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Abstract

This thesis describes the construction of a new experimental apparatus producing

a degenerate Fermi gas of 40K and the subsequent experiments on this setup. My

research was focused on: 1. Development of high sensitivity radio frequency (rf)

and Raman spectroscopy. 2. Generation and characterization of a homogeneous

Fermi gas. 3. Combing these aforementioned techniques in a set of experiments

that explore universality in the BEC-BCS crossover regime. As I was the first

student in the group, I spent a considerable part of my Ph.D. building the new

experiment, hence this thesis includes a detailed description of the experimental

machine.

A new, highly-sensitive spectroscopic method was developed for studying the

rf spectrum of the strongly-interacting degenerate Fermi gas. Using this new

method, a universal property of fermions with short-range interaction, namely a

power-law scaling of the spectrum at high frequencies, was observed all the way

up to the finite microscopic interaction range. In addition, a trap-averaged con-

tact parameter was extracted from this measurement in the strongly-interacting

regime. The high sensitivity spectroscopy allowed us to measure accurately the

binding energy of these Feshbach molecules in an extended frequency range. We

used this data to extract a better calibration of the Feshbach resonance param-

eters for the two lowest sublevels of 40K.

The experiments mentioned above were performed in a harmonic trap, in

which the non-uniform atomic density complicates the interpretation of the re-

sults, broadens observables, and may potentially obscure phases that exist only

a small region of the phase space. I constructed a trap which is mostly dark,

has sharp repulsive walls, and levitates the atoms against gravity, to produce a

nearly uniform gas. For simultaneous magnetic levitation of two spin states with

different magnetic dipole moments, I developed a novel method which uses rf

pulses that induces rapid Rabi oscillations to average out the residual potential

difference. Using absorption imaging, I demonstrated that this procedure yields

a homogeneous density distribution for both spins and does not lead to heating.
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I also showed theoretically and experimentally that the mixing rf pulse does not

introduce coherence and does not modify the many-body state.

To measure the temperature of the gas in the new trapping potential, we

developed a new scheme instead of the standard time-of-flight measurement,

which is inaccurate due to the large initial size and ultra-low temperature of

the gas. Based on velocity-selective Raman transitions, our novel spectroscopic

measurement yields the in-trap one-dimensional momentum distribution of the

gas. We tested and verified this method with harmonically trapped gas, where

the conventional time-of-flight is applicable. Then, we applied it to the gas in

the uniform trap and showed that its momentum distribution is consistent with

that of a uniform gas and extracted the temperature from it.

Lastly, I applied the high-sensitivity rf spectroscopy to the uniform gas, and

studied the normal state in the BEC-BCS regime. The same universal scaling

is observed also for the homogeneous gas. The homogeneous contact parameter

and the mean-field energy shift were extracted from these measurements.
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Abbreviations and Notations

rf : radio frequency

MW : Microwave

BEC : Bose-Einstein condensate

BCS : Bardeen-Cooper-Schrieffer

a : s-wave scattering length

EF , kF , TF : Fermi energy, wave-vector and temperature

T : Temperature

ν : Frequency of the rf pulse

Γ (ν) : rf lineshape

C : Tan’s contact parameter

MOT : magneto-optical trap

NA : Numerical aperture

SAS : Saturated absorption spectroscopy

AOM : Acousto-optic modulator

EOM : Electro-optic modulator

PBS : Polarizing beam splitter

TA : Tapered amplifier

PID : Proportional-Integral-Differential servo controller

op-amp : operational amplifier

AFG : Arbitrary function generator
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F : Hyperfine splitting quantum number

mF : Zeeman projection magnetic quantum number

QUIC : Quadruple Ioffe configuration

TVS : Transient voltage suppersors

in-amp : Instrumentation amplifier

ARP : Adiabatic rapid passage

r0 : microscopic range of interaction

SNR : Signal-to-noise ratio

Eb : Feshbach molecule binding energy

FWHM : Full width at half-maximum of a peaked function

WW : Wedged window

OD : Optical depth

AFG : Arbitrary function generator
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Chapter 1

Introduction

Following the realization of laser cooling, the field of cold atoms started to gain

momentum. The vast excitement came in 1995 when the first Bose-Einstein

condensate (BEC) was observed.1,2 These systems are the perfect candidates to

systematically study the physics of quantum materials, owing to the excellent

isolation of the atoms inside the vacuum chamber and unparalleled controlla-

bility of the confining potential. Most of the many-body systems in nature are

strongly-interacting; hence there is a strong motivation to study physics beyond

mean-field with these systems. The primary tool for accessing the strongly-

interacting regime with ultracold atoms is the Feshbach resonance3 that enhances

interactions by resonantly coupling the colliding atoms to molecular bound state.

Unfortunately, the realization of strongly interacting Bosons was limited by rapid

losses.4–6 Hence, the vast majority of the experiments on BECs were performed

in the weakly interacting regime described by the mean-field approach.

Soon after the realization of BEC, and utilizing the same established cool-

ing and trapping techniques, the first realization of a quantum degenerate Fermi

gas was achieved in 1999 by D. Jin group in JILA.7 At that time, it was not

yet understood whether strongly-interacting fermionic ensemble is stable against

losses. Only a few years later, the long-lived molecules of Li2 were observed.8–10

The stability of the strongly-interacting fermionic ensemble was attributed to

the interplay between the Pauli repulsion and the large size of the Feshbach

molecule. This stability enabled the observation of fermion pair-condensation11

and fermionic superfluidity.12 The ability to create a strongly-correlated ensem-

ble of fermions opened an era of exploration of their ground state properties,

excitation spectrum and dynamics.13 Most notably are the studies of superfluid-

ity in the BEC-BCS crossover,9,11,12,14,15 magnetic ordering16,17 and many-body

localization.18
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In cold atom experiments, due to the low temperature, only s-wave scattering

is energetically accessible. This means that the strength of the interaction is

described by a single parameter, a, the s-wave scattering length. The scattering

length can be tuned by means of the Feshbach resonance to very high values and

its sign can be changed. When the scattering length is much larger than the

inverse of the Fermi wave-vector, |1/kFa| < 1, the system is said to be strongly-

interacting. The interaction energy tremendously modifies the properties and

dynamics of the system, as can be seen by comparing the typical kinetic energy

near the Fermi surface, Ekin =
~2k2F
2m

, with the mean-field interaction energy,

Eint = 4π~2
m
an:

Ekin
Eint

∼ 1

kFa
. (1.1)

In addition, the inter-particle separation is much larger than the microscopic

range of interaction. This means that the atoms interact via a short-range po-

tential or contact potential. There are many intriguing consequences of particles

interacting via the contact potential and having a large scattering length. They

are realized in the form of universal relations derived by Shina Tan and oth-

ers.19–26 These relations are universal in a sense that they hold for gas at any

temperature, thermodynamic phase, spin imbalance, or trapping potential. An

important universal relation is manifested in the energy spectrum of such inter-

acting fermions. The energy spectrum can be measured using an rf spectroscopy,

where we apply an rf pulse to transfer a small fraction of atoms from one of the

two interacting states to a third state, which was initially unoccupied. The rf

lineshape, Γ (ν), is obtained by counting the number of outcoupled atoms as a

function of the frequency ν (energy). The rf lineshape has a universal feature of

the energy spectrum in a form of a high-frequency tail with a power-law scaling

Γ (ν) ∼ ν−3/2, whose spectral weight is given by the contact parameter:

C = lim
ν→∞

23/2π2ν3/2 × Γ (ν) (1.2)

In this thesis, I describe a new spectroscopic method I have developed that allow

to directly observe this scaling over several decades and extract the contact pa-

rameter in the strongly interacting regime with high precision. In addition, using

magneto-association, we create loosely bound Feshbach molecules by adiabati-

cally sweeping the magnetic field. Then, by applying a radio-frequency pulse, we

dissociate these molecules and measure their binding energy. Owing to the high

sensitivity of the method, we can measure the binding energies in an extended

range of parameters. From the binding energy, we extract the most accurate
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parameters of the Feshbach resonance for the two lowest energy levels of 40K.

In the experiments mentioned above, the atoms are trapped in a harmonic

trap with a non-uniform density distribution due to the presence of a spatially

varying restoring force. The spatially varying density leads to broadening of ob-

servables. Moreover, the trapped gas is occupying a large region of phase space,

which may obscure the observation of phases that exist only in a small area

of phase space. The effect of density inhomogeneity is particularly problematic

when one is trying to measure a phase transition. A striking example of this

behavior is the coexistence of two different phases, normal and superfluid, in the

same trap, as was demonstrated in reference [27]. In this thesis, I address the

problem of the inhomogeneous broadening by creating a special “box” trap for

the atoms, in which the density is nearly uniform. Apart from creating sharp

confining walls, a crucial part in generating a box trap is to counteract grav-

ity. The gravitational force acting on a gas at a nano-Kelvin temperature scale

distorts the uniform density substantially. To counteract gravity it is necessary

apply an opposite force to the atoms. This is usually done by using a gradient

of a magnetic field. However, this approach cannot generate the same equal

force to both spin-states simultaneously, because the they have different mag-

netic moments. I solve this problem by simultaneously applying a magnetic field

gradient and an rf pulse, which induces rapid Rabi oscillations between the two

spin states. This rapid spin rotation averages out to zero the residual gravity,

but at the same time does not change the many-body behaviour of the gas.

One of the unique observables in cold atoms is the momentum distribution

of the gas. Temperature, energy, and many other quantities can be extracted

from it. In the well-established time-of-flight technique, the trapping potential is

abruptly shut off and the gas expands ballistically for some period of time. The

final position of the atoms corresponds to their initial velocity. This technique

requires the atoms to fly a distance much larger than the initial cloud size. This

requirement is hard to satisfy in a box trap because the initial size is relatively

large and at the same time the temperatures are very low. This means that

a time-of-flight measurement may have a sizeable systematic deviation. The

necessity of measuring the temperature of the gas in the box trap motivated us

to develop a novel spectroscopic method to measure the momentum distribution

using two-photon Raman transitions. In this thesis, I describe this method,

which is based on the velocity-selective nature of the Raman transition. This

method was first applied to the harmonically trapped gas in order to compare

the extracted temperature to the standard time-of-flight technique. Later, I used
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the method to extract the momentum distribution of the homogeneous gas in

the box trap.

1.1 Outline

The outline of this thesis is as follows. In chapter 2, I describe the construction

of the experimental machine. The goal of this chapter is to serve as a reference

to future graduate students working on this setup. I start by describing the

design and assembly of the vacuum system, then move to explain the preparation

procedure of the 40K sources. I detail the several lasers setups, optics and the

actual experimental configurations and procedures. I describe how we built the

2D and 3D magneto-optical traps, and subsequent D1 gray molasses cooling. An

elaborate description of the magnetic trapping setup is presented, including the

high-stability electronics and the rf and microwave manipulation, further optical

trapping and evaporation. The experimental sequence and the imaging technique

are presented at the end of the chapter. In chapter 3, I describe the novel method

we have developed to perform radio-frequency spectroscopy with high sensitivity.

The results using this method are further presented and discussed. These include

the observation of a universal scaling, the precise extraction of the trap-averaged

contact and the accurate calibration of the Feshbach resonance parameters for
40K. In chapter 5, I present the new technique to measure the in-trap momentum

distribution of cold gas using Raman transitions. I derive the relation between

the Raman spectrum and the one-dimensional momentum distribution of the gas

and present experimental results. In chapter 4, I present the work performed to

create a homogeneous Fermi gas. This includes the design and the realization of

the optical potential. A solution of counter-acting gravity for two magnetically

different states is presented. An attempt to create an optical ”anti-gravity” for

the atoms is also discussed. Finally, the homogeneous gas is studied using the

novel radio-frequency spectroscopy and the results are presented.
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Chapter 2

Experimental setup construction

Building the new apparatus was highly challenging and took a significant part

of my Ph.D. work. During the construction, I learned a lot from many published

theses, which often have a detailed description of the construction of experimental

sub-systems that is omitted in research articles. Hence, my goal in this chapter

is to “give back” - to provide a concise though coherent presentations of the

various subsystems of the experimental machine that will serve anyone who uses

the machine in the future and/or anyone who seeks a detailed description of any

of these subsystems.

Our system is designed to produce a very cold, quantum degenerate gas of

fermionic 40K atoms in various magnetic and optical traps. The gas has to

be isolated from the environment inside a vacuum chamber in order to reach

degeneracy at nano-kelvin temperatures. For this reason the gas is kept at a ultra-

high vacuum chamber as shown in figure 2.1. The potassium gas is released by a

chemical reaction from heated dispensers mounted inside the first chamber (2D

MOT chamber). The hot gas is then cooled and trapped by a two-dimensional

magneto-optical trap (2D MOT). This step produces a narrow stream of cold gas,

which is pushed through a small aperture to a second chamber where a three-

dimensional magneto-optical trap (3D MOT) captures the stream into a few-mm

diameter cloud. The separation between the first and the second chambers by a

small aperture prevents from hot gas to leak into the second chamber, which will

significantly limit the lifetime of the gas due to collisions with hot atoms. The

gas is then further cooled by a sub-Doppler, gray-molasses D1 technique which

reduces the temperature of the gas by an order of magnitude to ∼ 15µK. The

gas is then optically pumped into a magnetically trappable spin states and is

loaded into a magnetic trap. The gas is evaporatively cooled in the magnetic

trap for 27sec , ending with ∼ 80M atoms at a temperature of ∼ 10µK. The
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Figure 2.1: Design of the vacuum system. Ion pumps and quadruple
coils are omitted for clarity.

atoms are then loaded into an conservative optical trap made of a single focused

laser beam, whose frequency is far detuned from the transition of the atoms.

The beam focus, and hence the trapped atoms, are translated from the second

to the third (“science”) chamber by an air-bearing stage in roughly 1s. The

science chamber is a relatively small, all-glass vacuum chamber designed for high

numerical aperture (NA) access for imaging in the experiments. After arriving

at the science chamber, the atoms are transferred into the two lowest internal

spin states for interaction enhancement via a Feshbach resonance, by tuning the

magnetic field. The atoms are further evaporated in the optical trap reaching

the final conditions of 150− 200K atoms in each spin state at a temperature of

∼ 140nK. For the experiments, we perform internal states manipulations using

radiofrequency (rf) and microwave (MW) radiation. The final measurement is

performed by either absorption or fluorescent imaging.

The details of each step in the experimental sequence are organized in this

chapter in the following way: In section 2.1, I describe the vacuum system we’ve

built, including the design consideration, and discuss the advantages and the

shortcomings after using it in experiments. Due to the lack of a commercial

source of potassium, the preparation of such a source is explained in details in

section 2.2. To manipulate the atoms, we use lasers that are frequency-locked to

the atomic transition of 40K. The whole laser system is discussed in section 2.3.

The experimental sequence is controlled by an FPGA based data acquisition card.
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I describe the computer control system in section 2.4. I then proceed to describe

the stages of cooling and trapping, starting with a 2D MOT in section 2.5,

followed by a 3D MOT in section 2.6. A crucial step in reducing the temperature

of the cloud before turning to evaporative cooling is the D1 gray-molasses cooling,

which I discuss in section 2.7. Before loading the atoms into a magnetic trap,

we optically-pump them to a specific composition of spin states, see details in

section 2.8.2. Trapping and evaporative cooling in a magnetic trap are discussed

in section 2.8. Optical transport and further evaporation are described in section

2.9. The evaporation in the science chamber is explained in section 2.9.4. The

MW generation setup is described in section 2.11. The box trap construction,

which is one of the main projects of my thesis, is described in a separate chapter

(chapter 4).

2.1 Vacuum system

2.1.1 Design

In order to bring the gas to the quantum degenerate regime at nano-Kelvin

temperatures, it is necessary to isolate it as much as possible from the room-

temperature environment. Isolation is achieved by conducting the experiment

in an ultra-high vacuum system with very low residual gas pressures (<10−11

torr). In this way, collisions with the residual gas at room temperature are

strongly suppressed and the typical lifetime of the cold gas can reach several

minutes. Our vacuum system comprises of three chambers, see figures 2.1 and

2.2. The first chamber is manufactured by Precision Glassblowing company. It

is a rectangular glass chamber with 3 arms on the back: two of them have metal-

glass feed-through connections that host the potassium dispensers, and the third

arm has a flexible stainless steel bellow connected to a gate vale. The purpose

of the third arm is to enable direct pumping of the first chamber, mostly in the

roughing and baking stages, or to allow replacement of the sources if the need

arise1. The bellow is essential to eliminate any strain on the glass arm during

mounting or pumping.

Normally, the pumping valve in the third arm is closed, and pumping of the

1There is also a gate valve separating the first and second chambers. Therefore, it is possible
to seal the first chamber and pump it separately. We had to use this option once, after a current
supplier died and in a last desperate act of suicide surged a large current through one of the
dispensers. This made the dispenser blow up and fill the first chamber with potassium. Then,
we sealed this chamber, connected the pumping port to a turbo pump and made a “mini-bake”
to the first chamber in order to clean it.
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Figure 2.2: The assembled vacuum system after baking and before
mounting optics and coils. On the right top part is the large 75 l/s
ion vacuum pump, and on the lower right part is the connection to
the Titanium sublimation pump. The pump on the left upper side
is 25 l/s and also includes a NEG element. The central octagon
shaped chamber is where we perform most of the cooling stages,
including optical cooling on the D2 and D1 lines, evaporative cooling
in a magnetic trap and loading into an optical dipole trap.

first chamber is done only through a small aperture 2mm in diameter and 5mm

in length 2 that separates the first and second chambers. This produces a differ-

ential pumping section which keeps the pressure in the second chamber at least

two orders of magnitude lower than in the first chamber. This is crucial, as the

2D MOT operated in the first chamber requires a relatively high pressure (<10−9

torr) of potassium gas. Such a high pressure in the second chamber would limit

the vacuum lifetime of the gas to only several seconds and prevent efficient evap-

oration. The second chamber, which we call the cooling chamber, is connected to

a 75 l/s ion vacuum pump (Gamma Vacuum model 75S-DI-4V-SC-N-N) and to

a titanium sublimation pump (Gamma Vacuum model TSP1E22NN). These two

pumps together provide excellent ultra-high vacuum conditions, with vacuum

lifetime ranging from 100 and 200 seconds, depending on the current running in

the dispensers. The pressure measured by the 75 l/s ion pump is always below

10−11 torr.

The design of the second chamber is such that it has two large, 80mm diame-

ter, windows from the top and bottom, which are closer to each other relative to

the distance between other facets. It is designed to allow the magnetic coils to

2The actual profile of the differential pumping tube is shown in figure C.1.
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Figure 2.3: Photograph of the science chamber: “naked” on the left
and mounted between the coils setup, front facing, on the right side
of the figure. The chamber is made of fused-silica glass. The windows
are fused at high temperature. They have an anti-reflection coating
on both surfaces. This design allows for high resolution imaging from
the top and bottom sides.

be placed closer to the atoms, such that a lower current is needed to generate a

given magnetic field. This chamber has additional 8 viewports on the sides. Most

of the cooling processes take place in the first two chambers, and then the atoms

are transported to the third “science” chamber, where the actual experiments

are conducted.

The science chamber is connected to another 25 l/s ion pump (Gamma Vac-

uum 25SCV2DSCNN1) and a non-evaporative getter pump (NEG100) to ensure

even longer lifetimes of the cold clouds. The science chamber is shown in figure

2.3. It is a relatively small glass chamber made only of fused-silica glass with

anti-reflection coating on both internal and external faces. Owing to the large

windows on the vertical axis, it has high numerical aperture of 0.75 and can

provide optical resolution down to around 700nm with an appropriate objective.

The three windows from the side are designed to have numerical aperture of 0.3,

and the other four diagonal side windows are smaller and suitable for inserting

collimated laser beams or highly elliptical beams.

Two things are worth mentioning regarding the science chamber. First, in

the production process of the chamber (manufactured by Precision Glassblow-

ing company), a small leak was detected in the rim of one of the large optical

windows. The company tried several times to fuse the window and seal the leak,

but eventually they had no choice but to seal it with a vacuum sealing glue.

Afterwards, they manufactured a new science chamber with a slightly modified

design that was fine, but in order to save time we decided to assemble the appa-
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ratus with the first chamber, planning to test it and if the need arise, replace it

with the second chamber. The lifetime we measured in the science chamber were

around 12s. While this is considerably lower than what we get in the cooling

chamber, it is enough for the experiments we perform and therefore we did not

replace the chamber to this date. The somewhat lower lifetime is very likely due

to the leaked sealed with a glue, but it may also be due to unfavorable ratio of

surface area to volume (because the chamber is small) which increase the effect

of outgassing and Hydrogen diffusion.

The second important point is regarding the anti-reflection coating. Origi-

nally, the specifications of the anti-reflecting coating and test results of a witness

window sent to us by the company showed sub-percent reflection in the range

500 − 1100nm. However, after baking we have seen that the performance dete-

riorated to reflection of 5.4% at a wavelength of 767nm. We speculate that this

is due to the baking process, but it may also be due to the repeated fusions the

cell underwent, due to the leakage problem described before.

2.1.2 Assembly, pumping down and baking

The assembly of the vacuum system was performed in the several steps. First,

all the components were cleaned following a protocol I describe in appendix B.

Then, all-metal parts were air-baked for 48 hours at 450◦C. The purpose of air-

baking is to burn residual oils and other contaminations and build an oxidation

layer that decrease the outgassing of hydrogen from the inner walls.28 After air-

baking, the stainless steel parts get a light brown color. We then assembled the

parts and connected the system to a turbo-molecular pump (Pfeiffer Vacuum

HiCube 80 Eco). Using the turbo pump, we could reach ∼ 10−9torr after several

days. Below a pressure of roughly 10−5 torr, the desorption of gas from walls

significantly limits the rate at which the pressure falls during pumping. Baking

the vacuum system increases the outgassing rate exponentially and results in

a lower ultimate pressure after the cool-down. To bake the whole assembled

system, I built a furnace around it from a heat-resistive bricks (see figure 2.5).

Ceramic heating elements were connected to a home-built PID controller and

the temperature was monitored on a glass part of the 2D MOT chamber. We

also installed a fan that circulated hot air inside the baking oven. Baking was

performed at a temperature of 225◦C for 12.5 days. The pressure decreased

exponentially during this period of time, as depicted in figure 2.4. During the

cooling down process, when we reached 80◦C, we regenerated the NEG elements

for 60 minutes. The pressure rose during the procedure to 5 × 10−5torr, and
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Figure 2.4: Pressure and temperature during baking on the vacuum
system. The pressure follows an exponentially decaying curve. When
increasing the temperature of the system, it is important to go slowly
(maximum rate of 1◦C/min) as not to create temperature gradients
that may cause leaks later.

at the end returned to few times 10−8torr. After that, we fired the titanium

sublimation pump at 48A for 180 seconds. The pressure rose immediately and

then decreased rapidly while the current was still running. Ony then did we turn

on the two ion pumps, and after half an hour the pressure reached 2× 10−10torr

on both pumps. After closing the valves and disconnecting the turbo pump, we

waited for a few hours during which the pressure went down to 1.5× 10−11torr.

The ultimate pressure that we have today in the experiment is below the reading

of the ion pump of 1×10−11torr. The current this pumps see in normal operation

is around 2.5nA.

In what follows, I summarize some insights and understandings I gained

through the building of the ultra-high vacuum apparatus:

1. The material should be carefully chosen. Generally, only metals, glass and

ceramics are suitable for ultra-high vacuum systems. The outgassing rates

should be compared to the that of steel or glass.

2. The surface area rather than volume should be minimized during the design

process. The total area will finally limit the outgassing rate and hence the
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Figure 2.5: Photograph of the baking assembly. It is important to
keep the optical table cool during baking, hence we arranged water-
cooling using copper tubing running chilled water and we have also
isolated the table from the heating elements using a fiberglass sheet.
The thermocouple (type K) is mounted on the 2d MOT glass chamber
for monitoring and setting the temperature. The magnets of ion
pumps are removed during the baking. The heat-resisting bricks are
covered in foil to reduce the spreading of dust.

ultimate pressure in the chamber.

3. The true pumping speed of a vacuum pump connected to the chamber

though series tubing must be calculated using the equations described in.29

4. Anti-reflection coating can be damaged by prolonged exposure to high tem-

peratures, even if they are rated to be safe in these temperatures (probably,

for short durations). In our case, the anti reflection coating of the science

chamber was probably damaged after the baking process.

2.2 Atomic source of 40K

We chose to conduct our experiments on a stable fermionic isotope of potassium
40K. Therefore I had to produce an atomic source of 40K gas inside the vacuum

chamber that will be activated only during an experiment. We followed the de-

sign of B. Demarco.30,31 The source is made of a metallic nichrome dispenser the

holds a mixture of calcium and potassium chloride (KCl) salt (see figure 2.6).

The natural abundance of 40K is only 0.012% (most of the potassium (93%) is

a bosonic 39K isotope). For this reason, we used an enriched potassium chloride

salt with enrichment of 3% (Oak Ridge National Lab) and 10% (TRACE) of
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Figure 2.6: Top: The dispenser is filled with a mixture of Ca and
KCl (molar ratio 5:1). Bottom: Temperature of the dispenser vs.
electrical current.
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40K for different dispensers. Calcium is used to extract the atomic potassium

by a chemical reaction. Since calcium reacts with oxygen and water vapor, the

preparation has to be performed under an inert environment of argon or nitrogen

gas, inside an inflatable glove box. The mixture of potassium chloride salt and

calcium reacts at temperatures above 200C, at which point calcium reduces the

potassium chloride and produces calcium chloride and neutral atomic potassium

gas. Each of the nichrome containers are filled with 10-20mg of the Ca-KCl

mixture and closed by folding the edges. The dispensers release the potassium

gas when heated by running an electrical current of 3-5 A through them. The

nichrome alloy was chosen due to its very weak temperature dependence of resis-

tance (∼ 0.01%/◦C in 20-320◦C range). We have calibrated the temperature of

the dispenser versus the current by connecting thermocouple wires (type K) to

the dispenser and running current through it inside an evacuated chamber. (see

figure 2.6).

The first test of the dispensers was to see whether they release potassium

gas. To this end, we performed a saturated absorption spectroscopy (SAS) mea-

surement. SAS is used to resolve the natural linewidth of spectral line which

are normally broadened by the Doppler effect and power broadening. I assem-

bled a small vacuum chamber out of the 2D MOT chamber with the dispensers

mounted inside. The laser setup used in this experiment is similar to the SAS

setup we use now for laser frequency locking (see section 2.3). A laser beam with

a tunable frequency was traversing the cell filled with the released gas from the

dispenser. The SAS absorption spectrum was recorded as a function of the laser

frequency and is shown in figure 2.7. The spectroscopic lines of the three potas-

sium isotopes are clearly visible in the graph. In a natural abundance potassium,

it is impossible to resolve the lines corresponding to transitions in 40K. These

measurements demonstrate the advantage of working with enriched 40K source

and confirm that our home-built sources work as planned.
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Figure 2.7: 40K Absorption spectrum as a function of frequency
(E/h). Horizontal axis was calibrated using the known transition
frequencies of 39K. We clearly identify the 39K transitions and their
crossovers at 642MHz. Also, the two lines of 40K are present and
separated by 1285MHz, which corresponds to the hyperfine ground
state splitting.
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2.3 Lasers setup

Our experiment involves multiple optical transitions, which we address by four

main lasers and many frequency shifting devices (acousto-optic modulators -

AOMs). The required optical transitions are depicted in figure 2.8. The transi-

tions can be divided into four groups, each of which of close frequencies that can

be generated by the same laser. Within the group, smaller frequency changes of

few to few tens of mega Hertz are shifted using AOMs. The first group includes

the repumps of 2D and 3D MOT, which have a small red detuning relative to

the |F = 7/2〉 ↔ |F ′ = 9/2〉 of the D2 line. These lines are accessed by an

external cavity diode laser manufactured by Toptica (DL PRO). The laser is

locked using SAS to the |F = 2〉 ↔ |F ′ = 3〉line of 39K and is brought to the

necessary frequency by the AOMs. The second group is an imaging (resonant

light), 2D and 3D MOT cooling and optical pumping which are red detuned from

the |F = 9/2〉 ↔ |F ′ = 11/2〉 transition. This group is detuned by more than

the hyperfine splitting of the lower manifold of states of 1285MHz and hence

cannot be simply shifted by a single AOM, even in a double-pass configuration.

These lines are therefore accessed by another external cavity diode laser manu-

factured by Toptica (TA PRO) which is offset-locked to the DL PRO. The third

group us for the D1 transitions, in which both cooling and repump are gener-

ated from a single distributed Bragg reflector laser (Eagleyard DBR laser model

PH767DBR080T8). The D1 setup has its own SAS setup on the D1 line, which

generates a locking signal from a crossover transition of |F = 1, 2〉 and |F ′ = 2〉
of the D1 line of 39K. To generate the repump light we use a homemade high-

frequency electro-optical modulator (EOM) at 1285Mhz to create the sidebands

containing this frequency.32 The fourth group is used for Raman transitions, for

which we use another distributed Bragg reflector laser. The laser is typically red

detuned by 50GHz from the D2 line. The distributed Bragg reflector laser has

an excellent wavelength stability on the order of several tens of mega Hertz. The

large 50GHz detuning is much larger than the typical drift, so we do not need to

lock the frequency of this laser.

The whole laser setup is depicted in figure 2.9. To generate multiple frequen-

cies from a single laser, we branch the beam from the laser to sub-setups using

a series of half-wave plates (λ/2) followed by polarizing beam splitters (PBS).

Each subsystem has its own AOM, which shifts the laser frequency to the de-

sired value and also allows fast switching. The final stage of each sub-section is

mode-matching and injection into a single-mode polarization-maintaining fiber
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Figure 2.8: Energy level diagram of potassium with only two iso-
topes shown and their respective hyperfine structure. The D2 and D1

lines of 39K are used for laser locking. The lines of 40K of both D1 and
D2 transitions are used to for MOT cooling, repump and detection.
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(Thorlabs P3-630PM-FC) through a half-wave plate to align the polarization of

the laser with the principal axes of the fiber. This procedure minimizes polar-

ization crosstalk and power drifting. We also put a mechanical shutter (SRS

SR474) to completely eliminate resonant light from passing to the atoms when

it is not needed.

Let us elaborate more on the laser setup shown in figure 2.9. The TA PRO

laser has a weak side laser output (before the amplification stage of the TA)

that we use to lock its frequency. The laser beam that is coming from this

side is injected into a single mode fiber and sent to an offset locking setup (see

subsection 2.3.3). The main laser beam of the TA PRO has 1.3W output when

the tapered amplifier (TA) is running at 2.3A. The beam size is reduced by a

first telescope and then branched to the push beam injection setup. The push

beam goes through an AOM (G&H model 3100-125), shifted by +100MHz and

afterwards injected into a fiber. The laser is locked in such a way that after adding

this shift it is nearly resonant with the |F = 9/2〉 ↔ |F ′ = 11/2〉 transition. The

push beam carries a total of 3.4mW of power after the fiber.

The next branching section brings cooling light for the 2D and 3D MOTs.

After the AOM (G&H model 3100-125), the beam is expanded twice to increase

the fiber coupling efficiency. The next half-wave plate redistributes intensity

between the 2D and 3D MOTs. The refracted beam carries 400mW and is

injected into the 2D MOT fiber. After the fiber, we have ∼ 200mW of laser

power. The beam that goes to the 3D MOT is first combined with a D1 laser

on a PBS, then is split into four fibers. The refracted beam (on the first beam

splitter) continues and splits on a non-polarizing 50/50 beam splitter and goes

to fibers 2 and 3. The transmitted beam is also split on a non-polarizing 50/50

beam splitter and goes to fiber 1 and to the science chamber MOT fiber. Unlike

the cooling chamber 3D MOT which is formed by light that arrives in 3 fibers,

the science 3D MOT is generated by three beams that originate from a single

fiber.

The TA PRO is also used for the optical pumping and imaging. Since the op-

tical pumping and imaging operate at different frequencies and are never turned

on simultaneously, we use a single AOM for both of them. Two different diffrac-

tion angles allow having two optical paths. So by changing the frequency of the

AOM, we either inject the probe beam or the optical pumping into two separate

fibers. The imaging beam by itself is split into two, one for each imaging axis in

the experiment.

Next, I describe the beams which originate from the DL PRO laser, whose
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Figure 2.9: Optical table setup. All of the optical sketches in this
thesis were done using the free package.33
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main use if for the repump of the D2 transition. The laser outputs approximately

70mW which is not enough for what we need in the experiment. Therefore, we

use a home-built TA with an Eagleyard chip (model EYP-TPA-0765-01500-3006-

CMT03-0000) to increase the power to 870mW. The beam of the laser is first

reduced in diameter, then a small part of it (14mW) is branched to the SAS

locking setup. Before the locking setup, the beam first goes to a double-pass

AOM which shifts the locking frequency by 194MHz and only then injected into

a fiber. The majority of the laser goes through an optical isolator, then mode

matching optics and injected into the TA. Right after the TA, the spatial mode is

highly elliptical so we use a single f = 40mm cylindrical lens to bring the mode to

be round. The beam size is reduced again for a better AOM diffraction efficiency.

Part of the beam is branched to the 2D MOT setup, where the mode is expanded

for a better fiber coupling and is combined on a PBS with the cooling light. The

final branching goes to the 3D MOT repump setup. There, after an AOM, the

beam is split into a dark and bright repump (see section 2.6). The beams are

combined again on a PBS and go to the non-polarizing beam splitter, just before

the MOT fibers. The half-wave plates ensure that the polarization of bright

repump is aligned with the cooling light, but the dark repump is orthogonal to

it.

The setup of D1 cooling is depicted in the lower section of 2.9. The output

of the distributed Bragg reflector laser has a typical power of 50mW and the

spatial mode has an aspect ratio of approximately 1:4 due to the structure of the

diode. Hence, we first place an anamorphic prism pair (Thorlabs model PS883-

B) to correct for the ellipticity of the beam. After the isolator, a small portion of

the light is taken into a double-pass AOM setup then to the SAS locking setup,

which is similar to the one used for the D2 line, with the exception of locking

on a crossover of the D1 line. The main beam is then expanded and guided into

another TA, from which we get approximately 1W of power. The mode is reduced

again for the AOM and then enlarged again for good coupling into a single mode

fiber. Just before the fiber, the beam carries around 400mW of power, and

the coupling efficiency is slightly below 50%, which is relatively low (probably

because of the mode after the TA). After the fiber, the beam goes through a

high-frequency electro-optical modulator (EOM), which generates sidebands at

1285MHz, which corresponds to the hyperfine splitting of 40K and one of them

is served as a repumper. The high-frequency EOM is home-built and follows the

design of Ref.32 A small portion of the light is also taken for D1 detection in

the science chamber, but most of the light (80mW) is combined with the cooling
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Figure 2.10: AOM control and driving electronics.

light of the 3D MOT on a PBS and delivered to the atoms through the 3D MOT

setup.

2.3.1 AOM electrical circuit

We utilize AOMs (mostly G&H model AOM3100-125) to shift the laser frequen-

cies and enable fast laser shut off. In every AOM, we use the electrical circuit

depicted in figure 2.10. The rf signal for the AOM is generated by a voltage-

controlled oscillator (Mini-Circuits model zx95-200+, and other similar devices).

In the case where the frequency is constant, the control voltage is connected to

a stable voltage reference. Otherwise, it is connected to an analog output of the

FPGA computer control system, which can be used to tune the frequency in

real-time. Fast turning on and off is realized by a switch (Mini-Circuits model

ZASWA-2-50DR+) connected to a digital output of the FPGA. For a continuous

laser intensity control, we use a variable voltage attenuator (Mini-Circuits VVA

model ZX73-2500-s+) which changes the diffraction efficiency of the AOM, hence

the power in the first diffraction order. The rf signal is amplified to 1W by an

amplifier (Mini-Circuits model ZHL-3A+). We sometimes add additional passive

attenuators before the amplifier in case the signal may exceed the maximal input

rating of the amplifier. A diffraction efficiency of 85% is commonly attained.

2.3.2 Saturated absorption spectroscopy and frequency

locking

The main idea behind saturated absorption spectroscopy (SAS) is to obtain a

sub-Doppler spectrum where the natural linewidth of the atomic transition is

resolved and a lockable electrical signal can be generated using a room temper-

ature gas.34 An excellent theoretical overview of the principle of SAS can be
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found in this reference.35 The working principle of SAS is to pass a “probe”

laser beam through a cell filled with the atomic vapor, measure the attenuation

of the beam while sweeping the laser frequency. For a room temperature gas, a

Doppler broadened attenuation with a width of ∼ 1GHz width is observed. By

adding another counter-propagating “pump” beam at the same frequency, the

absorption from the probe beam is reduced due to the saturation of the tran-

sition in the zero-velocity class of atoms by the “pump” beam3. The reduction

in absorption happens precisely at the atomic transition and is manifested as

a sharp peak in the absorption spectrum, with a width limited by the natural

linewidth of the transition, as shown in blue curve in figure 2.11. To generate

a lockable signal, we implemented a method called modulation transfer spec-

troscopy.36,37 It is accomplished by performing phase modulation on the pump

beam at a 9.7MHz, which generates sidebands at that frequency. The atoms can

be seen as an absorber with a χ(3) non-linearity. This results in four-wave mixing

interaction that give rise to sidebands on the probe beam. The probe carrier and

the sideband beat at the modulation frequency and this can be recorded on a

fast detector. By measuring the phase of the beat signal, the derivative of the

Doppler-free peak is produced. The main advantage of this technique is that the

zero crossing of the signal is located on the peak position. The Linear absorp-

tion term, which depends on many factors like gas pressure, probe intensity, and

polarization, contributes only weakly to the signal as most of it is generated by

the non-linear process.

Our optical setup is depicted in 2.12. The laser beam is coming from a double

pass AOM from the DL PRO laser. Part of the laser goes to an offset lock setup,

and the other part is split by a half-wave plate and a PBS to the pump and probe

beams. The probe is directly traversing a heated potassium vapor cell (Triad

Technology) and is focused on a photodiode (Thorlabs model PDA8A). The

pump beam first goes through an AOM and its frequency shifted by +82MHz.

This is done to eliminate an interference between the pump and probe beams.

In this configuration, the pump saturates the transition of atoms with a non-

zero velocity class as opposed to a case where the pump and probe have the

same frequency. The saturated peak is now precisely at half the frequency of

the AOM, namely at 41MHz. The diffracted pump beam from the AOM is

then phase-modulated in the electro-optical modulator (EOM) at a frequency

of 9.7MHz. We use a homemade RLC resonator for the EOM LiNbO3 crystal

3In the case where the pump beam is detuned by some ∆f frequency relative to the probe,
the saturation of the transition is performed by a non-zero-velocity class of atoms. The reduc-
tion in absorption happens now at a ∆f/2 offset relative to the peak position.
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Figure 2.13: Electro-optic modulator setup. The LiNbO3 crystal
(4) is held in a brass mount and acts as capacitor in the RLC res-
onant circuit. (1) and (2) are the tuning capacitors and (3) is the
inductor, which is made from winding a magnet wire on a ferrite core
(micrometals). The Q factor of the RLC circuit is 34. Originally, the
crystal was mounted on a TEC (7) and we wanted to control the
temperature of the crystal, but later on we found that this was not
necessary. The figure is made by L. Drori and O. Michel.

(see figure 2.13). The pump is then aligned to be counter-propagating with the

probe.

The signal from the photodiode is then going to the following electrical circuit.

First, the modulated part of the signal is separated on a bias tee (Mini-Circuits

ZFBT-4R2GW+) and the DC part goes to a scope where the SAS spectrum can

be measured. The AC part is amplified by the Mini-Circuits ZFL-500LN-BNC+

amplifier and routed directly to the phase detector (Mini-Circuits ZRPD-1+).

The 9.7MHz signal, generated by BK precision 4013B, is split on a power splitter

(Mini-Circuits ZSC-2-2+), and half of it goes to the EOM and the other part

goes to the phase detector. The resulted signal from the phase detector is the

locking error signal that is low pass filtered (Thorlabs EF124, 3db cut at 50kHz)

and routed to the laser PID for frequency locking. The produced signal has a

linear slope which crosses the zero at precisely the peak position of the atomic

transition. The setup exhibits excellent long term stability and a sub MHz

linewidth.
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2.3.3 Offset laser frequency lock

Once we locked one laser to an atomic transition, we can employ its stability and

lock another laser to it using offset frequency lock. We implement the design

described in this reference.38 The setup is effortless yet robust and produces a

relatively large and stable locking signal for the PID servo loop (see figure 2.14).

The idea is to take two lasers and interfere them on a fast photo-detector

(EOT model ET-2030A). We use a directional coupler (Mini-Circuits model

ZEDC-10-2B) to protect the detector from the reflected rf signal. The inter-

ference signal is composed of a frequency-sum and -difference of the two lasers.

Due to the limited bandwidth of the detector only the frequency difference

is measured and only this signal is amplified by the amplifier (Mini-Circuits

model ZFL-1000+). The beat signal with the frequency-difference is mixed on

a mixer (Mini-Circuits model ZX05-12MH-S+) with a local oscillator (Mini-

Circuits model ZX95-800A+) at a desired offset locking frequency. The signal

is amplified (Mini-Circuits model ZFL-1000+) and split (Mini-Circuits model

ZX10-2-12-S+), and a constant phase shift is added to one of the paths by con-

necting it with a 1m coaxial cable. Using a phase detector (Mini-Circuits model

ZRPD-1+), the error signal is generated and low-pass filtered (Mini-Circuits

model DC-1.9MHz). The generated signal is shown in figure 2.15. The two

branches of the pattern correspond to the ± |ν1 − ν2| frequency content of the

beating signal. A notch, present in the middle of each branch, marks the point

where the lasers beat at the local oscillator frequency. We choose the adjacent

zero crossing as the locking setpoint. The error signal has more than 1Vp−p am-

plitude and is very stable. One problem with this setup is that it is sensitive to

rf interference created by rf pulses given during the experiment. We have noticed

that the rf interference is injected through the photodiode, hence in the future
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we should add a band pass filter to the photodiode to eliminate this interference.

2.3.4 Laboratory air temperature stabilization

A crucial component of the laboratory is the air conditioning unit, which should

maintain the temperature to within ±0.5◦C. In addition, the A/C unit filters

the air and keeps the relative humidity level below 60%. The venting ports are

designed in such a way that there is a slow flow of air from above the optical

tables which minimizes turbulence and reduces laser power fluctuations in the

fiber couplings and improves the pointing stability. Owing to the temperature

stability, we have to optimize optical alignments only once every few months.

Each time we turn the lasers on, they were near the atomic transitions. Most

of the time, the optical table is covered by a fire-proof double-sheet curtains

which minimize dust from falling onto the optics and contribute to the safety of

the people working in the lab. As an example, the temperature and humidity

readings of April-May 2016 are presented in figure 2.16.
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Figure 2.16: Temperature and humidity reading, April-May, 2016.
The daily temperature changes are visible as a saw-tooth features
on the graph. A much slower oscillation is visible throughout the
month. The humidity drops are due to the weather as our system
can not increase humidity.
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2.4 Computer control and data acquisition sys-

tem

The lab computer together with a FPGA data acquisition card controls the

entire experiment. It generates the commands for all the equipment at specific

timings and acquires data through analog inputs, digital inputs and images from

cameras. Two FPGA cards (NI 7854R) are connected to the PC through an

external PXI chassis. These are the ”hands” of the computer, each card has

8 analog inputs and outputs, and 96 digital I/O channels running at 40MHz

clock. The FPGA serves as the “real-time” clock of the experiment due to its

relatively good time resolution of 25ns. The channels of the FPGA are connected

to switches, shutters, triggers and other electronic parts of the setup. We have

also implemented PIDs on the FPGA for locking laser frequencies.

The general structure of the system is shown in figure 2.17. The real-time

part is executed on the FPGA cards (made by National Instruments); it sends

the signals and also acquires the data. The FPGA cards exchange data with a

LabView program that runs on the PC and serves as a “host server”. Using the

LabView program, we can manually access each channel of the experiment, lock

lasers, send commands via other protocols such as USB, Ethernet, GPIB, etc.

The server program gets the commands for the experiment through a TCP-IP

protocol. The experimental sequence on the user lever is written in MATLAB

code, which makes it a straightforward and a versatile tool. When running the

MATLAB code, a home-built “compiler” translates the high-level sequencing into

the commands that are passed to the server, and from it to the FPGA target. In

principle, the lab can be run remotely by a client MATLAB workers anywhere

inside the firewall of the Technion. The structure of the lab control system com-

bines simple code writing and straightforward integration with real-time analysis

in the MATLAB environment with natural infrastructure integration through the

LabView environment and the robustness of a hardware-based real-time solution

as the FPGA re-configurable cards.

The I/O of the FPGA cards are extended by an RG174 coaxial cables from

the computer desk to the experimental table. We created a BNC matrix board

to which we connect all the I/O. Output channels that require more than 4mA

of current are buffered by a TL052 operational amplifier (op-amp) in a voltage

follower configuration.
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Figure 2.17: Computer control architecture.

2.5 2D MOT

The idea of using 2D MOT to trap and cool atoms from thermal background goes

back to 1990.39 This setup had several important advantages over the alternative

Zeeman slower method. Firstly, it took considerably less space on the optical

table and produced smaller magnetic fields near the experiment. Secondly, it se-

lectively created a cold beam of only 40K which is pushed to the second chamber,

leaving 39K in the higher pressure chamber separated by a differential pumping

tube. Lastly, due to the high price of enriched potassium salt (6700$ for 10mg

at 10% enrichment of 40K), it operated at lower pressures of potassium gas and

therefore wasted less material. Since then, 2D MOT is widely used in cold atoms

experiments.40–47

The purpose of the 2D MOT is to create a cold beam of atoms from a back-

ground of hot atoms, and push it through a narrow nozzle to another chamber.

In the 2D MOT chamber the potassium gas pressure is kept at 10−8 ÷ 10−9torr.

This chamber is separated from the rest of the vacuum system by a narrow tube

which creates differential pumping, such that the pressure in the rest of the sys-

tem can be kept below 10−11torr.48 The principle of operation of a MOT is well

described in the literature.49 Briefly, in the 2D MOT configuration, two pairs of

counter-propagating laser beams traversing a vacuum chamber. The beams are

red detuned compared to the S→ P and apply a “friction like” force (radiation

pressure) proportional to the velocity of the atoms. Without the magnetic field

this setup is also called ”optical molasses” since it creates high viscosity for the

atoms. The addition of magnetic field gradients makes the radiation pressure

be proportional to the displacement of the atoms from the zero of the magnetic

field. In a 2D MOT configuration, the third dimension does not have the mag-

netic gradient. There is one laser beam pushing the atoms through the narrow

aperture towards the second chamber. Sometimes a counter propagating beam
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Figure 2.18: Our 2D MOT setup. A glass chamber is filled with
hot potassium from the dispensers. The laser beams, together with
the magnetic coils, create trapping and cooling in the transverse di-
rection. The push beam is pushing the cooled atoms through a dif-
ferential pumping tube to the second chamber.

is also added in the third direction in all places other than the aperture.

The setup of our 2D MOT is depicted in 2.18. We typically run a current

of 4A through the dispenser that continuously releases potassium gas into this

chamber. The part of the chamber that is not accessed by lasers is heated

to eliminate condensation of potassium on the walls. Two pairs of elliptical

Gaussian beams with waist radii of 20mm and ∼ 50mm are traversing the long

facets of the chamber. The size was chosen to have a large capturing volume.

All the parameters of the 2D MOT are summarized in table 2.1.

The push beam has a 2.1mm waist diameter, which is aligned to push the

2D MOT to the second chamber. The magnetic field gradient is created by a

set of four coils. The coils are made of 89 windings of a 20 AWG wire (CNC

Tech 600220), and are connected in an anti-Helmholtz configuration. The coils

are operated at 2.2A, which generates a gradient of 20G/cm at the center of

the chamber and less than 2G/cm in the long dimension of the chamber. There

is a “bleeding” electrical circuit that can introduce a small asymmetry between

the current running in each pair of coils. This asymmetry is adjusted with a

trimmer of 100Ω connected in parallel to the coils in order to offset the zero of

the magnetic field without having to physically move the coils. The coils are
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2D MOT Value

Total cooling power 200mW
Total repump power 100mW

Beam waist radii 20mm, 50mm
Cooling detuning -3.6Γ
Repump detuning -5Γ
Push beam power 3.4mW

Push beam waist radius 1.1mm
Loading duration 40ms

Table 2.1: Parameters of the 2D MOT.

mounted on a specially made holder from Ultem.

The optical setup creating the large elliptical beams is depicted in figure

2.19. A polarization-maintaining fiber (Thorlabs P3-630PM-FC-5) carrying the

cooling and repump light with orthogonal linear polarizations is terminated by

an f = 11mm collimator (Thorlabs F220APC-780). To make a 2.67 aspect ratio

between the major axes of the elliptic beams, we expand the beam on a cylindrical

telescope made from two lenses of f = 15mm and f = 40mm. We are using a

half-wave plate and a PBS to divide the power evenly between the horizontal

and vertical beams. The polarization of each beam is set to be circular after

passing through a quarter-wave plate. The beams are then expanded by a single

telescope made of f = 8mm and f = 150mm lenses. After passing through the

chamber, the beams are retro-reflected by a “cat-eye” retro-reflecting setup made

of a single lens of f = 150mm and a mirror that is positioned at its focal point.

Additional quarter-wave plate ensures the circular polarization direction of the

beam is preserved upon reflection from the mirror. All lenses are standard plano-

convex NBK7 with B-coating bought from Thorlabs. Many of the polarization

optics elements, including beam splitters and wave-plates, are manufactured by

Foctek.

Aligning the 2D MOT may be a bit tricky. We found that the best approach

is to position a camera that looks in the direction of the push beam, along the

long dimension of the chamber. We also positioned cameras above the chamber

at a small angle to see structure of the atomic “rod” created by the 2D MOT.

For the initial alignment, the push beam was covered and we optimized the

fluorescence signal. The next optimization stage was to bring the push beam to

push the cloud through the small aperture to the second chamber and observe

the 3D MOT start filling up. The final optimization was done by looking at the

loading rate of the 3D MOT in the second chamber and adjusting the alignment
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of the 2D MOT beams and push beam.

2.6 3D dark SPOT MOT

To achieve high atomic densities in the experiment, we need to start with a large

MOT (∼ 109 atoms). To understand the dynamics of the MOT we consider a

simple model for the density n (t) in the MOT :

dn

dt
= R− 1

τ
n− βn2 , (2.1)

where R is the loading rate, set by the 2D MOT, τ−1 is the loss rate due to

collisions with ambient gas, and β is the loss rate due to re-scattering of photons

from the center of the trap. When the density in the MOT is high enough, the

force from re-scattered photons in the middle of the trap is compared to the force

exerted by the lasers. In this regime, the total number of atoms may increase,

but the density can not. A smart method called a dark SPOT MOT to overcome

this limitation was developed by W. Ketterle.50 The idea is to let atoms be in a

dark state in the middle of the trap, and then it minimizes the interaction with

the trapping light exactly at regions where the density is highest. In this way, the

loss due to photon re-scattering and absorption is suppressed while the trapping

force is strong enough to tightly hold the atoms. In this scheme, a small region

of 3mm in diameter in the center of the MOT cloud without a repump light is
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3D MOT Value

Total cooling power 150mW
Total bright repump power 45mW
Total dark repump power 2.3mW

Cooling detuning -3Γ
Repump detuning -5Γ

Table 2.2: Typical parameters of the 3D MOT.

created. In this region, the atoms reach the ground-state |F = 7/2〉 hyperfine

level, which is detuned by 1285MHz from the cooling transition, and since there

is no repump they stay there and do no absorb the cooling light anymore. The

atoms stay in the dark state until they diffuse to an outer part of the trap,

where the repump light pumps them back into the cooling cycle. This scheme

substantially reduces the loss rate β and allows for a much larger atomic clouds

to be collected in the MOT. However, it comes at a price - the loading time,

which normally would be several seconds, increases to several tens of seconds.

The optical setup of the 3D MOT is composed of three identical retro-

reflecting arms. The sketch of one of the arms is depicted in figure 2.21. The

fiber which carries a cooling light, repump and D1 light is collimated by a single

plano-convex lens with f = 100mm. This results in a Gaussian beam with a waist

radius of 8mm. The parameters of the setup are summarized in table 2.2. The

repump beam has two components with orthogonal polarizations: a weak “dark”

component that has an orthogonal polarization relative to the cooling light, and

a “bright” component which has the same polarization as the cooling light. The

cooling and bright repump are going straight through the PBS, while the dark

repump is refracted upwards (see figure 2.21). Then, its polarization is rotated

by 90 degrees by going twice through a λ/4 wave-plate, so it passes through the

PBS downwards. There, a mirror with a small round hole of 3mm diameter at

its center is reflecting the beam. The mirror creates a hole in the laser profile.

This hole is present only on the dark repump beam profile. The polarization

is then rotated again and the beam is refracted into the atoms. The last λ/4

wave-plate ensures the right circular polarization for the MOT. The beam is then

retro-reflected after passing through the chamber. The light emerging through

the hole in the mirror can be used for intensity monitoring. The coils that are

used in the 3D MOT setup are the same coils used later to create the magnetic

trap (see section 2.8.3). The setup of the coils is described in section 2.8. For

the regular dark MOT, we run the coils at a current of ∼ 30A, which is about
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Figure 2.20: Loading curve of the dark SPOT MOT. Red circles
are the dark MOT readings and blue crosses are the readings when
the short bright-repump pulses are given.

10% of the current used in the magnetic trap.

When the dark SPOT MOT is operated, the fluorescence is very dim, as many

of the atoms are in the dark state and do not fluoresce. To measure correctly the

total number of atoms in the dark MOT, we have to turn on the bright repump.

To measure the loading curve, we fire short 10ms pulses of the bright repump in

order to have a minimal effect on the behaviour of the dark MOT. In figure 2.20,

we show a typical loading curve of the dark MOT. The bright peaks correspond

to a short, 10ms, flashing of the bright repump.
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Figure 2.21: The optical setup of one arm of the 3D MOT. The
setup with the PBS and two mirrors create a dark spot on the “dark”
repump due to a hole in one mirror.

2.7 D1 gray molasses cooling

The temperature after laser cooling in the MOT is limited to around 145µK in
40K by a heating mechanism originating from the isotropic spontaneous emis-

sion, also known as the Doppler cooling limit.49,51 To earn a further reduction

in the temperature without losing the atoms, we employ a sub-Doppler cooling

technique, known as the gray-molasses cooling developed in ENS, Paris.52,53 Us-

ing this technique, we were able to reduce the temperature to ∼ 15µK prior to

loading the magnetic trap.

The principle of operation is similar to a polarization gradient cooling (Sisy-

phus cooling).49 Two counter-propagating laser beams with orthogonal circular

polarizations are shined in each Cartesian direction, on an already cold cloud of

atoms. This configuration creates a spatially varying polarization of the electro-

magnetic (EM) field with a periodicity of half the laser wavelength. The setup is

similar to the one used to form the 3D MOT (see 2.6), albeit for the gray molasses

the beams are blue detuned relative to the D1 transition. The eigenstates of the

atoms interacting with this field have several dark states not coupled to the laser

light, and the rest are bright states, for which the laser creates a periodically

varying energy landscape. The kinetic energy of the atoms in the bright state

is converted to potential energy when they “climb uphill” the optical potential.

Then, they are more likely to be optically pumped into a dark state, preferen-

tially on a higher potential. This process removes the potential energy from the

atoms and effectively cools them down. The atoms in the dark state can be

transferred back to the bright state via a motional coupling and far-of-resonance

optical transitions. These processes occurs preferentially at the minimum of the

potential. When the atoms are cold enough, the motional coupling is reduced
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D1 stage Value

Total cooling power 11mW
Total repump power 1.4mW

Cooling and repump detuning 3Γ

Table 2.3: Parameters of D1 cooling.

and the atoms finish the cooling cycle in the dark state. In the whole process,

the atoms spend most of the time in the dark state, hence the fluorescence is

very weak. The capture velocity of gray molasses depends on the potential depth

created by the lasers. Theoretically, it is possible to reach a thermal energy of 6

Er (recoil energy), which amounts 2.4µK for 40K.

We implemented this method by injecting the D1 cooling light to the same

fibers of the 3D MOT. The parameters we used are summarized in table 2.3. At

the end of the 3D MOT stage, we lower the intensity of the laser and reduce the

magnetic field gradient. We found that this procedure results in lower temper-

ature after the D1 cooling. However, in reference,52 the magnetic field gradient

was increased to compress the MOT. In our case, compressing the MOT only

made things worse and we therefore we avoid it. After the final stages of 3D

MOT, we abruptly turn off the lasers and the magnetic field, and turn on the

D1 light for 5ms. After the D1 cooling stage, we measure the temperature with

time-of-flight absorption imaging. We typically achieve a temperature of around

µ15K. The efficiency of the D1 cooling strongly depends on the fraction of the

repump light.

2.8 Magnetic trapping and MW evaporative cool-

ing

2.8.1 Principle of magnetic trapping

A convenient measure of the quantum degeneracy of a gas is the phase space

density

Φ = nλ3
T , (2.2)

where n is the atomic density and λT =
√

2π~2
mkBT

is the thermal de Broglie wave-

length. When Φ � 1, the gas is essentially thermal but when Φ ≈ 1, the

inter-particle separation becomes comparable to the thermal wavelength, which

indicates that the gas becomes quantum degenerate. The phase space density
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achievable with sub-Doppler cooling is limited to a few orders of magnitude be-

low unity due to the dissipative nature of near-resonant optical transitions. To

achieve a further increase in Φ, the atoms are loaded into a conservative poten-

tial and evaporatively cooled. The conservative potential can be either made

by far-of-resonance lasers through the coupling to the electric dipole moment,

or by magnetic field gradients through the coupling to the magnetic moment

of the atoms. Magnetic trapping is more suitable for cooling atoms right after

a Doppler or sub-Doppler cooling techniques thanks to the large trapping vol-

ume, deep potential, and high trapping frequencies. Moreover, evaporation is

performed by applying MW fields without reducing the trapping frequencies, as

opposed to evaporation in the optical trap, where by lowering of the potential

the trapping frequencies are also reduced. For these reasons, evaporation in a

magnetic trap is very efficient, therefore we have implemented it right after opti-

cal cooling is finished. The price of this high efficiency is time - the evaporation

stage in the magnetic trap takes more than 20 seconds.

The magnetic potential felt by the atoms is described by the following inter-

action energy:

U = −µ ·B = µBgFmF |B| , (2.3)

where µ is the magnetic moment of the atom, µB is the Bohr’s magneton, gF is the

g factor of the hyperfine state, mF is the Zeeman magnetic projection number,

and B is the magnetic field, which in the case of a trap depends on position.

The potential depends only on the magnitude of the magnetic field when the

adiabatic following condition is satisfied, meaning that the atomic spin follows

the local magnetic field as it moves in the trapping potential. This condition sets

the minimal rate of change of the direction of the magnetic field θ as compared

to the Larmour frequency ωL:54

dθ

dt
� ωL =

µB |B|
~

. (2.4)

Since no magnetic monopole was found in nature (yet), only locally outwards

increasing magnetic fields can be created (divB = 0). For an atom to be trapped

in this type of potential, it must satisfy mFgF > 0. These states are called

“low-field seekers”, because their energy is reduced for decreasing magnetic field.

These atoms will be attracted to the point with the smallest value of |B|. This is

the basic principle of magnetic trapping. The quadruple magnetic field created

by a pair of coils would be the easiest way to trap the atoms, if not for the zeroing

of the field at the center. Near the center of the trap, where the magnetic field
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is small, moving atoms cannot adiabatically follow the direction of the local

magnetic field due to their relatively low Larmour frequency. The atom may

change its internal spin state and become anti-trappable. This breakdown of

the adiabatic following induces spin flips known as Majorana spin flips in the

literature.55 In the case where the bottom of the trap can be approximated by a

harmonic potential, the Larmour frequency has to be much higher than the trap

oscillation frequency.56 This issue impeded the progress in experiments towards

achieving quantum degeneracy in the late 90s. Several solutions were invented to

overcome Majorana losses: creating time-averaged orbiting potentials,57 optically

plugged magnetic trap (used in the first observation of BEC in 1995, which

was awarded the Nobel prize in 2001),2 Ioffe-Pritchard “cloverleaf” trap58 and

Quadruple-Ioffe configuration (QUIC).59 We chose to build the latter because of

its relative simplicity and robustness. I describe our setup of the magnetic trap

in subsection 2.8.3. In the following section, I describe the technique of optical

pumping, which is essential to prepare the atoms in the correct low-field seeking

state and also to have a spin mixture that equilibrate and thermalizes efficiently.

2.8.2 Optical pumping

The goal is to bring the atoms into the trappable, low-field seekers states for

the magnetic trapping and evaporation. For that, we use optical pumping which

pumps the atoms mainly into two sublevels |mF = +9/2〉 and |mF = +7/2〉 of

the F = 9/2 hyperfine manifold. Later in the sequence, we use rf transitions

to transfer the positive sublevels into the negative, where a broad Feshbach

resonance exists. Right after the D1 cooling stage, we apply a magnetic field that

defines the quantization axis. A near-resonant laser light with σ+ polarization,

tuned to the cycling transition |F = 9/2,mF = 9/2〉 ↔ |F ′ = 11/2,mF = 11/2〉
of the D2 line, passes through the atomic cloud, at a small angle relative to the

magnetic field direction. The beam induces transitions that change the atomic

angular momentum by a single positive quanta in each absorption event. In

the subsequent emission event, the angular momentum will be changed by ±1

or 0, depending on the transition strength. After several transitions, the atoms

populate predominantly the |mF = +9/2〉 and |mF = +7/2〉 states. We add

the repump light of the 3D MOT to empty the |F = 7/2〉 manifold. The angle

of 15◦ between the magnetic field (quantization axis) and the optical pumping

beam propagation direction controls the relative populations at the end of the

procedure. A much smaller fraction of the atoms (few percents) end in the

|mF = +5/2〉 state. These atoms are mostly lost in a spin-exchange collisions
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Figure 2.22: Schematics of the optical pumping setup. The beam
is expanded to a diameter of 4mm and its polarization is set to be
circular. The beam is retro-reflected by a set of mirrors.

during the evaporation sequence.

The process of optical pumping inevitably induces some heating. In our work-

ing parameters, we measure an increase from 15µK to 40µK. The setup of optical

pumping is depicted in figure 2.22. The fiber is collimated by an f = 11mm col-

limator (Thorlabs F220APC-780) and expanded ×2 to be approximately 4mm

in diameter. The polarization is cleaned by a PBS and then set to be circular,

inducing only σ+ transitions. The beam is folded into the chamber by a golden

mirror in order to preserve the polarization upon reflection. The beam is then

retro-reflected on itself to minimize the heating and distortion caused to the

atoms.

The efficiency of the optical pumping is probed directly by measuring the

fraction of the atoms in the positive states. We use the magnetic trap as a fil-

ter for the negative states, because only the positive states are trappable. The

measurement is performed in the following way. We measure the 3D MOT flu-

orescence by a photodiode prior to optical pumping and loading the magnetic

trap. After the loading the magnetic trap, we hold the atoms for 200ms to let

the negative spin states leave. Then, we realease the trap and recapture the

atoms with the 3D MOT again. We compare the photodiode signal during the

MOT period before and after trapping and extract the fraction of the recaptured

atoms (see figure 2.23). Optimally, nearly 80% of the atoms are recaptured,

which also put a lower bound on the efficiency of optical pumping and loading

into the magnetic trap.

To align the optical pumping beam on the atoms, we place an iris on the

beam to reduce its size. In the first step, we block the retro mirror, change the
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Figure 2.23: Magnetic trap - MOT recapturing experiment. The
blue line is the measured fluorescence from the atoms and the red line
is the electrical current of the magnetic trap. The fluorescence of the
3D MOT is high until time 9.05s, at which the atoms are loaded into
the magnetic trap, as indicated by the sharp rise of the current. After
waiting 200ms, the atoms are released from the magnetic trap and
recaptured by the 3D MOT. The fluorescence signal increases due to
fluorescence of the recaptured atoms. The signal before and after the
magnetic trap is averaged over 250ms and compared. In this figure,
the recapturing fraction is 89%.

Parameter Value

Total power 1.5mW
Beam diameter 4mm
pulse duration 30µs

Table 2.4: Parameters of the optical pumping

frequency of the optical pumping to be close to the cycling transition, and align

the beam to cause maximal distortion to the MOT cloud. In the second step, we

unblock the retro beam and align it such that it restores the MOT with a minimal

distortion. To find the optimal position of the quarter-wave plate we measure the

recapturing fraction as a function of the angle of the wave plate. Typical results

are shown in figure 2.24. The minimum and maximum on the graph correspond

to σ- and σ+ transitions, respectively. Only the σ+ transitions result in positive

spin states, which are magnetically trappable. The relevant parameters of the

optical pumping setup are summarized in table 2.4.
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Figure 2.24: Optical pumping beam polarization optimization. The
figure shows the recapturing fraction versus the angle of the wave-
plate that determines the polarization of the optical pumping beam.
The recapturing fraction is maximal when the polarization is σ+ and
minimal when it is σ-.

2.8.3 Magnetic trap setup

We have built a QUIC magnetic trap configuration,59 which consists of two coils

in an anti-Helmholtz configuration (“quadruple coils”) and a third coil (“Ioffe

coil”), whose axis is perpendicular to the symmetry axis of the quadruple coils,

as shown in figure 2.26. The total magnetic field is calculated by superposing

the expressions for a single current loop60 for all the loops. The result of this

calculation is shown in figure 2.25. When there is no current in the Ioffe coil,

the quadruple coils produce a linear magnetic filed gradient with a zero in the

middle (blue line). By adding the correct current to the Ioffe coil, a small offset

field B0 is created in the axial direction of the coil and offsets the position of the

minimum by a few millimeters (green curve). The magnetic field, and hence the

potential, can now be approximated by a parabola near its bottom. In this trap,

the minimum magnetic field is not zero, and therefore it avoids Majorana loss.

The parameters used in our experiments for the magnetic trap are given in table

2.5.

The coils are made of copper tubing with a rectangular profile (Small Tube

Products), isolated with Kapton tape by S&W Wire. The width of each side of

the tubing is 4.15mm, and the diameter of the inner hole is ∼ 2mm. Cold water

running through the coils are used for cooling the coils. The water is supplied by

a chiller (Thermo Fisher Scientific ThermoFlex 5000), operating at a relatively

high pressure of 4bar and 20◦C. The flow rate of 0.8 litre per minute is limited
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Figure 2.25: Magnetic field magnitude of our QUIC trap as a func-
tion of the distance from the quadruple axis, on the line connecting
with the center of the Ioffe coil, plotted at different ratios of the cur-
rent in the quadruple and Ioffe coils. The blue curve shows the case
when there is no current running though the Ioffe coil. The green
curve shows optimal parameters of the trap. In this case, a single
minimum is created and it has a small bias field (on the order of
one G). When the current is below the optimum value, two traps are
created, still with zero field crossing, as shown in orange.

Parameter Value

Quad coils current 240A
Ioffe coil current 258A

Quad field gradient 157G/cm
Bias field B0 0.65G

Oscillation frequencies 208.1Hz and 22Hz

Table 2.5: Parameters of the magnetic trap
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Figure 2.26: QUIC coils configuration on the vacuum chamber.59

Each of the quadruple coils is made of 7 concentric windings of in-
creasing diameter and 5 layers in the axial direction. The diameter
of the innermost and outermost winding is 42mm and 134mm, re-
spectively. The closest layer of windings is 48.7mm from the atoms,
and the whole coil extends to 65.3mm. The Ioffe coil is at a distance
of 57mm from the atoms and extends to 77.8mm.

by the pressure of the pump head and the small inner diameter. We can run

the coils at 290A for 70− 80s; after that the electronics (MOSFETs) are heated

to 60◦C and the power supply is tripped for safety. The power supply interlock

security system is also connected to a flow meter that makes sure the water

supply is working. To wind the rectangular tubing into the shape of the coils,

we constructed a jig onto which we winded the tubing using a torque-head of

an old milling machine. During the winding process, each layer is glued with an

Araldite 2011 Epoxy. The coils are then held in place using a home-made mount

made of of Ultem (to avoid Eddy currents that would have been developed in a

metal holder). The details of this mount are described in Appendix C.

2.8.4 Electronics

As shown in table 2.5, the coils need to be driven with 240A to generate a deep

enough magnetic trap. To drive the coils with such a current, we use a low-noise

6kW power supply (Delta Elektronika SM15-400). The bias magnetic field in a

QUIC configuration is a result of substraction of two high fields (the quadruple

and Ioffe fields). In order for this bias field to be stable, the currents in all the

coils have a relative stability of 10−5 − 10−6. Although the power supply does

have an analog control, it’s not quiet enough to achieve this level of stability. For

this reason, we have built a analog control circuit that is very quiet and stable
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to within a few parts per millions (ppm) over long periods of time. The setup

was inspired by the design of Brian DeMarco.31 The primary circuit of the coils

is shown in figure 2.27.

The two quadruple coils are connected in series to each other, and also in

series to the Ioffe coil, albeit with a controlled bypass. The power supply is

operated at constant voltage mode, and the current in the quadruple coils is

controlled by MOSFET 3 (FET3). The current that flows in the Ioffe coil is

controlled by MOSFET 2 (FET2). The circuit has an additional IGBT switch

to shut off the current abruptly. When a large current running through an

inductive load is stopped suddenly, a back-EMF generates a high voltage on

the contacts of the IGBT switch. The IGBTs can withstand few kilo Volts.

According to the Faraday’s law of induction, E = LdI
dt

, this voltage will limit the

shortest time to reduce the current to zero. The solution is to create a current

discharge path; we use transient voltage suppressors (TVS) placed over the coils.

They are essentially high durability Zener diodes that will reverse-conduct at

high voltages of back-EMF. The MOSFETs are protected by a 60V TVS, and

the IGBT is protected by a 420V TVS. The current in the circuit is measured

by Hall probes (LEM model LF 310-s). H2 is used for controlling the PID and

H6 is used for monitoring. The same holds for the pair H3 and H4. We have

maintained a “star ground” configuration of the grounding cable to avoid ground

loops. This means only a single ground connection is allowed in this circuit. A

single, low gauge cable is connected to the ground of the power supply and every

other ground connection is directly connected to it.

It turned out that for our setup, we need the current in the Ioffe coil to be

slightly higher than in the quadruple coils. We found out this when we tried

to increase the current in the Ioffe to create the bias field for the trap, but we

could not reach that point. To solve this, we added a constant current bleeding

circuit that bypasses only the quadruple coils. The circuit bypasses 21% of the

current running in the quadruple coils. In the bypass, we added a high power

diode to restrict current circulation when the coils are switched off. The H1

probe measures the current in the quadruple coils and H7 measures the current

in the bypass. FET1 is controlling the amount current that flows in the bypass.

We control the current in the quadruple and Ioffe coils by an analog PI

(Proportional-Integral) controllers that we have built ourselves. The electrical

circuit is depicted in figure 2.28. The setpoint from the FPGA and the reading

from the Hall probe are measured by the LT1167 instrumentation amplifier (in-

amp). They are chosen due to the high performance and low cost. Importantly,
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Figure 2.27: QUIC coils high-current setup.
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Figure 2.28: Analog PID to control the current running through
the QUIC coils setup. In our case, we only use PI feedback.
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the reading of the setpoint through a differential amplifier allow separation of

grounds and avoids a ground loop due to the group coming from the computer.

The current produced by the Hall probe is converted to a voltage by a high-

precision burden resistor (Vishay model Y147950R000D9L) with very low tem-

perature coefficient (0.05ppm/◦C). The input of the in-amps is low-pass filtered

to 30kHz since a higher bandwidth is anyhow not supported by the response of

the coils. The error signal is generated by subtracting the two signals after the

in-amps and feeding it to an OP27 op-amp. The summing resistors R16 and R17

are a low drift, few ppm/◦C because they determine the long term stability of

the circuit. This op-amp creates the PI feedback loop and outputs the control

signal to the MOSFET. The output of the op-amp is buffered by an LT1210

high-current op-amp. The power supplies of all the microchips are bypassed by

an appropriate set of capacitors. The feedback resistor R19 and capacitor C9

were chosen empirically by measuring the response of the coils. We aimed at

a final low-noise operation with a moderate frequency response. These values

depend, of course, on the voltage of the high-current power supply.

The high-current power supply is operated at a constant voltage mode, which

is set by an analog control from the FPGA. The voltage setpoint from the FPGA

is connected to a differential amplifier configuration, using four matched 10kΩ

resistors. It was chosen because it can operate from a single supply and has

excellent noise characteristics. The power supply has a +12V output which we

use to power the op-amp. There are two 1MΩ resistors that pull down the input

in case someone disconnects the BNC. There is a 10kHz RC filter (1.5kΩ and

10nF) on the output, limiting the rise time (10-90%) to 35µs. To improve noise

rejection from long cables, one can add resistors (0.5-5kΩ) to the input and add

a buffer on the FPGA output to drive this load with enough current.

The closed-loop control circuit of the bleeding circuit is depicted in figure 2.29.

The architecture is virtually identical to the one used for FET2 and FET3. Here,

we used different in-amps to read the current of the main and the bypass lines.

The subtraction of the signals is done using 5kΩ and 1kΩ resistors, creating an

error signal that is zero when 21% of the total current is flowing in the bleeding

circuit. For the feedback op-amp, we used an OPA172IDR with a buffer output

of LT1210 inside the feedback loop. The small resistor R3 is added to eliminate

an oscillation of the output due to the high capacitive load of the MOSFET

gate. Resistor R7 is placed for slowing the initial control signal and C3 is there

to enable fast response when operating. The diodes D1 and D2 protect the gate

of the MOSFET from an over-voltage. The feedback capacitor C13 is chosen by
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Figure 2.29: Analog PID circuit of the quadruple bleeding bypass.
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Figure 2.30: IGBT driver circuit.

optimizing the response of the current when the circuit is already assembled.

To properly use the IGBT, we had to build a driver circuit, shown in figure

2.30. When all the MOSFETs and IGBT are closed, the IGBT is fully floating.

For this reason, the driver ADUM3123, which requires two power supplies, is fed

by two isolated DC/DC converters, which makes it truly floating within a few kV.

The chip is essentially an ON/OFF switch that gets its signal from the FPGA

and converts it to a high current output signal for the IGBT gate. The IGBT

gate has a relatively high capacitance, hence to change the voltage on the gate

in a short duration, a high current is needed. Since the input signal is referenced

relative to the FPGA ground, the first DC/DC converter is also referenced to

that ground. The output side of the driver is referenced to the IGBT emitter,

so the second DC/DC converter is referenced to that point. When the coils are

switched off by the IGBT, the IGBT emitter goes to a negative voltage which is

then shunted by the TVS diode.

2.8.5 Loading the trap, evaporation and characterization

To capture the gas before it starts to expand after the optical pumping stage, the

quadruple coils are switched on in 7ms to 50G/cm (on the symmetry axis of the
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coils, which we also refer to as the vertical axis). After additional 50ms, the coils

are ramped in 100ms to a value of 157G/cm. After additional 100ms the Ioffe coil

is ramped up in 400ms. The Ioffe coil pulls the atoms 17.3mm towards the Ioffe

coil and creates a bias field of ∼ 0.65G. The trap frequencies in this configuration

are 208Hz and 22Hz in the radial and axial directions, respectively. After the

loading stage, forced MW evaporation starts. We turn on MW radiation that

transfers atoms from the F= 9/2 to the F= 7/2 hyperfine manifold, where the

sign of the magnetic moment is reversed and the atoms are expelled from the

trap. During evaporation, the current in the trap coils is held constant to keep

the high trapping frequencies. The evaporation in this way can be very efficient

because the MW frequency selects the atoms according to their average energy.

Atoms having higher energy occupy orbits farther away from the trap center,

for which the magnetic field is higher, hence the frequency of the MW radiation

needed to transfer them to the untrapped state is smaller. By sweeping the MW

frequency, we control which atoms are expelled. The evaporation trajectory is

set by the MW frequency as a function of time. This trajectory is a piece-wise

combination of the following functions:

f(t) = fi + (fj − fi)
1− e−αij(t−ti)

1− e−αij(tj−ti)
, (2.5)

where ti < t ≤ tj and the subscripts i and j indicate the initial and final times

of each section. Optimization on the αij parameters is performed by maximizing

the efficiency of the evaporation, defined as:61

η = 3×
log (T/TF )f − log (T/TF )i

log (N)f − log (N)i
, (2.6)

where N is the number of atoms. It compares the increase of the phase-space

density with the loss of atoms, in a logarithmic scale. For most of the evaporation

process in the magnetic trap the efficiency is about 4.

To characterize the trap oscillation frequencies, we induce a sloshing mode

in the trap by “kicking” the atoms with a shim coil for 2ms in the vertical

direction and then image their center position after a variable waiting time. For

maximum visibility in this measurement, we measure the center position after

a deep evaporation to 1284.3MHz and 18ms time-of-flight. The result of this

measurement in depicted in figure 2.31. We observe oscillations with a beat

pattern. In this measurement, the gas is prepared in a spin mixture of the

two states, |mF = 9/2〉 and |mF = 7/2〉, whose oscillation frequencies differ by
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Figure 2.31: Oscillation frequency in the magnetic trap. The atoms
are kicked in the vertical direction and the position is recorded with
absorption imaging after a variable waiting time in the trap and a
18ms of time-of-flight. The two spin states are oscillating at slightly
different frequencies, which yields a beating signal. The trap fre-
quencies for the two spin states are extracted from these oscillations
(lower inset). Upper inset: now only the mF = 9/2 atoms are present
in the trap, and therefore no beating is observed.

a factor of
√

7/9. We fit the data with a sum of exponentially decaying sine

functions:

g (t) =
[
A9/2 sin (2πft+ φ) + A7/2 sin

(
2π
(√

7/9f
)
t+ φ

)]
×e−t/τ +B . (2.7)

The fitting is in an excellent agreement with the data (the results fo the fit are dis-

played in the lower inset). To eliminate the beating, we repeat the measurement

by evaporate even, deeper to 1283.3MHz, where only atoms in the |mF = 9/2〉
spin state are left in the trap. The result of this measurement is displayed in the

upper inset. The data is fitted with a single exponentially decaying sine function.

The extracted frequency agrees with the previous result within the experimental

error.

To measure the Ioffe bias field we apply the following method. At the end

of evaporation to 1283.4MHz the atoms occupy a small region of space near the
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Figure 2.32: Ioffe bias field measurement. Removing spin states by
MW sweep from a high to lower frequency. The sharp steps corre-
spond to the Zeeman splitting of the F=9/2 hyperfine manifold.

bottom of the trap, where the magnetic field is given by the Ioffe bias field.

The energy levels of the different spin states are Zeeman-split by the bias field.

The lower the absolute mF number of the state, the closer the MW transition

frequency to the unperturbed hyperfine splitting of 1285.8MHz. We can thus

start to remove the states with small mF numbers and continue towards the

mF = 9/2 by sweeping the MW frequency from 1285.8MHz to a lower value (in

opposite direction to the evaporation sequence). The fraction of the remaining

atoms is shown in figure 2.32. The sharp rise of each step corresponds to the

frequency at which we start to empty the next spin state. The steps separation

correspond to the Zeeman energy splitting at the Ioffe bias field. This field is

extracted by converting the transition frequency to the magnetic field using the

Breit-Rabi formula.51,62

To quantify the quality of the trap, we measure both the heating rate and the

lifetime of the cloud as it is held in the trap (the latter should be limited by the

vacuum lifetime). To this end, we load the magnetic trap, perform evaporation,

and then hold the atoms for a variable duration. After that, the atoms are

released and measured after a time-of-flight. Typical results are depicted in

figure 2.33. The measured heating rate is 74nK/sec, which is acceptable in this

stage of cooling towards quantum degeneracy. The lifetime of 117s is limited by

the vacuum and the current running in the dispensers.
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Figure 2.33: Heating rate (upper) and lifetime (lower) in a magnetic
trap. The atoms are held in the trap for a variable duration, and then
the total number and the temperature is extracted using a time-of-
flight technique.
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2.9 Optical trapping, transport and evapora-

tion

2.9.1 Principle of the optical dipole trap

There are several advantages of the optical trap over the magnetic one. For

example, the stability of the gas may become an issue due to possible inelastic

collisions when the gas is cooled and the density is increased. This loss mechanism

is strongly suppressed when the gas is prepared in its two lowest spin states of

the hyperfine manifold. These states are always high-field seekers, meaning they

cannot be magnetically trapped. In addition, magnetic traps cannot be used if

one wants to utilize the magnetic Feshbach resonance. Another disadvantage of

the magnetic trap is the dependence on the spin state, so identical potential for

spin states with different magnetic moments cannot be implemented. Lastly, in

optical traps one can achieve lower heating rates. For these reasons, experiments

with fermionic atoms are almost always performed in an optical trap. In 40K,

these are the |F = 9/2,mF = −9/2〉 and |F = 9/2,mF = −7/2〉 states, which

also have a broad Feshbach resonance at a convenient field of 202G.

In this section, I will briefly explain the principle of optical trapping. An ex-

cellent review is given in this reference.63 Treating an atom as a two-level system

gives the essence of this phenomenon. The trapping potential is essentially the

light shift:

Udip (r) =
3πc2

2ω3
0

Γ

∆
I (r) , (2.8)

where ω0 is the atomic optical resonance frequency, Γ is the spontaneous decay

rate of the excited level, ∆ = ω−ω0 is the detuning of the laser from the atomic

transition, and I(r) is the laser field intensity. For red detuned light (∆ < 0),

the potential is negative and the atom is attracted to regions with higher light

intensity. The interaction of atoms and far-off-resonance light can be treated

as a conservative potential. The only cause for the finite lifetime and some

residual heating (apart from collisions with background gas) is the off-resonant

spontaneous photon scattering , whose rate is given by:

Γsc (r) =
3πc2

2~ω3
0

(
Γ

∆

)2

I(r) . (2.9)

The atom that absorbs and re-emits a photon from the optical trap is kicked by

the recoil momentum of the photon. By colliding with other atoms, the photon
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recoil energy is dissipated into cloud, increasing its temperature. The heating

rate is calculated by multiplying the photon recoil energy, Erec = ~2k2
2m

, by the

scattering rate Γsc:

Ṙ = Erec × Γsc . (2.10)

Here k = 2π/λ is the wavevector of the laser. Note that the potential scales as

I/∆ while the scattering rate scales as I/∆2. It is therefore beneficial to use a

far-detuned lasers to find the sweet-spot where the heating rate is small enough

and the laser power is high enough to create the required trap depth. For our

trap, we use a Nd:YAG laser at 1064nm. It is sufficiently detuned from the

767nm optical transition of potassium such that we can generate traps with a

typical 200µK depth and a 150nK/sec heating rate at the highest laser powers.

At the end of evaporation, at depths below 1µK, the heating rate can be as low

as 2nK/sec and is completely negligible.

2.9.2 Optical trap setup

Our apparatus is designed to complete almost all of the cooling stages in the

second chamber and bring the gas to the final, “science” chamber where the

experiments are performed. In this way, all the optics and electronics that are

used in the various cooling stages are left in the second chamber, leaving enough

room for experiment-specific equipment to be installed around the science cham-

ber. During the design process, we considered a few possible ways to transport

the atoms to the science chamber: physically moving the magnetic trap between

the chambers on a linear stage,64 building a set of intertwined coils which trans-

late the minimum of the magnetic potential,65 optical conveyor belt,66 created

by an interference of two phase-coherent laser beams with a manual control over

the relative frequencies, and the last one is a simple translation of a focus of

an optical tweezers.67 Eventually we decided to implement the latter due to its

relative ease of construction and high chances of success.

After magnetic evaporation, the atoms are loaded into an optical trap created

by a single laser beam focused onto the position of the atoms. The setup of

the optical trap starts with the laser injected into a fiber which is then guided

to the experimental table. The setup of laser injection is described in figure

2.34. For the trap, we are using a Mephisto MOPA 25W (manufactured by

Coherent). It is a very reliable diode pumped solid state laser, producing a

relatively stable power of 25Watt with a narrow linewidth of ∼1kHz. The laser

first goes through an optical isolator (Thorlabs IO-3-1064-VHP) to protect it
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Figure 2.34: Optical trap laser setup. The laser is protected by
a high-power isolator and then branched by half-wave plates and
PBSs. Each branch goes into an AOM for intensity control and fast
switching. The zero order is guided to a high-power beam dump.
The first order is injected into a polarization-maintaining high-power
fiber.

from back reflections. The beam is then branched using a half-wave plate and

a PBS, and power is divided between the trapping beams and the optical anti-

gravity beam (described in section A). On the trapping branch, the beam is split

again to the transport and crossed beam. All of the beams go through an AOM;

the zero order diffraction is guided into a high-power beam dump. The first

order is injected into a high-power polarization-maintaining fiber (Oz Optics

model PMJ-A3HPCA3AHPC-1064-6/125-3AS-4-1-AR2) through a compatible

collimator of f = 6.2mm (HPUCO-TA3-1064-P-6.2AS). The fibers edge are made

using an air-gap technology, meaning that the tip of the fiber is left naked inside

the ferrule protruding for a few millimeters and surrounded only by air. In this

way, when injecting a high power laser beam, the fiber tip is less likely to be

burnt, because other materials, especially glue, are not present in the vicinity of

the tip. In addition, the fiber is flat-cleaved on the one side and angle-cleaved

on the other. We inject the fiber from the flat side, where we have an option

to manually adjust the focus position of the fiber tip, relative to the collimator

lens. This dramatically improves the coupling efficiency. The angle-cleaved side

ensures very low back-reflection to the fiber itself. The fibers have stainless steel

jackets to contain the light in case the fiber breaks.
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Figure 2.35: Optical relaying system for the optical transport. The
laser is focused by a lens, which is mounted on an air bearing stage,
and after magnification optics it is folded into the vacuum chamber.
The focal position can be smoothly translated from the cooling to the
science chamber, total of 33cm, by moving the lens with the stage.

2.9.3 Optical transport

The main goal of the transport beam setup is to create an optical trap into

which the atoms are loaded after magnetic evaporation, and subsequently move

the trap position to the science chamber. The schematic of the setup is depicted

in figure 2.35. The fiber is collimated by a f = 6.2mm collimator (HPUCO-

TA3A-1064-P-6.2AS) and its polarization is cleaned by the PBS. The beam is

sampled by collecting the reflection from a wedged window to two photodiodes.

One of the photodiodes is a linear silicone photodiode (Texas Instruments model

OPT101), and the other is a sensitive InGaAs photodiode (Hamamatsu model

g8370) with a logarithmic amplifier. The setup of the logarithmic photodiode is

discussed in section 2.9.5. The beam is expanded by ×5 telescope to a 5.07mm

waist radius. The two mirrors before the stage are used to align the beam axis

with the axis defined by the the achromatic lens that moves on the air-bearing

stage (Aerotech model ABL1500-200). The beam is then folded by a mirror and

passed through a lens-pair for a variable magnification during the transport. A

PBS is used to fold the beam and leave the second facet for a probing beam with

an orthogonal polarization. The focal displacement is magnified by a factor of

∼ 3 with respect to the moving lens displacement, as the focus moves from the

cooling chamber to the science chamber.

The transport beam is slowly ramped up when the magnetic trap starts and it

stays on during all the evaporation process. We found this dramatically increases

the loading efficiency into the optical trap compared to opening it only in the

last stages of evaporation. After turning the magnetic trap off, we have typically
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25M atoms at T/TF ≈ 4.5. The optical trap is operated at 2.5W of laser power

with a waist radius of 40µm. We have found that for optimal conditions in the

optical trap we have to stop the magnetic evaporation at a point where only

30% of the atoms are loaded into the optical trap. In this regime, the optical

trap acts as a “dimple” trap, and the loading efficiency is less sensitive to small

miss-alignments between the position of the optical and magnetic traps.

The next stage is to transport the atoms to the science chamber. This is

done by moving the air-baring stage with the focusing lens through the optical

relaying setup. The trajectory of the atoms has to be precisely engineered to

have minimal loss and heating during the transport. In addition to tailoring the

trap temporal velocity profile, we reduce the laser power during the transport

to initiate evaporative cooling. We optimized the velocity profile and the laser

intensity to achieve ∼ 1s shuttling time with minimal heating and losses. This

optimization of the trajectory raised an interesting question of how fast can we

translate a quantum system between two points in space. Another member of

our group, Gal Ness, studied this question in the framework of shortcuts to

adiabaticy (STA), and the results were published in a paper in 201868 and also

in his master thesis.69 The motion trajectory we use employs one of the STA

protocols. The generated trajectory profile is fed to the stage controller, which

commence the movement following a trigger. We find that the transport does

not induce heating to the atoms, but some aberration on the laser beam creates

an interference which causes to loose some fraction of the atoms during the

transport. We designed a new version of the transport setup, based on a two

intersecting laser beams, which should solve the problem of the interference and

hopefully will be integrated in the next upgrade of the system.69

2.9.4 Crossed beam optical trap

The atom cloud arriving at the science chamber in the transport beam has a very

elongated, ∼1:80, shape since the trapping in the axial direction of the transport

beam is very weak. To solve this, we added another “crossed” beam, that crosses

the transport beam at an angle of 45◦ and create a stronger confinement in the

axial direction of the transport beam. The setup of the crossed beam is shown

in figure 2.36. The laser is collimated by a f = 18mm collimator, and is reduced

in diameter by the following two lenses. The f = 500mm lens focuses the beam

onto the atoms with a waist radius of 200µm. The choice of a relatively large

waist for the crossed beam helps increasing the axial trapping frequency by a

factor of five, but at the same time it almost does not affect the trap depth or
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Figure 2.36: Crossed beam setup. The beam is reduced by the set
of lenses and then is guided to the science chamber at a 45◦ angle
relative to the transport beam.

the radial trapping frequencies. The crossed beam intensity is sampled from a

reflection from the dichroic mirror (DM) and collected onto a photodiode. In the

last stages of the optical evaporation, the resulting aspect ratio of the optical

trap is approximately 1 : 10. The initial laser power of the crossed beam is set

to 2.8W, and during the evaporation it is modestly reduced to 1.5W.

To improve the evaporation, we transfer the atoms into the negative spin

states, via an adiabatic rapid passage (ARP),70 where by using a Feshbach res-

onance we enhance the scattering rate and hence the thermalization rate. To

perform the ARP, we fire a rf pulse at a constant frequency of 4MHz, and at the

same time ramp adiabatically (in 13ms) the magnetic field from 11.4G to 14G,

where the transition frequency is below and above the rf frequency, respectively.

After the ARP, around 70% of the atoms are in the |F = 9/2,mF = −9/2〉 and

the rest are in |F = 9/2,mF = −7/2〉 state. We do not record any loss of atoms

in the ARP process.

Following the ARP, we continue and ramp the magnetic field to 185G to

increase the scattering length between these two states to 236a0, where a0 is the

Bohr radius. This gives faster thermalization and shorter evaporation time. To

create a balanced spin mixture from a 70/30% imbalance we fire a 30µs-long

rf pulse, which rotates the atoms between the two states. The evaporation in

the science chamber is done in a piece-wise power-law trajectory71 that lasts

for 2.7s. At the end of evaporation there are 150 − 200K atoms per spin state

at a temperature of T/TF ≈ 0.15 − 0.2. By evaporating even deeper, we can

achieve clouds with T/TF < 0.1. A measurement of the evaporation efficiency

is presented in figure 2.37. The conditions are measured along the evaporation

trajectory and the efficiency is calculated by multiplying the slope by a factor
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Figure 2.37: Evaporation efficiency in the optical trap. The effi-
ciency is calculated by multiplying the slope by 3.

of 3, according to the definition in equation 2.6. The efficiency of 2.8 ± 0.2 is

satisfactory for an evaporation sequence where the average trapping frequency is

gradually lowered.

We characterize the optical trap by measuring the oscillation frequencies. To

measure the radial frequency, the atoms are kicked vertically with the gradient

coil for 3ms and then left to oscillate for a variable duration. For the axial

frequency measurement, the magnetic field axis is rotated to be parallel to the

transport beam, and then a kick is applied in the same way. The kick induces

a sloshing mode of the cloud in the harmonic trap which can be extracted from

the center position of the cloud. After a 10ms (5ms) time-of-flight for the radial

(axial) frequency measurement, we measure the center position of the atoms in

absorption imaging. The expansion time magnifies the amplitude of the sloshing.

The data of these measurements are presented in figure 2.38 and 2.39. We fit

the data with an exponentially decaying sine function g (t) = A sin (2πft+ φ)×
e−t/τ + B. The extracted radial and axial trap frequencies are ωr = 2π × 271±
0.8Hz and ωa = 2π × 34± 2Hz, respectively. The visibility and the overall data

quality of the axial frequency measurement is poor because the oscillation period

is comparable to the oscillation decay time. Both frequencies are in agreement

with a calculation based on measured values of the laser intensities and waist

radii. For different final laser intensities, I, the oscillation frequency is scaled as√
I.

64



0.005 0.01 0.015 0.02

Waiting time [sec]

1310

1315

1320

1325

1330

1335

1340

C
en

te
r 

x 
[p

x]

f = 271.2 0.8 Hz
 = 8.1 0.4 ms

data
fitted curve

Figure 2.38: Radial oscillation frequency in the optical trap. The
blue points are the displacement of the cloud following a kick with a
gradient coil. The red line is a fit to an exponentially decaying sine.

Figure 2.39: Axial oscillation frequency in the optical trap. Similar
to the radial frequency measurement, the atoms are kicked and the
displacement is measured.
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Figure 2.40: Logarithmic photodiode assembly. The diode is
mounted on a soldered socket inside the aluminium box. The elec-
tronics are soldered close to the photodiode to reduce noise pickup.

2.9.5 Logarithmic photodiode

Initially, we used a linear photodiode to stabilize the laser intensity, but at the

final stages of evaporation, when the laser power was attenuated by more than

a 100, we started to be sensitive to the digitization of the readings. To solve

the problem of a wide measurement range, we switched to a different photodi-

ode which is amplified by a logarithmic amplifier. In this way, the reading of

the photodiode is logarithmically compressed, effectively increasing the dynamic

range. The assembly of this photodiode is shown in figure 2.40.

The electronic circuit is shown in figure 2.41. The Hamamatzu G8370 diode

(D3) is reverse-biased to operate in the photoconductive mode and producing the

I1 current. The bias voltage is generated by an internal op-amp in the voltage-

follower configuration. The diode D4 is creating a small ∼ 100nA bias current

to maintain the stability of the logarithmic amplifier stable. On the right side of

LOG112 there is a reference current I2 generation. The resistors R8,R9 and R10

are few ppm/◦C so the reference current is very stable over temperature. The

R8 and R9 are creating a 13mV voltage point from a 2.5V voltage reference on

the chip. The resistor R10 creates the I2 reference current. The C12 capacitor is

chosen to be minimal so that the amplifier is still stable. The higher the value of
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the capacitor, the lower is the bandwidth. For example, with a 470pF capacitor

the bandwidth is 7KHz, and with 1nF the bandwidth decreases to 2KHz. The

output of the logarithmic amplifier is given by

Vlog out = 0.5V × log (I1/I2) . (2.11)

The logarithmic output is linearly amplified by an OP27 op-amp with a vari-

able gain. The gain is set by the R7 trimmer. This should be replaced with

a temperature stable resistor after the appropriate gain is achieved. The last

important feature is a Zener diode D2 which operates as a low voltage clamp for

the logarithmic output. The Zener diode starts to conduct when the voltage on

the log output is below a certain tunable voltage. This is extremely helpful when

shutting the light abruptly and the voltage undershoot destabilizes the ampli-

fier. Without the Zener, the amplifier starts to oscillate for 20ms after a sudden

trap shut off. With the Zener, the output clamps very fast without the oscilla-

tion. The clamp should be tuned in the following way. Shut all light and stay

only with background light. Bring the trimmer such that the Zener diode nearly

starts to break at this point. The characterization of the logarithmic photodiode

response was performed by illuminating it with a LED with a square waveform.

The measured rise-time of the system is 33µs and the fall-time is 150µs. The

response is asymmetric due to the asymmetry of the logarithmic function. For

future versions, I would consider the following improvements:

• Replace the bias diode with 25-250 MΩ resistor to create a constant bias

current for the amplifier.

• Replace the trimmer of linear amplifier with constant resistors.

• Include a high-current buffer for long cable driving at low impedance.
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Figure 2.41: Logarithmic photodiode electronic circuit.

2.10 Feshbach resonance experimental setup

2.10.1 Coils and electronics

The coils for the Feshbach resonance surround the science chamber. They are

made from the same copper tubing as the coils for the magnetic trap in the

cooling chamber (see section 2.8.3). They are connected to the same water

chiller through a welded connector. The coils have 4 layers of 4 windings each

with inner and outer diameters of 117.7mm and 142.6mm, respectively. The

electrical properties of the coils are: resistance 0.012Ω, inductance 0.13mH and

capacitance 120µF. The resonance frequency of the coils is 1.2kHz. This value

is limits the closed-loop control bandwidth. The coils are winded in the same

manner as the coils for the magnetic trap and are glued into a mount made of

Ultem plastic. This mount also holds the gradient and the fast coils. A picture

of the mount together with a schematic is shown in figure 2.42.

The coils are driven with 90A to reach a magnetic field of 202.14G, at the

Feshbach resonance. At the center of the science chamber the magnetic field is

pointing exclusively in the vertical direction (up-down), denoted as the z axis.

The separation of the Feshbach coils is very close to the Helmholtz condition,
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Figure 2.42: Science chamber coils. Left: a picture of the mount
with the coils. Rectangular coils around the mount are the shim coils.
Right: A cut through a schematic of the coils holder. The vertical
viewports of the science chamber are extruded into the circular aper-
ture of the mount. The coils separations and diameters are shown in
mm.

to optimize the field homogeneity. In this configuration, the calculated lateral

gradient of the magnetic field in the vertical direction is zero (∂Bz/∂x = 0) and

only the curvature is non zero ∂2Bz/∂x
2 = 0.2G/cm2. This would result in less

than 0.1% change of the scattering length over the size of the cloud. After the

assembly, however, we found out that some imperfection in the manufacturing or

assembling resulted in a linear gradient of ∂Bz/∂x = 0.68G/cm. Typically, this is

negligible for harmonically trapped gas. However, to create a homogeneous Fermi

gas in a box potential, it was necessary to correct for this gradient, otherwise

the magnetic gradient would push the atoms sideways and ruin the uniformity.

I describe the correction of this gradient in subsection 2.10.2.

Similar to the magnetic trap, I had to build a very stable electronic control

and feedback system. Again, I aimed to achieve ppm stability of the current.

The block diagram of the whole setup is shown in figure 2.43. The computer is

connected to the FPGA through a dedicated PCIe to MXI card, which connects

to the PXI chassis of the FPGA module. The FPGA controls the experiment

through its digital (D) and analog (A) outputs. The voltage setpoint of the

coils power supply is controlled through an analog channel with a 10kΩ isolation

though a differential amplifier. This line only sets the voltage of the power supply,

and since all the feedback is done on the current, it is less crucial for the stability

of the while circuit. The digital switching signal for the IGBT is sent to a driver,

and the driver generates the high-current fast analog signal that drives the IGBT

gate. One of the unique features in our electrical design is how we implemeted
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Figure 2.43: Feshbach setup block diagram. The high current cir-
cuit is depicted with red arrows. The computer generates command
for the FPGA which controls the whole setup. ”A” and ”D” stand
for analog and digital outputs, respectively.

the stable setpoint for the current closed-loop servo. We have decided to use a

20bit DAC that generates a very stable voltage. The communication with the

DAC is performed through a Serial Peripheral Interface (SPI), implemented on

the FPGA card. The current in the two coils is run in series and measured by a

high-precision fluxgate current sensor. The measured voltage is fed to the closed-

loop controller. The closed loop controller generates the signal for the MOSFET

that controls the current in the coils.

The high-current circuit of the Feshbach coils is depicted in figure 2.44. The

coils are connected through a low-gauge welding cables to the same power supply

as the magnetic trap coils (Delta Elektronica SM15-400) and the two circuits are

connected in parallel. At any given time, only one of these circuits is operating,

hence we can share between them the power supply. The power supply is oper-

ated in a constant voltage mode, and the current through the coils is regulated

by the MOSFET. The IGBT is used for rapid switching, and is held open during

normal operation. The current is measured by the fluxgate sensor and is fed to

the closed loop controller. A second completely independent sensor is used for

monitoring the current during the experiment. The bi-directional TVS absorbs

the back-EMF current when switching the coils off. The TVS can withstand
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Figure 2.44: Feshbach coils electrical circuit.

430V which makes the switching off time very short (∼ 150µs). In addition, all

the components are also protected by TVSs. The proper grounding of this circuit

is also crucial for reaching the required stability. Here as well we implement a

star ground topology, where only one cable is connected to the external ground,

and all the other grounds are connected to it via a short, low resistance and low

impedance path, without creating any ground-loops.

This setup of the high current electronics is a second generation after the

magnetic trap setup. This time, instead of connecting everything with welding

cables, the connections of the MOSFET and the IGBT are made on an aluminium

plate with copper braces, which makes the setup very compact and tidy (see

figure 2.45). The aluminum plate is water cooled through large openings. The

temperature of the MOSFET increases only to 30◦C after running for 3 minutes

at 120A current. The circuit is placed inside a grounded metal box to shield it

from rf interference.

The ability to change the magnetic field by a few mG near the 202.14G is

instrumental to precisely controlling the scattering length. This sets the relative

stability and the noise requirement to ∼ 20ppm on the current in the coils. This

requires a high precision closed-loop control circuit. As already mentioned, the

built-in current control of the power supply cannot operate at this precision. We

thus designed a closed-loop analog PI control circuit that satisfy these require-
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Figure 2.45: Pictures of the Feshbach setup. Top left: The largest
box includes the setup with the MOSFET and IGBT. The two smaller
boxes include the IGBT driver and the PI servo controller for the
MOSFET. Top right: picture of the high current setup. The current
sensors in the picture have been replaced with newer fluxgate sensors.
Bottom right: the design of the high-current box. The base is alu-
minum with two parallel opening for water cooling. The middle base
is made of Teflon and is used as an insulating standoff. The upper
copper plates make the necessary connections of the circuit. Initially,
the Hall probes were designed to be mounted on a plate sandwiched
with TECs for temperature stabilization, but later the sensors were
replaced and the temperature stabilization was not needed. Bottom
left: An image of the closed-loop analog controller circuit.
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ments. The circuit is an improved version of the one used for the magnetic trap.

The circuit is shown in figure 2.46. The setpoint from the 20bit DAC and the

measurement of the current from the fluxgate sensor are filtered by an input RC

stage, and then measured by a high-precision in-amp U1 and U3. The differential

cutoff frequency of the filter is 2.3kHz and the common-mode cutoff frequency is

72kHz. The values of the capacitor C6 and C5 (and C10 and C8) are chosen to

minimize common mode rejection ratio due to the mismatch of the components.

The in-amp AD8422 is chosen for its superior noise and drift characteristics. The

current produced by the fluxgate sensor is converted to voltage on an ultra-stable

resistor R7. The output of the in-amps is connected in a summing amplifier to

produce the error signal. The temperature stable resistors at the output of the

in-amp ensure minimal drift of the error signal. The IC4 op-amp performs the

feedback with C9 capacitor and R19 resistor. The values were chosen to have a

moderate-slow frequency response and low noise. The output of the op-amp is

connected to the buffer amplifier U2. The amplifier has unity gain and can out-

put up to 4A for a short period of time to drive the relatively high capacitance

of the MOSFET gate (12nF). The resistor R6 is added to reduce ringing due

to the capacitive load at the output of the amplifier. Zener diodes D4 and D5

ensure the gate-to-source voltage on the MOSFET does not exceed the maximal

allowed value. All of the microchips are bypassed by a 4.7µF and 100nF.

The setpoint for this setup has to be compliant with the required ∼ 20ppm

stability criterion. This means that 20bit digital resolution is required. For this

reason, we put a 20bit DAC (Analog Devices AD5791) with a voltage reference

(Analog Devices LM399) with 0.5ppm/◦C stability. To match the voltage of the

reference to the DAC board we had to replace a few resistors. Since the time we

have built the setup, the DAC evaluation board was revised by the manufacturer

and now, one can use an EV-LTZ1000-REFZ daughter board with a 1ppm/◦C

voltage reference, without having to change the electronics of the DAC.

The response of the system operating in a closed-loop is tested with a step

function input, as shown in figure 2.47. A setpoint of 100A is fed to the controller,

and the rise-time is measured to be 2ms without a significant overshoot. The

system is stable up to 2.5kHz, as was measured by feeding a sinusoidal setpoint

and observing a phase shift of less than 180◦ at these frequencies.

2.10.2 Feshbach inhomogeneity correction

We found out that some imperfection in the manufacturing or assembling of the

Feshbach coils resulted in a linear gradient of ∂Bz/∂x = 0.68G/cm. The cause
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Figure 2.46: PID servo electronic circuit of the Feshbach setup
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Figure 2.47: Feshbach closed-loop response to a step function. A
setpoint of 100A is fed to the controller and the response of the cur-
rent is measured. A rise-time of 2ms is observed without a significant
overshoot.

is most probably due to a small 2◦ angle between the Feshbach coils. Normally,

this gradient is not important, but it is harmful to the homogeneous trap, which

I describe in chapter 4. Since the coils were already glued and assembled, we

corrected the inhomogeneity by adding another pair of coils, creating predom-

inantly a linear gradient of magnetic field in the opposite direction to the one

created by the Feshbach coils. The coils are mounted one at 65mm and the other

at 85mm height, and 22mm lateral offset from the atoms. This is done to place

the coils as close as possible to the atoms, because in this way the addition to the

magnetic field is small but the gradient is large. This setup creates a magnetic

field predominantly in z-axis with a gradient in the x-y direction ∂Bz/∂x. Each

coil is made of 7 windings of a 22AWG magnet wire. To drive the coils we use a

constant voltage power supply and an analog PI controller, whose schematic is

shown in figure 2.48. The PI controller is similar to one made for the Feshbach

coils, but the current is measured by a precision sense resistor VFP4Z. The R5

resistor sets a gain of 10.9 for the U3 in-amp. The output of the IC4 is sent to the

gate of the MOSFET Q2 which controls the current. The rise-time (10%-90%)

to half the setpoint is 60µs and the fall-time is 25µs. The circuit is operated from

a 7 V power supply. Later we added a mechanical switch to physically break the

coils’ connection to ensure no currents are being induced when the coils are not
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Figure 2.48: Correction coil electronics.

operated. The correction coils run at 1.97A and add 0.2G to the total magnetic

field in the z-direction. The noise and long term drifts are on the mG scale.

2.11 Microwave setup

The setup creating the MW radiation is used both in the cooling and science

chambers. In the cooling chamber, the MW radiation is used to preform the

evaporation in magnetic trap. Also, we use the high power MW line to drive

the high-frequency EOM in the D1 cooling setup. In the science chamber, we

use MW radiation to induce transitions between states at different hyperfine

manifolds.

The source of the MW is a versatile signal generator (SRS SG382) with an

atomic clock option serving as a reference for itself and for the rest of the lab.

The source is turned on and off fast by a fast switch (Mini-Circuits ZASWA-
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2-50DR+), and is fed to a 5W amplifier (Mini-Circuits ZHL-5w-2G+). Right

after the amplifier, a bi-directional coupler (Mini-Circuits ZABDC20-182H+)

measures both the outgoing power and the reflections from the amplifier. The line

is then fed to a multichannel mechanical switch (RADIALL R584F02250), which

switches between the different antennas in the cooling and science chambers and

the high-frequency EOM line.

The antenna in the cooling chamber was mostly inspired by the design of

B. DeMarco.31 A picture of the antenna is shown in figure 2.49. The antenna

is made of a copper strip of 1mm × 18mm × 115mm forming a circle with a

diameter of 39mm. The antenna has a large surface area because the current at

high frequencies is limited to the vicinity of the surface due to the skin effect. It

was designed to fit exactly on a 1.33inch CF flange viewport but eventually we

put it inside the upper coil of the magnetic trap.

The design of the science chamber antennas is different. The antennas are

much smaller due to the limited space near the science chamber. The antennas

are made of a 2.5mm diameter copper wire which is folded into a 20mm×20mm

rectangle (see figure 2.49). A semi-rigid coaxial cable (Mini-Circuits 086-3sm+)

is soldered to the antenna. All the antennas are impedance matched by a stub-

tuning technique (see31 and reference 84 therein). Impedance matching for the

cooling chamber antenna was done in the following way. Initially, an SMA con-

nector is soldered to the coil and the impedance was measured with Network

analyzer to be Z=2.3-j14 @1250MHz. By using the calculation of the stub tun-

ing, a coaxial cable with a length of 41mm was soldered and a stub of 54mm

was connected to a T section at the end. A semi-rigid coaxial cable (Mini-

Circuits 086-3sm+) is used as the first section and an RG178 cable as a stub.

The impedance matching at these frequencies is so sensitive to the surrounding

materials that it is practically impossible to make a calculation of the right stub

length. The actual tuning was made by cutting and soldering the coaxial cables

and measuring the transmission of the antenna when it was already placed on top

of the vacuum window. Impedance matching for the science chamber antennae

was done in a similar fashion. The transmission of the impedance-matched an-

tennae is shown in figure 2.50. The transmission is calculated by measuring both

the outgoing and reflected power with the bi-directional coupler. The cooling

chamber antenna was matched for 1240-1285MHz, for use in evaporative cooling

at a relatively low field. The science chamber antenna 1 is matched for the bare

hyperfine transitions near 1285MHz, again to be used at low magnetic field. The

science chamber antenna 2 is matched for the hyperfine transition frequency near
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Figure 2.49: Photograph of the MW antennae

the Feshbach resonance field of 202.14G, where the Zeeman splitting between the

levels is at a frequency range of 1550-1700MHz.
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Figure 2.50: Microwave antennas transmission. The horizontal
axis is broken for clarity. All the antennas transmit more than 75%
of the power inserted to them, in the required range of frequencies
(see text).
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Chapter 3

Revealing universality using

high-sensitivity rf spectroscopy

3.1 Introduction

The gas in cold atoms experiments is very dilute and cold, hence the average

inter-particle separation is much larger than the microscopic range of interaction

set by the Van der Waals constant C6:

k−1
F � r0 =

1

2

(
mC6

~2

)1/4

≈ 3nm . (3.1)

This means that we can approximate the interaction of two unlike fermions as

contact-like:

V (r) =
4π~2a

m
δ (r)

(
∂

∂r

)
r (3.2)

with a delta function, whose strength is set by only a single parameter, a, the

s-wave scattering length. The system is said to be universal in the sense that its

properties do not depend on the microscopic details of the interaction potential.

All thermodynamic and transport properties of such a dilute gas can be writ-

ten in a universal scaling form, using the dimensionless interaction parameter,

1/kFa. For instance, the free-energy, F , of strongly-interacting fermions at any

temperature can be written as:

F = NEFF
(
T

TF
,

1

kFa

)
(3.3)

where N is the total number of particles, EF is the Fermi energy, and F is a

universal scaling function that depends only on the dimensionless temperature
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and interaction parameter.

One particularly intriguing property of fermions with contact interactions

is the existence of a set of universal relations inter-connected through a single

parameter, C, known as the contact parameter. First derived by Shina Tan and

others,19–26 these relations are universal in the sense that they hold for gas at

any temperature, thermodynamic phase, spin imbalance, or trapping potential.

The presence of two unlike fermions close to each other means they will have a

large relative momentum. High momentum states occupation is manifested as a

long power-law tail of the momentum distribution, which scales as C/k4 for large

momenta. Interestingly, the contact parameter relates the microscopic properties

of the system to the thermodynamic ones. For example, let the total energy of

the system be E = T + I + V , a sum of the kinetic energy T , interaction energy

I and external potential energy V . Then, the generalized virial theorem states

that20

T + I = V − C

4πkFa
. (3.4)

Another important relation is the adiabatic sweep theorem, which quantifies the

change in the total energy in an adiabatic sweep of the interaction parameter:19

2π
dE

d (−1/kFa)
= C . (3.5)

Various measurements have been used to study the universal behaviour of

the system. In 2005, the group of R. Hulet at Rice University measured the pho-

toassociation rate of atom-pairs into highly excited molecules near the Feshbach

resonance.72 The photoassociation process can excite the closed-channel molecule

that enhances the interactions through the Feshbach resonance. The photoasso-

ciation rate can therefore be interpreted as the number of excited molecules in the

closed-channel, which is proportional to the contact through the adiabatic sweep

relation (equation 3.5). The extraction of the contact for this measurement was

later performed by Werner, Taurrell, and Castin.25

Tan showed that the density-density correlator of the two spin states at short

separations diverges as 1/r2 with the contact density as the proportionality co-

efficient:21〈
n1

(
R+

1

2
r

)
n2

(
R− 1

2
r

)〉
→ 1

16π2

(
1

r2
− 2

ar

)
C (R) . (3.6)

Experimentally, the density-density correlator can be measured in the form of the

static structure factor S12 (k), which is the Fourier transform of the correlator
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with respect to the separation vector. The Fourier transform of equation 3.6

gives the static structure factor its characteristic scaling of S12 (k)→ C/k. The

group of C. Vale utilized Bragg spectroscopy to measure the static factor.73 They

showed that the scaling is indeed consistent with 1/k and extracted the contact

using a local density approximation. In the following years, the same group

has reported on the high-precision74 and the temperature dependence75 of the

contact parameter. In 2010, many of the universal relations were experimentally

verified by the group of D. Jin.76 The group of D. Jin from JILA measured the

momentum distribution of the gas up to 2.5 k/kF and observed the power-law

scaling of ∼ k−4 starting at 1.5 k/kF . They also measured the release energy,

T + I, and independently the potential energy V and the contact C to verify the

generalized virial theorem (equation 3.4).

Additional important universal relation involves the rf spectrum. The rf

spectrum (lineshape) Γ (ν) is measured by applying an rf pulse to transfer a

small fraction of atoms from one of the two interacting states to a third state,

which is initially unoccupied, and then counting the number of outcoupled atoms

as a function of the rf photon frequency ν. The rf lineshape has a universal

high-frequency tail with a power-law scaling whose weight is constrained by the

contact [26, p.206]:

Γ (ν)→ C

23/2π2
ν−3/2 . (3.7)

Utilizing this relation, the contact parameter of the homogeneous gas was ex-

tracted.77,78 The power-law scaling is a direct consequence of the contact inter-

actions, and it is expected to hold all the way up to ν < ~/2πmr2
0 , where r0

is the effective range of the interaction. In other words, the universal scaling

holds as long as we don’t enter the non-universal regime of the inter-particles

potential. To observe this power scaling one needs to probe the atoms at the

high energy part of the spectrum. Since the spectrum decays with a ∼ ν−3/2

power law, the number of atoms at high frequencies is small and their signal is

very hard to detect experimentally. Previous works have been able to observe

that the tail has a scaling consistent with the power-law.77,79 However, their

measurement was limited in range due to fast decrease of the signal, therefore

the observation of the scaling relied on assuming its existence in the first place.76

Here, we wanted to investigate the universal scaling experimentally without any

a priori assumption and to answer the following questions:

• Does the universal power-law scaling hold up to the finite range

r0 of the interaction potential? At which point the contact ap-
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proximation breaks?

• Are there deviations of the power-law exponent at high frequen-

cies from the universal predicted value of −3/2, and if so, does it

depend on the strength of interaction?

To address these questions, we developed a new, highly sensitive technique to

detect the atoms transferred by the rf pulse. Our technique is based on fluores-

cence detection and intricate spin manipulation. In what follows, I elaborate on

our new high-sensitivity technique.

3.2 High-sensitivity rf spectroscopy setup

Spectroscopy is a way to measure the available excitations of a given system.

Generally, the electromagnetic field is coupled, and its energy is transferred to

the system. The excitation spectrum is achieved by observing the changes in the

system as a function of the transferred energy. Specifically, in rf spectroscopy, an

rf photon is absorbed by an atom. Depending on the photon energy and angular

momentum, an internal transition in the atom occurs. We detect this change

of the internal state. This scenario resembles photoemission spectroscopy in

experimental condensed matter, in which high-energy photon extracts electrons

from the surface of a material, and the properties of the electrons are measured.

Before elaborating on out new scheme, I want to mention several groundbreaking

experiments that emphasize the strength and importance of this tool.

The first pioneering experiments using rf spectroscopy to study the properties

of a strongly interacting Fermi gas were performed by C. Regal and D. Jin80

and S. Gupta from W. Ketterle’s group.81 In reference,80 the mean-field energy

shift due to interactions between atoms was measured using rf spectroscopy.

In reference,81 the rf frequency was tuned to the transition between the two

strongly interacting states, and the absence of the mean-field “clock” shift was

observed. This is explained by the fact that the contact-interaction Hamiltonian

is invariant under coherent rf spin rotations. In 2008, the group of W. Ketterle

measured the pairing gap of the superfluid state using rf spectroscopy of a spin-

imbalanced Fermi gas.82 The pairing was also investigated in optical lattices.

For example in the group of T. Esslinger, in a 1D Fermi gas, a bound state was

observed, regardless of the sign of the scattering length.83 Later, in the same

group, fermions in a 3D lattice were realized and the binding energy of molecules

was measured by rf dissociation of the fermion-pairs.84
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Our high-sensitivity method is the following. In our system, we perform rf

spectroscopy on the strongly-interacting balanced spin mixture of the two lowest

states |1〉 = |F = 9/2,mF = −9/2〉 and |2〉 = |F = 9/2,mF = −7/2〉 of 40K

in the 42S1/2 manifold. The high-sensitivity scheme is depicted in figure 3.1.

The rf pulse is used to transfer a small fraction of the atoms from state |2〉 to

state |3〉 = |F = 9/2,mF = −5/2〉, which is initially unoccupied. The central

idea of our new technique is the ability to count the number of atoms in state

|3〉, which could be on the order of tens, while having a substantial background

of ∼ 105 atoms in states |1〉 and |2〉. Standard techniques rely on absorption

imaging to count the atoms in |3〉, which requires a relatively large number of

atoms in order to detect them efficiently. Then the atoms are either spatially

separated in a Stern-Gerlach experiment, or the atoms in states |1〉 and |2〉 are

blown away by optical beam, and then the state |3〉 is pumped to the now-empty

state |1〉 for efficient imaging. These procedures significantly limit the minimal

detectable number of atoms. Our idea is based on fluorescence imaging and the

difference of their magnetic moments. To measure the number of atoms in |3〉,
we apply a 1.3ms MW pulse and sweep its frequency across 200kHz to induce

adiabatic rapid passage70 (ARP) to state |4〉. The ARP, rather than a simple

pulse, is less sensitive to magnetic noise. This procedure transfers all of the

atoms from state |3〉 to state |4〉. State |4〉 is in a different hyperfine level and

hence the sign of its magnetic moment is reversed making it a trappable state in

the quadruple magnetic trap. We turn on a quadruple magnetic trap right after

the MW pulse, holding the outcoupled atoms in a tight trap in the center of the

science chamber. This trapping acts as a very efficient filter for the other states

(|1〉,|2〉,|3〉) as they are anti-trappable, meaning that they are expelled from the

trap. Now that we filtered out all the background atoms, we need to count the

atoms in state |4〉. To do so, we turn on MOT beams at the same location of

the magnetic trap. This keeps the atoms trapped and makes them scatter light.

We accumulate the scattered fluorescence signal with a sensitive sCMOS camera

(Andor Zyla4.5) for 200ms. The total count of photons accumulated during the

exposure time corresponds to the number of atoms. Finally, we release the atoms

from the MOT, wait for 400ms so all atoms move away, and repeat the MOT

detection sequence. This last step is done to obtain the background signal, which

we subtract from the atomic signal.

A typical image of the fluorescence signal from the MOT is shown in figure

3.2. The left and the middle images in the figure show a fluorescence signal after

subtracting the background, corresponding to 5016 and 101 atoms, respectively.
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Figure 3.1: High sensitivity rf spectroscopy. A gas of 40K atoms is
prepared in a balanced mixture of states|1〉 = |F = 9/2,mF = −9/2〉
and |2〉 = |F = 9/2,mF = −7/2〉. (a). We apply a pulse
of rf radiation with a frequency ν close to 47MHz (b). This
pulse transfers a small fraction of the atoms to state |3〉 =
|F = 9/2,mF = −5/2〉. Next, we transfer all the atoms in|3〉 to state
|4〉 = |F = 7/2,mF = −3/2〉 using MW sweep, whose central fre-
quency is typically around 1.6GHz (c). Then the optical trap is
turned off and a quadruple magnetic field is ramped on (d). Due
to the different signs of their magnetic dipole moments, atoms in
|1〉,|2〉 and |3〉 are anti-trapped while the atoms in |4〉 are trapped
by this field. After a waiting time of 200ms, the MOT laser beams
are switched on (e). The fluorescence signal of the atoms captured
in the MOT is recorded with a sensitive CMOS camera.
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Figure 3.2: Fluorescence images of the MOT after subtraction of
the background. The left (middle) image corresponds to a signal of
5016 (101) atoms. The right image shows the signal from a region
without atoms, from which the noise is extracted. The distances are
given in microns. Note that the scale of the left image is different.

The signal is taken as the sum over the non-masked region of the image. The

signal of 100 atoms is easily distinguishable from the background.

The calibration of the MOT signal to the number of atoms (NoA) is done

in the following way. The gas is prepared in a spin-polarized mF = −7/2 state.

Then, a calibrated π pulse transfers all of the atoms either into mF = −9/2 state

or mF = −5/2 state. The atoms from mF = −5/2 state are measured with the

MOT detection which produces a signal of (1.46 + / − 0.1) × 108 counts. The

NoA in mF = −9/2 state is 9.1± 0.5k atoms, which is measured by absorption

imaging. The conversion factor from this measurement is 1.6×104 counts/atom.

It is then natural extract the noise level to estimate the signal-to-noise (SNR)

ratio of the measurement. The noise of the measuremnt is taken as the standard

deviation of the background image. The SNR is ultimately sets the minimal NoA

can be reliable detected with this technique. The typical SNR per atom of 2 is

achieved in our setup for exposure times below 1 second. This means that it is

possible to observe even a single atom in principle. To reach this SNR we had to

eliminate a relatively large background signal which originates from reflections of

the MOT beams from the vacuum chamber windows. Since our science chamber

is optimized for high numerical aperture and therefore very small, the windows

are close to the atoms and it is hard to remove unwanted reflections by working in

imaging conditions. To reduce the adverse effect of reflections, we incorporated

an additional probing laser at a different frequency. This probe beam comes

only from a direction perpendicular to the camera, such that it has very minimal
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Figure 3.3: MOT signal-to-noise ratio normalized by the number
of atoms as a function of camera exposure time. The SNR saturates
after 2s due to the increase in the background scattering and the
finite lifetime of the MOT.

reflections to the camera. Its light is nearly resonant with D1 transition and we

also add to it a sideband at an offset of 1285MHz that acts as a repump. The

D1 probe light is fired together with MOT beams. The main gain in SNR comes

from the fact we have placed a very narrow, 1nm, optical filter (Alluxa 769.89-1

OD7 Ultra Narrow Bandpass Filter) which transmits 96.4% of 701.1nm (D1)

and only 0.01% of 767.7nm (D2). In this way, only the D1 light from that atoms

is detected and the background strongly suppressed. The SNR as a function

of the camera exposure duration (MOT duration) is plotted in figure 3.3. As

the exposure is increased more photons are accumulated and the SNR is rapidly

increased. After approximately two seconds the background signal is increased

and its fluctuations limit the SNR. Without the D1 probe, the SNR per atom

is approximately 0.62, which means that we gain at least a factor of 4 with the

D1 probe. We also measure the lifetime in the MOT and the result is plotted in

figure 3.4. The typical lifetime of 27.3±0.8sec is achieved. With D1 probe, we use

a 0.8sec exposure time, which is much shorter than the MOT lifetime, meaning

that the atom number does not change significantly during the accumulation of

the signal.
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Figure 3.4: The number of atoms in the MOT as the function of
time. The data is fit with an exponential function. The typical decay
time is 27.3± 0.8sec.

3.3 Experimental sequence

The atoms end the evaporation stage in a crossed beams optical trap. The

gas is prepared in an incoherent mixture of the two lowest hyperfine levels of
40K, with ∼ 150, 000 atoms per spin state at T/TF ≈ 0.2. The harmonic trap

frequencies are (ωr, ωz) = 2π × (289, 24)Hz, and the average trap Fermi energy

is EF = h× 12kHz with h = 2π~. The evaporation ends at a field of 203.4G on

the BCS side of the Feshbach resonance. The field is the ramped adiabatically

to a final value B and the system is held for 10ms to fully equilibrate. To probe

the gas, we apply a 400µs-long rf pulse. The rf power is set to transfer less than

10% of the atoms, and it is kept constant for all rf frequencies1. The number of

outcoupled atoms is measured be the method described in section 3.2 above.

1Usually, the rf power is increased for higher rf frequencies because the signal there is very
weak. This may introduce systematic shifts of the data.
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Figure 3.5: rf transition rate, Γ(ν), taken at different magnetic
fields in the vicinity of the Feshbach resonance (dashed line). The
frequency axis is plotted relative to ν0 - the transition frequency for
non-interacting atoms. The solid line is the theoretical Feshbach
molecule binding energy given by equation 3.9 using a (B) with the
calibration reported in reference.85

3.4 Results

In figure 3.5, I plot the rf spectra taken at different interaction strengths near

the Feshbach resonance at B0 = 202.14G (controlled using the magnetic field,

B). For clarity, only a range of 1MHz is shown here. The frequency axis is

offset relative to the bare transition ν0 of the non-interacting states. A high-

frequency tail is clearly visible in the whole range of the interactions presented.

The weight of the tail increases as the magnetic field is decreased. For fields

B < B0 the spectrum consists of two distinct features: a narrow peak at

zero frequency owing to free atoms and a broad spectrum with a sharp on-

set owing to bound Feshbach molecules. The data shown here was taken at

B = 202.86, 202.207, 201.07, 200.446, 199.718, 199.006 G (the 1σ uncertainty in

the field is 8mG). In subsection 3.4.1, I describe the observation of the universal

scaling of contact interactions all the way up to the microscopic interaction scale.

In subsection 3.4.2, I present an accurate measurement of the contact parameter

versus interaction strength. In subsection 3.4.3, I present a new calibration of

the Feshbach resonance parameters B0 and ∆, for the two lowest hyperfine levels

of 40K, based on measurements of the binding energy of Feshbach molecules.
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Figure 3.6: rf lineshapes for three different interaction strengths
in the BCS-BEC crossover:26 1/kFa = 0 (unitarity), 1/kFa = 0.49
(BEC), and 1/kFa = −0.53 (BCS). Linear scaling shows that the
data follows a power-law at high frequencies. The inset shows the
power-law exponent extracted by fitting the tail of each dataset with
c1/ν

n. The error bars correspond to one σ confidence interval of the
fit parameter.

3.4.1 Universal scaling

The high-frequency part of the spectrum is expected to have the universal power-

law scaling (equation 3.7), as explained in the introduction section. The lineshape

is normalized according to the sum rule86 to

ˆ ∞
−∞

Γ(ν)dν = 1/2 , (3.8)

where ν is in units of EF/h. The scaling function assumes weak interactions with

the outcoupled state, which indeed holds in our case of 40K.

To demonstrate the extended frequency range accessible in our new spec-

troscopy and the universal scaling behavior, we plot three representative rf line-

shapes on a log-log scale in figure 3.6. This is the first experimental data to

show rf spectra up to ∼ 220EF , an extremely large frequency range. Previ-

ous studies observed the rf lineshapes up to ∼ 12EF
76,77 due to the limited

detection sensitivity. The unprecedented sensitivity of our technique enabled

us to measure the spectra up to the finite range of the interaction potential

νr0 = ~/2πmr2
0 ≈ 225EF . The power-law scaling holds up to this range surpris-

ingly well. We fit the data with a power-law function Γ (ν) ∼ ν−n (solid lines
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Figure 3.7: rf lineshape at 1/kFa = −0.12 (blue errorbars) and a
fit to equation 3.7 (red line). The errorbars are 1σ statistical errors.
The horizontal axis is shown relative to the bare non-interacting tran-
sition ν0. The main plot is shown up to 20EF for clarity. The whole
spectrum with the fit is shown in the inset on a log-log scale.

in the figure), starting from ν > 5EF/h for B > B0 and ν > Eb + 20EF/h for

B < B0, where Eb is given by equation 3.9 and extract the power-law exponent

(inset of figure 3.6). The result is consistent with 3/2, as predicted by equation

3.7, in the whole range of interactions. These results show that the power-law

is independent of the interaction strength, a feature highlighting its universal

aspect.

3.4.2 The contact parameter

The excellent linear scaling on a log-log scale of the rf spectrum calls for extrac-

tion of the contact parameter, according to equation 3.7, as shown in figure 3.7.

We take a few points at −0.5MHz offset to measure the background signal. We

subtract the background from all of the measurements. The lineshape is normal-

ized using equation 3.8. To properly normalize the data, we take into account

also the part of the tail from the end of the last data point to the finite range of

interaction.

The actual value of the contact parameter is very sensitive to the normaliza-
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Figure 3.8: The contact parameter as a function of rf power. The
horizontal axis is the power of the rf source generator after which the
signal is amplified by a 35W amplifier. Above rf power of −30dBm a
systematic deviation of the extracted contact is seen. Each point is
a complete rf lineshape experiment performed at different rf power,
as shown in the inset. The effect of high rf power is shown as the
reduction of the spectral weight of the peak.
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Figure 3.9: Trap averaged contact, C, versus the interaction
strength 1/kFa, extracted by fitting the tail of the rf line-shape with
equation 3.7. The solid line is the theory of Ref. [74]. The 1σ
error-bars include the combined uncertainties in the fitting parame-
ter, magnetic field, and normalization of the line-shape.
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tion of the lineshape. A systematic effect that one needs to be worried about is

linearity with rf power. In particular, in parts of the spectrum with large number

of atoms there may be saturation effects and deviations from linearity. This may

happen, for example, in the central peak of the lineshape, and it may lead to an

error in the normalization, and therefore in the value of the contact. To avoid

such a systematic error, we reduced the rf power in the experiments aimed to

determine the value of the contact parameter by a factor of 10. Even at this low

rf power, the measurable lineshape extends beyond 50EF . We plot the contact

as a function of the rf pulse at unitarity in figure 3.8. The rf pulse power of the

horizontal axis corresponds to the power of the rf source which is then amplified

by a 35W rf amplifier. Below a −30dBm, the contact is independent of the rf

pulse power, at which point we took the data for the contact extraction. The rf

spectra at different rf power are shown in the inset. When the rf power is too

high, the peak of the lineshape is saturated and the contact value increases.

The extracted contact is presented in figure 3.9. We find C/NkF = 2.9(1) at

unitarity (1/kFa = −0.02) and temperature before the final magnetic ramp of

T/TF = 0.17(1). This agrees with the value C/NkF = 3.06(8) found for a 6Li

gas at a slightly lower temperature.74 The solid line in the figure corresponds

to a Quantum Monte Carlo (QMC) simulation of the trapped gas74 with a local

density averaging. Interestingly, in the reference, the QMC result is practically

indistinguishable from a Nozieres and Schmitt-Rink strong-coupling theory in the

local density approximation. There are several strong-coupling theories, based

on the many-body t-matrix approach, which differ essentially in their diagram-

matic structure.87 To test theories, it is instructive to compare the predicted

contact parameter with the measured one. Unfortunately, the inhomogeneous

density broadening washes out the small difference in the contact. To mitigate

the density broadening effect and have a more accurate comparison to theory,

I measure the contact parameter in a flat trap potential, where the density is

much more homogeneous.

3.4.3 Binding energy of a Feshbach molecule

The physical origin of the scattering length enhancement in the Feshbach reso-

nance is the coupling of the incoming scattering state |k〉 to the “closed channel”

molecular level |m〉. The coupling hybridizes the free atoms scattering states

with the bound molecular one to form the coupled state, with the lowest one de-

notes as |ϕ〉. The coupled and uncoupled energy levels are shown in figure 3.10,

which were calculated by a simple model of two coupled spherical well poten-
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Figure 3.10: Energy levels in a coupled spherical well potential
model for Feshbach resonance88 (the figure is adapted from the same
reference). The horizontal axis is the detuning from the Feshbach
resonance, which in our case is the magnetic field. The dashed lines
represent the uncoupled molecular |m〉 state and the scattering |k〉
states of the continuum. The uncoupled resonance position lies at
δ = 0 which is the crossing of the |m〉 state with the lowest |k〉 state.
The solid lines represent the coupled states. The coupled resonance
position is shifted to δ0 below which the |ϕ〉 state is bound due to
the negative energy. The |ϕ〉 state smoothly connects the molecular
state |m〉 at δ � 0 to the lowest state state at δ > 0. The red arrow
shows the direction of detuning sweep to adiabatically associate the
molecule from the scattering state.
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tials.88 The coupled state |ϕ〉 connects the lowest scattering state |m〉 at positive

detuning to the bound molecular state |m〉 at δ � 0. Below the shifted resonance

position δ0, the energy of the |ϕ〉 is negative and the state is a weakly bound

diatomic Feshbach molecule. It is possible to associate the Feshbach molecule

by adiabatically sweeping the detuning from δ > δ0 to δ < δ0.3,88–91 In the case

of magnetically tunable Feshbach resonance, it is implemented by sweeping the

magnetic field from the BCS side to the BEC side of the Feshbach resonance.

The energy of the Feshbach molecule is given by:

Eb =
~2

m (a− ā)2 , (3.9)

where ā = 1√
8

Γ(3/4)
Γ(5/4)

[mC6/~2]
1
4 is the finite range correction of the van der Waals

potential U(r) ≈ −C6/r
6. Near a Feshbach resonance, the scattering length can

be written as

a(B) = abg

(
1− ∆

B −B0

)
(3.10)

where ∆ is the width of the resonance, and abg is the background scattering

length.3 The dependence of the binding energy on the magnetic field is ac-

quired by deirectly substituting eqation 3.10 into the equation 3.9. A precise

measurement of Eb is valuable in order to calibrate the molecular potentials and

parameters of the Feshbach resonance.80,92–94

We measure the binding energy by dissociating the molecule using the rf

pulse. A sharp onset of signal in the rf spectrum shows up when the rf photon

energy is high enough to break the pair (see inset of figure 3.11). The excitation

at higher energies is possible as the excess energy can be carried away by the

kinetic energy of the relative motion of the disassociated atoms. We use a general

form of a molecular lineshape95,96 to fit the rf lineshape

Γ (ν) = Θ (ν − Eb/h)
C

23/2π2

√
ν − Eb/h

(ν − νw)2 (3.11)

where Θ is a Heaviside step function and in the two-body limit νw → 0. We

find that this function (black line on the inset of figure 3.11) fits the data very

well for the whole range of tested interactions. We plot the extracted binding

energies in figure 3.11. The theory of equation 3.9 (dotted blue line) with the

most recent calibration of the Feshbach resonance parameters (∆ = 7.04 (10)G,

B0 = 202.20 (2)G and abg = 174a0
85,94 shows an increasing systematic deviation

from the data farther away from the resonance. Using the previously measured
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Figure 3.11: The binding energy (squares) of the Feshbach
molecules is extracted by fitting the rf lineshape with the molecular
spectral function given by equation 3.11. The error bars are smaller
than the marker points. The inset shows a typical dataset taken at
B = 199.371 (8) and the fit (solid line), which yields Eb/h = 331 (2)
kHz with 1σ confidence level.

values abg = 169.7a0,97 C6 = 3897 a.u.98 and δµ/h = 2.35MHz/G99 in a two

coupled channels calculation based on the model of r3eference,90,99 we obtain a

new calibration: B0 = 202.14 (1)G, ∆ = 6.70 (3)G (solid red line). Equation 3.9

with the new calibration also fits the data well (dashed black line). We have

verified that the mean-field shift is smaller than our experimental resolution to

eliminate the possible shifts of the spectra.

3.5 Summary

With the new high-sensitivity rf spectroscopy scheme, we were able to directly

observe the universal scaling of the rf spectrum up to the van der Waals inter-

action scale. We confirmed that the scaling does not depend on the scattering

length. Remarkably, we did not observe any deviation from the universal behav-

ior even at these high frequencies. We extracted the binding energy of Feshbach

molecules with high precision and used this information to calibrate the param-

eters of the Feshbach resonance for the two lowest sub-levels of 40K. We also

presented an accurate measurement of the contact parameter in the BEC-BCS

crossover.
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Chapter 4

Creating a homogeneous Fermi

gas

4.1 Introduction

The most common way to trap atoms into a conservative, optical trap is to

load them into a Gaussian laser beam, whose frequency is far detuned from the

optical transition of the atom. If the wavelength of the trap is larger than the

optical transition, the atoms will be attracted to the focus of the beam, where

the intensity is maximal. The development of “optical tweezers” by Arthur

Ashkin, namely the use of a Gaussian beam to trap or manipulate particles or

atoms, was awarded the Nobel prize in physics in 2018. The potential for the

atoms can be approximated as harmonic because the atoms reside very close to

the beam focus. The atomic density in a harmonic trap is not uniform due to

spatially varying restoring forces, as can be seen in figure 4.2. Since measured

quantities depend on the atomic conditions, such as density and temperature,

the spatially varying density introduces an inhomogeneous broadening of many

measurements. In other words, when the global properties of the system are

measured by recording the signal from the whole cloud, these values are averaged

over different local conditions. Our recently developed high-sensitivity scheme

(chapter 3) collects the signal from all the cloud and is therefore susceptible

to the inhomogeneous broadening problem. One of the phase transitions we are

most interested to study happens in a spin-imbalanced gas (the polaron-molecule

phase transition). The theoretical prediction is that the nature of the ground

state will undergo a first-order phase transition from a quasi-particle like to a

molecular one as the interaction strength is increased.100–105 Since our detection

scheme is sensitive down to almost a single atom, it is particularly suited for
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this problem. However, the non-uniformity of the density may complicate the

interpretation of the measurements, and it is highly desirable to eliminate it.

To solve this problem, one can either probe locally the non-uniform den-

sity,27,77 or create a trap that yields a homogeneous density distribution.106–108

Since I wanted to use the high-sensitivity detection scheme, I chose to build

a particular trap which is mostly dark and therefore is expected to generate a

uniform gas.

In this chapter, I describe the construction of the trap, the loading procedure,

characterization, and experiments I have performed with the uniform gas. In

section 4.2, I examine the design considerations for such a trap, and present the

results of numerical simulations of the expected density. Then, in section 4.3, I

proceed to describe the optical setup that I have built to realize the flat trap.

A major challenge I have encountered is how to counteract the effect of gravity.

This problem, as well as the novel solution I have implemented, are discussed in

section 4.4. Eventually, I was able to create a homogeneous spin-balanced gas

and to perform rf spectroscopy with it. In section 4.6 I present the results of this

measurement and conclude with discussion in section 4.7.

4.2 The design of a flat trap

The homogeneous density is produced in a box-type trap, in which sharp re-

pulsive walls confine the atoms and have minimal potential gradients inside the

trap. Such a trap can be made by combining multiple blue detuned, repulsive,

laser beams with a sharp spatial transitions from zero to maximum intensity.

The easiest and most robust way to create such a box-type trap is to use a

laser beam with a cylindrical profile (“tube-beam”) and another pair of highly-

elliptical Gaussian beams (“caps beams”) that plug the bases of the cylinder

(see figure 4.1). The first realization of a degenerate Bose gas in such a trap

was reported in 2013 by the group of Zoran Hadzibabich at Cambridge.106 Four

years later, a similar experiment was performed with 6Li fermions in the group

of Martin Zwierlein at MIT.107 A year later, a two-dimensional homogeneous 6Li

Fermi gas was created by the group of Henning Moritz at Hamburg.108

To design the proper dimensions of the laser setup, I wrote a simulation that

calculates the atomic density in the local density approximation. The simulation

assumes non-interacting fermions at some final temperature in the trap. By
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Figure 4.1: Sketch of the box trap, which is composed of three
laser beams. The vertical beam has a cylindrical profile and confines
the atoms in the radial direction. The two other highly-elliptical
Gaussian beams plug the cylinder beam from the two sides. The
atomic cloud is depicted in blue.

taking the Fermi-Dirac distribution

ni =
1

e(Ei−µ)/kBT + 1
(4.1)

and using a local density approximation, we replace the energy with the local

energy and potential

ni → f (r,p) =
1

e(p2/2m+V (r)−µ)/kBT + 1
. (4.2)

By integrating over momentum, we get the three dimensional density88

n (r) = − 1

λ3
dB

Li3/2
(
−eβ(µ−V (r))

)
, (4.3)

and the chemical potential µ is found through the normalization condition

Ntot =

ˆ
n (r) d3r . (4.4)

The simulation can take any confining potential V (r) as long as it complies with

the local density approximation. I simulate the density in the harmonic trap with

the typical conditions of our experiment at the end of optical evaporation. In

the simulation, 250K atoms at T/TF = 0.2 (TF = 140nK) are held in a harmonic

trap with trapping frequencies of 2π × 250Hz and 2π × 32Hz in the radial and
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Figure 4.2: Numerical simulation of the atomic density of 250K
atoms at T/TF = 0.2 in a harmonic trap with 2π × 250Hz and 2π ×
32Hz trap frequencies. Cross sections of the potential (blue) and the
density (orange) in the axial and radial directions.

axial directions, respectively. The results of the simulation are shown in figure

4.2. The atomic cloud extends to ∼ 200µm and ∼ 20µm in the axial and radial

directions, respectively. The mean density in the trap is 8.2× 1018m−3.

To load the atoms, the tube-beam is superimposed onto the harmonic trap.

Due to the constrains of the experimental setup, the tube-beam is chosen to be

perpendicular to the axial direction of the harmonic trap, overlapping with the

atomic cloud such that a central part is trapped inside the cylinder and the rest

is left outside (see figure 4.3). This is clearly not as efficient as having both long

axes of the traps be co-linear. With some modifications to the setup, it should

be possible to change to this preferred configuration in the future and gain in

the conditions attained in the box trap. After the atoms are trapped in the

volume of the tube-beam, the caps-beams are superimposed and plug the bases

of the cylinder. The harmonic trap is shut off and the atoms equilibrate inside

the volume of the cylinder. To find the optimal diameter of the tube-beam and

the separation between the caps-beams, I assume a simple model for the transfer

- if the tube-beam is introduced slowly enough, the temperature of the atoms

remains constant. I assume that atoms in the volume of the cylinder will stay in

the flat trap. I then calculate the transfer efficiency as defined in equation 2.6.

In this calculation, the Fermi energy of the harmonic trap is taken as109

Eho
F = (6N)1/3 ~ωho , (4.5)
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Figure 4.3: Transfer efficiency from the harmonic to flat trap.
Right: The sketch depicts the overlap of the flat trap beams with
the atomic density of the harmonic trap. Left: Calculation of the
transfer efficiency, as defined by (equation 2.6) (blue), and fraction
of atoms (orange) transferred to the box trap, as a function of the
tube-beam diameter. The efficiency decreases as the the flat trap
trapping volume increases.

and for the flat trap as

Ef
F =

~2k2
F

2m
=

~2 (6π2N/V )
2/3

2m
. (4.6)

Here, N is the number of atoms, ωho = 2πf̄ is the geometric mean of the trapping

frequencies and V is the volume of the flat trap. The goal is to have high efficiency

and large number of atoms. The efficiency and the fraction of the transferred

atoms are plotted in figure 4.3. Although more atoms are trapped in the cylinder

as we increase the tube diameter, the efficiency is decreased due to the reduction

of the density, which sets the Fermi energy scale. The optimum of the efficiency

is found for a very small trap, for which the trapped atom number will be too

low to work with. This simulation shows that we need to find some intermediate

tube diameter for which we can trap enough atoms to perform the experiment

and still have acceptable transfer efficiency. I chose the tube diameter to be

between 40µm and 60µm, for which we should get nearly 50% atom transfer. In

the simulation, the width of the caps-beams are 15µm, slightly shorter than the

extent of the cloud in the radial direction.

Using the same simulation, we can calculate the density distribution in the

flat trap, by replacing the harmonic potential with a ring-shaped one for the tube-

beam and Gaussian functions for the cap beams. The ring-shaped potential has

a 32.25µm radius and a Gaussian rim with 5µm waist radius, with total optical
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Figure 4.4: Power-law potential (blue) and the resulted density
(orange) in the flat trap. The conditions of the simulation are 125k
atoms at T/TF = 0.6. The flat part indicates the homogeneous
density. Gravitation potential is omitted in this simulation.

power of 4.5mW. The Gaussian potential of the caps has a 5.5µm waist radius

and a separation of 36µm, with total optical power of 40mW. The simulated

density is shown in figure 4.4. Here, I assumed 50% of the atoms from the

harmonic trap are loaded into the flat trap (125k) at the same temperature of

140nK as in the harmonic trap. The gravitational potential is omitted in this

calculation. The uniformity of the density is manifested as the flat part in a large

region of the trap. The mean density is 2.7× 1018m−3 and the full width at half

maximum (FWHM) are 44.6µm and 24.4µm in the radial and axial directions,

respectively.

The density probability distribution P (n) is used to quantitatively character-

ize the inhomogeneity. It is the probability to find an atom at a specific density.

The narrower the distribution, the more homogeneous the density is. P (n) is

calculated as a histogram of the simulated density. The plot of P (n) for both

traps is shown in figure 4.5. The probability of the harmonic trap is very broad,

in contrast to that of the flat trap, which exhibits a narrow peak at a particular

density. The quantitative measure of the homogeneity of the cloud is taken as the

standard deviation (or the width) ∆n of the probability distribution in the mean

density 〈n〉 units. These are calculated as the density averaged observables:

〈A〉 =

´
A (r)n (r) d3r´
n (r) d3r

, (4.7)

where A is any observable. The reason to use the density as the weighing factor

in equation 4.7 is that in the experiment its contribution to the total signal will
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Figure 4.5: Density probability distribution for the harmonic trap
(blue) and the flat trap (red). The probability is calculated as a
normalized histogram of the density. The second moment of the
function denoted as σ which is the measure for the homogeneity.

be proportional to the number of atoms, given by
´
n (r) d3r. Therefore, the

density-weighted density is calculated by

〈n〉 =

´
n2 (r) d3r´
n (r) d3r

, (4.8)

and the normalized standard deviation is calculated by

∆n/ 〈n〉 =

(´
[n (r)− 〈n〉]2 n (r) d3r´

n (r) d3r

)1/2

/ 〈n〉 . (4.9)

In the harmonic trap, this value is ∆n/ 〈n〉 = 0.58, while for the flat trap this

value is reduced to ∆n/ 〈n〉 = 0.26. From this value we can directly calculate

the expected broadening of the Fermi energy using the equation 4.6. Due to

the scaling of the Fermi energy as Ef
F ∼ n2/3 its standard deviation is reduced

to ∆Ef
F/
〈
Ef
F

〉
= 0.17. The standard deviation of the Fermi wavevector kF is

further reduced to ∆kF/ 〈kF 〉 = 0.09 due to the scaling of kF ∼ n1/3.

4.3 Optical setup of the box trap

Once the size of the trap is defined, we can proceed to realize the actual optical

setup in the laboratory. The first part of the optical setup used both for injecting

the tube and the caps-beams lasers is shown in figure 4.6. Both the tube- and
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Figure 4.6: Laser setup for the box trap beams. The beams for the
tube- and caps-beams are branched from the main line of the Verdi
laser. After the AOMs, the beams are mode-matched and injected
into the fibers.

the caps-beams are derived from a single 532nm laser capable of outputting

10W of power (Coherent model Verdi 10W). The tube beam is branched from

the main line of the laser by a PBS and then inserted into an AOM (Isomet

1206C). The first-order diffraction is enlarged by x2 telescope and is injected into

a polarization-maintaining fiber (Thorlabs P3-488PM-FC-5) via a f = 10.9mm

collimator (Thorlabs F220APC-532). An injection efficiency of more than 80% is

achieved after finding the correct telescope and adjusting for the focus position by

slightly misaligning one of the lenses of the telescope. I found that the injection

is very sensitive to mirror alignments, apparently due to a smaller wavelength

than 767nm that we commonly use. The caps-beam setup is identical, with

the exception to another AOM (G&H 3200-125). The electrical circuits for the

AOMs are identical to one described in 2.10. The AOMs are driven at different

frequencies to eliminate optical interference on the atoms. The fibers are then

routed to the second, “experiment” optical table.

On the optical table of the experiment, we create the required beam profiles

for the tube- and caps-beams. I shall begin with the tube beam setup, which is

depicted in figure 4.7. The design of the cylindrical tube beam is inspired by the

setup described in the supplementary material of reference.108 To find the right

optics and their position for the tube beam, I performed a geometrical optics

ray tracing simulation. Within the simulation, it is possible to observe the ring-

shaped laser profile, even though diffraction is not simulated. The simulation
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Figure 4.7: Bottom: Tube beam optical setup. The beam goes
into a ring-generating setup made of three axicons. The ring profile
after the last axicon is magnified by ×11.4 and then projected onto
the atoms by another ×1 telescope. Upper: Raytracing of the ring-
generating setup. The first lens sets the diameter and the convergence
angle of the Gaussian rim of the ring profile. The first axicon splits
the beam, and the set of the following lens and axicon inverts the
rim, such that the sharp part faces towards the atoms.108 The last
axicon collimates the ring-shaped beam. On the right is the intensity
of the ring profile measured after the whole setup.

is instrumental in minimizing spherical aberrations in the optical design. The

simulation clearly shows that the doublet lenses are crucial in this design; oth-

erwise, the sharpness of the ring profile decreases substantially. The final design

is plotted in the upper part of figure 4.7.

The beam from the fiber is collimated by a f = 10.9mm collimator and

polarization-cleaned by the PBS and a λ/2 wave-plate. The beam then enters

the ring-profile generating setup. The first lens sets the diameter and the right

convergence angle for the beam. It then hits the first 5◦ axicon (Thorlabs AX125-

A) that radially splits the beam. The sharpness of the rim is set by the quality of

the axicon tip. A sharp symmetric tip is required to create a sharp and symmetric

ring at the end. Right after the axicon, for a short distance, a Bessel beam is

created by the interference of the radially split parts. After a short propagation,

the profile is expanded into a ring-shaped profile with a Gaussian rim facing

inwards and the sharp part facing outwards. The goal is to make the sharp part

face inwards, and so the following elements in the setup are used to radially
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Figure 4.8: The measured tube beam profile (left) and azimuthally
averaged intensity (right) with a fit to a power-law function (red line).
The fit result is shown above the figure.

invert the optical beam. A lens of f = 150mm collimates the ring-profile beam

and focuses the rim itself. The following axicon of 10◦ (Thorlabs AX1210-A)

converges the ring without further focusing the rim. After the beam intersects

with itself, the profile is inverted: the Gaussian rim side is now facing outwards

and the sharp part facing inwards. The last 10◦ (Thorlabs AX1210-A) axicon in

the setup collimates the ring-profile and its position sets the final diameter of the

ring. The telescope following the last axicon is reducing the tube diameter down

to 70µm (× 1
11

). The beam is then folded by the Dichroic mirror (Thorlabs DMLP

650R) and is projected onto the atoms with ×1 telescope made of f = 35mm

lenses. All of the doublet lenses used in this setup are from the AC254 line by

Thorlabs. The ring-shaped profile is collimated over a fraction of a millimeter,

which is more than the width of the trap. The setup is rather robust, after

fixing the degrees of freedom of all the optical mounts. The intensity measuring

photodiode is sensitive to the alignment of the tube beam and has to be placed

right after the fiber. In our setup, we have another home-made objective that

is focused on the atoms from the other side. We use this objective to image the

atomic densities with absorption imaging. We utilize this imaging to measure

the profile of the tube beam, see figure 4.8. We azimuthally average the profile

and fit it with a power-law function V (r) =
(

r
R0

)p
. From the fit, the power-law

exponent p is found to be 12.3 and the effective diameter R0 is 64.9µm. Due to

the many rings, only ∼ 30% of the intensity is in the first ring. The presence

of the other rings creates shallow potentials for the atoms, which need to be

emptied in the evaporation process before the final stages of the experiment.

This is crucial in order to ensure the atomic density is indeed uniform.
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Figure 4.9: Caps beam setup. The laser beam is split on a PBS into
two beams with orthogonal polarizations and individual alignment
degrees of freedom. The two beams are almost identical, except for
a small vertical offset.

I now turn to describe the setup of the caps beams, which is shown in fig-

ure 4.9. The beam goes first through a half-wave plate and a PBS to clean the

polarization after the fiber. A small fraction of the beam is sampled up by a

wedged window (WW) for intensity locking in a closed loop. The polarization

of the laser is set to 45 degrees by a subsequent half-wave plate, such that half

of the intensity is transmitted through the PBS, and the other half is refracted.

The transmitted beam is almost perfectly folded onto the refracted beam by a

two mirrors setup. This setup creates two co-propagating, identical beams with

orthogonal polarization, such that one of them can be slightly vertically offset us-

ing the two mirrors. The orthogonal polarizations are essential as they eliminate

interference between the two caps beams1. The beams are then going through

a f = 100mm cylindrical lens and a f = 500mm regular plano-convex lens, cre-

ating a magnifying telescope in the vertical direction and a small convergence

in the horizontal direction. The resulted beams are highly elliptical Gaussian

beams. The beams are then focused on the atoms using a f = 150mm doublet

lens (Thorlabs AC254-150-A), with a micrometer XY mount. A dichroic mir-

ror (Thorlabs DMSP567R) is used to combine these beams with another probe

beam at a wavelength of 767nm. At the focal point, the ellipticity is inverted

and we get two horizontal “sheets of light”. This setup of magnifying only the

vertical direction has one definite advantage: the horizontal axis is not in focus

on the atoms so no astigmatic aberration is introduced. Our previous attempts

to create the beam with fully cylindrical telescopes resulted in a very astigmatic

beam, with the focus of the horizontal axis being misaligned with the vertical.

The caps-beams are practically identical, up to the offset between. The beam

1This is only as a precaution since the beams do not overlap.
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Figure 4.10: Caps-beams profile (upper) and a cross-section along
the short direction (lower). The data is fitted with A Gaussian beam
profile.

profile is analyzed by focusing a microscope with ×18 magnification on the re-

flection from the dichroic mirror and taking the image with a windowless beam

profiler (Spiricon SP620U). We fit the beams with a Gaussian laser beam profile.

The beam profile together with a cross-section are shown in figure 4.10. The

fitted waist radii are 5.5µm and 180µm in the vertical and horizontal directions,

respectively. The 5.5µm is small enough to create a sharp transition from light

to darkness, and large enough for the potential to be insensitive to the Rayleigh

range2. The long horizontal dimension is large enough to be considered as flat

in the whole region of the trap volume.

4.4 Counteracting of gravity

Gravity acts as a linear potential in the vertical direction

Ug = mgz , (4.10)

where m is the mass of the atom, g is the gravitational acceleration, and z is the

vertical axis coordinate. When the atoms are trapped in a harmonic potential

(V (z) = 1
2
mω2

zz
2), the addition of a linear term to the equation merely offsets

the minimum of the trap. However, when the atoms are trapped in a flat trap,

2A smaller beam would diverge faster and start to induce inhomogeneous potential in the
direction of propagation.
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Figure 4.11: The potential (blue line) of the flat trap with the
presence of gravity. In the vertical axis (right side of the figure),
the potential is not flat anymore but linearly inclined due to gravity.
As a result, the density (orange line) is not uniform in this trap.
The atomic density is mostly influenced by the potential below the
chemical potential (black dashed line). The perpendicular axis to
gravity (tube-beam diameter axis) is not influenced by it. The cross
section of the left plot is taken at the middle of the trap.

gravity totally changes the flat part to an inclined one. This totally ruins the

uniform potential, as can be seen in figure 4.11, where I plot the simulated density

in a box potential with gravity. The conditions of the simulation are identical to

ones used to simulated the trap without the gravity (125k atoms at T/TF = 0.6).

The potential in the vertical axis (in the direction of the caps-beams separation)

is no longer flat, but has a linear slope of 47 nK/µm. The chemical potential,

plotted as the black dashed line, shows in what region of the trap the atoms will

actually be. The atoms are trapped between the lower cap beam and the linear

potential of gravity. The other directions are not influenced by gravity, as shown

on the left side of the figure.

To counteract the effect of gravity, an additional linear potential with an

opposite slope is required. The extremely cold temperatures of the gas in the

box trap sets a rigid condition on the linearity and roughness of the counteracting

potential. Assuming a trap width of 20µm in the vertical direction, the energy

difference due to the gravitational potential between the lower and upper parts

of the trap is

∆U = 47nK/µm× 20µm = 940nK (4.11)

The slope of the counteracting potential has to be accurate to within 0.01% so

that the this energy difference will be less than 1% relative to the lowest energy

109



scale of the atoms at ∼ 10nK. Even more challanging is to make sure that the

potential is smooth within this range.

The counteracting potential can be implemented by either magnetic or op-

tical forces, namely by creating a constant gradient in the magnetic field or in

a far-detuned laser intensity profile. Creating a linear smooth magnetic field

is relatively easy by a pair of coils in an anti-Helmholtz configuration. In this

configuration, the non-linearity in the magnetic field of 1ppm or below can be

easily achieved. In addition, there are no small, micrometer scale, corrugations

in the magnetic field. The problem with magnetic potential, though, is that it

depends on the spin state. In particular, there is a 11.8% difference between the

magnetic dipole moment of the two lowest spin states of 40K near the Feshbach

resonance. This means that the potential induced by a magnetic field is different

by 11.8%, and cannot cancel gravity for the two states at the same time. With

optical “anti-gravity”, also referred to as optical levitation, the potential is es-

sentially the same for both spin states. However, creating an optical beam with

a linear smooth intensity profile on the sub-percent scale is very difficult. Opti-

cal fields scatter off surfaces and interfere, easily generating speckle patter that

prevents the potential from reaching the necessary smoothness. I implemented

both methods for canceling gravity, and the one that ultimately worked for me

is the magnetic field gradient together with a fast spin-mixing rf pulse, which

evened the forces acting on both spin states. In what follows, I describe the

magnetic levitation scheme, and for the sake of completeness, in section A in the

appendix, I describe the unsuccessful attempt to optically counteract gravity. I

believe that with more effort and improvements in the setup, optical levitation

is also a viable option.

4.4.1 Two-spin magnetic levitation using dynamical de-

coupling

The magnetic force applied to an atom is given by the derivative of the interaction

energy (Breit Rabi formula51,62) of its magnetic moment and the magnetic field:

F =
∂U

∂B

dB

dz
=

gIµBmF +
ahfx (mF +B (I + 1/2)x)

2

√
1 +Bx

(
4mF

2(I+1/2)
+Bx

)
 dB

dz
(4.12)
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where x = (gs−gI)µB
ahf (I+1/2)

, µB is Bohr’s magneton, gI is the the nuclear gyromagnetic

factor, mF is the magnetic quantum number, ahf is the magnetic dipole constant,

I is the nuclear spin, B is the magnetic field, gs is the electron g-factor and dBz/dz

is the magnetic field gradient. As mentioned earlier, the force depends on the

mF number of the state. The two spin states that are used in the experiments

are labeled by mF = −9/2 and mF = −7/2 in the F = −9/2 hyperfine manifold.

The difference in the magnetic force of

∆F

F̄
=

F−9/2 − F−7/2

(F−9/2 + F−7/2)/2
≈ 11.8% (4.13)

at unitarity implies that it is impossible to simultaneously counteract gravity for

both spin states using only a magnetic field gradient. In figure 4.12, I plot the

potential and densities for the case where the magnetic field gradient is set to

mg = F̄ such that it symmetrically acts on the atoms. In this case, the magnetic

potential counteracts most of the gravity for both spins, but it overcompensates

(undercompensates) the potential by 5.9% for mF = −9/2 (−7/2). To eliminate

this residual potential difference, we apply a dynamical decoupling scheme, such

that the time-averaged magnetic potential has the required slope to counteract

the gravity for both spin states simultaneously. The central idea is to rapidly

change the internal spin state of each atom between the mF = −9/2 and mF =

−7/2 states, such that the time-averaged force for both spins becomes

〈F 〉t = F̄ = mg . (4.14)

The rapid rotation is done by coupling the atom to an rf field that induces Rabi

oscillations. The rf frequency is tuned to the |1〉 = |F = 9/2,mF = −9/2〉 ↔
|2〉 = |F = 9/2,mF = −7/2〉 resonance at a magnetic field near 202.14G. To

avoid heating the clouds due to micromotion, the Rabi frequency should be much

higher than any typical dynamical scale of the atoms. In our experiment, the

former is around 33kHz, while the dynamical scale is given by 1 − 3kHz EF/h.

The rf pulse is given for 80ms in order for the density to reach a uniform steady

state. Only during the rf pulse the average magnetic force is equal for both spins.

We find that for several milliseconds after we stop the rf pulse, the density is

still uniform and we can perform measurements on a uniform gas without the

rotating rf field. There are three important points that should be verified for our

dynamical-decoupling scheme to work correctly:

1. The spatial atomic distribution should be homogeneous for both spin states.
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Figure 4.12: Counteracting gravity with only the magnetic force for
mF = −9/2 (solid lines) and mF = −7/2 (dashed lines) spin states si-
multaneously. Left: The density (orange) and potential (blue) curves
for the two spin states. Due to the opposite slopes of the potential,
the two densities are non-uniform. The black dashed line indicates
the chemical potential. Right: zoom onto the lower values of the
potential. The residual difference in the potential after adding the
magnetic field is clearly not negligible.

2. Heating is not induced by a possible micro-motion from the spin rotation.

3. The interaction with the coherent rf radiation does not change the inter-

acting many-body Hamiltonian or the resulting many-body state of the

system.

In the following sections, I discuss these aspects and show that this method in-

deed can be used to create a uniform density distribution of a strongly-interacting

Fermi gas with the two spin states.

4.4.2 In situ imaging of the density

To show that the distribution is indeed homogeneous, we directly measure the

in situ distribution of both spin states. We set the magnetic field gradient to

create F̄ and to prevent saturation of the optical depth, we take an in situ image

after deep evaporation, such that the atomic density is very low and the optical

depth is below 2. The experiment is performed at the magnetic field of 202.14G

(unitarity), at which only one of the spin states can be imaged simultaneously,

due to a large Zeeman splitting of 44.8MHz (relative to the linewidth of the

optical transition). To see both spin distributions, we apply a π/2 pulse (∼ 30µs),

which rotates the spins. The atoms at the original position of the mF = −7/2
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Figure 4.13: In situ absorption images of the two spin states with
(right) and without (left) the spin-mixing rf pulse. On the left, a clear
separation between the spin states is visible as a dip in the density.
On the right, the density is homogeneous around the center of the
trap. The difference in OD between the images is due to longer trap
duration in the 80ms case, which leads to larger loss near unitarity.

are now visible on the absorption image. The π/2 pulse is short enough to image

the initial distributions before the atoms start to move. We compare the images

with and without the homogenizing rf pulse of 80ms in figure 4.13. In the image,

the the atomic density is taken from the side of the tube beam. A vertical cross-

section through the image is shown on the lower panel. The form of the density

qualitatively follows the simulated profile in figure 4.12. The left image was taken

without the rf pulse, and the separation between the two states is visible. On the

right, the image was taken immediately after the rf pulse and the distribution is

uniform, indicated by the flat part in the middle of the trap.

To directly observe the convergence towards the uniform density, we took

images at different durations of the spin-mixing rf pulse. The measured density

is integrated along the horizontal dimension and fitted with a skewed Gaussian
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f = 40±1 Hz 

Figure 4.14: Shape parameter, α, as a function of the spin-mixing
rf pulse duration. The oscillating skewness parameter attest for small
oscillations of the density of each spin state before slowly converging
to the uniform distribution.

function

f(x) = 2φ(x)Φ(αx) , (4.15)

where

φ(x) =
1√
2π
e−

x2

2 (4.16)

is a Gaussian function with Φ(x) =
´ x
−∞ φ(t) dt being the cumulative distribution

function and α being the skewness shape parameter. In figure 4.14, we plot α as

a function of the rf pulse duration. A sharp rise in the skewness at the beginning

of the graph is due to the spin mixing and the fact the density of mF = −7/2

spins is suddenly visible. The fine oscillations are due to the convergence of each

density to a uniform one. The typical oscillation frequency is 40Hz, which is fits

the inverse of the typical time it takes an atom with a typical velocity to traverse

the trap in the vertical direction, ∼ 50µm
2mm/sec

. Due to the reduced visibility in

the experiment, it is impossible to extract the timescale of convergence to the

uniform distribution. The reduced visibility is attributed to the mixing of the

mF = −7/2 and mF = −9/2 states, which oscillate out-of-phase.

To alleviate this, we perform the following experiment. We prepare the gas in
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f = 54±1 Hz 
τ = 51±17 s 

Figure 4.15: The standard deviation of the density distribution as
a function of waiting time after abruptly changing the gradient to
levitate “imaginary” m = −8/2 particles.

a spin-polarized m = −9/2 state with the gradient set to cancel gravity for this

state. We then suddenly change the gradient value to create F̄ force and observe

the oscillating density of only the mF = −9/2 state as it converges to the non-

homogeneous distribution. The most prominent measure of these oscillations is

the standard deviation of the density, namely its width. We plot the standard

deviation as a function of waiting time since changing to the new value in figure

4.15. We fit the data to an exponentially decaying sine function and extract both

the frequency of the oscillation and the typical decay time. The frequency of the

non-interacting gas is 54± 1Hz, higher than the frequency that was measured at

unitarity, most likely due to the absence of interactions. The exponential decay

of 50 ± 17ms is an upper bound to the relaxation time, since interactions will

accelerate the equilibration. From this measurement, we deduce that the rf pulse

duration has to be more than 50ms, and in the actual experiments, we take it as

80ms.
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Figure 4.16: The three dimensional momentum distribution of a
homogeneous gas as measured by the time-of-flight method and re-
constructed by an inverse Abel transform. The data is fitted with a
Fermi-Dirac function, equations 4.17-4.18.

4.4.3 Absence of heating due to the rf pulse

To answer the question of whether heating is induced by the rf pulse, we measured

the temperature of the cloud as a function of the rf pulse duration. First, we

measured the temperature of a weakly interacting gas using both time-of-flight

absorption imaging and Raman spectroscopy. The imaged density after the time-

of-flight expansion reveals the momentum distribution of the gas, from which

the temperature is extracted. The extracted temperature is susceptible to a

systematic deviation due to the initial relatively large size of the box trap and

the relatively short expansion time. To overcome this issue, we developed a novel

method of extracting the temperature from Raman spectroscopy measurement.

The method is described in details in chapter 5. Despite the possible inaccuracy

in the temperature measured using the time-of-flight method, it is still useful to

compare changes in the temperature for different rf pulse duration.

The experimental sequence is the following: at the end of the evaporation

in the box trap, the magnetic field is adiabatically ramped in 80ms to 204.8G

(1/kFa = −14.9). The atoms stay at this field for a variable duration during

which the spin-mixing rf pulse is given. Then, after another 0.5ms, the momen-

tum distribution of the atoms is measured using either 18ms of time-of-flight of or
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Figure 4.17: Temperature in Fermi units as a function of the spin-
mixing rf pulse duration, as measured by time-of-flight (ToF) and
Raman methods. No increase in the reduced temperature is observed
from both measurements up to 500ms-long rf pulse. The temperature
measured by ToF is systematically higher than what is measured by
Raman spectroscopy due to a relatively large initial size of the cloud
that affects the ToF technique.

Raman spectroscopy (400µs pulse duration). The extraction of the temperature

from Raman spectroscopy, together with a representative plot of the data, are

discussed in chapter 5. To extract the temperature from the time-of-flight mea-

surement, the three-dimensional momentum distribution is reconstructed from

the line-integrated two-dimensional OD images, by assuming isotropic distribu-

tion and applying an inverse Abel transformation. A cross-section through the

momentum distribution is shown in figure 4.16. The relatively large errorbars at

low momenta are expected when using the inverse Abel transform. The data is

fitted with a momentum distribution of a homogeneous Fermi gas (Fermi-Dirac):

n (k/kF ) =

[
ζ−1e

(k/kF )2

T/TF + 1

]−1

, (4.17)

with the fugacity given by the implicit formula(
T

TF

)3/2

= − 4

3
√
π

1

Li3/2 (−ζ)
, (4.18)

with Lin(z) being the polylogarithmic function. The temperatures measured
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using both methods are shown in figure 4.17. We observe no heating for pulse

durations up to 500ms in both measurement techniques. The mean value from

the time-of-flight measurement is higher than the value measured by Raman

spectroscopy, most likely due to the systematic error discussed above.

We also verified that no heating is induced when the rf pulse is applied with

a strongly-interacting gas. For this measurement, the magnetic field is ramped

adiabatically in 10ms from 205G, which is value used during the evaporation,

to unitarity, at 202.14G, where the interactions are strongest. At this field,

the atoms dwell for 18ms, whether the rf pulse is fired or not. Then, the field is

ramped adiabatically in 40ms to 209G, where the scattering length is close to zero

and ballistic expansion is possible. After another 20ms, the atoms are released

and imaged with absorption imaging after a time-of-flight of 18ms. We extract

the reduced temperature and compare the two cases, with and without the rf

pulse. The results show an absence of substantial heating: the T/TF without the

pulse is 0.27± 0.02 and 0.28± 0.01 with the pulse. The mean number of atoms

in the measurements is 64.7K and 60.7K, respectively.

4.4.4 Coherence and the rf induced rotation on the Bloch

sphere

Since all the experiments on the strongly-interacting many-body state require a

statistical mixture of the two states, one should worry whether the spin-mixing rf

pulse introduces coherence between these states. A fully coherent mixture is non-

interacting since it is essentially spin-polarized at some direction in the Bloch

sphere, and a spin polarized ensemble will not interact via s-wave scattering.

Interestingly, when the rf field is applied to the incoherent (fully-mixed) spin-

balanced mixture, it does not introduce coherence to the system. Moreover,

even when the two states are strongly interacting via contact interactions, it still

does not make the states coherent.110 In what follows, I show theoretically and

experimentally why this statement is correct.

From a theoretical point of view, any state, pure or mixed, can be represented

by a density matrix:70,111

ρ̂ =
∑
α

Pα |ψα〉 〈ψα| (4.19)

with the normalization
∑

α Pα = 1 and |ψα〉 being the single-particle states

of the system. For example, in our case, these can be the spin states |ψ1〉 =

|F = 9/2,mF = −9/2〉 and |ψ2〉 = |F = 9/2,mF = −7/2〉, or any other two dif-

118



ferent vectors on the Bloch sphere. When |ψα〉 substitute a complete, orthonor-

mal basis, the diagonal elements of the density matrix are real and they show the

relative populations of the atoms in each spin state. The off-diagonal elements

represent the coherence between the atoms in the ensemble. We can construct a

mapping of the density matrix to a vector on a Bloch sphere using the definition

of the generalized Bloch vector vB

ρ̂ =
1

2
(1 + vB · σ̂) or equivalently vB = Tr (ρ̂σ̂) (4.20)

where σ̂ are the Pauli matrices. The time evolution of this vector is given by

i~∂tvB = Tr
(
σ̂
[
Ĥ, ρ̂

])
(4.21)

where Ĥ is the Hamiltonian of the system. It is common to decompose the Bloch

vector onto components in the vertical z axis and perpendicular plane

vB = mzêz +m⊥ (4.22)

such that mz is now a measure of spin population, and m⊥ is a measure of

coherence in the system. The coherence has the information about the relative

phases of density matrix superposition components. We should note several

properties of the Bloch vector: when |vB| = 1, the system is in a pure state. For

example, a spin-polarized gas or with some spin imbalance but having maximal

coherence between the states. These states reside on the surface of the Bloch

sphere. For |vB| < 1, the system is in some mixed state. A special case is a

fully mixed state, when |vB| = 0. This happens, for example, with a balanced

statistical spin mixture.

The definition of the Bloch vector is very helpful when dealing with coherent

rotations (Rabi oscillations), as in the case of coupling to rf radiation, which

rotates the Bloch vector about some axis. For example, when on resonance,

the rf-induced rotation is about one of the transverse axes. A π/2 pulse acted

on a spin-polarized sample rotates the Bloch vector to the equator (see figure

4.18). Decoherence reduces the transverse component of the Bloch vector to

zero, making this state a fully-mixed state, with |vB| = 0. In our case, full

decoherence happens when we perform long evaporation on a scale of a few

seconds. It is straightforward to see that rf rotation cannot increase |vB|, and in

particular, if the state is fully-mixed, it will stay that way even after rotations.

In our experiment, we prepare the gas in a fully mixed state prior to firing
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Figure 4.18: Rotation on the Bloch sphere induced by rf radiation.
From left to right. A pure state prepared is rotated to a coherent
equal superposition. After decoherence, the state of the system de-
cays into a fully-mixed state (represented by a point in the center of
the Bloch sphere). Any further rotations leave the system unchanged.

the rf pulse. This ensures that no coherence is introduced into the system.

Because the interaction with rf radiation is coherent, meaning that the rotation

is simultaneously the same for all spin states, it can be shown that even when

the system is (strongly) interacting, the interaction term in the Hamiltonian is

invariant under this roatation.110 The bottom line is that the many-body state

is invariant under the rf rotation.

To verify this statement experimentally, we carried out a Raman spectroscopy

experiment with a strongly-interacting gas, with a without the spin-rotation rf

pulse, and compared the results. Raman spectroscopy, when applied on an in-

teracting gas, reveals the properties of the many-body state, for example the

mean-field shift, the contact parameter and the scaling of the spectrum. The Ra-

man spectroscopy method is explained in details in chapter 5 and in our recently

published paper.112 We applied this method on highly-imbalanced interacting

gas to study the polaron-to-molecule transition and this study is reported in this

reference.113

The Raman spectrum of a weakly-interacting gas directly reveals the one-

dimensional momentum distribution. The spectrum is symmetric, because the

momentum distribution is isotropic, as can be seen in figure 5.4. When applied

on an interacting gas, the Raman spectrum is modified in the following way. The

peak-position is shifted by the mean-field interaction energy. An asymmetric tail
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Figure 4.19: Comparing Raman spectra with (blue) and without
(red) the spin-mixing rf pulse. The data is fitted with a model we
have developed for the polarons study.113 Inset: the data are multi-
plied by ω3/2 to confirm the power-law scaling of the tail.

on the positive side of the spectrum is created by dissociation of pairs at higher

frequencies ω, with the excess energy stored in the relative motion of the dissoci-

ated atoms. The tail has the same universal scaling as the rf spectrum of ω−3/2 at

large ω and the relative weight under the tail is set by the contact parameter (see

chapter 3). To show that the spin-mixing rf pulse does not introduce coherence

and does not modify the many-body state, we extract the mean-field shift, the

contact parameter, and power-law scaling of the spectrum, with and without the

rf pulse and once without.

We prepared the gas in a harmonic trap in a carefully calibrated balanced

mixture of the two spin states, which is verified by a Stern-Gerlach measurement.

It is important to perform the experiment in a harmonic trap, because the density

distribution is not influenced by the presence of the rf pulse (because a linear

potential can only shift the center position in this case). The mixture is allowed

to decohere for more than 2s during the evaporation in order to reach the fully-

mixed state. At the end of the evaporation, the magnetic field is ramped from

205G to 201.9G (1/kFa = 0.5) in 10ms. The atoms then spend additional 5ms

in the interaction field. The rf pulse is fired continuously for 80ms, the first

65ms before starting the ramp and then for an additional 15ms, during which

the frequency is ramped to maintain it in resonance with the atomic transition.
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0.5ms after the rf pulse is stopped, the Raman pulse is fired for 0.5ms and the

outcoupled atoms are detected using the high-sensitivity fluorescence detection

scheme. The results with and without a spin-mixing rf pulse is depicted in figure

4.19. The two spectra follow closely each other within the experimental error.

The peak position, from which the mean-field shift is calculated, is extracted by

a fit to a skewed Gaussian function.114 The mean field shifts of 0.59 ± 0.11EF

and 0.63 ± 0.19EF are measured with and without the rf pulse, respectively.

The shifts are within 6% in the two datasets, less than the experimental error.

The scaling of the high frequency tail follows the ω−3/2 scaling as seen in the

inset, where the data are multiplied by ω3/2 and the tail becomes a plateau. The

data are fit with the model described in the paper,113 and the binding energy

which relates to the contact parameter is extracted from the molecular part.

The contacts of 8.7±0.3NkF and 8.3±0.4NkF agree with each other within the

experimental error and also in agreement to a theoretical value calculated in this

reference.103 The relative weights between the peak and the tail of 0.17±0.3 and

0.16 ± 0.3 are also within agreement. The goodness of the fits, in the form of

the χ2 parameter, are 1.8 and 2.0. We conclude from this data that the rf pulse

indeed does not modify the many-body state.

4.5 In situ density characterization

Considering point-like interactions, any fermionic system is characterized by only

two parameters – the reduced temperature T/TF and the interaction strength

(kFa)−1, both given in units of the Fermi energy EF . Therefore, the Fermi

energy provides a fundamental scale for any fermionic system, and by expressing

the physical observables in the appropriate units of the Fermi energy, we can

draw universal conclusions about any strongly interacting systems of fermions.

Experimentally, it is important to be able to determine with high precision the

Fermi energy.

In a harmonic trap, the Fermi energy is determined from the oscillation fre-

quency, which could be measured using parametric excitation, and the total

number of atoms, which is obtained from absorption images. Both of these

quantities can be reliably determined, hence we can precisely measure EF . For

the flat trap, however, the Fermi energy depends on the density. If the den-

sity is not completely uniform (as is the case in any experiment), we need to

measure it and then we can calculate the average Fermi energy. To this end,

the in situ density is measured from two orthogonal directions by an absorption
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Figure 4.20: In situ atomic density measured by absorption imag-
ing from the side of our cylindrical box trap. The left top is the
measured density and the right top is the fit to the data. The bot-
tom row is the integral along the sides of the trap. Only the vertical
axis should exhibit the characteristic flat distribution.

imaging. Knowing the flat trap potential, it is possible to extract the important

parameters, like the Fermi energy, effective volume of the trap, the inhomogene-

ity measure etc. The potential itself can be characterized from the in situ density

shots; places with equal density have the same potential. In this section, I first

describe the density measurements, then I discuss the potential model and the

auxiliary measurements to constraint the parameters of the model. Finally, the

model of the potential is fully calibrated by fitting the measured density with a

function created by a simulation of the potential. From the calibrated model we

directly calculate the Fermi energy and other physical quantities of interest for

a range of experimental conditions.

The high optical depth (OD) of the in situ density imposes a problem. A

typical atomic density of ∼ 1017atoms/m3 in the trap yields an OD much higher

than can be measured with absorption imaging. On the other hand, reducing the

number of atoms for the sole purpose of calibrating the potential introduces a

systematic error, because the box potential has a finite steepness and the atoms

will mostly occupy the lower parts of the trap. To overcome this issue, I developed

a method to reduce the number of atoms being imaged in an in situ measurement,

while still preserving the shape of the original density distribution. A spin-
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Figure 4.21: In situ atomic density measured by absorption imag-
ing from the side of our cylindrical box trap. The left top is the
measured density and the right top is the fit to the data. The bot-
tom row is the integral along the sides of the trap.

polarized gas in mF = −9/2 state is prepared at nearly the same conditions

as for the experiments, that is around 50K atoms at ∼ 30nK. To image only a

small fraction of the density, two short rf pulses are fired. The first pulse transfers

nearly 90% of the atoms to the mF = −7/2 state. The second pulse transfers

all of the atoms from the mF = −7/2 state to the mF = −5/2 state. The total

duration of both pulses is less than 80µs, which is short enough such that the

density distribution does not change. Due to the ∼ 90MHz (∼ 15Γ) detuning of

the mF = −5/2 state from the mF = −9/2 state, only atoms in the mF = −9/2

state are detected in absorption imaging, and off-resonant effects of atoms at

mF = −9/2 are small. Example of measured in situ densities are shown in figure

4.20 and 4.21 from the side and top of the flat cylindrical trap, respectively. To

convert the OD image to density, we measure the total number of atoms in the

trap in a time-of-flight measurement, where the densities are lower and there is

no problem of high OD.

To describe the flat potential, we use a power-law function in the radial

direction and two Gaussian end-cap beams in the axial direction:

V (r, z) = Vtube ·
(
r

R0

)p
+ Vcaps ·

[
e−2(z−z0)2/w2

+ e−2(z+z0)2/w2
]

. (4.23)
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Figure 4.22: Extracting R0 from intensity imprint on an expanded
atomic cloud.

The tube beam potential is parameterized by the exponent p, a radius R0, and

a potential barrier Vtube. The cap beams are parameterized by the walls waist

radius w, the separation between them 2z0, and the their potential barrier Vcaps.

To reduce the number of fitted parameters and to obtain a better fit, we use

auxiliary measurements to determine all but the barrier heights of the tube and

cap beams.

To measure the tube radius, R0, we perform the following experiment. We

release the gas from a harmonic trap and let it expand. The magnetic field

gradient is set to levitate the mF = −9/2 atoms, hence they expand without

falling. We then flash the tube beam for 1ms, which imprint the shape of the

potential on the atomic cloud, as shown in figure 4.22. From this image, we

extract the radius R0 = 35µm. The precision of this parameter is not critical as

it can be renormalized by Vtube.

To extract the power-law exponent, we directly analyze the tube beam with a

camera right after passing the atoms (see figure 4.8). Since the potential felt by

the atoms is proportional to the intensity, it is enough to extract the functional

form of the intensity itself and use it for the potential calibration. The beam

profile is azimuthally averaged and fitted with a power-law function, giving and

exponent of p = 12.3.

The caps beams separation is measured using a similar method. We again

let the atoms expand from a harmonic trap and then flash the caps onto the

expanded atomic density. The resulted potential imprint is shown in figure 4.23.

The caps beams imprint two slim lines on the atomic density. We fit the whole

cloud with a Gaussian function and subtract it from the image, creating an

image of only the caps potential. We then fit the double peak with two Gaussian

functions. In this way, we extract the caps half-separation z0 = 24.95µm for the

125



50 100 150 200 250 300 350

Horizontal axis ( m)

50

100

150

200

250

300

350

V
er

tic
al

 a
xi

s 
(

m
)

-3

-2

-1

0

1

2

O
D

150 200 250

Vertical axis ( m)

-0.1

0

0.1

0.2

0.3

0.4

0.5

-O
D

Figure 4.23: Left: Caps potential is imprinted on an expanded
cloud. Right: A vertical cross section though the density profile
after subtracting profile without the caps. Blue line is the fit to two
Gaussian functions from which the separation between the peaks is
extracted.

total potential calibration. This way is not accurate enough to extract the waist

radii of the caps beam, because the width of the imprint depends on the flashing

time and the dynamics of the atoms after the flashing. To extract the caps waist

radii, we take an image of beams with a high magnification microscope and a

windowless camera, as described in section 4.3 (see figure 4.10). At the focus

of the beams, we fit two Gaussian beam profiles and extract a waist radii of

w = 5.5µm.

After all auxiliary measurements of the potential, we are left with only two

fitting parameters, Vtube and Vcaps. To calibrate these numbers, which depend of

course on the trap laser intensity, we compared in situ density measurements to

simulations with the model potential. Again, the simulation is performed in a

local density approximation and employs the same equations described in sec-

tion 4.2. It yields a three-dimensional density distribution of a non-interacting

Fermi gas at some temperature. We integrate the density along the line-of-sight

to get the 2D density profile that can be compared to the measured data. The

2D fits together with integrated cross sections, are shown in figures 4.20 and

4.21. A very good agreement between the data and the suggested model is ob-

served. The fitted values for the potential barriers are Vtube = 81.55±0.03nK and

Vcaps = 81± 2nK. The lower error of the tube potential barrier attributed to its

higher steepness. The excellent agreement between the two independent fitting

parameters is a strong indication of the validity of our calibrated model potential.

Using the calibrated potential, we can extract the Fermi energy as a function of

the number of particles by numerically minimizing the zero temperature chemical
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potential:

N =

ˆ
d3rn (r) =

ˆ
d3r

1

6π2

(
2m

~2

)3/2

(EF − V (r))3/2 (4.24)

Having the calibrated potential , we can calculate the residual density inho-

mogeneity ∆n/ 〈n〉, as defined in equation 4.9. For our calibrated flat potential

,this values turns out to be ∆n/ 〈n〉 = 0.24, which us more than twice smaller

than the harmonic trap. The spread in Fermi energy is even smaller ∆EF = 0.19,

so as for the Fermi wave-vector ∆kF = 0.11. Our measurements, therefore, show

that we have successfully created a nearly uniform Fermi gas with tunable inter-

actions. In the next section we study it with rf spectroscopy.

4.6 RF spectroscopy of a strongly-interacting

homogeneous Fermi gas

I turn now to describe the first experimental exploration of the homogeneous,

strongly-interacting state of the system. Following the motivation in chapter

3.2, we study the system with our high sensitive rf spectroscopy method. Our

goal is to explore the universal scaling of the rf lineshape and to extract the

contact parameter, but with a uniform strongly-interacting gas. The details

regarding the experimental method can be found in chapter 3.2.

The experiments are performed with the following sequence. The atoms are

prepared in a crossed beam optical trap. 550ms before the end of optical evap-

oration in the harmonic trap, we ramp the magnetic field gradient in 200ms to

the “−8/2” value which together with the rf mixing pulse counteract gravity for

both spin states. After another 500ms, we ramp the tube and caps beams in

50ms. The atoms are left to equilibrate for 50ms before ramping the harmonic

trap laser down in 200ms. After additional 150ms, we evaporate in the box trap

for 1.5s by lowering the potential created by the caps beams. After evaporation,

we apply the homogenizing spin-mixing rf pulse for 80ms. We wait for 500µs

after this pulse if finished, and then apply a 500µs rf pulse, which transfers a

small fraction of atoms from mF = −7/2 state to mF = −5/2 state. The final

conditions of the experiment are 46k atoms in each spin state at a temperature

of T/TF = 0.28.

The rf spectra are plotted in figure 4.24 at five different interaction strengths.

On the BCS side (1/kFa < 0), the spectra consists of a single peak with a tail,
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Figure 4.24: rf spectra of a homogeneous Fermi gas at five different
interaction strengths (1/kFa = 0.92, 0.53,−0.01,−0.49,−0.91). The
relative error of 1/kFa is 6-10% mostly, due to the uncertainty in
magnetic field calibration. Data are displayed only up to ν − ν0 =
30EF for the sake of clarity. On the BEC side (1/kFa > 0), additional
peak is present due to the dissociation of Feshbach molecules.

whose spectral weight is increasing towards unitarity (1/kFa = 0). On the BEC

side, the tail is more pronounced, and furthermore, at sufficiently high interaction

energy, the peak is separated to a central part and a molecular lineshape. In the

following, I will focus on main three things: the peak position which reflects

the mean-field interaction shift, the scaling of the high-frequency tail and the

homogeneous contact parameter.

The mean-field interaction energy is reflected in the shift of the peak position

of the rf spectrum. On the right panel of figure 4.25, I plot the peak position,

relative to the peak of a non-interacting gas. To extract the peak position, I used

a skewed Gaussian function to fit only the highest 30% of the data points near

the peak:114

f (ν) = A× exp

[
−
(
ν − νc
γ (ν)

)2
]

, (4.25)

where A is the amplitude of the peak, νc is the peak position, and

γ (ν) =
2γ0

1 + exp [α (ν − νc)]
(4.26)

is the sigmoidal width parameter, with γ0 the width, and α the asymmetry

128



-1 -0.5 0 0.5 1

1/k
F
 a

-1.5

-1

-0.5

0

0.5

1

1.5

F
re

qu
en

cy
 s

hi
ft 

(E
F
)

Peak position c

PES
Mean-field shift
a=1/kF

T matrix T=0
rf MIT
Cooper solution
MC

-1 -0.5 0 0.5 1

1/k
F
 a

1

1.5

2

2.5

3

3.5

4

W
id

th
 

0
 (

E
F
)

Width 
0

rf MIT

Figure 4.25: Left: Peak position νc extracted from a skewed Gaus-
sian fit as a function of the interaction strength 1/kFa. The peak
position indicates the mean-field interaction shift. Red dashed line
is a calculation of the mean-field shift using equation 4.27. Black
line is a unitary limited mean-field shift (see text). Red diamond is
a T -matrix calculation of the mean-field shift at zero temperature,
taken from reference [115]. The green triangles are photo-emission
spectrum taken from reference [116]. Similar measurement of rf spec-
troscopy of the homogeneous gas was done at MIT78 (magenta star)
with a calculation of a Cooper problem (cyan star) at T/TF ≈ 0.3.
The black cross corresponds to a quantum Monte Carlo simulation
from reference [117]. Right: Peak width γ0 extracted from the fit.
The width is increased on the BEC side due to the molecular line-
shape. After 1/kFa ≈ 0.5, the central peak is separated from the
molecular one and the width is taken of only the central peak. Er-
rorbars are 1σ standard error from the fit. The magenta star is the
FWHM from reference 78] divided by 2.355 to convert it to the stan-
dard deviation of the Gaussian function.
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parameter. On the BEC side, where the two peaks are separated, the fit is

constrained to include points only from the peak at lower frequencies. The left

panel of figure 4.25 shows the width γ0 extracted from the same fit. On the left

panel I also plot the mean-field interaction shift (also known as the Hartree shift)

due to the interaction of mF = −9/2 state with the other two states, which is

strictly valid only in the weakly interacting regime:80,81

νMF =
2~
m
n9 (a95 − a97) (4.27)

where n9 = 1.2× 1012cm−3 is the density of the mF = −9/2 atoms, a95 = 174a0

is the scattering length between the mF = −9/2 and mF = −5/2 states, and

a97 is the scattering length between the mF = −9/2 and mF = −7/2 states,

which is given by equation 3.10. In the unitary regime, the scattering length

saturates at approximately a = 1/kF . I therefore also plot a mean-field shift

with this limited scattering length as black solid line on the plot. On the BCS

side, near 1/kFa = −1, the peak position agrees with the mean-field shift with

limited scattering length, but is systematically higher than the PES data.116 In

the −1 < 1/kFa < 0 region, both the peak position and width are increasing.

At unitarity, the peak position is higher than other measurements and theories.

In 0 < 1/kFa < 0.5 region of the BEC side, the central peak and the molecular

peak (if exists) are not spectrally resolved, so the peak increases due to the

increasing binding energy of the molecule. The width is also increasing due to

the broader tail of the molecular signal. For 1/kFa > 0.5 the peak is split into

a central peak, probably due to unpaired atoms, and to a molecular continuum.

As a result, there is an abrupt jump in the fitted shift and width. Near 1/kFa =

1, the peak position is small and positive (0.2EF ), which disagrees with the

theoretical prediction with negative mean-field shift of −0.45EF . Interestingly,

the observation of a vanishing shift on the BEC side was also reported in reference

[81] and is seen in the PES data. In reference [81], the authors suggested that

due to the high density (na3 ≈ 1), two-body physics is not sufficient to describe

the picture and a a higher order many-body corrections are needed. Another

measurement in 6Li showed a negative interaction energy on the BEC side, which

would result in a positive peak shift in our case.118 In 40K, however, both positive

and negative mean-field energy were observed around the Feshbach resonance

between mF = −9/2 and mF = −5/2 states.80 On the BEC side, where Feshbach

molecules are associated, the interaction of the free atoms with the molecule is

parametrized by the atom-molecule scattering length aam = 1.18a.119–121 The
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a power-law scaling. The extracted exponent is shown in the inset.
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sign of the aam is the same as of a and the magnitude is close to unity, so the

positive peak shift cannot be explained by this interaction. If by assuming a

small positive systematic error in the extraction of the peak position, the points

on the BCS side would be closer to the PES points, the unitarity point will be

closer to other theories and on the BEC side, the shift would would be consistent

with zero, which could be explained by having vanishing mean-field shift due to

the low density regions of unpaired atoms.

The high frequency part of the spectra is expected to scale as ν−3/2 (equation

3.7), as was discussed in the introduction of chapter 3. To observe the universal

scaling, we plot the data on a log-log scale for three representative interaction

strengths in figure 4.26. The linear trend on the log-log plot shows that the

lineshape is indeed scales as a power-law, and the extracted exponent is shown

in the inset. The exponent is consistent with -3/2, stressing that the universal

behavior is independent of interaction strength. We obtained similar results in a

harmonic trap, hence we confirm this universality is independent of the trapping

potential.

To extract the homogeneous contact parameter, we fit our data with equa-

tion 3.7. The contact parameter is plotted in figure 4.27. We note the excellent
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agreement of our data at unitarity with a single point that was measured by

the MIT group using rf spectroscopy.78 The contact we measure at unitarity is

2.42±0.09 at T/TF = 0.28. On the same graph we also plot four theoretical pre-

dictions for the homogeneous contact: T = 0 Gaussian pair fluctuation (GPF)

Theory73,122 (black dash-dotted line), T = 0 Luttinger-Ward (LW) calculation123

(green dashed line), a t-matrix calculation124 for T = Tc (red dotted line) and

T = 0 (solid magenta line). When comparing the t-matrix theory, the finite

temperature curve agrees with the experimental data on the BCS side but pro-

gressively deviates towards the BEC side. The same theory at zero temperature

is systematically higher in the whole range of interactions, and is closer to the

data on the BEC side compared to the finite temperature curve. We expect the

contact to be lower for higher temperature due to thermal fluctuations.78 The

T = 0 GPF theory is very close to the T = 0 t-matrix theory, and both predict a

higher contact value. Interestingly, the LW calculation is very close to the data

on the BEC side but deviates from it on the BCS side, similar to other T = 0

theories. From this comparison, we learn that t-matrix theory at finite tempera-

ture gives the closest result on the BCS side. The LW calulation is the closest to

the data on the BEC side. All the theories predict a contact at unitarity slightly

higher than what we measure. The discrepancy may be attributed to the finite

temperature of the experiment.
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4.7 Discussion

In this chapter, I showed how to create a flat trap that produces a Fermi gas with

a nearly uniform density. The trap is made by intersecting three, blue-detuned

laser beams, that act as sharp confining walls. Due to the low density, the atoms

need to be cooled to extremely low temperatures. At these low temperatures

and because of the box-like shape of the trap, gravity must be counteracted.

The problem of simultaneous levitation for the two spins states turned out to

be quite challenging. I solved it by applying a magnetic force together with an

rf pulse that rapidly exchange between the two spin states. This scheme al-

lowed to average out the residual gravitational potential difference and achieve

a homogeneous distribution. We coined this scheme as “dynamical decoupling

of gravity” because it essentially eliminated the effect of the σz dependent force

(gravity together with the average magnetic levitation) using external control

field. To characterize the density profile, I devised a way to measure high OD

clouds with absorption imaging and calibrated the model potential. I then an-

alyzed the atomic density profiles and extracted the Fermi energy, showing the

small residual density inhomogeneity.

Last but not least, I applied our newly-developed high-sensitivity spectroscopy

scheme to study the rf spectrum of a uniform gas in the strongly-interacting

regime. I found that the universal scaling, which was confirmed by us also in

the harmonic trap, holds in the homogeneous case as well, and with the same

power-law exponent. Most importantly, I extracted the homogeneous contact pa-

rameter as a function of the interaction strength. This is the first measurement

of the truly homogeneous contact across the strongly interacting regime. This

parameter can be compared to the most relevant calculations and simulations

of a strongly interacting gas, including the T-matrix approach,124,125 quantum

Monte Carlo,126 and quantum virial expansion.87

The setup of the homogeneous Fermi gas I built is a very versatile plat-

form. The elimination of the natural length-scale of the trap enables to study

the phases with long-range correlations. Experiments show that there is a phase

separation between the normal and superfluid phases in a harmonically trapped

spin-imbalanced gas.27 The interesting question is whether phase separation

also occurs in a homogeneous system or would it be preempted by a transition

to a partially polarized superfluid.127 Also, thermodynamic measurements can

be performed on the homogeneous gas, knowing that it occupies only a small

well-defined region in the phase space. Propagation of excitations can be stud-
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ied, eliminating the complication of interpretation of the observables due to the

dynamics induces by the trapping potential. I am therefore hopeful that the flat

trap will be a useful tool for many future experiments in the lab.
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Chapter 5

In situ momentum distribution

measurement by Raman

spectroscopy

After the realization of a box trap in our lab, we faced a problem: the standard

time-of-flight technique to measure the momentum distribution and through it

the temperature of the gas could not be fully trusted. This is because the initial

size of the gas is relatively large (the box size is larger than the typical size of

a trapped gas), and on the other hand the typical temperature is much smaller

(because of the lower density in the box trap), hence the atomic velocities are sub-

stantially smaller. Both of these effects demanded that the time-of-flight would

be very long, which could not be achieved in our system because of the small size

of the science chamber. Moreover, the temperature could not be extracted from

the in situ absorption image due to the constant density. This motivated us to

look for a different method to measure the momentum distribution - one that

can be applied in situ. In this chapter, I will describe the method we developed,

based on Raman transition. We have demonstrated the technique first with a gas

in a harmonic trap, and showed it yields similar results to the well-established

time-of-flight technique. Then, we used the new method to characterize the gas

in the box trap.

5.1 Introduction

One of the unique observables in cold atoms experiments is the momentum distri-

bution of the atoms. From the momentum distribution, we can directly extract

many important parameters. For example, the total energy of the cloud can be
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calculated from the momentum distribution measured after the interaction en-

ergy has been converted into kinetic energy in a ballistic expansion.30,118,128,129

In addition, the contact parameter, C, can be extracted from the tail of the

momentum distribution,76 which scales as n(k) → C/k4 for k � kF , with kF

being the Fermi wave-vector.19 The occupied single-particle spectral function

can also be reconstructed from a set of momentum distribution measurements of

rf outcoupled atoms.130 This so-called momentum resolved photoemission spec-

troscopy (MRPES) technique is one of the most powerful methods to characterize

the many-body state of the system.85,116,131,132

The standard way to measure the momentum distribution is by letting the

atomic cloud expand ballistically from the trap (namely, without interaction

during the expansion), a technique known as time-of-flight. After a sufficient

expansion time, the position of each particle corresponds to its initial momentum:

r (t) = r0 + v0t ⇒
r0 � v0t

r
1

t
= v0 (5.1)

where r0 is the initial position of the particle, v0 is the initial velocity and t

is the expansion time. From this expression, we see that the correspondence of

the final position to the initial velocity relies on the condition r0 � v0t, namely

that the initial position of the atom is negligible relative to the flight distance.

The typical expansion times in experiments with quantum degenerate gases that

satisfy this condition are 20-50ms. The technique works well for a harmonically

trapped gas, as long as this condition is met and there are no interactions during

the expansion. For example, if the temperature, T , is below TF , the typical

velocity of the atoms is 10 − 20mm/sec. Expanding the atoms for 25ms results

in v0t/r0 > 15. For traps with a large initial size and/or low typical atomic

velocities, as is the case in the box trap, the required expansion time is too long

and the atoms will hit the walls of the vacuum chamber while they fall due to

gravity. Even if gravity could be counter-acted and very long expansion times

would be achievable, the absorption signal would be very weak because of the

very low atomic densities. In our box, the initial size of the cloud is typically

60µm and the temperature is few tens of nano Kelvins. In the longest expansion

times we can apply of ∼ 40ms, this leads to v0t/r0 ≈ 3, which is not enough to

obtain a reliable conversion of position to momentum. In addition, the time-of-

flight technique relies on optical imaging, and as such it is naturally limited by

the optical resolution, aberrations, and the small absorption cross-section.
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Other groups that created a homogeneous quantum gas in a trap tackled the

challenge of measuring the momentum distribution by using a smart modification

of the time-of-flight technique, called τ/4 refocusing.107,108,133–136 The idea is to

let the gas expand without interactions in a strictly harmonic potential for a

quarter of its period. The classical equations of motion of a particle in a harmonic

potential dictate that after the quarter period of time the phase space is rotated

by π/2, mapping the initial momentum distribution onto the expanded density.

This technique does not rely on the initial size of the cloud. The refocusing

technique works only if the confining potential is strictly harmonic, thus other

groups had to use magnetic traps for this stage due to the low anharmonicity.

In our setup, we don’t have a harmonic magnetic trap in the science chamber,

and also the two spin states have different magnetic dipole moments, therefore

they would have see different trapping potentials. This is not an issue for gases

in a single spin state (for examples, Rb BECs at a single spin), or for fermionic

gases with almost the same magnetic dipole moment (for example, 6Li).

Instead, we have developed a method which is based on stimulated Raman

transitions and does not rely of expansion. In a Raman process, two different

internal states are coupled by the absorption and stimulated emission of two pho-

tons from two different optical beams. Conservation of energy and momentum

restrict the possible velocity of the atom coupled by the Raman beams. The

velocity-selective nature of the Raman process has been employed in the past

for manipulation,137 velocity detection,137,138 cooling,139,140 and atomic interfer-

ometry.141 Raman transitions were also used for creating spin-orbit coupling for

neutral Bose142 and Fermi gases.143,144 Raman spectroscopy was used in combi-

nation with time-of-flight to probe the spectral function of a weakly interacting

Fermi gas.145 Bragg scattering, a closely-related process where the initial and

final states are the same (albeit with different momentum), was used to study

the structure factor and excitation spectrum of BECs5,146 and degenerate Fermi

gases,147 and to measure the momentum distribution of a homogeneous weakly-

interacting BEC.148

Here, we use a long Raman pulse to transfer a class of atoms with a momen-

tum spread much smaller compared to the width of the Fermi distribution. By

scanning the detuning between the Raman beams, we obtain the one-dimensional

momentum distribution of the whole cloud. We find that the theoretical curves

fit the data very well over more than two decades. From these fits, we extract the

relative temperature of the cloud and show that it is in excellent agreement with

the value obtained directly from conventional time-of-flight absorption images.
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5.2 Connecting the Raman spectrum to mo-

mentum distribution

In this section, I derive the relation between the Raman spectrum and the mo-

mentum distribution. Consider a two-photon transition connecting an initial

Ei (k) and final state Ef (k + q) of an atom, where ~k is the initial momentum

of the atom and q = k1−k2 is the relative wave vector of the Raman transition.

For simplicity, we assume a quadratic dispersion relation Ej (k) = E0
j + ~2k2

2m
, with

E0
j being the zero momentum bare energy of the state. Energy and momentum

conservation dictates

~2k2

2m
+ ~ (ω1 − ω2) + E0

i =
~2 (k + q)2

2m
+ E0

f (5.2)

where ~ (ω1 − ω2) is the energy of the two-photon transition. We can rewrite

this equation with δ = ω1− ω2− (E0
f −E0

i )/~, the two-photon detuning relative

to the bare atomic transition:

~δ = q
~2

m
kq +

~2

2m
q2 (5.3)

with kq ≡ k · q̂ the projection of the initial atomic momentum onto the axis

defined by the relative Raman wave-vector. Since ω1−ω2 � ω1, ω2, we can write

q = 4π
λR

sin θ/2 where λR is the mean wavelength of the Raman beams and θ is the

angle between them. This relation shows that there is a linear relation between

the two-photon detuning and the initial momentum of the atom performing the

transition. In the experiment, we change the two-photon detuning and measure

the number of atoms that are being transferred to the final state. Owing to the

linear relation between the two-photon detuning and the initial momentum of the

atom, we basically scan the momentum of the atoms and measure the occupancy

at each momentum slice. This is essentially the definition of the momentum

distribution. It is important to note that the momentum distribution that we

get in the experiment is the one-dimensional projection of the three-dimensional

momentum distribution along the direction of the relative Raman wave-vector q.

In the previous discussion we assumed a linear response of the transition, which

means that the Raman pulse duration must be much shorter than the Raman

Rabi duration 2πΩ−1
R .
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Figure 5.1: Sketch of the Raman beams in the experiment. Two
Raman beams (blue lines with arrows) with orthogonal polarizations
are counter-propagating and cross the atomic cloud, which is being
held in an elongated optical dipole trap (red beams). The magnetic
field axis is parallel to gravitational acceleration.

5.3 Experimental setup

The detection sequence uses the same methods as described in section 3.2 with

the only difference being that the Raman pulse replaces the rf pulse. In these

experiments, the gas was prepared in a balanced incoherent mixture of the states

|1〉 = |F = 9/2,mF = −9/2〉 and |2〉 = |F = 9/2,mF = −7/2〉 in the 42S1/2

manifold. The cloud was prepared in a magnetic field of B ≈ 185G where

1/kFa ≈ 5.7 where states |1〉 and |2〉 are weakly-interacting. After evaporative

cooling in the optical trap, we ramp up the trap such that the radial and axial os-

cillation frequencies are ωr = 2π×750(3)Hz and ωz = 2π×36(2)Hz, respectively.

The Raman process, shown schematically in Fig 5.1, couples atoms in the state

|2〉 to a third initially unoccupied state |3〉 = |F = 9/2,mF = −5/2〉. We denote

the frequencies of the Raman beams by ω1 and ω2 and their wave-vectors by k1

and k2. The detuning of ω1 and ω2 from the closest transition, 42S1/2 → 42P3/2,

is given by ∆ = −2π× 54.78(8)GHz, which is chosen to be much larger than the

excited state width in order to keep a low rate of spontaneous Raman scatter-

ing events. The number of atoms in state |3〉 is detected by the high-sensitivity

fluorescence detection described in section 3.2.

The Raman beams are derived from a single distributed Bragg reflector (Ea-
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Figure 5.2: Schematic representation of the relevant level diagram
involved in the Raman transition.

gleyard PH767DBR080T8) laser whose wavelength can be tuned by changing

the temperature and current, as shown in figure 5.3. The wavelength is mea-

sured by a wavemeter (Moglabs model MWM). The zero detuning of the Raman

beam was set by interfering the laser with another laser at resonance on the

atomic transition. The linewidth of the laser is ∼ 1MHz, and with tempera-

ture stabilization, it is stable to within 10MHz, much smaller than ∆. The two

beams are generated by two acousto-optical modulators in a double-pass con-

figuration.149 The modulators are driven by direct digital synthesizers (Analog

Devices AD9959) driven by the same stable clock, which ensures that the two

Raman beams are phase-coherent during the Raman pulse. The two beams are

delivered to the apparatus by two single-mode polarization-maintaining optical

fibers. Their 1/e2 radius is 0.9mm and their power is around 1mW each. They

have linear orthogonal polarizations, and their propagation axis forms an angle

of ∼ 83◦ with the direction of the magnetic field (the quantization axis) and 45◦

with the long axis of the optical trap (see figure 5.1). With this choice, we are

able to drive the Raman transition |2〉 → |3〉, which requires σ+ and π photons.
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Figure 5.3: DBR wavelength dependence on the temperature and
current. The temperature and current are set by the laser controller.
The detuning is measured by a wavemeter. The wavelength has a
characteristic linear dependence on the temperature with a −27.8±
0.3GHz/◦C slope. The current dependence is much finer and has a
slope of 0.795± 0.002GHz/mA (at 22.95◦C).

5.4 The momentum distribution of an atomic

cloud in a harmonic trap

The Raman spectrum is obtained by scanning the two-photon detuning, ω1−ω2,

and recording the number of atoms transferred to state |3〉. A typical result

of this measurement is shown in figure 5.4. Each data point requires the cloud

to be prepared anew. For each spectrum, we also take several data points at

δ = −2π× 500kHz, far from the Raman resonance around ∼ 2π× 18kHz. These

shots are used as a calibration of the background signal, which originates from

spontaneous Raman scattering events. The background, which is typically 20-40

times smaller than the peak Raman signal, is subtracted from all measurements.

Raman spectroscopy measurements of the one-dimensional momentum distri-

butions of a weakly-interacting degenerate Fermi gas are shown in figure 5.5. In

order to prepare a gas with different T/TF , we vary the waiting time in the trap

before applying the Raman pulse. For longer waiting times, the atom loss re-

duces TF and increases T/TF . This allows us to probe different cloud conditions

at the same trapping potential.

The Raman pulse was applied 500µs after trap release. We note that as long

as the momentum distribution is in steady state, the measurement is insensitive

to the timing of the pulse. Indeed, we obtained similar results when the pulse was

given just before trap release. The two-photon Raman detuning, δ, is translated
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Figure 5.4: Representative result of a Raman spectroscopy mea-
surement, recorded in a field of B = 209G with a Raman pulse with
a duration of 400µs and detuning of ∆ ≈ −2π × 3.66GHz. Each
data point was repeated 4 times, and the error bars represents the
1σ standard error.

into momentum using equation 5.3 and normalized by kF , which is calculated

from the measured number of atoms and the trap oscillation frequencies. The

quantity (E0
f −E0

i )/~, namely the energy difference between the initial and final

states, is measured by rf spectroscopy with a spin-polarized gas.150

The one-dimensional momentum distribution of non-interacting fermions in

a harmonic trap has the following form:

n (kz) = −8
√
π

(
T

TF

)5/2

Li5/2

(
−ζe−

k2z/k
2
F

T/TF

)
, (5.4)

where Lin(z) is the polylogarithmic function, and ζ is the fugacity. This rela-

tion can be obtained by doubly integrating the three-dimensional momentum

distribution n (k) = −8/
√
π
(
T
TF

)3/2

Li3/2

(
−ζe−

k2/k2F
T/TF

)
over the x and y direc-

tions.88 In a harmonic trap, the fugacity is related to the normalized temperature

through:

− Li3 (−ζ) =
1

6

(
T

TF

)−3

. (5.5)

The Raman signal is normalized such that
´∞
−∞ n(kz/kF )d(kz/kF ) = 4π/3. In

these experiments, the Raman pulse duration was 500µs, and the single-photon
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Figure 5.5: The one-dimensional momentum distribution of a spin-
balanced weakly-interacting Fermi gas measured by Raman spec-
troscopy. Each graph corresponds to a different waiting time in the
optical trap before detection, and therefore also to different T/TF .
The waiting times are 0.25 sec (red triangles), 4 sec (green circles),
8 sec (black squares) and 12 sec (blue diamonds). Each point in
these graphs is an average over three repetitions and error bars are
1σ standard errors. The solid lines are fits to the theory of equation
5.4, from which we extract T/TF shown together with the number of
atoms in the inset table.
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Figure 5.6: The normalized temperature, T/TF , of a weakly-
interacting Fermi gas as a function of waiting time in the opti-
cal trap before detection. The red squares are extracted from the
one-dimensional momentum distributions measured by Raman spec-
troscopy, while the blue triangles are extracted from momentum dis-
tributions measured using the time-of-flight technique.

detuning is ∆ = −2π × 54.78(8)GHz relative to the |F = 9/2,mF = −9/2〉 →
|F ′ = 11/2,mF = −11/2〉 transition. We fit the data with equation 5.4 (solid

lines in figure 5.5). When fitting, equation 5.5 constrains the fugacity ζ(T/TF ),

such that there are only 3 free parameters: T/TF , the distribution center, and a

background level, which is typically very small because of our background sub-

traction procedure. The distribution center is left as a free parameter to account

for possible small mG-scale drifts in the magnetic field. The excellent agree-

ment between the fits and the data over more than two decades is a compelling

evidence that indeed the measurement yields the momentum distribution.

In figure 5.5, we plot the normalized temperature, T/TF , extracted from the

fits (red squares) as a function of the waiting time in the optical trap. For com-

parison, we also plot the temperature extracted from the momentum distribu-

tion measured with a conventional time-of-flight technique (blue triangles). The

temperatures extracted by the two techniques agree to within the experimental

uncertainty. Note that fixing the distribution center to zero yields temperatures

that lie inside the confidence interval of these results.
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5.5 The momentum distribution of an atomic

cloud in a box trap

The experiments with the harmonically trapped gas confirm that our Raman

spectroscopy technique indeed produce the momentum distribution. Hence, we

proceed to measure the momentum distribution of a homogeneous gas trapped

in a box potential. To derive the fitting function for a homogeneous gas, we start

with a three-dimensional momentum distribution:

n (k/kF ) =

[
ζ−1e

(k/kF )2

T/TF + 1

]−1

, (5.6)

where the fugacity is given by(
T

TF

)3/2

= − 4

3
√
π

1

Li3/2 (−ζ)
. (5.7)

By integrating the momentum distribution in the x and y directions, we obtain

the one-dimensional momentum distribution

n (kq) = π
T

TF
ln

(
1 + ζe

−
k2q/k

2
F

T/TF

)
. (5.8)

In the experiment, we use the same sequence as described in section 4 but

end the preparation sequence at the magnetic field of 209G, where the gas is

essentially non-interacting (zero-crossing point of the Feshbach resonance). We

plot a representative dataset of the Raman spectrum in figure 5.7. For this

dataset, the extracted temperature is T/TF = 0.23± 0.04, with T = 13.4nK.

In figure 5.8, I plot the quantitative analysis of fitting the momentum distri-

bution by both the uniform and harmonic fitting functions. The fitting function

for the uniform gas (red line) closely follows the data and results in χ2 goodness

of fit of 1.4, which means that the data is well described by the model. The

fitting function for the harmonically trapped gas clearly does not capture the

trend in the data and results in χ2 of 6.2. In the inset, I plot the residuals of

the fitting for the two functions. The residuals from the harmonic fitting have

systematical deviations on the peak and the sides of the momentum distribution.
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Figure 5.7: One-dimensional momentum distribution from Raman
measurement on an atomic cloud trapped in the box potential. Each
point is an average over 3 repetitions and error bars represents 1σ
standard errors. The red line is a fit to equation 5.8.
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5.6 Summary

We have explored the use of Raman transitions for probing the momentum distri-

bution of a weakly-interacting quantum degenerate Fermi gas in a harmonic trap

and a box trap. There are four main advantages to this approach. First, it can be

applied to the atoms without releasing them from the trap. This is particularly

useful if a measurement of only part of the cloud is needed, in which case the

Raman beams can be focused and probe this part specifically. Second, since our

detection scheme is done by recording the fluorescence, it is very sensitive and

can be applied with very small atom numbers. Thus, our method can be used to

extract the momentum distribution of clouds that otherwise would be very hard

to measure in a time-of-flight technique. Third, the measurement is not sensitive

to the initial shape of the cloud, and in particular can be applied to very large

clouds. Lastly, unlike time-of-flight technique that requires an expansion time of

tens of milliseconds, the measurement using Raman transition can be performed

in a short duration, typically much less than a millisecond.

There are several ways to extend Raman spectroscopy to the strong interac-

tion regime. If the quantum state supports quasi-particles with a well-defined

dispersion relation, e.g., a Fermi liquid, then the considerations leading to equa-

tion 5.3 may still hold, albeit with a renormalized mass and a mean-field energy

shift. The Raman spectrum is then expected to reflect the momentum distribu-

tion of the quasi-particles. In fact, very recently we have explored this regime

with a highly imbalanced gas, and used Raman spectroscopy to identify whether

polarons exist or not.113 In the general case, Raman spectroscopy can be used

to probe the single-particle spectral function, similar to rf MRPES.151,152 This,

however, requires resolving the momentum distribution of the Raman-coupled

atoms. In order to measure the momentum distribution of strongly-interacting

fermions, it is necessary to rapidly ramp the magnetic field to the zero-crossing

point where a ≈ 0 (∼ 209G for 40K153).118,154 This ramp has to be faster than

the many-body timescale h/EF .76 Finally, when the Raman spectrum reflects

the momentum distribution, it should be symmetric at equilibrium. Indeed, we

have observed that in cases where the cloud has not yet reached equilibrium,

the Raman spectrum shows interesting asymmetric patterns which are not no-

ticeable in time-of-flight measurements. This sensitivity suggests that Raman

spectroscopy can be instrumental in exploring the non-equilibrium dynamics of

driven Fermi gases.
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Chapter 6

Summary and outlook

The experimental platform of ultracold atoms is ideally suited for studying quan-

tum phases of matter, owing to the perfect isolation from the environment,

precise controllability over the confining potential, and tunability of the inter-

particle interaction strength. In this thesis, I described the construction of such

an ultracold fermionic system and the experiments I had done with it. In our ap-

paratus, 40K gas is cooled inside a vacuum chamber by various laser cooling and

evaporative cooling techniques, until it reaches the quantum degenerate regime

(T/TF � 1). The two lowest energy states are used as an effective strongly-

interacting, spin-1/2, many-body system.

Due to the very low temperature and density of the gas, the inter-particle

interaction potential can be approximated as a contact potential. The contact

interactions lead to several universal properties of the gas. One such property is

a power-law scaling of the rf spectrum at high photon frequencies. The contact

parameter constrains the relative weight under this high-frequency tail. The first

study I performed after completing the construction of the apparatus is to develop

a novel probing method to observe the rf spectrum up to very high frequencies.

It utilizes a sophisticated spin manipulation together with fluorescence detection,

and enables detection with a high sensitivity, down to few atoms. Using the novel

technique, we were able to observe the universal power-law scaling all the way up

to the energy scale of the Van der Waals interaction. Using the universal relation,

we extracted the contact parameter with high precision. The high sensitivity was

also utilized to measure the binding energy of loosely bound molecules, created

near the Feshbach resonance, with an extended range of interactions. From the

binding energy, we extracted parameters of the Feshbach resonance of the two

lowest sublevels of 40K.

A natural extension to our high sensitivity rf spectroscopy study was to ex-
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plore highly imbalanced gas, where the population in one of the spin states is on

the order of only a few percent of the total number of atoms. It is predicted that

a phase transition should occur between the quasiparticle-like ground state and

a molecular-like one when the inter-particle interaction is increased. However,

when the experiments are performed in a harmonic trap, the non-uniform den-

sity complicates the interpretation of the observables due to the inhomogeneous

broadening. This effect is particularly harmful near a phase transition. To elim-

inate the broadening, I built a special optical trap in which the density is nearly

uniform. This was done by creating a trap that has sharp walls and is mostly

dark inside. The characterization of the atomic conditions in the new trap, par-

ticularly measuring the temperature of the gas, posed a challenge. The standard

time-of-flight technique that is used to extract the momentum distribution was

inaccurate due to the relatively large size of the trap and the low temperature of

the gas. To overcome this issue, we developed a method to extract the momen-

tum distribution from a measurement of the Raman spectrum. The technique

enables to determine the momentum distribution without releasing the gas from

the trap. In this way, we reliably extracted the temperature of the uniform gas

in the box-type trap.

Another problem I encountered is how to counteract gravity simultaneously

for two spin states with different magnetic dipole moments. The traditional

way of applying a magnetic field gradient is clearly inadequate because of the

difference in the forces acting on the two spin states. I solved this problem by

using both a magnetic field gradient and a rf pulse that causes the atoms to

effectively average out the residual difference in the magnetic forces. I confirmed

theoretically and experimentally that this rf pulse does not modify the many-

body state or introduces coherence between the states to the system. At time

beings, however, this scheme works only on a balanced spin mixture and is not

easily adapted to imbalanced gases. After finishing the construction of the trap,

I applied the high sensitivity rf spectroscopy to a uniform gas. I confirmed the

universal scaling of the rf spectrum for the homogeneous gas with the same power-

law exponent as for the harmonically trapped gas. This showed that the universal

behavior is independent of the trap geometry and density inhomogeneity. I also

extracted the contact parameter of the homogeneous gas with high precision.

Although the method for creating the homogeneous gas works best for a bal-

anced fully-mixed state, we have thought of a way to measure the contact of also

a highly imbalanced gas, consisting of a majority and minority populations of

two spin states. As described in chapter 3, the rf spectrum consists of a central
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peak and power-law tail, from which the contact is extracted. Usually, the whole

spectrum is measured, and then we normalize it using a sum rule (equation 3.8).

Importantly, one of the important results regarding the contact parameter is that

the tails of the two populations are identical even in an imbalance gas. The cen-

tral peak, however, is much higher for the majority atoms. When applying the

long rf pulse for homogenizing the sample, even tiny experimental uncertainties

will cause the final spin orientation to be essentially random, because the high

number of Rabi rotations (more than thousand π pulses). This means that in

rf spectroscopy, the rf spectrum will be different in each experimental realiza-

tion, because it probes different projection of the majority and minority. The

peak values will therefore fluctuate and the measured spectra cannot be used

for calibration. However, the tail will not be fluctuating because it is equal for

both populations. By calibrating the rf Rabi frequency, we can then extract the

contact from the tail without using the sum rule normalization.

Another very promising route is to measure the spectral function of a ho-

mogeneous gas, both spin balanced and imbalanced, in the strongly interacting

regime.130,145 This could be done by combining the high-sensitivity rf and Raman

spectroscopy. The goal is to map the probability function to outcouple an atom

at a specific energy and momentum from the many-body state to a free atom

state. First, the rf pulse outcouples atoms at specific energy but all possible mo-

menta from the strongly-interacting mF = −7/2 state to the weakly interacting

mF = −5/2. Then the Raman pulse is used to transfer atoms with a specific

momentum from the mF = −5/2 state to the mF = −3/2. A MW pulse then

transfers the last state to the upper hyperfine level, where the sign of its mag-

netic moment is reversed, and the spin state becomes trappable in the magnetic

trap. The last step is to count the number of atoms at the specific energy and

momentum with the high-sensitivity fluorescence detection. Of course, in order

to perform these measurements with an imbalance gas, optical levitation would

need to be working.

The absence of finite lengthscales associated with trapping makes the uniform

gas a perfect candidate for studying both thermodynamics and out-of-equilibrium

phases. With the gas occupying a much narrower region in phase space than a

harmonically trapped one, it is possible to search phases that could occupy only a

narrow region, like the FFLO state.155 An interesting route is to add a dynamical

spatial control over the caps-beams. This has multiple potential benefits. First,

by dynamically reducing the caps separation, we can compress the gas, which will

increase the density. This could help decrease the temperature T/TF by allowing
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more efficient evaporation. At the moment our lowest temperatures in the flat

trap are just above the superfluid phase transition at T/TF ≈ 0.17, so reducing

T/TF is highly desirable. Second, it is possible to emulate the compression cycle

of a thermodynamic engine in this way. By adding a modulation of the interac-

tion strength via the Feshbach resonance, the emulation of an atomic Feshbach

engine is possible, as was demonstrated with a BEC.156 Third, by shaking the

walls of the box trap, it is possible to observe the propagation of excitations that

are not altered by the trivial dynamics of the trapping potential.157 By reducing

the caps separation, it is possible to create a quasi two-dimensional homogeneous

gas. In this case, due to the tight confinement in the vertical dimension, gravity

does not harm the homogeneity of the gas. Moreover, it would be interesting to

experimentally explore the homogeneous polaron-to-molecule transition in two

dimensions because its existence is still debated.132,158,159
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Appendix A

Appendix: Optical levitation

Due to the difficulties of implementing magnetic levitation on the two spin states

simultaneously, I also explored to possibility to realize optical levitation. The

main idea is to create a beam with a linear intensity profile. My first attempt

was to use a large Gaussian beam, offset by one waist radius from the atoms,

in a small region relative to the waist where the intensity is nearly linear. This

scheme resulted in heating of the cloud and imprinting of a periodical structure

onto the atomic density (see figure A.1), which we attributed to the interference

of the beam with its reflections from optical surfaces in the setup.

My second attempt showed much more promising results but still was not

robust enough for use in experiments. I will summarize this attempt in this

section. An incoherent far-detuned light is needed to eliminate fringes and inter-

ference, and to create an intensity profile that is linear and with roughness much

below one percent. One way to achieve this is to employ a painted, time-varying

potential.160,161 In this setup, the laser beam goes through a two AOMs posi-

tions perpendicular to each other that can produce a beam, or several beams,

which can be moved across the atoms. Importantly, diffractions from the AOM

at different angles are at different frequencies, hence even if they interfere, the

interference pattern moves with the relative frequency and averaged out to zero.

By creating the right trajectory of the moving beam, a time-averaged linear

optical potential can be generated.

The optical setup is depicted in figure A.2. We use the same 1064nm laser

as for the optical trap, by injecting it into a high-power fiber (Oz Optics). We

need about 2W of laser power to create the gradient, due to the low efficiency of

the AOMs (Isomet 1205C-1-804B) operating at multiple frequencies. The fiber

end on the experimental table is collimated by an f = 11mm collimator and

the polarization is cleaned by the adjacent PBS. A small fraction of intensity is
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Figure A.1: Top view (along the tube beam propagation axis) of
an expanded cloud from the box trap after applying the optical lev-
itation. The periodical structure is imprinted only when the optical
levitation is used.
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Figure A.2: Optical levitation setup. After the fiber, the beam
is polarization-cleaned and mode-matched to the aperture of the
AOMs. After the AOMs, an x10 telescope expands the beam and
reduces the diffraction angle. The last lens is focusing the beam onto
the atoms, transforming the angle information into position.
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reflected by the wedged window for intensity locking. The beam is then mode-

matched to the AOM aperture. The zero diffraction order is blocked and only

the first order is taken from the vertical and horizontal AOMs. In order to create

a suitable profile over a region of 80µmx80µm near the position of the atomic

cloud, the diffraction angle is reduced by a telescope. This goes together with

expanding the beam diameter for further focusing on the atoms. This creates

a smaller focus for a single-frequency, which means a finer“brush” with which

to paint the time-average potential. A doublet lens of f = 250mm converts the

diffraction angle of the AOM to a displacement of the spot on the atoms. An

example of multiple spots created by the AOM is shown in the inset (b) of figure

A.3.

To generate a linear gradient in intensity in the vertical direction and a con-

stant intensity in the horizontal, we use an arbitrary function generator (AFG)

(Keysight 33500B). Before being sent to the AOMs, the output of the AFG is

amplified by a 2W rf amplifier (Mini-Circuits ZHL-1-2W). We tried different

schemes of how to create the time-varying potential. The simple, 2D single tone

scan was too slow, because we need to limit ourselves to refresh rates higher

than ∼ 100kHz in order to be considerably higher than any energy scale of the

system. The solution we finally chose was to use multiple frequencies for the

horizontal direction and scan in the vertical direction. The frequencies are taken

to be a multiples of a sampling time of the AFG. The phases of the frequencies

are numerically minimized; otherwise the rf spectrum has a very high dynamic-

range in the form of high spikes that are clipped by the amplifier. We placed

a microscope and a windowless camera (Spiricon sp620u) on the sampling side

of the PBS to optimize and monitor the beam profile in real-time. This was

a crucial step, as we found out that the system is not stable and the generated

beam profile drifts in time. This could be due to temperature drifts on the AOMs

or some power drifts in the rf setup. We wrote an optimization code to create

the linear profile; the optimization works in closed-loop, each time minimizing

the difference between the target and the measured beam profiles. The results

of the optimization are plotted in figure A.3. The beam profile is depicted in

the inset (a). The white rectangular area represnts the position relevant for the

atoms, hence optimization is done only there. By calibrating the power of the

laser, we translate the gradient to a potential and plot its cross-section in insets

(c) and (d), in units of nK. After several hours of optimization (the rate is ac-

tually limited by the camera transfer rate), a 10nK peak-to-peak roughness was

achieved in the relevant region of the beam. Our goal was, however, to reach
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(a) (b)

(c) (d)

Figure A.3: Optical levitation with time-averaged AOM “paint-
ing”. The goal is to generate a linear potential in the y-direction,
which is the direction of gravity, and uniform potential in the x-
direction. The white rectangle is where the atoms will be in the box
trap, and this is where the potential has to be optimal. (a) Image
of the time-averaged profile of the painting beam at the position of
atoms. The pointing beam is composed of 7 horizontal and 6 vertical
frequencies, spaced by 2.5MHz each. (b) An example of the spectral
composition of the beam. Only 9 frequencies are selected here. (c)
The roughness, or deviation from the required potential, of the po-
tential shown in (a) in the horizontal (c) and vertical (d) directions,
in nK units. Optimally, we would need the roughness to be below
1nK in both directions.
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much below 1nK, because the atoms are at a temperature of ∼ 20nK. Another

major problem that precluded the use of this method in the experiment was the

relative fast drift of the beam profile. The profile could change by ∼ 50nK over

few tens of minutes.

To conclude, this method did not work for us, due to slow drifts in the

resulted beam profile and the final roughness of the optical intensity. While I

did not invest more time exploring these problems, I feel the most probably cause

is the behavior of the AOMs under high rf power and multiple-frequency input.

Due to the poor diffraction efficiency of the AOMs when it is driven with multiple

frequencies, I had to supply nearly 2W of rf power, which resulted in substantial

heating of the AOM crystal. Moreover, using AODs is much more suitable in this

application, as they are impedance matched over a wide range of rf frequencies.

Also for active beam profile correction, a faster windowless camera is needed.

With the few hardware modifications mentioned above, I think optical levitation

could be implemented successfully.

157



Appendix B

Appendix: Vacuum parts

cleaning protocol

As a starting point, one should wear a clean disposable lab suit, a cover for hair,

a respirator, and of course use gloves and change them frequently. Be aware that

acetone reacts with latex gloves, so it is better to use nitrile gloves. The steps

for cleaning are the following:

1. Wash the part in a solution of detergent such as Alconox as it leaves mini-

mal residue. Wash the metal parts inside an ultrasonic bath with Alconox

solution, few single drops per liter. Use a cloth that won’t scratch the

surface and won’t leave residue. Do not use the ultrasonic bath for glass

parts as it might crack them.

2. Rinse with acetone of spectroscopic grade while the parts are still wet.

Acetone removes the soap. Don’t be greedy on acetone as you will be left

with soap on vacuum parts. It is also advised to wash the parts inside an

ultrasonic bath filled with acetone.

3. Rinse with methanol of spectroscopic grade while the part is still wet, it will

wash the acetone. It is also advised to wash the parts inside an ultrasonic

bath filled with methanol.

4. Rinse with isopropanol, while the part is still wet, it will remove the

metanol.

5. Rinse with 18MOhm water while the part is wet, at least for 10 mnutes to

remove isopropanol.

6. Dry by blowing nitrogen at the parts.
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7. Air-bake stainless steel parts for a day or two.

After each of these steps never wipe the parts with kimwipes or so. Only touch

with gloves and aluminum foil.

• For glass parts like viewports use only detergent and methanol. Harsh

cleaning such as acids will etch the surface and degrade the optical prop-

erties.

• Valves made specifically for UHV systems are usually clean of oils. Conflats

and knife-edges should be cleaned with methanol. Rinsing the valve in

distilled water might be a good idea if suspecting dust. The valves should

remain in the closed position at all times until the system is assembled.

This will prevent dust getting into the seal components.

• It is a good idea to clean the copper gaskets with methanol. More cleaning

procedures should take place if the gaskets were not kept in an air-tight

bag before assembly. Note, during assembly do not attempt to clean the

gasket if it falls or gets contaminated otherwise; get a new one.
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Appendix C

Appendix: Mechanical designs
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Figure C.1: Differential pumping tube
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Figure C.2: 2D MOT side coil holder
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Figure C.3: 2D MOT top and bottom coil holder
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[90] Krzysztof Góral, Thorsten Köhler, Simon A. Gardiner, Eite Tiesinga, and

Paul S. Julienne. Adiabatic association of ultracold molecules via magnetic-

field tunable interactions. Journal of Physics B: Atomic, Molecular and

Optical Physics, 37(17):3457–3500, 2004.

[91] E Hodby, S T Thompson, C A Regal, M Greiner, A C Wilson, D S Jin, E A

Cornell, and C E Wieman. Production Efficiency of Ultracold Feshbach

Molecules in Bosonic and Fermionic Systems. Physical Review Letters,

94(12):120402, 3 2005.

[92] G Zürn, T Lompe, A N Wenz, S Jochim, P S Julienne, and J M Hutson.

Precise Characterization of 6Li Feshbach Resonances Using Trap-Sideband-

Resolved RF Spectroscopy of Weakly Bound Molecules. Physical Review

Letters, 110(13):135301, 3 2013.

[93] N R Claussen, S. J. J. M. F. Kokkelmans, S T Thompson, E A Donley,

E Hodby, and C E Wieman. Very-high-precision bound-state spectroscopy

near a 85Rb Feshbach resonance. Physical Review A, 67(6):060701, 6 2003.

174



[94] J P Gaebler. Photoemission spectroscopy of a strongly interacting Fermi

gas. PhD thesis, JILA, University of Colorado, 2010.

[95] Christian H. Schunck, Yong Il Shin, Andr Schirotzek, and Wolfgang Ket-

terle. Determination of the fermion pair size in a resonantly interacting

superfluid. Nature, 454(7205):739–743, 8 2008.

[96] Cheng Chin and Paul S. Julienne. Radio-frequency transitions on weakly

bound ultracold molecules. Physical Review A, 71(1):012713, 1 2005.
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nett. Conventional character of the BCS-BEC crossover in ultracold gases

of 40K. Physical Review A, 72(1):013610, 7 2005.

[100] Richard Schmidt and Tilman Enss. Excitation spectra and rf response

near the polaron-to-molecule transition from the functional renormalization

group. Physical Review A, 83(6):063620, 6 2011.

[101] Nikolay Prokofev and Boris Svistunov. Fermi-polaron problem: Diagram-

matic Monte Carlo method for divergent sign-alternating series. Physical

Review B, 77(2):020408, 1 2008.

[102] N. V. Prokofev and B V Svistunov. Bold diagrammatic Monte Carlo: A

generic sign-problem tolerant technique for polaron models and possibly in-

teracting many-body problems. Physical Review B, 77(12):125101, 3 2008.

[103] M. Punk, P. T. Dumitrescu, and W. Zwerger. Polaron-to-molecule transi-

tion in a strongly imbalanced Fermi gas. Physical Review A, 80(5):053605,

11 2009.

[104] Christophe Mora and Frdric Chevy. Ground state of a tightly bound com-

posite dimer immersed in a Fermi sea. Physical Review A, 80(3):033607, 9

2009.

175



[105] R. Combescot, S. Giraud, and X. Leyronas. Analytical theory of the dressed

bound state in highly polarized Fermi gases. EPL (Europhysics Letters),

88(6):60007, 12 2009.

[106] Alexander L. Gaunt, Tobias F. Schmidutz, Igor Gotlibovych, Robert P.

Smith, and Zoran Hadzibabic. Bose-einstein condensation of atoms in a

uniform potential. Physical Review Letters, 110(20):200406, 5 2013.

[107] Biswaroop Mukherjee, Zhenjie Yan, Parth B. Patel, Zoran Hadzibabic,

Tarik Yefsah, Julian Struck, and Martin W. Zwierlein. Homogeneous

Atomic Fermi Gases. Physical Review Letters, 118(12):123401, 3 2017.

[108] Klaus Hueck, Niclas Luick, Lennart Sobirey, Jonas Siegl, Thomas Lompe,

and Henning Moritz. Two-Dimensional Homogeneous Fermi Gases. Phys-

ical Review Letters, 120(6):060402, 2 2018.

[109] Stefano Giorgini, Lev P. Pitaevskii, and Sandro Stringari. Theory of ultra-

cold atomic Fermi gases. Reviews of Modern Physics, 80(4):1215–1274, 10

2008.

[110] Martin W. Zwierlein, Zoran Hadzibabic, Subhadeep Gupta, and Wolfgang

Ketterle. Spectroscopic insensitivity to cold collisions in a two-state mix-

ture of fermions. Physical Review Letters, 91(25):250404, 12 2003.

[111] Ron Folman. Course on Atoms and Molecules, Lecture 10, 2007.

[112] Constantine Shkedrov, Gal Ness, Yanay Florshaim, and Yoav Sagi. In situ

momentum-distribution measurement of a quantum degenerate Fermi gas

using Raman spectroscopy. Physical Review A, 101(1):013609, 1 2020.

[113] Gal Ness, Constantine Shkedrov, Yanay Florshaim, and Yoav Sagi. Obser-

vation of a smooth polaron-molecule transition in a degenerate Fermi gas.

arXiv:2001.10450, 1 2020.

[114] Aaron L. Stancik and Eric B. Brauns. A simple asymmetric lineshape for

fitting infrared absorption spectra. Vibrational Spectroscopy, 47(1):66–69,

5 2008.

[115] J J Kinnunen. Hartree shift in unitary Fermi gases. Physical Review A,

85(1):012701, 1 2012.

176



[116] Yoav Sagi, Tara E. Drake, Rabin Paudel, Roman Chapurin, and Deborah S.

Jin. Breakdown of the Fermi Liquid Description for Strongly Interacting

Fermions. Physical Review Letters, 114(7):075301, 2 2015.

[117] Piotr Magierski, Gabriel Wlaz lowski, Aurel Bulgac, and Joaqun E Drut.

Finite-Temperature Pairing Gap of a Unitary Fermi Gas by Quantum

Monte Carlo Calculations. Physical Review Letters, 103(21):210403, 11

2009.

[118] T. Bourdel, J. Cubizolles, L. Khaykovich, K. M.F. Magalhes, S. J.J.M.F. J.

M. F. Kokkelmans, G. V. Shlyapnikov, C. Salomon, K. M. F. Magalhães,
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ה מצבי  שני  בין  השיורי  ו   ספיןמהירות  הפוטנציאל  של  למיצוע  מביא 
כי הליך זה מניב צפיפות  הראיתי  הצפיפות האטומית    צילום זרת  . בעלאפס

ה לשני  באופן  הוכחתי    . הגז  חימוםמ  הימנעותתוך    מצביםהומוגנית  גם 
ניסיוני כי פולסי הרדיו אינם מכניסים קוהרנטיות ואינם  גם באופן תיאורטי ו

 . תגופי-הרבהקוונטית  התנהגותמשנים את ה

שלמדידה המקובלת  התנע מדידת    ה  לאחר    אטומים השל    התפלגות 
את  ז   , כפי שבניתי.אחידהת  מלכודעם  מתאימה לשימוש  אינה    שחרור בליסטי

שה ההתחלתימשום  הענן    גודל  והטמפרטורה  של  במיוחד.שלו  גדול    נמוכה 
של  הרגישים למהירות    , ןאעל מעברי ראמ ססת  ו המב  חדשה  שיטה  יתחנו פ לכן,  

ממדי של  -החד  התפלגות התנע את  נותנת  זו    ספקטרוסקופית מדידה  .  האטום 
ואימתנו אותה     השוונוהגז. שיטה זו נבדקה תחילה במלכודת הרמונית, בה  

  ת השיטהלאחר מכן, החלנו א  . סטנדרטיתשיטה המול חיזוי תיאורטי ומול ה
והראנו כי התפלגות התנע שלו עולה בקנה אחד עם    ,על הגז במלכודת אחידה

גז  התיאוריה   בנוסף,  של  אחידה.  צפיפות  זאת  חילצנו  בעל  את  ממדידה 
 .הטמפרטורה של הגז

תדרי הרדיו על  החדשה עם    ה הספקטרוסקופישיטת  לבסוף יישמתי את  
  תחום של הגז ב  נוזלי(-הרגיל )לא על המצב   אתחקרתי    . בפרט, אחידפרמי  גז  

  דבר,  אחידבגז האוניברסלית נצפתה גם  התנהגות    .ותחזק  ותאינטראקצישל  
זוהכלליות  את    המדגיש תכונה  השל  פרמטר  ואנרגיית    ההומוגני  קרבה. 

 .ברמת דיוק גבוהה נמדדו   ממוצעתהאינטראקציה ה
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 תקציר 
מתארת זו  מנוון   תזה  פרמי  גז  המייצרת  חדשה  ניסוי  מערכת    בניית 

שנערכו    ,40אשלגן  אטומי  של    קוונטית הניסויים  שלי    .בהואת  המחקר 
ב נושאים התמקד  פיתוח  1:  שלושה  שיטו.  בעלות  ספקטרוסקופי  ת שתי  ה 

ואפיון של גז פרמי    צירה. י 2ראמאן.  ועם קרני  תדרי רדיו  עם    רגישות גבוהה,
  במערך ניסויים הבוחנים  ו. שילוב טכניקות אל3.  צפיפות מרחבית אחידהבעל  

גז אוניברסליות    תכונות  בו    הומוגני   של  -בין ה  ות אינטראקציה בתחום 
הראשון   יהיות ב   .חזקות  תהאטומי  ניכר  ביליתי    ,בקבוצה  הסטודנט  חלק 

זו כוללת תיאור מפורט של  תזה  לכןו,  בניית הניסוי החדשמהדוקטורט שלי ב
ש  , הניסוי  ערכתמ יביא תועלת בתקווה  זה    עתידיים   מחקר  לתלמידי   תיאור 

 . בקבוצה

  ויושמה  פותחה  ה אטומית ספקטרוסקופיחדשה ורגישה ל  ת גילוישיט 
תדרי ספקטרום  אינטראקציות    לבחינת  בעל  מנוון  פרמי  גז  של  -ביןרדיו 

ה תכונה אוניברסלית של פרמיונים  תחזקות. בעזרת שיטה זו, נצפאטומיות  
קצרעם   אינטראקציה  דעיכה  טווח -פוטנציאל  ל:  של  -חוקבהתאם  חזקה 

האינטראקציה  את    גבול האנרגיה המאפיין להספקטרום בתדרים גבוהים, עד  
קרבה פרמטר  בנוסף,  ממוצע    (contact parameter)  המיקרוסקופית. 

על    .האינטראקציה  כפונקציה של חוזקמהמדידה  הופק  במלכודת הרמונית  
ל מסביב  המגנטי  השדה  של  איטי  שינוי  הפשבךשדה  ידי  יצרנו    ,תהודת 

 ת המדידה החדשה ט יהרגישות הגבוהה של ש מולקולות משני אטומי האשלגן.  
של מולקולות אלו בטווח תדרים    הקשרשל אנרגיית    מדויקת   קביעהאפשרה  

פרמטרי תהודת    את   דיוק טוב יותר לקבוע ב. השתמשנו בנתונים אלו כדי  רחב
 . 40אשלגן ב הנמוכים ביותר האנרגיה  שני מצביעבור פשבך ה

הצפיפות   בה  הרמונית,  במלכודת  בוצעו  לעיל  שהוזכרו  הניסויים 
דיוקים  -לאילגרום  את פרשנות התוצאות,  ועלולה לסבך  האטומית לא אחידה  

נתונים תצפית   , בחילוץ  מצבי    ולמנוע  ב  קיימים אשר  חומר  של  תחום  רק 
הפאזה מרחב  של  על  .  מצומצם  להתגבר  הלאבעית  כדי    אחידה -הצפיפות 

  גלילית המדמה קופסא  לכידה    פוטנציאל  בניתי במעבדהבמלכודת הרמונית,  
מקירות   הכלוא  פוטנציאל  וביניהם    חדיםהמורכבת  הגז  משתנה.  שאינו 

לבטל    חייבים . כדי שהצפיפות תהיה אחידה,  כמעט אחיד  בפוטנציאל זה הוא 
מאתגרת ביותר  להיות    התבררהדרישה זו    . השפעת הכבידה על האטומיםאת  

 בהם אנו   שונים ה קוונטיים ה ם מצביהכיוון ש , 40עבור אטומי אשלגן להשגה 
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