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Abstract

A novel kind of magnetic microtrap is demonstrated for ultracold neutral atoms. It
consists of two concentric loops of radii r; and r, having oppositely oriented currents.
A magnetic field minimum is generated in three dimensions that can be used to trap
the atoms with a trap depth of about 1 mK using a current of 2.6 A. The condition
ro/r1 = 2.2 maximizes the restoring force on the atoms toward the trap center. Unlike
conventional magnetic microtraps, an external bias field is not required. Moreover,
a one dimensional array of double-loop microtraps can be created by daisy chaining
single microtrap circuits.

A linear array of three microtraps having r; = 300 um was fabricated as part of an
atom chip. The following three techniques were developed to load the microtrap array:
1) atoms initially contained in a magneto-optical trap (MOT') were transported to the
atom chip by a conventional magnetic trap, 2) atoms were first loaded into a mirror
MOT and 3) atoms were initially loaded in a far off resonance optical dipole trap
(FORT). Each technique loaded greater than 10° 8"Rb atoms into the microtrap array.
The lowest temperature of 30 K for the microtrapped atom cloud was achieved using
FORT loading. The strength and the position of the microtrap could be precisely
adjusted over a range from 300 to 50 um above the atom chip surface by applying
an external bias magnetic field. The lifetime of the atoms trapped in the microtrap
array was measured to be 350 ms which was limited by the collisions with residual

background gas.
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1 Introduction

1.1 Motivation

Precision spectroscopy has been an important tool to discover new physical phenom-
ena. Measurements of spectral lines have been key to revealing fine and hyperfine
structure [1, 2, 3] as well as the Lamb shift [4]. These measurements have in turn
tested theory including quantum electrodynamics [5] and revealed effects such as the
small contribution to isotope shifts due to the finite size of the nucleus [6]. A lim-
itation in experimental accuracy is broadening of spectral lines due to the Doppler
shift. This can be as large as 1 GHz for an atomic vapor in vacuum at room temper-
ature. This was the prime motivation for work beginning about three decades ago to
decrease the atomic velocities using laser cooling [7, 8, 9].

Laser cooling of atoms in three dimensions is now routinely done. Typically,
atoms are collected from a background vapour [10] or from a decelerated atomic beam
enclosed in a vacuum chamber [11, 12]. Millions of neutral atoms can be cooled to
temperatures of a few K above absolute zero [13, 14, 15]. At these low temperatures,
the distance between atoms can be comparable to their de Broglie wavelength leading
to the creation of a so called Bose Einstein Condensate (BEC) [16, 17]. The creation
of a BEC in 1995 using a dilute gas of alkali atoms [18, 19] received the Physics Nobel
Prize in 2001 [20, 21]. More recently, there has been work to generate ultracold atoms
to study degenerate fermi gases [22].

Ultracold atoms in a vacuum must be trapped to avoid being accelerated by

gravity. A variety of atom traps was therefore developed including using focussed
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laser beams to generate an optical trap [23, 24, 25] as well as magnetic fields that
interact with the atom’s magnetic dipole moment [26]. Magnetic traps use a spatially
varying magnetic field [27]. The so called quadrupole trap is particularly simple using
two coaxial coils having oppositely oriented currents [26]. The atoms are then trapped
at the zero field minima located midway between the two coils. A number of different
types of magnetic traps have been demonstrated [28, 29, 30, 31, 32].

A challenge to trap ultracold atoms is that an ultra high vacuum (UHV) must
exist to minimize collisions with background gas atoms and molecules that heat the
atoms. Magnetic traps also require large field gradients generated by large currents
in coils located close to the atoms. Magnetic microtraps were therefore proposed
and developed that utilize wires as small as tens of microns [33, 34, 35, 36]. These
wires are fabricated onto a chip using lithographic techniques [37]. These microtraps
not only simplify the apparatus but also generate higher field gradients to tightly
trap the atoms [38, 39]. Microtraps were first used to generate BECs on atom chips
in 2001 [40, 41]. They have also been employed to study the interaction between
ultracold atoms with a nearby surface [42, 43]. Other applications include studying
the atom field coupling between BECs and an optical cavity [44, 45, 46]. There is
also considerable interest in possible applications to quantum information processing
[47].

This thesis demonstrates a new kind of magnetic microtrap. It consists of two
concentric microwire loops having oppositely oriented currents. Unlike existing mi-
crotraps, it does not require a bias field created by macroscopic coils to generate a
microtrap. Secondly, the arrangement of microwires is ideally suited to creating a
one and even two dimensional array of microtraps [48]. Another novel feature of our
double-loop microtrap is that its position relative to the chip surface can be precisely
specified using a bias field.

This thesis is organized as follows. Chapter 1 discusses relevant background in-

formation. The following chapter describes the double-loop microtrap array in detail.



Chapter 3 discusses the apparatus. The next three chapters describe three different
techniques to load atoms into the microtrap array that were experimentally demon-

strated. Finally, Chapter 7 gives conclusions and discusses possible future work.

1.2 Rubidium

The alkali atoms are commonly used in experiments because their relatively low
melting points facilitate the creation of atomic vapours and beams. They also can
be excited from the ground state using visible or near infrared radiation which can
be conveniently generated using dye and diode lasers. Finally, an alkali atom can be
simply modelled as consisting of a single valence electron interacting with the closed
electron core which shields the nucleus. Hence, an alkali atom is well approximated as
a hydrogenic system for which theoretical calculations can be accurately performed
49, 50].

Rubidium is the alkali atom in the fourth row of the Periodic Table with the
atomic number of 37. Its melting point is 39 °C. Rubidium has two stable isotopes,
87Rb and ®Rb, with abundances of 27.8% and 72.7%, respectively. The nuclear spin
I of 8Rb is 3/2 while that of ®Rb is 5/2. Figure 1.1 shows the hyperfine levels
comprising the D2 line of Rb [51]. The hyperfine levels are labelled by quantum
number F which is the vector sum of the electronic angular momentum of the valence
electron and the nuclear spin. F' has integral values of & = h/27 where h is Planck’s
constant, meaning that the rubidium atom behaves as a boson. ¥"Rb was selected for
this work because relatively inexpensive diode lasers were available that generated

about 100 mW at the D2 wavelength of 780 nm.

1.3 Laser cooling

An atom interacting with a radiation field can absorb a photon and later reemit a

photon via spontaneous emission. Assuming the laser remains on resonance, after
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Figure 1.1: D2 line hyperfine structure of 8"Rb.



the absorption and reemission of N photons, the atom’s momentum changes by an

amount

N
MAT = Nk — > 1k, (1.1)
i=1

Here M is the atom’s mass, Av is the change of the atom’s velocity, k is the wavevector
of the laser photon and k' is the wavevector of the reemitted photon. The radiated
photon is emitted in a random direction. Hence, for a large value of N, the second
term in the above equation averages to zero. The atom therefore experiences a force
in the direction of the oncoming laser beam.

The dissipative force exerted by the laser on the atom can be expressed as [52, 53]

F = hkTgc, (1.2)

where I's¢ is the photon scattering rate given by [52, 53]

_7 I/1,
214+ 1)+ (20/7)?

I'sc (1.3)

Here 7 equals the inverse of the excited state radiative lifetime 7 and § = w —wy is the
detuning of the laser angular frequency w relative to the atom’s transition angular

frequency wy. I is the saturation intensity which is defined as

=, (1.4)
where c is the light speed and A is the transition wavelength.

A complication to the simplified picture described above is that as the atom
decelerates due to absorbing oncoming photons, it experiences a Doppler shift which

shifts the laser out of resonance. The force on an atom moving with velocity ¢ due

to an oncoming laser beam propagating in the k direction is given by



0.4 ! ! L ! ! ! !

F /(nky)
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Figure 1.2: Total force (black curve) exerted on an atom moving with velocity v
exerted by an oncoming laser (blue curve) and laser propagating in the opposite
direction (red curve). Both laser beams are detuned below the atom’s transition
frequency such that § = —v and have equal intensities I = 2I,. The grey dashed line
is the linear approximation of the total force described by Equation 1.7.



By = it I/%, | (1.5)

214 1)1, + 4/ (6—12-6)2

In order to stop an atom moving in one dimension, an atom must interact with

two counterpropagating laser beams. The net force exerted on the atom is given by

—

Froy = F(+k) + F(=k) (1.6)

Figure 1.2 shows the force exerted on an atom by two counterpropagating laser beams.
For the case when the Doppler shift is small i.e. |IZ -] < 7, the net force is linearly

proportional to the velocity and is given by

Firoy = — 37 (1.7)

where

81k28(1/1,)
[L+ 1)1+ (26/7)%*

B= 5 (1.8)

The atom therefore experiences a force in the opposite direction to its velocity and is
slowed down. This laser cooling enables the production of a cloud of slowly moving

atoms called optical molasses (OM) [54].

1.4 Magneto optical trap

The magneto optical trap (MOT) has been the workhorse for laser cooling and atom
trapping experiments since it was first demonstrated in 1987 [9, 11]. A MOT consists
of a pair of so called antiHelmholtz coils having oppositely oriented currents as illus-
trated in Figure 1.3(a). These coils generate a magnetic field that is zero at the point
midway between the coils. For distances close to this point that defines the origin,

the magnetic field varies linearly according to



b)

F=0

Figure 1.3: (a) Schematic of a standard 3d MOT. Thick arrows denote three pairs
of counterpropagating circular polarized laser beams. The laser beams intersect at
the point midway between a pair of antiHelmholtz coils. The coils carry oppositely
oriented currents I and generate a quadrupole magnetic field. The black solid dot
indicates the trapped atom cloud. (b) Schematic of the energies of the Zeeman
sublevels along the z-axis generated by the spatially varying magnetic field. The
black arrows denote possible excitation of the F' = 0 ground state hyperfine level by
the two laser beams counterpropagating along the z-axis.



dB,
dz

B.(0,0,z2) = 2 (1.9)

Three pairs of counterpropagating circularly polarized laser beams pass through the
coils. The spatially varying magnetic field shifts the atom state energies so that
an atom primarily absorbs light if its velocity is opposite the laser beam direction.
Typical field gradients are a few tens of G/cm.

The principle of a one dimensional MOT as illustrated in Figure 1.3(b), is now
discussed for the case of an atom having ' = 0 for the ground state and F’ = 1 for
the excited state. The energies of the excited F’ = 1 level Zeeman sublevels m g are

given by

B, = grmppupB.(0,0,2) (1.10)

where g is the Landé g factor and up is the Bohr magneton. The spatially varying
magnetic field along the z direction shifts the Zeeman sublevel energies as shown in
Figure 1.3(b). Two circularly polarized laser beams having opposite helicities (o and
o~) propagate along the + z direction, respectively. Both laser beams have the same
detuning below the atom’s resonance frequency. To understand the MOT operation,
consider an atom located at z < 0. The atom can only absorb light from the o™ laser
beam propagating towards +z. Hence, the atom gains momentum towards the origin.
Similarly, if an atom is in the region z > 0, it absorbs light from the ¢~ laser beam
propagating in the —z direction, and the atom again is pushed towards the origin.
The force on an atom at location z moving with velocity ' due to an oncoming

laser beam propagating in the k direction with polarization o~ is given by

L /1
Fy = hk I,
14 I/1,+ 4/ (5 E- gF/mF,,qufzz/h>

z

(1.11)

Similarly, the force exerted by the laser beam with polarization ot propagating in



the opposite direction is given by

1/1,
= 2
14 1)1, + 4/ (5 YE-Ty gF/mF/qufzzz/h>

F = hkL

; (1.12)

The interaction of an atom with the two counterpropagating laser beams results in a

total force given by

Froo=F, +F_. (1.13)

For the case where the Doppler shift and Zeeman shifts are small compared to v, this

force can be approximated by
Froy = —f0 — k7 (1.14)
where [ was defined by Equation 1.7 and

o — grmppp dB,
hk dz

B. (1.15)

Equation 1.14 is identical to that of the damped harmonic oscillator. This explanation
for the operation of a one dimensional model can be extended to describe the three
dimensional MOT illustrated in Figure 1.3(a).

For the case of 8"Rb, there are several hyperfine levels of the lower and upper
states as shown in Figure 1.1. The atoms were laser cooled using a so called trap
laser that was red detuned from the D2 line cycling F' = 2 — F’ = 3 transition. A
second so called repump laser resonant with the F = 1 — F’ = 2 transition of the
D2 line prevented the atoms from accumulating in the /' = 1 ground state hyperfine
level.

The laser cooling obviously depends strongly on the laser detuning 6. If 6 = 0,
the atoms are heated whereas if § < 0, very few atoms can absorb laser photons.

Optimum cooling occurs when § = —I'/2 where I' = /27 [53]. Equating the cor-

10



Mirror

NNNNNNNNN
U+{-> el <

\
1

Figure 1.4: Schematic of the mirror MOT in (a) the x-z and (b) the y-z planes. The
laser beams reflect off the mirror surface as indicated by the red arrows. The mirror
surface is located slightly above the point midway between the two antiHelmholtz
coils that have oppositely oriented currents I and are indicated in blue. The black
solid dot indicates the atom cloud trapped in the MOT.
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responding energy hd to kgl where kg is Boltzmann’s constant gives the so called

Doppler temperature

_

Ty = -
D 9ks

(1.16)

For 8Rb, v = 3.83 x 10" s~} and Tp = 148 uK.

The so called mirror MOT is illustrated in Figure 1.4 [34, 38]. It uses a mirror
that is surrounded by one pair of coils with oppositely oriented currents to generate
the quadrupole magnetic field. The mirror surface is located a few millimeters above
the point midway between the coils. A total of four circularly polarized laser beams
are used. Two laser beams are directed along the +y direction while two additional
beams reflect off the mirror. One advantage of the mirror MOT is that it only requires
four laser beams rather than six beams for a conventional MOT. Secondly, the mirror
surface can also contain microwires used to create a microtrap as will be discussed
later. This work demonstrated that loading atoms into a microtrap is particularly

simple if atoms are initially in a nearby mirror MOT.

1.5 Polarization gradient cooling

Temperatures below the Doppler limit 7 have been observed in optical molasses [55].
The cooling mechanism responsible for these temperatures is known as polarization
gradient cooling (PGC) or Sisyphus cooling [13, 14]. It is illustrated in Figure 1.5 for
an atom having ground state angular momentum J = 1/2 and upper state angular
momentum J' = 3/2. The atom interacts with a standing wave generated by two
laser beams travelling in the +z directions. The two counterpropagating laser beams
are linearly polarized in the x and y directions. The resulting standing wave created
by the interference of the laser beams generates a spatially varying polarization as
described in Figure 1.5(c).

The laser light is resonant with the transition between the upper and lower states.
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Figure 1.5: Illustration of polarization gradient cooling. (a) Relative transition prob-

abilities between the lower state having angular momenturn J = 1/2 and the upper
state having angular momentum J' = 3/2. (b) Illustration of the light shifts of the
two ground state Zeeman sublevels and the loss of energy of an atom travelling in the
+2z direction as is discussed in the text. (c) Spatially dependent light polarization
resulting from interference of the two counterpropagating laser beams.
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The transition probability is proportional to the square of the Clebsch Gordan co-
efficient. The relative strengths of the transitions are given in Figure 1.5(a). For
example, the probability an atom in the m; = —1/2 ground state sublevel being
excited to the m; = —1/2 excited state sublevel by linearly polarized light is 2/3 the
probability the atom is excited to the m; = —3/2 upper state sublevel by an equal
intensity of o~ light.

The light shifts the energies of the two ground state Zeeman sublevels as shown in
Figure 1.5(b) [25, 56]. For example, at z = A\/8, the ¢~ light couples the m; = —1/2
sublevel three times more strongly to the excited state than it does the m; = 1/2
sublevel. Hence, the m; = —1/2 ground state sublevel has a lower energy. To
understand how an atom loses energy, consider an atom initially at z = —\/8 in
the my; = 1/2 ground state sublevel moving in the +z direction. The atom can
only be excited by o light but it then decays back to the same sublevel. As the
atom moves to z = +\/8, the atom climbs a potential hill losing kinetic energy. It
can then be excited by o~ light. The excited state can decay to the ground state
my = —1/2 sublevel which is at a lower energy. This process can be repeated cooling
the atom. The minimum kinetic energy achievable using polarization gradient cooling
is determined by the recoil energy acquired by an atom due to absorption of a single

photon given by

h2k?

= o 1.1
i (1.17)

Equating the recoil energy to kg7 gives a temperature for ' Rb of less than 1 uK.
In practice, temperatures of a few puK are typical due to imperfect experimental

conditions affecting the laser polarization and intensity.
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1.6 Magnetic traps

The interaction of an atom having a magnetic dipole fi with a magnetic field B is

given by

V=—jiB. (1.18)

The magnetic dipole moment is related to the atom’s total angular momentum F by

The total angular momentum Fis given by

F=J+T (1.20)

where J is the total electronic angular momentum which equals the sum of the orbital
angular momentum L and the electron spin S, and I is the nuclear spin. The Landé

g-factor can be written as

gr = |1+

J(J+1)+S(S+1)—L(L+1)} lF<F+1)+JU+1>_I(I+1)
2J(J+1) 2F(F +1) e

The energy shift of an atom occupying a Zeeman sublevel mpr due to the magnetic

field is

For atoms satistying gepmp > 0, the energy shift increases linearly with the mag-
netic field. Such atoms (“low-field seekers”) experience a force toward the local mag-
netic field minima. Similarly, atoms satisfying gepmp < 0 (“high-field seekers”) ex-

perience a decreasing energy as the magnetic field increases [36]. Only the low-field
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seekers can be trapped using a static magnetic trap since a local magnetic field max-
imum cannot exist [57].

For the ®Rb atoms in the 55; /2 F' = 2 ground state hyperfine level, only two of
the Zeeman sublevels can be magnetically trapped, i.e. mp = +1 and +2. Hence,
transferring the atoms from a MOT into a magnetic trap will result in a substantial
loss of atoms. This can be prevented by optically pumping the atoms into the mp = 2
sublevel using circularly polarized laser light as is illustrated in Figure 1.6 [58, 59]. The
optical pumping is done using a bias magnetic field of a few Gauss directed along the
laser beam propagation direction to define the quantization axis. The optical pumping
light is on resonance with the FF = 2 — F’ = 2 transition of the 8’Rb D2 line. The
o™ polarized laser beam excites the transitions according to Am = m/, — mp = +1.
The excited atoms radiatively decay back to the lower state. However, repeated
excitation by circularly polarized light results in pumping all of the atoms into the
mp = +2 sublevel. In practice, the optical pumping laser beam is overlapped with a
small amount of repump laser light to prevent atoms from accumulating in the F' =1
hyperfine level.

Atoms are trapped by a magnetic field arrangement that has a localized minimum.
The simplest magnetic trap known as a quadrupole trap is generated using a pair of
coils having oppositely oriented currents as illustrated in Figure 1.7. Typical magnetic
traps use coils consisting of over 100 windings and have a radius of at least several
cm [60]. Currents in excess of 10 A then generate up to a kilowatt of heat which
requires the coils to be water cooled. The coils are therefore usually positioned outside
the vacuum system. This in turn limits the maximum field gradient or trap depth
experienced by the atoms.

The number of trapped atoms obtained using quadrupole traps is limited by the
zero magnetic field at the trap center. The atomic angular momentum precesses
about the magnetic field. For an atom in the ground state hyperfine level F', this so

called Larmor angular frequency is given by
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Figure 1.6: Schematic of Zeeman sublevel populations (a) before and (b) after optical
pumping.
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Figure 1.7: (a) Schematic of the quadrupole magnetic trap. Two coils separated by
a distance 2a have oppositely oriented currents I. The antiHelmholtz configuration
refers to the case where the coil radius equals 2a. (b) and (c¢) show the magnetic fields

along the z and x directions where By = Z—fri.
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The atom’s spin may undergo a so called Majorana spin flip to an untrapped state
if the change in Larmor frequency experienced by the atom as it moves in the trap
is comparable to the Larmor frequency [61]. Spin flips do not occur if the so called
adiabatic condition

de

o < wy, (1.24)

is satisfied [36]. A variety of traps have been demonstrated to either prevent atoms
approaching the zero magnetic field using additional time dependent magnetic fields
such as the TOP trap [18, 61] or adding coils to generate magnetic field configurations
having nonzero minima such as the Ioffe-Pritchard trap [32] and QUIC traps [31, 60].

1.7 Magnetic microtraps

Magnetic microtraps utilize microwires as small as tens of microns to generate mag-
netic fields to trap atoms. This is a factor of 10,000 times smaller than the size of
the macroscopic coils typically used in quadrupole traps. The magnetic field of a mi-
crowire circuit having a characteristic size d scales as 1/d. Hence, microtraps require
orders of magnitude less current to operate. Figure 1.8 shows two of the most com-
monly used microtraps, named the “U” and “Z” types on account of their microwire
configuration. These results as well as other numerical simulations in this thesis, were
computed using Mathematica. A magnetic field minimum is generated by passing a
current through the microwires plus adding a uniform external bias magnetic field
Bibias. The “Z” trap has a finite field at the trap center which suppresses Majorana
spin flips [27].

Atoms are typically loaded into microtraps from a MOT. Mirror MOTs are par-

ticularly useful for positioning the atom cloud close to the atom chip surface near the
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Figure 1.8: (a) Schematic of the “U” and “Z” shaped microtraps along with bias
field Bpias. (b), (c¢) and (d) show the magnetic field plotted for the “U” (black) and
“2” (red) shaped microtraps along the z, y and z directions through the trap center
located at (xg, Yo, 20) and By = Z—fr% The field was computed using By.s = 6B5g.
The trap centers of the “U” and “Z” traps are (—0.08,0,0.30)L and (0,0,0.32)L,
respectively.
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microtrap position. The atoms are then loaded into the “U” trap whose potential re-
sembles a conventional quadrupole trap. Subsequently, the atoms can be transferred
into the “Z” trap [62]. The efficiency of transferring atoms from the MOT to the “Z”
trap can be as high as 80% [34].

1.8 Far off resonant optical dipole trap

Far off resonance optical dipole traps (FORT) have been widely used for trapping and
manipulating cold atoms [23, 24, 25]. One application of the FORT is its capability to
store and transport the cold atoms to load a secondary trap [63, 64, 65, 66]. FORTs
have also been used to perform so called forced evaporative cooling [67] leading to
the successful demonstration of BEC [68] and degenerate Fermi gases [69].

The optical dipole potential arises as a result of the atomic dipole moment induced

by the light electric field F(w)

p=aWk (1.25)

where w is the light angular frequency and «(w) is the complex polarizability. This
is found by solving the damped oscillating equation of the electron using Lorentz’s
oscillator model of the atom [25] to be

3 '7/“(2)

wi — w? —i(w?fwi)y

, (1.26)

a(w) = 6mepe

where ¢ is the electric permittivity of vacuum, wy is the resonance angular frequency
of the oscillator and vy was defined in Equation 1.3. The interaction between the

induced atomic dipole moment and the light field is given by
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Usp = —5( E)
= ———Re(a)] (1.27)

where the angular brackets indicate the time average over the rapid oscillating terms.

The light intensity is defined by

I = 2eyc|E*. (1.28)
The atoms scatter light at a rate given by

1

d_; —
Fsc = <_p

= —Im(a)l. (1.29)

For the case where the magnitude of the laser detuning from the atomic resonance
is much less than the resonant frequency i.e. |§] = |w — wy| < wp, the potential and

scattering rate are given as follows.

L 3ncty
Uanlr) = 52167, (1.50)
and
3mc? ryN\2
Leo(7) = YR (5) 1(r). (1.31)

For the case of a red detuned laser i.e. 6 < 0, Ugip < 0 and the atoms are attracted
to the region of maximum light intensity. Similarly, when § > 0, atoms are repelled
from intensity maxima. The largest potential depth is achieved at small detunings.
However, the scattering rate increases sharply as 5% which can heat the trapped atoms.

For 8"Rb, the D1 and D2 lines consist of multiple transitions between the ground

and excited state hyperfine levels. The excited state hyperfine intervals are more than
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an order of magnitude smaller than the ground state hyperfine splitting. Hence, the
optical dipole potential experienced by a 8"Rb in the ground state hyperfine level F

can be expressed as a sum of two terms [25]

(1.32)

2 2 1—
Ugpl7) = 2 ( * Pgrmy ngmp) 17).

2w} 09 o
where d; and 09 are the detunings of the laser from the D1 and D2 transitions respec-
tively. The light polarization is described by P which equals 0 for linear and +1 for
o* polarized light, respectively.

The typical arrangement to generate a FORT is to focus an infrared laser beam as
shown in Figure 1.9. The atoms are then trapped at the laser focus. For a Gaussian

shaped laser beam, the laser intensity is given by [70, 71]

2P

Tw2(2)

I(r,2) = exp {—2 - } (1.33)

w?(z)
where P is the laser power and the beam radius along the laser propagation direction

z is given by

w(z) = wov/1+ (2/2r)? (1.34)

Wy is the minimum beam radius and zp is the Rayleigh length

zp = TwWo /A (1.35)
for light at a wavelength A. The trap potential near the laser focal spot can be

approximated by

1 1
Uaip(r; 2) = =Up + 5 Mw}r? + S Muw?2?, (1.36)

The trap depth Uy is given by
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Uy =

(1.37)

7TC2")/ 2P 2+77gFmF 1—ngmp
3 2 +
2wy W 02 01

and the radial and axial trap angular frequencies are defined as follows

wy, = 1/4Us/Mw3, (1.38)
w, = 1/2Uy/Mz%. (1.39)

Many FORTSs have been generated using infrared lasers operating at 1064 nm
which produce tens of watts of power and are relatively inexpensive. The trap depth

for 8Rb atoms created by focussing such a linearly polarized laser beam is

P(W)

Uy(uK) = 8.92 x 10* .
O(M ) X WQ([I,IH)Q

(1.40)

A 20 W laser beam focussed to a 35 um beam waist radius gives a trap depth of
1.5 mK. The corresponding photon scattered rate I'y. = 10 s™! and the trap angular
frequencies are w, = 27 x 3.4 kHz and w, = 27 x 23 Hz. Alternatively, 3 Rb atoms
can be trapped in a FORT using a lower power beam if the detuning is smaller. For
example, our group has created a FORT to trap 8’Rb atoms using a 100 mW laser
operating at 852 nm focussed to a beam waist radius of 20 pm [72]. However, such a
FORT experiences a much larger photon scattering rate that limits the temperature

of the trapped atoms.
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2 Double-loop microtrap array

This chapter describes the principle of the double-loop microtrap array starting from

a single double-loop microtrap [48, 73, 74].

2.1 Double-loop microtrap

A schematic diagram of a single double-loop microtrap is shown in Figure 2.1. The
microtrap is generated by oppositely oriented currents flowing in two concentric cir-
cular wire loops located in the z-y plane having radii 7 and ry = ary (a>1) as well
as an external bias field B, in the direction perpendicular to the z-y plane. For
convenience, we first consider the case without B,;.s. The magnetic field along the

z-axis generated by infinitely thin wires comprising the double-loop is given by

2,.2 2

B(0,0,z) =27 By (87 T 2R (7§ z, (2.1)
where z is the unit vector along the z-axis and
ol

By = pr— (2.2)

where g is the permeability of free space. The magnetic field is zero at position

02/3

Vitas "

The interaction of an atom having a magnetic dipole i with a magnetic field B

(2.3)

20 —

was described in Section 1.6. Atoms trapped in a magnetic trap experience a force
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Figure 2.1: Schematic of a single double-loop wire pattern for generating a microtrap
showing oppositely oriented currents I and a bias field B,p.s.
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toward the location where the magnetic field has a minimum magnitude.

The two terms on the right side of this equation give the force along the radial p and

axial z directions. For points on the z-axis, the radial force is zero due to the loop

dB

symmetry and the atoms experience a force proportional to <7

given by

B,
E(O, O, Zo> = 6

(@?? —1)(a¥?+1)® ]| By
a2/3(a4/3 +a2/3 + 1)5/2 7“_1

(2.5)

The field gradient given by Equation 2.5 is plotted as a function of « in Figure 2.2.
The maximum value, occurring when o = 2.195, is
dB, By

—(0,0 max = 2.068—. 2.6
dz ( 3 7ZO) " ( )

For atoms to be trapped, the magnetic field gradient force must be much larger than
the gravitational force.

dB,
gFmF,UBE > Mg, (2.7)

The field gradient on the left side of this equation is evaluated at the trap center. g
is the gravitational acceleration. Using Equation 2.6 and the definition of B, given
by Equation 2.2 the requirement for a trap is that

I(A) M (amu)

0.8——= 2.8
71 (meter)? > grmp (2.8)

where amu denotes atomic mass number. For a macroscopic coil (r; > 1 cm) the
current satisfying Equation 2.8 must exceed hundreds of amps to trap the heavy
alkali atoms as is shown in Table 2.1 for the case when the magnetic trapping force
is ten times larger than the gravitational force. Hence, macroscopic magnetic traps
require coils having a large number of turns. For the case shown in Figure 2.1 of

a trap generated by a single double-loop, such currents are not practical because

28



2.5 T T T T T

1.5 .

By
r

dB;
dz

1.0 .

0.5 .

0 1 1 1 1 1
1 1.5 2.0 2.5 3.0 3.5 4.0

(04

Figure 2.2: Plot of % evaluated at the trap center (0, 0, z9) as a function of a.
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Table 2.1: Magnetic field gradient required to trap the stable alkali atom isotopes.
The field gradient was found such that the magnetic trapping force exceeds the grav-
itational force by a factor of 10 as is discussed in the text.

Atom | Abundance | I | F | %= (G/em)

61 7.5% 1| 1/2 32
3/2 11

"Li 92.5% 3/2 1 1 25
2 12

%Na 100% 3/2 1 1 81
2 40

K 93.3% 3/2 1 1 137
2 68

0K 0.01% 4 |7/2 90
9/2 70

K 6.7% | 3/2| 1 144
2 72

SRb | 722% | 5/2| 2 223
3 149

8TRb 27.8% 3/21 1 305
2 153

BCs | 100% | 7/2| 3 311
4 233
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resistive heating would destroy the thin microwires. However, the required currents
are reduced by orders of magnitude if the loop size is suitably small. For the case of
an inner loop radius r; = 300 pum, alkali atoms can be trapped using currents of only
about 1 A. Considering the copper microwire having a length of 2 ¢cm and a cross
section of 50 ym x 10 pm at the center of an atom chip, the microwire resistance is
about 1 €2. A current of 2 A then generates a resistive power of 4 W. This heat can

be readily dissipated by mounting the atom chip on a copper heat sink.

2.2 Magnetic field of microtrap

The magnetic field generated at an arbitrary point above the z-y plane is given by

The azimuthal field component B, is 0 because of the cylindrical symmetry of the
trap about the z-axis. The axial and radial field components generated by a single

loop of radius R is given by [27]

pol 1 o, BP—pP—2" o,

B.(p,z) = K(k) + ———E(k*)], 2.10
(0:9) = e KO + G 0 (2.10)

pol z oy | 2P+ 2}
B,(p,z) = K — " Bk, 2.11
02 = G e |+ ) e

where
4Rp

= — 2.12
(R4 p)? + 22 (2.12)

K and F are the complete elliptic integrals defined as

! dt
K(z) = /0 N (2.13)
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/ ” — _x;tQ (2.14)

Figure 2.3 shows the magnetic field magnitude along the axial and radial direc-
tions. It increases approximately linearly near the trap center where the field is zero,
resulting in a trap that tightly confines the atoms. Figure 2.3(a) shows the maximum
magnetic field occurs when z = 0. The field then decreases until z; and increases
to a maximum value of 0.61B, at z = 1.83r;. Figure 2.3(b) shows the radial depen-
dence of the magnetic field magnitude has a maximum of 1.82B, that occurs when
p = 1.74r,. The increase of the field along the radial direction is half that along the
axial direction because V - B = 0. The trap depth is determined by the smaller of
the maxima surrounding the point where the magnetic field is zero. Figure 2.4 shows
plots of the magnetic field magnitude in the y-z plane at x = 0 and in the z-y plane
at z = zy. For the case of trapping 8"Rb atoms in the 5512 |F = 2,mp = 2) level for
a microtrap having r = 300 ym and I = 1 A, the trap depth is 1.70 x 10727 Joules.

Dividing this by Boltzmann’s constant, gives a corresponding temperature of 123 uK.

2.3 Effect of B,

The trap can be made approximately symmetric along the z-axis by applying a bias
field along the z-direction, B,p.s, as is shown in Figure 2.3. The bias field decreases
the magnetic field magnitude maximum at z = 0 and increases the maximum at
z = 1.83ry. This significantly increases the trap depth as is shown in Figure 2.5. The
maximum trap depth occurs when B, = 1.43B; which was used when calculating
the magnetic field plotted in Figure 2.3. At higher values of the bias field, magnetic
field maximum at z = 0 is smaller than the maximum at z = 1.83r; resulting in a
decrease in the trap depth as shown in Figure 2.5. For the case of trapping ®'Rb
atoms in the |2,2) ground state Zeeman sublevel when r = 300 um and I = 1 A,

the maximum trap depth is 407 pK. Increasing the chip current to 2.5 A, results in
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Figure 2.3: Magnetic field generated by a double-loop (a) along the z-axis and (b) in
the radial direction through the trap center. The origin of the coordinate system is
at the center of the double-loop as is illustrated in Figure 2.1. The field minimum is
at zp = 1.03r; when there is no bias field (dashed curve) and at zp = 0.59r; for a bias
field of Bypias = 1.43By (solid curve). Each curve in (b) is evaluated at its respective

value of zg.
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y/r1

Figure 2.4: Magnetic field magnitude divided by By generated by a single double-loop
microtrap and a bias field B,pas = 1.43Bp in (a) the y-z plane at = 0 and (b) z-y
plane at z = 2. The magnetic field becomes very large close to the wires which is
indicated by the white color.
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Figure 2.5: Effect of the bias field on (a) the magnetic field magnitude that determines

the trap depth and (b) the microtrap position above the double-loop located in the
x-y plane. See text for additional details.
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a trap depth exceeding 1 mK which is comparable to temperatures achieved using a
standard MOT. This is important as it facilitates loading the microtrap from atoms
initially prepared in a MOT.

The bias field also shifts the trap position toward the x-y plane as is shown in
Figure 2.3(a). This distance between the trap position and the z-y plane as a function
of Bypias i plotted in Figure 2.5(b). This is important as it gives the experimentalist
the ability to control the distance of the ultracold atoms from the atom chip. This is

of interest for studying surface interactions such as the Casimer Polder force [75, 76].

2.4 Linear array of double-loop microtraps

A one or two dimensional array of microtraps can be generated by linking individual
double-loop microtraps. An example of a linear array is illustrated in Figure 2.6. It
shows three microtraps aligned along the y-axis that are separated by a distance of
5r1. The double-loops are linked so that the current in the outer loops of adjacent
traps flows in the same direction and opposite to that in the inner loops. This has the
advantage of requiring only one power supply to generate the current for the entire
microtrap array. Figure 2.6(b) and (c) show the plots of the magnetic field magnitude
in the y-z and z-y planes through the center of the middle microtrap. The magnetic
field from the connecting wire segments is not considered here. The trap was created
with a bias field B, = 1.43By. The location of the trap minima are readily appar-
ent. Figure 2.7 shows the magnetic field magnitude along the x, y and z directions
for linear arrays consisting of a single, three and five microtraps. Neighbouring mi-
crotraps are separated by a distance of 5r;. Each microtrap experiences negligible
perturbation due to neighbouring microtraps particularly near the trap center.

An actual array of double-loop microtraps requires straight wire segments con-
necting neighbouring microtraps as shown in Figure 2.8. The question arises how
these straight wire currents and incomplete circular loops perturb the microtrap. A

comparison of the magnetic field generated by an ideal double-loop microtrap with
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Figure 2.6: (a) Schematic layout of a linear array of three microtraps. The magnetic
field was computed for the case of the current distribution shown in (a) combined with
a bias field of B,.s = 1.43By. The magnitude of the total magnetic field divided by
By is shown in (b) for the y-z plane at © = 0 and (c) for the x-y plane at z = 0.6461,
the veritcal position of the middle microtrap. The magnetic field becomes very large
close to the wires which is indicated by the white color.

37



‘B(O,O,Z)l/BO

|B(0,y,20)|/Bo

0
16 —-12 -8 _4 0 4 8 12 16
y/r

Figure 2.7: Effect of the side microtraps on the magnetic field of the middle microtrap
in a linear array consisting of a single (black), three (blue) and five (red) microtraps.
The magnetic field was found using a bias field of B,p;.s = 1.43By. The magnitude of
the total magnetic field divided by By is given in (a) along the z-axis. The position of
the middle microtrap in the vertical direction is at zg = 0.593r1, 0.6467; and 0.653r
for the cases of an array consisting of a single, three and five microtraps, respectively.
(b) shows the magnetic field along the z-direction when y = 0 and z = 2, and (c)

along the y-direction when z = 0 and z = z;. The blue and red lines are overlapped
in (a) and (b).
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r1 = 300 pm and that by the wire configuration shown in Figure 2.8 is given in Figure
2.9. Figure 2.8 shows the actual design of a single microtrap in the linear array of
the microtraps. The magnetic field of the incomplete circular loops in the double
loops was approximated by overlapping straight wire segments over the broken arcs
carrying oppositely directed current. Neither the trap position nor the trap depth
changed. The only discernible difference was found for the magnetic field along the
y direction at £0.5 mm. This is not surprising because that is where the straight

connecting wire segments and the broken arcs are located.
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Figure 2.8: Schematic layout of a single double-loop with wire segments on one side for
constructing a linear array of 3 microtraps used in the experiment. The radius of the
inner (outer) loop, i.e. distance from the loop center to the middle of the microwire

is 300 (660) pm. The wire width was 50 pm and the insulating gap separating the
wires was 10 pm.
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Figure 2.9: Comparison of the magnetic field generated by a single ideal double-loop
microtrap and the trap shown in Figure 2.8. The trap was created using a current of
1 A and a bias field of B,;.s = 1.43By = 3.33 G. The black curves show the magnetic
field magnitudes of an ideal double-loop in (a), (b) and (c) along the z, y, and z
directions through the trap center, respectively. The red dashed lines indicates the
magnetic field magnitude generated by the double-loop microtrap shown in Figure
2.8.
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3 Apparatus

This chapter describes the key parts of the apparatus: the atom chip, vacuum cham-
ber, lasers, imaging system and the interface to the computer of the various compo-

nents.

3.1 The atom chip and its mounting system

The double-loop wire pattern was fabricated using lithographic techniques [37, 77|
onto an atom chip by ColdQuanta located in Boulder, Colorado. The chip is shown
in Figures 3.1 and 3.2. It consists of a 10 um thick copper layer covering a 0.4 mm
thick SiOy substrate. The microwires have a width of 50 pm. On either side of the
wires are 10 um wide gaps in the copper layer that serve as insulators. The wire
width increases as it nears the corners of the chip where it joins 3 mm square surfaces
which are connected to macroscopic wires.

The reflectivity of the atom chip surface was measured to be > 90% for light
having a wavelength of 780 nm incident at an angle of 45°. This facilitated reflecting
laser beams off the surface to generate a mirror MOT as is described in Chapters 5
and 6. The resistance of the atom chip wire pattern was measured to be 1.08 €2 which
was in good agreement with the calculated value of 0.98 ). This generates a power
of less than 10 W for currents below 3 A. The actual heat generated was reduced
because the current only passed through the chip for short periods of time during
the experiments. The copper block onto which the atom chip was attached acted

as a heat sink. This block consisted of oxygen free high conductive copper which
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3 mm

20 mm

30 mm

Figure 3.1: Diagram of the atom chip. The radii of the inner and outer loops of
the double-loop pattern are 300 pm and 660 pm, respectively. The orange regions
indicate the microwires which are physically separated from the remainder of the
copper covered surface by 10 um wide insulating gaps.
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has a high thermal conductivity. No increase in background pressure associated with
chip heating was observed. The atom chip assembly included a Rb dispenser (model
RB/NF/3.4/12 FT10+10) from SAES which generated a rubidium vapour when a
current of up to 4.2 A was applied.

The atom chip was mechanically clamped to the copper heat sink using four 2-56
screws as shown in Figure 3.2(a). Titanium as opposed to stainless steel screws were
used to minimize the perturbation of the magnetic field near the microtrap. Two of
these clamps also provided electrical connection to the power supply that generated
the current for the atom chip. These two clamps were attached to an insulating
Macor bar. Macor has a low vapor pressure and is machinable making it ideal for
vacuum use. The entire atom chip assembly was attached to the top flange of the
main vacuum chamber.

A serious problem was that the atom chip vibrated causing the mirror MOT to be
unstable. Hence, the alternative method of using epoxy to attach the atom chip to the
heat sink was developed as shown in Figure 3.2(b). Two different UHV compatible
epoxies were employed. First, thermally conductive epoxy EpoTek H77 was used to
mount the atom chip to the copper heat sink. The epoxy was cured by heating it to
a temperature of 100 °C for one hour followed by two hours at 120 °C as specified by
the manufacturer. Next, electrically conductive epoxy EpoTek H21D connected the
atom chip at its two corners to two small copper blocks. It was cured in a single step
by heating the chip assembly to a temperature of 120 °C for 15 minutes. The heating
was done in a vacuum chamber pumped to a pressure of 10~ torr to avoid oxidation
of the atom chip surface which could degrade its reflectivity.

All UHV components were carefully cleaned to avoid contamination. This is
essential as residual oils and grease may outgas limiting the attainable vacuum. Parts
were initially cleaned using hot water and Sparkleen detergent. Next, they were rinsed
with warm water. Items were then placed in an ultrasonic cleaner for 20 minutes. This

last step was repeated using three solvents: trichloroethylene, acetone and methanol.
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- 3\ Macor plate

Macor bar

Rb dispenser

Figure 3.2: Atom chip assembly showing (a) the atom chip mechanically clamped
and (b) epoxied to the copper heat sink.
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3.2 Vacuum system

The vacuum system is illustrated in Figure 3.3. It was built to achieve a UHV vacuum
of less than 1 x 1072 torr. The central part is the glass cell encapsulating the atom
chip assembly. The rectangular borosilicate glass cell was made by Precision Glass
Blowing located in Boulder, Colorado. The cell has dimensions of 4.6 cm x 4.6 cm
x 10.2 cm and a wall thickness of 4 mm. The outer wall was coated to reduce the
reflectivity at the wavelength of 780 nm to less than 0.5%. The glass cell gave excellent
optical access to a number of laser beams used to cool and probe the microtrapped
atoms. A further advantage is that glass is not magnetic unlike stainless steel and
therefore does not perturb the magnetic fields of the microtraps. Finally, magnetic
coils could be placed very close to the glass cell which facilitated generating magnetic
fields of the requisite strength using a minimum of electric current.

The glass was mated to a UHV flange that was attached to the main chamber.
The latter was made from S340 stainless steel by Johnsen Ultrahigh Vacuum located
in Burlington, Ontario. This chamber had two 6” diameter flanges, two 4.5” diameter
flanges, and six 2.75” diameter flanges as shown in Figure 3.3. One 6” flange was
attached to the glass cell while the other one supported the flange onto which the
atom chip assembly was connected along with its electrical feedthroughs. One of
the 2.75” flanges was connected to an all metal UHV valve (VLVE-5027, Duniway
Stockroom, California). This was connected to a 200 1/s turbo pump (Varian Turbo-
V 250 MacroTorr) which was backed up by a roughing pump (Edwards RV8, 3 1/s).
A second 2.75” flange was connected to a residual gas analyzer (RGA, Model: 200,
Stanford Research Systems, California). A 125 1/s ion pump (Varian Vacion plus
150 Starcell) that also contained a titanium sublimation pump (TSP) located inside
a cylindrical liquid nitrogen trap, was connected to the main chamber by a 4.50”
to 6.00” conical reducer nipple and a 6.00” straight nipple. The relatively large
separation of 0.75 meters between the ion pump and the main chamber reduced the

stray magnetic field of the ion pump at the atom chip to less than 0.5 G as measured
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Figure 3.3: Schematic of the vacuum system.
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using a Hall effect gaussmeter (Model 5180, F.W. Bell). This somewhat distant
location of the ion pump also freed space around the glass cell which facilitated laser
alignment.

The vacuum system was first pumped by the roughing and turbo molecular pumps
for several hours to a level of 1076 torr. Next, resistive heating tapes were wrapped
around the vacuum system. The heating tapes were covered by two layers of alu-
minium foil to reflect the infrared radiation. Several thermometers measured the
temperature of the glass cell and the main chamber. The temperature of the glass
cell was not allowed to exceed 120 °C to avoid thermal stress which could crack the
glass as well as possibly damage the antireflection coating. The main chamber was
heated to a maximum of 160 °C.

The vacuum system was typically baked out for up to two weeks. During this
period, a moderate current of 3 A was sent to the Rb dispenser to elevate its tem-
perature and so avoid condensation of water vapour. Similarly, a current of 30 A
was applied to the TSP. The pressure throughout the bakeout period was monitored
using the RGA. The RGA gave a scan of the vapour pressure as a function of the
mass of the residual gas. Before commencement of baking, notable peaks in units of
amu were found at 2 (Hy), 18 (Hy0), 28 (N3), 29 (Ar), 32 (Og) and 44 (CO3). At the
end of the bakeout, the peaks due to HyO, Ny, Ar, Oy and CO, were nearly absent.
The residual gas pressure of less than 107 torr was due nearly entirely to hydrogen.
Finally, the TSP was turned on with the liquid nitrogen filled trap and the pressure
was reduced to about 1 x 10719 torr. This was an estimate because the reading was

off the low end of the ion pump scale.

3.3 Laser systems

Two diode lasers, a trap laser and a repump laser, were used to generate ultracold
atoms. A third infrared laser created the FORT. Finally, an imaging diode laser
probed the atom clouds.
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Figure 3.4: D2 hyperfine structure of 8Rb with the laser transitions indicated.
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3.3.1 Frequency locking

It was essential that the laser frequencies be stable relative to the rubidium transi-
tions as shown in Figure 3.4. Each diode laser frequency was locked to a saturation
absorption spectroscopy signal obtained using the apparatus illustrated in Figure 3.5
[78, 79]. Part of the laser beam produced by the diode laser was split off using a
thin glass plate beamsplitter. This beam which had a power of about 1 mW then
passed through a 1 cm thick glass plate that reflected part of the laser beam at each
of its two surfaces. The two resulting laser beams, each having a power of about 10
W, were called the reference and probe beams. They passed through the Rb vapour
cell and were detected by photodiodes PD1 and PD2, respectively. The laser beam
transmitted through the thick glass plate was called the pump beam and had a power
of about 0.7 mW. It was directed through the vapour cell in the opposite direction
as the probe beam which it intersected.

The laser intensity transmitted through the rubidium vapour cell decreased as the
laser frequency was tuned across a resonance. The signal detected by photodiode PD1
had a broad dip corresponding to the Doppler absorption profile. Photodiode PD2
also showed this broad dip but in addition exhibited upward spikes when the laser
frequencies corresponded to a transition to an excited state hyperfine level. These
spikes were more clearly visible when the two photodiode signals were subtracted from
each other to remove the broad Doppler background, as is shown in Figure 3.6(a).
This figure shows a laser scan across the 55/, (F' = 2) — 5S35 (F) transition where
F (F") denotes the ground (excited) state hyperfine level. Each peak is labelled by
the excited state hyperfine level quantum number or the crossover peak [80].

The laser frequency was locked to a given peak as shown in Figure 3.6(a) by
dithering the laser diode current so that the laser’s frequency was modulated about

the peak resonance at frequency vy . The laser frequency was described by

v = vy + Avsin 2mvpqt. (3.1)
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Figure 3.5: Laser alignment for the Doppler-free saturation absorption spectroscopy
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Figure 3.6: (a) Doppler free saturation spectroscopy signal generated by scanning the
laser across the 557/, F' = 2 — 5P;5 F” resonance; (b) The error signal was obtained
by taking the derivative of the signal in (a) which was used to lock the laser frequency
as is described in the text. These signals are taken from the PhD. thesis of B. Schultz.
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where Av describes the frequency range and v,,q i the modulation frequency which
for the trap and repump lasers was 10 kHz. The photodiode signal, PD2-PD1, was
given by

S(v) = S(vy+ Avsin 2mvmeat)

~ S(v) + S (vo) Av sin 2T vyeqt (3.2)

where a Taylor expansion has been made of the right side. The signal was sent to
a lock-in amplifier which mixed S with the reference signal used to dither the laser

current.

L1 = S -sin2wvpeqt

1 1
= iSl(z/O)AV + S (vo) sin 2T vmeqt — 55’(1/0)A1/ oS AT Vpoqtl - (3.3)

This signal then passed through a low pass filter such that only the DC component

remained.

L= %S’(VO)AV. (3.4)

This was called the error signal. It is proportional to the first derivative of the
signal S and is shown in Figure 3.6(b). The error signal equalled zero when the
laser frequency coincided with the transition frequency vy. This error signal was fed
into a Proportional-Integral-Derivative (PID) controller that modified the laser diode
current to maintain Ly = 0.

The laser frequencies were also strongly affected by temperature. Hence, the
procedure was to turn the lasers on for several hours to allow the temperature to
equilibrate. The laser frequency could then be locked to a transition for several
hours. The resulting frequency jitter was less than 1 MHz which is smaller than the

6 MHz natural linewidth of the 8"Rb D2 transition.
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3.3.2 Trap, optical pumping and repump lasers

All lasers along with their associated optics were positioned on a single optical ta-
ble. The trap laser beam was generated by a TA 780 diode laser from TuiOptics.
It consisted of an oscillator that generated a low power beam that passed through
a tapered amplifier generating a beam having a power of 150 mW. A 60 dB optical
isolator prevented optical feedback into the laser diode. This laser beam was hori-
zontally polarized and had a manufacturer specified linewidth of 1 MHz. The laser
frequency was locked to the F' = 1 — 3 crossover peak shown in Figure 3.6 (a). The
trap laser then passed through a series of optics illustrated in Figure 3.7. The laser
was directed back and forth through the small aperture of an acousto-optic modulator
(AOM1, IntraAction ATE-1001A2) using two 50 cm focal length lenses. Acousto-optic
modulators generate frequency shifted beams that are deflected through a small an-
gle that depends on the modulation frequency. In our experiment, all AOMs were
operated to maximize the intensity of the first diffracted laser beam. The advantage
of using a double pass AOM1 is that the frequency shifted trap laser was not spatially
deflected. This simplified laser beam alignment through subsequent optical elements.
The AOM1 modulation frequency could be varied from 76 to 100 MHz, resulting in a
trap laser beam that could be tuned from 60 to 12 MHz below the cycling transition.
The modulation frequency was measured using a frequency counter (Optoelectronics,
Cub MiniCounter). The resulting trap laser beam had a power of 110 mW and was
directed to the “experimental table”.

About 5 mW of the trap laser beam was split off using a half waveplate and a
polarizing beam splitter to generate the optical pumping beam. This laser beam
optically pumped the atoms to the magnetically trapped |2,2) ground state Zeeman
sublevel. The laser beam was focussed through acousto-optic modulator (AOM2,
IntraAction ATE-2101A2), using two lenses having focal lengths of 15 and 12 cm.
AOM2 operated at a modulation frequency of 237 MHz, which shifted the laser into

resonance with the F' = 2 — F’ = 2 transition as shown in Figure 3.4 when AOM1
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operated at a modulation frequency of 91 MHz. AOM2 operated using a low rf power
as a laser power of 200 W was sufficient to optically pump the atoms. The optical
pumping laser beam was circularly polarized using a quarter waveplate.

The repump laser was generated by a DL 100 diode laser from TuiOptics. A 38.5
dB optical isolator (OFR 10-5-780-LP) protected the laser from optical feedback. The
typical output power was 25 mW and the laser beam was vertically polarized. The
laser frequency was locked to the 551 /o(F = 1) — 5P5) F' = 1 — 2 cross over peak.
The laser frequency was shifted to the 55 /5(F = 1) = 5P3/5(F" = 2) transition using
a single pass acousto-optic modulator (AOM3, IntraAction ATE-1001A2). AOM3 was
supplied by a modulation frequency of 78.5 MHz. The repump beam was combined
separately with both the trap laser and the optical pumping beams as shown in
Figure 3.7 using half waveplates and polarizing beam splitters. The repump laser
beam combined with the trap laser beam had a power of 5 mW while that combined
with the optical pumping laser was about 100 xW. The repump laser intensity was
controlled by varying the rf power of the modulation signal sent to AOM3. Finally,
three mechanical shutters (Uniblitz Associates Model LS2 T20) with a manufacturer
specified response time of 1.7 ms allowed temporal control of the trap, optical pumping

and repump laser beams.

3.3.3 FORT laser

The FORT was generated using an infrared fiber laser (IPG Photonics YLR~30-1064-
LP) operating at 1064 nm. This laser produced a maximum power of 30 W with a
linear polarization. The optical layout diagram of the FORT laser and its associated
optics is shown in Figure 3.8. The laser beam was first focussed using a 2 meter
focal length lens through an acousto-optic modulator (AOM4, IntraAction ATM-
803DA68). The purpose of AOM4 was to control the FORT laser temporally as well
as to generate a frequency shifted laser beam of variable power from 0 to a maximum

of 14 W by adjusting the amplitude of the modulation signal. AOM4 was operated
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at a fixed modulation frequency of 40 MHz.

An important parameter in creating the FORT was the focal spot size. This was
examined by using a removable mirror to direct the FORT laser beam toward a razor
blade mounted on a translation stage as shown in Figure 3.8. The distance from the
20 cm focal length plano-convex lens to the translation stage equalled the distance
from the lens to the middle of the glass cell. For a Gaussian beam having a beam
waist radius @ incident on a lens having a focal length f, the beam waist radius at

the focus is given by

_NM

m™a

(3.5)

Wo

In our experiment, the beam exiting the fiber laser had a Gaussian intensity
distribution. However, the beam became asymmetric after the laser passed through

AOM4. The FORT laser intensity was therefore described by

I(z,y) = Iyexp {—2 (va—z + y—z)} (3.6)

oW,
where w, and w, are the beam waists in the = and y directions, respectively. These
parameters were determined by measuring the power as the razor blade was translated
into the laser beam as is illustrated in Figure 3.9. The power found by integrating

the intensity is given by

P(z) = / Oo / Z I(«,)dr'dy'
_ B (1 - erfﬁ‘”) (3.7)

2 W

where the total laser power Py = 7 Iyw,w, and erf is the mathematical error function.
Here, the origin of the x axis was selected to be at the center of the laser beam waist.
Figure 3.9(a) shows a fit of Equation 3.7 obtained when the razor blade was translated

in the x direction. The beam waist was determined at different positions z along the
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Figure 3.8: FORT laser and associated optics. A removable mirror (RM) was inserted
to direct the laser beam toward a razor blade mounted on a translation stage to
determine the beam waist as is described in the text.
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Figure 3.9: FORT laser beam waist measurement. (a) Measurement of the power as
the razor blade was translated along the = direction at z = —2.6 mm. The fitted
curve yielded a value of w = 47.2 £ 0.5 pym. (b) Measurement of the beam waist
along the laser propagation direction z. The fitted black (red) curve corresponds to
translation of the razor blade along the x (y) direction as is discussed in the text.
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laser propagation direction and was fitted to the following formula.

Z — 20)2

w(z) =woy/1+ ( (3.8)

ZR
Here, wy is the minimum beam waist that occurs at z = 2. The origin of the z axis
was chosen so that zg = 0 for the measurements made translating the razor blade
in the x direction. The fit of Equation 3.8 shown in Figure 3.9(b) yielded a value
of w, = 34 &£ 1 pm and a Rayleigh length of 2.8 £ 0.1 mm. The latter value was
within 10% of the theoretical prediction. The measurements were repeated for the
translation stage moving the razor blade along the y direction yielding w, = 31 &1
pm. Figure 3.9(b) shows the laser beam was astigmatic having foci in the x and y
directions at positions along the laser propagation direction that differ by 2.4 mm.
The values of w, and w, at the point midway between these two foci were 37 and 34

pm, respectively. Hence, the average beam waist radius was estimated to be 35.5 &2

.

3.4 Imaging system

A third diode laser (New Focus, Vortex 6013) served as the imaging laser. The output
of this laser was 6 mW. The layout diagram of this laser and its associated optical
components and electronic instruments is shown in Figure 3.10. The laser frequency
was locked to the same transition as the trap laser. The laser beam then passed
though an acousto-optic modulator (AOMS5, IntraAction ATE-1001A2) that shifted
the imaging laser frequency to coincide with the 5S;,2(F = 2) — 5P3(F' = 3)
transition. AOMS5 was operated at a fixed modulation frequency of 105.9 MHz. A
function generator (Stanford Research System DS345) supplied a square pulse to the
AOMS5 driver to generate imaging pulses of 50 s in duration. This instrument was
in turn controlled by the computer.

The imaging laser passed through the ultracold atom cloud and was detected us-
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Figure 3.11: Absorption imaging system. The imaging laser passed through the atom
cloud and was imaged onto a CCD camera as is discussed in the text.
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ing a CCD camera (Santa Barbara Instrument Group ST-10XME) as illustrated in
Figure 3.11. The atoms absorbed radiation producing a dark spot in the intensity
of the transmitted laser beam. The atom cloud was imaged by a lens onto the CCD
camera. The 15 cm focal length lens and the CCD camera were positioned so that
the inverted image would have the same size as the object. The CCD consisted of
an array of 2184 x 1472 pixels each with a size of 6.8 x 6.8 um?. The manufac-
turer specified quantum efficiency at 780 nm was 57%. It was cooled to -6.5°C by a
Peltier cooler to reduce background noise. The CCD camera was interfaced to the
experiment computer using a software (CCDOps version 5) from the CCD camera’s
manufacturer. A LabVIEW software program described in Appendix B synchronized
the CCD camera with Shutter 4 (Uniblitz Associates Model LS2 T20). It was open
for only 1 ms and was synchronized with the 50 us imaging laser pulse to minimize

the detection of scattered laser light. The minimum CCD exposure time was 50 ms.

The CCD software uploaded the image to the computer.

3.5 Magnetic coils

The Earth’s magnetic field was cancelled using three pairs of rectangular coils de-
scribed in Table 3.1. Each of these coils contained 18 turns and was wound using
AWG 18 magnetic wire. The currents were generated by a four-channel power supply
(Agilent N6700B). The residual magnetic field at the location of the UHV glass cell
was measured using the Hall effect gaussmeter to be less than 3 mG in the z, y and
z directions.

The magnetic fields used to trap the atoms in a MOT as well as the magnetic
quadrupole trap were generated using two quadrupole coils that were positioned along
the x axis as shown in Figure 3.12. Each of the two circular coils are described in
Table 3.2. The currents in the two coils were oppositely oriented to generate the
quadrupole field. A current of 2 A was used to create a field gradient of 14 G/cm
to operate the MOT while a higher current of up to 20A generated a field gradient
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Table 3.1: Characteristics of the rectangular coils used to cancel stray magnetic fields.

Coil axis x Y z
Dimensions 80cm X 53.3 cm | 67.3 cm X 53.3 cm | 67.3 cm X 80 cm
Coil separation 67.3 cm 80 cm 53.3 cm
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Figure 3.12: Coil assembly centered about the UHV glass cell used to generate mag-
netic fields.
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Table 3.2: Description of the coils used to generate various magnetic fields.

All

dimensions are in cm and the resistance is given in ohms for a single coil. ICC stands
for current control circuit which is described in Appendix A.

Quadrupole z-shift /bias x-bias y-bias
Coil shape Circular Rectangular | Rectangular | Rectangular
Inner size 5.1 9.4x9.4 9.7x12.7 4.1x10.2
Outer size 10.7 12.7x12.7 11.2x14.2 5.3x11.4
Coil separation 5.3 Not applicable 12.7 6.6
# turns/coil 140 72 28 14
Coil resistance 0.35 0.40 0.20 0.10
Wire type AWG 14 AWG 16 AWG 16 AWG 16
Kepco Lambda Tenma Lambda
Power supply || Bop 90-20 ML | LK 351 FMOV | 72-705 | EMSII 20-50
Max. current (A) 20 20 3 3
Current control ICC-01 ICC-03 ICC-04
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of up to 140 G/cm for the magnetic trap along the axial direction of the coils. The
coils were air cooled as the maximum power dissipated was only a few hundred W.
The quadrupole coils were connected to a power supply (Kepco BOP 20-20ML). This
supply was interfaced to the computer and was specifically designed to switch the
20 A maximum current off in less than 0.1 ms when the supply was connected to a
large inductive load.

Figure 3.12 also shows additional coils that generated small bias magnetic fields
along the x, y and z directions. These fields were needed to slightly shift the positions
of the magnetic field minimum relative to the atom chip. This was critical to optimize
the microtrap loading as will be discussed in Chapters 4 and 5. Two pairs of coils
produced the bias fields along the z and y directions. The z-bias coils also provided
a 3 G magnetic field to define the quantization axis during optical pumping. Only
a single coil, placed 4 ¢cm above the midpoint of the two quadrupole coils, generated
Bipias- A second coil for the bias magnetic field along the z-axis was not necessary and
would limit optical access to the UHV glass cell. This coil also generated the Bt
magnetic field used to shift the quadrupole trapped atoms located 17 mm below the
atom chip surface close to the chip surface in the experiment described in Chapter 4.
The currents were supplied by various power supplies that were computer controlled
using home built current control circuits (ICC) that are described in Appendix A.

The quadrupole coils were supported by two circular aluminum frames connected
using four plastic posts as is pictured in Figure 3.12. The frames were cut to suppress
eddy currents created when the currents were abruptly switched off. The z-bias coil
was arranged on top of the quadrupole coil and was epoxied to the frame. The y-bias
coils were epoxied to the plastic posts while the x-bias coils were mechanically fixed

to four aluminum posts.
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3.6 Computer control and data acquisition

Precise temporal control of the various instruments with a 0.1 ms time resolution
was critical. A LENOVO desktop computer with a Windows 7 operating system was
interfaced to the experiment using a National Instruments PCI-6733 data acquisition
card (DAQ). The DAQ controlled the voltages sent to the SCB-68 connector block
which had 8 analog (16 bit) and 8 digital output channels. Table 3.3 shows the
connections to the various instruments. A LabVIEW program which is described in

Appendix B synchronized the various instruments during the experiments.

68



P ennys oo L 0Od JIDLIND 10D SBI(| /YIYS-2 L OV
posn 0N 9 0d (eINOV) Tomod 1osel dumdoay | 9 OV
28311} (DD ¢ 0Odq JUOLIND STI0D seIq-fi ¢ OV
¢ 10ymys 1ese] surdund eorpd( ¥ O JUSLIND S[I0D SeIq-T ¥ OV
(107e10U08 TRUSIS GINOY) 108311y Iose] Suldew] | ¢ O (TINOV) Tomod 1ose] delg, ¢ OV
posn j0N Z O JueLIND S[10o sjodnipeng) Z OV
T 1030Ys 1se] LOIN 10d | (INOV) 4ouenbaiy sesef dexy, | T OV
¢ IoyInys Iose] Jurdew] 0 0d JuarInd dIyd woly 0 OV
[Puuey)) [euuey))
uorpounj rensiq uorpounj Soreuy

"SPUSWINIISUT SUIPUOdsal1100 91} 0} S[PUURYD [BIISIP pue Fo[eUR 91} JO SUOIIIUU0D ddeJIojul nduwo) ¢'¢ a[qe],

69



4 Microtrap array loading from a transported

quadrupole magnetic trap

This chapter describes loading the double-loop microtrap array from a transported
quadrupole magnetic trap (QMT). Ultracold atoms were first generated using a MOT
and then loaded into a quadrupole trap. An additional magnetic field shifted the
center of the quadrupole trap towards the atom chip [81]. Atoms were then transferred

into the microtrap array.

4.1 Experimental configuration and procedure

A modified 3d MOT [82] illustrated in Figure 4.1 was used as the cold atom source
to load the double-loop microtrap array. The MOT laser beams in the y-z plane were
retroreflected and intersected at an angle of 45° to position the MOT atom cloud
closer to the atom chip. The MOT atom cloud was located only 17 mm below the
atom chip surface.

The various steps in the procedure are described in Figure 4.2. The MOT was
loaded from the background 8"Rb vapour that was generated by sending a current
through the rubidium dispenser. Each of the trap laser beams had an intensity of
about 16 mW /cm? and a beam diameter of 18 mm. The trap laser was red detuned
24T, below the FF = 2 — F’' = 3 cycling transition. I' = 6.1 MHz is the FWHM
natural linewidth of the D2 line. A 4 mW repump laser beam, resonant with the

F =1 — F' = 2 transition of the D2 line, overlapped with each of the trap laser
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beams, preventing atoms from accumulating in the F' = 1 ground state hyperfine
level. The magnetic field gradient for the MOT was 14 G/cm along the axial (z)
direction. Typically, 2.5 x 107 atoms were loaded in 6 s into the MOT which had a
diameter of about 2 mm.

The next CMOT stage was to compress the MOT. This was done by linearly
ramping up the current /g u,q in a time of 50 ms increasing the quadrupole magnetic
field gradient to 35 G/cm. Simultaneously, the trap laser red detuning was linearly
increased to 5I". This was necessary to avoid heating the atoms. At higher magnetic
fields the sublevels experienced larger Zeeman shifts and could more easily absorb the
trap laser light. The resulting CMOT cloud had about the same number of atoms as
the original MOT cloud but its volume was reduced by a factor of 2.

The atom temperature was reduced during the optical molasses (OM) stage. All
magnetic fields were suddenly turned off at the beginning of the 8 ms optical molasses
phase and the trap laser detuning jumped to 10I". The MOT atom cloud at the end of
the optical molasses stage was examined by measuring the absorption of the imaging
laser as it passed through the cloud. Typically, the atom cloud contained the same
number of atoms as at the end of the MOT loading phase corresponding to a peak

3. The atom temperature of 40 uK was determined

density of 1.5 x 10'° atoms/cm
using the time of flight method that will be discussed later in this chapter.

The atoms were next optically pumped (OP) for 1 ms to the |2,2) ground state
Zeeman sublevel. This was done to maximize the number of atoms populating the
Zeeman sublevels that could be captured into the quadrupole magnetic trap (QMT).
The MOT laser was blocked at the end of the OM stage using Shutter 1. Optical
pumping was done using a current I, that generated a bias magnetic field of 3 G in
the x direction to define the quantization axis. The optically pumping laser beam
was generated by frequency shifting part of the trap laser into resonance with the

F =2 — [’ =2 transition of the D2 line as described in Chapter 3. This beam was

overlapped with the 0.1 mW repump laser beam and expanded to 15 mm in diameter
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Figure 4.3: Images of the QMT atom cloud shifted upwards for various values of
Bisnit-  (a) shows images obtained beginning when the atom cloud was located 17
mm below the atom chip surface whose position is at z = 0. (b) shows images taken
when the atom cloud was closer to the atom chip. The imaging laser and associated
detection system were translated upwards as shown.
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Figure 4.4: Number of atoms in the QMT after it was shifted upwards and brought
back to its initial position as a function of the B,qp;s.
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using a telescope. The optical pumping laser beam was then combined with one of
the MOT laser beams propagating along the x direction using a PBS cube and passed
through a quarter waveplate to generate circularly polarized light. The power of the
circularly polarized optically pumping laser beam before the vacuum glass cell was
0.1 mW. During the MOT operation, the optical pumping light was blocked using
Shutter 2.

The atoms were captured by the QMT by switching on the current I ,.q to 12 A
which corresponded to a 84 G/cm field gradient in the axial (x) direction. Over 90%
of the MOT atoms were transferred into the QMT. The optical pumping bias field
was switched off 1 ms after /yu,q was turned on to ensure that atoms remained in
the magnetically trapped Zeeman sublevels. All laser beams were also blocked using
various AOMs and mechanical shutters. The lifetime of the atoms in the QMT was
observed to be approximately 1 s.

After 100 ms, the QMT atom cloud was transported toward the atom chip by
linearly increasing the B field over a 200 ms interval [81, 83]. The shifted QMT
cloud was imaged as shown in Figure 4.3. For fields B, > 25 G, the QMT atom
cloud shift exceeded the diameter of the imaging laser beam. This beam and its
associated optics were therefore translated upwards.

The transport efficiency was examined by moving the atoms upwards to the atom
chip and then back down to its initial position by increasing and decreasing B,qp;s;-
The QMT cloud was then observed using the imaging laser and the number of atoms
found. Figure 4.4 shows a plot of the atom number versus the maximum value
of B,enii. No loss of atoms was evident for B,gix < 60 G. The number of atoms
decreased sharply at higher B, because the atom cloud collided with the atom
chip surface as is shown in Figure 4.3(b). The QMT cloud transported near the atom
trap, was elongated along the z-axis direction. This reduced the peak trapped atom
density from about 1.0 x 10'° to 5.0 x 10 atoms/cm?. The atom temperature after

transport to the atom chip was measured to be 100 uK.
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Atom chip

| L

Mirror

Figure 4.5: Absorption imaging system used to image the transported QMT atom
cloud position relative to the double-loop wire pattern. The half waveplate (A\/2) ad-
justed the incoming imaging laser beam to be linearly polarized along the z direction.
The laser therefore was transmitted through the polarizing beam splitter (PBS). A
quarter waveplate (A/4) converted the light to be circularly polarized. The laser beam
then passed through the atom cloud and was reflected off the atom chip surface. The
quarter waveplate then converted the reflected laser beam into horizontal linearly
polarized light which was directed by the PBS into the CCD camera.
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a) Byshift=0G

5.1 mm

< S
8.0 mm

b) Byshift=2G

Figure 4.6: Effect of the magnetic field in the y direction on the QMT atom cloud
position for (a) Bygt, = 0 G and (b) Bysnie = 2 G. The three double-loop microtraps
each separated by 1.5 mm appear as three bright spots in the centers of the figures.
Both of these images were taken with the QMT atom cloud shifted close to the atom
chip surface using Bignire = 64.8 G.
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The alignment of the QMT atom cloud in the x and y directions was studied using
the absorption imaging system illustrated in Figure 4.5. The imaging laser beam was
directed in the vertical direction passing through the QMT atom cloud before being
reflected off the atom chip. The transverse position of the QMT atom cloud could be
adjusted by applying small shifting magnetic fields Byshigse and Byghig,. The CCD image
given in Figure 4.6 showed the atom cloud overlapped very well with the microtrap
array. The values of Bygige = 0.5 and Bygwix = 2 G gave optimum overlap of the
transported QMT cloud with the middle microtrap.

Atoms were transferred into the microtrap array by linearly increasing the atom
chip current to 2.6 A during a loading time that was varied between 0 and 200 ms.
Simultaneously, the currents that generated the QMT field, Bysniry and Bygpir, were
reduced to zero as shown in Figure 4.2. The magnetic field in the z direction was
ramped down from Bigpig t0 Bypias. The microtrapped atoms were held for times up
to 600 ms before they were imaged. The imaging laser pulse was incident on the
atoms at a time varied between 0.2 and 2.5 ms after the atom chip and bias magnetic
field currents were abruptly turned off. It was necessary to image the atoms without
any magnetic field that can Zeeman shift the atoms out of resonance with the imaging
laser beam whose frequency was fixed.

Figure 4.7 shows a typical absorption image of the atom clouds trapped in the
middle and left microtraps containing 1.5 and 0.5 x 10% atoms, respectively. The
absorption imaging of the atoms is discussed in Appendix C. The microtraps were
loaded using values of B,gire = 64 G, B,pias = 12.4 G and a chip current of 2.6 A.
The loading time was 40 ms and the atoms were held for 60 ms in the microtraps.
The atom cloud was probed 0.6 ms after the microtrap array was turned off. Almost
no atoms were loaded into the right microtrap because the QMT atom cloud was
positioned between the middle and left microtraps. The microtrapped atom clouds
were analyzed by fitting the optical depth (OD) in the horizontal y direction to the

sum of three Gaussian functions.

79



oy
~

e

(O8]

e
(S}

Optical depth
©

1 1

0 1 2 3 4
Horizontal axis (mm)

Figure 4.7: (a) Sample image of the microtrap array atom clouds; (b) The optical
depth of the microtrapped atom clouds along the white dashed line in (a). Each dot

represents an average of 5 neighbouring pixels. The curve in (b) is a sum of Gaussian
functions fitted to the data as described in the text.
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Figure 4.8: Number of atoms in the three microtraps as a function of Bygpir. This

data was taken using By = 60.8 G, Bpias = 12.4 G, a 40 ms loading time, a 60 ms
holding time and a probe delay of 0.6 ms.
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OD(y) = Y Ajexp _(3/2;23”2 (4.1)
i i
Here 7; is the center position of the atom cloud in the i*" microtrap and o; is the
corresponding cloud radius. The left and middle microtrap radii were found to be
150 and 175 pm, respectively. The atom cloud radii in the vertical z direction were
found to nearly equal o;.

The distribution of atoms loaded into the linear array of three microtraps could
be controlled by adjusting the magnetic field in the y direction, Bygpi, as is shown
in Figure 4.8. This field shifted the location of the QMT relative to the microtraps.
The relative microtrap populations were varied using fields up to 2.5 G, which was

limited by the available power supply.

4.2 Optimization of microtrap loading

The number of atoms in the microtraps was optimized by varying Bepirt, Babias and
the loading time. Figure 4.9 shows the dependence of the number of atoms loaded into
the middle microtrap on B,gpire. At fields below 55 G, few atoms were loaded into the
microtrap because the QMT was not located close to the atom chip. For fields between
55 and 62 G, the number of atoms in the microtrap increased approximately linearly
with Bygnire. The optimum number of atoms loaded into the microtrap occurred using
Bisnige between 62 and 67 G. At higher fields, the QMT atoms collided with the atom
chip surface and the number of atoms loaded into the microtrap decreased sharply.
The dependence of the number of atoms loaded into the middle microtrap on
Bypias is shown in Figure 4.10(a). About 5000 atoms could be trapped using no
bias field. The number of microtrapped atoms increased approximately linearly as
Bibias increased. This behaviour agreed very well with the prediction in Chapter 2
that showed the maximum depth for the middle microtrap in an array occurs when

Bhias = 1.60By = 13.9 G, which is about three times larger than when B,p.s = 0.
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Figure 4.9: Number of atoms in the middle microtrap as a function of B,gi. This
data was taken using a 40 ms microtrap loading time, B,pias = 12.4 G, Bysnir, = 1 G,
a 100 ms holding time and a probe delay of 0.6 ms. The error bars were the statistical
error from the mean value of at least three measurements for each point.
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Figure 4.10: (a) Number of atoms and (b) position of the middle microtrap as func-
tions of Bypias. The curve in (b) is the microtrap position calculated as described in

Chapter 2. This data was taken using a 40 ms microtrap loading time, B,qii = 60.8
G, Bynitt = 1 G, a 100 ms holding time and a probe delay of 0.6 ms.
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Figure 4.11: Number of atoms in the middle microtrap as a function of the loading
time. The curve was fitted to the data as described in the text. This data was taken
using Byt = 60.8 G, Byshit = 1 G, Bypias = 12.4 G, a 100 ms holding time and a
probe delay of 0.6 ms.
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The bias field also shifted the microtrap position toward the atom chip as is shown in
Figure 4.10(b). The error bars are the statistical error calculated from at least three
measurements for each point. There was an additional uncertainty because diffraction
of the imaging laser beam resulted in a somewhat blurred CCD image of the atom
chip surface. The fitted curve therefore had an adjustable parameter that exactly
specified the atom chip position when fitting the data to the numerically simulated
microtrap position as discussed in Chapter 2.

The dependence of the atom number in the middle microtrap as a function of
the loading time is shown in Figure 4.11. The data was modelled using

dN

= Re™YT —aN, (4.2)

where the first term on the right hand side describes loading N atoms into the mi-
crotrap at a rate R with a time constant 7 during time ¢ [72]. The second term takes
into account the loss of atoms due to collisions with residual background gas. An
additional loss term due to collisions between ultracold microtrapped atoms was not
considered because of the relatively low density (~ 10'/cm?®) of the microtrapped
atom cloud. The best fit of Equation 4.2 to the data gave values of R = 1.27 x 108

sl 7 =75 ms and o = 89 s .

4.3 Characterization of the microtrap

The temporal dependence of the atom number in the middle microtrap is shown in
Figure 4.12. The data were very well fitted to an exponential function having a lifetime
of 336 + 16 ms. This lifetime was mainly limited by collisions with background gas
atoms. The background pressure of the vacuum was measured to be 5 x 107! torr
by the ion pump gauge. The ion pump was located 0.75 meters from the atom chip
near which the rubidium dispenser is mounted. Hence, the vacuum pressure at the

atom chip will be somewhat higher on the order of 1 x 107 torr.
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Figure 4.12: Number of atoms in the middle microtrap as a function of the holding
time. The exponential decay function fit to the data has a decay time of 336 + 16
ms. This data was taken using B, = 60.8 G, Bysnite = 1 G, Bypias = 12.4 G, a 40
ms loading time and a probe delay of 0.4 ms.
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The possibility of atom loss due to Majorana spin flips occurring near the trap
center where the magnetic field vanishes was considered [61]. This occurs if Equation
1.24 is violated. For an atom travelling with a velocity v near a trap center where the
magnetic field is given by B = By, spin flips can occur in a sphere centered about

the trap minima having a radius

vh
ppB'"

bo%

(4.3)

For atoms in the microtrap at a temperature of 150 uK, by ~ 0.5 pm which is more
than two orders of magnitude smaller than the trapped atom cloud. The atom loss
rate can be estimated by multiplying the atom cloud density n with the surface area

of the sphere of radius by and the atom velocity.

dN

Majorana
This expression can be rewritten using Equation 4.3 and estimating the density by
dividing the number of trapped atoms N by the volume of the approximately spherical

atom cloud having radius o.

dN _ N hv?
dt

~ T T 4.5
o3 ugB’ (4.5)

Majorana
The square of the atom velocity can be estimated using the Virial theorem which
states that the average kinetic energy equals one half of the average potential energy.
For the atom in the trap this yields

1 1

§Mv2 = E[LBB/U (4.6)

Substituting this result into Equation 4.5 yields

dN h
— N — N
dt Mo?

(4.7)

Majorana
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ﬁ. For an atom cloud having a radius of 150

Thus, the Majorana loss rate equals
pm, this loss rate is 3 x 1072 s7! corresponding to a trap lifetime of over 30 seconds.
This is much larger than observed. Majorana transitions were therefore concluded to
be negligible.

The atom temperature must be less than the trap depth for the atoms to be
trapped. The microtrapped atom cloud shown in Figure 4.7 was created using an
atom chip current of 2.6 A which corresponded to a maximum trap depth of over 1
mK. Smaller numbers of trapped atoms were observed using currents as low as 1 A.
This indicated the atom temperature is less than a few hundred pK.

Two methods were employed to estimate the atom temperature. The standard
technique in the field of ultracold atom research is to suddenly turn off the atom trap
and measure the subsequent expansion of the atom cloud as is shown in Figure 4.13.

The radius of the expanding cloud as a function of time ¢ is given by the following

expression [60].

kT,
M

oy(t) =/ o0y + 12 (4.8)

Here o0,(t) is the radius of the microtrap atom cloud in the y direction, oy is the
initial radius of the atom cloud and 7, is the temperature which was found to be 160
+ 6 pK. The temperature could also be estimated by measuring the cloud expansion
in the vertical direction. This gave a temperature of 124 + 29 pK. This result has a
larger uncertainty because a number of atoms of the expanding cloud bounced off the
atom chip complicating the determination of the cloud radius.

The second method to estimate the temperature was to calculate the average
kinetic and potential energies of the microtrapped atom clouds and use the Virial
Theorem to find the temperature [84]. Figure 2.3 shows the microtrap potential near
the trap center along the y direction was well approximated by a linear function
U(y) = grmpupB'y, where y is the position relative to the trap minimum. The

density of atoms in one dimension was shown in Figure 4.7 to be well described by a
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Figure 4.13: Expansion of the atom cloud in the horizontal direction as a function
of time after the middle microtrap was turned off. The curve fitted to the data
corresponded to an atom temperature of 160 + 6 pK as described in the text. This
data was taken using Bsnie = 60.8 G, Bysnitt = 1 G, Bypias = 12.4 G, a 40 ms loading
time and a holding time of 100 ms.
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Gaussian function.

2
e 202 (4.9)

where Nty is the total number of microtrapped atoms. The average potential energy

is given by

(Few) = [ T Un(y)dy

o0

= 29pmpupBo? (4.10)

while the mean kinetic energy is given by

1
(k) = §kBTNT0t- (4.11)

Using the Virial Theorem result (Fx g ) = %(EP.E) gives an atom temperature

T 2 gpmpupB'o
N s ]{?B ’

(4.12)
Substituting the observed atom cloud size in the horizontal direction gave a tempera-
ture of 400 K. This was more than a factor of 2 larger than found using the time of
flight technique. This was likely caused by an overestimation of the cloud radius o.
The imaging laser frequency was fixed to be resonant with the F' = 2 — F’ = 3 transi-
tion of the D2 line. Microtrapped atoms experience magnetic fields and therefore did
not absorb the imaging laser. All imaging in this thesis was therefore done by turning
off the magnetic traps and waiting typically 0.4 ms before the imaging laser passed
through the ultracold atom cloud. The atom cloud size was likely to experience forces
when the magnetic fields are abruptly turned off causing the cloud to expand. This

will result in an overestimate of the cloud size resulting in a temperature that was

too high.
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5 Microtrap loading from a mirror MOT

This chapter describes loading the double-loop microtrap from a mirror MOT.

5.1 Experimental configuration and procedure

The apparatus is illustrated in Figure 5.1. It is very similar to Figure 4.1 except the
coil assembly was moved upwards so that the point midway between the quadrupole
coils was located only 2 mm beneath the atom chip surface. This was done to facilitate
creating a mirror MOT from which the atoms could be directly transferred into the
microtrap. The quadrupole coils were aligned along the z-axis direction, parallel to
the atom chip surface in contrast to the traditional 45° arrangement [34]. The MOT
laser beams were incident at 45° in the y-z plane on the atom chip surface as well as
along the + x-axis as shown in Figure 5.1.

In this experiment and the one described in Chapter 6, the atom chip was mounted
onto a copper block using thermally conductive epoxy, Epo-Tek H77, instead of being
mechanically clamped as in Chapter 4. It was found that the mirror MOT intensity
was unstable when the atom chip was clamped onto the copper block.

The timing sequence diagram of the experiment is given in Figure 5.2. Atoms were
first collected into the mirror MOT from the background rubidium vapour [34, 38].
This was done using a magnetic field gradient along the z-axis of 14 G/cm. The trap

laser beam had an intensity of 47 mW /cm? and a beam diameter of about 18 mm. It
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was divided into two horizontal beams travelling along the x-axis and two angled
beams reflected off the atom chip surface as illustrated in Figure 5.1. The power of
the trap laser beams incident on the atom chip at 45° was 22.5 mW per beam while
that of the beams directed along the +z axis was 17 mW per beam. These powers
were found to optimize the number of atoms in the mirror MOT [77]. The trap laser
beams were circularly polarized and the frequency was red shifted 14 MHz from the
D2 cycling transition. The repump laser intensity was 2.4 mW /cm?. About 3 x 107
atoms were loaded into the mirror MOT in 6 s. The mirror MOT atom cloud had an
ellipsoidal shape elongated in the vertical direction. The cloud radii measured in the
vertical and horizontal directions were 0.7 and 1 mm, respectively.

The mirror MOT cloud was next compressed (CMOT) by increasing the field
gradient to 35 G/cm during a time of 50 ms. At the beginning of the CMOT stage,
the trap laser detuning was increased to 30 MHz while the repump laser intensity was
reduced to 0.2 mW/cm?. The alignment of the mirror MOT cloud in the z and y
directions with the microtrap array was checked by observing the imaging laser beam
reflected off the atom chip surface as was illustrated in Figure 4.5. The atom cloud
was positioned directly beneath the middle microtrap by applying fields Bygpnire and
Byenige as is shown in Figure 5.3. The number of atoms was 1.1 x 107 and the CMOT
atom cloud was approximately spherical having a radius of 0.5 mm. An additional
field Bnire = 3.0 G was applied to position the atom cloud 0.58 mm below the atom
chip. Larger B, values shifted the CMOT atom cloud closer to the chip surface
but many atoms were lost because the distance to the chip surface was less than the
cloud radius.

The compressed MOT was next further cooled using optical molasses (OM) and
optical pumping (OP) as described in Chapter 4. More than 90% of the atoms
could be optically pumped into the |2,2) Zeeman sublevel. The atom temperature
after optical pumping was 60 pK. This was higher than that observed after optical
molasses (35 pK) due to heating caused by absorption of the optical pumping light.
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a)  Byhift = Byshinn =0 G

4.5 mm

Figure 5.3: Position of the atom cloud after the optical molasses stage (a) without
and (b) with small shifting fields Bysnitr and Bysit. The microwires comprising the
left and middle microtraps whose centers are separated by 1.5 mm are clearly visible
in (a).
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Atoms were transferred into the microtrap by suddenly turning on the atom chip
and z-bias currents. The imaging laser probed the microtrap for times between 30
and 600 ms after atoms were loaded into it. The minimum time of 30 ms allowed
atoms not loaded into the microtrap to disperse. The number of trapped atoms was
unlikely to be reduced significantly during this initial 30 ms due to evaporative cooling
since the trap depth which exceeded 1 mK was an order of magnitude greater than

the atom’s thermal energy kgT [85].

5.2 Characterization of the microtrap

Only the middle microtrap was loaded in this experiment because the size of the
atom cloud was less than the distance between two adjacent microtraps as is shown
in Figure 5.3. A sample absorption image of the microtrapped atom cloud is shown
in Figure 5.4 corresponding to 1.3 x 10° atoms. A Gaussian function was fit to the
optical density as is discussed in Chapter 4. The radii of the atom cloud were found to
be 107 + 1 and 91.5 + 1.3 pm, in the horizontal and vertical directions, respectively.
The peak density of the microtrapped atom cloud was calculated to be 7.8 x 10°
atoms/cm?. The atom temperature was measured to be 107 £ 18 uK using the time
of flight method. The lifetime of the microtrapped atoms was observed to be 330 +
27 ms which agrees with that measured in Chapter 4.

The dependence of the microtrapped atom cloud on By, is shown in Figure
5.5. A maximum of 1.5 x 10 atoms could be loaded into the microtrap using a bias
field of about 9 G. This number was a factor of 3 higher than that obtained without
optical pumping. This is reasonable as only two of the five F' = 2 Zeeman sublevels
were magnetically trapped. Hence, optical pumping should increase the number of
trapped atoms by a factor of 5/2. This crude estimate assumes all Zeeman sublevels
were equally populated after the optical molasses which was unlikely to be the case.
A reduction of the atom number of about 30% occurred when B, ~ 7 G. This is

believed to arise due to Majorana spin flips from the magnetically trapped Zeeman
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Figure 5.4: Sample absorption image of the microtrapped atom cloud with the optical
density plotted along the y and z directions through the center of the atom cloud.
This data was taken using a chip current of 2.6 A and a bias field B,;.s = 3 G.
The white dashed line indicates the atom chip surface. The blue curves are Gaussian
functions fit to the data. This image was observed 40 ms after the microtrap was
turned on with a probe delay of 0.4 ms.
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Figure 5.5: Dependence of (a) the number of atoms and (b) the position of the middle
microtrapped atom cloud as functions of B,;.s. Solid black dots and blue triangles
are the data with and without optical pumping applied after the optical molasses,
respectively. All the data was taken using an atom chip current of 2.6 A. The atom
cloud was probed 40 ms after the microtrap was turned on using a probe delay of 0.4
ms.
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sublevels to non-trapped sublevels. The Majorana spin flips can occur near the center
of the microtrap where the magnetic field was zero as was discussed in Chapter 4.
The atom number also decreased for B,.s > 13 G which agreed with the numerical
simulation results of Chapter 2.

Figure 5.5(b) shows the microtrapped atom cloud position as a function of B,p;as.
The position of the atom cloud was nearly independent of optical pumping. The bias
field could control the position of the microtrapped atom cloud over a range of 100 to
300 pm. The numerical simulation of the microtrapped cloud center was not shown
as it agreed very closely with the observations as was the case in Chapter 4.

Figure 5.6 shows the number of atoms loaded into the middle microtrap as a func-
tion of the atom chip current, Iui,. Each of these points was taken using a B,pias field
generated by a current Ijpias = 0.3 Lenip (Babias(G) = 4.2 Lpias(A)). The largest num-
ber of microtrapped atoms occurred when I, = 2.6 A. Fewer atoms were trapped
at lower currents which is not surprising since the trap depth is proportional to the
chip current. For currents I, > 2.6 A, the number of trapped atoms decreased.
This occurred because the trap volume gets smaller. From Figure 2.3, one finds the
size of the microtrapped cloud for atoms of a given energy is approximately inversely
proportional to the trap depth. Hence, a doubling of the chip current from 2.6 to
5.2 A will reduce the trap volume by about a factor of 8. This in turn reduced the

number of atoms that could be loaded into the microtrap.
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Figure 5.6: Dependence of the number of atoms in the middle microtrap on the atom
chip current Iopip. The data were taken using I pias = 0.3chip. The maximum number
of trapped atoms was about 1/3 of that shown in Figure 5.5 because the mirror MOT
was not optimal. The atom cloud was probed 40 ms after the microtrap was turned
on using a probe delay of 0.4 ms.
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6 Microtrap array loading from a far off resonant

optical dipole trap

This chapter describes loading the microtrap array from a FORT. Atoms were initially

loaded into the FORT from a mirror MOT.

6.1 Experimental configuration and procedure

The apparatus and procedure to load atoms into the microtrap array are shown
in Figures 6.1 and 6.2. Ultracold atoms were first generated using a mirror MOT
as described in Chapter 5. Next, an infrared laser was used to generate a FORT.
The FORT laser beam travelled beneath the atom chip surface along the axis of the
microtrap array. The distance between the FORT laser and the atom chip surface
could be adjusted from 150 to 350 um by slightly varying the vertical position of the
lens used to focus the FORT laser beam. The laser focus was positioned under the
middle microtrap. This was checked using the vertical imaging system described in
Chapter 4. The FORT laser beam had a maximum power P of 14 W that could be
focussed to give a focal spot having a radius wy measured to be 35 ym. The trap

depth at the FORT focus for the linearly polarized laser is given by

hy? P 1 2
Uy = 6.1
0 24[3 7TW(2) (51/2 + 53/2) ( )

where v = 27 x 6.1 MHz for the D2 line, I, = 1.6 mW /cm? is the saturation intensity
and 0,/p and 032 are the detunings of the 1064 nm laser from the D1 and D2
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transitions, respectively. The maximum trap depth was just over 1 mK.

6.2 FORT loading results

After atoms were loaded for 6 s in the mirror MOT, the MOT was compressed and the
FORT laser was turned on. The parameters of the CMOT were the same as described
in Chapters 4 and 5. The only difference was that the repump laser intensity was
reduced to 27 W /cm?. This has been found to optimize the transfer of atoms from
a MOT into a FORT [25, 86, 87, 88]. For example, the lower repump laser intensity
increased (reduced) the number of atoms in the lower F' = 1 (F = 2) ground state
hyperfine level. Collisions between atoms in the different ground state hyperfine levels
were therefore reduced. Such collisions can change the hyperfine level which increases
the atom’s kinetic energy by an amount equal to the difference of the F' = 1 and
F = 2 ground state hyperfine level energies [86].

FORT loading was also optimized by applying magnetic fields, Bygpnige and Bigpis,
in the z and z directions respectively, to overlap the mirror MOT with the FORT
laser beam that was directed along the microtrap array oriented along the y-axis. A
shifting field in the y direction was not necessary because the size of the FORT along
the y direction is comparable to the distance between the left and right microtraps.
After the CMOT phase, atoms were cooled for 20 ms using optical molasses.

The low repump laser intensity ensured that atoms loaded into the FORT occupied
the F' = 1 ground state hyperfine level. Alternatively, atoms could be prepared in the
F' = 2 hyperfine level by turning off the trap laser 1 ms before the end of the optical
molasses and simultaneously increasing the repump laser intensity to 0.5 mW /cm?.
Atoms in the FORT occupying the F' = 2 ground state hyperfine level were resonant
with the imaging laser. Atoms occupying the F' = 1 ground state hyperfine level were
detected by overlapping the imaging laser beam with part of the repump laser beam.
Figure 6.3 shows a typical FORT having 8.5 x 10° atoms in the F' = 1 ground state

hyperfine level. This signal was reduced by nearly two orders of magnitude when the
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1.4 mm

8.2 mm

Figure 6.3: Typical FORT having 8.5 x 10° atoms occupying the F' = 1 ground state
hyperfine level. The FORT had an ellipsoidal shape extending a distance of 1.96 +
0.01 mm in the horizontal y direction and had a diameter of 128 + 6 pym along the
vertical axis. The distance between the FORT and the atom chip surface indicated
by the white dashed line, was 300 & 15 ym. The FORT was probed 40 ms after the
optical molasses phase with a probe delay of 0.2 ms.
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repump laser that was combined with the imaging laser, was blocked. Hence, it could
be concluded that greater than 98% of the FORT atoms were in the F' = 1 ground
state hyperfine level after the optical molasses phase. Similarly, a FORT could be
generated having nearly one million atoms with over 98% in the F' = 2 ground state
hyperfine level.

Figure 6.4 shows the temporal dependence of the number of atoms loaded into
the FORT in the F' = 1 ground state hyperfine level. The loading rate is described
by [86]

dN

% = RO exp (-’)/MOTt) — FLN — ﬁLNZ. (62)

where Ry is the loading rate at time ¢t = 0, v\ ot is the rate at which the MOT loses
atoms that depends on the trap laser detuning and repump intensity, I'y, describes
loss due to collisions with background gas atoms and Sy, describes loss due collisions
between ultracold atoms. The numerical solution of the above equation was fitted
to the data yielding Ry = 1.95 x 107 s7!, v, = 279 s71, I', = 8 x 1077 s} and
Br, = 1.47 x 107° s7'. A maximum number of ~ 9.6 x 10° atoms could be loaded
into the FORT in 135 ms. Dividing this number by the FORT’s ellipsoidal volume
gives a peak density of 1.3 x 10'° ecm™3. A similar number of atoms occupying the
F = 2 ground state hyperfine level could be loaded into the FORT. This number
compares to 1.4 x 107 atoms that are in the CMOT with the FORT laser blocked.
Hence, the atom transfer efficiency into the FORT from the CMOT was about 7%
which is comparable with that obtained by other groups [86, 87, 89].

The lifetime of the atoms in the FORT was found to be slightly less than 1 s by
fitting an exponential function to the data shown in Figure 6.5. These measurements
were taken with all lasers, except the FORT laser, blocked using mechanical shutters.
This was critical as a very low power of resonant light heats the atoms significantly
reducing the lifetime. The atom temperature was found by switching off the FORT

laser and using the time of flight method. The temperature for atoms in the F =1

107



12 T T T T
10 -
lr’;‘ ®
=
X 8k -
B
O
g
= 6
=
8
S g
e B _
(a4
@)
i
2 -]
0 | | | |
0 100 200 300 400 500

FORT loading (ms)
Figure 6.4: Dependence of the number of FORT atoms in the F' = 1 ground state

hyperfine level on loading time. This data was taken with both the CMOT and FORT
on. The curve fitted to the data is described in the text.
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Figure 6.5: Number of atoms in the FORT as a function of the FORT holding time.
The fitted exponential decay curve has a lifetime of 840 + 60 ms.
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(F = 2) hyperfine level was found to be 330 + 15 (230 £ 15) puK. The higher
temperature for the F' = 1 hyperfine level can be explained by heating caused by

the repump laser during imaging.

6.3 Characterization of the microtrap array

The microtrap array was turned on by linearly ramping up the chip current to 2.6
A and the z-bias field B, in 20 ms. Next, the FORT laser power was decreased.
Atoms could be loaded into the microtrap in either the F = 1 or F = 2 ground
state hyperfine levels. Figure 6.6 shows a typical image of the microtrapped atoms
occupying the F' = 1 loaded using a FORT ramp down time of 40 ms. The microtrap
array was imaged 20 ms after the FORT laser was ramped down. The microtrap
array was then switched off for 0.4 ms before the imaging laser pulse arrived. The
atom clouds in the three microtraps were analyzed by fitting Gaussian functions to
the optical density profiles. All three microtraps had the same radius of 105 + 5 um.
The number of atoms in the left, middle and right microtraps were 3.4 x 10%, 6.8 x 10*
and 2.2 x 10* respectively corresponding to peak densities of 3.0 x 10?, 6.0 x 10° and
1.9 x 10? atoms/cm?.

Figure 6.7 shows the dependence of the number of atoms in the F' = 1 hyperfine
level in the middle microtrap as a function of the FORT ramp down time. Very few
atoms were loaded into the microtrap if the FORT laser was abruptly shut off. The
optimum number of about 6.5 x 10* atoms was loaded using a ramp down time of
100 ms. The number of trapped atoms became smaller when longer ramp down times
were used. This is to be expected due to the finite lifetime of atoms in the microtrap.

Figure 6.8 shows the effect of the z-bias field, B,p.s, on the number of atoms in
the middle microtrap. More atoms in the F' = 1 hyperfine level were loaded into
the microtrap than in the F' = 2 level. This difference is plausible because the two

hyperfine levels have different numbers of Zeeman sublevels. For the F' = 1 hyperfine
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Figure 6.6: Absorption images of atoms trapped in (a) the FORT and (b) the micro-
trap array. The FORT was located about 220 ym below the atom chip surface. The
microtrap array was generated using Iepip = 2.6 A and B,pias = 3 G. The image shown
in (b) was taken with a FORT ramp down time of 40 ms, a microtrap holding time of
20 ms and a probe delay of 0.4 ms. Populations of 3.4, 6.8 and 2.2 x 10* atoms were
in the left, middle and right microtraps, respectively. (c) shows the optical density
plotted versus the horizontal direction through the center of the microtraps for the
dashed box. Each point is averaged over 5 neighboring pixels. The blue curve is the
sum of three Gaussian functions fitted to the data.

111



0+¢

3T Y

Atom number (x 10%)
N
o

¢
2 - —
1t s
0 | | | | | | |
0 50 100 150 200 250 300 350 400

FORT ramp down (ms)

Figure 6.7: Number of atoms in the middle microtrap as a function of the FORT
ramp down duration for atoms in the F' = 1 hyperfine level. The microtrap array
was generated using lei, = 2.6 A and Bias = 3 G. The atom cloud was probed 20
ms after the FORT laser waas ramped down with a probe delay of 0.4 ms.
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level, only 1/3 of the Zeeman sublevels, |1,—1), can be magnetically trapped!. For
the F' = 2 hyperfine level, two of the five Zeeman sublevels can be trapped but the
trap is deepest for the |2,2) sublevel. The sublevel populations in this FORT were
equal as this optical trap was independent of the atom’s Zeeman sublevel. Therefore,
if the FORT has a similar number of atoms in either hyperfine level, one would expect
the number of microtrapped atoms in the F' = 1 hyperfine level to be more than the
corresponding number in the F' = 2 hyperfine level by a factor of 5/3. This agrees
with the data. Figure 6.8 also shows the fewest atoms were loaded into the microtrap
at zero B,pi.s. This occurs because the trap depth is smallest without a bias field and
the microtrap position at 300 um did not overlap well with the FORT focus located
220 pm below the atom chip surface.

The microtrap position shifted closer to the FORT and the number of micro-
trapped atoms increased at higher values of B,.s. However, at a 5 G By field,
the number of microtrapped atoms was significantly reduced. The microtrap posi-
tion below the atom chip for this bias field overlapped the FORT. The dashed line
in Figure 6.8(b) indicates the position of the maximum FORT laser beam intensity.
Loading the microtrap array was studied using three different FORT positions: 187,
220 and 350 pum below the atom chip surface. For each of the three FORT positions
considered, a reduction in the microtrapped atom number of about 50% occurred at
the bias field corresponding to overlap of the microtrap and the FORT. This reduc-
tion of the microtrapped atom number is due to Majorana spin flips that occur near
the microtrap center. Trap loss was therefore maximized when the microtrap and
FORT trap centers overlapped. Hence, atoms spend more time near the microtrap
center increasing the rate of Majorana spin flips resulting in a reduced number of mi-
crotrapped atoms [61]. Figure 6.8(b) shows the microtrap position can be precisely

adjusted using the bias field. The atom cloud approached the atom chip surface as

!The Landé g factor for F = 1 and F = 2 hyperfine levels of 3"Rb 5512 ground state are —%
and %, respectively.
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Figure 6.8: Dependence of (a) the number of atoms and (b) the position of the middle
microtrapped atom cloud (b) on B,pi.s. Atoms were loaded in either the F' = 1 (blue
triangles) or F' = 2 (black dots) hyperfine levels. The FORT ramp down time was 50
ms. All data were taken using an atom chip current of 2.6 A and a microtrap holding
time of 20 ms. The time between when the microtrap was turned off and the arrival
of the imaging pulse was 0.4 ms. The dashed line in (b) shows the position of the
maximum FORT laser beam intensity I, while the grey region is where the FORT
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Bipias increased. The minimum observed distance between the microtrapped atom
cloud and the atom chip surface was less than 50 pm.

The lifetime of the microtrapped atoms was studied by imaging the atoms as a
function of the microtrap holding time as is shown in Figure 6.9. The same lifetime
of 350 £+ 15 ms was found for microtrapped atoms in either the F' = 1 or 2 levels. The
atom temperature was determined using the time of flight method. It was studied for
different FORT ramp down times as shown in Figure 6.10. The microtrap atom tem-
perature of about 35 uK was nearly an order of magnitude lower than that achieved
in the FORT. This result was unaffected by the FORT ramp down times less than
350 ms. This shows that the ultracold atoms of the FORT are preferentially loaded
into the microtrap. The decrease of atom temperature to 20 uK at long ramp down

times may be due to evaporative cooling [67, 68].
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Figure 6.9: Time evolution of the microtrapped atoms in the F' = 1 hyperfine level
versus the microtrap holding time labeled in each image.
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Figure 6.10: Temperature of atoms in the middle microtrap as a function of the
FORT ramp down duration for atoms in the F' = 1 hyperfine level. The data was
taken using Ienip, = 2.6 A and Bipias = 3 G. The atom cloud was probed 20 ms after
the FORT laser had ramped down and using a probe delay of 0.4 ms. The error bar
of each point was the standard deviation of at least 4 measurements from the mean
value.
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7 Conclusions

This work successfully demonstrated a new microtrap. Over 10° 8Rb atoms were
loaded into it at a temperature as low as tens of uK above absolute zero. The trapped
atom lifetime was about 350 ms. The double-loop microtrap required a current of only
2.6 A which is an order of magnitude lower than needed by conventional magnetic
traps that use macroscopic coils. Moreover, unlike the “Z” and “U” microtraps,
it does not require a bias field to trap the atoms although the trap depth can be
increased using a bias field. Double-loop microtraps could also be linked in series to
create a one dimensional array of microtraps.

Three different techniques were developed to load the microtrap array which are
compared in Table 7.1. The technique whereby atoms were first laser cooled using
a MOT and then transported using a quadrupole magnetic trap (QMT) to the chip
produced the largest number of microtrapped atoms. The atom density, however, was
lower than obtained using the other methods. This method also has the important
advantage of not requiring the chip surface to be a highly reflective mirror which
would allow the study of ultracold atoms interacting with a nonreflective surface.
The procedure for this technique is more complex than using a mirror MOT and
the magnetic transport of the atoms increased the atom temperature. Loading the
microtrap using a mirror MOT required the simplest procedure. However, only one
microtrap was loaded because the mirror MOT cloud overlapped a single microtrap.
The addition of a FORT to the mirror MOT allowed all three microtraps to be loaded.
This is to be expected as the FORT laser propagation direction was aligned with the
microtrap array.
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Moreover, the temperature of the microtrapped atoms was much lower than found
using the other two loading techniques. The attainment of a lower atom temperature
using FORT loading of a microtrap has also been found in loading a “Z” microtrap
[65]. An important parameter to optimize the microtrap loading was the position of
the microtrap relative to the FORT or mirror MOT. The number of trapped atoms
was reduced by half when the FORT overlapped the microtrap. Fortunately, the
microtrap position could be varied by applying the bias field to spatially shift the
microtrap and avoid overlapping the FORT.

The microtrap array has significant future potential. It would be interesting to
reduce the size of the microtrap. A reduction of the inner loop radius by a factor
of 5 to 60 pum would allow 11 microtraps to fit into the distance occupied by the 3
microtraps in our present atom chip. It would be easier to load similar numbers of
atoms into more closely spaced adjacent microtraps. The trap depth scales as the
current divided by r;. Hence, a 5 times smaller microtrap would only require 1/5 the
current to achieve the same trap depth. The heat dissipation power equals the square
of the current times the resistance. The overall power dissipated by the atom chip
would not change assuming the microwire thickness is also reduced by a factor of 5.
It is reasonable to expect that the total number of atoms loaded into an array would
be the same. However, the number of atoms in each smaller microtrap is likely to be
reduced. Scaling to submicron dimensions would enable the creation of a one or even
two dimensional array of microtraps each containing a single atom [48]. This may
be of interest to study tunneling between neighbouring traps [90] and for quantum
information [91].

The maximum density of atoms in the double-loop microtrap is limited by Majo-
rana transitions that occur at the trap center where the magnetic field is zero. It has
been proposed to add two straight microwires on either side of the microtrap array
to generate a finite field at the trap minimum position [48]. Such a trap would also

facilitate evaporatively cooling the microtrapped atoms to achieve lower temperatures
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40, 41].

A very important characteristic of the double-loop microtrap is the ability to
precisely control its location using a bias field. The microtrap position could be tuned
from 300 pm to 50 pm above the chip surface. This minimum distance is determined
by the inner loop size r;. Hence, a reduction of the microtrap size by a factor of 5
would mean the trapped atoms could be precisely positioned 10 pym above the chip.
This would facilitate the study of effects such as the van der Waals interaction of an
atom with its mirror image that scales as the inverse of the 6 power of the atom
distance to the surface [92]. Atoms in the double-loop microtrap are not positioned
above a microwire unlike other microtraps. Hence, this microtrap is ideally suited for
surface studies. In conclusion, the double-loop microtrap has significant potential to

generate diverse applications.
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A Current control circuit

Currents to the atom chip, z-bias coil,  and y-bias coils must be turned on/off during
the experiment in a time of less than 1 ms. This was done using the current control
circuits originally designed by B. Lii [93] and described in the thesis of B. Schultz [94].
Figure A.1 shows the circuit in the separate “current control boxes” that controlled
the z-bias coil (ICC-01) and the atom chip (ICC-02) currents. The coil power supply,
operated in constant voltage mode at 15 V, could not be suddenly shut off without
being damaged by the back electromotive force. A circuit was therefore constructed
to dissipate the current in a dummy load resistor Rp (10.5 2). The central part of the
circuit is an IRFPS3810 MOSFET which was connected in series to the z-bias coil.
The current passing through the coil was determined by the voltage input which was
specified by the LabVIEW interface program described in Appendix B. This signal
first passed through a preamplifier (OP77). This was followed by an integration stage
which stabilized the current using the voltage measured across a sensing resistor Rg (5
mS2, Isotek RUG-Z-R005-0.1). The feedback loop also consisted of a high performance
amplifier (AD624AD) and an external resistor Rg (500 2, HR255N). The dependence
of the current through the z-bias coil on the Labview input signal is shown in Figure

A2
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A similar circuit controlled the z (ICC-03) and y-bias (ICC-04) currents. The
primary difference was that the required currents were smaller, less than 3 A. The
current dependence on the input control signals analogous to that shown in Figure A.2
were found for the z-bias and y-bias coils to be 1.478 and 0.9739 A/V, respectively.
The corresponding value for the atom chip circuit was 1.905 A/V. These values were
input into the LabVIEW programs that interfaced the power supply to the computer
as is discussed in Appendix B. The time to switch the maximum currents on/off in

each of the four coils was measured to be less than 1 ms.
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Input signal (V)

Figure A.2: Dependence of the z-bias coil current on input control signal. A line
fitted to the data has a slope of 2.523 A/V.
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B LabVIEW interface

Three different LabVIEW programs were written as illustrated in Figures B.1, B.2,
and B.3. These programs loaded atoms into the microtrap array from 1) a trans-
ported quadrupole trap, 2) a mirror MOT and 3) a FORT. The front panel of each
LabVIEW program set various parameters such as the times of the different stages
of the experimental procedure, laser powers and the currents of the various coils.
The LabVIEW program generated values for up to 8 analog and 8 digital channels
every 0.1 ms for up to 15 s. The output voltage of an analog channel ranged from -10
V to 10 V. For a digital channel, the output was either 5 V (“True”) or 0 V (“False”)
which switched an instrument such as a shutter either open or closed. An example of
the LabVIEW program to implement the time dependent atom chip current shown
in Figure B.4 is given in Figure B.5. The black rectangular box known as a “frame”
generated the analog signal that controlled the power supply that supplied the atom
chip current. Similarly, the case of a digital channel that opened/shut the trap laser
shutter as shown in Figure B.7 is given by the LabVIEW program in Figure B.6. The
complete LabVIEW program consisted of a separate frame for each of the 8 analog
and 8 digital channels. The resulting signals were sent to the data acquisition card
which was linked to the National Instruments SCB68 connector block. The latter was

connected to the various wires of the interfaced instruments and power supplies.
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Figure B.1: Snapshot of the LabVIEW front panel used to load atoms into the mi-
crotrap from the transported quadrupole magnetic trap. The units for the trap and
repump laser powers are in mW, the trap detuning is in MHz while the currents are

in A.
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Figure B.2: Snapshot of the LabVIEW front panel used to load atoms into the mi-
crotrap from the mirror MOT. The units for the trap and repump laser powers are
in mW, the trap detuning is in MHz while the currents are in A.
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Figure B.3: Snapshot of the LabVIEW front panel used to load atoms into the mi-
crotrap from the FORT. The units for the trap and repump laser powers are in mW
while the FORT laser power is in W. The trap detuning is in MHz and the currents
are in A.
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Figure B.4: Sample analog channel timing diagram of the atom chip current.
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Microtrap
Tcéo MOT loading CMOT OM QMT shift QMT Loading Holding Reset
= <>
S
g 5V
=
=
2 ->| < 4ms
2
=
o
s
F
IAY
| | 1 1 1 1 >
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Figure B.6: Sample digital channel timing diagram of the trap laser shutter. The
shutter response time is 4 ms. Hence, in order to close the shutter at time t,, the
signal must arrive 4 ms earlier.

132



‘9'q

9INSI Ul USAIS SI 9douanbos urmr) asoym puuryd TO( oY Jo wreiderp weisord pAWHTAGRT 24} Jo joysdeuq :) g oInsiq

orea o[ dwreg
ZHY 01

|s223333333333%:|

sreudis ydein

Kerre (g
qear) [en3iq < uedroog

1I9AUOD)

sAeire

asodsuel],

sw § - ) < 110§
osfed = [Od

skeire 7

aurquio)

sw § - 11> 10§
nlL = 10d

Socooooooooooooooiis ST06 Mssrooonoooooooan

[0\ 1 R 1 X [N 6

<

iaal| o

iaal|o
e f=!
CRET] o
e f2!
adl|a
Ean
JEa|oe

07]
sw [°() 0) sw
1I9AUO))

133



C Absorption imaging of cold atoms

Absorption imaging refers to the transmission of the imaging laser beam, which is in
resonance with an atomic transition, through an ultracold atom cloud as is illustrated
in Figure C.1. The intensity of the spatial profile of the transmitted laser beam was
measured by a CCD camera. The objective was to determine the number and density
of the trapped atoms.

The imaging laser beam propagated in the = direction. The intensity of the imag-
ing laser beam incident on the atom cloud was given by Iy(y, z). In our experiments,
the imaging laser intensity was much less than the saturation intensity of the atomic
transition. The imaging laser linewidth was also less than the transition linewidth.

The imaging laser intensity transmitted through the atom cloud is given by
I(y, z) = Io(y, z)e”OP®? (C.1)

where the optical depth is defined by

OD(y, z) = a/oo n(x,y, z)dx. (C.2)

—00

Here o is the absorption cross section and n(zx,y, z) is the atom density. The on-
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Figure C.1: Schematic of the absorption imaging method. f is the focal length of the
lens.
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resonance cross section o is defined as

hwwy

7= 2[sat 7

(C.3)

where w is the angular frequency of the transition, 7 is the inverse of the excited
state lifetime and I, is the saturation intensity of the transition. The on resonance
absorption cross section o for the Rb D2 transition equals 1.94 and 2.91 x 107 c¢m?
for linearly polarized and circularly polarized light, respectively [51].

The total number of trapped atoms was found by integrating the atom density.

N = / / / n(x,y, z)dxdydz
_ / / OD(y, z)dyd>
- ‘E/oo/ooln(fo@?)

In the experiments, three types of CCD images were taken. S%(y, 2) was the CCD

) dydz (C.4)

signal recorded when no atoms were trapped. The background signal S"*(y, 2) was
taken when the imaging laser was blocked. Finally, S(y, z) was the signal obtained
when the imaging laser passed through the atom cloud. The CCD had a linear
response to the light intensity which was checked using a calibrated neutral density
filter. Subtracting the nonzero background CCD signal, the expression for the atom

number becomes

- L

| Sbk
= P Zl ( Sbk) 7 (C.5)
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where the two dimensional integral has been replaced by a summation over all pixels
encompassing the image in the y and z directions. Apiw was the area of a single
pixel.

In the experiments, the atom cloud density was observed to be well approximated

by a gaussian distribution

.%'2 y2 22
n(x, Y, Z) = No exp |:— <W + ﬁ + @)} . (C6)
T Y z

This expression can be integrated to give the total number of trapped atoms N. The

peak density ng is given by

N

(2m)3 20,040,

(C.7)

Ng =

The cloud radii o; where ¢ = x,y, z could be determined from the absorption images.
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D Glossary

Abbreviation Term
AO Analog Output
AOM Acoustooptic Modulator
BEC Bose Einstein Condensation
BS Beamsplitter
CCD Charged Coupled Device
CMOT Compressed Magneto Optical Trap
DAQ Data Acquisition
DO Digital Output
FORT Far Off Resonance Optical Dipole Trap
FWHM Full Width Half Maximum
HW Half Wave
ICC Current Control Circuit
MOT Magneto Optical Trap
OM Optical Molasses
OoP Optical Pumping
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Abbreviation

Term

Ol Optical Isolator
PBS Polarizing Beamsplitter
PD Photodiode
PGC Polarization Gradient Cooling
QMT Quadrupole Magnetic Trap
QW Quarter Wave
RGA Residual Gas Analyzer
TSP Titanium Sublimation Pump
UHV Ultra High Vacuum
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