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Abstract

Ultracold mixture of atomic gases is a subject with many interesting
applications. In this thesis, we present several recent developments in our
lab on the production and exploration of a ?*Na and 3Rb atomic mixture.
These include optimized preparation of this mixture with a multi-wavelength
optical dipole trap, a high field imaging system and the design of a “magic
wavelength” optical trap.

The multi-wavelength optical trap is formed by superimposing a crossed
1070 nm trap with a single beam 660 nm trap. In this trap, the relative trap
depth for Na and Rb can be tuned conveniently. By setting the trap depth
for Na a little deeper than that for Rb we swap the role of coolant from Na
to Rb in the evaporation process. This allows us to load more Rb atoms into
the optical trap while lose less Na atoms during the evaporation. With the
improved atomic mixture conditions, we have observed 2*Na’"Rb Feshbach
molecules.

An important capability for polar molecule experiment is to detect molecules
at high field. In this thesis an imaging system based on a DFB laser is de-
signed, with which the cycling transition for imaging can be driven under
high magnetic field. This laser system is also used for the residual atom
removal in the molecule experiment.

For future experiments on dipolar physics, it is desirable to have a large
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sample of molecules. Currently, our Feshbach molecule number is limited
by the low atom to molecule conversion efficiency. Part of the reason for
this is the poor overlap between the two cloud centers due to the gravita-
tional sags. To address this problem, a “magic wavelength” optical trap is
designed and constructed with a homemade tapered amplifier. In this trap
Na and Rb will see the same trap frequency. Thus the differential sag will
be canceled and spatial overlap can be improved. With this improvement,
the Feshbach molecule conversion efficiency should be enhanced and a larger

molecule sample can be obtained.
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Chapter 1

Introduction

1.1 General Context

The Bose-Einstein condensation (BEC) is a phenomenon that happens
when an ensemble of identical particles are cooled below a critical tempera-
ture where the inter-particle distance becomes comparable with the thermal
de Broglie wavelength of the particles, a macroscopical amount of particles
can occupy in the same quantum state. This was first proposed by Bose and
Einstein in 1924 (3, 4] from the quantum statistics theory, and realized in
the lab with dilute atomic gases of 8"Rb and Na atoms in 1995 [5, 6], and
subsequently in 1997 with Li atoms [7]. The achievement of the BEC is a
landmark for the study in contemporary physics, which leads to the award
of Nobel Prize in 2001 [8, 9].

The study of ultracold mixtures of two or more atomic species is one of the
most interesting topics in ultracold physics. The ultracold mixture exhibits
a lot of interesting phenomenons inaccessible in single species experiments.
The controlled tunability of the interspecies or intraspecies interaction via

the Feshbach resonance [10] further enriches the ultracold mixture system.
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Among various experiments, the realization of the double species BECs and
the formation of the Feshbach molecules has become one of the focuses.
The double BEC is a good candidate for many research fields, such as the
study of binary spinor physics [11, 12, 13], collision properties of the solitons
(14, 15, 16], and miscibility-immiscibility phase transition [17, 18], et al. The
ultracold polar molecule has a permanent electric momentum which enables
us to study the long range, anisotropic dipole dipole interaction. In addition,
when coupled with precise control the polar molecules will result in many
interesting research fields, such as some new quantum phases: superfluid,
supersolid, Mott insulator, checkerboard, and collapse phases et al [19, 20, 21,
22, 23|. The ultracold polar molecules will also be proved to be a good sample
for the simulation of condensed matter physics, precision measurement, many
body physics, quantum computation mediated by dipolar coupling between
molecular qubits, and controlled ultracold chemistry [24, 25, 26, 27].

To date, several heteronuclear Feshbach molecules have been achieved in
the two species mixtures, such as the 2*Nal’K [28], 2NaSLi [2], and “°K*Rb
[29] in the Bose-Fermi mixtures, or the #K8"Rb[30] and 8"Rb'*3Cs [31, 32] in
the Bose-Bose mixtures, or the Li*°K molecules in the Fermi-Fermi mixtures
[33]. Among them, only the *°K3"Rb molecules and the 8"Rb!33Cs molecules
in the rovibrational ground state have been achieved [34, 35].

Our lab is working on the Na+8"Rb combination. The favorable back-
ground scattering length of the single specie of Na and 3Rb makes itself
stable with the background interaction and suitable for the study of bina-
ry BECs experiments with tunable interaction [36, 37, 1]. In addition, the
23Na%"Rb molecule has a large dipole moment of 3.3D (1 a.u. ~2.54 D) [38],
and is immune to the exchange reaction 2Na®"Rb— Nay+5"Rby [39]. In the

last a few years, our lab has achieved the dual species BEC and the Feshbach
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resonance between ultracold Na and Rb [1, 40]. After that we are already on
the way pursing the 2NaS"Rb molecules in the absolute ground state, and
recently with some magic we have observed the 2>Na®"Rb Feshbach molecule

signals.

1.2 This thesis

In this thesis, I will describe several improvements to the CUHK NaRb
experiment implemented by me in the last two years. I will focus on the
multi-wavelength optical dipole trap, which allows us to tune the relative
trap depths between Na and Rb atoms. This improvement leads to a factor
of 3 increases in the number of atoms for the double BEC and finally enables
us to produce the NaRb Feshbach molecules. Several other works, including
the high field absorption imaging and a ”"magic wavelength” optical trap with
zero differential gravity sag will also be presented.

The organization of this thesis is as follows. In chapter 2, some theoret-
ical background is introduced, including the properties of the alkali metal
atoms, laser cooling and trapping principle, magnetic trapping, evaporation
principle, and some BEC basics. In chapter 3, the experimental setup is de-
scribed. Especially, we have given a detailed description of the properties of
the external cavity diode laser (ECDL) and the laser frequency stabilization
scheme for the Rb atoms. Chapter 4 to chapter 6 are the main part of this
thesis. In chapter 4 we present the setup of the multi-wavelength optical
dipole trap and experimental results. In chapter 5 the high field imaging
system for the Feshbach molecule experiment is described. In chapter 6 the
“magic wavelength” trap is described in which the double BEC of Na and
Rb are expected to overlap well. In chapter 7 we close this thesis with a

conclusion and some outlook for future work.
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O End of Chapter.



Chapter 2

Theoretical Background

2.1 Atomic Properties of Alkalis

The development of ultracold atom experiment relies on the detailed un-
derstanding of the atomic structure, e.g. the fine structure, the hyperfine
structure et al., and the interaction between the atom and light. The con-
trolled external magnetic field supports us the manipulation of the spin de-
gree of freedom. Thus, it is natural for us to take a look at the main proper-
ties of the atomic structure before focusing on the laser cooling and tapping

process.

2.1.1 Atomic Structure

An alkali atom in the ground state has an unpaired electron in the out-
ermost shell, e.g. 5s for Rb and 3s for Na. Due to the spin-orbit interaction
(E .S ), the first excite state can be split into a doublet structure which is
also known as the D; and D5 line, with a total electron angular momentum
J =1/2 and J = 3/2 respectively. Where J is given by J = L + S, and it
must be in the range |L — S| < J < L+ S. Here we will focus on the D,
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transition only.

Both the ground state and the first excited state can be further split due
to the coupling between the electron’s total angular momentum J and the
nuclear spin angular momentum f, which results in the hyperfine structure
characterized by the total atomic angular momentum decided by F=J+1I
Also, F should take the values within the range of |J —I| < F < J + [.
Both ¥"Rb and **Na have nuclear spin I = 3, thus their ground state, J = 3,
will be split into two hyperfine levels, i.e. F' =1 and F = 2. For 8 Rb, the
splitting between these two levels is ~6.8 GHz, while for Na, it’s ~1.77 GHz.
For the first excite state of the Dy line of ¥Rb (5?Pj/2) or Na (3*P35), F can
take the value of 0, 1, 2, or 3.

2.1.2 Zeeman Effects

Each of the above hyperfine levels has 2F 4+ 1 magnetic sublevels which
represents the possible projections of the angular momentum wavefunction
along the quantization axis, labeled as mp = F, F' — 1, ..., —F'. The selection
rules for these levels are AF, Ampr = 0, £1, except for Amp = 0 when AF =
0. For the laser cooling process, generally the special transition between
|FF'=2,mp =2) and |F = 3,mp = 3), also known as the cycling transition,
is used both for 8"Rb and Na due to the fact that the selection rules enable
the atom repeatedly scattering photons at the transition frequency, which
is the crucial principle of laser cooling and will be introduced in the next
section.

Without external magnetic fields, the magnetic sublevels are degenerate.
Within a magnetic field this degeneracy will be broken and these sublevels
will be shifted differently with the appearance of a B-field dependent struc-

ture. In the weak magnetic field range, when the energy shift is small com-
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Figure 2.1: Levels diagram of the D, line of 8Rb. The cycling transition
is used for laser cooling and trapping. For the magnetic effect only a linear
relationship is given in the low field region. The magnetic sublevels are not
shown.

pared to the hyperfine splitting, F is a good quantum number and the energy

shift can be expressed as [41]
AFE = ,uBgFmFBZ, (21)

where gp is the landé g-factor. For the ground state of both 8’Rb and Na,
gF:% and thus the Zeeman shift is ~0.7 MHz/G. For their D line, gp:§
and the relationship is then 0.93 MHz/G which is shown in figure 2.1 and
figure 2.2. If the magnetic field is so strong that the interaction energy
dominates the hyperfine splitting, the coupling between the total atomic

angular momentum J and the nuclear momentum I is then broken. This
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Figure 2.2: Levels diagram of the D5 line of Na. Compared with 3’Rb, both
the cycling transition and the magnetic effect in the low field region are the
same, the only difference is the frequency spacing between the the levels.

is referred to as the Paschen-Bach effect, the energy shift can be calculated
directly with formula from [42].

In our experiment, oftentimes the intermediate field is involved. In this
regime, the energy shift is much harder to calculate and generally one needs
to diagonalize the Hamiltonian which consists of the hyperfine splitting and
the B-field induced energy shift. However, for the ground state the Breit-
Rabi formula works very well. In picture 2.3 and figure 2.4 the energy of the
hyperfine sublevels of the ground state in the B-field of both ¥’ Rb and Na is

shown, from low field to strong field.
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Figure 2.3: ®"Rb 5255 (ground) level hyperfine structure in an external
magnetic field.

2.2 Laser Cooling

Laser cooling is a technique which provides a powerful tool toward the
ultracold temperature regime. Its discovery led to the award of the 1997
Nobel Prize [43, 44, 45]. To date, it is still a indispensable technique for
ultracold quantum gas study. In this section, we will introduce the main
principle of laser cooling as well as its limits. For more detailed description,

one may refer to [46, 47] and reference therein.

2.2.1 Scattering Force

Fundamentally, the laser cooling process relies on the interaction between
the atom and a near resonant light. The cooling laser linewidth is required
to be smaller than that of the atomic transition, and the detuning is typ-
ically < 3I' (I is the atomic transition linewidth). For simplicity, we may

take the atom as a two level system which has two kinds of cycles, i.e. the
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Figure 2.4: Na 3?S; /5 (ground) level hyperfine structure in an external mag-
netic field.

stimulated emission or spontaneous emission with a stimulated absorption.
Each absorption process imparts the atom a recoil velocity of Uccon = hk /M
(M is the mass of the atom). However, the spontaneous emission has a ran-
dom direction, i.e. the time averaged momentum transfer of many circles
of spontaneous emission is zero. For the stimulated emission process, the
emitted photon just has the same momentum as the absorbed photon. Thus,
after a single absorption-emission circle the net momentum transfer is just
the photon recoil momentum, arising from which the scattering force can be

obtained as:

—

F,=hk-=-T I/1y

1
2 1+1/I+ () (22)

Where A is the laser detuning, [y is the saturation intensity, I is the light

intensity.
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2.2.2 Doppler Cooling

In the real situation, the atom has a velocity distribution which causes
a Doppler shift typically on the order of 1 GHz at room temperature. The
Doppler cooling technique addresses this issue by providing a velocity depen-

dent force to the atoms. The schematic diagram of this process is illustrated

A |2>
on resonance

w - kv w + kv

|1>

WS

I mm——

—
F=-av \

Figure 2.5: Doppler cooling principle shown in a 1-D case.

in figure 2.5. The cooling mechanism can be understood as that for a sta-
tionary atom, the radiation force from the two counter-propagating lights
with frequency w slightly red detuned from resonance wy can balance each
other. For a moving atom the Doppler effect leads to the light opposite to
the moving atom much closer to the transition, and the other beam further

red detuned. As a result, the atom will be slowed down by the imbalanced
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force from the two beams. The mathematical expression is

Fmolasses = Fscatter(w — Wy — kU) - Fscatter(w — W + ]{?U)

Lk I/To S I/1o
T2 I L AR T 2 T I + AR (23)
~ 87’Lk2i A/T v = —aQu.

Iy[1+ (2A/T)22°

From which one may expect that the velocity can be reduced to 0. However,
if we go back to the above discussion, we will find that though the random
spontaneous emission (v = 0) has no net contribution to the momentum of
the atom, it does has a kinetic energy (v2 # 0) which leads to a heating
effect. The balance between the cooling and heating determines the Doppler

cooling limit:

LI

o (2.4)

TDoppler =

As the atoms in a real gas are moving in all directions, generally three
pairs of counter-propagating beams with nearly equal power are used to cool

the atom cloud. For the Dy line of ¥Rb and Na , Thoppier is 145 pK and 235

uK, respectively.

2.2.3 Sub-Doppler Cooling

The real atom has a much more complicated atomic structure (Zeeman
sublevels) instead of the simple two levels system considered in the above.
And the interference between the two counter-propagating laser beams may
form a spatial varying light polarization. As a result, the atomic magnetic
sublevels will experience a position dependent AC Stark shift. The additional

light shift in turn acts on the atom as a potential well, along with spontaneous
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emitting, the atom can be further cooled by the process known as Sisyphus
cooling [48, 49]. In this mechanism the cooling force has a much larger
damping force which brings the atom to the sub-Doppler temperature regime.
The limited temperature obtainable is the recoil limit:
(hk)?
Mkp

2E,
=

Trecoil =

(2.5)

2.3 Magneto-Optical Trap

The first MOT is realized and understood by a collaboration between
MIT and Steven Chu’s group [50]. To illustrate the main principle, we take
a 1-D case as an example to show how the atoms get trapped, see figure 2.6.
Consider the transition between Sy (J=0) and P, (J=1) state. At the B field
zero position (z=0) the Zeeman sublevels are degenerate. Away from the
B-field zero, the magnetic sublevels will be split linearly with the atoms’s
position according to the Zeeman effect. And if the atoms are displaced from
the trap center at z < 0 (z > 0), the my = 1 (m; = —1) sublevel will
be shifted down. If shine two slightly red detuned circular polarized beams
with opposite handedness to these atoms, the Zeeman shift will drive this
group of atoms much closer to the atomic transition. As a result the o*
(07) transition will be excited and the imbalanced radiation force between
the two beams will push the atoms toward the trap center.

Mathematically, it can be described as a combination of the laser cooling
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Figure 2.6: An 1-D example for illustrating the general principle of the MOT
onaJ =0+ J =1 transition.

technique and Zeeman effect as [47]

FMOT = F;c-;tter(w — kv — (CUO + 6'Z>) - F;c;ttm"(w + kv — (WO - 52))

oF oF
~-2—k 2
Ow v Owo bz (2.6)
= —av — %z
— el
gLB dB

where Sz = z represents the Zeeman shift with displacement z. As we

Ao dz
can see that Fy;or appears as a velocity and position dependent force.

In the real situation, the MOT is consisted of a small magnetic quadrupole
field and three pairs of circular polarized counter-propagation beams with
opposite handedness, see figure 2.7. The two coils are in the anti-Helmholtz

configuration. In this case, at the position in the center of the coils B = 0.

Close to this B field zero there is a linear magnetic field gradient in all
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Figure 2.7: The schematic diagram of the MOT. A pair of anti-Helmholtz
coils with counter-current produces the linear magnetic gradient field. Three
pairs of beams with near equal power are circuit polarized with opposite
handedness.

directions. From the Maxwell’s equation V - § = 0, we can see that

dB _dB _ 1dB

dr  dz  2dy’
2.4 Magnetic Trap

The magnetic trap takes advantage of the magnetic dipole moments of
the neutral alkali atoms. The magnetic trapping comes out as a result of
the Zeeman effect which we have discussed in the previous section. In a

inhomogeneous field the atoms will experience a spatial varying potential
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which can be represented as:
V(r)=—ji- B(r), (2.7)

where /i is the magnetic dipole moment of the state. Taking the hyperfine

splitting into consideration, it can also be written as:
V = grpppmpB. (2.8)

One can immediately find that if for a certain state gpmp > 0 the atoms
will be a low-field seeker and can be trapped around the B field minimum,
while if gpmp < 0 it will be a high-field seeker and can not be trapped since
the local maximum in a source-free region is impossible [51]. For the ground
state of both 8Rb and Na the trappable hyperfine states are |2,2), |2,1),
as well as |1, —1) state at low field regime. Experimentally there are several
configurations to realize the magnetic trap, such as the spherical quadrupole
trap [52], time-averaged, orbiting potential (TOP) trap [5, 53|, and Ioffe-
Pritchard trap [54]. In our experiment the first one is employed due to its
easy construction and efficient evaporation compared with the TOP trap or

loffe-Pritchard trap with a parabolic potential shape [55].

2.4.1 Magnetic Quadrupole Trap

The Magnetic quadrupole trap is by far the easiest to construct, which
is generated by a pair of anti-Helmholtz coils with opposite current direc-
tions. In this configuration the magnetic field vanishes at the trap center,
and varies linearly with distances along all directions. Compared with the
magneto-optical trap (MOT), it has the same B field but with much larger

gradient. Thus we just apply the same coils but with different purpose in
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the experiment.

If we define the axial symmetry as the z direction, the trap center as
the origin of the coordinates and choose the magnetic field gradient along
x and y direction as B, according to V - B = 0, the gradient along the
z direction must be —2B’. The amplitude of the field can be obtained as
B=F \/m, from which one can find it varies linearly from the
trap center. The trap minimum at the center position also brings a main
disadvantage for this trap. In the above discussion we have assumed that the
atoms can remain in the same quantum state. This is true if the magnetic
field seen by the atoms varies slowly with time, so that the atom quantum
state can follow it adiabatically. But for a moving atom, it is then a time-
dependent field instead of a static one, which may induce transitions between
the states. As a result, a low field seeker may become a high field seeker
which results in the atoms loss from the trap. If the field variation frequency
is comparable or even larger than the transition frequency (on the Lamor
frequency order) the trap loss will become severe. At the trap center (zero
field position) there will be a “hole” where the atoms may flip their spin and
then become lost. This is known as the Majorana loss. Though this trap by
itself is unable to prevent the Majorana loss at low temperature, one can plug
the Majorana hole by adding a blue detuned laser beam focused at the trap
center, which is also known as the Optically plugged quadrupole trap [6], or
focus a red detuned laser beam below or beside the quadrupole trap center

to displace the overall potential minimum from the B field zero [56, 57, 1].

2.5 Evaporative Cooling

From the laser cooling section, one can see that although laser cooling

is efficient, it can not bring us to the quantum regime. The PSD, p, of the
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sample is limited typically of the order of 107° [58, 59, 60, 61]. Thus, it is 5
orders of magnitude should be increased to reach the onset (p ~ 1) required
by the BEC phase transition, i.e. further cooling is still in need, which should
not only slow down the atoms but also increase the cloud density. This is
achieved with the evaporative cooling technique [60, 62, 63, 64].

The basic idea for evaporative cooling is to selectively remove the atoms
from the trap which carry away more than averaged thermal energy. After
rethermalization the temperature of the remaining atoms will be reduced.
In principle, the gradual removal of the atoms can continuously decrease the
cloud temperature as long as there are enough atoms in the trap. Experi-
mentally, the kinetic temperature of a few hundred of picokelvin (450+80
pk) has been achieved by Ketterle’s group via evaporating the Na BEC in
the gravito-magnetic trap [65].

Evaporative cooling has lots of advantages over other techniques, e.g.
laser cooling. Except for the great exceeded attainable temperature, its sim-
plicity and wide temperature and density working range make it an irre-
placeable step toward BEC. The major requirement is the thermalization
time, which is set by the atom-atom elastic collision rate, should be short

compared with the cloud lifetime. The evaporation efficiency, defined by

_ log(p/po)

the ratio of PSD gain to atom number loss as a = Tog(N/No)?

is usually
used along with the initial condition to judge the atom number that can be
condensed. The larger @ means that the more energy than average can be
removed. In principle, there is no up limit for . However, the higher the
efficiency the more time the process will take, which results in the heating
and subsequent loss of the atoms due to inelastic collision process. On the

other hand, with the decreasing of the cloud temperature, the evaporation

speed will also decrease. Thus a trade-off between the evaporation efficiency
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and the evaporation speed is needed.

2.5.1 Microwave Evaporation

In the magnetic trap the most popular technique used to remove energetic
atoms is the forced radio (RF) or microwave (MW) frequency evaporation.
The basic idea is that the trapped atoms in the magnetic trap experiences
a spatial varying Zeeman shift, according to %mﬁ ~ grupmpB, the atoms
with higher thermal energy then can be selectively driven from the trap-
pable states to the non-trappable states with a resonant magnetic field. The
most popular used scheme for 8"Rb is to transfer the atoms from |1, —1) to
12, —2) as illustrated in figure 2.8. In this way the 8’Rb atoms with energy
greater than U = nkgT can be removed, where 7 is the truncation parameter
which characterizes the threshold energy for evaporation. In the experiment
situation, often 7 is kept as constant so that the lowing threshold energy is
proportional to the decreasing temperature and one can lower the trap depth

continuously without changing the trap frequency.

2.5.2 Evaporation in the Optical Trap

The spherical quadrupole trap can provide a tight confinement for ef-
ficient evaporation, however, it can not produce a BEC due to the severe
Majorana loss at low temperature. Further evaporation toward BEC can be
performed in the optical dipole trap. The trap depth is decreased by lowering
the laser beam intensity so that one can selectly remove the energetic atoms
from the trap. This method is first confirmed by Steven Chu’s group who
achieved a factor of 28 increase in the atomic PSD by trapping and evapo-
rating the Na atoms in the optical trap formed by the intersection of two far

detuned (1.06 pm) laser beams [66]. Compared with microwave evaporative
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Figure 2.8: Microwave evaporation scheme for the 3’Rb atoms in a magnetic
trap. An applied microwave drives the transition of the atoms with higher
kinetic energy between hyperfine states of |1, —1) and |2, —2), by which way
the energetic atoms can be removed selectly from the trap.

cooling, this method changes the trap volume thus has the advantage of de-
signing the trap potentials (trap volume and depth), and optimization of the
evaporation trajectory. The weakness of this method mainly comes from the
decreasing confinement, hence the reduced cloud density and elastic collision
rates, during the evaporation process. Though with these problems, several
groups have achieved the BECs with different atoms by directly evaporating
in the optical trap, e.g. [67, 68, 69, 70, 71].
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2.6 BEC Basics

2.6.1 Bose-Einstein Distribution

For atoms with integer spin, i.e., bosons, at low temperature where quan-
tum effects are important, the distribution of the atoms follow the Bose-

Einstein distribution function [47],

1
eﬁ(Ei—ﬂ) —1 ’

fBE(e:) = (2.9)

where = 1/kT, and p is the chemical potential which is responsible for
the number conservation of the atoms. At high temperature the atoms are
populated in all the levels with the occupation number for a specific state
less than 1, which suggests that u < &; according to Eq.(2.10). In particular,
we could set u < gy with gy denoting the eigen energy of the ground state.
With the decreasing of the atom temperature, the chemical potential will
increase due to the requirement of the conservation of total atom number.
However, the chemical potential can never exceed the ground state energy,
i.e. gp, otherwise the distribution in the ground state will be negative. Thus,

the maximum atom number in the excited state ¢; can be obtained is

Nj=— (2.10)

When the sum of the atom number in all the excited states has a number
less than the total number N, the remaining atoms must stay in the ground
state without upper limit for the atom number, which suggests the phase

transition of the BEC.
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2.6.2 BEC in a Harmonic Trap

Transition Temperature

The optical trap used to confine the ultracold atoms and perform the
evaporation process toward BEC phase transition can be approximated as a

harmonic potential [72]
V 2\ 1 2.2 2 2 2.2 2 11
(71) - §m(wxx +wyy T w;z )7 ( : )
where w; (i = x, y, z) is known as the trap frequency along the ¢ direction.

Generally, the transition temperature is given by [72, 73]

Nl/a

e = T @@

(2.12)

where I'(«) is the gamma function, ((«) is the Riemann zeta function and
C, is a constant. In the case of a 3 dimensional (3-D) harmonic trap, a = 3,
which gives ['(3) = 2, ((3) = 1.202, C3 = 1/(2h’w,w,w.), and the critical

transition temperature as
kT, ~ 0.94ho N3, (2.13)

where w = (wxwywz)l/ 3 is the geometry averaged trap frequency used to
characterize the trap volume. The onset of the BEC transition can also be
represented by the PSD as p = nA35 > 2.612, where \yp is the thermal de
Broglie wavelength defined by gz = h/(2rmk,T)"/2.
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BEC Fraction

The atom number in the excited states (thermal atoms) can be given by
Ny, = CoI' (o) () (kT2 (2.14)

Which can be rewritten in terms of the transition temperature with Eq.(2.12)

as

Ny = N(%)a. (2.15)

C

Thus, the fraction of the BEC as be obtained

No = N[ — (%)a]. (2.16)

Again, in the 3-D harmonic trap, a = 3, the BEC fraction is

No= N[1 — (%)31. (2.17)

Gross-Pitaevskii Equation

When the condensate is dominated by the two body interaction, which
can be characterized by the s-wave scattering length a, and fulfil the condition
nlal®> < 1 the dynamical properties of the system can be well described by
the Gross-Pitaevskii equation (GPE) [74, 75]

a@(g’ 28 (_271_mv2 +V (1) + gl ¥ (r )" ¥(r,1), (2.18)

ih

where V(r) denotes the external potential, ¢ = 47h*a/m denotes the in-

teraction with a referred as the s-wave scattering length. With the ansatz
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U(r,t) = ®(r)e ¥ the time-independent GPE can be obtained which char-

acterizes the static properties of the system

pd(r) = (—;—mvz +V(r) + g|@(r)]*)2(r). (2.19)

The density of the condensate is given by the mode square of the wavefunction

n(r) = |®(r)]%, (2.20)

with N = [|®(r)|*dr, which also reflects the shape of the wavefunction.

Specifically, in a 3-D harmonic trap, the ground state function is given by

1 ( 12 n y2 + 22 )
— T '\242 242 " 242
Dy(r) = 7T3/4(a1a2a3)1/26 1 203 2037 (2.21)
where a; = \/h/(mw;) (i= X, y, z) is the width of the wavefunction in the i

direction.
In most real systems the kinetic energy is small compared with the in-
teraction term thus can be neglected, which turns out as the Thomas-Fermi

approximation and from which the density can be obtained
n(r) = ——= (2.22)
In the harmonic trap the peak density locates at the trap center as

1
ny =", 2.23
0= (2.23)
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and reduce to zero at the Thomas-Fermi radius R, given by

2
Ri=,—L. (2.24)

mw;

The chemical potential can be solved with the normalization condition N =

[1®(r)|?dr as

@

15Na
p= (2

> )5, (2.25)

where ap, = \/% is the average harmonic length.

O End of Chapter.



Chapter 3

Experimental Apparatus

3.1 Overview

The Na®"Rb mixture experiment is laid out on two independent optical
tables. All the lasers and optics for generating light for laser cooling, re-
pumping, optical pumping, and imaging are on one table. For " Rb, the
laser system consists of two homemade diode lasers and a slave laser. While
for Na, it’s a ring dye-laser pumped by a diode-pumped solid-state (DPSS)
laser (Lighthouse Photonics Sprout-GT™ | providing up to 6 Watts power at
532 nm in a near-perfect TEMgy mode). It can output ; 600 mW power at
589 nm, which is enough for this experiment. All these lights are coupled into
polarization maintained optical fibers and then delivered to the second table
where our single-chamber vacuum system is housed. The detailed layout of
the system will be described in this chapter. Since the setup of Rb and Na is
pretty similar to each other (the main difference is the light frequencies and

the laser) as an example, we set 5’Rb as an example.

26
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3.2 Vacuum System

The cooling, trapping and all other manipulation of the atoms is within
an ultrahigh vacuum chamber. Due to the collision between the cold atoms
or molecules and the background gas which will result in the heating and
subsequent loss of the atoms or molecules from the trap. The collision rate is
Rioss = nyUpo, where ny, is the background gas density, v, is the averaged ve-
locity of the background gas and o is the collision cross section. Early in 1992,
the original BEC experiments argued that to make the re-thermalization time
much shorter than the lifetime of the atoms in the trap, the vacuum should
be in the range of 10~!* Torr [55]. Later on, with the appearance of the
optical dipole trap, the lifetime of BEC is much longer [76]. However, in the

case of the vacuum, less vacuum generally is better.

3.2.1 Vacuum Chamber

The vacuum chamber is a single rectangular glass cell without anti-
reflection coatings. The outer dimensions of the cell is 100 mmx 40 mm X
40 mm. The pressure of the vacuum is maintained by an ion pump (Gamma
Vacuum 458). The initial vacuum is prepared following standard procedures.
After that, the pressure reads from the ion pump controller is 1.3 x 10~ !*torr.
The pressure at the center of the glass is estimated to be 5 to 6 times high-
er limited, which is verified by measuring the lifetime of the atoms in the

magnetic trap.

3.2.2 Atomic Source

The atom source is a set of two Rb (Na) alkali atom dispensers (AMDs)
from Alvatec GmbH, and is directly inserted into the glass cell from the
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backside of cube. These AMDs are electrically connected by spot-welding
to the pins of an UHV feedthrough. Atoms can then be released when the
AMDs are resistent heated. At the initial stage, to coat the glass cell with
Rb (Na) atoms, we use a 2.5 A current to fire one dispenser for a whole day.
After that, a 1.6 A current for the dispenser of Rb will provide enough Rb

atoms source as well as a stable vacuum condition for the experiment.

3.2.3 Light Induced Atom Desorption

To achieve an efficient loading of the MOT, a large alkali vapor pressure
is necessary. While for the slow evaporative cooling process, a long lifetime
is desired. This put forward a contradiction in the experiment [77]. To
overcome this, we use the light-induced atom desorption (LIAD) technique
(77, 78, 79]. Generally, for the LIAD, different atom species may have differ-
ent wavelength and power dependence. In our system, a 365 nm UV LED
(Thorlabs M365L2) is employed, which has up to 200 mW output power.
With this UV light, the enhanced loading rate of Rb MOT is observed, see
figure 3.1. In addition, we point out that with another few UV lights covering
different parts of the glass cell, the atom number loaded into the MOT may
be further increased. Also, the recovery of the vacuum is observed in a short
time after turning off the UV light, and the atom number loss is less than

10%.

3.3 MOT Laser System of *'Rb

In this section, the optical layout of the home-made diode laser will be
described first, followed by the spectrum properties. Then we will talk about

the frequency stabilization scheme based on the saturation spectroscopy, and
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Figure 3.1: Strength of the fluorescence signal vs MOT loading time. The
UV light is turned on at t ~ 30 s, and turned off at t ~ 90 s.

the injection locking scheme based on which the MOT light is created. In
the final part the repump light and imaging light will be described.

3.3.1 Free Running Diode Lasers

In this section we will talk briefly about the diode laser. For more details,
one may refer [80]. The center part of the diode laser is a semiconductor laser
diode (Thorlabs DL7140-201S with output power 70 mW). With an injected
current through the active region, the n-type and p-type cladding layers of the
diode produce electrons and holes, which in turn recombine and emit photons.
Laser action will occur until the current exceeds a threshold value, typically
35 mA, see figure 3.3. The diode behaves like a gain medium with a certain

gain profile, whose width is about 25 nm centered at 785nm. Primarily,
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the lasing wavelength is determined by the band gap of the semiconductor
materials, then determined by the junction’s temperature and current density
which could be used to tune the wavelength within the range determined by

the gap. The back surface and uncoated output facet forms an intracavity

C

55, the free spectral range

etalon, whose length is very small. From FSR =
(FSR) of the free running laser will be very large, on the order of ~100 GHz.
And the width of each mode is above 25 GHz due to small cavity finesse,

which is not narrow enough for laser cooling and trapping.

3.3.2 External Cavity Setup

To narrow the FSR of the diode, generally, the external cavity setup is
used [81]. In brief, the rear facet of the diode and the grating forms the
external cavity. From [82], the linewidth of a grating-stabilized diode laser
decreases with square of the external cavity length, thus a reduction the
linewidth by two orders of magnitude can be expected. In addition, the
grating also enables the selectivity of the laser wavelength. The setup we
use is in the Littrow configuration. The optical orientation is such that the
first order reflected light from the grating is coupled back to the diode and
the zeroth reflected light is used as the output light. The angle between
the grating and the incoming light is decided by the grating equation: 6 =
arcsm(ﬁ), here d is the separation of the adjacent grooves on the grating.
Figure 3.2 shows the schematic diagram of the diode laser.

In figure 3.4 the mode spectral of the grating stabilized diode laser is
shown. The grating selectivity reflects the desired frequency from the broad
range decided by the diode material. And this selected frequency is then
fed back to the diode. This is referred as the gain profile of the grating.

From the above grating equation, with ~ lcm external cavity length, the
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Figure 3.2: Schematic diagram of the grating stabilized diode laser in Lit-
trow configuration. The external cavity enables both the reduction of the
linewidth of the laser to less than 100 KHz and the laser frequency selectiv-

1ty.

FSR then is on the order of ~10 GHz which is ten times smaller than that of
the internal cavity (~100 GHz). The emitted frequency of the laser is then
determined by the position where the gain profiles of the medium, internal
cavity and external cavity can be overlapped well. Due to the stabilization
of the grating, the linewidth of the emitted frequency can be less than 100
KHz.

The frequency of the laser can be adjusted by changing the angle of the
grating in combination with the temperature and the current. In addition, to
make the laser working with low noise, a low noise current driver (Thorlabs
LDC202C) and a stable temperature controller (Thorlabs TED 200C) are
required. The thermistor (RS Hong Kong B57550G203F) is directly inserted
into the diode holder wall to measure the temperature. And the TEC (RS
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Figure 3.3: Threshold measurement of the grating stabilized Diode laser in
Littrow Configuration.

Hong Kong CP1.0-127-05L) is placed between the bottom of the box and the
diode holder.

3.3.3 Frequency Stabilization

For laser cooling and slowing of atoms, the laser’s frequency needs to be
actively controlled. This generally means locking the laser frequency to a
reference standard. The natural choice is an atomic transition of Rb, with
help of a Rb vapor cell. In our lab, the frequency modulation spectroscopy

method [83, 84] has been chosen as the standard technique.
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Figure 3.4: Gain profile of the medium, internal cavity, external cavity, grat-
ing, and based on which the emitted laser frequency is decided.

Saturation Absorption Spectroscopy

Experimentally to lock the laser to the frequency standard, i.e. the atom-
ic transition position, we need to “see” the corresponding hyperfine structure
of the atoms based on which the error signal can be obtained. This is ob-
tained with the saturation absorption spectroscopy technique, which is a
fundamental method to gain sub-Doppler resolution.

Taking the two level system as an example. The basic principle is that, at
low intensity if we shine a laser beam to a random sample of atoms, the atom
density will not be altered in each level. And the lower level number densi-
ty has a Gaussian distribution of the velocity characteristic of the Doppler
broadening of width Aw/k. The upper level will only have a negligible pop-
ulation. At high intensity, the stimulated absorption will be balanced by the
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stimulated emission with the group of atoms with velocity v = (w — wp)/k.
This means the population difference between two levels is reduced as soon
as the atoms are excited to the excited state. This is referred to as the hole
burning effect. The width of the hole is decided by Vwpee = I'(1 + ﬁ)%, as

shown in figure 3.5.

(a) 4 Ne(v) (b) 4 Ne(v)
Aw,,,
. A R . PNe
N V N V
Ng(v) A Ng(V) A

A

<v

Figure 3.5: The saturation of absorption. (a) A week beam interacts with
a random sample of atoms which has no significant affect on the population
difference. (b) An intensive beam interacts with the same group of atoms,
which alters the population difference obviously.

Real atoms generally have multiple upper and lower levels, which make
the above process much more complicated. In our case for the Rubidium-D,
transition, the ground state hyperfine splitting is more than 6.8 GHz which
is far more than the Doppler broadening (with typical width 1 GHz at room
temperature), while for the first excited state 5*P3/, the whole hyperfine
splitting is about 495 MHz. This implies that the profile of the spectroscopy
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of Rb F=2 +— F’', or Rb F=3 +— F', %Rb F=2 +— F’, and ®¥Rb
F=3 «— F will be the summing up Doppler profile of each hyperfine levels.
Besides, there is another important resonance at frequency (w;+ws2)/2, which
is also called the cross-over resonance forms at position midway between two
saturated absorption peaks. Due to this reason, it appears as the most
pronounced feature in the spectrum and becomes the natural choice for laser

stabilization.

= |

\

Vapor cell
Probe

Pump

Figure 3.6: Experimental setup of the saturation absorption spectroscopy.

The experimental setup of the saturation absorption spectrum is shown
in figure 3.6. The pumping and probing beams are produced with a glass
plate which works as a beam splitter, i.e. splits the single laser beam into
two beams with different strength by transmission (transmittance ~94%)
and reflection (reflectance ~6%) respectively. The pumping beam is then
reflected by two mirrors so that it will propagate through the Rb vapor
cell in the opposite direction as the probing beam and more importantly to
achieve good overlapping with the probing beam inside it. The probing beam
is detected by a homemade photodiode which can transform the absorption

spectrum into a voltage signal which can be seen directly with a oscilloscope.
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Figure 3.7: Saturation absorption spectroscopy of the F=2 « F transitions
of 8"Rb. The three absorption peaks from left to right corresponding to the
(2,1), (3,1), and (3,2) crossover resonance respectively, which appears much
larger than the hyperfine resonances obviously.

Laser Frequency Stabilization

To achieve precision locking, we choose to lock the laser at the absorp-
tion peak. But if we pay more attention to the saturation spectroscopy in
figure 3.7, we will see that the signal is symmetrical around a resonant fre-
quency, which means it cannot be used as a error signal as we can not identify
whether a positive or negative feedback should be used with a frequency de-
viation. The modulation spectroscopy method can address this problem.

In figure 3.8 we show two typical error signals for laser trapping and re-
pumping which corresponding to 5’Rb Dy transitions F=2 <> F' and F=1
+ F', respectively. The steepest slopes corresponding to the cross-over reso-

nances. With these error signals the laser then can be locked with a feedback
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Figure 3.8: The error signal obtained from the current modulation method
and can be used to lock the trap laser and repump laser respectively.

circuit.

3.3.4 Inject Locking

In the laser cooling process as can be seen from the above that actually
three pairs of beams are used and each one is with about the same power,
i.e. 18 mW out from the fiber. This puts forward another requirement for
the laser—the power. However, the above described ECDL has a maximum
output power 50 mW which is not sufficient enough to capture the atoms.
The need of more power at the desired frequency leads to the development
of the inject locking method. This is done by coupling a few percent (~200
uW) of the locked laser power (master laser) into a free running laser (slave

laser).
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3.3.5 Optical Layout
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Figure 3.9: Optical layout of the MOT laser system for Rb

The optical layout of the MOT laser system is shown in figure 3.9 for
Rb and in figure 3.10 for Na. The light beams with demanded frequencies
can be obtained and tuned conveniently with the AOM for laser cooling and

trapping as well as imaging, et al.
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Figure 3.10: Optical layout of the MOT laser system for Na

Four-Pass AOM

A striking highlight in the optical layout of the MOT laser system of Na
is the application of the four-pass AOM scheme, as shown in figure 3.11. The
s-polarized incident beam is coupled to the AOM for the first pass, and a 2-
inch lens (f = 125 mm) along with a right-angled prism enables a double pass
scheme. The output beam is then picked off from the closely spaced incident
beam via a horizontally mounted D-shaped mirror, after which another 2-
inch lens (f = 125 mm) and a mirror enable the second double pass, i.e.
by reversing the direction of the output beam of the first double pass. The
output beam of the four pass scheme is immersed in the incident light, and

a A\/4 wave plate and a PBS enable the separation of the two beams.
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Figure 3.11: Schematic diagram of the four pass AOM (side view). A 2-inch
lens (f = 125 mm) along with a right-angled prism enables a general two pass
scheme. The two 2-pass schemes are coupled with a horizontally mounted D-
shaped mirror. A PBS and a A/4 wave plate is used to separate the emergent
light from the incident light.

3.4 Loading the Magnetic Trap

Laser cooling is efficient to slow down the atoms to the 100 uK regime
which already enables one get into the ultracold regime. However, it is still
too hot for the BEC. To reach even lower temperature, we need to use the
evaporative cooling technique in a magnetic or optical trap. Compared with
the optical trap, the magnetic trap usually has a deeper trap depth and a
larger trap volume. Thus, in our experiment toward dual species BECs of
Rb and Na, the atoms are firstly loaded from the MOT to a magnetic trap
for RF induced evaporative cooling followed by further evaporative cooling
in the optical trap.

However, the atomic gas in the MOT usually occupies a relative large vol-
ume and also is not necessarily located at the lowest hyperfine state, which
will lead to atoms number loss in the magnetic trap if nothing is done. This
makes the intermediate stages necessary, i.e. the compressed MOT stage (C-
MOT), optical molasses and optical pumping state, which aims at increasing

the atom density as well as minimizing the potential energy picked up by the
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atoms, a process known as mode matching.

3.4.1 CMOT

The COMT process is performed by reducing the repump power to ~150
#W and increasing the trap detuning from —19 MHz to —32 MHz for both
species. This is to decrease the rate of the photons scattered by the atoms
during the re-absorption process, hence the decreased heating rate to the
cloud and an increased atom density. The optimized 24 ms COMT process
also allows the realignment of the cloud center to that of the magnetic trap,
which can minimize the potential energy gained by the atoms during the

atom loading process from the MOT to the magnetic trap.

3.4.2 Optical Molasses

In the CMOT stage one can increase the atom density at the cost of the
cloud temperature, which seems conflicts with our initial goal. However, as
we can see from the above that the CMOT stage plays an irreplacable role
in the parameters matching process. Luckily, the optical molasses technique
can address this problem as illustrated in the following.

In this stage the 10 G/cm gradient field is turned off suddenly to zero
and the trap beam detuning is further increased to —78 MHz, by which a
lower equilibrium temperature can be arrived due to the polarization gradient
sub-Doppler cooling process [47]. A 6 ms optimized optical molasses stage
together with the CMOT enables us to achieve a denser cloud with much
lower temperature and at the same time to tune the cloud center to that of
the magnetic trap. In this scheme > 95% atoms of Rb in the F' = 1 manifold

with temperature ~15 pK and density > 10" /em? can be achieved.
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3.4.3 Optical Pumping

The fact that the MOT can trap the atoms in all the hyperfine states
makes it necessary to purify the spins of the atoms, because only the low
field seekers can be trapped as we have introduced in the magnetic trap
section. In addition, the inelastic collisions between the different hyperfine
states also leads to the atoms loss from the trap. All these reasons leads to
another necessary process during the magnetic trap loading, i.e. the so-called

optical pumping process.

2
me -2 -1 \0 \1 2
0

1

Figure 3.12: Schematic diagram of the optical pumping process for both Na
and 8"Rb. A circular polarized optical pumping light (red line) is used to
excite the o~ transition between F = 1 and F' = 1 manifold. A depump
light (black line) is used to drive the F' = 2 — F' = 2 transition so that no
atoms can populate in the upper hyperfine ground state (F = 2).

In our experiment we choose this special sublevel as the |1, —1) state for

both 8"Rb and Na, and the optical pumping process is achieved by choosing
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two different laser frequencies (a pumping light and a depumping light) for
each species. The optical pumping light is a circular polarized light, which is
provided by detuning the repump beam and applied to excite the o~ tran-
sition between the F' = 1 and F' = 1 manifold. The spontaneous emission
of these excited states then can decay to the F' = 2 manifold of the ground
state, where the depump light is applied to excites the FF = 2 — F' = 2
transition. In the whole process the |1, —1) state appears as the only dark
state where the atoms accumulate. The depumping light is obtained by de-
tuning the trap beam. In the experiment, the detuning for both the pumping
and depumping light, and the pulse duration is optimized step by step by
maximizing the phase space density (PSD).

3.5 Optical Diagnostics

The trapped atoms are isolated in the ultrahigh vacuum chamber and
occupy a very small space, typically on the order of 10’s microns across,
thus it is not feasible to measure the cloud with material probes, such as the
micrometer or thermometer. The interaction between the atoms and light
inspires physicists to detect this dilute gas with a resonant light relying on
the dispersion or absorption, e.g. the fluorescence or absorption imaging,

based on which the dynamic quantities of the cloud can be determined.

3.5.1 Fluorescence Imaging

The fluorescence signals arising from the scattering photons due to the
interaction between the atoms and the resonant light as illustrated in fig-
ure 3.14(a). It is used to continuously monitor the atom number and di-

agnose the performance of the apparatus with a photodetector during the
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experiment sequence. As we know, to maximum the fluorescence signals
high saturation parameter of the light beam is necessary. Thus in our exper-
imental sequence during the detection, all the MOT beams are pulsed on at
their maximum intensity. The inherent disadvantages of fluorescence imag-
ing, i.e. the distortion of the cloud due to the imparted momentum of the
photons to the atoms, the limited collection solid angle due to limited size of
the aperture of the lens as well as the heating effect due to high saturation

parameter of the light, are not seen as important to its performance.

(a) l MOT light
A—’T&t‘o/m cloud
Photo detector
(b)

Probe light
Atom cloud CcCcD

Figure 3.13: Schematic diagram of the detection process. (a) indicates the
fluorescence imaging. (b) shows the absorption imaging.

3.5.2 Absorption Imaging

The absorption imaging relies on the attenuation of the incident beam

intensity which is absorbed by the atoms and recorded by the CCD camera,
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as shown in figure 3.14(b). It works well especially with a weak probe beam
and a dilute cloud sample because only under this condition the absorbed
intensity of the probe beam will be linearly proportional to the cloud density.
Suppose we shine a weak probe beam to a dilute cloud along z direction, the
relationship between the detected beam intensity and the incident beam and

the cloud density can be described by the Lambert-Beer’s law as

I
M — —hQ)Rscattern(l‘7 y’ Z)](:,U, y’ Z)
- (3.1)

=on(z,y, z)(z,y, 2).

Where, Rgeqter is the scattering rate (i.e. the collision rate), n(z,y, z) is the
cloud density and I(x,y, z) is the probe beam intensity. The absorption cross

section o is given by Eq.(2.2) as

1

T T, + 28T

(3.2)

Where, oy is referred as the on resonance absorption cross section which

is given by o¢ = % Solving Eq.(3.1) one can obtain the beam intensity

distribution inside the cloud during propagation

I(ZL‘, y) = IO(ZL’, y) exp_gf"(x7y,z)dz (3 3)

= ]O(xa y) eXp_OD .

Where, OD is defined by the product of the absorption cross section and the

column density as OD = o [ n(z,y,z)dz, from which one can also obtain

I(z,y)

OD(z,y) = —1In .
( y> IO(x7y>

(3.4)
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Thus by simply measuring the intensity of the probe beam before and after
passing through the cloud one can directly obtain the optical density distri-
bution of the atoms. However, in the real case this measurement may suffer
from some disturbance, such as the stray light scattering, reduction of the
probe beam profile quality due to background light, noise from ambient light
and camera electronics, et al. Thus, to subtract all these disturbance, ex-
cept the image with and without the atoms denoted by I(z,y) and Iy(z,y),
generally a third image is taken without both the probe light and the atom-
s, denoted by Iy(z,y), from which a much more precision formula can be

obtained

I(l’,y) - ]b<x»y)
In(x,y) — Iy(z,y)

OD(z,y) = —In (3.5)

Once the OD of the sample is known, one can obtain the physical quan-
tities of the sample, such as the atoms number and the cloud temperature,

with which all other quantities can be obtained.

Number of the Atoms

Since the OD is directly related to the column density of the cloud as

introduced in the above, one can obtain the number of the atoms as

N = /n(x,y, 2)dxdydz = —% Zln(}{)((z”g/y))__[]bb(é”?) Jpiz-  (3.6)

pix

Where A,;, is the area of each pix, except the absorption cross section o, all
other quantities are in the unit of pix with each pix equal to 6 ym in our

case.
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(d)

Figure 3.14: Optical density measurement with absorption imaging. (a)
absorption signal with a probe light shined to the atoms. (b) the same
process without atoms. (c¢) background imaging without both the atoms and
the probe light. (d) OD of the atoms obtained according to Eq.(3.5).

Temperature of the Atoms

The ultracold temperature of the cloud is determined by measuring the
momentum distribution of the atoms with time-of-flight (TOF) method,
which has a Gaussian or parabolic profile above or below the transition tem-
perature, respectively [55]. When turn off the trap and perform the TOF,
the momentum distribution of the cloud can be converted to the spatial dis-

tribution, with which the temperature of the cloud along direction i (i=x, y)
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can be obtained

T, = . :
! 2]{?B 1 + (u}it)27 (3 7)

where a,;, is the size of a pix found by magnification measurement.

3.6 Experimental Control

The experiment involves lots of components, e.g. the power supplies, the
function generators, the AOMs, the shutters, the switches, and so on, thus a
precision control of the sequence and timing as well as the the corresponding
communications are necessary. In our experiment all these are achieved with
the popular Labview programming software in combination with a series of

I/O devices as well as the general purpose interface bus (GPIB) card.

3.7 Double Species Experiments

3.7.1 A Double BEC of Na and 3Rb

Following the standard step, we have already achieved a quasi pure dou-
ble BEC with 5.0x10* (2.5x10%) Na (Rb) atoms. A typical experimental
sequence is shown in figure 3.15, and based on which a typical result is
shown in figure 3.16 [1].

From figure 3.16 (a) and (b) to figure 3.16 (d) and (e) the following results
can be obtained. (i) an immiscibility of the two condensates can be observed.
And with the increasing of the number ratio of Rb to Na, the Na cloud will
be further pushed out from the Rb cloud center, see figure 3.16 (c) and (f).

The immiscibility is consistent with the theoretical prediction [85, 86]. (ii)
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Figure 3.15: Timing diagram showing the behavior of the quadrupole coils
and crossed 1070 nm optical trap.

Time

in both the cases the Rb cloud is overlapped with the lower part of Na in the
gravity direction. This separation is due to the gravitation sag and can be
estimated with the final trap frequencies in the gravity direction for Rb and

Na.

3.7.2 Toward Na®”Rb Feshbach Molecule

Nearly at the same time as the achievement of the double BEC, the Fesh-
bach Resonances between ultracold Rb and Na atoms are observed in our lab
[40]. After that our effort has been devoted to the production of ultracold
Feshbach molecule. The basic idea is to sweep the B-field from above reso-
nance position across resonance to low B-field position below resonance, see
figure 3.17. Weakly bound Feshbach molecules will be formed if this process
is adiabatic.

The number loss of two species at the low field position is observed, but
the number recover after the dissociation process at high field did not show

up. Part of the reason for this is the inadequate initial atom number of Rb
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Figure 3.16: Absorption imaging of the double BEC with different atom
number ratio. The upper row ((a) and (b)) has a Rb (Na) atom number of
3.5 x103 (3.2 x10%). The below row has a Rb (Na) atom number of 8.5 x 103
(1.3 x10%). (c) and (f) is the corresponding integrated cross section, with
red (blue) line for Rb (Na). Figure is from [1].

and Na. Except for the saturation vapor of Na is low at room temperature
(actually 50 times lower than Rb), the trap depth for Na is only about one
third of that for Rb in the crossed 1070 nm optical dipole trap. As a result,
the minority Na atoms always act as the coolant in the optical dipole trap

evaporation process towards higher PSD.

3.8 Conclusion

In summary, the set up of the cold atom machine is presented in this
chapter, based on which the experimental results of the double BEC are
described. Due to limited initial atom number of the mixture preparation,

the Feshbach molecule is not observed.
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Figure 3.17: Experimental sequence for the production of the Feshbach
molecules.

An important improvement for the polar molecule experiments is to in-
crease the atom number of the ultracold mixture. In chapter 4, a multi-
wavelength optical dipole trap is presented. Within this trap, the relative
trap depths between Rb and Na can be tuned. As a result, a better prepa-
ration of the ultracold mixture is obtained, and based on which about 1600

Feshbach molecules are finally observed.

O End of Chapter.



Chapter 4

A Multi-wavelength Optical

Dipole Trap

4.1 Motivation

To increase the atom numbers, we decided to introduce an additional
ODT beam of very different wavelength to tune the relative trap depths of
the two atoms. In this manner, we can preserve the minority Na atoms for
a better condition of Feshbach molecules creation. This is possible to realize
due to the fact that the two atoms have very different response to laser light
and the variation of the AC polarizability vs. wavelength.

In the following, I will first give a general introduction to the basic prin-
ciple of optical dipole trap for neutral atoms. These principles are then used
to explain our dichotic optical trap. Then the setup of our multi-wavelength
optical dipole trap will be described in detail, including the single beam 660
nm trap, the crossed 1070 nm trap, and the intensity stabilization scheme.

Finally, the experimental results of this new trap will be presented.

52
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4.2 Optical Dipole Force

4.2.1 Classical Model

An atom placed in the light field acquires an induced atomic dipole mo-

mentum p’ due to light electric field E , with
7= aw)E, (4.1)

where a(w) is the complex polarizability, which is light frequency dependent.
The dipole momentum in turn interacts with the electric field and results in

an interaction potential

1

Udipole<x7yvz) = _§<_‘ E)

LN )

2¢qc

(4.2)

where the angular bracket represents the time average of the interaction,
and ¢q is the vacuum permittivity. The factor % is due to the reason that the
dipole momentum is an induced one instead of permanent. The intensity of

the light field is given by

1
I = §€0C’E|2. (43)
We can see from the above that the potential is proportional to the light

intensity as well as the real part of the polarizability which is responsible for

the dispersive part of the interaction. From Eq.(4.2) one can directly obtain
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the dipole force

ﬁ<I7 Y, Z)dipole - _VUdipole(xa Y, Z)
) (4.4)
= —%(Q)V1($, Y, Z)a

2600

From this, we can see clearly that the dipole force is a conservative force,
and proportional to the gradient of the light field.

The absorbed power of the atoms from the light field can be obtained
from Eq.(4.1) and Eq.(4.2) as

It can also be represented in terms of the scattering rate as

P, abs
Fscatter = 5
hw

1
= ?()C%(COI(:E: Y, 2)7

(4.6)

which indicates that the absorption part of the interaction results from the
imaginary part of the polarizability. From Eq.(4.2) and Eq.(4.6) one can see
that to characterize the trapping potential for a certain wavelength, we need
to determine the polarizability.

The classical Lorentz’s model, which considers an electron bound to the
nucleus like an oscillating elastic spring with eigenfrequency wg and damp-
ing terms I, corresponding to the transition frequency and scattering effect

respectively, shows up as a simple and powerful tool for solving the polariz-
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ability [87]

i+ Dy + wiz + —B(t) = 0, (4.7)

e

where m, is the mass of the electron.

Solving Eq.(4.7) with the ansatz

z(w,t) = xo(w) exp !,

we arrive at

€E0 1 Ciw
r(w,t) = — e = T exp !, (4.8)

from which the polarizability can be obtained as

() e? 1
alw) = —
me wi — w? — il,w’

which can also be represented in terms of the on resonance damping rate,
with relationship I' = (£2)°T,, as
e? 1

alw) = — . (4.9)

c w3
Me wh — w? — 5T
0

Thus, the dipole potential and scattering rate in Eq.(4.2) and Eq.(4.6)

can be expressed as

3rc*T 1 1

1
2w8 (WO_W+Wo+w) (xvya2>a

3mc’l w4, 1 I .,
= ——(— I
o (o) g ) I n2),

Udipole(xa Y, Z) = -
(4.10)

Fscatter (.Z', Y, Z)

where wy corresponds to the atomic transition frequency.



CHAPTER 4. A MULTI-WAVELENGTH OPTICAL DIPOLE TRAP 56

In the real case the atom has a complex substructure instead of a simple
two level system assumed in the above model. Generally, a more careful
consideration of the dipole potential from each specific sublevel of the atom
is preferred. Since the light used in the optical trap is often large detuned, the
above results can be used as a good approximation. In addition, for the alkali
atoms a further approximation can be made by just involving the nearest D
line doublet structure, and take wy, = %2”” according to the transition
strength factor for the D; and D, line. The more accurate models which
considers the complex multi-level structure of the atoms will be introduced
in chapter 6, where to make Na and 3"Rb see the same trap frequency in the
optical trap, a quantum mechanical treatment for the atomic polarizability

is put forward, and with which the “magic” wavelength is found.

4.2.2 Trap Characteristics
Rayleigh Range

Assume a Gaussian beam propagate along z-axis with laser output power

P, the equation of the light field can be written as

2P 72902-{»2.1/2
I(z,y,2) = ()2 exp  “@? | (4.11)

where w(z) is the 1/e? beam radius with a propagation distance z from the
Gaussian waist wg (z = 0). The spreading of the beam profile in the free
space during propagation can be precisely described by the pure diffraction

theory

w(z) = wll + (—2)2]1/2. (4.12)
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As we can see from figure 4.1 that the beam radius spreads slowly in the
near-field regime and much faster or even linearly beyond a certain range,
i.e. the so-called Rayleigh range, defined as the dividing line between the

near-field and mid-field divergence

100
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Figure 4.1: The spreading of the 1/e? radius of a Gaussian beam in the free
space during propagation from the waist position. The divergence angle of
the beam is very small in the near-field regime, i.e. z < 1.0 cm, and becomes
almost linear when w > 85 um. This figure is plotted by taking waist as wy
= 60 pm and the wavelength of the light as A = 1070 nm.

Trap Depth
The optical potential can also be written as

_ 212+2y2

Udipole(xa Y, Z) = UO €Xp w(x)? ) (414>

where Uj is denoted as the trap depth, determined by Eq.(4.10) and Eq.(4.11),

and related to the light frequency and the beam intensity for a given trap
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size. To reduce the scattering rate while keeping the same trap depth, one

can further increase the detuning at the cost of higher laser power.

Trap Frequency

The trap frequency can be obtained by applying the harmonic approxi-
mation to the dipole potential when the temperature of the atoms is much

smaller than the trap depth

1 0°U(z,y,2),1/9
2 4.1
2mm 072 ) (4.15)

$:’y:25:0 )

fi=-1

where ¢ = z,y, z, and m is the mass of the atom.
Taking the single beam case as an example, under the harmonic approx-

imation the trap potential can be written as
U ~ 4.16
dipole($7y7 Z) - ém(wx—i_wy—i_wz)’ ( : )
Substitute Eq(4.16) into Eq(4.15), the trap frequency in the radial and axial

direction can be obtained as

4Uy

we =y =\
0

[ 20U
W, = 5 -
mzy

Since zg is much larger than wy, the trap frequency in the radial direction is

(4.17)

much larger than that in the axial direction.
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Gravitational Sag

The dipole trap potential includes the gravitation’s contribution in the

laboratory frame can be written as

Utotal(ma Y, Z) = Udipole(x7 Y, Z) + magy. (418>

From which the gravitational sag can be obtained in the harmonic approxi-

mation

2. (4.19)

where g is the gravitational constant and w, is the trap frequency in the y
direction.

The gravitation not only breaks the geometric symmetries of the trap
potential, see figure 4.3 and figure 4.2, but also leads to a displacement
between the two cloud center for the samples with different trap frequencies in
the y direction. On the other hand, the gravitational sag relates to trap only
by the trap frequency, thus it can be canceled with a “magical wavelength”
trap in which the dual species has the same trap frequency, see chapter 6.

In summary, the optical dipole force is a conservative force which arises
from the interaction between the electric field induced atomic dipole momen-
tum and the far-detuned light field gradient [88, 89, 90, 87]. The dispersive
part of the interaction with a spatial dependent light intensity distribution
results in a spatial varying energy shift, i.e. the so-called AC-Stark shift [91].
For a red detuned laser light, the energy shift is negative and the potential
minimum can be found at the intensity maximum position. The atoms are
therefore attracted into the light field. For a blue detuned light, it is positive

and the atoms are forced out of the trap. The absorptive part of the interac-
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tion leads to the heating of the atoms thus sets the limit of the performance
of the trap. However, from Eq( 4.10) Iscqper é and Ugipole X %, generally

with a large detuning the scattering process can be neglected.

4.3 The Idea of A Multi-wavelength Trap

In figure 4.2 we show a multi-wavelength optical trap which is made up
of a single 660 nm beam and two crossed 1070 nm beams. Compare with
single color 1070 nm trap, see figure 4.3, one can see that with the help of
the 660 nm light the trap depth for Na has been greatly increased. With
higher power of the 660 nm light the trap depth for Na can be even much
larger than that for Rb, which indicates the tunability of the relative trap
depths between Rb and Na during the evaporation.

U (uk)

0 L L L
—-100 -50 0 50 100
y (pm)

Figure 4.2: Profile of the multi-wavelength optical trap for 8 Rb and Na along
the vertical direction. It is formed by the superposition of the crossed 1070
nm trap and the single beam 660 nm beam focused at the trap center. The
two arms of the 1070 nm trap have a beam waist of 48 ym and 53 pm and
power of 309.8 mW and 314 mW. The 660 nm beam has a beam waist of 50
pum and power of 133.75 mW. The effective trap depth for 8"Rb and Na is
12.03 pK and 10.69 pK, respectively.
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Figure 4.3: Profile of the 1070 nm crossed optical dipole trap for 8Rb and
Na along the vertical direction. The trap parameters are the same as that in
figure 4.2, with which the effective trap depth for 3 Rb and Na is 16 uK and
6.107 uK.

4.4 Setup of the Multi-wavelength Optical Trap

The multi-wavelength optical trap is a superposition of the crossed 1070
nm trap and a single 660 nm beam focused at the 1070 nm trap center,
see figure 4.4. Due to the optical access limitation set by the four MOT
beams, imaging lights and optical pumping lights for both Rb and Na, and
the microwave horn antenna, the 660 nm beam is almost overlapped with one
of the 1070 nm beams. To avoid possible damage to the 1070 laser, the 660
nm beam is tuned with a small angle (< 5°) away from the incident 1070 nm
light direction. In the following section we will illustrate the optical setup of

the 1070 nm dipole trap and the 660 nm dipole trap respectively.

4.4.1 1070 nm Optical Dipole Trap

The 1070 nm optical dipole trap is based on the linear polarized fiber laser
(IPG Photonics) which has a single output mode with power up to ~100 W
and a nice Gaussian beam quality (M? < 1.05). The output power of the
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PID

Figure 4.4: Optical layout of the multiwavelength optical dipole trap. For
the 1070 nm trap, a A/2 plate and a PBS is used to divide the laser beam
into two arms to achieve individual control of the two beams, with nicknames
“left” beam and “right” beam. The the 660 nm single beam is shined to the
atoms from the opposite side of the glass cell, with a small anger to the
“right” beam to avoid possible damage to the laser. In both cases, the AOM
is used as an optical switch as well as part of laser intensity stabilization
scheme.

laser is divided into two arms with the help of a A/2 plate and a polarizing
beamsplitter (PBS) cube, see figure 4.4. After that each of the two beams is
then sent to a 110 MHz AOM (Crystal Technology) which not only works as
an optical switch but also works for the intensity stabilization. The last step
then is to choose the “right” optical lenses to focus the two beams down to

~ 50 pm while keeping perfect Gaussian profile.



CHAPTER 4. A MULTI-WAVELENGTH OPTICAL DIPOLE TRAP 63

Crossed Beam Configuration

The crossed beam configuration is achieved by passing the two focused
arms of the 1070 nm beams into the glass cell individually and then cross
each other at the atom’s position with an angle of 62°, as shown in figure 4.4.

First the laser beam size is designed to shrink by ~6 times with a pair
of planoconvex-planoconcave lens (f = 200, -35 mm) to enable it to pass
through the AOM with a high working efficiency. Then according to
M

Y
Wi,

(4.20)

Wp =

where wp is the spot radius of the focus, wy, is the radius of the collimated
beam at the lens. To ensure a focus of ~50 pym with the final lens, the
laser beams of the two arms are then expanded respectively. Generally, to
preserve the nice Gaussian profile and to ensure good pointing stability, the

least number of optical elements should be used in the setup.

Trap Size and Profile

In our setup both the two arms of the 1070 nm optical trap are designed
with a beam waist of ~50 pm in the focus, which provides an effective trap
depth of ~50 puK for Rb and ~18 uK for Na with only 0.8 W power in
each beam. This is achieved by making the optical elements working in the
diffraction limit with numerical aperture (NA) matched lens group and spot
radius. Due to the optical access limititation, the final lens is chosen to
be f = 300 (250) mm (Achromatic Doublet) for the “left” (“right”) beam.
The spot radius of the “left” (“right”) beam is magnified by 4 (~3) times
before projected onto the final lens. The beam profile is then measured

with a Mightex CCD camera (SCE-B013-U) and fitted with Gaussian beam



CHAPTER 4. A MULTI-WAVELENGTH OPTICAL DIPOLE TRAP 64

equations in the Rayleigh region. The measured result is shown in figure 4.5,
which gives a beam waist of 52 (47) pm and 63 (55) pm for the “right” (“left”)
beam in the horizontal and vertical direction respectively. This is close to
the designed size. The difference of the waists between the horizontal and
vertical direction for both the two arms mainly comes from optical aberration

caused by the optical elements, such as the lens.
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Figure 4.5: Beam profile of the crossed 1070 nm optical trap along the beam
propagation direction, i.e. the z-axis direction in our lab frame. (a) and (b)
refers to the beam profile measured with a Mightex CCD camera (SCE-B013-
U) both in the horizontal (black) and vertical direction (red) for the “right”
and “left” beam respectively, as indicated in figure 4.4. The beam waist
is fitted with Eq.(4.12), which gives the beam waist of the “right” (“left”)

beam as 52 (47) pum and 63 (55) pm in the horizontal and vertical direction
respectively.

4.4.2 660 nm Optical Dipole Trap

The 660 nm optical trap is based on a linear polarized Cobolt Flamenco”™
diode-pumped solid-state (DPSS) laser with maximum output power of 500
mW. Before put this laser into the trap, the initial condition of the laser is

measured. Figure 4.6 shows the beam intensity distribution of the laser and
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Figure 4.6: Typical profile of the 660 nm laser beam measured close to the
output end. (a) is the beam intensity distribution measured directly by
shining the laser onto a Mightex CCD camera (SCE-B013-U). The wrinkled
structure coming from the interference effect from the neutral density filters
used in front of the CCD chip. (b) and (c) shows the profile of the intensity
distribution (blue line) and the Gaussian fitting (red line) in the vertical and
horizontal direction respectively.

the Gaussian fitting of the beam profiles both in the vertical and horizontal
direction, which suggests that the beam quality of the laser already satisfies
the requirement for an optical trap. In figure 4.7 the spot radius of the laser
beam is also measured and fitted with Eq.4.12 in the propagation direction,
which gives a spot radius of ~362 pym and ~374 um in the horizontal and
vertical direction respectively. With the measured spot radius of the beam
and fix the final lens as f = 500 mm, one can then chose the lens group to
achieve the desired beam waist with help of the Zemax program.

As a typical example, we illustrate a typical scheme that by expanding
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Figure 4.7: Test of the spot radius of the 660 nm laser, which is performed
by measuring beam profile at different distances from the output end of the
laser, and then get it fitted with the formula that describing the propagation
of a Gaussian beam in the free space, i.e. Eq.(4.12). The result gives a
spot radius of ~362 um and ~374 pum and a M? factor of ~1.2 and ~1.18
in the horizontal and vertical direction respectively. This information is of
significant importance for one to design the setup of an optical trap with this
laser which will be shown later.

the beam radius by 6 times with a pair of lens (f = -50, 300 mm), we are able
to achieve a beam waist of ~25 ym and ~23 pm at the focus of the final lens
(f = 300 mm) with nice Gaussian profile in both the horizontal and vertical
direction, see figure 4.8. The difference of the waist by 2 um as well as the
focus by 0.5 pm between the two directions is derived from the error of the
measurement and can be eliminated with more careful treatment.

In the multi-wavelength trap, to keep the trap size as that of the 1070
nm trap we just design the beam waist around 50 pym. This is achieved by
expanding the spot radius with a pair of lens (f = -30, 200 mm) before shined
to the final lens (f = 500 mm). The measured beam waists match well with
the Zemax program modeling results, which also promises a nice Gaussian

profile from another point of view besides the direct Gaussian fitting.
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Figure 4.8: Typical beam profile of 660 nm trap along the beam propagation
direction. With a beam expander (f = -50, 300 mm) before projected onto
the final lens (f = 300 mm) the beam can be focused down to ~25 pm and
~23 pm in both the horizontal and vertical direction. The measurement
method is the same as we used to test the profile of the 1070 nm trap in
figure 4.5.

4.4.3 AOM driver

The AOM is an essential part in the setup of an optical trap as we can see
from the above sections. In brief one can take it as a frequency shifter based
on the Brag Diffraction principle with the efficiency of the first order beam
proportional to the acoustic power and inversely proportional to the square
of the light wavelength. For more detailed description of the principle and
working parameters one can see [92, 93] and reference therein. In our case,
no matter in the setup of the 1070 nm trap with a 110 MHz AOM (Crystal
Technology) or in the 660 nm trap or 946 nm trap (in chapter 7) with a 80
MHz AOM (Gooch & Housego) a high power RF driver is needed for the
AOM to achieve the highest diffraction efficiency. The schematic diagram of
the AOM driver is illustrated in figure 4.9 and the detailed electronic circuit
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Figure 4.9: Schematic diagram of the AOM driver. The RF frequency fed to
the AOM is control by the voltage controlled oscillator (VCO) with a tuning
DC voltage Vyne, and the power of the RF signal is controlled by the mixer
with another DC voltage V 4.

can be found in appendix B.1. The RF signal is produced by a voltage
controlled oscillator with amplitude can be controlled by a DC voltage Vi,

sent to the mixer, which is then sent to an amplifier before fed to the AOM.

Figure 4.10: The real picture of the box which contains the circuits for both
the AOM driver and the intensity stabilization.
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4.4.4 Intensity Stabilization

The laser intensity stabilization is also an essential part in the setup of an
optical trap due to the following reasons. First of all, one needs to vary the
beam intensity by up to two orders of magnitude in the evaporation process,
however the beam intensity is not necessary linearly related to the power of
the RF signal in the AOM driver. On the other hand, the low frequency
noise inside the laser beam may lead to the heating effect on the atoms
and the subsequent atom loss in the optical trap. Additionally, and perhaps
more importantly, the unstable laser power may cause a misunderstanding
of the trap, especially for the one involves an optical fiber where the power
fluctuation can even reach ~5%.

The intensity stabilization has been involved in the setup of our optical
trap, see figure 4.4, with the detailed electronic circuit in appendix B.2. The
backside polished mirrors in the 1070 nm trap or the special mirror with high
transmission and low reflection in the 660 nm trap enables one to couple a
small fraction of the laser light into a photodetector so that the light signal
can be transformed into a voltage signal and then compared with a reference
voltage sent by the computer. The error signal is sent to a proportional-
integral-derivative controller (PID), where it is rectified before delivered to
the AOM driver to increase or decrease the diffraction efficiency of the AOM

until it is zeroed in, hence the desired beam intensity.

Laser Intensity Calibration

With the intensity stabilization added in, besides the stabilized laser pow-
er one can also enable the control of the laser power with a linear relationship
to the reference voltage sent by the computer, see figure 4.11 and figure 4.12,

which makes it much more convenient to control the evaporation process, e.g.
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Figure 4.11: Calibration of the scaling relationship between the power of 1070
nm beams and the reference voltage output from the computer. The linear
relationship between the laser power shined to the atoms and the output
reference voltage enables us a good control of the trap depth during the
optical loading process as well as the evaporation process.

the evaporation rate in each beam at different stages. One consideration is
that all the photodetectors in the servo are placed before the glass cell, this
is to avoid possible misalignment when optimizing the crossed 1070 nm trap

and the alignment of the 660 nm trap.

4.4.5 Optical Alignment
Alignment of the 1070 nm trap

The 1070 nm trap is displaced horizontally from the magnetic trap cen-
ter. This is mainly to suppress the Majorana loss in the forced evaporation
process in the magnetic trap. The optimization of the 1070 nm trap position
is performed by maximizing the PSD of both Rb and Na, which gives a dis-

placement of 75 pum from the magnetic trap center. This is consistence with
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Figure 4.12: Calibration of the scaling relationship between the 660 nm laser
power and the reference voltage given by the computer. The linear relation-
ship appears pretty similar to that of the 1070 nm trap, which provides a
great convenience for us to tune the trap depth for Rb and Na together with
the 1070 nm beams in the multi-wavelength optical trap.

the theoretical prediction. In addition, it has been confirmed that compared
with the configuration with the optical trap center located right below the
magnetic trap, this configuration can provide a much higher wall thus more

efficient to suppress the Majorana loss [1, 56].

Alignment of the 660 nm trap

The alignment of the 660 nm trap center to that of the 1070 nm trap can
be divided into two steps. The first step is to adjust the optical path toward
the MOT center with help of a weak trapping light of Rb. A good alignment
results in a quick decreasing of the fluorescent signal detected by the camera.
Then optical path direction can be fixed by two iris diaphragms, and the final
lens and the backside polished mirror is added in the optical path. By just

maximizing the output power of the 660 nm beam from the small slit of the
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(b)

Figure 4.13: Alignment of the 660 nm trap center to that of the 1070 nm
trap. (a) shows the alignment in the horizontal direction with help of Rb
thermal cloud, where a good overlap results in symmetrical distribution of
the blown cloud. (b) indicates the alignment in the vertical direction with
Na atoms. By just loading the Na thermal cloud into the 660 nm trap or the
1070 nm trap, and compare the fitted vertical positions of the Na thermal
cloud in the trap, one can directly judge the alignment.

two iris diaphragms, the fine alignment can then be performed with help of
both the Rb atoms and Na atoms. To make the 660 nm beam “right” passing
through the 1070 nm trap center, a in trap absorption image is applied.
A good alignment in the horizontal direction arising with a symmetrical
distribution of the blown Rb thermal cloud, as shown in figure 4.13 (a). The
alignment in the vertical direction is done by just loading the thermal Na
atoms into the crossed 1070 nm trap and the 660 nm trap respectively, and
then compare the fitted cloud center in the vertical direction, see figure 4.13
(b).

To achieve a good overlap between the 1070 nm trap center and the focus
of the 660 nm beam, a manual translation stage for the final lens is suggested.
In our case with beam waist of 50 pm the 660 nm trap has a Rayleigh length
of 12 mm according to Eq.(4.13), which makes it convenient to tune the

overlap manually.
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4.5 Experimental Results

4.5.1 Improvement for Double BECs

The 660 nm trap is applied during the optical trap loading process right
after the forced microwave evaporation stops at 6833.8 MHz in the quadrupole
trap, which deepens the trap depth for Na while still keeps a relative large
trap depth for Rb. Thus, a larger number of the Na atoms can be loaded
into the optical trap. In fact we have observed an increase of the Na atom
number by ~23% compared with the case without the 660 nm trap from a
statistics for several days. In addition, the cloud of both Rb and Na has a
higher peak and smaller size compared with the case without the application
of the 660 nm trap in the loading process. This is attributed to the low-
ered trap depth for Rb thus the colder Rb cloud and subsequent the colder
Na atoms, because the coolant role of the Rb atoms and the Na atoms are

sympathetic cooled.

Left OT —/ /&
Right OT /\\
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Time

Figure 4.14: Timing of the evaporation process in the multi-wavelength op-
tical trap.

Right after the thermal mixture of Rb (~7.4x10°) and Na (~3.5x10°)
has been loaded into the two-color optical trap, the evaporation process is

performed. At the beginning, the Rb atoms are colder than the Na atoms
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thus continue working as the coolant. With the same evaporation rate of
the three beams, see figure 4.14, and nearly the same trap depth for the two
clouds, the Na atoms get colder much faster than the Rb atoms.

In fact, at trap depth 19 pK (20 pK) for Na (Rb) with atom number
3.4x10° (4.5%10°) and calculated PSD 0.63 (0.18), we found that the tem-
perature of Na is already lower than Rb (T, : Tgy, =~ 0.85). In the subse-
quent evaporation, the Na atoms act as the coolant instead of the Rb atoms,
thus the BEC phase transition of the Na atoms comes out first with the Rb
atoms lagged behind.

At position of trap depth 6.5 uK for Na and 5.5 uK for Rb we obtain
a quasi-pure of BEC of Na with atom number 2.4x10° and thermal Rb
cloud with atom number 1.4x10° and calculated PSD of 0.4. Further cooling
results in a pure double BEC with Na atom number 1.5x10° and Rb number
1.0x10%. We point out that the removal of the 660 nm trap is necessary due
to the reason that the red detuned light contributes to the trap frequency for
an atom while the blue detuned one reduces it. Thus, the 660 nm light will
further increase the trap frequency ratio wy,/wrp, and as a result, worsen
the overlap of the cloud center of Rb and Na due to the gravitational sag.

In figure 4.15, the evaporation trajectory of the thermal mixture toward
BEC phase transition is shown, which gives a evaporation efficiency, defined
by a = —%, of 1.27 for Rb. The PSD of Na increases much faster than
that of Rb, which means Na works as the coolant and Rb is sympathetically
cooled in the final stage.

In summary, with the help of the multi-wavelength optical trap the atom
number of the double BEC has been increased by three times. The added
660 nm trap enables us the tunability of the relative trap depths between

Na and Rb in the evaporation process. This results in the swapping of the
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Figure 4.15: Evaporation trajectory of Na and Rb in the optical trap, which
gives a evaporation efficiency of 1.27 for Rb. The PSD of Na increases much
faster then that of Rb, which indicates the coolant role of Na at the final
stage.

coolant role from Na to Rb, and the minority Na atoms can be preserved.

4.5.2 Observation of the Feshbach Molecules

The formation of the Feshbach molecules of Na®"Rb prefers a very low
temperature, even very close to the BEC phase transition. This requires
an ultracold preparation of the mixture with a large atom number for both
Na and Rb. Where an intrinsic contradiction arises. The added 660 nm
trap can increase the atom number of the double BECs, meanwhile, it also
increases the trap frequency ratio between Na and Rb. Additionally, since
the BEC transition temperature of the atoms in a 3-D harmonic trap is
directly related to the atom number by k7T, ~ 0.94hwwN'/3 [73]. It’s hard
to obtain a large ultracold mixture with temperature very close to the critical

temperature. Thus, in the experiment a tradeoff between the atoms number



CHAPTER 4. A MULTI-WAVELENGTH OPTICAL DIPOLE TRAP 76

and the separation of the cloud center as well as the temperature of the cloud
is necessary.

Experimentally, a thermal mixture of Na and Rb with measured temper-
ature of ~ 540 nK and ~ 460 nK has been achieved, see figure 4.16. The
thermal cloud of Na (Rb) has an atom number of 1x10° (1x10°), cloud size
of 4.2 pm (7.5 pm) in the y direction(i.e. the gravitation direction), peak
density of 1.4 x10' em™ (1.86 x10'® ¢cm™®) and a calculated PSD of 2.3
(0.4). According to Eq.(4.19) the calculated displacement between the two

cloud center is ~4.4 pm.
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Figure 4.16: Temperature of the thermal mixture determined by the time of
flight (TOF) method. (a) and (b) indicates the 1/e? size of the Na and the
Rb atomic cloud measured with different evolution time. The fitted result
gives the temperature of the Na atoms ~540 nK and the Rb atoms ~460
nk.

Molecule Signals

With the improved experimental condition, we observed around 8000
atoms recover of the Na atoms by sweeping the magnetic field adiabatically
from 349.6 G across the resonance position (347.75 G) downward to 347.1
G at a constant rate, and then sweeping the magnetic field back to 349.6
G without any holding. A typical result is shown in figure 4.17. The atom
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Figure 4.17: Atom number recovery of Na. Position 0 indicates the sweeping
down process in which the B-field is swept from 349.58 G across the resonance
(347.75 G) down to 347.12 G, and position 1 corresponding to the sweeping
back process in which the B-field is swept back to 348.56 G after swept down.
The two processes give a number difference of ~8000. The experimental
condition Na (Rb) is N = 4.3 x 10* (1.2 x 10°).

number difference between the sweeping down and sweeping back process has
a suggestion of the formation of Feshbach molecules.

To have it verified, the separation of molecules from the atom cloud is
achieved by utilizing the different magnetic momentums between the two
species. Right after the sweeping the B-field down to 347.1 G, a B-field gra-
dient is applied. The Stern-Gerlach effect then results in a totally separation
of the residual atoms and the weakly bound molecules [31, 32]. By invers-
ing the association process, i.e. dissociating the molecules by sweeping the
B-field from 347.1 G across the resonance 347.75 G to 349.6 G, and then
detecting the atom number we still obtained ~1600 molecules.

A typical result is shown in figure 4.18. By sweeping the B-field from
349.6 G to different end with the same sweeping rate and detecting the atom
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Figure 4.18: Relationship between the atom number of the Na and the final
B-field position. The data is fitted with a hyperbolic tangent function [2],
which gives the resonance position of 347.80 G and width of 0.19 G.

number of Na, the molecule signal is verified. A hyperbolic tangent function

fitting of the data gives the resonance of 347.80 G with width 0.19 G.

O End of Chapter.



Chapter 5

Laser System for High Field

Imaging

5.1 Background and Motivation

For polar molecule experiment, the capability to detect molecules at high
field is important. Due to the inductance of the coils, the switching of-
f of a big B-field takes ~100 ps and another ~20 ms is also needed until
the magnetic field become stable. This sets an impediment for the detec-
tion of the molecules at low, or even zero, B-field. In addition, during the
magneto-association process the weakly bound Na®"Rb Feshbach molecules
are immersed in the atom bath. Thus a quick removal of the atoms from the
molecules is required to avoid inelastic collisions with these atoms [94].

The resonant wavelengths of both the Rb and the Na are shifted by the
external magnetic field, which make the cooling and trapping light unable to
image or remove the atoms. Thus a “new” laser light is necessary.

In this chapter first the Zeeman shift of the excited states (for ground

state see section 2.1 ) of both 8’Rb and Na atoms in the magnetic field will
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be calculated. Then the high field imaging system will be introduced, as an
example, we will have a detailed description of the setup for Rb. At last, the

experimental result will be presented.

5.2 Zeeman Shift of the Excited States

For the excited state, the Hamiltonian contains the hyperfine splitting
and the B-field induced energy shift can be written as [95]
 ApgG 3GP+3G—I(I+1)J(J+1) pupB

H= B 7)(5.1

where

G=1,8J,+1,0J,+ Lo J.,

and pp is the Bohr magneton, Ay, and By, is the magnetic dipole constant
and electric quadrupole constant respectively.

Via the diagonalization of the above Hamiltonian with the Mathematical
program, the exact energy shift of the Dy line of 8Rb and Na is obtained
respectively, as shown in figure 5.1 and figure 5.2. For the |3,3) state, a
energy shift of ~975.5 (974.1) MHz for 8"Rb (Na) is obtained at 348 G. From
the Breit-Rabi formula, the energy shift of the ground |2,2) state is ~487.7
(487.0) MHz for 8 Rb (Na) at the same B-field. Thus a frequency shift of
487.8 (487.1) MHz for the Rb (Na) probe beam is needed, compared with
that at zero B-field. In addition, the capability of the high field imaging at
other B-field, e.g. 487 G, requires a large tuning range of the laser frequency.

It is based on the all these considerations that a new laser system is built.
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Figure 5.1: Hyperfine structure of the D, line of 8Rb in the external magnetic
field. The sublevels are grouped by the value of quantum number F (F = 3,
2, 1, and 0, from the top to the bottom) in the low field regime and m; (m;
= 3/2, 1/2,-1/2 and -3/2) in the strong field regime.

5.3 High Field Imaging System

The center part of the high field imaging system is the distributed feed-
back (DFB) laser with frequency locked to the trap laser via the offset locking
scheme, which allows a wide tunability of the laser frequency as well as a large

capture range with long term stability.

5.3.1 DFB Laser

A photo of the DFB laser is shown in figure 5.3. The chip is from Eagle-
yard with an integrated grating structure. It is mounted with a cage plate
mount (Thorlabs CP04) and placed in an air-tight aluminum case. The diode
has a build-in TEC which is controlled by a Thorlabs temperature controller
(Thorlabs TED 200C). The current driver is the same as we have used in the
ECDL. The output beam is collimated with an aspheric lens (C230TME-B).
Compared with the ECDL, a big advantage of the DFB laser is its large
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Figure 5.2: Hyperfine structure of the D line of Na in the external magnetic
field. The sublevels are grouped by the same way as that of the Dy line of
8"Rb with the only difference being the dividing line between the low field
and the strong field regime.

mode-hop range. Several hundred GHz can be covered smoothly with the

combined temperate and current tuning.

5.3.2 Frequency Offset Locking Scheme

The offset locking of a laser to a reference laser is based on measuring and
controlling the beat note between these two lasers [96]. The reference laser
(the trap laser for Rb laser cooling) beam and the free running DFB laser
beam are superimposed on a PBS with each beam of ~100 W power. The
beat note Af = fprp— firap (619.8 MHz) is measured by a fast photodetector
(EOT ET-2030A) and subsequently divided by 4 times with a frequency
divider (RFBay FPS-4-13). The RF signal is then mixed (Mini Circuits
ZFM-3-S+) with the output of a VCO (Mini Circuits ZX95-310A-S+). This
is followed by a low pass filter (Mini Circuits BLP-50+) to extract the Af —
fvco part of the signal only. This signal is then divided into two equal
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Figure 5.3: A photo shows the inner setup of the DFB laser.

branches. A 1-meter long coaxial-cable is used to impart a phase shift to
one of the branches before they are recombined with a phase detector (Mini
Circuits ZX95-100-S+). The output signal after a second low pass filter then
gives the error signal.

The schematic diagram of the above process is illustrated in figure 5.5,
and a photo of the setup is shown in figure 5.6. From figure 5.7, we can
see that the error signal varies with the beat note frequency, where the zero
crossings of the signal provide the locking points for the DFB laser with a
servo loop. The electronic circuit of the PID is added in the Appendix C.
The output frequency of the VCO is linearly related to the control voltage,
as illustrated in figure 5.8. Thus the locking points of the DFB laser can
be shifted conveniently with the control voltage of the VCO. In addition, we
point out that the capture range of the error signal is determined by +1/2t,
where t is the time delay caused by the cable. In our case with a 1-meter
cable, the time delay is ~5 ns, thus the capture range is given by ~200 MHz.
With a shorter cable the capture range can be increased but the slope of the

error signal will be decreased, which results in a lower frequency resolution.
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Figure 5.4: Threshold test of the DFB laser, which gives a threshold current
of ~46 mA.

5.3.3 Experimental Result

To judge whether the high field imaging work or not experimentally, one
direct method is to drive the transition between |2,2) — |3, 3) state at high
magnetic field. In figure 5.9, we show a typical experimental result by mea-
suring the peak OD with varying output frequency of the VCO hence the
locked DFB laser frequency at 347 G. The data is fitted to a Lorentz function
and the fitted result gives a width of 5.1 MHz.

5.4 Conclusion

In summary, the laser system for high field imaging is presented in this
chapter. We start by the importance of the high field imaging system and
the analysis of the energy shift of the D, line of both 8"Rb and Na. Then
the design and set up of the DFB laser is described in detail. The DFB
laser is locked to the trap laser for Rb laser cooling via the frequency offset
locking scheme, with which its frequency can be tuned conveniently. At last

the imaging system is verified with a simple experiment performed at 347 G.
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Figure 5.5: Optical layout of the offset locking scheme.

O End of Chapter.
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Figure 5.6: The real setup of the RF components of the offset locking scheme.
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Figure 5.7: Error signal varying as a function of the beat note frequency.
The zero crossings provides the locking position for the DFB laser.



CHAPTER 5. LASER SYSTEM FOR HIGH FIELD IMAGING 87

w

o

o
T

Frequency (MHz)
N
3

100 '

Voltage (V)

Figure 5.8: A test of the relationship between the control voltage and the
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Figure 5.9: Test of the high field imaging by driving the transition between
12,2) <> |3,3) state at 347 G with different output frequency of the VCO
hence the locked DFB laser frequency. The dot is the experimental data and

the red line is the Lorentz fitting.



Chapter 6

A “Magic Wavelength” Optical
Trap for °’Rb and Na

6.1 Overview and Motivation

From the above experimental results, the multi-wavelength optical trap
seems already nice enough for the experiment except for the gravitational
sag. It not only breaks the symmetry of the trap in the vertical direction,
but also leads to the separation of the cloud center between Rb and Na.
Thus the Feshbach molecule formation efficiency may be lowered due to the
poor overlap. From Eq.(4.19), the separation results from the different trap
frequencies between Rb and Na in the optical trap, and can be eliminated

with a “magic wavelength” trap in which

wNa:wa:\/UNa/mNa: \/URb/mszl. (61)

In this chapter the “magic wavelength” will be calculated based on both

the classical model and the semiclassical treatment. Then we will have a
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comparison between the two models in the aspect of the trap depth and
trap frequency as well as the calculated “magic wavelength”. After that
the detailed description of the setup of our “magic wavelength” trap will be
introduced with focus on the design of the tapered amplifier (TA). Finally

an outlook for this trap is given.

6.2 Calculation of the “Magic Wavelength”

6.2.1 Classical Model

Follow Eq.(4.15) and equate the trap frequency of Rb with that of Na
in the y direction, we obtain the result as shown in figure 6.1, whereas the
trap frequency of both the Rb atoms and the Na atoms in the y direction
varying as a function of the trap wavelength is illustrated. The intersection
position gives the “magic wavelength” of A\ = 942.8 nm, which indicates that
the gravitational sag is zeroed at this wavelength. Above this position the
ratio in Eq.(6.1) exceeds 1, which indicates a tighter trap for Na than that
for Rb. While below this position it corresponds to a tighter trap for Rb

instead.

6.2.2 Semiclassical Model

The classical model in fact can be regarded as a two level system, however
the real atoms have a complex sublevels, thus to be more accurately, the
contribution from all the excited states to the energy shift of the ground
state of the alkali metal atoms (¥’Rb and Na in our case) should be involved.

From the perturbation theory, the energy shift of the atoms in the light
field can be treated in the second order of the electric field, i.e. proportional

to the field intensity [97, 87]. As a result the interaction Hamiltonian H;,;
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Figure 6.1: Trap frequency of Rb and Na in the y direction as a function
of the laser wavelength, the intersection gives a wavelength of A = 942.8 nm,
which indicates the “magic wavelength” where the Rb atoms and the Na
atoms have the same trap frequency, thus zero the gravitational sag.

leads to the energy shift from the i—th upper level to the target ground level

can be described as

’ ez|Hmt|g
AFE = . 6.2
25, E. (6.2)
Here, the interaction Hamiltonian H;,; = —ﬂE, with [i representing the

electric dipole operator.
Eq.(6.2) can also be written in terms of the intensity of the laser field as

(98]

I(z 1T, Y, 2)
AB(ry,2) =~ Z| cililg)l? (63)



CHAPTER 6. A “MAGIC WAVELENGTH” OPTICAL TRAP FOR
8RB AND NA 91

where the dipole matrix element between the excited state |e;) and the target

ground state |g) is related to the spontaneous decay rate as

3

= 37T6—0h03|<6i|ﬂ|9>|2~ (6.4)

From which one can see that with the known laser intensity and detuning
the exact energy shift of the target ground state (for the excited state the
energy shift just has a minus sign difference) can be obtained once the dipole
moment is known. In the real experiment with the alkali metal atoms in
a red detuned laser light field, the most relevant excited state related to
the ground state is the D; and D5 line, and the contribution from the higher
excited states converge rapidly unless with a resonant wavelength [99]. Thus,
a good approximation can be made by considering the doublet structure as
the dominant while the higher excited states as the correction if necessary.
With the effective dipole moment of 2.44 eay (2.035 eagy) (ag is the Bohr
radius) for the Dy line and 1.728 eag (1.44 eag) for the Dy line of 3Rb (Na)
[100], the trap potential and the trap frequency for both Rb and Na can be
obtained. In figure 6.2, the calculated trap frequency for both the Rb atoms
and the Na atoms in the y direction as a function of the trap wavelength is
shown based on Eq.(6.3), which gives the “magic wavelength” of 945.828 nm.

A more accurate calculation involves the higher levels correction gives
the “magic wavelength” of 946.466 nm with an accuracy of 0.5% [99], thus,
one may see that both the two models are effective for finding the “magic
wavelength” with the later one having a higher precision, i.e. much closer to
the exact position. For the trap depth and the trap frequency, a compari-
son between the two models is also made with a single 1070 nm light with
beam waist 50 ym and power 5 W. The results are shown in table 6.1, from

which one can see that the classical model gives approximately the same trap
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Figure 6.2: Trap frequency for both the Rb atoms and the Na atoms in the
y direction varying with the trap wavelength, the intersect positions (except
A~ 589 nm or 780 nm which corresponds to the resonance of Na and Rb)
predicates the “magic wavelength” of 945.828 nm.

depth and trap frequency for the two species as the semiclassical model, thus

accurate enough for helping control and understand the experiment process.

6.3 Tapered Amplifier Setup

The heart of the “magic wavelength” trap is the homemade tapered am-
plifier (TA) (m2k-laser GmbH) which is orientated in the external resonator
configuration, as shown in figure 6.3. The TA chip is embed in the c-mount
pocket with two facets, i.e. a rear facet with ridge-waveguide structure and
a front facet with an anti-reflection coating. When fed with a current above
~500 mA, there will be emitting light out from both the two facets of the

chip with the one from the front facet, i.e. the output facet, stronger than
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Classical Model Semiclassical Model
8TRb Na 8TRb Na
Trap Depth (uK) 189.6 66.0 191.3 66.0
Trap Frequency (Hz) (857, 857, 4) | (984, 984, 5) | (861, 861, 4) | (984, 984, 5)
Magic Wavelength (nm) 942.816 945.828

Table 6.1: Comparison between the classical model and the semiclassical
model in terms of the trap depth and trap frequency for both the Rb atoms
and the Na atoms with a single beam 1070 nm trap with beam waist 50 pm
and power 5 W, as well as the precision in predicting the “magic wavelength”
position.

that from the rear facet. The output light from the rear facet is used for
optical feedback. A collimating lens (A397TM-B) is used to achieve a good
coupling to the grating (GH13-12U), and a A\/2 waveplate is used to tune
the polarization of the light to achieve the highest reflection efficiency from
the grating, thus the highest coupling efficiency. In figure 6.4 the threshold
current of the TA is test at wavelength ~946 nm, which gives a threshold
of ~1.2 A. The slope of the TA is only ~670 mW /A, which is due to the
fact that 946 nm is not at the center of the TA chip’s gain profile. We have
measured that above the threshold the output intensity at ~946 nm is only
70% of that at ~955 nm (central wavelength). With operating current of 2.8
A, the output power of the laser reaches 1 W.

Generally two pairs of cylindrical lens are needed to collimate the laser
beam output from the front facet due to strong astigmatism as a result of
the internal structure of the chip. In our setup, the laser beam is collimated
with an aspheric lens (C330TME-B) and a cylindrical lens (LJ1402L2-B) in
both directions and then telescoped by two times with a pair of singlet lenses
(f = 100, -50 mm) to achieve a high diffraction efficiency of the AOM and a
high fiber coupling efficiency, see figure 6.5.

Similar to the ECDL, to make the TA laser work in a single mode with low
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Figure 6.3: The real optical layout of the TA.

noise, a stable current driver and a temperature controller are also required.
In this case the TA is driven by a 4-A current controller (Thorlabs LDC240C),
and the temperature stabilization scheme is pretty similar to the one used in

the ECDL.

6.4 Optical Layout

The optical layout of the “magic wavelength” trap is shown in figure 6.5.
Compared with the setup of the multi-wavelength trap, see figure 4.4, the
major difference is the application of an optical fiber used mainly as a mode
filter. With optimized beam profile an overall efficiency of ~50% of the setup
has been achieved, involving the losses from the isolator, the AOM and fiber
coupling. With 2.8 A operating current we can obtain a nice Gaussian beam
with up to 500 mW power out from the fiber.

The “magic wavelength” trap is designed with a beam waist of ~ 30um,
so that a trap depth of ~78 puK (~21 uK) for Rb (Na) can be obtained

with 500 mW power. This can provide a relative large trap volume for
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Figure 6.4: Threshold test of the TA laser at ~946 nm, which gives a thresh-
old of ~1.2 A and a slope of ~670 mW/A.

the loading process from the multi-wavelength trap after the evaporation
process. A collimating lens (A397TM-B) together with a beam expander
(f = 35, 100mm) is used to provide a suitable spot radius so that with a
f = 300 mm lens a beam waist of 30 ym can be obtained. In figure 6.6,
a typical measurement result of the beam waist of the “magic wavelength”
trap is shown under this configuration, which gives a beam waist of 32 (33)
pum in the horizontal (vertical) direction. We point out that with a diverging
beam projected onto the final lens (f = 300 mm), a beam waist of 23 ym can
be obtained. This means the trap size can be tuned conveniently by simply
changing the relative distance between the f = 100mm lens and the f = 300
mm lens. In addition, by replacing the lens of f = 35 mm with a f = -30.0
mm one, one may even obtain a beam waist of 15 ym from the modeling

results with the Zemax program.
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Figure 6.5: Optical layout of the “magic wavelength” trap. The f = 40 mm
cylindrical lens together with the f = 3.1 mm aspheric (inside the laser box)
and the telescope (singlet, f = 100, -50) is used to help increase the beam
quality output from the laser to achieve a high diffraction efficiency of the
AOM and a good coupling efficiency of the fiber. Another lens group is used
to collimate and expand the output beam from the fiber to achieve a small
beam waist near 30pum. The intensity stability scheme is the same as that in
the multi-wavelength trap in chapter 4.

6.5 Conclusion and Outlook

Due to the limited time, the experimental verification of the “magic wave-
length” trap is not finished, thus I just give a short summarize of the theo-
retical results and an outlook here.

In the “magic wavelength” trap, the trap frequency seen by the Na atoms
and the Rb atoms will be the same, as shown in figure 6.2, thus the gravita-
tional sag will be zeroed and a concentric cloud of the double BEC can be

expected. In addition, an improvement of Feshbach molecule number is also
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Figure 6.6: Typical beam profile of the “magic wavelength” trap. In this
setup an optical fiber (Thorlabs P5-1064 pm -FC-2) is used as a mode filter

to achieve a nice Gaussian profile. Then the laser beam is collimated by an
aspheric Lenses (A397TM-B).

expected due to a better overlap of the atom cloud between Na and Rb.

O End of Chapter.



Chapter 7

Conclusion and Outlook

7.1 Summary

In this thesis the apparatus of the Na®"Rb mixtures experiment is de-
scribed with focus on the multi-wavelength optical dipole trap. With the
generally used crossed 1070 nm optical dipole trap, a quasi-pure double BEC
with atom number of 5.0 x10* (2.5 x10%) Na (Rb) can be achieved, while
further optimization of the atom number is limited by the much shallower
trap depth for Na than that for Rb, thus a single trap beam of the 660 nm
trap is proposed. The basic idea behind this setup is to achieve a tuneable
trap depth between Na and Rb atoms, or more accurately to keep the trap
depth for Na equal or a little deeper than that for Rb, so that the Rb atoms
can work as the coolant right after loaded into to the optical trap, hence
much less lost of Na can be expected and much more number of Rb can be
loaded into the trap.

With the improvement from the multi-wavelength trap and continually
optimization of the system, we have observed the first Feshbach molecule

signal at 347.75 G after removing the residual atoms with the gradient field.

98



CHAPTER 7. CONCLUSION AND OUTLOOK 99

To detect the molecules directly at high magnetic field, a new imaging system
is designed based on a homemade DFB laser. This laser is locked to the
trapping laser via the offset locking scheme and has a capture range of ~200
MHz. An experimental verification of the imaging system is performed by
driving the cycling transition at 347 G. We point out that this laser can also
be used to blast the residual atoms in combination with a RF pulse in the
molecule formation stage.

On the other hand, due to the gravitational sag we have observed that the
Rb BEC always locates below the Na BEC instead of a concentric double
BEC pattern. To address this problem, the “magic wavelength” trap is
proposed based on the semiclassical calculation. With this trap, the double

BEC is expected to have a concentric structure.

7.2 Suggestion of Future Works

The 660 nm trap is not only useful for the production of Feshbach molecules
in our system, the repulsive force to the Rb atoms makes it useful to study
lots of physical topics, such as the soliton formation [101, 102, 103, 104], col-
lective excitation [105], and Faraday wave [106, 107] in the dual species BEC,
especially in combination with the “magic wavelength” trap. Though they all
have been studied ever since the first observation of the BEC, there are still
many quite interesting problems remained to be solved. Taking the study of
solitons as an example, many interesting topics have been proposed, such as
the properties of the solitons with thermal and fluctuations, the reflectivity
or transitivity of a soliton interacting with a barrier potential [108], the colli-
sion properties of the dark-dark and dark-bright solitons in a double species
BEC [109, 110, 111, 112], the properties of a soliton under a nonlinear envi-
ronment [113, 114] or in a time dependent optical lattice [115, 116, 117, 118],
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et al.
In addition, the 660 nm laser has a stable single mode which makes it an
ideal candidate for the setup of the optical lattice, which will further enrich

our tool for the study of the above topics.

O End of Chapter.



Appendix A

DC to DC Converter and
Digital Isolator
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Figure A.1: DC to DC converter circuit.
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Appendix B

AOM Driver and Intensity

Stabilization

B.1 AOM Driver

B.2 Intensity Stabilization PID
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Figure B.1: Electronic circuit of the AOM driver.
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Appendix C

DFB PID

Figure C.1: Frequency Stabilization PID for DFB laser.
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