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Abstract

This thesis describes the construction of a new apparatus for ultracold quantum gases
as well as the scientific results this machine has produced so far. This new apparatus
is capable of simultaneously cooling and trapping lithium, sodium, and potassium. It
therefore provides a platform to study a large variety of quantum mixtures.

Three main experimental results are presented. Firstly, the direct cooling of 41K
to Bose-Einstein condensation is presented. Then the 41K atoms provide the coolant
for 6Li and 40K, achieving a triply degenerate gas of 6Li -40K -41K. In particular, a
broad interspecies Feshbach resonance between 40K -41K is observed, opening a new
pathway to study a strongly interacting isotopic Bose-Fermi mixture of 40K -41K.

Secondly, a new Bose-Fermi mixture of 23Na -40K is introduced. We show that
23Na is a very efficient coolant for 40K by sympathetically cooling 40K to quantum
degeneracy with the help of a 23Na condensate. Moreover, over thirty interspecies
Feshbach resonances are identified, paving the way to study strongly interacting Bose-
Fermi problems, in particular the Bose polaron problem.

Thirdly, we report on the first formation of ultracold fermionic Feshbach molecules
of 23Na40K by radio-frequency association. The lifetime of the nearly degenerate
molecular gas exceeds 100ms in the vicinity of the Feshbach resonance. The NaK
molecule features chemical stability in its ground state in contrast to the case of the
KRb molecule. Therefore, our work opens up the prospect of creating chemically
stable, fermionic ground state molecules of 23Na40K where strong, long-range dipolar
interactions will set the dominant energy scale.

Finally, the thesis concludes with an outlook on future topics in polaron physics
and quantum dipolar gases, which can be studied using the new apparatus.

Thesis Supervisor: Martin W. Zwierlein
Title: Silverman Family Career Development Associate Professor of Physics
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Chapter 1

Introduction

The first experimental realization of Bose-Einstein condensation (BEC) [1, 2] in dilute

atomic gases in 1995 opened an exciting new field which has successfully integrated

atomic physics, many-body condensed matter physics, and optics. Ultracold quan-

tum gases can be considered as artificial condensed matter systems where interactions

can be tuned via Feshbach resonances [3], densities can be changed with trapping po-

tentials, and temperatures can be controlled through cooling schemes (in condensed

matter systems, the sample can only be tuned by pressure and by doping). The major

impact of ultracold quantum gases on the present-day physics is their extraordinary

degree of control. Therefore they allow us to investigate fundamental behavior of

quantum matter in pristine fashion. Not only can quantum behavior within single

atomic species be studied, ultracold quantum mixtures have opened the door to prob-

lems which can not be easily addressed in traditional condensed matter systems such

as the BEC-BCS crossover [4, 5, 6, 7], polaron physics [8, 9, 10], quantum dipolar

gases [11, 12], and Efimov physics [13, 14], just to name a few.

A unique feature of ultracold quantum gases is their dilute densities which prevents

the gas from crystallization before entering quantum degeneracy. A typical BEC has

a density of 1014/cm3 which is almost one million times thinner than air. For such
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a dilute gas to enter quantum degeneracy, it needs to be cooled to extremely low

temperature, typically a few hundreds of nanokelvin. Ultracold quantum gases are

generally produced by laser cooling [15] and subsequent evaporative cooling [16].

Laser cooling can bring the atoms from room temperature to a few hundreds of

microkelvin. After laser cooling, evaporative cooling is then performed in a magnetic

trap where the trap forms a conservative potential as opposed to the trap during

the laser cooling stage. Using radio frequency (RF) to force energetic atoms to leave

the trap has been proven to be one of the most efficient ways to cool atoms to

quantum degeneracy. When the system is close to quantum degeneracy, different

atoms behave differently according to their quantum statistics - bosons or fermions -

that is determined by their total spin (nuclear spin + electronic spin).

1.1 Bosons and Fermions

Atoms with integer spin are bosons and those with half-integer spin are fermions. In

our experiment, we have used 23Na (I = 1/2, S = 1/2), 6Li (I = 1, S = 1/2), 39K

(I = 1/2, S = 1/2), 40K (I = 4, S = 1/2), and 41K (I = 1/2, S = 1/2) atoms. There-

fore, from the total spin, we know that only 6Li and 40K are fermions and the others

are bosons. The knowledge of quantum statistics plays an extremely important role

when analyzing physical quantities of trapped atomic gases close to quantum degen-

eracy, in particular the density distributions. Figure 1-1 illustrates the behavior of

bosons and fermions in a harmonic trap. Before the system reaches the degeneracy

temperature, both bosons and fermions behave like a classical gas and follow the

Maxwell-Boltzmann distribution. As the system is close to the degeneracy temper-

ature, bosons and fermions start to behave differently. This is the point when the

atomic waves begin to overlap - the spacing between atoms, d = n−1/3, becomes equal

to their de Broglie wavelength, λdB =
√

h
2πMkBT

or in other words, when the phase
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space density ρ = nλ3
dB is of order unity. The mass of the atom is denoted by M , T

is the temperature of the system, n is the gas density, and h and kB are Planck and

Boltzmann constants, respectively. Below the degeneracy temperature, bosons start

to condense in the ground state of the harmonic trap - the onset of Bose condensation;

however, fermions, due to the Pauli exclusion principle, can not condense. Instead,

they are forced to occupy different energy states of the harmonic trap and form a

Fermi sea. These distinct properties of bosons and fermions are the basic concepts

for understanding quantum degenerate gases. Detailed descriptions of the effect of

quantum statistics on interesting physical quantities can be found in Ref. [17] for

bosons and Ref. [5] for fermions.
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Figure 1-1: The behavior of bosons and fermions in a harmonic trap. When the system
is above the degeneracy temperature, both bosons and fermions behave classically.
Below the degeneracy temperature, bosons start to condense in the ground state of
the harmonic trap; however, fermions are forced to occupy different energy states of
the harmonic trap due to the Pauli exclusion principle. The momentum distributions
of atoms at different temperatures are shown next to the harmonic traps.
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1.2 Entering the quantum regime: degenerate gases

Below the degeneracy temperature, the behavior of atomic gases needs to be explained

by quantum mechanics. Although in 1924-25, a new state of matter (BEC) was

first predicted in papers by Satyendra Nath Bose [18] and Albert Einstein [19], only

since the late 70’s, have the efforts to create BEC in spin-polarized hydrogen been

started [20]. However, it was only in 1998 that BEC in hydrogen was first realized at

MIT [21]. The study of spin-polarized hydrogen was superseded by another approach

with the advent laser cooling and trapping of alkali atoms and with further cooling

of them in a magnetic trap using forced RF evaporation. Since the first discovery of

BEC in 1995, the study of dilute alkali gases has become the most popular approach

of ultracold atom experiments.

The journey of understanding BECs started with the exploration of their quan-

tum coherent [22, 17] and collective [23, 24] properties. Then the first realization of

Feshbach resonances in a 23Na condensate in 1998 introduced a new “knob” to the

field [25]- a knob that can tune the interaction strength between atoms [3]. A year

later, the study of fermionic alkali atoms manifested itself by the creation of a de-

generate Fermi gas of 40K [26]. Since then, the study of degenerate Fermi gases has

become a rising star of the field. In late 2003, three groups reported on the achieve-

ment of molecular Bose-Einstein condensation using Feshbach resonances, the MIT

group (6Li) [27], the JILA group (40K ) [28], and the Innsbruck group (6Li ) [29]. Early

in 2004, the MIT group [30] and the JILA group [31] demonstrated pair condensation

in strongly interacting Fermi gases with resonant interactions which is beyond the

BEC regime. These experiments demonstrated a new macroscopic quantum state of

ultracold matter beyond well-established BEC physics, which has stimulated an enor-

mous interest in the field and opened a new chapter of quantum many-body physics

- the BEC-BCS crossover [4, 5]. Finally, in 2005, the MIT group proved the super-

fluidity in a strongly interacting Fermi gas of 6Li by observeing vortices in various
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interaction regimes [32], 35 years after the discovery of superfluidity in 3He.

Moreover, the study of ultracold atoms in the optical lattice has had a profound

impact in the condensed matter physics since the first realization of quantum phase

transition from a superfluid to a Mott insulator in an optical lattice [33]. This exper-

iment demonstrated the power of quantum simulation in an ultracold atomic system.

The discussion above focuses on a single species experiment. However, meanwhile

the study of ultracold quantum mixtures has paved a new avenue in this field. First, it

had been shown that the bosonic species could be used as a sympathetic coolant for the

fermionic species providing a new and efficient method to cool fermions [34, 35, 36, 37].

Second, Interspecies Feshbach resonance was first discovered in the 6Li -23Na [38]

and 87Rb -40K [39] systems, and later in 85Rb - 87Rb [40], 6Li -40K [41], 6Li -87Rb [42],

39K -87Rb [43], 41K -87Rb [44], 7Li -87Rb [45],40K -41K [46], 6Li -41K [46], and 23Na -

40K [47] systems (in chronological order). Thses discoveries allow the study of strongly

interacting Bose-Fermi mixtures [48, 49, 46] as well as a strongly interacting Fermi-

Fermi mixture of 6Li -40K [50]. Third, thanks to the large mass imbalance in some

of these systems, heteronuclear molecules in the absolute ground state possess a large

dipole moment (from one tenth to a few Debye) in the presence of an external electric

field, allowing the study of dipolar quantum gases [11, 12] (which will be elaborated

more in Chapter 6). In particular, the successful formation of ultracold fermionic

Feshbach molecules of 23Na40K, the first fermionic molecule that is chemically stable

in its ground state, provides us with the hope of studying a stable molecular Fermi

gas with strong dipolar interactions.

A unique feature of ultracold quantum mixtures is that different atomic species

can be addressed with different laser frequencies, opening up the possibility of new

experiments, such as studying Anderson localization in a species-dependent optical

lattice in which one species becomes immobile while the other species remains mo-

bile [51] and exploring new phases in a bilayer Fermi gas [52].
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Furthermore, with the newly discovered broad Feshbach resonances in the 40K -41K

and 23Na -40K systems [46, 47], we are in a unique position to study the Bose polaron

problem [53, 54, 55, 56, 57] (a single impurity swimming in a Bose condensate) - a

direct analogy to the electron-phonon interaction - which will also be elaborated in

Chapter 6.

But without Feshbach resonances all of these studies would not have been possible.

In the next section, we will briefly discuss the concept of Feshbach resonances.

1.3 Feshbach resonances

A great advantage of ultracold atomic systems is the potential to tune the interaction

strength between atoms via Feshbach resonances [3]. This tunability does not exist

in traditional condensed matter experiments where the electron interactions are “cast

in stone” by the material properties. Feshbach resonances were first introduced by

Herman Feshbach in 1958 [58, 59] to study interactions between nuclei. The real-

ization of Feshbach resonances in ultracold atomic systems was suggested first in a

spin-polarized hydrogen by Stwalley in 1976 [60] and later in ultracold cesium atoms

by Tiesinga et al. [61] in 1993. Eventually, the first Feshbach resonance in ultracold

atomic systems was realized in a sodium BEC in 1998 by Inouye et al. at MIT [25].

For Feshbach resonances to happen, the scattering process requires at least two dif-

ferent scattering channels. Due to the coupling between these two channels, as the

energy of a scattering state of one channel coincides with the energy of a real bound

state of the other channel, a Feshbach resonance occurs. A channel is energetically

open (closed) when the total energy of the two-atom system is above (below) the

dissociation threshold energy of the incoming channel. In the case of alkali atoms,

the open and closed channels are usually associated with different spin configurations

and have different magnetic moments. Therefore, the energy difference between the
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open and closed channels can be tuned by changing the external magnetic field. This

means that the energy of a scattering state in the open channel can be shifted to

match the energy of a bound state in the closed channel, giving rise to a Feshbach

resonance. The s-wave scattering length in the vicinity of a Feshbach resonance can

be tuned via the magnetic field according to [3]:

a = abg

(
1− Δres

B − Bres

)
, (1.1)

where abg is the background scattering length defined at zero magnetic field, Δres

is the width of the resonance which depends on the coupling strength between the

open and closed channels, and Bres is the resonance position. The s-wave scattering

length a can, therefore, be tuned from positive to negative values through infinity,

and the effective interaction changes accordingly from repulsive (a > 0) to attractive

(a < 0). Right on top of the resonance, the two atoms are in a superposition state of

two free atoms and a bound molecule, and the scattering length diverges. Therefore,

the interparticle distance becomes the only relevant length scale and the interaction

between atoms is as strong as quantum mechanics allows - the so-called universal

regime.

1.4 The Fermi I machine

Along this line of research, we designed and constructed a new generation ultracold

atom apparatus, the Fermi I machine, which is capable of cooling and trapping three

different atomic species simultaneously - lithium, sodium, and potassium. It is the

most versatile quantum simulator to date. It allows us to study Bose-Bose (e.g., 23Na

-39K , 23Na -41K , and 39K -41K ), Bose-Fermi (e.g., 23Na -6Li , 23Na -40K , 39K -6Li ,

39K -40K , 41K -6Li , and 41K -40K ), and Ferm-Fermi (e.g., 6Li -40K ) mixtures. We

even have successfully created a triply degenerate quantum Bose-Ferm-Fermi mixture
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of 41K -6Li -40K [46]. Right now, this machine is adjusted to create the ground state

molecule of 23Na40K, which is the most promising candidate to study quantum dipolar

gases. With the power of cooling and trapping three different atomic species, the

Fermi I machine is like a smaller version of the Large Hadron Collider which was

designed to study all aspects of high energy physics. The Fermi I machine provides a

platform to study a large variety of ultracold quantum gases in a bulk or potentially

in optical lattices with a unique handle of atomic species. The detailed description of

the machine is in Chapter 2.

1.5 Overview of this thesis

This thesis summarizes the research I have done during my PhD at MIT. The first

chapter provides an overview and prospects of the field. The second chapter describes

the nuts and bolts for constructing the Fermi I machine. The third chapter demon-

strates a new efficient coolant - 41K - for the fermionic alkali species and shows that a

quantum mixture of 40K and 41K could be an ideal system to study polaron physics

with the observed broad interspecies Feshbach resonance. The fourth chapter intro-

duces another new quantum mixture of 23Na and 40K. More than thirty Feshbach

resonances are identified in this mixture. Motivated by the fact that NaK ground

state molecules are stable against chemical reactions in contrast to KRb molecules,

in the fifth chapter, we demonstrate the first formation of ultracold fermionic NaK

Feshbach molecules. The properties of these newly born ultracold molecules such as

lifetime and kinetic energy are also studied. The last chapter concludes this thesis

and also provides an outlook on quantum dipolar gases and polaron physics which

can be studied in the Fermi I machine in the future.
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Chapter 2

A Multi-Species Machine : Fermi-I

In this chapter, I am going to introduce a new apparatus for ultracold quantum gases

constructed from the ground up by my colleagues and myself. It is capable of cooling

and trapping three different alkali species (lithium, sodium, and potassium) simulta-

neously. It has produced all the science I am going to discuss in this thesis. The

main vacuum chamber arrived from Sharon Vacuum in December 2008. After sev-

eral months of intense construction, we obtained the first 41K BEC in October 2009,

marking the beginning of the Fermi-I era.

2.1 Overview

The design philosophy of the Fermi-I machine is to construct an apparatus which will

allow us to study a large variety of quantum mixtures of alkali atoms. It inherits the

design from BEC-III [62] with significant modifications which will be elaborated in this

chapter. Atoms are first captured and trapped in a Magneto-Optical Trap (MOT) [63]

and then loaded into an optically plugged magnetic trap where RF evaporation cools

atoms down to a few tens of microkelvin [16]. Afterwards, atoms are transferred into

an optical dipole trap (ODT) [64]. Eventually, when atoms are all in the ODT, an

uniform magnetic field is switched on to bring atoms close to Feshbach resonances. All
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Experimental 

Table

Li/K Laser Table Na Laser Table

optical fibers

Figure 2-1: Overview of the Fermi-I laboratory. The potassium and lithium laser
systems sit on the same optical table while the sodium laser system sits on an in-
dependent optical table. Laser light generated from the laser table is transmitted
through optical fibers to the experimental table.

of these procedures sound straightforward; however below certain temperature (when

the kinetic energy of atoms can no longer overcome the p-wave potential barrier)

bosons can only collide through s-wave scattering and the collisions between identical

fermions stop due to the Pauli blocking [65]. Therefore, it is usually required to make

use of another species [66, 67, 37] or another spin state [26, 68] to sympathetically

cool fermions into quantum degeneracy. Studies in Prof. Ketterle’s group have shown

that 23Na is a very efficient sympathetic coolant for 6Li [37]. Hence, in order to study

a Fermi gas of 6Li , we decided to include 23Na in our system.

For the 40K source, Peter Zarth who was a Diploma student in Prof. Ketterle’s

group demonstrated that a significant number of 40K atoms (5× 107) can be slowed

and trapped in the MOT using a slower [69] that is operated with a natural potassium

source which only contains 0.01% 40K [70]. Despite the fact that a reasonable atom
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Figure 2-2: 40K MOT fluorescence as a function of the nozzle temperature.

number of 40K can be obtained by a slower, we still did not know if it could be

extended from a double species oven designed by Claudiu Stan [71, 72] to a triple

species oven (Li, Na, and K). To check the possibility of having a single slower for all

three alkali species, we first needed to know if potassium could survive at a high nozzle

temperature of 450 ◦C used in a double species oven due to the high melting point of

lithium (180 ◦C). We monitored the 40K MOT florescence signal as a function of the

nozzle temperature and we observed that at a temperature of 450 ◦C, the 40K MOT

completely vanished due to the depletion of slow potassium atoms. Fig. 2-2 shows

the 40K MOT florescence signal as a function of the nozzle temperature. As a result,

we realized that in order to cool and trap all three atomic species simultaneously, it

is required to have an independent slower for potassium. Fig. 2-1 shows an overview

of the Fermi-I laboratory and Fig. 2-3 shows a 3D schematic of the Fermi-I chamber.

2.2 Vacuum chamber design

Two main modifications are made in the Fermi-I vacuum chamber as compared to

the BEC-III vacuum chamber [62]. First, because of the choice of the magnetic trap
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Figure 2-3: 3D schematic of the Fermi-I vacuum system. Two independent slowers
for lithium/sodium and potassium, allowing us to simultaneously load large samples
of each atomic species directly into a UHV chamber. Atoms are cooled, trapped and
imaged in the main chamber.
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configuration (we use an optically plugged quadrupole trap as opposed to an Ioffe-

Pritchard trap in BEC-III), the Fermi-I chamber is allowed to have better optical

access in the direction parallel to the trap symmetry axis (the vertical direction in

our case, ports #5 and #6 in Fig. 2-4) than the BEC-III chamber. Without the

complex cloverleaf coils which provide the radial confinement in a Ioffe-Pritchard

trap, we are able to accommodate two ∼ 4′′ diameter recessed viewports (the top

and bottom bucket windows), as shown in Fig. A-1. The glasses on the viewports

are made of fused silica which can stand higher temperature during baking and has

better homogeneity (less birefringent) than quartz. The viewport assemblies were

manufactured by UKAEA with a specified flatness of λ/5 over the whole glass. In

addition to the two 4′′ recessed viewports, UKAEA also provided us three small

recessed viewports (Fig. A-2) which were installed on the horizontal plane of the

main chamber (ports #7, 9 and 10 in Fig. 2-4). Second, in order to accommodate

one more slower, we had to sacrifice two viewports from the original BEC-III chamber

(one for atomic beam and the other one for the slower laser beam). We chose the

symmetric side from the BEC-III slower as our second slower ports. This choice

was based on minimizing the interference between the two slowers and maximizing

optical accesses. Fig. 2-4 shows the schematics of the top and side views of our main

chamber where atoms are trapped and cooled at the center, as illustrated by the red

dots. MOT beams are sent in from the ports #1 to #6 . Two imaging paths on the

horizontal plane go through the ports #7 →#8 and #9→#10 which are also used

for two beams of the crossed ODT. The optical plug beam (18W, 532 nm, and 1/e2

beam waist 60μm) enters from the port #9. The ports #11 to #14 are dedicated for

slowers. The Port #15 was used for initial pump down. Two ion gauges are placed on

the ports #16 and #17. A Ti-sub pump is installed on the port #18. The detailed

schematics of the Fermi-I vacuum system can be found in Appendix A.
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2.2.1 Atomic ovens

The atomic ovens provide the sources of alkali atoms. They are the starting point

of the whole atom trapping and cooling process. The “healthiness” of an oven often

reflects on the final atom number in the quantum degenerate states.

Solid alkali atoms are initially placed inside the oven and then heated beyond

their melting points to generate high vapor pressure for producing strong atomic

beams. The goal of an atomic oven is to provide high atomic flux but still maintain

the vacuum quality in the main chamber. Hence a small intermediate chamber is

attached to the oven chamber serving as a buffer between the oven chamber and

the main chamber as shown in Fig. 2-5. For the Li/Na oven, we basically followed

the designed by Claudiu Stan [72, 71]. However, at room temperature potassium

has higher vapor pressure (∼ 10−8 torr) than lithium and sodium (< 10−11 torr) as

shown in Fig. B-1, it is necessary to have a special setup (a “cold cup”) to collect the

divergent atomic beam which otherwise can cause permanent deposition of potassium

on the vacuum parts, limiting the vacuum quality. The cold cup is cooled down to

-18 ◦C by a thermoelectric cooler (Swiftech MCW60-T) which is directly attached to

the cold cup feedthrough. Fig. 2-7 shows a 3D schematic of the cold cup assembly. The

0.375′′ diameter copper feedthrough is for better heat conduction. At a temperature

of -18 ◦C , the vapor pressure of potassium is less than 10−8 torr which is comparable

to the typical pressure in the oven chamber. A differential pumping tube (DPT-I in

Fig. 2-5) with dimensions of 4.5′′ long and 0.25′′ OD (0.18′′ ID) is installed between

the oven chamber and the intermediate chamber. In the ultra-high vacuum regime

where the mean free path of the gas particles is larger than the size of the chamber,

a tube of length l and diameter D has conductivity C ∝ l2/D2 and the ratio between

the pressures at the two ends of this tube follows [73]:

C(P1 − P2) = SP2 → P1

P2

=
S

C
(2.1)
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Figure 2-5: An exploded view of the potassium oven which is made of two small
vacuum chambers: an oven chamber and an intermediate chamber. The potassium
source is placed inside the oven cup and heated up to 190 ◦C to provide a high flux
atomic beam. A cold cup assembly is designed to collect the divergent atomic beam
from the nozzle to prevent deposition of potassium on the vacuum parts. Two differ-
ential pumping tubes (DPT-I and DPT-II) are installed to achieve high differential
pressure. A chevron baffle (custom made from Sharon Vacuum) is used to prevent
the 75 L/s ion pump from being poisoned by alkali atoms. The typical pressure in the
oven chamber is ∼ 5 × 10−8 torr and ∼ 1 × 10−10 torr in the intermediate chamber
during operation.
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Figure 2-6: 39K MOT fluorescence signal as a function of the oven cup temperature.
Around 200 ◦C the 39K MOT starts to saturate.

where S is the pumping speed in the low pressure region and here we have assumed

P2 � P1. For a typical pumping speed of 45 L/s, a pressure differential up to 3

orders of magnitude can be reached between the oven chamber and the intermediate

chamber. Another differential pumping tube (DPT-II in Fig. 2-5) is installed after

the intermediate chamber before the slower to further improve the vacuum quality

in the main chamber. The design of the differential pumping tubes can be found

in Claudiu Stan’s thesis [72]. An atomic beam shutter is placed in the intermediate

chamber to switch off the atomic beam. Its on-off motion is realized by connecting the

shutter stick to a bellow which can be slightly bent with an external actuator outside

vacuum. Two pneumatic gate valves (MDC GV-1500M-P, later on both gate valves

failed on the K oven side and one gate valve, closer to the oven chamber, failed on

the Li/Na oven side ) and one manual valve (VAT 48132-CE01-0002, installed after

the MDC valves failed) are used to protect the main chamber during alkali source

change in each oven.

To find the optimal temperature for operating the K oven, we measured the 39K
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MOT fluorescence signal as a function of the oven temperature. Fig. 2-6 shows that

the 39K MOT fluorescence signal saturates at an oven cup temperature of 210 ◦C.

As we know, the lifetime of atomic source reduces exponentially with the increase of

oven temperature after their melting point. In order to save the potassium source, we

decided to operate the oven at 190 ◦C as a compromise. Table 2.1 lists the temperature

settings for different parts of the K oven. It is worthwhile to note that we implemented

a micro-channel nozzle in the early stage of our experiment (see Fig. 2-8) for saving

atoms and collimating atomic beams better. Unfortunately, it could easily clog after

several months of usage. As a result, it had been replaced by the old nozzle design

from Claudiu Stan during an atomic source change. For the Li/Na oven temperature,

we used the settings from BEC-I as listed in table 2.2.

Main Nozzle K Cup K Cup Flange

190 190 220

Table 2.1: Potassium oven temperature settings (◦C).

Main Nozzle Li Cup Li Cup flange

440 400 (390) 410 (390)

Mixing Nozzle Na Cup Na Cup Flang

440 300 300

Table 2.2: Lithium-sodium oven temperature settings (◦C). The numbers in the paren-
theses are used when operating sodium oven only.

2.2.2 Vacuum Pumps

The lifetime of ultracold atoms strongly depends on the the environmental vacuum

quality since any residual gas particles can collide with trapped atoms and remove

them from the trap. To maintain an ultra-high vacuum environment, the Fermi-I

machine employs five ion pumps (three 75 L/s and two 45L/s, from Gamma Vacuum).

A commercial Ti-sub pump (from Varian Vacuum) is installed next to the main
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Figure 2-7: 3D schematic of the cold cup assembly. The parts in gold are made of
316 copper with nickel plated on their surface for better thermal contact. The red
dashed arrow indicates the direction of the atomic beam.

chamber on a large stainless steel tube (the port #18 in Fig. 2-4) to maximize the

pumping surface. On top of these traditional pumping methods, we also implemented

a special vacuum coating techinque in our vacuum chamber to further improve its

vacuum quality:

Titanium-Zirconium-Vanadium coating

Some materials (e.g. barium, titanium etc.) have special chemical absorption prop-

erties for trapping gases - the so-called getter. Generally, the bonding between gas

particles and the getter occurs only between the first few layers of gas molecules and

the surface. Therefore, as long as the getter have absorbed a few layers of gas parti-

cles, it becomes saturated and loses its pumping property. By heating the getter, it is

possible to “clean up” the getter surface and revive its pumping property - a so-called
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Micro-channels

Figure 2-8: The micro-channel nozzle. Each channel is made of a tiny stainless steel
tube with a diameter of 0.8mm and a length of 6mm

sorption process (gas particles diffuse into the inner layers of the getter). However,

the required temperature for the sorption process to happen in these materials are

generally higher (e.g. Ti : ∼ 600 ◦C [74]) than the temperature that most vacuum

windows can stand (∼ 250 ◦C). Therefore, it becomes difficult to integrate the getter

pumps with the vacuum windows because depositions can happen on the windows

during coating.

A special kind of alloy has been developed to reduce the sorption temperature - an

alloy made of Titanium (Ti), Zirconium (Zr) and, Vanadium (V). This alloy can have

a sorption temperature as low as 180 ◦C. Hence, one can first coat this alloy on the

vacuum chamber with viewports being sealed by blanks and then change the blanks

to windows after the coating has been completed. Although the coating surface is

saturated during the window change, a 24 hours 180 ◦C baking can then reactive the

coating.

This alloy was first invented in CERN and realized in the Large Hadron Colli-

dor [75, 76]. For this alloy to work, it requires a deposition of roughly even thickness

of each metallic layer and the total thickness of the coating needs to >300 nm. Instead

of sputtering coating (the technique being used in LHC which requires a high voltage
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Ceramic rods

Coating wire

Figure 2-9: A picture of a“ready to go” TiZrV coating assembly. The white rods are
the ceramic rods for supporting the Ti, Zr, and V wires.

source), we developed a simple and rapid coating method by replacing a commercial

Ti-sub pump with the Ti, Zr, and V wires as shown in Fig. 2-9. With finely adjusted

current applied on each wire, we were able to deposit the desired thickness of each

metallic layer. It is important to note that these wires, especially the V wire, can sag

during the coating process. We overcame the problem by adding ceramic rods to sup-

port them (the white rods in Fig. 2-9). Initially, it was not very trivial for us to find

the correct current for each wire; however, with some trials eventually we realized that

the thickness of a metallic layer, deposited on a microscope slide, could be estimated

from its transmissivity to a laser beam. So we first coated each metal individually in a

test chamber with a microscope slide placed in a fixed distance away from the coating

assembly. After coating for a certain amount of time, we took out the microscope slide

and measured the transmissivity of a normal incidence laser beam (767nm). From the

transmissivity and index of refraction of each metal [77, 78, 79] we were able to esti-

mate the thickness of the coating. A web service (http://www.luxpop.com) provides
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the function for calculating the thickness of a metallic layer from its transmissivity of

monochromatic light. Table 2.2.2 summarizes the experimentally measured coating

parameters for current, voltage, and resulted thickness.

Ti (dia. 1.5mm)

Current (A) Voltage (V) Thickness after 10mins coating (nm)
31 4.2 55
31.5 4.25 110
32 4.3 175
33 4.46 opaque

Zr (dia. 1.5mm)

Current (A) Voltage (V) Thickness after 10mins coating (nm)
40 3.6 19
42 3.99 65
45 4.29 135

V (dia. 1.2mm)

Current (A) Voltage (V) Thickness after 10mins coating (nm)
33 4.95 163
35 5.46 opaque

Table 2.3: Summery of experimentally found parameters for the TiZrV coating. The
coating thickness is measured from a microscope slide placed 10 cm away from the
coating assembly and the total coating time is 10minutes.

Elements n k

Ti 2.787 2.872

Zr 2.4 1.1

V 3.231 3.106

Table 2.4: A list of indices of refraction N=n+ik for Ti, Zr, and V at room tempera-
ture [77, 78, 79].

2.3 Zeeman slowers

In this section, I will describe the designs of our Zeeman slowers (K and Li/Na Zeeman

slowers). The main advantage of using a Zeeman slower for potassium is that we are
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able to cool and study all three potassium isotopes together. The essential feature

of a slower is that the magnetic fields maintain the resonance between atoms in the

atomic beam and the slower laser beam by compensating for the Doppler shifts using

the Zeeman effect [80]. For the Li/Na slower, we basically followed the design from

Ananth Chikkatur [62] with some small modifications. However, for the K slower,

we needed to design it from scratch. Two types of slowers are commonly used: the

positive-field and the spin-flip slowers [15]. We have implemented a spin-flip slower

since it brings about several advantages. First, a smaller maximum absolute value of

the magnetic field is required. Second, the slower laser beam is non-resonant with the

atoms exiting the slower and thus does not push them back into the slower, neither it

perturbs the atoms trapped in the MOT. Each spin-flip slower contains two parts: 1.

a section where the magnetic field is decreasing along the beam path, the “decreasing

field” part, and 2. a section where the magnetic is increasing along the beam path, the

“increasing field” part. Both Li/Na and K slowers are made of 1/8′′ square tubing with

a 0.0625′′ square hole wound on a brass tube with 1′′ OD (0.87′′ ID). The advantage

of square tubing is that it maximizes electrical conductivity per unit volume, leaving

no gaps between wires. The hollow wires allow for water cooling because pressurized

water can flow through the hollow core and cool the current carrying wires. The

wire was purchased from Small Tube Products, and was insulated by Double Dacron

Glass.

In order to keep the slower laser beam always on resonance with atoms, the profile

of the magnetic field as a function of distance must go as described by equation (2.2).

B(z) = Bi − kvc
μB

(
1−
√

1− 2famaxz

v2c

)
(2.2)

where Bi is the initial magnetic field of the decreasing slower, vc is the capture velocity

(kvc = μBBi − δ, where δ = 2π × detuning), μ is Bohr magneton, amax = �kΓ
2M

is the

maximum deceleration (requiring infinite laser power), and f is the fraction of the
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maximum deceleration that can be achieved given the finite intensity of a slower laser

beam and it also acts as a fudge factor that is chosen to compensate for imperfections.

Table 2.5 lists our design parameters for both slowers.

Species 40K (K slower) 23Na (Li/Na slower)

transition used F = 9/2 → F ′ = 11/2 F = 2 → F ′ = 3
detuning (MHz) -180 -1000
oven temperature (K) 460 553
max. capture velocity (m/s2) 540 950
f factor 0.6 (0.4) 0.6 (0.2)
decreasing slower length (cm) 90 52
increasing slower length (cm) 18 38

Table 2.5: Design parameters for the K and the Li/Na slowers. The K slower is
optimized for slowing 40K and the Li/Na slower is optimized for slowing 23Na . The
f factors in the parentheses are used for the increasing parts, whereas for decreasing
parts.

2.3.1 The potassium Zeeman slower

Some design choices needed to be made when choosing the detuning for the K slower

beam in order to avoid possible frequency conflicts between the slower and MOT laser

beams of the three isotopes. Table 2.3.1 summarizes the conflicts we found in different

detunings (Fig. 2-10 provides a graphical representation of the detuning conflicts). At

the end, we chose -180MHz as our K slower laser beam detuning. Fig. 2-11 shows

the winding profile for the K slower. The unusually long decreasing part is because

of the choice of the detuning. Fig. 2-12 and Fig. 2-13 show the measured, simulated,

and ideal profiles for the decreasing and increasing parts of the K slower, respectively.

2.3.2 The lithium-sodium Zeeman slower

Basically, the Li/Na slower followed Ananth Chikkatur’s design [62] with very small

modifications. The slower was made to maximize the cooling efficiency for sodium (it

will automatically work for lithium as well, since lithium is lighter than sodium which
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Detuning (MHz) Conflicts

-110 41K Slower repumping VS 39K MOT repumping
-170 39K Slower repumping VS 41K MOT cooling
-260 41K Slower repumping VS 41K MOT cooling
-280 40K Slower cooling VS 41K MOT repumping
-330 41K Slower cooling VS 39K MOT cooling
-370 40K Slower cooling VS 39K MOT repumping
-450 39K Slower cooling VS 40K MOT repumper
-480 39K Slower repumping VS 39K MOT cooling
-520 40K Slower cooling VS 41K MOT cooling
-570 41K Slower repumping VS 39K MOT cooling
-760 41K Slower cooling VS 40K MOT repumping
-830 40K Slower cooling VS 39K MOT cooling
-910 39K Slower repumping VS 40K MOT repumping
-1000 41K Slower repumping VS 40K MOT repumping

Table 2.6: Possible detuning conflicts considered in the potassium slower design. In
order to avoid conflicts, we chose -180MHz for the detuning.

-1000 -800 -600 -400 -200 0
 Detuning [MHz]

Figure 2-10: Graphical representation of possible detuning conflicts considered in
the potassium slower design. The vertical lines represent the conflicts on different
detunings.
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Figure 2-11: The winding profile of the potassium slower. The numbers indicate the
turns of winding. The bottom two layers of the decreasing part slower (covered in
gray) are made of 3/16′′ square copper wires, instead of 1/8′′ wires used elsewhere.
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Figure 2-12: The potassium decreasing part slower magnetic field profiles: the ideal
(blue), simulated (red), and measured (black) profiles.
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Figure 2-13: The potassium increasing part slower magnetic profiles: the ideal (blue),
simulated (red), and measured (black) profiles.

is equivalent to having a reduced f factor for sodium). The detuning of the slower

lsaser beam was chosen to be -1.0GHz for sodium in order to use the same laser setup

as in BEC-I. Fig. 2-14 shows the winding profile of the Li/Na slower. Fig. 2-15 and

2-16 show the measured, simulated, and ideal field profiles for the decreasing and

increasing parts of the Li/Na slower, respectively.

2.3.3 Getting the slowers to work

Although the measured fields match with the simulated fields pretty well for both

slowers, the real challenge comes after mounting the slowers onto the main experi-

mental apparatus. Will the slowers actually work? The best settings for the detuning

and current can be a bit off from the theoretical values which makes observing the

first MOT signal difficult. Without a clear MOT signal, tweaking the slower settings

to maximize the flux of slow atoms is not trivial. Experimentally, we figured out

44



132
112

104
89

73
56

39
21

11
11

76
54

40
22

7
4

7
6

7
5

Decreasing Part Increasing Part I Increasing Part II

52cm 78cm

Figure 2-14: The winding profile of the lithium-sodium slower. The numbers indicate
the turns of winding. The last part of the bottom two layers of the increasing part
slower (covered in red) are wound in double spacing.
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Figure 2-15: The lithium-sodium decreasing part slower magnetic profiles: the ideal
(blue), simulated (red), and measured (black) profiles.
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Figure 2-16: The lithium-sodium increasing part slower magnetic profiles: the ideal
(blue), simulated (red), and measured (black) profiles.

that the best slower settings could be obtained by sending in one of the MOT cool-

ing beams (this beam needs to be in the Doppler sensitive direction with respect to

the atomic beam - the direction that is not perpendicular to the atomic beam) and

maximizing the atomic fluorescence signal illuminated from that cooing beam. This

method gave us a signal that was proportional to the number of slow atoms. Table 2.7

summarizes the current settings we found after maximizing the MOT signal for all

species.

Increasing Part I Increasing Part II Decreasing Compensation
6Li 35.5A 107.7A 19.0A 11.0A

23Na 35.8A 107.7A 18.3A 11.0A
39K 5.7A 20.6A 7.6 (5.3)A 1.5A
40K 6.2A 23.4A 11.4 (5)A 1.4A
41K 5.2A 21.6A 7.8 (6.7)A 1.3A

Table 2.7: List of experimentally found best slower currents for each species. The
values in the parentheses are used in the bottom two layers of the potassium slower.
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2.4 Magneto-optical traps (MOT)

The MOT is the first stage of all ultracold atom experiments. Its number and temper-

ature often reflects on the final atom number in the quantum degenerate states after

forced evaporation. Therefore, it is crucial to have a “healthy” MOT to begin with.

However, in our experiment, this becomes challenging since the experimental setup

needs to accommodate three different alkali species simultaneously in the presence of

light-assisted collisions. A detailed description of the physical principle of MOT can

be found in Ref. [63]. Here we will focus on discussing our setup and how to obtain

the best MOT for each species.

2.4.1 Configuration of the MOT beams

In order to simultaneously trap three different alkali species, it is required to have a

delicate arrangement for the laser beams due to space constraints. For lithium and

potassium, we use fiber manifolds (2× 4 for lithium and 4× 4 for potassium, the first

number indicates the number of input fibers and second number indicates the number

of output fibers) to combine the MOT cooling and repumping beams on the laser table

and transmit them to the experimental table. A non-polarization-maintaining (non-

PM) 4×4 fiber manifold was used in the potassium laser setup (4 inputs were used for

the MOT cooling and repumping beams of two potassium isotopes) but it suffered

from a problem that the output power did not distribute evenly in all the fibers.

Balancing the MOT beams was extremely hard with this non-ideal fiber manifold.

After we replaced it with a PM 4 × 4 fiber manifold, the issue of imbalance output

power was solved and the potassium MOT was significantly improved. In the lithium

setup, fortunately, the non-PM 2×4 fiber manifold does not cause the same problem.

On the experimental table the four output fibers are arranged in such a way that

two fibers are dedicated for the MOT beams in the vertical direction (the top and
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Figure 2-17: Schematic of the MOT beams setup on the experimental table. In front
of each fiber output, we place a compact optics module (PBS + λ/2 + λ/4 waveplates)
to clean up the polarization for each beam. The potassium and lithium MOT beams
are first combined on a PBS and then sent through a “magic” λ/2 waveplate, which
only affects the polarization of the potassium beam, to make both beams have the
same polarization. Finally the sodium MOT beam is combined with the lithium and
potassium MOT beams on a dichroic mirror before sending them into the chamber.

bottom beams) and the beam from each of the other two fibers is split into the beams

that become a counter propagating beam pair for one horizontal axis of the MOT.

The lithium and potassium MOT beams are first combined on a polarizing beam

splitter (PBS) and then sent through a “magic waveplate” (from CVI) which only

rotates the polarization of the potassium MOT beams. After this magic waveplate,

the polarizations of the potassium and lithium MOT beams can be aligned on the

same axis. Unlike the potassium and lithium MOT beams which carry both the

cooling and repumping light, the sodium MOT beams only contain the cooling light.
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Figure 2-18: Configuration of the MOT, magnetic trap (anti-Helmholtz configura-
tion), and Feshbach coils (Helmholtz configuration). Only the first four layers (cov-
ered in gray) are used for the MOT, magnetic trap, and Feshbach magnetic fields.
The fifth coil is usually for providing a magnetic field gradient to separate atoms with
different magnetic moments in a Stern-Gerlach experiment. The red dot indicates the
MOT position.

An 1 × 6 non-PM fiber manifold is used to bring the sodium MOT cooling light

from the laser table to the experimental table. Each output fiber of the sodium fiber

manifold is dedicated to one MOT beam. The sodium MOT cooling beams are then

combined with the lithium and potassium MOT beams on a dichroic mirror as shown

in the Fig. 2-17 before sending them into the main chamber. For the sodium MOT

repumping light, a single laser beam is used to pump only the outer shell of the

sodium MOT by imaging a dark spot (2mm dia.) at the position of the MOT to

achieve a high density dark MOT [81].
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Figure 2-19: Measurement of the magnetic field as a function of the distance to the coil
center in the Helmholtz configuration at 7A. The residual curvature is 0.07G/cm2/A.

2.4.2 MOT coils

The MOT, magnetic trap, and Feshbach magnetic fields are all created by the same

coils in our experiment. The last two will be discussed in later sections. The coils are

wound from 1/8′′ square copper wire made of copper alloy 101 and have a 0.0625′′

square hole - it is the same wire used as in slowers. Fig. 2-18 shows the winding profile

of the coils. It is designed to be in the anti-Helmholtz configuration for the MOT and

magnetic trap stages, but in Helmholtz configuration for the Feshbach field stage.

Fig. 2-19 shows our “off-line” measurement of the magnetic field as a function of the

distance from the coil center in the Helmholtz configuration. In this configuration,

at the center in between the coils, the strength of the magnetic field as a function

of current was measured to be ∼3.0G/A (the residual curvature is 0.07G/cm2/A).

For the anti-Helmholtz configuration, we measured the magnetic field gradient by

finding the trap bottom of 41K atoms in the stretched state. We found that at 13.0A

atoms started leaking out from the magnetic trap at the point where gravity exactly

canceled the force from the magnetic field. Thus, we measured the magnetic field
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(a) (b)

Figure 2-20: Pictures of the real coils which provide the MOT, magnetic trap, and
Feshbach magnetic fields. (a) A picture shows that the coils sit in the ring shape
groove around the 4′′ glass window. (b) A top view of the main chamber shows that
coils are secured by mounting the brass rods to the recessed viewports

gradient as a function of current to be 0.55G/cm/A. Fig. 2-20 shows a picture of the

actual coils. The coils sit in a ring shape groove next to the glass window inside the

top and bottom recessed viewports. The separation between the top and bottom coils

is 1.75′′. Both coils are secured by brass rods (the rods in Fig. 2-19(a)) to the main

chamber. A detailed description of how to make trap coils can be found in Christian

Schunck’s Diploma thesis [82].

2.4.3 Parameters for the MOTs

In this subsection, I will describe how we trap and optimize the potassium MOT

for each isotope. It was a long but exciting journey for us to figure out the correct

MOT parameters for all three potassium isotopes. Unlike 6Li and 23Na, for which

the cooling and trapping techniques are well established at MIT [17, 83, 37, 84], the

study of potassium isotopes was relatively new by the time when I joined the group.
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Figure 2-21: The potassium energy level scheme. The arrowed lines indicate the
cooling and repumping transitions used in each isotopes. For the 39K MOT, we use
a cooling beam with a detuning Δ(F=2→F ′=3) = -47MHz and a repumping beam
with a detuning Δ(F=1→F ′=2) = -15MHz. For the 40K MOT, we use a cooling beam
with a detuning Δ(F=9/2→F ′=11/2) = -14MHz and a repumping beam with a detuning
Δ(F=7/2→F ′=9/2) = -11 MHz. For the 41KMOT, we use a cooling beam with a detuning
Δ(F=2→F ′=3) = -30MHz and a repumping beam with a detuning Δ(F=1→F ′=2) = -
11MHz.
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Figure 2-22: Experimentally found best parameters and sequences for the 39K MOT.
The most important step is ramping down the MOT repumping beam power in the
compressed MOT stage. The parameters were tweaked to optimize the phase space
density in the magnetic trap.

39K MOT

The 39K MOT was the first MOT obtained in Fermi-I because it has the largest

natural abundance among all potassium isotopes and thus makes the MOT easiest to

be observed. Obtaining the first 39K MOT signal took us about one day; however,

maximizing its phase space density took us approximately one month. The main

obstacle originates from the fact that the excited hyperfine states of 39K are not well

resolved within their natural line width as shown in Fig. 2-21 and thus sub-Doppler

cooling is hard to realize in this system. For the same reason, the light force from the

repumping beam is essentially as strong as the force form the cooling beam which can

directly heat the MOT to several mK. Pioneering work on cooling 39K in the group

of Prof. Inguscio at LENS [85, 86, 87, 88, 89] shows that certain tricks can be applied

to improve the phase space density of the MOT: a compressed MOT and an optical

molasses. Fig. 2-22 shows our optimized experimental sequence for cooling the 39K
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Figure 2-23: Experimentally found best parameters and sequences for the 40K MOT.
The parameters were tweaked to optimize the atom number in the magnetic trap.

MOT. We used the phase space density at the beginning of the magnetic trap as the

figure of merit to the improve the MOT because the best phase space density in the

MOT does not always have the best mode matching to the magnetic trap.

40K MOT

Because of the low natural abundance of 40K , the atom number of 40K in the MOT

is mostly limited by the atomic flux. At equilibrium, the atom number in the MOT

is proportional to the ratio of the supply rate to the loss rate. Therefore, one can

expect that the atom number of a 40K MOT is about four order of magnitude less

than the atom number of a 39K MOT if we simply assume that the supply rate is

proportional to the natural abundance of each isotope. At first glance, this seems to

be a major roadblock. Fortunately, in our experiment 40K will be sympathetically

cooled by another species; hence most of the 40K atoms should be preserved during

evaporation. Similarly to 39K, we tweaked the 40K MOT by monitoring its atom
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Figure 2-24: Experimentally found best parameters and sequences for the 41K MOT.
The most important step is ramping down the MOT repumping beam power in the
compressed MOT stage. The parameters were tweaked to optimize the phase space
density in the magnetic trap.

number in the magnetic trap; however, 40K is not readily visible in absorption images

at this stage due to its low density. We implemented a fluorescence imaging tech-

nique for quantifying the 40K atom number by switching back on the MOT cooling

and repumping beams while atoms were in the magnetic trap and collecting atomic

fluorescence on a CCD camera. Fig. 2-25 shows a typical fluorescence image of 40K

after loading into the magnetic trap and Fig. 2-23 shows the experimentally found

parameters for the best 40K MOT.

41K MOT

The cooling scheme for the 41K MOT is quite similar to the 39K MOT since its

excited hyperfine states are also not resolved. Kishimoto et al. reported the first

direct evaporative cooling of 41K into a BEC [90]. Our cooling scheme was initially

guided by their work. Fig. 2-24 shows the experimentally found best parameters
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1mm

Figure 2-25: A 40K fluorescence image in the magnetic trap. The image was taken
by switching back on the MOT beams and collect the atomic fluorescence on a CCD
camera.

for the 41K MOT. The most important step is to lower the repumping beam power

in the molasses stage (same for the 39K MOT). The compressed MOT stage is to

increase the density while the molasses stage is to reduce the temperature. Because

the power of the repumping beam is dramatically reduced during the molasses stage,

most atoms can stay in the dark state (F = 1 state) without being heated by the

cooling beam forming a temporal dark MOT. By doing so, we were able to reduce

the MOT temperature by a factor of 5 and increase the MOT density by a factor of

2.

2.5 Optically plugged magnetic trap

After the MOT stage, atoms are loaded into a quadrupole magnetic trap (the same

quadrupole field used for the MOT). The quadrupole field is switched off during the

molasses and optical pumping stages and then switched back on for magnetic trap-
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Figure 2-26: A side view of the main chamber. XYZ bias coils are wound around the
main chamber as well as the slower compensations coils.

ping. IGBT 1 in Fig. 2-18 serves as a fast switch for the quadrupole field which has

a typical rise time (fall time) of 2μs (650 ns). For the best loading efficiency, it is

necessary to pre-charge the power supply (Lambda ES 30-500) for the magnetic trap

so that when the IGBT is switched on, the current can overshoot. We empirically ob-

served that this overshooting mechanism is actually critical to the final atom number

in the magnetic trap. Loading atoms from a MOT to a magnetic trap is a delicate

process. The loading efficiency strongly depends on the “mode matching” between

these two stages [91]. Hence, the center positions of the MOT and the magnetic trap

should be as close as possible for an optimal mode matching. This can be achieved by

fine tuning the bias fields in the x, y, and z directions in both stages. The coils which

provide the bias fields are wound around the main chamber as shown in Fig. 2-26.

There are two reasons to choose a quadrupole magnetic trap over a Ioffe-Pritchard

trap: 1. a better optical access, 2. tighter magnetic field confinement which can lead

to faster evaporation. Nevertheless, the Ioffe-Pritchard trap has the advantage that its

trapping potential can be modeled by a harmonic potential which makes the study of
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Figure 2-27: A picture of the inner RF antenna. The coils are made of 22AWG wires.
The wire is wound on four screws which are secured by four nuts welded evenly on
the edge of the recessed viewport.

atoms in the magnetic trap easier [17]. However, in order to study Feshbach physics in

a uniform magnetic field, trapping atoms in a pure optical trap is necessary. Therefore,

one can afford to evaporate atoms in a magnetic trap with tighter confinement for

faster evaporation. However, a quadrupole magnetic trap suffers from loss at the

trap bottom where atoms can undergo spin-flips from a trappable state to a non-

trappable state - the so-called Majorana loss. A 17.5W 532 nm green laser with 1/e2

beam waist 60μm is used to “plug” the Majorana hole [2]. The beam waist of the

plug laser was chosen to not only plug the Majorana hole but also to push atoms

away from the “dangerous zone” where low frequency electromagnetic wave noises

from the environment (e.g. ∼ 10 − 20 kHz noise from switching power supplies) can

spin flip atoms to a non-trappable state causing atom loss.
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2.6 RF coils

The technique of radio frequency evaporation paves the way towards ultracold quan-

tum degenerate gases [16]. To address multiple species, two sets of RF coils are

installed in the Fermi-I machine. One is inside the main vacuum chamber, the inner

antenna, and the other one is inside the top recessed viewport but outside vacuum, the

outer antenna. Fig. 2-27 shows a picture of the inner antenna. The coils are wound by

kapton insulated copper wires (22AWG) around four 6-32 screws which are attached

to the top recessed viewport by four nuts welded evenly on the edge of the inner

side of the viewport. Each coil has dimensions of 10.8 × 2 cm. The inner antenna

was originally designed for the frequency range below 100MHz. We use it mostly for

spin flipping atoms between different Zeeman sublevels in the experiment. The coils

were spot welded to a miniflange BNC vacuum feedthrough. This feedthrough was

attached to one of the miniflange ports on the top recessed viewport (see Fig. A-1).

The outer antenna is made of a single loop (∼ 3′′ dia.) of 1/8′′ square hollow core

copper wire. It was first used for 39K and 41K RF evaporation at ∼ 500MHz and

later on it was also used for 23Na RF evaporation at ∼ 1.8GHz.

2.7 Crossed optical dipole trap

At the end RF evaporation, atoms are loaded into a crossed optical dipole trap (ODT)

which consists of two 1064 nm laser beams with 1/e2 beam waist of 73 and 135μm and

power of 4.7 and 17 W, respectively. The ODT beams are provided by a Nufern fiber

amplifier seeded with an Innolight Mephisto laser. Each ODT beam is sent through

an 80MHz acoustic optical modulator (AOM) to shift its frequency (the two beams

are shifted in opposite directions) and also to control its power. To stabilize the ODT

power, a tiny amount (<1%) of each beam is picked up by an AR coated mirror and

sent to a photodiode. The photodiode output is then fed into a high-speed servo
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controller (Newport LB1005) to be compared with the computer generated reference

voltage.

It is a delicate process to load atoms, especially a BEC, from a magnetic trap into

an ODT- as a quote from my colleague, Jee Woo Park, “it is like catching an egg

without breaking its yolk”. At low temperature, the atomic cloud in the magnetic

trap splits into two pockets due to the potential barrier from the optical plug. This

makes the mode matching between the magnetic trap and the ODT difficult. On the

other hand, when the temperature is still high, loading into the ODT requires more

power - it is a trade off. Experimentally, we found the best loading condition by

varying the final RF frequency and monitoring the atom number in the ODT. Both

ODT beams are ramped up during the final decompression of the magnetic trap. In

order to let atoms fall into the ODT, it is crucial to align the ODT beams about one

beam waist below the magnetic trap center. At the end of the decompression, the

magnetic trap is completely switched off, and atoms stay in the ODT. As mentioned

earlier, the two ODT beams enter the chamber from the ports #8 and #9. This

arrangement has the advantage that one can easily align the ODT beams with atoms

on the cameras.

2.8 The Feshbach field

After atoms are completely loaded into the ODT, the trap coils are switched from

the anti-Helmholtz to the Helmholtz configuration to provide a uniform bias field for

accessing Feshbach resonances. The coil configuration is changed using four mechan-

ical relays. As shown in Fig. 2-28, while relays 1(2) and 3(4) are closed and 2(1)

and 4(3) are open, the coils are in the anti-Helmholtz (Helmholtz) configuration. It

takes about 200ms for the relays to completely switch. Two IGBTs are used in the

Helmholtz configuration: IGBT 2 (as a switch) and IGBT 3 (as a current regulating
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Figure 2-28: The circuit schematic of the magnetic trap and the Feshbach magnetic
fields. When the magnetic trap (Feshbach magnetic field) is operating, Relay 1(2)
and Relay 3(4) are closed but Relay 2(1) and Relay 4(3) are open. IGBT 1 is used
as a switch for the magnetic trap. IGBT 2 and IGBT 3 are used as a switch and a
current regulating valve, respectively, for the Feshbach magnetic field.

valve).

2.8.1 Stabilizing the Feshbach field

In order to perform high precision RF and Feshbach loss spectroscopy, a stable and

homogeneous magnetic field is highly required. The best figure of merit of the field

stability can be obtained by directly “asking” atoms by either taking a RF spectrum

to extract the field stability from the spectral width or performing a Rabi oscillation

measurement to extract the field stability from the decoherence time (see Chapter 5).
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Figure 2-29: Schematic of the detection and stablilzation circuits for the Feshbach
magnetic field.

However, both methods require running through a complete experimental sequence

which could be quite time consuming. Therefore, we implemented a field detec-

tion scheme to measure the field stability without loading atoms. Fig. 2-29 shows a

schematic of our Fesbach current detection and stabilization circuits. Two hall probes

are used to measure the current: Danfysik STH-600 (for monitoring) and F.W. Bell

CLN-300 (for feedback). In order to boost the sensitivity of the current reading, the

copper wire which carrys the Feshbach current was wound 10 times around each hall

probe. By doing so, the sensitivity of the current reading can be amplified by a factor

of 10. The voltage output from the Danfysik probe is then fed into a high precision

voltage meter (Keithley 2700) and the voltage output from the Bell probe is fed into

a high-speed servo controller (Newport LB1005) to be compared with a reference

voltage generated from an analog card (NI PXI-6713). The voltage output from the

servo controller goes into an IGBT (IGBT 3 in Fig. 2-28) to provide feedback on the

current. To obtain the best current stability, it is important to operate the IGBT
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control voltage around 7.9V where the slope of current to voltage is the steepest. The

figure of merit in this setup is the stability of the reading on the voltage meter. By

fine tuning the overhead voltage (which also changes the operating voltage of IGBT

3) of the Feshbach power supply (Delta SM 15-100 set to the voltage control mode)

and feedback parameters of the servo controller, we observed a clear improvement

on the field stability. We also modified the acquire switch of the servo controller by

replacing it with an external relay which can be switched with an external TTL sig-

nal. This modification allows us to rapidly ramp up the current to the set point and

then activate the feedback so that the feedback circuit does not have to fight with the

enormous current jump in the beginning. After modifying the servo controller, we

were able to adjust the feedback speed to ∼ 1 kHz. The final stability of our Feshbach

magnetic field is ∼ ±5 mG at 100 G which is sufficient for later experiments.

2.9 Water cooling systems

The power dissipated in the slower coils and the trap coils can heat them up signif-

icantly in the absence of active cooling. Thus, we used square hollow copper tubing

to make both coils so that pressurized water can flow. The dissipated power (W) for

this tubing is given by [62]

P = 2.65× 10−3 × I2 × l. (2.3)

where I is the current (A) and l is the length of the wire (m). This formula provides

us with an idea of how much water flow is required to cool the coils. For instance,

the wire in each layer of the trap coil is about 2m and it is expected to dissipate

850W when running with the maximum current of 400A, which is limited by our

power supply. In order to carry away the heat generated by the coils, it is absolutely

necessary to cool the wires during experimental sequences with pressurized water.
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Figure 2-30: Overview of the Fermi-I water cooling system. The slower and the
trap coils are cooled by pressurized water generated from a high pressure booster
pump which is supplied by a water reservoir (NESLAB). A pressure regulating valve
(indicated in red square) is used to bypass water to the water reservoir in order to
prevent damage in the booster pump.

The required flow rate for the pressurized water is [62]:

F = 14.3× P/ΔTH2O (2.4)

where F is the flow rate (ml/min), P is the dissipated power (W), and ΔTH2O is the

estimated change in the water temperature (◦C). For 850 W, setting the maximum

temperature change to be 10 ◦C , the required flow rate is 1215ml/min. The Hazen-

Williams equation relates the flow rate of water in a pipe with the pressure drop due

to friction [92]:

ΔP =
4.52× LF 1.85

C1.85d4.87
(2.5)
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Where ΔP is the pressure drop over a length of the pipe (psi), L is the length of

the pipe (feet), F is the flow rate (gal/min), and d is the inner pipe diameter (inch).

The factor C is ∼ 140 for copper. In order to maintain a flow rate of 1215ml/min

(0.32 gal/min), the pressure drop over a 2m wire (with 0.0625′′ ID) needs to be

∼ 300 psi. To achieve such high pressure, a booster pump (Webtrol H15B40) is used

to boost the water pressure from 80 psi to 450 psi. It is extremely crucial to have

sufficient water flow in the booster pump; otherwise, the plastic rotors inside the

pump will be damaged. We increased the water flow by bypassing it to the water

reservoir (NESLAB). Fig. 2-30 shows an overview of the Fermi-I water cooling system.

2.10 Optics

Three independent laser systems (589 nm, 671 nm, and 767 nm) were constructed for

each alkali species. The sodium laser system was set up an independent optical table,

while the lithium and potassium laser systems were set up on the same optical table

(see Fig. 2-1). Laser beams are transmitted from the laser tables to the experimental

table by optical fibers. In the following, we will discuss each laser system.

2.10.1 The potassium laser systems

The potassium laser system is capable of trapping and cooling two potassium isotopes

simultaneously (it is arranged for 40K and 41K in the current setup). It consists of

one master laser - a grating stabilized laser (Toptica DL Pro) locked to the 39K D2

crossover (see Fig. 2-21) by Frequency Modulation (FM) spectroscopy [93] - four slave

lasers, and four tapered amplifiers. Before the master laser seeds the slave laser1, its

frequency is shifted by AOMs to generate the cooling and repumping beams for each

species. In order to boost the laser power, we have four tapered amplifiers2 seeded

1Eagleyard laser diode (EYP-RWE-0790-04000-0750-SOT01-0000).
2Eagleyard tapered amplifier chip (EYP-TPA-0765-01500-3006-CMT03-0000).
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by each slave laser. The slower cooling and repumping beams are generated by

splitting the MOT cooling and repumping beams after the tapered amplifiers before

coupling into the MOT fibers and their frequeancies are prepared by two double

pass AOMs. The imaging and optical pumping beams are generated by splitting the

slower beams into a Tandem AOM setup for frequency tuning. The imaging and

optical pumping beams are transmitted with the same optical fiber from the laser

table to the experimental table. For the MOT beams, we use a 4 × 4 PM fiber

manifold as described earlier. Detailed schematics of the potassium laser system can

be found in Fig. C-1, C-2, C-3, and C-4 in Appendix C.

2.10.2 The lithium laser system

A master laser (a grating stabilized laser, Toptica DL Pro) provides the source of

671 nm laser light. It is locked to the 6Li D2 crossover by FM spectroscopy [93].

Before the master laser beam is sent into the lithium cell, its frequency is shifted by a

double pass AOM (2×+105MHz). As a result, the laser frequency from the master

laser is -210MHz detuned from the 6Li D2 crossover. Then approximately 15mW of

the master laser power is used to seed a tapered amplifier (Toptica BoosTA) which can

boost the laser power up to 360 mW. The tapered amplifier output is split into three

beams for seeding the slower laser3, seeding the MOT repumping laser3, and directly

being coupling into the fiber. Two +80MHz AOMs are installed in the MOT cooling

and repumping beam paths to regulate the beam power. Fig. C-5 in Appendix C

shows a schematic of the lithium laser system.

2.10.3 The sodium laser system

For a long time, the dye laser was the only source for the 589 nm light. But they

are difficult to operate and also expensive. This has made sodium an “unfriendly”

3Mitsubishi laser diode (ML1016R).
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atom to study. Our group implemented the first solid state laser system for sodium.

It consists of a 1178 nm grating stabilized diode laser (Toptica DL Pro), a Raman

fiber amplifier (MPBC VRFA-SF series), and a second harmonic generation crystal

(packaged by MPBC). Fig. C-6 shows a schematic of the sodium master laser system.

This setup is able to provide up to 2W of 589 nm laser light which is sufficient for a

sodium cooling and trapping experiment. A detailed description of our sodium laser

system can be found in Ibon Santiago’s thesis [94].
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Chapter 3

Strongly Interacting Isotopic

Bose-Fermi Mixture Immersed in a

Fermi Sea

In this chapter, I am going to present how we simultaneously cool three different

atomic species, the bosonic species 41K and two fermionic species 40K and 6Li, into

quantum degenerate states simultaneously. The bosonic species is shown to be an effi-

cient coolant for the two fermionic species, paving the way towards studying fermionic

superfluids with imbalanced masses. We observe multiple heteronuclear Feshbach res-

onances, in particular a wide s-wave resonance for the isotopic combination 41K-40K,

opening up the path for the study of a strongly interacting Bose-Fermi mixture with

tiny mass difference and almost identical trapping potentials. Furthermore, for large

imbalance, we enter the polaronic regime of dressed impurities immersed in a bosonic

or fermionic bath.
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3.1 Introduction

Ultracold atomic systems provide a great advantage to study interactions between

different atomic species. In particular, species with different masses can introduce a

new parameter to the system - the mass ratio between atoms. Moreover, the control of

interactions, offered in a unique way by Feshbach resonances [3], is a feature that has

not been available in traditional condensed matter experiments. With ultracold gases,

Bose-Bose [67, 95], Bose-Fermi [35, 34, 83, 96, 97, 98, 3, 47], Fermi-Fermi [99, 100, 101],

and even triply degenerate Bose-Fermi-Fermi mixtures [99] can be studied with great

controls of density, temperature, and atom number. Particularly, the control of atom

number allows us to study polaron physics which is the building block of quantum

many-body phenomena. On one hand, strongly interacting Bose-Fermi mixtures offer

a unique platform to study the whole spectrum of polaron problems. By changing

the number balance between bosons and fermions, one can study the system evolving

from Bose polarons [56], bosons being the majority atoms, to Fermi polarons [9, 8],

fermions being the majority atoms. On the other hand, strongly interacting Fermi-

Fermi mixtures provide a different prospect of the Fermi polaron problems in which

many-body pairing can potentially happen between unlike fermions [10].

Here we present a system where strongly interacting Bose-Fermi and Fermi-Fermi

mixtures can be studied simultaneously. We use 41K as a coolant to cool the fermionic

species, 6Li and 40K, and show that 41K is a superior coolant compared to all current

experiments on fermionic 40K. In comparison to experiments employing 87Rb to cool

the same fermionic species to triple degeneracy [99], we reach a significantly higher

degree of degeneracy in 6Li. A triply degenerate mixture of 6Li -40K -41K has been

achieved at the end of evaporation, offering the choices of studying either a Bose-Fermi

(41K -40K ) or a Fermi-Fermi (6Li -40K ) mixture. Our system allows us to study not

only the established tunable Fermi-Fermi mixture of 6Li -40K [50] but also a new

widely tunable Bose-Fermi mixture of 41K -40K. Importantly, 40K and 41K experience
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almost identical external potentials and essentially have equal masses so that the

only relevant difference is quantum statistics. Therefore, our system surpasses other

non-isotopic Bose-Fermi mixtures of 23Na -6Li [38], 87Rb -40K [102], 87Rb -6Li [3], and

85Rb -6Li [103] which are plagued by typically unequal trapping potentials and the

large mass difference.

3.2 A new coolant for fermionic alkali species: 41K

Cooling of spin-polarized fermions to degeneracy is hindered by insufficient ther-

malization due to the absence of “head-on” collisions in the s-wave regime at low

temperature, which makes Fermi gas experiments more complex than their bosonic

counterparts. Common solutions include direct cooling of two hyperfine spin popula-

tions [68], or sympathetic cooling using another atom as the coolant [6]. Particularly

with RF evaporation, the latter method has the advantage of mostly conserving the

fermionic species in the cooling process [37]. Adverse spin-changing collisions between

coolant and fermion can still reduce the fermion number [97, 99]. In this experiment

we have employed 41K for sympathetic cooling and find it to be an efficient coolant

for both 40K and 6Li, with negligible loss of fermions.

3.2.1 Why 41K ?

Although 39K has a larger nature abundance (93.3%) than 41K (6.7%), which can

result in a larger atom number in the 39K MOT, the fact that it has a negative

s-wave background scattering length at zero magnetic field makes direct cooling of

39K to quantum degeneracy challenging [87]. We notice this effect by observing that

the temperature of 39K stops going down even though RF evaporation continues (see

Fig. 3-1). This is because a system with a negative background scattering length

will have a zero crossing of the scattering length at low temperature, where collisions
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Figure 3-1: The temperature of 39K as a function of the final RF knife frequency
above the 39K hyperfine transition of 461.7MHz. Around 15MHz above the hyper-
fine transition, evaporative cooling stops strongly indicating a zero crossing of the
scattering length at a temperature of ∼ 180μK.

between atoms are not happening [104]. The same physics happens in 7Li [105].

Fig. 3-1 shows the temperature of 39K atoms as a function of the RF knife frequency.

The plateau at 180 μK strongly indicates a zero crossing of the scattering length.

This issue does not exist in 41K , since it has a positive s-wave background scattering

length. The s-wave background scattering lengths for potassium isotopes can be

found in Ref. [106].

3.2.2 Making 41K Bose-Einstein condensates

Kishimoto et al. first showed that 41K could be directly evaporated into a Bose-

Einstein condensate [90]. Their work inspired us to use 41K as a coolant for the

fermionic species.

Typically, we are able to load ∼ 1×109 41K atoms into the MOT with a rather high

temperature of 2 mK. Following the MOT loading and cooling schemes (compressed

MOT and molasses) mentioned in Chapter 2, we are able to reach a phase space
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Figure 3-2: Absorption image of the 41K atoms in the optically plugged quadrupole
magnetic trap towards the end of evaporation. The atomic cloud splits into two
pockets separated by the optical plug beam.

density of ∼ 1 × 10−8 in the beginning of the magnetic trap which is enough for

starting a runaway evaporation [16]. After the molasses stage, atoms are prepared

in the stretched hyperfine state |F,mF 〉 = |2, 2〉 by a 500 μs, 450 (250) μW/cm2,

F = 2 → F ′ = 3 (F = 1 → F ′ = 2) optical pumping pulse.

Evaporation in an optically plugged magnetic trap

Evaporative cooling of 41K is performed in an optically plugged quadrupole magnetic

trap with a B′
z = 220G/cm (B′

⊥ = 110G/cm) magnetic field gradient along the

vertical (horizontal) direction. To avoid Majorana spin flips, the magnetic field zero,

in the center of the trap, is “plugged” by a repulsive (blue-detuned) laser beam (power

15W, wavelength 532 nm) focussed to a beam waist of 20μm to prevent atoms from

undergoing a spin-flip into an untrapped state near the magnetic field zero [2]1.

Towards the end of evaporation the atomic can split into two pockets as shown

in Fig. 3-2 due to the two potential minima formed around the optical plug. This

1Later on we increase the plug beam waist to 60μm for the study of NaK mixtures.

72



Figure 3-3: The simulated potential of the biased optically plugged magnetic trap
for 41K in three different directions. The optical plug beam is along the x-axis. y0
represents the new global minimum of the trap. For this simulation, we use B′ =
110G/cm, P = 15W, w = 20μm, and By0 = 100mG; gravity is neglected.

effect can reduce the efficiency of evaporation [107]. The solution is to create a single

global potential minimum by biasing the magnetic trap with an external bias field.

One can model the biased optically plugged quadrupole trap as:

V = μB

√
(B′x/2)2 + (By0 +B′y/2)2 + (B′z)2 +

αKP
π
2
w2

exp

(
−2

y2 + z2

w2

)
(3.1)

where the first term describes the magnetic potential with μB being the Bohr mag-

neton, B′ the magnetic field gradient in the z directions, and By0 the external bias

field; the second term describes the optical plug potential with αK being the polar-

izability of 41K in 532 nm, P the power of the optical plug beam, and w the beam

waist. Fig. 3-3 shows the simulated trapping potential profiles (neglecting gravity).

The new potential minimum has been shifted to y0 under the external bias field.

With this technique, we ensure that there is only one atomic cloud towards the end

of evaporation, which is important for later quantitative studies of the degenerate

gases.

Unlike a constant trapping frequency in a harmonic trap, the trapping frequency

in a linear trap is not well-defined. Slow atoms experience faster trapping frequency

73



t

Capture Evaporation 1

RF frequency

30s

B-field gradient

420 MHz

 55G/cm

260 MHz

2s

 220G/cm

2s

Evaporation 2

0.5s

 110G/cm

Decompression

265 MHz 254.6 MHz

Figure 3-4: The optimized profiles of the magnetic field gradient and the RF knife
frequency for cooling 41K atoms towards Bose-Einstein condensation. The 0.5 s de-
compression stage helps to reduce three-body losses at the end of evaporation 1. We
are able to obtain a pure BEC of ∼ 3× 105 atoms at the end of evaporation 2

than fast atoms (ω ∝ 1
(kBT )1/2

). Hence, it is necessary to decompress the magnetic

trap to avoid three-body losses when close to quantum degeneracy. However, it is a

bit tricky to change the magnetic field confinement in an optically plugged trap since

any imperfection of the trap coils can cause the zero of the magnetic field to move

during decompression. Thus, it is a delicate process to keep the magnetic field zero

always at the position of the plug beam. This can be achieved by carefully adjusting

the XYZ bias fields during decompression. In our setup, the zero of the magnetic

field does not move linearly with the gradient strength which makes tuning the bias

fields even more difficult.

Fig. 3-4 shows the profiles of the magnetic trap gradient and the RF knife fre-

quency during evaporation. The “push” bias field is only turned on during the last

2 s of evaporation to shuffle the atoms into a single potential minimum by displac-

ing the center of the magnetic trap by 10μm. Evaporation is performed by driving

|2, 2〉 → |1, 1〉 RF transitions above the hyperfine transition of 254.0MHz. Note that

evaporation between Zeeman sub-levels (instead of the hyperfine transition) shortens

the lifetime of trapped atoms due to |2, 1〉 + |2, 0〉 → |2, 2〉 + |2, 0〉 spin relaxation

processes. For the last 2 s of evaporation, the trap is decompressed to B′
z = 110G/cm
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Figure 3-5: (a) A absorption image of the first 41K BEC born in the Fermi-I machine
which shows a BEC with ∼ 1 × 104 atoms. (b) After improving the MOT loading
stage and the RF evaporation sequence we achieve a BEC with ∼ 3× 105 atoms.

to suppress three-body losses. Fig. 3-5(a) shows an image of the first 41K BEC in the

Fermi-I machine which was born at 2:30 am, October 13th 2009. The condensate con-

tained ∼ 104 atoms. During improving the compressed MOT and molasses stages, we

realized that the MOT beam balance was extremely critical for the molasses to work.

Eventually we obtained a pure 41K BEC with ∼ 3×105 atoms as shown in Fig. 3-5(b)

which was comparable to the number obtained by Kishimoto et al. Fig. 3-6 shows

that the 41K BEC emerges from a thermal cloud.

3.3 A new quantum degenerate Bose-Fermi-Fermi

mixture: 41K -6Li -40K

As the bosonic coolant (41K) has been brought into quantum degeneracy, we can

test its cooling power by introducing the two fermionic species, 6Li and 40K, into the

system. Experimentally, the collisional properties between 6Li and 41K, as well as

40K and 41K, are unknown. We are the first research group studying these mixtures.

Fortunately, theoretical predictions provide us with a very good guidance. Table 3.1

summarizes the predicted values for the interspecies background scattering length
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Figure 3-6: 41K BEC emerges from a thermal cloud. The listed frequencies indicate
the RF knife frequency above the 41K hyperfine transition 254.0MHz. The bottom
plots show the azimuthally averaged density profiles where a clear bimodal feature
can be observed.

among these species [108]. It suggests that 41K is likely to be an efficient coolant

for both 6Li and 40K since their interspecies background scattering lengths are in the

favorable range. Indeed, it turns out experimentally that sympathetic cooling of the

fermionic species with 41K as a coolant works surprisingly well! We do not observe

significant losses on the fermionic species during evaporation. We do not even have

to adjust much on the RF evaporation sequence; the sequence is similar to cooling

41K alone. The only additional step necessary to accommodate three species is a spin

purification scheme (see below) after the MOT loading stage. For the MOT loading,

we first load 40K because of its slow loading rate. After one second of only loading

40K, the 41K MOT beams are then switched on together with the 40K MOT beams

(during this time we observe ∼ 30% reduction of the 40K MOT fluorescence). The

6Li MOT beams are only switched on in the last second of the MOT loading stage.
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Figure 3-7: Illustration of the gravity assisted spin purification scheme. Blue and
red indicate the two different hyperfine states of 6Li . Experimentally, we capture
all spin states initially with a tight confinement, followed by a 0.5 s purification stage
where the magnetic trap is ramped down to a critical gradient which can only hold
the atoms in the stretched state, |F,mF 〉 = |3/2, 3/2〉, against gravity.

The total MOT loading time takes about 5-6 seconds.

Mixture as(a0) at(a0)

6Li /41K 52 64
6Li /40K 42 60
40K /41K -54 97

Table 3.1: List of the interspecies background scattering lengths. as and at are the
singlet and triplet scattering lengths, respectively [108].

Purification of spin states

Although optical pumping can pump ∼ 75% of 6Li atoms to their stretched state

|F,mF 〉 = |3/2, 3/2〉, it is still essential to clean up the spin imperfections in the

beginning of the magnetic trap, otherwise the energy released from spin relaxation

can heat up the system significantly. In a quadrupole magnetic trap, cleaning the spin

states with RF frequency is not possible since atoms do not experience a constant

bias field as in a Ioffe-Pritchard trap [37]. We come up with a novel solution to this

problem - a so-call gravity assisted purification scheme. As illustrated in Fig. 3-7,

atoms in all spin states are first captured by tight confinement. Then the trap is

decompressed to a critical gradient, where only atoms in the stretched state can be
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held against gravity. Finally, the trap is recompressed back before evaporation starts.

By this we obtain ∼ 100% pure stretched state atoms in the magnetic trap. Fig. 3-

8(a) shows the 6Li atom number as function of the purification gradient. The peak

around 2.8G/cm indicates the critical gradient which can only hold the |3/2, 3/2〉
atoms in the magnetic trap. Fig. 3-8(b) shows the lifetime curve of 6Li with (black

dots) and without (red dots) applying the purification scheme.

However, because of the fact that potassium is heavier than lithium, 2.8G/cm

can not hold any potassium atoms in the magnetic trap. In order to simultaneously

load all three species, 6Li , 40K , and 41K, we need to compromise. Experimentally we

use a gradient of 15G/cm which is the critical gradient for potassium. Purifying the

spin states of potassium is not essential for cooling 41K alone; however, it becomes

important while using 41K as a coolant since any imperfection of 41K spin states can

undergo spin relaxation with 6Li atoms (e.g., 41K |2, 1〉+ 6Li |3/2, 3/2〉 → 41K |2, 2〉
+ 6Li |3/2, 1/2〉). Note that spin relaxation between 40K and 41K is prohibited by

energy conversation.

Calculating the phase space density (PSD)

In order to quantify the cooling power of 41K , we need to extract the phase space

density (PSD) of each species during evaporation. Here temperature may not be a

good parameter to characterize the degeneracy of atoms since the trapping potential

and atom number can all be traded with temperature. However, as mentioned earlier,

because of the trap geometry of our magnetic trap, it is less convenient to calculate

the PSD of atoms than a pure harmonic trap. In order to do so, we distinguish

two regimes in the calculation of phase space density: the quadrupole trap regime

and the harmonic trap regime. Our magnetic trap is not a perfect quadrupole trap

since it is plugged with a 15W 532 nm laser beam at its center. Hence, a harmonic

approximation is appropriate to describe the bottom of the potential when atoms are
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Figure 3-8: Effect of the 6Li spin purification scheme. (a) The atom number of 6Li
after 20 s wait time in a tight magnetic trap (220G/cm) as a function of the magnetic
field gradient during the 0.5 s purification stage at the beginning of the magnetic
trapping. (b) The lifetime curves taken in a tight magnetic trap (220G/cm) of 6Li
with (black dots, τ = 102 s) and without (red dots, τ = 19 s) the spin purification
scheme.

close to degeneracy (with the “push” bias field on). While atoms are still hot, they

mostly fell the linear potential of the quadrupole trap and we treat them as thermal

gases in a quadrupole potential. Below I summarize our calculations for the PSD for

thermal gases, bosons, and fermions.

PSD for thermal gases in a quadrupole trap The quadrupole potential is given

by V (x, y, z) = −μB

√
(B′x/2)2 + (B′y/2)2 + (B′z)2. Hence, in thermal equilibrium

the total number of atoms can be written as:

N =

∫ ∞

0

n0e
−βV (r)d3r (3.2)
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where N is the total atom number, n0 is the maximum atom density, and β =

1/(kBT ). With a change of variables from x → x/2, y → y/2, we get:

N = 4

∫ ∞

0

n0e
−βμV (r)d3r = n0

32π

(βμB′)3
(3.3)

The phase-space density, being defined as ρ = n0λ
3
dB, where λdB is the thermal de

Broglie wavelength, can be calculated for a thermal gas as:

ρ = n0λ
3
dB = N

(βμB′)3

32π

(
h√

2πmkBT

)3

(3.4)

PSD for bosons in a harmonic trap In a harmonic potential, the n0 for bosons

is given by [17]:

n0 =
1

λ3
dB

g3/2(e
μ/kBT ) (3.5)

Therefore ρ = n0λ
3
dB = g3/2(e

μ/kBT ) (gj(z) is defined to be Σiz
i/ij). To extract this

value experimentally, one can make use of the time of flight density profile. At large

times (t >> ω−1
x ,ω−1

y ,ω−1
z ), the density profile can be written as:

ntof (r, t) =
1

λ3
dB

1

(ω̄t)3
g3/2(e

(
μ−mr2

2t2

)
/kBT

) (3.6)

Hence, n0 = ntof (0, t) · (ω̄t)3.

PSD for fermions in a harmonic trap For fermions, it is required to have a

special treatment for calculating PSD because the Pauli blocking limits the maximum

PSD to be unity for fermions. Hence, instead of a thermal de Broglie wavelength

λdB, we introduce a different de Broglie wavelength λv =
�

m
√
<v2>

calculated from the

characteristic velocity v which is the thermal velocity for thermal gases or the Fermi

velocity as degeneracy is approached. Let
√
< v2 > = R/t, where R =

√
N

n2D(0)
with

n2D(0) being the peak column density. Finally, the PSD yields:
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Figure 3-9: Extracting the trapping frequency of the biased optically plugged mag-
netic trap from condensate fraction. We vary the condensate fraction by changing
the MOT loading time. The red dots are the experimental data points and the blue
dashed line is a fit to the data with a function f(x) = β(1 − 1

ω̄3x
α), with β and α

being floating to accommodate distortion of the condensate due to saturation and
interaction effects.

n0λ
3
v = n0

(
�t

mR

)3

= ntof (0, t)

(
(ω̄t)�t

mR

)3

(3.7)

Obtaining triple degeneracy

In order to extract the final PSD, one needs to know the temperature, the magnetic

field gradient for a quadrupole trap, the trapping frequency for a harmonic trap, and

the atom number for each species. We use 41K for the thermometry assuming thermal

equilibrium within the three species. We calibrate the field gradient by balancing

the gravitational force and the magnetic force on atoms. We measure the trapping
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frequency with the 41K condensate fraction [17]:

(
Nc

N

)
= 1−

(
T

Tc

)3

(3.8)

where Nc is the atom number in the BEC and Tc is the BEC critical temperature

which can be expressed as:

Tc =
1

kB
�ω̄

(
N

g3(1)

)1/3

, where (
1

g3(1)
)1/3 ≈ 0.94 (3.9)

Therefore, (
Nc

N

)
= 1− 1

ω̄3

(
ω̄T

Tc

)3

= 1− 1

ω̄3

g3(1)

N

(
kBT

�

)3

(3.10)

The condensate fraction can be obtained from a fit to the cloud profile with a bimodal

distribution and the temperature can be extracted from the wings of the cloud in time

of flight images [17]. Fig. 3-9 shows the condensate fraction of 41K as a function of

ω̄T/Tc =
(

g3(1)
N

(
kBT
�

)3)1/3
. From a fit to the data with equation (3.10) we obtained

ω̄ = 2π · 380(20) for 41K.

Experimentally we use the decompression between two evaporation sequences to

distinguish the two potential regimes. Before the decompression the data are analyzed

in a quadrupole trap; after the decompression a harmonic trap is used. The procedure

is validated by extending the harmonic analysis to the end of evaporation 1 and we

find that it matches with the PSD obtained from a quadrupole trap. Fig. 3-10 shows

the final result of the evolution of PSD as a function of atom number N. The efficiency

of evaporation is measured by Γ ≡ −∂ ln(PSD)/∂ ln(N). Thanks to the small fermion

number, the evaporation efficiency for 41K is similar with and without load, Γ ≈ 3 [90].

The near-vertical slope of PSD vs. N for the fermionic species demonstrates efficient

sympathetic cooling of 6Li (40K) with Γ = 12 (15). At the end of evaporation we

obtaine quantum degeneracy of each species which can directly be seen in the time
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Figure 3-10: The evolution of the phase space density (PSD) with atom number (N)
during evaporation of 41K. The Γ value in the parenthesis refers to cooling 41K alone.

of flight images as shown in Fig. 3-11. Observing a 41K Bose condensate in thermal

contact with a cloud of 40K and 6Li fermions each of roughly the same atom number

already implies degeneracy of the fermionic species. If T = Tc,41K, then T/TF,40K =

ω̄41K

ω̄40K

1

(6ζ(3))
1
3
≈ 0.51 and analogously T/TF,6Li = 0.2. Consistent with this expectation,

Thomas-Fermi fits to the time-of-flight distributions in Fig. 3-11 reveal T/TF,6Li =

0.16 (N6Li = 2.0 · 105) and T/TF,40K = 0.51 (N40K = 1.1 · 104), while T/TC,41K = 0.9.

Evaporating further to obtain essentially pure condensates, we achieve T/TF,6Li = 0.08

for 6Li and T/TF,40K = 0.35 for 40K. For 6Li, the degree of degeneracy is about four

times higher than what has been achieved in [99] with 87Rb as the coolant. For 40K,

the performance is similar. We directly observe Pauli pressure and Bose condensation

in the triply degenerate quantum mixture. For this, we determine the 1/e width R of

a gaussian fitted to the fermionic and bosonic distributions, and compare the release

energy E ≡ 1
2
mR2/t2 measured after time-of-flight t to the Fermi energy, defined for

each species as EF = kBTF = �ω̄(6N)1/3. In Fig. 3-12 we show E/EF as a function of

the reduced temperature T/TF . Thermometry is provided by fitting Bose functions
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Figure 3-11: a)-c): Absorption images of triply degenerate quantum gases of 41K, 40K
and 6Li, imaged after 8.12 ms, 4.06 ms and 1 ms time-of-flight from the magnetic trap,
respectively. The final rf-knife frequency is 500 kHz above the 254.0MHz hyperfine
transition of 41K. The white circles indicate the Fermi radius in time-of-flight t, RF =√

2EF/m t. d)-f): Azimuthally averaged column density. Solid dots: gaussian fit
to the wings of the column density. Solid black and blue lines are Gaussian and
Fermi-Dirac fits to the entire profile. The deviation of the gaussian fit from the data
is more pronounced for the more deeply degenerate 6Li at T/TF = 0.16 than for 40K
at T/TF = 0.51. The arrows indicate the Fermi radii. The atom numbers for 6Li, 41K
and 40K are 2.0× 105, 1.6× 105, and 1.1× 105, respectively.

84



to the wings of the 41K distribution. At high temperatures, E/kB simply equals the

temperature of each gas. At low temperatures, the release energy of a trapped Fermi

gas saturates due to Pauli pressure [34, 35], while for a Bose cloud E is suddenly

reduced as a condensate forms [2].

1.5

1.0

0.5

0.0

E
/E

F

1.51.00.50.0
T41K/TF

Figure 3-12: Observation of Pauli pressure and Bose condensation in a triply degen-
erate quantum mixture. Shown is the normalized release energy E/EF of each cloud
versus the normalized temperature T/TF . Solid circles: 6Li, open circles: 40K, solid
squares: 41K. Solid lines: theory for an interacting Bose gas and a non-interacting
Fermi gas. Bose condensation of 41K occurs at Tc/TF = 0.52. Dashed line: Boltzman
gas.
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3.4 Observation of interspecies Feshbach resonances:

towards strongly interacting Bose-Fermi mix-

tures:

By the time when we cooled 6Li , 40K , and 41K into quantum degeneracy, there was no

published theoretical prediction on their interspecies Feshbach resonances. We were

first guided by Tom Hanna and Eite Tiesinga from NIST to explore the resonances

between 6Li and 41K . For discovering 40K and 41K Feshbach resonances, we did a

brute force search. I remember vividly that there was one night we discovered the

2.5G wide resonance accidentally without any guidance from the theory. Later on

we consulted Andrea Simoni from Université de Rennes who then provided us with

his predictions on the interspecies resonance structures for 40K - 41K . Indeed, the

2.5G wide resonance we found is a predicted p-wave resonance. From his predictions,

there should be one wide s-wave just near by. We immediately adjusted the magnetic

field and started searching for it. Without too much effort, we observed a 12G wide

Bose-Fermi interspecies Feshbach resonance.

To search for Feshbach resonances, atoms are loaded after evaporation into an

optical dipole trap formed by two crossed laser beams of wavelength 1064 nm, each

focussed to a waist of 100μm at 7W of power. For the study of 6Li-41K Feshbach

resonances, atoms are transferred into the hyperfine ground state via a Landau-Zener

sweep of the bias magnetic field in the presence of 261.3 and 234.2MHz RF-radiation.

For 40K-41K, only 41K is transferred into the ground state. This mixture is stable

against spin-changing collisions due to the inverted hyperfine structure and the large

nuclear spin of 40K. Feshbach resonances are detected via atom loss from three body

collisions, after a fixed wait time, as a function of magnetic field. A list of observed

resonances is given in table 3.2.
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Figure 3-13: Observation of a wide Feshbach resonance in the isotopic Bose-Fermi
mixture of 41K-40K. The plot shows the atom number of 40K versus the magnetic
field. The loss feature is centered at B0 = 542.7 ± 0.5. From a fit to the data point
with a gaussian function we obtained its gaussian width to be 12 G. The blue dashed
lines are the theoretical predictions on the scattering length in the vicinity of this
resonance [109].

A gift of nature: broad interspecies Feshbach resonance between 40K and

41K.

As mentioned above, we observe a wide Feshbach resonance in collisions of 40K in state

|9/2, 9/2〉 with 41K in state |1, 1〉 at 543G (Fig. 3-13). This resonance is theoretically

predicted [109] to occur at B0 = 541.5G with a width of ΔB = 52G, defined via the

scattering length a = abg(1 − ΔB/(B − B0)), where abg = 65 a0 is the background

scattering length in the vicinity of the resonance. This isotopic Bose-Fermi mixture

with essentially no gravitational sag and wide tunability of its interaction strength

is very promising for controlled many-body experiments, where the only relevant

difference between the two atoms is quantum statistics.

Entering the polaronic regime

We also checked the feasibility of studying polaron physics in this isotopic mixtures by

immersing a Bose-Einstein condensate of 41K into a Fermi sea of 40K or vice versa with
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Mixture B0 [G] ΔBexp [G] Resonance type

6Li | 1/2, 1/2〉41K| 1, 1〉 31.9 0.2 s-wave [110]

6Li | 1/2, 1/2〉41K| 1, 1〉 335.8 1.1 s-wave [110]

40K | 9/2, 9/2〉41K| 1, 1〉 472.6 0.2 s-wave [109]

40K | 9/2, 9/2〉41K| 1, 1〉 432.9 2.5 p-wave [109]

40K | 9/2, 9/2〉41K| 1, 1〉 542.7 12 s-wave [109]

Table 3.2: Observed interspecies Feshbach resonances between 6Li-41K and 40K-41K
atoms. The width of the resonance, ΔBexp, is determined by a phenomenological
gaussian fit to the observed loss feature (see e.g. Fig. 3-13). For the p-wave resonance,
the width is measured at T = 8 μK.

resonant interactions. Fig. 3-14 shows the coexistence of a Bose-Einstein condensate

of 41K and a Fermi sea of 40K on resonance. The condensate survives for about 5

ms, and the remaining thermal atoms decay with a 1/e lifetime of 25 ms at initial

densities 1 (3) × 1012 cm−3 for 40K (41K). Our initial temperatures are low enough,

and the condensate lifetime long enough so that polarons should form [111, 112]. At

the rim of the condensate, where bosons are the minority, bosons are dressed into

Fermi polarons, possibly yielding a Fermi polaron condensate [112]. The formation

time of such a dressed quasi-particle state should be on the order of �/EB ∼ 1ms,

where EB = 0.6EF,40K is the polaron energy [9].

In the center of the gas, where fermions are the minority, they can be expected to

be dressed by the Bose condensate. It will be intriguing to perform locally resolved

RF spectroscopy on this unconventional potential state of polaronic matter and to

directly demonstrate dressing of fermionic and bosonic impurities [9]. Fig. 3-15 shows

(a) a lifetime measurement of such a resonant system and (b) the evolution of the

cloud temperature as a function of the hold time. The slow heating rate provides a

clear pathway to study strongly interacting Bose-Fermi mixtures.
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Figure 3-14: Absorption images of the Bose and Fermi clouds after short time of flight.
The 40K image is scaled by the ratio of expansion factors of the Bose and Fermi cloud,
the images thus approximately illustrate the in-trap density distribution. The white
rim indicates the Fermi radius

3.5 Conclusion

We have successfully created a triply degenerate quantum gas of 41K, 40K and 6Li,

through sympathetic cooling of the fermions by the bosonic species 41K. In the Bose-

Fermi mixtures of 6Li-41K and 41K-40K, five interspecies Feshbach resonances are iden-

tified, with s- and p-wave character. The isotopic potassium mixture could become

a pristine model system for strongly interacting Bose-Fermi mixtures, for example

for the study of polarons [9, 8, 113, 53, 56, 114], observation of polaron conden-

sation [112], and universal transport of mixtures with unlike statistics [115]. The

doubly degenerate 40K-6Li Fermi-Fermi mixture holds promise for the observation

of fermionic superfluidity and Cooper pairing between unlike fermions. Imposing

species-dependent optical potentials on mixtures will allow the study of systems with

mixed dimensionality [116] and impurity physics such as Anderson localization [117]

and the interaction of localized impurities with fermionic superfluids [118].
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(a) (b)

Figure 3-15: The Bose-Fermi lifetime and the evolution of temperature in the strongly
interacting regime. (a) The atom number of 40K (blue squares) and 41K (red dots)
atoms as a function of wait time in the crossed optical dipole trap. The condensate
survives for the first 5 ms and the remaining thermal atoms decay with a 1/e lifetime of
25 ms at initial densities 1 (3)×1012 cm−3 for 40K (41K). (b) The reduced temperature
T/TF versus wait time on the Feshbach resonance. The dashed line indicates the BEC
threshold Tc/TF = 0.52.
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Chapter 4

A New Ultracold Quantum

Mixture of 23Na40K

In this chapter, we will describe a new system where we have created and studied

the first quantum degenerate Bose-Fermi mixture of 23Na and 40K with widely tunable

interactions via broad interspecies Feshbach resonances. Over 30 Feshbach resonances

between 23Na and 40K are identified, including p-wave multiplet resonances. Our work

opens up the prospect to create chemically stable, fermionic ground state molecules of

23Na–40K where strong, long-range dipolar interactions would set the dominant energy

scale.

4.1 Introduction

Since the first degenerate Bose-Fermi mixture of 6Li -7Li [34], a variety of such sys-

tems has been realized [83, 96, 119, 49, 120, 121, 122, 97, 99, 123, 46, 124]. However,

before our study only one mixture, 87Rb-40K, has allowed tunability of interspecies

interactions by means of a moderately wide (ΔB ≈ 3G) Feshbach resonance [102].

Bose-Fermi mixtures with widely tunable interactions can be used to study boson

mediated interactions between fermions and possibly boson induced p-wave super-
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fluidity [125, 126]. The properties of impurities in a Fermi sea [9] or a Bose con-

densate [46, 111, 112] can also be studied, and new quantum phases of matter are

predicted in optical lattices [127].

In this chapter, we will show the realization of a new Bose-Fermi mixture of 23Na -

40K and the observation of over 30 s- and p-wave Feshbach resonances at low magnetic

fields. We demonstrate that 23Na is an efficient coolant for sympathetic cooling of

40K. A pattern of wide s-wave resonances exists for most of the energetically stable

hyperfine combinations, the widest being located at 138G with a width of about

30G in the 23Na|1, 1〉+40K|9/2,−5/2〉 hyperfine configuration. We also observe p-

wave multiplet resonances that are resolved due to their location at low magnetic

fields.

4.2 A new coolant for 40K : 23Na

We introduced sodium to the Fermi-I machine as a new coolant for the fermionic

species. Meanwhile, we learned from Ref. [128] that the interspecies background

scattering length between 23Na and 40Kwas relatively large compared to the scattering

length between 40K and 87Rb, meaning that the three-body loss rate in our system

could be quite significant. Therefore, we originally intended to load atoms into the

ODT as early as possible and performed most of the evaporation in the ODT with a

favorable scattering length using Feshbach resonances. At the end of the journey of

exploring the Feshbach resonance structure between 23Na and 40K , we realized that

this mixture was extremely versatile and furthermore it could potentially produce a

chemically stable ground stable molecule of 23Na40K .
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4.2.1 Making the 23Na Bose-Einstein condensate

We started installing the 23NaMOT optics at the end of January 2010 and we obtained

the first 23Na BEC at beginning of March 2010. For getting a healthy sodium BEC,

we basically followed the procedure in [37, 84]. Below we summarize some important

points to note for producing a large 23Na BEC in the Fermi I experiment.

500 μm

Figure 4-1: An absorption image of the 23Na Bose-Einstein condensate immersed in
a sodium thermal bath in the F = 2 state in the magnetic trap. A pure BEC with
∼ 107 atoms can be obtained with further evaporation.

Optically saturated dark MOT

An absorption monitor is absolutely required to tweak the 23Na MOT since atoms

are mostly stored in the dark state, which makes the fluorescence signal from the

MOT unreliable. We use a 0.5mm dia. beam split from the F = 1 imaging light

sending through the center of the MOT. Its frequency is scanned by a tandem AOM

setup [94] about ±80MHz. A photodiode is used to measure the absorption of this

beam as a function of the scanned frequency. Typically, a good 23Na MOT requires

a flat plateau (optical density > 100) with a widthMHz greater than 80MHz in the

frequency scan [81]. To achieve this large range of high optical density, imaging the

dark spot onto the MOT, carefully choosing the dark spot size (∼ 1/2 of the MOT
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size), and eliminating all possible refection of the repumping beam from the chamber

windows are necessary.

High PSD at the beginning of evaporation in the magnetic trap

The best MOT does not always guarantee the best mode matching for loading into

the magnetic trap. Therefore the final figure of merit for the MOT optimization is

the PSD after loading 23Na into the magnetic trap. In order to maximize the loading

efficiency a sudden change of the XYZ bias fields to move the magnetic during loading

is necessary since the center position of the MOT could be a bit different from the

center of the magnetic trap. A initial PSD of ∼ 5 × 10−8 in the magnetic trap can

guarantee a runaway evaporation.

Spin purification

This step is only required when cooling atoms in the F = 2 state. Spin imperfections

can cause spin relaxation and therefore heat up the atoms (e.g., |2, 1〉 + |2, 0〉 →
|2, 2〉 + |2,−1〉). We use the gravity assisted purification scheme as explained in

Chapter 3 to clean up the spin states of 23Na immediately after loading the magnetic

trap.

Decompression of the magnetic trap

The three-body loss rate is proportional to n3 and the thermalization rate is pro-

portional to n2. Therefore, towards the end of evaporation atomic density becomes

extremely high and the three-body loss rate surpasses the thermalization rate. At this

point, it is essential to decompress the magnetic trap to decrease the atomic density.

Decompression in an optically plugged magnetic trap requires more care since the

magnetic trap center can move during decompression due to the imperfection of the

coils. In order to keep the plug beam always aligned with the center of the magnetic
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trap, ramping XYZ bias fields to a new set of values during decompression is required.

Following the procedures listed above, we are able to obtain a pure 23Na BEC

with ∼ 107 atoms in the F = 2 state at the end of evaporation. Fig. 4-1 shows an

absorption image of a 23Na BEC immersed in a thermal bath in the magnetic trap.

In order to obtain a round BEC, we need to turn off the plug beam simultaneously

with the magnetic trap when releasing the atoms.
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Figure 4-2: The 23Na atom number as a function of the purification field gradient
after 10 s wait time in the magnetic trap. The peak around ∼ 8G corresponds to the
threshold gradient which can hold only the 23Na |2, 2〉 state against gravity.

4.2.2 Two stage MOT loading technique

Due to the large background scattering length between 23Na and 40K, one must cool

40K using 23Na in the |2, 2〉 state while in the magnetic trap. Otherwise, cooling with

23Na in the |1,−1〉 state can cause strong spin relaxation. Indeed, experimentally,

we observe no 40K |9/2, 9/2〉 atoms survive after ∼ 1 s in the presence of 23Na |1,−1〉
atoms in the magnetic trap. However, cooling 23Na in the |2, 2〉 state requires spin
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purification [37]. Since potassium is heavier than sodium, it is impossible to perform

gravity assisted purification on the mixture without sacrificing all 40K atoms. Without

purifying the sodium spin states, we observe strong atom losses in both sodium and

potassium. Fig. 4-2 shows the atom number of 23Na as a function of the purification

field gradient. The peak at the ∼ 8G/cm corresponds to the threshold gradient which

can only hold 23Na |2, 2〉 atoms against gravity. Fig. 4-3 shows the lifetime of 40K with

and without pre-purifying 23Na. Therefore, spin purifying 23Na is absolutely necessary

to reduce losses of 40K in the magnetic trap. In order to resolve this problem, one of

my colleagues, Jee Woo Park, came out with an idea: the two stage MOT loading

technique. The two state MOT loading technique can not only purify the spin states

of 23Na without affecting 40K but also avoid the atom losses from the light-assisted

collisions in the MOT loading stage. It works as the following:
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Figure 4-3: Lifetime curves of 40K in the magnetic trap with (a) and without (b)
23Na. With 23Na in the magnetic trap we observe a lifetime of 5.2 s; however without
23Na the lifetime increases to 12.5 s. One can also see that the initial atom number
of 40K is different with and without 23Na due to light-assisted collisions in the MOT
loading stage.

23Na atoms are first loaded into the MOT and optically pumped to the |2, 2〉
stretched state (optical pumping efficiency is ∼ 75%), and then captured in the
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Figure 4-4: Illustration of the two stage MOT loading technique. (a) Only the MOT
and slower beams for 23Na are switched on to load 23Na into the MOT with a magnetic
field gradient of 11G/cm. (b) The stretched state and the other spin states of 23Na
are all captured in the magnetic trap. (c) The magnetic field gradient is reduced to
a critical value (8G/cm) where only the stretched state of 23Na can be held against
gravity. (d) The magnetic field gradient is increased back to 11G/cm and the MOT
and slower beams for 40K are switched on to load the 40K MOT with 23Na shelved
in the magnetic trap. (e) After loading the 40K MOT, the magnetic field gradient is
increased to 220G/cm and then RF evaporation starts.
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(a) (b) (c)

Figure 4-5: Fluorescence images of 40K in the magnetic trap. (a) shows an image of
40K before evaporation, right after loading into the magnetic trap. Here the atom
number of 40K is ∼ 7 × 105. (b) shows an image after the first evaporation with
applying the two stage MOT loading technique. Here the atom number of 40K is
∼ 5 × 105. (c) shows an image after the first evaporation without applying the two
stage MOT loading technique. Here the atom number of 40K is ∼ 1× 105.

magnetic trap. Next, the trap gradient is reduced to 8G/cm to only support the

stretched state of 23Na against gravity. With this gradient left on, and the 23Na

thus “shelved in the dark” in a purely magnetic trap, the gradient is increased to

11G/cm, and the MOT and slower beams for 40K are switched on to load the 40K

MOT. This scheme guarantees that only 23Na atoms in the |2, 2〉 state are present

in the magnetic trap before loading 40K, and it also potentially reduces light-assisted

collisions that would be encountered in a double-species MOT. A detailed illustration

of this technique can be found in Fig. 4-4. After applying this technique we observe no

significant loss of 40K atoms in the magnetic trap after the first evaporation. Fig. 4-

5(a) shows a fluorescence image of 40K before evaporation, (b) shows a fluorescence

image of 40K after the first evaporation with applying the two stage MOT loading

technique, and (c) shows a fluorescence image of 40K without applying the two stage

MOT loading technique. We observe almost a factor of five improvement in the 40K

atom number with the two stage MOT loading technique.
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Figure 4-6: The experimental sequence of the two stage MOT loading technique and
the RF evaporation. The orange solid line and red solid line indicate the 23Na and
40K MOT beam power as a function of the sequence time, respectively. The blue
solid line indicates the magnetic field gradient and the black dashed line is the RF
frequency. The ODT is ramped up in last 0.5 s during the final decompression (from
27.5G/cm to 0G/cm) which is not shown in this figure.

4.2.3 Obtaining double degeneracy

Once both species are loaded into the optically plugged magnetic trap, the mixture is

cooled for 6 s by RF evaporation of 23Na, where thermally excited 23Na atoms in the

|2, 2〉 state are removed from the trap by coupling to the high field seeking state of

|1, 1〉. The experimental sequence is shown in Fig. 4-6 and Fig. 4-7 shows the in-trap

images of 23Na and 40K after the first evaporation where we typically have an atom

number of 2×106 for 23Na and 2×105 for 40K. We decompress the initial field gradient

of 220G/cm to 27.5G/cm at the end of first evaporation to reduce three-body losses.

After the second evaporation, the 5 μK cold mixture is then loaded into a crossed

ODT (laser wavelength 1064 nm, maximum power 4.7 and 17 W, beam waist 73 and
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23Na

40K

(a)

(b)

250 um

250 um

Figure 4-7: In-trap images of (a) 23Na and (b) 40K after the first evaporation in the
magnetic trap with a gradient of 220G/cm. The measured atom number at this point
is ∼ 2× 106 for 23Na and ∼ 2× 105 for 40K.

135 μm).

At this stage, the 1/e lifetime of the mixture, with 23Na and 40K still in their

stretched states, is about τ = 250 ms, still signaling a strong attractive interac-

tion increasing three-body losses and spin-changing dipolar losses. We thus immedi-

ately transfer 23Na atoms into their hyperfine ground state |1, 1〉 via a Landau-Zener

sweep, and remove any remaining |2, 2〉 atoms via a resonant light pulse. In the

23Na|1, 1〉+40K|9/2, 9/2〉 state, the mixture now lives for τ = 20 s. The gas is further

evaporatively cooled in this spin mixture for 2 s by reducing the intensity of the ODT

beams.

At the end of evaporation, a degenerate Fermi gas of 40K with 2× 105 atoms and

T/TF = 0.6 coexists with a Bose-Einstein condensate of 23Na. Two sets of absorption
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Figure 4-8: Simultaneous quantum degeneracy of 23Na and 40K atoms. (a)-(b) and
(d)-(e) are pairs of time of flight (TOF) absorption images of a 23Na BEC and 40K
Fermi clouds with different atom number balance. Strong attractive interactions
between the two species is observed in (e) as a sharp increase of the central density in
the fermionic cloud in the presence of a Bose condensate. (c) and (f) are the center-
sliced column density of the fermionic clouds of (b) and (e), respectively. TOF is (a)
11 ms, (b) 7 ms, (d) 17 ms, (e) 5 ms. Atom numbers are (a) 2.4 · 105, (b) 2 · 105, (d)
8.2 · 105, (e) 6.7 · 104.

images of the mixture for different values of 23Na and 40K atom numbers are shown

in Fig. 4-8, where atom numbers are varied by changing the MOT loading times

of the two species. The strong attractive interaction between 23Na and 40K in the

23Na|1, 1〉+40K|9/2, 9/2〉 state is apparent. As the condensate grows, the fermionic

cloud acquires a bimodal density distribution as it experiences the strong mean-field

potential of the bosons [129] (see Fig. 4-8(e)).

The evolution of the phase space densities (PSDs) and the atom numbers N of

both species during evaporation is shown in Fig. 4-9. Temperature is determined

by fitting a thermal profile to the wings of the 23Na cloud. The cooling efficiency
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Figure 4-9: Evolution of the phase space density (PSD) as a function of the atom
number (N). Blue circles: 40K, Red squares: 23Na with 40K, Green diamonds: 23Na
alone. Empty and solid symbols represent the PSD in the magnetic trap and optical
trap, respectively.

Γ = −d ln(PSD)/d ln(N) for sodium in the magnetic trap is ΓNa = 2.7, a rather

high value thanks to the steep confinement in the plugged trap. This efficiency is

not affected by the presence of the relatively small admixture of 40K. Sympathetic

cooling is less efficient than in other mixtures [37, 46] as 40K is seen to be lost due to

three-body collisions in the magnetic trap. We find ΓK = 4.6 for 40K. In the crossed

ODT, with 23Na in the |1, 1〉 state, the sodium cooling becomes less efficient due

to the weaker confinement, ΓNa = 0.9, but the 40K number is essentially conserved

in this mixture so that sympathetic cooling is highly efficient, with ΓK = 15.3. The

lowest T/TF achieved for 40K after evaporating all of 23Na is T/TF = 0.35 with 3×105

atoms.
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4.3 Feshbach resonances between 23Na and 40K

The natural next step after successfully cooling both species to quantum degener-

acy is to search for interspecies Feshbach resonances. There have been theoreti-

cal indications for resonances below 100 G [128]. In addition, a large and negative

triplet scattering length was predicted [130], a value that has recently been refined

to at = −575+191
−532 [128], indicating that the triplet potential has an almost bound,

virtual state right above threshold. A large background scattering length is often a

catalyst for wide Feshbach resonances [131], caused by strong coupling of molecular

states to the almost resonant open channel. A famous example is the 300G wide

Feshbach resonance in 6Li [132].

4.3.1 Spin state preparation

In order to perform Feshbach loss spectroscopy in different combinations of hyperfine

states, being able to change the spin states at will is important. We summarizes some

key points for performing a successfully spin transfer:

Sufficient magnetic field

A magnetic field > 10G to create sufficiently large Zeeman splitting is necessary;

otherwise, ambient electromagnetic noise (e.g., switching power supplies) can spin

transfer atoms undesirably.

Stable and homogeneous magnetic field

The magnetic field needs to be stable during the Landau-Zener sweep so that atoms

can adiabatically follow the spin state. Random fluctuations in the magnetic field can

cause random fluctuations in the resonance frequency. We note that high RF power

affects electronic devices (e.g., power supplies) and causes enormous field fluctuations.
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(a)

(c)

(b)

+z

Figure 4-10: The Stern-Gerlach experiment for identifying the spin states of 40K. (a)
shows 40K in the |9/2, 9/2〉 state where the magnetic field gradient pushes atoms in
the −z direction during time of flight. (b) Normal time of flight image without the
Stern-Gerlach field. (c) shows 40K in the |9/2,−9/2〉 state where the magnetic field
gradient pushes atoms in the +z direction during time of flight.

104



To check the stability of spin transfer, we perform a Stern-Gerlach measurement

by suddenly switching on the fifth layer of the quadrupole coils (in anti-Helmholtz

configuration) during time of flight. Due to the magnetic field gradient, atoms experi-

ence a magnetic field force which is proportional to the magnetic moments. Fig. 4-10

shows a demonstration of the Stern-Gerlach experiment. Atoms with opposite mag-

netic moments fly in opposite directions in the Stern-Gerlach field. From the positions

of the atoms, we can identify their spin states.

4.3.2 Feshbach loss spectroscopy

We search for interspecies Feshbach resonances by mapping out the atom numbers

of both species as a function of the magnetic field. Because there is no theoretical

prediction on the resonance positions, we first perform a brute force search by scanning

the magnetic field in a wide range (typically around 10 G) and look for tiny atom

loss signals. Over 30 Feshbach resonances are observed in four different spin state

combinations of 23Na|1, 1〉+40K|9/2,mF 〉, from the ground spin state mF = −9/2 up

to mF = −3/2. Spin states of 40K are prepared starting from mF = +9/2 by a single

Landau-Zener sweep through the intermediate mF states at 15 G. The experimentally

observed resonance positions and widths are reported in Table 4.1. Many wide s-wave

Feshbach resonances at low magnetic fields are identified, the widest one at 138G for

collisions between 23Na|1, 1〉+40 K|9/2,−5/2〉, with a width of 30 G (see Fig. 4-11).

4.3.3 p-wave multiplets

p-wave Feshbach resonances are known to split into a doublet structure due to different

projections of the orbital angular momentum onto the magnetic field axis [133]. In

the NaK system, however, we observe triplet features for many p-wave resonances

(see Fig 4-12). The multiplets originate from the magnetic dipole-dipole interaction

of the constituent atoms which can be written as:

105



23Na|1, 1〉+ Bexpt
0 ΔBexpt Bth

0 ΔBth Res.
40K|9/2,mF 〉 (G) (G) (G) (G) type

-9/2 6.35, 6.41, 6.47, 6.68 0.02 7.2 p
19.12, 19.18, 19.27 0.02 18.3 p

78.3 1.1 75.5 1.1 s
88.2 4.3 84.5 5.4 s

-7/2 7.32, 7.54 0.2, 0.03 8.7 p
23.19, 23.29 0.05, 0.05 22.1 p

81.6 0.2 82.1 0.04 s
89.8 1.1 87.3 0.6 s
108.6 6.6 105.7 13.1 s

-5/2 9.23, 9.60 0.14, 0.11 11.0 p
29.19, 29.45, 29.52 0.04 27.8 p

96.5 0.5 97.2 0.04 s
106.9 1.8 103.8 0.45 s

148 (138∗) 37 (30∗) 137.1 26 s
-3/2 12.51, 12.68 0.16, 0.06 14.8 p

39.39, 39.86 0.15, 0.14 37.2 p
116.9 0.5 118.3 0.07 s
129.5 4.6 127.2 0.39 s
175 20 187.8 50.5 s

∗ The resonance position and width have been refined by
measuring the molecular binding energies via rf spec-
troscopy [47].

Table 4.1: Data summary on the Feshbach resonances between 23Na in |1, 1〉 and 40K
in |9/2,mF 〉. The positions and widths of the resonances, Bexpt

0 and ΔBexpt, are deter-

mined by phenomenological Gaussian fits (∝ e−(B−Bexpt
0 )2/ΔB2

expt) to the observed loss
features. For p-wave resonances, we report the positions and widths of the resolved
features, i.e., doublets and multiplets. Bth

0 and ΔBth give the theoretical positions
and widths from the ABM model.
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Figure 4-11: Feshbach resonances in 23Na-40K, here for 23Na|1, 1〉 +40 K|9/2,−5/2〉
collisions. (a) Scattering length from the ABM model. (b) Open channel threshold
energy (black solid line), uncoupled (s-wave: dashed lines, p-wave: light blue lines)
and coupled molecular states (s-wave: red solid lines, p-wave: blue solid lines). The
blue dots denote experimentally measured resonances. The inset shows the energy,
relative to threshold, of the molecular state at the wide s-wave resonance at 138
G [47]. (c) Experimental loss spectra of 40K in the presence of 23Na. Three s-wave
resonances and two p-wave manifolds are found, the latter resolved in one doublet
and one triplet.
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Figure 4-12: Triplet structure of the p-wave resonance at 19.1G for the
23Na|1, 1〉+40K|9/2,−9/2〉 spin configuration. A phenomenological triple Gaussian
fit is applied as a guide to the eyes.

Hss = −α2 (R̂ · ŝ1)(R̂ · ŝ2)− ŝ1 · ŝ2
R3

, (4.1)

where α is the fine structure constant, ŝi is the spin of the valence electron on atom i,

R is the interatomic distance, and R̂ is the normal vector defined by the interatomic

axis. This Hamiltonian couples molecular states with different total internal spin and

its matrix element can be expressed as [134]:

Hss = −α2
√
6

2R3
〈l′m′

l|C2(θ, φ)|l,ml〉

× 〈F ′
1,m

′
F1
|〈F ′

2,m
′
F2
|(s1 ⊗ s2)

2|F1,mF1〉|F2,mF2〉,
(4.2)

where C2(θ, φ) is a reduced spherical harmonic that depends only on the orientation

of the atoms and (s1 ⊗ s2)
2 is the second rank tensor formed from the rank-1 spin

operators. Here we have already assumed elastic collisions and for the p-wave collision,
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namely l = l′ = 1. Note that the spin and the spatial contributions do not decouple

because the term (s1 ⊗ s2)
2 still takes into account the relative orientation of the two

spins to the interatomic axis. Equation (4.2) can be worked out with the Wigner

D-functions:

Hss = −α2
√
6

2R3
〈l′m′

l|C2(θ, φ)|l,ml〉

× 〈Ω′
1, F

′
1,m

′
F1
|D1

ΔMF1
,0|Ω1, F1,mF1〉〈Ω′

2, F
′
2,m

′
F2
|D1

ΔMF2
,0|Ω2, F2,mF2〉

×

⎛
⎜⎝ 1 1 2

mF1 −m′
F1

mF2 −m′
F2

ml −m′
l

⎞
⎟⎠

(4.3)

Here (. . . ) is a 3-J symbol that describes the addition of two angular momenta, Ωi

is Fi’s projection onto the molecular axis, and DJ
M0 is the Wigner D-function. The

first term of this Hamiltonian induces an energy shift that differs for the ml = 0

and |ml| = 1 quantum numbers, giving rise to the well known doublet structures.

The second and third terms couple different values of ml while conserving the total

angular momentum ml +mF1 +mF2 (the bottom row of the 3-J symbol must sum to

zero to yield a nonzero result). The second term in most mixtures do not contribute

to the energy shift since the molecular states with different values of mF1 +mF2 have

to be nearly degenerate to result in a significant energy shift. However, due to the

low-field nature of the NaK p-wave resonances, multiple molecular states are nearly

degenerate with the open channel spin state, allowing for the triplet structures to be

resolved.
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4.3.4 Understanding the NaK Feshbach resonances

To understand the observed Feshbach resonances, we collaborate with Tobias Tiecke

at Harvard University. His assignment of s- and p-wave characters of the resonances

follows from a simple, but powerful model of the molecular states involved. The singlet

and triplet potentials of the interatomic potential allow for a variety of bound states.

From the known scattering length [128] and the Van der Waals coefficient C6 [135],

the weakest s-wave bound states are expected at about Es
s = −150(10) MHz and

Es
t = −1625(50)MHz for the singlet and triplet s-wave potentials, where the errors

reflect uncertainties of the scattering lengths from [128]. The p-wave bound states

follow from the s-wave bound states as [133] and are slightly adjusted to fit the

observed resonance positions. As described in [136, 38], as a first guess for locations

of Feshbach resonances one can neglect the part of the hyperfine interaction that

couples singlet and triplet bound states. This already provides the pattern of the

positions of Feshbach resonances, where these (uncoupled) molecular states cross the

atomic (open-channel) threshold. The analysis shows that the observed resonances are

caused by the triplet bound states. Next, we use the asymptotic bound state model

(ABM) to include the singlet-triplet coupling of molecular states [41]. To couple the

molecular states to the open channel, we follow Marcelis et al. [131] and only include

the effect of the virtual state causing the large and negative triplet scattering length.

The spin part of the coupling matrix element is obtained from the ABM Hamiltonian

and the spatial part, i.e., the wavefunction overlap between the respective bound

state and the virtual state, is taken as one free fit parameter. For the background

scattering length of the low-field resonances the effect of broad resonances is included.

The virtual state causes strong coupling of several s-wave molecular states to the open

channel, leading to wide, open-channel dominated resonances as known from the case

of 6Li. The theoretical values obtained with this model are shown in Table 4.1. An

exceptionally broad resonance for mF = −3/2 is predicted to be even wider and to
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be shifted further, possibly hinting at a shift between the loss maximum and the

actual Feshbach resonance position. Our approach leads to a refined triplet bound

state energy of Es
t = −1654(3)MHz and Ep

t = −1478(7) MHz, and using the long

range potential from [128], we find a refined value of the triplet scattering length of

at = −830(70) a0. The errors correspond to one standard deviation of a least-squares

fit to the eight narrowest s-wave resonances that are least sensitive to the coupling

to the scattering states and hence the error induced by the ABM is expected to be

small [41].

4.4 Conclusion

we have produced a degenerate Bose-Fermi mixture of 23Na and 40K, and identified

over 30 s- and p-wave interspecies Feshbach resonances, including several exception-

ally broad resonances. Remarkably, many p-wave Feshbach resonances are observed

to be triplets or even multiplets. Our strongly interacting 23Na-40K mixture near

these Feshbach resonances should allow the study of Bose or Fermi polarons [9], of

boson mediated interactions between fermions, and possibly of novel states of matter

in optical lattices. The formation of fermionic Feshbach molecules will be discussed

in next chapter. In the rovibrational ground state, NaK molecules possess a large

induced electric dipole moment (2.7 Debye [137]) and are stable against exchange

reactions. Especially, the dipole-dipole interaction is proportional the dipole moment

squared. As a result, one can thus hope to create a Fermi gas of polar molecules with

strong dipole-dipole interactions that dominate the many-body physics of the gas.
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Chapter 5

Ultracold Fermionic Feshbach

Molecules of 23Na40K

In this chapter, I will discuss the formation of ultracold weakly bound Feshbach molecules

of 23Na40K, the first fermionic molecule that is chemically stable in its absolute ground

state. We observe more than 100ms lifetime of the nearly degenerate molecular gas

in the vicinity of the Feshbach resonance. The measured dependence of the molecu-

lar binding energy on the magnetic field demonstrates the open-channel character of

the molecules over a wide field range and implies significant singlet admixture. This

will enable efficient transfer into the singlet rovibrational ground state, resulting in a

stable molecular Fermi gas with strong dipolar interactions.

5.1 Introduction

Physical rules are often governed by interactions. Introducing a new interaction

usually gives rise to new physical phenomena. So far, the contact interaction has

been able to explain most ultracold atomic systems (e.g., the Gross - Pitaevskii

equation [138, 139] for describing a interacting BEC and the BEC-BCS crossover

theory for explaining a two-component Fermi gas in the vicinity of a Feshbach res-
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onance [4, 140, 141, 142, 143, 32, 5, 144]). The contact interaction is isotropic and

only short ranged. But it has already provided us with so many rich and interest-

ing physical phenomena, such as the formation vortices inside a BEC [145, 146] and

the superfluid to Mott insulator transition in an optical lattice [33, 147, 148, 149].

The physics is expected to be extremely rich once we introduce a long-range and

anisotropic interaction - the dipolar interaction. Basically, we would like to create

and study a soup of quantum dipoles. The tool to study the dipolar interaction is

the ground state fermionic molecules. The molecules need to be fermionic because

the Pauli exclusion principle can ensure that there is no contact interaction between

identical fermions at low temperature and they also need to be in the absolute rovibra-

tional ground state because any excited state molecules can easily decay and release

energy, hence heating up the system. Most importantly, the induced electric dipole

moments of these molecules can be tuned via an external electric field.

However, nature is not always generous. Most bialkali fermionic molecules suffer

from chemical instability in their absolute ground state. Table 5.1 shows the chemical

stability and the permanent electric dipole moment of different bialkali fermionic

molecules in their singlet rovibrational ground state. Unfortunately, all combinations

with Li are unstable and NaK and KCs are the only two stable fermionic molecules.

In order to access novel phases of matter in dipolar Fermi gases [12, 150], stable

fermionic ground state molecules with large electric dipole moment are essential. So

far, 40K87Rb is the only fermionic ground state molecule that has been produced

at nearly degenerate temperatures [11]. However, the gas is unstable against the

exchange reaction KRb + KRb → K2 + Rb2 in its absolute rovibrational ground

state [151]. Here we report on the production of ultracold weakly bound fermionic

molecules of 23Na40K near a broad Feshbach resonance [152]. The NaK molecule is

chemically stable in its absolute ground state [153]. In addition, it possesses a large

induced electric dipole moment of 2.72 Debye in its singlet ground state [137, 154],
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compared to 0.57 Debye for KRb [11]. Therefore, fermionic ground state molecules

of NaK can form a Fermi sea with strong, long-range anisotropic dipolar interactions.

The Feshbach molecules we create provide an ideal starting point for the formation

of ground state molecules. They are nearly degenerate and long-lived, with a lifetime

exceeding 100ms. We demonstrate their largely open channel character in a wide

magnetic field range. The open channel has significant admixture of the electronic

spin singlet state, thus opening up a direct pathway towards the singlet rovibrational

ground state using stimulated rapid adiabatic passage (STIRAP) via a singlet excited

molecular state [11, 155].

fermionic bialkali molecules chemical stability [153] electric dipole moment (D)

LiNa × 0.53(2) [156, 157]
LiK × 3.51(4) [156, 157]
LiRb × 4.05(8) [156, 157]
LiCs × 5.36(12) [156, 157]
NaK

√
2.72(6) [154, 137]

KRb × 0.57(2) [11]
KCs

√
1.90(2) [156]

Table 5.1: A list of the chemical stability and permanent electric dipole moments of
fermionic molecules in the singlet rovibrational ground state.

5.2 Formation of fermionic NaK Feshbach molecules

To form Feshbach molecules, we prepare a Bose-Fermi mixture of 23Na and 40K with

150 × 103 atoms each in a crossed ODT as described in Chapter 41. 23Na is in its

absolute hyperfine ground state |F,mF 〉 = |1, 1〉, which forms a stable mixture with

any hyperfine state of 40K in the F = 9/2 lower hyperfine manifold. From the Fesh-

bach spectroscopy study, one particular resonance stands out due to its exceptional

width of 30G at 138G between 23Na |1, 1〉 and 40K |9/2,−5/2〉 atoms. Expecting

1The trap frequencies for 40K [23Na] are νx = 108(5)Hz [85(5)Hz], νy = 127(5)Hz [101(6)Hz]
and νz = 187(4) Hz [148(3)Hz]. The differential gravitational sag is only 4μm.
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open-channel dominated molecules with potentially long lifetimes, we decide to use

this resonance to form fermionic Feshbach molecules of 23Na40K. In order to reach

the desired states and minimize losses, we first cool the mixture close to the crit-

ical temperature of condensation of 23Na and then perform a spin transfer of 40K

from |9/2, 9/2〉 to |9/2,−1/2〉 at 15G in 50ms. Then we ramp up the Feshbach field

followed by another spin transfer from |9/2,−1/2〉 to |9/2,−3/2〉 in 1ms. This spe-

cial detour avoids going through other Feshbach resonances and therefore gives the

best atom number of both species at the end of the experimental sequence. Fig. 5-1

shows the experimental sequence of the spin preparation process. In our experiment,

since the Feshbach field and the magnetic trap are produced with the same coils, it

takes about 200ms for the mechanical relays to switch the coil configurations (from

anti-Helmholtz to Helmholtz). Fortunately, this does not create a problem since the

lifetime of the 23Na |1, 1〉 and 40K |9/2,−1/2〉 mixture is larger than 10 s in the ODT.

5.2.1 Magnetic field control

A stable and homogeneous magnetic field is required for the molecular association

spectroscopy which will be discussed in the later sections. Our field stabilization

scheme is described in Chapter 2. Here I elaborate more on how we check the magnetic

field stability. We use two different methods for measuring the field stability with

atoms as the sensors - Rabi oscillation and RF spectroscopy.

Rabi oscillation

Experimentally, we perform Rabi oscillation measurements between two Zeeman sub

levels of 40K. Field fluctuations directly affect the detuning Δ of the Rabi flopping

which leads to a fluctuating Rabi frequency according to:

Pe(t) =
ω2
R

Ω2
R

sin2

(
ΩRt

2

)
(5.1)
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Figure 5-1: Experimental sequence for preparing 40K atoms in the |9/2,−3/2〉 state at
high field. First at a low field of about 15G, a 50ms Landau-Zener sweep transfers the
atoms from |9/2,+9/2〉 to |9/2,−1/2〉. Then it takes about 200ms for the mechanical
relays to switch the coil configurations. After the relays have been switched, the
field can be ramped up in a fewms but it takes another 100ms for the PID feedback
circuit to completely activate which is mostly limited by a mechanical PID switch (the
bandwidth of our feedback system is about 1 kHz). Finally, another 1ms Landau -
Zener sweep brings atoms down to |9/2.−3/2〉, which is the starting state for making
molecules. The molecular association RF pulse is indicated by the red arrow. The
black bars indicate the experimentally found Feshbach resonances (the width of the
black bars refers to the measured width of each resonance).
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Figure 5-2: Rabi oscillation measurements in two different field stability regimes (a)
shows a decoherence time of ∼ 400μs which corresponds to a field stability of 17mG.
(b) shows a decoherence time of ∼ 1.2ms which corresponds to a field stability of
±5mG. The improvement on the field stability is achieved by carefully tweaking the
PID parameters of the feedback circuit. The dashed lines indicate the decoherence
times. Note that the RF power is identical for both regimes. Therefore, the observed
Rabi frequency is identical.
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Where Pe(t) is the time-dependent excited state population, ωR is the Rabi frequency

and ΩR =
√

ω2
R +Δ2 is the generalized Rabi frequency. Δ is the detuning which

depends on the bias magnetic field and RF photon frequency (Δ ≡ ωres(B) − ωRF ,

with ωres(B) being the resonant frequency and ωRF being the RF photon frequency).

We can decompose Δ into a fixed detuning Δ0 and a random variable ΔN associated

with the field fluctuation. Thus, we can rewrite the Rabi oscillation formula as:

Pe(t) =
ω2
R

Ω2
R

sin2

(√
ω2
R +Δ2

0 + 2Δ0ΔN +Δ2
N t

2

)
Δ0=0−→ ω2

R

Ω2
R

sin2

(
ωRt

2
+

Δ2
N t

4ωR

)
(5.2)

Here we have already assumed Δ0 = 0 without loss of generality and ωR  ΔN .

When
Δ2

N t

4ωR
∼ π atoms start decohering. Hence, from the decoherence rate, we are

able to extract the field fluctuation when the Rabi frequency is known. Fig. 5-2

shows a comparison of Rabi oscillation measurement in two different field stability

regimes. In Fig. 5-2(a), we estimate the decoherence time to be ∼ 400μs and the

Rabi frequency ωR to be ∼ 2.5 kHz. As a result, we have ΔN/2π ∼ 3.5 kHz. The

measurement is performed at 130G between 40K |9/2,−3/2〉 and |9/2,−5/2〉 states,
a 3.5 kHz detuning fluctuation can be directly translated into a magnetic field fluc-

tuation of ∼ 17mG. From the data in Fig. 5-2(b), we estimate a decoherence time

of ∼ 1.2ms, corresponding to ΔN/2π ∼ 2.0 kHz and a field fluctuation of ∼ ±5mG.

Rabi oscillation is a sensitive tool to measure field fluctuations since the decoherence

time increases quadratically with the field fluctuation.

RF spectroscopy

From the width of a RF spectrum, we can also read out the field stability becasue

field fluctuations can affect the spectral width as long as the Fourier width is not

the dominant factor. Fig. 5-3(a) shows a typical RF spectrum taken between 40K
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Figure 5-3: RF spectra taken between the 40K |9/2,−3/2〉 and |9/2,−5/2〉 states at
130G. For the spectrum (a) a 100μs square pulse is used, showing the characteristic
sinc-shaped envelope and the spectral width is dominated by the Fourier width. The
spectrum (b) is obtained by using a 1.2ms Blackman pulse [158] Here, the sinc lobes
are absent and the spectral width reflects the field stability which is measured to be
±5mG.
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|9/2,−3/2〉 and |9/2,−5/2〉 states. The spectrum is taken with a 100μs square pulse

and its width is dominated by the Fourier width. In order to get rid of the sinc lobes,

we implement the Blackman pulse [158]. Fig. 5-3(b) shows a RF spectrum taken with

a 1.2ms Blackman pulse. The width of this spectrum (∼ 2 kHz) is now completely

dominated by the field stability at this field (130G) which is about 10mG.
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Figure 5-4: The first signal of NaK molecules. The system is initially prepared in
the 23Na |1, 1〉 and 40K |9/2,−3/2〉 states. A high power RF sweep (200ms, 20 kHz)
is used to search molecules. Imaging is taken on the 40K |9/2,−3/2〉 state. The left
dip corresponds to bare atomic transition (to 40K |9/2,−5/2〉 state) and right dip is
molecular signal.

5.2.2 The first molecular signal

Our ultracold 23Na -40K mixture is new system and therefore contains a lot of ”un-

knowns”. One of the greatest unknowns, which can affect the production of molecules,

is the lifetime of NaK molecules. At least the KRb system gives us a hint on the

molecular lifetime about 1ms, without removing excess atoms. So we might guess

the lifetime of NaK molecules to be on the order of 100μs to 10ms. If nature was not

on our side, we would have had a hard time to directly observe the NaK molecule.

To be on the safe side, we first perform a loss spectroscopy using high power RF

sweeps measuring the remaining 40K atom number in the |9/2,−3/2〉 state. This
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Figure 5-5: Molecular loss spectroscopy as a function of the magnetic fields. (a)
125.5 G. (b) 123.0 G. (c) 121.7 G. The distance between the atomic transition and
molecular loss feature changing with respect to the magnetic fields is the smoking
gun of the molecular signal.
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method does not depend on the molecular lifetime since we do not intend to observe

the molecules but rather the missing atoms. As the RF frequency coincides with the

molecular binding energy, molecules should form and appear as losses on the atom

number in the initial state. Fig. 5-4 shows the first molecular signal observed in our

system. The experiment is performed at 125G. We monitor the atom number of

40K in the |9/2,−3/2〉 state and sweep the RF frequency across 20 kHz in 200ms.

The left dip at 34.02MHz corresponds to the bare atomic transition where atoms in

the |9/2,−3/2〉 state has been transferred to the |9/2,−5/2〉 state and then become

invisible in our imaging system. The right dip at 34.35MHz is the molecular signal

where the strong loss is due to continuous formation of molecules.

To prove what we observe is really the molecular signal, we jump to different bias

magnetic fields and perform the same measurement. The frequency difference between

the atomic transition and the molecular loss feature should vary as a function of the

magnetic field due to the change of the molecular binding energy. Indeed, Fig. 5-5

shows the molecular loss spectra in different bias magnetic fields providing a clear

evidence of the molecular signal!

5.2.3 Radio frequency association of NaK molecules

After confirming that the loss feature is indeed the molecular signal, the natural next

step is to form and image NaK moelcules. There are several established methods to

associate Feshbach molecules [5]. For wide Feshbach resonances, where the molecular

wavefunction can have a large extent and offer good overlap with two unbound atoms,

a particularly clean way to form molecules is via RF association [129, 159, 160, 161].

Here again, we prepare 23Na and 40K atoms in the non-resonantly interacting

hyperfine states |1, 1〉 and |9/2,−3/2〉, respectively. For optimized phase space overlap

between the two species [160], we choose a temperature T of the mixture that is close

to the critical temperature TC for Bose-Einstein condensation of 23Na , corresponding
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Figure 5-6: (a) Association of fermionic Feshbach molecules. Starting with a mix-
ture of |1, 1〉Na and |9/2,−3/2〉K atoms, RF spectroscopy near the |9/2,−3/2〉K to
|9/2,−5/2〉K hyperfine transition reveals free 40K atoms repulsively interacting with
the 23Na bath (near zero rf offset), as well as associated molecules (near 85 kHz rf off-
set). The magnetic field corresponding to the atomic transition at 34.975MHz is 129.4
G. (b) Dissociation of Feshbach molecules. Driving the |9/2,−5/2〉K to |9/2,−7/2〉K
transition yields the molecular dissociation spectrum, showing a sharp onset at an
RF frequency shifted by Eb/h from the atomic transition. The solid line shows the
fit of a model ∝ θ(ν − νb)

√
ν − νb/ν

2 [5], yielding νb = Eb/h = 85(8) kHz.
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Figure 5-7: Molecular conversion efficiency as a function of the RF pulse time without
removing excess atoms. The almost constant conversion efficiency after 1.5ms may
be due to the competition between continuous molecule production and decay.

to T/TF ≈ 0.4 for 40K. Via a RF pulse2 near the 40K |9/2,−3/2〉 to |9/2,−5/2〉
hyperfine transition, we then transfer the unbound 40K atoms into the molecular

bound state with 23Na . In order to image the created molecules (the bound 40K in

the molecules), special attention needs to be paid when imaging molecules inside the

atomic bath. At 129.5 G, atoms in the |9/2,−3/2〉 state still off-resonantly scatter

which makes it difficult to unambiguously image bound 40K in the |9/2,−5/2〉 state.
Therefore we perform another RF sweep during the first 1ms time of flight to transfer

atoms from |9/2,−3/2〉 to |9/2,−1/2〉 state. By doing so, we are able to detect only

the molecular signal without seeing residual atoms. Experimentally, we image both

atoms and molecules on the same CCD camera - using the kinetic mode. After

the first 40μs of exposure for imaging bound 40K atoms in the |9/2,−5/2〉 state,

the exposed image is shifted to the masked part of the CCD chip in 1ms, which

is blocked by a razor blade to prevent being exposed to the imaging light. Then

another 40μs of exposure is used to image 40K atoms in the |9/2,−1/2〉 state. As

2A 1.2ms long Blackman pulse [158] is used, allowing for Fourier-limited spectroscopy given the
magnetic field stability of ±3mG that translates into about 3 kHz σ-width of transitions.
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a result, we can image molecules and atoms in only 1ms time difference. A typical

RF association spectrum at a magnetic field on the molecular side of the Feshbach

resonance is shown in Fig. 5-6(a). Two features are observed: an atomic peak near

the unperturbed hyperfine transition, and a molecular peak arising from 40K atoms

that have been RF associated into NaK molecules. The distance between the atomic

peak and the onset of the molecular feature yields the binding energy Eb. Note that

direct absorption imaging of weakly bound Feshbach molecules is possible using light

resonant with the atomic transition [27, 129, 159, 160, 161]. We typically detect up

to 20 × 103 molecules, corresponding to a conversion efficiency of 40K atoms into

molecules of about 15%. The molecular conversion efficiency as a function of RF

pulse time can be found in Fig. 5-7. It peaks around 1.5ms and then stays constant

possibly due to the competition between continuous molecule production and decay.

The atomic feature at the hyperfine transition from |9/2,−3/2〉 to |9/2,−5/2〉 shows
a strong mean-field shift towards lower frequencies, which is a direct signature of the

repulsive interactions between 23Na |1, 1〉 and 40K |9/2,−5/2〉 atoms on the repulsive

branch of the Feshbach resonance. The free-free spectrum is directly proportional to

the number of fermions that experience a given density of bosons. The exceptionally

long tail towards lower frequencies is caused by a small fraction of condensed bosons

(about 10%) present in the mixture.

For accurate extraction of the molecular binding energy Eb, the functional form

of the molecular association spectrum is required. The lineshape can be modeled via

Fermi’s Golden rule as

Γmol(ω) ∝ F(Eb − �ω)× p(Eb − �ω) (5.3)

Where the molecular binding energy Eb is provided by both the RF photon energy

�ω and the original relative kinetic energy of the unbound Na-K atom pair Ek, i.e.
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Figure 5-8: A fit to the molecular association spectrum. The fitting function is from
the equation (5.9) convoluted with the experimental resolution. From the fit we are
able to extract the binding energy of molecules to be Eb = h× 84(6) kHz (indicated
by dashed line) which is in good agreement with the association threshold.

�ω + Ek = Eb. F(Eb − �ω) is the Franck-Condon factor between the wavefunctions

of an unbound Na-K atom pair and a bound Feshbach molecule, and p(Eb − �ω) is

the probability density to find a pair of potassium and sodium atoms with relative

kinetic energy Ek = Eb − �ω. The Franck-Condon factor can be calculated based on

the asymptotic behavior of the bound (φb) and scattering (Ψs) wave functions (here

we have used the low energy limit, Ek → 0),

φb =

√
2

a
e−r/a (5.4)

Ψs =

√
2μ

π�2k
sin(kr + arctan(−kabg)) (5.5)
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thus,

F(k, a, abg) =

∣∣∣∣
∫ ∞

0

Ψ∗
s(r)φb(r)dr

∣∣∣∣
2

=
4a(a− abg)

2kμ

π�2(1 + a2k2)(1 + a2bgk
2)

(5.6)

where k is the wave number associated with the relative kinetic energy Ek (Ek =

�
2k2/2μ, here μ = mNamK

mNa+mK
). a and abg are the scattering length and the background

scattering length, respectively. We evaluate the probability density assuming thermal

gas distributions for both species:

p(Ek) =

∫
d3pNa

∫
d3pKfNa(pNa, T )fK(pK, T )δ(Ek − (Eb − �ω)) (5.7)

where pNa and pK are the momenta of sodium and potassium atoms, respectively and

the function fX(pX, T ) = e
− p2X

2MXkBT is the probability density function for a thermal

gas. The integral can be calculated by restricting pNa − �k < pK < pNa + �k. After

some algebra, we have

p(Ek =
�
2k2

2μ
) =

μk

π�2

(
2π�2

(mNa +mK)kBT

)3/2

e
− �

2k2

2(mNa+mK )kBT (5.8)

which can be summarized as p(k) = ρ(k)λ3
Me

− �
2k2

2MkBT , where ρ(k) is the density of

states with relative kinetic energy Ek, λM =
√

2π�2

MkBT
is the thermal de Broglie wave-

length for an atom pair, and M = mNa +mK. So the resulting transition rate can be

written as

Γmol(ω) ∝ 4a(a− abg)
2kμ

π�2(1 + a2k2)(1 + a2bgk
2)

× ρ(k)λ3
Me

− �
2k2

2MkBT (5.9)

with k =
√

2μ
�2
(�ω + Eb). Fig. 5-8 shows a fit of this lineshape, convoluted with

the experimental resolution, to the molecular feature, giving a binding energy of

Eb = h×84(6) kHz at a magnetic field of B = 129.4 G. The uncertainty 6 kHz reflects

the initial distribution of the relative momenta between bosons and fermions and,

indeed, is found to be compatible with the temperature of the sodium and potassium
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clouds. A complementary demonstration of molecule formation is the observation of

a dissociation spectrum [162], as shown in Fig. 5-6(b). To dissociate molecules, we

drive the 40K |9/2,−5/2〉 to |9/2,−7/2〉 transition after RF association of molecules.

The onset of transfer is observed at Eb/h = 85(8) kHz, in good agreement with the

association threshold in Fig. 5-6(a). We make use of molecule dissociation in the

lifetime measurements discussed below to ensure the exclusive detection of molecules.

In particular, without the dissociation scheme, the measurement will not be sensitive

to the decay of molecules because one can not distinguish between the “broken”

molecules and the bound molecules.

5.3 The singlet admixture of molecules

In view of the ultimate goal to create molecules in the singlet rovibrational ground

state, it is interesting to know how much singlet admixture the Feshbach molecules

have. This information is contained in the binding energy dependence of magnetic

field. Therefore, we have studied the molecular binding energies as a function of

magnetic field as shown Fig. 5-9(a). The approximately quadratic dependence of the

binding energy on magnetic field reflects the open-channel character of the molecular

state over a wide field range, where the binding energy follows the law Eb ≈ �
2

2μ(a−ā)2
,

with ā = 51a0 the mean scattering length for NaK and a(B) ≈ abg

(
1 + ΔB

B−B0

)
the

dependence of the scattering length on magnetic field near the resonance [3]. The large

and negative background scattering length abg = −690+90
−130a0 [152]

3 indicating that the

closed channel molecular state is predominantly coupled to a virtual state [131, 163]

of energy Evs = �
2

2μ(abg−ā)
= kB × 11(3)μK. In this case, the binding energy Eb is

3From the potential in [128], modified to yield the triplet binding energy found in [152], we obtain
a triplet scattering length at = −805+100

−150a0, where the error bar reflects not only the uncertainty in
the triplet binding energy, as in [152], but also the uncertainty in the C6 coefficient [128].
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Figure 5-9: (a) Binding energy of NaK Feshbach molecules at the wide Feshbach
resonance between |1, 1〉Na and |9/2,−5/2〉K. Binding energies smaller than 200 kHz
(circles) are obtained by direct detection of molecules (see Fig. 5-6), while larger bind-
ing energies (diamonds) with weaker free-bound coupling are measured by detecting
simultaneous atom loss in |1, 1〉Na and |9/2,−3/2〉K (see Fig. 5-5). The solid line is a
one-parameter fit to the model described in the text, and the shaded region displays
the uncertainty. (b) Open-channel fraction (dashed line) and singlet admixture of the
molecular state (solid line), derived from the binding energy curve in (a), and singlet
admixture of unbound pairs (dotted line).
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given by solving

Eb + Ec(B)−
1
2
Avs

Evs

(
1 +
√

Eb

Evs

) = 0. (5.10)

where Ec(B) is the magnetic field dependent energy of the closed channel molecule rel-

ative to the scattering threshold, known from the asymptotic bound state model [152],

and Avs is the squared magnitude of the coupling matrix element between the closed

channel molecular state and the virtual state [131, 163]. With Avs as the only fit pa-

rameter, we obtain excellent agreement with the data, findingAvs = (h×5.2(6)MHz)2.

The uncertainty in the background scattering length translates into the shaded un-

certainty region in Fig. 5-9(a). The Feshbach resonance position is found to be

B0 = 139.7+2.1
−1.4 G, its width (distance from resonance to the zero-crossing of the

scattering length) is ΔB = 29(2)G.

From the change of the binding energy with magnetic field we can directly deduce

the closed-channel fraction Z = ∂Eb

∂Ec
≈ 1

Δμ
∂Eb

∂B
[3], where Δμ = 2.4μB is the difference

between the magnetic moments of the closed channel molecular state and the two

free atoms near resonance. In Fig. 5-9(b), we show the open-channel fraction 1 − Z

along with the singlet admixture of the molecular state. Although the closed channel

molecular state is a bound state in the a(1)3Σ+ triplet potential, the strong coupling

to the entrance channel, which is 14% singlet, gives the Feshbach molecules a mixed

singlet-triplet character. This will allow for direct two-photon coupling to the v = 0,

X(1)1Σ+ singlet rovibrational ground state via the singlet excited B(1)1Π state.

5.4 The kinetic energy of molecules

The temperature of the molecules is an interesting parameter since the temperature

of the Feshbach molecules will directly reflect on the temperature of the ground

state molecules [11]. To obtain an estimate for the temperature of the molecules we

study their time-of-flight expansion right after association at Eb = h × 84 kHz. The
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Figure 5-10: Time-of-flight expansion of leftover 40K atoms and associated molecules
at 129.4G (binding energy h×84 kHz) right after RF association. Assuming a classical
gas model, the width of the cloud corresponds to an average kinetic energy of 340 nK
for the 40K cloud and 500 nK for the molecular cloud. Free atoms are transferred and
detected in the mF = −1/2 state, while potassium atoms bound in NaK molecules
are imaged in the mF = −5/2 state. The insets show an average of 20 absorption
images for K atoms (NaK molecules) after 4.5ms (4.0ms) time-of-flight.
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association is performed by a 1.2ms RF pulse. We measure an effective temperature

(average kinetic energy) of 500 nK (see Fig. 5-10) for the molecules by fitting the cloud

size with a classical model [17]. We note that the molecular cloud might not be in

thermal equilibrium since there is no sufficient time for the molecules to rethermalize

after association. From their number and trapping frequencies, this corresponds to

a degeneracy factor of T/TF,mol ≈ 1.7. The molecular gas is more energetic than

the sodium and potassium bath, which has a temperature of 220 nK. This partially

reflects the broader momentum distribution of the 40K Fermi gas at T/TF ≈ 0.4 due to

Pauli pressure. Indeed, the momentum distribution of molecules after RF association

is a convolution of the momentum distributions of the bosonic and fermionic clouds.

At zero temperature, with bosons condensed and fermions fully occupying the Fermi

sea, molecules would inherit the broad momentum distribution of the atomic Fermi

gas. We also observe heating of the molecular cloud in the presence of sodium, likely

due to three-body losses, that can occur already during the association pulse.

5.5 The lifetime of molecules

To study the lifetime of molecules, we first associate molecules with a 1.2ms RF

pulse and then held the molecules for a certain wait time. At the end of the wait

time, another RF pulse is applied to dissociate molecules to the |9/2. − 7/2〉 state.

This ensure that the molecular signal we detect at the end of the sequence is indeed

coming from remaining molecules in the trap and not from atoms that originate from

the decay of molecules during the wait time. Fig. 5-11 shows the lifetime of molecules

close to the Feshbach resonance at a binding energy of h× 32 kHz. With the bosonic

species still present, the lifetime is about 8ms. Considering that the bosons can

resonantly scatter with the fermions bound in the NaK molecules, this is already an

impressive lifetime. However, the bosons can be selectively removed from the ODT as
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Figure 5-11: (color online). Lifetime of fermionic Feshbach molecules. The measure-
ment is performed at a magnetic field of 132.2 G, corresponding to a binding energy
of 32 kHz. The red (black) data points show the number of molecules as a function
of hold time with (without) removing sodium from the dipole trap directly after as-
sociation. Solid lines correspond to exponential fits yielding a 1/e-time of 54(13)ms
and 8(1)ms, respectively.
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Figure 5-12: Gravitational sag of different species in ODT. Although NaK molecules
are heavier than Na atoms, the NaK molecules suffer from a smaller gravitational sag
than Na atoms, thanks to a larger polarizability. Therefore, we can remove sodium
atoms by lowering the ODT power without affecting NaK molecules.

its depth is species selective, being more confining for NaK molecules and 40K atoms

than for 23Na. Fig. 5-12 shows the position of the trap centers for each species, in the

presence of gravity, with respect to the ODT beam center as a function of the ODT

power. As one can see, 23Na is first species leaving the trap when lowering the ODT

power. By carefully choosing the ODT power, we are able to remove 23Na atoms but

still keep molecules inside the trap. We note that it takes about 2.5ms until 23Na

atoms have completely left the trap. Therefore the first few points in Fig. 5-11 are

shaded. Fig. 5-13 shows an illustration of the experimental sequence for removing

23Na atoms. With bosons removed, the lifetime increases significantly to 54(13)ms,

and further up to 140(40)ms at a binding energy of h× 25 kHz. Fig. 5-14 shows the

lifetime of molecules as a function of scattering length. The lifetime τ is likely limited

by the presence of leftover 40K atoms in the |9/2,−3/2〉 state. For collisions with
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Figure 5-13: Schematic of the experimental sequence for removing sodium atoms from
the ODT. (a) shows the sequence without removing sodium where RF1 stands for the
molecular association pulse, RF2 stands for the dissociation pulse, and t is the wait
time. (b) shows the sequence with removing sodium by lowering the ODT power.

non-resonant and distinguishable atoms, the molecular loss rate goes like [164]:

β ∝
(r0
a

)2(J+1)

a2l+1 (5.11)

where r0 is the characteristic size of the two-body potential, J is the total angular

moment of the system, and l is the atom-molecule relative angular momentum. For

our case, both J and l are zero. As a result, the molecular loss rate in the presence of

distinguishable and non-resonant atoms is simply inversely proportional to scattering

length.

β ∝ 1

a
(5.12)

Indeed, we observe a dramatic increase in the lifetime with scattering length for

a � 2300 a0 (binding energies Eb � h×25 kHz). The lifetime decreases again for even

larger scattering lengths, most likely due to thermal dissociation when the binding

energy becomes comparable to the temperature.
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Figure 5-14: Lifetime of NaK molecules as a function of scattering length. The initial
rise is due to the reduced wavefunction overlap with lower-lying vibrational states.
The descent beyond 2300 a0 is possibly due to thermal dissociation when the binding
energy becomes comparable to the temperature.

The average density of remaining 40K atoms in the |9/2,−3/2〉 state is nA =

1
N

∫
n2 d3r = 1 × 1012 cm−3, yielding a loss rate of β = 1

nAτ
= 8(2) × 10−12 cm3/s.

As is studied in Ref. [159], the loss rate strongly depends on whether the collision

partner is distinguishable or indistinguishable from the constituents of the molecule.

For our case of distinguishable fermions as the collision partners, the above loss rate

is one order of magnitude lower than the corresponding rate in KRb. In fact, it

is still three times lower than the lowest rate measured in KRb for any collision

partner [159]. Our loss rate even rivals that found for bosonic Feshbach molecules

formed in a heteronuclear Fermi-Fermi mixture of LiK [165].
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5.6 Conclusion

We have created ultracold fermionic Feshbach molecules of 23Na40K, a molecule that

is chemically stable in its absolute vibrational ground state. The molecular gas is

formed close to degeneracy and is found to be long-lived near the Feshbach resonance.

As revealed by the binding energy measurements, the Feshbach molecules are open-

channel dominated over a wide magnetic field range, where they possess significant

singlet character. These are ideal starting conditions for a two-photon transfer into

the singlet rovibrational ground state [11]. Combined with the large induced dipole

moment of 2.72 Debye, NaK presents us with a unique opportunity to create a stable,

strongly dipolar Fermi gas with dominating long-range anisotropic interactions.
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Chapter 6

Conclusion and Outlook

During my PhD at MIT, I constructed, calibrated, and performed measurements on

one of the most complex ultracold atom systems - the Fermi I machine. This machine

has shown its capability of cooling and trapping three different species simultaneously.

Its initial goal was to study a Fermi-Fermi mixture of 6Li and 40K. On the way to

pursue this goal, we discovered that 41K is an efficient sympathetic coolant for the

fermionic species. Subsequently, simultaneously triple degeneracy of 6Li , 40K, and

41K was demonstrated. As opposed to using rubidium as the coolant for 6Li and 41K

in Kai Dieckmann’s group [99], our approach exhibits a better simplicity. As a bonus

of using 41K, we also discovered a broad s-wave Feshbach resonance between 40K and

41K [46], opening up a new pathway to the study of strongly interacting isotopic Bose-

Fermi mixtures in which bosons and fermions almost perfectly overlap spatially due

to the tiny mass difference between 40K and 41K. In particular, the fact that 41K is

an efficient sympathetic coolant for 40K provides the possibility for studying strongly

interacting Bose-Fermi mixtures in an only potassium experiment.

Sodium was originally introduced to improve the atom number of the fermionic

species. Unexpectedly, a new and exciting mixture of 23Na and 40K has arisen. We

demonstrated the first sympathetic cooling of 40K using 23Na as a coolant and most
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importantly, more than thirty interspecies Feshbach resonances were identified. Re-

alizing the fact that the NaK molecule in the absolute ground state is stable against

chemical reaction, the study of NaK molecules has become a rising star in the field,

because of the great potential of being the best candidate for studying quantum

dipolar gases. We are the first group cooling this mixture to quantum degeneracy.

Moreover, we have successfully created the first NaK Feshbach molecule [47] which is

an important stepping stone to form the absolute ground state molecule of 23Na40K.

Feshbach resonances are the prerequisite not only for making the Feshbach molecules

but also for studying tunable ultracold quantum gases. In both 40K -41K and 23Na

-40K mixtures, we have discovered outstandingly broad s-wave Feshbach resonances

at 541G and 138G, respectively. These discoveries provide us with the opportuni-

ties to study polaron physics in different interaction regimes, in particular the Bose

polaron problem.

6.1 Bose polarons

The interaction of electrons with ion vibrations strongly influences the transport

properties of metals and semiconductors. In order to describe the behavior of electrons

inside ion lattices it is essential to consider the quantum excitations of ion lattices -

so called phonons. The corresponding electron-phonon interaction can cause phase

transitions, including superconductivity. In particular, if the characteristic phonon

energy is sufficiently low, the local displacement of ions caused by the electron, creates

a potential well, which traps the electron even in a perfect crystal lattice. This self-

trapping phenomenon was first predicted by Landau [166] in 1933. It was later studied

in greater detail in Refs. [167, 168, 113, 169, 170] where the electron, dressed with

the phonon fields, is considered as a quasi-particle - a so called large or continuum

polaron. The large-polaron wave functions and corresponding lattice distortion can
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spread over many lattice sites. Therefore, in a perfect lattice (without defects), the

self-trapping is never complete. If the polaron motion is sufficiently slow, the ion

lattice can hence adjust itself to follow the polarons. These slow moving polarons in

the lattice can be treated as free electrons with an enhanced effective mass.

Ultracold quantum gases have the potential to shed light on the polaron problem.

Importantly, the interactions between impurities and the environment can be tuned

via Feshbach resonances. Therefore one can hope to study the effective mass of

polarons as a function of the interaction strength. The Fermi polaron (an impurity

moving in a fermionic environment) problem has been studied in Refs. [8, 9, 10]

experimentally and in Refs. [171, 172, 173, 56] theoretically. It has been shown that

in the strongly interacting regime, an impurity in a Fermi sea can renormalize itself

to a new weakly interacting quasi-particle - the Fermi polaron- with a well-defined

energy and effective mass. However, the Bose polaron (an impurity moving in a

Bose condensate) problem, which is more related to the electron-phonon interaction

problem, has not yet been realized in any ultracold atom experiment. A widely

tunable Bose-Fermi mixture will be an ideal system to study the Bose polaron. In

Chapters 3 and 4, I have shown that we have created two promising mixtures (40K -41K

and 23Na -40K ) where the Bose polaron problem can be studied with the discovered

broad Feshbach resonances.

6.1.1 The Bose polaron Hamiltonian

The Hamiltonian of a single impurity atom immersed in a Bose gas can be written

as:

Ĥ =
p̂2

2mI

+
∑
k

εkâ
†
kâk +

1

2

∑
k,k′,q

VBB(q)â
†
k′−qâ

†
k+qâkâk′ +

∑
k,q

VIB(q)ρI(q)â
†
k′−qâk′

(6.1)
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Here the first term represents the kinetic energy of the impurity atom with mass

mI . The second is the kinetic energy of the bosons above the chemical potential.

The operator â†k, âk create and annihilate bosons with mass mB, wave number k,

and energy εk = (�k)2/2mB − μ where μ is the chemical potential. The third term

describes the interaction energy within the bosons. The interaction VBB(q) is the

Fourier transform of the boson-boson interaction potential. The interaction between

the bosonic atoms and the impurity atom is described by the forth term where the

potential VIB(q) coupling the boson density to the impurity density ρI(q), which can

be expressed as:

ρI(q) =

∫
d3re−iq·rδ(r− rI) (6.2)

If now the bosonic bath forms a condensate, in a homogeneous system, under a

Bogoliubov transform [174] the above Hamiltonian can be written as:

Ĥ = EGP +N0VIB(0)+
p̂2

2mI

+
∑
k 	=0

Ekb̂
†
kb̂k+

∑
k 	=0

√
ξkN0

Ek

VIB(k)ρI(k)(b̂k + b̂†−k) (6.3)

The operator b̂k, b̂
†
k create and annihilate Bogoliubov excitations with wave number

k, respectively. The energy of the Bogoliubov excitations satisfies

Ek =
√
ξk(ξk + 2N0VBB(k)) (6.4)

where ξk = (�k)2/2mB. The first term in equation (6.3) is the Gross-Pitaevskii energy

EGP = N0ε0 +
N2

0

2
VBB(0) +

1

2

∑
k 	=0

N0VBB(k) (6.5)

and the second term is the interaction shift due to the impurity. Therefore the

Hamiltonian 6.3, despite a constant shift, can be mapped onto the famous Fröhlich
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polaron Hamiltonian [168]

Ĥpol =
p̂2

2mI

+
∑
k 	=0

�ωkb̂
†
kb̂k +

∑
k 	=0

Vke
ik·r(b̂k + b̂†−k) (6.6)

with

�ωk = ck
√
1 + (ξk)2/2 (6.7)

Vk =
√
N0

(
(ξk)2

(ξk)2 + 2

)1/4

gIB (6.8)

Here we have already used contact pseudopotentials VBB(r− r′) = gBBδ(r− r′) and

VIB(r−r′) = gIBδ(r−r′) for both the bosos-boson interaction and the boson-impurity

interaction. So in the above expression ξ = 1/
√
8πaBBn0, where

4π�2aBB

m
≡ gBB, is

the healing length of the BEC with a density of n0 = N0/V and c = �/(
√
2mBξ)

is the speed of sound in the BEC. The Fröhlich Hamiltonian was originally intro-

duced to describe a conduction electron in an ionic crystal. Interestingly, the largest

Fröhlich polaron coupling realized in any solid state system so far is not large enough

to enter the strongly interacting regime where the polaron wave function obeys the

“Product-Ansatz” [175] (|Φ〉 = |Ψ(r)〉|Bose field〉), with |Ψ(r)〉| being the impurity

wave function. The “Product-Ansatz” leads to the result of the “self-trapping” po-

laron originally predicted by Landau in 1933 [166].

6.1.2 Simulated radio-frequency spectra

A very powerful tool to probe the quantum state of polarons is radio-frequency spec-

troscopy which has been demonstrated on Fermi polarons [9, 10]. It allowed to mea-

sure the energy and the quasiparticle residue of Fermi polarons. One can perform

similar experiments on Bose polarons. Since the three-body loss is not prohibited in

a Bose gas, an easy way to conduct the experiment is to prepare impurity atoms in a

non-interacting state and transfer them into an interacting state. This is in contrast
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to initially preparing impurity atoms in the interacting state, as in the study of Fermi

polarons [9, 8]. As a result of this scheme, RF spectroscopy actually probes the pola-

ronic state which is dressed with all possible excitations of the condensate. To under-

stand Bose polaron spectra, let us first consider a localized (r = 0 in equation˙ (6.6))

single impurity which has two internal states, |↑〉 and |↓〉 (e.g., two hyperfine states),

such that the |↑〉 state interacts with bosons, while |↓〉 does not. When the interac-

tion is switched off, the spectrum to transfer this impurity from |↓〉 to |↑〉 is simply

a delta-function, A(ω) ∝ δ(ω − ω0), here �ω0 is the energy difference between the

two internal states. When the interaction is switched on, it can be shown [176] that

the absorption probability starts to reveal an incoherent part, which corresponds to

exciting different combinations of Bogoliubov quasiparticles upon absorption. The

weight of the delta function therefore gets smaller as the impurity-BEC coupling is

increased. The absorption probability can be decomposed into a coherent part and an

incoherent part [176]: (similar analysis for Fermi polarons can be found in Ref. [177]).

A(ω) = Acoh(ω) + Ainc(ω) (6.9)

The coherent part of the absorption spectrum is simply a reduced delta function:

Acoh(ω) ∝ e−απδ(ω) (6.10)

where α is proportional to n0g
2
IB. The behavior of the incoherent part of the ab-

sorption probability A(ω)inc is non-trivial and it has been worked out by Dmitry

Abanin [176] :

A(ω)inc ∝
∫

eiωt−C(β,t) − eiωt−C(β,∞)dt (6.11)
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where C(β, t) is a function that depends on the coupling parameter β which is defined

as:

β ≡ π√
2
(
a2IB
aBBξ

)(
mB

mr

)2 (6.12)

Fig. 6-1 plots the real and imaginary parts of C(t)/β obtained in Ref. [176].
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Figure 6-1: Real (soild line) and imaginary (dashed line) parts of the function C(t̃)/β.

With the obtained C-function, now we can numerically calculate A(ω) for different

interactions [176]. We observe that, for weak interaction, A(ω) is dominated by a δ-

peak (see Fig. 6-2 (a)). As the interaction strength increases, an incoherent hump

develops and the δ-peak shrinks. Eventually, the δ-peak disappears and the spectrum

is dominated by Ainc(ω) (see Fig. 6-2 (d)).

The discussion above focuses on the immobile impurities. For the mobile impuri-

ties, we expect some changes on the absorption spectrum1. First, the kinetic energy

of the impurities will change in the interacting state due to a change of the effective

1Note that in order to stay in the Fröhlich polaron regime, the speed of the impurities cannot
exceed the speed of sound in the condensate, namely p/mI � c, where p is the momentum of the
impurity atom.
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Figure 6-2: The simulated RF spectra for transferring impurities from non-interacting
state to interacting state in different interaction strengths between impurities and
bosons. (a) β = 0.2. (b) β = 1.0. (c) β = 1.6. (d) β = 2.4.
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mass and the energy shift is:

ΔE =
p2

2mI

− p2

2m∗
I

, (6.13)

where m∗
I is the effective mass of the polarons. Therefore the δ-peak will acquire

the same shift. Second, the weight of the δ-peak is now given by the overlap of the

polaronic state and the boson vacuum. It is associated with the quasiparticle residue.

Third, we expect a small quantitative differences in the incoherent part Ainc(ω) due

to the momentum exchange between bosons and impurities.

The broad Feshbach resonances we found in the 40K -41K and 23Na -40K systems

will allow us to study the Bose polaron in different interaction regimes. In partic-

ular the small mass difference between 40K and 41K ensure that the 40K atoms are

completely immersed in the condensate so that the condensate can be considered as

a uniform field. Moreover, with ultracold atoms, the population imbalance between

the condensate and the impurities can be controlled through the loading process.

This provides the opportunity to study the polaron spectrum as a function of the

population imbalance.

6.2 Quantum dipolar gases

In 2008, Ni et al. successfully used the Stimulated Raman Adiabatic Passage (STI-

RAP) to transfer the KRb Feshbach molecules to the singlet rovibrational ground

state [11]. Their results have stimulated great interest in the properties of low tem-

perature systems with dominant dipolar interactions [11, 150, 151, 12], which have

long-range and anisotropic character and can be controlled by tuning external electric

fields.

Heteronuclear diatomic dolecules in the absolute ground state usually possess a

large permanent electric dipole moment along the internuclear axis with strength
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ranging for one tenth to a few Debye. Without external electric fields, in the lab

frame, these molecules are not oriented and therefore do not have an electric dipole

moment. In the presence of external electric fields, the dipole moment can be induced

and approaches the asymptotic value, corresponding to the permanent dipole moment.

This effect allows us to tune the strength of dipole-dipole interactions. The unique

tunability of interactions in ultracold polar molecules paves the way to realize novel

quantum phenomena which will be discussed later.

6.2.1 Dipole-dipole interaction

In contrast to contact interactions, dipole-dipole (dipolar) interactions are long-range

and anisotropic:

Vdd(r) =
d1 · d2 − 3(d1 · r̂)(d2 · r̂)

r3
(6.14)

where d1 and d2 are the two dipole moments and r is the separation between the two

dipoles. One can immediately see that dipolar interactions depend on the relative

angle between the two dipoles. Furthermore, dipoles can interact with each other even

when they are far apart. These two distinct features of dipolar interactions give rise

to novel properties in dipolar quantum gases. Here I will focus on the discussion of

dipolar interactions in fermionic dipolar quantum gases since the 23Na -40K Feshbach

molecules we created have a great potential to realize such systems.

6.2.2 Fermionic dipolar quantum gases

Here we would like to ask a question: If a Fermi gas is dominated by dipolar inter-

actions, what kind of new phenomena we can expect in a such system. First let us

consider the effect due to the long range nature of dipolar interactions
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The effect of long range

The effective interaction in a single-component Fermi gas, including the centrifugal

potential, can be written as:

Veff(r) =
�
2l(l + 1)

2μr2
+ Vdd(r, θ) + V0(r) (6.15)

Where l is the total orbital angular momentum, μ is the reduced mass of the two

dipoles, Vdd(r, θ) represents the dipolar interaction (θ is the angle between the two

dipoles), and V0(r) summarizes the residual interactions which can be modeled as a

Van der Waals potential and a short-range repulsion

V0(r) = −C6/r
6 + A/r12 (6.16)

The dipolar potential Vdd(r, θ), averaged over the angle θ between the two dipoles, is

equal to V̄d = −4d2/5r3. In the case of identical fermions only odd orbital angular

momenta are present due to the Pauli exclusion principle. Let us consider only the

l = 1 and ml = 0 scattering process so that the effective potential is reduced to:

Veff(r) =
�
2

μr2
− 4d2

5r3
− C6

r6
+

A

r12
(6.17)

Without V̄d(r), at low temperatures, molecules can not overcome the centrifugal

barrier so that no collision can happen. However, thanks to the dipolar interaction,

the term V̄d(r) counteracts the centrifugal potential. Fig. 6-3 shows that the centrifu-

gal barrier is “eaten” away by the dipolar force. This effect allows identical fermions

to collide through the p-wave scattering channel.

A significant result of dipolar interaction is that many-body pairing can actually

happen even in a single-component Fermi gas through the p-wave pairing. It can

result a p-wave superfluid with a gap that has nodes on the Fermi surface. It can
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Figure 6-3: Effect of the dipolar interaction on the centrifugal barrier. In this simula-
tion, we neglect the short-range potential and only consider the long-range potential
(the first three terms in equation (6.17)). We used C6 = 2550 au (au is the atomic
unit, Eha

6
0), μ = 15Da, and d = 0.0 (solid line), 0.1 (dotted line), 0.2 (dashed line)

Debye in this simulation. The centrifugal barrier is “eaten” away by the dipolar in-
teraction allowing p-wave collisions in a single-component dipolar Fermi gas at low
temperatures.

be shown that the superfluid transition temperature in a single-component dipolar

Fermi gas has a similar form as in a conventional two-component Fermi gas [178]:

kbTc = 1.44εF exp

(
− π

2kF |ad|
)

(6.18)

where ad is

ad = −2md2

π2�2
(6.19)

We notice that ad here plays a similar role as the s-wave scattering length as in a
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conventional two-component Fermi gas

ad ∼ as (6.20)

Instead of using the Feshbach resonance to tune the interaction, here we can sim-

ply tune the induced dipole moment d. For example, the permanent electric dipole

moment (2.72 Debye) of NaK molecules corresponds to ad = −27000a0, where a0

is the Bohr radius. In a typical degenerate Fermi gas, kF = (6π2n)1/3 = (6π2 ×
1013/cm3)1/3 = 1/(2300a0). We learned from a conventional two-component Fermi

gas that equation (6.18) is no longer valid once the system starts entering the strongly

interacting regime kFa ≈ 1. It suggests that universal physics in a dipolar Fermi gas

of NaK molecules can be well reached.

The effect of angular dependance

The effect of angular dependance on the dipolar interactions gives rise to many in-

teresting phenomena. Here we will show you two examples:

Effective mass: Let us consider a normal Fermi liquid state of a dipolar Fermi gas,

which is a generic state for a fermionic dipolar gas at finite temperatures (Tc < T <

TF ). Due to the anisotropy of dipolar interactions, the Fermi surface in a dipolar

Fermi gas is no longer a sphere but rather an ellipsoid, meaning that the modulus of

the Fermi momentum depends on the direction [179]:

pF (n) = �kF

[
1 +

1

9π
adkF (3 cos

2 θn − 1)

]
(6.21)

where n is a unit vector in momentum space, θn is the angle between n and the z-axis

which is in the direction of induced dipoles. And the Fermi velocity at the Fermi
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surface can be defined as:

vF = n
pF (n)

m∗
L(n)

+ eθ
pF (n)

m∗
T (n)

(6.22)

where eθ is the polar angle unit vector. Unlike the conventional Fermi liquid, the

effective mass can be decoupled into longitudinal m∗
L and transverse m∗

T components

which follow [180]

m

m∗
L(n)

=

[
1− 1

6π
adkF (3 cos

2 θn − 1)

]

m

m∗
T (n)

=
1

3π
adkF sin 2θn

(6.23)

Pairing gap: The profound effect of anisotropic Fermi momentum directly results

in an anisotropic pairing gap. For temperature T close to Tc, the pairing gap on the

Fermi surface (p = pF ) has the form [178]

Δ(pF ,n) ≈ 2.5Tc

√
1− T

Tc

α(n) (6.24)

where

α(n) =
√
2 sin

(π
2
cos θn

)
(6.25)

Fig. 6-4 shows the pairing gap as a function of the angle between the Fermi mo-

mentum and the z-axis. The gap reaches its maximum in the direction parallel to

the dipoles (θn = 0, π), while it vanishes in the direction perpendicular to the dipoles

(θn = π/2). The vanishing of the pairing gap at θn = π/2 allows single particle

excitations at low temperatures T � Tc. As a consequence, the density of states in

the vicinity of the Fermi energy is linearly proportional to the energy, ρ(ε ∼ EF ) ∝ ε.

Therefore, the temperature dependent part of the energy of the system is proportional
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Figure 6-4: Pairing gap Δ as a function of the angle θ between the Fermi momentum
and the dipoles. The solid and dashed lines indicate the positive and negative gap
regions, respectively. The length of the arrow represents the magnitude of the pairing
gap. The pairing gap vanishes in the direction perpendicular to the dipoles, resulting
in the T 2 dependence on the specific heat at low temperatures. The simulation was
performed at T = 0.9Tc. The arrow corresponds a pairing gap of energy kBTc.

to T 3. This results in the T 2 dependence of the specific heat as opposed to T 3 de-

pendence in the conventional s-wave pairing where the low-temperature specific heat

is determined by the contribution of collective modes. Above we briefly described

the effect of dipolar interactions in a single-component Fermi gas. There are further

interesting phenomena waiting to be be explored in other ultracold dipolar gas sys-

tems. For example, in a two-component dipolar Fermi gas where contact interactions

have been switched on, there are now two competing pairing channels: molecules

need to decide to pair with distinguishable or indistinguishable partners - a competi-

tion between s-wave pairing and p-wave pairing. In such systems, attractive contact

interactions can favor the pairing between distinguishable partners by increasing the

critical temperature of the singlet pairing and make it larger than that for the triplet
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one such that the ground state corresponds to an interspecies singlet pairing [181].
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Figure 6-5: Induced electric dipole moments of NaK and KRb molecules as a function
of external electric fields.

More exotic phases can form in lower dimensions. In a 2D Monolayer, a single-

component Fermi gas can form a so-called px + ipy superfluid [182, 183] which is a

topological superfluid. Especially when the chemical potential of this system is larger

than zero μ > 0, it forms a topologically nontrivial phase. In particular, vortices

inside this superfluid support Majorana fermions at their cores which can possibly be

used for topologically protected quantum information processing [184, 185, 186]. In a

2D multilayer, pairing can actually happen between molecules in different layers. By

increasing interlayer coupling, a BCS state can smoothly transform into a BEC state

of tightly bound interlayer molecules when the interparticle separation in each layer

is larger than the size of the bound state [187, 188]. In a 1D tube, a gas of dipolar

molecules (no matter whether we have bosonic or fermionic molecules) can form a so-

called Tomonaga-Luttinger liquid (TLL) [189, 190, 191] which is based on a Luttinger

liquid [192, 193], but with long-range interactions. The TLL was originally introduced
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to describe electrons in one-dimensional systems such as carbon nanotubes.

As we learned from the previous discussion, the induced dipole moment in dipolar

quantum gases opens up the possibility of studying p-wave superfluidity in a single-

component Fermi gas. In order to explore the physics in different interaction regimes,

a widely tunable induced dipole moment is highly desirable. The 23Na -40K Feshbach

molecules we created (see chapter 5) is so far the best candidate to study quantum

dipolar Fermi gases. These molecules possess a permanent electric dipole moment of

2.7 Debye and are expected to be stable against chemical reactions [153]. Fig. 6-5 com-

pares the induced electric dipole moments of ground state NaK and KRb molecules

as a function of external electric fields. Thanks to the quadratic dependence of the

dipolar interaction energy on dipole moment, the dipolar interaction energy can be

as high as 30% of the Fermi energy in a NaK molecular gas which is one order of

magnitude higher than the energy in a KRb molecular gas.

Since 2008, the first paper on the production of KRb ground state molecules has

been cited more than 720 times [11]. Unfortunately, the KRb molecule is not stable

against chemical reaction in it absolute ground state. A stable dipolar gas will allow

us to explore not only exotic quantum phases but also universal dipolar scattering

processes where all dipolar scattering behaves similarly and the cross section can be

parametrized by mass, induced dipole moment, and collision energy [194, 195, 196].

The Fermi I machine is on the verge of entering a completely new realm of physics

where the dipolar interaction dominates. Now is an exciting moment and the best is

yet to come...
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Appendix A

Schematics of the Fermi I vacuum

chamber

This appendix includes the schematics of the bucket windows from

UKAEA and the main chamber schematics sent to Sharon Vacuum for

production.
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Fused Silica

unit: cm (inch)

Large and small bucket windows from UKAEA

Figure A-1: Schematic of the 4′′ recessed viewport from UKAEA.

Figure A-2: Schematic of the 2.5′′ recessed viewport from UKAEA.
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Fermi I Chamber Drawing for Sharon Vacuum (2008) 

Page1 : List of Content 

Page2 : Port information and special notes 

Page3 : Projected View 

Page4 : Top View 

Page5 : Side View 1 

Page6 : Side View 2 

Page7 : Detail of spot-welded nuts 

Page8: Offset Adapter (quantity 2) 

 



Cheng-Hsun Wu
MIT
Phone: 617/253-6677; Email: wuch@mit.edu
Trapping Chamber: 19Aug2008

Material: 304 Stainless steel.  Please quote price for electropolishing.
Units: inches. All flanges with clearance holes.  Port length measured to outside of flange.
Bold italic port# indicates special consideration required - see notes.

Focus points: (X,Y,Z)
F1 (0, 0, 3.47)
F2 (-5.92, 3.99, 3.47)
F3 (0, -0.918, 3.47)
F4 (-5.365, -9.179, 3.47)
F5 (0, -9.00, 10.07)
F6 (5.919, -3.993, 3.47)
F7 (2.5, -9.00, 10.07)

Port # Flange Flange Tube size Focal Focal Polar Azimuthal Notes
Size Type (OD) Point Length Angle Angle

1 10 8 F1 3.47 180 #1,2: custom length nipple. Align leak check grooves with Y axis.
2 10 8 F1 3.47 0
3 4.13 (4 1/2) OD=3, ID=2.9 F1 5.68 90 0 4.5 flange OD machined to 4.13, ID=2.9 for oversized tube
4 2 3/4 1.5 F1 7.75 90 34.0
5 1 1/3 R 0.75 F1 12.72 90 57.0 Omit flange retaining ring - really!

#5&7: This nonstandard flange scheme will allow a magnet windings to slide over the flange.
Please supply 4 miniflange retaining rings cut (between screw holes) into 2 semi-circles.

6 4.13 (4 1/2) OD=3, ID=2.9 F1 6.60 90 90.0 4.5 flange OD machined to 4.13, ID=2.9 for oversized tube
7 1 1/3 R 0.75 F1 20.00 90 123.0 Omit flange retaining ring - really!
8 2 3/4 1.5 F1 9.60 90 146
9 2 3/4 1.5 F2 2.46 180
10 2 3/4 1.5 F2 2.46 0
11 4.13 (4 1/2) OD=3, ID=2.9 F1 5.68 90 180 4.5 flange OD machined to 4.13, ID=2.9 for oversized tube
12 2 3/4 1.5 F1 7.75 90 214
13 4 1/2 R 2.5 F3 10.25 90 237 spot-weld #6-32 nuts

#13&15: nuts located 1.75" from intersection with rectangular tube, measured along axis of port #13&15
14 2 3/4 1.5 F5 4.75 90 180
15 4 1/2 R 2.5 F3 10.25 90 303 spot-weld #6-32 nuts
16 8 R 6 F5 6.56 90 0 Miter joint with #17
17 8 6 F5 21.00 180
18 4 1/2 OD=3, ID=2.9 F1 13.75 90 Tube should extend 1.5" inside chamber from weld

#19: Tube extension shields #19 window from Ti-Sub pump on port 17 (miter as shown in side view).
If this is too inconvenient, just cut tube flush with surface - I can improvise a shield later.

19 2 3/4 1.5 F7 4.75 90
20 2 3/4 1.5 F6 2.46 180
21 2 3/4 1.5 F1 9.60 90 326
22 (none) 4x6 rectangle F1 [9.00] 90 270 6" along X, 4" along Z, length along Y
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MIT
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Fig.#3 Offset Adapter

4 1/2” flange
(through holes)
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(through holes),
1.5” dia. tube

2.5”

1.75”



Ports #15, 17:
8” conflat
flange with clear holes

Todd Gustavson
MIT
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Fig.#1d Flange Mounting
Back side (non-vacuum side)
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for 5/16”-18, 0.75” deep
on back side of flange
(away from knife)
on 7.128” dia. bolt circle.
Bisect standard flange holes
(with 18º spacing)
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Appendix B

Vapor pressure curves of different

elements
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Figure B-1: Vapor pressure curves of different elements [197]
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Appendix C

Schematics of the Fermi I laser

systems

This appendix includes the detailed schematics of the lithium and

potassium laser systems. The schematic of the sodium laser system

can be found in Ibon Santiago’s thesis [94]
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DL PRO 
767nm 

EOM 

λ/2 
λ/2 

K 

λ/4 
To 40K Laser System 

To 41K Laser System 

Pickup PD Feedback PD 

Figure C-1: The potassium FM spectroscopy setup. The laser beam coming out from
the DL Pro grating stabilized laser is send though an electrical optical modulator (fed
by 2W, 55MHz RF) to create frequency sidebands and then split into the pump and
probe beams for the Doppler free saturated absorption spectroscopy [?]
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λ/
4

Figure C-2: The potassium imaging and optical pumping system. A tandem AOM
setup which has a tuning range of ±60MHz is used to change the laser frequency
without affecting its power. A double pass AOM setup is placed after the tandem
setup to increase the dynamic range of the imaging system in order to bridge the
frequency jump when imaging at higher magnetic fields.
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Figure C-3: Schematic of the 40K laser system.
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Figure C-4: Schematic of the 41K laser system.
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Figure C-5: Schematic of the 6Li laser system.
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Figure C-6: Diagram of Raman Fiber Amplifier (MPBC VRFA-SF series) pumped by
Ytterbium Fiber Laser (MPBC YFL series). The seed laser is a 1178 nm TOPTICA
DL Pro grating stabilized diode laser.
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Appendix D

Published journal articles

1. Observation of Fermi Polarons in a Tunable Fermi Liquid of Ul-

tracold Atoms, PRL 102, 230402 (2009)

2. Strongly Interacting Isotopic Bose-Fermi Mixture Immersed in a

Fermi Sea, PRA 84, 011601(R) (2011)

3. Quantum Degenerate Bose-Fermi Mixture of Chemically Differ-

ent Atomic Species with Widely Tunable Interactions, PRA 85,

051602(R) (2011)

4. Ultracold Fermionic Feshbach Molecules of 23Na40K , PRL 109,

085301 (2012)

175



Observation of Fermi Polarons in a Tunable Fermi Liquid of Ultracold Atoms

André Schirotzek, Cheng-Hsun Wu, Ariel Sommer, and Martin W. Zwierlein

Department of Physics, MIT-Harvard Center for Ultracold Atoms, and Research Laboratory of Electronics,
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA

(Received 17 February 2009; revised manuscript received 9 April 2009; published 8 June 2009)

We have observed Fermi polarons, dressed spin-down impurities in a spin-up Fermi sea of ultracold

atoms. The polaron manifests itself as a narrow peak in the impurities’ rf spectrum that emerges from a

broad incoherent background. We determine the polaron energy and the quasiparticle residue for various

interaction strengths around a Feshbach resonance. At a critical interaction, we observe the transition from

polaronic to molecular binding. Here, the imbalanced Fermi liquid undergoes a phase transition into a

Bose liquid, coexisting with a Fermi sea.

DOI: 10.1103/PhysRevLett.102.230402 PACS numbers: 05.30.Fk, 03.75.Ss, 32.30.Bv, 67.60.Fp

The fate of a single impurity interacting with its environ-
ment determines the low-temperature behavior of many
condensed matter systems. Awell-known example is given
by an electron moving in a crystal lattice, displacing
nearby ions and thus creating a localized polarization.
The electron, together with its surrounding cloud of lattice
distortions, phonons, forms the lattice polaron [1]. It is a
quasiparticle with an energy and mass that differ from that
of the bare electron. Polarons are central to the under-
standing of colossal magnetoresistance materials [2], and
they affect the spectral function of cuprates, the parent
material of high-TC superconductors [3]. Another famous
impurity problem is the Kondo effect, where immobile spin
impurities give rise to an enhanced resistance in metals
below the Kondo temperature [4]. In contrast to the elec-
tron moving in a phonon bath, a bosonic environment, in
the latter case the impurity interacts with a fermionic
environment, the Fermi sea of electrons.

Here we study a small concentration of spin-down im-
purities immersed in a spin-up Fermi sea of ultracold
atoms. This system represents the limiting case of spin-
imbalanced Fermi gases and has been recognized to hold
the key to the quantitative understanding of the phase
diagram of imbalanced Fermi mixtures [5–16]. Unlike in
liquid 3He, the s-wave interaction potential between the
impurities and the spin-up atoms in this novel spin-
imbalanced Fermi liquid is attractive. The vicinity of a
Feshbach resonance allows tuning of the interaction
strength at will, characterized by the ratio of the interpar-
ticle distance�1=kF to the scattering length a, where kF is
the spin-up Fermi wave vector [17]. Figure 1 depicts the
scenario for a single impurity: For weak attraction
(1=kFa��1) the impurity propagates freely in the
spin-up medium of density n" ¼ k3F=6�

2 [Fig. 1(a)]. It

merely experiences the familiar attractive mean field en-
ergy shiftE# ¼ 4�@2an"=m < 0. However, as the attractive
interaction grows, the impurity can undergo momentum
changing collisions with environment atoms, and thus
starts to attract its surroundings. The impurity ‘‘dressed’’
with the localized cloud of scattered fermions constitutes

the Fermi polaron [Fig. 1(b)]. Dressing becomes important
once the mean free path �1=n"a2 of the bare impurity in

the medium becomes comparable to the distance �1=kF
between environment particles or when ðkFaÞ2 � 1.
Collisions then reduce the bare impurity’s probability of
free propagation, the quasiparticle residue Z, from unity.
The dressed impurity can instead move freely through the
environment, with an energy E# shifted away from the

simple mean field result. This polaronic state is stable until,
for strong attraction (1=kFa� 1), equivalent to a deep
effective potential well, the spin-down impurity will bind
exactly one spin-up atom, thus forming a tightly bound
molecule [Fig. 1(c)]. This molecule is itself a dressed
impurity, albeit a bosonic one [13].
To prepare and observe Fermi polarons, we start with a

spin-polarized cloud of 6Li atoms in the lowest hyperfine
state j1i (spin-up), confined in a cylindrically symmetric
optical trap (125 �m waist, 145 Hz=22:3 Hz radial/axial
trapping frequency) at a magnetic field of 690 G [17]. A
two-photon Landau-Zener sweep transfers a small fraction
into state j3i (spin-down), and further cooling results in a
cloud containing 2% j3i impurities immersed in a degen-
erate Fermi gas of 5� 106 j1i atoms at a temperature T ¼
0:14ð3ÞTF, where TF is the Fermi temperature. A 100 G
wide Feshbach resonance for scattering between these
states is centered at 690 G. For various fields around the

FIG. 1 (color online). From polarons to molecules. (a) For
weak attraction, an impurity (blue) experiences the mean field
of the medium (red). (b) For stronger attraction, the impurity
surrounds itself with a localized cloud of environment atoms,
forming a polaron. (c) For strong attraction, molecules of size a
form despite Pauli blocking of momenta @k < @kF � @=a by the
environment.
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resonance, we perform rf spectroscopy on the impurity
species j3i and on the environment particles in j1i by
transferring atoms into the empty state j2i, accessible to
either hyperfine state. This state is sufficiently weakly
interacting with the initial states to allow a direct interpre-
tation of the resulting spectra [18]. As in previous work,
spectra are spatially resolved and tomographically 3D
reconstructed [19] via an inverse Abel transform, and are
thus local and free from broadening due to density inho-
mogeneities. In addition, phase contrast images yield the
in situ density distribution n", n# and thus the local Fermi

energy �F of the environment atoms and the local impurity
concentration x ¼ n#

n"
. The Rabi frequencies �R for the

impurity and environment rf transitions are measured (on
fully polarized samples) to be identical to within 5%.

Figure 2 shows the observed spectra of the spin-down
impurities and that of the spin-up environment at low local
impurity concentration. The bulk of the environment spec-
trum is found at zero offset, corresponding to the free
(Zeeman plus hyperfine) energy splitting between states
j1i and j2i. However, interactions between impurity and
spin-up particles lead to a spectral contribution that is
shifted: The rf photon must supply additional energy to
transfer a particle out of its attractive environment into the
final, noninteracting state [17]. In Fig. 2(a), impurity and
environment spectra above zero offset exactly overlap,
signaling two-body molecular pairing. The steep threshold
gives the binding energy, the high-frequency wings arise
from molecule dissociation into remnants with nonzero
momentum [17,20,21]. As the attractive interaction is re-
duced, however, a narrow peak appears in the impurity
spectrum that is not matched by the response of the envi-
ronment [Figs. 2(b)–2(d)]. This narrow peak, emerging
from a broad incoherent background, signals the formation
of the Fermi polaron, a long-lived quasiparticle. The nar-
row width and long lifetime are expected: At zero tem-
perature the zero momentum polaron has no phase space
for decay and is stable. At finite kinetic energy or finite
temperature T it may decay into particle-hole excitations
[13], but phase space restrictions due to the spin-up Fermi
sea and conservation laws imply a decay rate / ðT=TFÞ2 �

1% in units of the Fermi energy. Indeed, the width of the
polaron peak is consistent with a delta function within the
experimental resolution, as calibrated by the spectra of
fully polarized clouds. The background is perfectly
matched by the rf spectrum of the environment. This is
expected at high rf energies @!� �F that are probing high
momenta k� kF and thus distances short compared to the
interparticle spacing. Here, an impurity particle will inter-
act with only one environment particle, leading to over-
lapping spectra.
Chevy has provided an instructive variational wave

function [5,9] that captures the essential properties of the
polaron, even on a quantitative level [16] when compared
with Monte Carlo (MC) calculations [6,12,13]:

j�i¼’0j0i#jFSi"þ
X

jqj<kF<jkj
’kqc

y
k"cq"jq�ki#jFSi" (1)

The first part describes a single impurity with a well-
defined wave vector (k# ¼ 0) that is not localized and free

to propagate in the Fermi sea of up spins jFSi". In the

second part the impurity particle recoils off environment
particles that are scattered out of the Fermi sea and leave
holes behind. This describes the dressing of the impurity
with particle-hole excitations. The probability of free
propagation is given by the first, unperturbed part, Z ¼
j’0j2. According to Fermi’s golden rule [11,15,17,22], the
two portions of j�i give rise to two distinct features of the
impurity rf spectrum �ð!Þ (! is the rf offset from the bare
atomic transition):

�ð!Þ ¼ 2�@�2
RZ�ð@!þ E#Þ þ �incð!Þ: (2)

The first part in j�i contributes a coherent narrow quasi-
particle peak to the minority spectrum. Its position is a
direct measure of the polaron energy E#, its integral gives
the quasiparticle residue Z. The particle-hole excitations in
the second part give rise to a broad, incoherent background
�incð!Þ / P

q;kj’qkj2�ð@!� �q�k � �k þ �q þ E#Þ: The
polaron energy E# is released as the impurity at momentum

q� k is transferred into the final state, leaving behind an
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FIG. 2 (color online). rf spectroscopy on polarons. Shown are spatially resolved, 3D reconstructed rf spectra of the environment
(blue, state j1i) and impurity (red, state j3i) component in a highly imbalanced spin-mixture. (a) Molecular limit; (b),(c) Emergence of
the polaron, a distinct peak exclusively in the minority component. (d) At unitarity, the polaron peak is the dominant feature in the
impurity spectrum, which becomes even more pronounced for 1=kFa < 0 (not shown). For the spectra shown as dashed lines in (d) the
roles of states j1i and j3i are exchanged. The local impurity concentration was x ¼ 5ð2Þ% for all spectra, the interaction strengths
1=kFa were (a) 0.76(2), (b) 0.43(1), (c) 0.20(1), and (d) 0 (unitarity).
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environment particle in k above and a hole within the
Fermi sea at q [22]. These two spectral features are recov-
ered in theoretical rf spectra for a finite number of impu-
rities, i.e., a Fermi liquid [15,23]. For our analysis we do
not rely on a theoretical fit to the spectra.

To measure the polaron energy E#, we determine the

peak position of the impurity spectrum as a function of the
local interaction parameter 1=kFa. The data for 5% impu-
rity concentration are shown in Fig. 3(a), along with the
variational upper bound given by the wave function Eq. (1)
[22] and the diagrammatic MC calculation of [13]. As final
state interactions are weak, they can be included as a
simple repulsive mean field shift 4�@2afen"=m, with afe
the scattering length between the final state and the envi-
ronment atoms [24]. Polaron energies have been predicted
via the variational ansatz [5], the T-matrix approach
[9,10,15,16], the 1=N expansion [11], fixed-node MC
[6,12] and diagrammatic MC calculations [13]. With the
exception of the 1=N expansion, these all agree with each
other and with the present experiment to within a few per-
cent. In particular, in the unitary limit where 1=kFa ¼ 0we
find a polaron energy of E# ¼ �0:64ð7Þ�F ð�0:72ð9Þ�FÞ
when state j3i (j1i) serves as the impurity [25]. This agrees
well with the diagrammatic MC calculation, �0:615�F
[14], and the analytical result �0:6156ð2Þ�F [16]. Analy-

sis of experimental density profiles yields a value of
�0:58ð5Þ�F [26].
The relatively large value for E# directly implies that the

normal state, modeled as a Fermi sea of weakly interacting
polarons, is favored over the superfluid state up to a critical
concentration (44%), much higher than that predicted by
mean field theories (4%) [27]. These neglect interactions in
the normal state and therefore imply a polaron binding
energy of zero.
We have so far considered the limit of few impurities. By

increasing their density, we can study the effect of inter-
actions between polarons. In Fig. 3(b) we show that the
quasiparticle peak position depends only weakly on the im-
purity concentration in the unitarity limit. Polarons are thus
weakly interacting quasiparticles, despite the strong inter-
actions between the bare impurity and its environment.
The peak position could be modified due to the effective

mass m� of polarons, larger than the mass of the bare
impurity. Transfer of a moving polaron into the free final
state then requires additional kinetic energy. This leads to
an upshift and a broadening on the order of the Fermi
energy difference between initial and final state,

x2=3�Fð1� m
m�Þ. On resonance, this is 0:04�F for x ¼ 0:1.

The effect could be partially masked by the predicted weak
repulsion between polarons [12] that would downshift the
resonance frequency by �0:02�F for x ¼ 0:1.
The spectral weight of the polaron peak directly gives

the quasiparticle residue Z, a defining parameter of a Fermi
liquid. Experimentally, we determine the area under the
impurity peak that is not matched by the environment’s
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FIG. 3 (color online). Peak position of the impurity spectrum
as a measure of the polaron energy E#. (a) peak position for

various interaction strengths in the limit of low concentration
x ¼ 5ð2Þ% (solid circles). Open circle: Reversed roles of impu-
rity and environment. Dotted line: polaron energy from varia-
tional ansatz Eq. (1) [5], the solid line including weak final state
interactions. Dashed line: Energy of a bare, isolated molecule in
vacuum. Blue dash-dotted line: Mean field limit for the energy of
an impurity atom. Solid (open) diamonds: Diagrammatic MC
energy of the polaron (molecule) [13]. (b) Peak position at
unitarity (1=kFa ¼ 0) as a function of impurity concentration
(solid circles). The line shows the expected peak position,
@!p=�F ¼ Aþ ð1� m

m�Þx2=3 � 6
5Fxþ 4

3� kFafe, using the MC

value A ¼ 0:615 [13], the analytic result m� ¼ 1:2 [16], the
weak repulsion between polarons with F ¼ 0:14 [12] and
weak final state interactions with scattering length afe.
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FIG. 4 (color online). Quasiparticle residue Z as a function of
interaction strength and impurity concentration. The color cod-
ing indicates the magnitude of Z and is an interpolation of the
data points shown in the graph. Open circles: Data points
consistent with zero (Z < 0:03), solid circles: Z > 0:03, the solid
line marking the onset of Z. Blue cross: Critical interaction
strength for the Fermi liquid—molecular BEC transition for x!
0 [12]. Inset: Z as a function of interaction strength in the limit of
low impurity concentration x ¼ 5ð2Þ%. Open circle: Reversed
roles, j1i impurity in j3i environment. The spectrum in the inset
illustrates the determination of Z [22].
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response and divide by the total area under the impurity
spectrum (see spectrum in Fig. 4 and [22]). Figure 4
presents Z as a function of interaction strength and impu-
rity concentration x, the inset shows Z for x ¼ 5%. As
expected, Z approaches 100% for weak attractive interac-
tion kFa! 0�, where the bare impurity only rarely recoils
off environment atoms. As the mean free path shortens and
the bare impurity starts to surround itself with environment
atoms Z decreases. On resonance, we find Z ¼ 0:39ð9Þ for
x ¼ 5%, with only a weak dependence on x (Fig. 4).
Theoretical values for Z vary: ansatz Eq. (1) predicts Z ¼
0:78 for a single impurity, while Ref. [11] predicts Z ¼
0:47 (0.30) for vanishing (5%) impurity concentration. Our
procedure might yield a lower bound on the actual value of
Z, as the incoherent part of the impurity spectrum might be
depleted around threshold. Eventually, for strong attraction
between the impurity and particles of the medium, Z
vanishes and we observe complete overlap of the impurity
and environment spectra. This signals the formation of a
two-body bound state between the impurity and exactly
one environment atom. For a spin-down concentration of
5% we determine the critical interaction strength where the
polaron peak vanishes to be 1=ðkFaÞc ¼ 0:76ð2Þ. This is in
good agreement with the independently determined critical
interaction 1=kFa ¼ 0:74ð4Þ beyond which one finds a
superfluid even for the smallest impurity concentration
[28]. This is a multicritical point [12,13,29] where a
Fermi liquid of weakly interacting polarons undergoes a
phase transition into a Bose liquid of molecular impurities.
Fixed-node MC calculations place this transition at a value
of 1=kFa ¼ 0:73 for x! 0 [12]. Our 1=ðkFaÞc is lower
than the value 0.90(2) from diagrammatic MC [13] for a
single impurity. Ansatz Eq. (1) does not predict a transi-
tion, as it does not test for the formation of molecules. In
Fig. 4, the color coding reveals where molecular behavior
is observed (yellow), and where the spectra show polaronic
behavior (red to black). It can be seen that the critical
interaction strength for the formation of molecules depends
only weakly on the impurity concentration x.

In conclusion, we have observed Fermi polarons in a
novel, attractive Fermi liquid of spin-down impurity atoms
immersed in a spin-up Fermi sea. The energy and residue
of this quasiparticle was determined and interactions be-
tween quasiparticles were found to be weak. Polarons thus
emerge as the quasiparticles of a Landau Fermi liquid
description of this strongly interacting Fermi mixture. To
study first the impurity limit of N þ 1 interacting particles
before dealing with the fullN þMmany-body system will
be a fruitful approach for other strongly correlated systems
realized with cold atoms. An intriguing question is how the
limit of a weakly interacting polaron liquid containing few
impurities connects to the physics of a hydrodynamic,
balanced Fermi gas containing Cooper pair fluctuations
above the critical temperature for superfluidity. In light
of our findings, fermion pair condensation could be viewed
as condensation of pairs of polarons with opposite spin.
This is also suggested by the large normal state interaction

measured by quasiparticle spectroscopy on the superfluid
state [30].
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In this supplemental material we state, starting with the variational Ansatz by Chevy, key prop-
erties of the polaron, such as the energy E↓ and the quasiparticle residue Z, and we calculate its RF
spectrum using Fermi’s Golden Rule. We connect this approach and its implication for finite impu-
rity concentration to the results of Fermi liquid theory and the T-matrix formalism used in [1–4].
Furthermore, details are provided about the extraction of the quasiparticle residue Z.

Polaron wavefunction, energy and quasiparticle
residue

We start with the hamiltonian for a dilute two compo-
nent mixture of fermionic atoms interacting via the van-
der-Waals potential V (r) [5]. Thanks to the diluteness of
the system, the potential is of short range R compared
to the interparticle distance 1/kF , so kFR � 1. Its
Fourier transform V (k) is thus essentially constant, g0,
below kF and rolls off to zero at a momentum on the or-
der of 1/R  kF . The many-body Hamiltonian for the
system is then

Ĥ =
∑
k,σ

εkc
†
kσckσ+

g0
V
∑
k,k′,q

c†
k+ q

2 ↑c
†
−k+ q

2 ↓ck′+ q
2 ↓c−k′+ q

2 ↑

(1)
Here, the label σ denotes the spin state ↑,↓, εk =
�
2k2/2m, V is the volume of the system and the c†kσ,ckσ

are the usual creation and annihilation operators for
fermions with momentum k and spin σ. The trial wave-
function for the Fermi polaron with zero momentum pro-
posed by F. Chevy in [6] is

|Ψ〉 = ϕ0 |0〉↓ |FS〉↑ +
k>kF∑
q<kF

ϕkqc
†
k↑cq↑ |q− k〉↓ |FS〉↑

(2)
The energy is then minimized under variation of the pa-
rameters ϕ0 and ϕkq, with the constraint of constant

norm 〈Ψ|Ψ〉 = |ϕ0|2 +
∑k>kF

q<kF
|ϕkq|2 = 1. That is,

the quantity to minimize is
〈
Ψ|Ĥ|Ψ

〉
− E↓ 〈Ψ|Ψ〉. The

derivation can be found in [6], here we quote the result for
the particle-hole excitation amplitudes ϕkq, the quasipar-

ticle weight |ϕ0|2 = Z, and the energy E↓ due to addition
of the down spin impurity:

ϕkq = ϕ0
1

V
f(E↓,q)

E↓ − εk + εq − εq−k
(3)

1

|ϕ0|2
≡ 1

Z
=

⎛
⎝1− ∂

∂E

1

V
∑
q<kF

f(E,q)

⎞
⎠

E=E↓

(4)

E↓ =
1

V
∑
q<kF

f(E↓,q) (5)

These all depend on the function f(E,q) with

f−1(E,q) =
1

g0
+

1

V
∑
k>kF

1

εk − εq + εq−k − E
(6)

It is a measure of the interaction strength between spin
up and spin down, modified by the presence of the spin up
Fermi sea. As usual, g0 can be replaced by the physically
observable scattering length a for collisions between spin
up and down via [5] 1

g0
= m

4π�2a − 1
V
∑

k
1

2εk
.

f−1(E,q) =
mkF
2π2�2

(
π

2kF a
− 1

)
+ (7)

1

V
∑
k>kF

(
1

εk − εq + εq−k − E
− 1

2εk

)

The integral in above expression is convergent and gives

f−1(E,q) =
mkF
2π2�2

{
π

2kFa
− 1 + I

(
E

EF
,
q

kF

)}
(8)

I(ε, y) =

∫ ∞
1

dx

(
x

2y
ln

(
2x2 + 2xy − ε

2x2 − 2xy − ε

)
− 1

)

An analytic expression for the integral exists but does not
provide additional insight. The equation for E↓ becomes

E↓
EF

= −2

∫ 1

0

dy
y2

1− π
2kF a − I

(
E↓
EF

, y
) (9)

This implicit equation for E↓ can be easily solved nu-
merically. The result is shown as the dashed line in
Fig. 3 of the main paper. Clearly, E↓ is negative due
to the attractive interactions with the medium. In the
weakly interacting limit 1/kFa → −∞, we can neglect
the integral in the denominator and immediately obtain
E↓ = 2

3
2kF a
π EF = 4π�2an↑/m, which is the mean field

result [7].
The approach turns out to be equivalent to a T-Matrix

description, as shown in [7]. In that language, f(E,q)
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is (up to a constant) the scattering amplitude in the
medium (i.e. the vertex) for the scattering process with
total energy and momentum E and q of the colliding
particles. Σ(0, E) ≡ 1

V
∑

q<kF
f(E↓ + E,q) is the self-

energy at zero momentum and frequency E/�. It is real
in this approximation. The expression for the quasipar-
ticle residue Z of a single spin down impurity in Eq. 4
is immediately seen to be equivalent to the well-known
relation [3]

Z−1
↓ =

(
1− ∂

∂E
ReΣ(kF↓, E)

)
E=0

(10)

for a spin down quasiparticle on top of a spin down Fermi
sea, in the limit of vanishing Fermi momentum kF↓.

RF spectrum from the variational Ansatz

Fermi’s Golden Rule allows us to directly predict the
shape of the impurity RF spectrum. This topic has been
studied in detail since the early days of RF spectrosocpy,
and for the problem of highly imbalanced Fermi gases
in [1–4], among others. Chevy’s wavefunction offers a
simple way of calculating the RF spectrum of a single
impurity.

The RF operator V̂ = �ΩR

∑
k c
†
k,fck,↓+h.c. promotes

the impurity into the free final state |f〉 (energy Ef ) with-
out momentum transfer [5]. In the experiment, the final
internal state is the second lowest hyperfine state of 6Li.
Fermi’s Golden Rule for the impurity starting in state
|Ψ〉 is

Γ(ω) =
2π

�

∑
f

∣∣∣〈f |V̂ |Ψ
〉∣∣∣2 δ(�ω − (Ef − E↓)) (11)

Where ω is the RF offset from the bare atomic transition
frequency between the internal states labeled by ↓ and
f . One possible final state is |0〉 ≡ |0〉f |FS〉↑, i.e. a
zero momentum particle in the final state plus a perfect
Fermi sea of up spins, with energy E|0〉 = 0 relative to the
Fermi energy EF of the environment. Other possible final
states are |q,k〉 ≡ |q− k〉f c†k↑cq↑ |FS〉↑ with q < kF
and k > kF , i.e. a particle with momentum q − k in
the final state and a Fermi sea with a hole at q and
an excited environment particle above the Fermi sea at
k. The energy of these states is E|q,k〉 = εk − εq + εq−k
relative to the environment Fermi energy EF . The matrix
elements are

〈
0
∣∣∣V̂ ∣∣∣Ψ〉 = �ΩR ϕ0〈

q,k
∣∣∣V̂ ∣∣∣Ψ〉 = �ΩR ϕkq

This leaves us with two components in the RF spectrum:

Γ(ω) = 2π�Ω2
R

(
Zδ(�ω + E↓) + (12)

k>kF∑
q<kF

|ϕkq|2 δ(�ω + E↓ − εk + εq − εq−k)
)

The first part is a delta-peak shifted by the quasiparticle
energy. As E↓ < 0, it is shifted to higher frequencies: The
RF photon has to supply additional energy to transfer the
impurity out of its attractive environment. The weight
of this peak is Z, the quasiparticle residue, allowing the
experimental determination of Z by simply integrating
the area under the prominent peak. Such a delta-peak
is typically called ”coherent”, as a broadband excitation
around this energy would not dephase over time. The
second part of the spectrum is incoherent, it consists of a
broad continuum of frequencies. Broadband excitations
of this continuum would rapidly dephase, over a timescale
given by the inverse width of the continuum.

RF spectrum in Fermi Liquid theory

This structure of the RF spectrum is a generic fea-
ture of quasiparticle spectra. In Fermi liquid theory, the
propagator of a quasiparticle is approximated as a pole
at energy E(k) > 0 (relative to the ground state energy),
lifetime 1/γ(k) and residue Z plus an incoherent spec-
trum [3, 8]

GR
−(k, ω) =

Z

�ω + E(k) + i�γ(k)
+GR,inc

− (k, ω) (13)

The spectral function is given by A−(k, ω) =

− 1
π ImGR

−(k, ω) = Z 1
π

�γ(k)
(�ω+E(k))2+�2γ(k)2 + Ainc

− (k, ω)

which tends to

A−(k, ω) = Zδ(�ω + E(k)) +Ainc
− (k, ω) (14)

in the limit of small damping of the quasiparticle.
A−(k, ω) measures the probability that removing a par-
ticle with momentum k will cost an energy −�ω. The
RF spectrum in linear response is given by [2]

Γ(ω) = 2π�Ω2
R

∑
k

A−(k, εk − μ− �ω)nF (εk − μ− �ω)

(15)
where μ is the chemical potential of the quasiparticle and
nF (x) = 1/(eβx + 1) is the Fermi function that tends to
θ(−x) at zero temperature. This is intuitively under-
stood: For a given momentum k, the RF photon with
energy �ω has to provide the energy εk − μ (relative to
the initial chemical potential μ) to create a free parti-
cle in the final state. The rest, �ω − εk + μ, is used
to remove a particle from the initial state (probability
A−(k, εk−μ− �ω)) if there exists such a particle (factor
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nF (εk−μ−�ω)). Eq. 15 is equivalent to Fermi’s Golden
Rule Eq. 11 [9]. In the case where the spectral func-
tion is dominated by a quasiparticle peak, the spectrum
becomes

Γ(ω) = 2π�Ω2
RZ
∑
k

δ(εk + E(k)− μ− �ω)

× nF (εk − μ− �ω) + Γinc(ω) (16)

Connecting to our case of a single quasiparticle with μ =
E↓ and k = 0, this directly gives

Γ(ω) = 2π�Ω2
RZδ(�ω + E↓) + Γinc(ω) (17)

identical to the prediction via the trial wavefunction.

Polaron spectral function

To connect the single particle and the Fermi liquid de-
scription, we calculate the propagator GR

−(k, ω) for the
removal of a single spin down impurity from the wave-
function |Ψ〉. By definition,

iGR
−(k, t) = 〈Ψ| c†k↓eiĤt/�ck↓ |Ψ〉 θ(t) (18)

Inserting a complete set of eigenstates, this gives

iGR
−(k, t) =

∑
f

|〈f | ck↓ |Ψ〉|2 eiEf t/�θ(t) (19)

The state ck↓ |Ψ〉 is void of any spin down impurity and
has non-vanishing matrix elements only with either the
unperturbed spin up Fermi sea, |FS〉↑ (if k = 0), or with

particle-hole excitations |q,k′〉 = c†k′↑cq↑ |FS〉↑ (in the

case k = q − k′). These matrix elements are ϕ0 =
√
Z

and ϕk′q resp., the corresponding energies Ef = 0 and
Ef = εk′ − εq relative to EF . So one has:

iGR
−(k, t) = (Zδk,0+

k′>kF∑
q<kF

δk,q−k′ |ϕk′q|2 ei(εk′−εq)t/�)θ(t)

Finally, GR
−(k, ω) = Z

�ω+iη δk,0 + GR,inc
− (k, ω) with in-

finitesimal η > 0. This is just the Fermi liquid form
of GR

− but for a single quasiparticle with zero momentum
(E(0) = 0 in (13)), as described by |Ψ〉. The spectral
function is

A−(k, ω) = Zδ(�ω)δk,0 +

k′>kF∑
q<kF

δk,q−k′ |ϕk′q|2 δ(�ω + εk′ − εq)

With Eq. 15 this exactly gives the RF spectrum of Eq. 12.

Calculation of the incoherent background

Using Eq. 3, we can write the incoherent part of the
spectrum as:

Γinc(ω) ≡ 2π�Ω2
R

k>kF∑
q<kF

|ϕkq|2 δ(�ω + E↓ − εk + εq − εq−k)

=
2πΩ2

R

�

Z

ω2

1

V2

k>kF∑
q<kF

f(E↓,q)2δ(�ω + E↓ − εk + εq − εq−k)

The integral over k exists in analytic form:

1

V
∑

k>kF
δ(�ω + E↓ − εk + εq − εq−k) =

mkF
8π2�2K(

�ω+E↓
2EF

, q
kF

)

with K(ε, y) =

⎧⎪⎪⎨
⎪⎪⎩

y2+−y2−
y for y− > 1 ,

y2+−1

y for y− < 1 < y+ ,

0 for 1 > y+ .

and y± = ±y
2 +
√

y2

4 + ε (20)

The incoherent spectrum is then

Γinc(ω) = πΩ2
R

ZEF

�ω2

∫ 1

0

dy
y2K

(
�ω+E↓
2EF

, y
)

(
1− π

2kF a − I
(

E↓
EF

, y
))2(21)

One can check that the total spectrum obeys the sum
rule ∫ ∞

−∞
dωΓ(ω) = 2π�Ω2

R (22)

and in particular that the total weight of the incoher-
ent background is proportional to 1 − Z, which is not
obvious from the form in Eq. 21. For RF frequencies
close to threshold �ω + E↓ � 2EF , the hole momen-
tum q and the particle momentum k must be close to
each other to fulfill energy conservation, i.e. they have
to be close to the Fermi momentum. The double sum
over q and k thus gives a phase space suppression on
the order of (�ω + E↓)2, i.e. the spectrum starts like
(�ω + E↓)2/ω2. This is in contrast to the dissociation
spectrum of a molecule of binding energy EB , where the
density of states above threshold gives a spectrum pro-
portional to

√
�ω + EB/ω

2. For large RF energies, large
particle momenta k are involved, the suppression due to
the Fermi sea becomes negligible and the spectrum be-
haves like

√
�ω + E↓/ω2, as for a molecule of binding

energy E↓. This is natural as for large momenta, we are
probing short-range physics which involves at most two
particles, a spin up environment atom and the impurity.
In particular, at RF energies �ω  E↓, we recover the
ω−3/2 behavior of the RF spectrum that is universal for
short-range interactions.
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RF Spectrum of a finite concentration of impurities

Since polarons are found to be weakly interacting, they
will form a Fermi sea filled up to the impurity Fermi mo-
mentum kF↓. The fact that the dispersion of polarons
E(k) = m

m∗ εk differs from that of a free particle due to
the effective mass m∗ �= m leads to broadening of the RF
spectra. The RF photon has to supply the difference in
kinetic energies (1 − m

m∗ )εk between the initial and the
final state, with a maximal shift (1− m

m∗ )�
2k2F↓/2m. The

spectral shape is easily obtained: The spectral function
at momentum k will be dominated by polarons that oc-
cupy that momentum state. The coherent part of the
spectral function is thus Acoh

− (k, ω) = Zδ(�ω + E(k))
with E(k) = −�

2k2/2m∗ = − m
m∗ εk relative to the im-

purity Fermi energy. The coherent part of the spectrum
then becomes

Γcoh(ω) = 2π�Ω2
R

∑
k

Acoh
− (k, εk − E↓ − �ω)

where the sum extends up to the impurity Fermi momen-
tum kF↓. With the free, 3D density of states ρ(ε), this
is

Γcoh(ω) = 2π�Ω2
R

∫ EF↓

0

dε ρ(ε)Zδ(ε− E↓ − �ω − m

m∗
ε)

= 2π�Ω2
R

Z

1− m
m∗

ρ

(
�ω + E↓
1− m

m∗

)
×

θ
(
(1− m

m∗
)EF↓ − �ω − E↓

)
(23)

This coherent part of the spectrum starts at the polaron
ground state energy �ω = |E↓|, then grows like a square
root and jumps to zero when �ω − |E↓| = (1− m

m∗ )EF↓.
On resonance, where m∗ ≈ 1.2, this occurs at �ω−|E↓| =
0.2x2/3EF↑ ≈ 0.04EF↑ for x = 0.1. This is still smaller
than the Fourier width of the RF pulse used in the exper-
iment of about 0.1EF . The size of the jump is given by
2π�Ω2

R
Z

1− m
m∗

ρ(EF↓) and reflects the impurity Fermi sur-

face in the RF spectrum. This behavior of the coherent
part of the spectrum was found in [1] and was discussed
recently in [4]. It is intriguing that the sharpness of the
Fermi surface and its discontinuity should, at least in
principle, be observable in the RF spectrum.

Determination of Z from experimental spectra

In order to extract the quasiparticle residue Z, we de-
termine the area under the peak that is not matched by
the environment’s response and divide by the total area
under the impurity spectrum (see spectrum in the inset
of Fig. 4 in the main body of the paper). Due to the
Fourier width of the probe pulse, the strong response of

the environment around zero RF offset (the resonance for

at
om

 tr
an

sf
er

 / 
a.

u.

543210
rf offset / ε F

FIG. 1: Determination of the quasiparticle residue Z. Impu-
rity spectrum (red), environment spectrum (blue) and spec-
tral response of non-interacting atoms (black dashed), folded
over from negative RF offsets.

non-interacting atoms) adds some weight to the environ-
ment background at the position of the polaron peak. To
remove this effect in the determination of Z, the part of
the environment’s response at negative frequency offset
is folded towards the positive side (dashed line in Fig. 1)
and subtracted from the environment spectrum. As it
turns out, this procedure changes the value for Z by less
than 5% for all spectra in Fig. 2 of the main paper.
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We have created a triply quantum-degenerate mixture of bosonic 41K and two fermionic species 40K and 6Li.
The boson is shown to be an efficient coolant for the two fermions, spurring hopes for the observation of fermionic
superfluids with imbalanced masses. We observe multiple heteronuclear Feshbach resonances, in particular a wide
s-wave resonance for the combination 41K-40K, opening up studies of strongly interacting isotopic Bose-Fermi
mixtures. For large imbalance in the local densities of different species, we enter the polaronic regime of dressed
impurities immersed in a bosonic or fermionic bath.
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Strongly interacting quantum mixtures of ultracold atoms
provide an extremely rich platform for the study of many-
body physics. They offer control over macroscopic quantum
phenomena in and out of equilibrium, enabling a direct
quantitative comparison to theoretical models [1]. Two-state
mixtures of fermionic atoms near Feshbach resonances allow
the creation of fermionic superfluids in the crossover between
Bose-Einstein condensation and BCS superfluidity [2,3].
Combining different atomic species gives access to Bose-Bose
[4,5], Bose-Fermi [6–12], Fermi-Fermi [13–15], and even
triply degenerate Bose-Fermi-Fermi mixtures [13] that each
connect to many different areas in condensed-matter, high-
energy, or nuclear physics. Bose-Fermi mixtures may provide
insight into, for example, boson-mediated Cooper pairing [16],
QCD matter [17], and theoretical models of High-Tc super-
conductivity [18]. A mixture of two different fermions might
allow access to a superfluid of unlike fermions. In contrast to
superconductors or neutron stars, superfluid pairing will occur
between particles that are not related via time-reversal symme-
try. Very recently, Fermi-Fermi mixtures of unlike fermionic
species have been brought into the strongly interacting regime
[19], offering prospects to observe universal physics in
imbalanced mixtures, such as universal transport [20,21].

An important class of many-body problems involves the
interaction of impurities with a Fermi sea or a bosonic bath,
dressing them into quasiparticles known as polarons. For the
Fermi polaron, an impurity interacting with a fermionic en-
vironment, the resulting energy shift has been experimentally
measured [22] and calculated [23–25]. Due to the fermionic
nature of the environment, the effective mass is only weakly
enhanced [25–27] even for resonant interactions. However,
if the impurity swims in a bosonic bath, there is no limit to
the number of bosons that interact at close distance with the
impurity, and the mass enhancement can be enormous [28].

In this work we present a rather ideal system to study
strongly interacting quantum mixtures of different atomic
species: a heavy, isotopic Bose-Fermi mixture of 40K-41K
with widely tunable interactions coexisting with a light Fermi
sea of 6Li. We show that 41K is an efficient sympathetic
coolant for both 6Li and 40K, allowing us to reach a triply
quantum degenerate mixture. In comparison to experiments
employing 87Rb to cool the same fermionic species to triple
degeneracy [13], we reach a significantly higher degree of
degeneracy in 6Li. In the quest for optimized cooling schemes

of fermionic atoms, we thus establish 41K as a superior coolant
that is available in all current experiments on fermionic 40K.
For the potassium isotopes, we identify a strong p-wave
Feshbach resonance, as well as a wide s-wave Feshbach
resonance. There, at our lowest temperatures, the mixture is in
a regime where theory predicts both Bose and Fermi polarons
to exist [29,30]. The mass-imbalanced Bose-Fermi mixture
6Li-41K also allows for tunable interactions at several Feshbach
resonances.

Predating our work, Feshbach resonances in nonisotopic
Bose-Fermi mixtures were found in 23Na-6Li, 87Rb-40K,
87Rb-6Li [12], and 85Rb-6Li [31]. These systems are plagued
by typically unequal trapping potentials and the large mass
difference between unlike atoms, causing gravitational sag that
has to be compensated. Predictions for Feshbach resonances in
isotopic Bose-Fermi mixtures are available for 3He-4He [32]
and for 6Li-7Li [33], with preliminary experimental findings
reported in [34]. An atom-molecule mixture of 6Li-6Li2
allowed access to a part of the phase diagram of strongly
interacting bosons and fermions [35]. However, for too strong
an interaction the composite nature of the bosonic molecules
becomes apparent. With 40K-41K, we have a Bose-Fermi
mixture at our disposal with identical external potentials and
essentially equal mass for bosons and fermions, so that the
only relevant difference lies in quantum statistics.

The experimental setup, shown in Fig. 1, consists of
two independent Zeeman slowers for lithium and potassium,
allowing us to simultaneously load large samples of each of
the three atomic species directly into a UHV chamber. We
trap 3 × 109 41K atoms in 2 s and 109 6Li atoms in 1 s.
Although the natural abundance of 40K is only 0.01%, the
Zeeman slower with a typical flux of 1011 atoms/s for abundant
species still yields 5 × 107 40K atoms loaded within 2 s into
the magneto-optical trap.

To increase the initial atom density, a 40-ms compressed
MOT phase and a 6-ms optical molasses stage compress and
cool each gas before loading into the magnetic trap. For 41K,
we follow closely the procedure laid out in [36]. 40K and
6Li require less care, as we deliberately co-trap only a few
105 fermionic atoms with the coolant. The maximum number
of fermions that can be brought into degeneracy by a given
bosonic coolant is roughly given by the number of degenerate
bosons the apparatus can provide. For 41K, this limits the

011601-11050-2947/2011/84(1)/011601(4) ©2011 American Physical Society
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FIG. 1. (Color online) Schematic of the experimental setup. Two Zeeman slowers yield optimized atom flux for 6Li and K, allowing a
no-compromise approach to simultaneous magneto-optical trapping of 41K, 40K, and 6Li in the main chamber. All species are subsequently
loaded into an optically plugged magnetic trap (inset). rf evaporation of 41K sympathetically cools the fermionic species. The inset shows the
trapping potential, essentially identical for all species, along the horizontal y axis perpendicular to the plug beam.

fermion number to about 2 × 105, while for 23Na, the number
can be as large as 7 × 107 [37].

After the molasses stage, atoms are prepared in the stretched
hyperfine states of |F,mF 〉 = |2,2〉 for 41K, |9/2,9/2〉 for
40K, and |3/2,3/2〉 for 6Li via optical pumping. Evaporative
cooling of 41K is performed in a quadrupole magnetic trap
with a B ′

z = 220 G/cm (B ′
⊥ = 110 G/cm) magnetic field

gradient along the vertical (horizontal) direction. To avoid
Majorana spin flips, the magnetic field zero is “plugged” by
a repulsive laser beam (power 15 W, wavelength 532 nm)
focused to a waist of 20 μm [38]. Unwanted hyperfine states
from imperfect optical pumping are removed by reducing
B ′

z for 200 ms to 15 G/cm, only supporting stretched
states sufficiently against gravity. Without this cleaning pro-
cedure, spin-changing collisions would strongly reduce the
atom number during evaporation. Evaporation is performed
on 41K by driving |2,2〉 → |1,1〉 rf transitions above the
hyperfine transition of 254.0 MHz. For the last 2 s of
evaporation, the trap is decompressed to B ′

z = 110 G/cm
to suppress three-body losses. A well-centered plugged trap
allows for two trap minima on each side of the plug laser (see
Fig. 1). To obtain only a single trap minimum, in the final 2 s of
evaporation a horizontal bias field is applied in the y direction,
perpendicular to the plug beam, thus displacing the center of
the magnetic trap by 10 μm. The resulting trapping potential,
shown in the inset of Fig. 1, is approximately harmonic for
atoms at energies of <∼ 2 μK. The effect of anharmonicities
is strongest along the y direction, and most important for the
light fermion 6Li at a typical Fermi energy of EF = kB · 5 μK

(40K only has EF ≈ kB · 1.5 μK).
Even for anharmonic traps, long time-of-flight expansion

reveals the momentum distribution of the gas [2]. Time-of-
flight images of triply quantum degenerate mixtures are shown

in Fig. 2. Condensation of 41K is observed at Tc = 1.2 μK
with 3 × 105 atoms. In the harmonic approximation, this
translates into a geometric mean of the trapping frequencies
of ω̄41K = 2π · 380 Hz. Observing a 41K Bose condensate in
thermal contact with a cloud of 40K and 6Li fermions, each of
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FIG. 2. (Color online) (a)–(c) Absorption images of triply de-
generate quantum gases of 41K, 40K, and 6Li, imaged after 8.12 ms,
4.06 ms, and 1 ms time-of-flight from the magnetic trap, respectively.
The final rf-knife frequency was 500 kHz above the 254.0 MHz
hyperfine transition of 41K. The white circles indicate the Fermi radius
in time-of-flight t , RF = √

2EF /m t . (d)–(f) Azimuthally averaged
column density. Solid dots: Gaussian fit to the wings of the column
density. Solid black and blue lines are Gaussian and Fermi-Dirac fits
to the entire profile. The deviation of the Gaussian fit from the data is
more pronounced for the more deeply degenerate 6Li at T/TF = 0.16
than for 40K at T/TF = 0.51. The arrows indicate the Fermi radii.
The atom numbers for 6Li, 41K, and 40K are 1.6 × 105, 1.1 × 105,
and 2.0 × 105, respectively.
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FIG. 3. (Color online) Observation of Pauli pressure and Bose
condensation in a triply quantum degenerate mixture. Shown is the
normalized release energy E/EF of each cloud vs the normalized
temperature T/TF . Bose condensation of 41K occurs at Tc/TF =
0.52, causing a sudden reduction in release energy below Tc. For
fermions, in contrast, the release energy saturates due to Pauli
pressure. Solid circles: 6Li; open circles: 40K; solid squares: 41K. Solid
lines: theory for an interacting Bose gas and a noninteracting Fermi
gas. Dashed line: Boltzmann gas. The inset shows the evolution of the
phase space density (PSD) with atom number (N) during evaporation
of 41K. Open squares: Evaporation of 41K without 6Li and 40K.

roughly the same atom number, already implies degeneracy
of the fermionic species. If T = Tc,41K, then T/TF,40K =
ω̄41K
ω̄40K

1

(6ζ (3))
1
3

≈ 0.51 and analogously, T/TF,6Li = 0.2. Taking

into account anharmonicities along the y direction for 105 6Li
atoms gives a small correction to the Fermi energy of −3.5%.
Consistent with this expectation, Thomas-Fermi fits to the
time-of-flight distributions in Fig. 2 reveal T/TF,6Li = 0.16
(N6Li = 2.0 × 105) and T/TF,40K = 0.51 (N40K = 1.1 × 104),
while T/TC,41K = 0.9. Evaporating further to obtain essen-
tially pure condensates, we achieve T/TF,6Li = 0.08 for 6Li
and T/TF,40K = 0.35 for 40K. For 6Li, the degree of degeneracy
is about four times higher than what has been achieved in [13]
with 87Rb as the coolant. For 40K, the performance is similar.

We directly observe Pauli pressure and Bose condensation
in the triply quantum degenerate mixture. For this, we
determine the 1/e width R of a Gaussian fitted to the fermionic
and bosonic distributions, and compare the release energy E ≡
1
2mR2/t2 measured after time-of-flight t to the Fermi energy,
defined for each species as EF = kBTF = h̄ω̄(6N )1/3. In Fig. 3
we show E/EF as a function of the reduced temperature T/TF .
Thermometry is provided by fitting Bose functions to the wings
of the 41K distribution. At high temperatures, E/kB simply
equals the temperature of each gas. At low temperatures, the
release energy of a trapped Fermi gas saturates due to Pauli
pressure [6,7], while for a Bose cloud E is suddenly reduced
as a condensate forms [38].

The inset in Fig. 3 shows the phase space density (PSD)
of each atom cloud vs atom number N during sympathetic
cooling. The efficiency of evaporation is measured by � ≡
−d ln(PSD)/d ln(N ). Thanks to the small fermion number,
the evaporation efficiency for 41K is similar with and without
load, � ≈ 3 [36]. The near-vertical slope of PSD vs N for the

TABLE I. Observed interspecies Feshbach resonances between
6Li-41K and 40K-41K atoms. The width of the resonance, �Bexp, is
determined by a phenomenological Gaussian fit to the observed loss
feature (see, e.g., Fig. 4). For the p-wave resonance, the width was
measured at T = 8 μK.

Mixture B0 (G) �Bexp (G) Resonance Type

6Li | 1/2,1/2〉41K| 1,1〉 31.9 0.2 s wave [39]
6Li | 1/2,1/2〉41K| 1,1〉 335.8 1.1 s wave [39]
40K | 9/2,9/2〉41K| 1,1〉 472.6 0.2 s wave [40]
40K | 9/2,9/2〉41K| 1,1〉 432.9 2.5 p wave [40]
40K | 9/2,9/2〉41K| 1,1〉 542.7 12 s wave [40]

fermionic species demonstrates efficient sympathetic cooling
by 41K with � = 12 (15) for 6Li (40K).

We now turn to the creation of strongly interacting quantum
mixtures. For this, atoms are loaded after evaporation into
an optical dipole trap formed by two crossed laser beams of
wavelength 1064 nm, each focused to a waist of 100 μm at
7 W of power. For the study of 6Li-41K Feshbach resonances,
atoms of both species are transferred into the hyperfine ground
state via a Landau-Zener sweep of the bias magnetic field
in the presence of 261.3 MHz and 234.2 MHz rf radiation.
For 40K-41K, only 41K is transferred into the ground state.
This mixture is stable against spin-changing collisions due
to the inverted hyperfine structure and the large nuclear spin
of 40K. Feshbach resonances are detected via atom loss from
three-body collisions, after a fixed wait time, as a function of
magnetic field. A list of observed resonances is given in Table I.

We observe a wide Feshbach resonance in collisions of
40K in state |9/2,9/2〉 with 41K in state |1,1〉 at 543 G
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FIG. 4. (Color online) Observation of a wide Feshbach resonance
in the isotopic Bose-Fermi mixture of 41K-40K. (a) The atom
loss feature vs magnetic field is centered at B0 = 542.7 ± 0.5 G.
(b) Absorption images of the Bose and Fermi clouds after time of
flight. The 40K image was scaled by the ratio of expansion factors of
the Bose and Fermi cloud, the images thus approximately illustrate
the in-trap density distribution. The white rim indicates the Fermi
radius. (c) and (d) Atom number and reduced temperature T/TF

vs wait time at the Feshbach resonance. Circles: 40K; squares: 41K.
Dashed line: Bose-Einstein Condensate threshold Tc/TF = 0.52.
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[Fig. 4(a)]. This resonance is theoretically predicted [40] to
occur at B0 = 541.5 G with a width of �B = 52 G, defined
via the scattering length a = abg[1 − �B/(B − B0)], where
abg = 65a0 is the background scattering length in the vicinity
of the resonance. This isotopic Bose-Fermi mixture with
essentially no gravitational sag and wide tunability of its in-
teraction strength is very promising for controlled many-body
experiments, where the only relevant difference between the
two atoms is that of quantum statistics. Figure 4(b) shows the
immersion of a Bose-Einstein condensate of 41K into a Fermi
sea of 40K with resonant interactions. The condensate survives
for about 5 ms, and the remaining thermal atoms decay with
a 1/e lifetime of 25 ms at initial densities 1 (3) × 1012 cm−3

for 40K (41K). Our initial temperatures are low enough, and
the condensate lifetime long enough so that polarons should
form [29,30]. At the rim of the condensate, where bosons are
the minority, bosons are dressed into Fermi polarons, possibly
yielding a Fermi polaron condensate [30]. The formation time
of such a dressed quasiparticle state should be on the order
of h̄/EB ∼ 1 ms, where EB = 0.6EF,40K is the polaron energy
[22]. In the center of the gas, where fermions are the minority,
they can be expected to be dressed by the Bose condensate.
It will be intriguing to perform local rf spectroscopy on
this unconventional state of polaronic matter and to directly
demonstrate dressing of fermionic and bosonic impurities [22].

In conclusion, we have observed triply degenerate quantum
gases of 41K, 40K, and 6Li, through sympathetic cooling of
the fermionic species by the boson 41K. In the Bose-Fermi
mixtures of 6Li-41K and 41K-40K, five interspecies Feshbach
resonances are detected, with s- and p-wave character. The
isotopic potassium gas could become a pristine model system
for strongly interacting Bose-Fermi mixtures, for example,
for the study of polarons [22,27], observation of polaron
condensation, and universal transport of mixtures with unlike
statistics [20]. The doubly degenerate 40K-6Li Fermi-Fermi
mixture holds promise for the observation of fermionic super-
fluidity and Cooper pairing between unlike fermions. Imposing
species-dependent optical potentials on mixtures will allow the
study of systems with mixed dimensionality [41] and impurity
physics such as Anderson localization [42] and the interaction
of localized impurities with fermionic superfluids [43].
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We have created a quantum degenerate Bose-Fermi mixture of 23Na and 40K with widely tunable interactions
via broad interspecies Feshbach resonances. Over 30 Feshbach resonances between 23Na and 40K were identified,
including p-wave multiplet resonances. The large and negative triplet background scattering length between 23Na
and 40K causes a sharp enhancement of the fermion density in the presence of a Bose condensate. As explained via
the asymptotic bound-state model, this strong background scattering leads to wide Feshbach resonances observed
at low magnetic fields. Our work opens up the prospect to create chemically stable, fermionic ground-state
molecules of 23Na-40K, where strong, long-range dipolar interactions would set the dominant energy scale.
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Ultracold quantum gases realize paradigms of condensed-
matter physics in pristine fashion, such as the superfluid
to Mott insulator transition [1], the BEC-BCS crossover in
fermionic superfluids [2,3], and the Berezinskii-Kosterlitz-
Thouless transition in two-dimensional Bose gases [4]. A
plethora of novel many-body systems may become accessible
through the advent of quantum mixtures of different atomic
species. In particular, Bose-Fermi mixtures with widely
tunable interactions should reveal boson-mediated interactions
between fermions and possibly boson-induced p-wave super-
fluidity [5,6]. The fate of impurities in a Fermi sea [7] or a Bose
condensate [8–10] can be studied, and new quantum phases of
matter are predicted in optical lattices [11]. Furthermore, the
creation of fermionic ground-state molecules starting from a
degenerate Bose-Fermi mixture opens up an intriguing avenue
of research, as this results in a Fermi gas with long-range,
anisotropic dipole-dipole interactions [12]. Since the first
degenerate Bose-Fermi mixture of different atomic species,
23Na and 6Li [13], a variety of such systems has been realized
[8,14–23]. However, so far only one mixture, 87Rb-40K, has
allowed tunability of interspecies interactions with relative
ease by means of a moderately wide (�B ≈ 3 G) Feshbach
resonance [24], and only in this case fermionic Feshbach
molecules have successfully been produced [25,26].

In this Rapid Communication, we report on the experimen-
tal realization of a unique Bose-Fermi mixture of 23Na and
40K and the observation of over 30 s- and p-wave Feshbach
resonances at low magnetic fields. We demonstrate that 23Na
is an efficient coolant for sympathetic cooling of 40K. A
pattern of wide s-wave resonances exists for most of the
energetically stable hyperfine combinations, the widest being
located at 138 G with a width of about 30 G in the 23Na|F = 1,

mF = 1〉 + 40K|F = 9/2,mF = −5/2〉 hyperfine configura-
tion. We also observe p-wave multiplet resonances that
are resolved thanks to their location at low magnetic
fields.

In the singlet rovibrational ground state, the NaK molecule
is known to have a large permanent electric dipole moment of

2.72(6) D [27,28], five times larger than that of KRb [12], and is
predicted to be chemically stable against atom-atom exchange
reactions [29], in contrast to KRb [30]. An ultracold gas of
fermionic ground-state molecules of NaK will thus be an ideal
system for the study of Fermi gases with strong, long-range
dipolar interactions. Indeed, the interaction energy here can be
expected to be on the order of the Fermi energy.

The experimental setup is based on the apparatus presented
in Ref. [8], which employs two independent Zeeman slowers
capable of simultaneously loading sodium and potassium
atoms directly into a UHV chamber. The potassium slower

μ μ

μ μ

FIG. 1. (Color online) Simultaneous quantum degeneracy of 23Na
and 40K atoms. (a) and (b), and (d) and (e) are pairs of time-of-flight
(TOF) absorption images of a 23Na BEC and a 40K Fermi cloud
with different atom number balance. A strong attractive interaction
between the two species is observed in (e) as a sharp increase of
the central density in the fermionic cloud in the presence of a Bose
condensate. (c) and (f) are the center-sliced column density of the
fermionic clouds of (b) and (e), respectively. TOF was (a) 11 ms,
(b) 7 ms, (d) 17 ms, and (e) 5 ms. Atom numbers are (a) 2.4 × 105,
(b) 2 × 105, (d) 8.2 × 105, and (e) 6.7 × 104.
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selectively decelerates the 40K isotope, loading 107 atoms into
a magneto-optical trap (MOT) in 10 s. For 23Na, we use a
dark spot MOT [31], which allows us to load approximately
109 atoms in 2 s.

Multispecies experiments can suffer from atom losses due
to light-assisted collisions in the MOT and spin-changing
collisions in the magnetic trap. In order to minimize such
losses, we developed a shelving technique where 23Na is first
loaded into the MOT, optically pumped to the |2,2〉 stretched
state, and captured in the magnetic trap. Next, the trap gradient
is reduced to 7.7 G/cm to only support the stretched state
of 23Na against gravity. With this gradient left on, and the
23Na thus “shelved in the dark” in a purely magnetic trap,
finally the MOT and slower beams for 40K are switched
on to load the 40K MOT. This scheme guarantees that only
23Na atoms in the |2,2〉 state are present in the magnetic
trap before loading 40K, and it also potentially reduces light-
assisted collisions that would be encountered in a double-
species MOT.

Once both species are loaded into the optically plugged
magnetic trap [8], the mixture is cooled for 7 s by rf-induced
evaporation of 23Na, where thermally excited 23Na atoms in the
|2,2〉 state are removed from the trap by coupling to the high-
field seeking state of |1,1〉. We decompress the initial magnetic
gradient of 220 G/cm to 27.5 G/cm at the end of evaporation
to reduce three-body losses. The 5-μK cold mixture is then
loaded into a crossed optical dipole trap (laser wavelength
1064 nm, maximum power 4.7 and 17 W, waist 73 and
135 μm).

At this stage, the 1/e lifetime of the mixture, with 23Na and
40K still in their stretched states, is about τ = 250 ms, already
signaling a strong attractive interaction increasing three-body
losses and spin-changing dipolar losses. We thus immediately
transfer 23Na atoms into their hyperfine ground state |1,1〉 via a
Landau-Zener sweep, and remove any remaining |2,2〉 atoms
via a resonant light pulse. In the 23Na|1,1〉 + 40K|9/2,9/2〉
state, the mixture now lives for τ = 20 s. The gas is further
evaporatively cooled in this spin mixture for 2 s by reducing
the intensity of the dipole trap beams.

At the end of evaporation, a degenerate Fermi gas of
40K with 2 × 105 atoms and T/TF = 0.6 coexists with a
Bose-Einstein condensate of 23Na. Two sets of absorption
images of the mixture for different values of 23Na and 40K
atom numbers are shown in Fig. 1, where atom numbers
are varied by changing the MOT loading times of the two
species. The strong attractive interaction between 23Na and
40K in the 23Na|1,1〉 + 40K|9/2,9/2〉 state is apparent. As the
condensate grows, the fermionic cloud acquires a bimodal
density distribution as it experiences the strong mean-field
potential of the bosons [25]—see Fig. 1(e).

The evolution of the phase space densities (PSDs) and atom
numbers N of both species during evaporation is shown in
Fig. 2 . Temperature is determined by fitting a thermal profile
to the wings of the 23Na cloud. The cooling efficiency � =
−d ln(PSD)/d ln(N ) for sodium in the magnetic trap is �Na =
2.7, a rather high value thanks to the steep confinement in the
plugged trap. This efficiency is not affected by the presence
of the relatively small admixture of 40K. Sympathetic cooling
is less efficient than in other mixtures [8,32] as 40K is seen to
be lost due to three-body collisions in the magnetic trap. We
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FIG. 2. (Color online) Evolution of the phase space density (PSD)
with atom number (N ). Blue circles: 40K; red squares: 23Na with 40K;
green diamonds: 23Na alone. Open and solid symbols represent the
PSD in the magnetic trap and optical trap, respectively.

find �K = 4.6 for 40K. In the crossed optical dipole trap, with
sodium in |1,1〉, the sodium cooling becomes less efficient due
to the weaker confinement, �Na = 0.9, but the 40K number
is essentially conserved in this mixture so that sympathetic
cooling is highly efficient, with �K = 15.3. The lowest T/TF

achieved for 40K after evaporating all of 23Na is T/TF = 0.35
with 3 × 105 atoms.

With this degenerate Bose-Fermi mixture at our disposal,
the natural next step is to search for interspecies Feshbach
resonances between 23Na and 40K. There have been theoretical
indications for resonances below 100 G [34]. In addition,
a large and negative triplet scattering length was predicted
in Ref. [35], a value that has recently been refined to at =
−575+191

−532 [34], indicating that the triplet potential has an
almost bound, virtual state right above threshold. A large
background scattering length is often a catalyst for wide
Feshbach resonances [36], caused by strong coupling of
molecular states to the almost resonant open channel. A
famous example is the 300-G-wide Feshbach resonance in
6Li [37].

We performed Feshbach loss spectroscopy, mapping out
atom losses of both species as a function of magnetic field.
Over 30 Feshbach resonances were observed in four different
spin state combinations of 23Na|1,1〉 + 40K|9/2,mF 〉, from the
ground spin state mF = −9/2 up to mF = −3/2. Spin states
of 40K are prepared starting from mF = +9/2 by a single
Landau-Zener sweep through the intermediate mF states at
15 G. The experimentally observed resonance positions and
widths are reported in Table I. Many wide s-wave Feshbach
resonances at low magnetic fields are identified, the widest one
at 138 G for collisions between 23Na|1,1〉 + 40K|9/2, − 5/2〉,
with a width of 30 G—see Fig. 3.

p-wave Feshbach resonances are known to split into a
doublet structure due to different projections of the orbital
angular momentum onto the magnetic field axis [38]. In
the NaK system, however, we observe triplet features for
many p-wave resonances—see Fig. 4. These originate from
the magnetic dipole-dipole interaction of constituent atoms,
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TABLE I. Data summary on the Feshbach resonances between 23Na in |1,1〉 and 40K in |9/2,mF 〉. The positions and widths of the

resonances, Bexpt
0 and �Bexpt, are determined by phenomenological Gaussian fits (∝e−(B−B

expt
0 )2/�B2

expt ) to the observed loss features. For p-wave
resonances, we report the positions and widths of the resolved features, i.e., doublets and multiplets. B th

0 and �Bth give the theoretical positions
and widths from the ABM model.

Collision channel B
expt
0 (G) �Bexpt (G) B th

0 (G) �Bth (G) Resonance type

23Na|1,1〉 + 40K|9/2, −9/2〉 6.35, 6.41, 6.47, 6.68 0.02 7.2 p

19.12, 19.18, 19.27 0.02 18.3 p

78.3 1.1 75.5 1.1 s

88.2 4.3 84.5 5.4 s
23Na|1,1〉 + 40K|9/2, −7/2〉 7.32, 7.54 0.2, 0.03 8.7 p

23.19, 23.29 0.05, 0.05 22.1 p

81.6 0.2 82.1 0.04 s

89.8 1.1 87.3 0.6 s

108.6 6.6 105.7 13.1 s
23Na|1,1〉 + 40K|9/2, −5/2〉 9.23, 9.60 0.14, 0.11 11.0 p

29.19, 29.45, 29.52 0.04 27.8 p

96.5 0.5 97.2 0.04 s

106.9 1.8 103.8 0.45 s

148 (138a) 37 (30a) 137.1 26 s
23Na|1,1〉 + 40K|9/2, −3/2〉 12.51, 12.68 0.16, 0.06 14.8 p

39.39, 39.86 0.15, 0.14 37.2 p

116.9 0.5 118.3 0.07 s

129.5 4.6 127.2 0.39 s

175 20 187.8 50.5 s

aThe resonance position and width have been refined by measuring the molecular binding energies via rf spectroscopy [33].

which couple molecular states with different total internal
spin. The diagonal terms of the magnetic dipole-dipole
interaction induce an energy shift that differs for the ml = 0
and |ml| = 1 quantum numbers, giving rise to the well-known
doublet structures. The off-diagonal terms in the dipole-dipole
interaction couple different values of ml while conserving
the total angular momentum ml + MF , where MF = mF,K +
mF,Na. These terms are in most mixtures negligible since
molecular states with different values of MF have to be nearly
degenerate to result in a significant energy shift. However,
due to the low-field nature of the NaK p-wave resonances,
multiple molecular states are nearly degenerate with the
open-channel spin state, allowing for the triplet structure to be
resolved.

The assignment of s- and p-wave characters of the
resonances follows from a simple, but powerful model of the
molecular states involved. The singlet and triplet potentials
of the interatomic potential allow for a variety of bound
states. From the known scattering length [34] and the van
der Waals coefficient C6 [39], the weakest s-wave bound
states are expected at about Es

s = −150(10) MHz and Es
t =

−1625(50) MHz for the singlet and triplet s-wave potentials,
where the errors reflect uncertainties of the scattering lengths
from Ref. [34]. The p-wave bound states follow from the
s-wave bound states as in Ref. [40] and are slightly adjusted
to fit the observed resonance positions. As described in
Refs. [41,42], as a first guess for locations of Feshbach
resonances one can neglect the part of the hyperfine interaction
that couples singlet and triplet bound states. This already
provides the pattern of Feshbach resonances as positions
where these (uncoupled) molecular states cross the atomic

(open-channel) threshold. The analysis shows that the ob-
served resonances are caused by the triplet bound states.
Next, we use the asymptotic bound-state model (ABM) to
include the singlet-triplet coupling of molecular states [43].
To couple the molecular states to the open channel, we follow
Marcelis et al. [36] and only include the effect of the virtual
state causing the large and negative triplet scattering length.
The spin part of the coupling matrix element is obtained
from the ABM Hamiltonian and the spatial part, i.e., the
wave-function overlap between the respective bound state and
the virtual state, is taken as one free fit parameter. For the
background scattering length of the low-field resonances the
effect of broad resonances is included. The virtual state causes
strong coupling of several s-wave molecular states to the open
channel, leading to wide, open-channel-dominated resonances
as known from the case of 6Li. The theoretical values obtained
with this model are shown in Table I. An exceptionally broad
resonance for mF = −3/2 is predicted to be even wider and
to be shifted further, possibly hinting at a shift between the
loss maximum and the actual Feshbach resonance position.
Our approach leads to a refined triplet bound-state energy of
Es

t = −1654(3) MHz and E
p
t = −1478(7) MHz, and using

the long-range potential from Ref. [34], we obtain a refined
value of the triplet scattering length of at = −830(70)a0.
The errors correspond to one standard deviation of a least-
squares fit to the eight narrowest s-wave resonances that
are least sensitive to the coupling to the scattering states
and hence the error induced by the ABM is expected to be
small [43].

In conclusion, we have produced a degenerate Bose-Fermi
mixture of 23Na and 40K, and identified over 30 s- and
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FIG. 3. (Color online) Feshbach resonances in 23Na-40K, here
for 23Na|1,1〉 + 40K|9/2,−5/2〉 collisions. (a) Scattering length from
the ABM model. (b) Open-channel threshold energy (black solid
line), uncoupled (s-wave: dashed lines; p-wave: light blue/light
gray lines) and coupled molecular states (s-wave: red/gray solid
lines; p-wave: blue/dark gray solid lines). The blue dots denote
experimentally measured resonances. The inset shows the energy,
relative to threshold, of the molecular state at the wide s-wave
resonance at 138 G [33]. (c) Experimental loss spectra of 40K in
the presence of 23Na. Three s-wave resonances and two p-wave
manifolds are found, the latter resolved in one doublet and one
triplet.

p-wave interspecies Feshbach resonances, including several
exceptionally broad resonances. Remarkably, many p-wave
Feshbach resonances are observed to be triplets or even
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FIG. 4. (Color online) Triplet structure of the p-wave resonance
at 19.1 G for the 23Na|1,1〉 + 40K|9/2, − 9/2〉 spin configuration. A
phenomenological triple Gaussian fit is applied as a guide to the eyes.

multiplets. Our strongly interacting 23Na-40K mixture near
these Feshbach resonances should allow the study of Bose or
Fermi polarons [7], of boson-mediated interactions between
fermions, and possibly of unique states of matter in optical
lattices. The formation of fermionic Feshbach molecules is
within reach. In the rovibrational ground state, NaK molecules
possess a large induced electric dipole moment and are stable
against exchange reactions. One can thus hope to create
a Fermi gas of polar molecules with strong dipole-dipole
interactions that dominate the many-body physics of the gas,
rather than being a small perturbative effect.
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Phys. Rev. Lett. 96, 180402 (2006).

[19] T. Best, S. Will, U. Schneider, L. Hackermüller, D. van Oosten,
I. Bloch, and D. S. Lühmann, Phys. Rev. Lett. 102, 030408
(2009).

[20] C. Silber, S. Günther, C. Marzok, B. Deh, P. W. Courteille, and
C. Zimmermann, Phys. Rev. Lett. 95, 170408 (2005).

[21] M. Taglieber, A. C. Voigt, T. Aoki, T. W. Hänsch, and
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We report on the formation of ultracold weakly bound Feshbach molecules of 23Na40K, the first

fermionic molecule that is chemically stable in its absolute ground state. The lifetime of the nearly

degenerate molecular gas exceeds 100 ms in the vicinity of the Feshbach resonance. The measured

dependence of the molecular binding energy on the magnetic field demonstrates the open-channel

character of the molecules over a wide field range and implies significant singlet admixture. This will

enable efficient transfer into the singlet vibrational ground state, resulting in a stable molecular Fermi gas

with strong dipolar interactions.
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The quest for creating and manipulating ultracold mole-
cules has seen spectacular advances over the past decade
[1,2]. They include the production of cold molecules from
laser cooled atoms [3], the formation of Feshbach mole-
cules from ultracold atomic gases [4,5], the observation of
Bose-Einstein condensates of bosonic Feshbach molecules
[6–10], and the formation of ultracold dipolar ground state
molecules [11]. Chemically stable, fermionic ground state
molecules with large electric dipole moment would allow
access to novel phases of matter in dipolar Fermi gases [2].
So far, 40K87Rb is the only fermionic ground state mole-
cule that has been produced at nearly degenerate tempera-
tures [11]. However, the gas is unstable against the
exchange reaction KRbþ KRb! K2 þ Rb2 [12].

Here we report on the production of ultracold weakly
bound fermionic molecules of 23Na40K near a broad
Feshbach resonance [13]. The NaK molecule is chemically
stable in its absolute ground state [14]. In addition, it
possesses a large induced electric dipole moment of
2.72 Debye in its singlet ground state [15], compared to
0.57Debye for KRb [11]. Therefore, fermionic ground state
molecules of NaK can form a Fermi sea with strong, long-
range anisotropic dipolar interactions, with an interaction
energy greater than 30% of the Fermi energy. The Feshbach
molecules we create provide an ideal starting point for the
formation of ground state molecules. They are nearly de-
generate and long-lived, with a lifetime exceeding 100 ms.
We demonstrate their largely open-channel character in a
widemagnetic field range. The open channel has significant
admixture of the electronic spin singlet state, thus opening
up a direct pathway towards the singlet rovibrational ground
state using stimulated rapid adiabatic passage (STIRAP) via
a singlet excited molecular state [1,11].

To form Feshbach molecules, we prepare a Bose-Fermi
mixture of 23Na and 40K with 150� 103 atoms each in a
crossed optical dipole trap as has been described previ-
ously [13,16,17]. Sodium is in its absolute hyperfine
ground state jF;mFi ¼ j1; 1i, which forms a stable mixture

with any hyperfine state of 40K in the F ¼ 9=2 lower
hyperfine manifold. Feshbach spectroscopy has revealed
a rich pattern of interspecies Feshbach resonances [13].
One particular resonance stands out due to its exceptional
width of 30 G at 140 G between j1; 1iNa and j9=2;�5=2iK
atoms. Expecting open-channel dominated molecules with
potentially long lifetimes, we use this resonance to form
fermionic Feshbach molecules.
There are several established methods to associate

Feshbach molecules [10]. For wide Feshbach resonances,
where the molecular wave function can have a large extent
and offer good overlap with two unbound atoms, a particu-
larly clean way to form molecules is via radio frequency
(rf) association [18–21]. Our approach is schematically
shown in Fig. 1(a).
Here, 23Na and 40K atoms are initially prepared in the

nonresonant hyperfine states j1; 1iNa and j9=2;�3=2iK. For
optimized phase space overlap between the two species [20],
we choose a temperature T of the mixture that is close to the
critical temperature TC for Bose-Einstein condensation of
sodium, corresponding to T=TF � 0:4 for 40K. Via a radio
frequency pulse [22] near the j9=2;�3=2iK to j9=2;�5=2iK
hyperfine transition, we then transfer the unbound 40K atoms
into the molecular bound state with sodium.
A typical rf spectrum at a magnetic field on the molecu-

lar side of the Feshbach resonance is shown in Fig. 1(a).
Two features are observed: an atomic peak near the un-
perturbed hyperfine transition, and a molecular peak aris-
ing from 40K atoms that have been rf associated into NaK
molecules. The distance between the atomic peak and the
onset of the molecular feature yields the binding energy
Eb. Direct absorption imaging of the large Feshbach mole-
cules is possible using light resonant with the atomic
transition [8,18–21]. We typically detect up to 20� 103

molecules, corresponding to a conversion efficiency of 40K
atoms into molecules of about 15%.
The atomic feature at the hyperfine transition from

j9=2;�3=2iK to j9=2;�5=2iK shows a strong mean-field
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shift towards lower frequencies, which is a direct signature
of the repulsive interactions between j1; 1iNa and
j9=2;�5=2iK atoms on the repulsive branch of the
Feshbach resonance. The free-free spectrum is directly
proportional to the number of fermions that experience a
given density of bosons. The long tail towards lower fre-
quencies is caused by a small fraction of condensed bosons
(about 10%) present in the mixture.

For accurate extraction of the molecular binding energy
Eb, the functional form of the molecular association spec-
trum is required. The line shape can be modeled via
Fermi’s golden rule as

�molð�Þ / F ðh�� EbÞpðh�� EbÞ; (1)

where F ð�Þ / ð1þ �=EbÞ�2 is the Franck-Condon factor
between the wave functions of an unbound Na-K atom pair
and a bound Feshbach molecule of binding energy Eb [24],
and pð�Þ is the probability density to find a pair of potas-
sium and sodium atoms with relative kinetic energy �.

For thermal clouds, pð�Þ ¼ �ð�Þ�3
Me

�ð�=MÞð�=kBTÞ, where
�ð�Þ is the density of states with relative kinetic energy �,

�M ¼
ffiffiffiffiffiffiffiffiffiffi
2�@2

MkBT

q
is the thermal de Broglie wavelength for an

atom pair, and M ¼ mNa þmK and � ¼ mNamK

mNaþmK
are the

total and reduced mass, respectively. The inset in Fig. 1(a)
shows a fit of this line shape, convoluted with the experi-
mental resolution, to the molecular feature, giving a bind-
ing energy of Eb ¼ h� 84ð6Þ kHz at a magnetic field of
B ¼ 129:4 G. The width reflects the initial distribution
of relative momenta between bosons and fermions and,
indeed, is found to be compatible with the temperature of
the sodium and potassium clouds.
A complementary demonstration of molecule formation

is the observation of a dissociation spectrum [25], as
shown in Fig. 1(b). To dissociate molecules, we drive the
j9=2;�5=2iK to j9=2;�7=2iK transition after rf associa-
tion of molecules. The onset of transfer is observed at
Eb=h ¼ 85ð8Þ kHz, in good agreement with the associa-
tion threshold in Fig. 1(a). We make use of molecule
dissociation in the lifetime measurements discussed below
to ensure the exclusive detection of molecules.
We have studied the molecular binding energies as a

function of magnetic field [see Fig. 2(a)]. The approxi-
mately quadratic dependence of the binding energy on
magnetic field reflects the open-channel character of the
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FIG. 1 (color online). (a) Association of fermionic Feshbach molecules. Starting with a mixture of j1; 1iNa and j9=2;�3=2iK atoms,
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molecular state over a wide field range, where the binding

energy follows the law Eb � @
2

2�ða� �aÞ2 , with �a ¼ 51a0 the

mean scattering length for NaK and aðBÞ � abgð1þ �B
B�B0

Þ
the dependence of the scattering length on magnetic field
near the resonance [5]. Since the background scattering
length abg ¼ �690þ90

�130a0 is large and negative [13,26],

the closed-channel molecular state is predominantly

coupled to a virtual state [28,29] of energy Evs ¼
@
2

2�ðabg� �aÞ ¼ kB � 11ð3Þ �K. In this case, the binding en-

ergy Eb is given by solving

Eb þ EcðBÞ �
1
2Avs

Evsð1þ
ffiffiffiffiffi
Eb
Evs

q
Þ
¼ 0: (2)

Here, EcðBÞ is the magnetic field dependent energy of the
closed-channel molecule relative to the scattering thresh-
old, known from the asymptotic bound state model [13],
and Avs is the squared magnitude of the coupling matrix
element between the closed-channel molecular state and
the virtual state [28,29]. With Avs as the only fit parameter,

we obtain excellent agreement with the data, finding Avs ¼
½h� 5:2ð6Þ MHz	2. The uncertainty in the background
scattering length translates into the shaded uncertainty
region in Fig. 2(a). The Feshbach resonance position is
found to be B0 ¼ 139:7þ2:1�1:4 G, its width (distance from
resonance to the zero crossing of the scattering length) is
�B ¼ 29ð2Þ G.
From the change of the binding energy with magnetic

field we can directly deduce the closed-channel fraction

Z ¼ @Eb
@Ec
� 1

��
@Eb
@B [5], where �� ¼ 2:4�B is the differ-

ence between the magnetic moments of the closed-channel
molecular state and the two free atoms near resonance. In
Fig. 2(b), we show the open-channel fraction 1� Z along
with the singlet admixture of the molecular state. Although
the closed-channel molecular state is a bound state in the
að1Þ3�þ triplet potential, the strong coupling to the en-
trance channel, which is 14% singlet, gives the Feshbach
molecules a mixed singlet-triplet character. This will allow
for direct two-photon coupling to the v ¼ 0, Xð1Þ1�þ
singlet rovibrational ground state via the singlet excited
Bð1Þ1� state.
To obtain an estimate for the temperature of the mole-

cules we study their time-of-flight expansion right after
association at Eb ¼ h� 84 kHz. We measure an effective
temperature (average kinetic energy) of 500 nK (see Fig. 3)
for the molecules. From their number and trapping fre-
quencies, this corresponds to a degeneracy factor of
T=TF;mol � 1:7. The molecular gas is more energetic than

the sodium and potassium bath, which has a temperature of
220 nK. This partially reflects the broader momentum
distribution of the 40K Fermi gas at T=TF � 0:4 due to
Pauli pressure. Indeed, the momentum distribution of
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molecules after rf association is a convolution of the mo-
mentum distributions of the bosonic and fermionic clouds.
At zero temperature, with bosons condensed and fermions
fully occupying the Fermi sea, molecules would inherit the
broad momentum distribution of the atomic Fermi gas. We
also observe heating of the molecular cloud in the presence
of sodium, likely due to three-body losses, that can occur
already during the association pulse.

Figure 4 shows the lifetime of molecules close to the
Feshbach resonance at a binding energy of h� 32 kHz.
With the bosonic species still present, the lifetime is about
8 ms. Considering that the bosons can resonantly scatter
with the fermions bound in the NaK molecules, this is
already an impressive lifetime. However, the bosons can
be selectively removed from the optical trap as its depth is
species selective, being more confining for NaK molecules
and 40K atoms than for 23Na. With bosons removed, the
lifetime increases significantly to 54(13) ms, and further up
to 140(40) ms at a binding energy of h� 25 kHz (see inset
in Fig. 4). The lifetime 
 is likely limited by the presence of
leftover 40K atoms in the j9=2;�3=2iK state. Their average
density is nA ¼ 1

N

R
n2d3r ¼ 1� 1012 cm�3, yielding a

loss rate of � ¼ 1
nA

¼ 8ð2Þ � 10�12 cm3=s. As was

studied in Ref. [19], the loss rate strongly depends on
whether the collision partner is distinguishable or indistin-
guishable from the constituents of the molecule. For our
case of distinguishable fermions as the collision partners,
the above loss rate is 1 order of magnitude lower than the
corresponding rate in KRb. In fact, it is still 3 times lower
than the lowest rate measured in KRb for any collision
partner [19]. Our loss rate even rivals that found for
bosonic Feshbach molecules formed in a heteronuclear
Fermi-Fermi mixture of LiK [30].

For collisions with distinguishable atoms, the molecular
loss rate is expected to decrease like � / 1=a due to the
reduced wave function overlap with lower-lying vibra-
tional states [31]. While we observe a dramatic increase
in the lifetime with scattering length for a & 2300a0 (bind-
ing energies Eb * h� 25 kHz), the lifetime decreases
again for even larger scattering lengths, possibly due to
thermal dissociation when the binding energy becomes
comparable to the temperature.
In conclusion, we have created ultracold fermionic

Feshbach molecules of 23Na40K, a molecule that is chemi-
cally stable in its absolute vibrational ground state. The
molecular gas is formed close to degeneracy and is found
to be long-lived near the Feshbach resonance. As revealed
by the binding energy measurements, the Feshbach mole-
cules are open-channel dominated over a wide magnetic
field range, where they possess significant singlet charac-
ter. These are ideal starting conditions for a two-photon
transfer into the singlet rovibrational ground state [11].
Combined with the large induced dipole moment of
2.72 Debye, NaK presents us with a unique opportunity
to create a stable, strongly dipolar Fermi gas with domi-
nating long-range anisotropic interactions.
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[88] M. Landini, S. Roy, L. Carcagńı, D. Trypogeorgos, M. Fattori, M. Inguscio, and
G. Modugno. Sub-doppler laser cooling of potassium atoms. Physical Review
A, 84(4):043432, 2011.

[89] M. Landini, S. Roy, G. Roati, A. Simoni, M. Inguscio, G. Modugno, and M. Fat-
tori. Direct evaporative cooling of 39K atoms to Bose-Einstein condensation.
Physical Review A, 86(3):033421, 2012.

[90] T. Kishimoto, J. Kobayashi, K. Noda, K. Aikawa, M. Ueda, and S. Inouye.
Direct evaporative cooling of 41K into a Bose-Einstein condensate. Physical
Review A, 79(3):031602, 2009.

[91] D. S. Durfee. Dynamic Properties of Dilute Bose-Einstein Condensates. Ph.D.
thesis, 1999.

[92] G. S. Williams and A. Hazen. Hydraulic tables: showing the loss of head due to
the friction of water flowing in pipes, aqueducts, sewers, etc. and the discharge
over weirs. J. Wiley, 1905.

[93] W. Lenth G. C. Bjorklund, M. D. Levenson and C. Ortiz. Frequency modulation
(FM) spectroscopy. Applied Physics B, 32(3):145–152, 1983.

[94] Ibon Santiago. LiNaK: Multi-Species Apparatus for the Study of Ultracold
Quantum Degenerate Mixtures. M.S., Massachusetts Institute of Technology,
2012.

[95] Immanuel Bloch, Markus Greiner, Olaf Mandel, Theodor W. Hänsch, and
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