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Abstract

This thesis describes several investigations into di erent devices and tech-
niques with the aim of reducing both the size and complexity of laser cooling
experiments. While the focus here is placed on clocks, many of the techniques
could be adapted and extended to di erent cold-atom sensors.

At the heart of each investigation lies a grating magneto-optical trap (GMOT)
that allows the creation of cold-atom clouds of similar size and temperature to
traditional 6-beam MOTs. Each experiment described here focuses on a di erent
aspect of the wider systems required in cold-atom devices. Atom imaging along
with routes to a maximised performance in microfabricated vacuum chambers are
discussed. The possibility of loading optical lattices directly from the GMOT are
also investigated. Using the same di ractive optic to load the GMOT, 1D and
3D optical lattices can be produced using a single input beam. This technique
simpli es the creation of optical lattices along with improving their robustness
to phase noise from the laser due to each lattice beam sharing a common phase.
Finally, a cold-atom microwave clock is described and characterised. A short-term
stability of 1:5 10 ' 172 is demonstrated, averaging down to 2 10 ? after
100 s. The short-term stability limit is found to be dominated by signal to noise
ratio of the Ramsey fringes while the medium term is dominated by magnetic
eld noise due to the experiment being magnetically unshilded. Improvements
to the experimental system are suggested to help improve the performance of
the clock in both the short and long-term. In addition, routes towards a more
compact set-up are discussed.
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Chapter 1
Introduction

Although not generally considered by the average person, the world we live in
is only made possible by the extremely precise timekeeping devices now widely
available!? From more obvious examples such as GPS and telecommunications,
to the correct functioning of the energy grid and nancial systems, we now rely
heavily on the remarkable stability and precision provided by atomic frequency
references.

The need for precise timekeeping can perhaps be traced back to the famous
\Longitude Problem" where in 1714 a prize 0£20,000 was o ered to anyone who
could solve the issue of reliably measuring longitude during sea voyageat the
time, the measurement of latitude was a relatively simple task, accomplished for
example by observing the position of the sun relative to the horizon at midday,
or using the North Star. Longitude however remained elusive, with the most
reliable method being \dead reckoning”. This relied on using the ship's speed
and time spent travelling to make an estimation of the longitude. The downfalls
of this method were becoming more apparent however, with many ships lost due
to errors in navigation. Various solutions to the longitude problem were presented
and discounted before a clock maker called John Harrison won a partial pay out
for his development of the marine chronometer. The development of a su ciently
stable clock allowed the determination of longitude by simply comparing the time
between the ship's location, determined by the sun, and the time at some reference
point, determined by the marine chronometer. This basic principle of comparing
the time at various locations is still used today in GPS, albeit with vastly superior
frequency references.
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1.1 Atomic Clock Principle

The operating principle of clocks has remained largely unchanged for thousands
of years. First, a local oscillator (LO) is required. Originally the orbits of celestial
bodies were tracked; their positions in the sky giving a reference as to the time
of year or month? For many centuries after their invention in 1656 however, the
best clocks relied on the harmonic motion of a swinging pendulum to provide a
LO.! These days quartz oscillators are most widely used for this task in wrist
watches all the way up to atomic clocks. The pervasiveness of quartz oscillators
can largely be attributed to the remarkable stabilities possible over short time
scales before the oscillator frequency begins to drift, primarily due to thermal
e ects in the crystal. Secondly, a frequency counter is used to count the periods
of oscillation. Without this crucial step one simply has a frequency reference
and no rm idea of the actual passage of time can be inferred. In the case of
pendulum clocks the harmonic motion of the pendulum is transferred through
various gears to make the hands of the clock move, thus providing a counter.
The nal required step in creating a clock is generally some feedback mechanism
to ensure the LO continues to tick at the correct rate. In the case of pendulum
clocks this is accomplished by tuning the length of the pendulum. It is interesting
to note that the most famous clock in the UK, housed inside Big Ben is adjusted
by adding or removing pre-decimalisation pennies onto the pendulum weight.
This changes the e ective length of the pendulum by shifting its centre of mass,
causing the clock mechanism to gain or lose two fths of a second over twenty
four hours?

Figure 1.1: Schematic of atomic clock principle. Dashed line indicates error
signal used to feedback onto the LO to lock it to the atomic transition.

While the general idea behind clocks has remained unchanged, the details of
their operation are now unrecognisable from the early days spent tracking the
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motion of the sun and moon. The best clocks today use atomic transitions as
the frequency reference to feedback onto the LO (often operating at 10 MHz).
To perform this feedback the frequency outputted by the LO is multiplied up to
the atomic transition frequency. The atomic transition is then interrogated in
some way and the resulting signal used to discern if the LO has drifted since the
last measurement. Thus, an error signal can be constructed and the stability of
the atomic transition is transferred onto the LO. This basic scheme is shown in
Figure 1.1.

Atomic transitions have the notable advantage that all atoms of a specic
species exhibit exactly the same transition frequency, governed by quantum me-
chanics and the universal constants. Despite the large interest in measuring
potential variations in these constants, as far as we currently know these tran-
sition frequencies also remain constant- assuming no external perturbations on
the atom. Atomic transitions are therefore ideally suited towards making both
reliable and repeatable measurements of the passage of time.

Another key factor in the increased performance of atomic clocks are the high
frequencies of the atomic transitions used, typically in the GHz - THz regime.
These high frequencies are divided down to more usable frequencies through the
feedback scheme with the nal clock output often being a 10 MHz or a one
pulse per second signal (pps). Any frequency deviation of the atomic reference
is consequentially also divided down, resulting in very high fractional frequency
stabilities at the 10 1© 10 8 level at an interrogation time of 1 s%’

The vast improvements in time keeping o ered by atomic clocks are evident
when it is considered that Harrison's H4 marine chronometer on its rst voyage
lost 5 s over the course of two month%a notable feat at the time. By comparison
the best optical clocks are now stable to around 1 s in the age of the univefse.
Improvements to the accuracy and stability of clocks (especially when in con-
junction with portable systems) opens the door to many new applications such
as better navigation, more e cient use of power in electricity grids and faster,
more reliable telecommunication infrastructure.

1.2 Size-Performance Trade-O

The focus of this thesis is the demonstration of enabling technologies towards
more compact cold-atom sensors, specically clocks. Much of the system ar-
chitecture discussed could however also be transferred to other sensors such as
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interferometers. A widely used metric that is referred to throughout this thesis

is size, weight and power (SWaP). This provides a very useful means of assessing
the overall suitability of a device to be used outside of a laboratory environment
where power and space are at a premium.

There exists a natural trade-o between the SWaP of a clock and its per-
formance® The chip-scale atomic clock (CSAC) initially developed by NIST
remains unrivalled in terms of its SWaP. Although extremely compact with a
very low power consumption, its performance when compared to many other
atomic clocks is modest. This highlights the need for a device to t the task
at hand. While CSAC performance is not as good as other larger clocks it is
more than su cient for many tasks and consequentially has had a large impact
on the compact clock market, with over 100,000 devices already séldwhen
constructing cold-atom clocks it must be acknowledged that the overall SWaP of
the device will be much larger than many atomic vapour based devices, however
the performance (if designed well) should far exceed that o ered by the more
compact vapour based clocks.

1.3 Future Frequency Standards

Since 1967 the Sl second has been de ned as \The duration of 9,192,631,770
periods of the radiation corresponding to the transition between the two hyper ne
levels of the ground state of the caesium 133 atomi"In the next decade or so, this

is expected to be updated and recast in terms of an optical transition due to the
remarkable performance now o ered by optical clock$ over the more traditional
microwave based fountain clocks'

This rede nition will eventually necessitate more compact and practical op-
tical clocks. Some of the best optical clocks are based around atoms held in
an optical lattice,'° probing optical transitions with Hz level linewidth. While
the launched cold atom clouds of current atomic fountain clocks o er a vastly
increased interrogation time over thermal atomic beams, they are limited by the
expansion of the cloud and practical considerations as to the maximum height
atoms can be launched. By contrast, atoms can be held without loss of coher-
ence in optical lattices for up to several secontiswhich combined with the in-
creased frequency (THz) of the interrogated transition results in vastly superior
frequency references. Recently a Sr optical lattice clock demonstrated an ex-
perimental measurement of the gravitational redshift between two atomic clocks
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realised just millimetres apart, highlighting the vast potential of these emerging
frequency standard$

The complexity and sensitivity of these systems however necessitates that they
are currently almost exclusively lab-based with high power consumption. With
the rede nition of the SI second, more widespread and robust optical clocks will
become vital to leveraging the improved timing capabilities of the new standard.
Initially fundamental research will bene t most from this rede nition, ? however,
in time commercial and industrial applications will reach maturity, requiring im-
proved frequency standards for the continuing proper functioning of the world we
live in.
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Chapter 2
Theory

The following chapter lays out much of the general theoretical understanding for
results presented throughout this thesis. Where more theoretical work regarding
speci ¢ experiments is required it will be presented in the corresponding chapter.
It is worth noting that in the interest of brevity, derivations are kept to a min-
imum throughout this thesis. References to the original works are made when
appropriate.

2.1 Atomic Structure

Alkali metals have a single outer valence electron, similar to hydrogen. This
makes them comparatively simple to model and predict the behaviour of and is
one of the primary reasons they feature so heavily in spectroscopic experiments.
The orbital angular momentum of the valence electron around the nucleus is
denoted by the quantum numberl_, and takes integer values between the limits
0 L n 1, wheren is the principal quantum number. This orbital angular
momentum couples to the intrinsic spin of the electron$, with the total angular
momentum of the electron,J, taking valuesjL Sj J L+ S. ltis this L-S
coupling that results in the atomic ne structure.”

In addition to electronic spin, the nucleus itself has an associated intrinsic
spin, the angular momentum of which is indicated by . Coupling of this nuclear
spin with the total electronic spin results in the total atomic angular momentum,
F. As before,F takes integer valuegl Jj F |+ J. This additional coupling
regime results in the atomic hyper ne structure!® The various quantum numbers
of a given energy level are described using the spectroscopic notatiof>*' L ;. A
nal energy level splitting of F levels intomg sub-levels due to applied magnetic

8
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elds is discussed in Sec 2.1.1. When the energy splitting induced by this magnetic
eld is small in comparison to the hyper ne splitting, the quantum number F
provides a good description of the atomic behaviour.

2.1.1 Magnetic Field Shift

Figure 2.1: (a) Zeeman splitting of8’"Rb F = 2 (red lines) and F = 1 (black
lines) hyper ne groundstates (5S;,,). Numbers to right of plot indicate the

speci c mg Zeeman state. (b) Frequency shift of mg =0 ( ) transitions in
hyper ne groundstate.

In the presence of a static magnetic eldB, de ned as pointing alongz,
the hyper ne levels split further into 2F + 1 so called Zeeman sub-levels. These
additional levels, denoted bymg, take integer values within the limits F
mg F.

The energy splitting of these new levels can be calculated by considering the
interaction Hamiltonian describing the contribution from orbital and nuclear spin
components. If the energy shift is small compared to the hyper ne splittingf
can be considered a good quantum number and the interaction Hamiltonian is
expressed a$

F
Hg = BgszBz; (2.1)

where g is the Bohr Magneton andge, the hyper ne Lande g-factor, is given by

F(F+1) 1(I+1)+ JJ+1) + g FIF+1)+ 1(1+1) JJ+1).

2F (F +1) | 2F (F +1) o ’2)

where g; is the Lance factor and g, is the nuclear g-factor. In the limit of low

elds and to a rst order approximation the Zeeman splitting is then given by
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Ejmei = Megr 8B: (2.3)

A more precise calculation of Zeeman splitting, valid for the ground sate with
L =0 can be carried out using the Breit-Rabi equatior;

Enfs Eps 4mx , 7
= 2 4 m + + : .
EjF,m,:l 2(2| + 1) gl B B 2 1 2 +1 X ’ (2 4)

wherem = m; mjy, with the  sign taken to be the same as in Eq 2.4. The
hyper ne splitting is described by Epss = Apgs (I +1=2) with the quantity Apss,
the magnetic dipole constant, being experimentally determined. Finally,

_(m 9) 8B,
X_ T. (2.5)

During the clock investigation (Chapter 6-7), this normal Zeeman e ect is of
critical importance. A small magnetic bias eld is used to lift the degeneracy
of the Zeeman sublevels and de ne a quantisation axis for the microwave cavity
eld to drive  transitions. It is clear from Eq 2.4 that a strong understanding
of both the magnetic eld strength and stability is required when characterising
the clock accuracy and stability. Interrogating themg =0 ! mg = 0 transition
reduces the clock frequency sensitivity as the atomic energy levels are only sensi-
tive to a second order Zeeman shift with respect to magnetic eld strength. This
second order Zeeman shift is calculated as 575.15 HZ/8 in contrast to the
much highermg = 1! mg = 1 sensitivity of 1.4 MHz/G, emphasised in Fig-
ure 2.1(b). The residual frequency sensitivity must still be carefully considered
when constructing the clock error budget however.

When driving atomic transitions betweemme levels using linearly, , polarised
light mg = 0. Right (left) hand circularly polarised light is denoted by * ( )
and resultsin mg =+1( mg = 1). This useful naming convention is used
throughout this thesis and is valid for both electric dipole and magnetic dipole
transitions.

2.2 Interactions of Light and Atoms

To describe a two level atom (as shown in Figure 2.2) with the energy statgs
and jei we shall rst consider the Hamiltonian of the system. This consists



CHAPTER 2. THEORY 11

Figure 2.2: Energy levels of two level atom and driving laser eld detuned by
from the excited state, jei.

of the sum of the atom Hamiltonian,H,, and the atom-light interaction Hamil-
tonian, H;, that couples the two atomic states in the absence of spontaneous
emission,

Y
I

|'/|\a"' |'/ri
Egigihg + Eejeihgf  d E(1),

(2.6)

whereE (t) = Epcoq!t ) describes the light eld, E, = ~! , and d is the electric
dipole operator. The evolution of a quantum state,

X . . .
(D= aMinie = e st + atie e @27)

n

wherec, (t) is the given state amplitude, is described by the Schredinger equation,

G . : .
i~—j(i=Hj()i: (2.8)
dt
This can in turn then be expressed in terms of time-dependent coe cients by
substituting Eq 2.7 into Eq 2.8, where the indeX describes the state of interest,

X
i~a ()= c(te " mjHijki: (2.9)

n

This then results in the rate equations

icg(t) = co(t) cog't)e "= = ce(t)E gles Dty g ilegriit . (2.10a)

ice(t) = cy(t) cog!t ) = cg(t)§ gleat!)typ g iltes U (2.10b)
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Here the Rabi frequency, , is introduced. This essentially describes the atom-
light coupling strength and is de ned as

_ hed Eojor. 2.11)

~

eg
Eq 2.10 can be further simpli ed with the substitution = ! ¢4 in additon
to using the rotating wave approximation where fast oscillating terms containing
(1 ¢g+ !) are ignored as they do not contribute to the dynamics of interest
nally giving

INOERIGPTR (2.12a)

ice(t) = cg(t)Ee bt (2.12b)

2.2.1 Rabi Oscillations

A key concept required for the microwave clock investigations is that of Rabi
oscillations and microwave pulse areas. Beginning from Eq 2.12 it is possible
to show that the probability amplitude of a given state after a time, , spent
interacting with a electromagnetic eld is given by®

( o I3
Glto+ )=€ 72 co(to)el ©* ) jsin sin é
" ! %) (2.13a)
+ cy(to) cos % +icos sin é
( " ! I
C(to+ )=e ' 72 c(ty) cos % icos sin é
" I#) (2.13b)
+ cy(to)e 'C ) jsin sin
The o -resonant Rabi frequency is given by , = P ~2,+ 2. In addition, is
de ned between the limits O by: sin = = ,COS = = .

The probability of nding an atom in a given state at time is found by
taking the modulus squared of Eq 2.13, this equation is normalised such that
jcej® + jcgj> = 1. When plotted as a function of the atomic population is
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found to oscillate sinusoidally between the ground and excited states at the Rabi
frequency, these characteristic oscillations are known as Rabi oscillations or Rabi

opping. *°

Figure 2.3: Theoretical Rabi oscillations,jcy(0)j? = 1. (a) Rabi oscillations
plotted for di erent Rabi frequencies with = 0. (b) Rabi oscillations plotted
for di erent detunings with ¢y =1

Figure 2.3 shows Rabi oscillations for various detunings and Rabi frequencies
for an atom initially in jgi. From the solid black plots of Figure 2.3 we see when
a pulse of duration 4 = is applied the atomic population inverts fromjgi to
jei. This is known as a pulse. Similarly, to reach an equal superposition state
a =2 pulse is required. This concept of and =2 pulses is used extensively in
Ramsey-type clocks and atom interferometry?

Figure 2.4: Excited state population forjcg(t = 0)j? = 1 as a function of
detuning. Plotted for =200 s, ¢ = =

During a clock sequence microwave pulses with a square amplitude modu-
lation are usually applied and the frequency scanned to map out the resonance.
This square wave appears as a spread in frequencies in the Fourier domain, the in-
terference of which creates a characteristic sidistribution shown in Figure 2.4
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with a central linewidth,

f = 1:

|
> (2.14)
This method of probing a transition was rst used in cold atoms to interrogate the
groundstate splitting of caesium by Sesko and Wiemafi. Here the authors were
able to observe a resonance linewidth of 50 Hz, helping to lay the foundations for

precision spectroscopy in cold atoms.

2.2.2 Ramsey Oscillations

The accuracy of a frequency standard is proportional to the reference signal's
quality factor Q = fo= f. The central frequency of the signalfo, is set by the
atomic transition frequency. Therefore to increase the quality factor one must
reduce the linewidth of the signal. One method of reducing the linewidth of the
locking signal is to use Ramsey's separated oscillating elds methéd.

Figure 2.5: Bloch sphere visualisation of Ramsey interrogation. Atom initially
in jgi is excited by =2 pulse to superposition state. Atomic phase freely
precesses around Bloch sphere durifigz before being excited by second- 2
pulse. LO phase or frequency detuning from atoms results in incomplete
excitation to jei shown in (a). LO phase and frequency being the same as the
atoms results in perfect excitation tojei as with (b).

This method applies a rst =2 pulse fort = to prepare the atoms in a
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superposition state. From here the atomic phase is free to evolve in the dark
for t = Tg, the \Ramsey time". In the Bloch sphere picture this corresponds to

a vector precessing around the equator (see Figure 2.5). A secon® pulse is
then applied. If the frequency and phase of the light is perfectly resonant with
the atoms the sum of the two = 2 pulses results in perfect transfer to the upper
state (north pole on the Bloch sphere). If however the frequency is detuned from
resonance or a phase di erence between the atoms and light has accumulated,
the result is an incomplete transfer. This process can be modelled by successive
applications of Eq 2.13, assuming =0 and jce(t = 0)j? = 0, this results in*

2
, , , T
jee(2 + Tr)j*=4—Isin® — cos — = cos é
r
! I# 5 (2.15)
—sin Tr sin —
; 2
Figure 2.6: Theoretical Ramsey fringesTr =3 ms, =200 s. (a) Ramsey
fringe plotted for 4= =2 . (b) Central oscillations of fringe. (c) Ramsey

fringe plotted for ¢4 =1:25=2 . (d) Ramsey fringe plotted for
eg=0:75=2 .

A plot of a resulting Ramsey fringe with perfect =2 pulse areas is shown
in Figure 2.6(a-b), showing the interference e ect between the two pulses. Fig-
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ures 2.6(c) and (d) show the fringe pattern when over and under driving the
transition respectively. The e ect of the fringe interference is to create a sinu-
soidal modulation of the larger Rabi pedestal, centred on = 0. The narrowing
e ect of this process on the resonance is clear, resulting in a new linewidth pro-
portional to the Ramsey time,
1
f = ﬁ: (2.16)
Ramsey's method was quickly adopted by the clock community, notably in
beam clocks: Subsequently it was used in the rst atomic fountain spectroscopy
on sodium}® paving the way for the current realisation of the Sl second. Cold-
atom clouds are ideally suited here due to the long coherence lifetimes typical
of cold-atoms allowingTr to be extended further than possible with thermal
ensembles.

2.2.3 Magnetic Dipole Transitions

The previous sections discussed electric dipole transitions, magnetic dipole tran-
sitions as used in the clock experiment are described in much the same way.
Instead of being coupled by an oscillating electric eld as with Eq 2.6 the two
atomic levels are now coupled by a magnetic eld,

B = Bycoq!t + ): (2.17)

This modi es the system Hamiltonian,

A=t 1
Eqigihgi + Ecjeing  ~ B(Y);

(2.18)

where is the magnetic dipole operator. The Rabi frequency in this case is
expressed as

_ Mg Bojgi.

eg = (2.19)

The theoretical treatment of Rabi and Ramsey oscillations remains the same with
these minor modi cations.
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2.3 Rubidium Level Structure

A key element used in many laser cooling experiments is rubidium. Two isotopes
of this element occur naturally,®Rb and 8’Rb in a relative abundance of 72.17%
and 27.83% respectively>?° One major practical benet to using Rb in cold
atom experiments is that the wavelengths of the primary Rb absorption lines,
known as D (795 nm) and D, (780 nm), are accessible to relatively inexpensive
diode lasers’! It is also easy to trap a high number of atoms from a background
vapour and cool the sample to a few K using sub-Doppler cooling techniques
(Sec.2.4.1) due to the well-resolved hyper ne structure of the excited state.

Figure 2.7: Left: 8Rb D, line level structure, frequencies taken from Réf.

Throughout the course of this work only8’Rb will be considered. Although
this isotope has a lower natural abundance than i¥®Rb counterpart, correspond-
ing to a lower trapped atom number for the same experimental conditions, the
groundstate-splitting in 8’Rb is larger by a factor of 2.1*2° This fact becomes
an important consideration for the creation of microwave atomic clocks probing
the ground-state-splitting, as larger clock transition frequencies result in a higher
relative accuracy. This is also one of the primary reasons that optical clocks now
demonstrate the highest achievable relative accuracies of any frequency reference
by probing transitions in the THz regime. Figure 2.7 shows the ne, hyper ne
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and Zeeman energy level structure for th&Rb D, line.

2.4 Laser Cooling

The velocity distribution of a thermal cloud of atoms is given by the Maxwell-
Boltzmann distribution. The most probable velocity of an atom of massn and
temperature T in this distribution is given by:

;
V= 2kBT; (2.20)
m

wherekg is the Boltzmann constant. A room temperature ensemble of Rb atoms

therefore has a velocity of around 200 m/s. By contrast, atoms cooled to X
only travel at around 2 cm/s. Reducing the atomic velocity correspondingly
increases the average time interval for an atom to collide with either the cell wall
or another atom, drastically increasing the coherence lifetime. This is the core
reason laser cooling has become so widespread in atomic physics and has allowed
truly remarkable improvements in metrology.

The groundwork for laser cooling was largely laid in the 1970s and 1980s with
seminal works on the deceleration of an atomic beath,optical molasse€ and
magneto-optical traps?* Informative overviews of the history of laser cooling
and the general ideas behind it can be found in the Nobel Prize lectures of W.
Phillips,?® S. Chi*® and C. Cohen-Tannoudji?’ Many in-depth reviews are also
available on the subject such as Réf:?°

2.4.1 Optical Molasses

When a photon of momentump is absorbed by an atom, the atom recoils with a
momentum equal to that of the absorbed photon,

P= MViecoi = ~K; (2.21)

where Viecoii IS the atom recoil velocity andk is the wave number of the light.
This transfer of momentum is the origin of the optical molasses and the basis of
laser cooling. When the photon is re-emitted another small recoil of the atom
occurs. Due to the isotropic nature of this spontaneous process however, over
many absorption cycles the atom recoil due to photon emission sums to zero and
does not contribute to a momentum change of the atom. When considering an
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atom travelling anti-parallel to a beam of photons from a laser, it is clear to see
that over many photon scattering events enough momentum will be transferred
to the atom to slow it down, eventually stopping the atom all together and
then accelerating it in the opposite direction. The key step towards making
this momentum transfer useful for laser cooling is the introduction of a second
overlapping counter-propagating beam and the red detuning of both beams
0). Assuming a two level atom in steady state, the scattering rate for a single
beam of intensity| is given by

=l S .
21+ 1=lg+(2 =)7?
wherel is the light intensity, | s is the saturation intensity of the transition and

Rse(l; ) = (2.22)

is the natural linewidth of the excited state. | s is de ned such thatl=I g = 2(-)?
and can be calculated or looked up for di erent transitions in Ref! The force
on the atom from one beam can then be expressed by

dp

F= = Ralli) (2.23)

Figure 2.8: Acceleration experienced by atoms in a 1D optical molasses as a
function of their velocity. The red and blue lines indicate the acceleration due

to each counter-propagating laser. The black line shows the total acceleration as
a result of the two lasers. Plotted for’Rb wherel = |5 = 1:67 mWcm 2,

I+ =21, =

Due to the Doppler e ect an atom moving at some velocityy, will observe the
light to be shifted in frequency compared to if it were at rest; with a shift given
by!°=1 K wwhere! is the light angular frequency in the resting frame and
v is the atom velocity. As an atom moves towards one of the beams the photon
frequency observed by the atom will be blue shifted towards resonance while the



CHAPTER 2. THEORY 20

light from the other beam will be further red-shifted away from resonance. This
results in the atom scattering many more photons from the beam it is propagating
towards, resulting in a higher force opposing the direction of travel of the atom.
The total force from the two beams is the sum of the independent contributions
from each beam:

K 1=l s =1 5
- = : 2.24
2 1+ li=lg+ (222 14 |=lg + (22K (2.24)

wherelt is the total light intensity. The acceleration, a, from the two beams is
found to be balanced for atoms with zero velocity component in the laser axis
(shown in Figure 2.8). When generalised to 3D using three orthogonal, counter-
propagating pairs of lasers, this e ect is known as “optical molasses' due to the
atoms experiencing a decelerating force proportional to velocity in all directions,
similar to a viscous uid.?%:3°

Atoms in the velocity classv < v(amax) are able to be slowed using this
technique, giving a minimum stopping distance ok = v2=2a,,., this relation
can be seen as the origin of the coupling of trapped atom number to optical
overlap volume discussed in detail in Sec 4.1.3.

Although able to cool atoms to very low temperatures (discussed in detail in
Sec 2.4.4 onward), an optical molasses is not, however, a trap as the slow moving
atoms are able to di use out of the beam overlap region via Brownian motion
and are thus not spatially localised. To achieve spatial localisation of the atoms
one nal ingredient is required.

2.4.2 Magneto-Optical Traps

By combining optical molasses and a spatially varying magnetic eld, a position

dependent force can be applied to the atoms, allowing both cooling and trapping

of dense atomic clouds. Due to the Zeeman e ect when an atom is placed in a

magnetic eld its hyper ne energy levels split intomg sublevels with a splitting

(to rst order) proportional to the magnitude of the eld, given by Eq 2.3. Here

we consider the 1D case of a red detuned counter-propagating pair of beams of

the same circular polarisation, passing through the zef® eld centre point of a

linear magnetic eld gradient, shown in Figure 2.9. When parallel with the mag-

netic eld these lasers drive * transitions in the atoms, simultaneously driving
transitions in the anti-parallel case. As a result, as an atom moves from the
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zero eld centre point it experiences a larger Zeeman shift in its energy sublevels,
bringing the transition frequency into resonance with the light. Therefore as an
atom moves further from the centre point the probability of scattering a pho-
ton and being pushed back towards the centre where the forces are balanced is
greater, resulting in a position dependent force on the atoms. This 1D case can
be extended to 3D using the quadrupole eld generated by an anti-Helmholtz
coil pair and the overlap volume of three pairs of counter-propagating orthogo-
nal lasers of appropriate circular polarisation for each trap axis, as set by the
direction of the magnetic eld.

Figure 2.9: Energy levels involved in 1D MOT scheme when driving the
transition F =0 ! F°=1. The dashed horizontal line represents the energy of
the red detuned laser of frequency, while the energy level ath  is the
transition's resonance frequency,q. If an atom moves in the x direction the
energy splitting of the excited state and increasing B- eld bring laser 1 closer to
resonance, causing an increased force from laser 1 pushing the atom back
towards the origin and visa versa for an atom moving in the x direction.

2.4.3 Grating Magneto-Optical Traps

Since the invention of the 6-beam MOT several other optical geometries have been
demonstrated33¢ the most common of which are highlighted in Figure 2.10.

The geometry of particular interest in this work is the grating magneto-optical
trap (GMOT), 3+378° ysed in all the cold-atom experiments discussed herein. This
con guration makes use of the fact that the minimum number of MOT beams
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Figure 2.10: Comparison of di erent laser cooling geometries indicating
cooling beam and trapping coil con gurations. Left to right: 6-beam MOT,
Mirror MOT, Pyramid MOT, GMOT. White arrows indicate light polarisation
handedness. Orange arrows indicate direction of current ow in MOT coils.

required to trap in N dimensions is in factN + 1,%34% as opposed to the R of
the original laser cooling schemes:?°

GMOTs operate with a very similar arrangement to the tetrahedral MOTS®
replacing the free space optics of the four beams with a single trapping beam
incident on a microfabricated grating structure patterned on a silicon chip. The
rst order di racted beams from the grating chip allow the balance of radiation
pressure from the input beam for laser cooling in three dimensions. This concept
is illustrated in two dimensions in Figure 2.11(a). The optimum balance in radi-
ation pressure fromn diracted beams is found when the rst order di raction
e ciency, ,is*

1

== (2.25)

Several di erent GMOT geometries have been demonstrated, including tri-
segment gratings, quad-segment gratings, and checkerboard gratirijs.More
details on the working principle of GMOTs can be found in Réf while details
on grating design and MOT characterisation are found in Réf Throughout
this thesis various gratings have been used, all of which utilised the tri-segment
geometry as shown in Figure 2.11(b). These tri gratings have grating regions
of 20 20 mm which are broken into three distinct sections of binary patterned
grating structures. This arrangement ensures that a cooling force can be applied
in three dimensions for atom trapping.

The primary bene t to using a GMOT is the compact form factor achievable
when compared to traditional 6-beam MOTs or even mirror MOTs. This is of
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Figure 2.11: (a) Schematic of GMOT cooling geometry, shown in two
dimensions. Darker red diamond shaped region indicates the cooling overlap
volume where atoms can be trapped and cooled into the MOT (shown in
yellow). (b) Image of typical \tri-grating" as used throughout this thesis, three
grating regions are clearly visible.

particular interest for compact cold-atom sensors, the development of which is
the focus of this thesis. By using a single cooling beam the number of optics
can be reduced drastically while maintaining high trapped atom numbers at low
temperatures. This has the additional bene t of simplifying optical alignment as
only a single beam is utilised. A simpli ed alignment procedure may also prove
bene cial when taking devices out of the lab with the fewer beam paths improving
device robustness. MOTs of 6 10’ atoms have been demonstrated (recently
improved to 1 10° by loading from a 200 MOT #4),** with temperatures as
low as 3 K.* In recent years GMOT technology has also been extended to the
alkaline earths, namely strontium?>*” Working with strontium adds signi cant
complexity to the design of the grating chips due to the multi-wavelength cooling
strategies required to reach atomic temperatures in theK regime. Despite the
additional complexity of the grating design, these works help set the foundations
for more simpli ed and compact strontium optical clocks. As these types of clock
currently exhibit the lowest systematic uncertainties of any clock,they are an
appealing line of inquiry towards more compact optical standards.

2.4.4 Doppler Limit

During the rst rigorous investigations into the laser cooling of neutral atoms,
researchers were surprised to observe sodium atoms cooled to KQsigni cantly
below the so-called \Doppler Limit">>“® the theoretical minimum temperature
achievable by the radiative scattering force detailed above.
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