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Abstract

Quantum gas nowadays is one of the hottest research frontiers in physics. 23Na
and 8Rb, the first two Bose-condensed atomic species, have been both intensively
studied. Their ultracold mixture, which has been investigated a lot theoretically,
is studied experimentally for the first time in our lab. In this thesis, I would like
to present two distinct experimental projects with this mixture.

In the first part, the successful creation of an ultracold sample of absolute
ground-state polar 2*Na®"Rb molecules are described. Pure samples of weakly
bound #Na® Rb molecules are obtained from an atomic mixture with the help of
a s-wave Feshbach resonance. Starting from them, we have explored the excited-
state molecular structures, which are one of the main results in this thesis. We also
demonstrated the transfer from the Feshbach state to the absolute ground state
via a stimulated Raman adiabatic passage (STIRAP) and then we characterized
those interesting molecules.

The second project concerns the first investigation of the coherent nature of
spin-exchange collisions in a heteronuclear spin system. Specifically, we have ob-
served the coherent heteronuclear spin-mixing dynamics with a mixture of a 23Na
condensate and a 8"Rb thermal gas. We have measured the magnetic-field de-
pendence of this dynamics and identified a resonant feature. To understand the
observed phenomenon, we have developed a theory based on the Gross-Pitaevskii
equation (GPE) for the condensate and a Boltzmann transport equation for the
thermal gas. We have also demonstrated a unique tool to tune the dynamics in

the spinor mixture with species- and state-dependent light shifts.
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Chapter 1

Introduction

Bose-Einstein Condensation, a macroscopic quantum phenomenon predicted in
1925 by Albert Einstein, was first realized with the ultracold dilute atomic gases
in 1995 [1-3]. These landmark experiments led to the Nobel Prize in physics shared
by Wolfgang Ketterle, Eric A. Cornell and Carl Wieman in 2001. Since the birth of
the Bose-Einstein condensate (BEC), the field of quantum gas has been explosively
developed and it makes connections with many other areas of physics. Quantum
simulations of fundamental models and concepts in condensed matter and high
energy physics have been extensively reviewed in Ref. [1] and Ref. [5] respectively.
So far with quantum gases, quite a few experiments have been carried out, such as
the synthetic spin-orbit coupling reviewed in Refs. [6—], Bose-Hubbard model [9,
|, Fermi-Hubbard model [I 1] and even the topological Haldane model [12] which
is impossible in condensed matter systems. Linking between cold atom physics and
astrophysics has been discussed in [13]. Beyond understanding the fundamental
problems, quantum gases are also excellent platforms to achieve the high-precision
quantum metrology [14]. With their long coherence time and high controllability,
cold atoms have been widely used to perform precision measurements beyond the
classic limit, for example using atom interferometers to measure the fundamental
physical constants like the gravitational constant [15] and fine structure constant
[16].
These exciting progresses are only possible with the rapid developments of

several essential techniques. The basic technique is the standard laser cooling
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and trapping method which makes the Nobel prize in physics awarded to Steven
Chu, Claude Cohen-Tonnoudji and William D. Phillips in 1997. It brings the
temperature of atomic clouds from the room temperature to the ultracold regime
lower than tens of microkelvin (uK). In this regime, the collisions between two
atoms are dominated by the lowest partial waves, typically s-wave for bosons or
distinguishable atoms and p-wave for fermions. Furthermore, we can tune the
two-body interactions at arbitrary strengths with the help of Feshbach resonances
[17=19], which T think may be the most influential technique. This unique tool,
which cannot be found in other physical systems, makes the extensive applications
of the quantum gases possible [20]. Another important technique is the optical
lattice which is a periodic trap potential formed by standing waves of laser light
[21]. The atoms or molecules loaded into optical lattices can mimic the electrons
in solid crystal lattices and due to the well-controlled degrees of freedoms they are
ideal for simulating the condensed-matter systems [1], discovering exotic quantum
states [22], realizing the quantum computing [23-26] and so on. These essential
techniques, together with other helpful ones, give us the opportunity to explore
the quantum physics with dilute ultracold gases.

Among the numerous things we could do with quantum gases, exploring the
mixtures of atoms interests us most. Naturally we expect that mixtures would give
us the possibility to study new physics which is not present in the single-component
quantum gases. Actually, it has been thought long before in the liquid-helium
systems [27, 28] and now it is revolutionized with atomic quantum gases. The
mixture of two spin-1 bosons, which is one of the main topics in this thesis, is
served as a nice example. In the section 1.1 we would simply mention the various
applications of atomic mixtures.

One the other hand, instead of working with multi-component atomic gases,
we are also interested in quantum gases of molecules regarding their more com-
plex constituents. In this thesis I would limit my discussions within the case of
diatomic molecules, with which already lots of new physics could be investigated.
If molecules are composed of two heteronuclear atoms, they would be more attrac-
tive than the homonuclear ones. The reason is that they belong to the so-called
polar molcules, where permanent dipole moments allow them to be polarized by an
external electric field. This helps us play with tunable long-range and anisotropic
interactions, which will be one of the protagonists at the frontier of quantum gas

research for many years. Stimulated by the various possibilities with ultracold po-
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lar molecules, we have created an ultracold sample of absolute ground-state polar

ZNaf"Rb molecules, which is the most import result presented in this thesis.

1.1 Atomic Quantum Gas Mixture

Liquid helium systems were the only macroscopic examples of mixtures of matters
exhibiting quantum effects for a long time. In He3-He4 mixtures the strong inter-
actions between helium isotopes limit the maximum fraction of 3He and make the
theoretical analysis challenging [29]. The situation was renewed by the first demon-
stration of a quantum-gas mixture with two hyperfine states of 8"Rb atoms [30].
Such mixtures are quickly extended to systems covering Fermi-Fermi (FF) [31,32],
Bose-Fermi (BF) [33-36] and Bose-Bose (BB) [37-12] mixtures of different isotopes
of the same element, or of two different elements.

FF mixtures of two different hyperfine states can be mapped to the spin-1/2
systems which play a crucial rule in condensed matter physics. They are ideal
systems to study topics such as the BCS-BEC crossover [13—17], superfluidity with
population imbalance [18] and new exotic quantum states like the Fulde-Ferrell-
Larkin-Ovchinnikov (FFLO) state [19,50]. On the other hand, FF mixtures of
different atomic species provide unique analogies to several many-body systems
for the existing of the mass difference, for examples see Ref. [01].

BF mixtures are interesting mainly because of the presence of both Bose-
Einstein and Fermi-Dirac statistics. Unlike the mixtures of *He and *He, such
mixtures with dilute atomic gases provide simple but intriguing scenarios to ex-
plore the BCS-like fermionic superfludity [52], phase separation [53,51] and Bose or
Fermi polarons [55,560]. Loaded into an optical lattice, BF mixtures are promising
for the observation of the exotic supersolid state [57-59]. Recently, the spinor BF
mixtures are proposed to realize spontaneous quantum Hall effect [60] and control
non-abelian emergent gauge potentials [(1].

We are most interested in BB mixtures for their unique properties and rich
applications. The first paper concerning the binary BECs predicted that they
have a great variety of possible ground states and excitations by only varying the
particle numbers [62]. The spatial distribution of the ground state of a trapped
binary BEC could be miscible or immiscible due to the competition between the

inter- and intra-component interactions [63]. A quantum phase transition between



CHAPTER 1. INTRODUCTION 4

these two phases has been studied a lot both theoretically [61-67] and experimen-
tally [39,42,68,69]. However, it is still of experimental challenging to realize many
theoretical proposals with trapped binary BECs, for example, measuring the col-
lective modes [70, 71], observing the turbulence in the hydrodynamic regime [72]
and quantitatively testing the Kibble-Zurek scaling [67]. BB mixtures are also
important to investigate the impurities immersed in a bosonic environment, an-
other example of Bose polarons [73]. Mixtures of bosonic spinor gases may find
applications in creating two entangled BECs [71], simulating complicated spin
systems and realizing the bosonic Kondo model. Besides the above applications

in the bulk samples, the loading of BB mixtures into optical lattices has opened

the door of studying the multi-component Bose-Hubbard model [75, 76], multi-
particle entanglement [77, 78], super-exchange interactions [79], and spin-gradient
thermometry [30].

All of above applications focus on the interplay between different components
of the mixtures. The possibility that we can produce an ultracold molecular gas
from the ultracold atomic mixtures is another driving force of the more and more

explorations of them.

1.2 Ultracold Polar Molecule

Interactions play the most important role in the understanding of nature, from
the elementary particles in the Standard Model to stars in the universe. This is
also true in quantum gases and engineering the interactions is the most powerful
tool in our community. The contact interactions encountered most in atomic gases
are short-range and isotropic and other types of interactions have been pursued
intensively in last two decades. Dipole-dipole interaction (DDI) (see Appendix
A1 for detailed introduction), which is one of the most promising candidates, is
long-range and anisotropic. The physics with dipolar quantum gases has been
reviewed in [81-83], which can be realized with magnetic atoms, Rydberg atoms
and ultracold polar molecules (UPMs).

With quantum gases of highly magnetic atoms, the efforts of experimentalists
have led to observations of the anisotropic expansion [34] and directional stabil-
ity [35] of a BEC, Fermi surface deformation [36], nonequilibrium quantum mag-

netism [87], and chaotic scattering [38]. Although stunning influences of DDI in
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magnetic atoms have been observed, they are typically smaller, or at most the same
order as the contact interactions. Due to the much stronger electrical DDI, it can
dominate with highly excited Rydberg atoms and UPMs. Resonant dipolar inter-
actions between Rydberg atoms have been demonstrated experimentally in cold
Rydberg gases [389,90]. The dipole blockade, caused by the DDI-induced energy
shifts, is the suppression of Rydberg excitations neighbouring an existing Rydberg
atom. Experiments have been carried out with two independently trapped atoms
to observe this effect [91,92]. However, the lifetime of a dense Rydberg gas is quite
short due to the avalanche ionization [93].

The advantages of relative large DDIs and long lifetimes with quantum gases
of UPMs, combined with other unique properties and some necessary techniques,
make their extensive applications possible. The various aspects of cold and ul-
tracold molecules have been reviewed in Ref. [91]. Roughly new physics with the
studying on UPMs can be divided into three fields: ultracold chemistry, precision
measurement and the many-body physics.

The rates of inelastic processes and chemical reactions are dramatically modi-
fied by the particle statistics, the inter-particle interactions and the dimensionality.
The Bose-enhanced chemistry has been investigated theoretically in Ref. [95]. The
study of molecular loss rates with different particle statistics has been realized by
controlling the quantum state of a °K®"Rb molecular gas [96]. With DC or AC
electromagnetic (EM) fields we can study the controlled chemistry, which has been
described in detail in Ref. [97]. The DC electric fields are utilized to induce the
DDI among polar molecules which would change the various collision processes
significantly. For example the dipolar collisions between two “°K8"Rb molecules
have been studied in Ref. [98]. AC EM fields could be used to control the dimen-
sionality which has been proven to be a power knob to tune the inelastic rates
in Ref. [99].The combination of both the DC and AC EM fields are also quite
interesting [100].

The UPM prepared in a single quantum state may provide the most accurate
measurements where the shot-noise limit is decreased due to the increased occu-
pation number and coherence time [94]. The complex molecular structures could
be utilized to set the frequency benchmarks ranging from the microwave domain
to the visible one. It is also useful in testing possible time variations of some
fundamental constants [101].

The applications in many-body physics could be discussed separately accord-
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ing to the trap potentials. Most of the existing literatures exploring quantum
gases of polar molecules focus on the dramatic effects induced by the DDI, espe-
cially the understanding of the dipolar Bose gas [$1]. The possibility that tuning
the BEC from the contact interaction dominated regime to the strongly dipolar
regime stimulates many theoretical and experimental efforts [91]. Beyond the har-
monically trapped bulk samples, the UPMs in optical lattices also attract lots of
attentions. A minimal model describing quantum lattice physics is the Hubbard
model. Within this model, the phase digram of a dipolar Bose gas is predicted to
be the same as that of the extended Bose Hubbard model [102], where Mott in-
sulator, checkerboard insulator, superfluid, supersolid and collapse phase could be
observed. The simplest Hamiltonian for lattice-confined polar molecules has been

derived in Ref. [103] where the dynamical phase transitions are also included.

1.3 Spinor Gas

The study of the interplay between superfluidity and magnetic ordering has a long
history in condensed matter system, especially in superconductors. In the conven-
tional superconductors explained by the Bardeen-Schrieffer-Cooper (BCS) theory,
very low concentration of a magnetic impurity could suppress the superconduct-
ing state [1041]. For the high-transition temperature (high-7,) superconductors like
copper oxides and iron-based superconductors, the antiferromagnetic order maybe
play a important role in accounting for the high-T, [105, 106]. Quantum gases with
their internal degrees of freedom liberated, are ideal platforms to study the physics

simultaneously associated with superfluidity and magnetism.

1.3.1 Single-species Spinor Gas

One profound system is the bosonic spinor gas realized in optical dipole traps
[107-109], where different sub-levels of a hyperfine manifold experience a common
external trapping potential. Spin domains, spin-mixing dynamics and spin tex-
tures are there most interesting phenomena proposed theoretically and observed
experimentally with bosonic spinor gases, which have been intensively reviewed
in Refs. [110,111]. Spin mixing has also been demonstrated with fermionic atoms

recently [112].
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The phase diagram as well as the dynamical properties are mainly determined
by the spin-dependent binary interactions. In a spin-1 BEC, it is well-known that
the only spin-dependent term has the form of cf; - f5 [10%], where f;(i = 1,2) are
the hyperfine spins of two colliding atoms. It is obvious that the interaction en-
ergy is lowered when the two spins are parallel (anti-parallel) for ¢ < 0 (¢ > 0),
which is called a ferromagnetic (antiferromagnetic) interaction. In the absence
of external magnetic fields, the ground state is the ferromagnetic (antiferromag-
netic) phase for the ferromagnetic (antiferromagnetic) interaction with which the
system reaches the maximum (minimum) value of its spin density [108]. We have
a large degeneracy of the ground state due to the SU(2) symmetry of spin-1 ob-
jects. When an external magnetic field is applied, the Zeeman interaction would
break the SU(2) symmetry and only a axisymmetry about the quantization axis
is left. Furthermore, the Zeeman energy could compete with the spin-dependent
interaction energy and the ground state becomes more complex [107].

Besides the ground-state structures, the spin-mixing processes, where two col-

liding atoms exchange their magnetic quantum numbers, play a important role in

determining the magnetic nature of spinor gases [1 13-116]. They are also utilized
to study the quantum coherence [112,116-120], nonequilibrium dynamics [121,122],
spin-squeezing and entanglement [123,124], quantum phase transitions [121, 125],
and so on.

The workhorses for the bosonic spinor gases are the ground-state 23Na and 8"Rb
atoms. The coefficient ¢ for 2*Na spin-1 gases is positive while it is negative for
8TRb spin-1 gases. The phase diagram of a spin-2 gas is much richer due to more
spin-dependent interaction terms. For the 3’Rb spin-2 BEC the ground state is not

clear even at a zero magnetic field, although most likely it is ferromagnetic [111].

1.3.2 Mixture of Spin-1 Gases

Although the spinor gas of single-species atoms has been extensively studied, their
mixtures are rarely investigated, especially in experiments. The situation that
magnetic impurities interact with a magnetic host would provide us many inter-
esting settings.

In bulk samples, the mean field phase diagram of a binary spin-1 mixture

has been studied theoretically in Refs. [120, 127], where various new phases are
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predicted due to the competition between intra-species and inter-species spin-

dependent interactions. The quantum ground state has also been studied by theo-

rists in Refs. [128,129]. The possibility of generating two entangled BECs has been
discussed in Ref. [74]. The heteronuclear spin-mixing dynamics was investigated
in Ref. [130].

By loading a binary spin-1 gas into an optical lattice, we could mimic the
quantum magnetism in crystal structures. For example, we could make a 3'Rb
Mott insulator and a 2*Na superfluid and possibly study the indirect interactions
between localized ®"Rb spins or the influence of the localized impurities on the
spin-mixing dynamics of the host. Although the magnetic excitations in an optical
lattice has already been studied with single-species atoms in Ref. [131], it is still
interesting to explore them with a binary mixture where the mass difference may

play a role.

1.4 Thesis Outline

The main part of this thesis would be divided into three chapters. The first
chapter concerns with the experimental setups and their corresponding working
mechanism. Logically we follow the constructions of different experimental appa-
ratuses and the experimental time sequence. In the second chapter, we focus on
the molecular part where every steps from atoms to molecules are discussed in
detail. The last chapter would describe the spinor work including the study of the

heteronuclear mixtures of two spin-1 atoms and the 8’Rb thermal spinor gases.



Chapter 2

Experimental Setups

The cooling and trapping of atoms are standard techniques in today’s quantum
gas lab. Nevertheless, every system has its own peculiarities and I would like to
describe our unique setups to create the quantum degenerate mixtures of 2*Na and
8Rb in this chapter.

The basic components in our lab include the following six parts. (1) A ultra-
high vacuum (UHV) system. It is needed to isolate the atomic samples from
the environment. (2) Lasers. They could be used to cool and trap the atoms,
like in a magneto-optical trap (MOT) and far-off-resonance optical dipole trap
(FORT'). We also utilize them to control the quantum state of atoms or molecules
via many coherent processes, such as the STIRAP. (3) Imaging system. This is
constructed to gain information from the samples by taking pictures of them with a
complementary metal-oxide-semiconductor (CMOS) camera. (4) The DC external
fields. A magnetic gradient field is needed for the MOT and the magnetic trap.
We use a uniform magnetic field to induce the Feshbach resonances. We also play
with a uniform electric field to manipulate the ground-state polar molecules. (5)
The microwave (MW) and radio-frequency (RF) fields. They are used to control
the internal states of atoms or molecules. (6) Experimental control system. With
this system, we can engineer the experimental time sequence with a time resolution

of one millisecond. I will introduce these six parts in this order.
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2.1 UHYV System

The UHV system, with which the works in the thesis were carried out, was con-
structed and finished before I joined the lab in 2012. However, during my PhD
time I had the opportunity to participate in the construction of a new experimental
setup from the very beginning. Here I still want to focus on our old setup.

The opening of a quantum gas lab usually starts with the design and prepara-
tion of a UHV system. Our main vacuum chamber was designed to have a height
of 30 cm. Enough spaces should be left to provide good optical accesses, especially
for a single chamber system where they are severely limited by the presence of
magnetic coils, electrodes, RF coils and MW horns.

There are some standard procedures to be followed [132] to build up the UHV.
Here I briefly summary the steps we have taken to achieve the UHV in Table 2.1.
Details of totally 7 steps can be found as well as some remarks and tips for each

step.

Table 2.1: Steps to reach UHV. Here DI water and TSP refers to deionized water

and Titanium sublimation pump respectively.

STEP DETAIL REMARKS and TIPs

Most of the metal and ceramic

components should be washed
) ] _ Except the angle valve,
Cleaning in ultrasonic bath of soap, DI
feedthrough and pumps.
water, acetone and methanol

in 1 ~ 2 hour in the order.

Bake all the components in | Different parts will have dif-
First bake- | 300~400°C for several hours | ferent temperature ratings and

out and wrap up them in Al-foil af- | we need to bake them in differ-

ter cooling down naturally. ent ovens.
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Assembly

Design a proper assembly or-

der, roughly speaking, the
main metal part and its sup-
port, the glass cell and its
protector, the dispenser and
feedthrough, the ion pump,

TSP and the turbo pump.

a) Wire dust-free gloves and
gauze masks all the time and
b)
Wipe the knife edges and cop-

change them regularly.

per gaskets with methanol be-
c) Watch
out for the glass cell all the
d) Use the spot weld-
ing to connect dispensers and

feedthrough.

fore using them.

time.

Pump
down and
leak check

Pump the vacuum down to the
order of 10~7 Torr and check
the leakage by applying nitro-
gen or helium gas to the whole
system and methanol to the

joints.

This is a very rough test-
ing process by just monitor-
ing the pressure after applying
the gas and liquid. Actually
we can qualitatively determine
the leakage rate by closing the
ion pump and measuring the
pressure rise curves after the

second baking.

Check
dispensers

and outgas
TSP

Dispensers should be checked
by seeing the fluorescence of
BNa and 8"Rb. If there is no
problem we then outgas the
TSP by applying a slowly ris-

ing current for ~10 min.

During applying the current to
the dispensers, we first use a
small current for several min-
utes to outgas them. Then the
temperature is raised to melt
the indium sealing and at last
the alkali metal starts to be
evaporated. The outgasing of
TSP should be operated be-
low the sublimation tempera-
ture of Titanium for several

times.
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Second
bake-out

Wrap the heat tapes in good
contact with surfaces evenly
and place the thermocouples
to the cell protector, glass-to-
metal joint, angle valve, ion
pump and feedthrough. Then
wrap the fiberglass cloth and
fasten all the heat tapes and
cloth with Kapton tapes. Start
to rise the temperature slowly
to 250°C (5 ~ 6h) and main-
tain for several days. Heat the
dispensers and TSP by apply-
ing currents to avoid possible

condensation of contaminants.

Make sure the temperature
gradient on the glass cell small
by keeping suitable ratio of
heat tapes wrapped on the
cell protector. Never overlap
the heat tapes. The temper-
ature difference between dif-
ferent parts should not exceed
30°C during the whole baking
process. Record all the read-
ings: time, temperature, pres-
sure and applied voltage to the

heat tape.

Cool down

and  turn
on ion
pump and
TSP

The system should also be
cooled down slowly to ~40°C
(6~8h),

pump. Then turn on the ion

especially the ion
pump and close the angle valve
and turbo pump. The last step
is to turn on the TSP with full
current for several minutes to
reach further UHV.

The ion pump can be turned
on at temperature below 85°C
and baked for one or two days
until the pressure reach 1078
Torr. Monitor the pressure
drop when the temperature is

lowered.
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Figure 2.1: Photograph of our experimental apparatus. 1-Feedthrough, 2-Angle
valve, 3-lon pump, 4-TSP, 5-Glass cell, 6-Microwave horn, 7-Coils pro-

ducing magnetic fields, 8-UV LED.



CHAPTER 2. EXPERIMENTAL SETUPS 14

0.20 ' ' ‘ ' ' e —
~ |
> |
So15} | §
Q |
%’ !
QE 0.10 Ly .
o) N
E ' go,oos-
- i
O 0.05 R _
2 t=30s | 0000, 20 20 %0

E Loading time(s)
0.00 et 1 1: 1 L - 1
0 20 40 60
L oading time(s)

Figure 2.2: Fluorescences of 8"Rb during the MOT loading. The red and black
curves are corresponding to the presence and absence of the UV light, respectively.
The dashed vertical line indicates the MOT loading time in our daily experiments.

The inset shows the black curve with a rescaled vertical axis.

As seen in the photograph in Fig. 2.1, our vacuum system is a single-chamber
setup where the pressure of ~ 1.4 x 10~ Torr is maintained by the ion pump
(Gamma Vacuum 45s). The single chamber is a glass cell (pyrex glass) with outer
sizes of 40 mm x40 mmx 132 mm and a wall thickness of 3mm. The cell is not anti-
reflection coated as we work with several quite different colors. It is connected to
a standard stainless six-way cross though a 2%” CF flange. The atomic sources
(dispensers) are on the opposite side of the cross, which are about 12cm away
from the cell center and connected through an electrical feedthrough. The other
sides of the cross are closed with viewports except the side linked to a reducing
cross through a conical reducer. The angle valve, ion pump and TSP are installed
to the down, up and back flanges of that reducing cross respectively.

Dispensers are commonly used for ¥Rb, while Zeeman slowers for 2*Na due to
its lower vapor pressure at the room temperature. However, we use the former

for both species and this could be a limit for our *Na atom number. On the
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other hand, the UHV in our single chamber is below the vapor pressure for both
species. To solve these disadvantages for the MOT loading, the light-induced
atomic desorption (LIAD) effect [133] is utilized to temporarily increase the atomic
vapor pressure by turning on a 365 nm ultraviolet (UV) light-emitting diode (LED)
[134]. The LED (Thorlabs M365L2) is mounted near the glass-to-metal transition
part and has a maximum output power of 200mW. A comparison between the
MOT loading curves of 8Rb with and without the UV light is shown in Fig. 2.2.
It is apparent that the UV light increases the saturation value of the fluorescence
by ~ 200 times and reduces the loading time constant by 50%. The fluorescence
of #Na is too small to be separated from the noise. However, we can confirm
the great effect of the UV light on **Na by checking its atom number at latter
stages. For daily operations, we set the MOT loading time to be 30s. To make
the LIAD technique stable over a whole day we need heat our dispensers with

constant currents.

2.2 Laser System

Lasers are essential elements in a quantum gas lab. In our lab, we have setup
three different laser systems for different purposes, namely the 8’Rb and **Na
MOT lasers, the FORT laser, and the Raman lasers for STIRAP. I would like to
begin with an overview of the atomic structures of 2*Na and 8"Rb followed by the
introduction to the fundamental light-matter interactions. At last we focus on the

laser setups.

2.2.1 Atomic Structures of 2Na and 3Rb

In a neutral atom the electronic states are labeled with the term symbols 2t L,
where S, L, and J are quantum numbers representing the spin, orbital, and total
angular momentum of electrons, respectively. L is designated as S, P, D,--- for
the value 0,1,2,---. The simple alkali atoms have only one outermost valence
electron, while all other electrons are wise-paired to give a zero contribution to the
angular momentum. The lowest three electronic levels are 25, /25 ’p, /2 and 2p, /2

In Fig. 2.3 we show these levels for both 2Na and 8’Rb atoms.
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Figure 2.3: Atomic structures of »Na and 8"Rb. The electronic ground state
(Si1/2) and the first two excited states (*P; /5 and ?P/5) are shown. Due to their
same nuclear spin of I = 3/2, the hyperfine structures of >*Na and 8"Rb are similar,

which are also presented here. All of the numerical values are from Ref. [135, 130]

Beyond the electronic structures, the interactions between electrons and nu-
cleus give rise to the hyperfine structures, are also presented in the figure. The
Hamiltonian for hyperfine interactions is easy to be found in any atomic physics
textbooks and reads
B3I - I+ J-I(I+1)(J+1)

2121 —1)(2J - 1) ’

Hye = Anedl - J + By (21)

where Ays and By are two constants and I is the nuclear spin with quantum
number . The first term is the magnetic dipole term and the second is the
electric quadrupole term which is vanished for J = 1/2 states. Based on this

Hamiltonian, the good quantum numbers are I, J, ' and mp, where F =1+ J
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and mp its projection along the quantization axis. Each F' state has a degeneracy
of 2F + 1 and this degeneracy can be lifted by an external magnetic field. Due
to their same nuclear spin quantum number of I = 3/2, the hyperfine structures
of 2Na and ®"Rb are quite similar. The influence of the external magnetic field
would be presented in the subsection 2.4.1, especially for their electronic ground

states.

2.2.2 Two-level Atoms in a Monochromatic Light Field

The light-matter interaction is one of the fundamental topics in modern quantum
physics. Before the advent of a full quantum description, the most well-known
attempt to solving this problem is the Lorentz oscillator model [137] based on
Maxwell’s equations by Hendrik Lorentz. That model assumed that electrons are
bound to the nucleus through forces obeying the Hook’s law. The electric field
of the applied radiation interacts with the electron’s charge where the situation
is like a driven oscillator. The model succeed in explaining the normal Zeeman
effect [137] and some optical properties of materials, such as the complex refractive
index and frequency response of metals. Although it is a classical model, the driven
oscillator picture is still useful today for it is convenient to get the quantum result
starting from this model.

The full quantum description of light-matter interaction deals with both quan-
tized atoms and quantized radiations. However, the treatment with quantized
atoms and classical radiations is enough for our purpose. We start our discus-
sion with a two-level atom interacting with a monochromatic light field which is
sketched in Fig. 2.4a. With an oscillating electric field E coswt, the Hamiltonian

under the rotating wave approximation (RWA) reads

_iD Qp—iwt
th(wo 2 2¢ ) (2.2)

where wy is the energy spacing between the ground state |g) and the excited state
le), T is the decay rate of |e) and it is the reciprocal of the lifetime 7, w is the angular
frequency of the light and € is the Rabi frequency defined as 2 = |¢E - (e|r |g)| /h.
With an unitary transformation H — UHU' — ihU9,U", the Hamiltonian can be
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Figure 2.4: a, An two-level atom in a monochrome light field. The ground and
excited states are represented by |g) and |e) respectively. wy is the energy spacing
between |g) and |e) and T" is the decay rate of |e) to |g). The two-level atom is
driven by a light field with an angular frequency w and A is the detuning. b, The
Rabi oscillation of a two-level atom. Assuming I' = 0, three cases with A = 0, 2/2

and € are plotted here.

rewritten as
A i 2
H=h ( 2 2 ) , (2.3)
Q ir
2

here the detuning A = w — wy and U reads

The Schrodinger equation ko, [VU(t)) = H|WU(t)) with |U(t)) = ¢4(t)|g) +

ce(t) e) gives two coupled differential equations

) Q
iCe = (—A — 3P)Ce + 5%

o Z? (2.5)
iég = 566 + §FC9.

The initial state is usually prepared at the ground state: |¥(0)) = |g). We first

assume [' = 0 and the solution reads

Q . , A
|W(t)) = —iﬁelmﬂ sinf |e) + e22(cosf — Zﬁ sinf) |g) , (2.6)
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where ' = v/Q2 4+ A? and § = V't/2. The probability of finding atoms at their
excited states can be expressed as P.(t) = |c.|* = g—ésinz 0. As shown in Fig.
2.4b, P,(t) oscillates periodically which is referred to as the Rabi oscillation. From
the expression of P,, the on-resonance case (A = 0) gives the maximum of the
oscillation amplitude and period. In this case, a radiation pulse with a length of
w/(2Q) (7/9) is called w/2 (7)-pulse where P, = 0.5 (1).

The finite lifetime of |e) (I' # 0) gives rise to the decoherence effect and the
amplitude of the Rabi oscillation approaches 0 for a sufficient long driving time

(t > T'~1). This corresponds to the steady state where the population of |e) reads

QQ
lim P.(t) =
Hlinoo (t) 2002 + 4A2 + T2 (2.7)
1 I/ 1sa '

T 21+ I /1, + 4A2/T?

where the saturation intensity is defined by I/I,,; = 2Q2/I'%. From this expression
we know that a strong driving field (I — oo) tends to equalize the population
between |g) and |e). A derivation of this result using the optical Bloch equations
can be found in Ref. [135].

Let us consider the net absorption of a radiation by a sample with N two-level
atoms.The steady state is a dynamic equilibrium, where the rate of the absorption
is equal to the rate of emission. Three basic processes are involved: stimulated
absorption, stimulated emission and spontaneous emission (SE). The first two
processes have the same rates for a single atom and the last one gives the dissipation
of the radiation field. Supposing the light propagates along z-direction, we can
write down the attenuation of the intensity according to Beer’s law as

dI(z)
dz

= (N, — N.)olI(2), (2.8)

where N; = NP, is the population of |i) (i = e or ¢g) and o is a parameter called
cross section characterizing the rate of the stimulated absorption or emission of a

single atom. Considering the energy conversation we have

(Ng—Ne)O'[ = NeAglth,
PeAglth
:> = —
7T 0 2RI (2.9)
. 1A21h&)g 1
2 Ly 1+4A24T2
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Here the Einstein coefficient As; is related to the saturation intensity Iy, by

Ag1hwy = 2001 with og = 3A3/27 [138]. So the cross section reads
0o
= 2.10
0‘(&)) 1+4A%2 412 ( )

This result is important for the understanding of the absorption imaging discussed
in section 2.3.
Next I will switch to the discussion of how this simple two-level model can be

used to understand the laser cooling and trapping.

2.2.3 The Radiative Forces

The ability of slowing down and trapping the atoms by light can be understood
in the context of mechanical effects arose by the so-called radiative forces. There
are two kinds of such forces, namely the scattering force and the dipole force.
Although they can be treated in a unified manner [139], here we discuss them

separately to emphasis their different mechanisms and applications.

Scattering Force

The idea that light has certain momentum and energy dates back to Maxwell in
the 19th century. The modern version of this point is coined photon, an elementary
particle representing the quantum of all kinds of radiation fields. A photon has
definite momentum and energy: p,, = hk, E,, = hw. We already see that the
scattering (net absorption) of near-resonance photons by two-level atoms has the
same rate as the SE, which is I'P,, the inverse of the lifetime of the excited state.
The mean momentum of the scattered photons is zero due to the isotropic nature
of SE. In this way the momentum, similar to the energy, is transfered from the
light field to the atom and we can define a related force as

r I/ Loui
F = dp/dt = p,, [ P. = hk— :
p/dt =Py 21+ I/Iq +4A2/T2

(2.11)

Here the steady state solution in eq. 2.7 is used. This force is called the scattering

force, which has important applications in both optical molasses and MOT.
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Dipole Force

Another kind of force is caused by the interaction between the electric field gradient
of a laser field and the induced dipole of the atom. Let us consider the case that
a two-level atom is driven by a far-off-resonance light field (A > I', Q). Although
the scattering force could be neglected due to the large detuning, the energy levels
of the atom are shifted by the light. For a two-level atom, these shifts can be

calculated by diagonalizing the Hamiltonian in Eq. 2.3, where the eigenvalues

read
—A+ VA2 +Q?
Ei=h 5

o (2.12)

~h —A+ A(l + W)

5 .
The energy shift of the ground state is given by U = E, = % :3 SZII;[ . This
is called AC stark shift and the saturation intensity I, = % [140] can be
substituted into the expression to give U = 32’;‘332 %I . The light intensity typically

0

has a nonuniform spatial distribution and thus the nonuniform energy shift gives

rise to a conservative force

F(r)=-VU(r)
LN T 21

2wi A
This force tends to trap the atom in the lowest (highest) intensity regime for a
blue (red) detuning. Although real atoms or molecules have very complex internal
structures, this simple picture is a good approximation in many cases [111]. By
engineering the intensity distributions, we can create various trapping potentials
like harmonic potentials, box potentials, [142] and periodic potentials for atoms or

molecules.

For 23Na and 8"Rb atoms in our FORT, we have a convenient expression for

the trap potential which reads [111]

3rc’T 1 1
- 3 I(I‘)( + )
2wy Wwo—w  wot+w

U(r) = (2.14)

where wy = §w2 + %wl is the center of D-line doublet with wy() for the D1 (2)

transition frequency.
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2.2.4 Optical Molasses and MOT

Optical Molasses

Figure 2.5: 3D optical molasses. a, The laser cooling technique that uses the
configuration of three pairs of counter-propagating beams is given the name
"optical molasses”. b, A stationary atom radiated by a pair of counter-propagating
beams. The scattering forces of these two beams cancel each other in this case.
¢, A moving atom radiated by a pair of counter-propagating beams. Now the
Doppler effect would give rise to a force imbalance which is the working mecha-

nism of optical molasses.

As shown in Fig. 2.5a, a 3D optical molasses is composed of three pairs of counter-
propagating laser beams along there orthogonal directions. At the first glance, this
configuration is useless as it seems that the scattering forces exerted on the atom
by the two counter-propagating beams cancel each other (Fig. 2.5b). However, it
is not the case for a moving atom with a finite velocity v. It experiences a force

imbalance due to the Doppler effect, as illustrated in Fig. 2.5c. The net force



CHAPTER 2. EXPERIMENTAL SETUPS 23

exerted on the atom reads

F _hk‘r[ I/Isat I/Isat ]
mE T O T Ty + 4w — kv — wo)2 T2 1+ I/ Ly + 4w + kv — wp)?/T2
I 2A/T
~ 4hk?
Towt (1 + 4A2)T2)2"

= —au,
(2.15)
with o = —4hk2-1—28/T__ Here we have assumed that the atom moves with

Toat (114A2/T2)2
a low velocity kv < I" and the radiation has a low intensity I/l < 1. This is a

dissipative force when the detuning is red (negative) and the kinetic energy of the

atom would be reduced in this case:

% = Fhev = —%. (2.16)

From this equation we may conclude that the atom could come to an absolute
stop by this cooling force. However, it is wrong for here we have neglected any
possible heatings coming along with the cooling process. A proper model to explain
the heatings assume that the random transfer of the linear momentum causes a
random walk of the atomic momentum. The mean square of the momentum (h*k?),
hence the mean kinetic energy, would increase in a random-walk model. According
to that model, the rate of increasing (h*k?) is [ P,h*k? and the heating rate is
FPQ%. The minimum temperature is reached when the cooling and heating
balance each other. At that point we have the temperature T' = %(% +22). So
the lowest achievable temperature, called the Doppler cooling limit T, is achieved
when A =T'/2 and Ty, = hl'/2ky,. For »*Na and 3’Rb the Doppler limit are 470 pK

and 300 nK, respectively.

MOT

The configuration of MOT is shown in Fig. 2.6a. It is composed of an optical
molasses together with an anti-Helmholtz pair of coils. Each pair of laser beams
consists of light with orthogonal circular polarizations. The center of the anti-
Helmholtz coils is placed inside the overlap area of the light beams and they

produce a magnetic field gradient in the 3D space (see section 2.4.1).
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Figure 2.6: The configuration of MOT. a, Three orthogonal pairs of laser beams
are crossed at the center of an anti-Helmholtz coil placed along the z axis. The
atoms are cooled and accumulated around this center. b, Each pair is composed
of two counter-propagating beams with orthogonal circular polarizations. Atom
away from the magnetic field minimum (center) experiences a restoring force due

to the presence of the magnetic field gradient in this configuration.

Hundreds of thousands times of scattering are necessary to cool a room-temperature
atom down to the sub-millikelvin regime. So the cooling is only possible with the
existence of a cycling transition where a nearly closed two-level system is formed.
Due to the similar atomic structure of 22Na and 8"Rb atom, both their cycling tran-
sitions are occurred between the state }251/2, F = 2> and the state 2P3/2, = 3>
, as illustrated in Fig. 2.6b. However, the atoms can still be excited to the F’ < 3
states which would decay back to the ground F' = 1 state. Then those atoms are
invisible to the cycling light. To save them, another light, named repump light, is
added to drive the transition between ' = 1 and F’ = 2 states. The combination

of the cycling and the repump light is sufficient to cool the atoms down to the
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En

Figure 2.7: The working principle of Sisyphus cooling. The counter-propagating
light beams create different potential landscapes for different magnetic sublevels.
With the help of optical pumping, the atoms would continuously climb the poten-
tial mountains by losing their kinetic energies. The achievable temperature with

this cooling process is well below the Doppler cooling limit.

Doppler limit.

To explain the trapping mechanism in a MO, let us consider that a rest atom
sits at some small positive magnetic field away from the center of the coils, as
shown on the bottom of Fig. 2.6b. Compared to the zero-field case where the
cycling transition is red-detuned, at this positive field the detuning of the o™ and
o~ cycling transitions become larger and smaller, respectively. Thus based on the
discussion of the scattering force in previous subsection, the atom would scatter
more ¢~ photons and experience a restoring force pointing to the center. The
similar argument can be made when the direction of the magnetic field is reversed

if we note that the roles of the two beams exchange in that case.
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In real experiments the achieved lowest temperature in a MOT or an optical
molasses is well below the Doppler cooling limit thanks to the so-called Sisyphus
cooling or polarization gradient cooling. The working principle of this sub-Doppler
cooling method is illustrated in Fig. 2.7. The counter-propagating beam pair

creates a standing wave with an alternating polarization with the order: o™

T, O

and 7. This polarization gradient gives different potential landscapes for different
magnetic sublevels. When an atom moves toward the local potential maximum, its
kinetic energy is transfered to the potential energy. Near the maximum, the atom is
then optically pumped to the local potential minimum of another sublevel. In this
way it is continuously cooled by climbing the potential mountains, like Sisyphus
in Greek mythology. With this cooling method the lowest temperature achieved

in our lab is about 50 pK for ?Na and 20 pK for 8"Rb.

2.2.5 Laser Setup For Two-species Vapor Cell MOT

To work with two kinds of atoms, a two-species vapor cell MOT is constructed
on our vacuum optical table. As already seen in Fig. 2.1, an homemade anti-
Helmholtz pair is placed outside the glass cell which is common for both species.
For each of them, six beams forming three orthogonal pairs compose a 3D optical
molasses and every corresponding beam of 2Na and 8"Rb are overlapped using
a polarizing beamsplitter (PBS) cube. However, with this configuration the **Na
and 8Rb clouds would suffer from huge heteronuclear collisional losses due to
their perfect spatial overlap and it is especially heavy for the minor 2*Na atoms.
To avoid such losses, a nearly on-resonance beam for the 8"Rb cycling transition
is turned on during the MOT loading process, which could push the 8"Rb cloud
away from the *Na cloud. This beam, called pushing beam by us, is essential for
the successful loading of *Na MOT.

For 8"Rb, we use three home-made lasers working near 780 nm (¥’Rb D2 line)
to generate the MOT beams, as well as the pushing, optical pumping and imaging
beams (see explanation latter). The cycling light comes from a diode laser with
a maximum output power of 300 mW which is injection-locked by a master laser.
Both this master laser and the repump laser generating the repump light are
tunable external cavity diode lasers (ECDLs). The longitudinal modes of them

are locked to the proper atomic transitions by the standard saturated absorption
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spectroscopy. The pushing beam, which is also used as the imaging beam, is
delivered from the cycling master laser. Meanwhile, the optical pumping light
comes from the repump laser.

The D2 transition for *Na atoms locates near 589 nm and the light source is a
Raman fiber amplifier (RFA) laser. Previously a dye laser (DYE-SF-077) was used
and we suffered a lot from the long-term drifting of the output power and direction.
The description of it can be found in the thesis of Xiaoke Li [143], one of our former
group members. The new RFA laser is much stable with a maximum output power
of 1.5 W. It operates with a seed laser at 1178 nm which is a commercial ECDL
(LYNX-S3-1180-100). The seed light is coupled into the RFA with an optical fiber
and then amplified by the RFA. The output of the RFA is frequency-doubled to
589 nm by a PPLN crystal. The seed power is typically about 20 mW and we lock
the final yellow light to one of the 2*Na atomic transitions using the modulation

transfer spectroscopy.

ECDL

A bare diode laser has the drawbacks of wide linewidth and poor tunability. By
providing a frequency-dependent optical feedback to the diode we can overcome
these drawbacks. The ECDL, a common example, is to form an external cavity
between the diode and a grating which functions as the frequency selective element.
With a Littrow configuration, the first-order diffraction from a reflective grating
is coupled back into the diode and the directly reflected light is guided out as the
output. Two important parameters, the grating constant N and the diffraction
efficiency 7, are carefully considered to choose a proper grating. The grating

equation reads
1
N (sin®; 4 sin0,,) = mA, (2.17)

where m, 0;,0,, and X is the diffraction order, the incident angle, the m-order
diffraction angle and the light wavelength, respectively. To get a enough output
power with stable performance, 7 is often chosen to be among the range of 10 ~
30%.

Our homemade ECDL is based on the design in Ref. [111]. For us, m = 1,6; =
0 = 45° and A\ = 780 nm. These give that N ~1800/mm. We choose one of the
gratings from Thorlabs (GH13-18U) with N =1800 lines/mm and 1 ~ 28% for our
purpose. A photograph of our ECDL is shown in Fig. 2.8, where all the essential
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collimation tube(Thorlabs LT230P-B)

PZT(Thorlabs AE0203D04F)

mirror mount(Newport_U100-P2K)

thermocouple

grating(Thorlabs GH13-18U)

Peltier module(RS_490-1339)

Figure 2.8: Photograph of our homemade ECDL. It is in a Littrow configuration
and the tuning of the laser frequency is finished with a PZT stack. The direction
of the output beam is kept almost fixed with the help of a mirror parallel to the

grating. See text for detailed description.

components are mounted on a modified mirror mount (Newport_U100-P2K). The
grating and a parallel mirror are fixed to the front plate of the mount. This
mirror helps keep the beam direction of the output light almost fixed. The laser
diode and an aspheric lens are mounted into a collimation tube (Thorlabs_LT230P-
B) to provide a well collimated light beam which is important for the optical
feedback. The temperature of the system is sensed with a thermocouple and
actively controlled by a Peltier module installed between the mirror mount and an
Aluminum block. This block serves as the heating sink. The grating-mirror pivot
arm can be adjusted manually with the tuning screw to couple back the diffracted
light and tune the laser frequency. We also use a piezoelectric transducer (PZT)
stack to drive it. With a total length of about 20 mm between the grating and the
diode, we can reduce the laser linewidth down to 1 MHz.

Besides the aforementioned two ECDLs, we have several other ones. For exam-
ple, the Raman lasers used to do the STIRAP transfer and the seed laser for the
RFA are all commercial ECDLs. Other kinds of diode lasers, like the distributed

feedback laser (DFBL), are also commonly used in our lab. One profound exam-
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ple is that we have used a DFBL to do the absorption imaging of ¥ Rb at a high

magnetic field.

Saturated Absorption Spectroscopy

The saturated absorption spectroscopy is a basic technique in experimental atomic
physics to resolve the atomic transitions below the Doppler-broadened linewidth at
room temperature. A pump-probe scheme is adopted in this technique to realize
the Doppler-free spectroscopy, as shown in Fig. 2.9a. A relatively high inten-
sity beam, referred to as the pump beam, is sent to the atomic vapor. Another
counter-propagating probe beam with the same frequency but a lower intensity is
overlapping with the pump beam. The absorption of the probe beam is recorded
versus the light frequency.

Due to the Doppler effect, the two beams are absorbed by the same amount of
atoms only when the frequency is on-resonance with one of the atomic transitions
or it is tuned to one of the crossovers of two transitions. For simplicity, we deal
with the former case and the latter one is easy to get by extending the formalism
here.

Assuming a single excited state, the pump beam would equalize the popula-
tion between the excited state and ground state among those atoms. With the

_ M2
Maxwell-Boltzmann distribution of atomic velocities f(v) = 4/ zﬂ]\]fb e 2T and the

r?/4
(w—w0)2+3T2(1+1/Lsar)’
of the probe beam can be written as

absorption cross section o(w) = oy the absorption coefficient

o) =n [ L)) = pao)rte — ko

= n/f(v)[l — 2P, (w + kv)]o(w — kv)dv

- - 1+4(A + kv)?/T? d
=n | O Ty T o T T T R
(2.18)

Here n is the atomic density, p;(v) is the steady state population of the ground

(excited) state with atomic velocities v for i = 1(2) and A = w — wp. In the
integrand both P, (w+ kv) and o(w — kv) act like delta functions and when A = 0,
a(w) gets a local minimum.

The absorption coefficient versus the detuning is plotted in Fig. 2.9b and we

can see that a small hole is burnt into a Gaussian background which is known as
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Figure 2.9: The saturated absorption spectroscopy. a, A pump-probe scheme is
adapted to realize the Doppler-free spectroscopy. See text for the description. b,
The absorption coefficient of the probe beam versus the laser detuning. Left: A
hole is burnt in a wide Gaussian background and the inset shows the differential
curve of this absorption line shape. Right: The burnt holes at three different pump

powers are compared (see text).

hole burning. The full width at half maximum (FWHM) of the hole is on the order
of the nature linewidth of the excited state. When increasing the pump power,
the FWHM of the hole will be broadened and its depth is increased, as seen in the
right plot of Fig. 2.9b. For multilevel atoms, if we have two atomic resonances
with frequencies w; and wy, both beams could also interact with the atoms around
the velocity v = % and a hole is burnt at the frequency of %

This technique is used to lock the laser frequency to one of the burnt holes. We
utilize the slope of the absorption line shape around the hole as the error signal
which is fed back to the current and the PZT controller to stabilize the frequency.
The error signal, shown in the inset of Fig. 2.9b, is got by the dither technique.
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Figure 2.10: Optical layout on the 8"Rb optical table. Totally three homemade
diode lasers are used to generate six MOT beams, one imaging (pushing) beam
and one optical pumping beam all of which are delivered to the vacuum table using

PM single mode fibers. See text for the locking of the lasers.

For the ECDLs, we modulate the current with a small amplitude 50 kHz sinusoid
which is a frequency modulation and then the absorption signal is differentiated
using a frequency mixer to give the error signal. For the 589 nm fiber laser the
modulation is added to the pump beam by an acousto-optic modulator (AOM)
where both the frequency and amplitude are modulated. This modulation would
be transfered to the absorption signal and then it is processed almost the same as
that in the ECDL case.

Optical Layout

The real laser setups for the MOT operation in our lab are sketched in Fig. 2.10
and 2.11 for 8"Rb and ?*Na respectively.

For 8"Rb, the cycling master laser is locked to the crossover of |25}, F = 2) —
}2P3/2, F'=1, 3> transitions at 384.227903 THz. A portion of 20 mW light is sent
to double pass a +96 MHz AOM and then coupled into a fiber as the injection
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for locking the slave laser. Thus the slave laser receives a injection of ~2mW
and works at 384.228 095 THz. This corresponds to a detuning of -20 MHz to
the cycling transition. Another small portion of the master laser light is used as
the imaging (pushing) light after double passing a +106 MHz AOM. The repump
laser, locked to the crossover of |2Sy2, F = 1) — |*Pys, F' = 1,2) transitions at
384.234 605 THz, provides the repump and optical pumping light with frequency
shifts of +79 MHz and -67 MHz respectively.

The #*Na fiber laser frequency is transfered by an double-pass AOM and then
locked to the |2Sy/g, ' =2) — |*Pyj, F' = 3) transition (508.848 094 THz). The
transfer AOM works at +139.9 MHz and thus the output light of our fiber laser
has a frequency of 508.848 234 THz. About 500mW light is enough for our ex-
periments. A portion of this power passes a -80.7 MHz AOM twice which gives
a detuning of -21.5 MHz to the cycling transition. Another portion of the output
light is send to pass an AOM for four times and most of its power is used as the
repump light with a +391.4 MHz driving frequency. The optical pumping light is
got when this four-pass AOM works at 385.1 MHz. The imaging light works nearly
on-resonance with the cycling transition after a double-pass -69.9 MHz AOM.

2.2.6 FORT

Our FORT is composed of two crossed 1070 nm Gaussian beams at an angle of
61° in the horizontal plane, as shown in Fig. 2.12. The intensity distribution of a

Gaussian beam is expressed as

2P [_ 2 ] (2.19)

I(z,y,2) = ex —

(,9,2) () P | T uie

where r = /22 + y? is the radial distance from the central axis, z is the ax-

ial position starting from the beam focus, P is the laser power and w(z) is the

transverse size at z. The transverse size at the focus w(0) is denoted as wy

and referred to as the beam waist. The explicit expression for the beam size

2

is w(z) = woy /1 + (WZ?;\O)2 The Rayleigh range, zzr = “5°, represents the distance

where the transverse size is increased by a fact of v/2.

With the limit of r < wy and z < zg, the intensity can be approximated by

2P 2
I(x,y,2) = W(—Q’/’Q — 22% + w%). (2.20)
0 R
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Figure 2.11: Optical layout on the ?*Na optical table. The working frequencies
for the labeled four AOMs are: 1. +139.9 MHz for the modulation transfer spec-
troscopy 2. -80.7MHz for the cycling light 3. +391.4 MHz for the repump
light and +385.1 MHz for the optical pumping light 4. -69.9 MHz for the imag-

ing light.

The trap potential associated with this intensity distribution reads

3rcl 1 1 2P A2
U =— —2r% — “tawg). (221
(x.9,2) 2w Cwy —w +w0+w)7rw§( " 7T2w82 +wp) (2.21)
This is a harmonic potential which can be written as U(z,y,2) = 1Mw?a? +

s Mw2y?+ 35 Mw?2* with the angular frequency w; = /97U /M |y .—q for i = z,y, 2.
Typically the radial confinement is much stronger than the axial confinement
(Wpy < wy) due to the fact that A < wy. The trap depth Uj is defined as

the minimum energy for a stationary particle to escape from the trap and here

_ 3T 1 1 2P
UO - Qw(?j <wo—w wo—i-w)Trwg'

FORT Parameter

With the configuration described above, we can calculate out the trap parameters,

namely the trap depth and the trap frequency, for atoms and molecules.
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Figure 2.12: Crossed FORT. Two 1070 nm Gaussian beams cross at an angle of
61° in the horizontal plane with their focuses coincided. The coordinate system is
also indicated with the origin at the beam focuses. See text for the calculation of
the trap potential.

The trap potential for either *Na or 8”Rb atoms can be expressed in the

following formula including the gravitational potential

Ulz,y,z) = — ;ng o + wO+w)[I1(xSin§ +ycos§,z,xcos§ — ysiné)
in? 6 0. 0
+Iz(—xsm§ + y cos 517 L C0S 5 +ys1n§)] + M,g>
37T62F 1 1 2P1 6 9
- —2 in — )2 -9 2
2008 (wO—w+w0+w ,/Twéll[ ('x81n2+yCOS2) z
T (x cos 5 ysin 5)2 + wi] + 7r_wz*[_2(_x sin 3 + ycos 5)2 _2:2)
)\2

7 6
0l (x cos 3 + ysin 5)2 + w3} + M,gz,

(2.22)
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Figure 2.13: The gravitational effect on the FORT. We plot the trap potential along
the vertical axis for both species with and without the gravitational potential. The
presence of gravitation would cause a gravitational sag and lower the trap depth.
Comparing the potential between different species in our trap, we know that the
23Na atom have a smaller trap depth and a larger trap frequency thus a smaller
the gravitational sag.

here # is the acute angle between two beams, M, is the atomic mass, ¢ is the
gravitational acceleration and the harmonic approximation is adapted. Based on

this expression we can get the trap frequencies w;(i = x, vy, z) by diagonalizing the

Hessian matrix of the potential U(x,y, z). Then the potential is rewritten as

1 1 1
U($7 Y, Z) = UO + EMQW§$2 + §Maw;y2 + 5 aUJgZQ + Magz

M,g* 1 22 1 20, 1 2 9 \2
202 +§Maw$x +§Mawyy +§Mawz(z+w—g) :

(2.23)
= Uy —

with Uy = 33528F(w01_w woiw)%(% + %) From the above equation, we can see
that the potential minimum is shifted vertically by g/w? due to the gravitation
and this shift is called the gravitational sag. It also affects the trap depth in the

vertical direction, especially when the trap power is low. An example is given in
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Fig. 2.13 where the U(0,0, z) versus z is plotted. From the figure, it is quite clear
that the trap depth is lowered due to the gravitation. Also we see that the trap
depth of 2Na atom is smaller than that of ¥Rb atom in a 1070 nm trap. The ratio

of the trap frequencies for different species is given by

1 1
3
Na; mb _ | MRb ova—o T Gonatw Wors I'Na ~
ol = | 37 - e S 113 (2.24)
Na Gorp—w WoRb W “ona + Rb

Thus the larger trap frequency in the vertical direction would give rise to a smaller

gravitational sag for **Na.

For the molecular states the calculation of the trap potential starting from
the molecular structures is too complex to be completed by ourselves. Our the-
oretical collaborators from France provide us the data of the polarizability a for

the Feshbach and ground molecular states of 2Na®"Rb in the 1070nm light. In

this case the potential can be calculated by U(z,y, z) = —26100 Re()[I;(zsin § +
0 0

ycos S, z,xcosd —ysind) + L(—wzsing +ycosd, 2, xcos & +ysin §)] + Mgz and
then we follow the same steps as that of atoms to get the trap depth and trap

frequencies.

2.3 Imaging System

The imaging system is important for almost all the quantum gas experiments. Any
reliable and necessary information is obtained by the optical imaging based on the
light-matter interaction. As already discussed in the previous section, a two-level
atom shed by a monochromatic light could undergo the absorption, emission and
phase shift, where the last one corresponds to the AC stark shift. By monitoring
the affected light field with a CMOS camera we could gain the information about
the atomic samples.

The fluorescence imaging, done by shining a near-resonance light and collect-
ing the spontaneously emitted photons, typically has a low signal-to-noise ration
(SNR) due to the fact that only a small portion of the isotropically distributed
photons reaches the detector (proportional to the solid angle expanded by the
imaging lens). The absorption imaging has a much larger SNR, recording the light

field after it passes the atomic cloud which is a effective record of all the scattered
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photons. However, this method is difficult to be applied for a very dense sample
where the complete absorption of the light would happen. To overcome this diffi-
culty the cloud is released from the trap and allowed to expand for certain times
to reduce the density to a acceptable level. This is called time-of-flight (TOF).

Both methods above are destructive of the samples because of the heating
caused by the photon recoils. Other methods, based on the phase shift with a far-
off-resonance light, affect the samples less and they are used to obtain the in-situ
images. The dark-ground or phase contrast imaging detect the interference of the
scattered light with the forward scattered light or unscattered light respectively.
However, both ones are not commonly used due to the much complexer setup
compared to the fluorescence and absorption imaging.

Following I will describe our imaging system in detail and discuss the diagnosis

of harmonically trapped Bose gases.

2.3.1 A Weakly Interacting Bose Gas in Harmonic Traps

The main purpose of imaging is to provide the density distribution of the atomic
gases, from which their properties are inferred. This is done by comparing the
detected density distributions with some theoretical models. I will present several

models for the Bose gases trapped in harmonic traps in this subsection.

Thermal or Near Degenerate Gases

For a weakly interacting thermal or near degenerate gas, the interaction can be
neglect if the diluteness na® < 1 is satisfied, where n is the average density and a
is the s-wave scattering length. So let us consider a ideal gas with temperature 7'
higher than the Bose-Einstein condensation transition temperature 7, confined in

a harmonic trap with a trap potential

1 1 1
V(r)= §szx2 + §Mw3y2 + §Mw322. (2.25)
In the limit k7" > hw,, . we can use the semi-classical approximation to deduce
the density distribution [115]

1
n(r) = W/dprE(e)
1 1

(2.26)
= (2rh)? / P T 1
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where fpg(e) is the Bose-Einstein distribution, p is the chemical potential and
e = p%/2M + V(r) is the single particle energy. By introducing the quantity
2(r) = e VED/RT and substituting the energy expression we can rewrite the

density as

1 2 +o0 p2
n(r) = T / dqb/ sin( d@/ () Lo T 1dp
+o0
2 / Vs (2.27)
o 2(r)

- VAL —les — 1
_ g3/2(2(r))
PE
where \p = fﬁhT is the thermal de Brogile wavelength and
00 "
ale) =) —
n=1

is called the Bose function. For V(r) = 0 the quantity z(r) reduces to the fugacity.

The chemical potential is determined by the total atom number

N = / drn(r)

_ )\—13T/g3/2(z(r))dr

_ 1 — z(0) —nV(x)/keT g
- )\_32 n3/2 € r (228)
k;bT 2
Z Y

kT
= (7= Pos(=(0)
with @ = (wxwywz)l/ 3. The Bose function accounts for the quantum effect in the
density distribution of a thermal Bose gas. If only the lowest order contribution is

kept we have z(0) = N(,f“}) and

n(r) = Nﬁ(i)?’me—wr)/w

21k T
o (2.29)
T 952 9252 952
npeake 20% 20y QO'Z’
— kT (0 _ NA3(_M \3/2 _ N fe
where o; = | /7 2(z ,Y,2) and npeax = Nw*(557)%" = T 2o rres This is

a Gaussian distributlon which coincides with the result of the classical Maxwell-

Boltzmann distribution. From the relation nycacAr = g3 /Q(e“/ #T) we know that the
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chemical potential is negative when the atom number is small or the temperature is
high, namely the phase-space-density (PSD) npeaxAr < 1. If the PSD approaches
the order of 1, the chemical potential will approach zero which means we cannot
add extra atoms to the finite-momentum states. The zero chemical potential marks
the BEC transition point: npeaAr = gs/2(1) ~ 2.612 or N(,Z—‘?F)?’ = g3(1) ~ 1.202.
So the critical temperature is T, ~ 0.94ho N3 /K,

This semi-classical method can also be used to obtain the density distribution
of a thermal gas in a time-of-flight during which it is ballistically expanding. At
the expansion time ¢, the position r(t) of a particle with initial position ry and
momentum p, can be expressed as r(t) = ro + pyt/M where the origin is set to

the center of mass. The density is given by

1 t
ntof(r,t) = W/drodpofBE(5)5<pﬁo —r+ 1‘0)

1 1
_W/doexp{[po + V(r —pﬁ)— pl/k T} — 1
1 1
— dp,
(27h)3 / p o 1)1 exp[m S 1+ wgtz)pzi] -1
S (2Mka)3/2H(1 +wit?) 1 / ds .
(2nh)? y(r,t)~les® —

1 o0
:(W)3/2H(1+w2t2 1/2/ d¢/ sin(6)dd \{E ds
T 1

2
—_ 1 2t2 1/2/ d
ﬁ)\:’%ljﬂ +wit?)” . y(r,t) 165_1 S
=[]« +w?t2)—1/2w

AT
(2.30)
with
y(r,t) —eXp[ Z— T )/ kT | (i = 2,9, ).
For a long expansion time (¢t > 1/w,, .) we have
gs/2exp (1 — 422) /T )
Niof(T, 1) = ) (2.31)

AT
Thus, the density distribution of a long expanded gas is isotropic and has the same

form as that of a trapped gas..
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Bose-Einstein Condensates

The above semi-classical method is inapplicable to a pure condensate where all
the particles occupy the lowest-energy state. FEugene P. Gross [1416] and Lev P.
Pitaevskii [117] have independently derived a equation using the Hartree-Fock ap-
proximation and the pseudopotential interaction model to quantitatively describe

a weakly interacting BEC. This equation named after them is called G-P equation

and reads - 12
i = (———V? U*)w 2.32
N = (— g V2V (r) + Uy [0, (232
where W = U(r,¢) is the macroscopic wavefunction of the condensate and Uy =
4h?

=47 a is the contact interaction. The three terms on the right-hand side of the
equation come from the kinetic energy, trap potential and the interaction energy
respectively. The wavefunction can be expressed as ¥(r,t) = /n(r, )e’*®? with
the condensate density n(r,t) and phase ¢(r,t). The stationary states of this
equation W(r,t) = ¢ (r)e" /" is given by

() = (5 V7 + V() + U W) P)o(r), (2.33)

here p is the chemical potential. Supposing the spatial extent of the BEC is R, the
ground state can be obtained by balancing the competing energies: the kinetic,
trap and interaction energy scale as %, sMo?R? and UyN/ (37 R?) respectively.
For the ideal gas limit (|Up| n < hw), the balancing of the kinetic and trap energy
gives the R on the order of ap, = \/h/% The ground state wavefunction is
the well-known one of the harmonic oscillator ground state and the density has a
Gaussian distribution. For a attractive interaction case (¢ < 0), R tends to become
smaller and smaller to balance the interaction energy and kinetic energy as the
atom number is increased or the interaction becomes stronger. However, due to the
very narrow width of the momentum distribution of a BEC the spatial extent has
a minimum value according to the uncertainty principle and there exists a critical
value of gN where the BEC collapses [118-150]. On the other hand, BEC with
a repulsive interaction (g > 0) is always stable. The repulsive interaction makes
R larger than ap, and there is a limit case where the kinetic energy is negligible
compared to the other two energies. This so-called Thomas-Fermi limit is valid

when éVTa > 1 and at this limit the stationary G-P equation becomes

b (r) = (V) + g [(x) ) (x). (2.34)
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The density is obtained by

n(r) = [(e)f? = max{“ VD)

p .0} (2.35)

The total atom number N determines the chemical potential u:

p—Vir) L 200 579 @ho
N:/nrdr:/ ———tdr = — (=) 2.36
mae= = (Lt (230

By solving this equation we obtain p = hw(%)” ° and the density can be

rewritten as

(1) = ma{mpea1 — o — L 2.0} (2:37)

n(r) = max{npear(l — = — = — —), .
R? R! R?

where R; = | /-2 = ahowﬂi(%)lﬁ(i = x,7, 2) are the Thomas-Fermi radii and

Npeak = 1/g = %(%)3/5 = % is the peak density. This is a parabolic
profile with the zero-value boundary determined by the interaction energy and the
trap potential.

The free expansion of the condensate of a idea gas is same as that of a thermal
cloud, say becoming isotropic after a long expansion time. However, the expan-
sion is quite different in the Thomas-Fermi region where the nonlinear effect is
important. It has been shown that the parabolic profile is kept with a scaled radii
Ri(t): R;(t) = b;i(t)R;(0). The time-dependent scaling factors satisfy the coupled

ordinary different equations:

— 0. (2.38)

In between the near degenerate gas and the pure condensate is the partially
condensed gas where both are present. In equilibrium the thermal and condensed
part are respectively described by the semi-classical equations and the G-P equa-
tion. The density distribution is the sum of the thermal and condensed component

for a trapped or released gas reads

2 42 2 2 2 2

n(r) =nme *% 20 2% 4 max{nppc(l — 55 — 55 — ~.),0}. (2.39)
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2.3.2 Imaging System Setup
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Figure 2.14: Setup of the imaging system. The two probe beams are combined

using a PBS cube and then they pass a dichroic A\/4 wave plate before shining
the atoms. The imaging lenses are composed of two convex lenses with f=100 mm
and f=300 mm respectively. The atomic cloud is put at the front focus point of
the =100 mm lens and the distance between the two lenses is 10 mm. The CMOS

sensor of our camera is at the back focus point of the second lens.

Due to the simplicity and high SNR with the absorption imaging, we have setup
such a system to simultaneously image **Na and 8"Rb atoms in our lab, which
is shown in Fig. 2.14. Using a PBS cube we combine the two probe lights with
orthogonal linear polarizations. Then they pass a dichroic A/4 wave plate which
change both their polarizations to ™. Two achromatic lenses with respective
100 mm and 300 mm focus lengths are placed outside the vacuum cell as the imag-
ing lenses. The atoms are located at the front focal point of the =100 mm lens

while the CMOS sensor is placed at the back focal point of the =300 mm lens.
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The distance between these two lenses is 10 mm. During the early time of my PhD
a frame-transfer camera (Apogee Alta Ul) was used for imaging. However, it was
inefficient for a mixture setup as we were allowed to image only one atomic species
for each experimental shot due to the low data transfer rate. Soon after my join-
ing into the group it was replaced by a new one (PCO.Pixelfly USB) which has a
interline transfer architecture where each pixel contains both a photodiode and an
associated temporary storage region. This design enables the fast transfer of the
previous accumulated electrons from the photodiode to the storage region and a
second picture can be taken with only several microseconds delay. This new cam-
era helps us image the two species in one experimental run almost simultaneously

and makes the data-taking process much more efficient.

2.3.3 Absorption Imaging

The idea of the absorption imaging bases on the Beer’s law: The attenuation of
the intensity of a radiation by medium obeys the equation

dI
— == NI 2.40
D~ g, alw, DI, (2.40)
here n(x,y, z) is the local density of the medium, the radiation propagates along
a-direction and a(w, I) is the single atom absorption coefficient. This yields I =
I e @D Zon@y2)de — 1 o= [2 OP@y.2)dr  whare the optical density OD is
defined as

OD(z,y, 2) = a(w, In(z,y, z). (2.41)
The absorption coefficient a(w, I) equals to (P, — P.)o(w) in a two-level model

and the expressions for P;(i = e, g) and o(w) have been deduced in section 2.2.2.

Substitute these equations into above formula

00

14+ 4A2) T2 + 1) 10

OD(z,y, z) = n(z,y, 2) (2.42)

To calculate the distribution of the OD we have to know the intensity distribution

of the radiation before and after its interacting with the sample which can be
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recorded by our camera. So we have

OD(y, z) = OD(z,y, 2)

=— 1n<%> (2.43)
)

here I;, Iy and I, are the intensity distributions of the three pictures taken with
the presence of only probe light, both probe light and atoms and neither probe
light nor atoms. I _o = I; f — I, removing the background contribution. One

can immediately get the atomic density distribution in the y-z plane

Ay, 2) = /+OO n(z,y, 2)dx

o O~D(y, o0 (2.44)

T 1+ AN T2 4+ /1,y

In previous section we have derived the 3D density distribution for a thermal, par-
tially condensed and fully condensed gas. However, what we detect is the column
density which should be compared with the theoretical models with integrated

distribution along the probe direction, say x-direction here:

o0 N z2 y2 22
7 — 1 ¢ 2% 203 202
fun(y, 2) = /_OO (2w)3/20m0y026 v Fidz
N 2 (2.45)
= e_%_m"g
2moy,0,
for a thermal gas,
o 15N x? y? 22
n ,Z) = — (11— = — - - —,0}d
neo(0.2) = [ max{e e (- 4 7z 7 O
N 22 » (2.46)
= l1—=—-—,0
i e O
for a pure condensate and
. Ny —2-2  5Npgc y© 2 s
artial\Y> = ? 7z 1—=—-—=,0 /2 2.47

for a partially condensed gas.
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Figure 2.15: Examples of the absorption images. Three line ODs along the vertical
direction passing through the trap center versus the vertical coordinate are plotted
with the BEC fraction of 0%, 38% and 72%. The solid violet curves are fits with
a bimodal function and the BEC (thermal) parts are indicated with the dashed
green (red) curves. The inset in each plot is the density plot of the 2D distribution

of the OD.

Several examples are presented in Fig. 2.15. The insets show the density plots
of the column density where the difference of the distributions for a thermal and
condensed gas is already seen. To quantify them further, we fit all the images with
the distribution function of a partially condensed gas. The intersections along
the vertical direction (y axis here) of the images as well as the fitting results are
shown in the figure. Also the thermal and BEC parts determined from the fits are
indicated. We could see that the fits agree with the data very well in all the three

cases, which suggest that we can get reliable densities from our images.
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2.3.4 Measuring The Physical Quantities

Atom Number

The most important information we could get is the total atom number: N =
Nin 4+ Nec = 2mngno0y0, + 2?’rnBECORyRZ. Of course the BEC fraction is also

got: ferc = N]?V?C x 100%. Here the real sizes of the cloud are determined by

the pixel size of the camera sensor (dp), the magnification factor of the imaging
system (Mag) and the binning of the image (bin). The real size unit is given by
d= Mﬂag x bin, where dy=6.45 pm, Mag~ 3.1 and bin= 2.

Temperature

The temperature of the system is measured by the relation between the size of the

thermal cloud and the expansion time, according to Eq. 2.31 which reads

oi(t) = 1/%@2 + %). (2.48)

By fitting the sizes at different expansion time with this equation we can get the

temperature of the gas and an example is shown in Fig. 2.16.

Atomic Density

For a thermal gas, we can reconstruct the density distribution from the total atom
number, the trap frequencies and the temperature according to eqn. (2.31). For a
BEC the density distribution is also accessable in the weak and Thomas-Fermi limit
with the atom number and trap frequencies via eqn. (2.39). The average density
can be obtained by the reconstructed density distribution (n) = & [n*(r)dr. So
the trap frequencies are important for the determination of the density which can
be calculated using the equations in section 2.2.6 or measured by the parametric

heating method [151].

Calibration of Atom Numbers

The above calculation of the atomic density (hence the atom number) is based on
some idea conditions like on-resonance, weak probe light intensity, perfect align-

ment of the light in terms of polarization and exact two-level atomic structure.
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Figure 2.16: An example for the temperature measurement. The black squares
and the red circles are corresponding to the atomic sizes along the horizontal and
vertical direction, respectively. Solid lines are fits to Eq. 2.48, from which the

temperature of the sample is determined to be 6.2 nK.

However imperfections are unavoidable in experiments, such as saturation effect of
the probe light, misaligned polarization and optical pumping effect. Taking these
into consideration by introducing an effective probe intensity [152, 153] we obtain

the following equation:

dl Ieff [/Oé
= _—nog——__ — _po—— 2.49
dv T H Lyl T+ I (0l (2.49)
Integrating this equation we have
I — [ I —1 .
a/ln > dydz +/ Laydz = o /n(y, 2)dydz = ogN. (2.50)
[f - [b ]sat

The right-hand side of the above equation is a constant when we only change the

I.—T . L
i) as a function of A = In =L
Isat Ifilb

we expect a line with a slope of a. Based on this understanding, we implement

probe intensity. So if we plot the quantity B =

different probe intensities and get the correct factor o shown in Fig. 2.17 for 8’Rb

with o = 2.0(2). This factor for ?*Na is found to be equal to 1 in our system



CHAPTER 2. EXPERIMENTAL SETUPS 48

1600

1200

800

400 L
1000 1200 1400 1600
A

Figure 2.17: Calibration for the 3’Rb atom number. See text for the explanations

of A and B. The solid red line is a linear fit.

using the same method. The calibration of the atom number is important for us
especially in the spinor experiments where the spin-dependent mean-field energy

strongly depends on the atomic density, and hence the atom number.

2.4 DC Magnetic Fields and Electric Fields

Atoms and molecules can interact with DC external fields and their internal struc-
tures are perturbed by these fields. For DC electric fields they can only interact
with a neutral particle possessing a nonzero permanent dipole moment, namely
the ground-state 2NaS"Rb polar molecule in our case. The external DC magnetic
fields interact with particles having nonzero magnetic dipole moments. Here I will
focus on the atoms in the magnetic fields and molecules in the electric fields for
this section. Both the theoretical treatments and the experimental implementa-

tions will be presented.
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2.4.1 DC Magnetic Fields

Feshbach coils

gradient coils

z-shim coils

x-shim coils

y-shim coils

Figure 2.18: The configuration of our magnetic coils to generate various magnetic
field. Totally there are five pairs of coils around our vacuum cell. The innermost
one is an anti-Helmholtz to generate the gradient field, shown by the hollow yellow
cylinders. Next to them are the Feshbach coils used to provide the Feshbach
magnetic field (hollow brown cylinders). Another three pairs of rectangular coils
are positioned along the three cartesian axes to cancel the background field and

produce small magnetic fields from several milligauss to about 3 G.

As mentioned in section 2.2.1, the external magnetic fields would lift the degener-
acy of the hyperfine states which is termed Zeeman effect. This well-known effect
was first observed by the Dutch physicist Pieter Zeeman and named after him.
With several pairs of copper coils, we can generate various types of magnetic fields
to create the MOT and magnetic traps for atoms, induce Feshbach resonances

between atoms and tune the spin dynamics based on the Zeeman effect. The
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configuration of the coils is shown in Fig. 2.18, where the coordinate system is
consistent with that in Fig. 2.12. T would like to discuss these coils respectively in
following subsections. However, let me revisit the influences of magnetic fields on

the atomic structures first.

Hyperfine Structure of ?Na and 8"Rb in a Static Magnetic Field

23 2 -z
Na“S _-ziieC
10 - ” T mELR2
F=2._.- E
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0 2000 4000 6000 8000 10000
Magnetic field (G)
Figure 2.19: *Na and 3 Rb 25, /2 state hyperfine structure in a static magnetic

field
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I start with a consideration of the atomic hyperfine structure in a static magnetic
field. The Hamiltonian is written as

H=thy + (2.51)

= Hyy + pp(9sd - B +gr1-B),

where Hj; has the form as that in eqn. (2.1), pp is the Bohr magneton, g; is the
fine Landé g-factor and ¢ is the nucleus g-factor. The hyperfine state labeled by
F| quantum number of the total angular momentum of the atom, has a (2F + 1)-
fold degeneracy. When the magnetic field is turned on, this degeneracy is destroyed
and we can identify two limited cases where either the Zeeman interaction or the
hyperfine interaction can be treated as a perturbation. For the weak field limit

(9supB < A, Byy) F remains a good quantum number and the perturbation Hy

becomes
here gr = g, F(FH);]?((?FQ;LJUH) +91 F(FH);((]FTE)_J(‘]H) is the hyperfine g-factor.

The eigenstate is denoted by |F,mp) where mp is the projection of F along B.
In the strong field limit (g;pupB > A, Byy), the good quantum numbers are m;
and my, the projection of I and J on the B, and the hyperfine interaction is the
perturbation term. In between these two limits, it is difficult to obtain the energy
levels and we need to numerically diagonalize the Hamiltonian H.

However, we can have a exception for a simple case in which J = 1/2. The
By term of the hyperfine interaction vanishes in this case and the Hamiltonian

can be organized as
— AL - J + pp(gsBI. + g;BJ.) (2.53)

A
= 5(]+‘]‘ +1_J,)+ AlLJ, + up(9sBI, + g1 BJ.,),

where the static magnetic field B is along the z-axis with a magnitude B and I, =
I, £il, and Jy = J, £ iJ, are the ladder operators. With |1) = |m;, £1/2) and
|2) = |m; £ 1,F1/2) we can construct an eigenstate of H by doing the following
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algebra:

H([1) +1+12))

A
= 5\/(1 Fmr)(I £my+1)[2) + [Amym; + pp(gsmyB 4 grmB)] |1)

+ li{g\/(f Fm) (I £mr+1)[1) + [=Am,(m; £ 1) + pp(=gsmsB + gi(m; £1)B)][2)}

= Epr12(]11) +15(2)),

1 A(I + 1/2)\/ 4(my 4 1/2)
E =—-A +1/2)uypB+ —— /1 + ———— 2,
— mr+1/2 4 +g[(m1 / )IU’B 2 + 2l +1 Tt
(2.54)
Here z = % and the expression of the energy is called Breit-Rabi for-
mula [1541] which is applicable to the 25, /2 and 2p /2 states of alkali atoms. The

energy shifts of the ground states of Na and 8"Rb are shown in Fig. 2.19 where
the crossover from the weak field regime to the strong field regime is clearly demon-
strated.

Magnetic Gradient Fields in MOT and Magnetic Quadrupole Traps

In the weak field limit, the lowest order perturbation theory gives the energy shift
of |F,mp) as

AEpm, = ppgrmrB. (2.55)

If a magnetic field gradient is applied, the atoms will experience a spatial-dependent
energy shift which has been used to cause the restorative imbalance of the scatter-
ing force in the MOT. However, this shift itself can provide a conservative force

which is also restorative for some atomic states:

F=-V{AEr,,}
= —pupgrmpVB(r) (2.56)
= —pupgrmpB.Z,

where B, = 0,B are the gradients along the z axis. If gempB. > 0 atoms at the
state |F,mg) will be trapped to the local minimum of the magnetic field in the
z-direction.

The axis of a pair of anti-Helmholtz coils (gradient coils in Fig. 2.18) is aligned
along the z-direction. With opposite direction currents, the magnetic field around

the center is approximated by B = B'(§2 + 42 — 22) with 0 < B’ <218 G/cm.
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The potential created by this field configuration is written as

2 2
Ugr(z,y,z) = upgrmpB’ xz + yz + 22. (2.57)

For the electronic ground states of both 2Na and 8"Rb, ¢g; < 0 and g, > 0, hence
the trappable states are |1, —1), |2,1) and |2,2). Since only the mixtures of **Na
and 8Rb F = 1 states are stable enough for a long time (~10s) evaporation

cooling, we use |1, —1) state for both species in our experiments.

Feshbach Coils

Another pair of coils placed in the same horizontal plane with larger sizes is op-
erated with same direction currents and labeled with Feshbach coils in Fig. 2.18.
With its center coincided with that of the gradient coils, this pair generates a
uniform magnetic field up to 1000 G around the center. We use the Feshbach coils
to induce the interspecies Feshbach resonances between *Na and 8" Rb atoms. Es-
pecially, one of the s-wave resonances located at 347.7 G is selected to create the

Feshbach molecules.

P
LEM IT200 | - LEMIT200-S
Feshbach coils gradient coils
+
SETVo SETVO Delta Elektronika
SM30-200

IXFN230N10 T
e 4 K]

w o

Gpow IXFN230N10

Figure 2.20: Schematic for the control of the gradient and Feshbach coils

Both the gradient and Feshbach coils are constructed with hollow copper tubes
and driven by a common power supply (Delta Elektronika SM30-200) with a par-
allel relation, as illustrated in Fig. 2.20. The currents flowing the two pairs are
separately stabilized with two active control systems. In each system, we use a
Hall transducer (LEM IT200-S) to precisely sense the current and a MOSFET
(IXFN230N10) as the controller. As a result, we can have a relative stability of
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3x 1075 for the Feshbach fields. The stability of the gradient fields is not tested. A
more detailed description of the coil constructions, magnetic field modelings and

servo circuit as well as its performance can be found in the thesis of our senior
PhD Fudong Wang.

Shim Coils

Asseen in Fig. 2.1 and Fig. 2.18, three mutually perpendicular pairs of rectangular
shape coils are winded at the edges of the mount of the gradient and Feshbach coils.
These pairs, called shim coils, are used to compensate the background magnetic
field and also provide a small uniform field. Two of them (y-shim and z-shim) are
driven by low ripple and noise DC power supplies (ISO-TECH IPS 303DD) and a
4A extremely low noise current controller (LDC240C) is used to drive the left one

(z-shim).
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Figure 2.21: Compensation of the background magnetic field with the shim coils

The compensation of the background magnetic field is important for the Sisy-
phus cooling, absorption imaging and spinor experiments. In a zero magnetic field,
the Sisyphus cooling bunches the atoms near the zero velocity region with a nar-
row distribution. However, a finite magnetic field would bunch the atoms around
a finite velocity determined by the Larmor frequency. Experimentally this gives
rise to a unwanted multimodal distribution of the atomic velocity [155]. Typically
we use a magnetic field smaller than 50 mG which is enough for the successful
operation of the Sisyphus cooling. For the absorption imaging we need a finite
magnetic field to determine the quantization axis. The alignment of the probe
light along this axis will be much easier if we have a good knowledge of the mag-
netic field. In the spinor experiment an crucial point is the light vector shift which

strongly depends on the magnetic field direction. Taking these into consideration,
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we employ a simple and effective method to compensate the background magnetic
filed. It is based on the fact that the three shim coils can independently control
the magnetic field along the three Cartesian axes. The magnitude of the field is

written in the form of

B =\/B2+ B} + B
(2.58)

= \/(axfx +b2)? + (ayly +by)* + (a1 +b.)?,

where the field B; is linearly determined by the current I; with the slope a; and the
intercept b; for i = x,y and z. By tuning one of the currents while keeping the other
two constant and calibrating the magnetic field with the microwave transition of
8"Rb, we can get a set of data (I, B?) and fit it with a parabolic function. The
vertex of the parabola gives us the compensation value of the selected current.
The results for all the three currents are shown in Fig. 2.21. Since the outputs of
either the power supplies or the current controller are linearly controlled using the
DC voltages that come from a digital-analog converter (DAC), we use the voltage
instead of current in the plot which is more convenient for us. With this method,
we can compensate the background DC magnetic field below 10 mG confirmed by
the microwave transition. We can also precisely create a magnetic field with a

magnitude up to 10 G in an arbitrary direction with these three shim coils.

2.4.2 DC Electric Fields

A DC electric field affects the electronic ground states of both 2)Na and 3"Rb
atoms little while it may strongly interact with the ground state polar molecules.
I will left the discussion of this point to chapter 3 and here I want to focus on the
setup and model of the electric fields.

Two parallel plate-electrodes have been installed outside our vacuum cell with
their normal axes along the vertical direction. They are made of conductive and
transparent ITO (Indium-Tin-Oxide) glasses. The transmissions of the 780 nm
and 589 nm lights are both around 80% for the normal incidences. Each plate is
a cylinder with a radius of 24 mm and a height of 1.1 mm. The distance between
the two plates is 5.37 cm and they are both very close to the glass cell (<1 mm).
They are held by two home-designed mounts which are adapted into the central

hole of the gradient coils.
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Typically we need an electric field up to 1 ~2kV/cm and this requires a volt-
age difference of 10kV between the two plates from the roughest estimation. The
experience in JILA on “PK8Rb experiments [150] tells us that the balanced config-
uration of the voltage difference gives the smallest electric field gradient which is
unexpected for our purpose. To this end, we use two commercial high voltage am-
plifiers (AMT-5B20) with an output range of £5kV. These high-speed amplifiers
have a voltage slew rate of 170 V/ps in our setup.

The real electric fields experienced by the molecules are hard to measure and
we use theoretical values instead. Assuming a +1kV voltage applied on the two
plates respectively and including the presence of the glass cell, we can estimate
the electric field between the plates to be

N AV
T 537Tcm+ (5, — 1) x 2 x 3mm (2.59)

~ 0.264 kV /cm,

E

where ¢, is the relative permittivity of the Pyrex and the wall thickness of the cell
is 3mm. However, this estimation is quite accurate when the electrodes is much
larger than the glass cell which is the case here. Also the influences of surrounding
metal components cannot be ignored. For a better knowledge of our electric fields,
we use the software platform COMSOL MULTIPHYSICS® to model them based
on the finite element method. The simulating result to the above problem is
presented in Fig. 2.22, where the contour plot of the electric field distribution in
the horizontal plane containing the molecular cloud is shown. It gives a electric
field of 0.18kV/cm at the molecular position which is well below the previous

estimation.
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Surface z=0: Electric field (kV/cm)
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Figure 2.22: Modeling of the electric field

Also this simulation is not accurate due to the uncertainties of the input pa-
rameters and important ones are the distance between plates (5%), the size of the
plates (2%), the thickness of the cell’s wall, the relative permittivity of the Pyrex
(10%), the positions of the gradient and Feshbach coils (5%) and the inner radius
of the gradient coils (5%). Here the uncertainties of the parameters are given in-

side the parentheses and combining all of them give rise to a overall uncertainty
of 10% for the electric field.
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2.5 Microwave and Radio-frequency Transitions

and Their Implementations

For the atomic ground states of 2*Na and ®"Rb, the transitions among the same
or different hyperfine manifolds correspond to radio-frequency (RF) or microwave
(MW) transitions respectively. Also the transition frequencies between adjacent
rotational states of our ground state molecules lie at the MW regime. Our group
employs the MW transitions of Rb 25y, F = 1 <» F = 2 around 6.8 GHz to
do the evaporative cooling in the magnetic or hybrid trap, calibrate the uniform
magnetic field, manipulate the internal states for the study of F' = 2 spinor gas and
control the heteronuclear spin dynamics. The same transitions of 2*Na are rarely
used and the MW devices for driving transitions between molecular rotational
levels are in preparation in our lab. The RF transitions are useful in preparing
the mixtures with different state combinations to study the Feshbach spectroscopy
and produce the Feshbach molecules and also initializing the special superposition

states for coherent spin dynamics.

2.5.1 %Rb MW Device

A schematic of the setup of the MW device for 8’Rb is shown in Fig. 2.23. A
MW signal coming from the signal generator (SG386) is sent into an amplifier
(ZVE-3W-183+) after passing a high-speed electronic switch (RFSP2TA0218G).
The gain of the amplifier is typically 35dB with a maximum output power of 3 W.
The transmission loss of the system from the source to the input of the amplifier
is about 9dB and we would have a saturated output for a source output power
>9dBm. The amplified signal is transmitted to a pyramidal horn antenna (OLB-
112-10) whose output is guided to the atomic position. With this setup, we can
get Rabi-frequencies up to 2w x10kHz for the 8"Rb hyperfine transitions. As an
example, the on-resonance Rabi oscillation between |1,1) and |2, 2) states at 1 G

magnetic field is also plotted in the lower right corner of Fig. 2.23.
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Figure 2.23: The simple schematic of the "Rb MW device

2.5.2 Spin Rotations and RF Devices

Spin Rotations

At a small magnetic field By along z-direction, we can apply an oscillating trans-
verse magnetic field with a small amplitude to drive transitions between different
Zeeman sublevels among the same hyperfine manifold. The Hamiltonian can be
written as

H:H0+HRF

G1HBE g (260

m . —I—gF,LLBFybCOS(CUt).

~ Ey+ grppl’. By +

Here Ej is the a constant, F;(i = x,y, z) are the spin-F cartesian operators, b is
the magnitude of the oscillating field and w is its frequency. For F' = 1, we use the
basis |1,m) = (1,0,0)7,(0,1,0)" and (0,0,1)" for m = 1,0 and -1 respectively.
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Then the matrix representation of the three spin operators reads

) 010 . 0 1 0 1 0 0
Fob=—7110 1|, Fy=—F% -1 0 1|, F.=[00 0 2.61
v T (261
010 -1 0 00 —1
With p = gpupBy/h <0, ¢ = (ﬂﬂ > 0 and Q = gppugb/2h, the Hamiltonian in
the matrix form is
P+q —iv/2Q cos(wt) 0
H =N | iv2Q cos(wt) 0 —iv/2Q cos(wt)
0 iv/292 cos(wt) —p+yq
. (2.62)
0+ q —27§ 0
-0 -0
— h 7/7§ O —7,75 s
0 i —d+g

where § = w — |p|, the RWA is applied (|p| +w > |d]), and p(q) is often referred to
as the linear (quadratic) Zeeman energy. Starting from the initial state |1,1) and
supposing the on-resonance (0 = 0) driving as well as negligible quadratic Zeeman
energy (> |q|), the state at any time ¢ is (cos?(£€2/2), 2 sin2(¢Q)/2))T. For

i
another initial state |1, 0) it is (—Sui%g ,cos(t9)), Sni(/%m) :

ool

Qt=0 Ot=n/2 Qt=3n/2 Qt=2n
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Figure 2.24: Majorana representation of the spin rotation
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Figure 2.25: Population dynamics of the spin rotation

Here in both cases the spin state rotates periodically in the spin space with
a period 27 /€2 which is driven by the RF field. To illustrate it explicitly, in Fig.
2.24 we use the Majorana representation of a spin-F' object where it is mapped
to a set of 2F points on an unit sphere. In F' = 1 cases, two points are needed
and they oscillate with same frequency on the unit sphere. For the populations
of different sublevels they also oscillate periodically, but maybe with different
frequencies. This phenomenon is also termed Rabi oscillation which occurs in
a two-level system in the original sense. However, as |¢| becomes non-negligible
the rotation of the two points have different frequencies and the state experiences
a very complex trajectory in the spin space. This can be seen from the beat signal

of the population dynamics, shown in Fig. 2.25.
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RF Devices

We use homemade small loop antennas with rectangular shapes to meet this pur-
pose where they are small in the sense that the wavelengths of the RF fields (\) are
much larger than the characteristic sizes of the antennas (1). Since the radiation
resistance of a loop antenna is proportional to (I/A)? which is quite small in our
case, we can get the maximum radiation power by simply making the power stored
by the antenna largest. When there are no extra impedance matching components
the loop antenna together with the transmission lines behaves like a LC circuit for
RF frequencies >100 kHz. The typical output resistance of an amplifier is 50 {2 and
the impedance of an antenna is composed of a resistive one R and a reactive one
1wl with R its static resistance and L its inductance. However, it is very different
of the impedance matching at lower frequencies (<1 MHz) and higher frequencies
(>1MHz) - --

2.6 Experimental Sequence and Its Control

With all of the previous sections I have introduced many essential equipments
working for producing ultracold mixtures of 2Na and 8"Rb. A nature question is
that how they cooperate in a controlled manner to achieve our purpose. This is
realized thanks to the well-developed communication and information technologies.
In our lab, the on-off states of lasers, DC and AC external fields and CCD are
controlled using TTL gates (DIO64) and their parameters are fine tuned with the
DAC outputs (PCI 6713 & 6733). These TTLs and DACs are time-controlled
using the computer clock where the resolution of 1yus is set by the update rate
of the DAC cards. A Labview program is utilized to set and change the time
sequence with a friendly interface. Also another independent VB.Net program is
developed to control the CCD, calculate the OD images and fit them with certain
distribution functions.

Our main experimental time sequence could be divided into three parts roughly

and next I would go through them one by one.
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2.6.1 MOT, Compressed MOT and Optical Molasses

Almost all the quantum gas experiments start with a MOT where millions or
billions high-temperature atoms are cooled and accumulated at the center of it.
For us we operate with a double-MOT using the LIAD technique and they are
spatially separated to avoid possible collision losses by pushing the 8’Rb MOT
away from the ?*Na one with the 8"Rb probe light. After a loading time of about
29s we turn off the UV light and the push beam. Then the atomic mixture is
compressed to a higher density with only a minute loss of the atom number but
a little increase of the temperature. This is called a compressed MOT which is
accomplished by increasing the cycling laser detuning and reducing the repump
power. Following a compression of about 20ms the magnetic gradient field is
abruptly turned off and the cycling laser frequency is further detuned. In this
way the temperature of the sample is lowered by the Sisyphus cooling with about

6 msand now it is ready to be loaded into the hybrid trap.

2.6.2 Hybrid Trap

Optical Pumping and The Hybrid Trap Loading

LD
1,0)
L-1) A\
_h “I‘ i ‘I‘l""‘
_ I1,-1)
F=1 o
LD

Figure 2.26: The scheme of optical pumping to |1, —1) state
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After optically pumping the atoms to |1, —1) states of both species we load our
cold mixture into a hybrid trap composed of the quadrupole magnetic trap and a
single beam 1070nm FORT. In Fig. 2.26 we show the scheme of optical pumping.
Just before the optical pumping the repump light is turned off and the cycling
light is tuned to on-resonance with 25, pF =2 2p, /2 F' = 2 transition which
can act as a repump light for the optical pumping process. Then a ¢~ light near-
resonance with the transition 2Syp F =1 <> 2Py;» F/ = 1 is applied where the
magnetic field is provided by the shim coils. Almost all the atoms accumulate on
the dark state |1, —1) within 500 ps. At this stage we can keep the atom number
and PSD from the molasses.

To capture the atoms with a minimum number and PSD loss we first turn
on the magnetic gradient to 85 G/cm within 10ms and then linearly ramp it to
160 G/cm using 250ms after a holding of 40ms. After a delay of 200ms the
power of the FORT laser is also linearly ramped to about 2.5 W with 300 ms. An
advantage of the hybrid trap over the pure quadrupole magnetic trap is that the
former can suppress the Majorana loss which is the major limit of the achievable
PSD in the later trap [157]. The spin-flip rate from the trappable state to non-
trappable states near the zero-point of the magnetic field is severely enhanced for a
cold or ultracold sample and thus both the lifetime and further cooling are limited.
Our hybrid trap solves this problem by horizontally shifting the magnetic gradient
center about 70 pm away from the optical trap center in a direction perpendicular
to the probe light. Supposing the optical trap along the z-direction, its center is

the origin and the vertical axis is z, the resultant hybrid trap potential reads

Uhy(m7ya Z)
Uo 2(y* + 2%) 1 /\/(93 —20)* (¥ — )’
N P B 24 M
1+ 22/2% p{ wg(1+ x2/x%) Tohe 4 T e e
(2.63)

where wy =48 pm, Uy = kpyx96 pK for 8"Rb and k, x32pK for 2*Na, 2z =6.9 mm,
xo =—36 pm and yy =60 pm. For x < x i the optical potential is almost a constant
along the z-direction and the potential curve is solely determined by the magnetic
quadrupole trap. This point makes the efficient MW or RF evaporative cooling
possible. Numerical calculation helps us find the local minimums of the hybrid trap
potential and the potential curves along y-direction are plotted in Fig. 2.27 for both
species. Typically there are two local minimums present: one corresponds to the

optical potential and another is close to the magnetic trap center. When the atoms
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Figure 2.27: Trap potentials of hybrid trap with different magnetic gradient values

are loaded into the hybrid trap, we expect them to locate at the fist minimum to
avoid the Majorana loss and the distance between these two minimums is increased
when we ramp down the magnetic field gradient. The potential difference between
the two minimums is about k,x76 pK for 8"Rb and k, x 15 pK for 2Na. Compared
to the temperature of the sample, these values suggest that the Majorana loss is

well suppressed for 8"Rb while it is not for ?*Na.

Evaporative and Sympathetic Cooling in The Hybrid Trap

For us we use the MW evaporative cooling for 8’Rb in the hybrid trap. With a MW
field, the Doppler shift is negligible and the resonance condition is determined by
the local magnetic field where the |1, —1) atoms are transfered to the non-trappable
states |2,m) (m = 0,—1,—2). As already mentioned, only along the z-direction

the potential curve is severely affected by this MW field which is illustrated in
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Figure 2.28: MW evaporative cooling of 8'Rb in the hybrid trap

Fig. 2.28. The MW frequency determines the resonant magnetic field, hence the
z-coordinate, and the nearby atoms is ejected from the trap. As we know the
high-velocity atoms would like to stay near the top of the potential curve, we
will selectively remove the high-velocity atoms from the trap if we swap the MW
frequency in a way that the corresponding resonance point is swept from the top
toward the bottom of the potential curve.

The 23Na atoms are sympathetically cooled through the thermalization pro-
cess with the cold 8"Rb cloud. The sympathetic cooling efficiency depends on the
relative rate of the elastic and inelastic collisions. The elastic collision rate is deter-
mined by the elastic scattering cross section, the density overlap and the tempera-

1%7?'71' Here Oelastic — 4ma? for the

ture of the gas which reads Tepastic = Oelastic (1)
far-from-resonance scattering and g is the reduced mass. The inelastic collisions
typically cause the trap losses and we have three kinds of inelastic collisions: 1)
Background collisions. It is unavoidable for the collisions between trapped atoms
and room temperature background atoms. This process limits the achievable life-
time for any traps. 2) Two-body dipolar relaxation. These collisions result from
the magnetic DDI or the spin-orbit coupling which transfers the orbital angular
momentum to the spin one and thus scatters the spin state into non-trappable spin
states. 3) Three-body recombination. When three atoms collide, it is possible that

two of them form a molecular state and the left atom helps conserve the energy
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and linear momentum. The released energy is converted into the kinetic energy
which is usually much larger than the trap depth, hence all the three atoms are lost
from the trap. The background collision rate is low if the UHV is well-maintained.
This is also true for the two-body process where both the magnetic DDI and spin-
orbit interaction are quite weak for 8Rb and **Na. The three-body loss will be
a problem only when the density is high enough or the scattering length becomes
extraordinarily large. So the sympathetic cooling works efficiently between 8"Rb
and 23Na in the usual case.

In our experiments, we start from 6794 MHz which corresponds to x =3.6 mm
and the sweeping slope of the frequency is optimized to achieve the highest cool-
ing efficiency. Down to 6832 MHz, where the Majorana loss becomes severe for
23Na, we ramp down the magnetic field gradient from 160 G/cm to 64 G/cm us-
ing 300ms to push away the zero-point of the magnetic field. Finally we stop
at a frequency ranging from 6833.5 MHz to 6834 MHz and transfer the atoms to
the crossed FORT. With different ending frequencies we can control the relative

number of 2Na and 8"Rb from 0 to oo.

2.6.3 Crossed FORT

The crossed FORT is formed by slowly ramping up another 1070nm beam to 0.7 W
and simultaneously ramping down the magnetic field gradient to 6 G/cm at the
end of the MW evaporative cooling. The power of the initially present beam is
also ramped down to 0.7W. After a holding of 10 ms the gradient is turned off
and a 2G uniform magnetic field is turned on to align the spin. Actually the
atoms are evaporatively cooled during the loading of the crossed FORT where the
final power of the beams are optimized to achieve the highest PSD. The atoms are
further cooled by lowering the trap laser power. This is also called evaporative
cooling since the basic picture is the same as that of the MW one. The trap
potential has been derived in section 2.2.6 and it is shown there the trap depth
of Na is smaller than that of 8"Rb. This results in the evaporative cooling of
2Na firstly and the sympathetic cooling of 8"Rb by the 2*Na gas. Since the **Na
number is limited and we have tried to add another 660 nm beam to tune the
relative trap depth of them. This helps us improve the mixture number and the

detail could be found in our previous group member Jun Chen’s thesis [158]. Due



CHAPTER 2. EXPERIMENTAL SETUPS 68

to the fact that the alignment of this 660 nm beam changes frequently and most
of the time we are satisfied with the crossed 1070 nm trap, it is rarely used. After
the forced evaporative cooling in the crossed FORT we end up with an ultracold
mixture of 2Na and 8"Rb and the total atom number is about 1.5 ~ 2 x 10° at a
temperature around 300 nK.

With this compact setup our lab has already achieved several scientific results
before T joined it: 1) The production of a double Bose-Einstein condensate with
tunable interspecies interactions [12]. 2) The Feshbach spectroscopy between **Na
and 8"Rb [159]. Based on these results, from next chapter I begin to present you

the new achievements I have contributed to.



Chapter 3

From Weakly Bound State to

Absolute Ground State

Heteronuclear diatomic molecules at their rovibrational ground states, the simplest
forms of the polar molecules, have attracted the most interests in the quantum gas
community. Although there are continuous efforts and significant progresses in the
direct cooling of various ground-state diatomic molecules [|, the most successful
method to produce an ultracold sample is still associating the ultracold atoms into
weakly bound molecules followed by transferring these molecules into the ground
state via the STIRAP.

Our 2Naf"Rb molecule, possessing a permanent dipole moment of 3.2 Debye
at its ground state, is an idea candidate for the realization of the DDI-dominated
system and chemically stable against the 2Na® Rb + 23Na®"Rb to »*Nay + 8"Rb,
reaction where the energy barrier is about 47 cm™! [160]. From the historical point
of view, the 2Na®"Rb molecule was well-studied using the traditional spectroscopy
method [161-164]. The molecular structures of the first several electronic states
will be presented in section 3.1.

The first step toward the ground-state molecules is the association of free atoms
into bound states. This requires moderate couping between them and it is possi-
ble with the laser field or magnetic field which induce Feshbach resonances. Near

resonant lasers are need in the former case which would limit the lifetime of the
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ultracold sample and the achievable PSD is low. Our group utilizes an s-wave mag-
netic Feshbach resonance to realize the free to bound transition and the production
of the Feshbach molecules is going to be discussed in section 3.2.

The next step is to find a suitable intermediate state involved in the STIRAP.
This state is required to have strong enough coupling with both the Feshbach
molecular state and the ground state. Its hyperfine structures are need to be
well-resolved to achieve a high-efficiency population transfer. The lifetime of this
state is long enough to set acceptable requirements for the state couping and laser
coherence. For 2Na®"Rb, the candidates are the states belong to the admixture of
AY* and B3II or BUI and ¢3X T state. To locate the interested regions we have
performed spectroscopy study of the excited states around the proposed positions
in Ref. [162] for the former case and near the dissociation limits *Na 3%5; , 4+ 8"Rb
52Py j5 and 52 P 5 for the later. We successfully classified the long-range states just
below the 8Rb D2 line and a few more deeply bound states are considered to be
promising for the STIRAP. During our planning of this scheme, we surprisingly
identified a suitable pathway with the A'¥*/b3II admixture through which our
existing lasers work very well. In section 3.3 and 3.4 I will present you the details
of our spectroscopy studies.

The following section is devoted to the creation and characterization of the
ground-state molecules. The transfer process was well understood using a phe-
nomenological master equation. The ground-state hyperfine structure was fine
resolved and we confirmed the occupation of the pure lowest energy level. The
dipolar nature of our molecules was characterized by the stark spectroscopy where
we measured the stark shifts of the rovibrational ground state. The effective dipole
moment over 1 Debye, the largest value achieved with ultracold molecules, was in-
duced. The lifetime of the ground-state molecules was also studied and extensively
discussed.

At the end of this chapter, I would like to briefly summarize it and mention

the perspectives with our 2Na® Rb molecule.
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3.1 Structures of Diatomic Molecules: **Na®"Rb

as an Example

Diatomic molecules have much more complex internal structures than the atoms,
mainly resulting from the relative motion of the two nuclei as well as its interplay
with the electronic motion. It was proposed by Born and Oppenheimer [165] that
the motion of the nuclei and electrons can be separated in a molecule due to the
dramatic mass difference between them. In this so-called Born-Oppenheimer (BO)
approximation, we first fix the internuclear distance R and solve the electronic
Schrodinger equation: H.(r;R)y(r;R) = E.(r; R) where R is a parameter. By
varying R in very small steps and repeatedly solving the previous equation we
can construct the potential energy surface (PES) E.(R). As long as the PES is
well isolated from others, we can solve the nuclei motion by treating F.(R) as an
effective potential and thus the vibrational and rotational structures are obtained.
The BO PESs are represented by 29t'Aq where the meaning of the symbols will

be explained below.
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Figure 3.1: The PESs of the lowest six electronic states of the 2>Na®"Rb molecule:
The BO PECs at small internuclear distance R and the long-rang spin-orbit po-

tential.

The BO approximation neglects the possible coupling between the electronic

and nuclear motions which breaks down in some cases. Including those coupling
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we are interested in how the angular momenta in a molecule are coupled which is
important for us to specify the transition selection rules. The angular momenta
considered are the total electronic orbital angular momentum L, the total elec-
tronic spin angular momentum S and the nuclear rotational angular momentum
N. In a diatomic molecule L processes very fast about the molecular axis and only
its project My, along this axis is well defined. The states with £M}, are degenerate
and we use A = |My| to classify the energy levels. If A # 0, the total electronic
spin would interact with the magnetic field produced by the orbital motion of the
electrons which is called spin-orbit coupling. This causes S to process about the
molecular axis and its projection . The resultant total electronic angular momen-
tum J, is obtained by adding L and S and its component along the molecular axis
Q = |A + X|. The above problem was first systematically studied by Hund giving
rise to the five Hund’s coupling cases. Case (a): Both the electronic orbital and
spin angular momenta are strongly coupled to the molecular axis and the resul-
tant €2 couples with N to form the total angular momentum J. The good quantum
numbers are A, 5,3, J and . Case (b): The electronic spin is decoupled from
the molecular axis and €2 is not defined. This can happen when A = 0 or the
spin-orbit coupling is very weak. Then A is first coupled to N to form K which is
coupled to S to give J. The good quantum numbers are A, N, S and J. Case (c):
There are some cases where the spin-orbit coupling is stronger than the coupling
to the molecular axis and A and > are not well defined. L and S first couple to give
J. which processes about the molecular axis. Then €2 couples with N to form J.
In case (c) the good quantum numbers are J., 2 and J. Case (d): The coupling
between L and N is the strongest one and the resultant K couples with S to give
J. The good quantum numbers are L, N, K, S and J. Case (e): The coupling of
L and S to the molecular axis is so weak that J. couples with N directly. The
resultant good quantum numbers are J., N and J. Only the first three coupling
cases are important for us and the coupling in a diatomic molecule in certain elec-
tronic state may change with the internuclear distance R. For 2Na®"Rb molecule,
the lowest six levels at a short internuclear distance belongs to Hund’s case (a) or
(b) and their long-range parts are corresponding to Hund’s case (b) or (c¢), which
are illustrated in Fig. 3.1. So PESs are labeled by 25“/\3/_ for short-range states
while the long-range states are designated with n(Q2*/~). Here +/— represents the
reflection symmetry about a plane containing the molecular axis and n counts the

same {2 states beginning from the lowest one.
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The vibrational levels for a well-isolated electronic state form a regular progres-

sion that is represented by the anharmonic oscillator with the vibrational energy:

G(v) = we(v+1/2) — were(v + 1/2)* + Weye(v +1/2)> + -+ | (3.1)

where v is the vibrational quantum number beginning from the lowest vibrational
state with v = 0 and w, > were > wWeye > - -+ are constants determined by the
PES. However, the regular progression of the vibrational states can be disturbed
by the presence of other neighboring electronic states locally via the spin-orbit
coupling. In this situation we must solve the problem including the off-diagonal
elements between the different electronic states. Apart from the vibrational mo-
tion, the rotational motion of the two nuclei would give us another energy scale in
the molecule dynamics. It could be approximately modeled as a rigid rotor as the
vibrational motion is much faster than the rotational one. Of course the rigorous

solution is also available with the rotational energy:
F(J)=ByJ(J+1) = D,[J(J+ 1) + H,[J(J+ 1)’ + -+, (3.2)

where J is the rotational quantum number and the coefficients B, > D, >
H, > --- depend on the vibrational quantum number v and the PES. Usually
these coefficients also form regular progressions in a well-isolated PES like B, =
Be—ae(v+1/2)+7.(v+1/2)*+- - -. These progressions becomes irregular as well
for mixed electronic states. Alternatively we can experimentally determine them
by analyzing the observed rotational spectrum.

Hyperfine interactions are also present in molecules and their structures would
be perturbed by the external magnetic fields as that for atomic ones. The hyperfine
structures result from the fact that the nuclei possess nonzero magnetic dipole and
electric quadrupole moments which can interact with the magnetic and electric
fields produced by the electrons. It is rather completed to fully understand the
hyperfine structures in a diatomic molecule and the situation becomes even more
difficult in a external magnetic field. So I will discuss some specific cases when we

need them.
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3.2 Creation of Feshbach Molecules

In this section I will present our work on the creation of the 2Na®"Rb Feshbach

molecule and also its characterizations.

3.2.1 Feshbach Resonance

From the quantum mechanics textbook we know the scattering amplitude of /th

partial wave can be written as

1

)= —  —
filk) kcot 0, — ik’

(3.3)

R2E?
2M

where k is determined by the scattering energy as F = and 9; is the phase
shift. When a bound state energy comes close to and crosses the scattering energy
the phase shift crosses through 7/2 and the scattering cross section rises through
its maximum value 47 /k%. Physically this means the scattered wave is retarded
by the bound state which has a finite lifetime. A Feshbach resonance refers to the
resonant scattering when the bound state is provided by another channel which is
called close channel. The scattering channel is designated as the entrance channel
or open channel which is labeled by the quantum numbers of the two colliding
atoms and their relative angular momentum. The phase shift picks up a resonant
part 0, depending on the closed channel and its coupling to open channel, apart
from the background value (ﬁjg determined by the open channel. In the low-energy
limit (k — 0) only s-wave scattering contributes and the s-wave scattering length
will also pick up a resonance feature. Due to the different magnetic moments of the
scattering atoms and the bound states, the differential energies between the bound
states and the scattering state can be tuned with a magnetic field. There are cases
that those differential energies are tuned close to zero and Feshbach resonances
occur. The explicit form of the s-wave scattering length for a magnetic Feshbach

resonance is expressed as [?]

A

9 = Mg B (3.4)

a = ap

where ap, is the background scattering length related to the open channel, A is
the resonance width and By is the resonance position. By tuning the magnetic

field we can continuously tune the scattering length from —oo to 4o0.
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The above picture is based on a two-channel model and in practice a multi-
channel model is need to determine the widths and positions of the different reso-
nances. By comparing the theoretical and experimental results we can refine the
PESs between the atoms and gain insights into the various spin couplings in a
molecule. For us, the knowledge of the collision properties between 2*Na and 8"Rb
atoms with different spin combinations is important for both the molecule and
spinor experiments. Our group has measured the Feshbach resonances between
23Na and 8"Rb both at their F' = 1 states with different combinations of sublevels
by monitoring the heating and loss of the atoms in the FORT. The experimental
details and theoretical modelings can be found in [159]. We also extend this work

to include more spin combinations and the data will be shown in the appendix.

3.2.2 Magneto-association

To specify the Feshbach resonances we have utilized to create the Feshbach molecules,
the open channel is labeled with |my,, mgy) and the closed channel is labeled with
In,v,mp, N;my). Here we have assumed the s-wave scattering at their lowest hy-
perfine manifolds. The symbols 1, v, mg, N and my represent the electronic state,
the vibrational quantum number, the projection of the total angular momentum
ignoring the molecular rotation along the magnetic field, the rotational quantum
number and its projection respectively. Typically people classify the resonances
according to N where N = 0,1,2,--- is termed s,p,d,--- wave resonance. To
conserve the angular momentum we have my, + mg, = mp + my. The Feshbach
resonance we is located at 347.7 G with the open channel |1, 1) and closed channel
|[a®¥1,21,2,0,0). The width of this resonance is predicted to be 4.89 G using the
coupled channel calculation.

The association of the molecules can be understood from the dressed-state
picture of a two-channel model which is illustrated in Fig. 3.2a, where the energies
of the open channel (red dashed line), the closed channel (green dashed line) and
the dressed states(black curve) are shown. If we start at a magnetic field above the
resonance and adiabatically tune the magnetic field across the resonance we will
end up with the population transfer from the free atoms to bound molecules. The
ramping of the magnetic field in our experiments is presented in Fig. 3.2b. We

prepare a ultracold mixture of 2*Na and 8" Rb at B =360 G with a typical atomic
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=

335.7G
4

Figure 3.2: Magneto-association of the Feshbach molecules. a, The dressed state
picture of the magneto-association. The dashed red (green) line is the bare energy
of the entrance (closed) channel and the solid curves are the energies of the dressed
states. b, Time sequence of the magneto-association. The red and blue curves

represent the bias field and the gradient field, respectively.

number of 7 x 10* for both species and a temperature of 400nK. The calculated
peak density and PSD for 2Na (87Rb) are about 4 x 10*2cm™3 (3 x 103cm™?) and
1.0 (0.84) respectively. To perform the magnetic association, we firstly ramp down
the magnetic field near but still ~0.4 G above the resonance and then across it
with a ramp speed of 5.2G/ms. We stop at about 346.9 G and further decrease
the magnetic field to 335.7 G in 0.2 ms. Meanwhile, a magnetic field gradient pulse
is imposed immediately after the association and the pulse shape is also shown
in the figure with a duration of ~2ms and a maximum amplitude of 150 G/cm.
This gradient pulse is used to remove the remaining atoms while the Feshbach
molecules are little affected due to their near zero magnetic moments at the final
field. After this step the pure molecular samples are held in the trap for certain
times and then the magnetic field is ramped back crossing the resonance with a
speed of 3.9 G/ms to dissociate the molecules to atoms for detection. With these
procedures we can create about 1800 molecules, only 2.5% of the atomic number.
A detailed study suggests an atom-molecule conversion efficiency of more than
10% [166]. We believe that this discrepancy is due to the fast molecular loss

during the removing of the free atoms which will be illustrated later.
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3.2.3 Lifetime Measurement

A long-lived sample of the Feshbach molecules is needed for further investigations
like molecular spectroscopy and STIRAP. The most possible loss mechanism is
the two-body process: A Feshbach molecule relaxes into deeper bound vibrational
states via collisions with another particle (atom or molecule) and the released
energy ejects both particles from the trap. Due to the high density of the atomic
clouds, the molecule-atom collisional loss dominates when the atoms are present.
To clarify this point we have performed the lifetime measurements with the atoms

present or removed. For a direct comparison we fit both data points with an fist-

o without free atoms
e with free atoms

1600
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N

o

o
T

800
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Holding time(ms)
Figure 3.3: The lifetime measurement of the Feshbach molecules.

order exponential decay, shown in Fig. 3.3. We get a lifetime of 1.3(1) ms with the
free atoms and 21(1) ms without the free atoms. The gradient pulse helps improve
the molecular lifetime by a factor of about 16. However, we estimate that 1 ms is
still needed for a complete spatial separation of the molecular and atomic clouds
which is long enough to account for the aforementioned discrepancy.

The lifetime of 21(1) ms for pure molecular samples is long enough for the
spectroscopic study and STIRAP. Our data in a pure molecular sample suggests a
one-body loss dominated process which may come from the one-photon excitation
of the molecules by our broadband trap light. Further increase of the lifetime can
be done by using a single-frequency trap and a lattice potential can even make the

lifetime only limited by the off-resonant scattering of the trap light.
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3.2.4 Binding Energy of The Feshbach Molecule

To further characterize the Feshbach molecule as well as the Feshbach resonance,
we have also measured the binding energy of the molecule using the oscillating
magnetic field method [167]. Pairs of free atoms decay into the bound molecular
state by stimulated emission with the help of the applied radio-frequency field when
its frequency matches the binding energy of the molecules. This field is delivered
by a small loop coil driven by a 1 W amplifier (ZHL-32A-S+) where it is coaxial
with the Feshbach coil. As such a coil has a rather narrow bandwidth it is difficult
to maintain a constant field strength when scanning the frequency. Instead we
sweep the magnetic field with a frequency-fixed RF field and the molecular state
will manifest itself as a narrow dip showing up in a wide background of the loss
spectrum. An example of 1 MHz is shown in Fig. 3.4 and the data points are fitted
with a Gaussian function for the background loss feature plus another Gaussian
function convolved with a Maxwell distribution of the atomic kinetic energy for
the narrow dip. The width and asymmetry of the dip is determined by the finite
temperature of the atomic clouds and the resonant magnetic field from the fit is

shifted from the maximum loss point.

g 10Ff 5
= =
= =
3 : 3
g 05F g _
. o N
E 0.0 (a’) .: Magnetic field .é 0.0 (b) ; .
' 346.2 346.4 ' 346.2 346.4
Magnetic Field (G) Magnetic Field (G)

Figure 3.4: The binding energy measurement of the Feshbach molecule by the

oscillating magnetic field method.

We systematically perform the measurements with the RF frequency varying
from 0.1 MHz to 3.5 MHz. Due to the reduce of the free-bound Frank-Condon
factor beyond 3.5 MHz, the coupling between atoms and molecules becomes so

weak that we cannot obtain any reliable data. The results are summarized in
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Figure 3.5: Binding energy versus the magnetic field. The solid red curve is a fit

to the square well model [].

Fig. 3.5 where the data is fitted with the square model developed by Lange et
al [168]. According to that model, the binding energy E, = ;‘—fj is determined by
the magnetic moment difference du between the open and closed channel and the
Feshbach coupling strength I' as

1 r/2

k= + ,
apg —a  a(Ey +ou(B — B,))

(3.5)

where ay, = 66.77ap [159], @ is the mean scattering length calculated from the van
der Walls Cj coefficient by a ~ 0.478(2mCs/h*)"/* and B, is the magnetic field
where the molecular state is degenerate with the open channel threshold. The solid
red curve in Fig. 3.5 is the fitting result with I', 0z and B, as the free parameters.
The Feshbach resonance width A and position By can be calculated from these
1 (apg—a

2
o a) g and By = B, — %A and they are compared with
g g

the coupled-channel calculation in Table 3.1. These two models are consistent on

parameters by A =

the resonance position and they have different results for the width. Also I want to
mention that the binding energies given by the coupled channel calculation have
some disagreements with our measurement. We hope to resolve these problems by

adding more data points to the Feshbach spectroscopy to refine the models.
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By(G) AG)  op(pB)

Square well 347.64(3) 5.20(0.27) 2.66(29)

Coupled channel | 347.75 4.89 -

Table 3.1: Parameters obtained from the square well model fit of the binding

energy data.

3.2.5 Summary

In this section I have described the formation of Feshbach molecules by magneto-
association as well as the characterization of their lifetime and the binding energy.
We could produce a pure sample of ~1800 molecules with a typical temperature
of 500nK and we are ready for the next step toward the ground state molecules
with a lifetime of 21 ms in our current FORT. The work presented in this section
is part of the publication of Ref. [166] for which I am the fourth author. I have

contributed to the data acquisition and manuscript discussion for this paper.
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3.3 Omne-photon Spectroscopic Study of The Molec-

ular Excited States

Starting from the weakly bound Feshbach molecules we want to realize the popu-
lation transfer to the rovibrational ground state. With a binding energy of 21 MHz
at 335.7G the Feshbach molecule is dominated by the closed channel which is of
spin-triplet and designated as |1). The rovibrational ground state is of spin-singlet
and labeled with |3). Since the electric dipole transition is semi-forbidden be-
tween triplet and single states, we need another intermediate state |2) which is
able to simultaneously couple with the Feshbach and rovibrational ground states.
(Even with a spin-singlet Feshbach dominated Feshbach state we still need an in-
termediate state for the quite poor Franck-Condon (FC) overlap.) So significant
singlet-triplet mixing is expected for |2) and strong enough couplings with both |1)

and |3) are required. These three states form a A-type system which is illustrated

— ‘2}:&)2

\
\
\
\
\

[12:0,Q, Lo, Q)

Figure 3.6: The A-type three-level system.

in Fig. 3.6, where hw; are the energies for the state |i) (i =1, 2, 3), |1) and |2) are
coupled by the pump light L1 (the angular frequency w,) with a Rabi frequency
2, and the dump transition between |2) and |3) are driven by the dump light
L2 (the angular frequency wy) with a Rabi frequency ;. Apart from the above
requirements on |2) we also expect it to be well isolated from other states, namely

a large hyperfine splitting, and have a long lifetime. These two requirements will
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be discussed in detail in the next section.

In this section I would like to focus on the spectroscopic study of the excited
states of the 2*Na®"Rb molecule to locate a suitable intermediate state. Apart
from this purpose, the molecular structures themselves are also quite interesting
to be investigated with an ultracold sample of Feshbach molecules. It is easy
to get high-resolution spectra and here the bound-bound transitions are much
stronger than the free-bound transitions in the photoassociation spectra [169].
However, the study is performed at a relative high magnetic field (335.7G) and
the molecular structures become much complexer due to the Zeeman effect. The
measurements are performed with a horizontally propagating light with tunable
linear polarizations which is exactly the laser L1 with a beam waist around 45 pm.
Typically we impose a rectangular light pulse with a maximum power ranging from
1pW to 20mW and a pulse length of 1 ps~4ms and the excited molecular states
will manifest as the loss of the Feshbach molecules. The laser frequency is measured
by a commercial wavelength meter (HighFinesse WS7) with an absolute accuracy

of 60 MHz. I want to list here several selection rules for the pump transition
35T, J=1,N =0,M =2) — n(Q), J', M'):

e AJ=0,+1:J=0,1,2;

M =2 for m polarized light
e AM =0,41: M =1,2,3 :
M'=1,3 for o polarized light
e Parity consideration:

(

Hund’ s case (a): b’II and B'II J' =0,1,2

Ay =1

Hund’ s case (b):
Ay J=0,1,2N=1,J'=2:N' =3
(=0t 7 =1

V=0 J=0,2
V=1 J=1.2

Hund’ s case (c):

=2 J=2

\ \
The first two rules are easy to understand for a electric dipole transition and the
third one is valid for approximately idea Hund’ s cases. Also the possible J' values
are based on the fact that we start with a positive parity state |1) and the electric
dipole couples states with different parities. So only excited states with negative

parities are addressed. For pure b3II and B'II states the rotational levels contain
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both positive and negative parity parts due to the degeneracy of +A states. The
same argument is held for the Hund’ s case (c) with €’ # 0. For pure A'Y and
¢>S* states the parity is determined only by the molecular rotation (—1)"". For
Hund’ s case (¢) with ' = 0T the electronic parity is positive. Only odd J’ level
can have negative total parity, so only J' = 1 can be accessed. While for the 0~
state, the electronic parity is negative; thus both J' = 0 and 2 can be reached.
This section will be divided into three parts. The first part presents the search
for the states belonging to the b3II;-B!II-c*~+ admixture near the dissociation
asymptote **Na (3251 /2)+%Rb (5°Pi/2). We have observed quite complicated
structures there and even the identification of different vibrational series is still
lacking. However, we have found several vibrational levels which are very promis-
ing for the STIRAP. To better understand the molecular structures we explored
the vibrational states just below the 8'Rb D2 line where a simpler case is expected
and we have successfully identified five vibrational series. This is the second part.
The third part deals with the A'S{,-b3Tlo/ (@ = 0,1) admixture where a suitable
intermediate state is located and finally used to conduct the STIRAP transfer.
Here I want to thank our theoretical collaborators (Theomol Group in CNRS)
for providing all the calculations of the transition energies, singlet (triplet) fractions

and transition dipole moments (TDMs).

3.3.1 Excited States Near The 5’Rb D1 Line

The study of the excited states just below the 8Rb D1 line is stimulated by two
reasons. One is that singlet-triplet mixing has been observed in the traditional
spectroscopic investigations around this frequency region [163,164]. It was justified
that the strong perturbations of B I(v' = 7 ~ 30) states come from the ¢3XT or
b31I; states through the spin-orbit interactions. However, significant broadening
of the states slightly above the ®’Rb D1 line has been observed in [164] and we
also confirmed this phenomenon in our experiments. The other reason is related
to the FC principle where the coupling between two vibrational levels of different
electronic states is propotional to the vibrational wavefunctions overlap. For the
dump transition, supposing that the internuclear distance is unchanged during the
electronic transition it happens more likely when the equilibrium distance RX of

the ground state coincides with one of the classical turning points of the excited
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states. In the B'II case it corresponds to the region close to the dissociation
asymptote **Na 325 5+%"Rb 52P; 5. In Fig. 3.7 I present the theoretical results
for the TDMs between the perturbed excited states and both the Feshbach and
rovibrational ground state, namely b*II/a?$*t (v = 22), 33T /a3E (v = 22) and
BI/X'E*(v” = 0). The inset shows you the single fractions of the excited states
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Figure 3.7: The transition dipole moments between the excited states below the

87Rb D1 line and both the Feshbach and rovibrational ground state.

and we can see that it is more likely to find a strongly perturbed state not far away
from the 8Rb D1 line (blue solid line in the figure). In the pump wavenumber
window [12400cm™!, 12550 cm™!] we can have TDMs on the order of 0.1 eap for
both pump and dump transitions. So the states inside this window may be ideal
for STIRAP.

To locate a suitable intermediate state in this frequency region as well as un-
derstand the molecular structures, we have scanned the L1 wavenumber from
12579.1cm™! to 12544 cm™! with a step of 0.002cm™t. We have also selectively
scanned the wavenumber around 12523 cm™!, 12498 cm ™! and 12449 cm™! where
we have greater possibilities to observe strong singlet-triplet mixing. The spectrum
is summarized in Fig. 3.8 and the 8"Rb D1 line at 335.7 G is also indicated with
a green mark. For states dissociated to the ’Rb D1 line, it is more reasonable to
work with Hund’ s (c) case where they are labeled by n (). We have 2(0%) and
2(1) correlated to the 8"Rb D1 line; 3(0%),3(1),4(1) and 1(2) correlated to 3"Rb

D2 line are used for a consistent label. For the former three states, it is useful to
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analyze the vibrational series with the LeRoy-Bernstein (LB) formula [170,171]. It
expresses the binding energies F, of a potential V' (R) having an asymptotic form

as —C,,/R" versus the vibrational quantum number v by

EU n—2 . m h(n_2) F(1+l) 2n
— — —_— 2n th E frg —_— L n—2 .
vp — v (En) with E, [,/2,u i F(%—i—l)] : (3.6)

n

where vp is the effective vibrational quantum number at dissociation and FE, is a
parameter determined by the reduced mass p and the asymptotic form of V(R).
Here for van der Walls potentials with n = 6 the energy spacings between adjacent
vibrational states scale as Eg(vp — v)®. However this analysis may not work well
here if many vibrational states are strongly perturbed by the other five vibrational
series and the spacings become irregular. We cannot classify all the observed levels

into different vibrational series of 100% confidence.
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Figure 3.8: The excited states near the Rb D1 line.

Although the assignment of the vibrational states is lacking, we can characterize
the pump TDMs and the lifetimes of the excited states. This is done based on a
master-equation treatment of a two-level system with a dissipative excited state
[172]. It is equivalent to the non-Hermitian Hamiltonian method [173] where an
imaginary part is added to the energy of |2) to account for the dissipative nature
of |2). Here we present the master-equation approach and the non-Hermitian
Hamiltonian method is used to illustrate the insight into the strong decay regime

in the next subsection. In the master equation, the Hamiltonian can be written

H=h <_QA ) . (3.7)

as

= Sie)
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Here A and ) are the detuning and the Rabi frequency, respectively. The finite
lifetime of the excited state is taken into consideration by introducing a phe-

nomenological decay matrix [172]:

D~ 1H, g~ (L.} (3.9
where I' = diag(y, 0) with the excited state natural width v. With the initial state
occupying the ground state, we have p(0) = (§9). Solving the master equation
gives the time-dependent pos(t), namely the population of the ground state. We
fit the spectrum to this result using 2,I" and the line shape center as the free
parameters. Furthermore, this treatment is quite easy to be extended to cases
with n(n = 1,2,3,---) excited states, where the corresponding Hamiltonian and

decay matrix read:

—A, 0 e 0 %n
0 —An, 0 o
H,=h : C 3.9
3.9
0 0 - A &
n QTL* Q1
L R

r,= diag(/%u Tn—1,""" 71, 0)

We have selectively done the calibration for several lines which are most likely
to fulfill our requirements. With the fitted Rabi frequency €2, laser power P and
beam waist wg we can obtain the TDM by the equation: TDM= n{< w.
Here ¢ is the light velocity, €, is the vacuum permittivity and e is a parameter
accounting for the laser polarization. (e = 0 (1) for 7 (o) transitions.) The fitted
curves are shown in Fig. 3.9 and the obtained parameters are listed in Table 3.2.
For the n > 1 cases here, we have assumed the same nature linewidth which is
reasonable for resolvable substructures belonging to a same rotational level.

The typical lifetimes of the excited states are on the order of 30ns. The fitted
pump TDMs are typically 3~5 times smaller than the calculated values in Fig.
3.7, which don’t include the Honl-London (HL) factor concerning the hyperfine
structure. We will present a detailed analysis of the 12449.1 level below. The
results suggest that the pump TDM is increasing as the state approaches the 8'Rb
D1 line. However, we still focus on the more deeply bound states , namely the
12449.1 level, due to its expected much larger dump TDM. I would like to leave

the calibration of this value to next section. With a maximum laser power of
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Figure 3.9: Calibration of the pump transition dipole moments and the lifetimes

of the excited states for several lines slightly below the 3’Rb D1 line.

30mW and a beam waist of 45 pm, the maximum Rabi frequency available for the
strongest transition around 12449.1cm™! is up to 2w x400 MHz.

I and we have

In Fig. 3.10 we show all the observed lines near 12449.1 cm™
identified the J" = 1 and J' = 2 states. So we confirm that this state is mainly
of ¥ = 1 character from the selection rules. The understanding of the hyperfine
structures is not thoroughly finished at this point and we still need both theoretical
and experimental efforts. Here I want to present our preliminary analysis based

on a asymptotic model described in Ref. [171]. Neglecting the interaction between
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fe (em™) | P | 7 (ns) | TDM (eap) | f. (em™) | P | 7 (ns) | TDM (eap)
12449.0986 | m 24 0.004 12449.1330 | w 22 0.006
12449.1004 | o 23 0.008 12449.1331 | o 22 0.013
12449.1018 | o 23 0.014 12449.1341 | o 22 0.011
12449.1171 | o 22 0.010 12499.2226 | w 34 0.018
124491177 | o 22 0.005 12548.6562 | o 26 0.021
12449.1310 | = 22 0.012 12548.7012 | o 33 0.048
12449.1320 | = 22 0.010 - - - -

Table 3.2: Calibrated parameters for the excited states slightly below the ' Rb D1

line.

the molecular rotation and the nuclear spin, the Hamiltonian for the hyperfine

structure at a magnetic field can be written as

H/h = Hpss + Hy,
Hyfs = (AnaIng + Arplrs) - Q' + Knolng - X, (3.10)
Hz = —gnaMnaB — groMpyB — g5 My B.

Here Ay, (Agp) term accounts for the coupling between the molecular axis and
the »*Na (®"Rb) nuclear spin, Ky, term is the atomic Fermi contact interaction
between the electronic wavefunction and the ?*Na nuclear spin (It is negligible
for a P state atom.), and gn., gry and g; terms are Zeeman energies of the Na
nuclear, Rb nuclear and electrons. From our theoretical collaborators the values
of Ana, Ary and Ky, within the asymptotic model are estimated to be 13 MHz,
130 MHz and 399 MHz respectively. The Zeeman energy of the nuclear spin is on
the order of 0.5 MHz which is negligible here. With the m and o polarized light,
we can access totally 18 basis states | My, My, Mpgy) starting from M = 2 for
the initial state: 9 M’ = 1 states, 6 M’ = 2 states and 3 M’ = 3 states. In
principle, we can represent the Hamiltonian by a 18 x 18 matrix and diagonalizing

the matrix will give all the observable energy levels. Then we can adjust the
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Figure 3.10: The one-photon spectrum of the vibrational state near 12449.1 cm™?.

interaction parameters to match the calculated levels to the observed spectra. In
this way we can interpret the observed loss features within the basis.

The coupled-channel calculation of the vibrational levels reveal that this level
is a strongly mixed state of b3II, BII and ¢*L* potentials and thus it cannot
be represented by any pure Hund’ s case (a) or (c¢). However, we can still write
down the Hamiltonian as that in Eq. 3.10 for the form of the Hamiltonian is the
same for the three BO states. Now the interaction parameters are mixed and we
cannot have any initial value for them. For example, the Zeeman energy param-
eter of the electrons for the J' = 1 level, g1 B, is a mixing of these three values:
g1 B(B'TT)=g, B(b*11)=235 MHz and ¢, B(c*¥~")=470MHz at B =335.7G. It is
similar for 3: S(B'I)=X(b*I1)=0 and %(c*<T)=1. We diagonalize the resultant
Hamiltonian and adjust the interaction parameters to match the eigenvalues to
the spectrum. With this step we can only figure out the component of ¢33+ to
be around 58% to our best estimation, which is close to the value obtained from
the coupled-channel calculation. The detailed assignments would be presented in
the future publications of our group. For the J' = 2 level the Zeeman interaction
parameter will become smaller, roughly one half of that for the J' = 1 level. Al-
though five groups of substructures are expected, only three are observed maybe
due to the small TDMs. (Missing lines are M = 42 from our calculation.) We
can also obtain the rotational constant B, from the data by the spacing between

different J’ states: B, = W = hx0.003cm™! where AFE is the spacing
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between M j; = 0 states.

With one of the lines near 12449.1cm™"! as the intermediate state, the dump
wavenumber is around 17427cm™! (574nm). The available laser in our lab for
this wavelength is the dye laser with a maximum output power of 600 mW and
a short-term linewidth <100kHz. For our purpose, we need to reduce the this
value down to the order of 1kHz by either the internal modulation, like inserting
a electric-optical modulator (EOM) into the laser cavity [175], or the external

modulation [176] and some special efforts are needed in all cases.

3.3.2 Excited States Near The 5’Rb D2 Line

As the understanding of the spectrum just below the 8"Rb D1 line is difficult due
to the strong perturbation among various states, the excited states just below
the 8"Rb D2 line are free of perturbations and the study of them may help us
partially solve the previous difficulty. Besides this purpose, it is also important
for understanding fundamental molecular dynamics at the long-range parts of the
potential which are not covered well by the conventional molecular spectroscopy.

We obtain the spectrum by tuning the spectroscopic laser from 12816.5 to
12806 cm~! with typical steps of 50 MHz. We would present our results detuned
to the 8"Rb D2 transition, namely the transition from the ground-state hyperfine
asymptote Na(325 )9, |F = 1,mp = 1))+ ¥Rb(5%S )2, |F =1,mp = 1)) to the
center of gravity of the *Na(325)/2)+* Rb(5%Ps2) asymptote. After taking the
Zeeman shifts at 335.7 G into account, the excited-state asymptotic limit is taken as
12816.724 cm~!. The small binding energy of the Feshbach molecules is neglected.

In Fig. 3.11 we show the whole spectrum near the **Na(325) 2)+5"Rb (5% P 5)

1 are not resolved, prob-

asymptote. Levels with detuning less than —1.2cm™
ably due to the very dense and strong resonances near this region, as well as
predissociation-induced broadening which we will discuss below. At a first glance
the spectrum seems rather complex and similar to that below 8"Rb D1 line, reflect-
ing the fact that there are five attractive long-range potentials, 3(0%),3(07), 3(1),4(1)
and 1(2), associated with this asymptote. Here we are using the Hund’s case (c)
notation, already discussed in previous section.

Scrutinizing the line shape patterns and level spacings, we have picked out

four vibrational series from the spectrum and listed them in Table 3.3. One key to
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NaRb molecule number
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Figure 3.11: The excited states near the Rb D2 line. Four vibrational series are
distinguished from each other by their very different line shapes and distributions.
Each series contains five to six levels. Our assignments are depicted by four sets of
vertically displaced solid bars. The bottom dashed line correlates with both 3(1)

and 3(07).

achieve sensible assignments is the well resolved hyperfine and Zeeman structures
for ' > 0 states. As shown in Figs. 3.12 (a) and 3.12b, vibrational levels in two of
the identified series have sharp substructures. To tell which state they belong to,
we compare our spectrum to calculated vibrational levels based on the Rydberg-
Klein-Rees (RKR) potential of the BT state given in [164]. The 4(1) state is
correlated to the B'II state at long range. Good matching to the series including
the level in Fig. 3.12a is found by an overall —0.15cm ™! shift of the calculated
vibrational levels. This series is thus assigned to the 4(1) state.

Another key for the assignment is the predissociation caused by coupling with
long-range states correlated to the lower **Na(325) ;2)+%Rb(5% P, j») asymptote. A
similar mechanism, which typically results in significant linewidth broadening, has
been observed in several other alkali dimers [177]. It affects the 3(0%),3(07) and
3(1) states, as can be seen from the long-range potential in the right column of Fig.
3.1. The 4(1) and 1(2) states, on the other hand, are free from predissociation.
Thus the vibrational series including the level in Fig. 3.12b can only come from
the 1(2) state, as the well resolved substructures with sharp peaks indicate no sign
of predissociation. Detailed assignment of these substructures is still lacking at

this point.
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Table 3.3:

Summary of the observed long-range vibrational levels near the

»Na(3251/2)+*"Rb(52P35) asymptote. The v index is deduced from a LeRoy-

Bernstein fit (see text). Note that v = —1 represents the highest vibrational level.

The linewidths of levels with predissociation are also listed.

State F, (cm™') v  Linewidth (GHz) || State FE, (cm™!) v Linewidth (GHz)
12814.3843 -6 - 12814.9872 -6 9.4
12812.7455 -7 - 12813.8007 -7 8

4(1) 128105167 -8 i 3(1,07) 12812.0585 -8 10
12807.5884 -9 - 12809.8893 -9 10
12803.8984 -10 - 12807.194 -10 -
12815.3403 -5 - 12815.5017 -5 3
12814.2063 -6 - 12814.4814 -6 3.4
12812.4381 -7 - 12813.0347 -7 1.8

1(2) 3(0%)

12810.0764 -8 - 12811.0757 -8 1.7
12806.8752 -9 - 12808.5312 -9 1
12802.8207 -10 - 12805.3087 -10 1.9
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Figure 3.12: High resolution spectrum of different states below 8"Rb D2 line. (a),
(b), (c¢) and (d) are typical line shapes of 4(1), 1(2), 3(1,07) and 3(0") states,
respectively. The sharp structures in 4(1) and 1(2) levels are from hyperfine and
Zeeman interactions. The very broad linewidths in 3(1,07) and 3(0™) levels are

due to fast predissociation. See text for details.

According the selection rules listed at the beginning of this chapter, for 3(1)
and 4(1) states we can access J' = 1 and 2, while for the 1(2) state, only J' = 2
is possible. For the 0% state, only J’ = 1 can be accessed. While for the 0~
state both J' = 0 and 2 can be reached. The predissociation observed in the
other three states, however, obscures all rotational structures. We could treat the
excitation to these vibrational levels as two-level problems with strongly dissipative
excited states. We have mentioned in previous subsection that the non-Hermitian

Hamiltonian method could give a simple understanding of the observed line shapes
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where the Hamiltonian reads

~A—il/2 2
th( o 0). (3.11)

In the limit of I' > (), the excited state is well-isolated from the ground state
and the excitation probability reduces as I' is increased. The loss line shapes in
Figs. 3.12 (¢) and 3.12 (d) have large widths but small depths which indicate
strongly dissipative excited states. We can fit the line shapes to the solution of
the Schrodinger equation and extract I'. As can be seen in Table 3.3, for the series
including Fig. 3.12 (c), the extracted linewidths are on the order of 10 GHz, while
the other series have typical linewidths of 1 to 3 GHz. Typical rotational spacings
for these near dissociation levels are estimated to be about 1 GHz, comparable or
smaller than the observed linewidths. All of these values are much larger than the
radiative lifetime limited linewidths, which are on the order of several MHz. We
have verified experimentally that the contribution from the power broadening is
negligible. We note that even for the 4(1) state without predissociation, rotational
levels are still hard to identify due to the comparable splittings from hyperfine and
Zeeman interactions.

To make the final assignment we resort to the detailed study of the predissoci-
ation processes. The 3(07) state results from the spin-orbit coupling between the
A'Y* and the b3II states with a crossing at internuclear distance of about 7.7 ay.
The 3(07) and the main characters of the 3(1) states are from the spin-orbit cou-
pling between the c>X* and the b3II states with a crossing at around 11.8 ag. The
linewidth can be estimated with a Landau-Zener model which takes into account
the spin-orbit coupling strength between the adiabatic potential curves and the
difference between their slopes at their crossing point. With this model we ob-
tain linewidth upper bounds of 27 x 2.7, 9.4 and 12.3 GHz for the 3(0%), 3(1) and
3(07) states, respectively. Thus most probably, the series including Fig. 3.12 (d)
is from the 3(07) state. We attribute the series including Fig. 3.12 (c) to both 3(1)
and 3(07), as those two states have very similar long-range dispersion coefficients
and are expected to have closely spaced vibrational levels. With the very large
predissociation linewidth, it becomes hard to resolve them individually.

With the assignment decided, the Cg coefficients can be obtained by fitting the
measured vibrational binding energies of each series to the LB formula described

in previous subsection. However, here we take vp to be a number between 1
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Figure 3.13: Plot of the the relative vibrational quantum number v vs. 1/3 power
of the vibrational binding energy F,. The states in (a), (b), (¢) and (d) are in the
same order as Fig. 3.12. The Cy coefficients can be obtained from the slopes of

the linear fits.

and 0 as the last bound level is designed as v = —1. Figure 3.13 shows the
fits of the Ei/ ? versus v for all the observed vibrational series. For each series,
the C6 coefficients are extracted from the fit and listed in Table 3.4, together
with the Cg values from two previous calculations [178,179]. The Cy values of
columns (a) and (b) in Table 3.4 are deduced from the van der Waals coefficients
for Hund’s case (a) states calculated in Ref. [I78] and [179], respectively, using
the analytical formulas of Ref. [180] which are exactly solvable with the exchange
energy neglected. The agreement between our results and the values deduced

from Ref. [178] is quite reasonable, with less than 10% discrepancies for most of



CHAPTER 3. FROM WEAKLY BOUND STATE TO ABSOLUTE GROUND STATE 96

Table 3.4: Cg coefficients from the LB fits and their comparison with several
theoretical works. (a) and (b) from Refs. [178] and [179], respectively, using the

analytical formula of Ref. [180]. (¢) From Ref. [179].

States LB fit (a.u.) (a)(a.uw.) (b)(au.) (c)(a.u.)

A(1) -8238 74845 -9351  -9437
1(2) 7236 74845 -9351  -9428
3(1) -14509 -14909  -17702  -18261
3(07)  -14509 -14909  -17702  -18276
3(07)  -12498 -14909  -17702  -18252

the states. The only exception is the 3(0") state, which shows a 16% difference.
On the other hand, we observe a disagreement larger than 20% for most states
with the values analytically deduced from Ref. [179]. Such differences originate
in those observed in the Hund’s case (a) Cs values between Refs. [178] and [179],
related to the details of the computed atomic wave functions. For completeness,
we also display in column (c) of Table 3.4 the Cy values reported in Ref. [179],
where the authors fitted their numerical calculations.

The uncertainties of our results for the Cg coeflicients can be discussed by
estimating the contribution of the next term in the multipolar expansion of the
long-range interaction energy, i.e., Cg/R®. At the internuclear distance of 30 aq
already reached by several of the observed vibrational levels, and using Cg values
from Ref. [178], this term amounts for a noticeable fraction of about 11% of the
van der Waals energy. However, a fit using an improved LB formula [181] including
both Cgs/R® and Cg/R® contributions does not give satisfactory results as there are
too many free parameters compared to the number of observed lines. We believe
that scanning for deeper bound levels will not help to improve the results, as we
are already close to the internuclear distance where exchange potential and higher
order terms in the multipolar expansion should play a role. Thus we will have

uncertainties on our Cg values because we are at the limit of what we can do with
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the LB formula.

We also note that the LB formula should be applied to molecules in zero mag-
netic field only, while our spectra are taken at 335.7G. The Zeeman and hyper-
fine interactions result in complicated structures corresponding to successive series
converging in principle toward different hyperfine Zeeman dissociation limits, such
that application of the LB formula, strictly speaking, is impossible. Here we de-
fine a center of gravity for each structured line assuming equal weighting of all
observed substructures, and the detuning (binding energy) corresponding to this
center of gravity is determined with respect to the single dissociation limit as de-
fined before. Although both the Zeeman shift and the overall substructure width
are much smaller than the vibrational level spaces, the Cg values extracted could
still be slightly distorted.

In short summary, we have investigated the near dissociation levels of the
2Na"Rb molecule correlated with the *Na(325] 2)+3"Rb(5%Ps2) asymptote and
observed the five long-range states with attractive potentials. We have extracted
the C6 coefficients with the LB model and found reasonable agreements with
previous theoretical calculations. The work presented here was published in [132]

and I was the first author.

3.3.3 Excited States of The A!'XT-b3II Admixture

For 22Na8"Rb molecule, besides the b3I1;-BII-c32* admixture, strong mixing has
been reported between the A'X* and the b3II state near there crossing at a in-
ternuclear distance of about 7.7ay. This is also from the spin-orbit coupling and
several lines have been proposed for the STIRAP in Ref. [162]. The authors there
also provided the deperturbated potentials and the spin-orbital interaction matrix
which we have adapted to calculate out all the mixed vibrational levels as well
as the TDMs. The TDM versus the pump wavenumber is plotted in Fig. 3.14.
The range of the vibrational levels, hence the pump wavenumber, we explore is
chosen such that both the pump and the dump TDMs are rather large and the
required lasers are easy to get. Among this range, namely from v" = 53 to v’ = 79,
the calculation tells us that there are a few states where the pump and the dump
TDMs are on the order of 5 x 107 3eap and 0.5 eap, respectively. These states ac-

tually are ' = 0" states where the hyperfine splittings are expected to be small.
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Figure 3.14: The transition dipole moments between the excited states of the

ALY T-b31I admixture and both the Feshbach and rovibrational ground state.

Although Q' = 1 states may have resolvable hyperfine structures and comparable

pump TDMs, the dump TDMs are much smaller (on the order of 1 x 107 3eap).

On the other hand, they are expected to have longer lifetimes due to the weak
coupling to the X state. So the goal is to find a ' = 0 state with resolvable
hyperfine structures or a 2’ = 1 state with a large enough dump TDM.

An overview scan of this range is presented in Fig. 3.15, where the blue and

red bars indicate the calculated € = 0 and € = 1 levels and the black curve is

the observed data. Totally we have recorded 16 vibrational levels and the overall

deviation between the observed and calculated results is about 0.04 cm™!. Among

them, there are eleven Q' = 0 states and five 0 = 1 states. In the later case, we
have observed both J' = 1 and J’' = 2 levels and thus the rotational constants were

obtained. For the € = 0" states only J’ = 1 is observed except the one located

near 8300 cm~!. There we find two rotational structures separated by ~0.5cm™?.

This value is too large to be the spacing between J' = 1 and J' = 2 levels and

we suspect that the level with resolvable substructures is from a €2 = 0~ state.

All of these results are summarized in Table 3.5. Here the pump wavenumber

is determined by assuming uniform weights for substructures of each rotational

level in case of lacking assignments of these substructures. So the obtained B, for



CHAPTER 3. FROM WEAKLY BOUND STATE TO ABSOLUTE GROUND STATE 99

=
o
T

o©
o
T

Normalized NaRb mol ecule number
o
[6)]

7900 8000 8100 8200 8300 8400 8500 8600
wavenumber(cm’™)

Figure 3.15: An overview scan of the A'Y*-b3Il admixture with the pump

wavenumber from 7910 cm ™! to 8660 cm ™.

the € = 1 states are only accurate to second decimal places while the calculated

values are close to 0.065cm ™.

As done for the b3II-BII-c3X " admixture, we calibrate the pump TDMs and
the excited states lifetimes for J' = 1 states of several vibrational levels. Although
0 = 0 levels with small hyperfine splittings are not favorable for STIRAP, it is
convenient to use them to observe the ground state. We have chosen v' = 59 near
8108.997cm~! to perform the two-photon spectrum to first precisely locate the
ground state. For the STIRAP, previously we hoped that one of the ' = 1 levels

works and we have tried the v/ = 60 level near 8156.541 cm~".
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Table 3.5: Summary for all the observed excited states of the A'XT-b3II admixture.

Q=1 Q=0

v J'  pump wavenumber (cm™!) B, (cm™!) || v J' pump wavenumber (cm™!)
53 1 7967.840 0.067 ol 1 7912.254
2 7968.108 55 1 8012.716
o7 1 8062.469 0.06475 28 1 8104.6515
2 8062.728 29 1 8108.997
60 1 8156.541 0.06475 61 1 8166.416
2 8156.800 62 1 8202.634
64 1 8250.052 0.06325 63 1 8228.923
2 8250.305 656 1 8285.496
67 1 8342.008 0.06375 66 1 8300.150
2 8342.263 ? ? 8300.650
72 1 8468.760
79 1 8653.989
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Figure 3.16: Calibration of the pump TDMs and the lifetimes of the excited states
for several lines belonging to A'YT-b3I1 admixture: v = 59 and v = 60. Here
the line shapes taken with either o polarized (solid orange circles) or 7 polarized

(open black circles) light are fitted with the loss model (see text).
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f. (em™) polarization 7 (ns) pump TDM (eap)

8108.9968 71' 24 1.51 x 1073
v =59 8108.9971 U 135 3.7x107*
(@ =0%) | 8108.9968 o 22 1.65 x 10~

8108.9972 o 58 1.59 x 1073

8156.5328 T 553 3.3 x 107"

8156.5330 o 445 1.19 x 1073
v =60

8156.5414 71' 398 1.57 x 1073
(' =1)

8156.5423 ™ 368 4.8 x107*

8156.5426 o 439 1.22 x 1073

Table 3.6: Calibrated parameters for v’ = 59 and v = 60 of the A'X+-b3II admix-

ture.

The spectrum as well as the calibration curves of these two levels are shown
in Fig. 3.16 and the fitted parameters are listed in Table 3.6. In Fig. 3.16a, two
loss features are observed for the v' = 59 state (mainly of ' = 0" character)
with either the 7 or the ¢ polarized pump light. We fit the line shapes with the
loss model of two excited states and assume different lifetimes for those two loss
features as we have observed different FWHMs. With the 7 (o) polarization, the
spacing between two loss features is 8.86 MHz (11.04 MHz). The FWHMs obtained
from a Lorentzian fit are mainly contributed by the nature widths which are on
the order of several MHz. The pump TDMs from the fit are 1.51 x 107 3eap and
3.7 x 10~*eap for 7 polarization, and 1.65 x 1073eap and 1.59 x 10 3eap for o
polarization. The calculated value for the v' = 59 state is about 2.8 x 10 3eap
where the Honl-London factor [183] is not included. Detailed study of the hyperfine
structures of the J = 1 level, which are unresolvable here, may be necessary to

solve this discrepancy. Due to the unresolvable hyperfine structures, this level is
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not suitable for the STIRAP transfer.

@ O

-400 -200 0 200 400
Energy (MH2)

Figure 3.17: Comparison between the modeled spectrum and the observed spec-
trum for the v = 60; J" = 1 state. Top panel: modeled result where green, black
and red lines represent M’ = 1, 2 and 3 states. The length of the line is propor-
tional to the TDM including the HF factor. Bottom panel: experimental spectrum
where the black and orange lines label the loss features observed with m and o po-
larization respectively. Also the length of the line is proportional to the measured

TDM except the two lines marked by the blue circles which are not calibrated.

For the J' = 1 rotational level of the v' = 60 state (mainly of {2’ = 1 character
from b3II), we totally have observed seven confirmed loss features and another
uncertain one, as seen in Fig. 3.16b. Three of the confirmed features are from
the m polarized light and the other four are detected with the o polarization.
Within the same polarization, the smallest spacing between the observed features
are about 20 MHz and the FWHMSs are on the order of 0.5 MHz. From these we
are sure that we have well resolved the different hyperfine levels. We pick up five
stronger transitions to calibrate the pump TDMs and the lifetimes. The typical
value of the latter is around 400 ns, which are much longer than that of the v' = 59
state. The calculated pump TDM for the J = 1 level is 3.0 x 10 3eap and the
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different between this value and our measurements can be accounted for by taking
the HL factors into consideration. Based on the Hamiltonian in Eq. 3.10 and the
fact that ¥ = 0 and g, B=235MHz for b3l state, we can find a well agreement
between the model and the observation with Ay, =15MHz, Ag, =80MHz, as
shown in Fig. 3.17. Both the positions and the relative TDMs match with each
other very well. Also we can have confirmed the lines around —300 MHz suggested
by the model. Then the apparently the levels form three groups which correspond
to three magnetic sublevels of J' = 1: M; = 0,£1. We have done the same
analysis for the J" = 2 level while the results are not presented here.
Unfortunately, the coupling between the selected v’ = 60 state and the ground
state may be not strong enough and thus even the observation of the latter was
missing with this intermediate level. We also suspect that the dump TDMs with
other 0 = 1 states nearby may be on the same order as that of v = 60. This
can also be inferred from the coarse scan of the spectrum already seen in Fig.
3.15. So we begin to look at the various €2 = 0 states the coarse scan of which
is also included in Fig. 3.15. Accidentally, we have found that the v' = 55 state,
of ¥ = 0" character from the calculation, displays resolvable hyperfine structures
as shown in Fig. 3.18a. Roughly three groups of substructures are observed and
our detailed scan reveals that the most left group with four loss features has the
largest spacings between them (> 60 MHz) while the FWHMs of the lines are on
the order of 1 MHz. We calibrate two features observed with different polarizations
and the fitted curves are shown in Fig. 3.18b. Not only the line shapes are fitted
to the model described in Eq. 3.7, but also the molecular number versus the pulse
length obtained when A = 0 is included to give a more reliable estimation of the
lifetime. The pump TDMs and lifetimes are summarized in Table 3.7. Both these

two parameters are modest compared to those of v = 59 and v = 60.

fe (em™!) polarization 7 (ns) pump TDM (eap)

8012.6967 T 235 7.3 x 1071

8012.6989 o 218 5.4 x 1074

Table 3.7: Calibrated parameters for v/ = 55 of the A'X+-b3II admixture.
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Figure 3.18: Excited states of v = 55. a, The one-photon spectrum recorded
with v" = 55; J" = 1 level of ' = 0 character which displays resolvable hyperfine

structures. The black and orange circles mark the strongest 7 and o transitions,

respectively. b, The calibration of the strongest m and ¢ transitions.
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Such a large hyperfine splitting is abnormal according to the asymptotic model
[174] and the previous study of the 8"Rb'¥3Cs molecule [153]. We suspect that
it is due to an accidental resonance which occurs between the 07 and some 0~
vibrational state. Actually in Rbs it has been shown that the couping between
0% and 0~ state can result in unusually large hyperfine splittings []. Considering
the € = 0 states of main b®II character in NaRb, pairs of 2(0F) vibrational states
are degenerate without the spin-orbital interactions. At the internuclear distance
we are interested in, the 2(07) states are weakly perturbed by the coupling to
c3¥ potential and the vibrational progression is still regular. However, the 2(0™)
vibrational progression becomes irregular due to the strong spin-orbital coupling
between A'3* and b3II potential. We are still exploring this possibility both

theoretically and experimentally.

3.4 Two-photon Spectroscopic Study of The X!X"

state

Let us recall the three-level problem illustrated in Fig. 3.6. In the previous sec-
tion, we have studied the excited state |2) with one-photon spectra where w, was
scanned. In this section, I would like to present our exploration of |3) with two-
photon spectra. We have located the v = 0; J” = 0,2 levels of the X!+ state as
well as the first excited vibrational level v/ = 1; J” = 0. The hyperfine structure of
the rovibrational ground state was also resolved. Based a phenomenological mas-

ter equation, we have calibrated the dump TDM by simulating the two-photon

line shape.
A non-Hermitian Hamiltonian [173] under the rotating wave approximation
reads
—ip /2 Teet 0
H=nh %e—iwpt Wo1 — 272/2 %e_iwdt . (312)
0 %€iwdt W31 — 7/73/2

Here w;; = w; —wj is the energy spacing between |i) and |j) and +; is the decay rate

of i) (i,5 € {1,2,3}). By doing a unitary transformation H — UHU' — ihUd,U"
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with
1 0 0
U= |0 ewstrn 0 , (3.13)
0 0 e~ Hwa—wp)t/h

the Hamiltonian is rewritten as

—im /2 L 0
H=n| %2 —A—ipp2 % : (3.14)
0 g 0 — Z’)/3/2

We have defined the two-photon detuning as § = (wq — wp) + w3y and the one-
photon detuning as A = w, — wy;. In the master equation, we would also take
the finite laser coherence into consideration. Since the two-photon transition is
insensitive to the one-photon detuning, we only include the relative linewidth of
the two Raman lasers which affects the two-photon detuning. The equation reads
D (Hp— pH') + L2ssopsly — skt — shassp), (319

where the relative linewidth 7 is included in the Lindblad form with s33 = diag(0, 0, 1).
In our two-photon spectroscopic study here, we always kept the L1 on-resonance
(A = 0) and scanned the L2 frequency, hence the two-photon detuning §. The
typical pulse shapes are shown in Fig. 3.19. Two rectangular pulses of L1 and L2
are imposed to the Feshbach molecules where the pump pulse is contained in the
dump pulse. The location of |3) manifests itself as the recovery of the molecular
number. There are two different situations for the two-photon spectra depending
on the laser conditions of L2. In the first case, only L1 is locked to the ULE cavity
and Q; > Q,. From the well-known dressed-state picture of a two-level system,
we can intuitively think that the pump transition is off-resonance due to the AC
stark shift caused by the strong dump light. Here L1 and L2 are completely uncor-
related and the relative linewidth is the sum of the quadratic individual linewidth.
In the second case, the two lasers are locked to the ULE cavity simultaneously.
The recovery of the molecular number is related to the dark resonance of the three-
level system in this situation and the relative linewidth can be estimated from the
locking properties. We would revisit this point in next section. Then I want to

briefly mention the selection rules for the two-photon transition:

e AJ=0,+1,42:J"=0,1,2,3
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e AM =0, 41,42 M" =0,1,2,3
e Parity consideration: only even J” are accessible.

So we can only access the J” = 0 and 2 levels starting from our initial Feshbach
state with J = 1.

Figure 3.19: The typical pulse shape for the two-photon spectra: A rectangular L2
pulse with a height of 2 is imposed and a similar L1 pulse with (2, is contained

in the L2 pulse.

3.4.1 Locating Different Rovibrational Levels of X State

Although the first signal of the rovibrational ground state were seen with v/ =
59; J" = 1 of the A'X*-b3II admixture, here I present the location of different
vibrational levels of X!3* utilizing the excited state with a pump wavenumber of
12449.1018 cm™!. The pump transition here is a o transition with a pulse length of
10ps and 27x0.49 MHz Rabi frequency. The pump laser L1 was the free-running
dye laser for this measurement. So the relative linewidth is mainly determined by
the linewidth of the dye laser on the order of 100 kHz while the pump laser has a
linewidth of a few kHz to our best estimation. On the other hand, the lifetimes of
the Feshbach molecules and the ground-state molecules are both on the order of
tens of milliseconds which is negligible compared to the pulse lengths.

The two-photon spectrum data is shown in Fig. 3.20a where the solid orange
lines are fits with Gaussian to extract the center and hence the location of |3).
The orange color here indicates that the dump transition is of ¢ type. The spacing

between v” = 0 and v” = 1 is 105.833(3) cm™! and the uncertainty comes from
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the absolute accuracy of our wavelength meter. This number is quite close to
the value 105.839 cm™! calculated from the experimental potential in Ref. [161].
Using parameters, A = 0, 71 = 73 = 0, , = 27x0.49 MHz, v, = 27x6.92 MHz
and n = 27 x0.1 MHz, we can roughly estimate the dump TDM to be 0.03 eap and
0.074 eap for the v = 0 and 1 respectively.

Different vibrational levels of the X!+ state are promising to study the ul-
tracold collisions of chemically stable UPMs as well as chemically unstable ones
within the same setup. As mentioned at the beginning of this chapter, the rovi-
brational ground state of our 2*Na®"Rb molecule is stable against the chemical
reactions. At the same time, it is already reactive at its first vibrational excited
state (v” = 1) from the comparison between the measured vibrational spacing and
the calculated 47 cm™! energy barrier for the chemical reaction.

Besides the control of the vibrational quantum number, we can also choose
different rotational levels to be reached by the two-photon process. Here with
the v/ = 55 state of the A'XT-b3I1 admixture, we have precisely determined the
positions of J” = 0 and 2 rotational states of the lowest vibrational level using
the two locked Raman lasers. The pump transition is the 7 transition listed in
Table 3.7. The spectrum is shown in Fig. 3.20b where the solid lines have the
same meaning as those in (a). The spacing between these two observed rotational
levels is 12.5366(7) GHz. Recall that the rotational energy of a diatomic molecule
can be expressed as hB,J(J + 1) for the small rotational quantum number J
and B, is the rotational constant. So the energy spacing between J” = 0 and
J" =21is 6hB, and thus B, = 27x2.0894(1) GHz. Here the uncertainty is mainly
from the fitting error of the line center. This value also agrees very well with
the calculated one, 27 x2.0897 GHz, based on the potential in Ref. [161]. Another
important spectroscopic constant we can directly get is the dissociation energy of
the v = 0;J” = 0 level which is just the energy difference between the pump
and dump transitions: D{ =4977.308(2) cm~*. This value is 0.121cm™! larger
than that reported in Ref. [161] and 0.018 cm™' less than our previous result in
Ref. [159]. The uncertainty is coming from the absolute frequency measurement

accuracy.
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Figure 3.20: Two-photon spectrum to locate different rovibrational levels of X!+
state. The solid orange lines are Gaussian fits to extract the line center and the

orange is used to indicate that the dump transition is a ¢ one.

(a) Two-photon spectrum to locate the v = 0,1;J” = 0 levels of
X1¥+: The intermediate state is belonging to the b3II-B'II-¢3%+ ad-

mixture.
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(b) Two-photon spectrum to locate the v” = 0;J"” = 0,2 levels of

X1¥+: The intermediate state is belonging to the A'ST-b3IT admix-

ture.
1500 T T T T T T
bob) v'=0, J'=2 v'=0, J'=0
o
£
S
c
@ 1000} g
g
©
S
-03 500 .
=z
212550  -12540  -12530  -12520 40 0 40 80

L2-389.42441THz (MHz)



CHAPTER 3. FROM WEAKLY BOUND STATE TO ABSOLUTE GROUND STATE 111

The two-photon line shapes are of course modeled to estimate the dump TDM.
For both the pump and the dump lasers are locked to the cavity the relative
linewidth is best estimated to be 5kHz. Other parameters are listed here: A = 0,
M =73 =0, 2 = 27x0.68 MHz and (2, is experimentally calibrated. The dump
TDMs obtained using these parameters are 0.033 eap and 0.096 eap for the J” =0
and 2 respectively. However, this estimation is not accurate due to the fact that

we may couple different hyperfine Zeeman states with such strong dump light.

3.4.2 The Hyperfine Zeeman Structures of The Rovibra-

tional Ground State

In previous subsection the two-photon spectrum is done in the condition of €z >
2, and thus the resultant FWHM of the line shape is on the order of tens of
MHz. On the other hand, the hyperfine Zeeman splitting of the rovibrational
ground state is tiny due to the zero electronic angular momentum. According to
the study in Ref. [184], it is smaller than 1 MHz. So previous spectra may involve
many hyperfine Zeeman states in the single wide peak and all of the modelings of
the line shapes are inaccurate. In this section I would like to present well-resolved
hyperfine Zeeman levels of the rovibrational ground state with the two-photon
dark-resonance spectrum.

For the rovibrational ground-state molecule, the interactions between the nu-
clear spins and the magnetic fields produced by the electronic motion are almost
vanished. The only terms causing the hyperfine structure are the nuclear electric
quadrupole interactions, the spin-rotation couplings and the spin-spin interactions
between nuclei. Including the Zeeman interactions, the Hamiltonian can be written
as

H = H,ot + Hypgs + Hy, (3.16)

where Hrot = BUNQ, ths = Zz [VZ . Qz + C»L'N . IZ] + 0311 . IQ + C4T<Il,12) and
H; = — ZZ w; - B. H, and Hy are easy to understand. The first term in Hyg

describes the coupling between the electric field gradient at the nucleus ¢ and its

(eqQ):[(3/8)C(C+1)—(1/2)I2N?] ud
I(2I-1)(2N—1)(2N—1)(2N+3)

C' = 2I;- N. Here (eqQ); is the coupling constant. The second term represents the

electric quadrupole moment Q,. The explicit form is

interaction between the nuclear spin I; and the molecular rotation. The third and
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fourth term are the scalar and tensor spin-spin interactions respectively. Based
on this Hamiltonian and the calculated couping constants, our theoretical collab-
orators have modeled the hyperfine structure of the rovibrational ground state by
taking N = 0 ~ 3 into consideration.

The two-photon dark-resonance spectrum relies on the existence of the so-called
dark state, |Dark) = Q4/Q1) — Q,/Q[2) (Q = |/Q2+QF), which is one of the
instantaneous eigenstates of the Hamiltonian in Eq. 3.14 which doesn’t involve
the short-lived excited state |2). It only happens when the two-photon resonance
is fulfilled (6 = 0). With the pulse shapes shown in Fig. 3.19, the sudden shinning
of L1 projects the initial state to the three instantaneous eigenstates and only
the dark state survives the following evolution. Then the sudden switch-off of
L1 projects the dark state back to the initial state. So the remaining Feshbach
molecule number is proportional to (€4/2)? from this simple picture. However, we
also need to consider the decoherence effect during the pulse duration which would
cause the observed molecule number decreased as the pulse length is increased.
The measurement of this effect would give us the knowledge of in what extent
the two-photon resonance is maintained in our system. Due to the requirement
of two-photon resonance, this dark-resonance spectrum is expected to be of high
resolution and precision, and hence resolving the hyperfine Zeeman structures.

In Fig. 3.21, I show our spectrum data as well as the modeled hyperfine
Zeeman structures of the rovibration ground state. It was performed with the
same intermediate state as that in Fig. 3.20b with a 7 pump transition. By
changing the polarization of L2 we could couple the rovibrational ground state
with M” = 1,2 and 3, if we recall that M = 2 for the initial Feshbach molecules.
In the basis of |mya, mry), we totally have (2Iy, + 1)(2/rp + 1) different energy
levels, namely 16 states. Here my, and mgy, are the projection of the 2*Na nuclear
spin In.(= 3/2) and the 8"Rb nuclear spin Ir,(= 3/2) along the external field,
respectively. At 335.7 G, the nuclear Zeeman energy of the state |mya, mgp) iS
-h x 21 x (0.37805mN, + 0.46757mgy,)MHz. Actually the Zeeman term dominates
the Hamiltonian at such a high magnetic field, which can be seen from the inset
of Fig. 3.21a. The energy differences between the full model calculation and the
Zeeman term are not larger than i x 27 x20kHz and thus my, and mgy, are still
regarded as good quantum numbers. With the polarization configuration of 7
pump + o dump, we could access one M” = 3 and three M"” = 1 levels. With

the polarization configuration of 7 pump + 7 dump, two M” = 2 levels were
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observed. All of these 6 levels were well-resolved in Fig. 3.21b and the line centers
were extracted by Lorentzian fits. We could find an excellent agreement between

the observed centers and the modeled results.
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Figure 3.21: The hyperfine Zeeman structures of the rovibrational ground state.
a, The modeled results are clarified according to the total magnetic quantum
number M = mgy + mna. Points connected by dashed lines have the same value
of mgy. The inset shows the energy differences between these full-model result
and the pure Zeeman term. b, The dark-resonance spectrum shows well-resolved
hyperfine Zeeman structures with both 7 pump + ¢ dump (solid orange circles)
and 7 pump + 7 dump (open black circles) polarization configurations. Solid
lines are fittings to the Lorentzian functions. The lowest energy level is marked
with a blue circle and the modeling of the line shape with the master equation is

shown in the inset.
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The line shapes of the two-photon dark-resonance spectra can be also modeled
with the master equation (Eq. 3.15) and the dump TDM could be calibrated.
However, only the lowest energy state is calibrated with this method for other
states are not well-isolated. The result is shown in the inset of Fig. 3.21b and the
dump TDM is 0.021(1) eap from the calibration. Also other line shapes can be
modeled, and hence the calibration of dump TDM for other states, if we extend the

three-level master equation to the four- or five- level case which is straightforward.

3.5 Absolute Ground-State Molecules: Creation

and Characterization

With the intermediate state of the selected v = 55; J' = 1 level, both the pump and
dump TDM as well as the excited-state lifetime are calibrated to be 7.3 x 10~%eap,
0.021(1) eap and 235ns respectively in previous two sections. These conditions
give us a good starting point to create the absolute ground-state polar molecules
via the STIRAP. This process not only strongly depends on the dark state |Dark),
but also requires a special design of the pulse shapes of the Raman lasers. Since
only the latter is different from the dark-resonance spectrum, we can also model the
STIRAP transfer with Eq. 3.15. The details of the STIRAP would be presented
in the first part of this section.

In the next two parts the characterization of the absolute ground-state molecules
are described which includes the measurements of the permanent dipole moment

and the lifetime of the samples.

3.5.1 STIRAP

The STIRAP technique has been a standard method to realize the almost lossless
population transfer in a three-level system for more than 25 years [185]. The basic
idea relies on the dark state only existing when the two-photon detuning is set to

zero. In that case the eigenvalues and eigenstates of the Hamiltonian in Eq. 3.14
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(71 =72 =0 and 7, = ) read

Ey =0, [Dark) = & |1) — 7 13) ;
. - P —A—i —A—i 2102
B, = %(—A —iy/2+ \/(—A TP ), |4 = Qp|1)+(—A—iv/2+1/(—A—iv/2)2+Q )|2>+2§2d\3>;
N NN
. ; » —A—iy/2—~/(—A—i 2,02
B =3-A-in/2— JEA- 2P T ), |-) = HRCEDE VIS R )
N NN
(3.17)

The first eigenstate, named dark state, doesn’t involve the strongly dissipative

state |2). Assuming that initially all the particles occupy |1), we start with zero
2, and finite 2; and then the Rabi frequencies are adiabatically ramped to finite 2,
and zero ;. In this way it is possible to have near unit transfer efficiency between
|1) and |3) and the pulse sequence is counterintuitive. For simplicity we also have
A = 0. The adiabatic condition is fulfilled when the couping between |Dark) and
|£) is much smaller than the energy spacing between them: |(£|4 |Dark)| <
|E+ — Ep|. In the limit of v > Q, this criterion gives that Q2T > 7 for nearly
equal pump and dump Rabi frequency. It becomes QT > /27 when Q > ~ or
) ~ ~. Here T is the pulse length. For a high-efficiency transfer we typically need
QT > 107.

In real experiments, maintaining a perfect adiabaticity is impossible and some
molecules would loss from the three-level system due to the visit to the dissipa-
tive excited state |2). Intuitively we expect that the transfer efficiency n would
decay monotonically with the increasing 7 and it was shown that besides the
non-adiabaticity, another loss mechanism called quantum overdamping would con-
tribute severely in the strong-decay regime (v > Q) [173]. However, Ref. [130] has
asserted that there exists a minimum value of n versus the change of v, which
is out of the scope of our phenomenological model. For us, the available laser
power of L1 are about 26 mW corresponding to €2, = 27x0.73 MHz, meanwhile
v = 27x0.68 MHz. This means that we are in the regime of {2 ~ v and for the
decay of |2) we only need to consider the adiabatic criterion, i.e. QT > v/2r. The
fast fluctuations of the Rabi frequencies are expected to be negligible and we don’t
consider it here.

Another factor affecting 7 is the decoherence effect caused by various phase
noises. These noises enter the problem by changing both the one-photon and
two-photon detuning, especially 7 is extremely sensitive to the latter parameter.

The contributions mainly come from the phase fluctuations of the laser fields and
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the noise of the external DC magnetic and electric fields. The electric field is
almost zero in this case and the fluctuations can also be neglected. Our magnetic
field suffers from a RMS noise of 10 mG. However, our Feshbach state has almost
zero magnetic dipole moment and the energy of the absolute ground state would
fluctuate on the order of 40 Hz. The noise of the two-photon detuning due to
these fluctuations is also negligible. So the only source of the noise comes from the
fluctuations of the Raman lasers which is estimated to be on the order of 5kHz.
The STIRAP transfer was performed using the pulse sequence shown in Fig.
3.22b. The figure was obtained based on the measured pump and dump powers by
two photodiodes. Through previous calibrated TDMs they were translated into the
Rabi frequencies and the maximum value of ,, (€2;) is 27rx0.7 MHz (27 x 1.1 MHz).
The pulse can be divided into four parts: (1) €2 is slowly ramped to its maximum
value in 15 ps while €, is kept zero. (2) In 15ps, €24 is decreased to zero and €2, is
increased to its maximum. This is the STIRAP sequence and here QprygT = 11.47
where T' =15ps. (3) In another 15yus, 4 is again increased to its maximum and
(2, is deceased to zero. This is a reversed STIRAP sequence. (4) €2 is slowly
ramped down to zero in 15ps and meanwhile €2, is kept zero. It is not necessary
to make the part (3) immediately following the part (2) and actually the lifetime
of the absolute ground-state molecules was measured by varying the holding time
between these two parts. The parts (1) and (4) are not relevant to our main results.
In Fig. 3.22a the time evolution of the number of the Feshbach molecules
are presented. The data points were taken based on the pulse sequence shown in
3.22b. We begin with about 1.55 x 10® Feshbach molecules and their number is
not changed during the above-mentioned part (1). Comparing the configuration
of the Rabi frequencies in this part to the three eigenstates in Eq. 3.17, we could
identify that |1) coincides with the dark state |Dark). During part (2) the Rabi
frequencies are adiabatically changed and ideally the quantum state of the three-
level system would follow the dark state. In the end of (2), the dark state coincides
with |3), the absolute ground state. However, due to the non-adiabaticity and
the decoherence only a portion of n of the Feshbach molecules are transferred to
their absolute ground state. The other molecules visit the dissipative |2) followed
by spontaneously decaying to many unknown molecular levels. These molecules
are irreversibly lost from our system. Within our detection limit, zero Feshbach
molecules are observed after part (2). In part (3) a reverse pulse sequence of

that in part (2) is applied and the absolute ground state molecules are transferred
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back to the Feshbach state |1) assuming a same transfer efficiency . The number
revival of the Feshbach molecules confirms the successful control of the quantum
state between |1) and |3). After the round-trip STIRAP, namely part (2) together
with part (3), more than 1.0 x 10* Feshbach molecules are revived and the overall

efficiency of more than 64% suggests n > 80%.

STIRAP Reversed STIRAP
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Figure 3.22: The round-trip STIRAP transfer. a, Time evolution of the number of
Feshbach molecules during round-trip STIRAP. The solid red curve is the simula-
tion result with the master equation where all the parameters are given according
to the experimental measurements. The Feshbach molecules are transferred to the
absolute ground state after the 15pus STIRAP sequence and a reversed sequence
is immediately applied to transfer the molecules back to the Feshbach state. b,
The measured pump (black line) and dump (orange line) pulse sequence. The

maximum pump (dump) Rabi frequency is 0.7 MHz (1.1 MHz).
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Figure 3.23: The two-photon line shape of STIRAP: The number of Feshbach
molecules after a round-trip STIRAP is recorded versus the two-photon detuning.
The measurement is done with a time sequence that the system is held for 30 ps
between the STIRAP and reversed STIRAP pulse. By changing the polarization
of L2, M" =1 ~ 3 are populated. The solid lines are fits to Lorentzian functions.
The dashed red and blue vertical lines correspond to the level positions obtained

from the dark-resonance spectrum and the theoretical modeling, respectively.

Although we have achieved such a high-efficiency transfer, another question
that whether only a single quantum state is populated remains unanswered. In Ref.
[187] the authors derived an analytic result for n in case of QT > 1 from which the
two-photon linewidth is estimated to be on the order of Qrys/v/7myT ~0.3 MHz.
In Fig. 3.23 we show the two-photon line shape of STIRAP by scanning the dump
frequency. This set of data was taken with a time sequence that the holding time
between the STIRAP pulse and the reversed STIRAP pulse is 30 ps. With m pump
+ o dump, both M” =1 and M"” = 3 were accessible. Although there are three
possible levels for M"” = 1, we only observe two peaks in the line shape and they
agree with the previous dark-resonance measurement and the theoretical modeling

well. The missing line corresponds to |my, = 1/2,mgp, = 1/2) and we still don’t
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understand it at all. The fits give the FWHMs of 0.109(7) MHz, 0.093(26) MHz
and 0.103(8) MHz for the three peaks from lower to higher frequency. They share
almost the same two-photon linewidths but quit different transfer efficiencies es-
pecially for the middle one. This may be understood from the changes of Qrus
and the effective transfer time 7', which are hard to analyze. For the two M" = 2
states they are unresolved from the line shape and a one-peak fit gives a FWHM
of 0.28(5) MHz.

In short summary, we have achieved a sample of the rovibrational ground-state
polar molecules in a single quantum state via STIRAP. The experimental results

are well reproduced through a phenomenological master equation.

3.5.2 Characterizing The Permanent Dipole Moment

The dipolar nature of the heteronuclear molecules at their rovibrational ground
state can be characterized by measuring the Stark shift of this state in a static
electric field. The shift can be understood as the perturbation of the energy of
the rovibrational ground state by other rovibration states. From the perturbation
theory we know that the contribution of some state is proportional to the inverse
of the energy spacing between this state and the rovibrational ground state. To
a good approximation we could only consider the rotational structures. So the
Hamiltonian reads
H=BN"—-d-E
= B,N? — dyE cos¥),

where dj is the permanent dipole moment, F is the electric field strength and 6

(3.18)

is the angle between the molecular axis and the E direction. We can treat the
rotations of the linear molecules as the rigid body rotation and the cosf term
could only couples states with the same magnetic quantum number. In the basis
of |N,my) for a 'Y molecule, only (N’, my|cosf|N,my) are nonzero. (It is very

similar to the spherical Harmonics.) The explicit matrix element reads [185]

(N',my]|cosf|N,my)

= (-1)™ /2N + 1)2N + 1) (N/ ! N) < N N)) (3.19)

0 0 O —mnyN 0 my

where < . ) represent the 3-j symbols. The first 3-j symbol accounts for the

coupling along the molecular axis and the second one is the coupling along the
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N/
0
Hamiltonian is represented by

1 N
electric field. ( 0 O) is nonzero only if N = N £+ 1. So for my = 0 the

doE
0 -2 0 0
doFE 2doE
~% 2B g 0
H=| 0 —% 6B, --- 0 , (3.20)
0 0 0 - B,N(N+1)

where rotational levels up to N are included. We could numerically diagonalize
this matrix and the lowest eigenvalue €(E;dy) corresponds to the Stark shift of
the |0,0) state. The effective dipole induced by the electric field is defined as
d. = —de(E;dy)/dE. To obtain the exact energy shift as well as the effective
dipole we need to include infinite rotational levels (N — o), which is impossible.
For a practical use, N = 10 is enough. Besides the rovibrational ground state,
the intermediate state |2) with a moderate internuclear distance also experiences a
non-negligible Stark shift. However, it is much harder to analyze the Stark shift for
our excited state and it is not done yet. The Stark shift of the Feshbach state in an
electric field of a few kV /cm is negligible considering its extreme large internuclear
distance.

To measure the Stark shift of the rovibrational ground state in a static elec-
tric field, we first measure the shift of the excited state €pym, by the one-photon
spectrum and then locate |3) with the dark-resonance spectrum. It is apparent
that €(E;dy) = €pump — €dump Where €gumyp is the change of the L2 photon energy
with respect to the zero-field value. Examples are shown in Fig. 3.24a where three
cases, namely 0kV/cm, 0.36kV/cm and 0.54kV /cm, are presented. In the upper
panel the one-photon spectra indicate that the excited state |2) is shifted down
by the electric fields and the line shapes are fitted with Lorentzian functions to
extract the line centers and linewidths. No obvious broadening or narrowing of the
lines is observed in our field range. In the lower panel the dark-resonance spectra
are given and similarly Lorentzian functions are used to obtain the line centers and
linewidths. A narrowing of the line shapes is observed for the two-photon spectra.
Intuitively the extra noise brought by the external electric field would broad the
lines, although it is not the case. Possible reason could be the modification of the

coupling strengths by the applied field which needs further explorations.
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Figure 3.24: Stark spectroscopy for the rovibrational ground state.
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(a) Examples of the one-photon spectra and dark-resonance spectra
at a electric field of 0kV /cm (open black squares), 0.36 kV /cm (open

magenta circles) and 0.54kV/cm (open green triangles).
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(b) Stark shift of the rovibrational ground state from the spectroscopic
measurement. The solid black circles are fitted with the model (red
line) described in the main text to extract out the permanent dipole
moment. The shade area indicates the uncertainty of of the electric

field. Also the induced dipole is shown (blue line).
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In Fig. 3.24b the Stark shift of the absolute ground state versus the electric field
strength is presented. The maximum field we have applied in our measurement
is about 1.5kV/cm and the data points are fitted to the calculated Stark shift
counting rotational states up to N = 10. This procedure gives a permanent dipole
moment of 3.2(1)D for our absolute ground-state 2*Naf®Rb molecule which is
consistent with previously reported values [189-192]. The uncertainty here comes
from the 10% uncertainty of determining the electric fields mentioned in 2.4.2.
With the permanent dipole moment in hand we can also calculate the induced
dipole moment by the applied electric fields and it is plotted in the same figure as
the Stark shift. With our current setup the maximum achievable dipole moment
right now is 1.06(4) D.

3.5.3 Measuring The Lifetime of The Sample

Long-lived ultracold samples of polar molecules are predominately preferred for
their great potentials in realizing dipolar superfluid systems [¢1] and high-fidelity
gate operations for quantum computing [193]. Especially we are interested in
implementing an efficient evaporative cooling in ultracold molecular samples to
quantum degeneracy. This requires that the elastic collision rate greatly exceeds
the inelastic collision rate, namely the sufficient thermalization among the samples
is reached before a significant amount of the molecules is lost due to the inelastic
collisions. On the other hand, the study of ultracold collisions itself is also of great
interest to us. It was demonstrated with the reactive *°K8”Rb molecule that the
chemical reactions could be controlled via quantum statistics [90], external electric
fields [98] and dimensionality [99, 100].

Although our rovibrational ground-state 2*Na8"Rb molecule is chemically stable
against the bimolucular exchange reaction, there are still other loss processes which
would limit the achievable lifetime. For example, sticky collisions were predicted
to make an sample of nonreactive 8"Rb'33Cs molecules with a mean density of
10" em ™ only living for a few hundreds of milliseconds [194], which is consistent
with the experimental observed lifetime [195]. Such kind of loss mechanism can
also be engineered via external electric fields and dimensionality, which would allow
us to study ultracold collisions in a controlled manner. For individual systems, the

possibilities of exciting the molecules to the dissipative excited states and molecule-
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molecule photoassociation [196] by the trapping light can also lead to short-lived
samples.

The lifetime of the molecular samples are measured by monitoring the time evo-
lution of the molecular number in our optical dipole trap. As usual, the elementary

loss process can be classified according to the number of molecules involved in that:

one-body loss, two-body loss, three-body loss, - --. For a trapped thermal gas, the
time evolution of the mean density can be described by the equation reading

dn

d_? = —n/7 — fa* — Lsn?®, (3.21)

where processes involving more than 3 atoms are neglected and 7, § and L3 are

the one-body loss time constant, two-body loss rate and three-body loss rate,

respectively. Assuming constant temperature and a distribution function in Eq.

2.29, the mean density is expressed as n = Nw3(4Xa82)3/2 = o N. Here N is the
b

molecular number and « is a parameter determined by @ (geometrical mean of

three trap angular frequencies), T (temperature) and My,grp (molecular mass).

Substituting this expression into the above equation gives us the following one:

dN
% = —N/T — ﬂOéN2 — LgOé2N3. (322)
For us the three-body process is also omitted which would be confirmed later. The
solution to this equation reads

No
et/7(1 + NoaST) — Noa ST’

N(t) = (3.23)

where Ny is the molecular number at ¢t = 0. The data could be fitted to this equa-
tion to extract out 7 and af. Since we are interested in the collision process, i.e.
the interaction between molecules, the one-body loss should be avoided as much
as possible in real experiments. The determination of 3 still relies on the determi-
nation of the parameter a, namely the temperature and the trap frequencies.
The trap frequencies are determined by calculations based on the last formula
in 2.2.6 where the AC polarizability of our rovibrational ground-state molecules is
667.7au. As a comparison, the polarizability of Feshbach molecules is taken as the
sum of atoms to be 909 au. Here au stands for atomic unit. The calculated trap
potentials of both the ground-state and Feshbach molecules along the vertical axis
in our final FORT are plotted in Fig. 3.25. The trap depths for our molecules at
these two different states are indicated in the figure: 4.5 pK and 12.5 nK for them
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Figure 3.25: The trap potentials for the ground-state (solid black line) and
Feshbach-state (solid red line) molecules along the vertical axis: In our final trap,
the trap depth for the ground-state molecule is 4.5 pK, nearly 3 times smaller than
that for the Feshbach molecule, i.e. 12.5pK. Also the gravitational sags are differ-
ent for 2Na8"Rb molecules in these two different states and the difference is about

2.2 um.

respectively. From the figure we can also see that the gravitational sag is different
in these two states: the equilibrium position of the ground-state molecule is 2.2 pm
lower than that of the Feshbach molecules. Due to these differences, sloshing and
breathing motions of the molecular sample are excited after the 15us STIRAP
which could be seen in our images. However, we cannot clearly identify these
motions in our old setup for we cannot reliably image the atoms immediately
after the round-trip STIRAP. This is caused by the eddy current after the fast
switch-off of the magnetic field. A 20ms holding is necessary for reliable atomic
detections and the motions of the cloud are obscured after this holding due to the
different trapping potential for molecules and atoms. Also the measurement of the

temperature based on the ballistic expansion also becomes unreliable. However,
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Figure 3.26: The lifetime of the absolute ground-state molecules: The time evo-
lution of the ground state molecule number is plotted. In the final trap, the trap
frequencies for the ground-state molecule is 27 x (30, 156, 162) Hz respectively. Ev-
ery point corresponds to a three-times repeat and the standard deviation is shown
as the error bar. The solid red line is a fit to the data points with more than 50 ms

holding (see text for details).

the temperature of the atoms after dissociation is still a good approximation of
the temperature of the Feshbach molecules if the dissociation is not too fast [197]
and their trapping potential difference is omitted. Ultimately, we have solved the
problem of eddy current in our new setup and the final conclusion is drawn based
on measurements there. Furthermore we could perform the dissociation at the
end of the expansion to reduce the heating from it. Another problem maybe exists
in the old setup is that the probability of one-photon excitation of the ground-
state molecules is larger due to the broadband nature of our FORT laser, which is
changed to a single-frequency laser in the new lab.

The detailed description of the setup and measurement in the new lab may

be found in the forthcoming theses of our junior PhD students Mingyang Guo
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and Xin Ye. In the final trap, w = 27x91.2Hz from both the calculation and
the measurement of the sloshing and breathing motions, and typically T" =720 nK
from the ballistic expansion method. This gives o = 1.06 x 10" cm~3 and a initial
mean density of 5.3 x 10'%cm™3. The time evolution of the molecular number is
shown in Fig. 3.26. Due to the sloshing and breathing of the sample, only data
points after 50 ms are used to be fitted and here the one-body loss is also neglected.
From the fit we could obtain 8 = 2.5(9) x 1071%cm3-s7! (equivalent to a lifetime
of about 0.2s). Actually this loss rate constant should be bound by half of the
collision rate constant k., which relates to the collision cross section o, between
two ground-state molecules and the temperature T by keo; = 0cor \/m )
The collision cross section between two identical bosons at ultralow temperature
is further bound by the unitarity limit of 87/k* ~ 4wh?/mk,T. Substituting the
temperature and other parameters into the rate constant yields kq,; < 9 x 10710
cm?-s7! and thus our result is very close to the upper bound (4.5 x 1071 cm?3.s7!)
which suggests that every collision leads to loss of two molecules with a large
probability.

Such a huge loss is a surprise for our absolute ground-state molecules, which
are nonreactive and all occupying the lowest energy state. However, our bosonic
23Na®"Rb molecule is not the only case here and a two-body loss constant with the
same order for the absolute ground-state bosonic 8’ Rb!33Cs molecule was reported
in Ref. [195]. On the other hand, the reported value of this constant for the non-
reactive fermionic 2*Na?*K molecule is smaller by an order of magnitude due to
the suppression of s-wave collisions as a sequence of the Pauli principle, which is
long but still much shorter than the trap-limited lifetime [198]. The most probable
mechanism accounting for this unexpected loss is the aforementioned sticky colli-
sion during which long-lived four-body complexes are formed. A large cross section
for this process is possible due to the dense density of states of the four-body com-
plex at the colliding energy, hence dense scattering resonances. In Ref. [194] it
was shown that the lifetime of the four-body complex is dramatically enhanced by
the dense resonances and thus the molecules are invisible after the complexes are
formed. By assuming narrower but well-isolated resonances and small mean reso-
nance spacing (far less than the temperature), the sticky rate constant is derived
analytically there and the value for us is calculated to be 3.5 x 10~ cm?®-s~!. This

is a little larger than our measurement, but still quite reasonable.
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3.6 Summary and Outlook

In this chapter, I have described our work on the creation of an ultracold sample
of absolute ground-state polar 2Na®”Rb molecules beginning with an ultracold
mixture of »Na and ®"Rb atoms. The association of atoms into weakly bound
molecules discussed in section 3.2 was published in [166]. The spectroscopic study
of the excited states near the *Na(325) ) +% Rb(5?P; /) asymptote presented in
subsection 3.3.2 formed a publication of [182]. The understanding of the excited
states below the **Na(325)/2)+*"Rb(5? P, j5) asymptote in subsection 3.3.1 is on
the way and hopefully a new publication would be made focusing on them. We
are also preparing another paper concerning the explorations of the mixed levels
of the A'Y* and b3II states (subsection 3.3.3), as well as the two-photon spectro-
scopic study of the X!3T state (section 3.4). The description of the creation and
characterization of the absolute ground-state molecules (section 3.5) has already
been reported in [199].

Based on all of these previous results, many exciting and important topics are
ready to be studied with our 2*Na®"Rb molecules. Here I want to list a few and

discuss them in detail.

3.6.1 Ultracold Collisions Between Absolute Ground-state

Mbolecules

Collisions between quantum particles, i.e. atoms and molecules, are of fundamental
importance in determining the properties of quantum gases. For atoms interacting
through short-range and isotropic potentials (like van der Walls potential), the
physics of collisional dynamics could be captured only by the scattering lengths for
bosons or distinguishable particles at the low-energy limit. Collisional resonances,
where the scattering lengths could be varied by several orders of magnitude by
moderate changes of the external optical or magnetic fields, happen when the
collision energy approaches some bound or quasi-bound state energy. However,
collisions between particles interacting with long-range or anisotropic potentials
could be predominately complex even at the temperature of 0.1 ~ 1pK, with which
typical current experiments work. For example, chaotic behavior of the scattering

resonances has been observed and discussed in collisions between highly magnetic
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atoms [88,200] due to the anisotropic interaction potentials. The resonances are
expected to be even much denser for atom-molecule or molecule-molecule collisions
concerning the more complex angular momentum couplings, especially for heavier
molecules.

Even we assume isotropic interactions, the resonances may still be individu-
ally unresolvable from the theoretical point of view, let alone being identified in
experiments [194,201]. A proper method to gain insights into these collisions was
developed in Ref. [194,201], where a statistical description of the collision cross
section is used to draw the conclusion that colliding partners have a large pos-
sibility to stick together and thus lose from our detected signal. This is called
sticky collision. The complexes formed in this manner have finite lifetimes, after
which they decay back into the initial colliding particles and thus we could observe
the revival of the particle number. Of course there are also possibilities that the
complexes decay to some low lying states via collisions with other complexes or
molecules and these processes depend on the lifetime of them. Even more bad,
the complexes may not be supported by our FORT (blue detuning trap) and they
become lost once they are formed. Based on this picture, we could end up with

several limit cases of the molecule loss dynamics:

e A pure two-body loss: The loss of the complexes are so fast that no obvious
effect of the molecular revival could be seen. We need to mention that the
possible quantum Zeno effect is not considered here.

e When the loss of the complexes is not severe, the dynamics would firstly
dominate by the complex formation process and then reach some equilibrium
state by including the molecular revival.

e The loss of the complexes is in a intermediate level and a quit complex

dynamics is observed.

For our data of the loss dynamics are obscured by the trap excitations of the
molecular sample, one good solution is to use a magic-wavelength trap in which the
polarizabilities of the absolute ground-state molecules and the Feshbach molecules
coincide with each other. Unfortunately calculations from our theoretical collab-
orators suggest that there is no magic wavelength in the far-off-resonance regime.
The only thing we can do is to moderately increase the trap power to minimize
the effect of trap excitations as well as avoid any heating.

Besides measuring the loss dynamics curve, we could also imagine to directly
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observe the revival process if we are lucky to stay at a happy-parameter regime,
that’s to say the complexes are trapped by our FORT and the collisional loss of
them is small. In this case, we could quickly remove the residual ground-state
molecules after they are held in the trap for sufficient formation of the complex.
Then the molecule number could be monitored to see possible revival dynamics.
However, the sticky mechanism is valid only in cases that all the relevant rovibra-
tional states of the complexes are involved during the collision process. This is
maybe not the case and other possibilities should also be considered.

One possible mechanism is the collision between the absolute ground-state
molecules and the highly excited molecules created during the STIRAP. As I have
mentioned in the last section, only about 80% Feshbach molecules are transfered
to the absolute ground state and most likely the other 20% molecules occupy many
highly excited states. The ground-state molecules can be ejected from the trap
by colliding with these excited-state molecules during which energies are released
through vibrational quenching of the excited-state molecules. We could gain some
insights into this possibility by measuring the loss curves with different STIRAP
efficiencies. Another possibility is the excitation of one molecule into excited states
or the photoassociation of two molecules into four-body bound states by the trap
light. For the former case, the possible excited states are those belonging to
the C'X* PES to which the ground-state molecules are excited via a two-photon
process. The photoassociation is only possible at short ranges for there are no
resonances at long range [190]. In both cases the loss should be sensitive to the
frequency of the trap light. So a tunable narrow-linewidth laser is preferred to
examine this possibility.

The ultracold collisions would become more interesting when an external elec-
tric filed is applied. The sticky cross section was predicted to be greatly en-
hanced in an electric field and undergoes a ladder behavior as the electric field
is increased [194]. This could also be incorporated to test the sticky mechanism.
What’ s more important is that the external electric field was proposed to be
used to stabilize the molecular gases through the short-range shielding mecha-

nisms [100,202,203].
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3.6.2 Long-lived Ultracold Samples of Polar Molecules

The effort toward producing long-lived ultracold samples of polar molecules is
strongly motivated by the various potential applications of those systems as dis-
cussed in section 1.2. For our 2*Na®"Rb molecules, we are able to induce a effective
electric dipole moment of 1.06 D in the lab frame, which corresponds to a dipo-
lar length of ~35000ag. To overcome the observed fast loss, several methods are
already in hand.

As mentioned in the last paragraph of previous subsection, the short-range
shielding mechanisms are expected to suppress the inelastic loss as well as the
chemical reaction by several orders of magnitude. The basic idea is to introduce
a energy barrier through external fields to prevent two molecules to reach the
short-ranges where the inelastic processes happen. In Ref. [202,203], the authors
proposed to work with excited rotational dipolar molecules in a static electric field
which would dramatically modify the ratio between the elastic collision rate and
the inelastic collision rate. This requires another collisional channel to cross the
threshold of the initial collision and typically a large dipole moment as well as
a moderate electric field are necessary. The theoretical calculation on 2Na®"Rb
suggests that at a field of 5kV/cm the previous ratio can reach ~ 107, which is
very favorite for an efficient evaporative cooling. Another method, demonstrated in
Ref. [100] with the reactive fermionic ““K®"Rb molecule, incorporates the repulsive
dipolar interaction between aligned polar molecules in a quasi-2D trap to prevent
them to approach each other. Interestingly, a self-assembled dipolar lattice phase
has been proposed in such systems [204], which are potentially suitable for the
study of Hubbard models with phonons [205].

To ultimately solve the problem, we can make a molecular insulator in an
optical lattice where molecules are well-isolated from each other due to the high
tunneling barrier. This also has already been demonstrated with the reactive
fermionic “°K8"Rb molecule and the lifetime was increased to the trap-limited value
(>205s) in a 3D deep lattice [99]. For our molecules in a simple cubic lattice formed
by 1064 nm light, the nearest neighbor DDI strength Uy is > ky x50 nK while the
recoil energy Ep is about k,x76 nK. At a lattice depth of 25FER ~ kyx1.9uK, the
tunneling rate is estimated to be 0.001Er ~ kyx1.9nK< Uyy. In the literature
[82,102], the authors extensively studied the insulating ground states as well as

many metastable insulating states of the 2D dipolar lattice gas within the extended
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Bose-Hubbard model and we are ready to observe these new quantum states.



Chapter 4

Spin Dynamics In Heteronuclear
Spin Mixtures and Thermal

Spinor Gases

In this chapter, I will change to another absolutely different topic, namely spinor
gases. First proposed theoretically in Ref. [108, 109] and realized experimentally
in Ref. [107] in 1998, spinor gases are referred to gases with the internal degree
of freedom liberated thanks to the developing of FORT. Since then, this field has
been one of the hottest one in the ultra-cold scientific community and many fun-
damental and practical topics have been studied with spinor gases (see discussion
in section 1.3). Among them, spin mixing is a process that the atomic population
is oscillated among different Zeeman sub-levels of the hyperfine spin F' [206]. It
is driven by the spin-dependent interaction which is positive (negative) for the
antiferromagnetic (ferromagnetic) interaction. At a finite magnetic field, another
energy competing with the spin-dependent interaction is the quadratic Zeeman en-
ergy. With properly designed initial states, this competition would lead to coherent
oscillations of the populations. Furthermore, resonant behavior of the oscillations
was predicted in Ref. [207] and experimentally verified with both antiferromag-

netic gases (spin-1 2Na [116,115] and spin-2 8"Rb [115,119]) and ferromagnetic
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gases (spin-1 8"Rb [117,119]). In this work I would recall the spin-species spinor
gases in section 4.1.

In section 4.2, I would describe our work on the nature extending of the pre-
vious study of the coherent spin mixing into a mixture of two spin-1 bosons, i.e.
2Na and 8"Rb. By carefully designing the initial state and selecting the exter-
nal magnetic field, we have found a clear evidence of the coherent magnetization
exchange between the 23Na and ®"Rb gas, which indicates a coherent dynamics
driven by the heteronuclear spin-dependent interactions and this dynamics is ob-
served with a quantum gas mixture for the first time. We have also identified
a resonant behavior of it by tuning the external magnetic field, which is similar
to the single-species case. Profoundly, another unique knob to control the spin-
mixing dynamics in heteronuclear spinor mixtures has been demonstrated in our
experiments, namely the species-dependent vector light shift.

We have also studied the coherent spin-mixing dynamics in normal Bose gases
of spin-1 and spin-2 8"Rb atoms which is presented in section 4.3. Within the
approximation that the external and internal degrees of freedom are decoupled, the
equation of motion for the normal spinor gases are the same as that for spinor BECs

except for a numerical factor appearing in front of the spin-dependent interactions.

4.1 Introduction to The Single-species Spinor Gases

The physics associated with the single-species spinor Bose gases has been exten-
sively reviewed in Ref. [110,111]. Here I want to focus on the mean-field description
of the spin-1 BEC within the so-called single-mode-approximation (SMA), where
the G-P equation is utilized to solve the dynamics. The phase diagram with both
ferromagnetic and antiferromagnetic interactions are discussed and the solution to
the G-P equation is presented and analyzed. The extension of the formalism into
a spin-2 BEC is straightforward.

The Hamiltonian for a spin-1 BEC in the second-quantization form reads

2
1 = [ i)V + Vi 1) e+ a2} u0)+ -

[ b)) b + S Bl ()

Here Vi, is the external trapping potential and p(q) corresponds to the lin-
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ear (quadratic) Zeeman energy. co(cz) represents the spin-independent (spin-
dependent) interaction parameter, which is related to the scattering length by
co = 4;_22(@0 + 2as) (c2 = ‘f—f(@ — ag)). (See Eq. B.3.) ty(¢)) is the anni-
hilation (creation) operator for the sub-level k£ (k = +1,0,—1) and the repeated
index implies a summation over all the possible values.. F is the spin-1 operator
whose elements are defined in Eq. 2.61. In the mean field theory the annihilation
(creation) operators are replaced by complex order parameters: 9 () — 1 (VF).

The equation of motion for the order parameters reads

o _ O
ot s
wkhZ (4.2)
= [~ 5=V 4 Virap(x) + con — pk + gk + ca(F) - Fuat,

where n = iy, is the atomic density and (F) = 93 F1,, is the total spin.
The SMA states that different sub-levels share a same static spatial wavefunction:
Ur(r,t) = (r)e /¢ (t). The spatial wavefunction satisfies pup(r) = [—%V2 +
Virap(r) + con]é(r) and &&x = 1. The equation of motion is simplified to be
ih§ar = (Fp+ @)1 + nl€€5 + & (6ol + [&nl* — 1&al),
ih&o = canl&o(|Eal* + 161 17) + 2656116 4).
Based on these equations and the total spin-dependent energy £ = N{—p(|&41|" —
(€11 Ha (1= 60 ") + 1265651671+ 2657 €€ +26 " (1= [0l + (1€ I 16 )1}

we can deduce the ground state and the time evolution of the system with various

(4.3)

interaction parameters. (N = [ |4(r)’dr, is the total atom number and 7 =
[ 16(r)*dr/N, is the mean density.)

4.1.1 The Mean-field Ground State of a Spin-1 BEC

The mean-field ground state of a spin-1 BEC can be obtained by minimizing F.
It is easy to show that the longitudinal magnetization, mg = [£41]> — [€_1, is
with po = |,
mo = (1 — po) cosa with 0 < o < 7, we have written the total spin-dependent

1—potmo
2

a constant from Eq. 4.3 and [£4]> = By introducing

energy as
Con
E/N = —pmq + q(1 — po) + 27[2p0\/(1 — po)? —mg cos O + 2po(1 — po) + mg]
=(1—po)[—pcosa+q+ % cos® o + %(Sin&2 + 1+ 2sinacos @) pyl,

(4.4)
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Figure 4.1: The phase diagram of a spin-1 BEC in the (g, p) plane: (a), (b) and (c)
are for co = 0, co > 0 and ¢y < 0 respectively. The solid lines are phase boundaries
where red (green) ones represent the first-order (second-order) phase transitions.

I, I, T11, IV and V refer to different phases (see text).

where 6 is the argument of §5¢*,£* ;. The minimization of E depends on the value

of ¢y:
(1) c2=0,E = (1 — po)(—pcosa+q).

E is minimum when py = 1 if ¢ > [p| and py = 0 if ¢ < |p|. The phase diagram in
the (g, p) plane is shown in Fig. 4.1 (a).

(2) ¢a > 0 (antiferromagnetic interaction) , F' is minimized when cosf = —1 and
E/N = (1—py)[—pcosa+q+ Lt cos? a+ 2% (1 —sina)?po]. Since E is a quadratic
function of py with a negative quadratic coefficient if sina # 1, the minimum is
achieved either with po = 1 or with pp = 0. If sina = 1, then cosa = 0 and
E = q(1 — pp). The minimum is also obtained with po = 1 or 0. So the possible
candidates for the minimum of E:

2

_ q— 52— p| < eonn and mg =

1) pO - O; Emin — 2ealt | ’ ? ° C2 ;
q—|p| +con/2 |p| > con and my = sgn(p)

11) Po = 17Emin =0 and mo = 0.

The phase diagram in this case is shown in Fig. 4.1 (b).

ks

3

(3) ca < 0 (ferromagnetic interaction) , E is minimized when cosf = 1 and E/N =
on o

(1= po)[—pcosa+q+ 2 cos® o+ 2% (1+sina)?po). The analysis is similar to the

case with ¢y > 0 except that the minimum is the vertex of the quadratic function
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with a positive quadratic coefficient. The possible candidates for the minimum of
E:

i) po =0, Emin = ¢ — |p| + c2n/2 and my = sgn(p);

ii) po =1, Epin = 0 and mgy = 0;

2_ 02\ (_n2_,2 CoTi _n2 2 Cotl Cofl
iii) po = (¢*=p )(452%% +2co q),Emin _ (=p 22127;;22 219) o1 me = p(gjﬁ; )
The phase diagram in this case is shown in Fig. 4.1 (c).
Phase Order parameter Eoin
I F e”(1,0,0) q—p+con/2
11 F ¢?(0,0,1) q+p+can/2
i comn —p+can 2
Il AF  ef(y/Ber 0, -, /=5rem) q— 3=
vV P e”?(0,1,0) 0
T
iB 4t —p%+q%+2cami
(e [
vV BA Gt | (P
deong 8cang?

e—iB =P —p2+q2+2c2ﬁq)
2¢ \/ 2coT
q cafig

Table 4.1: Five different phases of a spin-1 BEC: F, AF, P, and BA stand for ferro-

magnetic, antiferromagnetic, polar, and broken-axisymmetry phases, respectively.

[ is an arbitrary phase accounting for the U(1) symmetry.

In summary, there are four possible ground states which are listed in Table
4.1. In the ferromagnetic phase, which is denoted as F, all of the spins are parallel
(I) or anti-parallel (II) to the magnetic field and gives a maximum |mg|. The
antiferromagnetic (AF) phase gives a nonzero mq by p/cen while the polarized spins
tend to be anti-parallel to each other. The polar (P) phase gives a zero mq and all
of the spins are unpolarized. All the previous three phases give (F) = 7(0,0, my),
which is along the magnetic field. However, in the last one, known as broken-
axisymmetry (BA) phase, the total spin is tilted against the magnetic field and the

axisymmetry is broken although the Hamiltonian still preserves the axisymmetry.
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4.1.2 The Coherent Spin-mixing Dynamics

The time evolution of the system is determined by equations in Eq. 4.3 where
the linear Zeeman term could be gauged out by introducing & = &xe *#!/" in an
uniform external field. Furthermore, by introducing &, = \/Eewk 0<p <1
and 0y, is real) and substituting them into Eq. 4.3, we could obtain two coupled

equations for py and 6:

. 2com .
Po = —%Po\/(l — po)? —mgsind,
9:2q/h+ﬁ[2p0—1+ (1= 7o) (2o )+2m0 cos b,
h V(1= po)? —mg
where 6 = 26y — 0,1, — 0_1, coincides with the 6 in previous subsection. pg

and mg follow the previous definitions. Since mg is conserved, we can omit
some constant terms in Eq. 4.4 and rewrite it as ¢ = E/N = ¢(1 — pgy) +
%[on\/(l — po)? —micosf + 2po(1 — po)]. Tt is easy to show that py = %895

and 0 =

energy contour in the phase-space of (6, pg). This aspect was first recognized in

—%8,006, which means the time evolution of the system is along a equal-

Ref. [207]. Generally, py experiences a periodic oscillation. Substituting ¢ into the

first equation of Eq. 4.5 we have

. 4
(po)? = ﬁ(ApS + Bpg 4+ Cpo + D)
4
— ﬁA(Po —x1)(po — 72)(po — T3) (4.6)
4
= Ff(ﬂo),

where
A = —2conq, B = —(conmg)*+2con(2¢—¢)—q¢*, C = (q—con)(q—¢), D = —(q—¢)*.

x;(i = 1,2,3) are the roots of pp = 0 and x; < 25 < z3. If A > 0, the distribution
of x; is shown by the red curve in Fig. 4.2 for f(0) <0, f(1) < 0 and (pg)* > 0,
where 0 < 1 < x5 <1 < x3. Then we could see that pg is oscillatory between x;
and zo. Similarly, it can be shown that for A < 0 py is oscillatory between xy and
x3.

Resonant behavior is found when zo = 23 = 1 (27 = 23 = 0) for A > 0
(A < 0), where the oscillation period is divergent [110,207]. However, for A > 0

this divergent is only possible when mg = 0, otherwise the period is still finite at the
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f(py)

A>0 .
A<O : 1

Figure 4.2: The distribution of the roots of py = 0. The red (green) line corre-

sponds to A > 0 (A < 0). (see text for details.)

resonant point. It also turns out that the critical magnetic field where the resonant

behavior happens is ¢ = —caipo(1 + cos ) (can[l — po + /(1 — po)? — mZ cos 6])
for A >0 (A < 0). Here py and 0 are the initial values.

Far away from the resonance, Eq. 4.5 could be simplified and two specific
regimes are identified [208]. Generally, both the oscillation period and amplitude
would decrease when the magnetic field is tuned away from the critical value.
For |¢| < |con|, the dynamics is dominated by the spin-dependent interaction
where the oscillation period reaches a static level with a fixed atomic density. The
oscillation amplitude would gradually approach zero as ¢ — 0. This is termed
interaction dominated regime in Ref. [205]. On the other hand, the dynamics is
dominated by the quadratic Zeeman energy when |q| > |con|. In this case, both
the oscillation period and amplitude is proportional to the inverse of |¢| and the
dynamics is finally suppressed at high enough magnetic fields. This regime is called
the quadratic Zeeman regime in Ref. [205].

The coherent spin-mixing dynamics in a spin-1 condensate has been investi-
gated extensively in experiments with **Na [116] and 8"Rb [117,203] atoms. By
comparing the experimental data with the theoretical model, the authors in those
references have obtained ¢y for both species. In Ref. [114] ¢, for the spin-1 8Rb

atoms was precisely measured by observing the spin-mixing dynamics between two
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atoms confined in a same site of an optical lattice. From those previous studies,

we take the value of 34]\72;12.470,3 [116] (;&—i(-l.O?)aB [114]) for 2Na (]"Rb) in

our experiments. The critical fields in both cases are on the order of 0.2 G with
the typical BEC density of 10%cm™3

4.1.3 Mean-field Ground States and Coherent Spin-mixing

Dynamics of a Spin-2 BEC

The second-quantization form of the Hamiltonian for a spin-2 BEC reads

H= / dryf (r) v2 + Virap(r) — pk + gk (r)+
_1\pta R N
/drwk(r)¢;(r)[§05pq5kl + §2qu Fr + %( 15) 0—kp0q,—1]Yg(T)hi(1),

(4.7)
where ¢y, co and ¢4 have been defined in Eq. B.5. F here is the spin operator for

the spin-2 object, whose elements are

0 1 0 0 0 0 -1 0 0 0 500 0 0
1 0 S0 0 1 0 —/2 0 0 010 0 0
B=lo 8 o Jiol.B=ilo i o -8 o|.E=l000 0 0
0 0 /2 0 1 0 0 50 -1 000 -10
00 0 1 0 00 0 1 0 000 0 2

(4.8)
In the mean-field theory, where the annihilation (creation) operator is replaced by
its expectation value (@Z]k) = ¢(r)e /¢, for k € (+2,+1,0, -1, —2), the spin-
dependent energy per particle under the SMA is expressed as

Con cqn

e = — pmo + q(4l¢a” + € " + €117 + 4l¢42]*) + 2—’< F)[* 47|<5>|2>
(4.9)

where (F) = £€'F¢ with € = (€49, 641, &0, 6-1,€_)7 is the spin expectation value,

_ 2
(9) = Zx2be \2/55“571%0 is the spin-singlet pair expectation value, and my =

20€sal” + €117 — [€21)° — 2|€_5]* is the magnetization. The equation of motion for
& is given by & = de/d¢;.
Similar to that in a spin-1 BEC, the mean-field ground state of a spin-2 BEC

could also be obtained by minimizing the spin-dependent energy per particle in
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Eq. 4.9. However, the situation is much more complex here. Three possible
phases were predicted at a zero magnetic field depending on the value of ¢y and
¢4 in Ref. [209], namely ferromagnetic phase for ¢o < 0 and ¢4 > 0, nematic phase
for ¢ > 0 and ¢4 < 0, and cyclic phase for ¢ > 0 and ¢4 > 0. When both
parameters are negative the competition between the ferromagnetic phase and the
nematic phase resulting into a phase boundary ¢4 = 20c,. At a finite magnetic
filed, the direct minimization of the energy is so complicated that it is unpractical.
Another method considering the stationary solutions to the dynamical equation
was provided and reviewed in Ref. [110], which is out of the scope here.

The coherent spin-mixing dynamics has also been studied experimentally with
a ®Rb spin-2 BEC in an uniform magnetic field [115]. Although the coupled
dynamical equations are quite hard to solve, it turns out that cs < ¢y in a 8'Rb
spin-2 BEC [114] and some simplified solutions could be obtained with a special
initial state [115]. Nevertheless, we use a numerical method to solve the dynamics

in this work presented in section 4.3.

4.2 Observation of Coherent Spin-mixing Dynam-
ics in an Ultracold Mixture of Two Spin-1

Bosons

In the section, I would describe the first experimental study of a heteronuclear
spinor system in our group. Specifically, we have investigated the coherent spin-
mixing process between two different spin-1 atoms, which turns out to be driven

by the heteronuclear spin-exchange interactions.

4.2.1 Theory

The Hamiltonian we consider here in the second-quantization form reads

H = H, + Hy + Hys, (4.10)
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where
H = [ 4] (7 5197 4 Viag() = i k], (7)+
N ) A (4.11)
/wwmmw<n“%5m+;Tmlmw<>mwm
and

N ~ o . 5 —1 p+q
o= [ il (004, () G s + 5By Fuu+ 3

5 5k,—p5—q,l]¢2q <r>¢lz (r).

(4.12)
Here 1 (2) labels Na (Rb) and the interaction coefficients are defined in Eqs. B.3
and B.4. H; includes the single-particle Hamiltonian as well as the intra-species
interactions for ¢ = 1 or 2 and Hi5 represents the interspecies interactions.

If both species are nearly pure condensates, the above Hamiltonian can be
treated using the SMA in the mean-field level to simplify the problem, as done
in Ref. [130]. However, the double condensates of *Na and ®"Rb are immiscible
at the background scattering lengths [12]. To increase the spatial overlap of the
two clouds, which turns out to be necessary to clearly observe the interspecies
spin mixing, we have utilized a mixture of a *Na condensate and a ultracold 8’Rb
thermal gas in our experiments.

Although the ?*Na condensate can still be described by a order parameter, the
87Rb thermal gas should be treated in another way. Following Refs. [115,210], we
use a Boltzmann transport equation to describe the thermal gas. The elements of

Wigner density matrix G are defined as
gl 5 t) = [ A PG (7 P 2 (T D) (A1)

From the moment of G we can obtain the atomic density by nﬁ) (7, t) = m [ dpga (T, P, t).
The general Boltzmann equation for G reads
P 7

S 1 - .
e+ V.G =iM, G|+ = {V.M V,G} + L, 4.14
A iIM, G] + o{V G+ (4.14)

where M is the interaction potential, whose expression is M = —poF, + ¢ F? +
[V,;mp + coeTr(n@) + 2Tr(n™)]1 + con® + ca9 (Fn® . F 4+ Tr(Fn®) . F) + gﬁn(l) :
F + %U(l), and I. is the collisional integral which is neglected in our treatment.
(See the derivation and discussion in Appendix.) Here n(l) (wl (7)1, (7)), and

O _ (et @)
Ush = 51 a)(-b):
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The Heisenberg equation of motion for the condensate reads

Oy, p
ih af, = — [H 1/11‘1]
h2 R o SN
:[_%VQ + Viop(F) = pik + qik® + co Tr(n )], + cor (F)W - (Fhn),
FET@®) 4+ I T(Fn®) - Fld, + (U,

(4.15)
where n® and U® have the same definition as n® and U® with the replacement
of *Na by *"Rb and 1&1 = (@1“,&107 1&1,1)?

Starting from Eqs. 4.14 and 4.15, we use the SMA for the condensate in the
mean-field limit and a SMA ansatz for the thermal gas to separate the spin dynam-
ics from the spatial degree of freedom: zﬂli — ¢ (F)e ¢ (t) and g (7, pt) =
(7, P)oas(t), where g(7, p) is a Maxwell distribution of the thermal gas in the har-
monic trap. Thus we have n{})(7,t) = |6(7)|*€:&, = |6(7)|*Tap(t) and nl) (7, 1) =
W J dpg(7,p) x oas(t) (see section 4.3 for the ansatz of g4 (7, P, t)). Substituting

these expressions into the above equations we could obtain

50 = iMrg, o], (4.16)
%7’ — i[Mpgc, 7], (4.17)
where My¢ = —poF, + @F? + CQQﬁ(Z)(F‘U F+ Tr(]?‘a) F) + g (12) N; Fr-F+
102, /MUY and Mppe = —piF. + aF? + ennWTe(Fo) - F + 5002, /22Fo -

F + n(12 1/&U(2 Here N; = [drTr(n®), i = [ drTr(n®)?/N;, and n(1? =
i dfTr M Tr(n®)/v/NiN;. The details of the derivation could be found in the
Appendix. Based on these two sets of equations, we could numerically solve the

dynamics.

4.2.2 Unique Features of The Spin-mixing Dynamics in

The Spin-1 Mixtures

There are several unique features in our system I want to highlight here.
Obviously, one profound feature of the spinor mixtures compared to the single-
species spin-1 gases is the additional two-body scattering channel with the to-

tal spin 1. Considering the elementary scattering processes in the single-species
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Process Interaction Energy AEy
2 [Ona) < |+ 1na) + |—1na) corntV) 2q1
2|0rp) <> |[+1rb) + |—1Rb) 2c99n Y 24>
ONa) + [—1rb) <> [—1Na) + [ORb) Sp12) PPt @ — @
Ona) + |[+1rb) ¢ |[+1na) + [Orb) gn12) -+t a— @
|=1INa) + [+1rb) ¢ [+1Na) + [~ 1rb) 17(12) 2(—p1 + p2)
|Ona) + [Orb) <> |[—1Na) + [+1rb) Bl3p02) pPL—Det @+ @
|Oxa) + [Orb) > |4+1xa) + [—1rb) Baf3p(12) —p1+p2+ @+ @

Table 4.2: All the possible elementary scattering processes: two homonuclear ones
and five heteronuclear ones. The corresponding spin-dependent interaction ener-

gies and the changes of the Zeeman energies are also included.

case, only 2|0) <> |—1) + |1) are relevant, where |m) represent the state with the
hyperfine spin 1 and magnetic quantum number m (m = +1,0,—1). While in
the spinor mixtures, more relevant processes can be driven, like ‘m(l),m(2)> >
m/ @D m/@) (mV) £ m@ /D £ /@) where mY) + m® = /W + m/® to con-
serve the axisymmetry, . Here m®) (m®) is the projection of the corresponding
hyperfine spin along the magnetic field. As a result, another v term describing the
singlet-pairing processes appears in the spin-dependent interaction Hamiltonian.
Also we can easily identify that |[+1,—1) <> |—1,+1) is only driven by this term,
which may be used to measure the value of « if we can isolate that process. In
our system, the values of (a, 3,7) are calculated to be % x (78.9,—2.5,0.06).
Since v < 3, the former would be neglected in our discuss from now on but we
keep it in our calculation.

Another important aspect of the spin-1 mixtures is the Zeeman energies, which
compete with the spin-dependent interaction energies giving rise to rich spin-
mixing dynamics. In the single-species spinor gases, the linear Zeeman term could

be gauged out due to the conservation of the magnetization and only the quadratic
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Zeeman term is important. However, in our spin-1 mixtures, both the linear and
quadratic Zeeman energies are preserved since only the total magnetization is con-
served. More profoundly, this feature can be utilized to isolate the heteronuclear
spin-mixing processes from the homonuclear ones. To see this point clearly, 1
list all the possible elementary scattering processes in Table 4.2. There are to-
tally two homonuclear spin-mixing processes and five heteronuclear ones. The
corresponding spin-dependent interaction energies and the changes of the Zeeman
energies (AFEy) are also shown. To observe significant amplitudes of the spin-
mixing processes, the spin-dependent interaction energies should be comparable
with AFE, where the former are typically on the order of hxHz. AFEj versus
the magnetic field (B) are plotted in Fig. 4.3a. At the low fields (B <0.5G),
all the processes are strongly mixed and we expect to observe very complex dy-
namics. When the magnetic field are gradually increased to more than 1G, all
of the processes are suppressed due to the large AFE, except two heteronuclear
processes: |Oxa) + |—1rb) <> |—1na) + [Orb) and |Ona) + |Orp) <> |—1na) + [+1kb)-
A zero-crossing of AFE, located around 1.691 G (0.99 G) is identified and marked
(pink circle) in the figure for the former (later) process. These two points give us
the possibility to isolate the heteronuclear processes and simplify the dynamics.
The last interesting feature is the possibility of controlling the heteronuclear
spin mixing with the species-dependent vector light shifts [141]. The quantum con-
trol of spinor dynamics using microwaves has been successfully demonstrated with
single-species gases [211,212] and this powerful technique has many applications,
such as exploring the spin fluctuations [213], quenching the system through the
quantum phase transition point [214], and studying the phase diagram [215]. Op-
tical method has also been proposed for the single-species spinor gases by utilizing
the tensor light shifts [216]. Since all of these methods deal with the quadratic Zee-
man energy ¢, typically large Rabi frequencies induced by the microwave or optical
fields are necessary to provide enough shifts of ¢, which may short the lifetimes of
the trapped gases. As a comparison, we can play with the species-dependent linear
Zeeman energies in a spin-1 mixture and thus it is much easier to be implemented
in experiments. Actually a simple tuning of the polarizability of the trapping light
is afforded to induce significant changes of the vector light shifts, which can be
regarded as being induced by a effective magnetic field along the real external field
direction. In next subsection, we would show that this effect is much more pro-

found for 8Rb by a factor of two orders of magnitude. An example is shown in Fig.
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4.3b, where the tunability of AE, for the process |Ona) +|—1rb) <> |—1xa) +|Orb)
by the effective field is demonstrated. In the figure By is only for 3"Rb, which
can change the position of the zero-crossing. It can be pushed from the original
position (1.691 G) to a either higher or lower field. On the lower-field side, it even
vanishes when B,y <—0.21mG.
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Figure 4.3: The changes of the Zeeman energies (AFEy) associated with the ele-
mentary scattering processes versus the magnetic field (B) as well as the influence

of the effective field (B.sy).

(a) AEz versus B. The 23Na and 8Rb states are indicated with the orange and magenta
color, respectively. Totally 7 different curves are included, where 2 of them are for the
homonuclear spin-mixing processes (dashed lines) and the others are for the heteroculear

case (solid lines). Two zero-crossings are marked using pink circles.
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(b) The influence of B¢ on AEy7 of the process |Ona) + |—1rb) <> |—1Na) +|Orb). Befs

is on the order of 0.1 mG. See text for details.
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4.2.3 Experimental Observations

Based on above considerations, it is promising to cleanly observe the process |On,)+
|—1rb) > |—1na) + |Orb) around 1.691 G, where other processes are suppressed.

What’ s more, we could control this process via the vector light shifts.

A Simplified Model

Before we discuss the experimental details, let me introduce simplified equations
for the dynamics where only the above process happens. The spin-dependent

Hamiltonian in this case reads

H = / G P+ )b, (7) + B () (2 + @), ()

(4.18)
+ §[wio (Y0, (P (Fhr -, (7) + 0], (P, (7)ba (P (7]}
The Heisenberg equation of motion reads
o - e
iho iy =59}t (1.19)
m%&l_l =(p1 + %Wl_l + giz;o%_ﬂﬁlo; (4.20)
o - IR
A R (4.21)
ih%?ﬂzl =(p2 + @)z, + gﬂo@o”@ll- (4.22)

Of course we could employ the Boltzmann transport equation for the thermal gas
and the G-P equation for the BEC to obtain the coupled differential equations.
However, it is equivalent to replace the annihilation and creation operators with

their means with the SMA which would give

» 7(12)
tho :ﬂ 5 N2/N177i17705—1>
7(12)
ihé 1 =(p1 + q1)é + vV Nao/Ningn-1&o,
M (4.23)
Zh?]o = V N1/N2fi1§077717
ihn_y =( \/N1/N2 0&-170;

where Nj is the atom number and |&|* + |§_1|2 =1 for Na, and Nj is also the

atom number and |no> + [7_1|> = 1 for ’Rb. Introducing & = Ve &y =
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VI—= e ng = /p2ei® oy = /T —pae®, and 0 = g — a—y — O + 0y, we

could obtain

1= p1)pa(1 = p2)sind,

pg_b—mte-—a B2 Nipi(1— p1)(2p2 — 1) — Napa(1 — pa)(2p1 — 1)
h 2h VN1N2p1 (1= p1)pa(1 — p2)

_ _ n(12) /N, N:
Nipy = —Napy = %\/ﬂl(

cos 8.

(4.24)
So the quantity m = Njp; + Nops is conserved due to the conservation of the total
magnetization (N7 + Ny — m). Then by introducing p = Nyp; — Naps we could

rewrite the equations as

) /8771/(12)
TN

é:p2—p1+Q2—Q1

V(m? — p2)(2Ny — p —m)(2N; + p — m) sin 0,

+
h
gl (p+m)2Ny —p—m)(m —p—No) — (m—p)2Ns —m +p)(p+m—=N)
25\/ N1N2 \/(m2 — p2>(2N1 — P — m)(2N2 + P — m) .

(4.25)
These two coupled equations is quite similar to those in Eq. 4.5 and following the
treatment there we could conclude that p oscillates periodically and a resonance
of the oscillation may be observed. Actually analytic solutions for p could be
obtained using the elliptic integral [207]. However, here the involved Zeeman
energy ps—p1+¢2—q; could be either positive or negative and we expect to have two

resonances where the oscillation period and amplitude have local maximums [116].

The Initial State and Interaction Parameters

It is idea that we could prepare a initial state like (/T = pg, /poe™®, 0) (0 < po < 1)
for both species, where the state is represented by the spin configuration. However,
it is impossible to do this with a simple spin rotation described in the subsection
2.5.2. Our scheme is to keep the population of m; = 41 as small as possible:
Rotate the spin starting from (0,0,1) (|f = 1,m; = —1)) by a RF pulse with the
pulse area of 7/3 to (—1/4,—iy/6/4,3/4). This gives the initial conditions for o

and T:

1/16 iv6/16  —3/16
o(0)=7(0)= | —iv/6/16  3/8  i3v6/16 | . (4.26)
—3/16  —i3v/6/16  9/16
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Also the initial conditions of Eq. 4.25 are given to be p(0) = 3(Ny — Na),m =
$(Ny + Ns), and 6 = 0 respectively.

Typically we have N; = 1.0 x 10° and N; = 6.3 x 10*. In the final trap,
the measured trap frequencies for Na and ®'Rb are 27 x (98,190, 168) Hz and
21 x (110,215,190) Hz respectively. The temperature of the 8"Rb thermal gas
is measured to be ~100nK above its BEC transition temperature. We assume a
Thomas-Fermi distribution for the ?*Na condensate and a Gaussian distribution
for the 8"Rb thermal gas. The mean densities are calculated to be nY) = 5.9 x 103
cm 3 and 7(® = 6.5 x 10"2cm~3. Taking the gravitational sag of the two atomic

(12) to

clouds into consideration, we have also determined the density overlap 7
be 1.2 x 1083 em™3. Then 7V = hx14.19Hz, coon® = —hx0.18 Hz, a1 =

—hx5.54 Hz, and ya"? = hx0.13 Hz.

Coherent Heteronuclear Spin-mixing Dynamics

By varying the holding time in our FORT with the above initial states and detect-
ing the spin populations with a species-dependent Stern-Gerlach experiment, we
could obtain the time evolution of the spin populations. An example at a mag-
netic field of 1.9 G is given in Fig. 4.4, where nearly three periods of oscillation are
shown. Every point in the figure is an average of three measurements. We could
clearly see that the fractional population, Nimf /N; (i = 1,2), periodically oscil-
lates between m; = —1 and my = 0 sub-levels for both species. The population
of my = +1 keeps almost constant during the evolution. We also show the time
— Ni_,)/Ni (i = 1,2),

where out-of-phase oscillations are observed. From the data we could say we have

evolution of the fractional magnetizations defined as (IV;,,
observed coherent heteronuclear spin-mixing dynamics. The conservation of the
total fractional magnetization (Ny,, + Nao,, — Ny, — Na_,)/(N1 + Nz) is shown on
the bottom of Fig. 4.4, where the small fluctuation on the order of 0.01 is due to
the uncertainty of our preparation of the initial states.

We have systematically measured this dynamics with magnetic fields ranging
from 1.0 G to 2.1 G, where the corresponding AE7 (ps — p1 + ¢2 — ¢1) varies from
hx140.85 Hz to —hx174.28 Hz monotonically. Close to the lower bound, other two
processes may be involved due to the small AE,, namely 2 |0gp) <> |+1rp)+|—1rb)
and |Oxa) +|0rp) <> |—1na)+|+1rb). However, the oscillation amplitudes would be

limited by the relative large AE, and the small 8 Rb m; = +1 population for the
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former process. In the latter case, the oscillation periods would be large compared
to those of the interested process and also their amplitudes are limited by the
small ¥ Rb m; = +1 population. On the other hand, the dynamics is expected to
agree more with the simplified model described in Eq. 4.25 when we are close to
the upper bound. The experimental results as well as the theoretical calculations
of the magnetic-field dependence of the dynamics are shown in Fig. 4.5.

The spin population oscillations at three different magnetic fields, 1.5 G,1.7 G,
and 1.9 G, are compared in Fig. 4.5a. Near the zero-crossing, both the oscillation
period and amplitude become larger than those at fields away from the zero-
crossing. We also note that the initial phase of the oscillation is changed by
when the magnetic field crosses some critical point. We could understand it from
the simplified model in Eq. 4.25, where the initial phase of the oscillation of the
population of the 2*Na m; = 0 state or the ' Rb m; = —1 state is same as that of p.

Since 8 < 0, the initial phase is solely determined by sin[f(At)] (At < 1), hence

popite—a | BnUD_ (p(0)+m)(2N:—p(0) —m)(m—p(0)—Na) —(m—p(0)) 2Nz —m+p(0))(p(0) +m—N1)
h 2hV/N1 N2 / (m?=p(0)2)(2N1—p(0)—m) (2Na+p(0) —m)

This quantity would change sign at some critical field, 1.692 G in our case. For real

experiments the critical field is at ~1.655 G. Significant damping of the oscillation
is observed at all fields. So the data is fitted with a damped sinusoidal function to
extract the oscillation period and amplitude, as well as the damping time constant,
of which we don’t have any good understanding now.

In Figs. 4.5b and 4.5¢, we summarize the oscillation period and amplitude at
different magnetic fields respectively. Also we show the simulation results of the full
and simplified many-body model. We have identified one peak for the oscillation
period at ~1.65 G, near which the time evolution curve becomes non-sinusoidal.
For the oscillation amplitude, the data suggests two local maximums and one local
minimum in between them. We could recover these features qualitatively from
our simplified model. However, the quantitative deviations become severe near
the zero-crossing. Specifically, it looks like that those maximum and minimum
positions are shifted left in the real experiments. This could be captured partly
within our full many-body model, where the divergence of the oscillation period at
the resonance in the simplified model disappears. A small kink of the oscillation
period appears on the right side of the resonance in both models, which is hard to
be confirmed in experiments. The two-peak feature of the oscillation amplitude is
consistent between both models and the experiment, while the experimental data

lies higher than the theoretical curves.
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Figure 4.4: Coherent heteronuclear spin-mixing dynamics at 1.9G. The top
two figures show the fractional spin populations (left) and fraction magnetiza-
tion (right) oscillations of 8’ Rb. Open orange squares, open red circles, and open
olive triangles are for my =-1, 0, and +1, respectively. The middle two figures are
for 2Na and the shape code is similar as the top figures. The bottom figure shows
the total fractional magnetization. The solid curves are for eye guiding and the

error bars are from statistics of three measurements.
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Figure 4.5: The magnetic-field dependence of the coherent heteronuclear spin-
mixing dynamics. a, The time evolution of the fractional spin populations of the
8"Rb m; = —1 state (open orange circles) and the *Na m; = 0 state (open
magenta squares) at magnetic fields of 1.5 G, 1.7G and 1.9 G. The solid curves
are fits to a damped sinusoidal function and the error bars are from statistics of
several experimental shots. b and c, The oscillation period and amplitude versus
the magnetic field (black rhombuses). Solid blue (red) curve is the simulation
result based on the full (simplified) many-body equations and the error bars are
from the fitting uncertainties. A kink appears for the oscillation period in both

models which are indicated by violet circles.
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4.2.4 Vector-light-shift Control of The Dynamics

The light shift of the atomic state |f,m;) in an optical electric field E(r) =

¢E, (F)e” ™! 4 c.c. can be expresses as [140]

= 4 .m 31E,.|> — |E.|?3m} — f(f +1)
. — . E 2_ . E xE Z_f . t= + f
U(f,mf,W) Oéo(f,u))l +| al(f7w)(z X +> f +a2(f,w) 9 f(2f_1) ’
(4.27)
where € is the unit polarization vector and E+(,) = eI/, (—). The magnetic field

is along the z direction. g, a;, and ay are called scalar, vector, and tensor
polarizability respectively. The expressions for them are

2

=2y (fld1f)
OéO(f7w) - - 3h(wj2c/f — wg)
2w, (71 d17 ]
N 7 3h(wjy —w?)
= 2
L L [BfRFFD) 111 Wf’f’<f|d|f/>
o (fiw) = zf;(—l)ﬁrf +1 T {f f f’} R(w?; — w?)

N 2
(J]d].J")

~ e2s—r—por+ [6f(2f +1) 1 1 1) [J J 1]wr
2. Frr TN g s g o R,

e N pyer [W07CE DR D) [11 2] |11
2(7 ) Z( 1) \/ 3(f+1)(2f—|—3) {f f f/} h(wfuf_wz)

J/

~ \=2J—J —f—1T 40f2f+1)2f —1) 11 2 J J 2
NZJ’:( g \/ S(f+1Ef+3) (QJH){J J J’}{f f [}

2

wys (I d].T)

(w2, —o?)

X

(4.28)
Here { . } is the Wigner 6 — j symbol. The approximation results are obtained
for large detuning case, which coincides with our case of 2*Na and 8"Rb atoms
in the 1064 nm optical dipole trap. We only consider the D-lines for the above
summation and the non-scalar light shifts of 22Na atoms are neglected due to their
much larger detuning. The exact values are off*(1;w) = —1.25 x 1071°C - m?/V
and o?*(1;w) = —1.19 x 1072 C - m?/V < af*(1;w).
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cosf
Let’s omit the tensor part from now on. Generally, ¢ = | using the
sin fe"”
Jones vector. 7 = 0 is corresponding to the linearly polarized light. 0 = 7/4
and v = +7/2 are for the o* light. We have iE_ x E, = —|FE,|”sin 20 sin vk

where k is the unit vector along the propagating direction. With our trapping
light propagating in the horizontal plane, the vector light shift is always zero in a
vertical magnetic field. Only when the polarization contains circular part and the
magnetic field is set in the horizontal plane, the vector light shift is nonzero. In
our experiments, we have inserted a quarter wave-plate into one of the beam paths
of our crossed optical trap to control the polarization of it. The direction of the
magnetic field is changed from the vertical axis to the horizontal plane along the
imaging path. So the angle ¢ between the light propagating direction and z axis
is 30.5°. The vector light shift reads afP(1;w) sin 20sin y cos ¢| E |*my/f. In our
setup, we have v = 7/2 and 6 is controlled by the wave-plate. This vector light

shift is effectively a linear Zeeman energy corresponding to a effective magnetic

field B... = altP (1;0) sin 26 cos ¢| E |2
ac forup :
The experimental results are shown in Fig. 4.6, where we have demonstrated

the controllability with effective magnetic fields (B,.) of —0.32mG, —0.16 mG,
—0.08 mG, 0mG, 0.16 mG, and 0.32mG. As we have seen in the subsection 4.2.2,
the zero-crossing of AFEy is pushed to the higher (lower) field side with positive

(negative) B,e. It eventually vanishes for B,. <—0.21 mG. This feature is recalled
in Fig. 4.6a where five out of our six B, still have zero-crossings (dashed vertical
lines) and AE; < —hx79Hz for B,. = —0.32mG. So the resonant feature of the
oscillation period vanishes in this case and the system behaves like a off-resonantly
driven two-level model: T' = h/|AFEyz| and only a wide peak appears. With other
five B,., we still have narrower peaks and the peak positions are changed according

to the positions of the zero-crossing.

4.2.5 Summary

In summary, we have observed the heteronuclear spin-mixing dynamics for the
first time and the magnetic-field dependence of one such process has also been
investigated. Omne-peak structure and two-peak structure are identified in the
oscillation period and amplitude, respectively. They are compared with a many-

body theory as well as a simplified model and we have found good agreements
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qualitatively and partially quantitatively. We also demonstrated a new tool to
control the dynamics in spinor gases, namely the vector light shift. This work has
been published in [120] where I was the second author. I mainly contributed to
the data collection and analysis and the effect of the vector light shift was also

suggested by me.
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Figure 4.6: The quantum control of the heteronuclear spin-mixing dynamics with
the species-dependent vector light shifts. a, We recall the tuning of AFE,; with B,
of —0.32mG (solid red curve), —0.16 mG (solid magenta curve), —0.08 mG (solid
blue curve), 0mG (solid black curve), 0.16 mG (solid olive curve), and 0.32mG
(solid orange curve). The zero-crossings are indicated by vertical dashed lines. b,
The tuning of magnetic-dependence of the oscillation period with B,.. The solid

curves are guiding for eye.
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4.3 Thermal Spinor Gases of Rb

In this section, I would like to present our study of normal spinor gases, also fo-
cusing on the coherent spin-mixing dynamics. Specifically, we have systematically
studied the magnetic-field dependence of the coherent spin-mixing dynamics of the
87Rb spin-1 and spin-2 normal gases. In both cases we have identified a resonance
where the spin-dependent interaction energy is comparable with the quadratic Zee-
man energy. To understand the dynamics a Boltzmann transport equation is used

and we find good agreements between the experiment and the theory.

4.3.1 Theory For The Normal Spinor Gases

As we have done in the previous section, a Boltzmann transport equation is needed
to describe the normal spinor gases. Let’ s recall the general equation in Eq. 4.14:
0

P oG Lo v
5 G+ VG =M, G| + {V:M,V;G} + L, (4.29)

where similarly G is the Wigner density matrix and I. is the collisional integral.
The interaction potential, M, reads ¢F? + [Vi,ap + coTr(n)]1 + con + ¢, [Fn-F +
Tr(f‘n) . ﬁ] + 2¢,U. Here ¢ term is the quadratic Zeeman energy, Vi.q, is the
trapping potential, n is the matrix of the atomic density, and cg, co and ¢4 are the
spin-independent interaction coefficient, the spin-exchange interaction coefficient
and the singlet-pairing coefficient. The factor of 2 appears in front of the singlet-
pairing term is due to the equal contribution from the Hartree and Fock terms.
For spin-1 gases, this term vanishes with ¢4 = 0.

The idea of SMA, decoupling the spins from the external motions, can be
generalized to the normal spinor gases under proper experimental conditions. In
the case of a condensate, the SMA requires that the condensate size is much smaller
than the spin healing length 277/ \/m as well as the magnetic healing length
27h/+/2m|qn. In the normal gases, if the spatial motion of atoms is much faster
than the internal dynamics, namely w,, . > cyn and ¢, we could remove the
external motion by averaging the Wigner density matrix over the trap oscillation.

In this case, we could make the ansatz

oL 52 /2m + Vipan (T
gab(rup7 t) = exp{_p / kat p(#) }Uab(t>/Z7
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where Z is chosen such that Tr(o) = 1 and [ dpdrTr[G(7, p,t)]/(2mh)® = N. Here
T is the temperature and N is the total atom number. The matrix of the atomic
density is reduced to ng(,t) = (Z21)3/2 exp{—%}oab(t)/Z. Substituting
this ansatz into the transport equation we have

o =iM, o] =i[M,a], (4.30)

where M = ¢F? + ¢,n[Fo - F + Tr(Fo) - F] + 2¢,nU, with i = [ dr'Tr(n)?/N.
In the spin-1 case, it is easy to explicitly show that FA -F — Tr(ﬁA) F =
Tr(A) — A for any 3 x 3 matrix A. So we have [Fo - F, o] = [Tr(Fo) - F, o] and
M = ¢F%+ ZCQﬁTT(ﬁU) .F. This would give rise to the coincidence of the equation
of motion for normal gases and condensates except for the factor of 2 appearing in
front of the spin-dependent interaction term in the former case. In Ref. [118]] this
has been experimentally verified with a ?*Na spin-1 normal gas. Here we could
provide further experimental evidence by exploring the 8"Rb spin-1 normal gas.
In the spin-2 case, we don’t have FA - F — Tr(FA)-F = Tr(A) — A in general.
However, if Ay, = B,Cy where B and C are vectors, we still have [ﬁA . f‘, Al =
[Tr(FA)-F, A]. In our case, the spin matrix o could be written as o = ££7 where
¢ is the atomic spin state and thus [Fo - F, o] = [Tr(Fo) - F,o]. We arrive at
the same conclusion as that in the spin-1 case. Experimentally we have confirmed
the factor of 2 directly in the spin-2 case by measuring the relation between the
oscillation amplitude and the atomic density in the regime of dominated quadratic

Zeeman energy.

4.3.2 Experimental Observations

Experimental Procedures and Initial Conditions

We start with pure thermal gases of |f =1,m; = —1) atoms with a total atom
number of 3.0(3) x 10°. The measured final trap frequencies are (w,,w,,w,) =
27 x (150, 172, 75) Hz and the temperature is just ~50 nK above the BEC transition.
Thus the typical atomic mean density 7 = 3.0 x 10¥em 3.

To investigate the spin-1 case, we initialize the spin dynamics by directly ap-
plying a resonant RF 7/2-pulse to transfer the sample to the fully transversely

magnetized initial state £ = (3, \%, $)T. Here & = \/p; exp{if;} with p; and 0; as
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the fractional populations and phase in hyperfine spin i (i = +1,0,—1). So the

initial spin density matrix reads

1/4 2/4 1/4
o(0)=|v2/4 1/2 V2/4
1/4 2/4 1/4

The fractional magnetization is defined as mg = py; — p_; which is conserved
during the time evolution.

To study the spin-mixing dynamics in the spin-2 case, we first transfer the
atoms to the |2, —2) hyperfine state with a microwave rapid adiabatic passage at
a magnetic field of 1.3 G with a near-unity efficiency. The magnetic field is then
ramped adiabatically to some desired value before a fully transversely magnetized

11 46 11

initial state & = (3,3,%°, 3,3)" is prepared with a RF 7/2-pulse pulse and the

corresponding initial spin density matrix is

1/16  1/8 +/6/16 1/8 1/16
/8 1/4 6/8 1/4  1/8
o(0)=1+6/16 6/8 3/8 /6/8 /6/16
/8 1/4 6/8 1/4 1/8
1/16  1/8 +/6/16 1/8 1/16

The magnetization is defined as mg = 2p49 + p11 — p—1 — 2p_o in this case.
After the initialization of the spin state, we hold it in our FORT for a range

of time to let the system evolve and then we image the atoms with the spin-

sensitive absorption imaging after a ballistic expansion of 12ms. The fraction spin

populations are extracted from the image with p; = N;/N.

Spin-1 Case

In the spin-1 case, we have systematically studied the coherent spin-mixing dy-
namics at magnetic fields ranging from 0.1G to 0.3G. The quadratic Zeeman
energy q scales as h x 72B?Hz/G? (hx0.72Hz~6.48Hz). On the other hand,
2con = —hx1.45 Hz with our typical density.

Generally we observe long-lived coherent oscillations of the fractional popula-
tion at all magnetic fields. As examples, in Figs. 4.7 (a) and (b), we show the time

evolution of py at 0.1 G and 0.18 G respectively. Clearly, the dependence of the
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Figure 4.7: The coherent spin-mixing dynamics in a 8’Rb thermal spin-1 gas and

its magnetic-field dependence.

spin-mixing dynamics on the magnetic field is demonstrated. Since the equation
of motion here is almost same as that in the condensate, we could understand
our observation with Eq. 4.5 where ¢, is replaced by 2cs. At low fields of the
interaction dominated regime (¢ < 2|con), the oscillation period is intrinsically
determined by 2con and this is the case in Fig. 4.7 (a). On the other hand, the
oscillation period is proportional to 1/¢ in the quadratic Zeeman regime where
q > |2con, as shown in Fig. 4.7 (b). In both cases, the oscillation lasts for more
than 5s, although only data in first 3s is presented here. The oscillation becomes
non-periodic severely for data beyond 3s, maybe due to the significant loss of the
atom number. We fit our data to a damped sinusoidal function to extract the
oscillation period and amplitude.

The oscillation period and amplitude at all our magnetic fields are collected and
summarized in Figs. 4.7 (¢) and (d) respectively. With our initial state (po(0) =
0.5,0(0) = 0in Eq. 4.5), the critical value of ¢ is —2con that is irrelevant with m.
This gives B, ~1.42 G, which is confirmed by the maximum observed oscillation
period and amplitude. However, the divergence of the resonant period is removed
here due to the finite mg of our initial state. Our data is also compared with
the theoretical result (solid blue curves) in the figure, where excellent agreements

could be found for both the period and amplitude. The solid curves are fits Eq.
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4.30 with ¢y as the only fitting parameter, where the mean density is from our

measurement and mgy = 0.06(2) due to the imperfect RF 7/2—pulse. We obtain

cy = ?—22(—1.00 + 0.12)ap, which is consistent with previous values [1 14, 117].
Spin-2 Case

We can have more spin-mixing channels in a spin-2 gas, which give rise to two
spin-dependent interaction parameters c; and ¢;. In a 8'Rb gas, ¢, > 0,¢, < 0 and
co > |ey| [114,115]). With our typical density, 2coin = hx4.6 Hz and ¢ = —h x 72 B>
Hz/G?. Although generally there are no analytic solutions to the equation of
motion in this case, we could numerically integrate the equations to simulate the
dynamics. Another feature is that the lifetime of a 3'Rb spin-2 gas in our setup is
limited to 0.5s by the spin-relaxation processes [217]. We note that the time scale
for the spin-mixing dynamics (%/2con ~30ms) is much shorter than the lifetime,
which makes our theoretical model still working. Similarly, we have carried our
the measurements at magnetic fields ranging from 1.0G to 0.6 G and we present
the results in Fig. 4.8.

In Fig. 4.8 (a) and Fig. 4.8 (b) we show the time evolution of all the fractional
spin population within 100 ms at 0.1 G and 0.45 G respectively. Since cg > |cy4|, we
could omit the latter term with our initial state in discussions here. The problem
becomes almost the same as that in the spin-1 case qualitatively. The quadratic
Zeeman term favors the ferromagnetic state for ¢ < 0, while the ¢y term favors
the polar state for ¢o > 0. The competition between these two energies lead to
a resonant behavior at some critical magnetic field. Actually previous studies in
Refs. [115,218] on the 8Rb spin-2 BEC with the same initial sate as ours have
given approximated analytic results in two limiting cases: the mean field regime
with |¢| < 2¢on and the quadratic Zeeman regime with |g| > 2c¢on. In the low field
regime, only the process 22,0) <> |2, +2) + |2, —2) happens and the populations
in |2,+1) are not changed. The oscillation period is predominately fixed by the
spin-dependent interaction which the amplitude is proportional to q. This is the
case shown in Fig. 4.8 (a). At high magnetic fields, the dynamics are dominated
by the quadratic Zeeman energy, where the oscillation period is set by ¢. and the
amplitude is proportional to coni. The dynamics in Fig. 4.8 (b) is an example in
this case.

The systematic oscillation period and amplitude of py are presented in Fig. 4.8
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Figure 4.8: The coherent spin-mixing dynamics in a 8’Rb thermal spin-2 gas and

its magnetic-field dependence.

(c) and Fig. 4.8 (d), respectively. It is clear that a magnetic resonance at ~0.3 G
could be identified where both the oscillation period and amplitude reach their
maximums. The numerical result without free-parameters is also shown in the
figure with the solid blue curves. Good agreements between the experiment and
the theory is clearly seen.

Based on the analytic result at high magnetic fields, we could directly verify
the factor-of-2 thermal enhancement of the spin-dependent interaction energy. In
this regime, the expression for the time evolution of py in a condensate reads [117]
cos(4qt) — 1

D)

3
po(t) = §{1 — %[2 cos(2qt) — 2 +

Since the amplitude of cos(2qt) term is 4 times that of cos(4qt) term, we focus on
the former term. At a magnetic field of 0.6 G, |g| = hx25.92 Hz>> con which gives
rise to a oscillation period of 19.3ms. The oscillation amplitude is proportional
to n with a slope of 3cy/8|g|. By measuring the relation between the oscillation
amplitude and the mean density, we could obtain the value of ¢y from a linear

fit. The result is shown in the set of Fig. 4.8 (c), where we have tuned the
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mean atomic density from 1.3 x 10%¥cm™ to 2.9 x 10 em™3. We could observe
that the period keeps nearly a constant while the amplitude scales linearly with
the mean density and the best fit gives a slope of 0.022(2.5)/10" cm?® and thus
Cy = %(13.78 + 1.57)ag. With the best known value of a4y — as ~ 6.95ap [114]

we get a enhancement factor of 2.0(2.3).

Summary

In short summary, we have experimentally studied the coherent spin-mixing dy-
namics in a thermal spin-1 and spin-2 gas. We have observed a magnetic res-
onance for the spin population oscillation in each case. To understand them, a
previously developed Boltzmann transport equation is generalized to our cases.
Importantly, we have experimentally verified the profound feature in a thermal
spinor gas, namely the factor-of-2 enhancement of the spin-dependent interaction
energy. These results have been published in Ref. [119] where I was the second au-
thor. I mainly contributed to taking and analyzing the data, helping the numerical

simulation, and discussing the results.



Appendix A

Appendix for The Molecular Part

A.1 Dipole-Dipole Interaction

As shown in Fig. A.1, the energy associated with two interacting identical dipoles

peacs Cua (i1 - £2) R? — 38, R)(i - R)
dd \Y1 -T2 —olI'y - ry -
Udd(r) = E R5 ) (Al)

where 11,15, and R are explained in the figure and Cjy; is the couping constant.

Cya is pop® (po is the permeability of vacuum) for magnetic dipoles and u?/gg
(g0 is the permittivity of vacuum) for electric dipoles. The dipolar length, the

corresponding length scale of the DDI, is defined as aqq = er”;;‘ where m is the

mass.
The anisotropic nature of DDI is apparent from Eq. A.1. On the other hand,
the potential V(R) o 1/R™ is long-range only when the integral [ V(R)d*R di-
verges, which strongly depends on the dimensionality. Here R is the inter-particle
distance and n is a positive integer. So the DDI is long-range in 3D or quasi-2D
but effectively short-range in 2D or 1D.
The collision in 3D between two dipoles could be dramatically different from

that between two simple atoms. The phase shifts §; for different partial waves in
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fﬂ

Figure A.1: The interaction between two dipoles. r; is the unit vector along the

direction of dipole i (i = 1,2) and R is the relative position vector between them.

the low energy limit obey the following threshold law [219]:

1
lim k¥ cot § = —— if 20l <n —3,
k—0 A (A.2)
llgirr(l) k"% cot d; = const if 21 > n — 3,
—)

where A; is a [-dependent constant and k is the entrance wave vector. With the
van der Waals interaction (n = 6), the dominated contribution comes from the
[ = 0 (s-wave) while ¢; approach zero as fast as k3 for [ = 1 and k* for [ > 2. With
the DDI (n = 3), the contributions of all the partial waves are proportional to k
and all the partial waves are coupled by the DDI.

In Table A.1, we list the dipolar lengths a4y achieved with various atoms and
molecules which can be compared to the contact interactions. For bosons or dis-
tinguishable particles, the contact interaction is s-wave where the scattering length
is typically on the order of 100ay. For fermions, the p-wave interaction is negligi-
ble. From this table we can see that dominate DDIs could be easily achieved with

UPMs while they are comparable with the contact interactions in magnetic atoms.
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particles Permanent dipole moment Induced dipole moment

Qdd
8TR1 1 pup - 2ay
52(p 6 up - 45a0
162Dy, 10 pp - 393aq
WOKSTRY [220] 0.57D 0.22D 1700aq
STRH133(g 195, ] 1.23D 0.36D 8000ay
23Nal0K [104] 2.72D 0.8D 11400a
2Na%"Rb (Our work [199]) 3.2D 1.06D 34900aq

Table A.1: DDI with several atoms and molecules. Compared with the contact
interactions between magnetic atoms , the DDIs are smaller, or at most on the

same order.



Appendix B

Appendix for The Spinor Part

B.1 The Interaction Hamiltonian

If the internal degree of freedom are decoupled from the external degree of freedom,
collisions between two alkali atoms with hyperfine spins f; and f5 conserve the total
spin F = f; + f5. Thus the interaction Hamiltonian can be divided into different
total spin channel:

fi+fe .
V(I') = Z HFVF(I')PF
F=|f1—fa|

47Th2 fi+f2 R
= Z /iFapé(I')PF.
K F=|fi—f2|

(B.1)

Here ap is the s-wave scattering length of the total spin-F' channel and p is the
reduced mass. Py is the projection operator and we have the completeness relation
1= Yor Pr. kp are prefactors accounting for the statistical nature of the colliding
pairs. If they are identical particles (f;=f,=f), the permutation symmetry requires
that the total wavefunction is changed by a factor of (—1)2/. On the other hand,
the factor for the spin part of the wavefunction is (—1)*2/ and that for the
spatial part is (—1)!, where 1 is their relative orbital angular momentum. So to
be consistence F' + [ should be even, no matter the identical atoms are bosons or
fermions. In the low energy limit, only [ = 0 (I = 1) happens for bosons (fermions)

and even (odd) F' are allowed.
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In general, we can derive a useful relation from the composition law of the
angular momentum f; - £, = 1((f; + £)? — f§ — £}). By operating this law to the

above completeness relation we can get

fi+f2
1 .
h-fh=3 > IFF+1) = A(fi+1) = falfo+ 1) Pr. (B.2)
F=|fi—fo|
For the single-species spin-1 gases, only F' = 0 and 2 are allowed and Eq. B.2
becomes f; - fy = P, — 2F,. Together with 1 = Py + Py we have Py = (i —f,-£)/3
and P, = (21 4 f; - £5)/3. Substituting these two into the interaction Hamiltonian
we obtain )
~ 4mh ao+2a2A QAo —
V(r)=19
(1) = 00 (0 -
The first term has nothing to do with the spin and thus it is called spin-independent

Dt - 1,). (B.3)

4Ah? ag+2as
o 3

corresponding to the second term with the interaction parameter cy =

interaction with the parameter ¢y = . The spin-depend interaction is

Anh? as—ag
3

However, for collision between two heteronuclear spin-1 bosons, F' = 0, 1,2 chan-
nels are all allowed and Eq. B.2 reads f; - f; = ]52 - f’l - 2]50. The interaction

Hamiltonian is rewritten as

s

Vir) = 5@)(%1 +5h 6+ %P()), (B.4)

where o = %(al + as), B = %(@z — ap), and v = 2”—52(2% — 3a; + as).
For a single-species spin-2 gas, following the same procedure we can rewrite the

interaction Hamiltonian as

~

V(r) =6(r)(col + cofy - £ + es ), (B.5)

2 2 2 _ . .
where ¢y = 4mh-daz$3as o _ AmhZaszar g o, — A7hZTag=10ap43as 416 jpteraction
H T H T H 7

coefficients of the spin-independent, spin-exchange, and spin-singlet pairing terms,

respectively.
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