20 MHz between two needles separated by 300 µm. We obtained ion motional
frequencies between 500 and 1500 kHz. Residual electric fields at the trap center were canceled
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Figure 1. Schematic diagram of the experimental apparatus. A single Yb+ ion is
confined at the node of a (RF) electric quadrupole (dashed lines) formed between
two needle electrodes. The ion is laser cooled using a λ = 369.5 nm laser beam
(arrow) and the resulting fluorescence is collimated using an in-vacuum PFL.
This light is subsequently imaged onto a cooled CCD camera (not shown).

by applying dc voltages to compensation electrodes. The ions were laser cooled using λ =

369.5 nm light resonant with the S1/2–P1/2 transition. The frequency of the cooling laser
was stabilized using dichroic atomic vapor laser locking (DAVLL) [26]. Detuning the laser
frequency changed the DAVLL offset, which in turn could be calibrated using a Fabry–Perot
interferometer with a known free spectral range. The ion fluorescence was collected using a
phase Fresnel lens (PFL) mounted in the ultra-high vacuum chamber, close to the trapping
region [27]. The PFL has a numerical aperture (NA) of 0.64, which covered 12% of the solid
angle and collected 4.5% of the total emission. The collimated fluorescence was imaged with a
magnification of 596 ± 22 on to a cooled charge-coupled device (CCD) camera.

We initially performed a qualitative investigation of the spatial thermometry technique by
controllably heating the ion. To heat the ion, we applied voltage with a white noise spectrum [28]
and a bandwidth encompassing all motional frequencies of the ion to one of the compensation
needles. This allowed us to investigate different temperature ranges in a controlled fashion.
Figure 2 shows ion images for three different levels of heating: (a) no external heating, (b) low
external heating and (c) high external heating (3.3× the noise voltage of (b)). There is a clear
increase in the ion spot size with increased ion temperature.

From these high-resolution images, we can quantitatively calculate the temperature of the
ion. We fit a two-dimensional Gaussian to the ion image in order to quantify the ion image 1/e2

radii wx,y for the horizontal (x) and vertical (y) axes. The vertical axis of the image is parallel
to one of the trap axes. The motional frequencies along the other two trap axes are degenerate.
Assuming a thermal distribution and no micromotion [29], the ion temperature along the x-axis
is given by

Tx =
mπ2νx

2
〈x2

〉

kB
, (1)
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Figure 2. Images of a trapped ion for three different external heating rates.
Temperatures were calculated using equation (1) from the horizontal (laser
cooling direction) ion spot radii. In the case of no (a), low (b) and high (c)
heating rates, we calculate temperatures of 5 ± 5, 30 ± 9 and 162 ± 14 mK.
Errors were dominated by systematic uncertainty. All images were taken with
the laser detuned 15 MHz from resonance. The ion signal was integrated for 2 s
in all three images.

where m is the mass and kB is Boltzmann’s constant, νx is the ion motional frequency along
the x-axis and 〈x2

〉 is the variance of the ion spatial distribution along the x-axis. Owing to the
degeneracy of the other two trap axes, a similar equation holds for y. There is a correction due
to micromotion at the trap center. The contribution is of the order of q2/16, where q is the ratio
of motional frequency to RF drive frequency, which leads to an overestimation of the measured
temperature by ∼1% for our trapping parameters. If the ion is displaced from the trap center by
a stray static electric field Edc, there is an extra contribution of the order of q2u2

x /4, where ux

is the displacement of the ion in the x direction due to Edc. The ion displacement due to stray
electric fields was bounded at 120 nm by lowering the drive power and observing the change in
ion position. The error due to the imperfect stray field compensation is found to be ∼5%.

In the low temperature limit, the finite resolution of the imaging system dominates the
observed ion image radius. Using our knowledge of the imaging system, we can estimate
the variance of the ion spatial distribution and hence the temperature. In our case the decay
time is much faster than the oscillation period, so we can write the spatial distribution of the
fluorescence as Pf(x) =

∫
∞

−∞
Pi(x, v)Pa(v) dv, where Pi(x, v) is the probability distribution of

a thermal ion in a trap and Pa(v) is the probability of absorbing a photon. As the phase space
distribution can be written as the product of Pi(x) and Pi(v), Pf(x) is proportional to the ion
spatial distribution. To extract the variance of the ion spatial distribution we deconvolved the
measured ion image radius with the imaging resolution (wi ) according to 〈x2

〉 = (w2
x − w2

i )/4.
Uncertainty in the imaging resolution leads to a systematic uncertainty in the variance of
the ion spatial distribution and thus the measured temperature. We evaluate the uncertainty
by considering upper and lower bounds on our imaging resolution. An ideal imaging system
has a minimum 1/e2 radius resolution of 0.43λ/NA. In our system this gives a diffraction
limited lower bound on the imaging resolution of 249 nm. The smallest spot radius observed
in the horizontal axis was 373 nm, giving an experimental resolution limited upper bound.
Deconvolving the radii of the ion image shown in figure 2(a) with the lower resolution bound
gives a temperature of 8 ± 1 mK. Here the statistical error of 1 mK arises from the error in
estimation of wx and sets the resolution limit of spatial thermometry. The spot size of this image
is the smallest we have observed, so deconvolution with the upper bound of imaging resolution
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gives a temperature estimate of approximately zero. The deconvolution procedure significantly
improved the accuracy of our technique in the few mK temperature range. This systematic
uncertainty is the primary limit to the accuracy of spatial thermometry. In the following, we
state systematic uncertainties for imaging temperatures unless indicated otherwise. The intensity
modulation in figure 2 is most likely caused by etalon effects in the line filter used to isolate the
ion fluorescence for imaging. The modulation has been measured to be small and does not
adversely affect the fitting of the ion images.

We compared the imaging thermometry technique with the established Doppler
spectroscopic thermometry technique. The ion fluorescence spectrum under controlled heating
was measured by sweeping the laser frequency νL over the cooling transition for various levels
of applied noise voltage. When the laser was detuned to frequencies above resonance, the ion
was rapidly heated, causing a sharp decrease in the fluorescence. The half Voigt profile that
is conventionally used to fit the spectral response [30] was not able to discriminate between
Lorentzian and Gaussian linewidth contributions. Instead we fit the data to a Lorentzian with a
smoothed step function cutoff

1

δνL
2 + (0T/2)2

arctan

(
δνL

1L

)
, (2)

where δνL is the laser frequency detuning, 1L is the linewidth of the cooling laser and 0T is
the FWHM spectral linewidth of the ion and the values for 1L and 0T were obtained from
the fit. To determine the temperature using the spectroscopic thermometry technique, the total
spectral linewidth (0T) was deconvolved into its two constituent components [31]. The Gaussian
component (0G) is related to the temperature of the ion by T = (m/2kB)(0Gλ)2 [32] and the
Lorentzian component (0L) is related to the linewidth of the ion at zero temperature.

A systematic uncertainty in the temperature estimated by the spectroscopic thermometry
technique arises from unresolved contributions to the Lorentzian component of the
spectroscopic linewidth. We calculate the upper bound for the spectroscopic temperature by
assuming that 0L is the natural linewidth, resulting in a maximum contribution from 0G.
This bound assumes that broadening mechanisms such as Zeeman splitting, saturation and
micromotion have no contribution to 0L. The lower bound on the spectroscopic temperature
is calculated by assuming that 0L is equal to the smallest experimentally observed linewidth.

Figure 3 compares the spectroscopic temperature results with those from the imaging
method. The same three external heating rates as in figure 2 are used and imaging temperatures
are obtained for several cooling laser detunings. The imaging temperatures at each detuning
were calculated from the fitted ion spot sizes in the horizontal (cooling laser) direction. In
all cases the imaging thermometry is far more precise and appears to be more accurate. The
temperatures calculated by spectroscopic thermometry show large systematic uncertainties in
all cases. The spectroscopic thermometry technique overestimates the temperature as expected
from considerations of laser cooling dynamics.

Spatial thermometry is capable of revealing the laser cooling dynamics that lead to the
systematic error in spectral thermometry. At large detunings an increase in temperature was
observed as the scattering rate dropped, reducing the efficiency of Doppler cooling. When the
cooling laser was close to resonance an increase in temperature occurred due to increased recoil
heating. In figure 3(a), with no applied heating, a minimum in the ion imaging temperature
was observed at ∼15 MHz, corresponding to the expected optimum detuning of 0T/2. The
systematic uncertainty in the imaging temperature dominates the measurement accuracies
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Figure 3. Ion temperature dependence on cooling laser detuning for three
different external heating rates. Both spectroscopic and imaging temperatures for
(a) no, (b) low and (c) high external heating are shown. The uncertainty in the
imaging temperature is dominated by the systematic uncertainty in the correction
for ion spatial extent by the imaging resolution. The spectroscopic temperature
1σ uncertainty band for each of the three external heating rates is shown as the
gray band with the upper and the lower bound depicted as a dashed line.

for temperatures close to the Doppler cooling limit. As external heating is applied and the
temperature of the ion increases, the systematic uncertainty becomes negligible. In figure 3(c),
imaging temperatures for detunings greater than 70 MHz were not recoverable due to the
configuration of the imaging system.

The spatial thermometry technique allows the measurement of temperature along two
dimensions even when the ion dynamics are highly anisotropic. Figure 4 shows the effect of
highly anisotropic laser cooling dynamics for a single ion. The cooling laser was controllably
decoupled from one axis of motion by applying a dc bias to the RF needles, which caused
rotation of the trap axes. When the cooling laser is decoupled from one axis of motion, the
cooling power is reduced while there is no reduction in recoil heating along this axis. This
rotation is believed to occur due to the difference of the RF and dc grounding. Figure 4 shows
the temperature of the ion as a function of trap axis rotation, demonstrating a large disparity
between the horizontal and vertical ion temperatures. Ion images in figure 4 show the ion spatial
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θ = 3.68oθ = 4.13o θ = 2.26o θ = 1.51o θ = 0.64o
θ = 7.39o

Figure 4. Spatial thermometry of a single ion under highly anisotropic laser
cooling dynamics. Top: ion images for several rotation angles. Rotations are
determined from the principal axes of the fit to the ion and are referenced to
the original orientation of the ion image. The contrast of the ion images has been
adjusted for ease of viewing. Bottom: temperature along the weak-cooling axis
(filled black squares) and the strong-cooling axis (open red circles). For rotation
angles between −3.5◦ and −2.5◦ (gray shaded area), the size of the ion image is
larger than the camera chip along the vertical direction. A temperature difference
of a factor of 1000 was sustained without any adverse effects on the trapping.
Error bars are smaller than the data points. All ion images were taken with the
cooling laser tuned to the optimum cooling point (approximately 15 MHz from
resonance). For hotter ions the fluorescence integration time was increased due
to the decreased intensity.

extent at selected rotations. A temperature difference of a factor of 1000 was observed without
any adverse effects on the trapping. This temperature difference was achieved with a maximum
trap aspect ratio of 2.25. The angular width of the feature in figure 4 was much larger than the
angular width of the beam used to cool the ions (0.3◦). Spectral thermometry along the vertical
axis would require the laser direction to have a projection along that axis, inducing laser cooling.
Hence, the anisotropic dynamics studied here can only be observed by spatial thermometry.

High-resolution imaging of trapped ions was used to realize steady-state millikelvin
thermometry and investigate phenomena inaccessible through conventional Doppler
spectroscopy. We achieved an accuracy of ±5 mK with temperature resolutions of ±1 mK,
limited by the imaging system resolution. This spatial thermometry technique is independent
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of laser cooling dynamics and has been used to observe the dependence of ion temperature
with laser detuning for three different heating rates. The variation of temperature with cooling
laser detuning is a prominent source of systematic error in Doppler thermometry and plays
an important role in estimating heating rates [24]. By rotating the trap axes with respect to
the cooling laser, we investigated the ion dynamics under highly anisotropic laser cooling.
Temperatures of <60 mK and >15 K were simultaneously measured along two motional axes
of a single trapped ion. The latter temperature is easily accessible by optical cryostats and
demonstrates the utility of this technique for investigations of sympathetic cooling in proposed
hybrid trapped ion systems with nanomechanical oscillators [11, 12] or resonant electrical
circuits [13]. Investigations of highly localized variations in anomalous heating rates observed
in micro-fabricated ion traps developed for QIP [17] suggest a strongly anisotropic process that
could be better resolved using the multi-dimensional aspects of spatial thermometry.
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Absorption imaging has played a key role in the advancement of science from van Leeuwenhoek’s 
discovery of red blood cells to modern observations of dust clouds in stellar nebulas and Bose–
Einstein condensates. Here we show the first absorption imaging of a single atom isolated in  
a vacuum. The optical properties of atoms are thoroughly understood, so a single atom is an 
ideal system for testing the limits of absorption imaging. A single atomic ion was confined in 
an RF Paul trap and the absorption imaged at near wavelength resolution with a phase Fresnel 
lens. The observed image contrast of 3.1 (3)% is the maximum theoretically allowed for the 
imaging resolution of our set-up. The absorption of photons by single atoms is of immediate 
interest for quantum information processing. our results also point out new opportunities in 
imaging of light-sensitive samples both in the optical and X-ray regimes. 
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Absorption of light is a fundamental process in imaging. Since 
van Leeuwenhoek’s discovery of red blood cells, absorption 
imaging has had a key role in the advancement of science. 

Modern scientific research, such as astronomical observations of 
dust clouds in stellar nebula1 continues to rely on absorption imag-
ing. The physical limits of absorption imaging thus place an impor-
tant bound on observable phenomena. In the microscopic limit, 
recent efforts have measured absorption images from single dye 
molecules2,3.

An optical image is a map of the effect of an object on the flux of 
photons from an illumination source. Absorption images originate 
from the localized depletion of photons by an object. The quality 
of an absorption image is quantified by the contrast C = (Ibkg − Id)/
Ibkg, where Ibkg is the intensity of the background illumination 
and Id is the intensity at the darkest point in the image. Slices of an 
opaque (high contrast) material will become translucent and even-
tually transparent as the number of absorbing atoms or molecules 
is reduced towards zero. At the few absorber level, the scattering 
cross-section is generally much smaller than the imaging resolu-
tion, resulting in a low image contrast per absorber. In dense objects, 
from rocks and red blood cells to Bose–Einstein condensates, the 
large number of absorbers per image pixel more than compensates 
for the small influence of each absorber. In principle, absorption is 
the most efficient of all imaging techniques because it measures the 
total excitation by an absorber. However, for objects of low contrast, 
the small absorption signal is generally masked by fluctuations in 
the background illumination. Previous investigations of small quan-
tum systems including fluorescent protein molecules within a living 
cell4, individual atoms in an optical lattice5, or trapped-ion crys-
tals6,7 have relied on imaging a fraction of the fluorescence emis-
sion, sacrificing efficiency to reduce background signal and relax 
resolution requirements.

Quantum mechanics imposes fundamental limits on imaging of 
a single absorber. For an excitation wavelength λ and an optical exci-
tation lifetime τ, no more than a maximum power Pmax = hc/(2λτ) 
can be absorbed; the object becomes transparent to further illumi-
nation. Pmax is typically on the order of microwatts in the solid3 or 
liquid phases and is as small as picowatts for well-isolated atoms or  
molecules8. The maximum possible scattering cross-section at  
low intensities is s p l0

2= 3 2( / ) , on the order of the diffraction- 
limited spot area for imaging at high numerical aperture. A maxi-
mum contrast of approximately 92% can be calculated for this  
scattering cross-section in the low intensity limit9.

A single atom scattering resonant light can closely approach 
these limits, making it an excellent test system for investigating fun-
damental limits to imaging. Recent imaging work with single mol-
ecules2,3 was hampered by the molecules’ complicated electronic 
structure and interaction with a host medium, increasing the theo-
retical complexity of the system. The maximum optical contrast3 
was limited to 4 p.p.m. and required the use of slow scanning con-
focal microscopy in conjunction with sophisticated optical signal 
retrieval techniques. Despite the high total absorption possible with 
isolated atoms, up to 10% (ref. 8) in recent spectroscopic measure-
ments, no previous experiment has ever obtained an image of the 
absorption from a single atom.

In this work, we have imaged the absorption from a single iso-
lated 174Yb +  atomic ion with an observed maximum contrast of  
3.1(3)%, limited by our imaging resolution and laser cooling dynam-
ics. Our observed contrast is nearly four orders of magnitude better 
than the previous demonstration of imaging a single absorber3. The 
absorption image contrast and spot size agrees with that expected 
from a semiclassical model of light scattering from an isolated 
atom. Hence, we realize the maximum theoretically allowed con-
trast for our imaging resolution. Our approach directly obtains an 
absorption image in a single exposure, providing a substantial speed 
advantage over the raster scanning techniques of recent molecular  

imaging2,3, and is suitable for real-time imaging of dynamic proc-
esses, particularly if coupled with pulsed illumination. The absorp-
tion of photons by single atoms is of immediate interest for quantum 
information processing8,10,11. Absorption imaging of atoms with 
near-total absorption should be achievable with higher resolution 
imaging using diffraction-limited optics at higher numerical aper-
ture9. Arrays of high-numerical aperture optics12 are of particular 
interest for interfacing flying photonic qubits to stationary atomic 
qubits in the development of massively parallel quantum informa-
tion processing schemes. Our results also point out new opportu-
nities in imaging of light-sensitive samples both in the optical and 
X-ray regimes. In particular, the dynamics of chromatin in living 
cells13 could be imaged without delivering a lethal ultraviolet dose.

Results
Trapped ion imaging system. Our recent advances in high-resolution 
imaging of trapped ions14,15 enable us to differentiate the small 
absorbing area of a single atom from the background illumination. 
Figure 1 shows the configuration of the experimental apparatus.  
A 174Yb +  ion confined in a Paul trap under ultra-high vacuum was 
laser cooled to a few millikevin. Light at 369.5 nm was focused to a 
spot with 4.8 µm FWHM diameter to simultaneously create a bright 
illumination field and provide laser cooling. A weak magnetic field 
along the illumination direction provided a quantization axis but 
left the Zeeman levels unresolved. The 174Yb +  ion has zero nuclear 
spin and thus no hyperfine structure. After passing the ion, the light 
was collimated by an in-vacuum phase Fresnel lens (PFL) objective 
with a numerical aperture of 0.64 and re-imaged onto a cooled CCD 
camera at up to ×615 magnification (see Methods). The highest 
contrast absorption images were obtained using 4×4 binning of 
the camera pixels. A spectral interference filter placed in front of 
the camera eliminated stray light away from the 369.5 nm atomic 
wavelength. We have previously used this PFL imaging system to 

RF

RF

Figure 1 | Configuration of experimental apparatus. A laser-cooled  
174Yb +  ion is confined in a radio frequency Paul trap formed by the  
electric quadrupole (dashed lines) between two tungsten needles. 
Resonant illumination at λ = 369.5 nm is focused to a spot 4.8 µm  
FWHm and absorbed by the ion. The resulting shadow is imaged with  
a large-aperture phase Fresnel objective lens onto a cooled CCD camera  
at ×615 magnification (additional optics omitted for clarity).
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perform fluorescence imaging of trapped ions with demonstrated 
spot sizes as small as 440 nm FWHM diameter15. Trapped ion 
lifetimes were several hours, limited by the long-term cooling laser 
mode stability.

Absorption images. Figure 2 shows images of a single ion obtained 
through absorption (Fig. 2b) and fluorescence (Fig. 2d) imaging. 
Absorption images were obtained by subtracting signal images, 
for which ion absorption was present, from reference images of 
the bright-field illumination, then normalizing each pixel of the 
subtracted image to its value in the reference image. The refer-
ence images were obtained by optically pumping the ion into the 
meta-stable D3/2 atomic state, which does not absorb the 369.5 nm 
illuminating light. The illumination beam was linearly polarized 
to eliminate optical pumping effects and its power was stabilized 
to minimize intensity fluctuations between reference and signal 
images. Slight modulation of the spatial ion intensity in both images 
is caused by etalon effects from the interference filter. For quantita-
tive analysis, the absorption images were filtered to reduce back-
ground artefacts (see Methods) and then fit to a two-dimensional 
Gaussian. The amplitude of the Gaussian fit gives the contrast, that 
is, the probability that a photon passing through the centre of the 
spot will be absorbed by the ion. A maximum contrast of 3.1(2)% 
was observed at low intensity and near-optimal laser detuning. The 
observed absorption spot sizes of 485 (69) nm FWHM are consistent  
with the resolution obtained in fluorescence imaging15.

Absorption images were acquired with exposure times of 1 s  
(typical) to 0.05 s (high illumination intensities). Increasing the 
image magnification increased the number of pixels covered by  
the absorption spot and allowed for higher intensity exposures 
within the limited dynamic range of our camera. Absorption image 
exposure times and signal-to-noise ratios were limited by techni-
cal aspects of beam-pointing stability, intensity stabilization and 
dynamic range of the camera. The detailed fluorescence image  
(Fig. 2d) was obtained by an extended exposure of 60 s and was  
not limited by beam pointing or intensity stabilization. Typical  

fluorescence imaging exposure times in this system are 1 s. Figure 2b  
has a signal-to-noise ratio of 4.8(2), typical of the higher contrast 
absorption images. Undesired deposition of Yb metal from the 
atomic source onto the imaging viewport reduced the viewport 
transmission to 20%. The diffraction efficiency of our phase Fresnel 
lens is 30%14. Without these technical limitations, acquisition times 
could be reduced from 1 s down to 60 ms for identical photon fluxes 
at the camera.

Spectroscopic and saturation properties. The dependence of  
the absorption properties on laser cooling parameters is shown in 
Fig. 3. The frequency dependence of the contrast (Fig. 3a) was meas-
ured at 570 W m − 2 and follows a Lorentzian response for negative 
detuning, for which laser cooling is effective. When the detuning 
is positive, laser heating rapidly increases the ion’s motional ampli-
tude and thus the size of the imaged absorption spot, reducing the 
contrast below detectable levels. We model this effect by weight-
ing the ideal Lorenztian response with a step function that falls  
to zero for positive detuning (see Methods). Fitting the data of  
Fig. 3a yields a Lorentzian linewidth of 35(12) MHz, about twice  
that expected for an ideal Yb +  ion at rest. Laser cooling dynamics 
modifies the Lorentzian from that expected for an ion at rest16, shift-
ing the observed detuning of maximum contrast from on resonance 
to  − 8 MHz. Closer to resonance, the increase in scattering rate is 
accompanied by an increase in the ion spot size from recoil heating, 
reducing the contrast. These results are consistent with our recent 
investigations of the dependence of fluorescence image size on laser 
detuning16. In recent single-atom absorption spectroscopy work8, 
the effects of laser cooling dynamics were minimized by limiting 
the scattering rate and measurement duration so that only 350 pho-
tons were scattered per measurement and only a few measurements 
could be made before the atom was lost. In contrast, we scatter up to 
6×106 photons per measurement, and owing to the exposure times 
of about 1 s, our atom could be used for thousands of measurements 
during the trap lifetime of several hours. Hence, our atom is always 
in equilibrium with respect to the laser cooling dynamics.
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Measurement of the total optical power scattered by the atom 
(described below) as a function of detuning gave an equivalent result 
with larger uncertainties. The dependence of the absorption on laser 
intensity (Fig. 3b) was measured at  − 8 MHz detuning, for which we 
obtain the maximum contrast. The contrast bleaches as the intensity 
is increased owing to saturation of the transition scattering rate. Fit-
ting the saturation data (see Methods) gives a maximum contrast of 
3.2 (3)% and a saturation intensity of 585 (128) W m − 2, in agreement 
with the maximum observed contrast of 3.1 (3)% and the theoreti-
cally expected saturation intensity of Isat = πhc/(3λ3τ) = 508 W m − 2.

To characterize the ion’s power diversion the total optical power 
scattered by the atom was compared with that incident into the reso-
nant cross-section (Fig. 3c). The total optical power scattered by the 
atom is independent of the imaging resolution and is the product 
of the contrast, measured absorber spot area and incident intensity. 

Fitting to a saturation curve (see Methods) provides an estimate of 
the maximum absorbed power Pmax of 34 (6) pW, in agreement with 
the 33 pW expected from the transition wavelength (λ = 369.5 nm) 
and excited state lifetime (τ = 8.1 ns (ref. 17)). In the low inten-
sity limit, the ion diverted 30 (10)% of the power incident on the 
resonant cross-section, consistent with the 30% expected from 
reductions due to the  − 8 MHz detuning and differences between 
the actual transition (J = 1/2 electron spin) and an ideal two-level  
system. This difference matches with the difference between our 3% 
observed maximum contrast and the 10% absorption observed in 
ref. 8, which probed a cycling transition (ideal two-level system for 
a particular polarization) on-resonance at a similar numerical aper-
ture. As the spatial resolution of our imaging system is larger than 
the scattering cross-section of the atom, each pixel includes both 
scattered and unscattered light, reducing the observed contrast. The 
agreement between the fitted and theoretical values for Fig. 3c indi-
cates that the contrasts measured in Fig. 3b achieve their theoretical 
maximum values for our imaging resolution.

Discussion
By achieving absorption imaging with contrast consistent with 
semiclassical theory in our optical set-up, we have demonstrated the 
maximum available signal extraction per illumination photon. Max-
imum signal extraction is crucial for imaging light-sensitive sam-
ples in the ultraviolet or X-ray regime where exposure to damaging 
dosages often precludes investigation of phenomena, particularly at 
short timescales. The phase Fresnel lens elements used in our work 
are commonly used for X-ray imaging, so that absorption imaging 
with the maximum theoretically allowed contrast also seems feasi-
ble with X-rays. Cellular processes including gene expression, regu-
lation and transcription depend on the dynamics of nucleic acids, 
as they condense into and out of chromatin strands13. Timescales 
for these processes range from 10 ms for spontaneous unwrapping  
of small DNA nucleosome structures18 to minutes or longer for 
mitosis. Nucleic acids have a notable absorption peak in the ultra-
violet at 260 nm, giving high absorption contrast with respect to 
other cell contents. The strong germicidal effect of this wavelength 
has so far discouraged attempts at absorption imaging of chromatin 
dynamics in living cells. However, estimates based on our results 
indicate that absorption imaging at 260 nm can achieve contrasts 
up to ≈30% in 100 nm chromatin fibres and ≈3% contrast for 30 nm 
chromatin fibres, sufficient to detect real-time dynamics over tens of 
image frames with sub-lethal dosing. The time resolution of absorp-
tion imaging is limited by the signal-to-noise ratio required to 
recover the object contrast from the photon shot noise in each pixel. 
The maximum frame rate is limited by available camera technology 
to kilohertz scales. Molecular optical transitions have higher satura-
tion intensities compared with the strong atomic transition used in 
this work, indicating ms timescale resolution would be feasible with 
a suitable illumination pulse sequence.

Methods
An ideal scatterer. For an ideal two-level atom, the scattering rate is

g
dp =

2 1 4 /
0

0
2 2
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where Γ is the natural linewidth of the transition, S0 = I/Isat is the normalized 
saturation intensity and δ is the laser detuning. The power scattered (Pscat) by 
the absorption of photons in such an atom is Pscat = γphc/λ. The power scattered 
approaches Pmax in the limit of high intensity. The 370 nm transition in 174Yb +  
closely follows the predictions of a two-level semiclassical model due to its lack 
of hyperfine structure (I = 0) and unresolved Zeeman structure. The 174Yb +  ions 
were produced and laser cooled in a double-needle RF trap using an all diode laser 
set-up. The apparatus has been previously documented in refs 15,19–21. For each 
photon scattering event, there is a small probability (0.5%) that the ion decays into 
the meta-stable (τ = 53 ms) dark D3/2 state22. To maintain a high scattering rate, 
the ions were repumped back to the S1/2 state by driving the transition at 935.2 nm. 
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Figure 3 | Dependence of absorption properties on laser parameters.  
The contrast was measured as a function of laser detuning (a) and incident 
intensity (b) with the other parameter fixed near its optimum value 
(indicated by dashed vertical lines at  − 8 mHz and 570 W m − 2 on the 
alternate graphs). At 0 mHz detuning (rightmost point in (a)) laser cooling 
ceased and the ion was not detectable until recooled. (c) Total power 
absorbed by the ion as a function of the incident power on the maximum 
scattering cross-section σ0. Dashed horizontal line is the theoretical 
maximum power absorption Pmax = hc/(2λτ). solid line is the linear 
extrapolation of the fit at low intensity. Each data point is obtained by fitting 
to a single image with error bars from the 1 σ statistical uncertainty in the fit.
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Deliberate interruption of the 935.2 nm laser beam pumped the ion into the dark 
D3/2 state and was used to reduce the scattering of 369.5 nm light by the ion by  
an estimated 45 dB. Illumination of the ion for absorption imaging resulted in 
charging of the in-vacuum dielectric lens surfaces near the ion, similar to those 
previously reported for anti-reflection-coated glass23. The resulting DC electric 
fields displace the ion from the trap centre and were compensated by applying  
voltages on four additional needles located close to the trapping region. Our 
system’s high magnification is particularly useful in measuring the ion’s displace-
ment from the trap centre. Low-illumination beam powers of 15 nW (570 W m − 2) 
resulted in a slow charging rate whose effect was noticeable after several hours. 
Above 100 nW, the charging rate became problematic with noticeable degradation 
occurring within minutes. Powers greater than 130 nW rapidly resulted in a loss  
of the ion.

Image analysis. Signal and background images were acquired using the Andor 
MCD software package and were analysed in Mathematica. To improve the success 
rate for the two-dimensional fitting routine in the lower signal data (high intensity 
or far detuning), the images were bandpass filtered to reduce noise using a two-step 
process. Figure 4 provides images of the absorption profile before (Fig. 4a) and  
after (Fig. 4b) filtering. High spatial frequency noise such as hot pixels and read 
noise were first removed with the Mathematica GaussianFilter image-process-
ing function with a 1 pixel radius. Low spatial frequency components were then 
removed by subtracting a GaussianFilter-smoothed image with 20 pixel radius  
(approximately double the 10 pixel feature size) from the original image. These 
values were determined empirically such that the contrast values for high contrast 
images (>2%) were unaffected and stable fits could be obtained for the lower 
contrast images. The consistency of the fit was verified by checking the agreement 
in ion image widths and positions across the complete data set. 
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Figure 4 | Spatial filtering of absorption images. Absorption images 
before (a) and after (b) filtering procedure. The illumination spot intensity 
is greater than the camera read noise across most of the chip. Images are 
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Controllable Optical Phase Shift Over One Radian from a Single Isolated Atom
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Fundamental optics such as lenses and prisms work by applying phase shifts of several radians to

incoming light, and rapid control of such phase shifts is crucial to telecommunications. However, large,

controllable optical phase shifts have remained elusive for isolated quantum systems. We have used a

single trapped atomic ion to induce and measure a large optical phase shift of 1:3� 0:1 radians in light

scattered by the atom. Spatial interferometry between the scattered light and unscattered illumination light

enables us to isolate the phase shift in the scattered component. The phase shift achieves the maximum

value allowed by atomic theory over the accessible range of laser frequencies, pointing out new

opportunities in microscopy and nanophotonics. Single-atom phase shifts of this magnitude open up

new quantum information protocols, in particular long-range quantum phase-shift-keying cryptography.

DOI: 10.1103/PhysRevLett.110.113605 PACS numbers: 42.50.Ct, 32.10.�f, 37.10.Ty, 42.50.Gy

Optical phase shifts are commonly observed from all
materials, and generally originate from the delayed
response of electrons to an applied light field. All refractive
optics, including such fundamental optics such as lenses
and prisms, work by applying spatially varying phase shifts
of several radians to incoming light. In fiber-optical tele-
communications systems, rapid control of phase shifts
allows encoding of information in the widely used phase-
shift-keying protocol [1]. In principle, strong phase shifts
persist down to the single-atom level. As the frequency of
light is tuned around atomic resonance, semiclassical the-
ory predicts that the scattered light experiences a phase
advance of 0 for far red detuning, through �=2 on reso-
nance, to � for far blue detuning.

However, large, controllable optical phase shifts have
remained elusive for isolated quantum systems. Weak
phase shifts have recently been observed from single atoms
[2] and molecules [3]. Similar small phase shifts, arising
from the shift of atomic energy levels, have also been
observed by interferometric measurements of fluorescence
from single trapped ions [4]. The interferometric tech-
niques used in those experiments analyzed only the
on-axis interference between the scattered field and the
illumination field, so the properties of the scattered field
could not be studied in isolation. Since the illumination
field is always much stronger than the scattered field
in these configurations, the accessible phase shift was
limited at the 100 mrad level by the scattering amplitude,
restricting applications in quantum information processing
and nanophotonics. In another approach, by confining an
atom in a high-finesse optical cavity, the phase shift effect
was magnified by recycling the illumination light through
the atom [5]. Superconducting qubits in 1D transmission
lines have also been observed to impart radian-level phase
shifts to the guided microwave radiation [6]. The Wigner
scattering delay for a single atom, which is related to the
frequency derivative of the phase shift at resonance, has

also been measured contemporaneously with the present
work [7].
Here we demonstrate access to controllable radian-level

phase shifts of scattered light for an isolated atomic ion in
free space and without the need for a cavity. For the first
time to our knowledge, the scattering phase for a single
atom is demonstrated to achieve its theoretical limit. Laser-
cooled, trapped atomic ions are nearly ideal systems for
investigating quantum optics: they can remain trapped for
hours and are nearly perfectly isolated from their environ-
ment [8]. Our experimental apparatus is similar to that used
in our recent work [9,10]. A schematic of the apparatus is
shown in Fig. 1. A single 174Ybþ ion is trapped in ultrahigh
vacuum using a double-needle radio-frequency (rf) quad-
rupole Paul trap operating at a drive frequency of 40 MHz.
Laser light at 369.5 nm, near resonance with a strong
transition of the ion, is weakly focused onto the ion to
provide an illumination field with power of �5 nW and
spot diameter of 5 �m (full-width at half-maximum). The
illumination beam is linearly polarized to eliminate optical
pumping effects and its power is actively stabilized to
minimize intensity fluctuations between reference and sig-
nal images. The light transmitted past the atom is reimaged
onto a cooled CCD camera with a magnification of 585. To
provide additional laser cooling, an auxiliary 369.5 nm
laser beam, detuned �200 MHz from atomic resonance,
is applied perpendicular to the optical axis. This additional
cooling enables us to tune the illumination field somewhat
blue of resonance while maintaining reasonable image
contrast. The laser cooling ensures that the amplitude of
the ion’s motion stays at or below the imaging resolution,
even at blue detuning. All data presented here have been
obtained from a single continuously trapped ion over a
period of a few hours.
Our data consist of background-subtracted, normalized

images of the light transmitted past a single trapped ion,
which amount to spatial interferograms of the light field
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scattered by the ion. These images are obtained by
subtracting signal images, for which ion absorption was
present, from reference images of the illuminating beam.
Each pixel of the subtracted image is then normalized to
its value in the reference image. To acquire the reference
images, we optically pump the ion into the metastableD3=2

atomic state, which scatters only a negligible amount of
the 369.5 nm light. In the observation plane (i.e., the plane
imaged onto the camera), the intensity of the scattered
field Uscðx; yÞ is everywhere much smaller than the inten-
sity of the illumination field U0ðx; yÞ. Within the image
area, the illumination field intensity is nearly uniform and
is independent of the observation plane position, so the
phase and amplitude of the illumination field is nearly
uniform. Our illumination method is therefore entirely
distinct from recent experiments [2,3] that used tightly
focused (wavelength-scale) laser beams and single-mode
detection to probe scattering properties of isolated atoms
and molecules. The background-subtracted, normalized
image signal, denoted Sðx; yÞ, is given by

Sðx; yÞ / jU0ðx; yÞ þUscðx; yÞj2 � jU0ðx; yÞj2
� 2Re½Uscðx; yÞU0ðx; yÞ� / Re½Uscðx; yÞ�; (1)

where the third line follows from the fact that U0ðx; yÞ
is approximately constant. The vector character of the

electric field is neglected, as is appropriate at our numerical
aperture of 0.64. The image signal Sðx; yÞ is seen to be a
spatial interferogram of the scattered field, with the illumi-
nation field serving as the reference wave. Unlike our
recent work on absorption imaging, which investigated
the removal of light from the illumination mode [10],
here we exploit constructive and destructive interference
patterns to retrieve the scattering phase.
The high information content of the spatial interfero-

gram Sðx; yÞ enables us to isolate the parameters of the
scattered field Uðx; yÞ, in particular the phase shift. The
total transmitted field amplitude U0ðx; yÞ þUscðx; yÞ
exhibits only small phase shifts relative to the illumination
field in our data. Nevertheless, in order to match the spatial
dependence of Sðx; yÞ to well-understood models of wave
optics, we are constrained to assign large phase shifts to the
scattered component of the total field. The imaging tech-
nique therefore accesses the scattered field alone, in con-
trast to results from previous measurements that recorded
interference effects in a single optical mode [2,3]. Since
those previous measurements only probed the total trans-
mitted power, the large-amplitude illumination field over-
whelmed the small-amplitude scattered wave contribution.
Hence, the phase shift observed in those measurements
was always reduced by a factor of Usc=U0 < 0:1 relative
to the results presented here, accounting for the previous
observations of & 100 mrad phase shifts.
Figure 2 shows a series of single-ion interferograms

at different observation planes and laser detunings. When

FIG. 1 (color online). Configuration of experimental appara-
tus. A laser cooled 174Ybþ ion (red dot) is confined in a radio-
frequency electric quadrupole trap generated by two tungsten
needles. Resonant laser light at � ¼ 369:5 nm is incident along
the optical axis of the imaging system (the left side of the figure)
and weakly focused at the ion position, illuminating the ion
with a plane wave. The transmitted light consists of a superpo-
sition of the scattering and driving field, with phase fronts
depicted by lines in the vicinity of the ion. The transmitted light
is imaged with a large aperture phase Fresnel lens [9,11] and a
weak refocusing lens (not shown) onto a cooled CCD camera at
585�magnification. We acquire images of the transmitted light
at several camera viewing planes. A secondary cooling beam
(not shown) is incident orthogonal to the needle axis and the
optical axis.

FIG. 2 (color online). Spatial interferograms of the scattered
wave. The theoretical prediction for each interferogram is shown
to the right of the data. The image resolution is 370 nm, approxi-
mately equal to the illumination wavelength of 369.5 nm, and
each image is 3:4 �m on a side. Each row of images corresponds
to a fixed observation plane position. In terms of the object space
coordinates, row I sits at the nominal plane of the ion and row II
(respectively, III) at 1:7 �m (respectively, 3:3 �m) upstream of
the ion. The color bars at the right of the figure indicate the
fractional change in transmission for the images in each row. The
images are smoothed with a Gaussian filter of 40 nm width for
ease of viewing, but only raw data are used for comparison with
theory. (a) Data (left) and theory (right) at �13 MHz detuning.
(b) The same, but for þ9 MHz detuning.
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the imaging system is focused at the plane of the ion
(row I in Fig. 2), the scattered light always interferes
destructively with the transmitted light, giving rise to an
absorption image of the ion. The contrast of the absorption
image, as well as the detuning dependence of the contrast,
accords with the semiclassical theory of the atom-light
interaction and with our previous measurements [10]. For
defocused imaging (rows II and III in Fig. 2), the interfer-
ence of the approximately spherical scattered wave with the
planar illumination wave gives rise to a ‘‘bullseye’’ pattern.
The extent of the bullseye grows with increasing defocusing
as the scattered wave spreads transversely. The detuning-
dependent phase shift of the scattered wave induces an
alteration of the interference pattern, which is immediately
evident from the on-axis intensity in row II and more subtly
affects the spacing of the interference rings in row III.
Slight nonuniformities in the illumination beam intensity,
combined with small drifts of the pointing, cause significant
shot-to-shot variations in the background-subtracted data
images of Fig. 2. These variations can give rise to spurious
apparent structures in the images. Nevertheless, the overall
agreement with the model remains clear.

Despite the presence of the auxiliary red-detuned
cooling beam, we still incur reduced image contrast
when the illumination beam is blue-detuned, but the
reduced contrast does not affect our ability to measure
the phase shift. The auxiliary cooling beam intensity is
kept relatively low to avoid excessive saturation of the
atomic transition, so the ion temperature still rises above
the Doppler limit for blue detuning. The resulting thermal
motion reduces the effective imaging resolution at blue
detuning [12]. Along with residual saturation by the aux-
iliary beam, the lower resolution accounts for the differ-
ence in contrast between Figs. 2(a) and 2(b). The cooling
beam also imparts an ac Stark shift to the atomic levels,
which is calculated to be negligible for our experiment.

We determine the phase of the scattered wave at each
detuning from a series of interferogram images similar to
those shown in Fig. 2. For each image series, the detuning is
fixed and the observation plane is shifted to several posi-
tions along the optic axis. Each image series is fitted to a
simulation of the wave propagation through our imaging
system, and the scattered wave parameters are extracted
from the fit. Typical fit images are shown in Fig. 2.

Our simulations use scalar diffraction theory to model
optical propagation through our imaging system. In particu-
lar, the scattered wave is taken to be a scalar spherical wave.
This assumption is well justified for our numerical aperture
(NA) of 0.64, since our geometry restricts the scattered
polarization to �� along the imaging axis [13]. The illumi-
nation field is modeled as a low-NA Gaussian beam with
standard Gaussian beam propagation theory. The spherical
scattered wave is propagated nonparaxially up to the Fresnel
lens and then propagated through the (weak) refocusing lens
to the image plane using the Fresnel approximation. When

used to simulate fluorescence images, this model leads to
good agreement with experimental data previously col-
lected with our apparatus [9].
We model the Fresnel lens as a near-perfect lens with a

small amount of spherical aberration and a super-Gaussian
pupil function. The Fresnel lens is modeled as a thin com-
plex transmittance. The transmittance phase removes nearly
all of the off-axis spatial phase variation of the scattered
spherical wave, leaving only the spherical aberration phase
function �ð�Þ ¼ A�4, where � is the distance from the
optic axis in the plane of the Fresnel lens and A quantifies
the magnitude of spherical aberration. The transmittance

amplitude is taken to be a super-Gaussian function pS /
e��4=�4

0 , defining the diffraction-limited resolution of the
imaging system through the pupil parameter �0.
When the imaging system is close to being in focus, the

scattered field in the image plane (x, y) is found to be

Uscð�Þ ¼ �U0asce
i�sc

ie�ikðfFþfRÞ

�fR
~usc

�

�

�fR

�

; (2)

~usc � F

2

4exp½i���2=ðf2F�Þ�
pSð�Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

f2F þ �2
q

3

5; (3)

for small deviations of the viewing plane � along the optic
axis, measured relative to the in-focus image plane. Here

� ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 þ y2
p

is the transverse distance from the optic axis
in the image-plane coordinates, the drive field amplitude is
U0, the atomic scattering amplitude and phase are asc and
�sc, the Fresnel lens focal length is fF, the reimaging lens
focal length is fR, and F ½g� denotes the two-dimensional
Fourier transform of a function gðx; yÞ. The fit function for
our image data is the real part of Eq. (2), following the
discussion in the text around Eq. (1).
The retrieved phase of the scattered wave is shown as a

function of detuning in Fig. 3(a). The close agreement with
atomic theory, observed here for the first time to our
knowledge, evidences the near-ideal character of our sys-
tem. Since the intensity of the illumination is kept well
below the saturation intensity of the atomic transition
(600 Wcm�2), the semiclassical theory of atomic scatter-
ing in a weak laser field should apply. In our case, this
theory is equivalent to treating the atomic dipole as a
damped simple harmonic oscillator driven by the laser
field. The phase � then depends only on the laser detuning
� as follows:

�ð�Þ ¼ tan�1ð�=�Þ þ �=2; (4)

where � is the atomic linewidth (full-width at half maxi-
mum). The scattering probability, shown for comparison in
Fig. 3(b), is proportional to 1=½�2 þ ð�=2Þ2�. On the blue
side of atomic resonance, ion heating causes Doppler
broadening of the linewidth above the nominal linewidth
of 20 MHz exhibited by an ideal 174Ybþ ion at rest. This
effect, which is common to all trapped-ion experiments,
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broadens the scattering phase feature and lowers the scat-
tering probability at blue detuning. Similarly, our fluores-
cence measurement of the resonance frequency is expected
to underestimate the actual frequency, since ion heating
lowers the fluorescence rate rapidly to the blue of reso-
nance. We fit the phase measurements to the semiclassical
model of Eq. (4) and find � ¼ 34� 8 MHz, with the fitted
resonance position shifted 5� 2 MHz blue of the nominal
resonance frequency. The fit values from the phase func-
tion are then used to obtain a prediction for the scattering
probability in Fig. 3(b). The predicted scattering probabil-
ity agrees well with the data (except when ion heating is
known to be significant), confirming the validity of our
phase measurements.

Our observation of single-atom phase shifts at the
theoretical limit holds wide implications for microscopy
and nanophotonics. Our results verify that the large optical
phase shifts predicted by quantum theory can actually
be observed in practice, calibrating the capabilities of
techniques based on phase shifts. For instance, x-ray phase
contrast microscopy is a powerful technique for medical
imaging [14] in which low light levels are crucial to avoid
side effects: our results verify that the contrast of low-light
phase images can achieve its theoretical limit. Similarly,
nanoplasmonic device engineering is now pushing toward
few-atom phase modulators [15], in which the controllable
phase shift per atom gives a fundamental limit to device
performance.
Our results also point to new protocols in quantum

communication. Quantum phase-shift-keying (QPSK)
cryptography with single photons [16] has already been
demonstrated to be extremely resistant to decoherence and
channel loss [17]. A single-atom phase shifter can serve as
a quantum repeater node for QPSK, so that entanglement-
swapping protocols can enable QPSK cryptography over
long distances. Our present experimental system, in which
the 369.5 nm transition of 174Ybþ is illuminated by
�-polarized light, is ideal for this purpose. Application
of a magnetic field imposes Zeeman splitting on both the
ground and excited states, so that the � transition is split
into two components corresponding to the two ground-
state Zeeman levels j#i, j"i. Suppose that the magnetic
field is large and the illumination frequency is tuned
halfway between the Zeeman-split transition frequencies.
Then a single scattered photon will experience a phase shift
of 0 if the atom is in j#i and� if the atom is in j"i, generating
the entangled atom-photon state j #ij0iþj "ij�i. If we
detect quantum interference between the photons emitted
by two atomic nodes, the atoms will be projected into an
entangled state, establishing a quantum repeater link [18].
In a similar scenario, one could imagine generation of
multiphoton states whose phase shift is entangled with
the internal state of an ion. Such multiphoton states could
conceivably improve the accuracy of atomic state
detection.
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FIG. 3 (color online). Phase shift and normalized scattering
probability of the scattered wave. (a) Phase of the scattered
wave as a function of laser detuning. Each data point is obtained
by fitting a series of spatial interferograms to the model. The data
show a total phase shift of 1:3� 0:1 radians. The uncertainty in
determining spherical aberration imparts a common systematic
error of �0:1 rad to all data points. This common-mode error
does not affect the measurement of the phase shift. The data is well
fit by semiclassical theory with the linewidth � ¼ 34� 8 MHz,
with the fitted resonance position shifted 5� 2 MHz blue of the
nominal resonance frequency. (b) Normalized scattering probabil-
ity as a function of detuning. All values are normalized to the
maximum scattering probability observed in the data. The theory
curve is predicted from the fit to the phase shift. On resonance and
at blue detuning, the scattering probability is lower than expected
from the theory. The mechanical effects of the laser light are seen
to be significant, including the broadening and redshift of the
phase-shift data relative to the ideal case.
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An automated submicron beam profiler for characterization of high
numerical aperture optics

J. J. Chapman,a� B. G. Norton, E. W. Streed, and D. Kielpinski
Centre for Quantum Dynamics, Griffith University, Queensland, Brisbane 4111 Australia

�Received 11 February 2008; accepted 8 September 2008; published online 30 September 2008�

An automated, interferometrically referenced scanning knife-edge beam profiler with submicron
resolution is demonstrated by directly measuring the focusing properties of three aspheric lenses
with numerical aperture �NA� between 0.53 and 0.68, with spatial resolution of 0.02 �m. The
results obtained for two of the three lenses tested were in agreement with paraxial Gaussian beam
theory. It was also found that the highest NA aspheric lens, which was designed for 830 nm, was not
diffraction limited at 633 nm. This process was automated using motorized translation stages and
provides a direct method for testing the design specifications of high numerical aperture optics.
© 2008 American Institute of Physics. �DOI: 10.1063/1.2991112�

I. INTRODUCTION

There are a number of processes that rely on tightly fo-
cusing light for which the shape and size of the spot must be
known to achieve the desired outcome. For example, optical
memory is now a common method for data storage. As ad-
vances in other aspects of these systems are made �such as
increased resolution of optical pickup1� the optics must focus
higher frequency laser light tightly and reliably. Optical trap-
ping by tightly focused lasers has been widely used for the
manipulation of submicron sized particles. The force in these
traps is proportional to the gradient of intensity, and is there-
fore controlled by the quality and spot size of the focusing
lens.2,3 Improving the signal-to-noise ratio in fluorescence
spectroscopy of single molecules is achieved by reducing the
detection volume determined by the spot size, which is di-
rectly related to the numerical aperture �NA� of the focusing
objective. To achieve maximum collection efficiency it is
therefore very important that the spot size and quality of the
lens is as expected.4,5 Advanced optical imaging methods
such as stimulated emission depletion microscopy6 or 4�
microscopy7 need lenses with the highest NA possible to
achieve the highest imaging resolution and fluorescence col-
lection efficiency. All these applications require precise
knowledge of the lens’s focal spot to correctly predict and
evaluate experimental results.8,9 It is therefore necessary to
first be able to accurately characterize the optic’s focusing
ability.

High NA optics are currently characterized using three
common test methods:10 3d profilometers, null tests, and the
Hartmann test. These methods measure surface geometry of
optics and use that information to reconstruct the element’s
focusing properties. It is more reliable to characterize the
optic’s performance at the focus directly since this is the
experimentally most relevant position. While there are many
beam profiling units commercially available for this purpose,

none have adequate resolution for measuring submicron
spots. The knife-edge scanning technique is a well known
process which has the ability to perform submicron waist
measurements. This process finds the beam waist by scan-
ning a razor through the beam and measuring the corre-
sponding change in transmitted power. This has previously
been used to characterize submicron spots,11–14 but these ex-
periments lacked the automation required for efficient and
rapid testing. The accuracy in these experiments were limited
by human error either in interpolating between the segments
on an oscilloscope or movement of the micrometer transla-
tion stage. We used motorized translation stages to automate
the test process with accurate velocity calibration provided
by an interferometer. The beam waist was automatically cali-
brated by an oscilloscope connected to the computer. Input
beam size and spot size were measured for a number of
aspheric lenses in order to demonstrate the apparatus.

II. APPARATUS

The apparatus is shown in Fig. 1. Two precision motor-
ized translation stages with resolution of about 50 nm were
used to automate the beam profiling process. A razor is at-
tached to one side of the translation stage and a mirror is
attached to the opposite side. In this way the stage acts si-
multaneously as the scanning element and the reflector for
one of the interferometer arms providing an accurate velocity
calibration in the direction perpendicular �x-axis Fig. 1� to
the beam. 632.8 nm light from a helium-neon laser was used
in the interferometer and for testing the lens. The power in
the beam is measured real time while the razor is cutting the
beam through the x-axis in Fig. 1 and the interferometer
calibrates the razor’s velocity. By observing the interference
fringes it was discovered that the motors do not move at their
nominal velocity, implying the interferometer is critical to
obtain an accurate result. Since the spot size measurements
are a relative measure, errors in stage movement parallel to
the beam �the z-axis in Fig. 1� did not alter the results.

The laser light was delivered to two single-mode fibers
a�Author to whom correspondence should be addressed. Electronic mail:

justin.chapman@student.gu.edu.au.
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to provide increased flexibility and reliability of the system.
One fiber directs light to the interferometer, while the other is
directed to an expansion telescope and the test lens. The lens
position and the beam’s angle of incidence is controlled by
an xyz translation stage and mirror. Proper alignment of the
beam through the lens is achieved by measuring the depen-
dence of the beam waist on each of the four alignment
variables—horizontal and vertical angles of incidence, and
horizontal and vertical position of lens—then setting each
variable to minimize the observed waist size. This procedure
is iterated until convergence. A gimbal mount was used for
the mirror immediately before the test lens to ensure the
horizontal and vertical changes of angle are decoupled. Once
the lens was properly aligned the knife-edge scanning
method was used to obtain waist measurements along the
length of the focused beam. A scanning electron microscopy

image of the razor edge is analyzed to determine its effect on
our measurements. The error in the waist measurement due
to the roughness of the blade is assumed to be significant
only for spatial variations within the range d /10��x�10d,
where d is the 1 /e2 diameter of the beam and �x is the size
of the variation. The rms roughness over this range was
0.035 �m, negligible compared to other errors.

The dark current of the detector was 20 nA maximum,
which given the detection circuit corresponded to a signal of
2 mV. At the lower bound voltage measurement of the 1 /e2

waist the signal to noise due to the dark current is about 400.
The dark current therefore has negligible effect on the re-
sults. The NA of the detector was greater than the NA of
the beams, and produced a negligible effect on the waist
measurement.

III. RESULTS AND DISCUSSION

Paraxial Gaussian theory predicts that a beam of 1 /e2

radius w1 incident on a lens with focal length f will focus to
a spot size w0 under the relation given by Eq. �1�,15 where
the spot size w0 is the 1 /e2 radius of the beam at the focus,

w0w1 �
f�

�
. �1�

This equation was used to calculate the theoretical spot sizes
for each combination of lens and input beam size. The raw
data obtained from the apparatus consist of the transmitted
power measurements and sinusoidal interference fringes
from the interferometer, as shown in Fig. 2. The transmitted
power is predicted by Eq. �2�, where x is the distance
scanned across the beam, wx is the beam waist in the scan
direction and k, x0 and C are fit constants,

P = kwx erf��2�x − x0�
wx

� + C . �2�

The interference fringes are fit with a sinusoidal function
of the form A sin�a0+a1t+a2t2+a3t3�+B, where A, B, a1, a2,

FIG. 1. �Color online� A translation stage scans the razor through the beam
while acting as one of the interferometer arms, providing accurate distance
calibration for the waist measurement of the focused beam.

FIG. 2. �Color online� Typical inter-
ferometer �upper panel� and knife-
edge �lower panel� data for a single
knife-edge cut. Dots: data, solid line:
fit to sinusoid �upper panel� and
Gaussian power distribution �lower
panel�.
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and a3 are fit coefficients and t is time. It was found that
adding higher order terms did not significantly improve the
fit.

The change in power of the beam as the razor was
scanned across was measured in relation with time. The time
data were then converted to a calibrated distance scale using
the interferometer data of each scan. The beam waist was
then determined by fitting the calibrated data with Eq. �2�.
Approximately 20 of these scans are recorded at intervals
along the optical axis �z direction� centered around the focal
point. The waist measurements from each of these scans
were fit with Eq. �3�, which determines the spot size and
Rayleigh range of the beam,

wz = w0�1 + 	 z

zr

2

. �3�

The Rayleigh range of an ideal Gaussian beam with
equivalent spot size w0 is calculated using

zR =
�w0

2

�
. �4�

The ratio of the ideal and measured Rayleigh ranges
zR

ideal /zR
meas gives the M2 value for the beam.

We tested three aspheric lenses from Kodak and Light-
path. Their properties are summarized in Table I. The NA of
a focused Gaussian beam can be defined in the same way as

for an optical fiber sine of the 1 /e2 divergence angle. Values
for the NA of the beams at their tightest focus are also shown
in Table I.

The collimated output of the single-mode fiber was char-
acterized using a commercial charge coupled device beam
profiler over 1.2m. The spot size and M2 of the beam were
determined to be 350�30 �m and 1.02�0.01, respectively,
so the input beam is well approximated by a pure Gaussian
beam. The beam expansion telescopes introduced a maxi-
mum beam divergence of 90 �rad. This should not affect the
M2 but introduces a maximum error of 0.1 �m to the mea-
sured spot size. The telescope optics were large enough to
ensure a negligible contribution to diffraction of the beam at
the largest beam expansion.

The intensity ripples in the near field caused by diffrac-
tion are approximately 1% of the amplitude at the condition
2a=4.6w0, where a is the radius of the clear aperture and w0

is the waist of the input beam.15 For larger input beam sizes
diffraction effects become significant and have the effect of
increasing the spot size, divergence, and M2 of the beam. To
facilitate comparisons of the different lenses, we define the
fill factor as w0 / �2a�, the ratio of the input beam waist and
clear aperture. The 1% amplitude criterion corresponds to a
fill factor of 0.22 in all cases. The error in the fill factors in
Fig. 3 arises from the uncertainty in the input beam waist.
The Kodak A390 and LightPath 352671 lenses both showed
an increase in the M2 at this condition. The results for the
Kodak A390 lens are shown in Fig. 3. The figure shows the
divergence for the actual beam in blue and the divergence for
an ideal Gaussian beam in red.

The LightPath 350330 however showed an increase in
M2 at 0.14�0.01 fill factor. Only four data points were taken
for this lens since its performance was not diffraction limited
as demonstrated by the rapid increase in M2. The LightPath
350330 aspheric lens is the highest NA lens readily available
commercially, and also has the largest clear aperture out of

TABLE I. Properties of aspheric lenses used for testing.

Design specifications of aspheric lenses

Lens NA

Focal
length
�mm�

Design
wavelength

�nm�

Clear
aperture

�mm�
NA of
beam

Kodak A390 0.53 4.6 655 4.89 0.22
LightPath 350330 0.68 3.1 830 5 0.32
LightPath 352671 0.6 4.02 408 4.8 0.25

FIG. 3. �Color online� M2 and spot de-
pendence on fill factor for Kodak
A390 lens. Dots: data, red solid line:
ideal Gaussian, and blue solid line:
measured beam.
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the three lenses tested. It is designed to operate at 830 nm
and was tested at 632.8 nm, which could explain the devia-
tion from diffraction limited performance.

These results are summarized in Fig. 4, which demon-
strate the dependence of spot size and M2 on input beam
size. The error in the fill factor in Fig. 4 is also due to the
uncertainty in input beam waist, as in Fig. 3.

IV. CONCLUSION

An automated method for testing the focusing properties
of high NA optics with submicron resolution was demon-
strated. The data measurement and analysis is computerized
eliminating human error, and achieves a spatial resolution of
0.02 �m. Test results for aspheric lenses of NA up to 0.68
were in agreement with the limits of paraxial Gaussian beam
theory with the inclusion of clipping effects for input beam
sizes that overfilled the lens aperture. It was further deter-
mined that one of the aspheric lenses was not diffraction
limited, possibly because the lens was not tested at its design
wavelength.
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Efficient ion-photon coupling is an important component for large-scale ion-trap quantum

computing. We propose that arrays of phase Fresnel lenses (PFLs) are a favorable opti-

cal coupling technology to match with multi-zone ion traps. Both are scalable technolo-
gies based on conventional micro-fabrication techniques. The large numerical apertures

(NAs) possible with PFLs can reduce the readout time for ion qubits. PFLs also provide

good coherent ion-photon coupling by matching a large fraction of an ion’s emission
pattern to a single optical propagation mode (TEM00). To this end we have optically

characterized a large numerical aperture phase Fresnel lens (NA=0.64) designed for use
at 369.5 nm, the principal fluorescence detection transition for Yb+ ions. A diffraction-

limited spot w0 = 350 ± 15 nm (1/e2 waist) with mode quality M2 = 1.08 ± 0.05 was

measured with this PFL. From this we estimate the minimum expected free space co-
herent ion-photon coupling to be 0.64%, which is twice the best previous experimental

measurement using a conventional multi-element lens. We also evaluate two techniques

for improving the entanglement fidelity between the ion state and photon polarization
with large numerical aperture lenses.

Keywords: trapped ion quantum computing, phase Fresnel lens, coherent coupling,
diffractive optics, large aperture optics

Communicated by: D Wineland & R Blatt

1 Introduction

Quantum information processing leverages properties of quantum physics to perform compu-

tational and communications tasks with better scaling properties [1, 2] or with greater security

[3] than classical techniques. Interest in this area has been stimulated by Shor’s algorithm [1]

for efficient factoring of large numbers, since modern public key encryption schemes rely on

the intractability of this problem with classical computational algorithms. The electronic and

motional states of trapped ions are one of the leading systems for realizing quantum informa-

tion processing. Trapped ions have long coherence times, strong yet controllable inter-qubit

coupling, and are easy to prepare, manipulate, and read out using established optical and mi-

crowave techniques. Many small-scale quantum computation tasks have been demonstrated

with trapped ions [4, 5, 6, 7, 8] and a roadmap exists for larger scale architectures [9, 10, 11].

A common thread in all the proposed large scale ion trap quantum computing architectures

is the need for a scalable, efficient method for collecting ion fluorescence. Arrays of phase

Fresnel lenses (PFLs) are well suited to meeting these requirements because of their large nu-

merical apertures and scalable production via conventional micro-fabrication techniques. Fig.

1 illustrates the integration of a PFL array with a multi-zone ion trap to create a high-density

203
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quantum processor.

Fig. 1. Schematic of parallel optical operations on a multi-zone ion chip trap using an array of
phase Frensel lenses.

PFLs are diffractive optical elements manufactured using conventional electron beam nano-

lithographic techniques. PFLs achieve diffraction-limited performance at high numerical aper-

tures because on-axis geometrical aberrations are completely removed as part of the design

process. Diffraction-limited performance with large numerical apertures (NA=0.9, 28% cover-

age of the total solid angle) has been demonstrated [12] in the near UV. At large NAs (> 0.5)

the ion emission pattern ceases to resemble a point source and exhibits polarization depen-

dent structure. PFLs offer design flexibility for mode matching between a specific emission

pattern and a single optical spatial mode (TEM00), maximizing the coherent coupling. While

the diffraction efficiency of a high-NA multilevel PFL was previously thought to be limited

to 20% at deflection angles near 45◦, recent vector diffraction modeling of PFLs [13] shows

efficiencies of 63% could be obtained in this regime with a modified groove structure. The

modeling also indicates that coating PFLs with a 20 nm layer of indium tin oxide, sufficient to

reduce the surface sheet resistance to 1kΩ/square [14], would reduce the diffraction efficiency

by only 12%, mostly from absorption. In this paper we characterize the optical properties of

an NA=0.64 phase Frensel lens. In future experiments this PFL will be inserted into a Yb+

ion trap system for proof of concept demonstration. From these measurements we calculate

the expected coherent coupling efficiency between the spontaneous emission from single ion

and a fundamental gaussian mode (TEM00), which is equivalent to the efficiency for coupling

into a cavity or a single mode fiber. We also evaluate potential limitations specific to PFLs for

several atom-photon entanglement schemes. In addition, we propose two solutions to entan-

glement fidelity limitations arising from the use of high-NA collection optics in an especially

useful atom-photon entanglement scheme.

2 Experimental

The PFL (Fig. 2) was fabricated by electron-beam lithography on a fused silica substrate at

the Fraunhofer-Institut für Nachrichtentechnik in Germany. The e-beam patterning defined

series of rings of radius r2p = 2fpλ + p2λ2, corresponding to contours with a π phase step,

according to the scalar design equation for a binary PFL. Here f = 3 mm is the design

focal length,p is the ring index number, and λ = 369.5 nm, the design wavelength, is the

wavelength of the S1/2-P1/2 cycling transition in Yb+. The rings were etched to a depth of

390 nm, shifting the optical path length in the etched zones by half a wavelength. The lens
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a. b.

Fig. 2. Electron microscopy images of the patterned phase Fresnel lens surface. a. Center region

showing the innermost rings. b. Edge region with structures of comparable size to the λ = 369.5

nm design wavelength. Images courtesy of M. Ferstl, Heinrich-Hertz-Institut of the Fraunhofer-
Institut für Nachrichtentechnik.

clear aperture of 5 mm gives the lens a speed of F/0.6 and a NA=0.64, which corresponds

to 12% of the total solid angle since NA ≡ sin θmax in vacuum (index of refraction n=1)

and so NA = 1√
1+4(F/#)2

. For small NA ( θmax < 0.3 ) the approximation NA ≈ 1
2F/#

is often used, but is not valid in the high NA regime of interest. Aspheric lenses are often

specified using the approximate NA formula even outside its range of validity, leading to

grossly overstated catalog NA values.

Using a previously developed sub-micron beamprofiler [15], the focusing properties of this

NA=0.64 binary PFL were measured using the knife edge technique. The focused beam is

chopped by a razor blade oriented perpendicular to the optical axis and the optical power

transmission as a function of position is fitted to determine the beam size. We define the

beam waist w0 as the 1/e2 intensity radius. Sub-micron accuracy in measuring the beam

waist is realized with monitoring of the razor blade position by a Michelson interferometer.

Fig. 3 shows a series of beam size measurements near the focus of the PFL given an input

beam at the design wavelength and an input beam waist of 1.1 mm. The data was fitted to

w2(z) = w2
0 +M4 ×

(
λ

πw0

)2

z2 (1)

resulting in a minimum beam waist of w0 = 350± 15 nm and a beam propagation factor

M2 = 1.08± 0.05, indicating almost ideal gaussian behavior. The fitted beam waist value w0

was also verified against the actual experimental data to prevent inadvertent ”false fitting”

of an unobserved lower beam waist. The beam propagation factor M2 represents the increase

in beam divergence over that for an ideal gaussian beam of equal waist size and is defined

through the equation [16]

The overall diffraction efficiency of the PFL into the focus was measured to be η̄diff =

30±1% of input power, comparable to the ideal efficiency of 37% (including Fresnel reflection

losses) for a binary phase Fresnel lens. The total transmission was 92 ± 1%, in agreement
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Fig. 3. Focusing performance of a large aperture ( NA=0.64 ) binary phase Fresnel lens, 5 mm

diameter clear aperture and 3 mm focal length with a 2.2 mm diameter input beam. a. Beam

waist size as a function of position along the optical axis (z). b. Detail of focusing region from a.
Fit curve is to Eq. 1 with w0 = 350± 15 nm and M2 = 1.08± 0.05. The half angle of the beam

divergence is θ = 348 ± 1 mrad and the nominal Rayleigh range zR = πw2
0/λ = 1040 ± 90nm.

Data was taken with the knife edge moving in (triangles) and out (squares) of the beam. An
imperfection in the translation stage resulted in a systematic shift of 1.11± 0.05 µm between the

z location of the in and out curves. This artifact has been removed from the plotted data.

with the expected losses from Fresnel reflections (4% per surface) for a flat fused silica plate.

3 Analysis

3.1 Coupling efficiency

In an ion-trap quantum computer, light from an ion is either collected and detected or cou-

pled into a subsequent optical device such as a single mode fiber, Fabry-Perot cavity, or

interferometer. The probability that a photon is successfully collected by a lens

pcoll = forient, pol (θmax) ∗ η̄diff (2)

depends on its average efficiency (η̄diff), numerical aperture (NA or θmax), the transition

polarization (σ or π), and the viewing orientation. The beam quality produced by the coupling

optic is unimportant in photon counting applications so long as the collected light falls on the

detector’s active area. However, the probability that light from an ion is coherently coupled

into a single optical mode

pcoh = forient, pol

(
θ
1

M

√
2

2

)
∗ η̄diff (3)

does depend on the spatial quality of the beam (beam propagation factor M2) which can

be obtained for a particular beam divergence θ. The coherent ion-photon coupling can be

estimated by approximating the measured beam as an ideal gaussian, normalizing the intensity

with the top hat approximation, and applying this effective divergence angle θe = θ/(M
√
2)

to a polarization and orientation dependent formula for the fraction of light emitted into a

cone. The actual beam can be approximated as an ideal gaussian with its divergence angle

reduced by 1/M from the measured divergence θ = 348±1 mrad. The coherent coupling pcoh
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of a spontaneously emitted photon into a single TEM00 optical mode is calculated according

to Eq. 3, where η̄diff is the overall diffraction efficiency. The error introduced by applying the

top hat approximation is less than 2% for divergences of less than 0.93 radians ( NA< 0.8 for

a beam diameter equal to the clear aperture). This is in contrast to the collection efficiency

(Eq. 2) which depends only on the maximum collection angle θmax (or NA) and the overall

diffraction efficiency.

fpσ,eπ(θm) = 1
2 − 7

16 cos θm − 1
16 cos 2θm ≈ 3

8
NA2 +

1

64
NA6 (4)

feσ(θm) = 1
2 − 17

32 cos θm + 1
32 cos 2θm ≈ 3

16
NA2 +

3

32
NA4 +

5

128
NA6 (5)

fpπ(θm) = (2 + cos θm) sin4 θm
2 ≈ 3

16
NA4 +

1

16
NA6 (6)

0 0.2 0.4 0.6 0.8 1
NA

0

10

20

30

40

50

%
 P

ho
to

ns
 C

ol
le

ct
ed

Fig. 4. Fraction of light captured as a function of lens NA. Solid black line (upper) is for Eq. 4, a

π transition oriented along equator (optical axis perpendicular to magnetic field) and σ transitions

oriented along the pole (optical axis parallel with magnetic field). Dashed line (middle) is Eq. 5,
σ light from equatorial orientation. Dotted line (lower) is Eq. 6, π transition light from polar

orientation.

We have calculated the emission collection fraction f(θm) as a function of acceptance angle

for two different optical orientations (Fig. 4); the magnetic field parallel to the optical axis

(a polar view in spherical coordinates ) and the magnetic field perpendicular to the optical

axis (equatorial view). For a polar view such as used in [18] the collection fraction is given

by Eq. 4 for σ± transitions and Eq. 6 for π transitions. For an equatorial view, such as used

in [8, 17], the collection fraction is given by Eq. 5 for σ± transitions and given by Eq. 4 for

the π transition. Even though the emission pattern is different for polar/σ and equatorial/π,

the fraction of light captured in an acceptance cone of angle θm is identical. The numerical

aperture approximations are valid within 2% for NA< 0.8.

For capturing photons in the most favorable conditions ( σ± from a polar perspective, or

π from an equatorial perspective) the coherent coupling of the characterized PFL is pcoh ≥
0.64%, given diffraction-limited performance at the effective divergence angle θe = 246 mrad

and the measured 30% focusing efficiency. A higher-efficiency blazed PFL [13] would at least

double this to pcoh ≥ 1.3%. The actual pcoh may be higher than this estimate as the optimum
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tradeoff between lowerM2 and greater aperture will be determinedin situ. From the measured

diffraction efficiency and the lens NA the photon collection efficiency should be pcoll =4.6%.

For comparison, in recent remote ion entanglement experiments [17, 18] the coherent coupling

was pcoh ≈0.32%, as estimated from the lens numerical aperture and coupling efficiencies

stated in the literature. The robust detection scheme used in these experiments requires

interference of two fluorescence photons from the two ions at a beamsplitter and subsequent

coincident detection. The photons only interfere if they are in the same spatial mode, making

the coherent coupling efficiency pcoh rather than the collection efficiency pcoll the relevant

measure of optical detection effictiveness. For perfect interference, the entanglement rate

scales as p2coh, so the use of diffraction-limited high-NA optics such as PFLs promises great

benefits.

3.2 Entanglement with σ± transitions
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Fig. 5. a. π transition to excited state. Note that selection rules prevent a π photon emission at
the same frequency as the σ± photons. b. Optical pumping back to F=0,mF=0 state. For clarity

only the primary pumping process for one part of the entangled state superposition is shown. c.

Polarization fidelity of σ± photons in a polar view as a function of numerical aperture. Minimum
fidelity is 0.832 at NA=1.0. Dashed line is the approximation F (NA) ≈ 1 − NA2/8 − NA4/96 −
7NA6/1536, valid to <1% for NA<0.95.

We now consider a specific ion-photon entanglement scheme based on σ± Raman transitions

in 171Yb+. This configuration was recently used as part of a demonstration of Bell inequality

violation between two remotely entangled ions [18]. Consider an ion initialized in the S1/2
|0, 0〉 (|F,mF 〉) ground state. A laser drives the π polarized transition into the P1/2 |1, 0〉 (Fig.
5a) excited state, with three possible decay channels. The ion can return to the |0, 0〉 ground
state via a Rayleigh scattered π polarized photon with 1/3 probability. Alternatively the ion

can Raman scatter into the |1,+1〉 or |1,−1〉 states with a σ+ or σ− polarized photon, each

with probability 1/3, which is frequency shifted from the excitation laser by 12.6 GHz (the

ground state hyperfine splitting in 171Yb+). A collection optic oriented for viewing parallel

to the magnetic field (polar orientation) will gather mostly σ± photons (Eq. 4 ) as the dipole

radiation pattern of the π transition is suppressed in this direction (Eq. 6 and Fig 4). In this

orientation the σ± photons appear to be circularly polarized and can be converted to linear

polarization with a quarter-wave plate. Further suppression of the unwanted π photons at
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large NA can be obtained with a Fabry-Perot etalon that selectively transmits the Raman

shifted σ± photons. A factor of 1000 in suppression can be obtained with an etalon of finesse

50 and a free spectral range (FSR) of twice the Raman shift (25.3 GHz). After the entangling

step two π pulses transfer the |1, 1〉 and |1,−1〉 states to the magnetically insensitive clock

states |1, 0〉 and |0, 0〉 for storage or detection, assuming the presence of a magnetic field to

lift the Zeeman degeneracya. To complete the cycle the ion can be reinitialized to the |0, 0〉
state with an optical pumping step (Fig. 5b). This scheme generates an entangled ion-photon

pair 2/3 of the time for a single scattering cycle and has excellent suppression of unwanted π

photons.

Yb+

QWP “π” Filter Etalon PBS “Zeeman” Fabry Perot Filters PFL

B

Purified Photon

PBS

Fig. 6. Ion-photon entanglement with photon state filtering. Light from a Yb+ ion in a magnetic

field B is collimated by a PFL and σ photons are converted from circular to linear polarization by

a quarter waveplate QWP. A 25.3 GHz free spectral range (FSR) ”π” etalon is tuned to suppress
unwanted π photons from the 12.6 GHz Raman shifted σ photons. A polarizing beamsplitter

separates the two different linear polarizations for frequency dependent filtering based on the

Zeeman splitting from the magnetic field. The two ”Zeeman” Fabry-Perot filters are tuned to
transmit only photons with the correct frequency for their polarization. A second polarizing

beamsplitter recombines the two paths and completes the polarization interferometer.

Polarization contrast reduction (blurring) between σ+ and σ− photons at large angles is

an additional source of error that becomes prominent with large numerical aperture optics.

The polarization fidelity of a σ photon emitted at an angle θ from the optical axis drops as√
1− 1

2 sin
2 θ. As a function of NA the polarization fidelity of captured photons is plotted in

Fig. 5 c. as determined by weighting the emission angle dependent fidelity by the emission

probability distribution for a σ transition. Because of this blurring achieving ion-photon

entanglement fidelity of greater than 99% is limited to collection optics with NA< 0.27, while

a >90% fidelity requires NA < 0.85. Fortunately the photon state can be purified with the

application of a magnetic field to resolve the Zeeman levels. Photons that are measured with

the “wrong” polarization can be filtered out in the frequency basis by a pair of Fabry-Perot

aA straightforward implementation of this swap can be performed with a microwave sweep over the hyperfine
transitions inducing three consecutive adiabatic Landau-Zener state exchanges between the F=1 states and
the F=0 state. For a sweep tuning from above to below the resonances the state |0, 0〉 is first swapped with
|1, 1〉, then |1, 0〉 and finally |1,−1〉.
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cavites, whose FSR is twice the Zeeman splitting, in a polarization interferometer (Fig. 6)

resuling in a state |H,ω1〉photon |1,+1〉ion + |V, ω2〉photon |1,−1〉ion, similar to that used in

[18]. A reduction of 100 in the polarization blurring related error rate can be obtained for

a Yb+ ion in a 67 gauss field (160 MHz Zeeman splitting) using two Fabry-Perot cavities of

finesse 16 and 320 MHz FSR. Drawbacks to this resolved Zeeman splitting approach include

an increase in the complexity of the cooling and readout, as well as the need to stabilize the

phase imparted by the filtering interferometer. If purely polarization basis photonic qubits

are desired an acousto-optic modulator could be introduced into one of the interferometer

arms to equalize the optical frequency difference.

3.3 Chromatic aberration in phase Fresnel lenses

The large change in focal length with wavelength or chromatic dispersion of phase Fresnel

lenses is well known to optical engineers. It cannot be practically compensated with con-

ventional refractive optics for high NA PFLs. While this is not an issue for photonic qubits

encoded in the polarization basis [8], it does present a concern for those that have been en-

coded with the hyperfine frequency difference [17]. For a small change in wavelength the focal

shift of a PFL is ∆f ≈ f0∆λ/λ0.

In 171Yb+ the 12.6 GHz ground state hyperfine splitting corresponds to a fractional dif-

ference in wavelength of ∆λ/λ = 15 × 10−6 on the 369.5 nm transition line. For the char-

acterized f=3 mm PFL this results in a small but non-negligible focal shift of 47 nm or 5%

of the Rayleigh range. The chromatic focal shift ∆f is less than the nominal Rayleigh range

(or depth of focus) zR = 4λ/
(
πNA2

)
for PFLs with focal length f < 4λ2/

(
π∆λNA2

)
. For

171Yb+ ions with an 0.9 NA lens this criteria is satisfied for focal lengths less than 39 mm,

and hence should not present a problem for integrated PFL arrays. For large departures from

the design wavelength the aberration corrections in the PFL design cease to be valid and a

chromatically dependent spherical aberration limits the spot size. We have observed for ∆λ=

1 nm that this effect limited the beam quality factor to M2 ≥ 1.7, well above the diffraction

limit.

4 Fresnel lenses for large-scale ion-trap quantum computing

Most proposals for large-scale ion-trap quantum computing (QC) envisage the use of a large

array of ion traps and the collection of ion fluorescence from many sites of the trap array

[9, 19, 20, 21]. Trapping and transport of ions in microfabricated trap arrays is now routine

[5] and current trap fabrication technology is suited to the production of extremely large

trap arrays [22]. These same sophisticated ion-trap experiments collect ion fluorescence using

complex, bulky multi-element objective lenses that must be aligned manually, a technology

that is hardly scalable at all. A new approach will be required for highly parallel fluorescence

collection.

Arrays of phase Fresnel lenses are an excellent candidate for scalable fluorescence collection

optics. We have shown how single PFLs can significantly improve collection efficiency and

coherent mode conversion over present-day optics. In addition, large PFL arrays can be

microfabricated on a single substrate, so that only a single alignment step is needed for high-

efficiency collimation of light from a large number of trap sites. These ideas were already

realised for optical communications as long ago as the 1980s, with the fabrication of high-
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density optical interconnects based on PFL arrays [23]. This already mature technology,

improved for higher numerical aperture and UV wavelengths, can bring massively parallel

fluorescence collection to ion-trap QC.

Alternative methods of fluorescence collection from a trap array include the use of a single

multi-element objective to image the entire array at once [10] or the use of an array of con-

ventional microlenses. In the first case, the semiconductor industry has indeed demonstrated

lithographic imaging with submicron resolution over large flat field of 25 mm in diameter

[24], but the large, multi-element imaging lenses involved are the result of an extensive de-

sign effort, concentrated at a few wavelengths of interest to that industry, that is unlikely to

be replicated in quantum computing research. Indeed, these imaging lenses might even be

replaced by PFL arrays in semiconductor lithography itself [25].

High NA refractive microlens arrays appear to share desirable features with PFL arrays,

but these devices are fabricated from materials which are either not vacuum compatible or

strongly absorbing at the UV wavelengths relevant to ion-trap quantum computing. For

materials that meet both the UV and vacuum compatibility criterial, microlens arrays have

been demonstrated up to NA of 0.3 [26], with diffraction-limited performance below NA

of 0.2 [27]. The photoresists and epoxies used in fabricating high NA microlenses [26] are

designed to be activated by UV light and hence make them poor choices as materials for UV

optics. In addition, while microlenses with NA’s of up to 0.85 [28] have been demonstrated,

these lenses are composed of only a few refracting surfaces and do not exhibit diffraction-

limited performance. The advantages of large NA, diffraction-limited performance, vacuum

compatibility, and low UV absorption make PFL arrays a superior choice for massively parallel

ion trap QC.

4.1 Highly parallel, efficient detection for quantum error correction

Every qubit in a large-scale quantum computer will require frequent and repeated error cor-

rection, and thus frequent and accurate measurement, to avoid decoherence. For this reason,

calculations of fault-tolerance error thresholds for large-scale QC generally assume that er-

ror correction can be applied in parallel to all logical qubits [29]. A fault-tolerant ion-trap

quantum computer is expected to require photon collection efficiency pcoll of at least 5% with

parallel detection at ∼ 103 sites [11], corresponding to NA ≥ 0.44 for an ideal lens under the

top-hat criterion. Here we have assumed a detection quantum efficiency of 20%, as is typical

for ion-trap experiments [17].

PFL arrays are well suited to highly parallel, efficient detection. The e-beam lithography

process for PFL array fabrication is extremely flexible in terms of design wavelength and focal

length, since these are controlled by changing the groove spacing and depth. The only factors

limiting the NA of the PFL array are 1) the distance between detection regions, which sets

the maximum useful clear aperture and 2) the minimum allowable distance to the PFL array

owing to proximity effects on the ion-trapping fields, which sets the minimum focal length.

A trap optimally designed for ion shuttling should have segments of length ≈ d/2, where d is

the distance to the nearest electrode [30]. At least seven segments per trap site are required

for a square 2D trap array, since each trap site should be able to split an ion crystal and
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each junction must be able to direct ions along any desired path. An efficient quantum error-

correcting code requires less than 1/5 of the physical qubits to be measured [11], so detection

is required at less than 1/5 of the trap sites. We then find a separation of > 7.8d between

detection regions. We take a focal length for the Fresnel lens of ∼ 3d, which has previously

been found to be sufficiently far that surface charge proximity effects on the trap fields are

negligible [31]. As for other proximity effects, the fused silica used for our test PFL is known

to have low RF loss and should therefore not adversely impact the trapping potential. We

then find that the useful NA of a PFL array is at least 0.6 (the NA of our test lens), and can

be substantially higher. At NA = 0.6, the diffraction efficiency can easily exceed 60% [13],

so we anticipate a collection efficiency of pcoll ≥ 8% at each site, sufficient for fault-tolerant

QC. In contrast, microlens arrays are limited to a collection efficiency of 3.4%, assuming a

maximum NA= 0.3 [26] and no losses.

4.2 Coherent mode conversion for quantum communication

We now consider probabilistic quantum communication by networking together remote ions

with photons [32], which exploits the entanglement between the ion state and the outgoing

photon state created by spontaneous emission. Recent experiments have created remote ion-

ion entanglement by the probabilistic detection of individual fluorescence photons emitted by

two widely separated ions [17, 18]. An array of small ion-trap quantum registers, supplemented

by remote entanglement of this kind, could support the processing needs of a distributed

quantum network [33].

The phase Fresnel lens is an outstanding technology for massively parallel ion-photon

networking because of its unique potential for high pcoh. Remote entanglement is a scarce

resource in large-scale QC, so we anticipate that a networking architecture will favor high pcoh
over high density of detection regions, especially since ions need not be shuttled between sites

for logic operations. In the coincident-detection scheme described above, the leading sources

of error are the imperfect polarization of the excitation laser and the imperfect filtering of

photons, and the estimated error rate is less than 0.01 even at NA close to 1. Rigorous coupled-

wave calculations for a four-level PFL show that the diffraction efficiency can exceed 50% at

an NA of 0.8 [13], for which the collection efficiency of σ+/σ− photons is 25%. Absorption

losses from coating such a PFL with 20 nm of the transparent conductor indium tin oxide,

sufficient to reduce the sheet resistance to 1kΩ/square and prevent stray charge build up [14],

would reduce the efficiency by only 12% [13]. Our measured M2 at NA = 0.64 is less than

1.1, and the imaging resolution of PFLs at 400 nm conforms to the theoretical prediction for

NA up to 0.85 [12], so we conservatively estimate M2 < 1.5 at NA of 0.8. Then pcoh = 6%,

giving a 200-fold increase of remote entanglement rate over [18].

5 Conclusion

Large numerical aperture optics are crucial to scaling up ion-trap quantum computing. We

have shown how phase Fresnel lens arrays are a superior alternative to conventional multi-

element lenses or refractive microlens arrays for integration with chip type ion traps. In par-

ticular, coincident-detection-based remote ion-ion entanglement schemes benefit from PFLs

since the entanglement rate scales as NA4 and depends on high spatial mode quality. We

have demonstrated the optical viability of a PFL as a large NA collection and coherent cou-
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pling optic for ion-trap quantum computing with the measurement of a diffraction-limited

sub-micron spot. The chromatic aberrations in PFLs were quantified and found not to limit

performance at high NA for typical trap configurations. In addition we have proposed two fi-

delity enhancement techniques to the ion-photon entanglement scheme based on σ± polarized

photons from a Raman transition.
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Abstract The metastable 2F7/2 and 2D3/2 states of Yb+
are of interest for applications in metrology and quan-
tum information and also act as dark states in laser cool-
ing. These metastable states are commonly repumped to
the ground state via the 638.6 nm 2F7/2–1D[5/2]5/2 and
935.2 nm 2D3/2–3D[3/2]1/2 transitions. We have performed
optogalvanic spectroscopy of these transitions in Yb+
ions generated in a discharge. We measure the pressure
broadening coefficient for the 638.6 nm transition to be
70 ± 10 MHz mbar−1. We place an upper bound of 375
MHz/nucleon on the 638.6 nm isotope splitting and show
that our observations are consistent with theory for the hy-
perfine splitting. Our measurements of the 935.2 nm transi-
tion extend those made by Sugiyama et al., showing well-
resolved isotope and hyperfine splitting (Sugiyama and
Yoda in IEEE Trans. Instrum. Meas. 44: 140, 1995). We
obtain high signal-to-noise, sufficient for laser stabilisation
applications (Streed et al. in Appl. Phys. Lett. 93: 071103,
2008).

1 Introduction

The singly ionised ytterbium (Yb) atom has come under
close interest for applications in a number of fields, includ-

M.J. Petrasiunas (�) · E.W. Streed · B.G. Norton · D. Kielpinski
Centre for Quantum Dynamics, Griffith University,
Brisbane 4111, QLD, Australia
e-mail: mattpetras@gmail.com
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of Physics, University of Queensland, Brisbane 4072, QLD,
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ing ion trap quantum computing and trapped ion optical fre-
quency standards. Both of these areas provide motivation
for investigation of the atomic structure of ytterbium ions.
In this work, we study transitions from metastable states
in Yb+ that are important for both of these applications.
Properties of transitions in atoms with complex electronic
structure, such as Yb+ are a challenge to understand solely
through theoretical calculations, thus necessitating experi-
mental research to form an accurate picture of these elec-
tronic transitions.

The 2S1/2–2F7/2 electric octupole transition in Yb+ is of
particular interest for applications as an optical frequency
standard [3–8]. The excited state spontaneous emission life-
time of the transition is estimated to be on the order of
6 years [6]. This remarkably long lifetime results in a natural
transition linewidth on the order of nHz which provides an
excellent basis for a highly accurate atomic clock transition.
The clock laser excites ions into the long-lived 2F7/2 state,
which is repumped to the ground state via the highly ex-
cited 1D[5/2]5/2 state. Taylor et al. [9, 10] investigated tran-
sitions from the 2F7/2 state, including the 864.8 nm 2F7/2–
3D[5/2]3/2 and 3.43 µm 2F7/2–2D5/2 transitions, finding the
638.6 nm 2F7/2–1D[5/2]5/2 transition to be the most suit-
able for repumping.

The principal laser cooling transition for Yb+ in an ion
trap is the 369.5 nm 2S1/2–2P1/2 transition. However, the
2P1/2 state has a branching ratio of 0.5% to decay into the
metastable 2D3/2 state [11], necessitating repumping via the
935.2 nm 2D3/2–3D[3/2]1/2 transition to return the ion to
the ground state, as shown in Fig. 1. In general, trapped ions
that are repumped by 369.5 nm and 935.2 nm light will be
kept within the cooling cycle. However, over long periods of
operation collisions with residual background gas may also
cause an ion to reach the metastable 2F7/2 state [12]. Ions in
this state have fallen outside the range of the normal cooling
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Fig. 1 Energy level diagram for Yb+. The 638.6 nm
2F7/2–1D[5/2]5/2 and 935.2 nm 2D3/2–3D[3/2]1/2 transitions
studied in this work are shown in red. The 369.5 nm 2S1/2–2P1/2
transition, used as principal laser cooling transition, has a 0.5%
branching ratio to decay to the metastable 2D3/2 state [11]. During
trap operation, collisions with residual background gas may also cause
an ion to reach the metastable 2F7/2 state [12]. Ions that fall into one
of these ‘dark’ states must be repumped to the ground state via the
638.6 nm or the 935.2 nm transition

cycle, and will remain in a ‘dark’ state until returned to the
2S1/2 state [13]. Despite the low rate of such occurrences, if
the ions cannot be effectively isolated from collisions with
an adequate vacuum pressure, then pumping of the 2F7/2–
1D[5/2]5/2 transition must be performed in order to return
ions that reach this dark state to the cooling cycle.

Due to the need for lasers to repump ions to the ground
state from the metastable states discussed above, it is also
important that these lasers can be stabilised to the transitions
in question in order to counter the effects of frequency drift.
We have previously demonstrated long-term absolute fre-
quency stabilisation to ions in a discharge by employing the
dichroic atomic vapour laser locking (DAVLL) method [2].

The frequency shift of the transition due to the hyperfine
structure and isotope of Yb+ is important when tuning or
stabilising a laser to the transition. Also, due to the difficulty
of theoretical predictions of such shifts on excited to excited
state transitions such as this one, experimental determina-
tion of the shifts can provide a useful test of the theoreti-
cal methods used to predict the properties of similar atomic
transitions. Thus it is necessary to perform spectroscopy in
order to determine the relevant isotope shift and hyperfine
structure constants.

Optogalvanic spectroscopy is an alternative to more con-
ventional methods, such as absorption, for investigating ion
transitions in a discharge [14]. Due to the different ionisa-
tion cross sections of each level, the electrical properties of

the plasma are dependent on the electronic state populations
of atoms and ions in the plasma. When the plasma is illu-
minated by a laser resonant with a transition, the change in
plasma resistance yields a measurable signal. This method
allows for electrical detection of atomic transitions, with
which it can be easier to attain higher sensitivity than optical
methods such as absorption. This provides a particular ad-
vantage in studying transitions from metastable states such
as we do in this paper, where the spectroscopic signal can be
quite weak due to the limited population of these states. The
necessary metastable states can be populated by collisions
in the discharge [14, 15].

In this paper we measure the optogalvanic spectra of
the 638.6 nm 2F7/2–1D[5/2]5/2 and 935.2 nm 2D3/2–
3D[3/2]1/2 transitions. We also provide a bound on isotope
splitting for the 638.6 nm transition and show that the hy-
perfine constant is consistent with theory. We investigate the
broadening processes present in both sets of spectra, elimi-
nating pressure broadening of the 638.6 nm line in order to
improve our measurement. In the case of the 935.2 nm tran-
sition, we obtain well-resolved isotopic and hyperfine lines,
extending the measurements made by Sugiyama et al. [1].

2 Experimental method

We performed optogalvanic spectroscopy in Yb hollow-
cathode lamps containing Ne buffer gas at pressures of
6.7 mbar and 0.67 mbar. All hollow-cathode discharges used
had the same geometry. The 6.7 mbar discharge was gen-
erated in a sealed Hamamatsu L2783-70NE-YB hollow-
cathode lamp, and was used to perform spectroscopy on both
metastable transitions of interest.

A second purpose-built discharge was prepared inside
a vacuum chamber, intended to allow for variation in the
buffer gas pressure within the discharge with the purpose
of operation at 0.67 mbar. This was done in order to see an
expected 10× reduction in pressure broadening. The cham-
ber was evacuated directly by a rotary vacuum pump and
the pressure of the vacuum chamber was monitored using
a thermocouple gauge, sensitive down to 10−3 mbar. After
evacuation, the chamber was baked at 180°C over a period
of 2–3 days. At this point, a base pressure of 0.013 mbar was
attained. A noble buffer gas was then able to be introduced
via a needle valve. The buffer gas pressure was monitored
with a thermocouple gauge.

Sanyo DL5038-021 laser diodes were tuned for use at
638.6 nm using temperature and operating current. Be-
haviour close to the desired wavelength varied largely from
diode to diode. The diodes were operated without an exter-
nal cavity, running single-frequency with a linewidth less
than 30 MHz, where the output was optically isolated to
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Fig. 2 Schematic of setup used for optogalvanic spectroscopy. Laser
diodes tuned to be on resonance with 638.6 nm and 935.2 nm transi-
tions by current and temperature, with fine and course frequency refer-
ence from etalon and wavelength meter, respectively. The 935 nm ex-
ternal cavity diode laser could also be tuned using the optical feedback

from the diffraction grating. Optical isolation is present immediately
after the laser. The laser beam is amplitude modulated by an acousto-
optic modulator (AOM). Both 6.7 mbar and 0.67 mbar discharges were
used. The signal due to laser excitation is filtered and demodulated by
the lock-in amplifier

prevent optical feedback and damage to the diode. A Fabry–
Pérot etalon with an FSR of 300 MHz was used as a rela-
tive frequency reference to measure the frequency splittings
and peak widths of the measured spectrum. Absolute wave-
length measurement for tuning purposes was performed us-
ing a HighFinesse WS5-332 Wavemeter with ±0.001 nm
accuracy. The implementation of the setup for optogalvanic
spectroscopy followed the schematic shown in Fig. 2.

The 935.2 nm spectroscopy setup was similar to that for
the 638.6 nm line. A single mode tunable external cavity
laser was constructed with an Axcell Photonics laser diode
(M9-935-0200-S30) and a 1200 g/mm holographic grat-
ing. The frequency was continuously tunable over a range
of 13.7 GHz by tuning the external cavity length with a
piezo-electric actuator and synchronously varying the laser
diode current. The laser spectral mode quality was moni-
tored with a confocal Fabry–Pérot spectrometer with a free
spectral range of 478 ± 8 MHz and a finesse of 11. The ob-
served spectrum bounds the 935.2 nm laser linewidth to be-
low 50 MHz, though linewidths of a few MHz are typical
for this laser configuration. The absolute wavelength was
measured with a Burleigh WA-1100 Wavemeter (accuracy
±0.001 nm). The 935.2 nm light was fibre coupled for de-
livery to the sealed discharge lamp. This provided 19 mW of
935.2 nm power at the discharge lamp in a laser beam spot
with a diameter of 1.70 ± 0.02 mm (1/e2), corresponding to
a maximum intensity of 1.674 ± 0.039 W cm−2.

In order for the optogalvanic signal to be distinguished
from the electronic background noise, the optical beam
was modulated at a set reference frequency using either
amplitude or frequency modulation. We demodulated the
signal using lock-in detection. A significant advantage of
this method is that it allows for removal of 1/f noise,
which would otherwise dominate the signal, allowing a high

signal-to-noise ratio to be obtained. In these experiments we
chopped the beam with an acousto-optic modulator (AOM),
switching the beam intensity between zero and maximum
intensity.

3 Results for 638.6 nm 2F7/2–1D[5/2]5/2 transition

We obtained optogalvanic spectra from discharge lamps op-
erating with a discharge current of 3 mA at 6.7 mbar and
2 mA at 0.67 mbar, for which the maximum signal ampli-
tude was obtained. The 638.6 nm laser power used at the
lamp was 10–13 mW, chopped at a modulation frequency of
10 kHz. The signals for both the sealed 6.7 mbar discharge
and the low-pressure 0.67 mbar discharge with Ne buffer gas
are shown in Fig. 3. The signal-to-noise ratios of the mea-
surements were >1000 for the 6.7 mbar discharge and >100
for the 0.67 mbar discharge.

The linewidth of the signal obtained at a buffer gas pres-
sure of 6.7 mbar was found to be approximately 1.9 GHz
(FWHM). The observed linewidth decreases to approxi-
mately 1.5 GHz as the pressure is reduced to 0.67 mbar.
There is some structure in the low-pressure peak that could
be attributed to the splitting of the 638.6 nm line. The fre-
quency axis of the plots is determined by taking the fre-
quency spacing of Fabry–Pérot transmission peaks to be
equal to the Fabry–Pérot FSR.

The optogalvanic signal amplitude was measured for
a range of optical powers producing the saturation curve
shown in Fig. 4. A pure pressure broadening model predicts
a signal at maximum amplitude of the form

Vsig ∝ s

1 + s
(1)

to describe the effect of saturation on the optogalvanic sig-
nal, where the saturation parameter s = I

IS
is the ratio of
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Fig. 3 Optogalvanic spectra of the 638.6 nm 2F7/2 −1 D[5/2]5/2 tran-
sition line in Yb+, as observed in Yb+ discharges with 6.7 mbar (blue
line) and 0.67 mbar (red line) of Ne buffer gas. The spectra are nor-
malised for ease of comparison. The reduction in signal linewidth from
1.9 GHz at 6.7 mbar to 1.5 GHz at 0.67 mbar is attributed to pressure
broadening

Fig. 4 The relationship of optogalvanic signal amplitude to optical
intensity for both pressure levels. Blue colouring and upward triangles
denote the measurements taken at 6.7 mbar Ne buffer gas pressure,
whilst red and downward triangles denote the measurements taken at
0.67 mbar. The broken lines denote the fitted saturation curves. For ease
of comparison, the signals are normalised to have equal slope near zero
optical power

optical intensity to the saturation value and Vsig is the signal
amplitude [16]. The saturation intensity IS is dependent on
the homogeneous linewidth ΓH as shown by

IS = 2π2hc

3λ3
ΓH (2)

where the homogeneous linewidth varies linearly with the
pressure P according to the Stern–Vollmer equation ΓH =
Γ0 + αP for constants Γ0 and α [17].

Figure 4 shows experimental data on the saturation of op-
togalvanic response. The signals were fitted with (1) and the
slopes near zero intensity have been normalised for ease of
comparison. The measured optical power is combined with
the beam waist size w0 inside the discharge to give the op-
tical intensity, and hence allow calculation of the saturation
intensity IS for each measured curve. The horizontal error

is derived from the combined error in beam waist size and
optical power.

A beam profiling camera was used to find the 1/e2 beam
radius w0 inside the 6.7 mbar discharge to be 730 µm,
resulting in an estimated saturation intensity of 0.37 ±
0.03 W cm−2. The 0.67 mbar discharge had a saturation
intensity of 0.16 ± 0.02 W cm−2 from the fitted saturation
curve, where the measured beam waist w0 was 1.01 mm. As
the effects of inhomogeneous broadening on the saturation
behaviour cannot be ruled out, these values for the saturation
intensity are upper bounds.

Using (2) and the calculated saturation intensities gives
maximum homogeneous linewidth estimates of 0.74 ±
0.06 GHz for the 6.7 mbar discharge, and 0.32 ± 0.04 GHz
for the measurements of the 0.67 mbar discharge. The differ-
ence between the linewidths in the high- and low-pressure
discharges is 0.42 ± 0.08 GHz, which agrees with the
difference in total linewidths measured from the spectra.
This gives values for the Γ0 and α coefficients, such that
Γ0 = 0.27 ± 0.07 GHz and α = 70 ± 10 MHz mbar−1. In a
pure pressure broadening model, Γ0 is the remaining broad-
ening not induced by pressure, whilst α is a property of the
discharge and buffer gas used. It is possible that other forms
of homogeneous broadening may contribute to the values of
these coefficients, however, this level of analysis is beyond
the scope of this paper.

The vacuum system used to construct the low-
pressure discharge allowed for use of different buffer gases
in place of Ne. Ar buffer gas was shown to generate Yb+
ions, using a UV spectrometer to observe fluorescence from
the 369.5 nm line to confirm this for our apparatus. How-
ever, whilst Martensson-Pendrill et al. demonstrated opto-
galvanic spectroscopy of the 369.5 nm 2S1/2–2P1/2 line us-
ing Ar buffer gas [18], we were unable to observe an opto-
galvanic signal from the 638.6 nm transition. No such issue
occurred with a Ne buffer gas, allowing for both Yb+ gen-
eration and the expected optogalvanic response. The strong
Ne* transition line at 638.47 nm near the 638.6 nm Yb+
transition did not appear to compromise the measurement.
We observed a DC offset in the optogalvanic response at
the 638.6 nm line, attributed to the wings of the extremely
strong Ne* line.

4 Results for 935.2 nm 2D3/2–3D[3/2]1/2 transition

An optogalvanic spectrum with resolved isotope split-
tings was measured for the 2D3/2–3D[3/2]1/2 transition at
935.2 nm in the sealed discharge lamp. Overlapping spec-
tra were taken to measure the response over the 25.4 GHz
span from 935.159 to 925.233 nm. Figure 5 shows a 14 GHz
span encompassing the observed peaks, taken with 18 mW
of 935.2 nm laser power and amplitude modulated at
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Fig. 5 Optogalvanic spectrum of the 2D3/2–3D[3/2]1/2 transition in
Yb+ at 935.2 nm in a sealed discharge lamp. Laser detuning is with
respect to the Yb+ 176 peak. The discharge lamp was run at its max-
imum rated current of 10 mA. The observed 176 Yb+ peak FWHM
linewidth is 535 ± 7 MHz. The laser illuminated the lamp with 19 mW
of light and a maximum intensity of 1.674 ± 0.039 W cm−2. Loca-
tions for Yb+ 173 peaks are estimates from the total integrated signal
weighting and the predicted location of the transition centroid from the
isotopic shift trend

20 kHz. In these measurements, the optogalvanic signal in-
creased monotonically with current, so the maximum rated
lamp current of 10 mA was used. The four predominant
peaks occurred at vacuum wavelengths of 935.173, 935.180,
935.187, and 935.197 nm. No peaks were observed outside
of the region shown in Fig. 5 and the spectra is in qual-
itative agreement with previously published work [1, 19].
The hyperfine structure of Yb+ 171 and 173 can be seen
to overlap with the peaks from 174, 172, and 170. From
measurements in trapped ions [19] the Yb+ 172 transition
is known to be only −110 MHz from the F = 1 − F ′ = 0
transition of Yb+ 171. Combined with the known hyper-
fine splitting of Yb+ 171 allows the assignment of these
features. A FWHM of 535 ± 7 MHz was measured on the
176 peak and is representative of the single isotope broad-
ening. This peak is free from distortions induced by overlap
between peaks due to the hyperfine splittings in Yb+ 171
and 173. The integrated optogalvanic signal over the Yb+
176 peak is 12 ± 1% of the total integrated signal, consis-
tent with the natural abundance of 12.7%. Other peak as-
signments were verified through a combination of known
wavelengths and hyperfine splittings from trapped ion ex-
periments and weighting based on natural abundance and
Clebsch–Gordon coefficients [19]. We measure a splitting
between the 174/172 peaks of 2.39 ± 0.01 GHz and a split-
ting of 2.33 ± 0.01 GHz between the 174/176 peaks. This
gives an average isotope shift of 1.18 ± 0.03 GHz/nucleon.
The optogalvanic signal showed a linear dependence in laser
power for 2.5 mW to 18 mW with no evidence of satura-
tion. Changing the lamp current from 3 mA to 14 mA also
produced a linear increase in signal. Similar optogalvanic

spectra were observed with a blind hollow-cathode lamp
(Cathodeon 3UX Yb, Ne buffer gas). With a lock-in am-
plifier time constant of τ = 300 ms the maximum signal to
noise observed was 58.

5 Discussion

Hyperfine and isotope splitting have strong effects on the
optogalvanic spectrum, which directly affect the lineshape
when the line is sufficiently broadened. In the case of the
935.2 nm transition, the splitting due to these effects is well
resolved. Previous spectroscopic work on this transition also
gives a good idea of the composition of the expected spec-
trum [1].

In the case of the 638.6 nm transition, the broadening of
the transition linewidth due to homogeneous and inhomo-
geneous sources makes resolution of the splitting difficult.
Using theoretical estimates that we discuss later in this sec-
tion, the splitting spectrum that we expect to observe for
the 638.6 nm in the well-resolved limit would contain five
strong lines. This is based on the natural isotopic abundance
of Yb+ and the fact that the large number of hyperfine levels
for Yb+ 173 (I = 5

2 ) will be far weaker in intensity than the
transition lines for the 171, 172, 174 and 176 isotopes [20].
We theoretically estimate the hyperfine splitting to be sev-
eral GHz for Yb+ 171. Yb+ isotopes with even mass num-
bers carry no nuclear spin and thus show no hyperfine struc-
ture.

Although broadening of the linewidth prevents clear res-
olution of hyperfine and isotope structure, deviation from
the Gaussian shape on the higher-frequency side of the spec-
trum at the higher pressure of 6.7 mbar shows discernible
structure in the observed peak. Hints of further structure
become evident in the main peak at the lower pressure of
0.67 mbar, suggesting that this main peak is made up of sev-
eral broadened lines.

As stated in Sect. 3, we obtained a 0.42 ± 0.08 GHz dif-
ference between the maximum homogeneous linewidths in
the 6.7 mbar and 0.67 mbar discharges from measurements
of signal saturation. This agrees with the 0.4 GHz difference
in total linewidth measured from the optogalvanic spectra,
showing that the absolute difference is dominantly due to
pressure broadening. However, as the achieved reduction
in linewidth is significantly less than the expected factor
of 10× for pressure broadening, there is evidently another
source of broadening. The residual pressure broadening at
0.67 mbar is <50 MHz, given that the expected linear rela-
tionship holds.

The contribution of power broadening on the linewidth
of the optogalvanic transition can be estimated to be <100
MHz, by estimating a natural linewidth on the order of 10
MHz. The lack of any significant contribution by power
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broadening was also confirmed by illuminating the dis-
charge with powers of less than 1 mW and finding no no-
ticeable difference in linewidth.

From our analysis above, we suggest that Doppler broad-
ening is the remaining broadening mechanism observed in
the low-pressure measurements of the 638.6 nm line. The
residual linewidth of the 638.6 nm transition appears to arise
from the overlap of multiple unresolved Doppler-broadened
lines. The temperature associated with a given Doppler
linewidth is given by

T = Mλ2Γ 2
D

8kB ln 2
(3)

for atoms of mass M and a Doppler-broadened FWHM
linewidth ΓD [17]. Results in the literature suggest that
an expected temperature for a hollow-cathode discharge
is 300 K, which would equate to a Doppler linewidth of
approximately 440 MHz at 638.6 nm [14]. This level of
Doppler broadening corresponds well with the optogalvanic
spectrum in Fig. 3 observed at 0.67 mbar, being at a level
where multiple lines spaced by <0.5 GHz are not be fully
resolved. This lends weight to the possibility of structure
observed in the low-pressure optogalvanic spectrum.

Preliminary calculations of hyperfine structure were per-
formed by Dr. W.M. Itano of the National Institute of Stan-
dards and Technology, Boulder, CO, USA. The hyperfine A

and B constants of the 1D[5/2]5/2 state and the 2F7/2 state
have been estimated by a multiconfiguration Dirac–Hartree–
Fock method, utilising the GRASP package of atomic struc-
ture programs [21, 22]. The method is similar to the cross-
optimisation method used to calculate the hyperfine struc-
ture of the Hg+ ion [23], in which orbitals are optimised,
stepwise, on different configurations.

At each step, the previously optimised orbitals are
held fixed. In the first step, the {1s,2s,2p,3s,3p,3d,4s,

4p,4d,5s,5p} core orbitals and {4f,6s} valence orbitals
are variationally optimised on the J = (5/2,7/2) levels of
the 4f 136s2 configuration. Next, keeping the previously op-
timised orbitals fixed, the {5f,7s} orbitals are determined by
minimising the energy of the ground state, which is 4f 146s

in a first approximation. The 5d orbital is optimised on the
4f 145d (J = 3/2,5/2) levels. The 6p orbital is optimised
on the 4f 146p (J = 1/2,3/2) levels. In the final step, the
{8s,7p,6d,6f } orbitals are optimised on the lowest-energy
odd-parity (J = 9/2,11/2,13/2) levels.

This set of orbitals is used to generate a set of basis states
by making single and double replacements from a set of ref-
erence configurations. The final approximate wavefunctions
are calculated by relativistic configuration-interaction, i.e.
by diagonalising the Dirac–Coulomb Hamiltonian matrix in
this basis. The hyperfine constants are evaluated by evaluat-
ing the expectation values of the hyperfine energy operators
in these wavefunctions.

For the 1D[5/2]5/2 state, A(Yb 171) = 199 MHz,
A(Yb173) = −55 MHz, and B(Yb 173) = −1720 MHz.
For the 2F7/2 state, A(Yb 171) = 1105 MHz,
A(Yb 173) = −304 MHz, and B(Yb 173) = −3680 MHz.
The only one of these constants for which there is an experi-
mental measurement is A(Yb 171) = 905.0(0.5) MHz [10],
measured for the 2F7/2 state, which is about 20% lower than
the calculated value. Our data are consistent with the split-
ting for the 1D[5/2]5/2 state being much smaller than the
2F7/2 state splitting, agreeing with Dr. Itano’s theoretical
estimate.

No theoretical results are available for the isotope shift of
the 638.6 nm transition, but the normal mass shift is known
to be small (on the order of a few MHz per nucleon). The
specific mass shift and field shift, however, are known to
be far larger, providing the dominant contribution to the
isotope shift. We can put an upper limit of approximately
375 MHz/nucleon on the isotope shift, given that there are
at least three equally spaced strong lines in the main peak
with a combined linewidth of 1.5 GHz. The poorly resolved
features in the low-pressure spectrum have approximately a
750 MHz spacing and could correspond to the isotopes 172,
174 and 176 of Yb+.

The interpretation of the 935.2 nm transition optogal-
vanic spectra is substantially less complicated than that for
638.6 nm transition. The transition wavelengths for all iso-
topes excepting 168 (abundance 0.13% ) and 173 have pre-
viously been measured in trapped ion experiments. Our es-
timate of the isotope shift for the 2D3/2–3D[3/2]1/2 tran-
sition is in agreement with the 1.3 ± 0.1 GHz/nucleon
from previous discharge lamp work [1]. The small discrep-
ancy between our measurement of 1.18±0.03 GHz/nucleon
and the 1.42 ± 0.07 GHz/nucleon from measurements in
single trapped ions [19] is most likely due to shifts in-
duced in the lamp measurements by overlap of the 170,
172 and 174 isotope peaks with the hyperfine structure of
Yb+ 171 and 173. Agreement between the optogalvanic
peaks and the published transition wavelengths for spe-
cific isotopes allows us to bound the overall lamp pressure
shift as < ± 60 MHz mbar−1, limited by the absolute ac-
curacy of our wavemeter. We also place an upper limit of
80 ± 1 MHz mbar−1 son the pressure broadening coeffi-
cient α for this transition, assuming that the linewidth of
the Yb+ 176 line is entirely due to pressure broadening.
The prospects for long-term frequency stabilisation to the
935.2 nm optogalvanic signal are encouraging given the ob-
served signal to noise ratio of 58 for sub-second averaging.

6 Conclusion

We have measured the optogalvanic response of the 638.6
nm 2F7/2–1D[5/2]5/2 and 935.2 nm 2D3/2–3D[3/2]1/2 tran-
sitions in singly ionised Yb+. We observe linewidths of
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1.9 GHz and 1.5 GHz for the 638.6 nm optogalvanic peak,
using discharges with 6.7 mbar and 0.67 mbar of Ne buffer
gas, respectively, where Doppler broadening is expected to
be the cause of these large linewidths and the inability to
resolve the splittings. We performed measurements of the
saturation curves in both pressure regimes, calculating the
pressure broadening coefficient to be 70 ± 10 MHz mbar−1,
and confirming that the source of the remaining broaden-
ing is inhomogeneous. The broadening prevents full resolu-
tion of transition lines in the main spectral peak, however,
our data are consistent with a much larger splitting of the
2F7/2 state than the 1D[5/2]5/2 state, as predicted by our
theoretical estimate. We can provide an upper limit to the
isotope splitting of approximately 375 MHz/nucleon. In our
measurements of the 935.2 nm optogalvanic spectrum, we
resolve with high signal-to-noise the peaks of the dominant
isotopes of Yb+. We provide an upper bound of 80±1 MHz
mbar−1 for the pressure broadening coefficient of this tran-
sition. The optogalvanic spectra observed in the 6.7 mbar
discharge expand on the measurement made by Sugiyama et
al. [1]. Our results demonstrate that a high signal to noise ra-
tio can be achieved within a discharge for measurements of
both transitions, also showing that both transitions are well
suited for applications in laser stabilisation [2].
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[36] G. R. Guthöhrlein, M. Keller, K. Hayasaka, W. Lange, and H. Walther, A

single ion as a nanoscopic probe of an optical field, Nature. 414, 49 (2001).

[37] A. B. Mundt et al., Coupling a single atomic quantum bit to a high finesse

optical cavity, Phys. Rev. Lett. 89, 103001 (2002).

[38] D. R. Leibrandt, J. Labaziewicz, V. Vuletic, and I. L. Chuang, Cavity sideband

cooling of a single trapped ion, Phys. Rev. Lett. 103, 103001 (2009).

[39] R. Noek et al., Multiscale optics for enhanced light collection from a point

source, Opt. Lett. 35, 2460 (2010).

[40] A. P. Vandevender, Y. Colombe, J. Amini, D. Leibfried, and D. J. Wineland,

Efficient fiber optic detection of trapped ion fluorescence, Phys. Rev. Lett.

105, 023001 (2010).

[41] R. Menon, D. Gil, and H. I. Smith, Experimental characterization of focusing

by high-numerical-aperture zone plates, J. Opt. Soc. Am. A 23, 567 (2006).



REFERENCES 173

[42] C. R. Clark et al., Characterization of Fluorescence Collection Optics Inte-

grated with a Microfabricated Surface Electrode Ion Trap, Phys. Rev. Appl. 1,

024004 (2014).

[43] A. L. Young et al., Precision alignment of integrated optics in hybrid microsys-

tems, Appl. Opt. , 6324 (2014).

[44] G. R. Brady et al., Integration of fluorescence collection optics with a micro-

fabricated surface electrode ion trap, Appl. Phys. B. 103, 801 (2011).

[45] E. W. Streed, B. G. Norton, A. Jechow, T. J. Weinhold, and D. Kielpinski,

Imaging of trapped ions with a microfabricated optic for quantum information

processing, Phys. Rev. Lett. 106, 010502 (2011).

[46] E. Streed, B. G. Norton, J. J. Chapman, and D. Kielpinski, Scalable, Effi-

cient, Ion-Photon Coupling with Phase Fresnel Lenses for Large-Scale Quan-

tum Computing, Quant. Info. Comp. 9, 0203 (2009).

[47] A. A. Cruz-Cabrera et al., High Efficiency DOEs at Large Diffraction Angles

for Quantum Information and Computing Architectures, Proc. of SPIE 6482,

648209 (2007).

[48] R. K. Wangsness, Electromagnetic Fields (John Wiley and Sons, Inc., 1986).

[49] L. Deslauriers, Cooling and Heating of the Quantum Motion of Trapped Cd+

Ions, PhD thesis, University of Michigan, 2006.

[50] D. W. Jordan and P. Smith, Nonlinear ordinary differential equations (Oxford

University Press, 1999).

[51] D. Kielpinski, Entanglement and Decoherence in a Trapped-Ion Quantum

Register, PhD thesis, University of Colorado, 2001.



174 REFERENCES

[52] A. Jechow, E. W. Streed, B. G. Norton, M. J. Petrasiunas, and D. Kielpinski,

Wavelength-scale imaging of trapped ions using a phase Fresnel lens, Opt.

Lett. 36, 1371 (2011).

[53] W. W. Macalpine and R. O. Schildknecht, Coaxial resonators with helical

inner conductor, Proc. of the IRE 47 (2010).

[54] W. W. Macalpine and R. O. Schildknecht, Helical resonator design chart,

Electronics 33 (1960).

[55] N. K. Kjærgaard, L. Hornekær, A. M. Thommesen, Z. Videsen, and

M. Drewsen, Isotope selective loading of an ion trap using resonance-enhanced

two-photon ionization, Appl. Phys. B. 71, 207 (2000).

[56] D. M. Lucas et al., Isotope-selective photoionization for calcium ion trapping,

Phys. Rev. A. 69, 012711 (2004).

[57] E. W. Streed, T. J. Weinhold, and D. Kielpinski, Frequency stabilization of an

ultraviolet laser to ions in a discharge, Appl. Phys. Lett. 93, 071103 (2008).

[58] K. L. Corwin, Z.-T. Lu, C. F. Hand, R. J. Epstein, and C. E. Wieman,

Frequency-stabilized diode laser with the Zeeman shift in an atomic vapor,

Appl. Opt. 37, 3295 (1998).

[59] D. Das, S. Barthwal, A. Banerjee, and V. Natarajan, Absolute frequency

messurements in Yb with 0.08 ppb uncertainty: Isotope shifts and hyperfine

structure in the 399 nm 1S0 → 1P1 line, Phys. Rev. A 72, 032506 (2005).
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