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Abstract 

A 2D Optical Lattice for Creating a 1-Dimensional 
Fermi Gas 

by 

Tobias Papro t ta 

Ultracold atomic gases can be prepared in laboratory environments with unrivaled 

control and purity. In one and a half decades the field has evolved from the first Bose 

condensates in dilute alkali gases to multiple species mixtures and degenerate Fermi 

systems. Combining quantum degenerate fermions and optical lattices enables the 

simulation of relevant condensed matter systems. By observing the final state of an 

atomic sample in a tailored optical potential the system can be used as an analog 

quantum computer to evaluate Hamiltonians that are computationally impossible to 

tackle on classical computers. A versatile optical dipole trap has been constructed 

and characterized. The trap can be converted to an optical lattice, allowing for the 

investigation of the phase diagram of the two-component, one-dimensional, imbal-

anced Fermi gas. 
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Chapter 1 

Introduction 

The scope of this work is the creation and characterization of a two-dimensional 

optical lattice for use in cold atom experiments using fermionic lithium. The intention 

of adding this lattice to our existing EMT-I experiment, which has been described 

elsewhere [1, 2, 3, 4], is to map out the phase diagram of the one-dimensional, spin-

imbalanced Fermi gas. The mapping of this phase diagram has been spurred by 

earlier work on three-dimensional, spin-imbalanced gases [5, 6, 7] and merits investi

gation by itself [8, 9] due to the emergence of 1-dimensional superconducting systems 

[10, 11]. However, our stated goal in the DARPA sponsored O P T I C A L L A T T I C E E M 

ULATOR (OLE) program is to acquire a complete phase diagram within 12 hours [12], 

thus showing that a cold-atom experiment can act as an analog quantum computer, 

simulating condensed matter models. The motivation to create such a lattice emu

lator was ignited by the incredible level of control and purity that can be achieved 

in cold atom systems and optical lattices [13], and the nondeterministic polynomial-

time hardness (NP-hardness) of solving certain Hamiltonians computationally [14]. 

Unlike in a real ionic crystal, the lattice potential is independent of site occupation 

and free of defects such as screw dislocations or impurities. Furthermore, atoms, 

unlike electrons, have an internal structure which gives rise to Feshbach resonances 

between different states [15]. These resonances allow us to tune the particle-particle 
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interaction from small to large attractive and repulsive values. Additionally, we have 

control over the spin polarization and temperature of the system. 

1.1 Phase Diagram of the ID Fermi Gas and ID to 3D 

Crossover 

We chose the phase diagram of the one-dimensional, polarized Fermi gas as a suitable 

candidate for an optical lattice emulator because it can be computed exactly at zero 

temperature. The phase diagram, has been computed by Orso [8] and Hu et. al [9]. 

Orso's diagram is shown in Fig. 1.1. 

As we are confining atoms in a harmonic potential, a single measurement of the 

confined atoms samples a vertical cut through the phase diagram. This is illustrated 

by the arrow in Fig. 1.1. Therefore, if we consider the diagram as a set of vertical 

slices, we can further divide the phase diagram into two qualitatively different regions. 

Below the critical polarization, which is marked by the dotted line, the center of the 

trap (/x large) is partially polarized, while the edge of the trap is fully paired (see 

Fig. 1.2a). Above the critical polarization, the center of the trap is still partially 

polarized, but the edge is now fully polarized (see Fig. 1.2b). 

The behavior of the polarized Fermi gas in ID is in stark contrast with the 3D 

situation. Figure 1.2 opposes ID and 3D twice-integrated3, axial density profiles to 

illustrate this. In the 3D case, the phases are inverted with respect to ID: Now, 

a The spatial distribution is integrated once when acquiring a 2D image, and a second time 
numerically when analyzing the data, so a ID profile is obtained. 
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Figure 1.1 : Phase diagram of the one-dimensional, spin-imbalanced Fermi gas at zero 
temperature, as computed by Orso [8]. The horizontal axis shows the magnetization 
h = /if — Hi, the vertical axis the chemical potential // = /i-j- + ^ j , . The arrow 
indicates the data that can be acquired from a single atom cloud confined in a 
harmonic potential. The dashed line indicates the critical polarization, above which 
the edges of the cloud will be fully polarized, whereas below the edges will be fully 
paired. 

the center of the trap is fully paired, which is implied by the flat-top axial density 

difference distribution [7], whereas the wings are fully polarized. The optical lattice 

described in this thesis will allow us to map out this dimensional crossover. By 

adjusting the depth of the optical lattice, we can tune the tunneling rate between the 

ID tubes. For high lattice depth, tunneling between lattice sites becomes inhibited, 

making the system truly ID. By reducing the lattice depth, tunneling rates increase 

and the system is effectively 3D. Section 2.1.3 discusses inter-tube tunneling rates in 

more detail. 
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Figure 1.2 : Axial density distributions for non-interacting ID and 3D gases, com
puted using code from S. Baur[16]. For low polarization P in the ID gas (a), the trap 
center is polarized, while at the edges the gas is fully paired, (b) on the other hand 
shows a ID gas at a polarization well above the critical polarization P « 0.18. The 
center is still polarized, but the trap edges are completely polarized. This contrasts 
strongly with figures (c) and (d), which depict the situation in the 3D gas. Here, 
the situation is inverted: The flat-top difference distribution indicates a fully paired 
core, whereas the wings are fully polarized. 



Chapter 2 

Crossed Beam Trap and Optical Lattice 

In this chapter, I will discuss the trapping of neutral atoms in optical traps, and 

the optics and electronics used for our particular implementation. Trapping cold 

atoms purely optically is desirable over magnetic trapping, as all hyperfine states can 

be optically trapped and arbitrary bias fields can be applied to atoms in an optical 

trap. This allows access to magnetic Feshbach resonances to tune the interactions 

between the atoms [15]. The crossed-beam trap described in this thesis is the latest 

part in an evolutionary series of optical traps employed on the EMT-I apparatus, 

which were described in [4]. The design goals were to provide a trap aspect ratio 

(AR) of roughly three to one. This allows us to explore the effects that the previous, 

elongated trap (AR=35) had on imbalanced Fermi gases. Furthermore, this trap is 

derived from a single-longitudinal-mode laser, so by retro-reflecting the trap beams 

onto themselves an optical standing wave forms, which gives rise to an optical lattice. 

2.1 Optical Trapping of Neutral Atoms 

Trapping neutral atoms with lasers employs the ac-Stark shift in the atom's ground 

state energy. The trap potential is given by 

r<*)~£ 1 
+ UJ — UJQ UJ + UIQ 

I{x) 
(2.1) 
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Here, T is the transition width, u the laser frequency, ui0 the transition frequency, 

/sat the saturation intensity of the transition and I(x) the position-dependent laser 

intensity. For our chosen trapping wavelength of 1064 nm Eq. 2.1 works well. In 

general however, there are two limiting cases that can be of interest: For large laser 

detuning from the trapping transition, one can use the static atomic polarizability 

instead [17]. Such traps are commonly called QUEST (quasi electrostatic traps). For 

near-resonant traps, i.e. — > 0.9, the rotating wave approximation can be applied 

to Eq. 2.1, removing the term ^f^-

The laser intensity I(x) is the easily experimentally accessible part of Eq. 2.1, so 

we need to tailor our laser beams in order to create the trap shape and depth that 

we desire. The intensity in a Gaussian beam in its TEM0o mode, propagating along 

the y-direction is given by 

Tf \ W 

I(r, V) = — j r r exp 

r 2 i 

w2(y)\ 
(2.2) 

Here, uj(y) is the y-dependent Gaussian beam waist, P the laser power and r 

the distance from the center of the beam. In order to achieve an elongated trap at 

aspect ratio three, we pass the beam through an astigmatic telescope. Equation 2.2 

can be modified to describe such an elliptical beam, which is now characterized by 
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beam waists in two directions, wx and wz: 

I(x,y,z) = 
IP 

irwx(y)wz{y) exp - 2 - x" 

wt l + (f)2 + 
wt ! + (i)2 

(2.3) 

Here, xr and zr are the Rayleigh ranges in the two radial directions, which are given 

by 

7T9/V. 

(2.4) 
7TWQ 

A ' 

For our beam waists of 54 pm and 237 um, one obtains Rayleigh ranges of 0.9 cm 

and 16.6 cm, respectively. While the Rayleigh ranges differ by the square of the 

beam-waist ratio, the beam expansion over the length scale that is of interest for 

trapping (about 2CJO) differs by less than one per cent. Following this argument, we 

can simplify Eq. 2.3 by removing the position dependence of the beam waists in the 

prefactor. 

2.1.1 Trap Potential 

Using the groundwork laid out in the previous section, we can now describe the 

potential created by our crossed beam trap (see Fig. 2.1). The trap is formed by two 

orthogonal laser beams, which are overlapping in the trap region. Combining Eqs. 

2.1 and 2.3, as well as evaluating the pref actors yields 
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V(x,y,z) = -39 
um2 mK 

W 

wxwz 

exp 
x 

wt l + (i)2 + 
wt l + ( £ ) 2 

+ WyWZ 

exp I —2-
wf, KVrJ 

+ 
Wt l + (f:)2 

(2.5) 

Looking at Eq. 2.5, it becomes obvious that both beams provide confinement in the z-

direction, whereas in the x- and y-directions the confinement is provided by one beam 

each. Figure 2.1 shows a plot of this potential as well as a cloud of atoms trapped 

in this geometry. The trapping beams are 90 degrees out of the horizontal plane, 

aligned with the North-South axis. We colloquially designate the beam propagating 

in ^-direction the North beam and the beam propagating in y-direction the South 

beam, as their projections on the horizontal plane point that way. 

Equation 2.5 gives the trap depth in temperature units, i.e. uK. Another natural, 

and common way to measure trap or lattice depth is in recoil energies. The recoil 

energy is the kinetic energy gained by an atom at rest when absorbing a photon at 

the trap laser wavelength. It is given by 

Er = 

Tr = 

{hkf 
2m 

{hkf 
2mkh 

= 1.409 uK 

(2.6) 

(2.7) 
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(a) x-y plane (b) x-z-plane (c) trapped cloud 

Figure 2.1 : (a) Central cut across the trap potential in the x-y plane. The incoming 
beams producing the trap potential can be seen along both axes, (b) Central cut 
in the x-z plane, which illustrates the elongated character of the trap potential, (c) 
In-situ absorption image of 30,000 quantum degenerate 6Li atoms confined in the 
trap for comparison. 

Here, h is the reduced Planck constant, k the photon wavenumber, m the atomic 

mass of 6Li, and fc& the Boltzmann constant. Tr is the temperature corresponding 

to a single recoil, 1.409 uK is the conversion factor between temperature units and 

recoil energies for 6Li and 1064 nm light. 

While it is not explicitly stated in Eq. 2.5, the powers P{x,y} are not provided 

by a single beam, but also its retro-reflection onto itself. The retro-reflected beam is 

attenuated by 23 (13) % in the North- (South-) beam, mostly because it passes a vac

uum viewport twice, which is not anti-reflection coated for 1064 nm. The difference 

in attenuation is caused by titanium contamination of a viewport close to a subli

mation pump. In practice, we only measure the power of the incoming beams using 

calibrated photodiodes, and determine the total trap power using the attenuation 

factors. 

Equation 2.5 assumes that the polarization of the incoming and retro-reflected 
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beams are aligned perfectly orthogonal. In practice, this may not always be the case. 

Even a small deviation in retro-beam polarization will lead to a lattice superimposed 

with the trap. Such a residual lattice can hinder thermalization and thus evaporative 

cooling in the trap. If we designate the incident electric field Einc and the retro-

reflected field Eiet, which is oriented close to 7r/2 rotated, we can find the depth of 

this residual lattice: 

•E'inc = x e x P [i(ky + ut)] 

ETet = (x sin(0) + y cos(#)) exp [i(ky — cot)] 

= l + sin2(6») + 2sin(6')cos(6')cos(2A;y) (2.8) 

Contrary to intuition, we can see that even a small amount of light in the wrong 

polarization of the retro beam will lead to a substantial depth of these residual 

oscillations, with the fractional depth given as 

2sin(0)cos(0)cos(2A;y) /n. , x 

If we now consider power in the wrong polarization, we see that Vfrac oc \/Pm, where 

Pm is the power in the polarization aligned with the incident beam. Even a 1 % 

mismatch will lead to a 10 % residual lattice! We therefore have to carefully control 
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the retro-beam polarization in trap mode, the alignment procedure is described in 

section 2.2.1. 

2.1.2 Optical Lattice Potential 

The ability to rotate the polarization of the retro-reflected beams, which is described 

in section 2.2.3, allows us to change the trap into an optical lattice during the course 

of the experiment. If the polarizations of the incoming and retro-reflected beams are 

aligned, they will interfere with each other and form a standing wave of periodicity 

A/2 = 532 nm. The complete potential can be written by adding this oscillation to 

the trap potential described in Eq. 2.5: 
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V{x,y,z) = -39 
um2 mK 

W 

-2 - exp - 2 -
ivxu;2 iy~ 

+ lUplUz 
exp 

itf,. 

l + (f)2 

1 + m 2 
v 2 / r ; 

W , 

+ 
i f ; 

l + (f)2 

l + (f)2 

cos 

COS 

47ry 

/47TX 
. (2.10) 

Figure 2.2 visualizes the resulting lattice potential. 

(a) x-y plane (b) rr-z-plane 

111 i 

(c) ^-direction 

Figure 2.2 : (a) Central cut across the lattice potential in the x-y plane. One can 
see the square lattice formed by the two standing waves. For this small region, the 
Gaussian envelope cannot be seen, (b) Central cut in the x-z plane, which illustrates 
the ID nature of each lattice site. The tubes are about 450um long and only 512 nm 
in diameter, (c) Lattice potential in x-direction. The Gaussian envelope seen in this 
plot is created by the orthogonal beam. The laser wavelength has been set to 10 pm 
in order to show the individual lattice sites on this length scale. 
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For the optical lattice potential, the purity of the retro-reflected polarization is 

not as critical as for the trap (see Eq. 2.8), because the lattice already has an 

underlying harmonic potential (see Fig. 2.2c), which has to be accounted for in 

data analysis. The residual trap formed by a small angle between the polarization 

axes of the incident and the retro beam is therefore only a correction to the lattice 

depth. We do not have to rely on the computed lattice depth however, as it can be 

experimentally determined by measuring the oscillation frequencies of the trapped 

atoms, as outlined in section 2.4. 

Interference between the North and the South beams however can lead to heating. 

The lattice potential, including inter-beam interference is 

V oc cos2(A;:r) + cos2(kz) + 2ex • ey cos(0) cos(kx) cos(kz). (2-11) 

Here, eV i is the polarization vector of the respective beam and </» is the phase 

between both beams. Early experiments stabilized the phase between both beams 

interferometrically [18], but the interference term can also be removed by keeping 

the polarization vectors orthogonal, and if we introduce a sufficiently large frequency 

offset between both beams, the phase term cos(0) becomes fast with respect to the 

lattice frequencies, which prevents heating. The procedure to align the polarizations 

orthogonal and to generate the frequency offset is described in section 2.2.1. 
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2.1.3 Inter-Tube Tunneling Rates 

Besides knowing the lattice potential's shape and depth, we are also interested in a 

measure of how one-dimensional the system is. To determine this, we compute the 

hopping coefficient t, that describes the amplitude of an atom moving between sites 

i and j [19]: 

-tj^blbj (2.12) 

While i and j can be any two lattice sites, for relevant lattice depths (i.e. on the 

order of Er) only next-neighbour contributions are significant. We can compute t 

numerically by evaluating 

(2.13) 

where w(x — Xj) is a wave function describing an atom localized at one particular 

lattice site i. A suitable way to write the wave function w(x) are Wannier functions. 

It can be shown that such functions can be constructed for any periodic potential, 

even if it is not well-described in a tight-binding model [20]. Kohn [21] gives a way 

to easily construct the Wannier functions: 

w{x) = N-^^2^fk(x), (2.14) 
BZ 

• / 
(fx W*(X - Xi) f — V 2 + Viattice ) w(x - Xj) 
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Figure 2.3 : Coefficient for next-neighbor hopping t in the lattice as a function of 
lattice depth. 

where ^k are the Bloch functions, iV the number of unit cells in the system and the 

sum is performed over the first Brillouin zone. The tunneling coefficient as a function 

of lattice depth is shown in Fig. 2.3. In preliminary data, we observe 3D behavior 

for Vi < 6Er, and ID behavior for Vj > HEr. Our investigation of the 3D to ID 

crossover will therefore focus on the intermittent area, shown in green on Fig. 2.3. 

2.2 Lattice Implementation 

In this section, I will describe the technical implementation of our optical lattice, 

starting by outlining some basic design decisions, followed by a description of the 

laser system and beam shaping optics, and finally a section on the electronics used 

to control intensity and polarization of the lattice beams. 

When designing an optical lattice, there are a few basic decisions that have to 

be made. Eqation 2.1 shows that one can either form a repulsive potential by us

ing a blue-detuned trap-laser or an attractive potential using a red-detuned laser. 
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A blue detuned lattice offers the advantage of reduced off-resonant scattering, be

cause the atoms are trapped at the nodes, but it requires an additional red-detuned 

laser for axial confinement. Furthermore, it is much cheaper to buy high-power, 

single-longitudinal-mode laser systems in the near-infrared than below the lithium 

resonance wavelength at 671 nm. If separate lasers are used to form a trap and a 

lattice, no active control of the beam polarization is necessary. However, either more 

viewports are required to have optical access with both lasers, or dichroic elements 

have to be used. Using a single laser also minimizes change in the potential shape and 

confinement when the lattice is turned on, which promises good transfer efficiency. 

2.2.1 Optics and Alignment 

In our implementation, we use a red detuned fiber laser, made by IPG Photonics. The 

model YLR-35-1064-LP-SF delivers an output power of 35 W in a single frequency 

mode at a wavelength of 1064 nm and a linewidth of roughly 100 kHz. Figure 2.4 

shows the beam path after the laser head. 

A half-wave plate and a polarizing beam splitting cube are used to control the 

power in the setup. This is useful for aligning, as the beam waist and divergence 

change if the laser power setting is changed. The manufacturer attributes this to 

thermal lensing effects in the optical isolator. The beam is then recollimated at a 

waist of 0.25 mm, and split evenly in power for the two lattices axes. Both beams 

are sent through acousto-optical modulators (AOMs) for intensity control (see chap-
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f = 7.5mm f=150mm 

f i be r hal f 
p o r t waveplate 

Fiber Laser 
A = 1064nm 

Figure 2.4 : Optics used to split the laser output into two beams, designated north 
and south. The beams are recollimated at 0.25 mm, to pass acousto-optical modula
tors (AOMs). At this beam waist, one needs to make sure to select optics that can 
withstand the beam peak intensity of up to 36kw/cm2. The first diffraction order of 
the AOMs is spatially filtered out, and recollimated to be coupled into a high-power, 
polarization maintaining fiber. An anti-reflection-coated optical flat lets us pick off a 
small amount of the beam's power, which we monitor using a low-cost photodetector. 

ter 2.2.2) and to create a frequency offset between the beams to avoid cross-beam 

interference. The first order diffraction of the AOM is spatially selected at the focal 

point of a telescope that expands the beam waist to 1.2 mm. This waist is selected to 

mode-match into a high-power, polarization maintaining fiber (OZ optic model PMJ-

3AHPC,3AHPC-980-6/125). An anti-reflection (AR) coated optical flat is used to 

pick off a small fraction (~ 0.05%) of the beam to monitor its power using Texas 

Advanced Optoelectronics TSL12S photodetectors. These devices are very useful: 

they integrate a lens, a photodiode and a transimpedance amplifier in a compact, 

TO220-like package and cost less than one dollar. 
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The fibers are used to bring the beam onto platforms mounted close to the cham

ber. This platform, as depicted in Fig. 2.5, it hosts the optics used to focus on the 

atoms. After the fiber output, a half- and quarter-wave plate are used to set the trap 

polarization to s (p) in the North (South) beam. The quarter-wave plates have been 

found to be useful to eliminate a slight ellipticity in the beam polarizations after 

passing the fiber and dichroic mirrors. 

Photodiode 
cyl. lens 
f = 50mm 

— G — 
die lect r ic 
mirror 

^ waveplate1 

f = 500nn 

. cyl, lens 
A waveplate f = 1 0 0 r n n 

Figure 2.5 : Optics used to focus the trap beam onto the atoms. A cylindrical 
telescope creates the elliptic waist desired, and a 50 cm focal length achromat focuses 
the beam on the atoms. The achromat is mounted on a Newport Ultralign 3-axis 
translation stage for fine adjustment. A dichroic mirror combines the trap and the 
MOT beams, as they share the same vacuum viewports. 

A cylindrical telescope reshapes the beam elliptically, as outlined in section 2.1.1. 

Initially, we tried using anamorphic prism pairs to reshape the beam, but it proved 

hard to achieve focusing in both directions at the same spot. Using the cylindrical 

telescope, the distance between the lenses gives a readily accessible degree of freedom 

to match the foci. An achromatic lens with focal length 50 cm is used to focus the 
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beam on the atoms. This lens is mounted on a Newport Ultralign 3-axis translation 

stage for fine adjustment. A dichroic mirror is used to overlap the trap beam with 

the MOT beam, as they have to share the same vacuum viewport. 

We have installed two additional platforms that are located at the spot corre

sponding to the atom position for the light reflected by the dichroic mirror. At this 

point, we can reference the beam position and test whether the beam is correctly 

focused. We test the focus using a Coherent Beammaster commercial beam profiler, 

which we borrow from Dr. Killian's lab. Figure 2.6 shows a beam profile acquired in 

this way and a dataset generated from several such profiles at different offsets from 

the atom position to determine the focus size and position. 
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(a) North beam focus (b) North beam radial waist 

Figure 2.6 : (a) Incident North beam close to its focal point. The intensity distribu
tion was acquired using a Coherent Beammaster beam profiler, (b) Evolution of the 
North incident beam's waist close to the focal point. We translate the beam profiler 
along the beam's axis to acquire this data. We fit the data using a Gaussian beam 
propagation model, from which we extract the minimum beam waist. 

Aligning the incident beams happens in several steps. First, the beam pointing 

can be roughly aligned with the two mirrors before the chamber, using the marked 

atom position on the second platform as reference. Next, the focusing lens and one 

W «M)(jia) 
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of the cylindrical lenses are moved along the beam axis to adjust the foci. The next 

stage is fine-tuning the beam position. To do so, we load atoms into the pre-existing 

single beam optical trap, which is perpendicular to both crossed-beam trap beams, 

and turn on one of the crossed beams. As long as the crossed-beam is far out of 

alignment, the atoms will be solely trapped in the single beam trap, resulting in 

clouds of big aspect ratios of about 40 (Fig. 2.7a). Once the crossed beam is slightly 

overlapping with the single beam trap, a huge atom loss will be observed. This is 

because atoms can escape into the crossed beam, which does not offer sufficient axial 

confinement to trap them. Once the crossed beam overlaps well with the single beam 

trap, a drastic shrinkage in cloud aspect ratio can be observed, because the crossed 

beam provides additional axial confinement to the single-beam trap, similar to the 

trap potential shown in Fig. 2.1. Figure 2.7 shows example images for the crossed 

beam search. 

(a) Crossed-Beam out of Alignment 

(b) Crossed-Beam Aligned 

Figure 2.7 : (a) Atoms confined in the single-beam trap only, resulting in an elongated 
cloud, (b) Crossed beam overlapped with the single beam, providing additional axial 
confinement. The cloud extends much less axially. 
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With the incident beams properly aligned, we set up the retro-reflected beams. 

The optics positioned after the first pass throught the chamber are shown in Fig. 

2.8. For rough alignment, we use an iris that is in place at the focus of the cylindrical 

telescope. The fine alignment is facilitated by the optical fiber. We use one of the 

TAOS TL12S photodetectors to peak up the transmission of the retro-reflected beam 

through the fiber. As the retro-reflection mirror is the only spatial degree of freedom, 

matching the positions of the beams at the fiber output guarantees alignment. 

Viewpor t ( p a t h ) 
v - ^ t - ^ ^ f = 500mm g waveplate 
—V 8 —H 1 II 1 d!e^ctrlc 

l 14. i i m i r ror 
dichroic 4 waveplate L C V R 

mirror 
Figure 2.8 : Retro-reflection optics, located after the chamber. An achromat of 50 cm 
focal length recollimates the beam. A liquid crystal variable retarder, a half and a 
quarter-wave plate are used to control the polarization of the retro-reflected beam. 
A single mirror reflects the beam back onto itself. 

After spatially aligning both beams, the next step is to check their polarizations. 

We introduce a polarizing beam splitting cube (PBC) to the beam path, right before 

it enters the chamber, and monitor both output ports. We orient the cube's axis 

so that it will transmit the desired polarization for this beam, and maximize the 

transmission using the half-wave plate. We then try to minimize the ellipticity of 

the beam's polarization, which we measure by taking the ratio of powers at the two 

output ports of the PBC, by rotating the quarter-wave plate. To find the optimum 
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settings it is usually necessary to iterate these steps a few times. 

The same alignment for the retro-beam is slightly more complicated, because 

only the reflecting port of the cube is accessible for measurement. We switch a 

liquid crystal variable retarder (LCVR, see section 2.2.3) between no retardance and 

quarter wave retardance in order to see maximum and minimum reflectance at the 

cube. Because both wave plates are passed twice, it is unavoidable that any rotation 

of the half-wave plate will change the alignment of the quarter-wave plate's axes with 

respect to the beam polarization. This makes the optimization of both wave plates 

slightly more involved. 

The improvement we achieved when initially introducing the quarter-wave plates 

to the beam paths are shown in table 2.1. With both the beam's position and polar

ization aligned, the trap is (almost) ready for prime time. The next sections describe 

the different degrees of control we have over the potential during the experiment. 

B E A M 

South Incident (uncorrected) 
South Incident 
South Retro (uncorrected) 
South Retro 

ELLIPTICITY 

400 
657 

34 
330 

RESIDUAL L A T T I C E D E P T H 

5% 
3.9% 
17% 

5.5% 

Table 2.1 : The table lists the ellipticity of the South beams incident and retro-
reflected beams, which we define as the ratio of maximum and minimum transmitted 
power across a polarizer. The second column shows the residual lattice amplitude 
(•v/Ell̂ ticit ) c a u s e d by the beam ellipticity, with and without quarter-wave plates for 
correction. 
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2.2.2 Intensity Control and Stabilization 

In section 2.1.2, I showed in Eq. 2.5 that the trapping potentials are proportional 

to laser intensity. In order to evaporatively cool from the crossed-beam trap, or to 

change inter-tube tunneling in the lattice, there has to be a way to control laser 

power. In our setup, we achieve this control by passing each trap beam through 

an acousto-optic modulator (AOM). The undiffracted beam is directed to a beam 

dump, whereas the first order is fiber coupled and directed to the chamber. The 

amount of power in the first order beam can be controlled by changing the amount 

of RF power that is fed to the AOM. We generate these RF signals with voltage 

controlled oscillators (VCOs, Mini-Circuits model ZOS-100+). The output of these 

devices is about 9dBm, which is not enough to achieve good diffraction efficiency 

into the AOM's first order. We use a power amplifier {Mini-Circuits ZHL1-2W+) 

to bring the signal level up to 36dBm and a voltage controllable attenuator (VCA, 

Mini-Circuits model ZX73-2500+) to be able to change RF power over « 4 0 d B . 

Figure 2.9 shows the diffraction efficiency versus VCA control voltage. 

Beyond the basic control of trap power, we can use the AOM to cancel fluctu

ations in trap power. There are three major sources of power noise after the fiber: 

firstly, fluctuations in output power of the IPG laser. Secondly, changes in beam 

pointing, which in turn decrease the fiber coupling efficiency, and lastly, changes in 

the RF power of the VCO. We monitor the power noise using a home-built photo 

detector, which consists of a InGaAs photodiode (Germanium Power Devices model 
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Figure 2.9 : Amount of power diffracted into the first order beam, which is used 
for atom trapping. The voltage controlled attenuator requires about 1.7 V before 
any significant power is diffracted. Increasing its control voltage over 10.5 V has no 
significant effect on the diffracted power. 

GAP1000) and an AD711 based transimpedance amplifier. Figure A.4 shows the 

circuit diagram. This system has a response of approximately 3v/mW at 1064 nm, 

while offering about 600 kHz of bandwidth. Instead of inserting a beam sampler into 

the beam path, we monitor the power that is transmitted through one of the dielec

tric mirrors that guide the beam towards the chamber. Typically, the transmitted 

power is -30 dB less than the trap powera. 

The large active area of the GAP 1000 photodiode (1mm2), ensures that the 

power measurement is insensitive to beam pointing noise after the fiber. A proportional-

integral servo with a bandwidth of 30 kHzb compares the measured power to a com

puter generated setpoint and feeds back to the VCA. Figure 2.10 shows a comparison 

a As the transmittance/reflectance of the mirrors is polarization dependent, so is this ratio. If 
the polarization at the chamber is optimized, it may be necessary to adjust the transimpedance 
gain to have the feedback loop work optimally. 

b The bandwidth for the photodetector is chosen to be significantly higher than the servo band
width, so it can be used to monitor amplitude modulation (AM) of the t rap intensity. The heating 
that ensues from such an AM can be used to measure the trap or lattice frequencies. 
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of fractional power noise with and without this stabilization circuit; Figs. A.l, A.2, 

and A.3 show the circuit diagrams. At low frequencies, a reduction of around 30 dB 

in noise power is observed. Power noise leads to a change in light intensity at the 

100 1k 

Frequency [Hz] 
100k 

Figure 2.10 : Fractional power noise in the trap beam after the fiber, with and without 
the intensity stabilization circuit active. The frequencies relevant for heating in the 
crossed beam trap are highlighted in light blue. The marked peaks at 1.5 kHz and 
22 kHz are due to output power fluctuations of the VOS-100+ VCO. 

atoms, which implies a change in the trap depth and frequency. We can model an 

atom in this situation using the Hamiltonian 

H = £- + irniv2 [1 + e(t)\ x2. 
2m 

(2.15) 

Here, m is the mass of the atom, v the trap frequency and e(t) a time-varying 

perturbation of the trap frequency. The parametric heating problem given by Eq. 
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Computer 
Control 

Oto 
10V Pl-

Controller 

VCO 
70/80 MHz 

t) 
chai iber 

D-Ŝ —<h 
Fiber 
PD 

Oto 
15V 

I ^ ^ ^ -48 to ^ ^ ^ -17 to 
I -9dBm ^ ^ - 1 2 d B m ^ ^ . 19dBm 
I — — — V C A ^ — +31 d ^ — AOM 

IPG laser 
1064 nm 

Figure 2.11 : The setup used to control and stabilize the laser power in the lattice 
beams. A voltage controlled attenuator (VCA) sets the amount of RF-power used to 
drive an AOM. Only the light diffracted into the first order is sent to the chamber. 
The power in the lattice beam after the fiber is stabilized using a PI servo that feeds 
back to the VCA. The photodiodes labeled INC and R E T R O form an interlock system 
that shuts down the laser system, in case the fiber coupling efficiency drops. 

2.15 has been extensively treated classically, for example by Arnold [22] and Pippard 

[23]. A quantum mechanical description using first order perturbation theory is given 

by Gehm [24]. Both treatments yield that the energy increases exponentially as 

< E > = 7rVS(2i/) < E > . (2.16) 

Here, S{2v) is the noise spectral density at twice the trap frequency. When employing 

the stabilization circuit, we obtain time constants larger than 105 s for an increase in 

energy by a factor of e, which is more than sufficient given that we keep the atoms 

in the crossed beam trap for usually less than four seconds. Another benefit of the 
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servo loop is that the trap power is directly proportional to the computer generated 

setpoint. Before the implementation of this circuit any change in laser power or fiber 

coupling intensity would require finding the correct VCA voltage again. 

In addition to noise stabilization, the circuit also uses two TAOS TL12S photode-

tectors (see Fig. 2.4) to monitor the fiber coupling efficiency for both incident and 

retro-reflected beams. If the coupling efficiency drops below 60 %, the laser system 

is shut off automatically using the AOM, in order to protect the fiber cladding from 

damage. 

2.2.3 Polarization Control 

Switching between the crossed-beam trap and an optical lattice requires precise con

trol over the polarization of the retro-reflected beam, on a timescale of a few tens 

of milliseconds. To form a trap, the polarization of the beam has to be rotated by 

90 degrees before re-entering the chamber, so that the counterpropagating light does 

not interfere with incident beam. To turn the trap into a lattice, this rotation has 

to be set to an integer multiple of 180 degrees. Early on, we explored three different 

means to achieve this polarization rotation: 

• Quarter-wave plates mounted to motorized rotation stages 

• Pockels Cells 

• Liquid Crystal Variable Retarders 
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A quarter-wave plate mounted to a motorized rotation stage is the most simple way 

of achieving the rotation, however typical, commercially available rotation stages are 

too slow and offer too little resolution. Newport offers a product named RGV100BL 

that offers 0.03 degrees accuracy and could rotate in 125 ms, but at a price point of 

$6400 it is the most expensive of the three options. Furthermore, we preferred to not 

have mechanically moving parts in the lattice setup, in order to minimize vibrations. 

A Pockels cell uses the electric field dependence of birefringence in crystalline 

materials such as lithium niobate in order to rotate polarizations (a detailed discus

sion of the arising of the electro-optic effect based on broken symmetries in crystals 

is presented by Yariv [25]). Rotation speeds achievable are on the order of several 

100 MHz, which is more than fast enough for our application. The main drawback 

is the limited apertures of typically a few millimeters, which would require resizing 

the trap beam before the Pockels cell. Controlling the rotation is achieved by main

taining a DC voltage on the crystal, which typically is on the order of a few kV, so 

a stable, controllable high voltage supply is needed. Thorlabs offers a 2 mm clear 

aperture Pockels cell for $2300, and a complete driver for another $2300. 

Liquid Crystal Variable Retarders (LCVRs), in contrast to Pockels cells, can be 

obtained with clear apertures up to an inch and require control voltages typically 

smaller than 10 V. Mainly because of the large available apertures we decided to 

use LCVRs. We obtained LCVRs made by Meadowlark Inc., model LRC-200-1064, 
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which cost $1500 and can change polarization in about 10 msc. The particular models 

we bought are anti-reflection coated for 1064 nm, to minimize loss of lattice power. 

The operating principle of these LCVRs is simple. A few-um thin layer of birefringent 

molecules is confined between two glass windows, which are coated with a transparent 

electrode, such as indium-tin-oxide. If no voltage is applied to the electrodes, the 

molecules arrange parallel to the window in their nematic phase, i.e. they possess 

long-range orientational, but no positional order [26]. For the molecules used in the 

Meadowlark LCVRs, this orientation maximizes the retardance. Once a voltage is 

present across the electrodes, the molecules tilt towards the electric field direction, 

reducing the retardance. This behavior is illustrated in Fig. 2.12. 

Fused Silica 

ITO 
r"~- Alignment Layer 

— Spacer 

-"-- LC Molecules 

LC Molecules 
tipped with 
applied voltage 

(a) V=0 (b) V>0 

Figure 2.12 : The alignment of molecules in a liquid crystal variable retarder is 
changing with applied field, (a) Molecules aligned with the window in their nematic 
phase. This orientational order is broken when a field is applied, (b) Molecules 
tilting towards the electric field lines, thus changing their angle with respect to 
incident light, reducing device's birefringence. Figures adapted from [27]. 

There is one caveat to controlling the LCVRs, however. Applying a DC voltage to 

the electrodes will decompose the molecules over time, rendering the device useless. 

Since the orientational order depends only on the magnitude, but not the sign of 

cIn 2009, Meadowlark introduced a new product line that achieves sub-ms timescales for retar
dance changes. 
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the field, a square wave that is symmetric about 0 V can be used as control signal. 

The manufacturer recommends that a DC level of 10 mV should not be exceeded. 

This unfortunately rules out using off-the shelf function generators, like the Agilent 

33120A that we use throughout the lab, as they don't offer the desired accuracy. 

The 33120A for example is specified to have a 1% asymetry in square waves, so 

that at set voltages greater than 1V the specification may be exceeded. I have 

therefore designed and constructed a driver circuit, which exceeds Meadowlark's 

specification. The following sections contain details about the driver circuits as well 

as a characterization of the Meadowlark LCVRs that are in use on our optical lattice. 

2.2.4 LCVR Driver Circuit 

This section details the design of a precision square wave generator, for use with 

Meadowlark LCVRs. The circuit offers two manual setpoints which can be switched 

between for testing purposes, as well as an analog input for computer control. 

Creating a square wave with low DC offset requires to keep the duty cycle of the 

wave at 50 %, that means that the voltage spends the same amount of time at +Vset 

as at —Vset in one period. It furthermore requires that the positive and negative 

levels of the waveform are of equal magnitude. The general design idea is shown 

in Fig. 2.13. Two precisely symmetric voltages are derived from a set voltage, and 

subsequently fed to a fast analog switch, model CD4-053. This multiplexer in turn is 

controlled by a digital signal that has precisely a 50% duty cycle. Such a signal is 
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Figure 2.13 : Outline of the working principle of the LCVR drivers. A clock signal at 
twice the intended working frequency v is generated. A counter divides this frequency 
by two and in the process ensures a 50 % duty cycle. This signal is used to control an 
analog switch, which switches between two voltages of equal magnitude and opposite 
sign. These voltages are generated from a control voltage using two amplifiers that 
are trimmed to have gains of precisely 1 and -1 . The output of the switch is then 
the desired square wave. 

not easily created with the most common types of timing ICs, such as the venerable 

NE555, as they generate their timing by charging and discharging a capacitor through 

a resistor network. However, since the discharging happens through a path with an 

additional resistance, charge and discharge times can never be exactly equal. The 

workaround for this problem is to feed the output of a timing IC to a counter. The 

counter's least significant bit will now generate a wave of 50 % duty cycle, which is as 

precise as the short-term frequency stability of the clock input. Early incarnations 

of the driver circuit used a CMOS version of the NE555 and a CD4029 counter, but 

it turns out that other people had the same idea before and created the CD4047 

timing IC, which hosts an oscillator and a 1-Bit counter on the same IC. There is 

one more non-ideality to be taken care of, however: The CD4053 is a CMOS device 
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and its channel resistance differs for positive and negative voltages [28]. To keep this 

from destroying the symmetry of the output waveform, the signal is buffered with 

an op-amp. The megaohm input impedance of the op-amp makes the difference in 

channel resistance, which is on the order of 100 Q, negligible. This output buffer 

has to be carefully selected for two parameters in order to not disturb the output 

waveform: Low input offset voltage, as to not imprint a DC offset again (that is, 

much smaller than 10 mV), and a high slew rate so that large signal change of a 

square wave can be attained (on the order of a few volts per microsecond). I settled 

on using the Analog Devices OP37EZ, which fulfills these requirements at typically 

10 uV input offset voltage and 15v/ns slew rate [29]. The final circuit's schematic is 

shown in Fig. A.5. I built two incarnations of this circuit on prototyping boards, 

which have shown DC offsets of less than 30 uV when freshly trimmed and about 

SO^/month offset drift. Ted Corcovilos since designed custom printed circuit boards 

for these drivers, as the same polarization retarders are in use on the new all-optical 

lithium experiment. 

2.2.5 LCVR Characterization and Compensation 

The liquid crystal variable retarders exhibit a non-linear transfer function, which I 

measured using the setup depicted in Fig. 2.14. The output of a 1W Nd:YAG laser, 

which runs at the same wavelength of 1064 nm as our lattice laser, was polarized 

using a polarizing beam-splitting cube. This linearly polarized beam then passes the 
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LCVR and is retro-reflected onto itself, to pass through the LCVR and the PBC 

again. The polarization of the output beam can then be inferred by measuring the 

power the PBC transmits. 

X/2 

Crystalaser 
1W@ 1064nm 

LCVR 

PBC 

m-
beam 
dump 

Photodiode 

Figure 2.14 : Setup for measuring the LCVR transfer function. A half-wave plate 
and a polarizing beam splitting cube (PBC) polarize the output of a 1W Nd:YAG 
laser made by Crystalaser, which provides adustable attenuation of the laser's power. 
About 50 mW of power was reflected by the cube, to pass the LCVR twice. The 
beam's polarization state after passing the LCVR was inferred by measuring the 
power transmitted through the PBC. 

Figure 2.15 shows the result of this measurement. The regime between 0 and 

quarter wave retardance, which is of interest for the optical lattice is shown in black. 

While the LCVR transfer function is clearly non-linear in this region, it can be 

approximated using the function a — 61og(x — c). The result of this fit is used in our 

control program to cancel the nonlinearity. This cancellation significantly reduced 

atom loss during lattice loading, which is discussed in section 2.3.1. 
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Figure 2.15 : Control signal for a desired polarization rotation in a double-pass 
geometry for the Meadowlark LCVR with serial number F7629. We fit a logarithmic 
function to our region of interest (black squares), in order to be able to compensate 
for the non-linear transfer function. 

2.3 Loading and Adjusting the Trap and Lattice 

The optical trap described in this thesis is the last cooling stage on the EMT-I 

experiment, and is loaded with 6Li after several pre-cooling stages [3]. Lithium 

vapor is first produced in an oven at around 700 K. The resulting thermal beam is 

slowed using a Zeeman slower beam to about 1K. A magneto-optical trap (MOT) is 

loaded from the slowed beam. The MOT temperature is ss 1 mK. The MOT is then 

transferred to a magnetic trap in Ioffe-Pritchard configuration. At the end of forced 

RF evaporation from this trap, we obtain around 107 6Li atoms at about 1 uK. 

At this point, we want to transfer into the optical trap, so that we can perform 

state transfers, create the spin-imbalanced mixture and apply a bias field to enable 

efficient evaporation close to the Feshbach resonance. Initially, the laser power in 
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the South beam was limited to 3W, due a titanium contamination of the South 

vacuum viewport. The titanium was deposited by a titanium-sublimation pump 

that is flashed occasional to reduce chamber pressure. The Ti film on the viewport 

is thankfully non-uniform, and by slightly realigning the beam 5 Wd are available in 

both trap beams. 

When only 3 W were available in the South beam, loading into the crossed-beam 

trap was too inefficient to be viable for experiments, so we augmented the trap by 

also turning on the single-beam optical trap described in Guthrie Partridge's Ph.D. 

thesis [4]. While there is now sufficient trap power available to load to the crossed-

beam trap by itself, we find that there is a significant improvement in atom number 

when the single-beam trap assists loading. 

After loading the 6Li to the crossed beam trap, we use RF pulses to transfer it to 

the \F = \,mf = | ) state and create an incoherent mixture with the \F = \,mf = — \ 

state. With two states present in the trap, two body collisions between the states are 

allowed, and the gas can thermalize. We then employ exponential ramps on the trap 

intensity to evaporate to quantum degeneracy. The evaporation takes about 1 s, and 

the single beam trap is completely turned off at the end of the trajectory. Figure 

2.16 shows atom numbers and temperatures as a function of the final trap depth. 

Unsurprisingly, the number of trapped atoms decreases with trap depth, as well 

as the temperature. We determine the temperature by fitting a finite-temperature 

d 5 W per beam is a limit imposed by the OZ Optics fibers that bring the t rap beams to the 
chamber, after the AOMs, we have around 11W per beam available, limited only by the damage 
threshold of the AOM optical coating. 
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Thomas-Fermi distribution to the cloud. Due to the minimal changes for the distri

bution function below T/Tf = 0.05 this method does not give reliable temperatures 

below this point. We therefore choose the final trap depth so that we repeatably 

cool the gas to 0.05T/Tf, while retaining the maximum amount of atoms. Typi

cal numbers are around 5 x 104 to 1 x 105 per spin state. The data shown in Fig. 

2.16 was taken at the broad Feshbach resonance between the \F = \,m,f = | ) and 

\F = l,m,f = —\) states at 834 G. Because of the huge scattering length at this field, 

evaporation is most efficient. When performing experiments at a different field the 

evaporation trajectory has to be adjusted accordingly. 

2.3.1 Adiabatic Transfer to the Lattice 

Once we have quantum degenerate lithium in the optical trap, it is time to turn the 

optical lattice on. In the previous section, I showed that the optimum final trap 

depth at unitarity is around 350 nK, which is about | Er. Since we desire to work 

at lattice depths of 6 — 20 Er, transferring to the lattice requires two steps: rotating 

the polarization (section 2.2.3) and increasing the intensity (section 2.2.2). 

We have explored several trajectories to ramp up the intensity and polarization. 

We found that linear and exponential ramps do not work as well as a function that 

starts and ends with a shallow slope, i.e. they require longer ramp times to avoid 
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Figure 2.16 : (a) Remaining atom number in the trap as a function of final trap depth; 
(a) Corresponding temperatures, (c) Scattering length between the \F = | , m / = | ) 
and |F = \,rn,f = —|) states; (d) Typical control waveforms for the optical trap 
intensity and polarization. The time highlighted in light blue has both magnetic and 
optical trap active for loading. In the yellow time, state transfers and spin mixture 
creation is performed. The evaporation time is highlighted green, and the lattice 
turn-on white. 
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atom loss. We settled on using a function proposed by Rubbmark et al. [30]: 

R(t) = 
1 + exp(s x [t - 0.5)) + 1. (2.17) 

Our control program normalizes this function so that R(0) = 0 and R(l) = 1, which 

allows us to smoothly interpolate between two values. The parameter s controls the 

slope of the curve. Figure 2.17 shows the function for several values of s. 

0.4 0.6 
time [a.u.] 

Figure 2.17 : Lattice turn-on (Eq. 2.17). Several values for the slope parameter s 
are shown; we use s = 12 for our experiments. 

The minimum time to turn on the lattice is given by the response time of the 

polarization retarders as 10 ms [27]. However, we observe atom loss for such short 

ramps, likely because such a ramp is fast in comparison with the trapping frequencies. 

At the final trap depth the frequency is 50 (150) Hz axially (radially). 

Figure 2.18a shows the remaining atom number as a function of polarization ramp 

time. For times shorter than about 60 ms loss is observed. The second data set shows 

polarization ramps without the cancellation of the LCVR non-linearity described in 
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section 2.2.3, which results in systematically lower number. 

When ramping up the trap intensity, we observe no noticeable loss for ramp 

speeds as high as 2 ^/ms. To verify our ramp times we perform adiabatic round-trips, 

i.e. we turn the lattice on, turn it back off with a time-inverted ramp and compare 

temperatures before and after. At an initial temperature of 0.11 T/Tf no heating is 

observed. This is in contrast to other recent fermion experiments in lattices [31, 32], 

who observe between 0.01 and 0.05 T/Tf heating depending on interaction strength. 

Not heating the gas is a necessary, but not a sufficient criterion for us to perform 

experiments in ID however. We also have to ensure that the gas is equilibrated 

in the trap. Due to the increased peak intensities in the lattice, the cloud should 

shrink both radially and axially. The observation of this shrinking can be used as an 

indicator of equilibration [33, 34]. The cloud shrinks fast axially and keeps a constant 

radius for several ramp lengths and orders, as shown in Fig. 2.18b. The situation 

is different for the radial direction. As shown in Fig. 2.18c the cloud shrinks very 

slowly in the radial direction. This is emphasized by the plot of the cloud aspect 

ratio in Fig. 2.18d: If both dimensions were equilibrating, the cloud would maintain 

the trap aspect ratio of 3. It can be seen that the aspect ratio grows slowly, but does 

not reach 3 in 200 ms. Unsurprisingly, the methods that ramp the intensity first or 

only achieve a higher aspect ratio, i.e. more radial equilibration. 

A possible explanation for the slow radial equilibration even in the trap is given 

eBecause thermometry becomes unreliable below 0.05 T/Tf it is sensible to perform these 
roundtrips at slightly elevated temperature. 
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Figure 2.18 : Optimizing the lattice turn-on. (a) Atom number versus polarization 
ramp times, (b) Axial radii do not change anymore after short timescales, inde
pendent on the ramp order, (c) Radial sizes shrink slowly and preferably when the 
polarization is ramped last or not at all. This is further illustrated in (d), which 
shows the aspect ratio of the trapped clouds. Green Circles represent ramping the 
polarization, black squares the intensity first. Blue triangles show data for simulta
neous ramping of polarization and intensity. Red diamonds represent a ramped up 
trap. 

by Fertig et al. [35]. They observe damped dipole oscillations in a 2D lattice with a 

superimposed weak axial lattice (l/4Er), which are damped an order of magnitude 

stronger than expected from hopping rate computations. When we ramp the trap 

intensity to 10 Er the 5% residual lattice on our trap (see table 2.1) is already half a 

recoil energy deep, and may therefore inhibit radial equilibration. 

To map out the ID phase diagram, however, it is not be necessary to equilibrate 

radially, as the information about the phase boundaries is contained in the axial 
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direction. By ramping the polarization before the intensity, the radial profile can 

be frozen, as shown by the constant aspect ratio in Fig. 2.18d. This means that 

radially, the cloud is still distributed as if in 3D, but axially the cloud can thermalize 

and assume its ID equilibrium distribution. The pure axial information can then be 

extracted from the integrated images using the inverse Abel tranformation, which 

exploits the cylindrical symmetry of the trap. 
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2.4 Measurement of the Trap and Lattice Frequencies 

The frequency at which an atom oscillates in an optical trap or lattice is known as 

the trapping frequency. It is a measure of the confinement in the trap, and it is an 

input parameter for fitting temperature distributions. Experimentally determining 

the trapping frequencies is therefore an important check to determine whether we 

have actually obtained the desired potentials. 

The trapping frequencies can be obtained by a series expansion of the trap and 

lattice potential, given in Eqs. 2.5 and 2.10. The expressions are given in table 2.2. 

Table 2.2 : The table lists formulae to compute the axial and radial trapping fre
quencies in the trap and lattice. 

We measure the trapping frequencies by three different methods, which all rely 

on the same principle, to somehow drive the atoms at the trap frequency and observe 

atom loss due to heating. For low frequencies as in the magnetic trap or the axial 

direction of the single beam optical trap, a magnetic curvature field can be modulated 

to kick the atoms. Due to finite coil inductances, this is not possible at higher 

frequencies. To drive the atoms in the crossed-beam trap, we modulate the trap 

depth by adding the output of a function generator to the trap AOM control signal. 

This is viable at frequencies up to about 100 kHz, which is the bandwidth limit of 
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the Mini-Circuits VCA (refer to section 2.2.2 for details on the intensity control). 

When using this methode, one actually observes heating at twice the trap frequency, 

as the heating due to amplitude modulation is a parametric process (see discussion 

of laser noise induced heating in section 2.2.2). To measure lattice frequencies, which 

exceed 100 kHz for lattice depth larger than 10 Er we apply a modulation voltage to 

the VCO driving the trap AOMs. This leads to a frequency modulation of the lattice 

beam. If one thinks in terms of changing wavelength of the lattice beam, it becomes 

obvious that this slightly moves the minima of the lattice potential, thus driving the 

atoms. 

L A T T I C E (RADIAL) 

L A T T I C E (AXIAL) 

T R A P (AXIAL) 

M E A S U R E D 

(2TT) 151±30kHz 
(2TT) 210±20Hz 
(2TT) 160±15Hz 

CALCULATED 

(2TT) 181kHz 
(2TT) 248 HZ 

(2TT) 184 HZ 

Table 2.3 : The table compares computed and measured trapping frequencies for the 
crossed-beam trap and the optical lattice. 

Table 2.3 compares the calculated and measured trapping frequencies and shows 

that they are in agreement. Figure 2.19 shows the measured resonances. It should be 

noted that the resonances are rather broad, and asymmetric. The frequencies were 

extracted by looking at the steep upper flank. The broadening of the resonance to 

lower frequencies comes about because only atoms in the trap center feel the maxi

mum trap depth, and for high atom numbers the anharmonic part of the potential 

may be sampled. In the lattice the resonance is further broadened by the curvature 

of the Bloch bands [36], which allow lower energy excitations for higher momentum 
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Figure 2.19 : Resonant atom loss at the trap frequencies, (a), (b) Resonance for 7Li 
in a 9.7 Er lattice; (c) Resonance for 7Li in a trap generated from at the laser power 
corresponding to a 9.7 Er lattice for comparability. 



Chapter 3 

Conclusion 

The work reported in this thesis lays the groundwork for the investigation of ID 

Fermi gases. We have built an optical dipole trap that can be turned into an optical 

lattice of ID tubes, specifically tailored for the planned observation of the phase 

diagram of the two-component, spin-imbalanced Fermi gas in ID. 

We have shown that the trap can be loaded with 5 x 104 — 105 atoms per state 

at a temperature below our reliable thermometry at 0.05 T/Tf, numbers that are 

comparable to the previous single beam trap. We furthermore confirmed that we 

can turn on the optical lattice adiabatically and have observed different equilibration 

timescales in the optical lattice. 

The lattice will also allow for investigations beyond the ID phase diagram, like 

the search for the superfluid Fulde-Ferell-Larkin-Ovchinikov (FFLO) phase in the 

spin-imbalanced gas [37]. The phase should be detectable by time-of-flight imaging of 

spin-imbalanced ID systems. The independent control over intensity and polarization 

in both axes will also allow to investigate crossovers into 2D behavior and the tuning 

of the lattice aspect ratio. 



Appendix A 

Circuit Diagrams 

Figure A.l : The input isolation and power filtering part of the AOM intensity-
stabilization circuit. Analog Devices AMP03 differential amplifiers are used to buffer 
analog input signals. An 8 kHz lowpass filter removes high frequency noise from the 
power lines. 
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Figure A.2 : The diagram shows the fiber monitoring part of the AOM intensity 
stabilization circuit. An Analog Devices OP470 quad op-amp is used to amplify and 
trim the photodiode inputs and the computer setpoint to suitable levels. A National 
Semiconductor LM324 quad op-amp again buffers the the photodiode signals, which 
are then compared using AD8561 fast comparators. If the transmission efficiency of 
the optical fiber falls below a treshold that can be set using the LM324 gains, the 
AD8561 will latch, and shut down the laser power. 
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Figure A.3 : The diagram shows the proportional-integral controller part of the AOM 
intensity stabilization circuit. An OP470 low-noise op-amp is used to generate an 
error signal, and subsequently integrate and amplify it. Diode D3 ensures that no 
negative voltages are being output the the voltage controlled attenuator in the AOM 
RF setup (see figure 2.11). The DG419 analog switch is used to ground the output 
in case the fiber efficiency drops below the set threshold. 
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Figure A.4 : The diagram shows a transimpedance amplifier for the Germanium 
Power Devices GAP 1000 InGaAs photodiode. The responsitivity of this diode is 
about 0.7 A/w, and gave factor 4 of improvement in signal-to-noise ratio over using 
silicon photodetectors. 
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Figure A.5 : The schematic for the liquid crystal variable retarder (LCVR) driver. 
The CD4057 generates a 2 kHz clock signal at exactly 50% duty cycle. This clock 
signal is used to switch a CD4053 analog multiplexer between two inputs, which are 
fed with two precisely trimmed voltages of equal magnitude and opposite sign. The 
square wave at the output of the multiplexer is buffered and amplified by an OP37 
operational amplifier, whose feedback network is designed to cancel effects due to 
input offset bias currents. 
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