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This thesis presents a series of investigations on an ultracold heteronuclear
mixture of 22Na and 8'Rb. These investigations are carried out in two dif-
ferent apparatuses of double species Bose-Einstein condensate constructed
in the course of this thesis work. Firstly, the interspecies Feshbach reso-
nances are measured and analyzed. An s-wave Feshbach resonance is used to
control the interspecies interactions and the miscible-immiscible transition of
the double species Bose-Einstein condensate is observed. Secondly, the ultra-
cold bosonic Feshbach molecules of NaRb are formed by magneto-association.
Binding energies of the Feshbach molecules are measured and analyzed with a
two-channel square well model. Thirdly, we study several few-body processes
with this mixture. With the same s-wave Feshbach resonance, we measure
the scattering length dependent dimer-dimer and atom-dimer loss rates and
find two resonances which are closely related to the three-body Efimov effect.
These results will shed new light on our understanding of several important
elementary few-body processes and also establish the Na-Rb mixture as a

nice system for such investigations.
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Chapter 1

Introduction

70 years after the theoretical prediction of Bose-Einstein condensation(BEC)
7, 8], people successfully realized the BEC in dilute atomic gases|[9, 10, 11] in
1995. Later, the degenerate Fermi gas has also been realized in a spin mixture
of 90K [12]. These pioneering works have produced a wholly new exciting field
that continues to thrive. Landmark results include the creation of vortices in
superfluid quantum gases [13], tuning interaction strength with a Feshbach
resonance[14, 15], simulating condensed matter physics with optical lattices
[16, 17], studies of few-body physics [18], creation of ultracold polar molecules
[19], studies of spinor gases in ultracold atoms [20] and realization of the
BCS-BEC crossover [21, 22].

In this thesis, we build two 2*Na-8"Rb mixture apparatuses to create
ultracold NaRb polar molecules and to explore the few-body physics in a
herteronuclear boson-boson mixture. (In this thesis Rb represents the 8"Rb
unless specified.) The works and progresses will be discussed in section 1.1

and 1.2.



CHAPTER 1. INTRODUCTION 2

1.1  Ultracold NaRb polar molecules

In contrast to conventional atomic gases, of which the interactions are isotropic
short range van der Waals interactions, dipolar systems have the dipole-
dipole interactions (DDI) between particles. The DDI make it is possible to
study different physics in the dipolar systems compared to the usual neutral
atoms [23].

The DDI between two dipole moments (magnetic dipole moments or elec-

tric dipole moments) reads

Cuq1 — 3cos®0
47 r3

Vdd (7’, 9) = (11)

The Cyq is pop?, for magnetic dipole moments and d*/eq for electric dipole
moments, respectively. ., is the magnetic dipole moment and d is the electric
dipole moment. g is the magnetic constant and ¢y is the vacuum permit-
tivity. m is the mass of a single dipole moment. r = |r| is the separation
between the two dipoles and 6 is the angle between r and the direction of
the external field. The interaction between two head to tail aligned dipoles
is attractive while it is repulsive if the two dipoles are aligned shoulder to
shoulder. The critical value of 8 is 54.7°. Therefore we can tuning the DDI
to be attractive or repulsive by changing the angle 6.

In order to characterize the strength of this anisotropic long range tunable
interaction, it is useful to define an effective scattering length, the so called

dipole length [24] as
C’ddm

Qdd

The ratio between ayq and the s-wave scattering length a is widely used to
measure the strength of the DDI relative to the contact interaction.

The DDI dramatically changes the scattering properties at ultralow tem-



CHAPTER 1. INTRODUCTION 3

perature regime [25]. With the DDI, the dipolar BEC can only be stablized
by carefully tunning the parameters of the system, such as # and the di-
mensionality of the external trap [23]. The excitation spectrum of a stable
dipolar condensate has a roton-maxon structure similar to the that in the
superfluid helium [24]. For Fermions, the DDI deforms the Fermi surface
[26]. At ultralow temperature, the DDI opens the possibility for BCS pairing
in a single component dipolar Fermi gas [24]. After loaded into optical lat-
tice, the anisotropic and long range character of DDI helps to realized exotic
quantum phases. One example is the supersolid phase which can be realized
in a 2-D optical lattice with a dipolar Bose gas [27].

In order to realize an ultracold dipolar system, one can use Rydberg atoms
or magnetic atoms. Alternative realizations are ultracold diatomic heteronu-
clear molecules such as KRb [19]. For a quantitative understanding of the
DDI strength of different systems, a summary of the dipole lengths for dif-
ferent systems are shown in Fig 1.1. The heteronuclear molecules composed
of two alkali atoms have much larger dipole lengths than the magnetic atoms
and much longer lifetime than the Rydberg atoms. Thus they are suitable
for the studies of strongly interacting dipolar gases.

Since 2008, the dipolar ground state KRb molecules have been carefully
studied and many important results are obtained. However, this molecule
is unstable [19, 28] since both the exchange reaction 2XY — X3 + Y, and
the trimer formation reaction 2XY — X5Y + Y are exothermic [29]. Here
X and Y denote two kinds of atoms. The instability limits the applications
of KRb molecules. Therefore, people start to work on other bi-alkali atoms
combinations, among which there are five stable combinations (NaK, NaRb,
NaCs, KCs and RbCs[29]) in terms of these two kinds of chemical reactions.

We can see that the NaRb molecules have the second largest permanent
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Figure 1.1: Comparsion of dipole lengths of neutral alkali atoms, magnetic
atoms, Feshbach molecules of magnetic atoms and heteronuclear molecules
of bi-alkali atoms in their ground states[l, 2]. The Rydberg atoms are not
shown in this figure since they have much larger dipole lengths. The red
squares denote the chemical unstable bi-alkali molecules.

electric dipole moment among the stable combinations. Thus we use Na-Rb
mixture to create dipolar molecules, which would accompany the experiments
of KRb [19], RbCs [30, 31], NaK [32] and would constitute a great step
towards the study of strongly interacting bosonic dipolar gases.

Due to the complexity of the molecular energy levels and the lack of cy-
cling transitions, it is difficult to apply the well established laser cooling tech-
nique to the molecules. Despite the recent progress in creation of a magneto
optical trap of a diatomic molecule [33, 34, 35|, the lowest achieved temper-

ature is 400 pK [35]. The temperature is still too high to realize the dipolar
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quantum gas which can only be achieved by associating atomic quantum
gases nowadays. This associating method has been successfully used in the
experiments of homonuclear molecules [36, 37] and heteronuclear molecules
[19]. There are three steps in this method: creating ultracold mixture, as-
sociating Feshbach molecules and transferring the molecules to the ground
state. We try to follow this method. For our Na-Rb mixture, thanks to the
preferable scattering properties, both the two kinds of atoms can be cooled
to degenerate without the need to tune the magnetic field. Although there
is no experiments about the Na-Rb interspecies Feshbach resonances, the
Feshbach spectroscopy of Na[38], Rb[39] as well as the potentials of Na-Rb
[40] are studied. All these informations help to identify and analyze the Fes-
hbach resonances of Na-Rb[3]. The creation of NaRb Feshbach molecules|6]
follows the magneto-association method [15, 41], which can be understand
with the Laudau-Zener formula. These two steps have been finished and will
be described in details in this thesis.

The last step of creating the ground state molecules is to transfer the
Feshbach molecules to the ground state. One powerful method is the stimu-
lated Raman adiabatic passage (STIRAP) [19, 37, 42, 43], in which process
the Feshbach molecules are state selectively transferred to the ground state
with high efficiency and the binding energy is taken away by the laser fields.
In STIRAP, two coherent laser beams couple the Feshbach molecular state
the ground state via an intermediate state. This process can be understood
with the A-type three energy level system. When two photon detuning of
the Raman lasers is zero, the dark state, which is a superposition of the
Feshbach molecular state and the ground state, depends on the power of the
two laser beams. By adiabatically changing the laser beams’ power, the dark

state changes from the Feshbach molecular state to the ground state and no
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molecules will be populated in the intermediate state.

In order to realize the STIRAP, one or more suitable intermediate states
have to be identified. The intermediate state should have a strong coupling
to both the Feshbach molecular state and the ground state. For transferring
Feshbach molecules to the rovibrational ground state of the singlet or triplet
potential, the intermediate state should have singlet and triplet character.
The Franck-Condon factor, which are the squares of the overlap integrals be-
tween vibrational wavefunctions, should also be as large as possible. For our
NaRb molecules, possible choices can be found in the 1'TI-2°%% [44] or the
213 7-1311[45, 46] coupled electronic states. Molecules have hyperfine struc-
tures. For the ground state, it is required that only one hyperfine state will
be populated. If it is not the lowest hyperfine state, spin-changing collisions
may cause loss problem. Therefore, it is preferable that the excited state
can couple the lowest hyperfine states in order to avoid additional transfer
steps[47]. What is more, the splitting of different hyperfine states of the
intermediate state should be large enough to avoid the problem associated
with the "multiple intermediate states problem”[48]. Recently, we identify
a suitable intermediate state and successfully create the ground state NaRb
molecules[49] with a transferring efficiency about 80 %. It is a great step
towards the degenerate NaRb polar molecules. The work of STIRAP will
not be indroduced here, for more information please read other publications

of our group.

1.2 Ultracold Na-Rb mixture

The ultracold mixtures of atomic gases exhibit rich physics unreachable
to single species quantum gas experiments. One example is the miscible-

immiscible transition. When the repulsive interspecies interaction are larger



CHAPTER 1. INTRODUCTION 7

than the intraspecies ones, two BEC will seperate in real space. After creating
the double species BEC of Na and Rb, we use an interspecies Feshbach reso-
nance to tune the interspecies interaction strength. The miscible-immiscible
transition has been observed observed and analyzed.

Another example is the study of few-body physics in a heteronuclear mix-
ture. According to V. Efimov’s predictions [50, 51|, there would be an infinite
number of three-body bound states as well as a geometrical scaling univer-
sality when three identical quantum particles subjected to resonant pair-wise
interactions. Thanks to the accessibility of the interaction strength, the ex-
periments of cold atoms are suitable for the study of Efimov physics. In
2006, Kraemer et al. [18] observed an Efimov resonance in ultracold Cs gas.
Since then extensive studies are performed in other atomic species. And the
studies in three-distinguishable-particle and four-identical-boson cases are
also performed. In our heteronuclear bosonic Na-Rb system, we measured
the scattering length dependent atom-dimer and dimer-dimer recombination
rates by tuning the magnetic field close to an interspecies Feshbach reso-
nance. The two observed recombination resonances are closely related to the
trimer and tetramer states. This observation would be supplemental to other
experiments and help to understand the few-body physics in a heteronuclear

bosonic mixture.

1.3 Thesis outline

All the works in this thesis are motivated by the long-term goal of our group:
creating a BEC of dipolar NaRb molecules. The five-year PhD studies can be
divided into two stages. In the first three years, the experiments follows the
three steps of creating the ground state NaRb molecules. A single chamber

apparatus of Na and Rb mixture is constructed. The ultracold mixture of
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Na and Rb is created by laser cooling and evaporative cooling. Interspecies
Feshbach resonances are measured and analyzed. One s-wave resonance lo-
cated near 347 G is used to control the miscibility of double species BEC
of Na and Rb. We also successfully associate NaRb Feshbach molecules by
magneto-association with the same resonance.

After the work of Feshbach molecules, we realize that there are several
limitations in the single cell system: The number of Na and Rb is too small
and the lifetime is too short because that the contradictory requirements
of vacuum pressure of laser cooling and evaporative cooling are hard to be
fulfilled; The optical access is poor and it is difficult to add other optical
components such as the optical lattice beams; The large size the glass cell
makes is it hard to add strong electric field which is crucial to induce strong
DDI. Therefore, from the third year of my PhD study, we began to design a
two-cell system in which one cell is used to collect MOTs and the other one
is used to do following experiments. A mechanic translation stage is used
to transfer atoms between these two cells. Then I focus on the construction
of the new system. After one and a half years of work, the NaRb Feshbach
molecules can also be created in this new system. In order to increase the
number of Feshbach molecules, we study the collision properties of the Fesh-
bach molecules and free Na and Rb atoms near the resonant magnetic field,
which correspond to the studies of few-body problems. These results help to
understand three-body and four-body physics in a heteronuclear boson-boson
mixture and give informations about how to mitigate loss during association
of Feshbach molecules.

Basically, this thesis belongs to the preparing work of the dipolar ground
state NaRb molecules and it is organized as follows:

Chap 2: Brief introductions of the scattering at ultralow temperature,
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Feshbach resonance as well as the properties of a BEC with interactions.
This chapter is not intended to give the complete information about these
topics. More details can be found in the references therein.

Chap 3: Descriptions of our first Na-Rb machine, the single-cell appara-
tus. Details cannot be found in research publications due to the limitation of
page number, this chapter discusses relevant experimental techniques. How-
ever, since the laser cooling and trapping are well established techniques, I
will not give details about how we optimize the MOT, molasses and optical
pumping in this chapter. People can find more details in other publications
of our group.

Chap 4: Details of our second Na-Rb machine: a two-cell apparatus.
Since many established techniques in the first apparatus are used, I only
discuss the hardware which is different from that of the previous one.

Chap 5: I will describe how we create the dBEC of Na and Rb. We
use a hybrid trap of which the trap minimum is shifted away from the zero
magnetic field point of the QT by a red detuned ODT. I will describe how
we align the hybrid trap and the problems we have met when dealing with
the hybrid trap. This chapter closely follows [52, 53].

Chap 6: In the first part, the interspecies Feshbach resonances are mea-
sured and analyzed. In the second part, we use an s-wave Feshbach resonance
to control the interspecies interaction. By carefully tuning the experimen-
tal parameters, we realize the miscible-immiscible transition in our Na-Rb
system. The results are compared with numerical simulations. This chapter
closely related to our publications of [3, 53].

Chap 7: In this chapter, I will report the creation of NaRb Feshbach
molecules via magneto-association. The lifetime of the Feshbach molecules

are measured to be about 20 ms, which is long enough for the next step
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towards ground state molecules. We also measure the binding energies of the
Feshbach molecules. The results are fitted with the two-channel square well
model. This chapter follows [6].

Chap 8: A brief introduction of the Efimov physics is presented at the
beginning of this chapter. Then I give the details how we measure and analyze
the atom-dimer and dimer-dimer recombination rates. This experiment has
not been finished when writing this thesis. For more experimental details
and theoretical understandings of this experiment, please read an upcoming
publication.

Chap 9: Conclusions are drawn in this chapter and an outlook is given

for future experiments in the Na-Rb mixture.

O End of Chapter.



Chapter 2

Theoretical background

Understanding two-body collisions yields insight into interactions in experi-
ments of quantum gases. In this chapter, a brief introduction of the scattering
theory at ultra-low temperature will be presented. Then the Feshbach reso-
nance(FR) is described with the two-channel square well model. Further, the
relation between the s-wave scattering length a and the interaction strength
is understood with two simple pictures. In the last part, Gross-Pitaevskii
(GP) equation is introduced and the properties of a BEC with interaction

are discussed.

2.1 Scattering at ultra-low temperature

In order to describe the elastic collision of two spinless atoms with an isotropic
interaction, it is convenient to use the coordinates of the center of mass. The

wave function after scattering can be expressed as

ezkr

Y =e* T+ £(0) (2.1)

11
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This wave function is composed of two parts: an incoming plane wave €T,
and a scattered wave depends on the scattering amplitude f (6). The wave

function ¢ can be expanded into partial waves

Y= i AP (cost) Ry (r) (2.2)

=0

where [ is a quantum number denotes the orbital angular momentum and
P, (cosf) are Legendre polynomials. R;(r) is the radial part of the wave
function. The scattering amplitude can also be expanded as

= L]{: Z (20 + 1) (e — 1) Py (cost) (2.3)
1=0

Here 6; is the phase shift for the partial wave [. The total scattering cross

section reads

1

o=27 /1 d(cost) | f (0) > = i—g f: (20 + 1) sin?0; (2.4)
- =0

For two atoms interact with the van der Waals interaction Vg () =
—Cg/r%, Ry (r) obey an equation of
2
R;/ + ;R; + {E - = (‘/vdW (T) + ‘/mt (7’)) 7"2:| Rl =0 (25)
where Vo (r) = [ (I 4+ 1) h?/ (2ur?) is the rotational energy barrier and pu is
the reduced mass. For typical experiments, T ~ 1uK. Thus V,, is much

larger than the kinetic energy of atoms when [ > 1. As a result of which, only

the s-wave scattering is important and higher partial waves can be neglected.
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Consequently, the total scattering cross section becomes

A7rsin®é, Ara®
pu— = 2‘
7T TR 1+ k22 (2:6)
Where the s-wave scattering length is defined as
.. tandy (k)
a=— ]lgg% — (2.7)

In the limit of low temperature, ka < 1, 0 = 4ma? is independent of tem-
perature. For large scattering lengths ka > 1, the scattering cross section

reaches to the unitary limit o = 47 /k* and is independent of a.

2.2 Feshbach resonance

For two alkali atoms scattering, the interaction depends on the the electronic
spins s; and sg

Vv (T’) = ‘/vdW (T) + J (T) S1 - S9 (28)

When r is small, the exchange interaction J (r) is large and V' (r) are different
for the singlet (S = 0) and triplet (S = 1) potentials. (Where S is the total
electronic spin.) When r is large, J (r) is small and the singlet and triplet
potentials coincide. At ultra-low temperature, short range details of these
two potentials can not be resolved by the scattering wave function. In this
condition, scattering processes are dominated by V,qw (r). Let us consider
a simple picture: a bound state of the closed channel V. and a scattering

state of the open channel V, are coupled together by hyperfine interaction
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and spin-spin interaction. The Schrodinger equation can be writen as

_K—i_‘/;)—i_ oB Q o o
a O Y (2.9)

Q —-K + ‘/c + :ucB ¢c QSC
Where K is the kinetic energy and €2 is the coupling. The two potentials can
be tuned by magnetic field B since the magnetic dipole moments of these
two potentials p. and p, are different. Since the short range details can not
be resolved in ultra-low energy scattering process, V. and V, can be replaced

by two square well potentials and the trial solution is

Aysingr - x4+ + A_sing_r - x_, (r <o)
X = (2.10)
Bisin (kr 4+ 1) - Xo, (1 > 10)

where g+ are wave vectors associated with eigenstates y. in the range r <
ro. This problem can be solved by substituting this trial solution into the
Schrodinger equation and using the continuous and differentiable require-
ments of a wave function. If the scattering state is near degenerate with
the bound state, the scattering properties will be dramatically modified and
there is a resonance. According to [15, 54|, we have a simple formula for a

near a resonant magnetic field By

A
a = ayg (1— B—Bo> (2.11)

Where the background scattering length a,, depends on the details of the
two potentials. The resonance’s width A is determined by the coupling
strength Q. The tunablity of a is proved that: at B — By ,a — +oo while

at B — By ,a — —o0.
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2.3 Tunable interactions with Feshbach res-
onance

The interaction strength of a dilute gas in many body system level is pro-

portional to a [54]
2k

. ao (r) (2.12)

9o (r)

One intuitive physical picture to understand this result is that when a particle

passes through an atomic cloud, the scattered wave function is

) eikr
ezk’r + fO

- (2.13)

where fy is s-wave scattering amplitude and k = \/2uE/h? is wave vec-
tor corresponding to kinetic energy E. Thus the complex refractive index

reads[55]

2mp 2mpa
n:1—f—? 0~ — k2

(2.14)

Here p is the density of the atomic cloud. Substituting f, ~ —a, the total

phase shift of the scattering wave function is

2
@:/m— 1) kdl ~ — ”kp“/dz (2.15)

Since the phase shift when a particle passes through a potential is

goz/[,/;—‘;(U—E)—\/i—‘TE dl%—%U/dl (2.16)

we can get the interaction is proprotional to a as

B 27h?pa
1

U

(2.17)
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For another physics picture, let us considering putting N atoms in to a
spherical box with radius R. The asymptote wave functions are R (r) =
sin (kr) /r or R'(r) = sin (kr — ka) /r when the interactions are absent or
present. Since the wave functions vanish at r = R, we have k = 7/R and

k =7/ (R — a) for the two cases. Therefore the energy difference is

2 2 2 2 2,2 2
h( T ) h(w)xhﬂaoc%rhpa (2.18)

2u\R—a) 2u\R uR? M

where R (r) = ﬁsin (%) and p = |R(0) |* = 75 is the density.

It is clear that the effective interaction is repulsive for a positive a and
attractive for a negative a. Therefore, by tuning the magnetic field close to
a Feshbach resonance, the interaction can be anonymous large, both attrac-

tively and repulsively.

2.4  Gross-Pitaevskii equation and BEC with
interaction

BEC occurs in a gas of bosonic atoms when the thermal de Broglie wavelength
Ar = +/2mh?/mkgT is comparable with atom spacing [56]. In a BEC state,
there is a macroscopic occupation of the ground state of the trap potential.

For an ideal gas trapped in a 3-D harmonic potential
V _ 1 2 2 2 2 2.2 2 19
ext (‘rayVZ) - _Qm (wxx +wyy tw;z ) ( : )

the transition temperature is

1 haoN'/3

L=~ 0.94hwN/? 2.20
ks ¢ (3)"° (220
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1/3 .
/3 is the aver-

where w; (i = z,y, z) are trap frequencies and w = (w,wyw,)
age trap frequency. N is the atom number and ( (3) is the Riemann-Zeta
function.

In reality, interactions between atoms always present and the properties
of BEC are different from that of ideal gas. In order to quantitatively de-

scribe a BEC with interaction, we need to use the time dependent and time

independent Gross-Pitaevskii (GP) equation [56]

BEet) = [~V Vg P een @21
W) = |-V V@) 9 ] o) 222

The condensate wave function ® (r,t) = ¢ (r) exp [—iut/h] is normalized with
[dr|® (r,t)|?> = [dré(r)? = N . Vi, is the external trap potential, g =
4rh?a/m is the interaction strength introduced before.

For the repulsive interactions, stable condensates can be produced and
the size of which increase compared with ideal gases. However, for attrac-
tive interactions, the atomic gas tends to increase its density. If g is small,
attractive interaction can be balanced by the zero-point kinetic energy. But
if Nla|/an, > 0.575 (ai, = h/ (m@?)) [57] , the BEC collapses.

For large BEC, the interaction energy if much larger than the kinetic

energy since

= (2.23)

In this case, we can use the Thomas-Fermi(TF) approximation by neglecting
the kinetic energy term and the density distribution of the BEC can be

obtained as

n (r) = Max (o, %”(r)) _ b N Max (1—2%,0) (2.24)
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The condensate density is zero outside the TF radius

2
R, = a (i ==x,y,2) (2.25)

Other parameters, including atom number N, chemical potential p, energy

per atom E/N can also be calculated [56].

O End of Chapter.



Chapter 3

Experimental apparatus I

A brief description of our single chamber system is presented in this chapter.

For more details, please read Xiaoke Li’s and Jun Chen’s theses [58, 59].

3.1 Vacuum system

Figure 3.1: Photographs of the single chamber system. The vacuum com-
ponent, glass cell and dispenser feedthrough are denoted with red, blue and
violet dashed boxes, respectively.

The whole setup is constructed with standard stainless vacuum compo-

nents as shown in Fig. 3.1. We have an uncoated rectangular Pyrex cell

19
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installed in the system, which has the dimensions of 100 mm x 40 mm x 40
mm. An ion pump (45 L/s, Gamma Vacuum) and a titanium sublimation
pump (TSP) (Varian Vacuum) maintain the vacuum pressure. The system is
prepared with standard UHV procedures. By the readings of the ion pump
controller, the vacuum pressure is 1.8 x 107! Torr at the position of the
ion pump. But it is estimated that the vacuum at the cell is about 5 times
worse due to the limit of conductance. This estimation is consistent with 20

s lifetime in QT.
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Figure 3.2: MOT loading with LIAD. The MOT number is measured with
the fluorescence. After tuning off the UV LED, but keep the MOT beams
on, Rb number quickly decrease.

There are two Rb dispensers and two Na dispensers installed in the sys-
tem. They are directly fixed on a feedthrough with a spot welder. These
dispensers are install as close as possible to the cell center. With trial and
error, we found that the best choice is to keep one Rb dispenser current at
a constant about 1.7 A during experiments while only fire Na disperser once

in several months.
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In laser cooling, Na(Rb) partial pressure should be high enough for load-
ing a large MO'T, while in evaporative cooling, vacuum must be good enough
for a long lifetime. In our single cell system, we use the LIAD techniques
[60, 61] to manipulate the vacuum pressure. If shined by ultra violet (UV)
light (Thorlabs M365L2), atoms are ejected from the surface of the Pyrex
cell and enter the cell. Then the Na(Rb) partial pressure increases. After
turning off the UV LED, atoms are quickly absorbed on the surface of the
Pyrex cell. In this way we can control the vacuum in one second. The effect
of LIAD is shown in Fig 3.2. After turning on the MOT beams and the
UV LED, the Rb number quickly increase. However, if turning off the UV
while keeping the MOT beams on, the Rb number starts to decrease. Fit-
ting the loading curve when the UV LED is on with an exponential function
y = yo + Ae ¥/7 gives a saturated number about 0.2119. Fitting the data
after the UV LED is turned off gives a saturated number 0.01697. Therefore,
the number of Rb MOT with LIAD is about 12.5 times of that without LIAD

in this measurement.

3.2 Laser cooling and trapping

3.2.1 Na and Rb laser

Since both 2Na and 8"Rb have a nuclear spin of 3/2, their energy levels are
similar (Fig. 3.3). There are several lasers necessary for cooling and trapping
atoms:

Trap laser: A laser near resonant with the cycling transition of F' = 2 >
F'" = 3 provides radiation force to cool atoms;

Repump laser: Since the cooling transition is not an ideal cycling tran-

sition, atoms will be populated to F' = 1 states after scattering about 1000
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Figure 3.3: Energy levels of **Na and ®"Rb. The ground state 25 5 splits to
F=1 and F=2 states. The D2 line (*Ps/) has four hyperfine states: F’ =
0,1,2,3. Trap laser, probe laser and depumping lasers are chosen to be near
resonant with the F' = 2 <» F’ = 3 transition (red arrow). Repump laser is
near resonant with the F' =1 «» F’ = 2 transition (blue arrow). OP laser is
near resonant with the ' =1 <+ F’ = 1 transition (purple arrow). Physical
picture of optical pumping is shown on the right panel. Continuously excited
by a o~ laser, atoms transfer magnetization to laser field and eventually
populate in mp = —1 states.

photons. These atoms can not see the trapping laser and can not be cooled
further. A repump laser, which is near resonant with the transition of
F =1« F' = 2, is helpful to bring FF = 1 atoms back to the cycling
transition;

Optical Pumping(OP) laser: After MOT and sub-Doppler cooling, atoms
are populated in /' = 1 magnetic sub-states in our present experimental
scheme. For loading as many as atoms into magnetic trap, an OP laser is

necessary for populating atoms into the |F,mpg) = |1, —1) state, which is
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the only trappable state with F' = 1. This laser is near resonant with the
F =1+« F’' =1 transition and has a o~ polarization;

Depumping laser: It should be noticed that in order to depopulate atoms
in F' = 2 states in OP process as fast as possible, another laser called depump-
ing laser is turned on. With this beam, F' = 2 atoms can be firstly excited
and then decay to F' = 1 states. In our experiments, depumping laser is
chosen to be the trap laser;

Probe laser: The probing laser is also chosen to be resonant with the F' =
2 <» F' = 3 transition. Before detection, atoms must be firstly populated

into F' = 2 states with a repump laser or a MW pulse.

Rb laser

There are three laser diodes for Rb lasers. Repump diode: One external cavity
diode laser(ECDL) is locked to the F' = 1 «<» F’ = 2 transition. This diode
provides the repump and OP laser beams. Trap diode: An ECDL locked to
the F' = 2 «+» F’ = 3 transition provides the probe laser and the seeding laser
for trap beams. Slave diode: A diode (Thorlabs LD785-SH300) amplifies the
seeding laser to 300 mW. This laser also serves as the depumping laser during
optical pumping.

Our lasers are constructed in the Littrow configuration [62]. For locking
the lasers, we use saturated absorption spectroscopy generated by directly
modulating the diode current with a 50 kHz signal. Feedback is divided into
two stages, the faster one for the diode current and the slower one for a PZT.
After optimizing the feedback parameters, the lasers have a linewidth narrow
than 1 MHz. The locking electronic circuits are based on a modification of

JILA’s peak lock and side lock circuits.
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Na laser

In the first 4 years, the Na laser is generated by a ring dye laser (DYE-SF-
077, TekhnoScan). This laser is pumped by a 6 W, 532 nm diode-pumped
solid-state(DPSS) laser (Sprout, Lighthouse Photonics). The dye is R6G
and we replace it about every three months due to degradation. The typical
output power of the dye laser is 600 mW. For stabilizing the dye laser, the
ring cavity is locked to an external cavity which is locked to then Na atomic
transition with saturated absorption spectroscopy.

Then we buy a Raman Amplifier (MPB Communications Inc) which is
seeded with a 1178 nm diode laser (Sacher Lasertechnik). This seeding laser
is amplified by the Raman fiber amplifier, which is pumped by an Ytterbium
fiber laser. Then the frequency is doubled with a second harmonic gener-
ator (SHG). The maximum power of 589 nm laser is about 1.5 W, which
is high enough for two apparatuses. The previous dye laser is saved for
other spectroscopy experiments. This MPB laser is stabilized by locking the
frequency doubled laser to the atomic transition with saturated absorption
spectroscopy.

Our optical layouts for Na and Rb lasers are shown in Appendix. For

more information, please read Xiaoke Li’s and Jun Chen’s theses [58, 59].

3.2.2 MOT, CMOT, molasses and optical pumping

MOT beams configuration

We combine the Na and Rb lasers before they are sent into the cell with 2
inch polarizing beams splitters (PBS) as shown in Fig 3.4. One of these large
PBS can also help to split one trap laser beam into two laser beams. With

this method we can make a “six-beam” configuration. In the usual “three-
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Figure 3.4: Combination of Na and Rb MOT beams. With a PBS we can
combine one Na one Rb beam and split both of the beams. There are other
PBS to purify the polarization which is important to keep the power balance
of the split beams. The lens used for expanding the laser beams are not
shown in this figure.

beam” configuration, a MOT beam is sent into the cell and then reflected
back. If the atom density is high, there is a shadow in the center of the
reflected beam due to the absorption of atoms. As a result of which, atoms
may leak from this shadow region. In our “six-beam” configuration, there is
no such problem, but the required laser power is doubled.

There is also a slow polarization drift when laser beams pass through
the fibers which causes a problem in the power balance of the split beams.
Therefore, we add “purifying PBS” to purify the polarizations before the
splitting. Consequently the power balance problem becomes a power inten-

sity problem. In our system, the MOT parameters are more sensitive about
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the power balance. Therefore, with these purifying PBS, we can achieve a

better stability of the MOT.

Rb 3-D MOT

The MOT of 8"Rb is a standard technique which has been well established in
many groups worldwide and it is relatively insensitive to parameters of the
system. We follow their methods to optimize the Rb MOT.

The trap laser is detuned about -19 MHz away from the ' =2+ F' =3
cycling transition. The MOT beams have a 1/e? beam diameter of 25 mm.
The total laser power is 70 mW. The repump laser beams are combined
with trap laser beams and have a power of 10 mW. The repump laser is on
resonance with the F' = 1 «<» [’ = 2 transition. The magnetic field gradient
is optimized to be 10 G/cm. The total MOT loading time is about 30 s. We
turn on the LIAD UV LED at the begining of the MOT loading and turn it
off 1 s before the end of the MOT loading.

Na 3-D MOT

Compared with 8"Rb, the Na MOT has some peculiarities. Due to the rela-
tively small hyperfine splittings in the excited state manifold, a full under-
standing of Na MOT requires a model in which all the excited states are
taken into consideration [63]. This makes the optimization process more
complex since the intensities and frequencies of trap laser and repump laser
are strongly dependent with each other. An example is shown in Fig 3.5. If
the repump beam power is high(the red dots), some detailed structures are
missing.

In this apparatus, after optimization, the repump beams have a total

power of 15 mW and are on resonant with the /' = 1 <» F’ = 2 transition.
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Figure 3.5: Repump laser detuning dependent Na MOT number. The three
vertical lines indicates the resonant transition frequencies of Na. The black
squares are experimental results when the repump laser has a power of
0.4(arb.u.) while the red dots are experimental results when the repump
laser has a power of 0.7(arb.u.).

The trap beams have a total power of 80 mW and are red detuned 15 MHz

from the F' = 2 +» F” = 3 transition. The 1/e? beam diameters are 20 mm.

Combining the two MOT's

One complication of working with double species MOTs is the light induced
inelastic collisions, which can limit the number of atoms [64]. Consequently,
it is difficulty to load Na MOT since Na is the minor species in our system.

In order to solve this problem, we use a Rb probe laser to push Rb MOT
away from Na MOT. With this push beam, the density overlap between Na
MOT and Rb MOT decreases and the mentioned loss processes are prohib-
ited. This push beam is turned off 1 s before the compressed MOT (CMOT)
so that the two clouds can spatially overlap for optimized QT loading.
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CMOT and molasses

After MOTs loading, trap laser detunings are increased and repump laser
intensities are decreased to increase the radiation force and decrease photon
scattering rate. As a result of which, the heating is suppressed and atom
density increases.

Then the molasses is performed by turning off magnetic gradient field,
reducing repump laser intensity further and increasing trap laser detuning
further.

After optimization, we have 3x10® Rb with a temperature about 20uK
and 5x10° Na with a temperature about 40 pK.

Optical pumping

After 6 ms molasses, a quantization field about 1 G is applied and an OP
laser beam is turned on. This laser has a ¢~ polarization and is near resonant
with the ' = 1 « F’ = 1 transition. The depumping laser is also turned
on at beginning of Molasses. By optimizing experimental parameters, atoms
are majorly populated into the |F,mp >= |1, —1 > states and we have the

QT loading efficiency about 70 % for both species.

3.3 Optical dipole trap

Atoms in an inhomogeneous light field experience a force that derives from
the gradient of their light shifts. This dipole force is essential to create an

ODT which can trap all hyperfine states. For a far detuned light field, the
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trap potential and photon scattering rate are [65]

Vi (1) — 37r02< r n r )[(r)

2w \wo—w  wptw
3r¢2 (w\®( T r
Pse(r) =75 — I
(x) 2hw3 (w0> <w0—w +wo+w> (r)

where wy is the atomic transition and w is the light frequency. I' is the

(3.1)

spontaneous decay rate. [ (r) is light intensity.

The potential is attractive for a red detuning while it is repulsive for a
blue detuning. The amplitude of potential scales as I/A while the photon
scattering rate scales as I/A?. Therefore, in order to create a trap with large
trap depth but small photon scattering rate, we should increase the beam
intensity and increase the detuning.

For multilevel atoms all energy levels have to be taken into consideration

_ 1 (eld-e[g)l* _ [(e|d-élg)l’
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Weg 1s the resonant transition frequency between excited state |e) and ground

state |g). € is the polarization vector. wy, is the laser frequency. d is the

dipole operator and I, is the spontaneous decay rate for excited state |e).
In the limit that all optical detunings are larger than the hyperfine split-

tings of excited states, the above expressions can be simplified to
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Here P characterizes the laser polarization. (P = 0,41 for 7 and o* polar-
ization, respectively.) gp is the landé factor and A, g, A; p denote energy
differences between the particular ground state F and the center of 2P /2 and
2P states, respectively. woerr = wi/3 + 2ws/3 and Tepp = I'/3 + 2T'5/3
are the effective transition resonant frequency and the effective spontaneous
decay rate. w; (I';), (i = 1,2) are the frequencies(spontaneous decay rates) of
D; line.

Our ODT is composed of two crossed beams. The two beams intersect
with an angle of 62° in horizontal direction. The ODT beams are provided
by a 1070 nm multimode fiber laser(IPG photonics) and controlled by two
acousto-optic modulators(AOMs) (Gooch&Housego 3110-197). After pass-
ing through the AOMs, ODT beams are directly sent into the cell without
fibers to clean the spatial profile. The beam waists are 50 um(1/e?) with a
quality factor M? about 1.2 for both beams. In order to minimize the heating
results from interference effect, frequencies of the two beams are shifted to
different orders of by the AOMs and two beams are linearly polarized into
two orthogonal directions.

The polarization alignment is important especially in the heteronuclear
spinor experiments [66]. With a small fraction of circular polarization, the
effective magnetic field is large enough to induce an energy shift comparable
with the spin dependent interactions. Therefore, we use PBS to purify the
polarization before the beams enter the Pyrex cell.

For a Gaussian beam propagating along the z direction, the intensity

distribution is

I(r,2) = mf—(i)zexp (-%) (3.4)

Where w(z) = woy/1+ (2/25)” is the z-dependent beam waist, wy is the

beam waist at focus position(z = 0), zz = 7w/ is the Rayleigh range and
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P is the total power of this beam.

Expanding this expression within a range z < 2z and r < wy, we get

@G e

Consequently, we have a harmonic trap

1 1
Vaip (1, 2) = Vo [1 — §mw3r2 — §mwgz2} (3.6)

with characteristic parameters: trap depth Vo = Vi, (r = 0,2 = 0), radial
trap frequency w, = +/4Vy/ (mw?) and longitudinal trap frequency w, =
\/m . With a 1070 nm ODT, the ratios of the trap depths and trap
frequencies of Na and Rb are Viy,/Vgy, = 0.35, wna/wry = 1.14, respectively.

Since the trap depth of Na is much smaller than that of Rb, it is more
difficult to load Na atoms into ODT after evaporation in the hybrid trap
[67], especially when Rb is present. In order to increase the Na ODT loading
efficiency, a 660 nm(Cobolt Flamenco™) ODT is installed, which provides
a repulsive potential for Rb while an attractive potential for Na. With a
maximum power of 500 mW, we can make Na and Rb have the same trap
depths by carefully tuning experimental parameters. It does help to create
a larger double BEC [59].

Another problem of 1070 nm ODT comes from the differential gravity
sag. Combing the gravity effect with the harmonic trap potential, the total

trap potential becomes V (2) = mw?z?/2 + mgz. The trap center changes to

Yoy = — (3.7)

2
Wy

For a trap with wy, = 27 x 100 Hz, the calculated differential gravity sag
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i 0, = |Zsag.Na — Zsag,rp| = 10pm. It is comparable with the size of atomic
clouds. Thus ¢, should be minimized for creating a mixture with large density
overlap. Since ¢, vanishes for a 946.46 nm ODT [59, 68|, we set up a Tapered
Amplifier(TA)(m2k-laser GmbH) for this “magic-wavelength” ODT. With a
fiber cleaning spatial profile, we can send 500 mW near ideal Gaussian laser
beams into the cell. This new ODT will be tested very soon.

In order to calibrate an ODT), it is important to measure the trap fre-
quencies accurately. For a trap frequency smaller than 100 Hz, it is useful
to excite a dipole oscillation and then measure the movement of the atomic
cloud. The trap frequency can be extracted by fitting the data with a sine
wave function. For a larger trap frequency of w, people usually use the para-
metric heating method: Temperature of the atomic cloud increases when the
ODT power is modulated with a frequency of 2w. However, this “clean”
temperature spectrum is only valid for ideally alignment and a single beam
ODT. The non ideal alignments in a crossed ODT make the spectrum more
complex [69].

When modulating the ODT power with a frequency of w,,, there are two
effects which can be mathematically expressed as

Vi = [1 + esinw,,t] mw?z?/2

(3.8)
Vo = mw? [z — epsinwp,t]” /2

V1 corresponds to the trap depth modulation and V5 corresponds to the trap
center modulation. € and €, are the relative modulation amplitudes of V;
and V5, respectively.

The effect of V; can be understood by treating H| = mesinw,,tw?z?/2 as
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a perturbation. The probability for a transition from |m) to |n) is

2

By = [l Hi ) o< [(mla[n)|* o |(m] (a* +a)° n) (3.9)

Here |m), |n) are eigenstates of the harmonic trap and a*(a) is the creation
(annihilation) operator of the harmonic oscillator. Therefore, the transition
from |n) to |n+ 1) is prohibited. Only |n) <+ |n + 2) is significant. Thus the
measured resonant peak corresponds to double of the trap frequency. What
is more, the heating rate is proportion to w?, [69]. Therefore the higher the
trap frequency, the stronger the heating effect.

For the trap center modulation, H) = —mw?e,sinw,,tz is the leading term

of the perturbation. The transition probabilities are
2
Ronsn o< |(m|z|n)|? o |(m| (a™ + a) |n)| (3.10)

Therefore, only transitions of [n) <> |n + 1) are significant. In this condi-
tion, temperature increases when the modulation frequency equals the trap
frequency.

Fig. 3.6 shows a typical parametric heating spectrum in our system. The
two higher trap frequencies of the ODT are close to each other and are about
6 times of the lowest trap frequency. The lowest trap frequency is out of
range of this measurement. After modulating with different frequencies, the
measured spectrum of the atomic size has two peaks. The left peak locates
at wy and the right peak locates at wo. Since the amplitude of the left peak
is larger than that of the right one, the left peak corresponds to the center
modulation while the right peak results from the depth modulation. The

fitting shows that wy = 2wy, which is consistent with this interpretation.
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Figure 3.6: Parametric heating spectrum. Solid squares and open circles
correspond to measured atomic clouds’ size of two different directions after
modulating with different frequencies. Solid curves are fitting results of a
sum of two Gaussian peaks.

3.4 Magnetic field

Different magnetic fields are used in the experiments. A description of how

we create and control the magnetic fields is given in this section.

3.4.1 Colils

In our system, there are two pairs of large coils: one Helmholtz pair for gen-
erating a homogeneous magnetic field and one anti-Helmholtz pair for gen-
erating a quadrupole magnetic field. Each Helmholtz coil has 7x10 turns(7
layers), and each anti-Helmholtz coil has 7x4 turns(7 layers). These coils are
constructed with bared 4 mm out diameter(OD) copper tubes with standard
a winding pattern. For isolation, the copper tube is manually winded with
2 layers of 0.05 mm thick Kapton tape. The coils are fixed on a G-10 glass
epoxy holder with epoxy 353ND. The dimensions and generated magnetic
fields are summarized in Table. 3.1. The homogeneity of the Helmholtz coils
is shown in Fig. 3.7.

There are also 3 pairs of square coils mounted near the Pyrex cell. All
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Figure 3.7: Single chamber system coil test.(a) Helmholtz pair generated
magnetic field v.s. current. (b) Homogeneity of homogenous magnetic field
with 37 A current(axial direction). (c¢) Anti-Helmholtz pair generated mag-
netic field v.s. axial position with 50 A current.

Table 3.1: Parameters of coil pairs of single chamber system.

Radius Separation
Inner | Outer | Inner Outer

coil magnetic field

Helmholtz 52 mm | 88 mm | 52 mm | 113 mm 7.30(2) G/A
Anti-Helmholtz | 34 mm | 46 mm | 52 mm | 114 mm | 1.18(1)G cm'A~!

of which are winded with 1 mm OD isolated copper wire. These 3 coil pairs
can generate several Gauss magnetic fields along x, y, z directions to shield

stray magnetic fields and to provide quantization fields.

3.4.2 Magnetic field control

As shown in Fig. 3.8, these two coil pairs are connected to a 30V-200A power
supply(SM30-200, Delta Elecktronika) in parallel configuration. The power
supply is set to the constant voltage(CV) mode and controlled by a PC analog
signal. Two Hall transducers(LEM IT200S) are used to measure the current

through the two coil pairs and the output signals of which are sent to two
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Figure 3.8: Connection scheme of the Helmholtz coils and quadrupole coils.

PID circuits to stabilize the magnetic field via power MOSFETs. Another
two Hall transducers(CSNS 300F-RS, Honeywell) are used to monitor the
currents in the two coil pairs. There are two kinds of references for the
PID circuits. If we try to dynamically control the magnetic fields with a
range larger than 80 G, the reference signal is PC’s analog signal(isolated
PCI 6733 signal). While for a high resolution control, the reference is a
“constant voltage + PC signal”. A 10 V signal is created with an ultra
precision voltage reference REF102C. With voltage dividers, we can create
several interesting reference signals out of this 10 V voltage. These references
and PC signal are assigned to different channels of a multiplexer, and can
be chosen with digital signals. If we want to tune magnetic field in a small
range within these interesting magnetic fields, a PC signal is summed with

current summing circuit. A higher resolution is achieved with a much larger
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Figure 3.9: Rf and MW system. The three signal generators create different
signals: SG 386 generates rf and MW pulse and phase continuous sweep
signals, which are used for evaporative cooling, adiabatic rapid passage and
MW pulse for Rb |F = 1, mp) <> |F = 2,m/,) transitions; Rigol DG 1022 is
used for creating rf pulses for Rb(Na)|F' = 1, mp) <> |F = 1, m/;) transitions
at low magnetic fields; APSIN 6000 is used to create pulses and sweeping
signals (by mixing a MW pulse with a VCO generated rf signals) for Na
|F' = 1,mp) < |F = 2,m/;) transitions. The MW horn is used for 6 GHz
~ 8 GHz signals and the “Q-section” antennas are used for 1.8 GHz ~ 4
GHz signals. Other rf signals are transmitted with loop antennas. For the
6 GHz ~ 8 GHz signals, we use amplifier ZVE-3W-183+ (mini-circuits) and
L0608-40 (microsemi). For the 1.8 GHz ~ 4 GHz signals, we use amplifier
ZHL-16W-43-S+ (mini-circuits). For rf signals, we use amplifier ZHL-1-2W-S
(mini-circuits) and ZHL-32A-S+ (mini-circuits).

resistor connected with PC signal in the current summing circuit. In order
to separate high current part with the computer, we isolate all digital and
analog signals with ICs. After optimizing the PID parameters, we could
only achieve a stability about 30 ppm. One reason is that the inductance
of a single coil is larger than 0.5 mH which limits the feedback bandwidth
smaller than 500 Hz.
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3.4.3 Cooling

The maximum Ohmic heating of the coils can be as high as 2 kW. It will burn
the coils within a few seconds. Therefore, it is important to cool the coils. In
our system, the copper tube is connected with water pipes through Swagelok
connecters. The water is cooled with a laserpure 20 chiller(Coherent), which
is then cooled by an air-cooled chiller(DLSB 5/30). The change of tempera-

ture is less than 15 °C in our experiments.

3.5 Rf and MW system

In our system, electromagnetic radiation fields are used to manipulate atoms.
These signals are generated with different signal generators and then sent to
atoms with loop antennas for radio frequency(rf), microwave(MW) horn for
Rb |F =1 >« |F = 2 > transitions and “Q-section” antennas|70] for Na
|FF =1 >« |F =2 > transitions. For different signals, different amplifiers,
switches and other components are used. Details of our rf and MW system

can be find in Fig. 3.9.

3.6 Imaging

We use the absorption imaging[71] to detect the properties of an atomic
cloud. When a laser beam passes through an atomic cloud, photons of which
will be scattered. By recording the intensity profiles of this beam with a
CCD (Apogee), information of the atomic cloud can be extracted.

The laser intensity decreases when the laser beam passes through an
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atomic cloud according to the Beer’s Law

dl (z,y,2) I
%:_MRSC 6a] A = - IRA)
e 0, 1) n(z,y,z) 001+]/]sat+452/rzn(IyZ)
(3.11)
where the photon scattering rate is
Ry (8,1) = L I/ Fsat (3.12)
AT 21 4 I Ly + 402 /T2 '

It depends on the detuning § and the intensity I. oy = hwl'/ (21s) is the
resonant scattering cross section and I, is the saturation intensity.

At low intensity limit [ < I 4, this function can be easily solved as
In (1 I

Oeg

where oy = 0o/ (1 +40%/T?). The column density [n(x,y,z)dz can be
calculated thereafter. In usual experiments, three pictures are recorded.
I (z,y): laser profiles without atoms; Iy (z,y): laser profiles after scattered
by atoms; Iy (x,y): all unwanted signals without laser and atoms. Then the

column density can be calculated as

~ _ o 1 [2 (l’,y) _[0 (I,y)
n(x,y) = /n(x,y, 2)dz = —Ueglnj1 @) = Io (2.1)

(3.14)

If the intensity of the probe beam is high, careful calibration must be
preformed [72].

If n(x,y) is known, the total number can be directly calculated by in-
tegrating the column density. If the trap frequencies are well known, the
temperature can also be extracted by fitting the column density distribution.
If the trap frequencies are not known, one can use the time of flight(TOF)

method to get the temperature. After switching off the trap, atomic cloud
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starts to expand according to
2 2
t) =0y +—t1 3.15
o (1) = o + " (315)

where o (t) is the size of the atomic cloud with an expanding time of t.
Temperature can be fitted with measured o for different ¢.

In order to simultaneously detect different hyperfine states, one can use
the Stern-Gerlach method. By applying a magnetic gradient field, differ-
ent hyperfine states will be separated if these states have different magnetic
dipole moments. Then all of these states ccan be detected in one experimen-

tal cycle.

3.7 Computer control system

Other signals:
GPIB -
Labview Data
522 | 7€ I, oo [
| Program I
Ethernet g S analyzing

: = =

Components

trigger
=  Camera

Digital

Components Components

Figure 3.10: Schematic of computer control system.

The control system, as shown in figure 3.10, can be divided into three
parts:(1) Digital signal, (2) Analog signal, (3) GPIB, RS232 and Ethernet
control. We use a DIO-64(Viewpoint system, PCI interface) to generate 64
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output TTL signals. The Logic gate optocouplers 6N137 and buffer am-
plifiers BUF634 are used to isolate the signals and to boost the output
current, respectively. The arbitrary analog signals are generated by three
DAC boards(two PCI-6713 and one PCI-6733, National Instruments). All
the three boards generate eight 14-bit(PCI-6713) or 16-bit(PCI-6733) signals
with 1 MS/s update rates. One PCI-6713 and one PCI-6733 update their
outputs when receiving trigger signals from the DIO-64, otherwise previous
values are held. With this method, one can avoid writing too much data into
the buffers. For a fast ramping process, we write a waveform into the buffer
of another PCI-6713. When receiving a trigger, this board continuously gen-
erates the whole waveform. For analog signals, differential amplifiers are
used to partially isolate the DAC boards with controlled components. The
GPIB(RS232, Ethernet) signals are used to control signal generators for evap-

orative cooling and spin manipulation.

O End of Chapter.
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The single cell system has some limitations: (1) It is difficult to increase the
numbers of Na and Rb due to the contradictory requirements of vacuum. (2)
The optical access is poor and there is no space for more laser beams, optical
lattice beams, for instance. (3) Due to the limitation of dimensions of the
cell, it is hard to add strong electric fields. So we set up another system for
Na-Rb mixture. Since many existing techniques developed in the previous
setup are used here, only the modified components will be introduced with

details.

4.1 Vacuum system

Details of the vacuum system can be find in Fig. 4.1. It is a two-cell system.
The MOT cell has dimensions of 100 mm x 40 mm x 40 mm, and is used
to collect Na and Rb atoms with LIAD. The science cell (100 mm x 20 mm
x 20 mm) is used to perform the following experiments such as evaporative
cooling. In between there is a differential tube which helps to maintain the

vacuum difference between those two cells. Its inner diameter is 8.1 mm and

42
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Table 4.1:  Parameters of the coils in the two-cell system. Column “N”
denotes the “number of turns x number of layers”. Column “B” is the gen-
erated magnetic fields with a unit of “G/A” and column “Gradient” denotes
the generated gradient field with a unit of “G/cm-A~1". The unit of length
is mm. The note “m” indicates a measured value while “cal” indicates a
calculated value.

. Diameter Separation .
coil N Inner | Outer Innepi Outer B Gradient
Bias 4x4 74.2 | 103.6 30 59.5 | 3.23(1)(m) | 0.77(m)
Transfer | 6x4 | 50.0 | 94.2 84 | 113.5 0.66(1)(m)
SG1 20x36 | 49.4 62 32 50 86(cal)

SH1 33 62.2 | 70.6 30 36.3 2.4(cal)
SH2 3x4 11232 | 131.6 | 59.5 70 1.42(m)

length is 12.5 inch.

There are two ion pumps (25 L/s and 45 L/s, Gamma Vacuum) and one
TSP to maintain the vacuum. An lon gauge (Duniway) measures the vacuum
pressure near the science cell. As shown in Fig. 4.2, two Rb dispensers and
two Na dispensers (Alvatec) are installed in the system. The four dispensers
are mounted on a homemade ceramic holder which is fixed on the differ-
ential tube. Dispensers are connected with a feedthrough via bare copper
wire (Accu-Glass). Ceramic beads are used to isolate the copper wire with
other vacuum components. In order to avoid wasting Na and Rb atoms, the
dispensers are placed in the MOT cell which makes released atoms have a
large possibility to be absorbed by the MOT cell. All dispensers are placed
a little upwards to prevent atoms flow out due to gravity. Due to the limi-
tation of dimensions, we have to adjust the dispensers’ position many times
when assembling the vacuum. Maybe due to the fatigue of metal, one Na

dispenser touches the cell (denoted by a red circle in Fig. 4.2) after vacuum
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preparation. Fortunately this problem did not happen during the baking
process and we find this problem early enough. Otherwise the cell would
explode since the temperature of dispenser is as high as 400 °C when firing
it. After making sure that it is okay when firing other dispensers, we bear
this problem and plan to fix it when upgrading the system.

We prepare the ultra high vacuum with the routing methods. But the
vacuum can only reach 107!° Torr. (Judging from the ion pump readings.
We did not install the ion gauge at that time). After checking leaks with
methanol, the reading lowers down to several 10~!' Torr. Several months
later, we surprisingly find that the vacuum reading increased to 107° Torr
again. After struggling with this problem for several weeks, we find that
it results from a “partially” leak in a customized vacuum component. By
applying some methanol, the ion pump reading decreases again although it
can only keep there for several minutes. It is believed that this leak can be
blocked due to contraction of metal when the methanol evaporates.

We have to prepare the vacuum for a second time after the leak is sealed
by vacseal (Vaceal Inc.). Then we have a vacuum which can provide a lifetime

of atoms more than 200 s.

Figure 4.2: Connection of dispensers. A: ceramic beads; B: bare copper
wire; C: connector; D(E): Rb(Na) dispensers; F: differential tube. Red circle
denotes where a Na dispenser touches the glass cell.
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4.2 Magnetic field

There are two major coil pairs in this setup, a transfer coil and a bias coil.
The transfer coil is in an anti-Helmholtz configuration and is mounted on a
mechanical translation stage (Parker). The bias coil can be changed between
a Helmholtz configuration and an anti-Helmholtz configuration with an H-
bridge composed of 4 high voltage relays (LEV200, Tyco Electronics). The
transfer coil provides a QT potential for collecting atoms in MOT loading
as well as transferring atoms between the two cells. The bias coil provides a
QT potential during evaporative cooling and a homogeneous magnetic field
in other experiments.

The transfer coil and bias coil are winded with daglass isolated square
hollow copper tubes which have an outer dimension of 0.125 inch and an
inner diameter of 0.0625 inch (S&W Wire Co.). The coils are winded with
a back-winding method. This winding method is helpful to reduce the stray
fields as well as to simplify the designing of coil holders.

Besides these two coils, there are several other coils for different proposes:
Six shim coils at both MOT and science cell for shielding stray magnetic
fields; A small gradient coils(SG1) is used to generate a gradient magnetic
field for Stern-Gerlach separation and free atoms removing during Feshbach
molecules creation; A Helmholtz coil(SH1) for a small homogenous magnetic
field with fast controlling speed. The z-direction shim coil of science cell
(SH2) is designed to be in an Helmholtz configuration, which can also gen-
erate a homogenous magnetic field with several Gauss.

All the dimensions and parameters of these coils are listed in Table. 4.1.
And details of coils construction can be find in appendix C.

The two major coils are connected in parallel to a 16.5 V - 400 A power

supply (Delta Elektronika). The maximum achievable magnetic field gradient



CHAPTER 4. EXPERIMENTAL APPARATUS II 47

o
)
ey
o
=)
<
<

o -

=S S

<] 5 § af v

So1 2 300} S v

) 5 =

(] [ %) F

= 0.0 = t e mmg Q Q

o 3 200 o

@ 5 o al

c-01 < 100} @ A

(o] Q = A

< g é - .

=-02t ‘ ‘ ‘ B gl ) S
20 40 60 80 e 15 -10 -5 0 5 10 15 0 2 4 6 8101214161820

Time(ms) (b) Frequency(MHz) (c) time (ms)

—_
QU
-

Figure 4.3: Eddy current effect. After tuning off a 340 G magnetic field at
t = 0, there is a magnetic field generated by eddy current. (a) is the measured
magnetic field near the science cell. The red curve is the fitted results of an
exponential decay function which gives a time constant of 22.0(1) ms. (b)
is the measured Rb probe line shape at ¢ = 3 ms. The black curve is a
fitting of a sum of two Gaussian functions. (c) is a summary of the eddy
current effect. Triangles are fitted peaks for different ¢ for original setup.
Black squares are resonant peaks when all components are taken away. (No
double-peak structure at this time). Open circles are resonant peaks after
cutting the Al breadboard. (There is also no double-peak structure.)

is about 250 G/cm and the highest homogenous magnetic field is 1200 G,
which is larger than all interesting magnetic fields in our Na-Rb system. With
a PID control circuit, the magnetic field has a stability about 20 ppm.

In our setup, we can shut down the current of the bias coil in 200 us.
However, by measuring the resonant probe frequency after turning off the
magnetic field, we find that the total magnetic field caused by the eddy
current decays with a time constant about 22 ms, as shown in Fig. 4.3(a).
The eddy current effect makes it is impossible to change the magnetic field
at high speed. By taking away all components near the science cell piece by
piece, we find that all the metal components contribute the stray magnetic
field especially the Aluminum breadboard on top of the cell, where there is
a hole for optical access. This problem is partially solved by cut a slit in this
breadboard as shown in Fig. 4.1. As shown in Fig. 4.3(a), before cutting this

slit, there is a double-peak structure in the probe line shape after turning off
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the high magnetic field. After cutting the slit, we do not observe the double-
peak structure and the resonant frequency is the same as the case when all
components are taken away.

Other coils except the SG1 are powered by the diode current driver mod-
ules (LD3000R, Thorlabs), which have a stability about 10 ppm and a mod-
ulation bandwidth about 1.1 kHz. Solid state relays (D1D40, crydom) are
used to switch on and off the currents in 10 us.

The SG1 coil is connected with a 60V - 10 A power supply. There are two
kinds of switches for this coil: A solid state relay which is used to quickly turn
on and off the current; Two mechanical relays can isolate SG1 and the power
supply. The mechanical relays are switched on(off) about 5 ms before(after)

turning on(off) the solid relay.

4.3 Atom transportation

The transfer coil is mounted on a holder which is fixed on the computer
controlled mechanical translation stage. This track is driven by a servo mo-
tor. Parameters including travel distance, maximum velocity, acceleration
and deceleration are firstly loaded into the controller. Then the track is con-
trolled by TTL signals. By moving the transfer coil from the MOT cell to
the science cell or vice versa, we can transfer atoms between these two cells.

There are several possible heating and loss mechanisms during transfer-
ring process: (1), It is possible that atom can not pass through the differential
tube due to misalignment. (2), The magnetic gradient of the transfer coil is
too small, as a result of which the size of the atomic cloud is so large that
atoms collide with the differential tube. (3), Acceleration or deceleration is
so large that atoms can not follow the QT. (4), Acceleration is too small that

atoms spend long time in the MOT cell where the lifetime is short.
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The alignment of the track is optimized by recording the atom number
when the QT goes a round trip to different position and by measuring the
atom position in the science cell. Then we optimize the track parameters,
QT gradient value as well as dispensers current for the largest but coldest
atomic sample in the science cell.

The repeatability of the track is about 5 pm. In order to get a better
stability of our system, atoms will be firstly loaded into the science QT after
atom transportation. The science QT is created by setting the bias coil
to an anti-Helmholtz configuration. After optimization, we get an finish the
transportation and loading in 5 s. The total efficiency is 70 % and no obvious
heating is observed.

The electric noise of the track is large even if it does not move. Therefore,
we turn off the track when it returns to the MOT cell. With this method,

no obvious electric noise pollution is observed in following experiments.

4.4 Other components

Many established techniques in the single chamber system are used in this
System.

The Rb laser are similar with that of the single chamber system except
that the two ECDL diodes are replaced by two DFB diodes (Eagleyard Pho-
tonics). For the Na lasers, these two apparatus share the the Raman fiber
amplifier.

For the ODT, we use a Nufern fiber amplifier now. The output is about 15
W. This amplifier is seeded with a single frequency seeding laser(Laserglow
Technologies).

The rf and MW system is also similar with previous one. But since

the dimensions of the new science cell is smaller, the antennas can be placed
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closer to atoms and consequently the Rabi frequencies are larger than before.

We use absorption image in the system. Both Na and Rb probe beams
are along the +y direction and pass through the differential tube. After
scattered by atoms, Na and Rb probe beams are separated by a PBS and
then detected with two CCDs(Point Grey).

O End of Chapter.



Chapter 5

Creation of BEC in the hybrid
trap

We use a hybrid trap for evaporative cooling. The hybrid trap is firstly
realized by Lin et al. [67] and then used in Rb-Cs mixture experiments [73].
Compared with the traditional Ioffe-Pritchard magnetic trap, it is easy to
design and construct. What is more, compared with plug trap, no additional
blue detuned ODT laser is needed. The details of cooling Rb and Na to

degeneracy is introduced in this chapter.

5.1 Hybrid trap

Rf(MW) evaporation are widely used to cool atoms down to sub-uK regime.
The basic idea is that a rf(MW) field can transfer atoms from a low field
seeking state (trappable states) to a high field seeking state (untrappable
states), and those atoms are then repelled out of the trap. By tuning the
rf(MW) frequency, one can selectively remove the hottest atoms. Followed

by thermalization between remaining atoms, the temperature of system is
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lowered.

The Rf(MW) evaporation can be easily realized in a QT. However, BEC
can not be created in a QT due to the “Majorana loss” problem [74]. If
the rate of change of magnetic field direction wp is larger than the Lamor
frequency wy,, atoms can undergo a nonadiabatic transition to an untrappable
state. For an atom with mass m and velocity v placed at position r of
a QT with gradient B’, the Lamor freuqency is w;, = ppgrmpB (r) /h =
pupgrmpB'r/h. The wp can be calculated as %@/B (r) = v/r. Therefore

the radius of loss region is

ok 1/2
= — ) 5.1
o (MBgFmFB') ( )

A more careful analysis [74, 67] reveals that the Majorana loss rate is scaled
as

(5.2)

At low temperature, the I'y; is so large that the BEC cannot be created.
In order to solve the Majorana loss problem, other kinds of traps are designed.
In a time averaged orbiting potential(TOP) trap[74], atoms can not follow the
rotation of the QT center and an effective trap with no zero magnetic point
is created. For the Ioffe-Pritchard(IP) trap[75] and the quadrupole-Ioffe-
configuration(QUIC) trap[76], there is no zero magnetic field point thanks to
careful designing of the coils. In a combination of QT and ODT potentials,
atoms can be pushed(plug trap)[10] or pulled(hybrid trap) away from the
zero magnetic field point.

The hybrid trap is composed of a QT and a displaced single beam ODT.
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The total trap potential is

> +y? 2 |22 + (2 — 20)°
U(x,y,2) = uB’ %+z2+mgz—%exp - { l 1+ By
wi (1 + (yN/mwi) )

(5.3)

The QT is aligned along the z-direction and has a gradient about B’. The
single beam ODT with wavelength \ propagates along y-direction. Uy, wy
are the trap depth and beam waist of the ODT. The offset between the ODT
focus and the QT zero point is in the z-direction and has a value of z5. The
gravity is along z-direction and has an acceleration of g. Ej is determined
by choosing U (0,0,0) = 0. Fig. 5.1 shows an example of the hybrid trap
potential. The effective trap depth of the whole trap potential is defined as
the difference between trap minimum and the QT zero point if the gradient
magnetic field can compensate the gravity. The black arrow indicates the
trap depth for a 160 G/cm hybrid trap. As the gradient decreases, the trap
depth increases and reaches its maximum value when the gradient magnetic
field balance the gravity force (30.4 G/cm for 8"Rb |1, —1) and 8.0 G/cm for
2Na |1,—1)). Thus it is helpful to mitigate Majorana loss rate by lowering
B

When lowering the gradient field, the trap is as tight as before. It benefits
for a faster evaporative cooling.

The single beam ODT alignment is divided into four steps:(1) Compen-
sating the background magnetic field. The earth magnetic field and stray
magnetic fields contribute a total field about 0.5 G. With a QT about 160
G/cm, the zero point shift is about 30 pm. It is comparable with the beam
size of ODT. Thus it is necessary to carefully tune the magnetic fields gener-
ated by shielding coils. Firstly, we set a current for a shim coil and measure

the atoms position r for different magnetic gradients B’. With a fitting func-
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Figure 5.1: Rb hybrid trap potential in x, y = 0 plane with different magnetic
gradient fields. The trap depth of ODT is Uy = 100uK, beam size is wg =
90pm, and the offset is zg = 150um. Where Ej is choose to make U (0, 0,0) =
0.

tion r = 1o + B,/B’, we can get the desired position 7y of atoms when the
background magnetic field in this direction B, is zero. Then we change the
value of this shim coil to place atoms at rg, which is the desired value for
this shim coil. For a better alignment, we load atoms into XODT and use
a rf(MW) pulse to measure the Zeeman energy difference between two hy-
perfine levels. With this method, we can compensate the background field
with an accuracy about 1 mG. (2) Aligning ODT position in the horizontal
direction. By placing the ODT slightly lower than the QT center, and then
scanning the ODT focus horizontally, we can find two peaks and a dip in the
number spectrum Fig. 5.2. The peak corresponds to a position where the
ODT suppresses the Majorana loss. If the ODT is right under the QT center,
the Majorana loss is enhanced. It is this position corresponds to the dip in
number spectrum and peak in the temperature spectrum. (3) The ODT is
directly placed at the QT center in vertical direction since we can image the
atoms’ vertical position. (4) Fine tuning the offset z by optimizing the atom

number and temperature.
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Figure 5.2: Hybrid trap alignment in horizontal direction. By scanning the
single beam ODT position, there shows a dip in the number spectrum(a) and
a peak in temperature spectrum(b). The open circles and black squares in
(b) are measured atomic cloud’s size after TOF in two directions.

5.2 Rb BEC

We create the Rb BEC in this setup by firstly evaporative cooling in the hy-
brid trap and then continue the evporative cooling in the XODT by lowering
the laser power.

After laser cooling and optical pumping, we can load more than 10%
Rb|1, —1) into QT with an axial gradient of 160 G/cm. The temperature
is about 90 pK and the estimated PSD is about 2.1 x 1075, After QT load-
ing, a single beam ODT with a 1/e? beam waist of 60 um is ramped up to 5
W in 200 ms to form a hybrid trap. Then we perform the MW evaporation
by sweeping the MW frequency. This sweep is divided into several sections
with different sweeping speed and MW power. These parameters are chosen
by optimizing the evaporation efficiency section by section. After evapora-
tion to 6822 MHz, we typically have 2.5 x107 atoms with a temperature of
29 uK.

In order to load Rb atoms into the XODT. B’ is ramped down to a value
about 30.5 G/cm, just enough for compensate the gravity. At the same time
another ODT beam is ramped up to about 5 W to form the XODT. The
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loading has an efficiency about 15%. After the loading, we have an atomic
cloud with a temperature about 14.6 uK and a PSD about 3 x1073.

Evaporation continues in the XODT by lowering the laser power. We con-
trol the trap power following a scaling law P (t) = Py (1 +¢/7) " [77]. The
parameters 7 and (3 are experimentally optimized. After 3.5 s evaporation in
XODT, we observe the onset of the phase transition. At the transition point,
the temperature is 240 nK and number is 2.7 x10°. We can obtain a quasi-
pure BEC with 10° atoms by lowering the XODT further. Fig. 5.3(a) shows
the density distributions and absorption images with 30 ms TOF near the
phase transition. The whole evaporation trajectory is shown in Fig. 5.3(b).
We can get an evaporation efficiency o« = —log (PSD/PSDy) /(log (N/Ny))
about 2.2 in the hybrid trap and 2.7 in the XODT.
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Figure 5.3: (a)Absorption images with 30 ms TOF. (i) thermal cloud just
before phase transition,(ii) bimodal distribution and (iii) quasi-pure conden-
sate. Field of view: 900um x 900um. Upper panel is the integrated OD of
data(blue dots) and fitting results of Gaussian or/and parabola functions(red
solid line). (b) is the evaporation trajectory and section (ii) corresponds to
the XODT loading.

By ramping down the single beam ODT power and the magnetic gradient
field at the last stages of the MW evaporation, we can also produce a quasi-
pure Rb BEC of 10° atoms in the hybrid trap without a loading into the
XODT.
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5.3 Double species BECs

In our system, the Na number is much smaller than that of Rb. Therefore,
we choose sympathetic cooling of Na in the Hybrid trap.
The interspecies collision rate v = vno depends on the elastic collision

cross section o = 4ma,p,, density overlap n and mean thermal relative

velocity v = \/SkB (Ty/my + Ty /ms) /7. anarp is the interspecies s-wave
scattering length. Considering every two-body collision, the energy transfer
is

4m1m2

AE = kg (Ty — T) (5.4)

(mq 4+ my)
which is reduced by a factor of & = 4dmyms/ (my + mg)2 with respect to the
collisions with two equal mass particles [78]. It is known that 2.7 collisions
are necessary for the thermalization of equal mass particles [79]. In our
Na-Rb system, & = 0.66 and 4.1 collisions are necessary for thermalization.
Consequently, the temperature difference AT between Na and Rb obeys an

equation of
d(AT) gl
= ——AT. .
dt 2.7 (5:5)

The thermalization process is measured as Fig. 5.4. We perform a quick
evaporation of Rb in the hybrid trap and then measure the temperature
evolution of Na. Since Rb number is much larger than Na number, there is
no temperature change of Rb in this measurement. Fitting the data gives
an interspecies scattering length anarp = 115(20)ag, which is about 57%
larger than the more accurate value of 73 a [3]. The discrepancy is probably
because v is not a constant during the measurement and the number 2.7 is
not accurate in a hybrid trap.

The different trap potentials of Na and Rb in a 1064 nm XODT make
the creation of dBECs difficult in three aspects: (1) The Na has a shallower
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Figure 5.4: Temperature evolution of Na after quickly cooling Rb. The error
bar is standard deviation of 3 measurements.
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Figure 5.5: Symperthetic cooling in hybrid trap. Triangles and dots are data
of Rb and Na respectively.

effective traping potential in the hybrid trap and consequently Na has a
shorter lifetime compared with Rb; (2) It is difficult to load Na into XODT
due to the much smaller trap depth; (3) We have to use Na sympathetically
cooling Rb in the XODT. Therefore we make two modifications of the evap-
oration. Firstly, we displace the ODT focus in the radial direction of the
QT (horizontal direction), in which the magnetic gradient field B’ is a half
of that of the axial direction. As shown in Fig. 5.1, the effective trap depth
becomes larger with this method. We also decompress the QT during MW

evaporation which helps to reduce I'); by increasing the effective trap depth
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Figure 5.6: DBECs in XODT at the background scattering lengths. (a) and
(b) are absorption images in horizontal direction after 10 ms TOF for 3.5
x 10> Rb 4+ 3.2 x 10* Na and 8.5 x 10®> Rb + 1.3 x 10* Na, respectively.
Simulated in trap density distribution with corresponding parameters of (a)
is shown as (c)(horizontal view) and (d)(vertical view). On the right side of

each pseudo colour image, the figure shows corresponding cross sections for
Na(Blue solid line) and Rb(Red dashed line).

and lowering the temperature of the atomic clouds. The atomic density also
decreases which reduces the three-body loss rate.

As shown in Fig. 5.5, after optimizing the experimental parameters, the
evaporation efficiencies of Rb and Na in hybrid trap are measured to be 1.7
and 9.5 respectively.

After MW evaporation, Na and Rb are loaded into the XODT and the
evaporation continues by lowering the XODT power. By carefully tuning the
number ratio of Na and Rb, dBECs can be created. In our case, Na firstly
reaches the phase transition point since it has a larger number and higher
trap frequencies.

The density distribution of dBECs depends on the ratio of inter- and
intra-species interaction strengths. If the interspecies interaction is repulsive
and larger than the intraspecies interactions, the dBECs are immiscible. It
is the case for our Na-Rb dBECs with background scattering lengths. This

phenomenon has been observed as well as studied by numerical simulation.
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Figure 5.7: Measured lifetime of Na and Rb in different conditions: (a) and
(b) are Na and Rb lifetime after loading into hybrid trap separately, (c¢) and
(d) are Na and Rb lifetime when evaporative cooled to about 9 pK in hybrid
trap. (e) is Na lifetime in pure QT with a temperature about 9 pK. Solid
curves are fitting results of exponential decay. These data are measured in
our apparatus II.

Fig 5.6 shows the absorption images and numerical simulation results of
dBECs. The Na BEC has a crescent shape rather than a doughnut shape
in (a), (b) and (c). It is because that there are gravity sag between Na and
Rb, which makes the system asymmetric in vertical direction. However, the
system is predicted to have a cylindrical symmetry in horizontal direction,
which makes Rb surrounded by Na as shown in (d).

In order to create larger dBECs in XODT, we also add the 660 nm ODT
in the system, which can tune the trap depths of Na and Rb. It has been
shown that with this new ODT, we can create 7.3 x 10* Rb + 1.1 x 10° Na
dBECs. The details of this upgrade can be found in Jun Chen’s thesis [59].

Although the dBECs can be created in our hybrid trap, the Majorana loss
of Na is still a problem especially at low temperature. As shown in Fig. 5.7,
Na and Rb have a lifetime about 123 s and 212 s respectively when loaded into
the hybrid trap, where they have a temperature about 150 K. The difference
lifetimes of Na and Rb results from different I"y,. After evaporation to 6832
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MHz, the temperature of mixture is about 9 puK. Rb lifetime is about 46 s
while Na lifetime is only 8 s. And the lifetime of Na is 3.5 s in a pure QT. We
can see that the hybrid trap can only partially suppress the Majorana loss.
Therefore, it benefits for creating larger dBECs with other kinds of traps,
plug trap for instance.

In conclusion, we have created dBECs with evaporative cooling and sym-
pathetic cooling in the hybrid trap and ODT. Although there are some lim-
itations, the hybrid trap does help to partially suppress the Majorana loss.

O End of Chapter.



Chapter 6

Double species BEC with

tunable interactions

Feshbach resonance(FR) is a powerful tool to tune the interactions in cold
atoms. In this chapter I will firstly introduce our experimental details of
observation of Na-Rb interspecies FRs. Then the creation of dBECs with
tunable interactions is presented as an example of using these FRs. This

chapter based on our publications of [3] and [53]

6.1 Interspecies Feshbach resonances

6.1.1 Observation of Feshbach resonance

Since the first observation of FRs in Na atoms [14], many methods have
been used to find and characterize the FRs: loss and heating spectrum,
magnetic field dependent BEC size [80], magnetic field dependent Feshbach
molecule(FM) binding energies [81, 82], association and dissociation of Fes-
hbach molecules [83, 84, 85|, and so on.

The most widely used method is measuring the loss and heating spectrum.

62
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For a homonuclear ultracold atomic sample loaded into ODT, the density
evolution can be described by the following equation

dn (r,T)

a (r,T) — Bn?* (r,T) — an® (r,T) . (6.1)

There are three loss mechanisms:

One-body loss: ~ term results from scattering with background atoms,
photo scattering with ODT beams and evaporation effect. In typical experi-
ments, all these three processes are slow and can be neglected.

Two-body loss: When two alkali atoms colliding, it is possible to exchange
the valence electrons of these two atoms, which is called spin-exchange colli-
sions. The magnetic dipole-dipole interactions Vy; couple the orbital angular
momentum and electron spin angular momentum. The orbital angular mo-
mentum changed collisions due to Vy, are called dipolar relaxation. In these
two processes, the channels before and after collision are different. Energy
difference between these two channels are released to the kinetic energies of
atoms. Consequently, atoms run away from the trap since AE is much larger
than the trap depth.

Three-body loss: « results from the three-body recombination process in
which three atoms collide to form a diatomic molecule and an atom. The
energy released by the binding energy of the molecule goes into the kinetic
energies of the recoiling atoms and the formed molecule. Consequently, all
of these three atoms are lost. Since a o< n®a* [86], the three-body loss rate
is sensitive to the scattering length.

Usually heating is associated with two-body and three-body loss. The loss
processes prefer to occur at the trap center where the atoms have the highest
density and lowest energy. Consequently when the low energy atoms are lost,

the remaining atoms will have a higher temperature after thermalization.
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By carefully preparing the system, three-body loss dominate, especially
near a FR. It is this loss and heating indicate a FR. This scenario can also
be generalized to atomic mixture.

In ref. [3], we only consider the combinations of Na|F, mg) + Rb|F, mp)
=11,1) + |1,1) and |1,—1) + |1, —1). Later, we also study FRs in all other
combinations in F' = 1 states.[87]. Here I only discuss the results in ref. [3].

As indicated before, both Na and Rb atoms are in |1, —1) states when they
are loaded into XODT. Since Na and Rb have a similar hyperfine structure
as well as near Zeeman shifts at low magnetic field, we can transfer both
atoms to |1,1) states at a magnetic field of 10 G with a single rf adiabatic
rapid passage(ARP). However, for preparing other spin combinations, we
have to use more than one rf ARPs at a magnetic field about 100 G where
the transition frequencies between different Zeeman states have separations
larger than 1 MHz.

Typically we can prepare a mixture with 1.5 x 10° atoms for both species
after spin rotation and evaporation. The temperature is 1.5(1.8)uK for
Na(Rb). With measured trap frequencies of wy, (wrp) = 27 x {320, 355,160}
({280, 310, 140} )Hz, the calculated peak density is 3 x 102cm ™3 (103cm™3)
for Na(Rb).

With the prepared mixture, we start coarse scan by switching the mag-
netic field to a certain value and then sweeping the magnetic field in a range
of 2 G in 500 ms. If heating and loss are observed in both atoms, we use a
holding method to determine accurate position of the FR: (1) ramp magnetic
field to a value slightly larger than the possible resonance; (2) wait for mag-
netic field stabilization by holding it at this value for about 10 ms; (3) switch
the magnetic field to a value and hold it there for a period of time, typically

50 ms. The time varies for different resonances to make of the maximum loss
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is about 60 %; (4) detect remaining atom numbers and size of atomic clouds
after TOF. By varying the holding magnetic fields, we get a loss and heating
spectrum as shown in Fig. 6.1. Fitting with Gaussian curves, we can get the

resonant magnetic field as well as information of the resonance width.
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Figure 6.1: Feshbach resonance near 347.8 G. When both atoms are in |1, 1)
state, loss and heating are observed for Na(left) and Rb(right). Black solid
lines are fitting results of Gaussian functions. This figure is taken from [3].

Besides several s-wave FRs, we also observe some p-wave FRs. The mul-
tiple structure can be resolved with our magnetic field resolution, as shown

in Fig. 6.2.

6.1.2 Analysis and assignment

Prof. Eberhard Tiemann help to analyze these resonances with coupled-
channel(cc) model. This method is successfully used in other homo- and
hetero-nuclear systems [38, 88, 89, 90]. The potential curves for NaRb X%+

and a®¥" are constructed in a power series of the internuclear separation R.
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Figure 6.2: p-wave FRs for |1, —1) 4 |1, —1) spin combination(upper panel)
and |1,1) 4+ |1,1) spin combination(lower panel). This figure is taken from
3]-

They are firstly parametrized based on previous spectroscopy work [40] and
then fitted with found FRs as well as about 10000 rovibrational transitions
from the Fourier-transform molecular spectroscopy [40]. Spin-spin interac-
tion [38] as well as Fermi-contact interaction are included in calculations.
More information of the calculations can be found in [3].

The cc calculations can explain our measurement with high accuracy and
the discrepancy between the calculations and the observations are smaller
than 200 mG. The analyses also reveal the scattering lengths of the uncoupled
states to be 106.74 ag for X'¥* and 68.62 ag for a3¥+.

All found FRs are summarized in Table. 6.1. There are two s-wave reso-
nances located at about 347 G and 478 G with a width about 4 G. They can
be used to tune the interspecies interactions without affecting the intraspecies

s-wave scattering lengths an, rp since all intraspecies FRs are away from these
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two FRs.

6.2 Double species BECs with tunable inter-
action

In this part, details of the miscible-immiscible transition in the dBECs of Na
and Rb will be presented.

6.2.1 Coupled Gross-Pitaevskii(GP) equation

Recalling the GP equation of a single specie BEC and generalizing it to
dBECs, we have

B2
{_ omy V2t Veat,n + gulo)? + 912|¢2|2} b1 = iy

h2

(6.2)
{——V2 + Veatn + g22|¢2|2 + 912|¢1|2} P2 = a2

2m2

Vexti, (1 = 1,2) are the external trap potentials for atoms 1 and 2. m;, u; are
atomic mass and chemical potentials. Interaction strength g;; = 27rh2aij Jmy;,
(4,7 = 1,2) depends on the intra-(inter) species s-wave scattering length a;;
and reduces mass m;; = m;m;/ (m; +m;). The wave functions ¢; are nor-
malized by N; = [drn; = [ dr|¢;|?, where N; are atom numbers. Corre-

spondingly, the total energy of this system is

h? h?
E = /dr (—\V(lﬁl\z + ——|Vo|* + Vizraini + Vegrana
2m1 ng (6 3)

1 o 1 2
+ 59 + 592273 + g12n1n2

Following the analysis of [91], with the assumption of large number which

require that gi122 > 0 and uniform system, if the two condensates overlap,
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the total energy is

1 N? N2 Ny N-
E, =~ 2 2 49 1712
5 g11 v + g22 % + 2¢g12 %

(6.4)

V' is the volume of the trap potential.
If the two condensates are immiscible and occupy different position. Ne-
glecting the thickness of the interface between the two condensates, the total

energy of the system is

Ey=Z|gu="r+gn—= (6.5)

1] N? N?
2 Vi Vo

Here V; are the occupied volume of condensate 2. The conditions of a fixed

system size V =V} + V4 and equal pressure 0F,/0V; = 0F,/0V; lead to

v v
L1 am g (Na/N) (6.6)
g .
T o Tom (/)

The energy becomes

1 N2 N2 N; V-
E, =~ g, =L 2 42 /G110 6.7
5 gi1 % + goo % + 2+/911922 % (6.7)

Therefore, the energy difference between these two states is

N, N
A=FE,—E;=(g12 — v/911922) i/ 2 (6.8)

For small interspecies interactions, gi1o < /911922, the energy of the over-
lap states is lower and the two condensates prefer to occupy the same position.
While for large interspecies interactions, g1o < /911922, the two condensates

can not overlap, which lead to the immiscible states. The results can also be
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found with stability analysis [92].

Define the critical interspecies interaction strength as

912 = V911922 (6.9)

For g12 < —gf,, the two condensates collapse since the interspecies attractive
interactions is larger than the intraspecies repulsive interactions. For g5 >
955, the mutual repulsive interactions of the two condensates repel each other,
making the two condensates immiscible. For other values of g5, the two
condensates overlap.

With the known intraspecies scattering lengths of Na (54.5 ag) [38] and
Rb (100.4 ag) [39, 93, 94], the calculated critical interspecies scattering length
is 60.2 ag for Na|F' = 1,mp = 1) + Rb|F = 1,mp = 1) combinations. Since
the ajo = 73ag [3] at zero magnetic field, the dBECs should be immiscible.
This immiscibility has been experimentally proved in Fig 5.6.

We can tune the interspecies interaction accordint to [95, 96]

- 1 & 1 B (6.10)
2 = abg B — Bres,l B — Bres,Z ‘ ‘

By tuning the gi» be smaller (larger) than ¢¢, we can realize the miscible
(immiscible) states. The critical magnetic field is 384.5 G. For a2 = 0, the
magnetic field is 352.6 G.

6.2.2 Creation of dBECs with tunable interactions

There are two methods of creating the dBECs with different interaction
strength. One is preparing dBECs at a favorable magnetic field where a;5 is
suitable for sympathetic cooling and then changing magnetic field to different

values. In order to avoid exciting dBECs, the final magnetic field ramp must
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be very slow. It is because that when tuning the B across the critical value
B., the adiabatic theorem requires that £ (B) /E, < 1. Where E,, is the en-
ergy difference between the two phases and E (B) is the energy change rate
when ramping the magnetic field. However the immiscible-miscible transi-
tion is a gapless transition and the time required to avoid exciting the system
is infinite long. We tried to use this method to create dBECs but dipole os-

cillations are observed when ramping the magnetic field.
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Figure 6.3: (a).Tunability of ajp with s-wave FR. The vertical dashed line
indicates the resonant magnetic field 347.8 G and the inset shows the in-
terspecies scattering lengths near the miscible-immiscible transition point.
(b) Temperature of Rb after fast evaporation of Na in XODT for different

magnetic fields.

Another method is firstly ramping the magnetic field to a desired value
and then performing the evaporative and sympathetic cooling. There are also
two difficulties. The first one it that some a5 is not suitable for sympathetic
cooling and the dBEC number is small. The second one is that the dBEC

formation is also a gapless phase transition and defects will be created if
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evaporation is fast [97]. However, the evaporation speed requirement in our
system is not as strict as the experiments of Papp et al [97] since we have
a near spherical trap. In this trap we have the trap frequencies of 27 x
(124,143,74)Hz and 27 x (112,129, 66)Hz for Na and Rb, respectively. This
trap is helpful to avoid the formation of patterns [98].

S R N N XX R N N N N N N N N N

(b)

502 412 353 312 256 198 114 64 58 53 47 34 19 3 -3 -10  -18 -28

ay, (ap)

Figure 6.4: (a) Column density profiles of the double BEC near the 347.8
G resonance measured after 13 ms TOF. The interspecies scattering length
aio are calculated for different magnetic field values. The atom numbers
are different for the aj5. (b) Simulated in-trap column density profiles for
the dBEC. the simulation parameters for each image are the same as the
corresponding experimental ones in (a).

After optimizing experimental parameters, we find that the second method
is more favorable for creating larger dBECs. We also study the magnetic
field dependent sympathetic cooling by measuring Rb temperature after a
fast evaportion of Na in the XODT. The results are shown in Fig. 6.3. Since
the thermalization speed depends on the interspecies scattering cross section

019 = 4mal,, we can fit the data with a function[99] of
T (B) = T., + ATexp [—nai, (B — 6B)’] (6.11)

where the T.,, AT, n and 0B are fitting parameters. The fitted a;2 = 0 point
is 352.0(6) G, which is in agreement with our expectation on this FR.
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We image the dBECs at low magnetic field. The magnetic field is hold
at the interesting values for the first 2 ms TOF and then switched off for
the following expansion. Since the atom density decrease quickly at the first
2 ms, we assume that the following TOF with the background a;, will not
affect the density distribution too much.

We assume the density distributions after TOF are the same as the in
trap ones if the scaling factors related to the trap frequencies are taken into
account. Therefore we normalize all dimensions to the size of Rb BEC after
TOF to quantitatively analyze the separations of the dBECs.

By changing the magnetic fields, we can create dBECs with different
a1 ranging from -28 ag to 502 ag. As shown in Fig. 6.4, at large positive
scattering lengths, the crescent shaped Na BEC lies above the Rb BEC. As
a12 decreases, the Na BEC becomes more and more round. When aqy is
negative, the Na BEC becomes a “doughnut” shape. We need clarify that
these results are different from the theoretic calculations. The deviations
come from the non-ideal detection method in our experiments. Although
we keep the magnetic fields for the first 2 ms TOF, the density is still high
enough to contribute significant mutual repulsive interactions to perturb the
density distributions of dBECs after turning off the magnetic fields.

It is hard to tell where is the miscible-immiscible transition point when
comparing absorption images. However, if we plot the center of mass(COM)
separations between Na and Rb BECs, we find that there is a turning point
around 60 ag, which is coincident with the calculation. It should be clarified
that the numbers of the created dBECs are small, and consequently the crit-
ical scattering length could be different from the calculated results based on
the TF approximation. This effect can be studied by creating large dBECs.

We also numerically calculate the in trap densities of Na and Rb BECs
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with corresponding experimental parameters. The results are shown in Fig. 6.4

and Fig. 6.5. These two results can qualitatively describe the experimental

observations.
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Figure 6.5: Measured and simulated a5 dependent vertical COM separation
of the Na and Rb BECs. The data are extracted from images in Fig. 6.4.
Error bars in the measured separations represent one standard deviation of
statistic from typically 5 repeated experimental cycles, while those of a,
come from magnetic field calibration and stability.

To summarized this chapter, we have identified three s-wave and several
p-wave Feshbach resonances in the heteronuclear mixture of Na and Rb. The
s-wave resonance located at 347.8 G is used to control the interspecies inter-
actions. Both the miscible and immiscible states are observed and simulated.
Although it is hard to get the critical value of a5, we observe a “kick point”

which can be qualitatively explained by the simulations.

O End of Chapter.



Chapter 7

Formation of NaRb Feshbach

molecules

FR results from the coupling between an atomic pair and a molecular state.
This coupled two channel picture indicates that the Feshbach molecules(FM)
can be created with an adiabatic passage or a Rabi pulse. In this chapter, I

will discuss the formation of ultracold FMs of NaRb.

7.1 Magneto-association

The formation of FMs have been extensively studied both theoretically and
experimentally [15, 41]. A schematic figure of association FMs by adiabati-
cally sweeping magnetic field across the FR is shown in Fig. 7.1. It is exactly
a Laudau-Zener process, where the coupling strength is related to resonance
width A, background scattering length a;,, differential magnetic moment
Op. Assuming a linear sweeping of magnetic field, the molecule formation

efficiency for an atomic pair is P = 1 — exp (—27d.z). The Landau-Zener

75
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factor is

2mh
Orz = —
1

= (7.1)

abgA '

1 is the reduced mass. When generalizing to multiple particles situation, it is
important to count the number of available atomic pairs which is proportion

to density overlap ny (r) ny (r). Then the association efficiency reads [100]

“’%A D (7.2)

2rh
P=1—exp (—27rn1 (r)ng (r) il
i

For a small ramp speed of B, the association efficiency is

o1k
P = 2y (r) na (r) 2
W

(7.3)

B

abgA ‘

The linear dependent of 1/B is confirmed experimentally [101, 102] and the

linear dependent of density overlap has also been tested [102].

energy
@

molecule

Magnetic field

Figure 7.1: Schematic of magneto-association. The two dashed lines are
uncoupled atomic pair and the molecular state. The solid line is one of the
dressed states. The molecules can be created by ramping the magnetic field
across the resonance.

However, the molecule association efficiency cannot reach the unity but
saturates to a samller value. E. Hodby et al. [101] invented a stochastic
phase-space sampling (SPSS) model to explain this saturation. This phe-

nomenological model claims that a pair of atoms close in phase space can
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form a FM if they satisfy the relation

h
H |'U7”el| |prel| < 75 (74)

where v,¢; and p,¢ are the relative velocity and momentum of the two atoms.
v is a system dependent constant number. Previous experiments find that
vpr = 0.38(3) for a Boson-Fermion mixture [102], v5 = 0.44(3) for a bosonic
gas [101] and yr = 0.38(4) for a fermionic gas [101].

The association becomes more complicated when loss mechanisms are
taken into account. For a higher association efficiency, it is better to use a
slower magnetic field ramp, larger density overlap as well as higher phase
space density overlap. However, when the magnetic field is close to the FR,
the three-body loss and dimer relaxation are largely enhanced. Therefore all
these requirements for a higher association efficiency lead to severe loss during
the association, especially in Bose gases where there is no Pauli blocking to
prevent two particles getting close to each other. Another point is that in
order to get a mixture with higher phase space density, one suffers from
small atom numbers. Consequently, the best experimental parameters for
the biggest molecular sample can only be found by trial and error.

In our experiments, the mixtures consist of 8 x 10* Na and 1 x 10°
Rb. The temperature is about 350 nK. The average trap frequency is w =
21 x 170(148) Hz for Na(Rb). The calculated peak density and phase space
density are 4 x 1012 em™3(2.6 x 10! ecm™2) and 1.0(0.84) for Na(Rb), respec-
tively. The association is performed by sweeping the magnetic field across
the resonant field with a speed of 5.2 G/cm. In Fig. 7.2, we show the re-
maining atom number for different magnetic fields in association and reverse
sweeping process. The onset of loss and gain of remaining atoms indicate the

resonant magnetic field value as well as the creation of FMs.
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Figure 7.2: Magneto-association and dissociation. (a) Remaining atoms after
magnetic field is swept down with a constant speed and stopped at different
field. (b) Reverse sweeping after association. The solid curves are fitting
results to hyperbolic tangent function. Error bars are from statistics of typ-
ically three shots.

After creation of FMs, it is necessary to remove the unassociated atoms
as fast as possible since atom-molecule collisions limit FMs lifetime severely.
The most powerful method is using a blast laser. By applying a laser resonant
with a cycling transition, atoms can continuously scatter photons. The cor-
responding radiative force pushes the atoms out of the trap. At the magnetic
field of 347 G, the cycling transition is |my = 1/2,m; = 3/2) +— |m, =
3/2,m; = 3/2) for both Na and Rb atoms. (Since F' is not good quantum
number at high magnetic fields, quantum number of m; and m; will be used
in this paragraph. |m; = 1/2,m; = 3/2) is adiabatically connected with
|FF = 2,mp = 2), |m, = 3/2,m} = 3/2) is adiabatically connected with
|F" = 3,m = 3), and |m; = —1/2,m; = 3/2) is adiabatically connected
with |F' =1, mp = 1).) Thus a MW pulse has to be applied to populate the
Na and Rb atoms into the |m; = 1/2,m; = 3/2) states before applying the
laser pulse. Since this MW transition is very sensitive about the magnetic
field (~ 2.2 MHz/G), stable MW pulse requires the Rabi Frequency about
50 kHz with our magnetic field stability. It is technically difficult to achieve
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such large Rabi Frequency in our apparatus I. However the MW system of
our apparatus II works thanks to the smaller size of the science cell. But at
the time of the publication of [6], we use a gradient magnetic field to remove
the Na and Rb thanks to the non-zero differential magnetic dipole moments
between the free atoms and the FMs. Below a magnetic field of 345.6 G the
FMs have negative magnetic dipole moments and they are trapped by the
gradient field. However, |m; = —1/2,m; = 3/2)(F = 1,mp = 1)) atoms of
Na and Rb have positive magnetic dipole moments which are untrappable.

Thus we can use a 3 ms gradient pulse to purify the FM sample.

350G Association Dissociation

347.75G /

346.8G
335G

Magnetic field

detection

Gradient
pulse -

- time
Association
No ramps Association only

Dissociation

06
05
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‘ . 02
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Figure 7.3: Creating pure NaRb FM molecules. (a) shows the schematic
of experiments, (b) are absorption image for different experiment sequences.
When there is no association or dissociation, no signal could be detected
if the gradient pulse is present. After performing all the steps including
association, purifying and dissociation, atoms can be detected for Na and
Rb. The color bar indicates optical density.

Na

Rb

The schematic of creating a pure FM sample is shown in Fig. 7.3. After
magneto-association by ramping the magnetic field downward to 346.8 G, we

switch it to Bfing = 335 G in 0.1 ms. Then we add a gradient pulse to remove
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the free atoms. In the apparatus I, we can only generate this gradient pulse
with our QT coil which is connected with our Helmholtz coil to the same
power supply in a parallel configuration as described in previous chapter.
Thus there is a magnetic field “spike” in the homogeneous magnetic field
when suddenly turning on/off current in the QT coil. So we have to ramp
Bina to a value much smaller than the resonant field to avoid dissociating the
FMs by non-ideal control of the magnetic field. The 335 G is an experimental
optimized value for the largest FM number. After the gradient pulse, we
reversely ramp the magnetic field to 350 G to dissociate the FMs. Then we
can measure the properties of FMs by detecting the dissociated free atoms.
As shown in the lower panel of Fig. 7.3, only when both association and
dissociation are performed we can detect the atoms if the gradient pulse is
always present. It is a strong evidence that we have created a pure NaRb
FM sample. By optimizing the experimental parameters we can create about

2000 NaRb FMs. (In the apparatus II, we can create more than 10* FM now.)
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Figure 7.4: Lifetime of molecule sample with(black solid circles) or with-
out(red open circles) free atoms. Solid curves are exponential fitting results.
Error bars represent on standard deviation from typically three shots.

The overall association efficiency is about 2.5 %, which is much smaller

than that of the Bose-Fermi mixture experiments: 40% for KRb [102], 15%
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for NaK [103]. However, this result is comparable with the experiments of
the bosonic RbCs Feshbach molecules, in which the reported association effi-
ciences are 7 % [104] and 2.5 % [105]. In a system with Fermions, Pauli block-
ing prevents particles getting close, resulting a suppressed atom-molecule
collision rate. That is why the Bose-Fermi Feshbach molecules have higher
association efficiencies. This is consistent with the FM lifetime measurements
in Fig. 7.4: 1.1(1) ms if free atoms are present while 21.8(8) ms if free atoms

are removed. The 21.8 ms lifetime is long enough for further experiments.

7.2 Binding energy measurement

To further characterize the FM, we measure its binding energies at different
magnetic fields. By applying a rf field, a pair of atoms can be associated into
a FM if the rf frequency matches the binding energy of the FM. Due to the
conservation of Mg, which is the projection of the total angular momentum
on the direction of the magnetic field, the polarization of the rf field should
be in parallel with the magnetic field. After the formation, the FMs will
be quickly killed by colliding with free atoms. Consequently, by measuring
the leftover atoms after a rf pulse, we can extract information of the binding
energy. Here we measure a spectrum with a constant rf frequency but a
varying magnetic field. A typical spectrum is shown in Fig. 7.5.

The shape of the rf spectrum depends on the two-body association rate
which is determined by the energy-dependent wave-function overlap of the
scattering atomic pair and the molecular state [106]. Close to the resonant
magnetic field of a width FR, there is an analytical formula for the loss spec-
trum which considers the density of states of the atomic pair, temperature
broadening as well as the wave-function overlap [106, 107]. However, the

used FR in our experiment is not a width FR and we measure the binding
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Figure 7.5: Binding energy spectrum by changing magnetic field. In addition
to the enhanced loss near FR resonant field about 347.7 G, we observe another
loss maximum (marked by an arrow) which corresponds to association of FMs.
Here we use a 10 ms, 0.1 MHz, 0 dBm rf pulse. Inset shows the experimental
scheme that an atomic pair can be associated into molecules with appropriate
rf frequency.

Table 7.1: Summary of fitting results of the two s-wave resonance. Coupled
channel calculation results are taken from [3].

Coupled channel Square well

Bo A Bo A o
34775 4.89 | 347.64(3) 5.20(27) 2.66(29)
478.79  3.80 | 478.83(3) 4.81(27) 2.52(26)

energies up to 3.5 MHz, where the corresponding magnetic field is about 3 G
(~ 0.6A) away from the resonant point. Therefore the analytical formula is
not valid in our case. We use a phenomenological function-a convolution of
Boltzmann distribution and a Gaussian function-to fit the data [108]. The
asymmetric behavior of the measured rf spectrum is captured by the thermal
Boltzmann distribution. We use the Gaussian function instead of a Lorentz
function since there are power broadening and magnetic fluctuation. We also
add a linear function to account for the “background” three-body loss feature

when the rf field is absent. One example of fitting is shown in Fig. 7.6.
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Figure 7.6: Remaining Na(a) and Rb(b) atoms after a 1 MHz pulse. The
solid curves show the fitting results.

In our experiments, the pulse length is chosen to get a large but not
saturated loss feature. As a result, the pulse length ranges from 10 ms to 300
ms. We also use different rf power but no power induced shift is observed
within our experimental parameters. With this method, we measure the
binding energies of the two |[1,1 > +|1,1 > s-wave FRs and summarize
the results in Fig. 7.7. The information of these two FRs can be extracted
form these measurements by fitting with a two-channel square well model
developed by Lange et al. [96]. Near a FR, the binding energy Fj, = h?k2, /21
depends on the differential magnetic dipole moment du between the open and

the closed channel and the Feshbach coupling strength I' according to

1 r/2
bim (B) = apg — @ ta (Ey+ 6 (B — B.)) (75)

Here k,, is the wave number, B, is the magnetic field where the bare molec-
ular state is tuned to degenerate with the open channel and a is the mean

scattering length which depends on the van der Waals Cg coefficient. The
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resonance width A and resonant magnetic field By can be calculated by

A_ Llay=aT
By=B,— — % A
Apg —

With Cg = 1.2946 x 107 em™'% and a,, = 66.77a, [3], we can get information
of these two FRs as Table. 7.1

N
I (a) (b)
=
N _1 L
S il
o 10
c c
o 2t 2 1
CCD ﬁo.s -2+
£ 3t © ]
om 0940 34z 34z 346 348
) ) Magnetic field((‘f) 3t ) .
345 346 347 47 477 478
Magnetic field(G)

Figure 7.7: Summary of the binding energy measurements of two FRs. Open
circles are experimental data. Error bars comes from fitting and magnetic
field calibration. Solid lines are fitting results of the two-channel square well
model. Inset of (a): calculated close channel fraction from fitted parameters.

With the fitted results, the widely used dimensionless parameter s,., =
‘%% for these two resonances are calculated to be 0.72 and 0.63. Which
indicate that they are not wide resonance but with an intermediate coupling
strength. It explains that the binding energies of these two FRs change
quickly as the magnetic field is tuned away from the resonant position. We
can also calculate the close channel fraction with Z = % ~ %% [15] and

c 12
the results for the 347.8 G resonance are shown as the inset of Fig. 7.7(a).

In summary, the Feshbach molecules of NaRb are created by magneto-

association. We also measure the binding energies of the 347.8 G and 478.8
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G s-wave Feshbach resonances. By fitting with the two-channel square well
model, the parameters of the two Feshbach resonances are revealed. The s,..,
are about 1 for both the resonances which indicate that they have interme-

diate coupling strength.

O End of Chapter.



Chapter 8

Investigating few-body physics

with Na and Rb mixtures

Few-body physics play an important role in quantum mechanics. In this
chapter, I report the observation of atom-dimer and dimer-dimer recombina-
tion resonances in an ultracold Bose-Bose system of Na-Rb. During writing
this thesis, the experiments have not been finished and theoretical analyzing
is still going on. Therefore, I will only present some preliminary results here.

You can find more details of this work in future publications of our group.

8.1 Three-body system

One milestone in few-body physics is the emergence of Efimov trimers. In
1970s, V. Efimov found that the properties of three quantum particles follow
a universal behavior if the pairwise interaction are resonantly enhanced [50].
According to the predictions, there are an infinite number of three-body
bound states. What is more astonishing is that the binding energies of these

states obey a logarithmic periodic rule [51].

86
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Figure 8.1: Efimov scenario. Above the scattering continuum E = 0, atomic
mixture exit. And at positive scattering length side, there is a universal dimer
state and the system is atom-dimer mixture. In the region 1/|a| — 0, both
positive and negative scattering length side, a series of three-body bound
states show up. Those trimer states attach the atomic threshold line at a™

and the atom-dimer threshold line at aﬁ").

The Efimov scenario is schematically depicted in Fig. 8.1. Dimer states
do not exit if a < 0. However, if a third particle is added into the system,

a bound state can be formed. At a < 0 side, the trimer states intersect the
(n)

. For a > 0, a dimer state exist and the trimer

states smoothly merge the atom-dimer threshold at a!™. These interesting

scattering continuum at a

scattering lengths have a scaling law as

(n+1) (n+1)
a_ _ €7r/30’ A _ 671'/50. (81)
(n) n)
a_ (™

The parameter sy depends on details of the system and equals 1.0062378 for
a system of three identical bosons [4]. The Efimov trimers connect a < 0

side and a > 0 side. The intersections of these trimers and ¢ = oo axis define
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binding energies F,,, which also have a geometrical scaling law

E,
+1 _ 6—271'/80 (82)

“He is the first promising candidate for studying the Efimov physics. Due
to the fine-tuning of nature, two *He atoms have a scattering length about
170 ao while the the effective range of the van der Waals interaction is only
about 9 ag. Consequently, it is possible to observe the ground and first
excited Efimov state. However, it is only recently the the excited Efimov
state is observed experimentally [109], 20 years after the observation of the
ground trimer state in 1994 [110].

Other candidates are the halo nuclei which consist of a compact core
and two loosely bound neutrons. The existence of Efimov states have been
analyzed in many isotopes [111]. Although no definitive signals of the Efimov
states have been observed in the nuclear systems, the prospect of observing
them drives experimental and theoretical researches [112].

Thanks to the successful cooling of netural atoms to nano-Kelvin regime
and experimental proof of the tunability of scattering lengths with FRs, cold
atoms become the most active area for studying the Efimov physics. In 2006,
the first experimental observation of Efimov states was reported in Cs gas
[18]. Since then, extensive studies are performed in other cold atom systems:
homonuclear bosonic system such as 7Li [113, 114, 115, 116], *K [117, 118],
8Rb [119], Cs [120, 121], homonuclear ferminoic spin mixture [122, 123, 124,
125, 126, 127], heteronuclear mixtures [128, 129, 130, 131, 132, 133, 134]
and atom-dimer mixture [129, 135]. All these works help to understand the
Efimov physics within different experimental parameters.

Theoretical works help to examine and understand the experimental ob-

servations and give predictions about the few-body physics [4, 136, 137, 138].
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8.1.1 Hyperspherical coordinate and hyperspherical

potential

In order to understand the origins of Efimov trimers, it is helpful to use the
hyperspherical coordinates [139]. In the center of mass frame, the wave func-
tion of three particle system can be described by 6 independent coordinates:
five hyperangular variables denoted by €2 collectively and the hyperradius R
which is the root-mean-square size of the three particles

R? = (7‘%2 + 7";3 + r§1) (8.3)

Wl =

where r;; is separation of particle ¢ and j.

With the adiabatic hyperspherical approximation that (2 can fast adjust
their values for different R and the assumption that at low temperature the
three-body interaction is close to the summation of three two-body inter-
actions, the three-body problem can be solved for different R. Similarly
with the Born-Oppenheimer(BO) potential, a set of R-dependent potential
curves, the hyperspherical potentials, can be used to describe the three-body
scattering [4].

For three identical bosons, if a is much larger than the characteristic
size 19 of the two-body interaction, the hyperspherical potential V,, (R) can
be calculated numerically [4]. The lowest several potentials are shown in
Fig. 8.2. The lowest potentials at a > 0 and a < 0 are attractive and can
support three-body bound states. The attractive hyperspherical potential for
a > 0 approaches the “atom + dimer” curve which has a binding energy of
Ep = —h?/2ua® at R/a — oo. All other hyperspherical potentials converge
to the scattering continuum of free atoms.

However, these results only valid in the range ry < R < a. In the short
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Figure 8.2: Hyperspherical potentials for the lowest three channels for three
identical bosons. For both a > 0 and a < 0, there is only one attractive
potential. All potentials except for the lowest potential of a > 0 goes to zero
at the limit of R/a — oo, which corresponds to the scattering continuum of
three free atoms. The attractive potential for a > 0 converges to the atom-
dimer limit which has an energy of the dimer binding energy. This figure is
taken from [4].

range R < rg, the potential is gradually dominated by the van der Waals in-
teraction Uyaw (R) ~ Ui paw (R) + Uss vaw (R) + Usywaw (R) . Near R ~ a,
the coupling between different channels can not be neglected. Consequently,
there is a potential barrier in the lowest channel of a < 0 near R ~ a. For
a < 0, in the range 1y < R < a, there is an analytical formula for the

hyperspherical potentials
52 —1/4
5, = 1A
2123 R

where 1193 = 1/77214:”—773;7733, is the three-body reduced mass, s, are parame-

ters depends on details of system. v denotes different channels and v = 0

(8.4)

corresponds to the lowest channel:

sg+1/4

Up= 0272
’ 241193 R
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Figure 8.3: Schematic pictures for three-body recombination with the adia-
batic hyperspherical potentials model. For a < 0, there is a potential barrier
resulting from coupling of different hyperspherical potentials near R ~ |a].
The height of this barrier depends on a. For certain a, the scattering state is
strongly coupled to a three-body bound state thanks to the shape resonance.
Since the three-body bound state is coupled to deeply bounded molecular
states, loss will be enhanced for this scattering length. For a > 0, there are
two paths for three colliding atoms, which are denoted as red and purple ar-
rows. These to paths can interfere at R ~ a. The destructively interference
is responsible for the minima of three-body loss rate. For a < 0, the atoms
can only recombine to deep dimers. However, for a > 0, the atoms can also
recombine to the shallow dimer. This figure is a redrawn version and the
original one can be find in [5].

This channel is attractive and has three-body bound states, which are the

Efimov trimers.

8.1.2 Three-body recombination rate

These hyperspherical potentials dramatically change the scattering processes
of three-body system. Beside the a* scaling law [86], there are fine structures
for three-body loss rates when the three-body bound states are taken into
account. The physics behind can be understood with Fig. 8.3. For a < 0
and ry < R < |a|, the —1/R? hyperspherical potential is attractive and
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dominates the scattering processes. However, due the coupling between dif-
ferent hyperspherical potentials, there is a barrier near R ~ |a|. This barrier
induces the shape resonance and the height of which depends on a. Thus, by
tuning a to certain value, the scattering state is strongly coupled to weakly
bounded three-body states, which then quickly decay due to large wave func-
tion overlaps with deeply bounded dimer states. The released binding energy

makes all the three atoms run away from the trap. As a result, there is a
(n)

series of loss resonances, the located of which are denoted as a>’. For a > 0,
there are two paths for the scattering as indicated in Fig. 8.3. The destruc-
tively interference between these two paths mitigate three-body loss. The
loss minima are located at af).

For a < 0, there is no shallow dimer and the three particles can only
recombine into deeply bounded dimers. However, recombination into the
shallow dimer also contribute to the loss reate [136]. Consequently, the rate

constant for recombination a reads

)
67.12¢ ™ [sin’ (soln (a/a)) + sinh®n ]
4
a= ha” +16.84 (1 — e~ "), (a > 0) (8.6)
" 4590sinth (217 )
. 9 . D) ) (CL < O)
L sin® [soln (a/a_)] + sinh®n_

The n4 describe decay probability to deeply bounded molecules, which gen-
erate the width of the Efimov resonances. In an “atom + dimer” system,
by colliding with an atom, the weakly bounded dimer can decay to a deeply
bounded dimers. The released binding energy is transferred to kinetic ener-

gies of recoiled atom and dimer. This dimer relaxation rate is [136]

20.3sinh (27) ha
sin” [sln (a/a.)] + sinh®n, m
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Considering a heteronuclear system with one boson of mass m; and two
identical bosons of mass mgy. If the interspecies s-wave scattering length
a > ry and intraspecies s-wave scattering lengths are zero, the three-body

recombination rate is [140]

/

sin’ [sln (a/a.,)] + sinh’n, N
sinh? (msg + 1) + cos? [soln (a/a.)]
hia* i
0= C(0) pha’ __ coth (7sg) coshn, sinhn, C(@>0) (88)
my | sinh” (wsg + ny) + cos? [soln (a/ay )]
1 coth (mso) sinh (2n_) (a < 0)
( 2sin? [soln (a/a_)] + sinh®n_’
At zero temperature, the dimer relaxation rate is
d(0+2 inh (2 h
B = 2mCy () 202 sinh (217, fa (8.9)

d+1 sin®[soln (a/a,)] + sinh’n, my

Here D = 12872 (47 — 3v/3), § = my/ms is the mass ratio, and C (9) is a
constant depends on §. The scaling factor exp (7/sg) relates to a equation of

So-
2sinh (¢so)

socosh (ms/2) — sin (2¢)

=0 (8.10)

with the parameter ¢

¢ = arcsin (?15) (8.11)

Theoretically, it is possible to observe many Efimov resonances near a
Feshbach resonances. However, the finite stability of the magnetic field pre-
vents tuning a to a very large value. Another theoretical restriction is that at
the unitary limit, a is not a good characteristic length scale and the recom-
bination rate depends the thermal de broglie wavelength instead of a. For

a finite temperature T', the three-body recombination rate in a homonuclear
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system saturates to [141, 142]

Upazr = (?)lf\/_j_::))—ZQhZ (1 — 6_477) (812)
B m

Therefore, the temperature of system need to be prepared low enough for
observing more Efimov resonances.

For identical bosons, the scaling factor e™* = 22.7. Which makes it
is hard to observe the first excited Efimov resonance. (Only recently, the
second Efimov resonance has been observed in Cs gas [121] by creating a
sample with a temperature lower than 10 nK.) However, for heteronuclear
system with large mass ratio, the scaling factor is much smaller which makes
it is preferable to study the Efimov physics. For 6Li-!33Cs, the scaling factor

is about 5 and two excited Efimov resonances are observed [130, 133].

8.1.3 Van der Waals universality

The previous results are valid in condition that a > ry where the effect of
finite 7y is neglected. However this is not true for real system. Due to the
complexity of short range details and differences between atomic species, it
used to be believed that there was no universality for the three-body pa-
rameters(3BP). (There are different definitions of 3BP. In this thesis, 3BP is
defined as the location of first Efimov resonance at a < 0 side: a(,l).) How-
ever, people find that all the homonuclear 3BP happen to be about —9.1r 4w
except the ¥K experiments where a'") = —23.3r,qy [143]. This disagreement
between predictions and experimental results attract many studies and trig-
ger the theory of van der Waals universality [144].

For the case of three identical bosons, this universality results from a

potential barrier located at about R ~ 27,4 [145, 146]. This barrier reflects
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scattering wave function and helps to protect the three-body physics from
the short range details of the interaction.

For the heteronuclear mixture of two identical bosons H, with a mass
of my, and a third distinguishable atom L, with a mass of m, there are
two situations depends on the mass ratio. If my/myp > 1, it is easier to
observe more Efimov resonances thanks to the smaller scaling factor e™/*°.
In this “Efimov-favored” system, the universality can be understand with a
Born-Oppenheimer approximation where the motion of light atom and heavy
atoms can be separated. The corresponding potential for two heavy atoms

reads

Upo (1) = Vupm (r) + Vpo (1) (8.13)

where Vg (1) is the bare two H atom interaction which is nothing but a van
der Waals interaction —1/r%. Vpo (r) is interaction induced by atom L. For
r < a, Vgo (r) < —1/r? [4]. In the range 7 < ryroaw, Upo (1) is dominated
by Vg (r) and the short range details are absorbed by aypy. Consequently,
the 3BP only depends on ayy, rygw and mpy/my [147]. For a “Efimov-
unfavored” system where the my/my < 1, there is also a universal repulsive

barrier similar with identical the bosons case. [147]

8.2 Four-body system

After the prediction of the infinite three-body bound states, it is natural to

ask whether there is similar universality for N-body system(N > 4).
Although there is no Efimov effect for N(N > 3) particles when the
binding energy of (N — 1) body bound state is tuned to zero [148]. There
(n)

are two kinds of other 4-body bound states as shown in Fig. 8.4. Near a, ’,

the atom-dimer scattering length a.q diverges. Therefore the “atom-atom-
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Figure 8.4: Schematic picture of the four-body physics of an identical boson
system. For a > 0, there are two lines corresponding to the “dimer-atom-
atom” curve (black solid line) and the “dimer-dimer” curve (purple solid
line), respectively. For every trimer state (blue line), there are two tetramers

(dashed lines). There are several intersectant scattering lengths: ai’? for

trimer state and the “dimer-dimer” curve; a'V for trimer state and dimer
state; af&)’i) and a%’z) for tetramers and the “dimer-dimer” curve. Near a{
scattering length between dimer and atom diverges and there are a series of

bound states similar with unequal mass three-body scenario. For a < 0, the
two tetramers connect with the free atom threshold at afji) and a%’i).

Y

dimer” system is similar with an unequal mass three-body problem and there
are an infinite bound states. People also predict that there are two universal
tetramers associated with every Efimov trimer [149]. The ratios between

several interesting scattering lengths are

ay? = 0.43a"™, aly? = 0.90a" (8.14)
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for a < 0 [150] and
az(fbl:i) =2.37a\", afg”f) = 6.6a", CLE;;::) = 6.73a{™ (8.15)

for a > 0 [151].

Similar with three-body scenario, collisional behaviors strongly depend on
these four-body states. Experimental observations of four-body resonances
are reported in homonuclear systems [18, 150, 113, 152].

Extending the four-body scenario to heteronulcear system, the picture is
more complicated. Considering a mixture composed of bosons H and bosons
L, there are two kinds of trimers, “HHL” and “HLL”, and three kinds of
tetramers, “HLLL”, “HHLL”, “HHHL”. All these trimers and tetramers
states depends on the mass ratio my/my. There are some theoretic work
about this problem, but most of them focus on the “HHHL” tetramers in the
limit of my/mpy < 1 [153, 154].

8.3 Experimental in Na-Rb system

The three-body physics have been well studied in heteronuclear mixture of
Li-Cs[130, 131, 132, 133], "Li-*"Rb [134], ' K-8"Rb [128] and “°K-3"Rb [129].
However, except for the experiments of *°K-8"Rb, other experiments focus
on the a < 0 region. And no experimental observations of heteronuclear
four-body resonances are reported. Therefore we use our Na-Rb Bose-Bose
system to study some three-body and four-body processes. The experimental

details are presented in this part.
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8.3.1 Theoretical predictions for Na-Rb mixture

Thanks to previous works, the locations of Efimov resonances are predictable.
The useful parameters of Na-Rb system are summarized here.

The 3BP parameter depends on short range details of Na-Rb (ryqw =
57.8ag [3]) and Rb-Rb (r,qw = 82.6a¢ [39]) interactions. According to [147,
155], the first NaRbRb Efimov resonance locates at

a_ = —13170ay (8.16)

The scaling factors of the two kinds of Efimov trimers are [4, 136]

NaNaRb :sq = 0.1565, ™% = 5.2 x 108
(8.17)
NaRbRb :sy = 0.8703, e™/*° = 36.96

For “NaNaRb”, the scaling factor is so large that it is impossible to
observe more than one of this kind of Efimov resonances. For the more
preferable trimer “NaRbRb”, K. Helfrich el al., [140] give a prediction of

about the ratios between a_, a, and ay as

e R L LI Y (8.18)
Qs a, Qs 6.08

Thus the atom-dimer resonance should be observed at ai1):133a07 the three-
body recombination minimum should be deteceted at a(j) = 2166ay.

Since the mass ratio between Na and Rb is 3.8, much smaller than the
critical value 13 for two “HHHL” tetramers [154], there should be only one
“NaRbRDbRb” tetramer. The “NaNaRbRb” tetramer has four resonant inter-
acting pairs of “Na-Rb”, while “NaRbRbRb” has only three pairs. Therefore,

the “NaNaRbRb” is bounded deeper than “NaRbRbRb” and there should
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be at least one “NaNaRbRb” tetramer.

8.3.2 Atom-dimer collisions

We firstly study the dimer relaxation rate which have a resonance at a,
where the Efimov trimer state is degenerate with the “atom-dimer” threshold.
We focus on the “Rb-dimer” mixture since this combination have a smaller
scaling factor.

After magneto-association, we use a blast laser to remove the unassociated
Na atoms. Firstly a 30 us MW ARP is used to transfer Na atoms from
|FF = 1,mp = 1) to |F = 2,mp = 2) state. Then a laser pulse, which is
resonant with the |F' = 2, mp = 2) <> |’ = 3,m} = 3) transition, pushes
the Na atoms out of the trap in 5 us. Repeating this process for several
times, all Na atoms can be removed in 150 ps. (In this experiment, the MW
system has been upgraded and the MW Rabi frequency is about 45 kHz.)

In this “Rb-dimer” mixture, the evolution of the dimer and Rb numbers

obey differential equations as

d
iy (r,1) = =1 (r,1) — 2Bpmmn2, (v, 1) — Bamnm (v, 1) ng (v, 1)
d

L (r,t) = —yng (r,t) — BamNm (r, 1) ng (1, 1)

(8.19)

here n; (r,t), (i = a, m) are the density of Rb atoms and dimers, respectively.
Bam and B, are two-body collision rate for “Rb + dimer” and “dimer +
dimer”. Here we assume that one dimer is lost for every “Rb-dimer” collision
and two dimer are lost for every “dimer-dimer” collision.

If n, > n,,, the B4, term dominates the dimer loss. Integrating the
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equation, we get

d

ENm (t) = _BamCamNa (t) Nm (t) . (820)

Cum = [ 14 (r)ny, (r)dr/ (NyNy,) is the density overlap. In the limit of
N, > N,,, by assuming that the system is always in a thermal equilibrium
state and with a constant temperature 7', N, (t) obey a exponential decay

function

Ny (t) = Noe Kot (8.21)

where K., = BamCamNg-

In our Rb-dimer mixture, we have about 6x10* Rb and 6 x 10® dimer. The
temperatures are measured to be 0.254(6)uK (0.465(28) pK) for Rb(dimer).
And the trap frequencies are 2m x {43.0(1.4), 155.3(3.4), 155.3(3.4) }Hz for
Rb and 27 x {44.7(1.5),161.53.5,161.5(3.5) }Hz for dimer. The calculated
differential gravity sag d, is 4.87um. The inhomogeneity of magnetic field is
measured to be smaller than 0.5 G/cm at 347 G magnetic field, which has a
neglectable effect for the atom-dimer density overlap. The size of Rb(dimer)
sample in vertical direction is 7.1(2)um (9.3(3)pum), which are comparable
with d,. Therefore, ¢, has to be taken into account when calculating Cl,,.

By tuning the magnetic field near the resonant magnetic field, we get
the atom-dimer collision rates as Fig. 8.8 (b). In the spectrum a resonant
peak is observed. Fitting the Rb-dimer data with E.q. 8.9 and sy = 0.8703,
we get Cy = 1.13(3), ny = 0.320(12) and a. = 184(3)ap. Compared with
the prediction of a, = 133aq, the fitted value is about 40% larger. And
the theoretical prediction of Cy is 2.254 [140]. These discrepancies have also
been observed in [129] and may due to the finite temperature effect. Another

possible reason is that an assumption of ana.na. = 0 and anarp — 00 is used



CHAPTER 8. INVESTIGATING FEW-BODY PHYSICS WITH NA
AND RB MIXTURES 101

in [140], which is invalid for our system. And the fitting function E.q. 8.21
is oversimplified for our experiments since the Rb-dimer mixture is not in a

thermal equilibrium state by an estimation with E.q. 5.5.

8.3.3 Dimer-dimer collisions

We then study the dimer-dimer collisions. The pure Feshbach molecules
sample is created by magneto-association and a magnetic gradient pulse as
discussed in previous chapters. Then we ramp the magnetic field to various

values in 3 ms. The number of dimers is recorded for different holding time.

ol

——

Dimer Number(10°)
II—‘ N C:O EAN

0 50 100 150 200 250
Holding time(ms)

o

Figure 8.5: Typical loss curve of dimers. The dimer sample is prepared at
a = 900ay and with a temperature about 0.327 K. The red, blue and green
solid lines are fitting results of pure one-, two- and three-body loss functions.

For a pure dimer system, the density n (r,t) obeys a differential equation

d

il (r,t) = —yn (r,t) — ngBn? (r,t) — ngan® (v, t) (8.22)

where v, 3, « are event rates for the one-, two- and three-body loss processes
and ng, are corresponding lost particle number in every collision event. Al-

though some publications claim that n, depends on experimental details and
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can be larger than 3 [117, 156, 157] due to the avalanche mechanism, there
is still debating on the validation of this model [158]. Therefore, we assume
ng = 2 and n, = 3 in this thesis. Other higher-body processes are ne-
glected here. With a further approximation that the system is in a thermal

equilibrium state and with a constant temperature 7', the density is

(8.23)

t) = N
n(r7 ) . <27T]€BT QkBT

m )3/2 [ m (w2z? + way? + w?)
exp | —

)1/3

W = (Wpwyw, is the average trap frequency. Integrating the sample we

can get an equation of number N (t) as

%N (t) = —yN (t) — KoN? (t) — K3N° (t) (8.24)

where

mw? 3/2 mw? 3
Ky = Ky =373/ o 8.25
2 (47rkBT> pre, K (2wk3T> o (8:25)

This differential equation can be solved for different experimental param-

eters:

two-body loss: KoN? > vN, K3N3

No
N (t) = 8.26
(®) 1+ NoKs (t — to) (8:26)
three-body loss: KsN3 > yN, K,N?
N,
N (t) = 0 (8.27)
V1+ K3NE (t—tg)
one- and two-body loss: YN, KoN? > K3N3
N,
N () = 70 (8.28)

(v 4+ K3Ng) exp [y (t — tg)] — K2Ng



CHAPTER 8. INVESTIGATING FEW-BODY PHYSICS WITH NA
AND RB MIXTURES 103

one- and three-body loss: YN, K3N?3 > KyN?

TING
N(t) = \/(7 + K3Ng) exp [27 (t — to)] — K3N¢g

(8.29)

For our experiment, the temperature of dimer is ~ 0.327uK, which is
smaller than the dimer binding energies of all the measurements up to 2000a,
where the binding energy is about 1.2 uK. Therefore, the dimers only have
a small possibility to be dissociated by dimer collisions with initial kinetic
energy.

The two-body loss may result from three process: (1):“NaRb + NaRb —
NaRbRb + Na”, two dimers form a NaRbRb trimer which will be enhanced
when NaRbRb trimer is degenerate with the “dimer + dimer” scattering
continuum. (2):“NaRb + NaRb — NaNaRb + Rb”, similar with (1) but
associated with the NaNaRb trimer; and (3): “NaRb + NaRb — NaRb’ +
NaRb"”, collision with another dimer makes a dimer decay to deeply bounded
molecular states and the released binding energy is taken away as kinetic
energy, which is similar with the dimer relaxation. This process will be en-
hanced when the NaNaRbRb tetramer is degenerate with the “dimer+dimer”
combination.

The possible three-body loss mechanism is similar with the situation of
three atoms near a Feshbach resonance. Here two dimers can form a four-
body state NaNaRbRb and the binding energy is transferred to kinetic en-
ergies and all the three dimers leave the trap. A three-body loss resonance
should also be observed near critical scattering length where NaNaRbRb is
degenerate with the “dimer+dimer” combination.

A typical loss curve is shown in Fig. 8.5. Fitted results of the one-, two-
and three-body loss functions are shown with solid curves. It is clear that the

one-body loss function (red curve) can not capture the loss feature. And the
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fitting results of the two- and three-body loss functions work much better.
However, it is hard to tell apart which one is correct. Actually, there is no
obvious difference between the calculated x? for these two fittings over all
the measured a. Using “one- and two-body” loss function (E.q. 8.28) or
“one- and three-body” loss fucntion (E.q. 8.29), we get unphysical results of
~v. The results by fitting with “two- and three-body” loss function are not
on a solid ground since the fitted results have large uncertainty. Therefore,

it is the two-body and three-body loss functions are used to fit the data.

(a) (b) (c)
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Figure 8.6: Dimer trap frequency measurement. (Measured with Rb sig-
nals.) After pure dimer sample is prepared, the dimer position is recorded
for different holding times. The results are shown in (a) and (b) for z-(tightly
confined) and x-(loosely confined) direction. (c) is the measured size of dimer
sample for z-(dots) and x-(squares) directions. The solid lines are fittings of
a damped/undamped sine curve.

In order to calculate the collision rate, number, temperature and trap
frequencies have to be measured accurately. However, we observe oscilla-
tions of dimers’ position and size, as shown in Fig. 8.6. Fitting with a
damped sine curve, the damping time constant is about 12.0(1.7) ms for
the dipole oscillations in z-direction. However, due to the unobvious damp-
ing behavior of the dipole oscialltion in x direction, the fitted result has a
large uncertainty as 185(102)ms. Therefore, it is treated as an undamped
oscillation in following calculations. With these data, we can get two trap

frequencies as w, = 2rx 120.2(5.1) Hz and w, = 27x 23.3(0.4) Hz. For the
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Figure 8.7: Collision rates for dimer system. (a) and (b) are fitted re-
sults of two-body and three-body loss functions respectively. Scattering
lengths are calculated by considering two s-wave resonances [6] with formula
a(B) = apg [[,=15[1 — A;/ (B — Byes;)]. Error bars of collision rates result
from fitting procéss while error bars of scattering length comes from mag-
netic field calibrations, magnetic field stability of 10 mG and uncertainties
of parameters of the two FRs.

measured size of the dimer sample, the oscillation in x-direction is quickly
damped while it is not in z-direction. Fitted with an undamped sine func-
tion for the data of z-direction reveals a frequency of ws = 2w x 48.5(0.9)
Hz. w, is about a half of w3 because w3 corresponds to the breathing mode
while w, corresponds to the dipole mode of an excitation of a thermal cloud.
By summarizing signals from Na and Rb, we get the trap freugencies as
21 x {23.1(0.6),121.1(5.6),121.1(5.6) } Hz. (Due to the cylindrical symme-
try of the trap, we assign the trap frequency of y-direction is the same as
that of the z-direction.) The temperature is measured to be 0.327(66)uK
with time of flight method after 100 ms holding time, when the oscillations
in z-direction have damped out. In this measurement, the binding energy
releasing during dissociation has been taken into consideration by let dimer
fly before dissociation [159].

By tuning the magnetic field from 335.6 G to 347.48 GG, we can measure
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Figure 8.8: Collision rates for dimer-dimer(a) and Rb-dimer(b) system. The
error bars of § comes from number, temperature and trap frequencies mea-
surements while that of a comes from magnetic field calibration, stability of
10 mG and uncertainty of parameters of the two FRs. The solid curves in
(b) is fitting result of E.q. 8.9.

the collisional rates for 100ay < a < 2000aq. (The upper limit is determined
by 1/k, where k = \/2ukgT/h is the thermal wave number and u is the
reduced mass of two dimers.) The overall behavior is shown in Fig. 8.7. Using
the measured temperature, we can calculate the unitary limit of the two-
body collision rate as 8 (v) /k* = 3.8 x 107%cm ™3 /s and of the three-body

collision rate as yup = ff;(/gg;’éz = 6.46 x 1072%cm~%/s. Which means that

the fittings with the three-body loss function are non physical. Therefore, it
is the two-body collisions which cause the loss of dimers.

There is a resonant peak located at ~ 600ay and a dip near 1500aq. (Fit-
ting the specturm with a phenomenological function of “linear + Gaussian”,
we have the resonant peak at 658 ag.) For a magnetic field further close

to resonant magnetic field, the collision rate increases. The resonant peak



CHAPTER 8. INVESTIGATING FEW-BODY PHYSICS WITH NA
AND RB MIXTURES 107

may come from the enhancement of “NaRb + NaRb — NaRb’+NaRb” ” or
“NaRb + NaRb — NaRbRb + Na” (“NaRb + NaRb — NaNaRb + Rb”) as
mentioned before. Here NaRb’ and NaRb” are molecules with different inter-
nal degree of freedom. However, we cannot detect free atomic signals during
the holding times. If a is close to the cross point of the trimer state and the
“dimer + dimer” state, the energy difference between the “trimer+atom”
and the “dimer+dimer” should be too small to let the generated free atoms
run away from the trap. Therefore, it is believed that this loss resonance
results from tetramer NaNaRbRb.

Comparing the measured “atom+dimer” and “dimer+dimer” collision
rates, as shown in Fig. 8.8, the resonant peak of S4p is right at a minimum
of fpp. (It is an one-point minimum right now. We will take more data
later.) A similar result has been observed and explained in the homonuclear
situation [160, 151]. At the a., the dimer-dimer scattering length approaches
zero and there is a dimer-dimer recombination minimum. (In the experiments
of [160], only the recombination minimum is observed.)

According to numerical calculations by Prof. Doerte Blume (WSU), the
ratio of ay /a, is about 2.5. (a is defined for the intersectant point of the Na-
NaRbRbD tetramer and the NaRbRb trimer.) (In the calculation a zero-range
approximation is used, the two-body potentials are the attractive Gaussian
potentials, and a repulsive three-body potential is used to stabilize the sys-
tem. For more details, please read the upcoming publications.) However,
the experimental result is 3.6. More experimental and theoretical works are

needed to understand these observations.

O End of Chapter.



Chapter 9

Outlook

The NaRb FMs have been successfully transferred to the rovibrational ground
state with STIRAP [49]. Different hyperfine states of NaRb molecules, in-
cluding the absolute ground state with Mpr = mY*+mf® = 3, can be reached
by changing the polarizations and frequencies of the STIRAP lasers. The one
way STIRAP efficiency is about 80%. An electric field as high as 1.5 kV/cm
is created which can induce a dipole moment larger than 1 Debye. How-
ever the measured two-body loss rate coefficient of the ground state NaRb

3. 571, which limits the lifetime of

molecules is as high as 2.5(9) x 10719 ¢cm
the NaRb molecules to be about 200 ms. Works are underway to study the
mechanisms of such large loss rates. Possible reasons are photo-association
effect of the ODT laser, collisions with molecules in excited states due to
the imperfect STIRAP process, and sticky collisions caused by formation of
four-body complex. In order to increase the lifetime of NaRb molecules, we
can load them into the optical lattice. Another method is using a DC elec-
tric field to shielding the collisions when the molecules are populated into

the rotation state of J” = 1. The principle of this shielding mechanism was

explained in [161, 162]. The basic idea is as follows. Thanks to the coupling
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between different rotation levels, the adiabatic potential of the incident chan-
nel which are composed of two J” = 1 molecules has a repulsive barrier at
certain DC field. So the two molecules cannot approach one another as close
as before. Consequently, this shielding reduces the possibility of the inelastic
collisions as well as chemical reactions.

The significance of formation of ultracold ground state dipolar molecules
are well reviewed in many articles [163, 24]. With the integrated dipole-
dipole interactions, there are many novel quantum effects like super-solid
phases [164, 165, 24|, dipolar crysalline phases [166]. The possible appli-
cations of ultracold dipolar moelcules are not limited to the realization of
models with more complex Hamiltonians but also a new platform for quan-
tum computation [167, 168].

Both Na and Rb are suitable for study physics of spinor gases. We
have observed the heteronuclear coherent spin dynamics [66]. And it also
be proved that a vector light shift can be used to control the heteronu-
clear collision process. The double spinor gases are a possible realization of
bosonic Kondo model by replacing the two orbits with two different kinds
of atoms. Another possible application is generating entanglement between
distinguishable atoms.

There are plenty of other experiments when the interspecies interactions
are tuned to be resonant. If the number ratio of these two kinds of atoms are
large, we can study the impurity problem in a boson-boson system [169, 170,
171]. On the other hand, the few-body experiments can be pushed further

with colder atom-dimer and dimer-dimer mixtures.

O End of Chapter.
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Na and Rb laser
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Figure A.1: Optical layout of Rb lasers.
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Figure A.2: Optical layout of Na lasers.
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Appendix B

Numerical simulation of the

coupled GP equations

In this part, I will describe how we numerically simulate the density distri-
bution of the dBECs.
Let us firstly recall the coupled GP equations:

h2
{—2— + Vept1 + 911’¢1|2 + 912\¢2|2} 01 = [P
my

h2 (B1>
{—2— + Vewto + gr2|n|* + 922\¢2|2} P2 = a2
mo

Where the gravity acceleration, atom mass, reduced mass, atom numbers,
chemical potentials, intra-(inter-) species s-wave scattering lengths, intra(inter-

) species interaction strengths and the external potentials are m;, m;; =

MmN g g = 2E%i = om (W2 W ? 4 w? 2
mitm;’ Nw Miy Qs Gij = mi; ‘/ext,z = my (Wx7i$ —l—wy’iy +wz,i2 )/2 +

m;gz (i = 1,2), respectively. The wave functions ¢;, ¢o are normalized by
Ni - de‘TLZ - fdr|¢i|27 (Z = 1a2)

In order to obtain the ground state of the dBECs, one need minimize the
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total energy of this system

h? h?
E = /dr <2—ml|v¢1|2 + Veara (v) |o1]* + 2—mQ|V¢2’2 + Veatz (r) ||

1 1
+ 5911’¢1|4 + 5922’¢2|4 + 912|¢1|2|¢2|2
(B.2)

Typically it is difficult to get an analytical solution. However one can
use numerical methods to get the ground state density distribution. One
widely used method is the steepest-descent approach, which is applicable to
find a minimum of a function with several variables [172]. The essence of
this method is “continuously projecting onto the minimum of the functional
an initial trial state by propagating it in imaginary time” [173]. As the
imaginary time goes to infinity, the trial function will converge to the exact
solution. The time evolution reads

%¢ (r,t) = —% (B.3)
where ¢ indicate the constrained functional derivative that preseves the nor-
malization. It means that at each step defined by §t, the wavefunction moves
a little along the gradient —0E/§¢* (r,t). The functional derivative could be
obtained by

—Mf ff, 5 = Holr1) (B.4)
where the Hamiltonian relies on the wave functions of previous step. The
end results corresponding to d¢ (r,t) /Ot = 0. In practice, we choose small
time step At and use
¢ (r,t) — AtHo (r,t) JN

Ot A = e VY (B.5)
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as the iterating equation until the converge condition is fulfilled. The men-
tioned equation above can be directly used to obtain the ground state of

single species BEC. And it is easy to be generalized to dBECs

e ey LA
bt A0 = Y |
where the Hamiltonians are
Hi (r) = _Q’i_ﬂ;w #Vos @)+ gulen () £ gulbs 0OF
Hy (r) = —%V? Vit (1) + g12l6n (1)  + gl (x) o

In order to avoid dealing with small numbers, it is useful to transform

the equations to some dimensionless ones with the following rules

(
t— o Wm = MAN{ Wy 1, Wy, 1, W21, We 2, Wy 2, W2}
m

T — zag, a9 = v/ h/miwy,
Gi — @/GS/Q
Q — Qu,,

E() = hw,E ()

2
| 9 gawy,

This transformation can be directly used to the equal mass dBECs. But for

the unequal mass case, there is a factor shows up when doing the transfor-
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Table B.1: Splitting methods

name formula CIror
Lie ctH At iH At iAt27[HK2’HI]+O N
Strang JIH [ AL/2 iH AL iH i AL/2 iAtS([HIv[fgvHKH _[HKv[in(vHI”>+O<At4)
WSS (eiHKAteiHIAt;eiHIAteiHKAt) O<At3)
mation:
( 2 2 2
1 0 0 0 1
+ hwmﬁn‘%’? + hewm Bra | (B.9)
0? 0? 0? 1 Mo '
( ) (w o " 0 ) R (m) O
+ 75723/2 + ’737222 + hwmBrz| 1] + hwy, Bas|da]?
where Yig = wi,j/wm7 (Z =Y, Za] = 1a 2) and 511 — T 76 = % /812 -

2mwals (m1 +m2)

v . We need note that in this calculation, a coordinate move trans-

formation about z; — 2, + ¢ /cui1 and 2o — 2 + g/w, 2 are performed for

these two atoms and the energy zero points also chaneged about “* 922
wz,l

2 . . .
72 -%—. The mentioned equations above can be used to solve static problems
z,2

and

such as simulating the ground state of dBECs. However, in order to solve
the dynamic ones, a time splitting is necessary.

For a dimensionless time dependent GP equation

0

1
50 = (—§V2+V+B|¢|> ¢ (B.10)

the kinetic part Hx = —%VQ is diagonalized in the momentum space while
the remaining part H; = V+ 3 |¢| is diagonalized in the real space. Therefore

one can split the total Hamiltonian into Hx and H; and then solve this
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equation in the two spaces separately. Although

I HrHHIAL o (iH At giH AL (B.11)

there are kinds of splitting methods summarized in Table. B.1. Taking the
Strang splitting as an example: with certain ¢t and wave function ¢ (t), we

can get ¢ (t + At) with following steps:

¢1 — eiH[(t)At/2¢ (t)

¢2 = F [¢1]
¢3 — €iHK(t)At(b2

(B.12)
¢ = F " [¢3]

b = eI,
¢ (t+ At) = ¢5/ [¢s]

Here F and F~! are the Fourier and inverse Fourier transformation, respec-
tively.
In principle, this method can be used to simulate the time of flight by

expressing

Vo, (t<0)
V(t) = (B.13)
Vy, (t>0)

where Vo = Ve (z,9,2) + V, is the trap potential including the gravity
potential V,. However, since the atomic cloud expands fast, a large volume
needs to be meshed which costs too much computation resources. Therefore,
I only simulate the ground state density distribution in this thesis.

After calculating the density distributions of the dBECs with home writ-
ten codes, I find that there is an open source Matlab package for solving

static and dynamic GP equations [174, 175]. It is more powerful and flexible
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to solve different kinds of problems.

O End of Chapter.



Appendix C

Coils construction

There are many coils used in our apparatus. Details of simulation of the

magnetic fields and the construction of coils will be introduced in this part.

C.1  Magnetic Field Simulation

Usually, the coils are combinations of two basic configurations: a single turn
coil and a finite length straight wire. It is useful to calculate magnetic fields

generated by this two configurations (Fig. C.1) [176]

“Z “Z
y
(e Y Vs
! \‘ y L/2 L/2 X
7
X (a) (b)

Figure C.1: Configurations of a single turn coil(a) and a finite length straight
wire(b). The current is I.
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Single turn coil: A single coil with radius of R is placed in the plane of
z = A and centered at (z,y,2) = (0,0, A) The fields are

B _ hol 1 [ 2 R2—P2—(Z—A)25 k2]
u [(R+p)2+(z_A)2]l/2 ( )+(R—p)2+(z—A)2 e

R2+p2+(z—A)2

I z—A
2 B Pt GoAr ("’ﬂ (C.1)

20 [(R+p) + (2 — AY?]

Bx:gx
P

1/2 —-K (k2) +

B 7x><,uol z— A
y = — X ——
p27p [(R+0)? + (2 — 47?]

—K (K?) +

1/2

RP+p24+(z—A)? . 5
=7+ ap ¢ )]

where K and £ are the first and second kinds of complete elliptic integrals.

k* = 4Rp/ [(R+ p) + (2 — A)Q} and p = /2?2 4+ y%. po is vacuum perme-

ability.
Finite length straight wire: A straight wire with length L is placed in at
x-axis. The center is x = 0 and current is I:

By =0
B — z ol L/2—x —L/)2—=x
L= _
VP2 AP+ 2 ()2 - a)? 42 4 22 \/(—L/z —2)? +y2 + 22 (C.2)
B, — y wol L/2—x _ —L/)2—=x
VR 422 Am iy + 22 \/(L/Z — )% +y2 + 22 \/(—L/z —)° +y% + 22

These six equations can be used to simulate the magnetic fields of kinds
of coils when combined with spatial translation transformation and rotation
transformation. Then it is easy to optimize the coils’ configurations for dif-

ferent purposes, such as a homogenous magnetic field.

C.2 Coils Winding

There are two kinds of winding method: standard winding and back-winding.
It is easy to wind a standard pattern, but one end is at the inner side of the

coil while the other end is at the outer side. This winding makes the coil one
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Figure C.2: One winded QT coil(a) and the testing of the QT coil pair by
measuring the magnetic field with a Gauss meter (b).

layer thicker than the ideal one. What is more, the magnetic fields generated
by these two ends can not cancel each other and consequently which will
affect the homogeneity of the magnetic field. The back-winding is not a
straight-forward method but it has the advantage that both ends project
radially form the coil and the thickness exactly equals the ideal one. By
binding the two ends together, the inhomogeneity caused by the non-ideal
winding can be minimized.

We design some molds for these coil inspired by [177]. We wind the coils
with a lathe. The molds are mounted in the headstock spindle, copper tube
is fixed on the carriage via a Teflon cube. This Teflon cube helps to avoid
copper tube twisting during winding process and protects the isolation layer.
Firstly we fix the headstock position and manually wind the first layer of the
coil. Then we fix the corresponding end on the mold and rotate the headstock
spindle to wind other layers. The expoxy (NM25 500, Cotronics) is applied
during the winding. Since the cure time is about 4 hours, we have to finish

the winding in less than 2 hours. It is important to apply some lubricating
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grease on the surface of the molds before the winding in order to remove the

them after the epoxy cures. One winded coil is shown in Fig. C.2.

O End of Chapter. bibliography
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