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Abstract

This thesis is devoted to experimental research on non-equilibrium quantum
thermodynamics using ultracold atoms. An ultracold atom cloud with 1 x 10°
8"Rb atoms are immersed in a cold *K MOT to investigate the novel thermo-
dynamics of ultracold atoms in the presence of a dissipative environment. As
a result, a metastable state with a finite BEC fraction at a temperature above
the critical temperature has been observed in this system. The relaxation time
of this state is longer than the typical experimental time scale ( 0.1 ms 100
ms ). This result can be used as a tool to experimentally prepare a high con-
densate fraction state at a high temperature, it is also potentially to trigger
the theoretical curiosity on the microscopic description of out-of-equilibrium
quantum gases. Additionally, an experimental apparatus for trapping a single
neutral 'K atom has been also discussed. Once constructed, the single *'K
atom and the surrounding ultracold 8"Rb atom gas will act as the working fluid
and the thermal bath and the quantum thermodynamics transformations are

expected to be achieved in this system.
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Chapter 1

Introduction

1.1 Research background

Thermodynamics plays a pivotal role in modern technologies and physics. The refrigerator
and heat engines, both of which improve the quality of our daily lives, are based on classical
thermodynamics cycles. It was already predicted by Feynman in the 60s that technological
progress would eventually make it possible to realise a small scale machine consisting of a
few atoms, or potentially even a single atom. In contrast to classical machines, quantum
mechanics can play a role in a small scale machine [1, 2|. Unlike other well-developed
fields in quantum science, non-equilibrium quantum thermodynamics (NEQT), which
aims to put quantum processes forward to the stochastic thermodynamics perspective, is
still new [3]. In recent years, several theoretical studies have been put forward to address
the role of thermodynamics in quantum engines [4-6]. It has been also indicated that a
heat engine operating in the quantum regime can have higher efficiency than its classical
counterpart |7, 8]. A few experimental attempts to realise highly efficient nano- and
micro-engines, based on NEQT and taking advantage of quantum coherence have also
been seen [9]. For example, nitrogen-vacancies in diamonds [10] and ultracold atoms [11]
have been used to realise heat engines with quantum features.

At temperatures close to the absolute zero, the De Broglie wavelength associated with
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an atom can be larger than the average distance between atoms in a dilute atom gas, res-
ulting in collective behaviors dominating the system. By using evaporative cooling, a cloud
of bosonic atoms can be brought to such temperatures where a Bose-Einstein condensate
(BEC) is realised [12]. This phase transition is only possible when the temperature is
below the critical temperature 7. Due to its quantum properties and microscopic scale, a
BEC is considered as an ideal candidate for the investigation of quantum thermodynamics
and for the implementation of small scale engines.

The thermodynamics of the BEC can be also affected by the environment, for example
through collisions. In the last few decades, collisions between different atomic species have
been investigated [13]. In a multiple atomic species, one of the species can be used as
the working fluid and the other as a thermal bath. The inter-species collisions can induce
heat exchange between the working fluid and the thermal bath. In some circumstances,
such collisions can also induce losses of atoms. This dissipative environment is usually
considered as a detrimental effect on the collective and quantum properties of the working
fluid. However, if properly tamed, it can also play productive roles, such as creating
novel states of matter [14, 15| and generating quantum entanglement [16]. Recently,
dissipation driven states which are not accessible in equilibrium have been observed [17],
and considerable attention has been paid to the non-equilibrium evolution in an ultracold
atom system [18|. Thanks to the use of techniques such as optical traps, optical tweezers,
optical lattices, etc, the research scope of the non-equilibrium regime can be expanded to
a wide range of systems, including low dimensional Bose gases [19, 20|, quenched quantum
gases [21, 22] and prethermalized states [23].

In this thesis, I present an experiment to study the thermodynamics of a BEC in a
dissipative environment. We realised a novel non-equilibrium phase, which is denoted as
the supercritical BEC. By controlling the dissipation rate, a long-lived metastable state
can be observed with a finite BEC fraction when the temperature of the ultracold atoms
is above the critical temperature.

Furthermore, trapping and manipulating single atoms have drawn much attention in
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the last decade, and the near-deterministic preparation of a single atom in an optical
microtrap has been achieved [24|. Later, some new experimental developments focusing
on engineering a few particles in operating heat engines have been seen [25|. Presently,
only one work achieving a single atom engine operating fully in the classical regime has
been seen [26]. In this thesis, I also present some preliminary work to produce a quantum
heat engine using a system consisting of a single neutral atom immersed in an ultracold
atom cloud, where the single atom acts as the working fluid and the ultracold atom cloud

as the thermal bath.

1.2 Thesis overview

This thesis describes the steps taken to set-up an experimental apparatus to investigate
the non-equilibrium thermodynamics in the ultracold atoms. We consider a two species
ultracold mixture 8"Rb-**K. The 8’Rb atoms are trapped in a dipole trap and transit into
a BEC through evaporative cooling. They have immersed in the 3K atoms, which are
confined in a 3D MOT. Due to the large temperature gap between the two species, the
collision is nearly elastic and the heat exchange from the collision can be ignored. The
39K atoms are therefore a dissipative environment for the 3Rb BEC. We investigate the
influence of dissipation on the thermodynamics of the BEC. Furthermore, we also aim to
investigate the quantum thermodynamics of a single-atom and the possibility to achieve
a heat engine in the quantum regime with the ultracold mixture 3’Rb-*'K.

The thesis is organized in the following way:

The theoretical and experimental background relevant for our experiment is first
presented. The basic concept of laser cooling and its application on the relevant species,
including the MOT, evaporative cooling, and the phase transition to a BEC, furthermore,
the fundamental concept and of a single-atom heat engine in the quantum regime and the
experimental techniques required for its realisation are reviewed.

In chapter 3, the experimental apparatus is illustrated in detail. The vacuum system,
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laser system, the sequence to produce ultracold atoms, the detection system, and the
computer-based control system are discussed. At the end of this chapter, the setup for
the single-atom trapping and its measurement are also reported.

In chapter 4, the experimental result of the evaporative cooling in a dissipative envir-
onment is fully discussed. The thermodynamics of the ultracold atom cloud is analysed in
the presence and absence of dissipation. In contrast to the case in equilibrium, we found
that the system can be driven into a metastable state in a non-equilibrium regime with
dissipation. The relaxation property of this state has also been investigated. Addition-
ally, a phenomenological theoretical explanation that may favor the further progress on
rigorous microscopic theory is provided. The results have been published in [27].

At the end of this chapter, I also discuss a numerical study on a novel atom interfer-
ometer and its potential application as a compact and high precision accelerometer that

was completed as a side project of my thesis. It has also been published in [28].



Chapter 2

Fundamental concepts

2.1 Basics of laser cooling and trapping: specific on

87Rb,39K,41K

2.1.1 Laser cooling

Consider a moving atom with momentum p' = mv in a laser field, where m and v are the
mass and velocity of the atom. We assume the atom is a two-level system, with ground
state|g) and excited state |e). When the wavelength of the laser is near-resonant with
respect to the atomic transition |g) — |e), an optical cycle of the atom can be driven by
absorbing and emitting photons continually. During this cycle, when the atom absorbs a
photon traveling from the opposite direction with a momentum p = hEphOmn, where A is
the Plank constant and Ephoton is the wave vector of the photon, defined as Ephoton =27/,
with A being the wavelength, the velocity of the atom changes by hEphOwn /m, as it is given
a momentum kick from the photon. Assuming any spontaneous decay is isotropic, the
total momentum transfer in the photon absorption and emission process is nonzero. A
radiation force, or friction force, can therefore be produced. This effect is analogous to
a particle moving in a viscous fluid and is therefore referred to as viscous-like cooling or

optical molasses. The radiation force, F=—a- U, is always in the opposite direction to
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the velocity of the atom.

In the weak-field approximation, the number of optical cycles per second scales as the
spontaneous emission rate, 1/7 = T'/2w, where T" is the linewidth of the excited state
and 7 is the lifetime of the excited state of atom. The momentum change of the atom
is determined by the number of scattered photons per unit time, which is referred to as
scattering rate Ry. = I'p... The radiation force can be expressed as F = hEFpee. Where

pee 1s the occupation probability of the excited state,

1 Ir
21+ In + 2(A = Zp)’

C

Pee = (2'1>

where Iy is the relative laser intensity with respect to the saturation intensity, vy,
is the radiation frequency and A is the detuning of the photons with respect to the
atomic transition. ( Saturation intensity: in some materials, the absorption rate of light
decreases with increasing light intensity, the saturation intensity is the maximum of the
photon absorption. ) The moving atoms have a velocity-dependent detuning with respect
to a laser, A Dopple,n:l; - U, meaning the scattering force is therefore velocity-dependent. By
manipulating the detuning, one should be able to address a group of atoms with a chosen
velocity.

The velocity distribution of atoms at a finite temperature is ruled by the Maxwell-
Boltzmann distribution. The average velocities of the Rb atoms and the K atoms at room
temperature are 292 m/s and 431 m/s, respectively. The viscous-like force can be used
to reduce the average velocity of the atoms, which in turn lowers the temperature of the
atoms. However this force cannot cool the atoms indefinitely, the fundamental limits on
the lowest attainable temperature are (1) the recoil temperature Tr : SkpTh = 5= ("£)2,
which is based on the fact the photon momentum is discrete in quantum regime and
the quantum indetermination cannot be broken up to reach a lower temperature; (2) the

Doppler temperature T :kgTp = %, which corresponds to the natural linewidth of the

atomic transition.
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2.1.2 Magneto-optical trap

Cooling and trapping atoms from the background gas are the beginning stages in cold
atom experiments. A commonly used technique is the magneto-optical trap (MOT),
where moving atoms can be decelerated and trapped in the presence of pairs of counter-
propagating beams and a magnetic field gradient. [29].

The photon scattering rate inversely scales as the frequency detuning between the
wavelength of light and the intrinsic atomic transition. For alkali metal atoms, when the
laser frequency is near-resonant, the intensity balanced counter-propagating beams can
be used to dramatically decelerate the average velocity of moving atoms. For example, in
our experiment, the moving 8’Rb atoms at room temperature can be decelerated to less
than 1 m/s in a few ms.

However, this viscous-like force cannot be used to trap the atoms, meaning the atoms
can diffuse out of the beam region. As a solution, a position-dependent trapping force
is created by applying an additional magnetic field gradient with the orthogonal circular
polarised ( 0™ — 07) counter-propagating beams.

Combining the viscous-like force and position-dependent force, we obtain

— — - h];[‘ ]R IR B
F=F++F, = _ i 09
' > |\ Tr Ay gk | — vk (22

where —a@ is the viscous-like force and —kz is the position-dependent force. To
expand this equation into a 3-dimensional frame, the mechanism of a 3D MOT can be
fully explained.

Additionally, for achieving efficient laser cooling, the atomic transition must be a
closed cycle. This in turn means the atoms should be undissipatively driven between
states. During an optical pump, the excited atomic state can spontaneously decay to
lower states and result in an irreversible atom loss. In the 8"Rb case, the excitation

scheme for has been shown in Fig. 2.1, the laser is locked at the resonant frequency with
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respect to the D2 line atomic transition from the ground hyperfine level |F' = 2 > to the

crossover of the two excitation hyperfine levels |[F' =2 > and [F' =3 > .

87Rb

— F'=3 (193.7)
52p A CO23 (60.4)
312 ﬁ:_: ——————————————
Y, F'=2(-72.9)
\‘:‘:\‘___ F|:1 (—229_8)
N——— F'=0 (-302.1)
A =780.2 nm
w,= 384.2 THz JD Ny
o F=2(2563.1)
5 8”2 —:'_': _____________
A F=1(4271.7)

Figure 2.1: Excitation scheme of the 8’Rb atom

Due to the hyperfine splitting is insufficiently large, the red detuning cooling light can
also pump an unwanted atomic transition |F' = 2 >— |F’ = 2 > that causes a finite
probability for the system to spontaneously decay to a dark state, |F' =1 >, and fall out
of the cooling cycle. To avoid these losses, an additional laser to pump the atoms back
into the cooling cycle, corresponding to the atomic transition |F' =1 >— |F' = 2 >, is

required which is referred to as repumping light.

2.1.3 Sub-Doppler cooling after MOT

The Doppler temperature for 8’Rb,*K and *K atoms are 146 uK, 145K and 145uK,
respectively [30, 31]. However, even the first experiments measured the temperature of the

MOT to be far below these values. This is because in a real MOT there exist polarisation

8
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gradients, providing a position-dependent light shift of the ground states. This makes a
sub-Doppler cooling possible [32] as shown in Fig. 2.2. When the atom moves in a pair
of counter-propagating beams with the Lin L Lin configuration, the light shifts of the
ground sub-Zeeman states |g+3 ) and |g-% ) are functions of the position in the z-direction.
( The Lin L Lin configuration indicates the polarizations of the two counter-propagation

beams are linear and perpendicular to each other.)

o~ lin ot lin o lin

N N N
! Bl gl e "3 a2 3

a) '*
L 1 L 1 -
<D
=27 |q ?>

Figure 2.2: Schematic of the confining potential in one direction of a MOT. The wy is
the frequency of the atomic transition, the wy;gn is the frequency of the laser, it is red
detuned with respect to the atomic transition. The Zeeman splitting is linear expanded

by a magnetic gradient along the z direction. Figure and caption taken from Ref [32].

The atomic transfer between different ground Zeeman states takes a finite time 7p. If
we assume the atom occupies the ground Zeeman state [g-1 ) and moves from the left
to right with the beginning point at bottom of the potential valley A/8, when the atom
moves over the point 3)\/8 and still stays in the initial state, the kinetic energy of the
atom can be transferred to potential energy by climbing the potential hill. This energy

transfer will continually be repeated unless the velocity of the atom is below —2—, where Tp

4-Tp
is the optical-pumping time. (This is because, if the velocity of atom is higher than ﬁ,
the atom is on average in the same sub-level that allows the atom climbs the potential

hill and reaches the top of the hill before being optically pumped to the other sub-level.)
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To correspond this velocity limit to a temperature, the recoil temperatures are 0.349uK,
0.418uK and 0.414uK for 8"Rb, 3K and *'K atoms.

For the o — o~ configuration, the light shifts of different ground Zeeman states are
not position-dependent. The polarisation is linearly rotated in the z-direction (as shown
in Fig. 2.2 (b)) and the Sisyphus cooling mechanism is invalid in this case. However, the
motion-induced population imbalance can cause different radiation forces for the ground
Zeeman states. This effect equivalently contributes to sub-Doppler cooling. The achiev-
able limit of these further cooling is usually around 15 times the recoil temperature.

In another perspective, a higher density of the atom cloud can also enhance the phase
space density (PSD). In the MOT, the main frustration on the atom compression is the
repulsive force between the atoms from the re-absorption of the scattered photons. This
in turn means to accumulate the atoms in a dark state can allow a higher PSD of atoms.
As a background, a series of "dark state" schemes have been proposed and implemented in
the experiments, such as free space Raman cooling [33], grey molasses [34] and dark spot
MOT |[35]. In our experiment, a dark MOT of 3"Rb atoms is implemented by reducing
the intensity of the repumping laser and increasing the detuning of the cooling laser [36],
where the PSD can be increased from 1 x 1078 to 3 x 107%. These efforts on the 3K and
4K atoms have been also made. (In the initial cooling of K and #'K atoms, we set the
detuning of the cooling and repumping light both larger than whole excited manifolds
and then compressed the atom cloud through compressed MOT technique.)

The sub-Doppler cooling is efficient only if the hyperfine splitting A is much larger
than the natural linewidth I and an inhibition can be observed when A ~ I' by the heating
force and photon re-absorption. The excited hyperfine splittings are 3.5I" and 2.2T" for 3K
and *'K, respectively. The sub-Doppler cooling efficiency is moderate with implementing
a normal optical molasses and it can be enhanced by employing an appropriate tuning of

frequency and power of the cooling laser [37].

10
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2.2 Dipole trapping and creation of BEC

2.2.1 Optical dipole trap

Trapping atom cloud in an optical potential gradient has been achieved as early as 1970
by Arthur Ashkin [38|, where the trapping force is produced from the interaction between
the induced electric dipole of an atom and the far detuned laser field [39-41|. Unlike in a
MOT, this force is not dissipative. It scales as the gradient of the potential u, F' = —Vpu.
On the other hand, the cooling of atoms in the optical dipole trap can be also achieved
by allowing the hottest atoms to escape from the trap and rethermalizing the remaining
atoms. This is referred to as optical evaporative cooling.

The optical potential is given by [42]

U(r) =

2 (24P 1—P
mc ( + QFmF+ gFmF) I(r) (2.3)

2 Ay pw3 Ay pw}

where wy, wy are the frequencies of the D; and D, lines of the atomic transitions,
Ay p, Ay p are the detunings of the laser beam with respect to the atomic transitions
to the Py and Ps), states and P is the polarisation of the laser beam (P=0 for the
linear polarisation and P==+1 for the o= polarisation). The dipole potential scales as the
intensity of the laser and has a maximum (minimum) when the detuning of the laser is
positive (negative). This equation can be also used to explain the phase imprinting on
a BEC by the spatial light modulator (SLM) [43|. The details of its use in an atomic
interferometer will be discussed in the later chapter.

For a propagating laser field, the optical density is ruled by a spatial Gaussian distri-
bution,

2P _ 2’
e (@ (2.4)

I(r) =

Tw?(x)
where p?=y? + 2%, w(x)=wo(1 + 2%/22)"/? is the 1/e? radius, wy is the beam waist,

r, = 7w/ is the Rayleigh length and P is the laser power. The trapping potential can

11
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be approximated as a harmonic oscillator with cylindrical symmetry
p x
Ulp,z) = U(0)[1 = 2(-—)* = (—)7] (2.5)
Wo Ty

The oscillation frequencies of a trapped atom in the transverse directions and in the

propagating direction can be estimated as w, = 1/4U(0)/mwi and w, = /2U(0)/mz2,

respectively. The ratio of their trapping frequencies is

“o _ R0 (2.6)

W, A
Meanwhile, the laser field can be also scattered by the polarised atoms, the scattering

rate is

Fsc -

or2 (94 p 1-p
e ( tlgrme gFmF) () (2.7)

2h A%yng’ Aiwa

In a conclusion, since the scattering rate and the trapping potential are inversely
proportional to A? and A, a far detuned laser with a strong power can provide a sufficiently
strong trapping force without bringing a remarkable heating effect. Our experimental

layout will be discussed in the later chapter.

2.2.2 Thermodynamics and characterization of BEC

A dramatic increase of the PSD by several orders of magnitude after the dark MOT
is required for producing a BEC, which can be achieved by evaporative cooling. The
thermodynamics of the atoms in a dipole trap is determined by the external potential and
the inter-particle interaction. When the trapping potential slowly decreases, the atoms
with more kinetic energy are easier to escape from the trap meanwhile the remaining
atoms can be rethermalized to a colder temperature. The evaporative cooling depends on
two scattering processes: (1) the inter-atoms collision (2) the collision between atoms and
the background. Where the background collision leads to losses of atoms and the heating

effect, the elastic collision contributes to the rethermalization. [44]. In the microscopic

12



CHAPTER 2 CHAPTER 2. FUNDAMENTAL CONCEPTS

picture, the total atom number can be depicted as

—Be;
VXN 28)

where i symbolizes the it energy level ¢;, N; is the occupation number of the atoms

in level ¢;. The number of atoms with energy e is

1
zeBe — 1

fo= (2.9)

g = KB%T where kp is the Boltzmann constant and z = e’ is the fugacity, u is the

chemical potential, which can be defined as

n=()sy (2.10)

where U is the energy of the system, S is the entropy and V is the volume. The
chemical potential can be explained as the energy that one needs to add an atom to a
given state. We assume the sphere volume 47p? /3 includes all the states with momentum
less than p and the kinetic energy is € = p?/2m. The total number of the state in volume

Vis

47Tp3 21/2 <m€)3/2
O e (2.11)

The density of the state as a function of the energy can be obtained by,

_ dG(e) Vm?/? 12

g(€) T = g (2.12)

An atom in an optical dipole trap approximately behaves as a particle in a harmonic

potential U,

1
Ur) = §m(w%x2 + w%yg + w§22) (2.13)

13
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where wi,ws, w3 are the harmonic oscillation frequencies. The energy level of the

system is,

L) (2.14)

)hwl + (ng + 9

e(nl, Na, ng) (Tll + )hu.)g + (713 +

2 2

Ignoring the ground state and assuming that the quantum state is continuum, the

number of the state can be deduced by,

€—€1— 62 €3
d d 2.1
Gle) = h3W1W2W3 / “ / © / 6h3wlw2w3 (2.15)

where € = €1 4 €5 + €3. The density of the state is,

g(e) = Gd(:) = 2};@3 (2.16)

1/3

where @ = (wjwows)'/®. In an excited state, the atom number N, can be deduced

from,

N, — / " deg(e) fole) (2.17)

When the atoms transit into BEC, the ground state can be occupied by a macroscopic
amount of atoms, if assuming the energy cost for this transition is 0, u = 0, its temperature

can be deduced by,

> 1
N = Neac<Tcy,u = 0) = /0 dEQ(E)ee/kBT_l (218)

T, is referred to as critical temperature. In the harmonic trap, using the Eq. 2.16 the

critical temperature is,

hoNY3  0.94hoN'Y/?
C(3)V3kp ks

T, = (2.19)

To re-express the interaction between atoms and the external potential in the second

14
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quantization language, the Hamiltonian of the system is

h2v2
2m

= / 70 (7) (- +Uext\if(:i:‘))+% / dE b ()5 () V (T—a) 0 () B () (2.20)

where U,,; is the external trapping potential and V(& — 7 ) is the interaction between
the atoms. In the low collision energy limit, V(& — G ) reduces to contact potential
V(% —2') = g6(F — '), where g = % and « is the s-wave scattering length.

The Bosonic field can be treated as a classical field in the mean-field approximation,

the Eq. 2.20 is replaced by

h2V?
2m

h0(F,1) = (— o + U () + hgl(&, D)2)6(. ) (2.21)

which is the so-called Gross-Pitaevskii equation. The energy eigenvalue can be diag-
onalized by
hg

U@ + o) (222)

1= [ @it @) (-

The s-wave scattering description is valid for a dilute atom gas at a low temperature, in
which the interaction between atoms is a spin-dependent contact interaction. According
to the rotational symmetry of spin, for a spin-1 BEC, the two-body interaction through
s-wave scattering channels F=0,2 is allowed in this model. The interaction term in the

Hamiltonian can be written as

Vi = 0(a5 — 4%) Y grPr (2:23)

F=0,2
where Pp is the projector of the total momentum. Transform the Vj,; into the indi-

vidual spin basis [45]

Vine = (51 — 22)(co + a1 f) (2.24)
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where

2
co = 47h* ag+2a2

mo (2.25)
R

with ag,ay being the s-wave scattering length with total spin F=0,2. The Hamiltonian

of the system is

H = [ d7 (2,0 (-5 + Un()¥; + 30, 226)
+%2 Za,i,j,k,l(fa)i,j(fa)k,l‘ﬁiJrq;kJr\ﬁl\ﬁj |

where the subscripts i,j,k,1=0, 1. From this equation, several different phases of the
ground state can be diagrammed in a variable amount of scattering lengths. If ¢ < 0,
the energy of the system reaches the minimum when the spin-dependent term (the last
term in Eq. 4.1) is at its maximum value, thus it facilitates the spins of the ground states
to be aligned to the same direction. It has been confirmed in the case of 8"Rb [46-48]. In
the opposite, if co > 0 the system favors the anti-ferromagnetic configuration.

The proportion of the condensed component in an ultracold gas is referred to as BEC

fraction [49]. The BEC fraction as a function of the temperature in equilibrium can be

llustrated as:

F=1- <%)3 =1—(7) (2.27)

Where 7 is the reduced temperature and the critical temperature can be deduced
from the Eq. 2.19. During the evaporative cooling, not only the temperature can be
reduced by the rethermalization but also the critical temperature can be reshaped by
the dissipative losses of atoms that in turn means these losses of atoms (It is usually the
two-body losses, however in the high-density case, the system is also suffered by three-
body losses), can drive the atoms in the optical dipole trap in non-equilibrium. If the
dissipation is mild, the equilibrium can be still a good approximation. However, in our

experiment, the collision with the surrounding K atoms can bring an unneglectable
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dissipation rate of the ultracold 8"Rb atoms. Surprisingly, we found that this dissipation
does not act a detrimental role in the evaporative cooling and the collective properties
of the system, but favors to produce a long-lived metastable state of the ultracold 3Rb
atoms in non-equilibrium.

Besides, some intrinsic characteristics of the BEC have been observed, such as its
inversion of the aspect ratio which is exhibited in its absorption imaging detection with

a variable amount of TOF time, as shown in Fig.2.3

5ms O
10ms O

15ms _-

Figure 2.3: Observation of BEC with different expansion time.

The expansion time is 5 ms, 10 ms, 15 ms, 20 ms, and 25 ms, respectively. The BEC
falls from the centre to the bottom edge of the glass cell due to gravity. The aspect ratio
( vertical width: horizontal width ) of the BEC is changed from 0.9:1 to 4:3 within 5 ms

to 25 ms expansion.
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2.3 Quantum heat engines

2.3.1 Single atom heat engine

One of our research goals is to achieve the thermodynamics cycle in quantum regime. A
single neutral atom trapped in an optical tweezer at a low temperature is considered as a
good candidate to explore the heat engines in the quantum thermodynamics framework.
Specifically, we aim to engineer a novel experimental setup to trap the single neutral atom
in an optical tweezer and immerse it in an ultracold atom cloud, where the single atom
and the ultracold atom cloud act as the working fluid and the thermal bath, respectively.
Our experimental realisation is still under construction. In the recent future, we expect
to achieve the thermodynamics transformations, the quantum adiabatic transformation,
the quantum isothermal transformation, the quantum isochoric transformation, and the
quantum isobaric transformation. After that, the quantum thermodynamics cycle, in-
cluding multiple strokes, such as quantum Carnot, Otto, and Diesel cycles is expected to
be machined as well.

The Hamiltonian of a single atom in the low lying states in a one-dimensional harmonic
trap can be written as H = ) E,|n >< n| where E, and |n > are the eigen-energy and

eigen-vector of the oscillator. The total energy is

U=> P.E, (2.28)

where P, is the occupation probability. To differentiate the Eq. 2.28,

dU =" P,dE, + E,dP, (2.29)

this is similar to the classical first law of thermodynamics dU = d@ + dW. The von

Neumann entropy is
S = —kgTr(p-logp) (2.30)
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where p is the density matrix of the system. In our case, the thermal entropy can be

deduced as,

S=—kp)» PunP, (2.31)

to differentiate the Eq. 2.31, due to ) dP, =0

ds =Y %dpn — dQ =TdS =) E.dP, (2.32)

the total energy change denoted in Eq. 2.29 is the sum of the heat exchange d@
and the work exchange dW = > P,dE,. The quantum pressure is calculated out by
I = —dW/dV where V is the trapping volume. With these redefined thermodynamics
parameters, four quantum thermodynamics transformations can be plotted:

(1) the quantum adiabatic transformation in which the thermal entropy is preserved,
the heat exchange is forbidden d@ = 0.

(2) the quantum isothermal transformation, in which the temperature is preserved.
This requires a constant trapping potential for the thermal bath when the heat exchange
channel is open and the optical tweezer is compressed or decompressed. The working fluid
exchanges heat with the thermal bath during the compression or expansion of the energy
levels at a constant temperature.

(3) the quantum isochoric transformation, in which the volume of the quantum levels
is preserved, the work exchange is zero dF,, = 0. The heat exchange channel is open when
the thermal bath temperature is changed by tuning the trapping potential of the 3"Rb
BEC. This leads to dp, # 0 and dS # 0.

(4) the quantum isobaric transformation, which requires the quantum pressure is pre-
served, dIl = 0. The heat exchange channel is open while the trapping potential of the
optical tweezer and the thermal bath temperature are cooperatively changed. The pres-

sure can be calculated as Il = ) P,(dE,/day,), where ay, = /h/mw is the length of

the harmonic oscillator, yielding IT = ;{i“zgﬁ’f where € = hmw?® and § = hw/(kgT). The
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temperature should be accorded to

hw I+ /e
_:ln(H——\/E

2.33
- ) (233
Combined with these quantum thermodynamics transformations into a cycle, we can

perform different quantum engines, as shown in Fig. 2.4

A B C D
gee <a=d -

abe" < =@ - (-

Figure 2.4: From top to bottom: the schemes of the Quantum Carnot Engine (QCE),

the Quantum Otto Engine (QOE), and the Quantum Diesel engine (QDE) realising in
an ultracold single atom. The frequency of the harmonic confinement of the working
fluid is changed in time in order to realise the compression or expansion on the single
atom. The background colors (red—blue) indicate the temperature of the bath is
changed from hot to cold. The (B — C) and (D — A) transformations are realised by

decoupling the working fluid and the bath. Figure and caption taken from Ref [50].

Take the quantum Carnot engine as an example, it includes four strokes: (1) a quantum
isothermal expansion at a hot temperature 77, the working fluid absorbs heat from the

thermal bath (A — B). (2) a quantum adiabatic expansion, the work is extracted from
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the working fluid (B — C). (3) a quantum isothermal compression at a cold temperature
Ty, the thermal bath obtains the heat from the working fluid (C — D). (4) a quantum
adiabatic compression, the work has been applied on the working fluid (D — A). This
cycle requires 11 /Ty = hwp/hwe = hwa/hwp.

Our dual-species mixture system is the quantum counterpart of a system of the classical
working fluid in a thermal bath. We expect the sympathetic cooling of 'K atom can be
achieved in the further experiment to maintain the single atom at a cold temperature and
in quantum regime. In practice, the trapping frequency of the 'K atom in the optical
tweezer is determined by the geometric property and the wavelength of the laser, it can
be properly tailored to be much lower in the axial direction than the radial directions.
If so, the system can be considered as a one-dimensional harmonic oscillator and its
operating temperature is determined by the 1D quantum states. The compression on the
working fluid and the heat exchange between the working fluid and the thermal bath can
be engineered by controlling the tweezer power and the inter-species interaction. On the
other hand, the temperature of the thermal bath is controlled by the trapping potential
of the optical dipole trap of 8 Rb atoms. The interference on the single 'K atom from
the dipole trap can be ignored since the trap beam’s waist and frequency are much larger

and further detuned than the tweezer light, .

2.3.2 Single atom in an optical tweezer
2.3.2.1 Species selective optical tweezer

Trapping a single neutral atom at a cold temperature is challenging. To date, with
spatial modulation of the laser power density, single atoms can be trapped in 2D [51]
or 3D [52] arrays. In another work, the light-induced collision can be employed to near-
deterministically prepare a single atom in an optical tweezer [53|. Ideally, this method can
provide a 50 % chance to observe only a single atom in an optical dipole trap, depending
on whether odd or even atom number at the beginning [24]. In our experiment, after

the pre-cooling of the 'K and 8Rb atoms, the 8"Rb atoms are transferred into a crossed
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optical dipole trap while the 'K atoms is confined by a species-selective optical tweezer

[54]. The trapping potential of the optical tweezer as a function of laser wavelength for

the ¥ Rb and 'K atoms is plotted in Fig. 2.5.

Dipole potential (a.u.)

Figure 2.5:

1,0
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Choice of the wavelength of the species-selective optical tweezer: the

behaviour of the dipole potential as a function of the wavelength for both Rb and K

atoms. The magic wavelengths at which have zero dipole potential have already shown

in the diagram. Figure and caption taken from Ref [55].

In our mixture system, trapping a single #'K atom should avoid the interference on

the 8"Rb atoms at the same time, the wavelength of the tweezer light is therefore selected

at a magic wavelength, 789.82 nm, that allows the beam to be transparent with respect

to the "Rb atoms.

2.3.2.2 Trapping potential and heating rate of the optical tweezer

Specifically, the tweezer light at the magic wavelength with a power 25 mW and a beam

waist 2 pm can provide the trapping frequency (fu, fy, f-)=(15.7,153,152) kHz for *'K

atom, where the x-direction is the propagation direction. The heating effects are mainly
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from the spontaneous photon scattering of the tweezer light, that is detrimental for trap-

ping atom at a cold temperature and it can be estimated as

Eree = kpThee/2 (2.34)

per each scattering event, where T.. is the recoil temperature. Assuming the atoms

are in thermal equilibrium, the mean energy of the atom is

_ 2
E= 5(1 + k)kpT (2.35)
where & is the ratio of potential and kinetic energy, for a 3D harmonic trap x = 1.
The increasing rate of temperature is

.9 _
T = Treclsc (2.36)

where Ty, is the mean photon scattering rate, that can be calculated by Eq. 2.7. As
a result, the heating rate in our case is 132 puK/s and 664 uK/s for the 'K and *"Rb

atoms, respectively.

2.3.2.3 Collisional blockade

In contrast to the optical dipole trap used for BEC creation, our optical tweezer is designed
to trap a single atom. The mechanism for maintaining few atoms even a single atom in
the tweezer has been discussed in [53, 56], which is based on a variety of inelastic collision

mechanisms as shown in the following equation,

% =R—yN - NN -1) (2.37)

where R is the atom loading rate, v is the one-body decay rate from the collision with
the background and (' is the two-body decay rate which inversely proportional to the

trap volume V,
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1 n
V = nglen(l — 77) - (2.38)

with wg and zg being the tweezer beam waist and the Rayleigh length. n = kgT'/U,,
where U, is the potential depth. Due to the dependence of the two-body decay on the
tweezer waist, suppression of the tweezer loading is predicted in the presence of a small

beam waist, as shown in Fig. 2.6
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100
N =yP
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Figure 2.6: Average number of atoms in the optical tweezer as a function of loading rate

R for different waists. Figure and caption taken from Ref [53].

The plateau around 0.5 atom is observed when the waist is 0.7 pm, which strongly

indicates a blockade mechanism or the single atom regime.

2.3.3 Feshbach resonance

The property of the inter-atom interaction is sensitive to the average separation of the

atoms R, which can be described in a two potential channels system, the background
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channel and the closed channel, as shown in Fig. 2.7 [57].
A

closed channe

entrance channel or
open channel

Atomic separation R

Figure 2.7: Basic two-channel model for a Feshbach resonance. Figure and caption

taken from Ref [57].

For a large inter-atom distance, the background potential asymptotically approaches
zero. For a small distance, the collision process dominates the dynamics, bringing a small
energy potential, which is referred to as open channel. The molecular bound state in the
closed channel V.(R) can be energetically degenerate to the scattering state in the open
channel as a strong mixing between the two channels can be induced. The energy levels
in the closed channel can be shifted into the open channel by applying a magnetic field
and become a metastable molecular state, that alters the property of the collision. In

S-wave scattering approximation, it can be simply explained as [58],

A
B — By

a(B) = (1 ) (2.39)

where g is the background scattering length, By indicates the magnetic field when

the resonance appears and A is the resonance width. This method is used to control the
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inter-atom interaction in our experiment.
In specific, due to the inter-species interaction is sensitive to the Zeeman sub-levels,

we select the isotopes 'K |1,1) and 87 Rb [1,1), which has been shown in Fig. 2.8

4000 TR |1,1) K [1,1]

2000 +

(UO 0 g

N

© 1 ’
-2000
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Figure 2.8: Theoretical calculation of the inter-species scattering length as function of
the magnetic field for the “'K-8"Rb mixture in the |1,1> state. Figure and caption taken
from Ref [55].

Feshbach field at 75G can provide a 0 inter-atom interaction.
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Chapter 3

Experimental apparatus

In this section, I will present the experimental setup in detail. The main blocks of our
experimental system include the vacuum system, the laser system, the computer-based
control system, and the detection system. The vacuum system consists of two vacuum
chambers with different background pressures, one is used for the 2D MOT and the other
is used for the 3D MOT and the evaporative cooling [59]. They are connected through
a differential pumping stage, 2 cm long tube with a 1 mm diameter hole. A laser beam,
which is referred to as push beam, delivers the atoms from the 2D MOT chamber into
the 3D MOT chamber for further cooling. The 3D MOT chamber is the place where
all the experiments described in this thesis take place, it is therefore also referred to as
science chamber. In both chambers, pairs of counter-propagating beams can produce a
viscous-like force and a position-dependent force exerting on the atoms in the presence of
anti-Helmholtz coils, that confines the atoms and reduces the temperature of the atoms to
a temperature near the Doppler limit. This process is referred to as MOT cooling. After
MOT cooling, the sub-Doppler cooling can be implemented to break the Doppler limit in
the following dark MOT and molasses stages. This makes it possible to load a sufficient
number of atoms into an optical dipole trap. Eventually, adiabatically reducing the laser
power of the dipole trap beams in the absence of magnetic field, when the temperature of

atoms is reduced below the critical temperature, a BEC can be produced. To collect the

27



CHAPTER 3 CHAPTER 3. EXPERIMENTAL APPARATUS

experimental data, the optical diagnose measurement has been used in our experiment
after a ballistic expansion of the atom cloud. Through the data acquirement and analysis,
our experimental results can be systematically exhibited in a scientific paradigm. One
should also note that the experiment needs to be controlled precisely by a computer-based
system.

Additionally, for the investigation of a single-atom heat engine, an experimental setup

to load a neutral single atom has been also discussed at the end of this section.

3.1 Vacuum system

The typical temperature of an ultracold atom cloud experiment is about 100 nK, which
is more than 9 orders of magnitude lower than the room temperature ( 300K). For the
ultracold atoms, this large temperature difference strengthens the collisions with the back-
ground that not only acts as the media of heat exchange but also induces the losses of
atoms. To circumvent a dramatic heating effect and atom loss, an ultrahigh vacuum
(UHV) for maintaining low background pressure is necessary. In our experiment, the
vacuum is required to reach 107! mbar in the science chamber and 107 mbar in the 2D
MOT chamber.

A high background pressure of the desired species brings a fast atom loading in 2D
MOT and a low background pressure can dramatically reduce the background collision

rate for ultracold atoms. Our vacuum system has been shown in Fig. 3.1
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Figure 3.1: Picture of vacuum setup from side view.

The 2D MOT chamber dimensions are 12 cmx 9 cm x 9 c¢cm. Four rectangular
windows, 8 cmx 3.5 cm, are on the sides of the 2D MOT chamber which allow two
perpendicular beams passing through the chamber and being retro-reflected by two prisms.
This provides a compact design for achieving ot-0~ configuration. At the back end of
the 2D MOT chamber, an ion pump and a UHV valve are placed at two ends of a "T"
through flanges. On the top end of the "T", another window allows a laser transferring
the atoms into the science chamber through a differential pump stage, a metallic tube
(length: 20 mm) with a hole (diameter: 1 mm), which maintains different pressures in the
two chambers and collimates the atom flux. The chamber and the differential pump stage
are made of titanium and the windows are made of BK7. Both materials have similar
thermal expansion coefficients which are important during the baking. The windows are
sealed by an epoxy glue 353ND with a low degassing rate [60], which has also been used

successfully in a previous experiment [61].
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The atom sources are ampules in flexible metallic tubes. Breaking the glass ampules
after baking, the 8"Rb and 3°K or 'K atoms can be delivered into the chamber. How-
ever, due to the conductance between the bellow and the chamber, the atomic density of
8TRb is not sufficient. In additional, the degassing rate of the K atoms is lower at room
temperature. Therefore, the tubes are required to be heated to 50°C and 90°C for the Rb
and K atoms, respectively.

The science chamber on the other side of the differential pump stage is a glass cell in
the size of 2.5 cmx 2.5 cm x 10 cm and is connected to the titanium chamber using a
CF-40 flange. A NEXTorr-100D ion pump (SAES Getters), connected to the titanium
chamber on the science chamber side, is used to pump the glass cell. Eventually, the
pressures reach 1077 mbar and <107'! mbar in the 2D MOT and the science chamber,

respectively.

3.2 Laser system

The laser system designed for cooling and confining the ¥’Rb and 3°K atoms or the 8’Rb
and *'K atoms comprises two colours of laser at wavelengths 780 nm and 767 nm. Due to
the laser cooling depends on frequency detuning, power intensity and polarisation, several
control techniques are applied in our experiment, such as the frequency locking system is
used to generate a stable and tunable frequency detuning, the acousto-optic-modulators
(AOMs) are used to control the power intensity, and etc.

The laser cooling is possible only if the linewidth of the laser is narrower than the
linewidth of the atomic transition I". The linewidth of a bare diode is about 100 MHz
that can be reduced in the presence of an external cavity. In our experiment, the external
cavity diode lasers ( ECDLs ) are used in different types of equipment, two of them are
commercial ( New focus Vortex and DL Pro Toptica ) and the other one is homemade
as the design described in [62]. All of them can achieve a linewidth below 1 MHz, with

being narrower than the natural linewidths of the 8Rb 6.066 MHz and the *K or #K
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6.035 MHz.

The frequency detuning of the laser with respect to the atomic transition is also critical
in laser cooling. To prevent the frequency drift, the laser frequencies should be fixed to a
reference signal which is usually produced from a spectroscopy cell. Then the error signal
will be processed electronically to fed back into the piezo actuator for compensating the
frequency drift. In our experiment, two individual frequency locking modules, the master
locking, and the offset locking, are implemented for the 8'Rb atom, but for the 3°K and
41K atoms, the offset locking module is not necessary, the frequency detunings can be
set by AOMs. The homemade ECDL is used to produce the locking reference and the
Vortex lasers act as the slave lasers in the 3’Rb setup. For the *K and 'K atoms, the
Toptica laser acts as the locking reference for both cooling and repumping lights. The
laser locking modules are discussed in the supplement.

The excitation scheme of 8Rb atom has been shown in Fig. 2.1, the frequency offsets
for the cooling and repumping lights are set in the offset locking module and then in the

AOMs,

Veooling = Verossover + Vof fset—cooling — VAOM (31)
Vrepumping = Verossover + Vof fset—repumping — VAOM
where vaopr is the frequency shift from the AOMs ( 160 MHz for a double pass
)y Voffset—cooting = 293 MHz, and V¢ fset—repumping = 6.861 GHz is the frequency shifts

provided in the offset module, respectively.

The excitation scheme for **K and 'K has been shown in Fig. 3.2
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Figure 3.2: Excitation scheme of the **K and 'K atoms. Where F and F’ are the
quantum numbers of the hyperfine ground states and the hyperfine excited states, the
dashed lines represent the cross-over of the hyperfine ground states. The black (green)

solid arrow is the cooling (repumping) transition. The dashed arrow is the locking

frequency.

The excited-state hyperfine splittings are 3.5I' and 2.2T" for *K and *'K atoms, re-
spectively. The ground-state hperfine splittings are 77" and 42T for *K and *'K atoms,
respectively. The laser frequency is locked at the resonant frequency with respect to the
D2 line transition of 3K atom from the crossover of the two ground hyperfine states
|F'=1>,|F =2 > to the excited state |F' =3 >. The frequency offsets with respect to
the locking frequency are v4on—cooting =231 MHz and V40 a1 —repumping = 210 MHz for 9K,
VAOM —cooling = 17 MHz and vaon —repumping = 317 MHz for “'K, respectively. Due to the
nuclear magnetic moments of both isotopes are relatively small, the hyperfine splittings
of the excited state are comparable to the natural linewidths, which leads to not only the

atomic transition |F = 2 >— |F’ = 2 > can be pumped as in the case of *Rb atoms, but
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also this transition can bring a considerable heating effect. Furthermore, the repumping
light can also contribute to the laser cooling or in the opposite produce heat, which makes
the distinction between the cooling laser and the repumping laser does not make much
sense. Here, we still label the two lasers as the cooling light and the repumping light to
denote they are corresponding to different hyperfine ground states. In contrast to the
8"Rb atoms, the power balance and polarisation maintaining of the repumping light is
also required to be considered. According to the nature of the fibre splitter, the output
powers can be balanced only if the polarisation of the input beam is aligned in the same
direction with the slow axis of the fibre, therefore, an extra effort on the design of optical
transmission to put the polarisation of the cooling and the repumping beams in the same

direction has to be made.

3.2.1 Fibre preparation

To make the optics compact, optical fibres are commonly used in most cold atom ex-
periments. In contrast to the fibre used in optical communication, these fibres used in
cold atom experiments should be polarisation maintaining. In our experiment, to pro-
duce the ultracold mixture of Rb and K atoms, the fibres are required operating at both
wavelengths 780 nm and 767 nm. It however cannot be fulfilled rigorously. The 2:2 beam
splitters being used in our experiment can provide a power balance between the two laser
outputs is 51% to 49% at the wavelength 780 nm and at wavelength 767 nm, it can be
wrong up to 25%. It brings some detrimental effects, including the limit on the cooling
efficiency, the misalignment of the centres of 8"Rb and 3K MOTs or the centres of 3’Rb
and 1K MOTs and etc. This misalignment is potentially to impede the research on inter-
species thermodynamics if the atom density is dramatically affected. Therefore, a density
filter is required to re-balance the laser powers in some occasions.

To precisely control the power and frequency of the lasers and fast switch off the lasers
completely, the AOMs with variable voltage attenuators (VVAs) and digital switches are

required to be used before the fibre coupling (See the supplement).
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To implement the MOT cooling and the sub-Doppler cooling for 8"Rb and *°K atoms

or 8Rb and 'K atoms, the optical setups are coupled into a layout as shown in Fig. 3.3

Figure 3.3: Schematics of the fibre transmission.

For 8 Rb distribution, the optical setup has been shown in a layout Fig. 3.4
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Figure 3.4: Schematics of the laser layout used for 8Rb laser cooling. The input lasers

are from 3 TAs and their frequencies are already locked.

The laser beams after the TAs pass through 4 AOMs. The three inputs A,B, and
C are used for 2D MOT cooling pushing detection, repumping, and 3D MOT cooling,
respectively. The AOMs are used to control the light intensity. The frequency settings of
the AOMs are -156.4 MHz, -158 MHz, -156.4 MHz, and -141.6 MHz, respectively. There
are b fibre couplers, la is for the pushing detection beams, 2a is used for the 2D MOT
beams, and 3a,4a,5a is used for the 3D MOT light.

For the %K distribution, in contrast to the 8"Rb, all the detunings of the cooling,
repumping, and etc lasers are engineered by AOMs. The layout of the laser transmission

has been shown in Fig. 3.5.
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Figure 3.5: Schematics of the laser layout used for *K laser cooling. The laser input is

from Optica It is locked by the absorption spectroscopy shown in the figure.

The seed laser passes through 2 AOMs before being sent into the TAs. The frequency
shift from the AOMs is -157.5 MHz ( AOM 1 ) and 141.2 MHz ( AOM 2 ). They are
used to provide control of the frequency detunings. The output of TA A is used for the
cooling pushing detection and the output of TA B is used for the repumping. The beams
continually pass through 3 single-pass AOMs their frequencies are -81.5 MHz ( AOM 3
), -68.7 MHz ( AOM 4 ) and 70.7 MHz ( AOM 5 ). They are responsible to provide the
intensity control. The 5 fibre couplers, 1b is for the pushing detection beams, 4b is used
for the 2D MOT beams, and 2b,3b,5b are used for the 3D MOT light.

The design for the #'K distribution has been shown in Fig. 3.6
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Figure 3.6: Schematics of the laser layout used for 'K laser cooling. The laser input is

from Optica It is locked by the absorption spectroscopy shown in the figure.

The seed laser passes through a double pass AOM 1 at first, whose frequency shift
is 156.2 MHz. The output beam is sent to the TA A and then split into two beams,
one of them is sent to the TA B. The output of TA B continually passes through a
single pass AOM 2 and then further split into 2 beams and pass through 2 double pass
AOM 4 5. They create 79.3 MHz, -176 MHz, and AMO -158.6 MHz frequency shifts,
respectively. The output of the TA A also passes through a double pass AOM 3, it can
provide 160.8MHz frequency shift. The AOM 3 is for the repumping light, the AOM 4
5 are used for the pushing detection, and cooling. All of them are responsible for the
control of the intensity and the frequency detunings. The 5 fibre couplers, 4b’ is for the
pushing detection, 3b’ is used for the 2D MOT beams, and 1b’,2b’,5b” are used for the
3D MOT.

In our experiment, the polarisation stability is mainly affected by the quality of the
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fibre. In our experiment, the polarisation-maintaining (PM) fibre splitter can achieve
an extinction ratio >20dB. Additionally, due to the polarisation drift that can be also
produced by the temperature fluctuation of the environment and the mechanical stress
on the surface of fibre, some extra efforts have been also made. Such as fixing the fibre
to the optical table, where the accidental movement of the fibre and the heat exchange
between fibre and the environment can be both inhibited.

As discussed previously, due to the hyperfine splittings of 3°K and *'K atoms are 21.1
MHz and 13.4 MHz, the polarisation of both cooling and repumping lights needs to be
aligned to the same direction of the slow axis of the fibre. Unfortunately, in practice,
because the cooling and the repumping lasers are aligned and overlapped through PBCs,
the polarisation cannot be aligned to the same direction without power loss. As a solution,
the lost power is effectively used for the 2D MOT in our experiment, by paying the price
that the relative powers of the cooling and the repumping lights can no longer be tailored

independently for the 2D and 3D MOT.

3.2.2 Magneto-optical trap

In the 2D MOT chamber, the atoms are directly loaded from the background [63-65].
The polarisation of the input beam, comprising the cooling and repumping lights for both
species Rb and *K or 8Rb and *'K passing through a zeroth-order \/4 wave plate, is
changed from linear to circular. A cylindrical lens expands the beam shape rectangular
at size bem x 2em. The beam then passes through the 2D MOT chamber and is retro-
reflected by a large prism. The reflection of the prism flips the polarisation of the beam
from o~ to ot. In total, this design can construct a ot — ¢~ configuration for the 2D
MOT. Combined with a 10 G/cm magnetic field gradient, an axial-eccentric trapping
potential can be created. The magnetic field is produced by the pair of Anti-Helmholtz
coils.

In the zero-field direction, assuming the atoms can only escape from the optical pump

region if they are moving fast, the maximum velocity of the loading atoms can be estimated

38



CHAPTER 3 CHAPTER 3. EXPERIMENTAL APPARATUS

as

(3.2)

t= \/% U = dt (3.3)

where I' is the scattering length, and d is the beam size in the zero-field direction.
This provides a velocity selection in the zero-field direction.

After that, the loaded atoms are transported to the science chamber by the push
beam. The atom flux is collimated by a differential stage and the atomic transfer rate
is approximate 1 x 10° atoms/s. In the 3D MOT as shown in Fig. 3.7, the counter-
propagating beams are collimated by spherical tube lenses and then overlapped with
the atom flux. The polarisation configuration in the 3D MOT is also o© — ¢~ and the
magnetic gradient is produced by a sealed anti-Helmholtz coil at the centre of the trap.
More than in the 2D MOT, a pair of compensation coils is used to align the MOTs for
both atomic species, the Zeeman splitting of the atoms is produced by an additional
bias coil, and a quick switch provided by a MOSFET is also applied. In the future
experiment, a uniform magnetic field for the Feshbach resonance control is required, it can
be achieved by flipping the polarity of the coils from the anti-Helmholtz to the Helmholtz
configuration. Therefore, an insulated gate bipolar transistor (IGBT) has also been used

in our experiment.
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Figure 3.7: Picture from the top of the vacuum system, with the 3D MOT chamber in
the left and the 2D MOT chamber in the right.

Due to the presence of both Rb and K atoms, the lights at wavelengths 780 nm and
767 nm are mixed by polarization beam splitter (PBS) before the fibre transmission. After
that, the imbalances of the laser outputs at wavelength 767 nm are 15%, 20%, and 25%
for each pair of beams in the 3D MOT. This can be re-balanced by using the density
filters with attenuation -1 dB. All the optics after fibre transmission are coated within a

15 cm long and 1-inch diameter lens tube.

3.2.3 Optical dipole trap

Evaporative cooling can be achieved in either a magnetic trap or an all-optical dipole
trap. In our work, the all-optical regime is selected due to it has a faster repetition rate (
less than 10s per measurement instead of 1min in the magnetic trap) and is independent
with respect to the Feshbach field. After the dark MOT, the PSD of 8 Rb atoms can
reach 3 x 107% that is sufficient for atom loading into the dipole trap. Once the atoms
are loaded, adiabatically reducing the dipole potential, the temperature of atoms can be
reduced by paying the price of atom loss. As a result, a BEC can be observed when the
PSD is enhanced up to >2.612 by the evaporative cooling.

The optical dipole trap is produced by two far detuned lasers at the wavelengths 1550

nm and 1070 nm with beam waists 35 pm and 45 pm, and their full powers are 4 W and
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11.5 W, respectively. Compared to a single beam design, the evaporative cooling can be
achieved more efficiently in a crossed dipole trap. This is because the re-thermalization
rate can be enhanced by avoiding a lower trapping frequency in the axial direction of the
laser. ( In the single beam design, the trapping frequencies in the radial direction is 2
orders of magnitude more than in the axial directions. ) Our experimental layout has

been shown in Fig. 3.8

1070 nm laser &

& G —
1550 nm laser

il

Figure 3.8: Layout of the transmission of the laser beams for the optical dipole trap.

Yellow (green) beam represents 1070 nm (1550 nm) beam.
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The 1550 nm and 1070 nm lasers are overlapped at an angle 40° and the single-pass
AOMs provides the power control and the on/off switch. The power stability of 1550
nm laser is protected by a temperature control, the 1070 nm laser is a IPG-Photonics
ytterbium multimode fiber laser which is also fulfill the requirement on power stability.
The absorption imaging measurement can be taken in any stage of the evaporative cooling,
which allows us to check the beam alignment: the propagation direction of the 1070 nm
beam can be adjusted until we can see a clear beam cross with the 1550 nm beam. Then
the fine-adjustment can be achieved by optimizing the optical density of the atoms in the

beam cross. The measurement of the waists of these beams has been shown in Fig. 3.9.
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Figure 3.9: Measurement of the widths for dipole trap beams. left (right) beam

represents 1070 nm (1550 nm) beam.

the data are fitted by the Gaussian profile. In fact, the atoms behave as a mech-
anical oscillator in this trap, the frequency of this oscillation is referred to as trap-
ping frequency. The geometric average trapping frequency in the 3-dimensional frame

gy ws .

One approach to measuring the trapping frequency is the parametric heating meas-

1S Wmean =

urement [66, 67]. It is based on the fact when the atoms occupy the ground state, a small
external sinusoidal modulation on the trapping depth can only cause a dramatic atom

loss when its frequency is twice the fundamental frequency 2wiyqpping, @s shown in Fig.
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Figure 3.10: Trapping frequency measurement through parametric heating approach:
The average width of the atom cloud in the optical dipole trap has been measured after
20ms TOF as a function of the modulation frequency applied to the 1070nm trap beam.

The depth of the modulation is 10% of the total beam power.

However, a direct atom loss observation may be confused by the atom loss at the
fundamental frequency, therefore the diameter of the atom cloud is instead observed after
the end of evaporation and a 3s holding time. The measured trapping frequencies are 69
Hz, 131 Hz, and 180 Hz (the half values of the frequencies of three peaks recognized in
the Fig.3.10) and their geometric mean value is wyean = YW, w,=117.6 Hz.

The collective mode measurement can be also used to measure the trapping fre-

quency [68]. In this measurement, the collective motion of the atoms is stimulated by
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an external kick of the trapping potential [68], which can be produced by applying a
magnetic gradient pulse at the end of the evaporation. After a variable amount of holding
time, an oscillation of centre of mass (CM) of atoms can be observed, whose frequency is

the trapping frequency of the atoms. As shown in Fig. 3.11
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Figure 3.11: Trapping frequency measurement through collective mode of BEC: The
centre mass of the atom cloud in the optical dipole trap has been measured with 20ms

TOF after a magnetic gradient pulse and a variable amount of holding time.

The horizontal coordinate is labeled by the pixels on the camera (1 pixel = 6.45
pm). The result of the trapping frequency is 222 Hz (the half value of the oscillation
frequency recognized in the Fig.3.11), compared with the result in the parametric heating
measurement, they coincide within 20%.

Additionally, in the all-optical dipole trap, all of the Zeeman components of atoms can
be held, for the research of the thermodynamics of two species mixture, a distillation to

a specific component is required (see the supplement).
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3.3 Detection system

An ultracold atom gas can be held by the optical dipole trap for up to several seconds.
However, it is too small ( 40 pm) and too cold ( 100 nK) for applying a contact meas-
urement, as a solution, the optical diagnostic measurement is widely used in cold atom
experiment [69]. In our experiment, the absorption imaging or the fluorescence imaging
is achieved after a time of flight (TOF) by taking a photo of the detection beam or the
fluorescence of the atoms through a high spatial resolution camera. The frequency of the
imaging beam is set on resonance with respect to the atomic transition and this detection
can provide the information about the number and the temperature of the atoms.

Our cameras are Guppy Pro F-031 from Allied Vision techniques (AVT) which has
656 x 492 pixels for horizontal imaging and Marko G-040 which has 728 x 544 pixels for
vertical imaging. The exposure time of the camera is precisely controlled by a computer-
based program. The imaging process is achieved by two telescopes with different magni-
fications 3:1 and 1:2.6, which can help to take a clear photo of either of the cold atoms in
the 3D MOT or of the ultracold atoms in the optical dipole trap. As shown in Fig. 3.12,
the optical path can be easily changed from one telescope system to another by flipping

the mirror.
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Figure 3.12: Schematics of the imaging system.

In principle, either the absorption imaging or the fluorescence imaging relies on the
interaction between the photons and the atoms. The atomic absorption of probe field is

ruled by Beer-Lambert law:

I = Iyeap (— / n(z)adz) (3.4)

where n(z) is the density of the atoms and I is the intensity of the probe beam. o is

the absorption cross-section, which is defined as

T 1AM 1 I/,

(3.5)

where I' is the linewidth of the atomic transition, I, is the saturation intensity, and

0p = % is the resonant absorption cross-section. To implement the absorption imaging,

3 pictures are taken, the picture of the probe beam after the absorption [, the picture
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of the probe beam without absorption Iy, and the picture of the background I3. The

optical density of the atoms 2 can be deduced by Q = —ln(ﬁ). When the probe

beam is resonant and at low intensity (A = 0, I, > I), the absorption cross-section is
reduced to op. The number of the atoms N = [ n(z)dz can be deduced by Q = % The
accuracy of the measurement is protected by avoiding saturation of the absorption during
the measurement.

For the fluorescence, the total number of the photons is determined by its decay rate

which can be calculated out by

r (I/1,)

B =513 A(AT)? + (I/1)

(3.6)

to deduce the atom number from the measured photon number, the solid angle of the

camera with respect to the atom cloud need to be estimated by

A (D

dQ) (3.7)

s (4—d0)2

where df) is the solid angle to the detector, D is the effective aperture of the first
detection lens and dj is the distance from the atom cloud to the first detection lens ( a
telescope system is applied to collect the photons into the active area of the camera). The
atom number can be read out from Ny, = N R,.d). Where Ny, is the detected photon
number from the camera.

Furthermore, the temperature of the atom cloud can be also deduced by fitting the
optical density distribution of the image. When T > T., the density distribution is
assumed to be ruled by a Gaussian profile (here the density means the column density,
it can be obtained by integrating the respective density distribution along the detection

axis z), where T, is the critical temperature:

N (z —20)*  (y—0)°
Q= — — 3.8
70 TOL0y «rp 202 207 (3:8)

where N is the total number of atoms and o, and o, are the width of the distribution.
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After a TOF, the width is ruled by Maxwell-Boltzmann distribution,

2 _ t?l‘OFTk:B

9ror = T (3.9)

where kg is the Boltzmann constant and T is the temperature of the atoms. Initial

the width of the trapped atoms, the temperature of the atoms can be extracted from

Tk
0% =0pap + — By (3.10)
m
in Fig. 3.13
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Figure 3.13: Temperature measurement of the ultracold atoms. The black solid dots are

the experimental measurement of 0> = o7 + 0. The red line is the linear fit of o over

the square of the expansion time ¢2.

where 04,4, is the width of the atom distribution in the optical dipole trap and the

result associated with the temperature is 156 nK.

48



CHAPTER 3 CHAPTER 3. EXPERIMENTAL APPARATUS

In another limit 7' << T,, the density distribution is ruled by the Thomas-Fermi

distribution

)2 )2
Q = n3pmazx(l — (z Tfo) _ W TZyO) ,0)3/2 (3.11)
z y

where nZp. is the atom density of the condensate. Its TOF is also ruled by Maxwell-
Boltzmann distribution.

In the more common case, the condensed component and the non-condensed com-
ponent (or the thermal component) can coexist in measurement, an effective fit model,
bi-model, combined with the Gaussian distribution and the Thomas-Fermi distribution is
applied. The proportion of the Thomas-Fermi distribution and the Gaussian distribution
is referred to as BEC fraction. Furthermore, when the temperature below the transition
value, due to the momentum distribution an associated polylogarithm, the distribution
of the atoms is ruled by Bose-enhanced distribution instead of the Gaussian distribution.

This effect on our data analysis will be discussed in the later chapter.

3.4 Computer control system and data acquisition

The accuracy and the reliability of the experiment are protected by a computer-based
control system which has three parts: Cicero program, PXI controller, and the field-
programmable gate arrays (FPGA). Cicero is a program used to modulate the experi-
mental parameters through both digital and analog channels, meanwhile it can also com-
municate with the data acquirement program to complete the experiment measurement.
PXI controller is a hardware unit that stores the sequence and triggers FPGA to execute
the experimental procedure. It includes several individual chassis:

(1) PXI 8360: It connects the other chassis with the computer.

(2) PXI 6533: It provides 32 digital channel control signals.

(3) PXI 6713: It controls 8 analog channels.

The layout of the control system has been shown in Fig. 3.14
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Figure 3.14: Schematic of control system.

8 analog channels and 32 digital channels can provide -10V to 10V control voltage
with an update rate 1 MHz and 5V TTL with an update rate 40 MHz. This in turn
means the time resolution of the controls are 1 us and 25 ns. The experimental sequence

for 8 Rb BEC on the interface of Cicero has been shown in Fig. 3.15

Figure 3.15: The experimental sequence on the interface of Cicero.
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In this sequence, the evaporative cooling can be achieved as shown in Fig. 3.16

MOT Dark Dark Cooling Evaporative Holding
loading MOT |MOT end off cooling time
3s 200 ms|10 ms ‘ 0.5 ms 6s 20 ms

3D MOT

cooling detuning

3D MOT

cooling power Sl

3D MOT

repumper power

2D MOT

cooling power

2D MOT

repumper power| 20 mw

Push beam 1 mw

power

Magnetic field

gradient

1070 nm beam

power

1550 nm beam
power

Figure 3.16: The experimental sequence for ’Rb BEC.

In the beginning, a 3Rb 3D MOT is loaded with the cooling light being locked at
red detuning, 2.5 I'; and the repumping light being resonant. The magnetic gradient is
10 G/cm and the laser at wavelength 1070 nm is switch on with full power during the
MOT loading. After 4s, 10° "Rb atoms at temperature 300 K can be loaded. Then, a
dark MOT is achieved by ramping the detuning of the cooling light from 2.5 T" to 10 T’
and reducing the intensity of the repumping light to 3% with respect to the full power.
Due to the photon mediated repulsive inter-particle interaction has been avoided in the
dark MOT, the atom density can be strengthened. At the same time, the polarisation
gradient cooling is eligible to reduce the temperature when the centre of MOT has a
higher atomic density and 0 magnetic field. Eventually, 10® atoms at temperature 60
1K can be produced that makes it possible to load a sufficient number of atoms in the
optical dipole trap as shown in Fig. 3.17. From a rough estimation, at least 107 atoms

are trapped. (The number of atoms is observed after 50ms of thermalization time, which
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is underestimated due to the anisotropic geometry of the atom cloud.)

Figure 3.17: Measurement of the atoms in the optical dipole trap. The atoms are
trapped by the laser at wavelength 1070 nm with power 12 W. The photo is taken from

the horizontal imaging system.

At the initial stage of the evaporative cooling, an exponential power ramping of the
1070 nm laser from 11.5 W to 1.2 W is carried out in 1.5s. Then, the 1550 nm light is
switched on with its full power, both the 1070 nm and 1550 nm laser powers are continually
ramping down to 1% and 5% with respect to their full powers in the later 6s. Due to the
rethermalization rate scales as the trapping frequency, to maintain the remaining atoms
sufficiently rethermolized, the ramping rate is required to be slowed down. After the end
of evaporation, the dipole trap is still held with a constant power for 2s to complete the
on-going rethermalization. A BEC with 10° atoms can be observed through absorption

imaging after a 25 ms ballistic expansion as shown in Fig. 3.18
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Figure 3.18: Absorption image of a BEC after 25 ms ballistic expansion.

The sequence in Fig. 3.15 is designed for the investigation of the evaporative cooling
in a dissipative environment, where during the evaporative cooling of 8Rb atoms, the 3D
MOT of 3K atoms is switched on to create a dissipative environment.

The data analysis has been implemented after absorption imaging. The photos of
the atom cloud can be saved with the experimental settings in an image acquisition
program. A real-time analysis, fitting the column density of the atom cloud with Gaussian

distribution or Thomas-Fermi distribution is completed, as shown in Fig. 3.19
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w00}

Figure 3.19: Absorption measurement of BEC with different BEC fraction. (top left)
fitting by the Gaussian profile, (bottom right) fitting by the Thomas-Fermi profile, (top
right and bottom left) fitting by the bi-model distribution.

The thermal wings of the fitting profile of the ultracold atoms disappear when the
BEC fraction approaches 1. It represents the atoms are ruled by a pure Thomas-Fermi
distribution.

An effort on a 3K BEC producing has already been made. Unfortunately, it seems

frustrated to be achieved in our system (see the supplement).

3.5 Optical tweezer

3.5.1 Optical setup

The optical tweezer is a tightly focused beam from a Narrow Linewidth, tunable CW
Ti:Sa (Titanium Sapphire) laser, model SolsTis from M-Squared, the wavelength can be
tuned from 600 nm to 900 nm. A high numerical aperture (NA) optical objective,10x

magnification Mitutoyo Apochromatic Objective, NA=D/2f where D is the entrance

Ao

pupil and f is its effective focal length and the waist is wy = 524,

at the wavelength
789.82 nm, can provide a waist less than 2 pum at its working distance (34 mm). The

setup of the optics has been shown in Fig. 3.20
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Figure 3.20: Schematics of the optic layout for the optical tweezer.

The double-pass AOM provides the power control for the tweezer light, a PBC is
used to clean the polarisation, and the telescope system can expand the beam size. The
incident light is transmitted through a dichroic mirror and focused into the glass cell by the
microscope. The fluorescence of atoms are detected by a low noise camera, Hamamatsu
(C11440, a band pass filter transparent at 767 nm is placed in front of the camera. In
order to eliminate the undesired reflection, a spatial filter is also used in the optical path,

the diameter of its pinhole is 50 um.
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3.5.2 Tweezer loading and fluorescence imaging

The atoms are loaded into the optical tweezer during the dark MOT. The sequence has

been shown in Fig. 3.21

MOT dark compressed fluorenscen | fiuorenscence
|Oading MOT MOT ce Imaglng measurement
2s ms 50 ms 50 ms 50 ms
3D MOT cooling 5.5

detuning

3D MOT cooling 80 MW
power 10 mwW

1.5 mW

3D MOT repumper
detuning

push beam
power

3D MOT
repumper power

Magnetic field
gradient

Figure 3.21: Sequence of the fluorescence imaging of the 'K atoms in the optical

tweezer.

At the beginning of the sequence, the 'K MOT is switched on for 2s, then the dark
MOT is achieved by reducing the intensity and increasing the frequency detuning for both
cooling and repumping light, where the temperature can be reduced from 1 mK to 125
kK. A compressed MOT is then applied by increasing the magnetic field gradient from
10 G/m to 20 G/m and the optical tweezer is switched on during the dark MOT and the
compressed MOT. A fluorescence imaging is applied to detect the atoms in the optical
tweezer after compressed MOT. The imaging light here is not resonant but red detuned
to avoid the atom loss caused by the light-induced heating effect. As compensation,
the fluorescence efficiency can be enhanced by expanding the interrogation time in this
scheme, that is 50 ms in our experiment.

The optical molasses can be also valid for the atoms in the optical tweezer. However,

due to there exist an induced atomic dipole moment P = aF, where « is the complex
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polarisability, a light shift of the energy level can be produced. According to the second-

order time-independent perturbation theory,

. . 2
AE; = Z M (3.12)

i G
for the two-level system, the energy shifts of the excited state and the ground state

are

| <elulg >

AFE =+ A

|E|? (3.13)

where | < e|u|g > | is the dipole matrix and A is the energy gap between the ground
state and the excited state. The light shifts are usually different for the excited state
and ground state|70, 71]. Some detrimental effects might affect the laser cooling, such as
fluctuating dipole force heating, inhibition of cooling due to breakdown of the hyperfine
coupling, and spatial dependent detuning and scattering rate, see the reference [71]. As
a solution, inspired by the method developed in [71], the tweezer and fluorescence lights
are chopped by a square-wave modulation to circumvent these undesirable effects in our
experiment (Chopping means when the one in the two lights is on, the other one is off).
The chopping frequency is 0.7 MHz that is fast enough as to its effect on molasses can be
ignored.

After the optical molasses, the fluorescence image of atoms in the optical tweezer has

been taken as shown in Fig. 3.22
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Figure 3.22: (left) measurement of the fluorescence of the atoms in the optical tweezer.
Readout from the histogram measurement corresponding to these data set, we can

deduce that 5 atoms are in the optical tweezer.

The molasses has been optimized following the procedure as shown in Fig. 3.23
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Figure 3.23: (left) Florescence imaging of the atoms in the tweezer versus the detuning
of the cooling light, (right) florescence imaging of the atoms in the tweezer versus the

detuning of the repumping light.

We also tried the D1 gray molasses, however, it seems helpless on strengthening the

fluorescence.
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Chapter 4

Results and discussion

In this chapter, I will illustrate and discuss the experiment results in detail. The text and

figures are mainly from my publications [27] and [28].

4.1 Non-equilibrium supercritical BEC

4.1.1 Inducing dissipation in **Rb BEC

In previous sections, the MOT cooling and the all-optical evaporative cooling have been
discussed in details. In this section, I will illustrate the experimental results of the evap-
orative cooling in a dissipative environment. For the ultracold atom cloud, the dissipation
in turn means the heating effect and the losses of atoms. They are usually detrimental to
the condensate, however, if properly tailored, a new non-equilibrium state can be achieved
where the BEC fraction is significantly higher than the case in equilibrium in our exper-
iment |14, 72]. This state is referred to as supercritical BEC and can be maintained for
an accessible time in the optical dipole trap that exhibits the features of a prethermalized
state (which is non-equilibrium with a long relaxition time) [18, 23].

An ultracold 8Rb atoms at a temperature below 500 nK is produced in an optical
dipole trap and a 3K MOT at a temperature 1mK is created surrounding the 8"Rb

atoms. The experimental scheme has been shown in Fig. 4.1
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Figure 4.1: a) Schematic demonstration of the distillation protocol. we switch on an
MOT of **K during the last stages of the 8Rb evaporative cooling. This provides a
dissipative environment for the ¥Rb atoms. b) The red dots are the measured densities
of the 3K atoms as a function of time. The blue diamonds are the measured dissipation
rates of the ' Rb while the blue shaded area is the calculated dissipation rate by the
model explained in the text. Error bars are the standard errors of the mean. Figure and

caption taken from Ref [27]

The 8Rb and *K atoms are initially loaded in 2D MOTs and then transferred to the
science chamber by the bichromatic push beam and recaptured by the 3D MOTs. After
4s MOT loading, 10° 8Rb atoms at 300 uK can be obtained and its PSD is 1 x 1076.
Then they are loaded into a crossed optical dipole trap, the two trapping beams are
at the wavelengths 1070 nm and 1550 nm with an angle of 40 degrees. Their beam
waists are 35um and 45um, respectively. In the absence of the magnetic field gradient
and the MOT light, the evaporative cooling is achieved in 8s. To pinpoint the issue
to inter-species thermodynamics, the 3’Rb atoms are distillated into the |[F=1, mp =
—1) state by returning the magnetic field gradient during the last 6s of the evaporation.
The trapping frequency of the crossed optical dipole trap is 27x(70,120,120) Hz. The

absorption imaging measurement of the ultracold cloud has been taken after the end of
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evaporation, a 20 ms holding time and a ballistic expansion time (15 ms). The 3*K MOT
acts as a dissipative environment surrounding the 3Rb BEC, and it is loaded since the
temperature of the 8Rb atoms is below 1 uK. Its atomic density nx has been shown
as the red dots in Fig. 4.1 (b). Due to the temperature of the 3°K atoms is more than
3 orders magnitude higher than the temperature of ’Rb atoms, we assume the inter-
species collision is resemble to a collision between an ultracold atom cloud with classical

background atoms.

4.1.1.1 Measuring the inter-species scattering rate

The scattering rate can be estimated by vx = nxovk, where vk is the average speed
of the *K atoms that can be obtained from the temperature measurement and o is the
calculated cross-section. The cross-section can be deduced by using the model in reference

73],

o(E) = (4.1)

7/6
o (E—> if B, >E,

where E; is the transfer energy of the collision. FE. is a defined parameter which can
separate the two regimes. It is referred to as crossover energy and can be calculated by
h12/5 1

E ~2————_E° (4.2)
C§/5 mm;/5 :

where m and my are the mass of rubidium and potassium atoms. FE., is the energy
of the collision which is approximately the kinetic energy of the potassium atom. the
Van de Waas coefficient Cg for the 8" Rb —3 K atoms is C5=4290(2)aSFE}, [74]. From this
estimation, F,. is 400u k.

In eq. 4.1 « is defined as

™ 90625 —7/6
— 2 (Zs ) g 4.3
o 6<E) t (43)
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If the collision is elastic, the transfer energy can reach its maximum value,

MRLMK

Emax — 4
K (mgp + mk)?

Eoo ~ 0.8549mK (4.4)

and the cross-section is

E. Epax E 7/6
o= / adBy + / &) (E) dE; =~ 5.6099 - 10~ "m? (4.5)
0 c t

Here, we assume the density of the 3K atoms is uniform and can be estimated by
n ~ N/(4/3mc3, ), where N is the measured total number of the atoms and o pyuq is
the width of the atom cloud. The calculated dissipation rate has been shown as the blue
shaded area in Fig. 4.1(b), which is way less than the intra-species collision rate (its value
is in the range of 10-65 Hz) and due to the thermalization rate of the 8Rb atoms is
determined by the intra-species collision rate, it in turn means the ultracold atom cloud
is still in its thermal equilibrium. Also, the losing rate of the 8"Rb atoms due to the

scattering with the 3°K atoms g can be also deduced from the lifetime measurement of

8"Rb atoms as shown in Fig. 4.2, that can be used to check the validity of the estimation

YK = NKOVEK.

o

Rb dipole trap
power

K MOT loading

Imaging

Figure 4.2: Experimental sequence used to study the dissipation rate of the 8’Rb atoms

in %K MOT.
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The 3K MOT is switched on after the evaporation while the 8Rb atoms are still held
in the dipole trap with a constant potential. The number of the 8’Rb atoms decay can

be written as

Npp = —(vro + v&(t)) Nro (4.6)

Integrating the Eq. 4.6, the linear growth of the scattering rate is v = at

Niy(t) = Nao(0)exp( =yt — %atQ) (A7)

By engineering the laser power at the end of evaporation, we can reach two limits:
the pure BEC limit and the thermal limit (no condensate). The number of 8"Rb atoms

dissipate with or without **K MOT can be shown in Fig. 4.3
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Figure 4.3: 8"Rb atom number as a function of time for a condensate (upper panel) and
a thermal gas (lower panel). The blue points and curves correspond to the measurement
without the dissipation. The green points and curves correspond to the measurement

with the dissipation.

We extract vg, from the measurement in the absence of dissipation (blue curve) and

a from the measurement in the presence of dissipation (green curve). The values of g
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for the thermal component and the condensate are coincident to each other, which has

also been shown as the blue diamonds in Fig. 4.1(b).

4.1.1.2 Systematic correction of error in data analysis

In the data analysis, the error of the thermal component is found to be always larger
when the atom number is low either with or without the dissipation. Re-examining
the experiment, this systematic error may come from the underestimation of the optical
density for the thermal component, which is fitted by Gaussian profile. The number of
atoms Ny, o< Ao, .sian a0d the temperature T' o< 02,,,.an, Where A is the height of the
Gaussian distribution that is proportional to the optical density, ogaussian 18 its standard
deviation.

For an ideal atom gas in equilibrium, the BEC fraction as a function of the temperature

can be described as

3
N 1—<l> =1-7% for T<T,

F=20_ Te (4.8)

0 for T >1T,

where Ny is the atom number of BEC and N is the total number of atoms and 7
is the reduced temperature defined as 7 = T/T.. T, = 0.94hwN'/3/kp is the critical
temperature, where w is the average trapping frequency of the optical dipole trap, it is
also a function of the trapping depth w = yv/U. The typical value for y is about 1 /6
and due to U = T/, where £ = 1/kp. The critical temperature and the eq 4.8 can be
rewritten as 7, = BN'/3T"/2 where B is a (N, T) independent constant, and

Ny T3/2 T3/2

No_ g NN, =
N BN 0= ps

(4.9)

where N — Nj is the atom number thermal part N},. We define the correction factor
as A = N, /Ny, where Ny, is the measured atom number, we plot A versus Ny, /T from
the measurement with or without dissipation respectively, where A o« A. It has been

shown in Fig. 4.4 and Fig. 4.5

66



CHAPTER 4

CHAPTER 4. RESULTS AND DISCUSSION

Nodel CwpDect

Equation v=AT"®0(-x111 + y0
Flot Concatenated Data
¥ 1+0

A1 7.11976 £ 0.5227
r 46.11737 £ 1.35156
Feduced Chi-Sqr 0.0051
F-Square (COD) 0.9278

Adj. R-Square €.92736

A 4 pon

push=3.1
push=3.3
push=2.9
push=3.5
push=3.1 b
push=3.2
Fit

* %« v¥

50
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Figure 4.5: A versus Ny, /T with dissipation in a viable amount of 3K MOT loading

time

The correction factors in the presence and absence of dissipation are are consistent
after the systematic correction.

To simplify the parameters, all experimental data can be fitted by the profile

y=1- <§>a (4.10)
T3/2

where r = 5~ and y = % In the equilibrium, 8 = B? and a = 1, shown as the dash
line in Fig. 4.6 and 4.7. To compare the different behaviors of parameters o and S in
the presence and absence of dissipation, we measure the BEC fraction evolution during

the evaporative cooling without dissipation in a variable amount of intensity of the push

beam which can change the number of ’Rb atoms (Fig. 4.6)
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Figure 4.6: « and 8 without dissipation as a function of 8Rb MOT push intensity.

a1 81,as8are fromthedi f ferentdatasets.

and the fraction evolution in the presence of dissipation in a variable amount of 3K

MOT loading time (Fig 4.7).
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Figure 4.7: a and 8 without dissipation as a function of K MOT loading time.
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The deviation of the parameters in the presence of dissipation is a strong evidence

that the atoms are in non-equilibrium.

4.1.1.3 Calibration of trapping frequency

Consider the influence of the inter-atom interaction on the BEC fraction, in s-wave ap-

proximation, the Eq. 4.8 can be expanded to

1—73—nr2(1—73)2%5 for T <T,
F= (4.11)
0 for T >1T,

where 1 = 2.15(@]\71/6/%0)2/5, a is the s-wave scattering length and a,, = \/W
is the harmonic trap length. During the evaporation, both of the trapping frequency
and the total number of atoms is not constant [75], which lead to a reduction of critical
temperature. However, due to the mild change at the end of evaporation, the Eq. 4.11 is

fairly valid.
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To estimate the critical temperature T, at any time during the evaporation, we assume
the geometric mean trapping frequency is ruled by a + bt + ct?, where t is the evaporation
time. This assumption is extracted after analysing how the power of the dipole trapping
beams change with respect to time while we do the evaporation ramp. As a comparison,
the trapping frequency can be also measured using the parametric heating, shown as the

blue triangles in Fig .4.8.
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"‘n.,__ — fit: f = 153 - 44t
E 175 - '-L“ $ Calculated
~ 150 4 . Y Measured
o
Y 125
L
100 -
~9_
75 1

0.00 025 050 0.75 1.00 125 150 175 2.00
Time (s)

Figure 4.8: Measurement of the trapping frequency. The red dots are the mean trapping
frequency w/2m calculated from eq. 4.11 and the equation T, = 0.94hwN'/3 /kg. The
blue triangles are the mean trapping frequencies measured using parametric heating and
centre of mass oscillations. The lines are linear fits to the data, the coefficients are

reported in the legend. Figure and caption taken from Ref [27]

The red dots are the calculated trapping frequency based on the atom number and the
temperature measurement. The red dashed line extrapolates the trapping frequency and
it is referred to as calibration frequency which is using for our data analysis. To compare
with the value in parametric heating measurement, the consistency can be maintained
within 15%. This inconsistency can be produced from the systematic underestimation of
the measured trapping frequency caused by the anharmonicities of optical dipole trap in
the parametric heating measurement. On the other side, the calculated trapping frequency

can be also deviated by as like e.g. the overestimation or underestimation of the atom
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number and the common-mode secondary effects as discussed in the later context.

4.1.1.4 Evolution of the thermodynamics parameters and phase diagram

During the evaporative cooling without dissipation, a reduction of the BEC fraction can
be observed with an increase of the reduced temperature. However, it could have inverted
if accounting for the dissipation, that in turn means the parameters are quenched by the
dissipation. This effect can induce a long-lived metastable state where the BEC fraction
exceeds the calculated value in the Eq. 4.8. The property of this state is resemble to the
superheated BEC reported in reference [17].

To switch on the 3K MOT in 2s before the end of the evaporation where we set t=0,
as shown in Fig. 4.1, the temporal evolution of the thermodynamics parameters during
the evaporation both in the presence and absence of dissipation has been illustrated in

Fig. 4.9 .
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Figure 4.9: Measured parameters of the ' Rb sample as a function of time. Red circles
are with dissipation (distillation) and blue triangles are without dissipation. a) The
total number of atoms. b) The temperature ¢) The condensate fraction F. The red

dotted dashed line and the blue dashed line show the expected fraction from Eq. (1) for

with and without dissipation respectively. d) The chemical potential of the thermal part
in units of temperature. The dashed and dash-dotted lines are the chemical potential of
the BEC with and without dissipation respectively. Error bars and the shaded regions

are the standard errors of the mean. Figure and caption taken from Ref [27]

For a valid comparison, the data without dissipation are chosen to match the condi-
tions with dissipation at t = 1s, right before the onset of the BEC. In the presence of the
dissipation, the drop of the atom number is faster than the optimized evaporation, see
Fig. 4.9(a). A crucial assumption has been put forward here is that the evaporation favors
to remove the atoms with more kinetic energy from the dipole trap, in the opposite the

atom loss due to the dissipation is uniform and acts equally on all the velocity classes. The
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temperature can not be changed substantially by the atom loss as shown in Fig. 4.9(b),
that also in turn means the thermalization of the 8’Rb atoms is much faster than the
dissipation rate. As shown in Fig. 4.9(c), the measured (blue triangles) and calculated
(blue dashed line) BEC fractions in the absence of dissipation are consistent within 5 %.
However, due to the critical temperature is quenched by the dissipation, the measured
fraction (red dot) is significantly higher than the calculated value (red dashed line). The
BEC is substantially more pure than what can be obtained with the same atom number
and temperature but without dissipation. The chemical potential of the thermal com-
ponent both in the presence and absence of dissipation is shown in Fig. 4.9(d). Initially,
both their trajectories approach the chemical potential of the BEC, then, in contrast to
the optimal evaporation, it reduces after 1.5s in the presence of dissipation even the BEC
fraction is still increasing. This strongly implies the system is not in equilibrium. Addi-
tionally, the BEC fraction as a function of the reduced temperature can be plotted by the
measurement in the presence and absence of dissipation with different initial conditions

or holding times, as shown in Fig. 4.10
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1.2 14

Figure 4.10: Phase diagram showing the BEC fraction as a function of reduced
temperature 7. The open symbols are for the case of no dissipation while filled symbols
are the trajectories during our distillation protocol. For open diamonds and circles, the
wait time after the end of the evaporation ramp is 4 s, while for others it is 20 ms. For
the filled circles the dissipation rate is 4 times the dissipation rate of the filled squares.

For the data in absence of dissipation, we vary the number of atoms from 7 x 10* to
2.5 x 10* at t = 1s in order to explore as much parameter space as possible. The solid
blue line corresponds to Eq. 4.11. The dotted lines are the results of the rate equation
model described in the latter. Error bars are the standard errors of the mean. Figure

and caption taken from Ref [27]

The open symbols are the results in the absence of dissipation and the solid blue
curve is the prediction value from Eq. 4.8. The filling squares are corresponding to the
results shown in Fig. 4.9. The presence of dissipation leads to a substantially different
behavior of the trajectory, that indicates a higher purity of the condensate. As a potential

application, these states can be used to investigate the phase diagram that is not accessible
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in equilibrium. Here we also refer these states to as supercritical BEC.

The dissipation induce a reduction of the critical temperature duiring the evaporative

cooling which results in the reduced temperature can maintain in a constant value during

a continuum growth of BEC fraction to 0.5, shown as the filled squares in Fig. 4.10. In a

microscopic explanation, this in turn means when the reduction of the temperature pumps

atoms into the BEC, it is not able to de-pump them back into the thermal component at

the same rate. Furthermore, we are also interested in to understand the thermodynamics

behavior of ultracold atoms with higher dissipation rate, therefore, we strengthen the

3K atom density by a factor 4 through increasing the power of the push beam.

parametric evolution is also illustrated in Fig. 4.11
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Figure 4.11: Same as the Fig. 4.9, but with the dissipation rate increased by a factor of

4, corresponding to filled circles in Fig. 4.10. Figure and caption taken from Ref [27]
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Its BEC fraction evolution has already been plotted as the filling circles in Fig. 4.10.
We can observe that the trajectory is inverted, the BEC fraction can be increased even
with an increase of the reduced temperature.

In a summary, our results are mainly compared against the calculation in Eq. 4.11.
The accuracy of the calculation is determined the experimental measurement of the atom
number and the temperature. It should note that the systematic error of this calculation
can be produced by several effects including the finite size effect, Bose enhancement effect,
and the critical temperature change due to the inter-atom interaction.

The finite-size effect can be estimated by the equation 07./T, = —@ /2w -((2)/¢(3)%/3-
N'/3 where @ is the arithmetic average of the trapping frequency. This deviation is less
than 1% which can be safely ignored.

The BEC fraction and the temperature of the thermal component are extracted by
a fitting model which is combined with a 2D Gaussian profile and a 2D Tomas-Fermi
distribution in our experiment. When the temperature of the system is below the critical
temperature, due to the bosonic nature of 8Rb atom, the momentum distribution, to be
rigorous, is an associated polylogarithm which is the so-called Bose-enhanced distribution
instead of the Gaussian distribution. To illustrate in what extent this can change the data
analysis, the experimental data is also fitted by a combined model of a 2D Bose-enhanced

distribution and a 2D Tomas-Fermi distribution, shown in Fig. 4.12.
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Figure 4.12: Same as Fig. 4.10 but using the Bose-enhanced polylogarithm to fit the
data. Figure and caption taken from Ref [27]

To compare with the Gaussian fit in the previous Fig. 4.10, the estimation of the
temperature with 2D Bose-enhanced distribution is increased by 10%. The new model can
certainly enhance the accuracy of data analysis, however, an issue for the Bose enhanced
fitting is due to the complexity of the polylogarithm function, the fitting curve is not
convergent when the atom number of the thermal component is low, to show the whole
data set is frustrated. Additionally, the new model as mentioned previously can be also
absorbed by the calibration of the trapping frequency. Although the phase diagram
(Fig. 4.12) has been changed, its role in physics seems not significant to reverse the
conclusion made in discussion of Fig. 4.10. Therefore, we still exhibit the thermodynamics
of the ¥ Rb atoms with the Gaussian fit model.

In another concern, the Eq. 4.8 is valid as long as the interaction within the thermal

cloud can be neglect, that in turn means Ny > a/ay,. It corresponds to Ny > 1000 in our
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experiment. This condition holds for most of our experimental data set. The reduction

of critical temperature, 07./7T. = —1.3a/an,N'/% is never above 3%.

4.1.2 Relaxation towards equilibrium state

Another property of the supercritical state we focus on is its relaxation. In the measure-
ment, the state is held in the dipole trap with a constant potential depth in a variable
amount of time in the absence of dissipation. The differences between the measured BEC
fraction and the counterpart value in Eq. 4.8 6 F have been plotted as a function of the

holding time in Fig. 4.13.
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Figure 4.13: Difference between the measured F' and that expected using Eq. (4.8) after
the dissipation from the 3°K MOT is switched off and the sample is held with constant
trap depth. Error bars are the standard errors of the mean. The line shows an
exponential fit to the data after 1.5 seconds, when the supercritical gas relaxes towards

equilibrium. The time constant is 3.9 + 0.3 s. Figure and caption taken from Ref [27]

In this process, the temperature of the atoms is continually reduced slowly through
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the rethermalization but the trapping frequency does not change in a constant dipole
trap. We can observe the system still evolves to even further out-of-equilibrium in 1.5s
after the dissipation and then relax back to equilibrium. As long as we can measure in
the experiment, § F' moves to zero has never been seen. Comparing to the typical time
scale of the experiment, which is usually in the order range from 0.1ms to 100ms, the
relaxation dynamics can be considered as quasi-static. A state with this property is also

referred to as prethermalized state.

4.1.3 Modeling the system

Due to the complexity of the thermodynamics, an exact microscopic quantitative theory of
out-of-equilibrium that governs the growth of the condensate still has not been seen. Some
simplified theoretical models by put forward of the assumptions as constant temperature
and infinite atom reservoir have been reported in references |76, 77|, however, in some
cases the parameters need to be adjusted up to one order of magnitude. It seems more
challenging to describe a system in presence of the evaporation and of the dissipation
with a microscopic theory. As a compromise, unlike the rigorous treatment, we develop
a phenomenological two-mode rate equation model to explain our experimental results.
This method has been discussed in several references |17, 76-78]. We hope it may provide
useful information for the further works on a more rigorous model.

In our model, the two modes are the condensed component and the thermal compon-
ent. We indicate Ny, Ny, as the atom number in the condensate and of the non-condensed
atoms. As shown in Fig.4.14, the starting point of our model is to separate the sample
into the ground state energy level ¢, (the condensate) and the energy levels directly above
it (the thermal component). Then, the energy band above the condensate is simplified
to a single effective energy level €y,. Rigorously, €y is determined by the time-dependent
chemical potential of the BEC and ¢, is also dynamically influenced by the condensate
growth. However, to understand the time-dependent of the energy levels is a challenging

task and goes beyond our research scope. We address our problem in a time-independent
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approximation structure.
The growth rate for a certain energy level in the absence of dissipation has been

developed in references |[76-78|:

N, = W(N)[(1 — elenrel/ksTY N 4 1] (4.12)

where N, is the population of the energy level n, €, is its energy, pu. is the chemical
potential in equilibrium and W(N) is the growth coefficient. For the condensed state, the
exponential implies that the steady state can be reached when the chemical potential of
the condensate equals the chemical potential in equilibrium. To simplify the model, the
approximation of the energy levels €, are time independent has been made. With this
assumption to account for the reaching of the steady state in absence of dissipation, the
exponential term in Eq. 4.12 is replaced by a term t¢/ty, where t; is the time when it
reaches the steady-state of all the atoms are in the BEC. This model has been shown in

Fig. 4.14

4
\ “"‘_‘ - y

Nth, €tn

N{}rEO

Figure 4.14: Pictorial representation of our rate equation model. Figure and caption

taken from Ref [27]

With this approximation, the rate equation for the two modes can be re-written as
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No=W {(1 - %) No + 1] — K(Ny, + 1) — vk (t) Ny

Ny = —W [(1 — %) No + 1} + K (N, + 1) = [yx (t) + 7] Nep.

(4.13)

this is valid if ¢ < ¢;, where vy is the dissipation rate from the **K MOT and + is the
dissipation rate due to the evaporative cooling. The effective number of thermal atoms
Ny, accounts for the reduction of the non-condensed energy band to a single state. In
principle, if such simplified state is populated by Ny, atoms, the bosonic stimulation should
be enhanced by a factor Ny,. However, the non-condensed energy band is not uniformly
populated and in this band more energetic particles are less involved in the exchange of
particles with the condensate. This effectively reduce the bosonic stimulation, however it
is difficult to be evaluated. Therefore, Ny, is used as a free time-independent fit parameter
in our model.

In general, W and K should be complicated functions of T', u, Ny, and N. The relations
exhibited in Eq. 4.13 are only valid when the temperature is constant and the atom number
in the reservoir is infinite and even it is valid the calculation for W and K, can be still
wrong up to an order of magnitude. In our model, we drop these functions to average
constants W and K, the growth of the condensate can be explained as a result of the
unbalanced two-body scattering without the creation or absorption of quasi-particles.
According to the first-order treatment for a uniform Bose gas with contact interactions,

for 7 <1, the energy of the ultracold atoms can be described as

(4.14)

where a is the s-wave scattering length and V' the trapping volume. When an atom

leaves the condensed phase, the energy change A = 2wh?aNy/mV yields an imbalance
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between W and K.

W ~ exp(A/kpT)K (4.15)

Where A is referred to as energy gap between the two components. Eq. 4.15 means that
for a given temperature, a larger energy gap favors to pump an atom into the condensate
and in the opposite frustrates to excite an atom to the thermal component. This makes
it possible to drive the system to out-of-equilibrium.

In summary, to compare with the other models, our model is a simplified version in
the absence of dissipation, it maintains the core features include:

(1) the separation of the condensed and thermal components.

(2) The bosonic stimulation, i.e., the fact that if N bosons occupy the given state, the
transition rates into that state are proportional to (N + 1)

(3) W and K are imbalanced.

(4) the growth of the BEC slow down and eventually stops when it reaches equilibrium.
In reference [76-78|, the growth rate scales as the exponential term e(e»~#e)/k8T which
stops once € = ., This term is replaced by the linear function of ¢/¢; in our model and we
have verified this simplification does not change the behavior of the model substantially.

The main modifications we have made are:

(1) We have dropped the functional dependence of the coefficient W and K to consider
them as constants. This is because, from previous comparisons of the model with exper-
imental data, it was found that the coefficients calculated in references [76-78| could be
wrong up to one order of magnitude. This modification is valid due to the coefficient K
doesn’t change substantially to the first order if p < kg7 and the W is only determined
by the elastic collision rate and doesn’t change substantially in our experiment.

(2) We consider the non-condensed component as a single energy level with an effective
population Ny, instead of an energy band and remove the time-dependence of the energy
levels. This simplification is dictated by the lack of a sufficiently precise microscopic

model.
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(3) We also add the dissipative terms vx and v to the model. Concerning the data in
Fig. 4.9, we derive the W by fitting the curve Ny(t) in the absence of dissipation with the

solution of

No=W {(1-%) N0+1} (4.16)

!

with t;=1.4 s, the time at which the evaporation ends (please note the origin of time
is shifted by 0.6s in this data analysis), obtaining W = 3.4540.1 Hz. Then We derive
K= 0.25540.03 Hz from an exponential fit of the relaxation curve in Fig. 4.13. The
evaporation loss rate v = 0.95£0.03 Hz is obtained by fitting with an exponential the
decay of the total atom number in absence of dissipation. And the v (t) has already
been extracted in Fig. 4.3. The only free parameter of our model is = = Ny, / Ny, which
determines the effective occupation of the thermal energy band. We found that we can

reproduce our data by imposing == 25 + 5, as shown in Fig. 4.15.
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Figure 4.15: From left to right, evolution as a function of time of the atom number (in
thousands) in the thermal component, the atom number in the BEC (in thousands) and
the condensate fraction F. The points are the experimental data, the line are the results

of our model. Figure and caption taken from Ref [27]

The result of our model is also reported as the dotted trajectory in Fig. 4.10. By
increasing the dissipation rate yx by a factor of 4, leaving all the other parameters un-
changed, the second trajectory can be depicted which reproduces the open circle data
well in Fig. 4.12. In a word, our data can be nicely reproduced using our our model

with a constant value for =, however it could not be extended to describe other kind of
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experiments, e.g. a quench in the atom number requires to implement a time dependence

on =.

4.2 Vortex conveyor belt for matter-wave coherent split-
ting and interferometry

As mentioned previously, in the first year of my Ph.D, we also cooperate with a former
member of our group, Dr. Jixun Liu, to complete a theoretical work on atom interfero-
metry. In this section, I will illustrate the main idea of this work.

The atom interferometer has been commonly used as a quantum technique in many
areas, such as the fundamental physics constant measurement [79], the test of the equi-
valence principle [80, 81| and the detection of the gravity wave measurement [82, 83]. An
extraordinary application of the atom interferometer is to measure the acceleration and
rotation [84]. It can be used for navigation and geophysics surveys. As the same as the
optical interferometer, the matter-wave can be also coherently split and recombined, that
has been reported being achieved by using micro-fabricated gratings [85], Bragg scatter-
ing [86, 87| and Kapitza-Dirac scattering |88, 89|. Nowadays an pioneer experiment using
a free-falling atom interferometer [90] can reach the accuracy to the level up to 3.9 u Gal
in the recent record [91], in excess of the other state-of-the-art techniques. However, it
is challenging to make further improvements of the accuracy. The major obstacle is the
growth of the interrogation time of the system. In the conventional atom interferometer,
the atom trajectory only can be occasionally bent by an external field. The acceleration is
extracted from the measurement of the phase difference between the atomic matter waves
in two different paths. The time of atom motion from launch to recombination in the two
paths is defined as interrogation time. It scales as the transmission distance of the atom
beams. For example, to achieve a free-falling system with 2.3s interrogation time requires
the length of the vacuum enclosure in the order of 10m [92].

Thanks to the developments of the atom confinement and atom cooling, a trapped
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and guided atom interferometer is possible to be achieved by applying proper external
potentials [93, 94]. The main advantage of this system is the atoms are allowed to be
directed to a more complex trajectory promising a longer interrogation time. Besides, it
provides a possibility to control the atoms in a size smaller than the de Broglie wavelength.
In our work, a BEC sample is considered due to its macroscopic phase coherence. The BEC
can be split by deforming a single-well potential to a double-well potential and maintains
still coherent in this two potential wells. In fact, many ways can be used to realise this
in experiment such as changing the optical trap [95], applying radio-frequency [93] and
microwave fields [96]. Here, we consider to control the phase of the BEC by the imprinting
from a SLM, where the phase modulation is considered within the column density [97,
98]. In practice, we create two opposite velocity fields on the two halves of a trapped BEC
through the phase imprinting. The evolution of the BEC is simulated and shows that a
string of vortices arises along the central line of the BEC and these vortices effectively act
as a conveyor belt to move the atoms on its two sides in opposite directions. The BEC
is coherently split into two parts and forms an interference pattern after a half oscillation
recombined in the center. As a result, the phase of the interference fringe can be used to
measure the external acceleration. The potential use of this system as a new generation
of the atom interferometer has been clearly demonstrated.

As mentioned above, with the mean-field approximation, a trapped BEC can be de-

scribed by the Gross-Pitaevskii equation,

h2V?
2m

ihoy () = (= +U(7) + Elo( )" o (7 1) (4.17)

where the order parameter ¢(7,t) can be written as

&(F, 1) = \/n(F, £)eST) (4.18)

where n(7,t) and S(7,t) are the density distribution and the phase distribution of the

condensate respectively. The velocity of the superfluid can be fixed by the gradient of
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o(7,t) = (h/m)VS(F, t) (4.19)

Modulating the external optical potential can provide the spatial and temporal control
of the velocity of the superfluid. In the presence of a spatially varied external potential,
the phase of BEC can be described as S(7,t) = U(7)7/h, where 7 is the exposure time of
the imprinting laser.

In an optical dipole trap, the trapping frequencies of the BEC are w,,w,,w,. We
assume the imprinting laser is propagating in the z-direction and the trapping frequencies
are designed as w, > w,,w,. In this case, we can expect the BEC has a pancake shape.
We exhibits the distance in the unit of the harmonic oscillator length ap, = \/m,
time in the unit of w,:ol = (wxwywz)_% and the energy in the unit of Awy,. We set the
initial conditions of the simulation as 3 x 10* 3"Rb atoms with the trapping frequency

wy = wy = 0.06w,. The spatial distribution of the phase of the BEC can be described as

—2my/l if x<0
2yl if >0

at t=0. We solve the Eq.4.17 using a standard split-step Fourier algorithm. The phase

pattern has been shown with the velocity of the superfluid in Fig. 4.16(a) and Fig. 4.16(c).
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Figure 4.16: a) Phase pattern resulting from the imprinting of Eq. 4.20 with 1 = 1. b)
Phase pattern generated by Eq. 4.21 with d = 0:25. ¢) and d) are the corresponding
velocity fields. Figure and caption taken from Ref [28].

Where the velocity field is the derived gradient of the imprinting phase, it has two
opposite constants on the two halves of the condensate within the phase pattern 4.16(a).
As a result, the dynamics of the column density distribution of the BEC has also been

shown in Fig. 4.17
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Figure 4.17: Column density profiles of the BEC at different evolution times t after the
phase imprinting. (a)-(f) shows the dynamics after the imprinting of Eq. 4.20, while
(g)-(1) of Eq. 4.21 Note that for t=0.24 and 7.7 the axis range is reduced to better show
the initial formation of the vortex conveyor belt and the final interference patterns.

Figure and caption taken from Ref [28|.

Due to the phase pattern with being a period of 1 in the y-axis and a jump when passing
across x=0, the uniform density distribution of BEC rapidly decays into a regular line of
vortices pinned at x = 0 and separated by 1/2. The vortex line behaves as a conveyor belt
for the matter-wave, launching the two halves of the BEC in the opposite directions. Then,
the trap potential pull the BEC back to the center, the two separated parts recombine
after a half oscillation. A clear interference pattern of the density distribution can be
observed during this recombination. Fitting the interference by a distribution combined
with the Gaussian profile and the sine function, the phase of the interference fringe o can
be extracted. Additionally, to expand the understanding of the splitting and launching
action of the conveyor belt and the relation of the imprinting phase pattern and the overall

dynamics, we imprint another pattern followed by Eq 4.21 on the BEC,
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N
G, y) = ZQ (arctan y+ 2k - 1)d —i—arct(m — (Qk —1)d
— Va2 + (y+ (2k — 1)d)? + Vv + (2k —1)d)?> +x
(4.21)
where N is an integer, and d is a positive constant. This phase pattern can create
singly quantized vortices along the x = 0 line with an initial distance of 2d between them.
We notice that if d=1/4, the velocity field is similar to the one without quantized vortices
when | z | is much higher than the healing length. However, when the x close to 0, the
phase pattern resulting from ¢, is clearly distorted and intrinsically presents vorticity.
These behaviors have been shown in Fig. 4.16(d). Where the initial exit velocities along
the y-direction v, are traced to compare with in the presence of phase pattern ¢, or ¢s.
In the ¢, case, the motion of the centre of mass of two clouds in Fig. 4.17 is fitted by a 2D
Gaussian model. Due to the atom clouds are confined in optical dipole trap, the motion

of the centre of mass can be described by a cosine function. The exit velocities in the ¢,

case are exhibited in Fig. 4.18 as the blue circles and red squares.
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Figure 4.18: Initial exit velocity along the y-axis v, vs. half initial vortex distance d
after the imprinting of the pattern in Eq. 4.21. The blue circles and the red squares
represent the values obtained by fitting the simulated density profiles with the procedure
explained in the text. The solid lines are calculated with v, = d¢, /dy with 1 = 4d.

Figure and caption taken from Ref [28].

We also plot the exit velocities from the phase pattern ¢;: v, = d¢y/dy within 1
= 4d as the red and blue curves in Fig. 4.18. The discrepancy between the velocities
being observed with the two patterns is from the distortion of the phase pattern ¢5. From
Fig. 4.18, either in ¢, or in ¢9, it can be confirmed that the initial vertex distance increases
with the injected energy being decreasing. One should note that when the vertex distance
d > 0.46, the coherence is broken down, the interference pattern of the two halves BEC
can no longer be observed.

Measuring the inertial force is the major application of an interferometer, the trapped
interferometer is expected to strengthen the sensitivity of this measurement. In our

simulation, to illustrate the potential of this system as an acceleration meter, we plot
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the phase of the fringe o (from Fig. 4.17) as a function of the acceleration § in a varied
amount of the injected velocities in Fig. 4.19 ( We assume the constant acceleration [ is

towards the negative direction of the y-axis. )
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Figure 4.19: Phase of the interference fringe o vs. acceleration g for different values of
the phase imprinting coefficient 1 or d. The filled symbols are the results of the
numerical simulations after imprinting the pattern in Eq. 4.20. The solid lines are linear
fits to the data. The open points are data extracted from the simulations resulting from
the imprint of Eq. 4.21. The dashed line is the corresponding linear fit. Figure and
caption taken from Ref [28].

The sensitivity of the accelerometer is given by the slope of the fitting lines. It can
be increased by decreasing 1. For a high acceleration, the system imprinted by phase
pattern ¢, is compatible with one imprinted by phase pattern ¢;. However, its sensitivity
is reduced by 10% when the acceleration is low. To give an example, the sensitivities of
the curves in Fig. 4.19 range from 1 10° p Gal, when we set the trapping frequencies of

the optical dipole trap to (w, wy, w,)=27 (15, 15, 250) Hz.
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Chapter 5

Conclusions and Further Remarks

The majority of this thesis was devoted to experimental research on non-equilibrium
quantum thermodynamics using ultracold atoms. The experimental apparatus designed
to capture the two species of atoms from the background gas and implement efficient
laser cooling has been illustrated. A dissipative distillation of a supercritical quantum
gas has been observed in our experiment. Specifically, a 8Rb BEC with 1 x 10° atoms
is produced after all-optical evaporative cooling and then immersed in a 3K MOT. The
collisions between the two atomic species, which have a temperature difference of four
orders of magnitude, results in the losses of 3’ Rb atoms from the BEC. The dissipation
rate caused by the K MOT is way less than the intra-species collision rate of the 8"Rb
atoms. Therefore, the system can be always kept in thermal equilibrium, but the kinetic
equilibrium cannot be preserved during the evaporation. This in turn means the chemical
potentials of the thermal component and the condensed component are imbalanced. As a
result, a metastable state can be produced with a finite BEC fraction when the temper-
ature is above the critical temperature in non-equilibrium. Additionally, the relaxation
property of this state is also investigated, demonstrating the lifetime is longer than the
typical experimental time scale (0.1ms to 100ms). Consequently, this state can be po-
tentially used as a novel tool to distillate environmentally resilient states and engineer

quantum phases in open quantum system. To understand these thermodynamics at the
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microscopic level, we also provide a phenomenological model, although this explanation is
not rigorous, it may trigger the development of the microscopic theory of quantum gases
in non-equilibrium.

For our other research goal, to engineer a single-atom quantum heat engine, an exper-
imental apparatus to trap the single 'K atom has been designed which will be immersed
in an ultracold 8"Rb atoms in the future work. This apparatus is still under construc-
tion. Once achieved, the 'K atom will act as the working fluid and the 8"Rb atoms will
play the role of the thermal bath in thermodynamics transformations. The inter-species
interaction will be used to manipulate the heat exchange between the working fluid and
the thermal bath and the optical potential of the tweezer will be used to implement the
state density compression. The energy level of the 'K atom in the optical tweezer will
be measured by Raman side-band spectroscopy.

The other result of my PhD, the numerical study of a matter-wave interferometer
realised by splitting a trapped Bose-Einstein condensate with phase imprinting has been
also discussed. I illustrate a simple step-like imprinting pattern can cause the BEC to
form a string of vortices and then the two halves of the condensate launch with opposite
velocities. The whole evolution of the BEC from launching to recombining resembles the
one of a conveyor belt and the initial exit velocity along the vortex conveyor belt can be
controlled continuously by adjusting the vortex distance. At the of this work, I resolve
the correlation between the interference fringe and the external acceleration. Its potential

application as a compact accelerometer has been clearly illustrated.
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Appendix A

appendix

A.1 Locking system

Due to the most reliable frequency reference is the atomic transition itself, the best way to
make a stable frequency for laser cooling is atomic absorption spectroscopy. For an ECDL,
the wavelength of the semiconductor laser diode is determined by the optical dispersion
property inside of the cavity. The temperature fluctuation of the environment and the
injection current can perturb the optical length of the cavity and the refractive index of
the material. Additionally, the optical length of the external cavity can be also perturbed
by the fluctuation of ambient air pressure. all of these factors result in an instability of
the laser frequency. To eliminate the temperature fluctuation, a Peltier, a bulk of the
semiconductor, can absorb heat at its junction when an electric current passing by. To
compensate for the frequency drift by changing the optical length of the external cavity,
a piezo element is applied. ( The piezoelectric effect is an electrical pressure-induced
mechanical deformation in a crystal, which can be also used to actively manipulate the
laser frequency in the cavity. ) To differential transformation on the absorption spec-
trum, the signal has been shown in Fig. A.1 which is referred to as frequency modulation
spectroscopy (FMS)

The oscilloscope illustrates the error signals for the 8"Rb and 8°Rb atoms, respectively.
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Figure A.1: Frequency modulation spectroscopy. Left panel: the error signal for 8’Rb;

right panel: the error signal for % Rb.

The peaks from the left to the right correspond to the atomic transitions |[F' = 2 >—
|F'=2> |F=2>=|F' =2,3>and |FF=2>— |F" =3 > and our locking point is
at the zero-crossing of the middle peak in the spectrum. The same locking mechanism is
applied to the Toptica laser for *°K or 'K atom.

The offset locking module is also applied for 8"Rb atoms in our experiment. We use
the same design as reference [99], the locking procedure has been shown in Fig A.2.

A beat signal can be produced from the fast photodiode (PD), whose frequency is based
on the frequency difference between the master laser and the slave laser. Then, it is mixed
with another RF signal from a voltage-controlled oscillator ( VCO ). Removing the higher-
order oscillation by a low pass filter, an algorithm signal with frequency v = vrr —vyco is
selected, which is subsequently split into two paths: (1) passing through a high pass filter
whose cutting frequency is at the -3dB attenuation and (2) passing through a fixed -3dB
attenuator. Due to the amplitude of the RF signal in the high pass filter is frequency-
dependent, the frequency of the slave laser can be locked by comparing the amplitudes of

RF signals in the two paths.
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Despite all of the advantages, this design also has some drawbacks. For instance, the
locking process provides several ms time delay in performing the frequency jump over a
range of several 10 MHz, which is likely resulting from the analog electronics as shown
in Fig. A.2. In principle, this can be improved by replacing the analog components with
digital electronics, but it is not necessary for our experiment since the ramping time for the

frequency detuning is usually more than 10 ms, the analog electronics are still competent.
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Figure A.2: Schematic principle of the offset locking: The beat signal is from a fast PD

and amplified with up to 40 60dB. The power is split into two signals for a purely
diagnostic reason. One is checked by a spectrum analyzer. The mixer produces a series
of algorithm signals by mixing with a signal from the VCO. The consequent beat
spectrum is filtered with a low pass filter, its high order contribution is removed. With
the aid of another power splitter, the signal is split in half. One half passes through a
constant -3dB attenuator, the other half passes through a high pass filter which has a
cutting frequency at 3dB. Given that the frequency is above or below the cutting
frequency, the signal experiences a larger or smaller attenuation. The amplitude
response of the two signal paths is compared in the RF balance detector that gives out a
voltage varying between positive and negative given which of the two signals is greater.

Figure and caption taken from Ref [100].
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A.2 Design of TAs and AOMs

The output power of the Vortex laser or Toptica laser is only about 20mW, a single MOT
beam is on the order of a few mW itself, therefore a power amplification stage is required.
This is achieved by a tapered amplifier (TA), a laser diode with a large area of output
facet. The amplification of the laser power is 50-100 times [101]. The output beam of
TA is irregularly expanded and it can be reformed and collimated by the optics shown in

Fig. A.3

P L TA L CL

Figure A.3: Layout of the tapered amplifier: the incident seeding laser passes through a
polariser (P) and is focused onto the tapered amplifier chip by a lens (L). The output
laser is collimated by the collimation lens and its astigmatism is compensated by a

cylindrical lens. Figure and caption taken from Ref [100].

The A\/2 wave-plate is used to align the direction of the polarisation of the seed laser,
the telescope system is used to focus and collimate the laser transmission, and the cyl-
indrical lens is used to reform the geometrical deformation of the laser. Additionally, due
to the TA usually has a strong amplified spontaneous emission (ASE), the back-scattering
can interfere with the stability of locking and damage the laser diode, several isolators are
used before and after the TA.

After the power amplification, the beams are passing through AOMs. The double-pass
design of AOM is selected instead of a single pass regime since it can adjust the alignment
drift, as shown in Fig. A.4.

The RF signal triggers the AOM a mechanical oscillation in the optical crystal through
an electro-acoustic transducer. This causes the incident beam deflected into a parallel

multi-band beam by the crystal. Each band has an order-dependent frequency drift
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Figure A.4: Double pass regime of AOM: The linear polarised laser passes through a
polarising beam cube (PBC) and the AOM. A lens (L) with a focus length of f=15cm
focuses the laser onto a mirror (M). The laser passes twice through a quarter-wave plate
(1/4 WP) and obtains a total polarisation shift of A/2 followed by passing through the
AOM for a second time. The output beam is deflected by the PBC to the perpendicular

direction with respect to the incident beam.Figure and caption taken from Ref [100].

Voutput = Vinput +MVrp With respect to the carrier frequency, where m is the order number.
Taking the -1st order as an example, the beam passes through the AOM and a quarter-
wave plate twice, the polarisation is flipped from vertical to horizontal, which allows the
output beam is deflected to a perpendicular direction by the same PBC. The beam block
removes the interference light from the other orders. The frequency shift of the AOM is

_2VRF'

A.3 Distillation of Zeeman sub-level

In the research of the evaporative cooling of the ultracold atoms in a dissipative envir-
onment, the inter-species interaction between different ground Zeeman components of
ultracold 3 Rb atoms is removed by distillation. In the further work of a single atom heat
engine in the quantum regime, for engineering the heat exchange between the working
fluid and the thermal bath, the inter-species interaction between 3'Rb and *K atoms

is required to be controlled by the Feshbach field since the inter-species interaction is
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sensitive to the Zeeman component, a state purification is necessary as well.

In the presence of an external magnetic field, an energy gap between adjacent Zeeman
components can be induced, which is AE\g,,,.~ = grpupmpB., where gr is g-factor, pp is
the Bohr magneton and since this gap is usually much smaller than the hyperfine splitting,
the quantum number F can be considered as a good quantum number and the energy level
can be labeled as |F, mp >. Additionally, when an AC magnetic field is also applied by a
small radio frequency antenna as Brp = | Brr|cos(wrrpt + @), the total Hamiltonian can

be written as

—p —gB#\B/‘igRF‘COS(wRFt + Qb) 0
H=h QBN\};%];RF|COS(MRFt +¢) 0 %ﬁmws(w}gﬂ + )
0 —gBM\D}‘igRF‘ COS(wRFt + ¢) b

Where wgp is the frequency of the modulated field and p is the Zeeman splitting. We
transform the Hamiltonian in a rotating frame with frequency wgrr and apply the rotating

wave approximation (RWA) to the Hamiltonian. It can be simplified as

-A S0
=g 0 %%
0 e A

where A is the frequency detuning of wgrr with respect to the Zeeman splitting. The
time evolution of the eigenstates of this Hamiltonian can be solved by
d|® >

h — |P(t = — Ht Al
th— |D(t=0) >e (A1)

the population for each state is
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where Q. = \/Q% + A? is the effective Rabi frequency and the C?nF is the probability

of the Zeeman state |F,mp >. As shown in Fig. A.5
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Figure A.5: Theoretical plots of Rabi oscillations. The red, green and blue lines
correspond to the mp=-+1,0,-1 states respectively. Typical Rabi oscillations with
different detuning are shown. In the left column from top to the bottom it illustrates
the oscillation with detuning A=0,0.3Qgp, 0.7Qgp, in the right column the oscillations

with detuning A = Qgp, 2Qrr, 3Q2rr have been demonstrated.

To manipulate the driven time of the coupling field, the atoms can be adiabatically
transferred into a selected Zeeman component. Applying a Stern-Gerlach field during the

ballistic expansion, the Zeeman states can be observed in Fig. A.6
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Figure A.6: Absorption imaging of different Zeeman components of the 8’Rb atoms

Another approach to distillate the Zeeman component is to apply a magnetic field
during the evaporation. This is based on the fact that the magnetic field can increase
(decrease) the trapping depth of the | mp=-+1) ( | mp=-1) ) state. The phase transition
for the | mp=-1) component can be induced earlier than the | mp=+1) component within
the same evaporative cooling. This method can distillate the Zeeman state to | mp —=-1)
without introducing a radio-frequency field, which has been used in our research of the

non-equilibrium thermodynamics of the ultracold atoms in a dissipative environment.

A.4 Effort on producing a **K BEC

An effort on loading a sufficiently large number of 3K atoms into the optical dipole trap
has been also made after the dark MOT and the molasses. Compared to the 8"Rb atoms,
the density of 3K atoms is 10 times lower however the temperature is also factor 4 lower
as shown in Fig. A.7. Due to the PSD scales as nT /3, similar behavior of the 3K atoms

during the evaporative cooling is expected to be observed in the dipole trap.
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Figure A.7: Measurement of the atom number and the temperature after the

sub-Doppler cooling of the K atoms.

However, an undesired atom loss has been observed during the dipole trap loading as

shown in Fig. A.8.

Figure A.8: Loading *°K atoms in the optical dipole trap.

The *°K atoms in the dipole trap favor to escape from the focus of the trap instead of
being compressed towards the focus. This phenomenon strongly indicates a light-induced
loss of the atoms.

As a reference, two other experiments achieved all-optical K BEC have also reported
and one of them encounters a similar problem [102, 103|. One possible explanation|102,
104] is the 1070 nm laser pumps a Raman transition which can produce a bound molecular
state and the binding energy of this molecule converts to kinetic energy which allows the

molecule escapes from the dipole trap. This mechanism is referred to as photoassociation.
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A smaller waist results in a higher laser power density that in turn means a stronger
photoassociation. Thus, compared to the reference [102], the photoassociation may more
severe in our experiment. In another reference [103], photoassociation has no longer been
observed by using a laser at wavelength 1550 nm. Since the power of 1550 nm laser is
insufficient and the D1 line gray molasses cannot be operated by our setup, an efficient

evaporative cooling of 3K atoms has never been succeeded in our experiment.
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