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Abstract

The transport of neutral Rubidium 87 atoms was successfully done
by moving a focused-beam trap. The atoms were first laser-cooled to the
scale of 10uK range and loaded into a dipole force trap. Then the trap was
transported up to 40cm, back and forth between the MOT and the destina-
tion chamber. The transport was repeated for different time scales, and the
relation between the loss ratio and the transport duration was studied. At
the time scale of 0.7 second, as much as 80% of atoms stayed in the trap

after being transported for 40cm.

11



Contents

1 Introduction

2 Laser Cooling and Trapping
2.1 Laser Cooling . . . . . . . . . ... ... ... .. ...
2.1.1 Optical Molasses . . . . ... ... ... ... .....
2.1.2  The Doppler Cooling Limit . . . ... ... ... ...
2.1.3 MOT - Magneto-Optical Trap . . . . .. .. ... ...
2.2 Dipole Force Trap . . . . . . . .. . ... ..
2.2.1 Sub-Doppler Cooling . . . .. ... ... ... . ....

3 Experimental Setup
3.1 Vacuum System . . . . . . . ...
3.1.1 Conductance . . .. ... ... ... ..
3.1.2  Vacuum Condition . . . .. ... .. ... ... ....
3.1.3 Outgassing . . . . ... ...
3.2 Laser and MOT setup . . . . ... .. ... ... ... ....

3.3 Translation . . . . . . . ..

4 Measurement

111

10
13
17

19
19
19
25
26
28
31

37



4.1 MOT Diagnostics . . . . . . .. ... ...

4.2 Transport Efficiency . . ... ... ... ... ...

5 Discussion and Conclusion

A Conductance of The Vacuum Components

A.1 Conductance of 4.5” Tee, C

A.2 Conductance of 4.5” x 2.75” Conical Nipple Reducer, C5 . . .

A3 Conductance of 2.02” x 2.02” x 2.02” Cube (Destination
Chamber), C5 . . . . . ...

A.4 Conductance of 1.33” Nipple, C,

B Raw Data

C Experimental Setup

v

44

47
47
48

51

o1

53

56



Chapter 1

Introduction

The aim of my project is to transport neutral atoms from one place to
another in a UHV (Ultra-High Vacuum) system using dipole force trap. The
idea is to bring laser-cooled atoms to a place with better vacuum condition
as well as optical access. A typical experimental setup of MOT (Magneto-
Optical Trap), as shown in Fig.(1.1), may use up the accessible space around
the vacuum chamber. As one can sees from the picture, optics and diagnos-
tic tools for laser cooling such as camera and system of lenses occupy huge
amount of space. Transporting the atoms from one chamber to another al-
lows us to have better optical access to the trap, for instance without the
space constraint due to MOT setup, the camera can be placed closer to the

chamber and the resolution of the trap image would be higher.

The pressure of the chamber for laser cooling is usually high due to

the atom source that releases free atoms into the chamber during the cooling



process. Having high pressure in a chamber would reduce the life time of a
trap. The reason is that the life time of a trap depends on its collision rate
with the background gas and the collision rate increases as pressure increases.
A solution to this problem is to have a setup of two connected chambers with
significant pressure differential and move the trap to the chamber with lower
pressure after the trap has loaded with laser-cooled atoms. This can signifi-
cantly increase the life time of the trap and allow further cooling processes to
take place such as evaporative cooling, provided that the loss in the number

of atoms during the transport is negligible.

Figure 1.1: A Typical Setup of MOT. The accessible room around the chamber
has mostly taken up by lenses and diagnostic tool for MOT. This may limit the

resolution of the imaging system and further advancement on this chamber.



There are three ways to transport neutral atoms, namely moving stand-
ing wave, magnetic transport, and moving dipole force trap. Moving standing
wave is achieved using a pair of counter propagating light that points into
each other. Light beams with equal frequency form standing wave and neu-
tral atoms stay at the antinodes which have higher intensity. The trapping
mechanism is the same as dipole force trap and will be discussed in subse-
quent chapters. Modulating the frequency of either beam causes the standing
wave to propagate in one direction and hence move the atoms from one place
to another. However, the transport can only be done for short distances
(a few cm) due to the fact that the beam must be tightly focused in order
to trap atoms, and as the atoms are transported away from the trap focus,
the population fades. Magnetic transport can be done in two ways, either
to transport the entire trap mechanically or construct a system of coils and
move the magnetic potential by varying the current applied to each coil [1].
However, typical magnetic trap occupies huge amount of space and it may
not be as convenient as constructing a dipole force trap. Moving laser-cooled
atoms using light trap has already been achieved in free space [2-5] and also
within optical fibres [6,7]. However, only one group in MIT has transported
the trap using exactly the same approach as my project, which is moving a
dipole force trap by transporting a lens mounted on a motorized translation

stage [2].

Dipole force traps have typical potential depths in milli-Kelvin range.
In order to load the trap, neutral atoms have to be laser-cooled using MOT
down to ~ 10uK. To get a trap with reasonable life time, Ultra-high vacuum

condition is necessary. After the atoms have been cooled and loaded into the



trap, we need a mechanical system that can drive the trap from one place to
another. In my project, a motorized translations stage was installed for this
purpose. To minimize the loss of atoms during the transport, the mechanical
drive must be programmed to move with smooth acceleration. Otherwise
the atoms may slosh within the trap and be heated in the process. The
transportation is accomplished once the trap arrives to the destination with

tolerable loss in number of atoms.

The outline of my thesis is as following: Chapter 2 covers the basic
physics of my project, which includes laser cooling and dipole force trap.
In Chapter 3, the experimental setup such as vacuum system and optics
construction will be presented in details. In subsequent chapters, the results
and data of the experiment will be analyzed and discussed. Final chapter
emphasizes on the concluding remarks as well as future development and

application of the setup.



Chapter 2

Laser Cooling and Trapping

There are essentially three components in light interaction with atoms,
namely absorption, spontaneous emission, and stimulated emission. Each of
these interactions take part in the following mechanisms that eventually lead

to cooling and trapping effects.

2.1 Laser Cooling

Laser cooling is a technique making use of Doppler effect in cooling
atoms to the range of 102 uK. The basic physics of this technique is to intro-
duce a velocity dependent force F = —afon moving atoms and reduce the
kinetic energy of the atoms through light scattering [8,9]. First, let us start
by looking at the interaction between atoms and monochromatic laser beam
with frequency w and intensity I. Interacting with the laser beam, atoms

experience scattering. Scattering is a complete circle of light absorption and



spontaneous emission. Atoms absorb photons in one particular direction and
emit them randomly in all direction. Overtime, the momentum delivered by
the spontaneous emitted photons averages to zero. Hence the time-averaged
force only depends on the rate at which the absorbed photons transfer mo-

mentum to the atom

F = (photon momentum) X (scattering rate) . (2.1)

The scattering rate is [12]

]/Isat
LT/ L + (2A/7)?

R = % (2.2)

where I ,; and v are respectively the saturation intensity and the natural
linewidth of the transition, and A is the detuning in frequency that could
possibly be caused by two factors, either the light is of off-resonance frequency
or Doppler-shift in light frequency due to relative motion between the atom
and the light field. A photon has momentum Ak, so the scattering force can

be written as

’Y I/Isat
F = hk— .
214 I/La + (2A/7)?

(2.3)

2.1.1 Optical Molasses

Having shown the interaction between a laser beam and an atom,
and the way photons transfer momentum to atoms, we now look at laser

cooling in three dimensional space or optical molasses. Optical molasses is a



technique that reduces the velocity of an atom regardless of its propagating
direction. There are six laser beams that propagate in £z, +y, +2-directions
and crossing one another at the same position. The laser frequency is detuned
a few natural linewidths below the resonance frequency. Since the intensity
of a pair of counter propagating beams are more or less the same, the forces
exerted by the beams balance each other for a stationary atom. However,
moving atoms always experience repulsive forces due to Doppler effect. The
reason is that if an atom is moving towards the laser, then the laser frequency
as seen by the atom is Doppler shifted closer to its transition frequency.
Hence the scattering rate increases and the atom undergoes deceleration. In
result, an atom moving within the overlapping region of the six pair wise
counter propagating laser beams experiences a force which is always against
its direction of motion. For a quantitative description, let us only look at
one dimension. The absorption rate of an atom with kv, > 0 is denoted by

R*(v,) and for kv, < 0 by R~. Then the net recoil force is

F, = <R+(vz) - R‘(vz)> hk | (2.4)

Modifying eq.(2.3) a bit to explicitly express both the detuning in laser and

the velocity of the atom, we have

I/Isat

L T/ Ty + (2( 222 )2

REv.) = 3 (2.5)

where wy, is the angular frequency of the laser. Eq.(2.4) can be approximated

to the following form by neglecting the terms of order (kv/~)* and higher,



2
Fo= 8sohk 0. (2.6)

7(1 + s+ (25/’)/)2)2

where s = [ /I, and § = wy —wy. Rewriting the force equation in differential

form, we have

dv, 8s0hk?
mz = —av,, with a = i 5 - (2.7)
dt ’y(l + s+ (2(5/7)2)
Solving the differential equation, we obtain time-dependent velocity
v, (t) = vpe W™, (2.8)

Eq.(2.8) shows that the velocity of the atom decreases exponentially with
the decay time Tp = . This equation also implies that once the atom is in
the overlap region of six pair wise laser beams, its velocity could be reduced
drastically if T is small. For typical setup, Tp is usually on a millisecond

scale.

2.1.2 The Doppler Cooling Limit

Using molasses technique, the velocity of the trapped atoms can be
reduced to almost zero. At this very cold state, the atoms still experience
random kicks from spontaneously emitted photons and absorbed photons.
Although the forces exerted by these kicks would eventually average to zero,

the random walk of the atom during the interval of the kicks poses a limit
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Figure 2.1: Force as the function of the velocity of atoms in optical
molasses for red detuning 6 = —1v. The dotted curves are the absorption
profiles of the atoms moving with v, = £+v/k for a single laser beam pointing into

z-direction. The force F axis is expressed in the scale of 1/Rohk.

to the lowest temperature that optical molasses can achieve. The Doppler

cooling limit is given by [10]

kpTp = (2.9)

(2.10)

Ty
2 b
h
or =
2T

For D, transition of Rubidium 87 with lifetime 7 = 26.24ns, the Doppler

cooling limit is 146uK.



2.1.3 MOT - Magneto-Optical Trap

Optical molasses is an efficient way to cool neutral atoms. However,
the density of the trap is too low to load a dipole force trap which has the trap
size that typically in micron range. When the technique was first realized
in 1985, the density of the trapped atoms was only around 10%cm™ [8]. To
increase the density of the trap, one solution is to exert position dependent
force on the atoms that have been trapped by optical molasses such that
the atoms gather themselves at certain position after being laser-cooled. A
technique that serves this purpose, incorporating both optical molasses and
magnetic quadrupole field which is now known as MOT (Magneto-Optical

Trap), was realized in 1987 and the trap density was exceeding 10*cm ™3 [11].

The optical setup for MOT is almost the same as optical molasses, how-
ever the mode of the light field is chosen to be circular polarization (o, 07)
instead of linear polarization (7°). The reason for that will be further ex-
plained in the following part of this section. The magnetic quadrupole field
is produced by a pair of coils with anti-Helmholtz configuration. The config-
uration is such that the net magnetic field is zero at the origin with constant
magnetic field gradient along the coaxial axis of the coils. To illustrate how
the trap works, let us consider atomic transition with a simple scheme of
Jy =0 — J. =1 that has three Zeeman components in excited states, each
excited by one of the three polarizations (o, o=, 7°) as shown in Fig.(2.2).
The magnetic field around the origin shifts the Zeeman energy level of the
atoms as illustrated in Fig.(2.3). Referring to the same figure, we see that the

effect is such that M; = +1 is shifted away from the laser frequency at +x

10



side to the origin while M; = —1 exhibits the opposite behaviour. Consider
an atom that stays at certain +x position near the origin, the scattering rate
from o~ would be higher than o as the energy level of M; = —1 is closer to
the laser frequency. Thus the resultant radiation pressure would be pointing
towards —x direction, and consequently the atom moves towards the origin.
Similarly, the atoms that stay at the —x side would also experience a net
force that pushing them towards the origin. Hence the laser-cooled atoms
around the origin would eventually gather themselves and form an atoms
cloud with the density that approximately 10° higher than the trap by op-
tical molasses alone. For quantitative description, the net force due to the

scattering from both counter propagating beams is [10]

F = Fy(w—kv—(wo+0z)) — Fy-(w+ kv — (wo — Bz)) (2.11)
OF OF
~ —28—wk’v + 28—woﬁx. (2.12)

Where wy + [z is the resonant absorption frequency for ot transition at
position x and wy — Bz is that for 0~. The Zeeman shift at position x is

given by

gshp dB
= —. 2.13
Since the force depends on frequency detuning A = w — wy,
oF OF
_— = - 2.14
Ow 6(,()0 ( )

Hence the net force can be written as

11



OF

F = —Qa—w(lw + fx) (2.15)
= —av-— a—kﬁx, (2.16)

where a = 2k%E . From eq.(2.16), we see that the imbalance in radiation force
due to Zeeman effect leads to a restoring force with spring constant «3/k.
Solving eq.(2.16), we have the damping rate given by «/m and the oscillation
frequency \/W, where m is the mass of an atom. For temperature in
Doppler cooling range, the size of a typical atoms cloud should be of the

order of a few tenths of a mm [12].

M, = = 0 +1
o 79 o*
M| = 0

Figure 2.2: Atomic Transition of J; =0 — Jo=1. o, 07, and 70 are re-
spectively clockwise, anti-clockwise, and linear polarizations. Each of these poliza-

tions only corresponds to one of the transitions at Zeeman energy level.
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Figure 2.3: Zeeman Effect - Shifts in Transition Energy Level. A is the
detuning of the laser, wy, is the laser frequency, and wq is the natural frequency
of the 7 transition or the J, = 0 — J, = 1 transition without the magnetic filed.

Black and red arrows represent o~ and o™ transitions, respectively.

2.2 Dipole Force Trap

The physical origin of a dipole force trap is the optically induced shift
in atomic energy level or ac Stark shift due to the interaction between the
light field and atoms. In fact this shift in energy level has the same physical
origin as DC stark shift. For inhomogeneous and below resonance light, this
interaction creates an attraction that causes the atoms to move towards the
high intensity region [13,14], and this is the basic idea of trapping atoms
using red-detuned light. The shift in energy level, as illustrated in Fig.(2.4),
leads to the following expressions for both potential energy and scattering

rate [15]

13



3rc? T

Uin(7) = =5 510 (2.17)
To(F) = 5%3 (%)21(?). (2.18)

Where wy is the resonant angular frequency of the transition, I' is the damp-
ing rate or the spontaneous decay rate of the excited state, A is the detuning
w — wy, and I(7) is the position dependant light intensity. Eq.(2.17) and
Eq.(2.18) are both the results from rotating-wave approximation where those
counter-rotating terms, with w+wy as their denominator, in these expressions
have been neglected. According to eq.(2.17), the sign of detuning determines
whether the trap attracts or repels atoms. Below an atomic resonance, or
"red detuning”, the trap potential is negative and hence attracts atoms to-
wards the light field. The minimum of the potential is therefore found at the

region with maximum intensity.

An optimum trap should have reasonable potential depth and negli-
gible scattering rate such that the heating due to scattering is insignificant.
Dipole force potential and scattering rate are respectively proportional to
I/A and I/A% When the detuning is large, the amount of decrease in scat-
tering rate is much significant as compared to potential depth. However,
laser with large detuning also reduces the trap depth. To compensate this
undesired effect, high power laser is needed. Hence laser with high power

and large detuning is typically used for making a dipole force trap.

14



In my project, a focused-beam trap was used. Focused-beam traps are
usually achieved using a convex lens and a collimated beam with the beam
waist in millimetre range. The role of the lens is to create a high intensity
focus with the beam waist in the range of a few tenths of a micron. The
final beam waist wpo can be related to the initial beam waist wgy; through

following equation,

Af

TWo1 ’

Wo2 — (219)

provided that w2, /A >> f and this is true in most cases. For this trap, the
spatial intensity distribution, as shown in Fig.(2.5), of the laser beam with

power P is described by

I(r, z) = WjQP(z) eajp( —2 ;(22)> : (2.20)

where
w(z) = woq/l+ (i) (2.21)
and zgp = Wng. (2.22)

We can see from eq.(2.20) that the intensity is highest at the focus where
r =0, z = 0. This creates a trap providing three dimensional confinement.
In the region close to the focus, a simple cylindrically symmetric harmonic

oscillator can be a good approximation to describe the trap potential,

15



2 2
U ~ —U0(1 - 2<L> - <i> ) (2.23)
Wo %R
Referring to eq.(2.23), the oscillation frequencies of a trapped atom with
mass m along radial and axial axes are given by w, = /4Uy/mw? and
w, = /2Uyp/mz%, respectively. The oscillation frequency along axial axis

is particularly important for calculating the equation of motion of the atom

throughout the transport.
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Figure 2.5: The Intensity Distribution and The Beam waist.A: The inten-
sity distribution of TEMOO mode laser beams follows Gaussian profile along radial

axis. B: Typical view of a focused-beam waist.

16



2.2.1 Sub-Doppler Cooling

To load a dipole force trap efficiently, it is always helpful if the temper-
ature of the atoms can be further reduced. Sub-Doppler cooling is a fruitful
technique in achieving this purpose because it manages to bring the tem-
perature down to microKelvin range. There are many kinds of sub-Doppler
cooling mechanisms. In my experiment, the resultant field of six pair wise
counter propagating beams may lead to the present of more than one kind of
sub-Doppler cooling. The details of these cooling processes are beyond the
scope of my project. However, in order to briefly introduce this technique,
Sisyphus cooling is chosen to be presented in this part. Part of the reason
is that the mechanism of Sisyphus cooling is relatively straight forward as
compared to the rest of sub-Doppler cooling techniques. In Sysiphus cooling,
counter propagating light beams forms standing wave as shown in Fig.(2.6).
For any atom in motion, it has to climb up the dipole potential induced by
the standing wave of the laser beams. Upon reaching the top of the potential
hill, the atom is scattered and optically pumped back into the bottom of the
next potential valley. Such a process suggests that the atom will keep on
moving until its energy is no longer higher than the peak of the potential hill
and remain stuck in the valley. Hence the cooling limit of Sysiphus cooling
is set by the potential depth of the standing wave, and is usually a few times

the recoil energy [10].
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Figure 2.6: Sysiphus cooling. The counter propagating light with their poliza-
tion axes perpendicular to each other results in forming standing wave with dif-
ferent polarization modes at different location. SubDoppler level g_; /5 and gy /o
show different coupling behaviours with the light modes and give rise to dipole

potential with "hill” and "valley”.
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Chapter 3

Experimental Setup

3.1 Vacuum System

The depth of optical dipole traps is typically less than 1 mK and so
collisions with room temperature atoms results in a loss of atoms and so the
trap lifetime will be limited by the background pressure. In order to achieve
trap lifetimes exceeding 1 s it is necessary to achieve vacuum pressures well
below 10~"Pa or 10~ ?Torr. In this chapter we outline the necessary steps to
achieve such low pressures and discuss some of the design considerations for

our chamber.

3.1.1 Conductance

The ultimate pressure P in a vacuum system is given simply by

19



P= (3.1)

N[O

where @ is the gas load (in Torr L/s) and S is the pumping speed (in L/s).
The gas load is essentially the rate at which particles enter the vacuum
chamber and the pumping speed is a measure of the ability of the pump to
remove them. The objective is then obvious: minimize the stuff entering
the chamber and make the pumping speed as large as possible. Increasing
the pumping speed is not as trivial as simply buying a really big pump - it
does no good to have a pump with a large pumping speed if the chamber
is connected to it through a very small tube. To quantify the effects of the
tube connecting the pump to the chamber we need to discuss the notion of

conductance.

Conductance

Conductance of a section of the vacuum system is defined by the equation

o Q
C=5 5 (3.2)

where the throughput () is the amount of gas that passes a cross-section in a
known time @ = d/dt(PV) and P, — P, is the pressure differential [16]. The

conductance limits the effective pumping speed at a particular point in the

chamber according to the equation

—_

(3.3)

e
=
Ql+
| =
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From this equation it is easily seen that a low conductance will be the ul-
timate limit to the pumping speed to the chamber no matter how large the

pumping speed of the pump.

Conductance calculations

In typical vacuum conditions the flow of the gas is characterized by molecular
flow [16]. In this regime, if two large vessels are connected by an orifice of

area A then the gas flow from one vessel to another is given by

Q= %TUA(m —ny) = ZA(Pl ~- P, (3.4)

where n4 5 is the density of gaseous molecules, v is the average thermal ve-
locity of the gas, and P, is the pressure of each vessel. By definition, the

conductance of the orifice is described by

¢ YA, (3.5)

C:—:
P — P 4

For a pipe with finite length and diameter, the conductance also depends on
the transmission probability a that the gas particles entering the pipe will

leave at the other end. Thus the equation describing the conductance of a

pipe is

where a = a(L) is given by [17],

21



a(L) = Ki(L) — Ky(L), (3.7)
V&~ IV a4 18— 16
Ky(L) = (3.9)

T2INL2 +4 —288InL +I2 +4+288In2

L = 1/r is the reduced length where [ and r are the pipe length and radius
respectively. A remark on eq.(3.6) is that when the pipe has small L, a

approximates 1 and hence eq.(3.6) approximates eq.(3.5), as expected.

m

TSP

'_

Ion
Pump Tes, 4.57 Tee, 4.57

Comical Nipple

Reducer 4.57=2.75"

Destination
Chamber |: :l:

» L 1

Nipple, 1.337

*Not to scale

Figure 3.1: Plan View of The Vacuum System.
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Section | Conductance (L/s)
Cy 47.1
Cy 55.7
Cs 77.0
Cy 2.71

Table 3.1: Conductance of The Vacuum Components

The design of my vacuum system is illustrated in Fig.(3.1). In order to
know the pressure in the destination chamber and the MOT chamber, the
conductance of each part of the system that connects these two chambers
to the ion pump must be calculated. Referring to Fig. (3.1), there are four
components connecting the MOT chamber to the ion pump, namely 4.5” Tee,
nipple reducer, cube or destination chamber, and 1.33” nipple. As a matter
of convenience, the conductance of these components are denoted by C to
C} respectively, according to their arrangement. Details of the calculation
of the conductance of each section is given in the appendix and the results

given in the table below

Combining conductances

The total can be estimated by [16],

é = Z Ci (3.10)

<

However this equation is only applicable to the case where the individual

elements are separated by large volumes, such that the molecules exiting the

23



prior conductance would have a place to completely randomize their distri-
bution [16]. A more rigorous approach in calculating the total conductance
would be to make use of Haefer’s method. For the system of n—tubes in
series connection, the transmission probability a;_., is described by Haefar’s

method [16]

Ail (ﬂ) _ ZI: Ai (1 ;j%) n ZI: <Aj1+1 - %)5”“, (3.11)

J

where A; and a; are the respective cross-sectional area and transmission
probability of the j—section of the pipe, d;;41 = 1 for A;;; < A;, and
dj+1 = 0 for Aj 11 > A;. The corresponding expression for the conductance

is similar to eq.(3.6),

C = (a1mn) 341 = (@) FAn. (3.12)

Using these equations we find the overall transmission probability from the

ion pump to the MOT chamber a,;or is given by

5 (e - () e () £ ()
1 /1—ay 1 1
LT G R et v

We note that some of the transmissions probabilities are divided by two to
conservatively account for right-angle bend along the corresponding vessels
(see the Kurt Lesker website for a discussion on this point). Rearranging and

substituting the required parameters into the equation, we have

24



Substituting Ay = 7 (1.73cm/2)? and eq.(3.13) into eq.(3.12), we arrive at

the effective conductance between ion pump and the MOT chamber

Using similar approach to calculate the overall transmission probability ag.

and the effective conductance Cy,. of the destination chamber, we have

age = 0.125 (3.15)

and Cy. = 41.31/s. (3.16)

We note that the total conductances using the simple eq.(A.4) we obtain
or = 4.401/s and C’), = 25.51/s.

3.1.2 Vacuum Condition

With eq.(3.14) and eq.(3.16), the pressure differential between the
chambers and the ion pump can be calculated. The relation between pumping
speed S, throughput @, and pressure P is described by eq.(3.1). Assuming
that the throughput is the same for different compartments of the system,

the following equation can be derived from eq.(3.1), eq.(3.2), and eq.(3.3)

P, = P (1 + E), (3.17)



this relates the pressure at any location in the system to the pressure at the
ion pump through the pumping speed and the conductance between these
locations. For my project, the pumping speed S of the ion pump (Varian
Vaclon Plus 55) is 55 1/s and the pressure as measured by the ion pump is
~ 2.0 x 1071%. Substituting these parameters into eq.(3.17) to calculate the

pressures of interest, we have

Pyor = 2.4x107° Torr, (3.18)

and Ppc = 4.7 x 107" Torr, (3.19)

where Pyor and Ppe are the respective pressures inside the MOT and the
destination chamber. The pressure difference between these two chambers
will mean that the lifetime of the trap will be longer in the destination
chamber as much as twice than that in the MOT chamber, as the pressure
inside the destination chamber is about one order of magnitude lower than
the pressure inside the MOT chamber. This is actually one of the motivations
for doing this project: to have a low pressure in the destination chamber with

a higher pressure in the MOT chamber to facilitate making a good MOT.

3.1.3 Outgassing

Outgassing is often attributed to all processes that contribute to the
gas load in the vacuum system. In ultra-high vacuum conditions the dom-
inate process is desorption of molecules from the walls of the chamber. To

minimize this gas load the entire vacuum system is baked at high temper-

26



ature (as high as possible) to remove the gas molecules that absorbed on
and dissolved in the chamber walls. For my project, the vacuum system was
baked at 230°C for a week inside an oven chamber where the temperature
was limited by the baking limits of some of the vacuum components (the
coated windows). Before the bakeout, the rubidium source was fired at 3A
for one hour while the mechanical pump was operating and pumping at the
pressure of 1076 Torr. This process heats the Rubidium source and facilitates
an initial outgassing and cleaning. The same firing process was also done for

the titanium sublimation for the same reason.

The bakeout temperature was monitored by four thermocouples that
were installed at different locations about the vacuum system to facilitate the
measurement of both temperature possible temperature gradients. The pres-
sure of the vacuum system was monitored using an IMG (Inverter Magneton
Gauge) which was connected to the top of the mechanical pump, outside the

bakeout chamber.

After a week of bakeout, the oven chamber was dismantled. At
this stage, the pressure inside the vacuum chamber was in the range of
1078 — 107Y Torr. At this time the ion pump was switched on and the
TSP (Titanium Sublimation Pump) was fired at current of ~48 A in accor-
dance with the manufacturers specifications. During this time the pressure
spiked as the temperature of the filament rose. After about 30 seconds the
pressure suddenly decreased indicating that Titanium was being deposited

and the TSP was switched off when the rate of decrease in pressure became
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slower. The purpose of the TSP is to facilitate the pumping of hydrogen gas

since hydrogen sticks to the layer of Ti deposited on the chamber walls.

After firing the TSP the valve was closed to disengage the tubo-
molecular pump. Ultimately the pressure in the chamber was reduced to
below 107! Torr which is the limit of the ion pump reading capability and

UHYV conditions were thus achieved.

3.2 Laser and MOT setup

Two lasers with different wavelength were used in my project. One was
780nm laser which involved in atoms cooling. The other was 1034nm laser
which produced high power beam for creating a dipole force trap. 780nm
laser beams were produced using commercial laser diodes. Each laser diode
was placed inside a metal box that equipped with temperature controller
such that the output wavelength of the laser would not be affected by the
fluctuation in temperature. Light spectrum of the diode covers the atomic
transitions of interests. However, for the interaction at hyperfine energy level,
laser with the right transition frequency as well as well-narrowed spectral dis-
tribution is required. The required linewidth of transition spectrum must be
in the range of natural linewidth, which is the smallest linewidth that one
can get. To achieve that, a setup of saturation spectroscopy is needed. Sat-
uration spectroscopy or Doppler-free spectroscopy allows one to locate the
hyperfine transition levels by getting rid of Doppler broadening of the atomic

spectra due to the random motion of the atoms or molecules in the gaseous
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sample [18]. Apart from Doppler broadening, there are also other potential
sources that may broaden the spectral linewidth, such as homogeneous broad-
ening for instance, collision broadening and power broadening [19]. However,
these broadening are of our little concern because their effects are insignifi-
cant in typical atoms cooling experiments. There were two 780nm laser diode
used in my experiment, one was served as master laser, the other as slave
laser. The Master laser was locked to an Atomic reference cell via saturated
absorption spectroscopy. The laser light was then double passed through
an Acousto-optic modulator which allows the frequency of the light to be
shifted in a controlled way. However the frequency shift was coupled to an
intensity change in the light which is undesirable. Moreover the double pass
configuration decreased the available power due to the efficiency of the AOM.
To alleviate these effects the Master laser was used to seed a second slave
laser by injection locking [20,21]. In this technique a small amount of the
Master laser light was directed into the slave which caused the slave to phase
lock with the Master. With this set up the Slave laser can be tuned to any
frequency within the Bandwidth of the double pass AOM setup with a con-
stant power output of approximately 100mW. The intensity of the slave was
controlled by a second AOM. This AOM was operated at a fixed frequency
and changing the RF power to the device changes the power in the deflected
beam. Upon passing through the AOM, the laser beam was then split and
coupled into three optical fibres. The other ends of these fibres were position

according to the configuration for laser cooling around the MOT chamber.

In the cooling process, atoms in F' = 2 first absorb a photon and ex-
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perience a transition F' = 2 — F’ = 3 as described in Fig.(3.2). Then the
atoms only decay spontaneously into F' = 2. However, the excitation may
also happen for transitions F' =2 — F' =2 and ' =2 — F' =1 due to
the detuning in light frequency. Hence some of the atoms may also decay
into F' = 1. Since the atoms in F' = 1 will not be excited by the laser,
most of the atoms will eventually end up in ' = 1 and consequently the
cooling process will be stopped. To avoid this situation, a repump laser that
constantly excites the atoms from F' = 1 into F’ = 2 is needed. The repump
transition helps to maintain non-zero population for F' = 2 and keep the

cooling process going on.

Two coils were built, each with sixty four turns of a 3mm x 3mm ca-
ble with the coil diameter of ~ 5 inch, for anti-Helmholtz configuration that
produces quadrupole magnetic field as a part of MOT setup. The aim is to
generate magnetic field gradient on the order of 10 Gauss/cm, which is the
typical value for the trap. In order to compensate the background magnetic
field for instance earth magnetic field, six bias coils were made. Each pair
of these coils was to produce uniform magnetic field along each of the three

orthogonal axes and therefore counter the background field.

The 1034nm laser was pointed into the chamber directly through a
system of optics. In order to make a trap with decent potential depth, the
initial beam waist must be as large as possible according to eq.(2.19). How-
ever, the largest beam waist that I managed to get was only 3mm due to the

space constraint in optical setup. Upon going through the lens with a focal
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length of 300mm mounted on the motorized translation stage, the final beam
waist of the laser at the focus was calculated to be ~ 33um. With the beam

power of 6.2W, the trap depth was calculated to be ~ 500uK.
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Figure 3.2: Hyperfine Energy Level of Rubidium 87 For The Transi-
tion Sy, — P3/5. A and B correspond to the transition of cooling and repump

interaction, respectively.

3.3 Translation

The transport of the trap from MOT chamber to the destination cham-
ber was accomplished by translating a lens with 300mm focal length for 20cm.
In order to maximize the retainability of the trap during the transport, a

smooth and adiabatic motion is necessary. In my project, the transport
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Figure 3.3: Magnetic Field Gradient Against Applied Current. This is the
field gradient predicted at the centre of the MOT chamber for the coils separation
of 7 inch. The field gradient exceeds 10G/cm as long as the applied current is
above 18A.

of the laser-cooled atoms was achieved using a linear motorized translation
stage (LX80L Linear Motor Table, Parker Automation) with the encoder
resolution of 1pm, maximum travelling range of 750mm, maximum velocity
of 3m/s, and maximum acceleration of 5G’s. The motion of the transla-
tion stage depends on four input variables, namely velocity, acceleration ,
jerk (or dd/dt), and travelling distance. For my application, I chose S-curve
velocity profiles for both acceleration and deceleration, and without the mo-
tion with constant velocity in between. The reason was to maximize the
duration for acceleration as well as deceleration and hence minimizing the
heating due to short period jerk. The motion profiles are shown in Fig.(3.4)
and Fig.(3.5).Since the chambers were 200mm apart, the computation for
smooth motion was done based on this value. Possible heating might also

arise due to the mechanical vibration of the stage. One of the solution to
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this, as demonstrated by MIT group in 2001, is to isolate the vibration using
rubber and lead weight [2]. However, my approach to this issue was different.
This is because the proportional gain and the derivative gain of the trans-
lation stage can be adjusted such to optimize the mechanical power for the
load as well as minimize the mechanical vibration of the stage. The motion
of the translation stage can be observed through a build-in oscilloscope. This
enabled trail-and-error approach in getting the optimum setting for both pro-
portional gain and derivative gain of the translation stage. Fig.(3.6) shows
the optimum motion profile as recorded by the build-in oscilloscope. The
motion parameters were calculated for a range of time scales. The pattern
of the motion profiles, however, remained the same such to maintain the

smooth motion for all time scales.

Eq.(2.23) is only true for small z-displacement relative to the trap
centre. If the displacement of an atom is too far off, the force that exerted
by the trap may no longer enough to hold the atom from falling out during
the transport. To know whether the trap has the ability to drive atoms at
certain acceleration, we have to work out the maximum force that it can

exert. Eq.(2.20) implies that U o 1/w?, hence we have

TG (3.20)

Differentiating eq.(3.20) and changing the sign, we have force equation as

following
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U() 2z
F(z) = = 3.21
=) (1 + (z/zR)Z) R (3:21)
_ U 2(/) (3.22)

zr (14 (z/zR)2)2

Typically, maximum force is found at position z = 0.5z5. Hence the expres-

sion for maximum force is given by

U,
Frae = 0.64=2 = mamas , (3.23)
ZR

where m is the mass of an atom, in particular m==86.91u for Rb 87 [22], and

(mae 18 the maximum acceleration that a trap can drive atoms. Substituting

2

the required parameters into eq.(3.23), mar = 7.1ms™ 2. From the motion

profile of the translation stage, the maximum acceleration of the trap is given

by

Zo

/ _
) = 16@,

max

(3.24)

where x( is the transport distance and T is the transport duration. In par-

maz < Qmaz 18

mar —

ticular, for £p=200mm, the minimum value of T" such that a

0.21s.
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Figure 3.4: Displacement of The Translation Stage Against Time (Trans-

port Duration: 1 second).
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Figure 3.5: Velocity of The Translation Stage Against Time (Transport

Duration: 1 second).
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Figure 3.6: Displacement And Velocity Profiles As Displayed By The
Build-in Oscilloscope (Transport Duration: 0.8 second). The profiles were
taken for the motion in negative direction. A:x-axis: 0.2s/Div. y-axis: 50mm/Div.
The profile shows a smooth curve which is similar to the computational result in
Fig.(3.4). B: x-axis: 0.2s/Div. y-axis: 200mm/s/Div. The velocity profile shows

a smooth curve with unobvious jag for optimum setting.
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Chapter 4

Measurement

4.1 MOT Diagnostics

The measurement for the MOT population and temperature were done
using a CCD camera looking into the MOT chamber through a window with
1.6cm in diameter. Before population measurement, quantum efficiency of
the camera was determined by making use of a laser beam with known power.
Quantum efficiency of a camera is defined as the number of photon that cor-
responds to a count in the camera pixel value. Measurement outcome showed
that the quantum efficiency of the camera was ) = 103.5+6.6photon /count.
The emission rate as measured by a camera with aperture diameter d at dis-

tance D away from the source is described by

dehoton d \2 Y [/[s
— pumy —_— - 4-1
T atom <4D> 2 14+ 1/1,+ (20/7) (4.1)

This equation assumes far field approximation where [, dQ = (d/4D)? for

37



D >> d. Rearranging eq.(4.1), the trap population Ny, can be derived
from the known parameters. The measurement was done and recorded as
shown in Fig.(4.1). The maximum trap population was 96.6 4+ 0.5 Million of

atoms.
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Figure 4.1: The graph of Population against on-time of Rb Source. After
the source was turned off, the population of the trap decayed with the half-life of
08s.

Time-Of-Flight method was used in measuring the MOT temperature.
It is a widely used technique where the trap is turned off to release the atoms
into free ballistic flight. The resulting spatial distribution of the atoms cloud
directly reflects the velocity distribution of the atoms at the time of release.
The measurement was done in a sequence of steps. First the AOM swept
the detuning from -20MHz to -200MHz for 3ms to optimize sub-Doppler
cooling [23,24]. The trap was then turned off for one or two milliseconds to
let the atoms distributing themselves in Gaussian profile. The camera started

to capture the MOT image immediately after the initial delay according to
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the time steps of interests. The images captured at different time scales were
fitted to Gaussian curves in order to derive the o,,,s (root mean squared

radius) of the atoms cloud. o,,,s as a function of time is described by [25]

T
o(t)? = o2 + %t?. (4.2)

For large time scale, 02 becomes insignificant and eq.(4.2) can be approxi-

mated as

o(t) ~ t,/kBWT, (4.3)

where T and M are the temperature and the mass of the atom, respectively.
Plotting the graph of o(t) against ¢, a linear curve is retrieved as shown
in Fig.(4.2). Six sets of measurement data were collected and compared.
Deriving from the gradient of the curves, temperature of the MOT was 15.44+
2.3uK.
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Figure 4.2: The Graph of o(t) against ¢.
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4.2 Transport Efficiency

The dipole force trap was successfully loaded with atoms as shown in
Fig.(4.3). The image of the trap was captured using a pixel camera (Prince-
ton Instruments, Pixel 1024 7520-0001). The decay time of the population
was investigated by capturing the image of the trap at different time scales
after the MOT was dropped. A graph of the trap population was plotted as
shown in Fig.(4.4). The initial population and the halflife of the trap were
respectively &~ 640 thousand of atoms and ~ 0.44s. Then the trap was trans-
ported back and forth between the MOT and the destination chambers. The
initial plan was to have the measurement done in the destination chamber,
however, due to time constraint and the fact that the lab was moving to a
new place, the plan changed. The measurement was done in the MOT cham-
ber after the trap has been transported for a full trip with 40cm in travelling
distance. The transport was then repeated for different time scales. Then
the retainability for each time scale was calculated by taking into account of

the trap loss due to decay. The retainability R is defined as

N’

R = 100% x N (4.4)
where N’ and N are the population of the transported and the stationary
trap at drop-time ¢, respectively. The data was tabulated and plotted as
shown in Fig.(4.6). The experimental data collection was stopped for drop-
time 1.5s onwards because the retainability was so close to 100% that it
was indistinguishable between the transported and stationary trap due to

significant background fluctuation.
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Figure 4.3: Images of The Dipole Force Trap Captured at Different Drop
Times. A: The image captured after the MOT was dropped for 30ms. The arrow
indicates the direction of drop. The spherical cloud in the picture is the MOT that
was dropped and expended. B: The image of the dipole force trap can clearly be

seen after 50ms of the drop time.
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Figure 4.4: Population of The Dipole Force Trap Against Drop-Time.
The error in measuring the population was mainly due to the background fluctu-
ation. From the equation of the curve, the trap population was estimated to be

around 640 thousand of atoms, with the half life of 0.44s.
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Figure 4.5: Moving Dipole Force Trap. A: The image of the trap captured
at 50ms after the MOT was dropped. The motion was also triggered at the same
moment. B: The same trap at 100ms, or 50ms after the motion was triggered.

The trap was now on its way out to another chamber.
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Figure 4.6: Retainability Against Transport Duration (2 x 20 cm). The
retainability of the trap showed linear relation with the transport duration. The

minimum duration for having non zero retainability was 0.7 seconds.
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Chapter 5

Discussion and Conclusion

The imaging system for trap diagnostic was not operating at optimum
level due to the constraint in accessible room around the MOT chamber.
The camera was looking into the chamber through a window with 1.6cm in
aperture diameter at 400mm away from the trap. The solid angle that cov-
ered by the camera was small. This posed a limitation in image resolution.
Low resolution in trap image could potentially lead to several problems such
as failure in BEC (Bose- Einstein Condensate) detection and uncertainty in
measurement due to significant background fluctuation. As mentioned in
previous chapter, the background fluctuation was a factor that stopped me
from continuing my measurement for transporting the trap at longer time
scales. One of the future works for this project is to construct an absorption
imaging system that looks into the second chamber at a distance reasonably
close to the trap. With such an imaging system, we can move on to study
the heating due to the transport and examine the role of several parameters

such as laser intensity and magnetic field strength in transport efficiency.
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The laser power for the dipole force trap was 6.2W and the trap depth
was calculated to be ~ 500uK. According to the section on translation, it
was predicted that the minimum duration for the transport having non zero
retainability should be 0.21s (one way, or 0.42s two way). However, experi-
ment showed 0% retainability for transport duration that less than 0.35s (one
way) referring to Fig.(4.6). The maximum driving force of the trap is pro-
portional to 1/w*, therefore a small difference in beam waist may result in a
huge difference in minimum transport duration. According to experimental
outcome, the beam waist of the trap w is 37um instead of the calculated
value 33um. This discrepancy could possibly due to imperfection in optics
or laser mode. Hence the experimental value is still acceptable given that
the discrepancy in minimum transport duration is only caused by a small

difference in beam waist.

The MOT population can possibly be improved by finding the op-
timum magnetic field for the trap [26,27]. By optimizing the population,
loading of the dipole force trap could be more efficient as well. Currently
the lifetime of the trap was only 0.44s. However, it is confident that the
lifetime can be lengthened up to 10 seconds by optimizing the experimental
parameters such as pressure of the UHV system. The transport efficiency can
possibly be improved by having a vibration isolating system as suggested by
a group from MIT in 2001 [2]. As one can see in Fig.(3.6), the motion was
still having certain level of mechanical vibration throughout the transport.

So it may be worthwhile to attempt in smoothening the velocity profile by
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having additional weight and rubber. The MIT group also transported the
trap with a trapezoidal acceleration profile [2] which is entirely different from
the triangular acceleration profile that we used. Thus, the possible future
work for this project may be to try out the transport with different motion

profiles to optimize the transport efficiency.

Regardless of all the experimental issues, neutral atoms were success-
fully transported from one place to another for 40cm using a dipole force
trap. Furture work for this experiment could be to transport a BEC using
the same setup. The project can be further developed by exploring the idea

of transporting BEC onto an atom chip.
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Appendix A

Conductance of The Vacuum

Components

A.1 Conductance of 4.5” Tee, (|

To calculate the conductance, we need both the average thermal veloc-
ity of the gas v and the dimension of the Tee. At 22°C, v has the value of

464.5 ms~!. The dimension of the Tee reads:

inner diameter,2r : 6.02cm,
length (distance from one end to another),l : 17.17cm,

reduced length, L = l : 9.70.
T

Substituting the readings and v = 464.5ms™! into eq.(3.8) and eq.(3.6), we

have
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a; = 0.285, (A.1)

and

C' = 94.21/s. (A.2)

However, the effective conductance is approximately half of the calculated
value because there is a right-angle bend in between the pump and the nipple

reducer [28]. Therefore, the conductance of this section is

!

A.2 Conductance of 4.5” x 2.75” Conical Nip-

ple Reducer, (5

The dimension of the conical nipple reducer reads:

maximum inner diameter, 2r,,,, : 6.02cm,
minimum inner diameter, 2r,,;, : 3.48cm,

length,l : 7.49cm,
[

rmaac

l

Tmin

2.49

maximum reduced length, L., =

4.31.

minimum reduced length, L,,;, =
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The inner diameter of the conical nipple reducer varies from one end to
another. To calculate the conductance, we need an entirely different approach
which suits the tube with varying cross-sectional area along the hollow axis.
One of the ways to get a rough approximation of the conductance is to
treat the conical nipple reducer as two nipples in series connection, each
with maximum diameter and minimum diameter respectively, and obtain

the resultant conductance using the equation in combining conductance [16],

é: Zci] (A.4)

Using this method, the conductance reads 46.21/s. However, this value is
just a rough estimation. Moreover, eq. (A.4) is only applicable to the case
where the individual elements are separated by large volumes, such that the
molecules exiting the prior conductance would have a place to completely
randomize their distribution [16]. A more rigorous approach in calculating

the conductance would be to make use of Haefer’s method.

For my application, the cross-sectional area of the nipple reducer is increasing

from one end to another so eq.(3.11) can be simplified as

n

GRS e

A1-n 1 9

Converting eq.(A.5) from discrete sum into infinitesimal sum, whereby the

conical nipple reducer is treated as if it is composed of n — oo round tubes

L) = [ (A0
Ai as 0 QW(W ‘1‘7”2-)3 )
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where A; is the cross-sectional area of the larger end, ay is the effective
conductance of the conical nipple reducer, 7y and r; are the respective radius
of the large and the small ends, and L is the length of the conical nipple

reducer along its hollow axis.

Integrating and rearranging eq.(A.6) to obtain the analytical expression for

the transmission probability,

4r? (A7)
ay = , .
2 Ar} + L(ri +7y)
and substituting the resultant expression into eq.(3.6), we arrive at
Torr}
Co (A.8)

A2 Lri+ry)

Substituting all the required parameters into eq.(A.7) and eq.(A.8), we have

as = 0.505, (A.9)

and Co = 55.71/s. (A.10)

The resultant conductance is 55.71/s, which is different from the estimated

value 46.21/s with a discrepancy of 17%.
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A.3 Conductance of 2.02” x 2.02” x 2.02”

Cube (Destination Chamber), Cj

For a vessel with rectangular cross-section, the transmission probability

is given by [29]

hb
I(h+0b)’

a = ¢C

(A.11)

where [, b, and h are the respective length, width, and thickness of the vessel,
and c is a coefficient that varies with width-to-thickness ratio b/h. For cubes,
b, h and [ are the same. If b/h = 1, then coefficient ¢ is also 1 [29]. Hence,

from eq.(A.11), the transmission probability of a cube is

(A.12)

1
a3:§.

However, the inlet and the outlet are perpendicular to each other so another

factor of 1/2 is introduced [28]. Altogether, the conductance of the cube is

Cy = (5) G)EA — 77.01/s (A.13)

A.4 Conductance of 1.33” Nipple, C;

The nipple has the dimension as follows
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inner diameter,2r : 1.73cm,
length,l : 7.62cm,

l
reduced length, L. = — : &8.82.
r

Substituting the parameters into eq.(3.8) and eq. (3.6), the transmission

probability and the conductance of the nipple are respectively

a; = 0.210, (A.14)

and Cy = b5.711/s. (A.15)
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Appendix B

Raw Data
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Figure B.1: MOT Temperature Measurement - o(t) against t.

o4




250000 00 | . 200000.00 " .
e M N R o v A -
200000.00 - ! 160000.00 |
/ v \ 140000.00 ’// \"Tl
150000.00 12000000 1 \
/ \ 10000000 l
100000.00 // \ 80000.00 1 \ i
6000000
1
50000.00 Lm 40000.00 .‘I l\
20000.00
1 3 5 7 9 1113 15 17 19 21 23 5 27 29 1357 9111315171921 23 2527 2931 33 35 37
160000 ‘ 160000.000 |
v
160000 ., . C 2 A, D
e L~ 140000,000 L
140000 /’/I \T\ 120000.000 Py \
: -l |
L = ! 100000.000
100000 / |
i 1 80000000 / \!
—_— 4 | B0000.000 ] e o
40000 / e eee 40000.000 ]
20000 20000.000
1 3 5 7 8 11 13 15 17 19 AN B 12345678 91011121314151617 19192021 22
15000000 9000000
140000.00 J- E 80000.00 A ‘ F
S — MAWMM‘\ 70000.00 /f“v‘)“-f.’ \'*"\f‘\.‘l-
6000000
100000.00 7 \ e F " N‘Hf\
000000 ' i ]
/ Y et ) 40000.00 7
60000.00 ] - G
40000.00 ] S /
20000.00 ‘( 10000.00 j
135 7 9111315171921 23 75 27 29 31 33 35 37 39 1 4 7 1013 16 19 22 25 28 31 34 37 40 43 46
120000.00 100000
100000.00 | G i Nx\.ﬂ\ | H
: ¥ 80000 2 &
B SRR A oW
8000000 -."‘"\. L) Ed 7 Ve,
/ W 50000 A
6000000 / 50000 -+ b
40000
40000.00 j ‘ Pt T/’
20000.00 4 ‘ fgggg ]
14 710131619 2225 20 31 34 37 40 43 46 49 52 14 7 1013 1619 22 25 28 31 34 37 40 43 46 49 52 55

Figure B.2: Dipole Force Trap Population Measurement - Trap Popula-

tion against Time/s. Arrows indicate the shift in measurement from stationary

traps to transported traps. Transport duration: A: 0.7s. B: 0.8s. C: 0.9s. D:

1.0s. E:

1.1s. F: 1.2s. G: 1.3s. H: 1.4s.
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Appendix C

Experimental Setup

Wels . Laser is coupled
into fibers

Figure C.1: 780nm Laser.
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Figure C.3: Translation Stage and Chambers.
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