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Abstract

In recent years there has been great interest in the applications of the
interaction of the phase and intensity of laser light in atomic vapours. The
generation of light beams with arbitrary phase and intensity patterns can
now be easily achieved by using Spatial Light Modulators (SLMs). The
transformation of quantized units of phase information to atomic vapours
has implications in the fields of quantum optics for the realisation of sources
of entangled photons, optical switching, and quantum information storage.
Spatially shaped beams with non-trivial intensity geometries have found use
in single atom quantum well traps and for the enhancement of density of
standard Magneto Optical Traps.

The work in this thesis is focussed around two main projects, involv-
ing the interaction of holographically shaped light beams with cold trapped
atoms and with a hot atomic vapour respectively. An enhancement to the
previously investigated technique of a SPontaneous force Optical Trap SPOT
of 8"Rb is presented here which aims to solve various issues which naturally
arise from compressing cold atoms in a Magneto Optical Trap (MOT) such
as unavoidable heating during the compression. High density/high atom
number traps are highly sought after in many experiments for more efficient
transfer of atoms to Bose Einstein Condensates and for improved quantum
storage capabilities in cold atom traps. The highest density achieved in our
SPOT was 2.5 x 10*2atoms cm ™ for 2 x 10% atoms at a temperature of ap-
proximately 100uK. This represents almost 2 orders of magnitude increase
in density from the standard MOT setup with no adverse heating of the trap

while maintaining 75% of the atoms.



In the second part of this work hot atomic vapours are utilized for the
efficient transfer of orbital angular momentum information from near infra-
red pump fields, driving from 55/, to 5D5/,5 on a two-photon transition, to
a cascade from 5D5/5 to 655 to 551/, generating 5230nm light and a co-
herent blue, 420nm, beam respecitively. This generation is performed using
four wave mixing in %Rb. We observe the complete conversion of all in-
put quantum information, the Orbital Angular Momentum (OAM) from the
pump fields to the blue. In addition we show the additional phase coher-
ence effects of this experiment through the use of simple superpositions of
Laguerre-Gaussian (LG) modes showing that the process is indeed quantum
in nature. A theoretical basis for the transfer of all OAM information to only

the 420nm beam is also discussed here.
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1 Introduction

1.1 A Brief History of Atom Optics

Atom optics is a relatively new area of physics focussed on the study of light-
atom interactions, and the effects of wave-particle duality. The field itself
has blossomed in the last 3 decades with the first theoretical predictions
of laser cooling [1], and following demonstrations of cooling and trapping
of neutral atoms [2, [3]. The most basic and widespread trapping system,
known as the Magneto-Optical Trap(MOT) and further adaptations thereof
have been implemented in many different atomic elements [4], 5], @, [7]. Many
variations and further steps of cooling have been shown as a direct result of
the development of the MOT such as the dark Spontaneous Force Optical
Trap (dark SPOT) [8, 0], Compressed MOTs (CMOTs) [10), 11, 12], and
optical dipole traps [13]. Perhaps the most famous result from the advent of
laser cooling has been the development of Bose Einstein Condensates (BECs)
[14], 15] predicted by Einstein and Bose in 1924 [16, [17].

More recent work in atom cooling and trapping suggests we are entering
the exciting realm of miniaturization and microfabrication of MOT systems
for use in electronic and computing systems [I8, [19]. Other interesting devel-
opments in recent years are the development of the first atom lasers |20} 21],
the many possibilities for quantum information storage in atomic systems
[22, 23, 24], 25, 26] and the headline grabbing slowing of light down to 17m/s
[27].



1.2 The Two-Level atom

The first step in understanding light-atom interactions is the theory of a two
level atom coupled to a classical light field, using the electric dipole approx-
imation [28]. Interaction between light and the two-level atom is typically
described using a semiclassical treatment, i.e. the radiation is treated as a
classical electric field but quantum mechanics is used to treat the atom. The
quantized atom with two energy levels interacting with a classical light field
is illustrated in Fig. [I.I] The atom has two states, a ground state, 1, and an
excited state, 2, with an energy difference of hwy = h(ws — wy), are coupled
by an electric dipole transition. The atom interacts with a monochromatic
plane wave of frequency w with a detuning from resonance A = w —wy, where

wp is the transition frequency.

11

Figure 1.1: The two-level atom with levels separated by a transition with
frequency wg. The atom is perturbed by a monochromatic plane wave of
frequency w with a detuning from resonance A = w — wy.

Using Dirac Ket notation to label each state the atomic wavefunction of

the two states is described by

U ’ I',t> =C | 1>eiiw1t + Co | 2>eiiw2t, (11)

where ¢; and ¢y are the time dependent coefficients describing the populations



of of each level at any one time where

lei P+ ] e P=1. (1.2)

The evolution of this system is governed by the time-dependent Schrédinger
equation
ov
ih— = HV 1.3
where the Hamiltonian consists of two parts H = Hy + Hy(t), with Hy being
the unperturbed Hamiltonian. The perturbation caused by the oscillating

electric field, E = Egcos (wt) can be described by the Hamiltonian

H, (t) = er - Egcos (wt), (1.4)

where e is the elementary charge and r is the position of the electron with
respect to the atoms centre of mass. The interaction of the atom with the
external field mixes ground and excited state populations. Substitution of
equation [1.1] into the time-dependent Schrodinger equation gives us, after

rearranging

1C = Co {ei(‘”_WO)t + e_i(‘”’LwO)t} b (1.5)
where () is the Rabi frequency which is defined as
1 -Eg | 2
Q! |6rh°| ), (1.6)

The term with (w + wy) averages to 0 over typical interaction times due
to very fast oscillation, this is known as the rotating wave approximation.

This approximation leads to



Z'C'l — CQGz(w—wo)t

Y

DD

(1.7)
iég = clei(w—wo)t *

|

Combining these two gives us a second order differential equation and by
solving for initial conditions, i.e. ¢1(0) = 1 and ¢3(0) = 0, we can arrive at

the probability of an atom being in the excited state which is

[ ex (t) (1.8)

Y 2 V2 4+ A%t
T2t Ar 2 '

The population oscillates between the two levels with a frequency equal to

the Rabi frequency. This population oscillation is known as Rabi Oscillations,

Fig. [1.2]

Probability
1 A/Q=0
A/Q=1
05
m 27 3 4 ﬂﬂt

Figure 1.2: Rabi Oscillations in a two-level atom. The probability of an
atom being in the excited state are shown for detunings of 0 and €2 in blue
and red respectively.

The Rabi oscillations show a completely coherent behaviour in the un-

damped regime. In terms of energy transfer, the conservation of energy

4



implies that energy must be transfered to and from the driving field. The
processes that exchange this energy are known as absorption and stimulated
emission. In the absence of other processes an atom prepared in the excited
state at ¢ = 0 would remain in the excited state without an external field
to drive the atom. However of course atoms have limited excited state life-
times which decay by way of spontaneous emission which we must include
to properly describe atom-light interactions. The symbol v represents the
spontaneous decay rate. By incorporating spontaneous emission into the cal-
culation using the optical bloch equations [29] we can see that it washes out
the purely coherent behaviour in Rabi Oscillations, Fig. This approx-
imation is correct in the strong coupling limit, i.e. €2 > ~. This regime is

particularly important for the study of coherent atomic interactions.

Probability

1 Qjy=20 Qfy=5
Qfy=1

SLARA A
gvvvvv:

3

7t Q)

Figure 1.3: Damped Rabi oscillations for varying relative spontaneous emis-
sion rate.



1.2.1 The Susceptibility

The response of a two-level atom to an external electric field E can be written

as,

P = ¢x(w)E, (1.9)

where P is the polarization density. The constant x(w) is called the suscep-
tibility which is the degree of polarization of the atom or dielectric material
in response to the applied electric field. The susceptibility is a complex pa-
rameter the imaginary part of which describes the absorption in the material
while the real part describes the dispersive properties of the material. These

are of the form

nd, A
XR = — hen A2 2 2
€0 +12/4+02/2 (1.10)
nd, r/2 '
X1 =

CTieg A2+ T2/4+Q2/2

where n is the number density of the material and d,. is the transition dipole
moment. The real and imaginary part of the susceptibility are shown in Fig.
L4

The absorption takes on a Lorentzian line shape while the dispersion takes
on a shape that changes sign from negative detuning to positive.

It is well known that photons have a momentum relative to their frequency
of hk [30], which on absorption by an atom causes a corresponding change
in the momentum. It is also well known that photons can carry other types
of momentum such as Spin Angular Momentum (SAM) and Orbital Angular
Momentum (OAM) [3I]. The SAM of light is the component of angular
momentum of a light beam that is associated with its circular or elliptical

polarization. When a light beam is circularly polarized the photons carry



Normalised yz/yr

Figure 1.4: Imaginary part of Susceptibility describing absorption shown in
red and real part describing dispersion shown in blue.

an angular momentum of +h. Circularly polarized light may be referred
to as left, o=, and right handed, o% depending on the direction of which
the electric field vector rotates with respect to the propagation direction
of the light. When an atom is driven by either o~ or o light with the
atomic quantization axis aligned with the light propagation direction the
light transfers both its linear momentum, Ak and SAM, £A to the atom. If
we were to treat the light field as quantized units of single photons the SAM
from one photon transfers the atomic population into the transition with
1 quantized jump in angular momentum. More generally however we have
classical light fields where absorption of large numbers of circularly polarized
photons cause optical pumping, i.e. the SAM present transfers the atoms
to the state with largest angular momentum in the direction defined by the
handedness of the polarization.

It has been known for some time that light carrying Orbital Angular Mo-



mentum can also be absorbed by atoms/materials. Conservation and storage
of OAM has been observed in a number of processes including the entangle-
ment of OAM modes in Spontaneous Parametric Down Conversion (SPDC)
[32,133], second harmonic generation [34], Four-Wave Mixing (FWM) in semi-
conductors [35] and in setups such as Optical Tweezers [36]. In atom optics
FWM and other closed loop processes have enabled the transfer of phase
information to room temperature atomic vapours [37, [38] and optical OAM
has been used to manipulate the quantum state of Bose-Einstein condensates
via Raman transitions [39, 40]. In these setups we can observe directly the
twist in momentum applied to the object. It has been shown theoretically
that light carrying OAM can give rise to the violation of the standard dipolar

selection rules when absorbed by matter. [41]

1.3 Beyond the Two-Level Atom

Beyond the two-level atom more complex processes appear in atoms, such as
Electromagnetically Induced Transparency [42] [43]. In EIT the presence of a
strong coupling field w, inhibits the absorption of a weak probe w, under the
condition that one of the transitions is not dipole allowed. The 3 types of EIT
setup are shown in Fig. The 3 schemes are known as A-type, V-type,
and cascade type respectively. In all 3 systems the probability amplitude for
the atom to transfer between states can interfere destructively in order to
render the atom transparent to the probe light in a very narrow frequency
window as shown in Fig. [1.6]

EIT was first predicted to enhance non-linear optical processes by Harris
et al in 1991 [44] and investigated experimentally by Hakuta et al.In [45] it
was shown that the efficiency of four-wave mixing can be increased when the
two-photon pump field in four wave mixing (FWM) becomes strong relative
to the other fields. Also shown there is the effect of realistic phase matching,

described by the ratio of the non-linear and linear susceptibilities,



- 12)

X 3
3) 13)

— 11

Figure 1.5: Electromagnetically Induced Transparency (EIT) setups. From
Left to right: A-type, V -type, and cascade-type

Absorption

s =7 =5 1 5 7 3 Detuning

Figure 1.6: Absorption profile of the unaltered state, blue/dashed, and
the absorption spectrum, red, vs frequency in units of linewidth I'. Under
EIT conditions a narrow transparency window will be seen in the absorption
profile.

| x® | /| xM |. The effect of EIT in four-wave mixing is to reduce absorption

on the generated transition, greatly increasing efficiency of conversion.



1.4 Four-Wave Mixing

Four-wave mixing (FWM) is a nonlinear effect which arises from the third

order nonlinear susceptibility, 3.

In FWM two or three electromagnetic
fields interact within a nonlinear medium to produce four fields in total. This
process along with other multi level processes such as frequency doubling,
sum and difference frequency generation and parametric down conversion, are
said to be phase matched[40, 47, 48], [49]. Phase matching in four wave mixing
involves the constructive interference of four waves in a medium such that
the four wavevectors {k1, ko, k3, k4} multiplied by their associated refractive

indices in the nonlinear medium {n;, ns, ng,n4} is equal to zero i.e.

k1n1 + 1{72712 — ]{73713 — k4n4 =0. (111)

The above equation is the phase matching condition for four wave mix-
ing in a nonlinear medium. Phase matching is required for high efficiency
conversion from input waves to output. A phase mismatch is shown in Fig.
, the efficiency of conversion/translation is determined by the phase mis-
match. Only when there is no mismatch Ak = 0 do the four beams fully

constructively interfere.

mky naks
b
>

n; kg ny kgr

> ;
Ak

Y

Figure 1.7: Ilustration of a phase mis-match in four wave mixing.

When the input frequencies of the pump modes are the same this is called
degenerate four wave mixing and when the pump modes do not match it is
non-degenerate. The experiments described in this thesis are of this type.

Fig shows non-degenerate FWM in the frequency domain. Two pump

10



modes, v, and v5, shown in Red and Orange interacting with a nonlinear
medium produce two other modes, 3 and v, at a lower and higher frequency
respectively. These two frequencies can be vastly different from one another
and from the pump light itself. Four wave mixing in ®®*Rb can produce
5230nm and 420nm light form pump light at 780nm and 776nm.

V3 V1 V2 V4 v

Figure 1.8: Frequency of beams involved in FWM.

1.5 Laguerre-Gaussian Modes

Laguerre-Gaussian (LG) modes are high order solutions to the paraxial ap-
proximation to the Helmholtz equation in cylindrical coordinates [50]. These
modes have a rotation symmetry along the propagation axis with phase-
fronts (surfaces of constant phase) which are helical in form. LG modes are
defined by two indices [ and p which describe the number of 27 phase cycles
and the number of radial modes in the beam profile respectively, as seen in
Fig. [1.I0} A normalized Laguerre-Gaussian light field can be described in

the cylindrical coordinate system as

L 2p! 1V [ 208 ] ao
b V() w(z) <W(2)> b L}Q(Z)] ‘ (1.12)

—r? Jw? €+i(2p+\l|+1)arctan(z/zR) e—ikz

X e

11



Here LL” is an associated Laguerre polynomial and w(z) = Wom
for a beam waist wy, with a Rayleigh range zr = 7w?/\. The [ index describes
not only the orbital angular momentum but also the number of time the phase
cycles azimuthally from 0 to 27 in one full cycle as shown in Fig. [I.9] as such
the [ index is known as the azimuthal index. OAM, unlike SAM which has
two modes depending on the handedness of circular polarisation, has the
azimuthal index [ is unbounded and can take any integer value between —oo

and oo.

\
M e

Figure 1.9: Laguerre Gaussian phase fronts and phase profile for [ = 1 and
[ =3.

Critically for LG modes the azimuthal rotation of phase around the beam
axis leaves the phase undefined in the centre of the beam. As the phase is
undefined on-axis, there is complete destructive interference at this point and
an optical vortex exists in the distribution with zero intensity at the centre.

This creates an intensity profile often referred to as a doughnut (when p = 0

12



and [ is nonzero).

Intensity Phase
p=0 p=1 p=2 | p=2

- o
‘Ih
plE

Figure 1.10: LG mode intensity and phase profiles for a number of [ and p
combinations.

k
&

1.6 The Work in This Thesis

The work in this thesis is focussed around two main projects outlined in
chapters 4 and 5. An enhancement to the previously investigated technique
of a SPontaneous force Optical Trap (SPOT) is presented here which aims
to solve various issues which naturally arise from compressing cold atoms
in a Magneto Optical Trap (MOT) such as unavoidable heating during the
compression. High density/high atom number traps are highly sought after
in many experiments for more efficient transfer of atoms to Bose Einstein
Condensates and for improved quantum storage capabilities in cold atom
traps. Chapter 4 will outline the steps taken to achieve an enhancement
from the typical density of a MOT of 4 x 10'° atoms cm ™3 to 2.5 x 10'2atoms
cm ™ for 2.5 x 10® atoms in the SPOT. This chapter will also show that

13



during the transition between traps the atoms are not heated and remain
close to if not colder than the atoms within the MOT at a temperature of
100uK.

In the second part of this work hot atomic vapours are utilized for the
efficient transfer of quantum orbital angular momentum information from
near infra-red pump fields to a coherent, 420nm, beam. We observe the
complete conversion of all input quantum information, the Orbital Angular
Momentum (OAM) from the pump fields to the blue. In addition we show
the additional phase coherence effects of this experiment through the use of
simple superpositions of Laguerre-Gaussian (LG) modes showing that the
process is indeed quantum in nature. A theoretical basis for the transfer of

all OAM information to only the 420nm beam is also discussed here.
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2 Orbital Angular Momentum

Theory and Generation

2.1 Orbital Angular Momentum

In 1992 Allen et al showed that light beams with an azimuthal phase depen-
dence of the form e carry an orbital angular momentum (OAM) that is
completely distinct from the well known Spin Angular Momentum (SAM),
+h [I]. This paper also reported that these helically phased beams, shown
in Fig. 2.1, carried an OAM quantized in units of [ per photon.

I=1

Figure 2.1: Helical Phase Fronts

A property of these helical phase fronts is that they require a phase singu-

larity running along the centre of the beam. The phase singularity requires a
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line of zero field in the intensity distribution resulting in the "doughnut" in-
tensity pattern characteristic of Laguerre-Gaussian modes illustrated in Fig.
.10

LG modes are a complete basis set for paraxial light beams and are de-
noted by the notation ‘bé where p and [ describe the radial and azimuthal
indices of the mode. The [ value is unbounded and can take any integer
value between —oo and oo. A normalized Laguerre-Gaussian light field can

be described in the cylindrical coordinate system as

C ] 2p! 1 V2r ! ] 2r* 1 g
) = (| 1] +p)w(z) (w(z)) Ly L}Q(Z)} ¢ (2.1)

—r2/w? e+i(2p+\l|+1)arctan(z/zR) e—ikz

X e

Here LL” is an associated Laguerre polynomial and w(z) = wom for
a beam waist wy, with a Rayleigh range zp = 7wi/\. A crucial factor for
experiments in this thesis is the extra strength factor in the Gouy phase term
of 2p + | 1| + 1). This stronger Gouy phase factor can have an adverse

effect on achieving good beam quality.

2.1.1 Superpositions of Laguerre Gaussian Modes

When two LG modes of indices I; and Iy = [; + 4l are perfectly overlapped
the beams interfere at | 6/ | azimuthal positions [2]. When two modes of the
opposite [ value are overlapped at an angle the intensity distribution tends
to the same fork like pattern present in the phase hologram used to create
LG modes [3]. If | I; |#| [z | the radii of the intensity rings differ and dark
lattices can be created. Fig. illustrates some superpositions of LG modes

with intensity and phase of the form
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I=[ & + /L2

¢ = arg (q)f} + \/mq)ff) :
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Phase _
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N |

Figure 2.2: From left to right: A superposition of [ = 3 and [ = -3 at zero
angle showing 6 bright lobes. In the centre the same superposition with the
beams overlapping at an angle of 18°. On the right a superposition of [ = -1
and [ = 7 showing a central vortex and 8 surrounding vortexes.

2.2 Spatial Light Modulators

Both the dark SPOT and frequency translation experiments in the follow-
ing chapters make use of Spatial Light Modulators (SLMs) to shape our
light beams with different patterns of phase and intensity. SLMs have al-

ready been well established as invaluable tools in other fields such as in
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holographic optical tweezers |4, [5]. SLMs have also been utilized in many
atom optics experiments [0 [7, 8]. Here we discuss the well known steps used
to generate LG beams using SLMs however this technique can be extended
to the creation of more complex patterns. OAM beams can be generated in
a number of ways such as with Spiral Phase Plates [9], cylindrical lens mode
converters [I], or Spatial Light Modulators (SLMs) [10]. SLMs offer much
greater flexibility over the other two methods and importantly are commer-
cially available making them particularly appealing for generation of OAM
modes and indeed other beams. Spatial Light Modulators are Liquid Crys-
tal Devices (LCDs) where the phase change associated with each individual
pixel can be programmed using a standard monitor cable to a computer. The
spatial light modulator used in all experiments in this thesis is the Hama-
matsu Liquid Crystal on Silicon (LCOS) SLM X10468-02. This SLM has a

resolution of 800x600 over a 16x12mm effective area centred on 780nm.

Liquid crystal layer

Transparent electrode

C-MOS circuit

Glass substrate

Pixel
electrode

Modulated light

Figure 2.3: Makeup of Spatial Light Modulator. (From Hamamatsu website)

An LG beam can be created with an SLM by "displaying" the helical
phase structure of the desired LG mode, as in Fig. [1.10] added to a modulated

linear phase ramp between 0 and 27 on the SLM surface. The result of this
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is a diffraction grating with [ extra lines in one half of the grating as shown
in Fig. [2.4] This is often referred to as a "fork" diffraction grating [3]. In
addition to the forked diffraction pattern accurate holograms must contain
the intensity mask of the desired mode, making the desired hologram the
complex far-field diffraction pattern of the desired object. Defining the phase
and intensity of the desired mode allows us to eliminate the contribution of
higher order p modes present when illuminating a simple forked diffraction
pattern with a gaussian laser mode. (A simple forked diffraction grating
on its own will only create a pure Laguerre Gaussian beam free of higher
order p modes under illumination of a uniform intensity distribution) Another
method of generating LG beams with an SLM is by using a spiral Fresnel

lens as discussed in [11].

(-~ =3I

Figure 2.4: Makeup of a typical Laguerre-Gaussian Hologram for use on a
spatial light modulator. The hologram consists of firstly a ramped diffrac-
tion grating between 0 and 27 which is used to separate out the desired
mode/modes from the direct reflection (Oth order from the grating). The
ramp is then added to the phase profile of an LG mode, shown above for [
= 1. This combination is then multiplied by the Intensity of the desired LG
mode creating the final hologram shown on the right.

The desired mode output from the SLM can be optimized in any of the
diffracted orders but is typically the 1st order is chosen for maximum diffrac-
tion efficiency, as shown in Fig. [2.5] The desired order is chosen using a
fourier filter setup where all of the orders reflected off of the SLM are fo-
cussed by a long focal length lens with an aperture placed in the focal plane.
The aperture is large enough to only let the first order beam through but

small enough to block all other orders.
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Input Beam

Figure 2.5: Typical setup of an SLM with an input Gaussian laser beam.
The input beam diffracts off of the ramped diffraction pattern producing
several diffracted orders. (2 are shown here for simplicity) The desired mode
is typically chosen to be in the 1st diffracted order to maximize diffraction
efficiency. In most cases many more diffraction lines are used than shown
in the diagram so it is necessary to use a fourier filter setup to remove the
undesired diffracted orders from the beam. (not shown here)

2.3 SLM Calibration

2.3.1 Phase Calibration

For optimum SLM operation we must determine the relationship between the
SLM input from the computer, any integer value between 0 and 255, and the
phase shift between 0 and 27 in the output beam. Typically commercially
bought SLMs arrive with greater than 27 phase modulation possible at the
desired wavelength to ensure the full range of phase shift is possible. Firstly
we wish to ensure that the end points of the signal from the computer are

calibrated such that they produce a maximum phase shift of 27 in the beam
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(i.e. the signal from the computer should be capped somewhere below 255).
Additionally we want to ensure that the modulation between 0 and 27 is
linear with computer signal. Secondly any intensity mask applied over the
phase pattern must also have a linear response in the output beam intensity

Our phase calibration method chosen is illustrated in Fig. 2.6] The laser
beam is sent through a polarizing beam splitter and polarizer set to 45° The
SLM is birefringent and will only apply a phase change to the horizontal
component of the incoming beam. When a flat phase change is programmed
across the SLM surface, the net effect is a rotation of the input polarization.
After reflection from the SLM surface the beam polarization is rotated in the
opposite direction to before by the polarizer and the polarizing beamsplitter
converts the polarization modulation from the SLM to amplitude modulation

in the beam path detected by the power meter.

SILM

A4
\'4
N

Polarizer

PBS

45°

Figure 2.6: SLM Phase Calibration. A Polariser is placed before the SLM
at 45°. The SLM is birefringent and will only apply a phase change to one
polarization. A range of flat phase changes are applied across the SLM surface
in succession, this phase change is converted to amplitude modulation which
can be read by the power meter.

The data from the phase calibration experiment is shown in Fig. in
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black along with a theoretical, cosine, fit shown in red. The peak of this
graph represents a phase modulation of m while the two troughs represent a
phase change of 0 and 27 respectively. The two troughs were then taken as
the limits of the signal sent to the SLM and the points between there used

as a look up table.

Normalised Power
1.

0.8

0.6

0.4}

0.2}

Phase Level

50 100 150 200 250
0.03 | il

-0.03

Figure 2.7: Normalised Power as a function of phase level on the SLM is

shown in Black. A fit of this data of the form of a Cosine is shown in red
and residuals of this fit shown in the inset below the graph.

2.3.2 Intensity Calibration

Reflection from a phase hologram of an LG mode alone tends to excite extra
p modes in addition to the beam we are interested in. To counter this effect
we must consider the intensity as well as the phase of the beam we wish
to create when designing the holograms. While the SLM cannot directly
modulate intensity we can add an intensity mask over the phase hologram

to select only the modes of propagation we want. This addition of intensity
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results in the hologram shown in Fig. [2.4] The conversion from phase grating
maximum level between 0 and 255 on the SLM does not vary linearly with
intensity in the first order diffraction pattern. The measurement of this effect
is shown in Fig. 2.8, The variation is approximately linear in the centre and
tails off at the two extrema. This variation is characteristic and unique to
each SLM and can be used as a look up table to ensure the response is linear

over the entire range.

Normalised Power
1.0

0.8}
0.6;
0.4}

0.2}

09 50 100 150 200 750" nase Level

Figure 2.8: Normalised Power in the first diffracted order as a function of
phase grating maximum on the SLM is shown in Black. A fit of this data of
the form of a Cosine is shown in red.
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3 The Magneto-Optical Trap

3.1 Introduction

In 1987 Raab et al reported the confinement and cooling of an optically
dense cloud of neutral sodium. The trap was created through radiation
pressure from the combination of 3 retroreflected laser beams propagating in
orthogonal axes in combination with a weak magnetic field [I]. The ability to
cool and trap neutral atoms had previously been shown theoretically[2] and
experimentally in a magnetic trap [3], optical molasses [4] and a combination
magnetic and optical trap [5]. The 1987 paper was the first report of the
experimental creation of a Magneto Optical Trap (MOT). The MOT has
become the powerhouse of many cold atom optics experiments. The MOT has
served as the base of a number of major scientific breakthroughs such as the
observation of Bose-Einstein Condensates (BEC) in 1995 [6], the development
of Cesium atomic fountains now used as the international standard of time
[7] and the earliest efforts to construct an atom laser [§].

Magneto Optical Traps cool down an ensemble of Rubidium atoms to
temperatures of the order of 100uK [9, [10] at peak densities of the order of
10" atoms cm™ [I1]. Such low temperatures in atom ensembles offer long
coherence time compared to room temperature and heated atomic vapours
due to a reduced collision rate, Doppler width, and a longer interaction time
with excitation fields. Cold atom traps are particularly useful as a source of

cold dense samples of atomic ensembles. While heated, denser, collections
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of atoms are also suitable for interaction with various properties of resonant
light such as spin/orbital angular momentum [12], and phase, cold atomic
clouds offer much lower collisional loss rates and the possibility for direct
manipulation and measurement of the bulk atomic population in various
hyperfine states [13], [14].

The operation of a MOT relies on radiation pressure, the force exerted
by a light beam resonant with an atomic transition, being absorbed and
reemitted. This radiation pressure exerts a change in momentum to the atom
of hk each time a photon is absorbed or when the atom spontaneously decays,
reemitting a photon in the process. In creating a confined trap of atoms it is
preferential to create system where the atoms absorb only the photons which
are traveling opposite to their direction. One method for achieving this effect
is called Doppler cooling, where a light beam is red-detuned from atomic
resonance by an amount, 6. When a atom travels towards a light beam it
experiences an effective frequency from the light beam of wp = wo(1 4+ v/c).
For the red detuned beam to be resonant with this atom it must have a
detuning, § = —wyv/c. Atoms traveling in the opposite direction will see
an effective frequency from the beam of wp = wo(1 — v/c). In this case
the beam appears to the atom to be much further detuned from resonance
causing a bias in the radiation pressure force towards atoms traveling towards
the beam. This method of Doppler assisted cooling is called optical molasses
[15]. While this method does create cooling it is independent of the spatial
position of the atoms and is therefore not sufficient to create a confining
potential.

A confining potential can be created by utilizing the Zeeman effect with
a spatially varying magnetic field. The level structure of Rubidium is partic-
ularly sensitive to magnetic field gradients. They are sensitive enough such
that a sufficient separation between the magnetic sublevels can be created to
make distinct transitions with relatively weak magnetic field gradients easily

generated in the lab. Typically in our lab magnetic field gradients necessary
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for MOT operation range between 1 and 15 G/cm.

The scope of this chapter is to give an overview of the mechanisms and
techniques necessary for the creation of a MOT mostly focussing on a one
dimensional theoretical view. Also in this chapter is the description and
results of the various parameters optimized in the creation of our MOT at

Glasgow.

3.2 Theory

3.2.1 Doppler Cooling

The simplest atom cooling scheme utilizes the Doppler effect and was first
suggested in 1975 by Hansch and Schawlow [2]. The system of Doppler cool-
ing is easily modeled in 1 dimension, first we consider an atom in free space
interacting with two-counterpropagating light beams as in Fig. The two
beams have the same frequency and are red detuned from atomic resonance,
wp. For an atom at rest there is no Doppler effect and both beams remain de-
tuned from resonance, reducing the probability of absorption equally in both
directions. If we consider an atom moving with a velocity v in the direction
of one of the beams then the doppler effect means that the atom "sees" an
effective frequency of the beams of w(1+wv/c) and w(1 —wv/c) for the beam it
is traveling towards and away from respectively. The wave the atom is trav-
eling towards is therefore shifted towards resonance, when the beam is red
detuned, while the oppositely propagating wave is shifted further away from
resonance. The red detuned laser is exactly on resonance when its detuning is
wv/c. The Doppler effect in this case creates an imbalance in the probability
of absorption from the two beams with a bias towards the atom absorbing
photons from the beam which opposes its direction. With sufficiently intense
beams the atoms’ velocity can be kept within a few centimetres per second

using this method. This cooling scheme with no external magnetic fields
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is known as optical molasses and is typically implemented with 6 beams at
orthogonal angles in 3 dimensions. Although when combined with magnetic
fields configurations with only 4 beams in a tetrahedral shape have been im-
plemented [16], and recently the 4 beam MOT has been implemented with
1 beam and a diffraction grating for the purposes of miniaturization. [I7] In
Doppler cooling as the speed of the atoms decreases the beams become less
resonant with the atom transition frequency thus reducing the probability of
absorption. The confining potential of the Magneto Optical Trap addresses

this issue by introducing a spatial dependence to the cooling effect.
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Figure 3.1: Doppler effect for a single atom traveling at velocity v in 1 di-
mension. The doppler effect causes the red detuned beam which opposes the
atoms movement to be shifted closer to resonance than the one traveling in
the opposite direction creating an imbalance of forces biased towards slowing
the atom down.

3.2.2 Limit of Doppler Cooling

To discover the limits of Doppler cooling we first consider the kinetic energy
of the atoms in one dimension. Generally for an atom interacting with two
counter-propagating light beams, the radiation forces from the light beams
tend to cancel. The effect of fluctuations however leads to a finite tempera-
ture. The atom has an equal probability of absorbing a photon from either
beam so on each impulse it receives the atom is randomly walked to the
right or left. This effect gives the atom a finite velocity and therefore a finite

temperature. By the equipartition theorem the kinetic energy is related to
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the temperature simply by %mRbW = %kBT. Substitutions detailed in [18§]

give
_ RT'1+(26)T)°
This function is minimized when 6 = w — wy = —I'/2 giving
Al
kgTp = TR (3.2)

where Tp is the Doppler temperature. This is referred to as the Doppler
cooling limit for energy, where the lowest temperature expected in optical
molasses is the Doppler temperature, Tp. For Rubidium 87 this temperature
is 145K giving a doppler velocity, vp = 2.8cm s™!. These theoretical de-
scriptions were originally thought to describe the optical molasses technique
fully. Experimental observations in the first sodium trap surprisingly found
much lower temperatures than this proposed limit. The two-level model of an
atom cannot explain this sub-Doppler cooling however more refined descrip-
tions of the cooling process based on the dressed atom picture were developed
to explain this effect [19] 10, 20} 21].

3.2.3 Hyperfine Structure

The fine structure in atomic energy levels arises as a result of the coupling
between orbital angular momentum L of the outer electron and its spin an-
gular momentum S. The total electron angular momentum is J = L + S

where the quantum number J must lie in the range

IL-S|<J<L+S. (3.3)

The fine structure between the D; and D5 lines in Rubidium is relatively
large (15nm) and so we can treat the two lines separately.

The hyperfine structure then comes as a result of the coupling of J with
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the total nuclear angular momentum I. The total angular momentum F is F

= J + I where the magnitude of F must lie in the range

1J-I|<F<J+L (3.4)

For example in the ground state of Rubidium87, J = 1/2 and I = 3/2
meaning F = 1 or 2 and the splitting between the two states is defined in
[22]. In the excited state of Rb J = I = 3/2 so F can take any value of 0,
1, 2, or 3.

3.2.4 Saturated Absorption Spectroscopy

Saturated absorption spectroscopy is a technique used in atom optics primar-
ily for precise frequency locking to transitions in the atom. The typical setup
for saturated absorption spectroscopy in our experiment is shown in Fig.
and is based on the setup described in detail in [23]. A 780nm diode laser is
mounted together with a collimating lens and an 1800 lines/mm diffraction
grating set to 45 degrees to the beam propagation direction. Typically diode
current levels are in the range of 100-150mA while being cooled to approxi-
mately 14°C in order to preserve diode lifetime. This grating setup forming
an extended cavity is known as the Littrow configuration. In the Littrow
configuration the first diffracted order from the grating is directed back into
the diode creating feedback. The precise angle at which the grating lies, and
hence the frequency of light fed back into the grating can be controlled either
by standard mirror mount screws or by a voltage driven piezo attached to
the horizontal axis. The piezo is used for precise control and locking of the
frequency of the laser. The control signal for frequency locking is created
using a saturated absorption technique. A small portion of the overall inten-
sity of the beam, typically ImW with a beam radius of 1.1mm, is taken from
the main beam by way of a beamsplitter and a half wave plate. This beam,

often referred to as the pump beam, is sent into a room temperature vapour
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of Rubidium. Atoms will tend to be in the two hyperfine ground states when
not interacting with external fields.

While the name given to this technique is Saturated absorption spec-
troscopy, in most systems of this type the effect of Hyperfine pumping is
much more dominant. Hyperfine pumping is the optical pumping of atoms
between the ground state hyperfine levels via the excited states. In hyperfine
pumping a pump beam which for example is resonant with the F = 1 to F’ =
1 transition will pump atoms to the F’ = 1 excited state at which point they
can decay to either the F = 1 or F = 2 hyperfine ground states. If the pump
beam is sufficiently intense atoms will in general be pumped to the F = 2
hyperfine ground state giving a large population imbalance between F = 1
and F = 2. After the cell the beam is directly reflected, counter-propagating
over the path of the pump beam, this beam is known as the probe beam This
beam encounters a diminished population of atoms in the F = 1 ground state
resulting in diminished absorption of the probe beam from this state. When
a piezo is scanned at 30Hz the laser frequency of a doppler broadened section,
approximately 500MHz wide, we see distinct peaks in the absorption trace
as seen in the inset of Fig. These thin peaks in the spectrum, approxi-
mately 6MHz wide in Rubidium, are well defined enough to allow locking to
frequencies of transitions within the atom extremely accurately. Somewhat
counter-intuitively we also observe peaks in the absorption trace exactly mid-
way between two transitions from the ground state to two hyperfine excited
states. For more detailed discussion see [24]

The less pronounced effect of saturated absorption is as follows. In the
vapour the pump beam burns a hole in the lower state population of the
atoms by excitation to the excited state. As we know from the Doppler
effect described above the pump beam interacts primarily with atoms that
have velocity v = (w—wp)/k. The hole burnt into the ground state population
has a width
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After passing through the cell a second time the probe beam is reflected
off of a beamsplitter onto a photodiode where the absorption trace can be
measured. When the frequency of the laser is far detuned from resonance, i.e.
| w—wp [> Awpele the pump and probe beams interact with the same velocity
class of atoms but oppositely detuned by the doppler effect, ' = w + kv.
(e.g. if red detuned both beams will preferentially absorb atoms traveling
towards them in their frame of reference and therefore traveling in opposite
directions in the cell) Close to resonance, w = wy, both beams interact with
atoms with zero velocity so the hole burnt in the ground state population by
the pump beam reduces the absorption in the probe beam.

Somewhat counter-intuitively we also observe peaks in the absorption
trace exactly midway between two transitions from the ground state to two
hyperfine excited states. This is due to the fact that when the laser frequency
is somewhere between two resonances hole burning will occur for red and blue
detuning due to absorption to two upper energy states, one higher and one
lower respectively. The effect of such strong hole burning between the two
states and the symmetry of the hole burning causes a larger peak to appear
exactly midway between the two resonances. These are called cross-over
peaks and are typically used for frequency locking due to their magnitude.
For more detailed information and derivations see [18].

To frequency lock the laser a modulation signal of approximately 10kHz
is added to the, typically 30Hz, scanning signal sent to the piezo. The 10kHz
signal is generated by a lock-in amplifier which then multiplies the reference
10kHz signal by the photodiode trace and integrates over several periods. An
error signal is generated such that if the laser trace drifts above the desired
level the error signal goes negative with a steep gradient and if the laser
trace drifts in the opposite direction the error signal goes positive with a

steep gradient. This technique provides very stable locking conditions such
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Figure 3.2: Saturated Absorption Spectroscopy Setup: A collimated beam
from a laser diode reflects off of a grating in the Littrow configuration with
the 1st order being diffracted back into the diode. The grating angle can be
modulated with the use of a piezo for precise frequency locking. The beam
passes through an optical isolator to prevent feedback before a small portion
just above saturation intensity, /g is sent into a glass cell of room temperature
Rb. The beam is then retro-reflected along the same path before being
focussed onto a photodiode. The inset shows an example of the resulting
absorption trace. Additionally the temperature of the diode is also controlled

to be cooled to around 14°C
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that the lasers can stay at the desired frequency for many hours.
Additionally in this setup an optical isolator is utilized to prevent un-
wanted reflections from returning to the laser cavity. Light input into the
isolator can be linearly polarised in any direction, typically horizontal in our
setup. The strong magnets in the isolator rotate the polarisation 45 degrees
as the beam propagates through by utilizing the Faraday effect [25]. The
output polariser axis is set to 45 degrees to allow output light in the desired
direction. Any light reflected back along the axis of propagation towards
the isolator will first enter the output polariser which polarises the light at
45 degrees with respect to the input polariser. Then the light rotates 45
degrees while propagating through the device and when reaching the input
polariser has now rotated to 90 degrees with respect to the input polariser,

and therefore, the light cannot pass through to the laser.

3.2.5 Acousto Optical Modulators AOMs

In this experiment we typically lock our lasers to crossover resonances in the
saturated absorption spectrum as they are the largest peaks and therefore
the most stable to lock to. The beams are shifted afterwards to the desired
frequency through use of Acousto Optic Modulators (AOMs). An AOM
consists of a crystal which is modulated by a piezo electric transducer at
frequencies in our case between 70 and 130 MHz depending on the laser in
use and the desired transition of the particular beam. Various AOMs were
used in our MOT setup and are shown in Appendix A. The vibration in the
crystal causes areas of alternating increased and decreased refractive index in
the crystal. Input light on this pattern diffracts into orders with increasing
and decreasing frequency either side of the Oth order. Orders diffracted in the
same direction as the input acoustic wave are diffracted into higher frequency
modes while the opposite is true for negative orders. The additional energy
necessary for introducing this frequency shift comes from phonon excitations

in the material. Scattering into an angle of 6 corresponds to the absorption
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or destruction of m phonons. The change in frequency of the input light is

E onon
Af = M Liphonon (3.6)
h
e
e —
—
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Figure 3.3: Acousto Optical Modulator: A beam input at the correct angle
(dependent on the desired order) to the input of an AOM will diffract into
multiple diffraction orders. The Oth order remains on the same path at the
same frequency as the input beam. The order which is diffracted in the same
direction as the acoustic wave is traveling in the crystal will gain energy and
hence will output at a higher frequency while the opposite is true on negative
diffraction orders. Careful alignment of the AOM can optimize the intensity
into the desired diffraction order.
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3.2.6 The Scattering Force

It is well known that when an atom absorbs a photon from a resonant light

field that the atom’s momentum changes by the photon momentum Ak. Force

is defined as the rate of change of momentum. The radiation force that light
can exert on an atom is

Fuaa = 2. (3.7)

For atoms the rate of change of momentum, i.e. force, is simply the

individual photon momentum times the scattering rate which is [22]
T 0?/2
2824+ 02/2412/4°

As is well known, the individual photon momentum is hk and therefore

(3.8)

the force due to photon scattering is equal to

r 02/2
Focatt = hk— :
" 202+02/2+12/4

(3.9)

Q) can be defined in terms of the Intensity as 2 = I', /é. As T — oo the scat-
tering force tends towards a maximum value of 7kI'/2 leading to a maximum

theoretical acceleration on an atom of mass M of

BT 02/2

max — a7 o . 1
¢ M282+O2/2+12/4 (3.10)

For 8"Rb this results in a maximum acceleration of 1 x 10°ms~2. This
shows clearly the possibility for the scattering force to have a significant effect
on the velocity of an ensemble of atoms and the MOT takes advantage of
this fact.
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3.2.7 Zeeman Effect

Each of the hyperfine sublevels contains 2F + 1 magnetic sublevels which
are degenerate in the absence of a large enough magnetic field gradient. An
external field can break this degeneracy, and this behaviour is essential to
the workings of the MOT. In the limit of weak fields the magnetic sublevels
split linearly, with an energy level splitting given by

AEmF :uBgFmFBz. (311)

where mp is the magnetic sublevel, B, is the magnetic field strength, and gg

is the hyperfine Landé g-factor given approximately by

F(F+1)—S(S+1)+J(J+1)_

F(F + 1) (312)

gr = gJ

where J, S, and L are the Total, Spin, and Orbital electron angular momen-
tum respectively and g; is the Landé factor defined in [22]. For a detailed
discussion and derivation of this equation see [22].

The MOT takes advantage of the absorption of o™ and o~ light. o*
and o~ light is a convenient notation for circularly polarized beams with the
atomic quantization axis aligned with the light propagation direction. The
MOT achieves this with an external magnetic field. When absorbed, o* light
transfers its associated spin angular momentum to the atom which drives the
atomic population into a state with higher or lower angular momentum de-
pending on the handedness of the circular polarization of the driving light
field. In the case of absorption of many photons by the atom the atomic
population tends towards the highest or lowest angular momentum transi-
tion possible. In the MOT trapping transition, | F =2 — F' = 3), a o light
field will drive the atomic population towards the | F =2, mp =2) —| F' =
3, mlx = 3) transition after on average absorption of 5 photons. This transi-
tion is known as the the stretched or closed loop transition. The transition is

referred to as such, as when the atom is excited to the | F' = 3, m’, = 3) state,
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the only state it can decay to due to selection rules is the | F = 2, mp = 2)
state. Atoms are only lost to the trapping transition from off resonant ex-
citation to other excited states that can decay to the lower ground state or
through collisional losses. This steady state situation of the atom-light field
interaction aids the efficiency of which the MOT can trap and cool atoms
from a room temperature vapour.

The Zeeman effect is utilized in the MOT setup using two coils with op-
posing currents in the anti-Helmholtz configuration that produce a quadrupole
magnetic field. A 2D view of the field shape created by the coils is shown in
Fig. [3.4L The field is zero at the centre of the coils and, close to the centre
of the field, its magnitude increases linearly from the trap centre creating
a linear shift in the magnetic sublevel energy, the example for mp = +1 is
shown in the left of Fig. [3.5

The quadrupole coils in our setup are 5cm in diameter and separated by
10cm, with N = 130 turns and a current, the optimization of which is shown
in Fig. B.18] of 2.4A. These settings produce a field gradient of approximately
10G/cm.

As can be seen in Fig. the magnetic sublevels split linearly and in
opposing directions either side of the trap centre. An imbalance in the scat-
tering forces in the MOT is created by circularly polarizing the trapping
beams. When a circularly polarized beam is absorbed by an atom in a par-
ticular mp state with a well defined quantization axis in the propagation
direction, the atom is excited to an upper state sublevel with mg = mpg-+ or
— 1 for o™ and o~ light respectively as dictated by selection rules. The circu-
larly polarized beams are referred to as ot and o~ light, however strictly this
refers to the transitions within the atoms between two mr states. The beams
however are typically referred to as ot and o~ for conceptual simplicity.

Taking the example of an atom displaced a distance -x from the trap
centre as an example, we see in Fig. [3.5] that the positive mp states have

been shifted up in energy and therefore away from resonance with the red
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Figure 3.4: Field lines from the MOT coils. A pair of coils with opposing cur-
rents, in the anti-Helmholtz configuration, produces a quadrupole magnetic
field. The field is zero at the centre of the coils and its magnitude increases
linearly from the trap centre producing the desired Zeeman effect in Fig. @

detuned trapping beams. The negative mg states have been shifted down
in energy and therefore closer to resonance with the o~ trapping light giving
much greater probability of absorption from a ¢~ beam over a o™ beam
resulting in the imbalance of force from the two beams shown in the right
hand side of Fig. [3.5]

The Zeeman shift at a displacement zy from the trap centre is

g, — 9B dB,
z 5 dz 0

where g is the Landeé g-factor which is

(3.13)
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Figure 3.5: a) Zeeman effect in the MOT: The magnetic field gradient in
Fig. is linear close to the trap centre and in opposing directions either
side of it. The levels of the atom are split into m states which are split
to higher or lower energies depending on their sign. Here we consider and
atom at position zg, left of the zero field point. At this position the negative
my states have been Zeeman shifted lower in energy while the positive states
have been shifted higher in energy. By using laser beams circularly polarised
in opposite directions and with a detuning from resonance we can create
an imbalance in the force exerted by the beams in favour of the beam that
pushes the atoms back towards the trap centre. b) The imbalance in force
is created thanks to a combination of the detuning, circular polarization,
Zeeman shift and selection rules. The ot and o~ light can only excite atoms
to a +1 or -1 my state, compared to their starting state, respectively die to
selection rules. Since both the detuning and the Zeeman shift for negative
my states are negative here o~ light interacts much stronger with the atom
than ot light.

g = gpmp — grpmp, (3.14)

where gp is the hyperfine Landé g-factor. e.g. for the trapping laser stretched
state((F =2, mp =+ 2) - (F° =3, mp =+ 3)) g = 1.

The force of the combined ot and o~ light in one dimension is

FMOT == FscafctCer (w - k’U - (WO + ﬂZO)) - Fscatt07 (w + k’U - (WO - 620))7 (315)
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where w — kv represents the atoms effective resonance frequency due to the
doppler shift and wy + Sz is the resonant frequency for the mp = +1 shifted
magnetic sublevels. This force can be approximately expressed as

oF

OF
F =-2—Fk 2— NI
MOT By v+ awoﬁzm (3.16)

where F is the force a counter-propagating light beam of a given intensity
and absorption cross section will exert on an atom traveling towards it. With
some simplification we can write this force as

af

FMOT = —QvU — 72’0, (317)

where o = Qg—gk. This MOT force takes the form of an harmonic oscillator,
with a spring constant «3/k, and under typical MOT conditions will act as an
over damped oscillator for most efficient MOT operation. The combination
of magnetic and laser fields in the MOT allow atoms entering the trapping
region to be slowed initially by the intersecting laser beams after which the
position dependent absorption of ot and o~ light pushes the atoms towards
the trap centre. Asthe MOT operation is entirely dependent on absorption of
only ot and o~ light we can then approximate that all atoms are pumped into
the highest angular momentum state available the majority of the time. This
approximately means that only absorption to the largest my state contributes
to the cooling cycle. The force exerted on the aotms can then be expressed

as:

F (v) =hk I/1s }

r
2 {4 (6 — kv + AE)? /T2 + (1 + 21/I5)

. i } (3.18)

2 [4 (6 + kv + AE)? /T2 + (14 21/15)

A plot of Force vs velocity for our typical MOT parameters is shown in
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Figure 3.6: Force on an atom vs velocity for typical MOT parameters. For
our parameters we observe a peak in force at 2 m/s.

Theoretically for a Trapping beam with a detuning of -17.2MHz and a
magnetic field gradient of 10G /cm we obtain a capture velocity of &~ 4.2ms™!.
This capture velocity means only a fraction of the atoms from a room tem-
perature vapour (where the average velocity is of the order 290m/s) can be
trapped. It was experimentally shown in [20] that this fraction is substan-
tial enough to ensure good loading rates into the MOT. This combination of
effects allows the Magneto Optical Trap to easily trap atoms from a back-
ground low density vapour at room temperature down to temperatures of as
low as 100pK (for ®Rb).

The MOT scheme was predicted to be able to cool atoms down to the
doppler temperature in 1989. [I0] The doppler temperature can be shown to
be as in equation [3.1] The minimum doppler temperature is obtained under
the limit of I7/Is < 1 of % at a beam detuning of 6 = —I'/2. The doppler
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temperature for Rubidium is therefore 145uK.

The first MOT and optical molasses experiments revealed that the tem-
perature achievable in these setups was almost an order of magnitude less
than that predicted by the doppler temperature. The dressed-atom picture
developed in 1989 by Dalibard and Cohen-Tannoudji as well as other descrip-

tions resolve the discrepancy between theory and experiment. [19, 10} 20, 21].

3.2.8 MOT beams - Trapping and Repump

The standard MOT has two laser frequencies in addition to the quadrupole
magnetic field called the Trapping and Repump beams. These transitions,
for a MOT of 8"Rb, are shown in Fig. First the circularly polarized strong
trapping laser, which is red detuned from the 525 5(F = 2) — 52P;o(F' =
3) transition is implemented in a 6 beam configuration. The beam in this
configuration provides the trapping and cooling forces via absorption and
re-scattering of photons at either side of the trap centre in 3 dimensions.
While this is a closed transition as described above there is still the small
probability for off resonant excitation to the F’ = 2 hyperfine state at which
point the atoms can spontaneously decay to the F = 1 lower ground state.
In this state atoms are transparent to the trapping light and would be lost
to the cooling cycle without additional Repumping.

Typical parameters in our MOT beams are a Trap laser of Intensity
5.2mWem ™2 in each beam with a 1/e*beam radius of approximately lcm
and a detuning of 17MHz, optimization of which is shown in Fig. [3.17 The
Repump beam has an intensity of 2mWem ™2 with a beam radius of 0.6cm
and zero detuning. For these typical MOT parameters in Rubidium approx-
imately 1 in every 200 photons scattered by the Trapping laser will excite
the F = 2 to F’ = 2 transition. Assuming 50/50 split in the spontaneous
scattering, 1 in every 400 scattering events will cause the system to lose an
atom from the trapping cycle. To combat this effect a second circularly po-

larized laser, dubbed the Repump laser, is added. This beam in our standard
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setup is resonant with the 525 5(F = 1) — 52P35(F’ = 2) transition. After
absorption by this beam and spontaneous decay from the excited state atoms
can return to the trapping cycle. The Repump laser in our setup is used in
two directions in the xz plane, that perpendicular to gravity. A two direction
setup is used as it is and optically simpler setup to overlap with the Trapping
laser in this configuration. The optical setup for the MOT used in the area
of the vacuum cell is shown in Fig. [3.§
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Figure 3.7: In the SPOT experiment we use the same trapping laser as in
the regular MOT, (F = 2 to F’ = 3) however we must now consider two
possible Repump options. (F =1 to F’ = 1 or 2) We must now consider a
different Repump because of the complications arising from the addition of a
third laser, called the Depump laser. The purpose of the Depump laser is to
pump atoms from the F = 2 ground state to the F’ = 2 excited state where
they have a much greater probability of falling to the 'Dark’ state. (F = 1)
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Figure 3.8: Six beam MOT. The Trapping beams shown in Red shine into
and are retro-reflected into the trapping region at the zero of the quadrupole
field created by the anti-helmholtz coils. The Repump beams overlap per-
fectly with the trap in the 4 beams in the horizontal plane of the MOT
(relative to the coil orientation).

3.3 Fluorescence and Absorption measurements

Information about important MOT parameters such as loading rate, MOT
size, atom number, density, temperature and fractional population of lower
ground states can be found by two main methods. Fluorescence imaging is
the simplest of these measurements that can be performed on the MOT. The
fluorescence from the trapped atoms is collected by a lens 2 times the focal
length of the lens from the MOT and focused onto either a photodiode or

a CCD camera. Assuming a linear response in the detector, the number of
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atoms is linearly proportional to the signal on the detector by the equation

2

he (A>2 r Lot/ Is (3.19)

Signalpp = OzNUT 21+ Ton/Ts + (2A/F)2’
where « is the proportionality constant of the detectors response to light, n
is the quantum efficiency of the detector, and A is the size of the numerical
aperture of the lens.

Additionally the loading time of the MOT can be estimated by measuring
the point of saturation in the MOT signal on the photodiode as the MOT
is loaded. Depending on background pressure typical loading times in the
MOT are of the order 0.5s to 10s.

Temperature measurements of the standard MOT are usually performed
using Fluorescence imaging. To measure the temperature the atoms are
collected in the MOT until the signal saturates. Some time after this the
atoms are released by switching off the Trapping light. The trapping light is
then pulsed on at varying delay times and if using a CCD camera the size of

the cloud can be measured as a function of expansion time. The temperature
of the MOT will then be of the form

2
TTLRbO't
kgt? ’

where o0y is the size of the cloud as a function of time, defined as the standard

T —

(3.20)

deviation of a gaussian fit of the cloud. The MOT temperature can also be
measured using absorption imaging in a more involved process that will be
discussed in chapter 3.

MOT density can also be estimated using fluorescence measurements by
first measuring the atom number as described above and measuring the MOT
size using a CCD camera at zero delay time. The MOT peak density will
then be
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= (3.21)
(2m)2 0,040,

where o, . are the sizes of the MOT in the x, y and z directions. In our
case we assume o, = 0, as we only observe the MOT in two dimensions
and these two dimensions are in the plane with the same magnetic field
shape. Typical MOT density in our setup once optimized was of the order
of 4 x 10"%toms cm™3. This value is of the order of the maximum possible
density in a standard MOT.

Absorption imaging is a more involved but more versatile measurement
technique. In absorption imaging a weak probe light field tuned on resonance
to the Trapping transition passes, collimated, through the atomis cloud.
Shortly after all light fields and the quadrupole field have been switched
off the probe field is switched on along with a quantization magnetic field in
the direction of propagation of the probe beam. When passing through the
cloud the atoms will absorb an amount of the probe light proportional to the
density of the atomic cloud in that area. The atoms will absorb and reemit
an amount of light proportional to the density of atoms in the beam path
forming a "shadow" in the beam as depicted in Fig. [3.9

The CCD camera is triggered 3 times during one measurement, once with
the probe beam and atoms, Ioyr, once with the probe beam but without
atoms, I7y, and finally a image is taken without the probe or atoms for
background correction, Igz. The optical density, OD, of the could is then
given by

OD = in (M> . (3.22)
Tour — I

The two dimensional atomic density distribution is then

1
Nop = OD—, (323)
or
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Figure 3.9: Absorption imaging of a MOT. A weak input Probe beam,
magnified to be approximately flat to the atoms, is tuned to resonance with
the trapping transition has an intensity well below saturation (1.67mWem™?2).
The probe beam is absorbed by the atomic cloud and a shadow is formed
in the beam which is proportional to the 2 dimensional column density of
atoms. Through this image we can calculate the number of atoms in the
MOT and the size of the MOT cloud.

where o, is the optical cross section for light absorption which is equal to

_ ORb
LT TN /s + (2A/T)2 (3:24)

where ogy, is a cross section for absorption constant in Rubidium which is

2.9x10713m~2 [22]. The number of atoms in the trap is found by integrating
over the entire 2D density distribution and accounting for the magnification

of the imaging optics, M, and the pixel pitch, A, i.e.

NzMxAxZnQD

w’y
(3.25)
2 2
M A x Op LT /s + 4N T?

ORb

In practice the density of the MOT is measured by calculating this atom
number and dividing it by the volume of the trap characterized by the stan-
dard deviation, o, ., of Gaussian fits in x and y (0, = 0,) across the centre
of mass of the 2D optical density distribution. The peak density of the MOT
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is then equal to

N
Ny = ————. (3.26)

2m20,0,0,

Typical densities in our MOT setup with approximately 3 x 10® atoms
are approximately 4 x 101 atoms cm™3. This value is at the limit of densities
possible in a MOT.

Just like the effect in the trapping beams, efficient absorption imaging
requires the use of a closed transition to ensure absorption of multiple photons
before an atom is lost to a state transparent to the Probe light. To create
the closed loop transition a magnetic field in the direction of propagation of
the probe beam is turned on 800us before the Probe beam is switched on.
This Quantization field gradient is of the order of 1G/cm, which is enough to
sufficiently separate the various sublevels but not so strong as to significantly
change the resonance frequency of the closed loop transition from the non-
perturbed resonance frequency. The process of optimization of this field is

detailed in the next section.

3.3.1 Compensation Field

A second set of helmholtz coils are added to combat the Earth magnetic
field and other stray fields. Typically these field gradients are of the order <
1G/cm. [27] For convenience in our experimental setup these coils were of a
rectangular shape as shown in Fig. and similar to the design of those
found in [28]. These coils are used to cancel out the earth/stray fields and

also to create the linear Quantisation field used during absorption imaging.
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Figure 3.10: Photo of MOT Setup focussing on implementation of magnetic
field coils.

To allow for the rise time of the Quantisation coils they are switched on
800us before the probe field. A typical absorption imaging timing sequence
is shown in Fig. (3.11]
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Figure 3.11: Timings of a typical absorption measurement performed on the

MOT.
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3.4 Experiment

3.4.1 Frequency Choice of Trap and Repump

Our absorption imaging beams are switched via AOMs in the same way as
the trapping and repump beams. The AOMs are driven by a series of con-
trol electronics outlined in Fig. and a TTL pulse emitted from a Data
Aquisition (DAQ) card connected to the computer controlling the experi-
ment. The specific frequency shift is controlled by either the voltage level

on an analogue output form the DAQ card or by varying voltage driving

electronics.
Variable
Vv :
Control DAQ aty vy Ol Mixer/ To AOM
—> A ——
Software | Card | Switeh [1EE
TTL Pulse

Figure 3.12: AOM electronic control setup.

Three fields are present during any absorption measurement, the Probe
light field, the Compensation, and Quantization fields. Efficient absorption
imaging requires the optimization of all 3 of these fields. In order to opti-
mize these the compensation field was tuned approximately by viewing the
MOT expansion with 2 CCD cameras viewing from orthogonal directions.
If the compensation field is set correctly when the coils are switched off for
an absorption measurement the MOT should expand uniformly in all direc-
tions. The compensation fields were set close to optimum by releasing and
re-trapping the atoms in the MOT while the current to each direction, x,
y, and z, of the coils was adjusted. When the MOT appeared to expand
roughly uniformly the Quantization field was roughly set by adding a small

current in the x, and y axes of the Compensation coils such that the MOT
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visibly moved in the direction of the desired Quantization field gradient. i.e.
in the direction of the Probe light propagation. The detuning of the Probe
field was initially set to the resonance frequency for the unaltered F = 2 to
F’ = 3 transition.

After this absorption images were taken at a number of different Probe
detunings for the conditions of no Compensation field, no Quantization field,
and no magnetic fields during the absorption measurement. The results
of this test are shown in Fig. [3.13] fits are lorentzian. In this figure we
see that the Compensation field shifts the resonance by 1.35MHz and the
Quantization field shifts the resonance by 3.26 MHz. We also see that with
no additional fields the resonance is shifted by -2.10MHz. This shift is due
to the doppler shift due to the lateral movement of the atoms when released

by the trapping coils.
Relative Absorption

1.0

—15 —10
Figure 3.13: Relative absorption vs detuning for the conditions of no com-

pensation field (black/grey), no quantization field (blue/purple), and no mag-
netic fields (green/dark green).
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A shift of 3.26MHz due to the Quantization field was acceptable as the
only requirement we have of this field is to create a large enough shift in
the magnetic sublevels to facilitate the closed transition used for efficient
absorption imaging as described above. The Compensation field should be
of the order 1G/cm to compensate for the known Earth field. On a o~
transition the shift of maximum absorption from resonance is -0.9MHz, i.e.
the magnetic sublevel shift of the upper mp states. The coils were optimized
by changing the detuning of the probe beam during successive absorption
measurements. The results of this test are shown in Fig. [3.15] The original
compensation current settings are shown in blue, while the data from the
adjusted current is shown in black, fits are Lorentzian.

The optimum compensation field was found by changing the current in
the x and y axes of the MOT and monitoring the relative absorption of a

probe beam. The relative absorption vs coil current is shown in Fig. [3.14]

Relative Absorption
1.00F

0.95
0.90}
0.85]

0.80f

0.75]

' ' ' e Coil Current (A)
0.2 0.4 0.6 0.8

Figure 3.14: Relative absorption vs compensation current.

We observe a peak in absorption signal at 0.4A in the coils, the coils were
then set to this value and small adjustments made until the MOT remained

central when released by the trapping fields resulting in final currents of 0.38
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and 0.44A in the long and short axes respectively. During this time the
Quantization field was also adjusted slightly to keep the trap central relative
to the position defined by the new Compensation field. The effect of this new
compensation field on Probe resonance is shown in Fig. |3.15| with no quan-
tization on and with Quantization on. We observe that with only the com-
pensation field the peak is approximately -0.5MHz detuned from resonance.
With the Quantization field added this resonance peak shifts to 2.0MHz de-
tuned, indicating a total shift from the Quantization field of 2.5MHz. This
represents a reduction of 0.76MHz in shift due to the Quantization field from
the beginning of the optimization process, but this was still an acceptable

level.

Relative Absorption

1401

~15 10
Figure 3.15: Relative absorption taken with the new compensation field in

place for the conditions of no quantization field (black/grey) and with the
quantization field (blue/purple).

The energy shift of the hyperfine state at a position zy from the MOT

centre is
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AE = uBgFmFBZO. (327)

Our MOT coils produce a field of 10G/cm so this amounts to a shift of
7.0MHz per cm from the trap centre and mp state for the ground states and
9.3MHz for the Trapping and Repump excited states for the parameters of
our MOT.

The trap frequency was chosen experimentally by and observing at which
frequency the MOT had the most atoms. The number of atoms was de-
termined through on resonance absorption imaging as fluorescence imaging
does not necessarily give a linear change in detector signal with trap beam
detuning. The frequency of the trapping laser was altered using a double
pass AOM as shown in Fig. In the double pass setup an input beam is
deflected and increased in frequency on one pass of an AOM then reflected
and increased in frequency again such that it follows its input path, now
counter-propagating. This allows us to change the frequency of the trap
laser over a large range of frequencies without any adjustment to the trap

alignment.
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Figure 3.16: Illustration of how a double pass AOM works. a) On the
first pass through the AOM works as normal creating different diffracted
orders with frequencies of n, where n is the diffracted order, times the AOM
frequency. In our case the AOM is operated in the 55 to 75MHz region
giving 110 to 150MHz total shift possible (our trap laser is locked to a cross-
over 133.2MHz away from the desired transition so this allows the optimum
workable range of frequencies for testing). One of these orders is chosen for
reflection back towards the AOM. b) The reflected order passes back into
the AOM again and the order is again shifted upwards in frequency. This
now doublly increased in frequency order follows the same path as the initial
input beam. The two can then be separated by a polarising beamsplitter.

The trap frequency and coil currents were optimized by taking absorption
images at successive trap beam detunings and trapping coil currents. The
results of these tests are shown in Figs. [3.17] and [3.18 respectively, Fits are
lorentzian. The trap beam Intensity in these tests was 9.6mW /cm?. These
results show a relatively flat peak at a detuning of 18.66MHz, while in coil
current a flat peak at approximately 2.4A is observed. For normal MOT

experiments the trap frequency and coil current were set at these values.
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Figure 3.17: Number of atoms measured by absorption imaging vs trap
detuning shows a peak at approximately 18.7MHz.
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Figure 3.18: Number of atoms measured by absorption imaging vs
quadrupole coil current shows a peak at approximately 2.4A.
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3.4.2 MOT Temperature Measurements

MOT temperature measurements were taken using a variation on the fluores-
cence technique described above. Absorption images were taken of the MOT
at different delay times after laser beams and main coils had been switched
off. Using this method necessitated the need to re-load the MOT after each
successive measurement however came with the advantages of better accu-
racy in the measurement of size of the trap. Absorption imaging is more
accurate in this sense as we can adjust the intensity of the probe beam such
that the shadow created by the expanding atoms reaches zero. This ensures a
maximum resolution image of the expanding cloud. Additionally this method
has greater symmetry with the results in the next chapter. Example results
of the MOT temperature measurement are shown in Fig.

0 (mm) oy (mm)
L

1.6 1.6
1.4 14
1.2 12

1 1

t (us)
_%4000 6000 8000 1000012000 2000, 4000 6000 8000 1000012000 t(us)

Figure 3.19: Size of trap in x and y directions vs time as atom cloud is allowed
to expand in the absence of Trapping and Repump Light, and Trapping coil
field. Results were taken using absorption imaging. Fits, in red, are of the

form of equation

In this figure we see that the size of the atom cloud expands as predicted

by equation [3.3] If we fit this equation to the data we obtain temperatures in

67



the x and y directions of 117uK and 115uK respectively. Taking into account
the z direction temperature which we do not observe but assume to behave in
the same way as in x due to magnetic field symmetry, we obtain an average
temperature for our MOT of 116K for 2.5 x 10® atoms. This temperature is
exactly in line with what we would expect from MOT trapping theory [9] [10].

3.5 Summary

The Magneto-Optical Trap previously designed and built at the University of
Glasgow has been successfully optimized with a maximum 3 x 10® atoms at a
cloud density and temperature of 4 x 10® atoms cm 2 and 116uK respectively.
This MOT is a relatively compact system which as will be shown in the next
chapter is suitable for use in MOT compression techniques. We have opti-
mized and calibrated fluorescence and absorption imaging methods used to
measure the various properties of the MOT above and with slight modifica-
tion have been used to measure specific hyperfine state population densities.
Currently absorption imaging and holographic beam shaping methods are
being used to measure the temperature variation across the volume of the
MOT in 1 dimension. Early results indicate a spatial variation previously
assumed not to be the case.

In the near future this trap and its subsequent variations will be used
in atomic interferometry experiments where the phases of the driving fields
should effect the relative populations of an atom in a 4-level system [29]. The
trap will also evolve to act as the first step in the loading of an optical dipole

trap using a high power far red detuned beam.
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4 Dynamic Spontaneous Force

Optical Trap

4.1 Introduction

High density and low temperature atoms within optical traps have been
sought after since the advent of atom trapping in the last 2 decades. Since
the first MOT was demonstrated using Sodium in 1987 [I] researchers have
found methods to increase the density of this now ubiquitous tool. For many
years these methods were looked at for the necessary second step to trans-
fer atoms from MOT to Bose Einstein Condensates (BECs). High-density
ultracold atomic vapours have since emerged as promising candidates for a
number of applications including quantum memories, high precision metrol-
ogy, and quantum simulations/computation [2, B]. In standard MOTs the
achievable densities are limited due to the interaction with the trapping light
itself, mainly due to re-radiation forces. This chapter will report on our
progress thus far in achieving a high density trap of Rubidium 87 with a
temperature comparable to that of a MOT. This trap will take the form of
a dark SPontaneous force Optical Trap (dark SPOT).

In the years since the first MOT many methods of density enhanced traps
have emerged, including Compressed Magneto Optical Traps (CMOTS) in
%Rb, [M], 3 Rb [5] and Cs [6] achieving densities of 5 x 10! Atoms cm ™ for

2 x 107 atoms, 1.6 x 10" atoms cm~ for 10° atoms, and 1 x 102 Atoms
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cm 3 for 3 x 10® atoms respectively, at the expense of slight heating of the
trapped atoms. The 8Rb CMOT in [5] is performed in a semi dark way
similar to our experiment. During the initial phase of compression, where
the magnetic field density is ramped up a hole is created in the Repump
beam which results in a higher collapsing force being applied to the atoms
in the centre of the trap. Both of these traps have the requirement for an
order of magnitude increase in magnetic field strength from the regular MOT
state and the need for many linewidths detuning from resonance after the
initial loading stage. In addition both traps require relatively high numbers
of atoms in the initial MOT loading phase of > 10° atoms.

Another high density trap is the dark SPOT [7], in which a dark circle is
imaged in the centre of the repump laser in order to shield the atoms in the
centre of the trap from the repumping light. This dark centre in the Repump
beam atoms in the centre region of the trap which have fallen to the ground
state experience no radiation force from any beam and hence do not re-radiate
scattered photons reducing the repulsive force which limits MOT densities.
The first dark SPOT [7] was observed in 1992 using Sodium where densities

3 were achieved with 10°atoms. The maximum density

of 102atoms cm™
was observed when the fractional bright state population, p, was lower than
1%. Previously the dark SPOT technique has been utilized in both Cs [§],
and ¥ Rb [9] to reduce collisional losses and improve the lifetime of captured
atoms from the MOT state. In Cesium a 5 times reduction in collisional losses
was observed, while an order of magnitude increase in lifetime was achieved
in 8Rb. More recently the dark MOT technique, [10] which is essentially a
temporal rather than spatial dark SPOT has been taken advantage of which
is capable to trapping large numbers of atoms at high densities an order of
magnitude greater than in the MOT. Most recently it has been shown that
densities approaching the Ioffe-Regal regime |11, in which there is a phase
transition to strong localisation, can be approached in a crossed dipole trap

tuned to the blue of the resonance, in order to trap atoms in the dark core
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of the dipole beam allowing compression by tuning the size of the hole. [12]

High density dark SPOTs of Rubidium have proven to be more elusive
than in some other atomic species due to a weaker coupling between the
excited states and the hyperfine ground state. There is a lower level of scat-
tering from excited states pumped by off-resonant absorption of the Trapping
light due to the relatively large detuning between the excited hyperfine states.
This means that only 1 in every thousand photons pumped by the trapping
light are scattered such that the atom falls to the lower ground state. This
necessitates the use of a third beam in addition to the normal MOT setup
to pump the atoms into the hyperfine ground state. This beam is known
as the Depump beam, and was first suggested in the original SPOT paper
[7]. The Depump beam used in our experiment is shown in Fig. with
the other MOT transitions. This is an additional challenge in Rubidium not
present in previous high density SPOT experiments such as the original dark
SPOT, which used Sodium atoms in their trap, as Sodium atoms have a
much more favourable scattering into the ground state, there was no need
for an additional Depumping beam in that experiment.

To avoid any non-desired EIT effects between the Repump light and the
new Depump beam, the Repump transition has been moved to the 525, oF =
1 to 52P3oF' = 1 transition.

In this section we present a technique which avoids some of the usual dif-
ficulties present in the other density enhancing experiments discussed above.
These difficulties include heating during compression [12], the necessity for
more than one cell/trap [13], the need to reduce pump laser intensities and
increase detunings/magnetic field density mid way through the experiment
[5, 6], and the need for high numbers of atoms in the initial MOT stage with
low number retention. Here we report up to 75% retention of atoms from
MOT to dark SPOT. We are aided in our development of the dark SPOT by
use of a Spatial Light Modulator (SLM) to shape both of our Repump and
Depump light with any desired phase or intensity distribution. SLMs have
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Figure 4.1: Ground and excited state hyperfine levels in 8’Rb and the tran-
sitions used/possible for Trapping, Repumping, and Depumping.
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proven useful tools in atom optics experiments in a range of implementa-
tions including atom transport [14], atom guiding [15] , dipole trapping [16],
optical lattices [17], and evaporative cooling [I§].

The versatility of the SLM offers us a great advantage over previous ex-
periments in this area, where dark circles were imaged into the beam, as we
can dynamically shift between Repump geometries when transferring from
MOT to dark SPOT loading phases. Here we use the SLM to our advan-
tage by not only finding the perfect size of hole for optimum SPOT density
but we also shape our Depump laser to the inverse of the Repump intensity
field to create two distinct regions in the trap. One region where atoms are
pumped to the F = 1 state and one where the atoms that escape from the
Depump region can be re-trapped by the Trap and Repump fields. To our
knowledge this is the first dark SPOT of 8"Rb made with a focus on large
peak densities more than an order of magnitude greater than the standard
MOT limit which is our trap is approximately 4 x 10° atoms cm 3.

This section will cover the development of the various holographic modes
considered for and used in the SPOT experiment, ranging from Laguerre-
Gaussian modes, newly developed Super Laguerre-Gaussian modes and sim-
ple circular intensity masked modes. The various mode types are investigated
for their advantageous properties for the dark SPOT and their likelihood to
be easily created by an SLM with limited resolution.

Next the various MOT parameters such as magnetic field density and trap
detuning were reoptimized for SPOT operation. The SPOT peak density was
then optimized for SPOT parameters such as Depump loading time and hole
size in the Repump beam. Finally we record the peak density achieved in

the SPOT along with the corresponding temperature at this peak density.
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4.1.1 Theory of Density Limiting Regimes in the MOT

In the first SPOT experiment, using Sodium, high densities were achievable
without the need for any beams other than the standard MOT beams as the
excited state detuning in Sodium is small enough to allow enough off-resonant
absorption from the Trapping beam to excited states which can scatter into
the hyperfine ground state. The steady state scattering rate as a function of

detuning is

(L (1/1Is)
e (2) L+ 4 (A/T) + (I/Is) .

where all symbols have their usual meanings. For 1072Wem =2 of trapping
light 17MHz red detuned from the Trapping transition and hence 249MHz
blue detuned from the F = 2 to F’ = 2 transition we get a natural scatter-
ing rate of approximately 16kHz. For comparison the scattering rate of the
17MHz detuned trapping state is 2.89MHz. As a result, without any repump
light, atoms are lost into the F = 1 ground state only for every 400 or so trap-
ping cycles. Previous dark SPOTs in other alkali atoms have taken advantage
of the closer detuning of their hyperfine excited states causing much more
favourable scattering into the hyperfine ground state. In order to speed up
the transfer of atoms into the sheltered ground state we employ the Depump
laser resonant withe the F = 2 to F’ =2 transition. Varying the intensity
and detuning allows us the set the depump rate, and additionally we have
control over its spatial shape, independently from the trapping transition.
Detailed in [7] and [19] a simple model suggests 3 density limiting factors
in a MOT where the atomic species has 2 hyperfine ground states we will
dub "dark" and "bright" for F = 1 and F = 2 respectively. Note that these
are not quantum mechanical dark and bright superposition states, but the
"dark" state is simply a hyperfine state that is not resonant with the driving
laser. The 1st limit arises from the force exerted by the trapping beam which

is
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Fr = —]{;prf'7 (42)

where k is the spring constant of the standard MOT and p is the probability
that the atom is in the bright hyperfine state, i.e. a normal MOT would have
p =~ 1. Scattering of the trapping light by atoms in the MOT leads to the

repulsive force

Fr = —k (n/ng) p*rt, (4.3)

where 1 is the density and ng is the density limit for the unaltered MOT. (in
our case 4 x 101° atoms ecm™3). For the case of a stable MOT we require that
Fr > Fr which leads to the first limit for density of

n < ny/p. (4.4)

The second limit relates to the fact that for a high number MOT the
column density of atoms is limited by the fact that the atom cloud must be

transparent for the trapping light i.e.

ndp < by, (45)
where by is the 2 dimensional density limit and d is the 1/e? radius of the
unaltered MOT. Using the fact that n = N/d® we arrive at the second limit

n < (by/p)** N~/ (4.6)

Finally for large fractions of atoms in the ground state the volume of a

—3/2

low density gas at fixed temperature varies as p resulting in a 3rd limit

n < Np*?2/d3, (4.7)

where dj is the cloud diameter for a standard MOT for low N.

As the SPOT becomes more and more effective we should approach the
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limit defined by the column density of the atoms and their transparency
to the trapping light. In Fig. [£.2] I have simulated this limit with varying
fractional bright state population, p. Here we see that the density limit
increases incredibly quickly for p < 0.2, for p = 0.2 the theoretical density
limit is 4.5 x 10! atoms cm ™2 while p = 0.1 equates to a limit of 1.27 x 10'3
atoms cm 3. If a fractional bright state population of 1% could be reached
the density limit increases to 4 x 10'® atoms cm™ which is approaching
densities commonly only achieved in optical dipole traps, a well established
second step towards BEC. Clearly there are massive gains to be made in
reducing the fractional bright state population.

We can see clearly that in the 2 regimes of a stable MOT and high atom
numbers reducing the population of atoms in the dark state has great po-
tential for increasing the trap density by orders of magnitude. Specifically
the act of shielding the inner most atoms to both the trapping and Repump
light we should be able to reduce the repulsive force dramatically. Applying
the theory developed in [7] we would expect to see the greatest increase in
optical density for p < 0.1, i.e. 90% of atoms in the dark state. However
as there are many differences between the two experiments such as differ-
ent atomic species and our SPOT creation technique is dynamic rather than
steady state we cannot take this for granted.

We also note the studies done on the loss rates and hence density limit-
ing factors of collisional losses in dark SPOTs studied in both sodium [20]
and cesium [8]. The paper on Cesium suggests that at low light intensities
collisional losses through hyperfine state switching will dominate in this type
of trap while the one using Sodium suggests otherwise. Long SPOT loading
time measurements have been undertaken in order to study the effects of

losses on our dynamic dark SPOT.
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Figure 4.2: Simulation of the theoretical peak density from the limit de-
scribed by equation in the column density limited regime as a function
of fractional bright state population p.

4.2 Holograms developed for use in a dark SPOT

In our experiment we have full control over the phase and intensity of our
Repumping beam through use of the SLM. This allows us to investigate any
and all possible beam profiles for use in the SPOT. Theoretically the ideal
Repump beam for the SPOT experiment would consist of a perfectly flat
outer halo around the beam, which would assure good overlap with the outer
edge of the trapping light, with a perfect zero in the centre of the beam
which could be altered in size at will. Experimentally, a finite remaining
light intensity is unavoidable, mainly due to diffraction of the Repump beam,

but also due to scattering of Repump light when it interacts with atoms
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in the outer region of the trap. The latter is out of our control, but we
have investigated differently shaped beam profiles and their effect on atom
densities.

Laguerre-Gaussian beams, as detailed previously, have some of these de-
sired properties, in particular they propagate without diffraction ensuring
the profile of the light field should not alter within the trapping volume.The
spiraling phase structure of LG modes ensures a perfect zero on the centre
of beam propagation axis, however this perfect zero is limited to exactly at
the centre of the beam propagation axis. By altering both the desired beam
waist and [ value generated on the SLM we can freely alter the peak to peak
radius of the mode created in the Repump beam. LG modes with a large
value of [ will give a thin ring with a large hole in the centre with essentially
zero intensity to the atoms, however the thin ring at large radius will reduce
the effective recycling efficiency around the SPOT. Lower [ modes with larger
beam waists will create "fatter" rings but at the expense of smaller effective
zero intensity in the centre of the beam. As shown in [2I], the maximum

intensity of an LG beam can be approximated to be

Inae = 1/ (4V/T11)) (48)

at a radius,

rR=wy| 1] /2. (4.9)

While different types of LG modes can meet both of the requirements of
our ideal SPOT beam, no single LG mode can match both perfectly at the
same time. To this end we sought after ways to combine Laguerre-Gaussian
modes in such a way that we could create a beam with a flatter zero in the
centre and flatter ring of intensity around the beam. One possible solution
proposed was to use a superposition of multiple Laguerre-Gaussian modes

with different beam waists and different p values dubbed Super-Laguerre
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Gaussians which from now on we will refer to as SuperLG’s. These modes
are somewhat analogous to super-gaussians [22]. The profile of a SuperL.G

is of the form

imaz Pmaz

T(W,p) =Y d(wo+iW), (4.10)

0 0
where W is a constant typically less than the initial beam waist wy. The
biggest obstacle to such a beam’s use in this experiment is the unstable prop-
agation dynamics caused by unmatched Gouy phases and differing Rayleigh
ranges due to the changes in p and beam waist between each individual
component of the beam respectively. Fig. [1.3] shows examples of various
SuperLG modes after the collimation lens of the typical SLM setup, approx-
imately 2.5m total propagation distance after the SLM face. In the figure,
modes with W = 0.25wy and 4,,,, = 1, 2, 5, and 10 are shown. Larger val-
ues of 4,,,, could not be tested at the time as the Labview program used
to generate our hologram modes had memory management issues at higher
values, however the modes captured show a disproportionate increase in size
of the hole in the centre of the beam as more and more modes are superim-
posed into the overall beam. In addition the beam becomes slightly flatter
at the peak and the gradient of intensity decrease at the edge of the beam
becomes slightly flatter. Importantly however the beam appears to not have
any significant distortion due to the additional beam waist modes after the
collimating lens in our setup.

As these experimentally tested modes showed some promise we performed
a full investigation into using superpositons of multiple w and p modes to
attempt to match a perfectly circular Intensity distribution. i.e. the perfect
dark SPOT Repump beam.

Fig. [£.4 shows the progress of a simulation of a SuperLG mode in match-
ing a perfect circular intensity mask for increasing i,,,, with p = 0 and

W = w/50. AS ipa, increases we observe a number of changes to the mode
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Figure 4.3: Top Row: Examples of SuperLG modes with multiple beam
waists, W = #2 and p = 0. From left to right: i, = 1, 2, 5, and 10.
Bottom Row: Theoretical simulations of the modes.

profile. From 4,,,, = 0 t0 %14, = 500 the peak of the mode shifts in position
from the beginning of the mask towards the centre, increasing the overlap
with the mask. More importantly however we observe the peak of the beam
becoming asymmetric as the intensity gradient on the outside edge of the
beam becomes more shallow. In addition the size of the zero in the beam
does not change size with increasing 7,,,, meaning we maintain the ideal zero
in the centre while improving the capture volume overlap at the edge.

Fig. [£.5 shows the progress of a simulation of a SuperLG mode in match-
ing the desired mask for increasing numbers of p modes present in the beam.
Initially additional p modes appear to reduce the overlap with the mask how-
ever relatively quickly the peak of the SuperLG begins to much more closely
match the flatness of the mask by pn.. = 25. Additionally a big improve-
ment on the waist modes is the gradient of the edge of the SuperLG at both

sides of the peak much more closely matches the ideal pattern. The cost of
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Figure 4.4: SuperLG modes with increasing beam waist components and
W = wy/50. In all images one half of the SuperLG modes are shown in one
dimension. The "LG Top Hat" mask shown in red and the SuperLG beam in
black. Individual components of each beam are be shown in blue. These are
scaled so that the original modes is 0.2 of the final mode. Top Left: 7., =
0. Top Right: 4,,,. = 5. Bottom Left: 7,,,, = 50. Only 1 in every 10 modes
is shown for clarity. Bottom Right: i,,,, = 500. Again only 1 in every 10
modes is shown for clarity.

this better shape at the peak however is small oscillatory behaviour towards
the centre of the beam which would be detrimental to SPOT loading.

Fig. shows the combination of a SuperLG mode with i,,,, = 50 and
Pmaz = 29. tmae = 90 was chosen to save on computation memory. We do see
some improvements in the beam profile, specifically the oscillation towards

the edges of the beam is damped significantly.
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Figure 4.5: SuperLG modes with increasing numbers of p modes at constant
wp. Again in all images one half of the SuperLG modes are shown in one
dimension., and now constituent p modes are shown in green. Top Left:
Pmaz = 1. Top Right: p... = 5. Bottom Left: p,,q. = 15 Only 1 in every 5
modes is shown for clarity. Bottom Right: p,,.. = 25 Again only 1 in every
5 modes is shown for clarity.
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Figure 4.6: SuperLG mode and its constituent parts based on both waist
and p mode variations. In this particular mode %,,,, = 50 and P, = 25
were chosen.
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While these combination SuperLG modes show promise in creating an
appropriate intensity structure for the SPOT experiment they come with the
added disadvantage of requiring large numbers of combined modes. Particu-
larly in the case of multiple p modes this presents a problem when creating
these beams using the SLM. Since the SLM has a limited number of pixels,
800 x 600 in our case, it can only be used to create so many modes at one
time. Efficiency of the conversion will also drop as more and mode modes

are added to the overall structure.

4.2.1 Circle Intensity Masks

Given the problems with creating SuperLG modes we sought after a solution
using a much simpler hologram pattern. By intensity masking the standard
ramped diffraction grating, used to create the LG fork hologram, with a circle
of intensity 0 in the centre of the beam axis with 1 elsewhere we can approx-
imate an intensity zero in the centre of the diffracted beam. An example of
a circle mode hologram and the corresponding intensity pattern generated
in the diffracted order are shown in Fig. [£.7. Only an LG mode or similar
beam can create an exact intensity zero in the beam however we can achieve
a very close approximation to an intensity zero in the circle modes by using a
sufficiently large circle radius in the beam and while working close to perfect
imaging conditions. This beam shares some of the advantages and disadvan-
tages of high | LG modes, so both LG modes and Circle modes were chosen

for use in the SPOT experiment.
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Figure 4.7: Left: Circle hologram consisting on the standard ramped grat-
ing previously discussed (with larger spacing for visualisation here) multi-
plied by an intensity mask with 0 in the centre and 1 outside. Right: cor-
responding beam shape in the m = 1 diffracted order after filtering and
expansion /collimation.

4.3 Prediction of SPOT Shape

As discussed previously the Repump beams in the MOT are limited to the
two horizontal arms of our trap. The shaped Repump beams in the SPOT
experiment are also confined to these two axes only. In this scenario the
effective confining potential for the SPOT becomes the overlap between two
LG or Circle modes propagating perpendicularly with respect to one another.
A simulation of this trapping potential is shown in Figs. [£.§ and [£.9] The
first figure shows the SPOT shape from side on, i.e. through the propagation
axis of either Repump beam, on the left. On the right a top down view is
shown, i.e. through the centre of the Helmholtz coils. Fig. [4.9] shows this
shape in a 3 dimensional view. The potential somewhat surprisingly more
closely resembles a rounded off cube than a spherical shape as one might

expect.
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Figure 4.8: Left: SPOT confining potential viewed through the propagation
axis of on of the Repump beams in the horizontal plane. Right: SPOT shape
viewed from a top down point of view, i.e. through the Helmholtz coils of

the MOT.

Figure 4.9: Three dimensional view of the theoretical SPOT shape. Two
shaped Repumping beams, in case case LG modes with | = 5 propagate at
exactly right angles to one another. The inverse of their intensity overlap is
the shape of the SPOT confining potgegtial shown in the centre.




4.3.1 Experimental Setup

The experimental setup for the SPOT experiment is shown in Fig. [4.10] The
key differences of the SPOT experiment from the standard MOT setup are
the addition of the depump laser and SLM. The Trapping laser is prepared
as before 17MHz detuned from the 5251/2F = 2 to 52P3/2F’ = 3 transition.
The Repump beam, still on resonance as in the MO'T, is spatially filtered to
improve mode quality before being shaped by diffraction off of the SLM and
filtering of the desired order. Additionally a small portion of the Repump
beam is now separated from the main beam and after frequency shifting to
the 5251 oF = 1 to 5*Py»F’ = 2 transition which is used for two purposes.
The beam is used to indirectly pump atoms to the F = 2 ground state via
the excited states for accurate number measurements of atoms in the ground
state. This beam is also used for direct absorption imaging of the SPOT for
size measurements used for SPOT density calculations.

Also added is the Depump laser, which is locked to the 525 ,F = 2
to 52P3/2F’ = 1,2 crossover peak and frequency shifted 133.2MHz to the
52512F = 2 to 52Py;F’ = 2 transition (not shown in the experimental
diagram for simplicity). The beam is then polarized horizontally and shaped
to the inverse of the Repump beam geometry by direct reflection from the
SLM. The inverse intensity distribution is created in the direct reflection
from the SLM, i.e. the Oth order, which is then combined with the first order
of the Repump beam. This is done by reflecting both Repump and Depump
off of a non-polarising beamsplitter where the Depump joins the Repump
beam path at a small angle. This SLM setup is shown in further detail in
Fig. The combined Repump/Depump pair combine with the trap in
the two horizontal arms of the MOT setup as before after 2x magnification.

The top of Fig. shows an exaggerated zoom in of the Repump /Depump
SLM setup. The two beams, Repump shown in Green, Depump in Blue are
combined with a small angle difference at the surface of the SLM. The 1st

diffracted order of the Repump beam is filtered off in the usual way with an
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Figure 4.10: Experimental setup for the dark SPOT experiment.The key
differences in the SPOT experiment from the standard MOT setup are the
addition of the depump laser and SLM. The Trap laser is prepared as before.
The SLM is used to shape the Repump beam 1st order and anti-shape the
Depump beam 0th order in the setup more closely shown in Fig. The
combined Repump/Depump pair combine with the trap in the two horizon-
tal arms of the MOT setup as before. Additionally a small portion of the
Repump light is now taken for use as a pumping and probe beam on the
same axis as the Probe beam from the standard MOT setup.

intensity profile chosen by the phase and intensity information on the SLM.
The Depump beam input angle to the SLM is set such that the Oth order, the
anti-shaped mode, is exactly overlapped with the 1st order of the repump.
This alignment has the effect of the Depump filling the hole made in the
Repump beam by the pattern on the SLM. The Oth order anti-shaping is
shown alone in the Repump beam. The beam naturally has a halo of "ex-
tra" intensity from where the input Gaussian mode has not overlapped with

the desired hologram. This outer halo of unshaped light can be removed by
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Tnput Beams

Figure 4.11: Top: Zoom in of the SLM setup in the SPOT experiment.
The Repump beam is shown in green and the Depump in Blue. Angles are
exaggerated and other orders are suppressed for clarity. Bottom: Example
images of Repump/Depump pairing. From left to right: Repump beam 1st
order shaped into and LG mode of [ = 5 p = 0. Middle: Depump beam
Anti-shaped from [ = 5 hologram. Right: Combine Repump/Depump beam.

adding an extra grating with a different grating period or direction around
the desired hologram if necessary. Experimentally generated images of the
combined Repump/Depump beam and the individual Repump and Depump
modes are shown in the bottom of Fig.
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4.4 Measurement Technique

Measurements in the SPOT experiment consist of 3 separate loading pro-
cesses all performed in exactly the same way followed by 3 different mea-
surements. After each loading phase a different set pumping and absorption
beams are triggered in order to measure 3 things: the number of atoms in the
bright state, the number of atoms in both bright and dark states together,
and the size of the SPOT. Each of these measurements consists of a timing
sequence similar to that in Fig. [£.12] which in particular details the timings
for measuring the number of atoms in both the bright and dark states.

The general SPOT loading sequence and measurement is as follows. First
the MOT is loaded as per normal to collect atoms in the trap, next the loading
parameters are switched such that atoms are loaded into the dark SPOT.
Various direct absorption measurements are then performed to determine
the number of bright state and dark state atoms as well as the size of the
dark state trap in order to calculate SPOT peak density.

In detail the loading and measurement process is as follows. In each of
the 3 sequences there is a 6s loading process in the standard MOT state
with a Gaussian Repump beam, i.e. a grating only on the SLM. During
this time 3x10® atoms are loaded into the MOT. At the end of this loading
phase the SLM is switched from a grating to the desired beam with a hole
on the beam axis to be used in the SPOT. This switch of the SLM uses a
secondary grating to the side of the main pattern to diffract the extra light
from the Oth order of the AOM onto a photodiode which triggers the rest of
the experiment. After this trigger the Depump beam is switched on via an
AOM for a pre-determined amount of time during which the SPOT is loaded
with up to 1.5 x 10® atoms. After this Depump loading time has alloted,
the Trap, Repump, Depump, and Anti-Helmholtz coils are switched off. To
account for its rise time 800us prior to this the quantisation field is switched

on for the first and second measurements.
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Figure 4.12: Example timing of all variables in the SPOT experiment.
Specifically this graph details the timings for measuring the total number
of atoms in both bright and dark states.
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After the above SPOT loading phase in the first experiment the Probe
beam is switched on for 3000us after a 5000us delay to allow the cloud to
expand and the standard absorption imaging is performed as described in
the MOT chapter. This measures the number of atoms in the bright state,
Ng.

In the second measurement stage before the Probe beam is switched on,
the RProbe beam is switched on for 1500us in order to pump atoms collected
in the Dark state into the F = 2 ground state via the excited states. The
cloud is then allowed to ballistically expand for 10000us (longer this time to
account for the increase in atom number) after which standard absorption
imaging on the F = 2 ground state is performed again. This measures the
total number of atoms present in both hyperfine ground states, Np. At this
point we can determine the number of atoms in the ground state, i.e. in the
SPOT, which is Np = Ny — Np.

In the third stage standard absorption imaging is performed again, how-
ever this time using the RProbe beam only, for 1000us pulse time. As there
is no stretched state from F = 1 to the excited states, as there is in F = 2,
mprp = 2 to F’ = 3, mp = 3 transition, this measurement is extremely weak
and we cannot accurately determine the number of atoms in the ground state
from the absorption image. This measurement however does detect some of
the atoms (approximately 10%) which provides us with the size of the dark
state cloud as the size should be independent of absorption signal strength,
assuming a Gaussian distribution. Fig. shows the relative shape of
both the SPOT and MOT generated experimentally, from absorption and
fluorescence imaging respectively.

The peak density of atoms in the dark state can be calculated from the
equation below, if we assume a gaussian distribution,

ny = ;N—D. (4.11)
(2m)2 0,040,

In this case we take o, = o, as these widths are both in the horizontal plane
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Figure 4.13: Experimental images of SPOT and MOT both plotted such
that their 3D volume represents the number and density of atoms in the
respective traps. A theoretical 2D image of the LG beam used to generate
this SPOT trap is shown below the images for comparison.

of the setup and should therefore experience the same magnetic field shape

from the horizontal helmholtz coils.

96



4.5 SPOT Optimization

4.5.1 Magnetic Field

The first parameter optimized in the SPOT experiment was magnetic field
strength. The standard MOT requires a magnetic field strong enough to
separate the mp sub-levels within the atoms enough to create a closed loop
transition is created for the trapping beam frequency. The field needs to
be weak enough however such that the trapping volume of the MOT is not
adversely affected as stronger fields result in a smaller trapping volume for
one fixed trap beam detuning.

In the SPOT however we theorize that increased magnetic field strength
may reduce the probability of atoms in the centre of the trap being recycled
by stray Repump photons. The effects of increasing magnetic field strength
(coil current) from the standard MOT value of 10G/cm (2A) on dark state
density and atom number in the bright and dark states are shown in Fig.
[4.14] In this figure we see as one might expect, a general decrease in atom
number as the field strength is increased and the optimal MOT conditions
previously calibrated are lost. However at 3A, approximately 13G/cm, we see
a distinct peak in the number of atoms in the dark state. As of writing this
is not fully understood but we theorize it is due to a near perfect balance
being achieved between the strength of the Depump field in the centre of
the trap, such that pumping to the dark state is ideal but the Depump
is not so strong as to push atoms out of the dark state region altogether.
As at this current the density appears to have reached the maximum value
before essentially leveling off, the coil current was maintained at this value
for all SPOT measurements. There is some suggestion that higher densities
may be achievable at higher currents however our equipment could only be
safely operated at 3A without overheating. All figures in these optimization

experiments were taken using a Circle beam with a radius of 150px on the
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SLM corresponding to approximately 6mm at the trap.
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Figure 4.14: Left: Number of atoms in the bright, (blue) dark, (red) and

both (black) states vs coil current. Right: Density of atoms in the dark state
vs coil current.

4.5.2 Depump Power

In a very similar set of experiments the ideal Depump power was determined.

The ideal Depump power however was found to 0.5mW over a 6mm radius

beam.

4.5.3 Trap Frequency

With the new coil field density set we then investigated varying the trap fre-
quency detuning =5MHz from the ideal MOT detuning previously measured
to be 17MHz, the results of this test are shown in Fig. 4.15. We observe
a peak in density of atoms in the dark state at 17MHz detuning, the same
as before for the MOT. Interestingly above 17MHz we see a quick fall in
density while below 17MHz the fall is more gradual. At this point in time

we have no viable explanation for this effect. In the number measurements
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we see a corresponding slight change in gradient of the decrease in number of
atoms. The number of atoms shows an overall gentle decrease over time from
12MHz as the experiment is run, however we attribute this to slow decline in
background pressure in the cell while these measurements were taken. After
this result the Trap frequency remained at 17MHz detuning for the rest of
the experiments.
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Figure 4.15: Left: Number of atoms in the bright, (blue) dark, (red) and
both (black) states vs Trap detuning. Right: Density of atoms in the dark
state vs coil current.

4.5.4 MOT Load Time

Currently the best state-of-the-art atom optics experiments utilize MOTs
with atom numbers greater than 10° atoms, while our MOT is currently
limited to around 3 x 10% atoms cm™3 at maximum capacity. This is also
interesting because other high density schemes require high starting numbers
while ours doesn’t and still works for even lower initial numbers. To gain some
understanding on the likely behaviour of the SPOT in higher number MOT
setups we invesitgated the performance of the SPOT as more and more atoms

were added to the MOT it is loaded from. This was done by performing the
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experiment between 0.5 and 10s MOT loading time. Fig. shows the
results from increasing MOT load time, i.e. increasing atom number in the
MOT vs number and this atom number vs density in the SPOT. We observe
that the density in the SPOT appears to increase linearly with atom number
as expected from equation [4.11] This shows great promise for introducing
this type of setup in a higher atom MOT experiment.
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Figure 4.16: Left: Number of atoms in the bright, (blue) dark, (red) and
both (black) states vs MOT loading time. Right: Density of atoms in the
dark state vs atom number in the dark state with linear fit shown in red.

4.5.5 SPOT Load Time

The next optimisation was performed as a function of the SPOT loading
time which we define as the length of time the depump beam is switched
on after the SLM pattern, and therefore Repump Intensity field, has been
changed to a circle mode. Results of this test are shown in Fig. [4.17] Two
distinct regimes can be observed in the loading time variation. In the first
regime we observe a very steep rise in SPOT number/density between 0 and
75ms. During this time we theorise that the characteristics of the trap more

closely resemble that of a temporal dark SPOT than that of the spatial dark
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SPOT we aim to create. In the temporal dark SPOT the dynamics of the
trap are dominated by the addition of Depump intensity in time rather than
the spatially varying intensity profile in the Repump. We note interestingly
that during this period densities of an order of magnitude greater than the
MOT can still be observed. We theorize that this effect may be due to the
pumping effect of the depump laser dominating the behaviour of the trap
pumping atoms into the F' = 1 state which rush towards the trap centre. The
long term behaviour of the trap is then dominated by the shaped Repump
geometry where the F = 1 atoms are no longer resonant with any light in
the trapping volume.

After 100ms we see the characteristic behaviour of the spatial dark SPOT
over short timescales of an approximately linear increase in density with a
slowly decreasing dark state atom number as atoms are lost to collisions and

other loss processes.
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Figure 4.17: Left: Number of atoms in the bright, (blue) dark, (red) and
both (black) states vs SPOT loading time up to 0.5s. Right: Density of
atoms in the dark state vs SPOT loading time up to 0.5s.

The long time dependence of the SPOT over 4s was tested seperately and
is shown in Fig. [1.18 In the long time dependence we observe a relatively
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steady decay in both the density and atom number in both states. Again
however ever after long time scales of 4s we still observe an order of magnitude
increase over MO'T density. We attribute this loss to the usual losses present

in the MOT such as collisional and absorption of re-emitted light.
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Figure 4.18: Left: Number of atoms in the bright, (blue) dark, (red) and
both (black) states vs Long SPOT loading time up to 4s. Right: Density of
atoms in the dark state vs atom number in the dark state up to 4s.

4.5.6 Circle Radius and ! Number

Measurements from this point onward are taken with varying Repump ge-
ometries during the SPOT loading phase. The dependency tested which we
believed to be most fundamental to the advantage of our method over previ-
ous efforts was the effect of increasing the size of the hole in the repump beam
vs SPOT peak density. The first Repump intensity field tested was a Circle
mode hologram with varying circle radius, the results of which are shown in
Fig. £.1I9) In circle radius variation we see a peak in density of atoms in
the dark state of 1.7 x 10'? atoms cm ™2 at a Circle radius of 6mm. This
radius counter-intuitively is much larger than the SPOT size itself which is

of the order 200um. The ring size much more closely matches the capture

102



volume of the MOT which we estimate from our trapping beam size to be
of the order lcm in radius. In this case it appears that good overlap with
the trapping beams is a much more dominant process than having a hole
size which matches the SPOT size. Additionally the Circle radius mode can
only create a perfect zero in the centre of the beam with a sufficiently large
radius hole in the hologram which will also add to the necessity for a larger
hole size Repump beam. Either side of the density peak we see an almost
linear decrease in density with a smooth decrease in atom number. Interest-
ingly the slope of the decrease with larger Circle radius is less than that with
smaller circle radius. We attribute this difference in slope to the difficulty in
creating a perfect zero in the beam profile due to diffraction when smaller

holes are used.
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Figure 4.19: Left: Number of atoms in the bright, (blue) dark, (red) and
both (black) states vs SPOT loading time up to 4s. Right: Density of atoms

in the dark state vs atom number in the dark state. Sizes are quoted at the
position of the MOT.

The second set of Repump field shapes tested were that of Laguerre-
Gaussian modes at multiple beam waists. Three beam waists were tested,
w = 1.88, 2.81, and 3.75mm respectively (at the position of the MOT) and
the results of which are shown in Figs. [£.20] [£.21] and £.22] In these | mode

tests we see several similarities to the behaviour of Circle modes. For w =
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1.88 we see a peak in density at [ = 19 of 1.5 x 102 atoms cm™3 for 1.2 x
10® atoms. This corresponds to a peak-to-peak diameter of approximately
12.2mm, almost exactly the same as for the Circle modes. Additionally we
also observe similar behaviour either side of the peak in density and atom
number, namely a sharp decline for smaller [ modes in density and a slower
decline for larger [ modes. The number of atoms in the dark state curve is
smoother than in density as before but this time moving slightly towards a
sharper decline for lower peak-to-peak radius and vice versa. For w = 2.81mm
and 3.7bmm this evolution in behviour continues. We see in number a much
steeper reduction in atom number for smaller [ modes than for higher again.
More interestingly however we begin to see a reduction in the position of the
peak density as a function of peak-to-peak radius in the LG mode. A possible
reason for this is that larger beam waist modes naturally keep a good overlap
with the MOT trapping volume for low [ modes while still managing to create
a large enough perfect zero to allow for SPOT operation. Throughout these
experiments the largest peak density was achieved using circle modes and
was approximately 1.7 x 10*2atoms cm ™3, at least one order of magnitude
greater than previous efforts in Rubidium compression and almost 2 orders

of magnitude greater than the density of a standard MOT.
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Figure 4.20: Left: Number of atoms in the bright, (blue) dark, (red) and
both (black) states vs [ value (written as L on the axis label) at a beam waist
of w = 1.88mm. Right: Density of atoms in the dark state vs [ value at a
beam waist of w = 1.88mm. Sizes are quoted at the position of the MOT.
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Figure 4.21: Left: Number of atoms in the bright, (blue) dark, (red) and
both (black) states vs [ value (written as L on the axis label) at a beam waist
of w = 2.81lmm. Right: Density of atoms in the dark state vs [ value at a
beam waist of w = 2.81mm. Sizes are quoted at the position of the MOT.

105



Peak Radius (mm)
2.5 3 3.5 4 4.5

Number(x107)

Figure 4.22: Left: Number of atoms in the bright, (blue) dark, (red) and
both (black) states vs [ value (written as L on the axis label) at a beam waist
of w = 3.75mm. Right: Density of atoms in the dark state vs [ value at a
beam waist of w = 3.7bmm. Sizes are quoted at the position of the MOT.

4.6 SPOT Temperature

In previous MOT compression experiments a side effect of increasing the
density inside the trap was heating of the atomic cloud. To understand the
effect of the SPOT loading process on the temperature of the ground state
atoms we performed temperature measurements based on successive ground
state absorption measurements. Usually temperature measurements are per-
formed by taking successive fluorescence measurements of the bright state
atoms in the MOT at different expansion times. We apply a correspond-
ing technique to atoms in the dark SPOT. By measuring the FWHM of the
SPOT at different expansion times we gain information on the kinetic en-
ergy and therefore temperature of the atoms within. As the SPOT atoms are
trapped in the ground state we cannot easily perform a fluorescence measure-

ment on these atoms. Instead our system uses a series of direct absorption
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measurements of the F = 1 atoms in exactly the same process as step 3 of
the measurements described previously. Taking into account the pulse time
of the absorption beam and using the same fitting equation used for MOT

temperature measurements, Eqn. [3.3] the temperature should be of the form

_ TanO-t2
kB (t + tabs)2’

where o; is the standard deviation of a gaussian fit to the cloud shape at time

(4.12)

t and t,s is the pulse time of the probe beam. For each absorption image we
fit the size, o of the SPOT in both x and y directions effectively giving us
two temperatures. There will be some small differences in the temperature in
x and y due to external perturbations such as residual Earth magnetic field
and gravity. The fits of SPOT size vs expansion time and the associated
temperature from these fits are shown in Fig. [4.23. Both temperature fits
appear to fit the data very closely and result in similar temperatures of
T, =T, = 789uK and Ty = 85.3uK for the ground state atoms. The
temperature in the y-direction is slightly higher than that in the horizontal
plane most likely due to residual influence of gravity. This data suggests
that not only does the SPOT result in 2 orders of magnitude increase in
density from the MOT but that there is no adverse heating involved in the
increase in density. In fact the data seems to suggest that the temperature
decreases slightly from the measured MOT value of 116K, however this is

not a significant decrease.
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Figure 4.23: Left: SPOT size vs expansion time with temperature fit in x
direction. Right: SPOT size vs expansion time with temperature fit in y
direction. Combined both fits result in an average temperature in the SPOT
of 82.1uK.

In addition to giving us the temperature we can use the fitted graphs
to extrapolate back to the density of the SPOT at time ¢t = 0. After this
correction we come to a peak density in the SPOT of approximately 2.5 x 10!?

atoms cm ™3 for 1.2 x 10® atoms.

4.7 Actual fractional population in the dark

state

The peak density in this experiment is found to occur when 70% of the total
atoms in the MOT system have transfered into the SPOT. Analysis of the
images in Fig. allow us to determine the fractional population, p, in the
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bright state by analysing the relative population in the MOT and SPOT of
atoms constricted to the SPOT dominated volume only. From this we find a
fractional population p = 0.04. Plugging this and our other MOT parameters
gives a theoretical maximum density in the SPOT of 6.5 x 102 atoms cm 3.
While there may be other effects in place that will limit our density further
we believe this shows great promise for implementing our dark SPOT trap

in higher atom number systems.

4.8 Summary and Further Work

In summary we have developed a dynamic dark SPontaneous force Opti-
cal Trap (dark SPOT) using a Repump beam shaped in various intensity
fields with an anti-shaped depump beam via a novel Spatial Light Modula-
tor setup. In this setup the size of the hole in the Repump could be optimized
precisely for ours or any other MOT parameters. This hole in the Repump
and Depump beam combine to pump atoms into the F = 1 hyperfine ground
state in a ’Rb MOT where they are sheltered from all laser fields present in
the experiment at that time. This technique is exploited primarily to increase
the densities of these atoms by almost 2 orders of magnitude from the stan-
dard MOT limit and by 1 order of magnitude greater than in previous MOT
compression techniques utilized in Rubidium. The peak density reached was
approximately 2.5 x 10'2 atoms cm™ for 1.2 x 10® atoms confined in the
SPOT. We have shown that these large densities are achievable using both
Laguerre-Gaussian modes and simple intensity masked beams. Both shap-
ing options give density increases in the SPOT experiment with hole sizes
several times larger than the SPOT itself. We attribute this behaviour to
the difficulty in fully eliminating all Repumping light from the centre of the
trap either from the beam itself or from reemission of Repumping light by
atoms inside the capture volume. This behaviour has not been observed in

other SPOT experiments to our knowledge as other non-dynamic methods
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require an ever present hole in the Repump beam. This necessitates smaller
hole size in order to preserve MOT atom number whereas our method does
not require this. We have shown that this method could have promise in
higher atom number traps to the goal of creating even higher peak densities
as we observe a linear increase in SPOT density with increasing atom num-
ber. This could prove to be very useful in such traps as a more efficient route
to BEC where a higher percentage of initial atoms in the MOT are retained.
Our trap achieves peak density while maintaining approximately 70% of the
atoms initially in the MOT. We have also observed the relatively long stabil-
ity of the SPOT by testing loading times up to 4s. At these long time scales
we still observe a increase of atom density of over two orders of magnitude,
persistent over 500ms which would allow significant time for experiments on
initially denser atomic clouds.

In addition to these increases in peak density we have also observed that
the temperature of the dark state atoms does not increase during compres-
sion. In fact we observe a slight decrease in the temperature of the atoms
when loaded into the SPOT. This drop in temperature is attributed to the
decrease in absorption and reemission processes in the centre of the trap
which usually dominate atom behaviour in the centre of the MOT.

Over the next year further work will be completed on this experimental
setup using several aspects of the SPOT experiment and using the ground
state trap itself. At the time of writing a study is being performed into the
temperature profile of the atoms in the standard MOT using most of the
techniques learned in the development of the SPOT experiment.

In the future our dark state trap may be used in the development of an
experiment in controlling the populations in a four level system using the
phases of four separate light beams. Being able to pump the majority of
the atoms from a MOT to the ground state could be extremely useful in
this type of experiment as this could be used as a known building block for

transferring atoms to the other 3 levels using the phase interference of the
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four beams.

The likely next evolution of this experimental setup will include a far
detuned laser for producing an optical dipole trap. An Optical Dipole Trap
uses a tightly focused laser detuned, often by hundreds of nm, from optical
resonance. If detuned in the Red direction atoms are attracted to intensity
maximums, if blue detuned they are attracted to intensity minimums. Usu-
ally as a result of the tight focusing and relatively high temperature atoms
in a MOT a large percentage of atoms are lost during transfer to the dipole
trap. Our slightly colder and much denser trap could possibly allow for a

much higher transfer of number of atoms to the dipole trap.
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5 The Blue Light Experiment

5.1 Introduction

Coherent blue light generation from nonlinear atomic and non-atomic me-
dia has been studied in many different configurations for a number of years
now. In non-atomic media coherent blue light generation has been shown in
Lithium Niobate waveguides [1, 2] and frequency doubling [3] 4, [5]. In atomic
vapours coherent blue generation has been shown in hot Cesium vapour [0]
and in Rubidium, [7, [8, @, [10] producing of the order of uW of blue light
in both cases. Recently an experiment in Strathclyde University conducted
by, then PhD student, Dr. Aline Vernier reported the production of up to
1.1mW of 420nm blue light from a heated ®*Rb vapour [11]. This experiment
and further unpublished initial experimentation by Dr. Vernier act as the
building blocks for the work presented in this chapter.

The interaction between light and matter can take on a nonlinear nature
under one of two conditions: Either the intensity of the light is sufficient
to induce nonlinear effects or there is a natural resonance between the light
and the properties of the material. In atomic vapours nonlinear effects can
become apparent even at low light intensities allowing the investigation of
phenomena like efficient frequency up-conversion [I1], four-wave mixing [12],
slow light [I3] and image storage [14] using home built or inexpensive comer-
cial diode lasers. In the blue light experiment we take advantage of four wave
mixing (FWM) to produce light at 420nm from NIR pump light at 780nm

115



and 776nm with an additional beam generated at 5230nm. FWM like many
nonlinear processes such as frequency doubling, sum and difference frequency
generation and parametric down conversion, are said to be phase matched
[15, [16, [17, [I8]. Phase matching is governed by equation Only when
there is no phase mismatch, Ak = 0, do the four beams fully constructively
interfere. The effect is analogous to the classical Mach-Zehdner Interferom-
eter illustrated in Fig. [5.1l High effciency can be achieved in colinear and
non-colinear phase matching depending on the structure of the nonlinear
medium [19]. In this experiment we use colinear pumping with the same

handedness polarisation, which was found to be most efficient setup in [11].

Ap=KkL,+1,-L -L) Ap=kn +kn -kn, -kn=0

Figure 5.1: Comparison between Mach-Zehdner and an atom interferometer.

The phase matching equation, Eqn. [1.11} is also dependent on the relative
refractive index of the material for each of the four waves. The refractive
index of the atomic vapour will vary as a result of the the Optical Kerr
effect. The Kerr effect is a nonlinear optical process usually only occuring
at high intensity but possible at low intensities in atoms due to their lower
saturation intensities [20, 21]. The refractive index of a nonlinear material is
modified by the Kerr effect such that

116



3 Re(x®
n =ng+n9l where ny = Z%
0€0

(5.1)

In atoms this can be a dramatic effect close to resonance, [22], producing
strong negative or positive lensing depending on the sign of the detuning.
Kerr lensing can have a dramatic effect on phase matching and therefore
four wave mixing efficiency, if one or more of the waves has a much greater
non-linear susceptibility, than the others. Lensing on a subset of the beams
will reduce the overlap of that beam with the other three modes, increasing
k vector mismatch. It is these strong nonlinear effects at low light power
(10s mW) that make atoms, such as Rubidium in our case, ideal for study of
nonlinear effects.

The blue light experiment level diagram along with the pump and output
wavelengths is shown in Fig. [5.2]

My contribution to this work is split up into 3 main areas made distinct
from one another by increasing OAM content and complexity in the pump
mode profiles. First a short study was conducted using gaussian pump fields
in order to measure precisely chracteristics of the blue light such as confirming
the optimum detuning from resonance and Kerr Lensing effects. Secondly we
repeated some earlier measurements of coherent blue light production against
the frequencies of the two pump modes using a combination of beat note and
two-photon spectroscopy. Finally measurements of the effect of Kerr Lensing
on the three observable frequencies around the frequency range of blue light
production with particular attention on the 780nm beam and the effects seen
at negative Kerr lensing.

Secondly the use of Laguerre-Gaussian modes as pump light was inves-
tigated specifically looking at their conversion through FWM to the 420nm
mode. Kerr lensing results were repeated but for the most part the focus
was on analysing the translation of the OAM to the blue beam. The OAM
content transfered from the pump beams was shown to always appear in the

output entirely in the blue beam. An analysis of the 3 dimensional overlap
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Figure 5.2: Blue light experiment level diagram: Two lasers at 780nm and
776nm are used as a two-photon pump beam to produce an unobserved 5.2um
beam and a 420nm output.

integral of the four modes was done and compared between the FWM here
and typical very well known behaviour in similar Spontaneous Parametric
Down-Conversion (SPDC) experiments to help explain the distribution of
OAM in the output channels.

The third part of the experiment was focussed on the observation of the
blue beam when simple superpositions of LG modes were used as pump
light. Analysis of the distribution of OAM content in the blue beam sheds
light on the effect of Gouy-phase matching in determining which modes are
most efficiently converted to the blue. This behaviour best illustrates the

quantum nature of the blue light experiment.
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5.2 Theory - Two-Photon Spectroscopy
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Figure 5.3: Two-Photon Spectroscopy in the blue light experiment: Two
counter-propagating beams at 780nm and 776nm are circularly polarised with
the same handedness and focussed into a heated cell of Rb®. Inside the cell
the beams are absorbed on a two-photon transition producing 5230nm, which
is left unobserved, and 420nm light. The 776nm laser is then collimated after
the cell and linearly polarised(not shown) before being seperated from the
red beam by a polarising beamsplitter. The 776nm beam is then observed
on a photodiode where the essentially doppler free absorption profile can
be observed next to the saturated absorption spectrum of the 780nm beam
generated elsewhere.

Two-photon spectroscopy utilises a similar setup to saturated absorption
spectroscopy to create an absorption spectrum with significantly reduced
doppler broadening. Fig. shows two counter-propagating laser beams, in
this case 780nm and 776nm, which are focussed, non-colinear, into a heated
cell of Rb atoms. Inside the cell the beams are absorbed on a two-photon
transition, facillitated by large detuning from intermediate atomic resonance.
The two photons are absorbed simultaneously while not populating the in-
termediate, 5P3/9, state. This two-photon process has an entirely different
behaviour than the absorption of two single photons of 780 and 776nm, which
would populate the intermediate state. The rate of transfer of population
via the intermediate state is determined by the rates of the individual steps

while the two-photon transition has a virtual intermediate level.
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Absorbing a photon from each of the two counter-propagating beams
creates an absorption profile where the doppler shifts from each beam effec-
tively cancel. Ideally two-photon spectroscopy is performed using one beam
retro reflected through the sample to provide a perfectly doppler free signal
but the frequencies of the 780nm and 776nm beams are close enough that
only a small residual doppler shift remains. (approx 60MHz) The frequency

absorbed by the atoms on the two-photon transition is then of the form

U776
c

V780

w780 <1 — T) + W76 <1 -+ ) ~ (w780 + W776) y (52)

where vr759 and vy7¢ are the velocity class of atoms resonant with the 780nm
and 776nm beams respectively. The velocity class is dependent on the de-
tuning of the individual beams which under normal operational parameters

are approximately equal.

5.3 Experiment - Gaussian Pump Beams

The first iteration of the experimental setup is illustrated in Fig. [5.4 The
setup consists of two pump beams, a 780nm homebuilt ECDL, similar to the
designs in [23], tuned to scan between the 552 p—1 — 5P3/2 and 554 o p—g —
5P3), transitions and a 776nm Toptica DL-100 oppositely detuned to the
5P3/9 — 5D55 transition. A second 780nm laser used for accurate frequency
measurements of both pump beams in separate frequency measurement se-
tups. This beam was used in scanning mode across the entire Rubidium
spectrum for two-photon spectroscopy measurements of the 776nm frequency
and locked to the 557 /3 p—y — 5P3/3 p—3_.4 crossover peak for beat note mea-
surements of the 780, frequency.

In order to achieve blue light production the two pump lasers are over-
lapped at a non-polarising beamsplitter after which they are circularly po-
larised with the same handedness and co-propagate towards a heated cell

3cm in length of Rubidium atoms at approximately 130°C (estimated using
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Figure 5.4: First blue light experimental setup with Gaussian pump fields.
A homemade 780nm ECDL and a Toptica DL-100 776nm laser are used to
generate 420nm light in a Rubidium cell heated to 130 degrees. After the cell
the pump beams are then filtered out and the blue is measured on a photodi-
ode which can be triggered at the same rate as the 780nm or 776nm lasers are
scanned. A third laser at 780nm is used for accurate measurements of the two
pump frequencies. The 780, frequency is measured by overlapping with
the measurement 780nm beam onto a fast photodiode connected to an RF
spectrometer from which the beat note of the two can be read. The 776nm
frequency is measured using two-photon spectroscopy in a second heated Rb
cell. The two-photon spectroscopy is performed by overlapping the 780,45
beam, this time scanning over the Rubidium 85 and 87 saturated absorption
spectrum, counterpropagating with a small portion of the 776nm beam. The
776nm beam is then focussed onto a photodiode which is triggered at the
same rate as the 780,,..s beam scan. The position of the absorption in the
776nm beam relative to the 780nm peaks gives the detuning of the 776nm
beam plus a large stark shift due to the necessity in focussing the beams
into and heating in the two-photon cell. Half waveplates are shown in grey.
Quarter waveplates are shown in dark red.

the Beer-Lambert law) which can be converted to an approximate vapour
pressure (using simple energy equivilance) of 9 x10™*mbar. This tempera-

ture and pressure combination was previously determined to give optimum
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output of coherent blue beam power. The combined beam is weakly focussed
by a 200mm lens into the cell producing a focus inside the cell of 8.3um.
When all factors were optimized a maximum blue power of 1.2mW was ob-
served, broadly similar to the results in [11]. In the cell the pump beams are
absorbed on a direct two-photon process with a virtual intermediate state.
5.23um light is produced, which is absorbed by the cell walls and therefore
not observed. The last link in the FWM process produces both 420nm flu-
orescence and a coherent beam. The blue beam is separated from the NIR
pump beams by either a blue filter or a Dichroic mirror depending on the
measurement being performed.

For the first experiment the pump beams are filtered from the blue which
is then observed on a photodiode triggered at the same rate as both pump
beams are scanned. An example of this measurement is shown in Fig. [5.5
This figure shows the blue output (in blue) on the photodiode when the
780pump laser is set to scan between the doppler broadened sections in the
saturated absorption spectrum shown in red.

The frequency of the 776nm laser was measured using two-photon spec-
troscopy as described above. To do this 5 mW of the 776nm light was sep-
arated from the main beam at a polarising beamsplitter, done before this
light was joined with the 780,,,,,. The separated light was then circularly
polarised and focussed into a heated cell, 7cm in length, of Rubdium at 90°C
with a 160mm lens creating a focus size of 52um. At the same time the
780,05 beam was set to scan over the entire Rubidium saturated absorp-
tion spectrum and focussed into the cell using another 160mm lens, counter-
propagating with the 776nm beam. This lens also acted as a collimator for
the 776nm light after exiting the cell. The 776nm beam is linearly polarised
after the cell and seperated from the 780,,.,s beam by a polarising beam
splitter after which the absorption is monitored on a photodiode which was
triggered at the same rate as the 780,,cqs scan. FWM in the cell produces

an essentially doppler free absorption peak in the observed 776nm trace, an
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Figure 5.5: In Blue: Normalized 420nm light spectrum as measured on
a photodiode when 780pump is set to scan over the normalized saturated
absorption peaks shown in Red.

example of which is shown in Fig/5.6] It is necessary to use high intensities of
measurement light to achieve an appreciable absorption signal in the 776nm
beam therefore all of the 776nm measurements were subject to a large Stark
shift.

The AC stark shift is the effect where a radiation field perturbs not only
the populations but the energy of the levels in an atom. The AC stark light
shift on a two-level atom in a time-dependent electric field is

02
Aw = j:E, (5.3)

where € is the Rabi Frequency and ¢ is the energy level seperation of the un-
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Figure 5.6: In Black: Essentially Doppler free absorption spectrum of the
776nm beam measured on a photodiode. Red: 780 saturated absorption
spectroscopy.

perturbed states. For the values stated above for the two beams a stark shift
of 0.5GHz was calculated. This value was added on to all 776nm frequency

results.

5.3.1 3D map of coherent blue output

The graphs in Fig. were created by recording 420nm scans similar to
the one in Fig. at multiple different 776nm detunings. These scans
formed the data for the z-axis (height of blue peak) and the y-axis, 780nm
detuning, which is measured directly from the distance between the peaks

in the saturated absorption spectrum. Each of these scans were recorded
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along with a corresponding 776nm trace similar to the one shown in Fig.
[6.6l The position of the main 776nm absorption dip, relative to the 780,e4s
saturated absorption spectrum, provided the x-axis position for each of the
420nm scans.

This data shows a peak in blue output power at approximately 1.6GHz
detuning for both pump beams. (negative detuning for the 776nm beam)
This agrees with previous data taken in [II]. By confirming the detuning
behaviour of the experiment and comparing it to previous data we were able
to ensure that the experiment was working as it had been previously allowing
us to directly compare later results on blue OAM conservation to preliminary
results taken by Dr. Aline Vernier.

Fig. also confirms that the position of the coherent blue peak closely

follows the theoretical two-photon absorption line i.e.

0780 = —0776- (5.4)

5.3.2 Gaussian Pump Beams - Kerr Lensing

The Optical Kerr Effect is an instantaneous nonlinear effect whereby the
effective refractive index of a nonlinear material changes when intense light
propogates through it. While the intensities used in this experiment would
not normally be considered very intense light, the high non-linearity of the
dense Rb vapour allows for non-linear effects to be observed even at relatively
low beam power. As a gaussian beam is more intense in the centre than on
the outer edges the Kerr effect causes a greater phase change in the centre of
the beam than further out creating a lensing effect. Fig. illustrates the
Kerr lensing effect.

The setup for this part of the experiment in shown in Fig. [.I0] In
this experiment the pump beams are seperated from the blue through use

of a Dichroic mirror. The pump beams themselves are seperated from one
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Figure 5.7: 3D map of coherent 420nm output as a function of 780nm
and 776nm detuning. The graph is produced by combing 50 of the blue
scans shown in Fig [5.5] providing the z-axis data and the 780nm detuning.
The scans were taken at a number of different 776nm detunings, each one
determined by analysis of a 776nm absorption trace similar to the one shown
in Fig. This data clearly agrees with previous results showing a peak in
beam power at a detuning of approximately 1.6GHz in both beams. (-1.6GHz
for the 776nm beam)
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Figure 5.8: Top down view of coherent blue light output as a function of
pump detunings. The linear trend of the position of the peak of each scan
(shown in red) closely agrees with theoretical two-photon absorption line.
(shown in black)

another by reflection from an 1800 lines cm™! grating and a propogation
distance of greater than 1 metre afterwards, the 780,,,, is then observed on
a CCD camera. Initial tests showed that Kerr lensing effects in the 776nm
and 420nm beams were minimal and so they were not observed during this
test. All Kerr measurements listed here were done on the 780nm beam.
Normalised beam waist values on the positive side of two-photon reso-
nance and the first two on the negative side are shown in Fig. [5.11} The
beam waist of the 780,,,, laser appears to lens dramatically over a relatively
small range of frequencies. As the 776nm beam is left essentially not effected
by Kerr Lensing this change in beam size and propagation characteristics in
the 780nm beam causes the overlap between the two beams to significantly

reduce very quickly. In blue in Fig. [5.11] we can see the corresponding drop
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Figure 5.9: Kerr Lensing in a nonlinear medium: A non-uniform high in-
tensity optical field propogating in a nonlinear medium will cause differing
phase shifts in the light phase depending on the intensity at any point in
the beam profile. The beam can experience positive or negative Kerr lensing
dependning on the properties of its interaction with the medium. In our
heated Rubidium cell positive and negative Kerr lensing appear for positive
and negative detunings from two photon resonance. (Aw = +1.6GHz from
single photon resonance)

in blue output power and therefore FWM efficiency from this reduction in

overlap.

5.3.3 Negative Kerr Lensing

On the negative detuning side of Kerr lensing we observe a dramatic dis-
tortion of the beam profile of the 780,,,, mode again within a few 10s of
MHz detuning. The beam begins to exhibit a ring like structure reminiscent
of both excited p and [ modes within 100 MHz of detuning. These modes
were modeled as a superposition of a gaussian mode and an excited p =
1 mode with different focussing characteristics. (i.e. a different amount of
Kerr Lensing due to the change in position of intensity maxima) The best
fit modes are shown in the middle row of Fig. [5.12] The model has a degree
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Figure 5.10: Blue Light setup for Kerr Lensing measurements. Changes
from the first setup in Fig. are the addition of a Dichroic mirror which
reflects the pump beams while transmitting the blue which is left unobserved
in this experiment. The two red beams are then seperated from one another
via a grating and a propogation distance of > 1m. The beam profile of the
780pump is then monitored on a CCD camera after a number of ND filters
not shown above.

of success for most of the profiles indicating that the negative Kerr effect is
somehow causing the excitation of p modes in some portion of the beam. i.e.

the output modes are of the form

alLGO,()(Kl) + CLQLGOJ(KQ)’ (55)

where a; and ay are the complex amplitude coefficients of each beam and K1
and K2 are some coefficients related to the Kerr effect. As of writing the
differing Kerr effect in each beam is simply treated as a change to the output
beam waist of the mode exiting the cell. A full analysis of the Kerr effect
may be completed in the future.

The coefficients of the p = 0 and p = 1 modes are shown against the
absolute value of detuning in Fig. with p = 0 in black and p = 1
in blue. Initially close to two-photon resonance the mode is entirely in a

"pure" Gaussian, LGg state. As the detuning increases the amount of pure
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Figure 5.11: Normalized 780nm beam waist and normalized 420nm beam
intensity as a function of 780nm detuning. In Black: Normalised beam waist
of the 780,mp laser as a function of detuning from two-photon resonance. In
Blue: Normalised Intensity of the coherent 420nm output as a function of
780pump detuning from two-photon resonance. The beam waist of the mode
changes dramatically even at relatively low detunings of 10s of MHz. This
change in beam properties reduces the overlap between the two pump lasers
which causes a corresponding reduction in FWM efficiency.

Gaussian decreases rapidly while a small proportion of LGy ; mode appears.
Around 100MHz detuning there is a phase shift in the LGy mode while
LGy reaches a maximum. The two modes appear to mirror one another in

accordance with the phase change of each mode.
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Figure 5.12: Top Row: Beam profiles of 780,,m,, beam at increasingly neg-
ative detuning from two-photon resonance. Middle Row: Best fit simulation
beams made from a superposition of an LG g with a LG(; where both beams
have different lensing parameters due to the Kerr effect. Bottom Row: Resid-
uals of the fit.

5.4 Laguerre-Gaussian Beams in the Blue Light

As FWM is a phase-matched process this makes the blue light experiment
ideal for investigation of phase dependent light-atom interaction. The spa-
tially varying phase of Laguerre-Gauss (LG) modes is particularly appealing
when investigating phase-dependent effects, as these eigenmodes of propaga-
tion are characterised by an axial vortex line which can easily be visualised
on a CCD camera in real time. Additionally the efficiency of conversion
in this experiment allows us to evaluate higher order LG modes which ex-
hibit a much lower conversion efficiency to the blue at higher [ states. As
discussed previously LG modes have an azimuthal phase structure, ¢, as-
sociated with an orbital angular momentum (OAM) of A per photon [24].
Conervation and storage of OAM has been observed in a number of simi-

lar processes to this experiment including the entanglement of OAM modes
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Figure 5.13: Relative component of each mode (p = 0 in black, p = 1 in blue)
as a function of detuning from two photon resonance. Negative component
indicates a phase change of 7.

in Spontaneous Parametric Down-Conversion (SPDC) [25] 26], Second Har-
monic Generation (SHG) [27], FWM in semiconductors [28], and in multi
order Raman sideband generation [29]. In the SPDC case it has been shown
that phase-matching applied to waves with a transverse phase-structure is
responsible for the conservation of OAM [30] as long as all modes are ob-
served [3I]. More generally, parametric amplification of complex images has
been realised using non-linear crystals. [32]

In atom optics, unlike in solid state processes, non-linear effects are highly
efficient and can only require low light intensities such as in this experiment
and others similar to it [0, [7, 11} 12]. FWM and other closed loop processes
have enabled the transfer of phase information to room temperature atomic
vapours [33], [34], and optical OAM has been used to manipulate the quantum
state of Bose-Einstein Condensates via Raman transitions [35] [36]. In these

processes, the OAM of light was transferred to the atomic media. In a
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recent experiment, correlated OAM beams, were generated in a FWM process
utilising Raman transitions between different hyperfine states of the same
optical transition [37].

The phase-matching condition we assume to be present in the blue light
experiment would suggest that l7s0 + l776 = l5230 + l420. Our initial investiga-
tion with LG pump beams was centered around determining the distribution
of the OAM states in the output modes. As the 5230nm beam could not be
observed we had no direct information about its OAM state but it could be
inferred through analysis of the 420nm OAM state and the fact that momen-
tum must be conserved.

The experimental setup in this experiment is shown in Fig. [5.14 The
main difference in this experiment is the addition of a spatial light modulator
which is used to shape the phase and intensity profile of the pump modes
into Laguerre-Gaussian modes of order [ = 0 to 5 and p = 0. As the [
number is increased the intensity of the pump modes will be reduced by the
diffraction efficiency of the SLM. In order to combat this and other losses due
to diffraction off of the SLM, a Tapered Amplifier (TA) from Toptica was
added to the setup. A tapered amplifier is a solid state device that acts as
an optical amplifier rather than a laser which in our setup was used to turn
21mW (13mW 776nm and 8mW 780nm) of pump power into up to 500mW
out of the TA. After the TA the beam is expanded to 5mm beam waist and
reflected off of the SLM encoded with the phase and intensity information
of the desired mode. The desired mode is then focussed into the Rb cell, as
in the first experiment, followed by the separation of the IR and blue beams
are separated. A small portion of the blue and the two pump beams are sent
straight to the CCD camera via a series of beamsplitters, with several ND
filters in the IR beams. The rest of the blue is then sent into a Mach-Zehnder
interferometer with a dove prism in one of the arms. The light ray direction
inside the dove prism flips the image of the input mode in one axis turning

[ to —I. The resulting interference pattern of the [ and —/ modes exhibits 2[
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lobes. This lobe structure allows direct measurement of the OAM content in

the original blue beam. An example image is shown in Fig. [5.15]
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Figure 5.14: Experimental setup for the OAM conservation experiments: For
this set of experiments a tapered amplifier (TA) was added to boost about
21mW(13mW 776nm and 8mW 780nm) to up to 500mW of combined pump
beam power. This extra power is necessary to combat diffraction losses at
the SLM and decreased conversion efficiency from LG pump beams. After
the TA the beam is expanded to bmm beam waist and diffracted off of the
SLM encoded with the phase and intensity information of the desired mode
between [ = 0 and 5. The resulting mode is focused into the Rb cell as before
after which 1/3 of the 420nm beam is sent directly to the CCD and the rest
is sent into a Mach-Zehnder interferometer with a dove prism in one of the
arms. The dove prism reverses the ray direction of the input mode effectively
turning [ to —[. The interferogram produced allows direct measurement of
the OAM content of the blue beam. Finally all four beams (780, 776nm,
direct 420nm, and interfered 420nm) are observed on the CCD camera by
way of a series of non-polarising beamsplitters.

With the four images on the CCD camera simultaneously we can now
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Figure 5.15: Example (colourised) data captured on CCD camera. From
left to right: 780nm [ = 1 mode in red, 776nm [/ = 1 mode in orange, 420nm
unknown [ mode, and 420nm interference pattern with 4 lobes indicating [
= 2 in the blue.

directly measure the OAM content of the 420nm beam by counting the lobes
in the interferogram. Also we can find the detuning that relates to minimum
Kerr Lensing, i.e. most efficient FWM, by looking at the profile of the 780nm
beam. The 420nm LG profiles and their corresponding interference patterns
for pump modes from [ = 0 to 5 are shown in Fig. [5.16| The number of lobes
and inferred OAM content are shown in Table. As Kerr Lensing can
negatively effect amplitude overlap of the four fields all data has been taken

at the position of two-photon resonance and therefore minimum Kerr lensing.

Input l780 = l776 No. of Lobes | [

0 0
4
8
12
16
20 10

0

= N ST i

Ol W N~

Table 5.1: Input pump beam OAM from [ = 0 to 5, resulting number of lobes
in the blue interferogram, and deduced OAM content in the blue.

The data from Fig. and Table[5.1] shows a complete conversion of all
of the input pump beam OAM to the 420nm mode at the output of FWM,

i.e. g0 = 2l7g0776, With no visible contribution in other OAM states or
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Figure 5.16: Resulting images of the blue beam and the interference pattern
from the interferometer for input OAM from l7g0 776 = 1 to 5. The interference
pattern consistently shows a number of lobes equal to four times the input
OAM in the 780 and 776 beams, therefore the OAM in the blue is consistently
equal to 2l7g9 776

nonzero p states. This indicates that the 5230nm mode must be generated
in a [ = 0 state under our assumption that momentum must be conserved
through FWM. However as the 5230nm mode is unobserved we have no direct
information about the p state of this mode. To evaluate the likely state of

the 5230nm mode we can consider the 3 dimensional overlap integral

L/2
l N * *
pg JfIRR / / / (1)2778800 q)§7777766 q)éBB (I)if[’;dgpdp dz. (5‘6>
r/2Jo Jo
where L is the length of the cell and R is the radius of the numerical
aperture of the system. The probability that the blue and NIR photons are
2.

in their respective modes is then |C’]IO’}5‘3 ’lp{ i

First we consider the integration over azimuthal angle, which leads to

21
lzso+l776—IlB—lIRY _
/ € dSO - 27T6l780+l776_lB —lrr> (57>
0

where ¢ is the Kronecker delta. This restricts the output states to those for
which OAM is conserved i.e.
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lzso + l776 = lp + l1R- (5.8)

This conservation is confirmed by our results above.

Next we consider the z direction integral. For this overlap integral we as-
sume the condition for the output modes that requires matched Gouy phases.
For Gaussian beams the well known Boyd Criterion [38|, from Spontaneous
Parametric Down Conversion (SPDC) experiments, states that the maxi-
mum conversion efficiency in frequency translation process occurs when the
Rayleigh ranges, zg, of pump and output modes are equal. In usual SPDC
set-ups the Rayleigh range far exceeds the crystal length removing the need
for Gouy phase matching, whereas the length of our vapour cell in this setup
is many times the Rayleigh range which is defined as

2
2R = %. (5.9)

As we presume we also require Rayleigh range matching this sets a con-
dition of the beam waist of the output modes as a function of the waists of
the input modes which we define by choice of focussing lens. The condition

on the output beam waists is then

/ 420 5230
W420,5230 = —/\ W780- (5-10)
780

The Gouy phase for LG and excited p modes also depends on the mode

number and is given by

(2p+ | I | +1)arctan(z/zg). (5.11)

We already have an efficiency condition on the zg portion of the Gouy
phase from the Boyd criterion above. We now theorize that maximum effi-

ciency is achieved for matched Gouy phases which is achieved when equation
.10l is true and therefore when
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| lzso | + | l76 |=| U | + | lir | +2pB + 2D1R, (5.12)

assuming p = 0 for both pump modes at minimum Kerr Lensing. Assuming
this case of maximum efficiency we would expect the 5230nm mode to be in
a purely gaussian state. i.e. [ =p = 0.

Now we consider the 2 dimensional spatial overlap integral of the 4 modes

at the focus of the input beams which is

R
/ D (wrs0) BT (wrre) By T (wizo) B, (wszo) dr. (5.13)
0

In this case the maximum conversion efficiency should occur when the
4 modes have the greatest amplitude overlap with one another. Fig. [5.17]
shows the results of the numerical integration of the this integral for psszg =
0 to 10.
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Figure 5.17: Normalised numerical integration of the four beam amplitudes
for psa30 = 0 to 10 for pump modes with [ = 0 to 5. Most of these graphs
show as expected a peak at p = 0 followed by a decline in overlap with small
peaks for p rings with increased overlap with the pump or blue modes. The
graphs for [ = 3 and [ = 5 however show peaks at p = 1 and 4 respectively
indicating maximum conversion efficiency for these modes in contradiction
to the previous Gouy phase matching maximum efficiency prediction.

The normalized numerical integration indicates the relative likelihood of
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a particular mode being produced in the four wave mixing process. In our
experimental analysis we observe no p component in the blue beam but all
OAM content converted to the blue. For reasons of Gouy phase matching we
expect to see a large peak in the numerical integration at p = 0. The first
3 modes and [ = 4 show as expected a large peak at p = 0 and diminishing
overlap for greater p modes. All 4 of these also show a small peak at greater
p values as the peak of a one of the rings in that mode has increased overlap
with the OAM ring of the pump and/or blue modes. The integrals for [ =
3 and [ = 5 however show peaks at p = 1 and 4 respectively. This indi-
cates that these modes should be most efficiently produced which is in direct
contradiction to the Gouy phase matching prediction from the z direction
integral. As a result of this we also looked at the amplitude overlap of [ =
0 to 10 in the 5230 beam (with p set to zero) which is shown in Fig. [5.18
in order to compare this overlap integral technique with OAM conservation

which we know to be true.
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Figure 5.18: Normalised numerical integration of the four beam aplitudes for
ls230 = 0 to 10 for pump modes | = 0 to 5. Similar to the previous results
of the p index we see in most of the graphs a strong peak at [ = 0 and
diminishing overlap for greater [ modes. Also as before the overlap for | =
3 and 5 in the pump beams shows a peak in the numerical integration for [
states greater than 0.

As discussed above, experimentally we observe all OAM content being

converted into the 420nm beam so similar to the prediction in p we expect
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to see a large peak at [ = 0 in the numerical integration. Again in this figure
we see the first 3 modes and | = 4 are as expected with a large peak at [
= 0 and quickly diminishing overlap for greater OAM states. Also again 2
modes behave differently and we see peaks, for [ = 3 and 5, at [ states greater
than 0 which we know not to be possible due to the requirement for OAM
conservation in the phase matched FWM process. This seems to indicate that
OAM conservation and Gouy phase matching are more dominant processes
than the simple 2D overlap of the 4 beam amplitudes at the focus. This
highlights one of the main differences in this OAM transfer experiment to
those in for example SPDC where the 2D overlap integral is a more dominant
process. This Gouy phase matching dominance becomes ever more important
in the analysis of the output blue modes when superpositions of OAM states

are used as pump light as will be discussed in section [5.5]

5.4.1 Kerr lensing of OAM modes

A test of the Kerr lensing effects on the 780,,,, beam was also performed for
OAM pump states from [ = 1 to 5. The results of this test as well as for [ =
0 are shown in Fig. [5.19 In this figure we see a constant shift of between 40
to 50MHz of the position of minimum Kerr lensing when using OAM states
as pump light. In addition this does not seem to vary with increasing OAM
content. The reasoning behind this shift has not been fully investigated but
could include the naturally less efficient conversion of LG modes to the blue
meaning much less interaction with the atoms in the cell effectively causing
a small stark shift of the position of two-photon resonance. Additionally the
LG pump modes focus at a slightly different position in the cell. It is possible
that if there was a temperature gradient across our cell that the LG modes
encounter a slightly different density of atoms than that encountered by the
Gaussian pump fields. Either of these differences could cause the position of
minimum Kerr lensing and hence position of maximum conversion factor to

differ from the Gaussian pump case.
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Figure 5.19: Normalised beam waist of the 780, laser as a function of
detuning from two-photon resonance. Black: [ = 0, Blue: [ = 1, Red: [ = 2,
Green: [ = 3, Orange: | = 4, Purple: | = 5. The position of minimum Kerr
Lensing shifts by between 40 and 50 MHz for OAM pump modes.

5.5 LG Mode Superpositions in the Blue

In this part of the experiment we investigated the use of simple superpositions
of Laguerre Gaussian modes, based on those shown in [39]. Specifically we
take advantage of the subset of which that have a lobe like structure similar
to the interference patterns generated in the pure Laguerre-Gaussian exper-
iment. With simple superpositions we were able to investigate the phase
coherence of the parametric process and show that the OAM conservation
observed above is inherently quantum in nature and not merely determined
by the amplitude overlap of the 4 beams. Instead we find that the inter-
ference between possible excitation amplitudes and a strong dependence on
Gouy phase matching determines the most efficient output beam profiles.
In this experiment the pump modes are shaped as simple superpositions

of 2 Laguerre-Gaussian modes so that the combined input field is of the form
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1
Erso e = 5@’6 + q’gb)mo(@é + ©7") 776, (5.14)

with multiple possible absorption paths for the OAM of 2, 2m, or m + [.
Assuming no OAM transfer to the IR beam and for matching Gouy phases

we expect output modes of the form

E420 = (agli)gl + &qu)gm + aHm@z;“)
and (5.15)
Es230 = (bo<I>8 + bl‘b?),

where the complex amplitudes a; and b; determine the portion of each mode
in the generated beam.

The experimental setup is the same as in the Laguerre Gaussian experi-
ment minus the tapered amplifier as it was unavailable at the time and the
Mach-Zehdner interferometer was also removed as the complexity of the out-
put OAM states ensured the OAM content could no longer be measured in
this way. Table shows the input superpositions chosen and their possible

excitation paths. LG mode notation is as state previously with <I>§?.

Input Superposition | Possible Excitation Paths
(@5 + By )7s0.776 (0F + @y ° + D)
(D4 + D5 %) 780,776 (®F + @' + D5 )
(®F + g *)7s0,776 (Df + Dyt + J)
(DF + D5 ) 780,776 (®F + D + @5 )
(D + ©5°)7s0.776 (D + B5° + D7)

Table 5.2: Input pump mode superpositions tested and their possible exci-
tation paths in FWM

The input pump beams and output blue from the superposition experi-
ment are shown in Fig. along with theoretical simulations. On the top

two rows in red we see the images of the input modes used and a simulation
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of them. On the bottom two rows in blue we see the experimental output
blue modes and the theoretical modes calculated using a fitting program.
The fitting program takes the believed OAM and p content of the output
modes and fits the experimental data, i.e. images of superposition modes,
with the known constituent parts of the output mode and finds the relative
proportion of each component that make up the output. At first glance the
output modes appear to not just be a simple superposition of the possible
excitation paths but have a more complex structure. We note an interest-
ing similarity with pattern formation, where certain superpositions of OAM
modes are favoured due to their overlap integral [40].

Column 3 of Table shows the calculated composition of these output
modes from the fitting program. We observe that the output mode does
indeed contain only OAM states from within the possible excitation paths
but also we observe a non-zero p component in the m -+ [ states. We theorize
this p component to be due to the Gouy phase matching term in the z-integral
of the overlap function. The Gouy phases of the possible absorption pathways
and calculated output blue modes are shown in Table [5.4], these clearly show
that the extra p component scales such that the Gouy phases on the output
channel balance with the phases on the input channel. This Gouy phase
balancing gives further evidence to the likelihood of the 5230nm mode being
in the pure Gaussian state.

In addition to just considering possible excitation probabilities the inter-
ference mode m + [ should be excited with a probability 1/2 whereas the
modes with 2/ and 2m should occur with a probability of 1/4 each. The ac-
tual excitation probabilities deviate from this as the FWM process depends
on the mode-overlap in the vapour moreso than excitation probability. As a
result we see a diminishing amount of the m -+ [ lower order modes as the

beam size increases due to higher order input modes.
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Figure 5.20: The different experimental input and output modes at the po-
sition of minimum Kerr lensing plus the ideal overlaps simulated through a
numerical integration. Top Row: Experimental pump beams. (In this case
the 776nm beams are displayed) 2nd row: Theoretical simulations of the in-
put mode profiles. 3rd row: Output coherent blue beam as measured on the
CCD camera at the position of minimum Kerr lensing. Bottom row: The-
oretical simulations of the output blue beam using the coefficients in Table

P
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Input Superposition | Possible Excitation Paths Simulated modes
(@6 + 5" )rs0,776 (PF + 5° + @) 0.52(®F + 5*) — 0.680]
(DL + D5 ) 780,776 (B2 4 Dyt + DY) (0.6602 + 0.530,* — 0.53d; )
(PF + 5 *)7s0,776 (@5 + D5 + @) 0.66(25 + @) + 0.3709
(D2 + D53 780,776 (®f + @, + By 1Y) (0.704 + 0.630,° + 0.220, )
(D3 + ) 780,776 (BF + @, + @) 0.70(®3 + &y *) — 0.110Y

Table 5.3: Input pump mode superpositions, their possible excitation paths
through FWM and the theoretical simulated modes based on those observed
experimentally.

Excitation Path Simulated modes

PLD + Oy D) + DD, 0.52(®2 + ;%) — 0.6899
Gouy Phase: 2+ 2 4+ 2 2 + 2 + 2

PLOy + D 2Dy + DiD,? | (0.66D2 + 0.530,* — 0.53®; )
Gouy Phase: 2 + 4 + 3 2 + 4 + 3

PLPZ + O 2D, + PLD,? 0.66(®3 + ®y*) — 0.5399
Gouy Phase: 4 + 4 + 4 4 + 4 o 4

PID2 + D7 + P2D,P | (0.0.7004 + 0.63D,° — 0.2207)
Gouy Phase: 4 4+ 6 + 5 4 + 6 + 5

PID3 + D7D + DD, 0.70(® + ;%) — 0.1199
Gouy Phase: 6 + 6 + 6 6 + 6 + 6

Table 5.4: Excitation paths of the input pump modes and the simulated
output modes based on those observed experimentally. Additionally here the
Gouy phases of the individual components are shown to help illustrate its
role in determining the output modes.
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5.6 Summary

The data gathered during the blue light experiment has shown that the
optical Kerr effect, or Kerr lensing, in a Rb vapour has a very strong response
with the 780nm pump mode at relatively low detunings from ideal two-photon
resonance. We see both positive lensing changing the size of the observed
beam and negative lensing introducing distortions into the mode pattern
causing the excitation of p modes in a portion of the beam profile. We
currently have no full description as to the source of these distortions. They
may be caused by the k-vector mismatch within the 780nm beam as negative
lensing is applied at the focus inside the cell. We have also observed a shift
in the position of minimum Kerr lensing when pump modes with Orbital
Angular Momentum are introduced into the experiment. Ideally to fully
model this process more data of the beam waist dependence on detuning
would be taken in the future.

When the pump beams are shaped as Laguerre-gaussian modes and their
simple superpositions we observe the complete conversion of all input OAM
into the 420nm output of Four-Wave Mixing. Although unobserved we as-
sume the 5230nm mode to have no OAM component due to the law of con-
servation of momentum. We also assume p = 0 in this beam as even though
in some cases it has a favourable amplitude overlap in two dimensions we
observe the effect of Gouy phase matching to have a larger effect in the ef-
ficiency of the output modes. We believe this is true due the longer length
of our nonlinear medium compared to other frequency translation experi-
ments. In the future a quartz cell may be used in the blue light setup in
order to facilitate observation of the 5230nm beam so these suspicions can
be confirmed.

The physical process by which OAM is transfered through the atomic
levels has not yet been established. In [4I] the transfer of orbital angular

momentum is due to the generation of a population grating. Such a grating
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varying in space would be the equivalent of a refractive index diffracting the
incident light beams.

We have determined that Gouy phase matching plays a large role in the
output mode patterns through analysis of the output mode patterns produced
when the pump modes are shaped as simple superpositions of LG modes with
a lobe like structure.

The work in this experiment may provide useful information for future
experiments in phase dependent atomic level populations planned here at
Glasgow University. In these experiments the atomic populations in a four

level atom will be controlled by the phases of 4 input beams.
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6 Conclusion

This thesis presents two main areas of work using Spatial Light Modulators
to shape resonant light beams for use in atom optics experiments.

The first work presented here builds on the work of previous PhD student
Dr Aline Vernier in building the Rubidium 87 Magneto Optical Trap at the
University of Glasgow. In this thesis the background theory and experimental
optimization of this MOT is presented with particular focus on preparing the
MOT for use in a SPontaneous force Optical Trap. Several magnetic and
optical factors are optimized in the MOT including trapping coils magnetic
field strength and trap beam detuning. We obtain a maximum number of
atoms of 4 x 10% at a density of 4 x 10! atoms cm™3 at a temperature of
116uK.

The second part of this work covers the development and optimization of
anf ultra-high density dynamic dark SPontaneous Force Optical Trap. This
thesis reports on the progress of finding the optimum intensity profile for use
in the SPOT as well as an anti shaping technique to isolate our Depump and
Repump beams from one another. The SLM is also used to great advantage
over previous works in this area by dynamically switching between beam
geometries, a technique we believe to be unique in this area. A maximum
peak density of 2.5x10'? atoms cm 3 was achieved with 1.2x10® atoms. This
represents 2 orders of magnitude increase in density from MOT to SPOT.
Especially of interest to us when creating this ultra high density trap was the

effect of heating on the atoms which is usually present in other compression
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efforts. Instead however we have found that our dynamically made SPOT
does not heat the atom cloud and in fact causes a slight cooling effect bringing
the atoms down to a temperature of 76uK. We believe this new trap could
prove useful in many applications in atom optics such as a more efficient
route to BEC retaining more atoms from the initial MOT stage and future
experiments to be performed at Glasgow on phase dependencies in a four
level atomic interferometer.

The last part of this thesis focusses on the use of an SLM to shape two
pump beams simultaneously into Laguerre-Gaussian beams and their simple
superpositions for use in a frequency translation experiment. In this experi-
ment two beams at 780nm and 776nm were used on a two-photon transition
to create 5230nm and 420nm in a phase-matched loop. In the first part of
this work our attention was focussed on the distribution of Orbital Angular
Momentum from pure LG modes to the output wavelengths. It was found
that for simple Laguerre-Gaussian beams and also their simple superposi-
tions as input, all OAM is converted into the 420nm beam. Through the
use of simple LG beams superpositions we have discovered that the conver-
sion efficiency is dictated by a number of factors such as the Boyd Criterium
(matched rayleigh ranges), phase-matching, and momentum conservation.
Additional experiments using superpositions of LG modes have shed light
on the surprisingly strong effect of Gouy phase matching in dictating the
produced modes through Four Wave Mixing.
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A AOM Types and Frequencies

A.1 AOM Driving Electronics and Computer

Control

The control electronics in our AOM setups consist firstly of a voltage con-
trolled oscillator (VCO), such as the ZX95-100-S+ from Mini-Circuits and
similar models for other frequencies. The VCQO’s are either driven by a ta-
ble top voltage source or an analogue output from the National Instruments
DAQ card, NI USB-6218. The VCO signal is sent to a mixer such as the ZP-
3LH-+ from Mini-Circuits. The signal is mixed with a TTL signal generated
by the USB DAQ card connected to the control computer for the experiment.
Finally the signal is amplified by at least 24dB and used to drive an AOM.
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AOM Usual Frequency Use
Crystal Technologies Inc
58.1MHz Trap beam double pass
3080-122
Crystal Technologies Inc 54 SMHy Depump switchir.lg
3080-122 and frequency shift
NEOS 8.4 Repump switching
AOM 24080 ' and frequency shift
ISLE Optics RProbe switching
78.4MHz _
LM120 and frequency shift
ISLE Optics Probe switching
133.2MHz i
LM130 and frequency shift
Table A.1
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Trans-spectral orbital angular momentum transfer via four wave mixing in Rb vapor
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We report the transfer of phase structure, and in particular of orbital angular momentum, from
near-infrared pump light to blue light generated in a four-wave-mixing process in 3°Rb vapour. The
intensity and phase profile of the two pump lasers at 780 nm and 776 nm, shaped by a spatial light
modulator, influences the phase and intensity profile of light at 420 nm which is generated in a
subsequent coherent cascade. In particular we oberve that the phase profile associated with orbital
angular momentum is transferred entirely from the pump light to the blue. Pumping with more
complicated light profiles results in the excitation of spatial modes in the blue that depend strongly
on phase-matching, thus demonstrating the parametric nature of the mode transfer. These results
have implications on the inscription and storage of phase-information in atomic gases.

Phase-matched nonlinear optical processes include
a wide range of phenomena including spontaneous
parametric down-conversion (SPDC), four-wave mixing
(FWM), and stimulated Raman scattering. They can be
studied in dielectrics as well as in atomic media. Phase-
matching, if applied to the longitudinal component of
the wavevector, results in momentum correlations be-
tween the relevant light fields but it also allows the trans-
fer of phase information. The spatially varying phase
of Laguerre-Gauss (LG) modes is particularly appeal-
ing when investigating phase-dependent effects, as these
eigenmodes of propagation are characterised by an axial
vortex line which can easily be visualised. LG modes have
an azimuthal phase structure of exp(ily) associated with
an orbital angular momentum (OAM) of I% per photon
[1]. Conservation and storage of OAM has been observed
in a number of processes including the entanglement of
OAM modes in SPDC [2, 3], second harmonic generation
[4], or FWM in semiconductors [5]. For SPDC it has
been shown that phase-matching applied to waves with
a transverse phase-structure is responsible for the con-
servation of OAM [6] as long as all modes are observed
[7]. More generally, parametric amplification of complex
images has been realised using non-linear crystals [8].

In atom optics, unlike in solid state processes, non-
linear effects are highly efficient and require only low
light intensities. FWM and other closed loop processes
have enabled the transfer of phase information to room
temperature atomic vapours [9, 10], and optical OAM
has been used to manipulate the quantum state of Bose-
Einstein condensates via Raman transitions [11, 12]. In
these processes, the OAM of light was transferred to the
atomic media. In a recent experiment, correlated OAM
beams, were generated in a FWM process utilising Ra-
man transitions between different hyperfine states of the
same optical transition [13]. Here we report a FWM pro-
cess that transfers the OAM of the pump light — via the
atomic medium — to light at the opposite end of the vis-
ible spectrum.

We recently demonstrated the highly efficient genera-

tion of up to 1.1mW of coherent 420 nm blue light by en-
hanced frequency up-conversion in Rb vapour [14], while
similar experiments have been performed by a number of
other groups in Rb [15-17] and Cs [18]. The blue light
generation relies on two near-infrared (NIR) pump lasers
at 780 nm (551/2*5P3/2) and 776 nm (5P3/2*5D5/2). The
atoms can subsequently decay in a cascade via 6P3/,
generating coherent infrared (5.23 pm) and blue (420 nm)
light (3°Rb level scheme in Fig 1). We investigate phase-
matching in the context of the FWM process by illumi-
nating the atomic medium with pump light in various
LG modes and some of their simple superpositions.

Any image, including the profile of our pump and gen-
erated light beams, can be described in terms of a super-
position of LG modes ‘I);(x,y, z), where p and [ denote
the number of radial nodes and the winding number, re-
spectively. The normalised LG modes are given by:
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FIG. 1: Experimental set-up, with abbreviations: N/PBS
(non-/polarizing beamsplitter), DM (dichroic mirror), TA
(tapered amplifier), SLM (spatial light modulator) and CCD
(charge-coupled device). Inset: **Rb FWM level scheme.



Here Lil,,l |is an associated Laguerre polynomial and
w(z) = woy/1+22/2% for a beam waist wy, with a
Rayleigh range zr = mwo?/\. For simplicity we restrict
ourselves to images represented by pure LG modes and
their simple superpositions in order to show that inten-
sity and phase information can be transferred via a FWM
process from the pump light to the generated blue light.

All theoretical considerations are based on a simple
phase-matching approach, without including a full de-
scription of the propagation equations, and in particular
effects due to absorption and Kerr lensing of driving and
generated fields which become important in the vicinity
of single photon resonances [14].

FWM leads to the generation of blue and infrared light
under four photon resonance. The efficiency of the pro-
cess is determined by the overlap of the four light ampli-
tudes of the two pump lasers and the generated blue (B)
and infrared (IR) light, E¥g)E4cEgEmr. In our exper-
iment, the mode profiles of the input lasers are chosen
by diffraction off a spatial light modulator (SLM), and
we only investigate pump modes with p = 0. Any output
mode profile can be represented as a suitable superposi-
tion of LG modes with a given waist wg.

The probability amplitude to generate a specific com-
bination of a blue and an infrared photon in modes @é‘?g
and fbg& is given by the overlap with the pump profiles,

L/2 pRg2n . .
ST / / p @ BT "Bl Bl dp dp d,
(2)
where L is the length of the vapour cell and R the numeri-
cal aperture of the system. The probability that blue and
IR photons are in the respective modes is then |C]f)‘]33’7l1§§r{ 2.
We note an interesting similarity with pattern formation,
where certain superpositions of OAM modes are favoured
due to their overlap integral [19].
Inserting the LG modes (1), and integrating over the
azimuthal angle leads to

2
i(lr76+lrso—IlB—lr —
/ € ( )Sﬁd(p = 27751776+l780*lB*lIRa
0

where ¢ is the Kronecker delta. This restricts the output
modes to those for which the OAM is conserved,

l776 + 780 = IB + lIR-

A further condition for the output modes results be-
cause the largest conversion efficiency requires matched
Gouy phases, which is mathematically linked to the inte-
gration over z in (2). For Gaussian beams the well-known
Boyd criterium [20] states that the conversion efficiency
in frequency translation processes is maximised when
the Rayleigh ranges zp of all involved beams are equal.
In usual SPDC set-ups, the Rayleigh range far exceeds
the crystal length, removing the need for Gouy phase
matching, whereas the length of our vapour cell is many

Rayleigh ranges (25 mm). Applied to our FWM scheme,
the Boyd criterium implies wp = wrg0+/420/780, wig =
wrgpy/H230/780, making the IR beam waist about 3.5
times larger than that of the blue beam. However, in
general the Gouy phase depends on the mode number,
and for LG modes it is given by (2p+|l|+1) arctan(z/zr).
For matched Rayleigh ranges, and assuming zero order
radial modes for the pump light, this results in maximum
efficiency if

|lzso] + |l776| = |Is| + [lir| + 2pB + 2pIR-

The IR beam is unobserved in the experiment, but
OAM conservation and Gouy phase matching indicate it
is mainly generated in the fundamental Gaussian mode.
The components of the blue light in a given mode @é‘; are
found by evaluating the overlap integral (2) for all allowed
mode combinations. This becomes important when in-
vestigating pump light in superposition modes.

A simplified setup of the experiment is shown in Fig.1.
Pump light at 780nm and 776 nm was generated by
external cavity diode lasers [21], overlapped at a non-
polarising beamsplitter and fibre-coupled to a tapered
amplifier (TA). The maximum output power of approxi-
mately 500 mW allowed strong nonlinear coupling, and
the fibre coupled TA output ensured clean Gaussian
pump modes.

The frequency of the 780 nm light was determined from
its beatnote with another 780nm laser locked to the
F = 3 to F' = 3,4 cross-over transition. The 776 nm
frequency was measured with counter-propagating two
photon spectroscopy in a further heated Rb cell, where
the absorption of the 776 nm laser could be determined
relative to the saturated absorption trace of the 780 nm
laser. The frequency could then be set manually by ad-
justing the voltage across a piezo electric device control-
ling the external grating in Littrow configuration.

The overlapped pump lasers were converted to LG
modes or superpositions thereof by diffraction off a
suitable hologram displayed on an SLM (Hamamatsu
X10468). The computer generated holograms consist of
the required phase of the desired mode superimposed
with that of a linear diffraction grating, generating a
fork dislocation as indicated in Fig. 1 for a ®2 mode. Al-
though the SLM operates on phase only, the intensity can
be shaped by modulating the amplitude of the grating.
The spatially sculpted pump light was focussed into a Rb
cell heated to 120°C (a vapour pressure of 9 x 10~ 4mbar)
and after the cell was split from the generated blue light
by a dichroic mirror. The generated IR light was ab-
sorbed by the cell windows. The remaining NIR pump
beams were separated using a diffraction grating followed
by a propagation distance of ~ 2.5 m.

The dense rubidium vapour acts as a strong nonlinear
material and the beams are subject to Kerr lensing — the
change of refractive index with input intensity. This is



particularly apparent in the 780 nm beam shows strong
self-focussing and defocussing depending on the detun-
ing. As this can negatively affect the amplitude over-
lap of the four light fields, especially when using spa-
tially shaped pump lasers, all data has been taken at
two-photon resonance and at minimum Kerr lensing. In
a preliminary experiment we have verified that detun-
ings of A7gg = —A776 = 1.6GHz [14] indeed yield mini-
mal Kerr lensing for Gaussian pump modes, but shift to
slightly higher frequencies for higher order LG modes.
Using a simple diffraction grating, rather than a fork
hologram, we monitored the transmission of the Gaus-
sian pump lasers through the Rb vapour cell, and ad-
justed the pump frequency combination to yield mini-
mal Kerr lensing which is particularly noticable for the
780 nm transition. Once set the pump frequencies stayed
stable throughout the experiment.

For the first part of the work, both input laser beams
were shaped as LG beams with p = 0 and the same az-
imuthal number Intr = l780 = 776 which was varied be-
tween 0 and 5. An example of both pump output profiles
shaped as ®} is displayed in Figs. 2a and b. In order
to visualise both the intensity and phase profile of the
generated blue light, a third of the light was monitored
on a CCD camera (Fig. 2¢). The remaining blue light
passed through a Mach-Zehnder interferometer contain-
ing a Dove prism in one of the arms. The Dove prism
flips the image in this interferometer arm, thereby effec-
tively reversing the OAM of the light. For blue light with
a particular OAM g, the resulting interference pattern
then contains a superposition of modes with +ip [22],
exhibiting the characteristic 2/ lobes shown in Fig. 2d.

The blue intensity and interference profile resulting
from input modes Ixr = 0 to 5 is shown in Fig. 3. Com-
paring the intensity profile with the theoretical profile
of pure LG modes, we find that each blue mode has an
OAM number of Ig = 2Inmr. This is confirmed by the
interference fringes, which display 0 to 20 lobes. This
indicates that the IR light is generated in the mode ®9,
which has the largest overlap with the NIR input modes.
All of the OAM is transferred into the blue beam with
no observable contribution in other OAM states.

In the second part of our work we investigated the
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FIG. 2: Evidence of OAM transfer: Example CCD data at
maximum blue intensity and minimum Kerr effects for ® in-
put modes at 780 nm (a) and 776 nm (b). Resulting intensity
profile (c) and interferogram (d) at 420 nm. Both c) and d)
are consistent with a blue ®2 mode.

phase coherence of the parametric process, showing that
OAM conservation is inherently quantum in nature. For
the pure LG modes one may argue that the blue out-
put modes are solely determined by the intensity overlap
with the input light. Instead we find that interference
between the excitation amplitudes determines the out-
put modes. This becomes apparent by shaping the pump
beam profiles as superpositions of two LG modes, with
OAM values [ and m [22]. The combined input field is

1
Erg0E776 = 5(@6 + ) 780 (DY + DT ) 776,

with multiple absorption paths in the initial two-photon
absorption, allowing a potential OAM transfer of 21, 2m,
or m + . Again, assuming that no OAM is transmitted
to the infrared beam, Fig = (®9)ir, and for modes with
matching Gouy phases, we expect a blue output mode

EB = ('U/QZ(I)gl + u2m¢)(2)m + ul+mq)m:|Li‘l|,|m+”/2)B )

(3)
where the complex amplitudes u; depend on the mode-
overlap as calculated from (2).

For this part of the experiment the TA was removed
from the set-up to further limit the amount of Kerr lens-
ing. We also omitted the Mach-Zehnder interferometer,
because phase structure is inherently present in the over-
lap of different superposition modes.

Fig. 4 shows the observed profile of the pump modes
set to b different superpositions (in column a), and the
generated blue light (in column c¢). Simulations of the
pump modes and the anticipated blue modes are shown
in columns b) and d). Here, the anticipated composition
of the blue light was evaluated by demanding OAM con-
servation and Gouy phase matching (3), and is shown in
blue text.

We find good agreement between experiment and sim-
ulation, confirming the importance of OAM conservation
and matched Gouy phases for the studied FWM process.
In particular we find that the generated mode patterns
cannot be explained simply from the intensity overlap of
pump and generated light, but that phase-matching and
amplitude interference play a crucial role. We always ob-
serve a non-zero p component in the mode corresponding
to a transfer of [ + m units of OAM from pump to blue

- OO()()"&
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FIG. 3: OAM transfer from IR pump light with ixtr =0 — 5
to blue light at 420 nm beams, with intensity profile (top) and
interferograms (bottom) consistent with g = l7so + l776.
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FIG. 4: Phase transfer of superposition modes: Experimental
realisation of the pump superposition modes detailed as red
text (a) and corresponding observed blue output modes (c).
Theoretical simulation of pump modes (b) and anticipated
output modes detailed as blue text (d).

light, corresponding to an excitation of [% on the 780 nm
transition and m# on the 776 nm transition, or vice versa.
Just considering the excitation probabilities, the interfer-
ence mode m + [ should be excited with a probability of
1/2, whereas the modes with 2/ and 2m should occur with
a probability of 1/4 each. The actual excitation proba-
bility deviates from this, as the FWM process depends
on the mode-overlap in the vapour.

In conclusion we have observed the transfer of the com-
bined OAM of the NIR pump light to the coherent blue
light at 420 nm via FWM in a 3Rb vapour, leaving the
unobserved IR transition in the fundamental Gaussian
mode. We have demonstrated this for pump beams in
LG modes with Injg = 0 — 5, which generated blue
LG modes with Ig = 2INir. We explain the fact that
the OAM is not split between the generated blue and IR
light by the large difference in waists, which maximises
the mode overlap in the FWM process for all OAM in
the blue.

Through the use of simple superpositions of LG beams
as input modes we have illustrated the parametric nature
of the process. We have noted that Gouy phase matching
of LG modes determines not only the ideal beam waists
of the generated modes, but also favours modes that con-
serve mode number. We have successfully predicted the
output modes as those which obey OAM conservation
and have matched Gouy phases. A more detailed descrip-
tion would require the propagation of the light modes, in
particular in cases where Kerr lensing is not negligible,
and experimental access to the generated IR light.

The observed effects are not restricted to light carrying
OAM but should apply to all phase information inherent
in the pump light. The described process should allow
the conversion of phase information from a given input
frequency to a completely different frequency.
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