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Abstract

Kibble-Zurek universality in a strongly

interacting Fermi superfluid
Bumsuk Ko

Department of Physics and Astronomy
The Graduate School

Seoul National University

Understanding strongly correlated quantum many-body systems remains as one

of the most challenging problems of modern physics. Ultracold atomic Fermi

gases with strong interactions have arisen as a versatile platform where a va-

riety of many-body phenomena can be studied owing to their favorable char-

acteristics such as the clean environment, dynamics control, and high tunabil-

ity, including the interactions, potential, and defects. This thesis concerns with

three aspects: the achievement of large (∼ 106 atoms per spin state) strongly

interacting fermionic superfluids of 6Li and two experiments with it.

Standard laser cooling techniques and the sympathetic cooling by bosonic

23Na cooled 6Li atoms down to degeneracy, and they were subsequently brought

to the strongly interacting regime by exploiting the magnetic Feshbach reso-

nance that enables a free and precise control over the interactions via the s-wave

scattering length. By an evaporative cooling in the regime, we obtained ultra-

cold atomic Fermi superfluids of 6Li with strong interactions at T/TF ≈ 0.1.

Especially, the microscopic nature of superfluidity is dramatically but smoothly

transformed from Bose-Einstein condensate (BEC) of tightly bound diatomic

molecules to Bardeen-Cooper-Schrieffer (BCS) superfluid of long-range Cooper

pairs across the BEC-BCS crossover.
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The dissipation through the nucleation of quantum vortices in a strongly

interacting fermionic superfluid is investigated by measuring the critical veloc-

ity for vortex shedding as a function of the sweeping length in the BEC-BCS

crossover. The large critical velocity near unitarity demonstrated the robust-

ness of fermionic superfluidity in the regime, and our simple dissipation model

explains the relation between the critical velocity and the sweeping length. The

comparison between the vortex shedding critical velocity for an infinite sweeping

distance and the Landau critical velocity in the crossover suggests the involve-

ment of the pair-breaking mechanism in the vortex-shedding dynamics.

The Kibble-Zurek universality in a strongly interacting Fermi superfluid

is observed. The thermal quench across the normal to superfluid phase transition

of a strongly interacting Fermi gas in the BEC-BCS crossover spontaneously cre-

ated an unprecedentedly large number of quantized vortices by the Kibble-Zurek

mechanism, where their statistics revealed different aspects of the mechanism.

The characteristic power-law relation between the density of the created vortices

and the quench rate for slow quenches showed that the Kibble-Zurek mecha-

nism holds true in the strongly correlated regime including unitarity, and the

constant exponents across the BEC-BCS crossover verified that BEC and BCS

superfluids belong to the same universality class. The density deviates from the

scaling and saturates for rapid quenches because of the destructive interactions

among the vortices, where the saturated values in the BEC-BEC crossover re-

veal the coherence length of a strongly interacting fermionic superfluid in the

crossover.

Keywords : Strongly interacting Fermi gases, BEC-BCS crossover, critical

velocity, quantum vortices, phase transition, universality hypothesis,
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Kibble-Zurek mechanism, topological defects.

Student number : 2014-30998
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Chapter 1

Introduction

Superfluidity, the absence of viscosity of a fluid, is a magnificent manifestation of

a macroscopic quantum coherence. Since the first discovery in superconducting

mercury in 1911 by H. K. Onnes, the phenomenon has been found in a variety of

materials in Nature from liquid helim-4, -3 to neutron stars [1–6]. Depending on

the type of the constituent particles, however, superfluidity is often understood

by two different mechanisms: Bose-Einstein condensate (BEC) for bosons and

Bardeen-Cooper-Schrieffer (BCS) superfluid for fermions [7]. In this chapter, I

will briefly introduce the two forms of superfluidity and the notion of BEC-

BCS crossover that smoothly interpolates between a BEC of tightly bound

molecules and a BCS superfluid of long-range fermion pairs. Also, how ultracold

atomic gases have successfully brought the ideas into reality and contributed to

understanding them since the first realization of a Bose-Einstein condensate in

1995 will be summarized shortly [8, 9].
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1.1 Superfluidity of two types - BEC vs. BCS

1.1.1 Bose-Einstein condensate

Since its first discovery, the anomalous properties of superfluid helium-4 (then

helium II) attracted the attention of many theorists including L. Landau, F.

London, L. Tisza, J. Allen, and H. Jones. In 1938, F. London for the first time

related the phenomena to Bose-Einstein condensation [10] while L. Landau,

who never actually believed the relation, successfully described them by a phe-

nomenological two-fluid model [11]. At the time, however, the actual existence

of a BEC was regarded rather imaginary and further, the inclusion of an inter-

action of a Bose gas in its description was required, contrasted to the ideal gas

case considered by S. Bose and A. Einstein [12]. N. Bogoliubov later showed a

connection between superfluidity and a weakly interacting BEC [13].

A Bose-Einstein condensate is a state of matter composed of identical

bosons following the Bose statistics, where a macroscopic number of the bosons

occupy the lowest quantum state. The Bose statistics is

〈nb,i〉 =
1

e(Ei−µ)/kBT − 1
, (1.1)

where 〈nb,i〉 is the average occupation of a quantum state i, Ei is the energy of

the state i, µ is the chemical potential, kB is the Boltzmann constant, and T is

the temperature. A BEC can be understood by a gigantic overlap of the particle

matter-waves that occurs above a critical phase-space density. In the quantum

mechanical description, a particle is considered as a localized wave packet whose

spatial extent is given by the thermal de-Broglie wavelength

λdB =
h√

2πmkBT
, (1.2)
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where h is the Planck constant, m is the particle mass. For high temperatures,

it is small compared to the inter-particle spacing that they behave as point-

like particles. However, as the temperature is lowered, the wavelength increases

and reaches to the point where the it becomes comparable to the inter-particle

spacing, signaling the onset of the overlap between the wave-packets due to

their indistinguishability. Finally, at zero temperature, they become a coherent

macroscopic wave, a Bose-Einstein condensate. The criterion of this transition is

therefore nλ3dB ≈ 1, where n is the density of the bosons. I leave the theoretical

description of a BEC to standards textbooks [14] since they, I believe, are way

better at it.

1.1.2 Bardeen-Cooper-Schrieffer superfluid

Another famous example of superfluidity is the vanishing resistance of a super-

conductor, a frictionless flow of charged electrons, that was first discovered by

K. Onnes [1] who earned the Nobel prize in physics in 1913 for the finding. Un-

like the bosonic case, electrons are fermionic particles that obey the Fermi-Dirac

distribution

〈nb,i〉 =
1

e(Ei−µ)/kBT + 1
. (1.3)

The Fermi-Dirac statistics does not allow the occupation of more than one

particles per state, preventing a macroscopic occupation of the ground state

like a BEC. Still, the idea of the condensation may be extended to electrons if

they formed a pair that behaves as a composite boson. However, there was no

known interaction that could overcome the strong Coulomb repulsion between

the electrons and bind them into a pair.

A hint came from the observation of the dependence of the critical tem-
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perature of a superconductor on the isotope mass, known as the isotope effect.

It suggested the electron-phonon interaction as the underlying mechanism for a

pairing [15, 16]. Indeed, an electron moving in the lattice of positively charged

ions leaves its mark of the distortion of the lattice structure that results in an

effective attraction between the electrons. In 1956, L. Cooper realized that a

pair of electrons on top of the Fermi surface can form a bound state, called the

Cooper pair, if there exists a net attraction between the electrons. This Cooper

instability, a Fermi sea being unstable towards pairing in the presence of an

arbitrarily weak attractive interaction, was highly suggestive of how supercon-

ductivity arises. But it did not resolve every aspect; the interaction between the

pairs, whose average size is much larger than the inter-particle spacing as they

strongly overlap in space, was neglected in the Cooper problem. The full mi-

croscopic theory of superconductivity came a year later in 1957 jointly by three

theorists, J. Bardeen, L. N. Cooper, and J. R. Schrieffer, who were awarded

the Nobel prize in physics in 1972 for the work. This is the standard theory of

fermionic superfluidity known as the BCS theory. I would also leave a detailed

theoretical description of the BCS superfluidity to [7,17] and simply summarize

a few remarks.

First, fermionic superfluidity is essentially a many-body phenomenon. If

you consider two particles in vacuum in three dimensions, a bound state exists

only above a critical interaction strength. In contrast, the Cooper pair emerges

for an arbitrarily weak attraction because of the existence of the Fermi sea

beneath it. The Pauli exclusion from the fermions inside the Fermi sea prevents

the scattering of the fermions on top of the Fermi sea into it and only allows

states above the Fermi surface. It results in a constant density of states like

the case of two dimensions, where a bound state is allowed for an arbitrarily

4



weak attraction. So, this is the key mechanism for the Cooper pairing; the

modified constant density of states by the Pauli blocking. Another following

consequence is that a Cooper pair is formed of the fermions of the opposite

spin and momentum. This is because, given momentum conservation together

with the Pauli blocking, the scattering, the interaction in other words, is the

strongest between the fermions of the opposite spin and momentum. Therefore,

the Cooper pair is the pairing in momentum space whose total momentum is

zero, and the BCS superfluid is the condensate of these pairs in momentum

space, which is contrasted to the condensate of individual bosons for a BEC.

Second, the pairing energy of the Cooper pair, also called the gap ∆, is

exponentially small to the Fermi energy. If the effective attractive interaction

between the electrons is V for energies smaller than ~ωD, where ωD is the Debye

frequency of the lattice, the gap is given by

∆ = 2~ωDe
−1/ρ(EF)V , (1.4)

where ρ(EF) is the density of states at EF, EF is the Fermi energy, and ρ(EF)V

is assumed to be small compared to 1. It explains why the critical temperature

of helium-3 ∼ 3 mK is three orders of magnitude smaller than that of helium-

4 ∼ 2.2 K [2–5]. Also, the exponentially small binding energy indicates that

Cooper pairs are fragile and have a large spatial extent. Therefore, Cooper

pairs strongly overlap in a BCS superfluid, making it a correlated, many-body

system.

Fermionic superfluidity has fascinated loads of physicists and engineers

with one idea: dissipation free delivery of electricity using superconductivity. It

was regarded impossible, because the BCS theory of conventional superconduc-

tivity would not allow a critical temperature Tc above ∼ 30 K, until the discov-
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ery of high-Tc superconducting materials, first in lanthanum-based cuprate at

35 K by G. Bednorz and K. Muller in 1986 who were jointly awarded the Nobel

prize in physics just next year in 1987 for the finding [18]. It was a breakthrough

that opened an era of high Tc superconductivity. Most materials with high-Tc are

cuprates, making it the strongest candidate for an applicable room-temperature

superconductor, but researches searching for high Tc superconductivity in other

materials such as iron based ones or graphenes are still active. The term high-Tc

superconductivity particularly deserves our attention in that it cannot be ex-

plained by the standard theory of fermoinic superfluidity, the BCS theory. We

thus name them unconventional superconductors that are not described by the

BCS theory. The understanding of high-Tc superconductivity is far from grasp,

and it remains as one of the most daunting challenges of modern condensed

matter physics.

1.1.3 BEC-BCS crossover

The two kinds of superfluidity, Bose-Einstein condensation of bosons and BCS

superfluidity of fermions, were thought to be disparate mechanisms as apparent

in their differences. However, a crucial similarity between them was found that

the wavefunction of a BCS superfluid is formally identical to that of a BEC

of tightly bound di-fermion molecules, except the difference of the ratio of the

pair size to the inter-paritcle spacing, which is large for a BCS superfluid and

small for a BEC [19]. D. Eagles was the first who noted in 1969 that a BCS

superfluid becomes BEC-like above a critical interaction strength for binding

in the low density limit, where the pair size is smaller than the inter-particle

distance [20]. In 1980, A. Leggett considered the problem of a dilute degenerate
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Figure 1.1: The evolution of the spin-up and -down fermion pairs across the
BEC-BCS crossover; from highly overlapping Cooper pairs in the BCS side
to tightly bound di-fermion molecules in the BEC side through the strongly
correlated “soup” of particles at unitarity.

Fermi gas of an equal number of two spin species interacting via a generic two-

body potential [21]. He showed, at zero temperature, a smooth crossover from a

BCS superfluid to a BEC, where the chemical potential and the superfluid gap

continuously changes from the value of one limit to that of the other depending

on the only physically relevant dimensionless parameter kFa (Fig. 1.2). Here,

kF is the Fermi wavenumber and a is the s-wave scattering length. P. Nozieres

and S. Schmitt-rink in 1985 further generalized the crossover problem by calcu-

lating the critical temperature in the crossover that evolves smoothly from the

exponentially small value in the BCS limit to that of a BEC in the other ex-

tremity [22]. This seamless crossover from a BCS superfluid to a BEC is named

the BCS-BEC crossover (Fig. 1.1). It says that Bose-Einstein condensation and

BCS superfluidity are not irrelevant to each other but simply two extremities

of one common physics.

In the crossover region, the s-wave scattering length a is large (|kFa| � 1),

and the system is strongly interacting. Especially, the interactions between the

pairs become essential in the description of the system because the fermion

pair size is comparable to the inter-particle distance. This strongly correlated

7
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Figure 1.2: The evolution of the chemical potential µ and the gap ∆ of an
interacting two-component Fermi gas at zero temperature.

Fermi gas exhibits novel characteristics. The emergence of the pseudo-gap is a

paradigmatic example. In the BCS scenario with an arbitrarily weak attraction,

the pairing between the fermions of the opposite spin and momentum occurs at

the critical temperature Tc of normal to superfluid phase transition. Approach-

ing the crossover regime, however, the enhanced correlation forms pairs at a

higher temperature T ∗ above Tc. The region between T ∗ and Tc is called the

pseudo-gap, where the pre-formed pairs have finite momenta and are uncon-

densed. The condensation of the pairs coincides with the phase transition at

Tc.

The small pair size similar to the inter-particle spacing and the pseudo-

gap are reminiscent of the characters of high-Tc superconductors. Indeed, the

relative critical temperature Tc/TF reaches as high as 0.17 at unitarity. But one

should note that the physics of the BEC-BCS crossover is not directly related

to the high-Tc superconductivity in solid-state materials.

Of particular interest is when the scattering length a goes to infinity. The
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divergence makes a no longer a good parameter to describe the system, leaving

the inter-particle distance n−1/3 as the sole length scale and correspondingly,

the Fermi energy EF as the sole energy scale for the description. Physics of the

systems with such a character is universal. An energy scale of the system, for

example the critical temperature (multiplied by kB) or the pair binding energy,

is the Fermi energy multiplied by the corresponding universal constant. Also,

the length scales, namely the pair size and coherence length, are the inter-

particle spacing multiplied by their respective universal constants. Therefore,

a study in one unitary system directly applies to all the others, irrespective of

their microscopic details or distant absolute scales. Examples of such unitary

systems include neutron stars and quark-gluon plasma of the early universe that

are hard to probe directly by experiment. The search for the universal constants

is a highly intense field of research [23,24].

1.2 Ultracold atomic gases - a model system

for bosonic and fermionic superfluids

70 years after its prediction in 1924, the exotic state of matter, once thought un-

realistic, Bose-Einstein condensate was first achieved by E. Cornell and C. Wie-

man in 1995 by laser and evaporative cooling of dilute gases of 87Rb atoms [8].

Subsequently in 1997, its central property, the coherence of the gigantic matter-

wave, was demonstrated by W. Ketterle by overlapping two expanding BECs of

23Na atoms and observing their interference patterns [9]. The three physicists

were jointly awarded the Nobel prize in physics in 2001 for their works [25,26].

It marked the opening of the era of ultracold atomic gases whose research has

9



grown explosively with fruitful results since then.

The success of the ultracold atomic gas systems owes to their unique traits

that render it a versatile model system. A typical ultracold atomic gas sample

contains between 105 and 106 atoms at less than ∼ 1 µK with the density

of ∼ 1013 cm−3 in a clean environment of ∼ 10−11 torr. It is ultracold and

ultradilute compared to superfluid helium-4 and conventional superconductors

that exhibit critical temperatures of a few Kelvin with the density on the order

of ∼ 1022 cm−3. Therefore, ultracold atoms can never “experience” the details of

the Van der Waals potential, the dominant source of the atom-atom interaction,

and the coincidence of more than two atoms is negligible. In such a system, the

interaction is described by the simple two-body contact interaction with the

s-wave scattering length a as the only parameter measuring its magnitude. It

allows a relatively easier theoretical approach with the simple Hamiltonian,

further ensured by the defect-free environment. A weakly interacting atomic

Bose gas is a pedagogical example.

The Hamiltonian for a weakly interacting Bose gas of ultracold atoms, in

the absence of any dipolar interactions, is

H =
N∑
i=1

[
− ~2

2m
∇2
i + Vex(ri)

]
+

4π~2a
m

∑
i<j

δ(ri − rj), (1.5)

where Vex is the external potential and ri is the position vector of the ith parti-

cle [27]. A BEC wavefunction ψ(r), with the constraint of a fixed particle number

N =
∫
d3r|ψ(r)|2, will satisfy the non-linear Schrödinger equation, called the

Gross-Pitaevskii equation (GP equation for short),

− ~2

2m
∇2ψ(r) + Vex(r)ψ(r) + g|ψ(r)|2ψ(r) = µψ(r), (1.6)

where µ = ∂E/∂N is the chemical potential of the system [27]. Numerical
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solving of the GP equation, also its time-dependent version, is a widely used, and

an accurate, way of studying a BEC [28]. Such theoretical analyses, combined

with the accuracy of atomic physics experiments, facilitates direct numerical

comparisons or obtaining a specific constant. Experimental measurement of the

Bertch parameter of a unitary Fermi gas gives an excellent exemplar [23].

A degenerate atomic Fermi gas was first produced by D. Jin and B. De-

Marco in 1999 at JILA using fermionic 40K [29]. Soon after, degenerate gases of

fermionic 6Li atoms followed [30–33]. These two species are leading the study

of fermionic ultracold atomic gases. The obvious goal was to achieve fermionic

superfluidity just like the case of a BEC that was successfully brought about

using bosonic atoms. However, the critical temperature of a standard BCS su-

perfluid, approximately the superfluid gap, is exponentially small to the Fermi

temperature, which is ∼ 1µK for typical ultracold atomic Fermi gas experi-

ments, and it was practically inaccessible. A breakthrough came about when

the interaction strength was significantly enhanced to increase the gap by ex-

ploiting the magnetic Feshbach resonance. The magnetic Feshbach resonance

allows a free tuning of the s-wave scattering length by changing the external

magnetic field (Fig. 1.3). The resonance originates from the coincidence of the

energy of two colliding atoms with that of their bound molecular state. The

relative energy of the free and bound states can be controlled by the exter-

nal magnetic field since they have different magnetic moments. Particularly, we

can access the BEC-BCS crossover through the resonance; when the energy of

the molecular state is lowered below that of the two free atoms, the ground

state is the diatomic molecule that can condense to a BEC. Indeed, BECs of

di-fermion Feshbach molecules were observed in the BEC side of the Feshbach

resonance, where different hyperfine states played the roles of the spin-up and
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Figure 1.3: The s-wave scattering length around the Feshbach resonances be-
tween the three lowest hyperfine states of fermionic 6Li.

-down fermions [34–36].

The BECs of the Feshbach molecules showed long lifetimes, to be con-

trasted to the case of a strongly interacting BEC of bosonic atoms. The latter

rapidly dies away due to the high inelastic three-body collision rate, boosted

by the large scattering length. The longevity of the former was attributed to

the fermionic nature of the constituents. Near the Feshbach resonance, Fesh-

bach molecules still display many-body characters since their size is not negligi-

ble compared to the inter-particle distance. Then, Pauli exclusion severly sup-

presses the inelastic three-body collisions, where two atoms fall into a deeply

bound molecular state and the other takes the binding energy away, in a two

component Fermi gas as they necessarily involve two of the same component

coming close to each other [37]. As we go deeper towards the BEC limit, this

fermionic nature diminishes while the bosonic character becomes more apparent

since the size of the molecules shrinks, eventually becoming smaller than the

inter-particle spacing. The rate of the inelastic collisions then increases, leading
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to a shorter lifetime of the BEC. The short lifetime of a strongly interacting

three-component Fermi gas, in which the inelastic three-body losses cannot be

Pauli suppressed, illustrates a point [38].

Confirming the many-body BCS superfluidity took an additional course.

Unlike the molecular BEC, where the condensation is directly revealed in the

momentum distribution of each component as they are bound, a BCS super-

fluid is the condensation of Cooper pairs whose components still carry a finite

momentum. How can one observe the momentum distribution of “pairs”? The

idea was to freeze out the pairs into molecules showing the total momentum of

the pair before a time-of-flight expansion of the gas. It was accomplished by the

rapid ramp of the magnetic field to the BEC side of the Feshbach resonance just

before releasing the gas from the trap. This so-called “rapid ramp technique”

led to the observation of the condensation of fermionic atom pairs on the BCS

side of the resonance [39, 40]. Still, a direct verification of the superfluidity of

fermionic many-body state was lacking. It came from the observation of the

vortex lattice, a hallmark of superfluidity, in a strongly interacting Fermi gas

across the BEC-BCS crossover [41]. As a result, an ideal BEC-BCS crossover

was demonstrated using strongly interacting gases of ultracold fermionic atoms,

marking one of the highlights of ultracold atomic physics.

Subsequent researches focused on a variety of properties of strongly in-

teracting Fermi gases. The existence of the pseudo-gap was verified by using the

radio-frequency (rf) spectroscopy [43]; the superfluid gap was the estimated via

the quasiparticle spectroscopy [44]; the pseudo-gap behavior was observed [45];

the size of the resonantly interacting fermion pair was evaluated [46]; two kinds

of elementary excitations stemming from the bosonic and fermionic superfluid-

ity, respectively, were examined by Bragg spectroscopy [47]; the critical velocity
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Figure 1.4: The phase diagram of a strongly interacting balanced two-component
Fermi gas in the BEC-BCS crossover as a function of the interaction strength
1/kFa and the relative temperature T/TF. The figure is adopted from [42]

was measured across the BEC-BCS crossover by moving an obstacle [48–50]; its

thermodynamics was determined [24, 51]; the Bertsch parameter of a unitary

Fermi gas was evaluated [23]; the phase diagram of a resonantly interacting

two-component Fermi gas was illustrated [52]. All these studies made significant

contributions at an unprecedented rate to extending the boundary of our knowl-

edge of the previously elusive strongly correlated intermediate region, which had

been poorly understood due to the tough theoretical approach in contrast to

the weakly interacting Bose and Fermi liquids (Fig. 1.4).

Such advances with experimental tools illustrated a pedagogical example

in which ultracold atomic gas systems are used as a model system to simulate

and explore certain physics. Another exemplar is to imitate the Bose/Fermi

Hubbard Hamiltonian of solid state physics with ultracold bosonic/fermionic

atoms trapped in an optical lattice. Even though the Hamiltonian is the simplest
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model for the electrons in the lattice of a solid, finding the ground state is ana-

lytically impossible. Numerical analysis is an alternative but the quantum simu-

lation with an arbitrary on-site interaction promises an edge as an experimental

method. The method successfully showed the superfluid-Mott insulator transi-

tion and the antiferromagnetic order of the Fermi-Hubbard model [53,54]. The

optical lattices can be also used to modify the dimensionality of the system by

which the physics is significantly varied. Especially, in two-dimensions, the nor-

mal to superfluid phase transition occurs via the Berezinskii-Kosterlitz-Thouless

(BKT) transition, which is signified by the unbinding of vortices. Superfluidity in

kinematic two-dimensions has been implied in a series of experiments with both

bosonic [55–57] and fermionic [58] atoms. A strongly correlated Fermi gas in two

dimensions is of particular interest since it is related to high-Tc superconductiv-

ity, whose mechanism is highly nontrivial. Simulating the system with strongly

correlated ultracold fermionic atoms confined in two dimensions may provide

insights [59]. Other physical phenomena studied using ultracold atoms include

quantum turbulence [60, 61], polarons by adding impurities [62–66], Josephson

junctions [67–69], etc.

One of the shortcomings of most ultracold atom experiments is the in-

herent short-range interaction. It was once a benefit that made the analysis of

the problem easier, but in order to simulate more and more complex systems,

long-range interactions are indispensable. Recently, experiments using atoms or

molecules with electric dipole moments are drawing attention. Degenerate gases

of Dy, Er atoms or NaK molecules were recently achieved, where they show in-

triguing characteristics like supersolid [70]. More fruitful results are expected

from those areas.
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1.3 My five and half years at Quantum Gas

Laboratory

As soon as I joined Quantum Gas Laboratory (QGL) at Seoul National Uni-

versity in September 2014, I started developing the 87Rb 2D MOT machine

with Y. Lim. From then, the time over a year acquainted me with the basic

skills used in quantum gas experiments such as the vacuum technology, exter-

nal cavity diode lasers, tapered amplifiers (TAs), aligning optical components,

etc. I truly appreciate Y. Lim and all the seniors who welcomed and helped

me with warm hearts at the time. Then I moved to the 23Na team from 2016

to become familiar with the 23Na BEC machine, which was to be upgraded to

the dual species 23Na-6Li machine. Until the summer, I helped S. W. Seo to

build the Bragg scattering setup for the 23Na BEC and the following experi-

ment, which is published as [71]. Before leaving for the summer school, I started

laying the ground for the upgrade. I designed and ordered the new oven and

tapered amplifier (custom vacuum components from Nextron in Daejeon, and

the TA structure from Lee Optics in Incheon). I spent 4 weeks of the summer at

the summer school at Les Houches “Les Houches 2016 Session CVII - Current

trends in atomic physics”, which will be an unforgettable experience of life. The

book containing the lectures notes from the school has been published, and I

received one in 2019. Back to QGL, I started the 6Li project with J. W. P. who

joined our group in July as a post-doc. Three and half years with J. W. P has

been a precious time I never imagined I could have had. The rest is written as

below; producing a strongly interacting Fermi superfluid of 6Li and exploring it

via two research topics.
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1.4 Outline

This thesis is organized as follows. In chapter 2, the hardware components and

works implemented to create a strongly interacting fermionic superfluid of 6Li

are explained to the best of my memory. Chapter 3 elaborates the experimental

procedures for creating and observing a strongly interacting fermionic superfluid

of 6Li. Chapter 4 is on our first experiments with the newly produced sample,

critical vortex shedding in it. Chapter 5 contains the experiments and results of

the title of this dissertation, the Kibble-Zurek universality in a strongly inter-

acting Fermi superfluid.
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Chapter 2

The apparatus upgrades

I succeeded the heritage of Dr. W. J. Kwon who laid the foundation of 6Li

experiments. He initiated the first lithium project of Quantum Gas Laboratory

but, unfortunately, was forced to abort just before achieving a degenerate Fermi

gas (DFG) of 6Li atoms due to the low plug beam power that was not enough

to prevent the Majonara loss of the atoms from the magnetic trap. The issue is

now resolved by the 10 W 532 nm Verdi from Coherent. Also, most of the optical

instruments, such as the 671 nm TA pro and AOMs with proper frequencies,

and the refined 6Li chunks were equipped on the shelves thanks to Dr. Kwon.

Still, I almost set out from the ground. The biggest challenge was accom-

modating 6Li atoms to the oven, which was initially intended for dual species

operation but only had sodium atoms in place at the moment. Also, a com-

pletely new laser scheme, with an additional TA that was supplemented to

prevent laser power-hungry situations, was designed and constructed since the

TA pro had degraded by the time I started the 6Li project. Even though the

23Na BEC machine was already furnished with the Feshbach coil, the actual

operation required more than simply connecting a power supply as will be ex-
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plained in the following sections. In this chapter, I will do my best to recall the

hardware works I did and describe them as detailed as possible.

2.1 Oven upgrade - from 23Na to 23Na-6Li

There were two motives for keeping sodium when accommodating 6Li to the ma-

chine. First, 23Na BEC experiments could be continued. Second, a large sample

of 6Li can be obtained by using 23Na atoms as sympathetic coolant. Sympa-

thetic cooling minimizes the loss of the atoms of interest that is necessarily

accompanied in an evaporative cooling. The effectiveness 23Na as a sympathetic

coolant for 6Li was proven by the Ketterler group at MIT who developed the

first 23Na-6Li dual species machine and successfully achieved a large (∼ 107)

strongly interacting Fermi superfluid of 6Li [72,73]. In contrast, a 6Li superfluid

produced without coolant typically contains ∼ 105 atoms per spin state [47].

Supervisor Y. Shin suggested supplementing the existing machine with an

additional pumping room, rather than just putting the refined 6Li chunks inside,

since a higher pressure was expected from the higher operating temperature

∼ 450 ◦C of 6Li than ∼ 350 ◦C of 23Na. Therefore, I began designing a completely

new oven. Following ‘nihil sub sole novum’, my basic policy was to follow MIT’s

steps, improving whenever possible. A side section view of the new oven across

the center of the machine is shown in Fig. 2.1. As can be seen, it is equipped

with an extra pumping room pumped by D100-5 from Nextorr. The Solidworks

part and assembly files of the new oven design have been conveyed to juniors

including Kyuhwan Lee and Dukhwa Hong. Below, I will briefly explain about

the design and how it is supposed to work.

Dealing with multiple species is complicated by their distinct properties.
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Figure 2.1: A section view of the new oven across the center line of the machine
from Solidworks.

20



In the aspect of building a dual species oven, 23Na has a much higher vapor

pressure than 6Li at a given temperature as their melting points are distant

(97.8 ◦C for 23Na and 180.7 ◦C for 6Li) [74,75]. It was resolved by containing them

in separate cups, each maintained at a suitable temperature, and connecting

them by a mixing nozzle that passes through only a limited amount of atomic

vapor to produce a mixture (Fig. 2.1). Obviously, 23Na with a higher pressure

has to be placed farther from the main chamber. The mixture of 23Na and 6Li

atomic vapor first passes by the nozzle, which preliminarily guides the way with

a small circular hole at the center. The cups, the nipple with the mixing nozzle,

and the 4” to 2.75” reducer with the nozzle were all manufactured by Nextron

in Daejeon. The vapor subsequently goes through three pumping rooms before

entering the Zeeman slower. The first is the oven six-way cross pumped by the

75s Gamma vacuum ion pump. Especially, the 6” to 4.5” reducer joining the 75s

to the six-way is furnished with the baffle that suppresses the alkali poisoning

of the pump by reducing the flux (Fig. 2.2). Inside are an atom shutter that

determines whether to pass the atomic flux towards the main chamber and a

cold plate that prevents the atoms from piling up at the shutter. A detailed

description on the shutter is in Dr. Choi’s thesis [76]. Then the atoms head

towards the second pumping room, pumped by the 45s Gamma vacuum ion

pump, after passing through the first differential pumping tube. For the third

pumping room, exceptionally, D100-5 from Nextorr, which is a combination of

a non-evaporative getter (NEG) and an ion pump, was used since it provides

a comparably high pumping speed (100 l/s NEG alone) with a small volume

while the length of the oven is limited by the optical table. As can be seen from

Fig. 2.1, the end of the base is already sticking out of the optical table. The

inside of the pumping rooms can be probed with eyes through the viewports.
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For example, the fluorescence from the atomic flux by the slower laser beam can

be clearly seen with bare eyes, and this is how we ascertained that the atoms

indeed come out of the oven. The two differential pumping tubes bridging the

three pumping rooms were intentionally constructed with different diameters,

where the one closer to the main chamber is wider. This is because I imagined

that the atomic flux starts from a point at the nozzle and subsequently diverges

as it propagates, resulting in a diameter of about 1” when it reaches at the main

chamber. Their diameters were chosen such that they do not block the flux and

optimize it. Also, the differential pumping tubes were produced such that they

have a rotating degree of freedom about the axial direction in the same way as

MIT [72]. This is because welding the tube exactly normal to the flange is a

tough task, and it would be safer to be left flexible for us to do the aligning.

Balls attached in the middle of the tubes provide the freedom, which is then

fixed by squeezing the ball against the flange using a counterplate. Aligning the

two tubes along the axial direction was performed to the best of eyes in the

pre-baking stage before they were attached to the slower.

The next task was to construct the supporting base for the oven. It had

to be sturdy enough to support the oven and equipped with extra tuning knobs

for aligning the atomic flux. The base was built with two 3 cm thick optical

breadboards joined by three height adjustable lab jacks, all produced by Lee

Optics in Incheon (Fig. 2.1). Adjusting the length of the lab jacks allows us to

tune the direction of the atomic beam and height of the oven while the freedom

in the horizontal direction is controlled by moving the base from side to side.

The manufacturer confirmed that the base can support up to 500 kg.

The atomic vapor is produced by heating the atom cups containing alkali

chunks by using the ceramic heater bands. There are six heating points: the
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Figure 2.2: The 6” to 4.5” reducer, which connects the 75s ion pump to the oven
six-way, contains the baffle to protect the pump from alkali poisoning.

bottom of the two cups, their flanges (called the elbows), and the two nozzles.

Typical operating tempeartures are 280 ◦C, 310 ◦C, and 420 ◦C at the bottom,

elbow, and nozzle of 23 Na, respectively, and 400 ◦C, 410 ◦C, and 450 ◦C for

their counterparts for 6Li. The temperatures are lowered when the machine is

not running and maintained at, in the same order as above, 180 ◦C, 240 ◦C, and

420 ◦C for 23 Na and 200 ◦C, 270 ◦C, and 450 ◦C for 6Li to save the source. Typical

vacuum readings of the three pumps are, from the closest to the farthest from the

source, 1–2×10−9, 1–2×10−10, 2×10−9 torr at operation while 1–2×10−10, 6–8×

10−11, 2 × 10−9 torr at rest. The Nextorr D100-5 exhibits an awkwardly high

pressure, which I suppose derives from the false activation. It would have been

much lower ∼ 10−11 torr if the pumping speed of 100 l/s of the NEG had been

working properly.

The depletion of the atom sources by heating them requires regular sup-
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plements of the sources. Lithium, however, need not be supplemented because

of the lowest vapor pressure among all the alkali species while the rest, namely

sodium, potassium, rubidium, and cesium, have to be. For our 23Na-6Li machine,

25 g of 23Na chunk is added on a 10 month basis.

2.2 Laser system

Lasers are one of the most versatile tools to control atoms via their interactions

with the atoms; cooling, heating, trapping, imaging, or manipulating the inter-

nal states. For each of such particular purpose, a laser of specific frequency is

required, where the frequency has to be stabilized within a certain range that

is usually associated with the linewidth of the atom. For example, the cooling

laser of the magneto-optical trap (MOT) is a few linewidths red-detuned from

the cooling transition while the Zeeman slowing laser is hundreds of MHz red-

detuned from it. A wide variety of types of lasers are used to produce specific

frequencies in the field of atomic physics, ranging from the simplest semicon-

ductor diode lasers to ND:YAG lasers. In this subsection, I will describe how

the QGL 6Li laser system was developed to create the lasers of the necessary

frequencies in producing and probing strongly interacting gases of ultracold 6Li

atoms.

2.2.1 6Li laser system

Fortunately, 6Li laser systems are quite standardized. 671 nm diode lasers and

tapered amplifiers (TA), resonant with the D2 transition of 6Li, have been de-

veloped and broadly used in many groups around the world. They are manufac-

tured by only two companies as far as I know: Toptica and Eagleyard, though
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Figure 2.3: The structure of an external cavity diode laser (ECDL) and its work-
ing principle. An ECDL is composed of the diode laser (gain chip), collimating
lense, diffraction grating, and the mirror guiding the output beam direction.
The diverging laser beam emitted from the gain chip is collimated by the lense
and subsequently diffracted from the grating. If the angle of the grating is cho-
sen such that the first-order diffracted beam is reflected back to the gain chip,
it will provide an optical feedback for lasing. The frequency of the laser is tuned
by rotating the grating, which changes the interference condition. The image is
adopted from [77].

Toptica recently purchased Eagleyard as a subsidiary in 2013. Diode lasers are

often used in combination with tapered amplifiers that inflate the seed laser

since the power from a single diode laser is usually on the order of tens of mW

while hundreds of mW are demanded for a typical laser cooling experiment.

QGL opted for a TA pro from Toptica that exactly features such a combination,

where an external cavity diode laser (ECDL) is integrated with a TA (Fig. 2.4).

As can be inferred from its name, an ECDL is a diode laser equipped with an

external cavity, which is formed by an external diffraction grating that provides

an optical feedback for lasing and tunes the laser frequency by changing the

cavity length (Fig. 2.3).

We augmented our 6Li laser system with a separate TA in addition to the
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Figure 2.4: The structure of TA pro from Toptica and its working principle. The
source laser beam is emitted from the ECDL and subsequently amplified by the
TA. The optical isolators prevent detrimental back reflections and protect the
gain chips. The image is adopted from the Toptica website [78].
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Figure 2.5: (a) The design of the homemade TA. Three aluminium rods passing
through the copper plates support the xyz translational mounts. The rods and
mounts are all fixed via screw drivers. (b) The drawing of the gain chip EYP-
TPA-0670-00500-2003-CMT02-0000 from Eagleyard. (b) is adopted from the
Eagleyard website [79].
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TA pro since the TA pro had significantly degraded with 20% reduced output

laser power, compared to when Dr. Kwon was working with 6Li, by the time I

started the 6Li project. It was a sensible and necessary choice since Dr. Kwon

barely managed to deliver just enough laser power for the experiment to the

machine table with the TA pro alone. The degradation was signaled by the high

output power from the TA without the seed beam, indicating a self-feedback by

the deterioration of the output surface of the TA.

I devised our own homemade TA system after looking at a few TA designs

at other groups (Fig. 2.5) [80]. The gain chip is placed in the middle, and the

high-NA aspheric lenses located on either side focus the seed beam into the

chip and collimate the output beam, respectively. While the position of the

TA is fixed via the M2 bolt against the copper mount to ensure stability, the

aspheric lenses are mounted to the xyz translational stages for fine tuning of

the focus and path of the seed and output beams. When one tries to adjust

the translational mounts, note that they have a serious hysteresis along the

axial (z-) direction. We chose the gain chip EYP-TPA-0670-00500-2003-CMT02-

0000 from Eagleyard. It is cheaper than the one from Toptica but displays a

compromised beam profile. Since the heat spreader of the TA, which is also

the anode, is in contact with the copper mount, the current flows from the

mount to the gain chip. This is also how the heat dissipates through the copper

plate, explaining why the mount is made of copper that has high electricity

and heat conductivity. The copper mount is placed above the aluminium base,

where the thermoelectric cooler that maintains the temperature of the TA at a

constant value connects them. Retaining a steady temperature is crucial when

dealing with semiconductor gain chips since their characteristics are significantly

dependent on the temperature.
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Figure 2.6: The TA output power versus the forward current (a) during the
seed beam alignment and (b) when it is accomplished. The threshold lasing is
observed at 50 mA.

Putting the seed beam into the TA is a time consuming job taking about

2–3 hours because the input aperture is as tiny as 3 µm. First of all, connect

all the pins of the TA correctly. It starts from observing the fluorescence out of

the TA by flowing a little current of a few to tens of mA to the TA. Then locate

the fluorescence out of the input aperture at the center of the input asphere by

adjusting the translational mount in the x-y direction. It ensures that the seed

beam would not be truncated. Next, move the translational mount along the

axial direction to match the beam size. Also, coincide the path of the seed beam

with that of the fluorescence by walking the seed beam. Limited by the accu-

racy of human eyes, however, it does not guarantee the full overlap. Whether

the the seed beam actually goes into the input aperture can be checked through

the photo-induced current generated by the seed beam, just like a photodiode.

Disconnect the pin connections and measure if any photo-induced current comes

out of the TA. Walk the seed beam until the current is detected, and once you

see it, carry on to maximize it to attain the optimal alignment. With 35 mW

of the seed beam, 9 mA of the photo-induced current was measured. When

it reaches a peak, connect the pins back again and increase the forward cur-
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rent to observe the threshold lasing behavior (Fig. 2.6). If the lasing does not

happen, slightly walk the seed beam around for fishing. If you still do not see

lasing, repeat the previous procedures for increasing the photo-induced current

by walking the seed beam and check again whether lasing occurs. Once the

TA does lasing, walk the beam further to maximize the output beam power.

At this moment, the maximal power would not be as high as written in the

specification, probably because of the off focus of the seed beam. The optimal

focal point can be achieved by moving the asphere along the z-direction using

the translational mount. Slightly move the lens in either direction and walk the

seed beam to attain the highest output. If it decreased, reverse the direction.

If it increased, keep going that way. Iterate the procedures until you get the

best result. An example of the procedure is shown in Fig. 2.6(a). Each plot

with different colors indicates different position of the input asphere in the axial

direction. The output power at a given forward current grows as the asphere

approaches the optimal position (as the seed beam matches well with the input

aperture).

Exactly the same mechanism is working inside the TA pro. Occasional

drop of the output power from the TA pro can be in most cases recovered by

walking the seed beam into the TA. Sometimes, adjusting the focus of the input

asphere has to be accompanied.

Unfortunately, EYP-TPA-0670-00500-2003-CMT02-0000 from Eagleyard

exhibits a limited lifetime varying from product to product. A sudden plunge of

the output power happened twice during my degree program. The output power

from a degraded TA is shown in Fig. 2.7. The first gain chip (CA-06530) put

in place on 30 August 2016 degraded on 25 November 2016, lasting for only 3

months, but the next one installed on 16 January 2017 (CA-06885) maintained
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its performance much longer until it decayed in the early March, 2019. The

current chip (CC-04112) was placed on 12 March 2019. Every time the TA is

substituted, the same installing procedure depicted above has to be carried out.

The homemade TA is operated by ITC4005 benchtop laser diode/TEC

controller from Thorlabs. Also, a supplementary protection circuit was imple-

mented to protect the gain chip from possible electric shocks that could damage

it (Fig. 2.8).

Figure 2.9 shows the electronic energy level structure of 6Li and various

frequencies of lasers employed in creating a degenerate gas of 6Li atoms. In order

to create the lasers of those frequencies, the 6Li laser system was constructed

as shown in Fig. 2.10. The fiberdock right after the TA pro was installed for a

better stability of the system while compromising the beam power. Dr. Kwon

mentioned that he suffered from the fickle beam profile of the TA pro that varies

from day to day, requiring daily realignment of the optics to deliver enough laser
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Figure 2.8: The protection circuit for the homemade TA. It reduces the damage
to the gain chip from possible electric shortages.

power. Indeed, the stability of the whole laser system is remarkable that daily

management is hardly necessary unless a critical issue occurs.

The frequency of the whole system is governed by the master ECDL

inside the TA pro, which is locked via the saturated absorption spectroscopy

(SAS). A small amount of the beam is extracted and passes through the positive

100 MHz acousto-optic modulator (AOM) double-pass configuration before it

is transferred to the spectroscopy setup on a separate optical table. In the spec-

troscopy setup, the beam is retroreflected through the 6Li vapor cell, maintained

at 130-140 ◦C, playing the roles of both the pump and probe beams, and focused

on the photodiode that measures the power containing the spectral information.

The resulting SAS and error signals are shown in Fig. 2.11. The frequency scan

is performed at 5 Hz by the piezo-actuator attached on the grating of the mas-

ter ECDL, and the error is derived from the SAS signal by the current dither

of the ECDL at ≈ 200 kHz. The spectroscopy beam is locked to the crossover

transition of the 2S1/2 F = 3/2, 1/2 hyperfine states since it presents the most

pronounced peak for the best stability. Consequently, the master ECDL is about
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Figure 2.11: The saturated absorption spectroscopy (yellow) and the error signal
derived from it (red). The laser is locked at the crossover transition of the
F = 3/2, 1/2 hyperfine states that exhibits the most pronounced peak.
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100 MHz red-detuned from the frequency of the F = 3/2 → F ′ = 5/2 transi-

tion, which is used for cooling the 6Li atoms in the MOT. The obtained error

signal is fed into the TA pro driver from Toptica that incorporates the locking

electronic module.

Most of the power out of the fiberdock is dedicated to the Zeeman slow-

ing laser, apart from the 30 mW seed beam into the homemade TA. The neg-

ative double-pass configuration of the 300 MHz AOM produces the large red-

detuning for the slower beam, and the subsequent 228 MHz electro-optic mod-

ulator (EOM) creates the repumping sideband. The sideband brings the atoms

that fell to the F = 1/2 dark state back the to the cycling F = 3/2→ F ′ = 5/2

transition for Zeeman slowing. The 2:1 ratio of the main to the sideband gave

the best slowing result (the highest atom number in the MOT). While setting

up the laser system, it was found that the EOM had seriously deteriorated and

distorts the output beam profile (Fig. 2.12). The good new was that the EOM

still does its job of producing the sidebands correctly; the bad news was that

the compromised beam profile cuts the fiber coupling efficiency down to 30%,

transferring as low as ∼ 30 mW of the slowing laser to the machine table. The

issue will be cleared as soon as the damaged is substituted with a healthy one.

Thankfully, the homemade TA boosts the seed beam by more than a

factor of 10, securing our power budget. The cooling and repumping lasers for

the MOT and the optical pumping lasers are derived from it. The 228 MHz AOM

separates the output from the TA into two beams, where the 228 MHz up-shifted

positive first order and the zeroth order beams are ∼ 100 MHz red-detuned

from the repumping F = 1/2 → F ′ = 3/2 and cooling F = 3/2 → F ′ = 5/2

transitions, respectively. The two fixed frequency 80 MHz AOMs generate from

them the cooling and repumping lasers with the desired frequencies, about 3Γ
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Figure 2.12: The distortion of the output beam profile by a damaged EOM. The
damage is worsened from left to right. Our beam profile is similar to the third
column. The image is adopted from [82].

Figure 2.13: The spatial profile of the output beam from the homemade TA
when collimated by the asphere. The highly non-trivial fringe pattern in the
vertical direction complicated the building of the laser system after the TA.
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red-detuned from their respective transition frequencies. Lastly, from the zeroth

order beams of the two 80 MHz AOMs, two variable frequency 100 MHz AOMs

create the mF and F pumping lasers resonant with the cooling and repumping

transitions, respectively. All the produced lasers are transferred via the optical

fibers to the machine table, where the actual experiments are executed.

The excited hyperfine states of the D2 transition of 6Li are not resolved

within the atomic linewidth, enhancing the decay of the atoms to the dark

state (F = 1/2). Therefore, strong repumpers are essential for efficient cooling

of 6Li. For example, the power of the repumper should be larger than a half of

the cooling beam power for 6Li while a few mW typically suffices for the other

alkali metals, such as 23Na and 87Rb.

Building the subsequent optical system after the homemade TA was a

tough job, complicated by the non-trivial spatial profile of the TA output beam

(Fig. 2.13). The current arrangement of the optics, such as the cylindrical lenses

and the focal lengths of the spherical lenses, was obtained purely empirically

to transfer as much power as possible to the machine table via the highest

AOM and fiber coupling efficiencies. It was figured out that the profile critically

depends on the seed beam alignment into the TA. Sometimes, compromising

the output power for a better profile, which yields higher efficiencies, is more

beneficial.

In most quantum gas experiments, atoms are probed by taking their

images using a laser beam that interacts with the atoms. In 6Li experiments,

the imaging laser has to have a wide frequency tuning range since the Feshbach

resonances between the lowest hyperfine states are located at hundreds of Gauss

where the Zeeman shift is as large as 1 GHz. The wide tuning range is feasible

via the ‘offset lock’ in which the frequency of the imaging laser is locked a
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given frequency away from the that of the reference laser. This “distance” in

frequency (called the offset frequency hereafter) should be variable from close to

zero (at low magnetic fields) to GHz (at high magnetic fields). The error signal,

the heart of locking procedure, would then be the difference between the offset

frequency and the frequency difference between the imaging and the reference

laser. Figure 2.14 shows the 6Li imaging system and how the error signal is

generated and used to lock the imaging laser in practice. The imaging laser is

again an ECDL as it is one of the simplest laser system, and the reference laser

comes from the probe port of the TA pro (the yellow fiber denoted by ‘offset

lock’ in Fig. 2.10). Their frequency difference is attained from the beat between

them:

cos(2πω1t) + cos(2πω2t) = 2 cos(2π
ω1 + ω2

2
t) cos(2π

ω1 − ω2

2
t). (2.1)

38



The part with the frequency sum can be ignored because it is too large to be

perceived by any of the electric components. The beat is observed when we

couple the two lasers with the aligned linear polarization into the same optical

fiber, resulting in their interference. This method assures a better stability of

the interference than merely overlapping their path since the latter is vulnerable

to subtle beam alignments. A special high-frequency photodiode detects the

produced beat, and subsequently, the bias tee filters out the dc component from

it. The remaining rf is fed into the offset lock box that generates the error

signal as below (Fig. 2.14) [83]. First, the frequency of the rf signal is divided

by 25, otherwise an overqualified function generator capable of delivering high

frequencies ∼ 1 GHz for the offset frequency is required. Then, the directional

coupler weakly couples out the rf for monitoring. Next, a new rf with the sum

and difference between the frequency of the rf signal and the offset frequency is

produced by the mixer, where the sum is subsequently removed by the 1.7 MHz

low pass filter. Finally, the AD650 generates the error signal by converting the

frequency difference to a voltage proportional to it. The resulting error signal is

accorded to the Moglabs ECDL controller, which is also equipped with a locking

electronic module, that operates the imaging ECDL.

The advantage of the offset lock becomes apparent when different imag-

ing schemes have to be employed. Normally, the 6Li condensate is probed by

the absorption imaging using the cycling σ− transition. However, the imaging

with the non-cycling σ+ transition or the phase-contrast imaging can be easily

implemented by simply changing the offset frequency.
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2.2.2 23Na laser system

The 23Na laser system, illustrated in Fig. 2.15, was constructed at the outset of

QGL as 23Na was the first species studied by QGL. In contrast to the 6Li laser

system, the dye laser is at the heart of the 23Na laser system since convenient

diode lasers with 589 nm, resonant with the D2 transition of 23Na, was not

accessible in 2009. Since then, they have been developed and are becoming

more and more popular around the world. QGL recently purchased one of those

combined with the fiber amplifier and has been using for the experiments. One

of the shortcomings of a dye laser is that it is intrinsically prone to the distortion

of beam alignments since it is basically a cavity system. Whenever adapting the

cavity alignment for the highest and stable laser power, it alters the direction

of the output beam, thus the whole alignment. Therefore, the 23Na laser system

demands more frequent maintenance compared to the 6Li system. Also, the dye

used as the medium decays in time and needs to be replaced every 8-10 months

in our case. The alignment of the whole laser system has to be accompanied

with every replacement.

The frequency of the 23Na laser system is locked via the modulation

transfer spectroscopy (MTS) whereas the 6Li laser frequencies are stabilized by

the saturated absorption spectroscopy (SAS). MTS provides a better stability

since it is immune to the Doppler broadening, the variation of the temperature

or the vapor pressure of the atomic vapor, the baseline, the magnetic field, the

polarization, and the laser intensity while SAS is not. The 6Li experiments have

not suffered from the laser frequency drift issues but an improvement to the

MTS may enhance the robustness of the system. The principle of MTS can be

found in [84,85]

40



Figure 2.15: The 23Na laser system with powers at intermediate points.
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2.3 Feshbach coil

The Feshbach resonances between the three lowest hyperfine states of 6Li (la-

beled |1〉, |2〉, |3〉 in the order of energy from the lowest to the highest) are

located at 690 G (between |1〉 and |3〉), 810 G (between |2〉 and |3〉), and 832 G

(between |1〉 and |2〉). Therefore, we should be able to apply high magnetic fields

in order to access the Feshbach resonances and create strongly interacting 6Li

condensates. Fig. 2.16 displays the arrangement of the three coils, namely the

quadrupole, Feshbach, and z-bias coils, sitting on the main chamber and their

information. The Feshbach and z-bias coils are in the Helmholtz configuration,

and the quadrupole is in the anti-Helmholtz configuration with all their zero

points targeted at the center of the main chamber [76]. The quadrupole and

Feshbach coils comprise of square copper tubing with a hollow at the center,

through which cooling water flows since they carry up to a few hundred am-

peres. In contrast, the z-bias coil is simply made of an enameled wire as only a

few amperes flow in it.

Even though the Feshbach coil was built in in the first place when the

23Na BEC machine was constructed, the system that runs and controls the cur-

rent in the coil was lacking. Specifically, the current has to be manipulated with

a great precision since it determines the interaction strength of the 6Li atomic

gas, which is a pivotal experimental parameter. As Feshbach resonances are

widely exploited in quantum gas experiments, there exists an established tech-

nique for it. The power supply is run in the constant-voltage (CV) mode with

the voltage that provides an enough power for the desired current; the current

in the coil is stabilized by the IGBT with the PID controller; a separate IGBT

plays the role of the switch (digital). IGBTs are known for the stability and
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Figure 2.16: The arrangement of the three coils, namely the quadrupole, Fes-
hbach, and z-bias coils, on the main chamber. On the right, the information
about the coils, such as how much magnetic field is produced per ampere, their
lengths and resistances, are depicted.
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precision in dealing with high currents. Also, the whole Feshbach system has

to be electrically isolated from the environment. It protects the environment

from unfortunate malfunctions of the Feshbach system that may cause serious

breakdowns to the environment due to the high currents. As will be explained

below, the electric isolation is implemented through the analog isolation ampli-

fiers and the photocoupled IGBT driver whose grounds are floating (Fig. 2.17).

Obviously, they receive powers with floated grounds from independent power

supplies.

A scheme of the Feshbach system is illustrated in Fig. 2.17. Let us first

look at the PID locking. Three elements constitute the PID-locking system:

setpoint, measure, and output. The setpoint is directly given to the controller

by the analog channel of the experiment controlling computer (PXI-6713). The

measure has to be a voltage proportional to the current flowing in the Feshbach

coil. The ultra-high precision current transducer ITN 600-S ULTRASTAB from

LEM converts the Feshbach current to the secondary current with the conversion

ratio of 1:1500. The secondary current is interpreted to the “readable” voltage

via the 30 Ω temperature stabilized high precision resistor which is subsequently

fed into the measure of the PID controller (Fig. 2.18). Given the setpoint and

measure, the PID controller automatically yields the output depending on the

values of the P, I, and D. The output is first passed to the analog isolation

amplifier with unity gain that subsequently creates an equal electrically isolated

voltage applied to the IGBT.

In addition to the analog control, the digital of the Feshbach circuit was

built in with a separate IGBT by a similar method. Here, the digital channel of

the computer (either PXI-6533/6534) can send a 5 V TTL to the IGBT driver,

which is composed of the photocoupler and gate driver, that completely opens
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Figure 2.18: Inside the current transducer driver integrated with the tempera-
ture stabilized high precision resistor that converts the secondary current from
the current transducer to the voltage. The 10 Ω resistor in the image has now
been replaced by 30 Ω for a higher resolution. Thick ground wires (red on top
left) suppress the systematic electric noises in the voltage readings.
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or shuts the IGBT depending on the TTL with an electrically isolated voltage.

Meanwhile, the actual current is generated by the power supply ESS 25-

400-8-D-0806 from TDK-lambda, whose highest voltage and current outputs

are 25 V and 400 A, respectively, that suffice to access the whole BEC-BCS

crossover since it takes 223 A to reach 1000 G, unless voltage issues arise. The

power supply is operated in the constant voltage (CV) mode where the output

voltage is determined by the computer analog channel. Here, again, the analog

isolation amplifier with unity gain between them electrically quarantines the

power supply from the computer. The voltage output from the power supply

has to be large enough to deliver the desired current in the Feshbach coil but

not as high as to severely load the IGBT. Actually, the stability of the Fesh-

bach current is affected by the voltage. In practice, the voltage that generates

the lowest noise in the Feshbach current has to found empirically according to

the electric characteristics of the IGBT. Given a certain Feshbach current, the

voltage output from the Feshbach power supply decides the output of the PID

controller that is applied between the gate and emitter of the IGBT, which

should match the characteristics of the transistor.

All the IGBTs are placed on the copper plates, in which cooling water

flows, to prevent them from thermal breakdowns that could be caused by severe

loads (Fig. 2.19).

After a few months the Feshbach coil was utilized, the power supply

generating the z-bias field repeatedly failed and burnt. It was deduced that the

abrupt turn off of the Feshbach current in the time-of-flight procedure induced

a huge electromotive force in the z-bias coil in the inverse direction, causing

the failure. The issue was settled by adding the solid state relay (D1D20L from

Crydom) and the diode to the bias coil circuit.
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Figure 2.19: An image of the IGBT placed on the top of the water cooling copper
plate that prevents thermal breakdown of the IGBT.
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2.4 Deeper optical dipole trap

The first 6Li degenerate Fermi gas (DFG) of QGL was achieved on 25 November

2016, and the first condensate in February 2017. Unfortunately, however, the

DFG in the optical dipole trap (ODT) consisted of only 4 × 106 atoms that

yielded the condensate of merely 400k per spin state. It was a small number

considering that the sympathetically cooled 6Li in the magnetic trap was com-

prised of 10M atoms before it was transferred to the ODT (Fig. 2.20). It directly

contradicted our objective towards a large condensate of ∼ 106 atoms per spin

state and made the use of 23Na as sympathetic coolant pointless. We concluded

that the depth of the ODT was smaller than the temperature or the Fermi

energy of the sympathetically cooled gas such that it was not deep enough to

capture the gas. Obviously, the bottleneck was the low ODT beam power ∼ 1

W which was limited by the optical fiber incapable of delivering higher powers.

The old fiber has now been replaced by the new custom made one (PMJ-

3AHPC3AHPC-980-6/125-3AS-1-1 from Oz optics) that can carry more than 8

W. Fig. 2.21 shows the reference ODT beam power versus the voltage applied

to the ODT AOM driver when it was set up on 25 May 2017. The new ODT can

hold a DFG of more than 107 6Li atoms, resulting in the condensate composed

of more than 106 atoms per spin state. Fig. 2.22 compares the time-of-flight

images of a 6Li unitary Fermi superfluid before and after the ODT laser power

improvement. At once, one can see the huge difference in their sizes. The actual

difference is larger than it merely appears from the images considering that

Fig. 2.22(a), (b) were taken at 795 G and 695 G, respectively, where the pairs

have a higher optical density at higher fields.

Moreover, we implemented the PID locking of the ODT beam power. Pre-
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Figure 2.20: (a) A 5 ms time-of-flight image of a sympathetically cooled 6Li
degenerate Fermi gas containing 10M atoms. The optical plug beam preventing
the Majonanra loss creates the density depleted hole by repulsive force. (b)
A 24 ms time-of-flight image of a degenerate Fermi gas consisting of 4M 6Li
atoms released from the old 1 W optical dipole trap. (c) The radially averaged
optical depth of (b) and various fits to it. The incompetence of the full and
wing Gaussians, in contrast to the Thomas-Fermi profile that gives a reasonable
fitting, manifests the degeneracy of the Fermi gas. The Thomas-Fermi fit gives
the reduced temperature T/TF = 0.12.
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Figure 2.21: The voltage applied to the ODT AOM driver versus the ODT beam
power when it was set up on 25 May 2017. Although it shows a linear trend in
general, a non-trival relation is revealed for the voltage lower than 1 V.
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Figure 2.22: The time-of-flight images of unitary 6Li pair condensates (a) before
and (b) after the ODT laser power improvement and the bimodal fits to the
integrated optical depths. (a) and (b) consist of < 400k and 1.2M atoms per
spin state, respectively. Also, the images were taken at different magnetic fields
such that (a) was taken at 795 G and (b) at 695 G.
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viously, the ODT beam power was manipulated via directly applying the analog

voltage to the ODT AOM driver which led to a nonlinear response between the

beam power and the voltage. However, in the aspect of the Kibble-Zurek ex-

periments, where the temperature of the gas is governed by the ODT depth, a

linear behavior with a great precision was crucial. The beam power is monitored

by a linear photodiode that feeds the measure into the PID controller; the set-

point of the photodiode reading is designated via the analog voltage from the

experiment controlling computer; the output from the PID controller is sent to

the ODT AOM driver to adjust the beam power.

2.5 Manipulating the hyperfine states of 6Li

The internal electronic state of the atoms offers an intriguing tuning knob in

the study of quantum gases, spinor BECs for example. Particularly, fermionic

superfluidity is manifested by inducing an attractive interaction between the

fermionic atoms in different hyperfine states [34, 35, 39]. The hyperfine state

of the atoms is manipulated using the radio-frequency (rf) transitions. Also, rf

transitions are widely used to measure the energy of the states, playing a pivotal

role in elucidating the pairing nature of fermionic superfluidity [43, 44, 59, 62].

For the QGL 23Na-6Li machine, rf pulses are radiated by an either pair of the

square Helmholtz coils inside the main chamber [76]. A Rabi frequency of 1 kHz

is typical in quantum gas experiments since lower frequencies often suffer from

noises while higher frequencies display large Fourier widths that deteriorate the

spectral resolution.

When the |1〉 − |2〉 rf spectrosocpy was first tested in the vicinity of

the |1〉 − |2〉 Feshbach resonance, it showed a poor performance (Fig. 2.23(a)).
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Figure 2.23: The Rabi cycle of the |1〉 − |2〉 transition on the BCS side (∼ 850
G) of the |1〉 − |2〉 Feshbach resonance (a) before and (b) after the 60 Hz noise
removal. A dramatic enhancement of the coherence time is observed.

Not only did the Rabi cycle decay after only a few periods, but the frequency

was far below 1 kHz. The short coherence time originates from the unstable

Feshbach current, perturbed by the 60 Hz cycle of the 220 V AC source. It was

mitigated by matching the grounds of the electronics relevant to the Feshbach

system, including the PID controller and the TEC controller that stabilizes the

temperature of the high precision resistor in the current to voltage converter,

and substituting the noisy BNC cables with the decent ones that dramatically

reduced the 60 Hz noise in the output of the Feshbach coil PID controller from

4 mVpp to 0.2 mVpp. Moreover, we can work around to alleviate the residual

60 Hz noises in the electronics by applying the rf pulse at the same location

of the 60 Hz cycle. This 60 Hz synchronization was utilized by feeding a 60

Hz metronome to the FPGA that defines the experiment time and updating

the experiment control software Cicero Word Generator to the latest version

of 1.64 that can facilitate the synchronization. The 60 Hz clock is generated

by applying the 220 V AC across the Schottky diode. Fig. 2.24 shows that the

voltage across the diode alternates at 60 Hz. It triggers the function generator
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Figure 2.24: (a) The voltage across the Schottky diode generates the 60 Hz
clock of the 220 V AC source that synchronizes the experimental cycle. (b) The
measured voltage of the 60 Hz clock, which is fed into the function generator.

which subsequently provokes also at 60 Hz the FPGA with a narrow square

pulse to tell when to apply the rf pulse. The result was a huge improvement in

the stability of the Feshbach field and the robust rf transition with a so much

longer coherence time, as can be seen from the Rabi cycle that hardly collapses

after 100 ms (Fig. 2.23(b)).

Still, there was the problem of the low Rabi frequency ∼ 250 Hz that

derives from the low rf power. Unfortunately, it turned out that the 20 W

amplifier we first installed (ZHL-20W-13+ from Minicircuits) could not deliver

an enough rf power for a complete Landau-Zener transfer from |1〉 to |2〉, even

after the Feshbach field had been stabilized. The power issue is worse for the

|2〉−|3〉 transition since it was measured to be 2.5 times weaker than the |1〉−|2〉

transition so that it requires 2.5 times more power to obtain the same Rabi

frequency as the |1〉 − |2〉 transition. It was simply resolved by replacing the 20

W amplifier with the 100 W one (ZHL-100W-52-S+ from Minicircuits), which

is currently in use. The 100 W amplifier was installed with a dual safety system

to protect the rf coil from potential malfunctions of the amplifier (Fig. 2.25).

The SPDT electromechanical relay failsafe switch, PE71S6053 from Pasternack,
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Figure 2.25: The 100 W amplifier system with dual safety measures. In order
to radiate the rf inside the main chamber, two separate mechanisms have to be
simultaneously on. First, the relay should be energized by the TTL to direct
the rf to the rf coil inside the main chamber. Second, the amplifier has to be
switched on by another separate TTL.

directs the rf to the buffer when it is not energized. About 100 ms prior to the

application of an rf pulse, the TTL from the digital channel of the computer

is sent to the solid state relay (D1D20L from Crydom) to energize the switch

and change the direction to the rf coil. Then 50 ms before the pulse, another

TTL sent to the other relay turns the amplifier on. This series of procedures

is repeated in the inverse order when the rf pulse is finished. The boost of the

rf power raised the Rabi frequencies of the hyperfine transitions to the desired

values ∼ 1 kHz (Fig. 2.26).
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Figure 2.26: The Rabi cycle of the |2〉 − |3〉 transition at 757.3 G with the 100
W amplifier. An increased Rabi frequency of 0.4 kHz has been acquired with
acceptable stability.
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Chapter 3

Producing a large ∼ 106 strongly

interacting Fermi superfluid of

6Li

One of the goals of the 6Li project from the outset was to acquire a large sam-

ple containing ∼ 106 atoms per spin state. The atom number often affects the

dynamic range of the experiments via the associated energy scales, namely the

chemical potential for a BEC or the Fermi energy for a Fermi gas which accord-

ingly determine the relevant spatial extents of the sample. The phase separation

of a spin imbalanced strongly interacting Fermi gas in a harmonic trap illus-

trates a case [86]. For a given imaging resolution on the order of a few µm, the

separation or the boundary between the phases becomes more pronounced and

easily discernable for a large sample. MIT’s large sample ∼ 107 at that time

should have given them an edge in observing the phenomena over the other

groups that possessed samples of ∼ 105. Particularly from the point of view of
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Figure 3.1: An image of the simulataneous bright MOT of 6Li (red) and dark
MOT of 23Na (yellow). Their relative position changes from time to time for the
best capture efficiency.

the experiments I performed, a large sample was essential since it provided a

long sweeping distance for the vortex shedding and a large dynamic range of the

number of spontaneously created vortices in the Kibble-Zurek experiments. In

this chapter, I will describe how a large ∼ 106 strongly interacting Fermi super-

fluid of 6Li was acquired using 23Na as sympathetic coolant. The basic principle

was to follow the steps of Ketterle group at MIT who successfully obtained it

for the first time [72,73].

3.1 Sympathetic cooling of 6Li by 23Na

The experimental sequences starts with the standard laser cooling; Zeeman

slowing and magneto-optical trapping both 6Li and 23Na atoms simultaneously.

Here, 23Na is in the dark MOT for a higher capture capacity while 6Li is in

the normal bright MOT (Fig. 3.1). The 23Na MOT is fully saturated in 4 s but

a longer time of 8 s is required for the saturation of the 6Li MOT, which is
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Figure 3.2: (a) The Zeeman splitting of the 32S1/2 ground state of 23Na. In the
evaporative cooling of 23Na atoms, the rf transition |F = 2,mF = 2〉 → |F ′ =
1,m′F = 1〉 flips the 23Na atoms from the magnetically trapped to the untrapped
state (black arrow). (b) The Zeeman splitting of the 22S1/2 ground state of 6Li.
The schemes are adopted from [74,75]

attributed to the lower atomic flux.

The next stage would be the rf evaporative cooling of 23Na in the magnetic

trap to sympathetically cool the coexisting 6Li atoms via inter-species collisions.

Prior to it, we have to consider the hyperfine states to be used. First, they have

be low field seeking to be confined in the magnetic trap. Second, they should

be free from the inelastic spin exchange collisions that seriously deteriorate the

efficiency of the cooling. Fig. 3.2 displays the Zeeman splittings of the ground

hyperfine states of 23Na and 6Li. The only two combinations prohibiting spin

exchange collisions are (6Li, 23Na) = (|F = 3/2,mF = 3/2〉, |F = 2,mF = 2〉),

(|F = 1/2,mF = −1/2〉, |F = 1,mF = −1〉). However, the former is preferred

to the latter since the 6Li state of the latter enters the Paschen-Back regime at

a relatively low field on a few tens of Gauss, causing unnecessary complications.
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Therefore, both species have to be transferred to their respective stretched states

before the 23Na evaporation.

Optical pumping does the job for us. First, the magneto-optically trapped

atoms are released by shutting all the lasers and the magnetic quadrupole field

down. Then the bias field is applied in the z-direction to define the axis. Along

the z-direction, the σ+-polarized F and mF pumping lasers for each species are

flashed. For 6Li, the F pumping beam resonant on the F = 1/2 → F ′ = 3/2

transition drains the lowest F = 1/2 hyperfine state, and the mF pumping

beam on the F = 3/2 → F ′ = 5/2 transition transfers the atoms in the

F = 3/2 manifold to the stretched |F = 3/2,mF = 3/2〉 state (Fig. 2.9).

As for 23Na, the F pumping beam resonant on the F = 1 → F ′ = 1 tran-

sition drains the lowest F = 1 hyperfine states, and the mF pumping beam

on the F = 2 → F ′ = 2 transition transfers the atoms in the F = 2 mani-

fold to the stretched |F = 2,mF = 2〉 state (Fig. 3.3). The mF pumping with

the F = 2 → F ′ = 2 transition is favored over the F = 2 → F ′ = 3 tran-

sition since the aiming stretched state is dark for the former but not for the

latter, leading to detrimental over heating of the atoms. The superiority of the

F = 1 → F ′ = 1 transition compared to the F = 1 → F ′ = 2, which gives a

higher Clebsch-Gordon coefficient, for the F pumping is counter-intuitive but

verified by the MIT group [72, 73]. After all, the actual frequencies, duration,

and intensities of the pumping beams were determined empirically to yield the

highest pumping rate. The optically pumped atoms are magnetically trapped

by promptly switching the steep magnetic quadrupole field on via the IGBT,

where the quadrupole power supply have been charged in advance. In order to

selectively remove the atoms that are not in the stretched states, the gradient

of the quadrupole field is lowered to the value that loses undesirable states by
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Figure 3.3: The electronic energy level structure of 23Na. The diagram is adopted
from [74]
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gravity but keeps the targets and is kept at the value for 0.5 s. Then we squeeze

the magnetic trap back and turn on the optical plug beam focused at the zero

point of the quadrupole field to prevent the Majonara loss. At this stage, the

atomic gas is prepared for the evaporative cooling of the 23Na atoms that will

sympathetically cool the coexisting 6Li atoms via the elastic inter-species colli-

sions.

The working principle of evaporative cooling is to get rid of the hottest

atoms where the remaining ones rethermalize to a lower temperature. The 23Na

atoms in the magnetic trap can be taken away by transferring them from the

low field seeking stretched state |F = 2,mF = 2〉 to the high field seeking

state |F = 1,mF = 1〉 (Fig. 3.2). We start the 23Na evaporation by applying

the rf resonant on the transition at high fields (∼ 1835 MHz) to remove the

hottest atoms first then linearly decrease the frequency to close to the zero field

value as the gas is cooled. Meanwhile, we loosen the magnetic trap to decrease

the atomic density and reduce the rate of the inelastic three-body collisions,

which would severely degrade the cooling rate. The most effective profile of

the magnetic trap that results in the highest phase space density of 6Li was

found empirically, with the evaporation time as another tuning parameter. As a

result of the evaporation, the 6Li atoms in the magnetic trap is cooled down to

degeneracy via the inter-species collisions with the 23Na atoms (Fig. 2.20(a)).

This 6Li degenerate Fermi gas is transferred to the ODT with the transferring

rate of ∼ 50%, and a short laser pulse resonant with the 23Na atoms removes

any remnants of them (Fig. 2.20(b), (c)). The ODT is formed by axially focusing

an elongated 1064 nm laser, creating a pancake-shaped confinement with the

aspect ratio of 110:1. A detailed geometry of the beam profile can be found in

the PhD thesis of Jae-yoon Choi [76].
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3.2 Interacting Fermi mixture and its conden-

sation

The most commonly employed hyperfine states to create a 6Li fermoinic su-

perfluid are the two lowest |F = 1/2,mF = 1/2〉 = |1〉 and |F = 1/2,mF =

−1/2〉 = |2〉 since they are easily obtained and their Feshbach resonance located

at 832 G is the widest among those of the three high field seeking states |1〉,

|2〉, and |3〉 (Fig. 1.3).

A strongly interacting Fermi superfluid of |1〉 and |2〉 is produced as

below. First, the produced spin-polarized 6Li DFG in |F = 3/2,mF = 3/2〉 = |6〉

is transferred to |1〉 by the rf Landau-Zener sweep at 3 G. The rf Landau-Zener

sweep is one of the most commonly used skills to manipulate the spin state of

atoms. The transfer probability of the sweep is given by

P|1〉→|2〉 = 1− exp(−2π
Ω2
R

ω̇
), (3.1)

where Ω2
R is the Rabi frequency squared, which is proportional to the applied RF

power, and ω̇ is the sweep rate of the applied RF frequency. Then the Feshbach

field is utilized and increased to 870 G on the BCS side of the |1〉−|2〉 Feshbach

resonance, at which another rf Landau-Zener sweep creates an equal mixture of

|1〉 and |2〉. Actually, the sweep brings the 6Li atoms to a coherent superposition

state of an equal magnitude 1√
2
|1〉+ 1√

2
eiφ|2〉, where φ is the relative phase, and

the gas is still spin-polarized. However, the inhomogeneity of the Feshbach field

leads to the decohering process that populates the atoms in distinct hyperfine

states as they travel different paths in the trap.

The created two-component Fermi gas at this stage is usually well above

the superfluid critical temperature and has to cooled further to become a super-
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Figure 3.4: Time-of-flight images of the resonantly interacting spin-up and spin-
down balanced two-component Fermi gas as the ODT beam power is reduced.
As the temperature is decreased past the critical temperature, the condensate
of the fermionic atom pairs appears and grows. The condensate fraction reaches
as high as 80%, suggesting T/TF < 0.1. Here, T and TF are the temperature
and the Fermi temperature of the gas, respectively.
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fluid. Decreasing the ODT laser beam power at 815 G on the BEC side of the

Feshbach resonance presents an efficient evaporative cooling mechanism for two

reasons. One, the large scattering length near the resonance guarantees a high

collisional rate for a fast re-thermalization and an effective evaporative cooling.

The other is related to the bosonic nature of the constituents of the gas. Col-

lisions between the same spin state, which is forbidden by Pauli exclusion on

the BCS side, is allowed on the BEC side via the collisions between Feshbach

molecules. It boosts the total collisional rate of the gas, leading to a higher cool-

ing efficiency compared to that on the BCS side. Moreover, the number loss by

the evaporation is less significant on the BEC side due to the smaller chemical

potential.

Fig. 3.4 displays the emergence and growth of the condensate of spin-up

and spin-down pairs as the evaporative cooling proceeds. Note that it was per-

formed at unitarity at 832 G where the evaporative cooling is likewise efficient.

At the final state, the sample typically contains 1.2× 106 atoms per spin state

with the condensate fraction of 80% at unitarity, indicating T/TF < 0.1. Here,

T and TF are the temperature and Fermi temperature of the gas, respectively.

The trapping frequencies are (ωx, ωy, ωz) = 2π × (17, 17, 400) Hz, where the

tight axial and the radially symmetric confinement come from the ODT and

the residual Feshbach field curvature, respectively. The Fermi energy of non-

interacting fermions in the harmonic trap EF = ~ω̄(6N)1/3 = kB × 0.5 µK,

= 2π~× 10 kHz. Fig. 3.5 shows the in-situ and time-of-flight images of the pro-

duced strongly interacting Fermi superfluid of 6Li at three different interaction

strengths across the BEC-BCS crossover. Depending on the value of 1/kFa, the

gas smoothly evolves from a BEC to a BCS superfluid through unitarity. Here,

kF =
√

2mEF/~ is the Fermi wavenumber of non-interacing fermions in the
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harmonic trap.

3.3 Time-of-flight imaging of 6Li condensate

As mentioned in the imaging laser section of Chapter 1, atoms are investi-

gated through their interactions with lasers. The effect of the interactions is

imprinted in the intensity of the imaging laser, which is recorded by the CCD

camera. The time-of-flight (TOF) imaging of the atomic Bose gas with the res-

onant light enabled the observation of the Bose-Einstein condensation through

revealing its momentum distribution [8]. Similarly, TOF imaging together with

the rapid ramp technique, which binds the spin-up and spin-down fermion pairs

into deeply bound molecules by rapidly sweeping the magnetic field to the BEC

side of the resonance before the release from the trap, allowed the detection

of the pair condensation of ultracold two-component atomic Fermi gases across

the BEC-BCS crossover [8, 39, 40]. Furthermore, quantum vortices were mani-

fested as density depleted holes in the TOF images of the Fermi condensate,

confirming its superfluidity [41].

Unlike the common cigar trap, our highly oblate hybrid trap has to be

handled with care for a time-of-flight imaging. In taking a TOF image of an elon-

gated sample, the rapid ramp technique swiftly sweeps the magnetic field to the

BEC side at the moment of the release, and the field is kept there until the image

is taken. However, our sample would show a harmonic oscillation instead of a

free ballistic expansion in the radial direction if the same measure were adopted,

since the curvature of the Feshbach field dominates the radial confinement of

our trap. A unique matter wave focusing technique is often employed together

with the rapid ramp technique to measure the pair momentum distribution of
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a strongly interacting Fermi gas confined in this kind of trap [58, 87, 88]. Here,

after the rapid ramp of the magnetic field to the BEC side, the expansion for a

quarter of the period of the radial harmonic potential maps the pair momentum

distribution onto the spatial distribution. This method, however, is not suitable

for detecting vortices.

We thus conceived our own time-of-flight imaging procedure that reveals

both the momentum distribution of the fermion pairs and quantum vortices

of our strongly interacting fermionic superfluid. Note again that the ODT and

the residual curvature of the Feshbach field provide the tight axial and radially

symmetric harmonic confinement of our highly oblate hybrid trap, respectively.

The procedure starts by simultaneously and instantly switching the ODT and

the Feshbach field off. It turns the pairs of spin-up and -down atoms into tightly

bound molecules and quenches the interaction. Also, upon the release, the rapid

expansion in the axial direction and the following plunge of the density due to

the large aspect ratio further ensure the interaction quench. The interaction

quench is essential for a ballistic expansion of the gas that correctly reveals

the momentum distribution of the gas at the releasing moment. Otherwise, a

collisional hydrodynamic expansion would distort the initial distribution. After

the switch-off, the sample freely expands for 12.5 ms during which vortices

expand radially and reach our optical resolution. Subsequently, in 10 ms, the

Feshbach field is quickly increased to 695 G at which an absorption image of

the molecules is taken with a resonant laser beam. The imaging field 695 G was

determined empirically to balance between a high contrast of vortices and a

reasonable optical density of the molecules. At higher fields, vortices are veiled

by the higher optical depth of the molecules, becoming hard to identify, whereas

at lower fields, the molecules fall off the cycling transition for imaging, and the
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Figure 3.6: (a) A single and (b) two vortex dipoles in the resonantly interacting
6Li Fermi superfluid are revealed as density depleted holes in the TOF images,
which are obtained by the procedure explained in the main text.

optical depth is decreased. Fig. 3.6 shows exemplary TOF images, which are

obtained by the procedure described above, of our strongly interacting 6Li Fermi

superfluid with quantized vortices at unitarity. Both condensate and quantized

vortices are clearly visible from the images.
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Chapter 4

Critical vortex shedding in a

strongly interacting fermionic

superfluid

This chapter will be on our first experiment with the newly produced strongly

interacting fermionic superfluid of 6Li atoms; critical vortex shedding in the

superfluid across the BEC-BCS crossover. The results of the work were published

in the paper below.

• J. W. Park, B. Ko, and Y. Shin, “Critical Vortex Shedding in a Strongly

Interacting Fermionic Superfluid,” Phys. Rev. Lett., 121, 225301 (2018).
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4.1 Quantum vortices and the dissipation of a

superfluid

Superfluidity is the property of a fluid with zero viscosity to flow without dissi-

pation. A paradigmatic example is a quantized vortex around which the dissi-

pationless supercurrent rotates indefinitely. The existence of vortices, however,

implies that the system is not in the lowest energy state but in an excited state

since they necessarily involve the kinetic energy of the rotating particles. In fact,

above a certain critical velocity, a superfluid becomes dissipative by creating the

elementary excitations. The phenomenological two-fluid model developed by L.

Landau, which imagined that a superfluid is composed of an ideal and normal

fluid, partially captured the phenomena [11]. Later, it was elaborated by N.

Bogoliubov’s microscopic theory of a weakly interacting Bose gas, in which a

superfluid is comprised of a Bose-Einstein condensate and its elementary exci-

tations [13].

The critical velocity is estimated by the Landau criterion [89]. Consider

a rod moving at a constant velocity v through a stationary superfluid. When

will it be energetically favorable to transfer the momentum from the rod to

the elementary excitation? Let the ground state energy of the superfluid be

E0. Then the energy of the system in the reference frame in which the rod is

at rest is E0 + 1
2
Mv2, where M is the total mass of the superfluid. Next, let

us assume there exists an excitation with momentum p and energy Ep in the

original frame. Again, the energy of the system in the reference frame in which

the rod is stationary would be E0 +Ep−p ·v + 1
2
Mv2. The excitation will arise
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if Ep − p · v < 0, and the minimum velocity required to create an excitation is

vLD = min(
Ep
p

). (4.1)

This velocity is called the (Landau) critical velocity.

The critical velocity was first measured for a superfluid He-4 by oscillating

wires. The result of 27 cm/s was well below the predicted Landau critical veloc-

ity vLD = 58 m/s of superfluid He-4 [90]. Feynman proposed that the creation

of quantized vortices was responsible for the breakdown of superfluidity below

vLD, which was confirmed by the experimental study that observed quantized

dissipations [90–92]. In contrast, in the cases of small obstacles, the measured

critical velocity conformed to the Landau critical velocity [93]. It was later un-

derstood that the discrepancies between the measured critical velocities derive

from the different types of excitations created, depending on the size of the

moving obstacle. If it is smaller than the healing length of the superfluid, super-

fluidity is destroyed by the creation of elementary excitations whereas quantum

vortices are blamed for the obstacles larger than the healing length.

Shortly after weakly interacting atomic BECs had come to reality, a

number of experiments verified their superfluidity by measuring the critical

velocity vc. The Landau critical velocity of a weakly interacting atomic BEC is

the sound speed vs = nU0

m
with the excitation energy

Ep =
√
ε2p + 2εpnU0, (4.2)

where εp = p2

2m
is the dispersion of a free-particle of mass m, n is the particle

density, and U0 = 4π~2a
m

is the interaction strength parameter with the s-wave

scattering length a [27]. However, the experimental results ranged vc/vs = 0.1-

0.6 since the size of the employed obstacles was a few µm while the BEC healing

lengths were an order of magnitude smaller as hundreds nm [56,94,95].
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Figure 4.1: The Landau critical velocity (solid line) and the speed of sound
(dashed line) in the BEC-BCS crossover. The inset shows the superfluid healing
length kF ξ = vF/vc [98].

As for fermionic BCS superfluids, the elementary excitation determining

the Landau critical velocity is the Cooper pair-breaking single-particle excita-

tion. The dispersion relation of a BCS superfluid is

Ek =
√
ξ2k + ∆2, (4.3)

where ξk = εk − µ, µ is the chemical potential, and ∆ is the superfluid pairing

gap. Using the Landau criterion results in the pair breaking velocity of a BCS

superfluid

vpb =

(√
∆2 + µ2 − µ

m

)1/2

=
∆

~kF
. (4.4)

Cooper pairs are fragile and easily broken as can be seen in the small critical ve-

locity of a fermionic superfluid of 3He ∼ 8 mm/s, which is 4 orders of magnitude

lower than that of a bosonic superfluid of 4He ∼ 58 m/s [96,97].

A strongly interacting Fermi superfluid in the BEC-BCS crossover offers

a unique situation where the two types of the elementary excitations, namely

73



the phonon and the pair breaking, co-exist as the microscopic origin of super-

fluidity changes from bosonic to fermionic and vice versa [99]. A recent study

revealed the dispersion relations of the excitations using two-photon Bragg spec-

troscopy [47]. Especially, the critical velocities of the two excitations intersect

near the resonance, and the excitation determining the Landau critical velocity

is switched from one to the other (Fig. 4.1). Three independent experiments in-

vestigated the critical velocity in the BEC-BCS crossover via different methods

before our study. At MIT, the velocity of the moving optical lattice for the onset

of the heating of the superfluid was evaluated; at Hamburg, the heating criti-

cal velocity was measured by rotating an attractive red-detuned beam, whose

the size was comparable to the inter-particle distance, about the center of the

oblate superfluid; at Paris, the critical velocity of a counterflowing Bose-Fermi

superfluid mixture was estimated [48,49,100].

Vortex shedding experiment in atomic superfluids stems from Neely’s

vortex shedding in the oblate 87Rb BEC in 2010 [101]. It was the first study

that observed the nucleation of vortex dipoles by moving a repulsive laser beam,

measured the critical velocity for vortex shedding, and showed the dynamics of

the dipoles. Shortly after, a similar setup was installed at QGL by Dr. Kwon

who pioneered the vortex dynamics experiments [60, 102–104]. Following the

production of a strongly interacting Fermi superfluid of 6Li, one of the sim-

plest but clearest methods of characterizing it was the vortex shedding with

the inherited setup. Particularly, the newly produced sample presents a very

interesting question with regard to the formation of vortex dipoles because of

the additional dissipation channel, the pair-breaking. How will it modify the

vortex nucleation mechanism if it does any? We had two contrasting theories. It

will not affect the nucleation process because vortices are a collective excitation
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while pair-breakings are of single-particle character; it will somehow do even

though they are single-particle excitations since they can still affect the state of

the superfluid. Experiments will answer the question.

4.2 Speed of sound in the BEC-BCS crossover

Speed of sound is one of the fundamental values that describe an interacting

system. It is often related to the speed at which information is traveled through

the medium, and especially, it defines the Landau critical velocity of a weakly

interacting atomic BEC. Therefore, the sound speed has been compared to the

experimentally measured critical velocities of BECs, where the latter always

displayed lower values because of the finite size of the obstacles [94, 95, 103].

When the microscopic nature of an ultracold Fermi gas is tuned from bosonic

to fermionic across the BEC-BCS crossover, the speed of sound is expected to

vary continuously. Starting from the sound speed of a BEC, it will reach on

the order of the Fermi velocity in the BCS limit. The evolution was shown

in three independent measurements [47, 49, 105]. The last two estimated the

propagation speed of the density wave in the radial and axial direction in the

oblate and elongated gases, respectively, whereas the first directly measured the

dispersion. In this section, I will describe how we measured the speed of sound

of our oblate strongly interacting Fermi superfluid in the BEC-BCS crossover

and compared it to the theoretical estimation from the quantum Monte-Carlo

equation of state.

75



0

1

2

3
1 ms 2 ms 3 ms 4 ms 5 ms

6 ms 7 ms 8 ms 9 ms 10 ms

Figure 4.2: The radial density wave propagating outwards in the strongly inter-
acting Fermi gas of 6Li at 837 G. The speed of the propagation equals the speed
of sound of the gas.

4.2.1 Experimental measurement

The speed of sound of our oblate strongly interacting Fermi gas of 6Li is evalu-

ated from the radially outgoing density wave. When the sample is prepared at

the desired magnetic field, a focused 532 nm blue-detuned laser beam is adia-

batically engaged to penetrate the center of the atomic gas. After a hold time

when unnecessary perturbations have died away, the beam is instantly switched

off to induce a radial density wave traveling outwards, whose speed indicates

the speed of sound of the sample. In order to see how fast it propagates, we take

in-situ images of the gas after a variable time since the switch-off (Fig. 4.2). The

location of the density modulation is found by comparing the radially averaged

optical depths (OD) of the sample with and without the density wave. Fig. 4.3

shows an example of the radial OD difference and the propagation of the mod-

ulation. We apply a linear fit to the position vs time data to extract the sound

speed, and we repeat the same procedures across the BEC-BCS crossover.
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Figure 4.3: (a) The radially averaged OD of the sample with (the 8 ms image
from Fig. 4.2) and without the density wave and their difference. The peak
reveals the radial position of the density modulation. (b) The radial position of
the density wave versus the time after the beam was switched off. The traveling
speed of the density wave is extracted from the linear fit to the data.

4.2.2 Theoretical estimate

The theoretical calculation of the speed of sound v2s =
(
∂P
∂ρ

)
T

necessarily re-

quires the equation of state (EoS) of the medium, which is notoriously difficult

to acquire for an ultracold atomic Fermi gas in the strongly interacting regime.

Here, P is the pressure, ρ is the mass density, and T is the temperature. For the-

oretical approach, various quantum Monte-Carlo techniques are exploited, for

example to obtain the Bertsch parameter ξ that relates the average energy per

particle of a dilute Fermi gas in the unitary limit to that in the non-interacting

regime via ε = 3
5
ξεF . Here, εF = ~2k2n

2m
is the local Fermi energy and kn is

the local Fermi wavenumber defined from the local density such as (6π2n)
1/3

.

Such efforts yielded the equation of state of a balanced two-component Fermi

gas at zero temperature at certain interaction strengths across the BEC-BCS

crossover, including ξ = 0.42 [106]. The analytical fitting formula that closely
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Table 4.1: The parameters in the analytic formula for the equation of state.

Parameter BEC side (y > 0) BCS side (y < 0)
α1 0.4200 0.4200
α2 0.2674 0.3692
α3 5.0400 1.0440
β1 0.1126 1.4328
β2 0.4552 0.5523

follows the result of [106] was developed in [107]. We will use this analytical

function to theoretically evaluate the speed of sound of a strongly interacting

Fermi gas.

The EoS proposed in [107] addresses the average energy per particle via

the relation ε = 3
5
ε(y)εF , where y = 1/kna is the interaction strength parameter.

The analytic formula of the EoS is

ε(y) = α1 − α2 arctan

(
α3y

β1 + |y|
β2 + |y|

)
, (4.5)

where two different sets of parameters are assigned for the BEC (y > 0) and the

BCS (y > 0) side, respectively, as written in Table 4.1. The sound speed can be

calculated using P = −
(
∂ε
∂V

)
= nεF [2/5ε(y)− y/5ε′(y)]. From v2s =

(
∂P
∂ρ

)
T

,

vs/vF =

√
1

3
ε(y)− y

5
ε′(y) +

y2

30
ε′′(y), (4.6)

where vF =
√

2εF/m is the Fermi velocity.

A few points have to be taken into account before making a comparison

between the theoretical and experimental results on the speed of sound. The

theory is based on the local density (assumes a homogeneous system) but our

sample is confined in the harmonic trap and exhibits a non-uniform density.

Therefore, one system has to be converted to the other for the comparison.

It is easier to adjust the theory to the harmonically trapped system of the
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experiment since we cannot directly access the local densities from the column

integrated densities of the images. Also, the density changes depending not only

on the position but also on the interaction strength. Throughout our works,

we opted for the Fermi values of non-interacting fermions in a harmonic trap

instead of the local values to indicate the interaction strength of our sample.

The conversion is equivalent to finding the relation between kF and kn, which is

explained in much detail in Wolf Weimer’s thesis [108], and I will not repeat it

in this thesis. In short, the equation of state is used assuming the local density

approximation. I managed to obtain the relation across the whole BEC-BCS

crossover by following the same steps explained in Wolf Weimer’s thesis using

Mathematica.

Two more aspects were considered to theoretically evaluate the experi-

mental results.

• We assume the experimentally measured speed of sound corresponds to

the value at the center of the trap and ignore the effect of the drop of the

density as the density wave propagates radially outwards.

• Our strongly interacting Fermi gas is hydrodynamic in the tightly confined

axial direction so that the speed of sound is determined by the column

averaged density.

The second argument was already encountered in the previous measurements

of the sound speed in strongly interacting Fermi gases, followed by theoretical

assessments [49, 105, 109, 110]. The sound propagation is two-dimensional (no

propagation in the axial direction) and governed by the column averaged density

if the atomic gas is hydrodynamic in the axial direction; the sound mode is

three-dimensional and regulated by the local density if the atomic gas is not
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Figure 4.4: The ratio of the axial Thomas-Fermi radius of the atomic gas to the
mean free path of the atom. That the ratio remains far above 1 guarantees that
our sample is hydrodynamic in the axial direction.

hydrodynamic in the axial direction. The criterion of being hydrodynamic is

whether the mean free path 1
nσ

of an atom is shorter than the spatial extent

of the sample 2RTF,z. Here, n is the atomic density, σ = 8πa2 is the scattering

cross section, and RTF,z is the Thomas-Fermi radius of the sample in the axial

direction. Fig. 4.4 shows the ratio of RTF,z to the mean free path of an atom

in our strongly interacting Fermi gas in the BEC-BCS crossover. Here, RTF,z =

µ/mw2
z , m is the atomic mass of 6Li, σ = 8π × a2mol or 4πa2 in the BEC and

BCS side, respectively, and amol = 0.6a is the molecular scattering length. Even

though the saturation of the scattering cross section in the unitary limit was

not treated properly, the peak in the crossover regime is guaranteed due to the

strongest interaction, and the trend remains consistent. The ratio remains much

larger than unity for all the accessed interaction strengths, ensuring that our

sample is hydrodynamic in the axial direction.
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Figure 4.5: Theoretical (lines) and experimental (diamonds) estimates of the
speed of sound of a strongly interacting Fermi superfluid in the BEC-BCS
crossover. vs,averaged and vs,peak are the theoretical analyses assuming a hydron-
amic and non-hydrodynamic sample, respectively. Our measurements agree with
the hydrodynamic case, where the sound speed is determined by the column av-
eraged density. The error bars are one standard deviation of the linear fit to the
density wave propagation in Fig. 4.3(b).
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Fig. 4.5 displays the experimentally measured and theoretically estimated

speed of sound of our strongly interacting Fermi gas of 6Li. The two theory

curves indicate the sound speed corresponding to the peak and column aver-

aged density, respectively. As expected from the above discussion on the hy-

drodynamicity, our measurements agree excellently with the averaged density

value.

4.3 Critical vortex shedding across the BEC-

BCS crossover

4.3.1 Measuring the critical velocity for vortex shedding

The vortex shedding experiment is straightforward: produce the superfluid,

sweep the obstacle, and observe the created vortices (Fig. 4.6). However, precau-

tions have to taken carefully for reliable measurements. Otherwise undesirable

dynamics induced by non-adiabatic control of the obstacle may affect the critical

velocity as will be examined below. The sequence employed in the measurements

of the critical velocity uvor for vortex shedding is as follows.

The final evaporation at 815 G via lowering the depth of the optical

dipole trap produces the fermionic superfluid of 6Li. At the end of the evapora-

tion, the ODT beam intensity is raised by 1.5 times to prevent the atoms from

spilling over the trap when the superfluid is tuned towards the BCS side and

the chemical potential is increased. Then the sample is left at rest for 0.5 s so

that any dynamics within the superfluid dies away and we obtain a still and

quiet sample. The absence of the dynamics is pivotal in vortex shedding experi-

ments where the velocity of the obstacle relative to the superfluid is the crucial
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Figure 4.6: (a) Schematic of the experiment. A cylindrical impenetrable obstacle,
consisting of a focused repulsive Gaussian laser beam, is translated at a constant
velocity through the center of a disc-shaped strongly interacting fermionic con-
densate of 6Li. (b) An in-situ image of the condensate at unitarity penetrated
by the obstacle. (c) The number of vortices (gray squares) and the probability
of observing vortex dipoles (blue circles) after sweeping the obstacle as a func-
tion of u. The shown data set is obtained at unitarity with L = 27.7 µm using
the quick obstacle switch-off procedure (see the main text). Each data point
comprises at least 9 realizations of the same experiment. The black solid line
is a sigmoidal fit to the probability. From the fit, uvor is extracted by setting
P (uvor) = 1/2.
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parameter that has to be determined accurately. Subsequently, the magnetic

field is adiabatically ramped in 300 ms to the desired value at which the obsta-

cle sweeping will be executed. This duration was also carefully chosen to avoid

causing undesirable dynamics such as the dipole oscillations of the condensate.

Actually, any change of the magnetic field or the trap depth has to be carried

out carefully and slowly enough such that it does induce any dynamics of the

sample since the potential minimum of the optical dipole trap and the magnetic

field, which combine to form the hybrid potential confining the atomic gas, do

not perfectly coincide. The mismatching can be exploited for good as it was il-

lustrated in the measurement of the critical velocity of a Bose-Fermi superfluid

mixture at Paris [100, 111]. An additional hold time of 50 ms is applied after

the magnetic field ramp.

Now, the obstacle that will perturb the superfluid is employed. The re-

pulsive optical obstacle is linearly and adiabatically switched on in 100 ms at

the starting point of the sweep, L/2 apart from the center of the sample. The

following 50 ms hold time ensures that the measured critical velocity is inde-

pendent of the employment. Then the obstacle beam is swept across the center

of the sample over a fixed distance L in a variable time t at a constant velocity

u = L/t by the piezo-driven mirror. Throughout the measurements, we choose

a certain sweeping distance L and vary only the translation period t to control

the velocity u. Upon completing the sweeping, the beam stays still for 50 ms be-

fore it is linearly and adiabatically switched off in 200 ms. After another 50 ms

hold time, we take the time-of-flight image of the sample to detect the created

vortices. Fig. 4.7 illustrates the experimental sequence in which the relevant

parameters are accurately controlled.

The inset in Fig. 4.6(c) shows archetypal images with one and two vortex
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Figure 4.7: An example of the experimental sequence after the magnetic field
is set at the desired value. The ramp and hold times of the obstacle height are
carefully chosen to be independent of the measurement of the critical velocity.
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dipoles generated by the procedure, respectively. We perform 10 iterations for

a given t (or equivalently u = L/t), and record the number (gray squares)

and probability (blue circles) of observing vortex dipoles as a function of the

sweeping velocity u (Fig. 4.6(c)). The result is consistent with the previous

vortex shedding experiments with a weakly interacting atomic BEC of 23Na [103,

104]. Finally, the critical velocity uvor for vortex shedding is determined from

the sigmoidal function P (u) = 1/(1 + e−(u−uvor)/σ) fit to the probability P (u) of

observing vortex dipoles as a function of the sweeping velocity u (Fig. 4.6(c)).

4.3.2 Characterization of the optical obstacle

The optical obstacle is formed by focusing a 532 nm repulsive Gaussian laser

beam propagating along the axial direction (Fig. 4.6(a)). The waist of the beam

was estimated by the method that had already been employed in Dr. Kwon’s

work [83]. We take in-situ images of the resonantly interacting superfluid that it

is penetrated by the obstacle beam whose height is comparable to the chemical

potential of the superfluid. Fig. 4.8(a) is the average of 6 such images, and

Fig. 4.8(b) is the rotated two-dimensional Gaussian fit to Fig. 4.8(a) that gives

the waist. The 1/e2 waist radius of the beam was measured to be w0 = 9.5 µm,

which makes the beam a macroscopic object since it is an order of magnitude

larger than the healing length and the pair size of the superfluid in the accessed

interaction regimes. The Rayleigh length of the beam is calculated from the

waist and wavelength of the beam πw2
0/λ = 590 µm. It is 60 times longer than

the axial Thomas-Fermi radius RTF,z of the atomic gas (12 µm), and the width

of the beam can be regarded uniform in the gas.

While the basic shedding experiment imagines a fluid flowing at a contant
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velocity past a hard cylinder, the Gaussian obstacle does not provide a hard

one but a varying intensity profile that has to be treated carefully. Instead,

we can approach the hard-wall limit by sharpening the slope of the obstacle

boundary. That the beam is in the hard-wall limit is verified by examining the

dependence of the vortex shedding critical velocity uvor on the obstacle height

V0 (Fig. 4.9). The dependence can be understood by the local Landau criterion

as previously discussed in [103]. If the height of the obstacle is lower than the

chemical potential of the superfluid, the atoms at the top of the obstacle is

depleted as the height is increased. It will reduce the atomic density at the

top, leading to the decrease of the critical velocity. On the other hand, when

the obstacle is higher than the chemical potential, raising the obstacle beam

power will sharpen the boundary of the obstacle, approaching the hard cylinder

limit. It will narrow the low density region around the obstacle and increase the

critical velocity. The height of the obstacle was kept at 10 µK in the saturation

regime, which is 20 times higher than the Fermi energy EF = 0.5 µK and

thus far above the chemical potential of the fermionic superfluid across the

BEC-BCS crossover. Assuming the Gaussian beam V = V0exp(−2r2/w2
0), the

effective diameter of the obstacle D = 2w0

√
ln(V0/µ)/2 ≈ 26µm at unitarity

(Fig. 4.6(b)). The position of the optical obstacle is controlled by the piezo-

driven mirror. During the sweep, the voltage applied to the piezo is linearly

changed to translate the beam at a constant velocity.

4.3.3 Adiabaticity of the obstacle beam switch-off

The first vortex shedding in a 6Li superfluid was carried out in May before 2017

DAMOP, but it took quite a while to characterize the experimental parameters
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Figure 4.8: (a) In-situ image of the resonantly interacting 6Li superfluid pen-
etrated by the obstacle beam whose height approximately equals the chemical
potential of the superfluid. (b) Two-dimensional Gaussian fit to (a).

0 2 4 6 8 10

Obstacle height (μK)

0

2

4

6

8

10

C
rit

ic
al

 v
el

oc
ity

 (m
m

/s
)

Figure 4.9: Dependence of the vortex shedding critical velocity uvor on the ob-
stacle height. The measurement was performed at unitarity, where µ ∼ 0.6EF.
The vertical dashed line marks the chosen obstacle height.
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and properly conduct the measurement for physics. The difficulty was to main-

tain adiabaticity during the switching on and off of the obstacle beam. While

fiddling around the relevant experimental parameters, it was found out that,

below a certain value, a shorter switch off time yielded a lower critical veloc-

ity uvor. Fig. 4.10 shows that the vortex shedding critical velocity is measured

higher for the adiabatic (slow) turning off of the obstacle beam than for the

non-adiabatic (fast) switch off across the whole BEC-BCS crossover, confirming

that the difference is irrelevant to the microscopic physics. It is thought that the

non-adiabatic ramp down supplied an additional energy and lowered the energy

barrier for the nucleation of vortices. Then less energy is demanded from the

sweeping, corresponding to a lower translation velocity for a fixed sweeping dis-

tance. The argument further supports modeling the vortex shedding mechanism

in term of the energy consideration as will be discussed below (Fig. 4.11). By

trial and error, it was learned that 200 ms was sufficient for the adiabatic ramp

down of the obstacle beam so that the measured critical velocity for vortex shed-

ding is independent of the period. The switch-on time that ensures adiabaticity

was relatively short as 100 ms.

4.4 Results: critical velocity for vortex shed-

ding

It was suspected that for our method the critical velocity for vortex shedding

depends on the sweeping length [104]. We decided to look into this aspect by

measuring the vortex shedding critical velocity uvor for different sweeping dis-

tances L at each interaction strength accessed. The translation distances ranged
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Figure 4.12: The critical velocity for vortex shedding uvor (filled markers) for
different sweeping lengths L and the speed of sound vs,exp (open diamonds) in
the BEC-BCS crossover, in units of the Fermi velocity vF. The error bars for uvor
and vs,exp represent one standard deviation of the sigmoidal fit to P (u) and the
linear fit to the density wave propagation, respectively. The unseen error bars
are hidden by the markers. The gray dot-dashed line is the theoretical speed
of sound vs,theo from quantum Monte Carlo calculations, for column-averaged
densities [107]. The black dotted curve is the pair breaking velocity vpb from
the mean field BCS theory.

between 20 and 90 µm, which are significantly smaller than the radial Thomas-

Fermi radius RTF,r = 260 µm of our sample at unitarity, and the effect of the

decreasing density for longer distances is negligible. In fact, no discrepancy of

uvor was seen when the sweeping was performed off-centered.

Fig. 4.12 summarizes the results. The vortex shedding critical velocities

uvor for various sweeping distances L are measured across the whole BEC-BCS

crossover and compared to the experimental vs,expt and theoretical vs,theo speed

of sound and the mean-field BCS pair-breaking velocity vpb at the center of
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the superfluid as a reference of the Landau critical velocity. However, a direct

comparison between uvor and vs or vpb is not fair since they are of different

pictures. The former is concerned about the nucleation of vortices by dragging

a macroscopic object by a finite distance while the latter are about the onset

of dissipation via the creation of microscopic excitations, namely phonon and

pair-breaking, respectively. Here, vs,theo is vs,averaged of the section 4.2, and all

the theory curves are scaled to our convention of non-interacting Fermi values

in the same way explained in the section 4.2.

The first observation is the general increase of uvor for decreasing L, which

is consistent with the previous experiment in a weakly interacting BEC [104]. It

was understood in terms of the finite activation time required to accumulate the

energy to generate a vortex dipole. In our procedure, a greater force is demanded

within a shorter travel distance, which corresponds to a higher velocity. We will

extensively examine the dependence of uvor on L and its implications with a

simple empirical model in the next section.

The second is the highest value and increase rate of uvor in the vicinity

of the resonance. We interpret it as the manifestation of the highest stability of

fermionic superfluidity near unitarity, which was reported in the studies of the

dissipation of fermionic superfluids [48,49,67,69].

Last is the well-defined critical velocities over the speed of sound when L

is sufficiently reduced. This observation is surprising when one considers shock

waves and turbulence that are generated when an object moves in a fluid at

supersonic speeds. There will be severe density modulations, and the vortex

shedding will be extremely irregular under these circumstances [112, 113]. But

still, the critical velocity for vortex shedding is well-defined, and no qualitative

change in the behavior is detected when it exceeds the sound speed. In fact, the
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observation is common for the whole crossover regime explored for sufficiently

short L, and it might be a universal feature of compressible gaseous superfluids.

4.5 Modeling the vortex shedding mechanism:

involvement of pair-breaking?

In this section, I will develop the simple empirical model for vortex shedding

that qualitatively explains the relation between the critical velocity uvor for

vortex shedding and the sweeping distance L and discuss the following impli-

cations. It starts from assuming that a certain amount of energy Ec is required

to excite a vortex dipole and that the dissipating power of the obstacle mov-

ing with the velocity u faster than the critical velocity for the appearance of a

drag force, u0c, is given by P = Γ(u− u0c). The latter correctly accounted previ-

ous vortex shedding simulations and experiments, where Γ is a proportionality

constant [103, 114, 115]. Then, Ec = Pt = Γ(uvor − u0c)(L/uvor), which can be

rewritten as

uvor(L) =
u0c

1− l0/L
, (4.7)

where l0=Ec/Γ is the shortest translating distance needed to generate a vortex

dipole. The equation can be linearized by plotting 1/uvor versus 1/L.

Fig. 4.13 shows the data accordingly at four representative interaction

strengths across the BEC-BCS crossover. Here, uvor and L are respectively nor-

malized by the speed of sound vs,theo and the obstacle diameter D at each

−1/kFa. In the deepest BEC side, the experimental data exhibit the predicted

linear relation. As the system is tuned towards the resonance, however, they de-

velop a bilinear structure at Lc ∼ 1.5 D as L is extended, which becomes more
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Figure 4.13: Inverse critical velocity 1/uvor as a function of the inverse sweeping
distance 1/L. uvor and L are normalized by the speed of sound vs,theo and the
effective obstacle diameter D, respectively. Four representative graphs whose
interaction strength −1/kFa are (a) −1.9, (b) −0.88, (c) 0, and (d) 0.73 are
shown. The solid line is the fit of the dissipation model to the data points with
uvor < vs,theo (gray) while excluding those with uvor > vs,theo (red). The dotted
line indicates the characteristic D/Lc where the bimodality develops. The dot-
dashed line marks where uvor = vs,theo. The error bars are one standard deviation
of the fit. The insets show the values of uvor as a function of 1/L.

pronounced towards the BCS limit across the crossover. We applied a bilinear

fit to the data to gain a better understanding while excluding the data points

for which uvor > vs,theo because supersonic speeds may involve complicated phe-

nomena such as turbulence that are qualitatively different from subsonic sit-

uations. The linear relations are characterized by the magnitude of the slope

η̃ = η × vs,theo/D.

A few quantities of interest are shown in Fig. 4.14. First is the sweeping

length at which η̃ takes a sudden jump or in other words the bilinearity appears

(Fig. 4.14(a)). The fitted value of Lc/D has a mild rising trend from the BEC to

the BCS side, ranging between 1.5 and 2. We suspect that the value of L might

be related to the size of the obstacle D since it is the only relevant scale in the

experiment but no evidence is found. Same series of experiments in which D is
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Figure 4.14: Characterization of the evolution of uvor(L) in the BEC-BCS
crossover. (a) The sweeping distance Lc at which a step jump of η̃, the magni-
tude of the slope of the fit, is observed (blue triangles), and the value of L where
uvor = vs,theo (inverted red triangles). The dashed lines are guide to the eye. (b)
η̃ for L > Lc (blue circles) and L < Lc (gray squares). The blue and gray dashed
lines are a guide to the eye. (c) The inverse of the y-intercept of the fit, equal
to the critical velocity for drag normalized by the speed of sound, for L > Lc

(blue circles) and L < Lc (gray squares). The speed of sound (dot-dashed line)
and the pair breaking velocity (dotted line) normalized by the speed of sound
with a multiplicative factor are shown together. The error bars are one standard
deviation of the fit.
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varied may provide the answer.

Fig. 4.14(b) displays the magnitude of the slope η̃ of the two branches,

the short L < Lc and the long L > Lc branches, respectively. The ratio of η̃ of

one branch to that of the other evolves from unity to almost 10 in the investi-

gated interaction strengths across the BEC-BCS crossover. The emergence and

developing trend of the bilinearity from the BEC towards the BCS regime seem

to originate from the emerging fermionic microscopic nature. Especially, η̃ of the

short L branch remains nearly constant at the value set in the far BEC regime

throughout the accessed crossover regime, suggesting that the vortex shedding

dynamics may be governed by the phonon excitation in the short L branch,

even deep into the BCS regime. This possibility will be examined shortly.

Of our particular interest is the y-intercept of the fit in Fig. 4.13, which

indicates the critical velocity u0c for the onset of the drag force, since it is sup-

posed to be connected to the Landau critical velocity vLD = min(vs, vpb) of our

strongly interacting fermionic superfluid in the BEC-BCS crossover [48,49,98].

In Fig. 4.14(c), the extracted values of u0c, normalized by vs,theo, are manifested

and compared to vs,theo and vpb that are both multiplied by a common constant.

In the deepest BEC regime, u0c/vs,theo = 0.13 which is a factor of 3 smaller than

the previous measurement in a weakly interacting highly oblate BEC [103,104].

We attribute the discrepancy to the difference in the sample aspect ratio. The

lower aspect ratio ωz/ωr = 28 of our sample, while it reached 45 in the BEC ex-

periment, led to a stronger three-dimensional nature that resulted in the lower

vortex shedding critical velocity. Most importantly, the overall trend of u0c closely

follows vLD in the BEC-BCS crossover; u0c agrees with vs,theo in the BEC side,

apart from the multiplicative factor, but is suppressed towards the BCS side.

It suggests that the onset of the drag force that does the work to excite a vor-
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tex dipole does not derive solely from the creation of phonon excitation but

is strongly affected by the presence of the fermionic degrees of freedom, the

pair-breaking. Specifically, the pair-breaking excitation contributes to the vor-

tex shedding dynamics in the BEC-BCS crossover. The possibility brought up in

the last paragraph that the short L branch is dictated by the phonon excitation

can be examined by the same logic. If we take at the extrapolated y-intercept of

the short L branch, it is not maintain at a fixed value with respect to the speed

of sound but instead it grows from the BEC side towards the resonance until

it reaches a plateau near unitarity. Therefore, the vortex nucleation process in

the short L branch cannot be explained entirely by the sound speed.

4.6 Conclusion

Our measurements imply that the vortex shedding dynamics in a strongly in-

teracting fermionic superfluid is affected by the presence of the fermionic de-

grees of freedom, the pair breaking excitation. Still, there remain questions to

be answered: what determines the critical sweeping length Lc, why the bilin-

ear structure across Lc is abrupt. Especially, the microscopic picture how the

pair-breaking mechanism gets involved in the nucleation of vortices is still a

mystery. One possible scenario is that the breaking of the fermion pairs locally

depletes the superfluid, leading to the reduction of the local critical velocity for

vortex shedding. However, a thorough investigation on the roles of the bosonic

and fermionic elementary excitations and their potential interplay in the vortex

nucleation process has to be conducted.

In conclusion, we have measured the critical velocity for vortex shedding

and studied its dependence on the obstacle sweeping distance in a strongly inter-
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acting fermionic superfluid across the BEC-BCS crossover. A steep increase of

the critical velocity is observed near unitarity, demonstrating the robustness of

Fermi superfluidity in this regime, and a characteristic transition in the vortex

shedding dynamics across the BEC-BCS crossover is revealed, suggesting the

involvement of the pair breaking excitations in the vortex shedding dynamics.

In light of the recent experimental observation of a von Karman vortex street

in a weakly interacting BEC [60], it would be intriguing to investigate the uni-

versality of the vortex shedding behavior in the current system, e.g., in terms

of Lc/D and l0/D.
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Chapter 5

Kibble-Zurek universality in a

strongly interacting Fermi

superfluid

This chapter will be on our experiment on the Kibble-Zurek universality in a

strongly interacting Fermi superfluid. The results of the work were published in

the paper below.

• B. Ko and J. W. Park, Y. Shin, “Kibble-Zurek universality in a strongly

interacting Fermi superfluid,” Nature Physics, 15, 1227-1231 (2019).

5.1 Kibble-Zurek mechanism and universality

5.1.1 The Kibble-Zurek mechanism

The Kibble-Zurek mechanism (KZM) concerns with the spontaneous formation

of topological defects in a system that is driven at a finite rate across a con-
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tinuous phase transition. It is named after the two theoretical physicists who

proposed it: T. Kibble, who illustrated how the domain structure arose in the

early universe, and W. Zurek, who predicted the relation between the density

of the created defects, the critical exponents of the transition, and the driving

rate [116, 117]. The KZM is a general theory such that the type of the phase

transition illustrated by the KZM is not limited in the classical area, which is

governed by thermal fluctuations, but can be extended to quantum phase tran-

sitions, where quantum fluctuations dominate and the thermal counterpart can

be neglected at absolute zero temperature [118–121].

As pointed out, there could be different kinds of control parameters that

govern a second-order phase transitions such as the temperature, magnetic field,

or pressure. Here, I will focus on a classical second-order phase transition domi-

nated by the thermal fluctuations and the control parameter is the temperature

T . When the temperature T of a system is cooled across the critical temperature

Tc for a continuous phase transition, the system’s equilibrium correlation length

ξ and equilibrium relaxation time τ diverge in the vicinity of the critical point

according to the power-law in three dimensions [122]

ξ = ξ0|(T − Tc)/Tc|−ν (5.1)

τ = τ0|(T − Tc)/Tc|−νz, (5.2)

where ξ0 and τ0 are the microscopic length- and timescales of the system, respec-

tively, and ν and z are the critical exponents of the system (Fig. 5.1). Eventually,

the relaxation time will exceed the timescale for the change of the temperature,

at which point the system can no longer follow the externally imposed quench.

Consequently, the system’s correlation length ξ becomes frozen at a value ξ̂ until

its reflexes are recovered in the broken-symmetry phase. This leads to the for-
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Figure 5.1: Divergence of the equilibrium relaxation time τ = τ0|(T −Tc)/Tc|−νz
and correlation length ξ = ξ0|(T − Tc)/Tc|−ν in the vicinity of the critical point
of a second-oder phase transition in three dimensions. The frozen values of the
relaxation time τ̂ and correlation length ξ̂ are determined by the quench rate.
A faster quench results in a smaller τ̂ and ξ̂, leading to a higher density of the
created topological defects. The image is adopted from [122]
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mation of the domains of the average size ξ̂ with independent order parameters

which subsequently merge to create topological defects at their boundaries.

Assuming a linear quench, W. Zurek related the defect density to the

quench rate and the critical exponent. For ε = (Tc − T )/Tc = t/tq, the critical

freeze out occurs when τ = |ε/ε̇|, leading to

τ̂ = (τ0t
νz
q )

1
1+νz (5.3)

ξ̂ = ξ0

(
tq
τ0

) ν
1+νz

. (5.4)

Thus, the density of the defect will be

1

ξ̂D−d
=

1

ξD−d0

(
tq
τ0

)−(D−d) ν
1+νz

, (5.5)

where D and d are the dimensionality of the system and the defect, respectively.

5.1.2 Universality of phase transition

The formation of topological defects by the KZM is not the only interesting

phenomenon that occurs when crossing a continuous phase transition. Univer-

sality arises from the diverging correlation length near the critical point [123].

The extensive correlation length ξ, very large compared to the inter-particle

distance, implies that many microscopic details of the Hamiltonian will be irrel-

evant in describing the system, but ξ instead becomes the sole length scale that

governs the physics. Therefore, systems exhibiting critical phenomena can be

classified into different groups, called the universality classes, according to their

critical behavior. Since critical behavior is dictated by the critical exponents,

all the systems belonging to a certain class share the same set of the critical

exponents. This universality hypothesis was elucidated by the renormalization

group (RG) approach [124–126]. Then a number of questions follow.
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• What properties of a system determine its universality class and how many

universality classes exist?

• What are the numerical values of the critical exponents for the different

universality classes?

• Are there any simple scaling laws relating the dynamic and static critical

exponents?

It turns out that a system’s universality class is determined by its generic

factors such as the dimensionality, the symmetry of the order parameter, and

the presence of long-range interactions, etc. This is a huge merit since they

are relatively easy to know and independent of the microscopic aspects that

are in many cases extremely complicated. The critical exponents of various

systems have been assessed both theoretically and experimentally, and their

results have been constantly compared. The λ-transition of superfluid helium

is an excellent example [127,128]. Kibble-Zurek experiments provide a measure

to find out the system’s critical exponents and universality class through the

Kibble-Zurek (KZ) exponent (D−d)ν/(1+νz). The study of critical phenomena

also anticipates several scaling laws such that, provided only two of the critical

exponents, all the others can be obtained from the scaling laws [14].

Before the renormalization group approach, the mean-field (MF) Landau-

Ginzburg description of the phase transition achieved a huge success in explain-

ing the critical behavior qualitatively (Chapter 1). Quantitatively, the MF ap-

proach was correct in some cases and was not in the others. The limitation

was evident in its inherent neglecting of the huge fluctuations in the critical

region. The Ginzburg criterion gives a quantitative boundary to which the MF

theory holds by comparing the magnitude of the fluctuations to the average
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values [129]. The ideas of the upper critical dimension (4), above which the MF

description gives the exact results due to the suppression of the fluctuations, and

the lower critical dimension (2), below which the ordered phase is destroyed by

the strong fluctuations and the MF theory fails, stem from the criterion. Only

in three dimensions, the fluctuations are comparable to the mean-field values

and have to treated with care.

5.1.3 Kibble-Zurek universality and a strongly interact-

ing Fermi gases

The Kibble-Zurek mechanism has been tested and validated in a variety of

systems, including liquid crystals, superfluid helium, trapped ions, and weakly

interacting BECs [130–140]. Unlike them, however, strongly interacting atomic

Fermi gases with tunable interactions offer a unique opportunity to explore its

universal aspects in a setting where the system’s microscopic description can be

consistently and dramatically tuned. In the vicinity of a Feshbach resonance,

as the scattering length between the spin-up and spin-down fermions is tuned

from positive to negative, the nature of superfluidity changes from Bose-Einstein

condensation (BEC) of tightly bound molecules to Bardeen-Cooper-Schrieffer

(BCS) superfluidity of long-range fermion pairs [141, 142]. This leads to sig-

nificant variations in the static and dynamic properties of the superfluid, as

apparent in the changes of the critical temperature [22, 39, 143] and the crit-

ical velocity [48–50] in the BEC-BCS crossover. Furthermore, in the unitary

regime, the diverging scattering length gives rise to a novel form of strongly

correlated fermionic superfluidity, whose scale invariant nature provides connec-

tions to other exotic states of matter such as in neutron stars and quark-gluon
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plasma [142,144,145]. Nevertheless, the spontaneous breaking of the U(1) gauge

symmetry associated with the normal to superfluid phase transition should pre-

vail throughout the crossover, and the question of whether the KZ mechanism

can be consistently applied in this regime remains largely unaddressed. We per-

formed the Kibble-Zurek experiments in an ultracold strongly interacting Fermi

gas with regards to two questions.

1. Will the Kibble-Zurek mechanism hold for a strongly interacting Fermi

gas system, especially at unitarity?

2. Will there be the Kibble-Zurek universality across the BEC-BCS crossover?

5.2 Thermal quench of a strongly interacting

Fermi gas across the normal to superfluid

phase transition and the creation of quan-

tum vortices

The experiment starts with the creation of an equal mixture of ultracold 6Li in

their two lowest hyperfine states |1〉 and |2〉 near the broad s-wave Feshbach

resonance located at 832 G [50]. The atoms are confined in a highly oblate trap

that consists of a single beam optical dipole trap (ODT) providing the tight

axial confinement and a weak magnetic trap providing the radially symmet-

ric confinement. Initially, about 2.0 × 106 atoms per spin state are prepared

at different magnetic fields around the Feshbach resonance, at a temperature

corresponding to 1.15 times the critical ODT depth Uc for the onset of conden-

sation. Since the critical temperature varies across the BEC-BCS crossover as
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Figure 5.2: The determination of the critical trap depth for the onset
of condensation The condensate appears and grows as the optical dipole trap
depth is decreased (gray circles). The blue line is a bilinear fit to the data, where
one is kept horizontal. The red dashed line denotes the critical trap depth for
the onset of condensation. The data is taken at −1/kFa = −1.53 and the error
bars show one standard deviation.

a function of the interaction strength, Uc is determined at each magnetic field

accessed in the experiment (Fig. 5.2). Then, the mixture is evaporatively cooled

by linearly reducing the ODT depth to a final value Uf = 0.15 Uc (0.3 Uc for

measurements on the BCS side) during various quench times tq ranging between

0.2 s and 2.6 s (see Fig. 5.3a).

The linear relationship between the sample temperature and the ODT

beam intensity can be inferred by observing the evolution of the thermal cloud

size in time-of-flight images from the experiment. Fig. 5.4 shows that the square

of the thermal cloud size, which is proportional to the sample temperature,

linearly decreases as the intensity is linearly reduced during the quench, and it

remains constant after the quench is completed.

In the KZ mechanism, topological defects emerge in the system through

the merging of domains with independent order parameters. To reliably extract
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Figure 5.3: Spontaneous defect formation during the normal to super-
fluid phase transition in a strongly interacting Fermi gas. a, Schematic
of the experiment. The ODT depth is initially set to Ui = 1.15 Uc, and the gas
is evaporatively cooled by linearly lowering the trap depth to Uf in a variable
duration tq. After a hold time th, the sample is released from the trap and an
absorption image of the sample is taken. b, Evolution of the correlation length
and its freeze-out during the phase transition. During the quench, the critical
slowing down of the system’s reflexes near Tc leads to the freeze-out of the diverg-
ing correlation length at a value ξ̂. In the experiment, since the quench width
Ui − Uf is fixed, the quench time tq determines the value of ξ̂. c, Formation
of quantised vortices during spontaneous symmetry breaking. Upon entering
the broken-symmetry phase, superfluid domains with independent phases are
formed, which merge to create quantised vortices at their boundaries. Patches
with different colours indicate domains with different phases. The defect forma-
tion dynamics is explored across the BEC-BCS crossover. d, Exemplary images
of the gas after time-of-flight. The number of created vortices are recorded as a
function of the quench duration and the interaction strength.
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Figure 5.4: The evolution of the square of the thermal cloud size in
the experiment. Data obtained for tq = 600 ms at −1/kFa = −1.53. Each
data point comprises ten realisations of the same experiment, and the error
bars represent the standard deviation. The blue line is a bilinear fit to the data,
where one of the lines is kept horizontal. The vertical dotted line marks the end
of the quench.

the number of defects, a certain amount of hold time must be applied to the

sample after the thermal quench to ensure that the condensate growth and the

domain merging dynamics have been completed. However, in the presence of

destructive interactions among the defects, this hold time must be kept as short

as possible, such that the ensuing reduction of their numbers does not affect the

observed scaling relationship between the defect density and the quench rate.

It should be noted that for the case of weakly interacting BECs, investi-

gations on the effect of the dissipative evolution of the defects on the observed

KZ scaling have shown that the KZ exponent is fairly robust against the de-

cay of the defect number [122, 146]. Nonetheless, to apply a well-defined hold

time th to the sample before releasing it for TOF imaging, we investigate the

evolution of the condensate fraction and the vortex number as a function of th
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Figure 5.5: The evolution of the sample during and after various quench
times tq = 200 ms (circle), 400 ms (inverted triangle), 600 ms
(square), 1000 ms (diamond), and 2000 ms (triangle). a-d, The growth
and decay of the condensate fraction of the sample during and after the quench.
e-h, The decay of the average number of counted vortices during hold time th
after the quench. Each data point is the average of ten realisations of the same
experiment and the error bars give the standard error of the mean.

for a number of quench times, at each the interaction strength accessed in the

experiment.

The condensate fraction of the sample is measured using the “rapid-

ramp technique,” where prior to releasing the sample for TOF expansion, the

Feshbach field is rapidly ramped to the molecular side of the resonance to convert

the fermion pairs into tightly bound molecules. A bimodal fit is then applied to

extract the condensate fraction, as shown in Fig. 5.5a-d. Generically, following

the quench, the condensate fraction initially rises until it reaches a maximal

value near th = 200 ∼ 300 ms (50 ∼ 150 ms for measurements on the BCS
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side), and then it decays due to three-body losses. This value of th may represent

the intrinsic time scale for the condensate growth dynamics of the system. The

condensate fraction measured after this hold time is independent of the quench

time for each −1/kFa, indicating that the sample is well thermalised during the

quench for the investigated quench times. Also, when the hold time of each data

set is normalised by its respective quench time (see insets of Fig. 5.5a-d), the

evolution of the condensate fraction during the ODT ramp closely tracks each

other for all the quench times apart from 200 ms, where it starts to show a weak

deviation. This observation implies that the temperature of the sample is set

by the ODT depth for the explored quench times during the quench.

The evolution of the vortex number shown in Fig. 5.5e-f displays a similar

trend compared to that of the condensate fraction. Specifically, the area of the

density depleted regions initially rises as the domains merge until it reaches a

maximal value, and then it decays as the loss mechanism among the defects

starts to dominate. Based on these observations, we set th to be the time at

which the defect number reaches its maximum, corresponding to th = 200 ms

for measurements performed on the BEC side of the resonance and at unitarity,

and th = 50 ms for the data taken on the BCS side due to a faster decay rate.

An important observation is that the decay rate of the vortices is de-

pendent on the initial vortex density set by the quench time tq. Specifically,

it becomes enhanced at short quench times where the initial vortex number

is higher. The insets in Fig. 5.5e-h show the decay constant γ as a function

of the quench time when we fit an exponential decay of the vortex number

N(t) = N0e
−γt to the data whose hold time is equal to or greater than th.

Here, t is the hold time and N0 is the the hypothetical vortex number at t = 0.

The increase in the exponential decay rate for shorter quench times reveals the
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presence of a beyond one-body decay mechanism, which likely arises from the

destructive interactions among vortices with opposite charges. In the experi-

ment, this loss mechanism is associated with the departure from the KZ scaling

and the saturation of the vortex number for short quench times.

During the quench, the system undergoes a spontaneous symmetry-breaking

phase transition, and superfluid domains with independent phases are formed

(see Fig. 5.3b, c). Since the ODT provides the tight axial confinement, lowering

the ODT depth leads to the evaporation dominantly in the axial direction along

which fast thermalisation is ensured. This leads to the production of domains

principally in the radial plane of the sample, which merge to create vortices

aligned parallel to the axial direction of the trap. To facilitate the merging dy-

namics, a hold time th of 200 ms (50 ms for the measurements on the BCS side)

is applied after the quench, and finally, the vortices are detected by performing

time-of-flight imaging of the sample [50]. At the end of this procedure, the sam-

ple contains about 1.0 × 106 atoms per spin state with a condensate fraction

of 80% at unitarity. Representative images of the sample for a range of quench

times are shown in Fig. 5.3d for different interaction strengths 1/kFa. Note that

the values of 1/kFa represent the final state of the gas, where kF is the Fermi

wave number of non-interacting fermions in a harmonic trap and a is the s-wave

scattering length.

To extract the vortex number from TOF images, we use an automised

image processing method, similar to the one outlined in Ref. [102]. First, for

a given absorption image, the contribution to the optical depth from the non-

condensed fraction of the sample is removed by fitting a Gaussian to the thermal

wings and subtracting it off. Then, a copy of this image is created, and a two-

dimensional Gaussian smoothing filter is applied, whose width is chosen to be
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100 μm

a b

Figure 5.6: Creating a binary image of the density depleted holes. a is
an exemplary image of the optical depth of the sample after TOF, and b shows
the converted binary image identifying the density depleted holes.

comparable to the typical size of a density depleted hole. This filtered image is

used to divide the unfiltered image, which is then binarised using an empirically

chosen threshold value that best identifies the density depleted holes as isolated

“particles” (see Fig. 5.6). Using a standard particle analysis package included

in most mathematical computing software (e.g. Matlab, Igor, Mathematica),

the boundaries and the areas of the individual particles are identified. Fig. 5.7

exhibits exemplary TOF images taken from Fig. 1d of the main manuscript to-

gether with the processed images showing the boundaries of the density depleted

holes, demonstrating the reliability of this procedure.

For samples that are densely populated by vortices, large holes that rep-

resent multiple vortices are observed. To assign a proper quanta, we plot the

histogram of the hole area at each investigated interaction strength and assign

a cut-off area for each quanta based on the multiple peak structure of the his-

togram (see Fig. 5.8). The minima between two adjacent peaks are used to set

the vortex number transition lines of the particles. Based on this criteria, each

particle is assigned a quanta equal to the number of vortices it represents, and

their sum is recorded as the number of vortices of the image. Also, once the vor-
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Figure 5.7: Computer-assisted counting of vortex number. Images from
Fig. 1d and when they are applied to the vortex counting procedure. Identified
vortices are encircled by red lines.
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Figure 5.8: The histogram of the identified vortex areas. The data consists
of 70 images at unitarity, where the quench time extends between 200 ms to
800 ms.

tex number is determined by this procedure, every image was double-checked

by eye to correct for possible misassignments.

Fig. 5.9 shows the average number of observed vortices Nv as a function

of the quench time tq at four different interaction strengths across the BEC-BCS

crossover. Our measurements feature an order of magnitude higher number of

defects (up to 50 at unitarity) compared to previous KZ experiments with atomic

BECs, which results from the large radial size and the short healing length of the

strongly interacting Fermi superfluid. The dynamic range of the defect number

reaches about two orders of magnitude, and the quench duration spans over a

decade, allowing different regimes of the vortex formation dynamics to be clearly

distinguished in the experiment. Specifically, for sufficiently long quench times,

the evolution of the vortex number reveals the characteristic power-law scaling of

the KZ mechanism, but as tq is reduced, the vortex number becomes saturated.

Such behavior has been observed in previous KZ experiments [122,135,146], and
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Figure 5.9: Vortex number versus quench time. The average number of
detected vortices are plotted as a function of tq in log-log scale at four different
final interaction strengths −1/kFa = −1.53 (757 G) (a), −0.83 (785 G) (b), 0
(832 G) (c) , and 0.70 (898 G) (d). The grey and the orange circles represent the
data points in the KZ and the saturated regime, respectively. The blue dashed
line is the saturation model fit to the full regime, and the black solid line is the
power law fit to the KZ regime. The insets show the same data in lin-lin scale.
Each data point comprises at least ten realisations of the same experiment. The
error bars are standard error of the mean.

was attributed to the presence of destructive interactions among the defects. To

systematically distinguish the two regimes and reliably extract the KZ exponent,

we adopt an empirical model of the defect numberNv = Nsat[1+(tq/tsat)
2βKZ ]−1/2

proposed in Ref. [122], where Nsat is the saturated vortex number, and tsat is

the characteristic quench time for the onset of saturation. The model fits the

data well in all the interaction regimes, suggesting the existence of a universal

scaling of the vortex number even in the presence of saturation. From these fits,

we identify the KZ regime through the condition tq & 1.5 tsat, and a power-law

function Nv = Ct−αKZ
q is fit in this regime to extract the KZ exponent αKZ.
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Figure 5.10: Kibble-Zurek exponents in the BEC-BCS crossover. The
KZ exponents obtained from the power law fits to the KZ regime, αKZ (grey
circles), and from the model fits to the full regime, βKZ (orange squares), are
shown for the explored interaction strengths. Each data point is the average of
three sets of experimental measurements, and the error bars are the quadrature
sums of the standard error of the mean and the fit error. The red dashed and the
blue dot-dashed line indicate the prediction of the F-model and the mean-field,
respectively. The values of αKZ and βKZ at each each interaction strengths lie
close to each other, justifying the condition for setting the KZ regime in the
experiment.

5.3 Kibble-Zurek universality in the BEC-BCS

crossover

A summary of the measured KZ exponents for the experimentally explored

interaction strengths are shown in Fig. 5.10. The central observation is that,

within the experimental resolution, αKZ maintains a constant value across the

BEC-BCS crossover, arising from the global U(1) gauge symmetry of the sys-
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tem. The values of αKZ range between 2.15 and 2.30, and their average yields

αKZ = 2.24(9). To put these numbers in perspective, we compare the mea-

sured values of αKZ to theoretical predictions of the KZ exponent in various

scenarios. First of all, for a homogeneous system, the KZ exponent is given by

(D − d)ν/(1 + νz) [117], where D is the dimensionality of the system and d of

the defects. However, for an inhomogeneous sample confined in a harmonic trap,

condensates with locally chosen phases are created only where the velocity of the

transition front is faster than the propagation speed of the phase information,

and a modification of the KZ exponent to

(D − d)
1 + 2ν

1 + νz
(5.6)

has been predicted in Ref. [147].

From the perspective of the KZ mechanism, the defect formation dy-

namics should be considered to be effectively 2D if the freeze-out correlation

length ξ̂ is longer than the axial dimension of the sample. For our system at 757

G (corresponding to a = 3981.8a0), taking the thermal de-Broglie wavelength

λdB,c ≈ 0.8 µm at the critical point as the microscopic length scale ξ0 for the

correlation length and the (classical) elastic scattering time 1/n0σv ≈ 36 µs

as the microscopic timescale τ0 for the relaxation time, the freeze-out correla-

tion length ξ̂ = ξ0(tq/τ0)
ν/(1+νz) is estimated to be about 14 µm for the short-

est quench time explored of 200 ms, compared to the axial size of the sample

Rz =
√

2kBTc
mmolω2

z
≈ 4 µm. Here, n0 is the central density of the molecules in the

harmonic trap, σ = 8πa2mol is the scattering cross section of diatomic molecules,

amol = 0.6a is the molecular scattering length, v =
√

3kBTc/mmol is the root

mean squared velocity of the molecules at Tc, mmol = 2m is the molecule mass,

and ωz ≈ 2π× 1 kHz is the axial trapping frequency. Hence, the domain forma-
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tion dynamics will be initially 2D. However, as the condensation front moves

away from the trap center during the quench and the local freeze-out correlation

length decreases due to the decreasing local critical temperature, a dimensional

crossover from 2D to 3D may occur. From a theoretical viewpoint, the KZ mech-

anism itself does not distinguish between the two scenarios, so the effect of this

crossover should be weak, if it exists at all.

With D − d = 2 for point defects created in an effective 2D sample

and the values of ν and z for the lambda transition of superfluid helium-4,

the mean-field and the renormalisation group theory (F-model) predictions of

the KZ exponents are 1/2 and 2/3 for a homogeneous system and 2 and 7/3

for a harmonically trapped system, respectively. The measured αKZ departs

far from the homogeneous case but lies between the predictions for a har-

monic trap, closer to that of the F-model. However, an improved signal-to-

noise is necessary to firmly distinguish between the mean-field and F-model

predictions. In light of the Ginzburg criterion, our sample is expected to be

away from the mean-field regime, since the freeze-out correlation length at

−1/kFa = −1.53, which is the most weakly interacting regime explored on

the molecular side of the resonance, is estimated to be ξ̂ ∼ 10 µm at tq = 200

ms, more than two orders of magnitude longer than the characteristic Ginzburg

length ξG = λ2dB,c/(
√

128π2|a|) . 0.05 µm [148]. Here, λdB,c is the thermal de-

Broglie wavelength at the critical point. Note that as the interaction strength is

tuned closer to resonance, the system is expected to move further away from the

mean-field regime [149,150]. On the BCS side, the mean-field description should

be rapidly recovered, but the data at −1/kFa = 0.70, which is still within the

strongly interacting regime, show no observable change of the KZ exponent.

118



5.4 Defect density saturation and the coher-

ence length of a strongly interacting Fermi

superfluid in the BEC-BCS crossover

The saturation of the vortex number at short quench times opens a window to

explore the microscopic aspects of defect formation dynamics near the critical

point. As mentioned earlier, the likely cause for this behaviour is the destructive

interactions among vortices and antivortices, which are consistent with the ob-

served enhancement of the vortex decay rate in the saturated regime (see Supple-

mentary Information). Such interactions would have taken effect already during

the domain merging dynamics, which is a highly entangled process of both the

creation and annihilation of vortices. To estimate the saturated vortex number

and understand its dependence on 1/kFa, we adopt a simple phenomenological

model where the effective range of the destructive vortex interactions during

the coarsening dynamics is proportional to the vortex core size ξvor. Then, the

maximal vortex number will be given by (RTF/fξvor)
2, where RTF is the exper-

imentally determined Thomas-Fermi radius of the superfluid, and f is a scaling

factor that accounts for the characteristic distance. Since f is a geometric fac-

tor that captures the effective size of a vortex, it is reasonable to expect that

its value is fairly constant within the crossover. A mean-field estimate of Nsat

can then be obtained by substituting ξvor with the superfluid healing length

ξh = ~/mvc, where m is the atomic mass of 6Li and vc is the mean-field Landau

critical velocity of the superfluid sample at its centre.

Fig. 5.11a compares the experimentally obtained values of Nsat to their

mean-field estimates in the BEC-BCS crossover, and the inset shows their ratios.
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Figure 5.11: Characterisation of spontaneous vortex formation across
the BEC-BCS crossover. a, Comparison between Nsat (grey circles) and
R2

TF/(fξh)2 (blue band), including a scaling factor of f ≈ 40. The inset shows
the ratio between the two values. The data points are obtained from the model
fit applied to a single set of experiments, and the error bars represent the cor-
responding fit error. The band comes from the uncertainties in RTF and kF in
the experiment. b, Quench time tsat at the onset of saturation. The error bars,
which represent the corresponding fit error, are smaller than the data points. The
dashed line is the guide to the eyes, indicating the average of the data points. c,
Normalised vortex number Nv/Nsat as a function of the normalised quench time
tq/tsat at four different interaction strengths −1/kFa= − 1.53 (purple circles),
−0.83 (green triangles), 0 (orange squares), and 0.70 (red inverted triangles)
across the BEC-BCS crossover. The open markers show an independent mea-
surement with slightly lower atom numbers. The error bars are standard error
of the mean. The inset shows the original Nv versus tq for comparison.
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The scaling factor f has been determined to be ≈ 40 by fitting the theory to the

data using least-squares. The dependence of Nsat on 1/kFa is captured excep-

tionally well by the mean-field theory, where the slight variations of their ratios

in the strongly interacting regime (shown in the inset) may imply the presence

of beyond mean-field corrections to the healing length ξh and also possible weak

variations in f . Fig. 5.11b summarises the corresponding quench times tsat where

saturation begins to develop. Note that in order to account for the higher final

trap depth used for the data taken at −1/kFa = 0.70, the corresponding value

of tsat has been rescaled to match the quench rates. Interestingly, in contrast

to Nsat, tsat maintains a fairly constant value within the investigated interac-

tion strengths. Since the thermalisation rate of the system would not show a

sharp peak at unitarity [151], a weak dependence of tsat on 1/kFa is somewhat

expected. However, a full understanding of this behaviour will require an en-

hanced modelling of the quench profile at each interaction strength 1/kFa and

the knowledge of the interaction dependence of the microscopic parameters ξ0

and τ0 near the critical point. Using the Nsat and tsat extracted from the model

fits to the data, the measured vortex numbers and their respective quench times

can be rescaled to collapse the full data into a single universal curve representing

the quench dynamics of vortex formation in this system throughout the different

quench regimes, as shown in Fig. 5.11c. This provides a benchmark for theo-

retical studies of quench production of defects in a strongly interacting Fermi

superfluid and also for its related systems such as weakly interacting BECs and

superfluid helium.
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5.5 Conclusion

An extension of this work will be to perform a similar set of measurements in

the weak-fluctuation limit, where the system’s freeze-out correlation length is

shorter than the Ginzburg length scale ξG, and the mean-field description of its

critical dynamics is restored. A precise measurement of the evolution of the KZ

exponent as the system is tuned further away from unitarity in the BEC regime

will characterise the role of fluctuations. Furthermore, the use of tailored opti-

cal potentials to confine the atoms in a quasi-2D geometry offers an additional

means of controlling the role of fluctuations. In 2D, the Landau-Ginzburg de-

scription of phase transitions breaks down, and superfluidity arises through the

infinite-order Berezinskii-Kosterlitz-Thouless (BKT) transition, whose exponen-

tial divergence of the correlation length and relaxation time has been predicted

to give rise to a logarithmic correction to the KZ exponent [152].
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Chapter 6

Conclusion and outlook

Fermionic 6Li has been a leading species in the quantum gas experiments of

simulating strongly correlated quantum materials due to its uniquely broad

magnetic Feshbach resonance which allows a free and precise tuning of the in-

teractions. The equation of state of strongly interacting Fermi gases has been

measured using ultracold atomic gases of 6Li with strong interactions, and the

observation of the anti-ferromagnetic order of interacting fermions in optical

lattices has demonstrated its capability to reproduce the Fermi-Hubbard model

of strongly correlated fermions in solids, a strong candidate for explaining the

high-Tc superconductivity. My degree program has focused on the BEC-BCS

crossover phenomena where the microscopic origin of superfluidity is dramati-

cally but smoothly changed from Bose-Einstein condensate of tightly bound di-

atomic molecules to Bardeen-Cooper-Schrieffer superfluid of long-range Cooper

pairs.

The critical vortex shedding across the BEC-BCS crossover by moving a

repulsive optical obstacle opened the window to study the dissipation of strongly

interacting fermionic superfluids through the creation of quantum vortices. The
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critical velocity for vortex shedding was measured for different sweeping dis-

tances, and our simple dissipation model described their relation. By com-

paring the extrapolated value of the critical velocity for an infinite sweeping

length to the Landau critical velocity in the crossover, the participation of the

pair-breaking excitation in the vortex nucleation dynamics was revealed. The

universal nature of the phase transition dynamics of bosonic and fermionic su-

perfluids was manifested via the Kibble-Zurek mechanism across the BEC-BCS

crossover. The saturated density of the created topological defects for rapid

quenches, which is attributed to the destructive interactions among the defects,

unveils the variation of the coherence length of a strongly interacting Fermi

superfluid in the BEC-BCS crossover.

An interesting axis that was not visited in our works is the spin imbalance.

The holy grail yet to be found in the axis is the Fulde-Ferrell-Lardin-Ovchinnikov

phase, which arises from the breaking of the translation symmetry. The phase

contrast imaging technique, which directly shows the difference between the two

spin components, was tested and demonstrated for the 6Li atoms.

Another versatile technique many groups are nowadays pursuing and em-

ploying is the free tailoring of the potential using the digital micro-mirror device

(DMD). It is expected to be the vital ingredient to expand the horizon of the

physical phenomena we can explore since they critically depend on the char-

acteristics of the system. Uniform samples are already expediting theoretical

analysis of experimental observations, and Josephson effect has been investi-

gated in the characteristic configuration, where two superfluid reservoirs are

divided by a thin optical barrier [67, 153,154].
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초 록

강하게 상관된 양자 다체계 시스템을 이해하는 것은 현대물리학의 난제

중 하나로 남아있다. 강하게 상호작용하는 극저온 페르미 원자 기체는 자유로운

상호작용, 퍼텐셜 및 결점의 조절 등 높은 자유도와 깨끗한 환경, 동적 통제 등의

유리한 특성들 때문에 다양한 다체계 현상을 연구할 수 있는 다목적 플랫폼으로

부상해왔다. 이 학위논문은 3가지 측면을 다룬다: 한 스핀 상태당 ∼ 106 개의

원자로구성된커다란강하게상호작용하는 6Li페르미초유체의구현,그리고이

시료를 사용한 두 가지 실험.

표준적인 레이저 냉각과 보존 23Na를 사용한 동조냉각이 6Li 원자들을

축퇴(degeneracy)상태까지 냉각시켰고, s-파 충돌 거리를 통해 상호작용을 자유

롭게 조절하게 해주는 자성 Feshbach 공진을 이용해 냉각된 6Li 원자들을 강하게

상호작용하는영역으로데려왔다.이영역에서추가적인증발냉각을통해우리는

T/TF ≈ 0.1를 가지는 강하게 상호작용하는 극저온 6Li 원자 페르미 초유체를 얻

었다.특히,초유체성의미시적인근원이 BEC-BCS교차영역을지나면서강하게

결합된 이원자 분자들의 보즈-아인슈타인 응집체(BEC)에서 긴 거리의 Cooper

쌍들의 BCS 초유체로 극적이지만 부드럽게 변해간다.

BEC-BCS교차영역에서양자소용돌이가생성되는임계속도를장애물이

움직이는 거리의 함수로 측정함으로써 강상 페르미 초유체에서 양자 소용돌이의

생성을통한에너지소실을연구했다. Unitarity근처에서의큰임계속도는이영

역에서페르미초유체성이탄탄함을입증했고,우리의간단한에너지소실모델은

임계 속도와 장애물이 움직인 거리 간의 관계를 설명해냈다. 무한한 거리에 대한

양자 소용돌이 생성 임계 속도와 Landau 임계 속도 간의 비교는 양자 소용돌이

생성 동역학에 쌍-부서짐(pair-breaking) 기작이 연관되어 있음을 시사한다.

강상페르미초유체에서키블-주렉(Kibble-Zurek)기작의보편성이관측되
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었다. BEC-BCS 교차영역에서 강상 페르미 기체의 보통-초유체 상태 상전이를

가로지르는 열적 퀜치(quench)는 키블-주렉 기작을 통해 전례 없는 많은 수의 양

자 소용돌이들을 만들어냈고, 이들의 통계는 기작의 여러 면들을 드러냈다. 느린

퀜치에서나타난생성된소용돌이들의밀도와퀜치속도간의멱법칙(power-law)

관계는 키블-주렉 기작이 unitarity를 포함한 강하게 상관하는 영역에서도 적용

됨을 보였고, BEC-BCS 교차영역에서 일정한 멱법칙의 지수들은 BEC와 BCS

초유체가 같은 보편성 부류에 속한다는 것을 확인해 주었다. 빠른 퀜치에서는

양자 소용돌이 간의 충돌 소멸로 인해 소용돌이의 밀도가 법칙에서 벗어나 포

화되고, BEC-BCS 교차영역에서 이 포화된 값들은 교차영역에서 강상 페르미

초유체의 일관성 길이(coherence length)를 드러낸다.

주요어 : 강상 페르미 기체, BEC-BCS 교차 현상, 임계 속도, 양자 소용돌이,

상전이, 보편성 가설, 키블-주렉 기작, 위상적 결함.

학 번 : 2014-30998

126



감사의 글

드디어 이 곳에 다다랐습니다. 학위 과정이 끝났다는게 다시 한 번 실감이 납니

다. 중학교 때 물리라는 어렵지만 매력있는 친구를 처음 만나 현재의 양자 기체

연구를 통해 더 깊이 알아가기까지 의미 있는 시간이었습니다. 드라마 스토브리

그에 나오는 백승수 단장의 “뭐든 적당히가 안되는 사람이 있지 않습니까”라는

대사처럼, 무엇이든 잘 하고 싶었던 열망이 저를 여기까지 이끌어오지 않았나 싶

습니다.그과정에서많은분들께정말많은도움을받았고그도움에감사하라고

이페이지가있는듯합니다.추상적인얘기같지만진심으로좋은사람들과함께

해서 행복하고 즐거웠던 대학원 생활이었습니다.

가장먼저지도교수님이신신용일교수님께감사드립니다.한참부족해보

였을텐데 연구실의 일원으로 받아주시고 새로운 리튬 프로젝트를 맡겨주셨습니

다. 저의 학위 과정을 통해 교수님의 기대에 조금이라도 부응했다면 좋겠습니다.

교수님과 물리 얘기를 나눌 때마다 항상 저의 부족함을 많이 느끼고 ‘아, 참된

물리학자란 이렇구나!’라고 많이 느꼈습니다. 뛰어난 물리적 직관과 통찰력으로

연구를 이끌어주셔서 감사합니다. 새로운 아이디어를 제시하실 때마다 혼자 신

기해하며 감탄하곤 했습니다. 또한, 언제나 학생들의 의견을 존중해주시고 연구

열정의 본을 보여주셔서 감사합니다. 교수님의 모습을 본받고자 하는 마음이 동

기가 되어 더 열심히 하지 않았나 싶습니다. 앞으로 어느 위치에서든 교수님을

닮아 실력과 인 양면을 모두 갖춘 좋은 사람이 되도록 하겠습니다.
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아 우리 지우형, 무슨 말을 해야 할지 모르겠네요. 우선 축하드립니다! 하

고 싶은 연구 맘껏 할 수 있는 환경에서 재능 만개하시길 바랍니다. 앞으로 많이

기대됩니다.제학위과정동안가장많은시간을같이보냈는데수고하셨습니다.

근본이 부족했던 저에게 양자 기체 실험의 근본부터 가르쳐 주셔서 감사드립니

다. 항상 제가 의지만 했던 것 같습니다. 힘들 때마다 커다란 고목나무같은 형이

있어서 계속 앞으로 나아갈 수 있었습니다. 능력, 집념, 열정, 노력 그 어느 것

하나 빠지지 않는 모습이 대단했고 존경스러웠습니다. 일적인 부분 외에도 함께

한 시간들이 있어 즐거웠습니다. 형을 통해 여러 좋은 노래와 음식들을 접했고

기회가될때마다 “enjoy the little things”할수있었습니다.이제새로개척하러

떠나시지만 종종 함께 하는 시간이 있었으면 좋겠습니다.

비록 지금은 같이 있지 않지만 함께 했고 많이 알려주셨던 우리 선배님들

생각도 많이 납니다. 다들 제가 처음 들어왔을 때부터 따뜻하고 친절하게 대해주

셔서잘적응하고생활할수있었습니다.밝고수평적인분위기와함께다들연구

열정이 넘치는 모습을 모범적으로 보여주셔서 학교에 오는걸 좋아했고 그나마

따라갈 수 있었습니다. 볼텍스 연구의 선구자로 벌써 두 자녀의 아버지가 되어

이탈리아에서 열심히 연구에 매진하고 있는 우진이형, QGL 이터븀의 아버지이

자 MT 때마다 뛰어난 수육 실력을 보여준 민석이형, QGL 스피너의 개척자이자

1층에서 처음으로 같이 실험하면서 연구의 맛을 알려준 상원이형, 이터븀으로

고생하던 와중에도 ECDL feedback 찾는 기초부터 친절하게 알려준 무송이형,

퀜치 실험을 처음으로 수행하고 퀜치의 기본부터 알려준 세지, 인스브룩에서 곧

꽃을 피울 정호까지 모두 보고 싶고 예전이 가끔 그립습니다. 항상 선배들한테

받은 만큼, 그 이상 후배들에게 돌려줘야겠다는 생각을 했는데 쉽지 않음을 느낄

때마다 더 감사한 마음이 듭니다.

현재 같이 고생하고 있는 우리 QGL 멤버들. 저는 동기라고 생각하는 영

훈이와 준현이가 가정 먼저 생각이 납니다. 같은 단계를 지나면서 비슷한 생각과

고민을 한다는건 특별한 일이고 그래서 더 유대감이 생기는 것 같습니다. 다 같
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이 밝은 성격으로 좋은 일이 있으면 함께 기뻐했고 힘들땐 위로가 되어 주어서

감사했습니다. 그리고 저와 같은 박사과정으로 들어와서 훌륭하게 연구를 해낸

진현이, 앞으로의 미래가 기대되는 준홍이, 요즘 진공작업으로 인해 고생하지만

새 머신의 아버지가 될 덕화, 국방의 미래가 아닌 이터븀의 미래가 될 달민이,

현역 병장 만기 전역자 위너 양헌이, 그리고 QGL의 미래 핵심 기술을 맡은 리튬

후계자 규환이까지 앞으로 학위 과정에서 남은 기간 동안 목표한 일들 모두 성취

했으면 좋겠습니다. 하버드에서 쭉쭉 커가고 있고 앞으로 훌륭한 물리학자가 될

수신이도 보고싶습니다. 머신에 대해서 최대한 자세하게 열심히 썼는데 궁금한

점이 있으면 언제든 도움이 되겠습니다.

저에게멘토이신재성이형에게도감사한마음이큽니다.항상미안하다고

하시지만 길을 잃고 방황하는 어린양에게 좋은 길을 보여주셔서 여기까지 올 수

있었습니다. 어떤 일이 있든 좋은 얘기 해주시고 조언해주시고 좋은 일이 있을

땐 저보다 더 진심으로 기뻐해주셔서 감사합니다. 지금도 대학원 때와 다르지

않게열정을다하시는모습은저에게좋은귀감이되었습니다.이책들고대전에

내려가서 더 많은 얘기 할 수 있었으면 좋겠습니다.

마지막으로 사랑하는 우리 가족. 겉으로 많이 표현하진 않아도 지난 긴긴

시간 동안 저의 결정들을 존중해주며 묵묵히 뒤에서 바라봐주고 지원해 주어서

감사합니다. 공부한다는 핑계로 그동안 같이 보낸 시간이 별로 없는게 후회가

됩니다. 앞으로는 받은 사랑 나누면서 후회 없는 시간이 되었으면 좋겠습니다.

제가이지면을통해감사를표한분들,미처여기엔적지못한분들까지수

많은 분들이 아니었다면 현재보다 더 어려운 학위과정이 되었을 것입니다. 항상

감사한 마음 가지면서 학위가 부끄럽지 않도록 하겠습니다.
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enberg, and J. Dalibard, “Superfluid behaviour of a two-dimensional Bose

gas,” Nature Physics, vol. 8, pp. 645–648, Sept. 2012.

[57] J.-y. Choi, S. W. Seo, and Y.-i. Shin, “Observation of Thermally Activated

Vortex Pairs in a Quasi-2D Bose Gas,” Physical Review Letters, vol. 110,

p. 175302, Apr 2013.

[58] P. A. Murthy, I. Boettcher, L. Bayha, M. Holzmann, D. Kedar, M. Neidig,

M. G. Ries, A. N. Wenz, G. Zürn, and S. Jochim, “Observation of the

Berezinskii-Kosterlitz-Thouless Phase Transition in an Ultracold Fermi

Gas,” Physical Review Letters, vol. 115, p. 010401, Jun 2015.

[59] P. A. Murthy, M. Neidig, R. Klemt, L. Bayha, I. Boettcher, T. Enss,

M. Holten, G. Zürn, P. M. Preiss, and S. Jochim, “High-temperature pair-

ing in a strongly interacting two-dimensional Fermi gas,” Science, vol. 359,

no. 6374, pp. 452–455, 2018.

[60] W. J. Kwon, J. H. Kim, S. W. Seo, and Y. Shin, “Observation of von
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“Attractive and repulsive Fermi polarons in two dimensions,” Nature,

vol. 485, pp. 619–622, May 2012.

[64] M.-G. Hu, M. J. Van de Graaff, D. Kedar, J. P. Corson, E. A. Cornell, and

D. S. Jin, “Bose Polarons in the Strongly Interacting Regime,” Physical

Review Letters, vol. 117, p. 055301, Jul 2016.

[65] N. B. Jørgensen, L. Wacker, K. T. Skalmstang, M. M. Parish, J. Levinsen,

R. S. Christensen, G. M. Bruun, and J. J. Arlt, “Observation of Attractive

and Repulsive Polarons in a Bose-Einstein Condensate,” Physical Review

Letters, vol. 117, p. 055302, Jul 2016.

[66] Z. Yan, P. B. Patel, B. Mukherjee, R. J. Fletcher, J. Struck, and M. W.

Zwierlein, “Boiling a Unitary Fermi Liquid,” Physical Review Letters,

vol. 122, p. 093401, Mar 2019.

[67] G. Valtolina, A. Burchianti, A. Amico, E. Neri, K. Xhani, J. A. Seman,

A. Trombettoni, A. Smerzi, M. Zaccanti, M. Inguscio, and G. Roati,

“Josephson effect in fermionic superfluids across the BEC-BCS crossover,”

Science, vol. 350, no. 6267, pp. 1505–1508, 2015.

138



[68] D. Husmann, S. Uchino, S. Krinner, M. Lebrat, T. Giamarchi,

T. Esslinger, and J.-P. Brantut, “Connecting strongly correlated super-

fluids by a quantum point contact,” Science, vol. 350, no. 6267, pp. 1498–

1501, 2015.

[69] A. Burchianti, F. Scazza, A. Amico, G. Valtolina, J. A. Seman, C. Fort,

M. Zaccanti, M. Inguscio, and G. Roati, “Connecting Dissipation and

Phase Slips in a Josephson Junction between Fermionic Superfluids,”

Physical Review Letters, vol. 120, p. 025302, Jan 2018.
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