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This thesis describes the results of several experiments that studied

the photoassociation of an ultracold atomic Rb gas. In the first experiment,

we produced ultracold diatomic molecules from an atomic gas via single-color

photoassociation. The molecules were detected with resonance-enhanced mul-

tiphoton ionization. Trapping of these molecules in a quadrupole magnetic

trap, with lifetimes up to 20 seconds, was also demonstrated. In addition, the

rate constant for inelastic collisions between the trapped molecules and atoms

was determined from measurements of the atomic density dependence of the

decay rate of the trapped molecules.

In another experiment, stimulated Raman photoassociation of Rb atoms

in a Mott insulator state was studied. A Bose-Einstein condensate (BEC) of

87Rb atoms was loaded into a three-dimensional optical lattice formed by the

vii



interference pattern of three orthogonal standing wave laser fields. This sys-

tem constitutes a very good realization of the Bose-Hubbard model, which

predicts a quantum phase transition between a superfluid state and a Mott

insulator state at a particular lattice height. A time-of-flight imaging method

was used to study the state of the atomic gas, and the quantum phase transi-

tion was observed at the predicted lattice height. The signature of the phase

transition was the disappearance and reappearance of peaks in the image that

arose from the interference of atoms originating from different lattice sites.

Two coherent laser fields were applied to the gas in its Mott insulating state,

and tuned close to a Raman photoassociation resonance, and this resulted in

an observable loss of atoms due to the formation of molecules. This transition

exhibited a double-peaked spectrum, with one of the peaks arising from pho-

toassociation of atoms in sites containing only two atoms, and the other from

sites containing three atoms. Also, the loss of atoms vs. the duration of the

Raman photoassociation period was studied, with the lasers tuned to the peak

corresponding to two atoms per site. It was found that a central core of the

gas, containing about 40 percent of the atoms, exhibited a coherent oscillation

between an atomic and molecular quantum gas.
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Chapter 1

Introduction

Superconductivity and superfluidity are two of the most amazing dis-

coveries in 20th century physics [1]. Both effects show the macroscopic quan-

tum effect and come from the very similar physics of BEC( Bose-Einstein

Condensate). Superfluidity of 4He comes from the Bose-Einstein Condensate

of 4He atoms and superconductivity can be thought of as a BEC of cooper

pairs. But the direct and clear observation of a BEC in condensed matter

systems was very difficult due to strong interactions. Only after many decades

of hard work and creative innovations in laser cooling and trapping of a dilute

atomic gas [2], a BEC of a dilute gas was observed in 1995 [3] [4]. A dilute gas

BEC made it possible to study a BEC in an ideal condition and also coherent

atoms from a BEC are perfect source for coherent matter wave experiments.

There has been an explosive growth in BEC physics and it is expected to grow

more in the future [5]. Another fascinating new development is the realization

of quantum degenerate fermionic atoms and research toward the realization

of BCS cooper pairs with ultracold atoms [6] [7] [56]. This research actually

has the possibility of studying condensed matter systems with atomic physics

system and the list of possible experiments are growing everyday.
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1.1 Ultracold molecules

After the impressive progress in atomic physics with ultracold atoms,

it is natural to ask what can be achieved with ultracold molecules. There

are many interesting proposals for ultracold molecules. At a ulracold tem-

perature, chemical reactions between atoms and molecules will have different

characteristics and it will be interesting to study these effects [9]. There are

also a couple of interesting proposals using ultracold polar molecules. It was

suggested that by using dipole interaction between ulracold polar molecules

trapped in an optical lattice, a scalable quantum computer can be built [30].

Also because of a very big enhancement of the electron EDM (electric dipole

moment), ultracold polar molecules are very interesting choice for the electron

EDM search [11].

Although a BEC of bosonic atoms and a quantum degenerate gas with

fermionic atoms were achieved and studied extensively, it will be interesting

to study the same physics with molecules. Because of the complicated inner

structure of molecules, there is a possibility of studying quantum degenerate

gas of molecules with anisotropic interactions and this system predicts many

interesting phenomena [12]. Also studying conversion of atoms into molecules

itself is very interesting because this corresponds to the second harmonic gener-

ation in a matter wave and opens the possibility of coherent coupling between

atoms and molecules which is called ”Superchemistry” [13].

However, molecules lack closed transitions which are essential for laser

cooling. There are several different ways of making ultracold molecules and
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trapping them. One way of producing molecules is using another cooling

technique which can be applied to diverse atomic and molecular species. Buffer

gas cooling is the first method used to cool hot molecules and trap them in a

magnetic trap [14]. Helium buffer gas at very cold temperate is used to cool

hot molecules with elastic collisions. J. Doyle group at Harvard pioneered in

this technique to produce cold molecules. The big advantage of this method

is that this method can be applied to any atom or molecule which has a

magnetic moment. With this method, the number of molecules trapped is

about 108 and the temperature is around 300 mK. Another method to cool

molecules is a stark decelerator which uses inhomogeneous electric field to

reduce the kinetic energy of polar molecules [15]. With the clever switching

on and off of the electric field, it is possible to have molecules always climb

up the potential barrier. With this method, NH3 molecules were cooled and

trapped in an electric field. The temperature achieved was about 350 mK. The

advantage of these two methods is the possibility of the general application of

these techniques. Also molecules are produced and cooled in a ro-vibrational

ground state. But as we can see from the temperature achieved so far, there

is a long way to go to catch up the temperature of ultracold atomic gas which

can be as low as a few nK. Also the possibility of an evaporative cooling needs

to be shown.

The second method of creating ultracold molecules uses the well estab-

lished technique of creating ultracold atoms as a starting point and converts

these atoms into molecules. There are two ways of converting atoms into
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molecules. One is using Feschbach resonance [16] [18] [17]. Feschbach reso-

nance is the resonance betwee a bound molecular state and two free atomic

state achieved by the variation of the energy difference between these two

states which have different Zeeman energy shifts controlled by an external

magnetic field. By sweeping this magnetic field atoms can be converted into

molecules adiabatically. The second way of converting atoms into molecules is

by photoassociation [19] [20]. During photoassociation process, two colliding

atoms will absorb a single photon from a photoassociation laser beam whose

energy is equal to the excited molecular state energy and these two atoms will

be converted into an excited state molecule. These excited state molecules

can decay into singlet ground state or triplet ground state molecules depend-

ing on the symmetry of an excited molecular state. Or Raman photassociation

can be used to convert these excited molecules into the specific ro-vibrational

state molecules. R. Knize first trapped Cs2 molecules produced from a MOT

[21] and there are many experiments to detect molecules produced via a pho-

toassociation [22] [23] [24] [25]. Also magnetic trapping of Cs2 produced by

photoassociation was also reported [26].

The common problem for both methods is the fact that the created

molecules are mostly in highly excited vibrational states. Because these molecules

in high lying vibrational levels can collide with other atoms and molecules and

decay into deeply bound vibrational states, inelastic collisions limit the effi-

ciency and stability of molecules produced. But if the produced molecules

can be transferred to a ro-vibrational ground state, we will have a very stable

4



ultracold molecular gas.

1.2 Ultracold atoms in an optical lattice

The advantage of the ultracold atomic system over the liquid helium

system to study BEC is the weak interaction between atoms compared to the

strong interaction between helium atoms. Because of this weak interaction

, a pure BEC can be observed and coherent atoms can be produced from a

BEC. There have been many exciting results from the study of an weakly in-

teracting atomic system. Another interesting possibility of the atomic system

is the ability of controlling the strength of the interaction between atoms. A

Feshbach resonance mentioned earlier can be used to change the interaction

strength between atoms [27]. We can increase effective interaction between

atoms by increasing the confinement of atoms and an optical lattice is an

ideal system to increase the confinement. Many condensed matter systems are

strongly interacting systems and it will be very interesting to study strongly

interacting and correlated systems with ultracold atoms. The system of ultra-

cold atoms in an optical lattice turns out to be a very promising system to

study a strongly interacting many body system . There are many advantages

of using atomic system to study a strongly interacting many body system. We

can eliminate the impurities in an atom system very easily and the parame-

ters of an interacting many body system can be adjusted easily in an atomic

system.

Ultracold atoms in an optical lattice can be described with a Bose-
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Hubbard model which predicts a quantum phase transition from a superfluid to

a Mott insulator [28] . Recently, a quantum phase transition from a superfluid

to a Mott insulator was realized with ultracold atoms in an optical lattice [29].

There are many interesting theoretical proposals to study this quantum phase

transition with several different configurations of ultracold atoms in an optical

lattice [30] [31]. Also a dilute gas Mott insulator with one atom per lattice

site is a perfect starting point for the quantum information processing with

neutral atoms [32]. There is also a growing interest in a strongly interacting

1-D Bose gas which can be realized with ultracold atoms in a 2-D lattice. A

strongly interacting one dimensional bosonic gas is predicted to behave like

non interacting fermionic gas [33] [34]. Experimental realization of this system

will be very interesting.

Another interesting possibility is to study ultracold fermionic atoms

in an optical lattice [35] [36]. There is a theoretical study of this system in

2-D and 3-D optical lattices and it was shown that ultracold fermionic atoms

in a 2-D optical lattice exhibit high-Tc superconductivity [35]. Unlike other

examples, the exact nature of high-Tc superconductivity is unknown at this

time and experiments with ultracold fermionic atoms in a 2-D optical lattice

will make it possible to understand the nature of high-Tc superconductivity

with an atomic system. This shows that studying ultracold aotms in optical

lattices can be a powerful tool in understanding interesting phenomena and

new physics in strongly interacting and correlated many body systems.

6



1.3 Main results of this work

This thesis consists of three experiments. The first experiment pre-

sented in this thesis is ultracold molecule formation and trapping experiment.

We created ultracold 87Rb2 molecules in a triplet ground state via a single

photon photoassociation. Due to the very favorable Franck-Condon factor, we

can create ultracold molecules efficiently. These created molecules were de-

tected with a REMPI (Resonance Enhanced Multi-Photon Ionizatin) method.

The temperature of molecules in a trap was measured to be 198µK and the

number of trapped molecule was 4×103. The atom-molecule inelastic collision

rate was measured and Kam = 3.45(±0.93) × 10−11 s/cm3. Without atoms,

we could trap molecules with a 20 s lifetime in a magnetic trap. However

the lifetime of molecules inside a BEC of atoms will be shorter than 1 ms be-

cause of a high density of atoms in a BEC which is typically 1014 cm−3. This

measurement showed the difficulty in making ultracold molecules from a BEC

due to the inelastic collisions. New BEC set up was made to improve the old

BEC set up and to make it possible to set up a 3-D optical lattice. New BEC

chamber and new cloverleaf type magnetic trap was designed and built for the

new experiment. With this new set up, a pure BEC with 2 million 87Rb atoms

could be produced.

A 3-D optical lattice was set up to study a quantum phase transition

from a superfluid to a Mott insulator with ultracold atoms in an optical lattice.

Ultracold atoms in an optical lattice can be described with a Bose-Hubbard

hamiltonian which predicts a quantum phase transition from a superfluid to a

7



Mott insulator. A quantum phase transition was observed with a TOF (Time

Of Flight) absorption imaging. In a superfluid state, matter wave interference

peaks were observed and there were no interference peaks in a Mott insulator

state. A careful study of widths of central peaks change shows an increase when

the system enters a Mott insulator state. Also we observed the depletion of a

BEC as we increase the an optical lattice depth.

Raman photoassociation was applied to a Mott insulator of an atomic

gas to produce ultracold molecules in an optical lattice. Because of a very

small tunnelling rate between adjacent sites in a Mott insulator state, there

were no inelastic collisions between atoms and produced molecules. Raman

resonance frequency shift between two atoms per site Mott insulator and three

atoms per site Mott insulator was observed. By locking the Raman frequency

to two atoms per site Mott insulator Raman resonance frequency, we observed

coherent Rabi oscillations between atoms and molecules in an optical lattice.

This is the clear signature of coherent creation of molecules from atoms and

this will be the first step toward the creation of a quantum molecular gas in

an optical lattice.
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Chapter 2

Ultracold molecule production and trapping

There have been impressive rapid developments in atomic physics since

the invention of laser cooling and trapping. It will be very interesting to see

what can be achieved with the creation of ultracold molecules.

As discussed in previous chapter, there are a few methods of producing

ultracold molecules. In this chapter, we will discuss the ultracold molecule

formation from a single color photoassociation and magnetic trapping of ul-

tracold molecules. Also we will show the measurement of an atom-molecule

inelastic collision rate and discuss the implication of this measurement in the

future experiments.

2.1 Experimental set up

This experiment was done with an experimental set up that was built

by former students Dian-Juin Han [37] and Roahn Wynar [38]. A good descrip-

tion of this apparatus can be found in their thesis. 87Rb atoms were slowed

by a Zeeman atomic beam slower and loaded into a MOT (Magneto-Optical

Trap). Since a photoassociation rate is proportional to the density of atoms,

it’s important to increase the density to have efficient molecule production. In
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a MOT, main limitation of density of atoms is the effect of radiation trapping

when atoms reabsorb photons emitted by other atoms. To solve this problem,

so called a dark MOT was invented [39]. In a dark MOT atoms remain in a

dark hyperfine ground state which is F=1 state for 87Rb atoms and do not

absorb photons from MOT beams because the repumper beam that pumps

atoms into F=1 state has a hollow center. But outside of this hollow cen-

ter atoms will absorb photons from MOT beams and be trapped. This is a

very successful technique to increase the density of atoms in a MOT and we

adopted this in our experiment to increase the photoassociation rate which is

proportional to the density of atoms. Produced molecules were trapped in a

quadrupole magnetic trap which was generated by two circular coils inside the

chamber which generate the usual radial gradient value of 60 G/cm.

We used a Ti-Sapphire laser (Coherent model 899-01) to produce a pho-

toassociation laser beam. This laser was converted to a single frequency laser

and stabilized by locking into an optical cavity whose length was stabilized by

a MOT laser. Using this locking set up, we could tune the laser frequency to

any desired value and hold it fixed within 1 MHz over several hours. The detail

of this locking system is available in Roahn Wynar’s thesis [38]. We used an

optical fiber to transfer the beam from a laser optical table to the experiment

optical table. At the location of the atomic cloud, the waist of beam was 1.1

mm and we usually used 150 mW laser beam power for the photoassociation

experiment.

Produced molecules were detected with the method of REMPI (Reso-

10



nant Enhanced Multi Photon Ionization). Molecules can be excited into an

ionized state with an absorption of several photons and if one or more photon

energy matched the energy difference between different intermediate states, the

transition will be enhanced. We used photons from pulsed dye laser pumped

by pulsed Nd:YAG laser to do REMPI measurement.

The Nd:YAG laser we used is Lab 170 from Coherent with 30Hz rep-

etition rate. The maximum pulse energy was 210 mJ at 355nm and 330 mJ

at 532 nm. Dye laser was Sirah Cobra Stretch (model CSTR-LG-18). We

used a dye laser beam which had a waist of 1.24 mm at the location of cloud

and typical energy per pulse was 10-15 mJ. To detect ions produced, we used

channeltron ion detector which we installed inside the chamber. The detail of

this set up is available in Riley Freeland’s thesis [40].

2.2 Formation and trapping of ultracold molecules

Photoassociation is a process of conversion from two free atoms to an

excited sate molecule via an absorption of a single photon. These excited state

molecules have usually very short lifetimes, typically about 12 ns. Molecules

can decay into continuum states of two free atoms, into singlet molecular

states, or into triplet molecular states. We are trying to trap molecules pro-

duced in a magnetic trap which means that it’s necessary for us to create large

number of triplet state molecules which will have a magnetic moment. Transi-

tion strength between different states are determined by dipole matrix element

and Franck-Condon factor which is determined by vibrational wavefunctions
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Figure 2.1: One color photoassociation binds two colliding atoms with a photon
to form an excited state molecule. When ω = ω0 − ∆ − E the process is
resonant. The excited state decays at a rate γ producing either hot atoms or
bound ground state molecules.
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Table 2.1: Theoretical calculation of binding energies, outer turning point ,
and Frack-Condon factor to 0−g (v=1) excited state of ground state vibrational
levels

Binding Outer Franck-Condon
v Energy Turning Factor

(GHz) Point(a0) ( to 0−g (v=1))

40 0.024 104.28 0.003
39 0.63 60.22 0.032
38 2.93 46.83 0.135
37 8.05 39.72 0.321
36 17.15 35.16 0.077
35 31.35 31.92 0.118
34 51.77 29.48 0.042
33 79.48 27.56 0.002

of each state. Fig. 2.1 shows schematic of the formation of ultracold molecules

via photoassociation.

It is important to select an excited state which has a good overall

transition probability into triplet ground state molecules. We calculated some

of these Franck-Condon factors and Tab. 2.1 shows the result for the 0−g (v =

1, P3/2) state we used in this experiment. This potential is sometimes called

”pure long range potential”, because the equilibrium position is located further

out than the usual molecular potentials. The high lying vibrational level states

in triplet potential have similar turning points as the excited state we chose.

Because of this, Franck-Condon factors are very favorable in producing triplet

ground state molecules in high lying vibrational levels. Especially v = 37

which has a binding energy of 8 GHz receives more than 30 % of a total decay.

13
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Figure 2.2: Resonant Enhanced Multi Photon Ionization (REMPI) process of
Rb molecules
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2.2.1 Multi-photon ionization detection of molecules

In previous experiments, molecule formation was detected from the de-

crease of the number of atoms. But this method can not be used if we want

to measure the decay rate of trapped molecules. We decided to implement

the direct detection of molecules with a multiphoton ionization method. In a

previous work by Riley Freeland, a pulsed dye laser with wavelength around

600 nm was used to detect molecules. But we realized that the ionization

efficiency of 600 nm dye laser is not very good for high lying vibrational levels.

We tried to have a two color ionization method with 355nm pulsed laser beam

from 3rd harmonic of Nd:YAG laser pulse and dye laser pulse with wavelength

range of 780nm-810nm. We tried various configurations to find out the best

combination to increase the molecule signal. The biggest problem we had with

this two color ionization scheme was the background signal from the ioniza-

tions of atoms. The excited state atoms can be ionized very easily with 355nm

Nd:YAG laser pulses. Dye laser pulse had a ASE (Amplified Spontaneous

Emission) spectrum which included Rb D1 and Rb D2 resonance frequencies.

This meant that atoms got excited by a dye laser pulse and got ionized by a

355nm Nd:YAG laser pulse. Although this process was not very efficient, the

ions from this process was much bigger than the molecule signal because the

number of atoms was much larger than the number of molecules. It turned

out that the best way to get a big signal without too much background signal

is just using a pulsed dye laser only for the ionization. Molecules could be

ionized with three photons from a dye laser pulse and this three photon ion-
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ization process could be enhanced by resonance. Fig. 2.2 shows the REMPI

(Resonance Enhanced Multi Photon Ionization) method we used.

To find out the best dye laser wavelength to optimize the molecule sig-

nal, molecules were produced and detected in a dark MOT. There was a few

ms delay between the photoassociation pulse and the dye laser pulse to detect

only triplet ground state molecules. Although the molecules produced were

not trapped , this was a very convenient way to optimize the photoassociation

process and the detection scheme. Especially to see the signal change as a

function of the dye laser wavelength, we fixed the photoassociation laser fre-

quency, power, and pulse duration. The signal change as a function of the dye

laser wavelength is plotted in Fig. 2.3.

The complicated structure in this spectrum came from the combined

effect of triplet ground state population distribution in different vibrational

levels and excited state structure. We decided to use 805.5 nm for the dye

laser wavelength which is corresponding to the biggest peak to maximize the

signal from molecules. We did the fine scale scan around this peak and Fig. 2.4

shows the width of this peak to be about 7 GHz. The narrow width of this

peak suggested that only one or two triplet ground state vibrational levels

were involved in this ionization process.

2.2.2 Magnetic trapping of ultracold molecules

Triplet ground state molecules can have magnetic moments which are

necessary for the magnetic trapping that uses the inhomogeneous magnetic
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Figure 2.4: Fine resolution ionization scan
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field to trap molecules or atoms with magnetic moments. Magnetic trapping

of cold molecules was demonstrated earlier by Doyle group [14]. But the

lifetime of molecules in this trap was very short and no systematic study of

the limitation of the lifetime was done.

In the previous chapter, molecules were produced and detected in a

dark MOT. These produced molecules can be trapped in a magnetic trap if

we turned on the magnetic trap suddenly after the production of molecules.

Or atoms in a dark MOT can be transferred to a magnetic trap and molecules

were produced and trapped in the magnetic trap. Both methods gave us the

trapping of ultracold molecules and the only difference we found was that two

or three times more molecules were produced and trapped with the method

of creating ultracold molecules in the dark MOT. This may be due to the

temporarily high density of atoms in the dark MOT compared to the steady

state density of atoms in the magnetic trap. The higher signal we saw in

the molecule formation from tbe dark MOT cloud began to get smaller if we

increased the dark MOT duration. In steady state dark MOT, the signal was

much smaller than the case of temporal dark MOT for 150 - 300 ms. We

observed similar effect of density change as a function of dark MOT duration

in our new BEC experiment and this will be discussed in Ch.3.

To make sure that we produced molecules which are trapped in the

magnetic trap, we tried to find out the spatial distribution of molecules trapped

in a magnetic trap after 75 ms trapping. 75ms is long enough time for most

of the molecules which were not trapped to leave the trap due to free falling
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and thermal expansion. We focused the size of the dye laser beam down to

ω0 = 0.43mm and scaned the dye laser beam across the molecule cloud and

measured the ion signal as a function of the location of the beam inside the

cloud. Fig. 2.5 shows a typical example of this measurement. This data clearly

shows that we have trapped molecules in a magnetic trap.

Trapping potential for molecules in a quadrupole magnetic trap includ-

ing a gravity can be written as

U(r, z) = −µmB′r
√

ρ2 + 4z2 + 2mgz (2.1)

The fact that we can trap molecules suggest that molecules have mag-

netic moments and we tried to estimate the magnitude of this magnetic mo-

ment by measuring the number of molecules dependence on the magnetic field

gradient. Because of gravity, there is a minimum magnetic field gradient value

along z direction to have a trap for atoms and molecules. The minimum gra-

dient along vertical direction to support a trap is B′z = mg
µ

. Atoms are in

F = 1 and mF = −1 state. This state has a magnetic moment of one half

Bohr magneton. We can calculate the minimum radial gradient value which

supports the trap for atoms which is 15.37G/cm. Data in Fig. 2.6 supports

this calculation. Atoms in F = 1 and mF = −1 state can yield molecules that

can have total spin from F = 4 to F = 0 and can have various Zeeman states.

The exact branching ratio will be determined by various transition probability

calculation but it is clear that there are some molecular state which can be
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Figure 2.5: Horizontal and vertical distributions of trapped molecules and
fitting based on thermal equilibrium distributions
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Figure 2.6: The change of the number of trapped atoms and molecules as a
function of radial gradient

trapped. Fig. 2.6 shows that there is no trap for molecules below 20 G/cm and

this data is consistent with the assumption that magnetic moment of molecules

is one Bohr magneton which is twice the atomic magnetic moment.

If we assume that molecules are in thermal equilibrium in the trap and

in a single magnetic state, we can get the information of the temperature of

molecules by fitting measured spatial distribution with theoretical model of a

density distribution in a magnetic trap.

na(ρ, z) = na,0(t)e
−µaB′r

kBT

√
ρ2+4z2+mgz

(2.2)
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nm(ρ, z) = nm,0(t)e
−µmB′r

kBT

√
ρ2+4z2+2mgz

(2.3)

By assuming a gaussian beam for the dye laser with ω0 = 0.43mm and

a molecular magnetic moment of one Bohr magneton, the spatial distribution

was fitted with a theoretical function and found that temperature is about

198(±46)µK which is a little bit higher than atomic temperature which we

measured to be 117(±12)µK. Fig. 2.5 shows this data and fitting. This data

shows that molecules were trapped at a ultracold temperature. No direct

measurement of thermalization between atoms and molecules was done but

considering the thermalization rate of atoms at the same density, it is very

likely that molecules are in thermal equilibrium with atoms.

If we assume that in fact molecules and atoms have a same temperature,

the temperature difference from the fitting might come from the assumption

of gaussian beam shape of the pulsed dye laser which has a very complicated

beam shape and the effect of saturation also needs to be considered. Also it is

possible that magnetic moment of molecules may be smaller than we thought.

Next question for us was how long molecules will live in a trap. Molec-

ular lifetime was measured by measuring a molecule signal as a function of

waiting time. Fig. 2.7 shows a typical decay curve of trapped molecules with

atoms in the magnetic trap. The lifetime of trapped molecules was much

shorter than atomic lifetime which is 50 s at the same chamber pressure. To

check the effect of atom-molecule inelastic collisions, we removed atoms after
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Figure 2.7: Decay of trapped molecules with atoms. The solid line is a double
exponential decay fitting curve. The fast decay life time is 4.3 ms and the slow
decay life time is 419 ms. The fast decay component is from molecules which
are not trapped and the slow decay component is from molecules which are
trapped in the magnetic trap.
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molecules were created with a resonant laser pulse. Without atoms in the trap,

the lifetime of the molecules increased up to 20 s. This is the clear evidence

of the existence of the inelastic collisions between atoms and molecules which

will be discussed in the next chapter.

Fig. 2.8 shows the decay curve of molecules trapped in a magnetic trap

without atoms at two different chamber pressures. We can clearly see that

there was a difference in decay rate as a function of pressure of the chamber.

This suggests that most of molecular decay process came from the background

gas collisions with molecules. The difference between atomic lifetime and

molecular lifetime may come from the difference in the collisional cross-section.

2.3 Atom-molecule inelastic collisions

2.3.1 Estimation of the number of molecules

To determine the atom-molecule inelastic collision rate, we need to

know the number and density of atoms and molecules. We can determine

the number and density of atoms using a standard TOF absorption imaging

method. And if we know the formation rate and decay rate of molecules, we

can determine the steady state number of molecules we produced.

dnm

dt
=

KPA

2
n2

afmfv − Γmnm (2.4)

KPA is the photoassoication loss rate and one photoassociation event

will remove two atoms from an atomic cloud. fm is the fraction of molecules
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Figure 2.8: Decay of trapped molecules without atoms at two different pres-
sures of the chamber. The faster decay curve was taken at the pressure of
1.1 × 10−10 torr and the slower decay curve was taken at the pressure of
3.6 × 10−11 torr. The exponential decay rates were 0.0412 s−1 and 0.0188
s−1 respectively.

26



PA time (s)

0 10 20 30

nu
m

be
r 

of
 a

to
m

s 
(a

rb
. u

ni
t)

0

1

2

3

4

5

off resonance (+150 MHz)
on resonance
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which will be trapped and fv is the fraction of molecules decayed into the

specific vibration level we are detecting. Γm is the decay rate of molecules

produced during the photoassociation pulse. We found that the decay rate

coming from background gas collisions and atom-molecule collisions is much

smaller than the decay rate of molecules from scattering of photoassoication

laser. We can do the spatial averaging of the previous equation.

dNm

dt
=

1

16
KPAnafmfvNm − ΓmNm (2.5)

From this equation we can calculate the steady state number of molecules

if we know all the parameters in this equation. First we measured the photoas-

sociation rate by measuring the number of atoms decrease during the photoas-

sociation. There is a single atoms loss process due to off-resonant scattering of

photoassociation laser. So we measured the reduction of the number of atoms

with two different detunings from the excited state and the difference in the

reduction of the number of atoms on resonance is the real photoassociation

rate which can be see in Fig. 2.9.

dna

dt
= KPAn2

a − Γana (2.6)

We can integrate this spatially by assuming thermal equilibrium distri-

bution of atoms inside a quadrupole trap.

dNa

dt
=

1

8
KPAnaNa − ΓaNa (2.7)
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Figure 2.10: Decay rate measurement

We can use this equation to fit the data to find out the photoassociation

rate.

ΓPA =
1

8
KPAna(0) = 0.0116s−1 (2.8)

The initial number of atoms we used was Na(0) = 8.817 × 108. To

measure the decay rate of molecules during the photoassociation, we measured

the number of molecules after 75ms trapping to measure the trapped molecules

only as a function of a photoassociation pulse duration.

From the data shown in Fig. 2.10, we found that the decay rate of

molecules is 39.53 s−1. We also measured the ratio between trapped and un-
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trapped molecules which was 0.0997 and calculated the Franck-Condon factor

between v=37 ground state vibrational level and excited state we used which is

0.321. By combining all these information the estimated number of molecules

is about 4× 103. The number of ions from the trapped molecules was counted

from the channeltron signal and the detection efficiency at the typical condi-

tion is 0.2 %.

2.3.2 The estimation of the atom-molecule inelastic collision rate

As we discussed in previous section, we observed the clear difference in

the decay rate of trapped molecules with and without atoms in the trap. This

is the clear indication of the atom-molecule inelastic collision process in the

trap. To determine this value, we measured the decay of trapped molecules

with different initial atomic densities and Fig. 2.11 shows the typical decay

curve of trapped molecules with atoms.

We can describe this loss process with the combination of two different

loss processes which are background gas collision process and inelastic collision

with atoms.

dnm

dt
= −Γ0nm −Kamnanm (2.9)

(Γ0 is background gas collision rate for molecules. na is atomic density.

nm is molecular density. Kam is the atom-molecule inelastic collision rate.)

The number of molecules is a lot smaller than the number of atoms.
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Figure 2.11: Decay of trapped molecules with atoms

Thus we can ignore the change of the number of atoms during this process.

We need to know the density distributions of atoms and molecules to find

out the inelastic collision rate from these data sets. By assuming thermal

equilibrium, we can write down the atomic and molecular density as a function

of temperature and do a spatial integration to write down the equation as a

function of total number of molecules.

dNm(t)

dt
= −(Γ0 +

8

27
Kamna(t))Nm (2.10)

With measured exponential decay rates of molecules with atoms and

without atoms and with the information of peak atomic density, an inelastic

collision rate between atoms and molecules can be calculated. We used four
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Figure 2.12: Density dependence of decay rate of molecules. Peak density of
atoms is in a unit of 1011 cm3 and decay rate is in a unit of s−1.

data sets to find out the inelastic collision rate and Fig. 2.12 shows the fitting

of four data points with the equation we just derived.

From the weighted average of four measurements, we found

Kam = 3.45(±0.93)× 10−11s/cm3

We think that the main source of the uncertainty will come from the

estimation of the density of atoms and molecules. Especially molecular density

depends on the molecular magnetic moment which we assumed to be one bohr

magneton.

This measured value is in the same order of magnitude with measure-
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ments done by other groups and theoretical calculations [42] [43]. With the

typical condition of atoms in a BEC, inelastic collisions will be the main limi-

tation of converting atoms into molecules. If we want to have a stable ultracold

molecular gas, we need to convert these high-lying vibrational level molecules

into v = 0 molecules. One interesting proposal to do this is making molecules

with two atoms per site Mott insulator. Due to the spatial separation, we can

convert atoms into molecules very efficiently and possibly transfer the pro-

duced molecules into the ground vibrational level. This will be discussed in

Ch.5.
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Chapter 3

New BEC set-up

After the molecule trapping experiment which is described in Ch.2, we

decided to build a new BEC experimental set up. Although we got some nice

results from the old BEC set up, there were several major limitations in the

old BEC set up. The chamber had very limited optical access and due to its

big size and the necessity of putting magnetic coils inside the chamber whole

experiment was not very stable. The biggest problem was the sloshing motion

of a BEC which probably came from the fluctuations of magnetic trapping

strength.

After considering several options, we decided to use a steel chamber

with a lot of windows for a good optical access from radial directions and kept

the old atomic beam slower for atomic beam source. With this new chamber,

we achieved a pure Bose-Einstein condensate of 2 million 87Rb atoms.

3.1 New BEC chamber

We designed our new chamber based on several objectives we had in

mind for the future experiment. The first goal was to make it easy to install

channeltron assembly close to the center of the chamber for the direct detection
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Figure 3.1: Cross-section of a BEC chamber in the radial direction

Figure 3.2: Cross-section of a BEC chamber in the axial direction
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Figure 3.3: Drawing of a side flange(all unit in mm)

of molecules. It would be very difficult to make a high voltage connection and

stable channeltron assembly with a glass cell chamber. This made us choose

a steel chamber for our new BEC chamber.

We decided to have a pancake shape stainless steel chamber with a

lot of side windows for a good optical access for a 3-D optical lattice and

to use special re-entrant windows for vertical and horizontal directions for a

high resolution imaging system. The lesson we had learned from the old BEC

experiment was the importance of a very stable magnetic trap for the stable

BEC production which will prevent a sloshing motion of the BEC cloud. We

decided to put the magnetic trap coils outside of the steel chamber for the

stability but to get a strong trap, it was necessary to put magnetic trap very

close to the trap center. We followed the previous designs by other groups of

a re-entrant well type side flange for the mounting of the magnetic trap coils.
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Fig. 3.1 and Fig. 3.2 show the original design of the new BEC chamber

in two different cross-sections. There are 8 small windows (one 1 1/3 inch

ConFlat flange) and 10 large windows (nine 2 3/4 inch ConFlat flnages and

two 3 3/8 inch ConFlat flanges) for optical access to the BEC. These windows

turned out to be very good for a 3-D optical lattice set up and MOT beams.

Fig. 3.3 shows the drawing for the re-entrant type side flange we used to mount

magnetic trap close to the atomic cloud.

To minimize any stray magnetic field effect on the atomic cloud non

magnetic stainless steel was used. We decided to use four re-entrant windows

to have good optical accesses from the four vertical and horizontal directions.

Re-entrant windows were constructed with special plasma bonding technique

(UKAEA company in England). This special technique uses no magnetic

material and this is important because any magnetic material close to the

atomic cloud will affect magnetic trapping. Fig. 3.4 shows the drawing of one

of the four special windows used in our experiment.

We decided to keep the previous atomic beam slower for the atomic

source for the new BEC set up because our old slower was working really well.

To keep horizontal imaging access open, atomic beam slower was connected at

a 30 degree angle. For this we had to design a sturdy supporting structure for

slower and the chamber. Fig. 3.5 shows the supporting structure for the atomic

beam slower and a schematic of a new BEC set up including the chamber and

Ion pump.

Due to the long evaporation time (up to 20s) needed for achieving a
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BEC, the chamber should be under UHV. Usually the pressure of our BEC

chamber is below 3 × 10−11 torr. To maintain this pressure, an Ion pump

and a Ti sublimation pump were used. The chamber has a relatively large

pumping port (6 inch diamter) toward the Ion pump (270 l/s) which makes

it easier to pump down the chamber. For the initial pumping down, we used

pumping station which consists of a Turbo pump and a dry roughing pump.

After several days of baking out of the chamber at 200 degree, we could easily

reach UHV with the Ion pump and Ti sublimation pump combination.

Another unique feature of our new BEC set up is a vertically mounted

optical breadboard to have a stable mounting of optics for the experiment.

We ordered a custom made optical breadboard and mounted it vertically in

an optical table with a 5.5 inch distance from the center of the chamber. This

strategy is working well and most of the optical mounts are much more stable

in the new BEC set up.

3.2 Cloverleaf magnetic trap

3.2.1 Design of a cloverleaf magnetic trap

In the previous BEC set up, A TOP (Time-Orbiting Potential) trap

was used for magnetic trapping. The rotating bias field which was used in

our old set up caused many problems. The biggest problem is that due to

the zero magnetic field region around the trap center which is a circle, the

maximum trap volume is limited because atoms will leave the trap when they

go through the zero field region slowly due to spin flips. This is sometimes
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Figure 3.5: Schematic drawing of the chamber, the atomic beam slower, and
the supporting structure for both.
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called ”death circle”. This limits the maximum number of atoms in the BEC.

Another problem we faced was the effect of rotating bias field on the pho-

toassociation spectroscopy. We observed strange additional lineshapes in our

photoassociation spectroscopy and it turned out that these came from the ef-

fect of rotating bias field. By considering these problems, we decided to use a

cloverleaf variation of Ioffe-Pritchard magnetic trap which uses a only static

magnetic field. The advantage of this variation of Ioffe-Pritchard trap is that

we can have a good optical access for radial direction which is essential for

a 3-D optical lattice set up. The down side of this trap is the need of using

high current through coils and the proper cooling of heat generated from coils

becomes very important which will be discussed later.

Magnetic field from a Ioffe-Pritchard magnetic trap configuration is

determined by three parameters which are the bias field, the axial curvature,

and the radial gradient.

|−→B | = B0 +
1

2
(
B′2

B0

− B′′

2
)ρ2 +

B′′

2
z2 (3.1)

(B0 : bias field, B′′ : axial curvature, B′ : radial gradient, ρ is the radial

distance and z is the axial distance from the center of trapping coils.)

To control these three parameters independently, four coils were needed.

The curvature coil is for generating the axial curvature and the cloverleaf coil

is for generating the radial gradient. Curvature coil usually generates a large

bias field in addition to the axial curvature. To cancel out this large bias field,
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A. B.

Figure 3.6: A. Cloverleaf coil shape for the magnetic field estimation B. Clover-
leaf coil shape actually used for the construction of coils

an anti-bias coil is used. Because of a large bias field cancellation between

the curvature coil and the anti-bias coils, it’s important that these two coils

are connected in series to minimize any fluctuation of the bias field coming

from the current fluctuation going through coils. Because the bias field from

the curvature and anti-bias coils is fixed, to control the bias field during the

experiment, another extra-bias coil is needed.

With the given geometry of the chamber, the simulation of magnetic

trap coils was done to find out the most effective magnetic trap coil assembly.

For this simulation, a circular winding is assumed for the curvature, anti-bias,

and extra-bias coils. For the cloverleaf coil, we assumed the shape in Fig. 3.6

(A). Simple Biot-Savart law was used to find out the magnetic field generated

from each section of the coil and all these magnetic field contributions from

many different sections were added together to find out the total magnetic

field.

The criterion for the optimization was to maximize trapping frequen-
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Figure 3.7: Winding and layer of magnetic trap coils.(cross-section of coils)
Green : Cloverleaf coils, Red : Curvature coils, Blue : Anti-bias coils. 30
degree optical access from these windows is allowed which will be important
in future applications which require more laser beams.

cies with a fixed total power consumption by the magnetic trap coils. The

optimum windings and layers of coils were found after trying many different

combinations. Fig. 3.7 shows the final optimized winding and layer of various

coils. Cloverleaf coils and curvature coils are close to the trap center and anti-

bias and extra-bias coils are located further from the center to make a constant

bias field without affecting curvature or gradient of the magnetic trap. Each

coil had five windings and except the cloverleaf coil which has two layers, all

other coils have three layers.
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3.2.2 Construction of the magnetic trap

Because of the easiness of stacking, square copper tubing was used for

our magnetic trap coils. We used 1/8 inch diameter square copper tubing

which has an inner diameter of 0.61 inch. We used fiber insulation to insulate

the copper tubing. Due to the thickness of the tubing, we cannot wind it

according to the assumed shape of cloverleaf coil. We chose an oval shape

cloverleaf coil which is shown in Fig. 3.6(B). There was a small change in the

measured radial gradient due to the change in the shape of the cloverleaf coil

which will be discussed in the next section.

Another important aspect of the magnetic trap construction is the con-

sideration of the water cooling capacity. We should be able to run the required

current through the coils without heating them too much. Depending on the

heat generation, it was necessary to divide some of the coils into two separate

coils with separate water cooling connections. For the cloverleaf coil all four

coils in one side were connected electronically in series but water cooling con-

nection to each coil was separated. Curvature and anti-bias coils had to be

constructed with two separate pairs to increase the water cooling effectiveness.

In other words, each coil was connected in series for electrical connection but

water cooling connection was parallel to increase the total flow rate with given

the pressure of water system.

To have a very stable magnetic trap configuration, after the construc-

tion of the magnetic trap, magnetic trap coils were glued together and mounted

inside the well of the side flange. The mount for the various leads going in and

44



out of the magnetic trap were securely installed on the side flange.

3.2.3 Test of the magnetic trap

Before starting the experiment, the magnetic field generated from the

magnetic trap coils was measured with a Hall probe inside the chamber which

was not yet under vacuum at the location of the atomic cloud. The radial

gradient from the cloverleaf coils, the axial curvature from curvature coils,

and the bias field from curvature and anti-bias coils were measured.

The gradient along the radial direction at 200A current through clover-

leaf coils was 75.07 G/cm which was only 77 % of the calculated value but

this difference was expected because of the change we made in the design of

coil which was mentioned earlier. The measured curvature turned out to be

175G/cm2 at 400A current through the pinch coil which was 84 % of theo-

retical value and we found that this was coming from slight difference in the

distance between coils of the actual trapping coils from the value we used for

the simulation.

The magnitude of bias field is very important in determining the radial

trapping frequency. The measured bias field from pinch and anti-bias coils was

-3.67 G at 375 A. The bias field from extra bias coil was 0.955 G per 1 A.

With 500 A current going through cloverleaf coils and 375 A current

going through curvature and anti-bias coils, we could achieve trapping fre-

quencies of 170.5 Hz for the radial direction (with 1G bias field) and 11.6 Hz

for the axial direction. These are reasonable trapping frequencies to make a
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Figure 3.8: Protection circuit for IGBT switches

BEC. Lambda EMI power supplies (model ESS 30-500 for the cloverleaf coils,

model ESS 40-375 for pinch and anti-bias coils, and EMS 10-200 for extra-bias

coils) were used for the magnetic trap.

3.2.4 IGBT switches for current control

To control the flow of current in each coil, IGBT (Insulaed Gate Bipolar

Transistor) switches are used.

Fig. 3.8 shows the typical circuit we used for IGBT switch. Proper

protection circuit was needed to prevent high voltage spike when the switch

was turned off. When the switch is off, the current will flow in protection

circuit which is made of a diode and a resistor which will dissipate the power

without the voltage spike across the IGBT switch. Varistors are used for

further protection of IGBT switches. A few different resistors and varistors

are used depending on the current flowing. For I=375 A pinch and anti-bias
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Figure 3.9: Anti Bias and pinch coils connection with IGBT switches

coils, we used 1Ω resistor and clamp volage of 345 V varistor.

For cloverleaf coil one switch (POWEREX model : CM1000HA-28H)

was used to turn on and off the all eight coils and for extra bias coil one switch

(POWEREX model : CM600HA-24H) also was used to turn on and off two

coils. A little complicated switching diagram was used for pinch and anti bias

coils because pinch coil was also used as a MOT magnetic coil.

Five IGBT’s (POWEREX model : CM600HA-24H) were used to con-

trol the current going through pinch and anti bias coils as depicted in Fig. 3.9.

By controlling switches, a MOT magnetic coil configuration or a magnetic trap

coil configuration can be chosen depending on the sequence of the experiment.

The reason we chose to use a pinch coil for our MOT magnetic coil will be

explained in a later section. In MOT configuration, IGBT 1 and IGBT 8 are

closed and IGBT 6 and IGBT 3 are open to make current go through pinch

coils only. In magnetic trap configuration, IGBT 1 and IGBT 8 are open and
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IGBT 6 and IGBT 3 are closed to make current go through anti-bias coils and

pinch coils.

3.2.5 Water cooling system

More than 30 kW power needs to be dissipated through water cooling

to prevent the melting of the magnetic trap coils. The calculated necessary

flow rate for our trapping coils to limit the temperature increase of the water

to less than 10 degree C was about 9 gallon/min and because of the small

size of the copper tubing we used, inlet pressure needed to be more than 100

psi to get the required flow rate. A closed loop water cooling system with a

heat exchanger with building chilled water to cool the internal cooling water

was used to cool magnetic trap coils. This system has enough flow rate but

the maximum pressure was only 60 psi. A booster pump was installed to

increase the pressure up to 110 psi. With this new combined cooling system,

the temperature increase of the coils was less than 10 degree C. To prevent

any damage from a malfunction of the cooling system, we installed interlock

switches for temperature and flow rate of water at outlet side. In the case

of abnormal increase of temperature or decrease of flow rate, these interlock

switches will shut down power supplies automatically to prevent the melting

of coils.

Another improvement we made for our new BEC set up was to in-

stall water temperature servo loop which has integral and proportional gain

compared to the previous servo loop which has only a proportional gain to
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maintain a stable water temperature during the experiment. It turned out

that the combined bias field of the magnetic trap was quite sensitive to the

small change of cooling water temperature and it was essential to have a stable

water temperature to have a stable production of a BEC with same number

of atoms. We cannot maintain the temperature of cooling water at the fixed

temperature all the time due to the change of heat load during the cycle of

the experiment and the large volume of cooling water. But after 30 minutes

cycling of the experiments, temperature will cycle with the same period of

the experiment and this will make the bias field very stable for the stable

production of a BEC.

3.3 Laser systems for the experiment

To have a MOT (Magneto Optical Trap), we need many laser beams

with different frequencies. Fig. 3.10 shows the laser frequencies we need for

the operation of a MOT. Actual details of the operation principle of a MOT

is available now in many review articles and books [2]. Like all alkali metal

elements, 87Rb has two ground state hyperfine states F=1 and F=2. We use a

transition from F=2 ground state to F=3 excited state for the MOT trapping

laser. A repumper laser which is resonant with the transition from F=1 ground

state to F=2 excited state is needed to keep the cooling cycle closed. A slower

beams is used to slow down atoms in the Zeeman atomic beam slower and a

probe beam is used for the imaging of the atomic cloud. A depopulator is used

for the dark MOT which will be explained later. Except the repumper laser
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Figure 3.10: Various laser frequencies which we need for a MOT
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beams, all beams are for F=2 ground state. Due to the big hyperfine splitting

between F=1 and F=2 hyperfine state, we decided to use separate lasers for

F=1 state and for F=2 state.

We used a Ti-sapphire laser (Coherent model : MBR110) pumped by

Nd:YAG solid state laser from (Coherent model : Verdi-10) to produce the

laser beams for F=2 state which are MOT beams, the probe beam, the slower

beam, and the depopulator beam . We used a standard Lamb-dip locking

set up to stabilize the frequency of the MBR110 laser. We have separate

optical tables for the BEC chamber and lasers. To transfer the laser beams

between two tables, optical fibers were used. This method has the advantage

of separating the alignment of the laser system and the experiment. Also after

the optical fiber, alignment is very stable and the beam quality is also very

good. At the experimental table, the main beam was split into many different

beams with different frequencies. AOM’s (Acoustic Optical Modulator) were

used to shift the frequencies of the laser beams and also power was controlled

with an analog voltage input into an AOM’s.

Fig. 3.11 and Fig. 3.12 shows the actual scheme we used to split the

main beam into various beams with different frequencies and one of the main

changes we made in this new set-up was using 6 beam configuration for the

MOT. This 6 beam configuration reduced the effect of absorption by the atoms

and improved the number of atoms trapped in the MOT. The diameter of each

MOT beam is 3 cm and power per each beam is 33 mW.

We used a master and slave diode laser system for the remper beams.
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Figure 3.13: Master and slave diode laser set up for repumper beams.

For the master diode laser, DBR diode laser (Sanyo) was used. Frequency of

this laser can be tuned easily by varying the current for the grating section.

Due to the limited power (5 mW) from this laser, injection locked slave diode

laser (Sanyo 50 mW laser diode) was used for the repumper laser. Fig. 3.13

shows the schematic of this set up.

The frequency of the repupmper laser was stabilized with a standard

Lamb-dip set up with feedback into the grating section current for the DBR

master laser. The laser beam was transferred to the experiment table using

an optical fiber and on the experimental table the laser beam was split into

a plug beam and repumper beams. This splitting is for the implementation

of a forced dark MOT which will be discussed in the next section. Repumper

beams have a hollow region at the center which was generated by imaging a

dark spot into the center of the chamber. 1 mm diameter dark spot on the

window was 10 times magnified at the center of the chamber. Two identical

rempumper beams were used in orthogonal directions and these beams were

combined with MOT beams using polarizing beam splitting cube as shown in
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Fig. 3.11. The plug beam was used to plug this hole when we don’t need a

dark MOT and this plug beam was combined with the slower beam.

3.4 RF coil and channeltron assemblies

The final stage of making a BEC is to use a RF field to cool atoms with

evaporative cooling. Because our chamber is made of stainless steel, the RF

coil had to be inside the chamber. Typically a few hundred mG of RF field

is needed for the evaporative cooling. Also RF coils inside should not block

laser beams going through the chamber. With these conditions in mind, RF

coil set up was designed. We used 22 gauge copper wire with Kapton film

insulation from ISI (model : KAP2). Two identical square loops were used

for RF field generation. The coils were mounted on the holders welded to one

of the side flanges. This flange has two 1 1/3 inch feedthroughs providing

electrical connection to the RF coils. Fig. 3.14 shows the assembled RF coil

set up.

We measured the RF field generated from coils inside the chamber with

a small circular pick up coil as a function of frequency. Fig. 3.15 shows the

result of this measurement. With fixed input power, there was a variation

of the magnetic field from RF and this came from the difference of RF coil

impedance which is a function of frequency.

This variation of impedance made it necessary to control the power

and speed of RF ramping down during the evaporation. We used a function

generator from Rohde & Schwarz (model : SMH) as a RF source and a GPIB
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Figure 3.14: Picture of a RF coil assembly

connection was used to control the power and frequency of RF field.

Channeltron is an ion detector which was used in the previous molecule

formation and trapping experiment. We decided to install a channeltron in

our new chamber too. A bigger size from Sjuts (25mm diameter, model :

KBL25RS) was used in the new BEC set up to increase the efficiency of ion

detection. To install the channeltron inside the chamber, we designed a com-

pact and rigid structure with high voltage connection. Fig. 3.16 shows the

channeltron assembly before we put it inside the chamber.
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Figure 3.16: Picture of a channeltron assembly
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Figure 3.17: Drawing of a new oven

3.5 Experimental sequence toward the BEC

3.5.1 MOT(Magneto-Optical trap)and dark MOT

An atomic beam slower was used to load atoms into the MOT (Magneto-

Optical Trap). A new oven was installed in the slower as a source of hot Rb

atoms. Fig. 3.17 shows the drawing of the new oven. This oven was designed

to be used as a source for two different atomic species. Possible future plan is

to use Li and Rb as our dual species oven elements and doing experiment with

Li-Rb mixture atomic gas. Right now only Rb oven part is being used. The

temperature of the oven is maintained at 200 degree and at this temperature

estimated beam intensity going into slower is 7.6× 1011atoms/s cm2.

As described in a previous section, we used 6 beams configuration for
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Figure 3.18: Dark MOT decay curve

the MOT to increase the number of atoms which can be trapped in the MOT.

Fig. 3.19 shows the loading curve of the MOT. We can get about 5×109 atoms

in our MOT with 20-30 second loading time and after loading is complete,

atoms in the MOT are transferred to a forced dark MOT which was briefly

describe in Ch.2. A forced dark MOT is a well established technique to increase

the density of atoms by minimizing the time the atoms spend in the F=2 state.

For Rb an additional depopulator beam which actually pumps atoms into the

F=1 (dark state) state is needed for the dark MOT. Fig. 3.18 shows the decay

curve of a forced dark MOT.

There is a fast initial decay in the dark MOT and we found that loading

atoms directly into the dark MOT produces a much fewer number of atoms
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compared to the method of loading atoms into the MOT and transferring them

into a dark MOT. We used usually 150 ms dark MOT duration which gives us

the best density and temperature combination without loss of atoms. Typical

density of atoms in a dark MOT is 2 × 1011 cm−3 and temperature of atoms

is 182 µK.

After a forced dark MOT period, a dark Molasses cooling where we

turned off the MOT coils and leave MOT beams on was used to further reduce

the temperature of atoms. With -35 MHz detuning and a reduced power of

MOT beams, the temperature of the atoms was reduced to 47 µ K with a

density of 8.5× 1010cm−3 after 5 ms cooling.

Finally Fig. 3.19 shows the whole sequence of preparing atoms for the

magnetic trap.
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3.5.2 Magnetic trap

As described in a previous section, Cloverleaf type variation of Ioffe-

Pritchard magnetic trap was used to trap atoms after molasses cooling. Mag-

netic trap was turned on suddenly after all laser beams were turned off. Careful

optimization of magnetic trapping parameters was necessary to minimize any

loss of atoms or decrease in phase space density. To maintain the phase space

density, the equilibrium size of trapped cloud should be similar to the cloud

size before the magnetic trapping. If the trap is too shallow, the density of

atoms will decrease and if the trap is too steep, the temperature of atoms

will increase. And both cases will decrease the phase space density of atoms.

With the temperature and density of atoms after the molasses cooling, mag-

netic trap frequency should be around 9 Hz for a mode-matched transfer. The

maximum trapping frequencies are 11.6 Hz for the axial direction and 170.5

Hz for the radial direction. With a reduced current in the curvature coil, axial

trapping frequency can be reduced. For the radial direction, there are two

ways of reducing the trapping frequency. One is changing the current for the

cloverleaf coil to change the radial gradient and the other is changing the cur-

rent for the extra-bias coil to change the bias field. However, Ioffe-Pritchard

type magnetic traps have the point of instability [5], so the best way to con-

trol radial trapping frequency is to increase or to decrease the bias field by

changing the current going through the extra-bias coil.

After we transfer the atoms to the magnetic trap, we adiabatically

increase the trap strength to the maximum to maximize the elastic scattering
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Magnetic trap steps Capture Compression Evaporation Decompression
Cloverleaf coil current (A) 500 500 500 500

Pinch coil current (A) 330 330 → 375 375 375
Extra bias coil current (A) 155 155 → 7.5 7.5 7.5 → 55

duration (s) 1 2 20 0.1

Table 3.1: The parameters and sequence used in the magnetic trapping

rate for the evaporation. Firstly a current for the curvature coil is increased to

the maximum and then the current for extra-bias coil is reduced to increase the

radial trapping frequency. There are a few technical difficulties we experienced

for the initial magnetic trapping process. The first difficulty was the exact

alignment of each magnetic coil. Initially, we used an extra-bias coil for the

MOT but we found that the center of cloud in the MOT is different from the

center of the cloud at magnetic trap by a significant amount(1-2mm). This

difference caused heating of the cloud during magnetic trapping. We decided to

use the curvature coil for the MOT coil and this solved the problem. Another

problem was the existence of radial bias field from curvature and anti-bias

coils. There was a change of a radial position of the BEC depending on the

current of curvature and anti-bias coils.

Fig. 3.20 shows the result of this measurement and from the linear

fitting the radial bias field at curvature current of 375 A is 17.9 G.

3.5.3 Evaporative cooling

To cool atoms further, magnetic field dependence of the RF transi-

tion frequency between different zeeman levels was used to selectively remove
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Figure 3.20: Radial displacement of trapped atoms due to the radial bias field

atoms with higher energy than the average energy. After removal of atoms

with a higher energy, remaining atoms rethermalize into a lower temperature.

By continuously decreasing the RF frequency, the temperature can be reduced

and density of atoms will be increased until the BEC transition. To optimize

this evaporative cooling process, whole process was divided into four sub se-

quences and the RF power and speed of RF ramping down in each sequence

was optimized to maximize the final number of atoms in a BEC.

Tab. 3.2 shows the current experiment sequence of evaporation. Al-

though we tried to optimize the process, there seems to be some more room

for the improvement. Especially, because of the role of inelastic collisions, it

may be helpful to reduce the trap frequencies during the evaporation.
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Evaporation steps 1 2 3 4
Start frequency (MHz) 30 10 2 1.4
End frequency (MHz) 10 2 1.4 1.1

Power (dBm) -32 -35.5 -40 -42
duration (s) 10 4 3 3

Table 3.2: The parameters used in the evaporative cooling process to achieve a
BEC. Power setting was for the function generator and there is a RF amplifier
with the typical gain of 53 dB. Also RF divider was to generate two identical
RF signals into RF coils.

After evaporation, we turned off the magnetic trap suddenly and used

a standard TOF (Time Of Flight) absorption image to get the information

about the number and temperature of the BEC.

3.5.4 Imaging of the BEC

Our BEC set up allows us to take an image of the BEC cloud along

the horizontal or vertical directions. For most of the pictures, the horizontal

direction was used. Our imaging set up consists of two achromat lenses. One

has a focal length of 25 cm and the other has a focal length of 40 cm. The

magnification was calibrated by measuring the free fall of the cloud. For the

fitting of the cloud, a Castin-Dum theory of an expanding BEC was used.

Fig. 3.21 and Fig. 3.22 show the typical example of our TOF pictures of the

BEC. The bimodal distribution of the expanded BEC with a clear difference

from a isotopic thermal cloud can be seen.
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a)

b)

Figure 3.21: TOF BEC images with fitting. a) Final RF = 1.1 MHz, N =
1.1 × 107, T = 755nK, condensate fraction =0.0, b)Final RF = 0.96 MHz,
N = 7.2× 106, T = 554nK, condensate fraction =0.13.
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c)

d)

Figure 3.22: TOF BEC images with fitting. c)Final RF = 0.92 MHz, N =
1.7 × 106, T = 258nK, condensate fraction =0.63, d)Final RF = 0.89 MHz,
N = 0.92× 106, T = 169nK, condensate fraction =0.80.
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Chapter 4

Quantum phase transition with ultracold

atoms

A Quantum phase transition is a phase transition driven by quantum

fluctuations at T=0 instead of thermal fluctuations [44]. Many experiments

and theoretical work on the quantum phase transition have been focused on

condensed matter systems. But recently realized system of ultracold atoms in

an optical lattice presents us the most ideal system to study a quantum phase

transition.

4.1 Ultracold atoms in an optical lattice

4.1.1 Quantum phase transition from a Bose-Hubbard model

One of the simplest systems which predicts quantum phase transition

is the Bose-Hubbard model.

H = −J
∑

i

(a†iai+1 + a†i+1ai)− µ
∑

i

ni +
1

2
U

∑
i

ni(ni − 1) (4.1)

where a†i is the bosonic creation operator and ai is the bosonic annihila-

tion operator at site i and ni is the bosonic number operator at site i. J is the
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hopping term between neighboring lattice sites. U is the on-site interaction

energy at each lattice site and µ is the chemical potential which fixes the num-

ber of particles in the system. The first careful study of a phase diagram of

this system was done by Fischer [45]. The qualitative understanding of many

body ground state can be obtained by considering two extreme cases. At zero

tunnelling rate between different lattice sites, the system tries to minimize the

energy at each lattice site which is −µni +
1
2
Uni(ni−1). It can be easily shown

that there is a simple relation between ni and µ
U
. Each lattice site in the in-

terval n− 1 < µ
U

< n will have n bosons. In other words, with zero tunnelling,

the many body ground state becomes a Fock state where each lattice site will

have exactly same number of atoms. There is a big energy penalty for a boson

to hop to another lattice site and this is still true at finite tunnelling rate.

This energy gap to all excitations is a very important property of the Mott

insulator. But at some point, the tunnelling between different lattice sites will

be energetically possible and the system will become a superfluid. In other

words, if energy gap to excitations decreases to zero, a superfluid state will

emerge. This process can be modelled with mean field approximation and a

ground state phase diagram can be obtained with this analysis.

There are several rigorous simulations to confirm the basic picture of

this phase diagram [46] [47]. This shows that there is a quantum phase tran-

sition from a superfluid to a Mott insulator at T=0. Bosons in this model can

represent cooper pairs in Josephson junction arrays [48] or helium atoms in

a porous media [49]. There were experiments with these systems to study a
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quantum phase transition from a superfluid to a Mott insulator.

4.1.2 Ultracold atoms in an optical lattice as a realization of the
Bose-Hubbard model

It was first suggested by D. Jaksch et al. [28] that a Bose-Hubbard

hamiltonian can be realized with ultracold atoms in an optical lattice. The

most general description of ultracold atoms in an optical lattice can be given

with field operator expression of the hamiltonian.

H =

∫
d3xψ†(x)(− ~

2

2m
52+V0(x)+VT (x))ψ(x)+

1

2

4πas~2

m

∫
d3xψ†(x)ψ†(x)ψ(x)ψ(x)

(4.2)

(ψ(x) is a boson field operator for atoms in an optical lattice, V0(x) is

the optical lattice potential, VT (x) is an additional trapping potential, and as

is a s-wave scattering length.)

A 3-D optical lattice can be formed by three orthogonal standing waves

and if the three beams have orthogonal polarizations, the optical lattice po-

tential can be written as

V0(x) = V0

∑
i

sin2(kixi) (4.3)

With a periodic potential, a single particle state will be a superposition

of Bloch states and with appropriate choices, well localized Wannier function

can be constructed. Then boson field operator can be written.
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ψ(x) =
∑

i

biw(x− xi)

(bi is the annihilation operator and w(x − xi) is the Wannier function for i

lattice site.)

With this expansion, the original hamiltonian can be written again.

H = −J
∑
<i,j>

b†ibj +
∑

i

εini +
1

2
U

∑
i

ni(ni − 1) (4.4)

(ni is the number operator at site i.)

The parameter U = 4πas~2
m

∫
d3x|w(x)|4 corresponds to the on site inter-

action energy between atoms. J =
∫

d3xw∗(x− xi)[− ~2
2m
52 +V0(x)]w(x− xj)

is the hopping matrix element between adjacent sites. εi =
∫

d3xVT (x)|w(x−
xi)|2 is an energy offset of each lattice site. This transformation shows that

a Bose-Hubbard hamiltonian can be obtained from the system of ultracold

atoms in an optical lattice.

With the given optical lattice potential and external trapping poten-

tial, Wanier functions can be calculated and these can be used to calculate

parameters of Bose-Hubbard hamiltonian. This shows the complete control

of parameters in a Bose-Hubbard model by using ultracold atoms in an op-

tical lattice. Also there is a very small impurity in this system and in fact

there is a theoretical proposal to create a perfect atomic crystal [59]. This

is a clear advantage over the condensed matter systems which usually cannot

avoid impurities in them.
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Another advantage of an atomic system is its ability to detect various

properties of the system easily. Absorption imaging technique can be used

to detect the spatial distribution of atoms and with a TOF (Time Of Fight)

the momentum distribution of atoms can be measured too. In a momentum

distribution, there is a clear difference between a superfluid state and a Mott

insulator state. In a superfluid state, atoms in different lattice sites will main-

tain a fixed phase difference and this means that atoms will interfere with

each other coherently to produce a matter wave interference pattern. On the

other hand, in a Mott insulator state, atoms are localized in each lattice site

and the number of atoms in each lattice site is fixed. This means that there

is no coherence between atoms in different lattice sites and there will be no

interference between them.

The first experimental demonstration of a quantum phase transition

with ultracold atoms in an optical lattice was done by M. Greiner et al. [29].

They showed the disappearance of interference peaks with the increase of the

optical lattice depth and the existence of a gap to the excitations.

4.2 Experimental set up

4.2.1 Three dimensional optical lattice

For this experiment the new BEC set up described in Ch. 2 was used.

Ultracold atoms were prepared from a BEC with up to 2 million atoms. A 3-D

optical lattice was made of three orthogonal standing waves. Fig. 4.1 shows the

configuration of optical lattice beams. One beam is along the axial direction
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of the magnetic trap and two beams are in the radial directions. Both radial

beams have 45 degree angle relative to horizontal and vertical axis.

Intensity of these three standing waves can be written (we used orthogo-

nal polarizations for three beams) I(x, y, z) = I0(sin
2(kx)+sin2(ky)+sin2(kz)).

The amount of ac stark shift and scattering rate can be calculated easily in

the limit of large detuningg.

V = −~Ω
2

4∆
(4.5)

(where V is the ac stark shift from lattice laser beams, Ω is the Rabi

frequency of lattice laser beams, and ∆ is the detuning of laser beams from

the atomic resonance.)

For 87Rb D2(780 nm) and D1 (795 nm) transitions need to be included

for the estimation of the optical lattice depth.

V (x, y, z) = −(
~Ω1

2

4∆1

+
~Ω2

2

4∆2

) (4.6)

(where we added the ac stark shift from each transition.)

Scattering rate can be also can be written in the limit of a large detun-

ing.

γsc(x, y, z) =
~2Ω1

2

4∆2
1

Γ1 +
~2Ω2

2

4∆2
2

Γ2 (4.7)

(where Γ is the decay rate of the excited state.)

73



Figure 4.1: 3-D optical lattice set up. Two magnetic coils are shown and two
radial direction optical lattice beams are 45 degree to vertical and horizontal
directions. Imaging direction is horizontal or vertical which will be 45 degree
to radial direction optical lattice beams
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There is a restoring force for atoms to be trapped at the highest in-

tensity region for the red detuned laser beams from ac Stark shift of ground

state atoms. With this effect, atoms will be trapped in individual lattice sites

and these three orthogonal standing waves will form a 3-D optical lattice for

atoms. Accurate calculation of trap depth and photon scattering rate can be

done with the given formula.

A Ti-Sapphire laser (Coherent model 899-01) was used to produce the

optical lattice laser beams. This laser was converted to a single frequency laser

with the addition of ICA (Intra Cavity Assembly). The laser beam coming

out of 899-01 laser goes through a 30 MHz AOM to control the optical lattice

laser intensity. Then 1st order beam was sent to the experimental optical table

via an optical fiber. In the experimental optical table, main optical lattice

beam goes thorough two AOM’s to produce three laser beams with different

frequencies and also to control the power of each beam. Different frequencies

are necessary to avoid interference among different lattice beams in case the

polarizations are not exactly orthogonal. These three beams were delivered

to the BEC chamber through optical fibers to improve the beam quality and

alignment stability. Finally, each incoming beam from optical fibers was retro-

reflected to form three standing waves. We set the waist of standing waves to

be 260 micron for the radial beams and 130 micron for the axial beam. The

windows are made of optical quality fused silica disc which make it possible

to have a very small distortion of the lattice beams.
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Figure 4.2: Optical lattice beam set up. AOM1 has a frequency of 30 MHz,
AOM2 has a frequency of 250 MHz, and AOM3 has a frequency of 50 MHz.

Fiber Mirror

Figure 4.3: Optics set up for the individual lattice beams for the experiment.
The location of fiber output coupler, the lens, the retro-reflecting mirror, and
the focal length of the lens was chosen to have a chosen waist at the center of
the chamber.
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4.2.2 Optical lattice alignment and calibration

To align all three beams on to the center of the BEC is not an easy

task and it requires a series of steps. The wavelength of the Ti-sapphire laser

can be tuned over a wide range (770nm-900nm) and because optical fibers

were used for the final delivery of the optical lattice beams, alignment after

the optical fiber was not affected by any change of the wavelength.

First, we tuned the wavelength of the optical lattice laser to 87Rb D1 or

D2 resonance and blocked the retro-reflected beams to align incoming beams

first. With resonant light, we align each incoming beam onto the dark MOT

cloud by looking at the loss of atoms from the dark MOT. We used XY trans-

lational stages which translate the lenses focusing lattice beams on the BEC

to move optical lattice beams. After three incoming beams were aligned onto

the dark MOT, we started to use a BEC as our alignment target. After mak-

ing a BEC, a short pulse of lattice laser beams was applied to a BEC. There

was a decrease of the number of atoms in a BEC due to the scattering loss.

Lattice laser beams could be aligned by maximizing the loss. After this step,

we detuned 899-01 to a longer wavelength typically 1 - 2 nm away from the

resonance and at this wavelength, the optical lattice laser beams have a very

strong dipole trapping effect without too much scattering loss. After ramping

up the optical lattice laser beams power atoms in a BEC can be trapped in

an optical trap. The optical trap formed by the lattice beams is stronger than

magnetic trap. Therefore if there is any misalignment between magnetic trap

center and optical lattice beam center, there will be a displacement of the BEC
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position from the BEC position without the optical lattice. Two orthogonal

imaging directions were used for the accurate alignment of all three beams.

With this technique, we can match the center of lattice beams to the center

of a BEC. We usually tried to align them until we saw no displacement of the

BEC position within our resolution limit (6 µm).

To align retro-reflected beams, we used the fact that we were using

optical fibers for the final delivery of laser beams to the chamber. If the

retro-reflected beam is aligned, this beam will also be coupled back into the

optical fiber. Retro-reflection alignment was done by maximizing the power

coupled back into the optical fiber. We typically checked the final alignment

by observing the position change due to the each optical lattice beam with the

retro-reflected beam. Once we aligned them, the alignment turned out to be

quite stable up to a few weeks.

Although the optical lattice depth can be calculated easily with the

knowledge of beam waist, detuning, and beam power, it is important to check

the calibration of the optical lattice depth independently considering the un-

certainty we have in measuring the important parameters. For the purpose of

the calibration, a diffraction of atomic wave packet with a very short standing

wave was used [50] [51]. After turning off the magnetic trap, a very short

optical lattice beam pulse was sent to the BEC. The duration of this pulse

should be much shorter than the period of atomic motion in a ground state

of a single lattice site. With this condition, the effect of the optical lattice

pulse can be thought of imprinting phase variation on an atomic packet wave
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function.

Ψ = Ψ0e
−iαcos(2kx) (4.8)

(α = V0τ
2~ and V0 is the optical lattice depth and τ is the pulse duration.)

This wave function can be expanded with different momentum compo-

nents and the ratio between different momentum components can be calculated

easily. By measuring the ratio of atoms in different momentum orders, the op-

tical lattice depth can be estimated. The relation between the number of

atoms in the central peak and the first order peak is
J2
0 (α)

J2
1 (α)

. With this method,

the optical lattice depth for all three directions were calibrated. The optical

lattice depth we found was within 20 % of the value we expected from the

waist size and power of the lattice laser beam.

With the condition of our 3-D optical lattice, we can get 70 ER optical

lattice depth for all three directions at 810 nm and 30 ER at 830 nm.

4.2.3 Loading atoms into the optical lattice

Before loading atoms in a BEC into the optical lattice, magnetic trap

strength was typically relaxed down to 20.7 Hz (radial) and 11.6 Hz (axial)

to reduce the initial density of atoms. It is necessary to reduce the density

of atoms because due to the tight confinement of optical lattices, the three

body loss rate will be very high if there are more than three atoms in a single

lattice site. Because of gravitational sag, by changing the radial trapping

frequency, we are actually changing the vertical position of the BEC. For
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our trap condition, the amount of displacement is 1.2 mm. To minimize the

residual oscillations after the ramping down of the trap strength, we changed

trap strength slowly (500 ms duration).

We need to be careful not to excite the atoms from the ground state

when we load them on to a 3-D optical lattice because a quantum phase tran-

sition can be achieved only when the system remains in the many body ground

state. We tried to optimize the ramping up process to minimize excitations.

After ramping up and ramping down the optical lattice, the final BEC fraction

was measured and with this as a criterion, ramping process was optimized to

give the maximum BEC fraction. A quadratic increase and decrease of optical

lattice depth with 50ms ramping time was the optimum process for our condi-

tion. Intensity of optical lattice beams should be very stable to minimize any

excitations. The power of a main optical lattice beam after the first optical

fiber was monitored with a photodiode and the power was controlled with a

feedback to the RF power going into the main lattice AOM.

4.3 Quantum phase transition from a superfluid to a
Mott insulator

A TOF absorption imaging was used to study the quantum phase tran-

sition from a superfluid to a Mott insulator. After ramping up the optical

lattice depth to the final depth, the optical lattice and the magnetic trap were

turned off suddenly and after 20 ms TOF, the density distribution of atoms

which reflected the momentum distribution at t=0 was measured.
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Figure 4.4: Matter wave interference peaks after 20ms TOF. After ramping
the 3-D optical lattice depth up to the final depth, the magnetic trap and
optical lattice beams were turned off suddenly.
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Fig. 4.4 shows the typical examples of matter wave interference pat-

terns. With the increase of the optical lattice depth, side peaks in addition

to central peak began to emerge and the difference in distance between cen-

tral peak and side peak in radial and axial directions was due to the imaging

direction which is between two radial direction lattice beams.

The interference peaks fade away with the increase of the optical lattice

depth. We tried to study this change more quantitatively by looking at the

radial and axial cross sections. These cross-sections were fitted with the sum

of four gaussian distributions. Fig. 4.5 shows the cross sections and fittings.

By looking at these cross sections carefully, two different trends in our

data are obvious. First, there is a gradual increase of the broad gaussian

distribution with the increase of the final optical lattice depth but the widths

of interference peaks remain almost same. Past a specific optical lattice depth,

suddenly, there is an increase in the widths of interference peaks and eventually

there is no interference peak left at very high optical lattice depths.

We think that the increase of the broad peak is mainly due to the

depletion of the BEC fraction with the increase of effective interaction between

atoms coming from the tight confinement. Measured ratio of atoms in coherent

peaks and incoherent background is plotted in Fig. 4.6. There is no sudden

change in this ratio with the increase of the optical lattice depth. The right

indication of the transition might be the sudden increase of the width of the

central peak which was pointed out by Zweger et. al. [53] and also preliminary

experimental study of this effect was done by T. Esslinger et. al. [52]. The
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Figure 4.5: Cross-section and fitting of an interference peak image. One pixel
is 6 µm. A. 10 recoil energy (U/zJ=2.1) B. 12 recoil energy (U/zJ=3.9) C. 13
recoil energy (U/zJ=5.3) D. 16 recoil energy (U/zJ=11.9).
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Figure 4.6: Ratio of coherent and incoherent atoms

width change as a function of the optical lattice depth was plotted and the

clear increase of the width of the central peak can be seen when the optical

lattice depth crosses the critical value.

To verify that our system remains close to the many body ground state,

the following test was done. The optical lattice was ramped up to 20 recoil

energy and held them for 30 ms and ramped down to 6 recoil energy and took

a TOF absorption image. We found that we could recover the interference

peaks which shows that our system is close to the many body ground state all

the time.
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Figure 4.7: Width change of the central peak. Vertical axis is in a unit of one
pixel which is 6 µ m.

Figure 4.8: Reappearance of an interference peak. The left picture is taken
after ramping up the optical lattice to the 20 recoil energy. The right one is
taken with the process of ramping up the optical lattice to 20 recoil energy,
hold atoms in an optical lattice for 30ms, and ramping down the optical lattice
depth to 6 recoil energy.
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Chapter 5

Raman photoassociation of a Mott insulator

As described in Ch.2, ultracold molecules produced from ultracold

atoms via photoassociation suffer from inelastic collisions between atoms and

molecules. This will be the ultimate limitation in converting ultracold atoms

into ultracold molecules unless molecules are prepared in a ro-vibrational

ground state. However there have been rapid developements in creating ul-

tracold bosonic molecules from ultracold fermionic atoms [56]. Due to the

fermionic nature of atoms and a very small binding energy which means the

big size of molecules, the inelastic collision rate between atoms and molecules

for fermionic atoms is very small [54]. In fact several groups produced a molec-

ular BEC with ultracold molecules from fermionic atoms [55]. But ultacold

molecules formed by bosonic atoms do not have this property and will decay

very fast with atom-molecule collisions.

Ultracold atoms in an optical lattice is a great system to study a quan-

tum phase transition and other phenomena of strongly interacting system.

Also it turns out that this system is a good starting point for the efficient

molecule formation. As explained in the previous chapter, ultracold atoms

in an optical lattice have an external trapping potential and can have several
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different Mott domains. And atoms trapped in an each lattice site are iso-

lated from atoms in other lattice sites and this isolation and a Mott domain

with two atoms per site will be a perfect combination for the efficient molecule

production. Ultracold molecules in an optical lattice produced from ultracold

atoms in an optical lattice will be a very interesting system to study. Already

there is a very interesting theoretical proposal to do a quantum computation

with polar molecules trapped in an optical lattice [30] and because of a large

enhancement factor, utracold polar molecules trapped in an optical lattice will

be a perfect choice for an electron EDM search [11].

5.1 Photoassociation of a Mott insulator

5.1.1 Creation of molecular quantum gas in an optical lattice

D. Jaksch et. al. [57] first proposed to create ultracold molecules from

a Mott insulator with two atoms per site. By definition a Mott insulator

does not have any number fluctuation within its domain and due to the high

optical lattice depth, tunnelling between different lattice sites will be greatly

suppressed. These are ideal conditions to produce molecules without worrying

about the collisions between atoms and molecules. If molecules are produced

coherently, molecules will remain in the many body ground state. There is an

interesting possibility of creating a molecular BEC by ramping down the opti-

cal lattice after the creation of molecules in an optical lattice. Also depending

on the molecule-molecule scattering length, molecules might be in a Mott in-

sulator state. These ultracold molecules in the optical lattice can be a very
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Figure 5.1: Two color Raman photoassociation schematic

good starting point to make real ground vibrational state molecules which are

stable against collisions. This shows the possibility of new experiments with

ultracold molecules in an optical lattice.

As discussed in Ch.2, Feschbach resonance or photoassociation can be

used to convert two atoms into a molecule. We chose to use photoassocia-

tion to produce ultracold molecules. Single color photoassociation which was

used in the experiment described in the Ch.2 can produce triplet ground state

molecules via spontaneous decay but this process is incoherent and there can

be several different final states populated. To overcome this problem, Raman

photoassociation has been used to produce molecules with the selected ro-
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Figure 5.2: Two color Raman photoassociation with atoms in an optical lattice.
Trapping potential in a longer range was exaggerated to show the difference
in potential curve from optical lattices potential.
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vibrational state. Raman photoassociation uses two laser beams whose energy

difference will be same as the binding energy of the intended ground state

molecules [41]. Fig. 5.1 shows the typical Raman photoassociation process.

Two free atoms can absorb a photon from the laser 1 with frequency ω1 and

undergo stimulated emission by the laser 2 with frequency ω2 to make a triplet

ground state molecule. Intermediate detuning to the excited molecular state

needs to be chosen carefully to optimize the Raman photoassociation rate over

an off-resonant Raman scattering rate. If a Raman photoassociation pulse was

applied to two atoms per site Mott insulator, there will be a resonant coupling

between two free atoms and a molecule. This will be very close to a textbook

example of two states coupled to each other but in this case between two dif-

ferent chemical species. There will be Rabi oscillations between atoms and

molecules with this resonant coupling. If an exact π pulse was applied, all the

atom pairs in a Mott insulator will be converted into molecules.

The strong trapping potential from optical lattices will affect the nature

of Raman photoassociation coupling. Fig. 5.2 shows the schematic of Raman

PA with atoms in optical lattices. First of all, typical trapping frequency of

30 kHz makes it possible for atoms to have a discrete energy level in optical

lattices. With the seperation between the center of mass and relative coordi-

nates of two atoms, it will be easy to see that both center of mass motion and

relative motion have zero point energy which will affect the Raman transition

frequency. This point will be important in a latter section. Also due to this

tight confinement, the Raman PA transition strength will be enhanced.
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To make this scheme work, first we need to prepare two atoms per site

Mott insulator. Due to the magnetic trap, we have an inhomogeneous density

distribution which causes the formation of several different Mott domains. The

theoretical simulations of what this distribution will be have been performed

by several groups but there is no 3-D optical lattice simulation with our ex-

perimental conditions. There is a mean field theory to describe the change of

overall shape of an atomic cloud in an optical lattice [58]. Although mean field

theory cannot be applied to our experiment which needs quantum simulations

to get a correct answer, we can get some qualitative idea of the atomic cloud

shape change during the ramp up of the optical lattice. This theory tries to get

a macroscopic density distribution averaged over one lattice cycle. The usual

Thomas-Fermi distribution can be applied to describe this density distribution

with the only change of an atom-atom interaction parameter. The increase of

this interaction parameter is due to the increased confinement from the optical

lattice potential and it can be calculated.

g =
4π~2a

m
(5.1)

g′ = g(d

∫
f 4

0 (x))3 (5.2)

(f0(x) is the Wannier function for the optical lattice potential and d is the

spacing between adjacent lattice sites.)

We can do a simple estimation by assuming that f0(x) is just the wave
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function of the ground state of a harmonic potential which will be a very good

approximation of the single lattice well potential. There will a quantum phase

transition from a superfluid ot a Mott insulator around the optical lattice

depth of 13 recoil energy. The density distribution afterwards will be outside

of mean field theory and knowing the density distribution at the transition

point will help us to understand the condition needed to achieve two atoms

per site Mott insulator. At V0 = 13, g′ = 13.5g and Thomas-Fermi radius will

be also increased.

RTF ∝ g1/5

ω2/5

Due to the dipole trapping effect coming from the inhomogeneous in-

tensity distribution of optical lattice laser beams in the transverse direction,

there will be a change of trapping frequencies. With the beam size and lattice

beam geometry we used, there will be a substantial increase of the trapping

frequencies. The magnetic trapping frequencies without optical lattices are

νz = 11.6 Hz, νr = 20.7 Hz. With optical lattices of 13 recoil energy, the

trapping frequencies become ν ′z = 27.0 Hz, ν ′r = 43.5 Hz. Thomas-Fermi

radius will change too.R′
z = 1.23R R′

r = 1.2R

With this change of the radius of Thomas-Fermi radius, the peak den-

sity of atomic cloud changes too. n′0 = 0.55n0

To estimate the number of atoms per site distribution, we can assume

that if the density of atoms is in the range of N−0.5 < n < N +0.5 (with unit
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of number of atoms per site) number of atoms at that point will be N after

the transition into a deep Mott insulator regime. This will give us a rough

estimate of number of atoms per site distribution.

Although this theory gives us some guidance of how many atoms per

site will be at the center, it’s important to determine this distribution exper-

imentally. We found that Raman photoassociation is a very useful tool to

determine the distribution of Mott domains with different number of atoms

per site. Due to the difference in on site interaction energy change during

Raman photoassociation process between two atoms per site and three atoms

per site Mott insulators, there will be a shift in Raman photoassociation res-

onance frequency. If the shift is big enough, we can selectively photoassociate

two atoms per site Mott insulator or three atoms per site Mott insulator by

choosing an appropriate Raman frequency. With this method, the relative

population between two atoms per site Mott insulator and three atoms per

site Mott insulator can be determined.

5.1.2 Raman photoassociation resonance frequency with utlracold
atoms in an optical lattice

In our previous experiment, ultracold molecules were produced from a

atomic BEC and this production was observed by the decrease of the number

of atoms when a Raman frequency satisfied the resonance condition. Careful

measurement of the line shape of the Raman frequency scan was done and by

measuring the shift of the Raman resonance frequency as a function of the
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density of atoms, an atom-molecule elastic scattering length was estimated

[41]. As shown in that work, careful understanding of the Raman resonance

frequency is important and there are a few differences between Raman photoas-

sociation of an atomic BEC and Raman photoassociation of a Mott insulator.

The biggest difference comes from the fact that atoms are localized in a very

tight trap in a Mott insulator state and trapping frequency is up to 30 kHz

which is much bigger than the typical trapping frequency of a magnetic trap

which is about 100 Hz. Two free atoms will have quantized energies in a single

optical lattice site and Raman resonance frequency will be shifted due to the

zero point energy in a harmonic potential. The next difference is due to the

mean field energy change. In a BEC, we will have a mean field energy change

from two atoms in an atomic BEC and one molecule in an atomic BEC. But

for two atoms in a single lattice site, there is on-site interaction energy before

Raman photoassociation but after Raman photoassociation, there will be no

on-site interaction energy because there is only one molecule in a single lattice

site.

~∆ωRaman = Ebinding +
3

2
~ω0 + ∆EacStark1 + ∆EacStark2 + Ua−a (5.3)

Above equation describes the Raman resonance frequency for two atoms

per site. Ebinding is a binding energy of a molecular state, ω0 is the harmonic

trapping frequency of a single optical lattice site, and Ua−a is the on site inter-

action energy between two atoms. There will be an ac Stark shift of molecular
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binding energy and two free atomic state energy from Raman photoassocia-

tion laser beams (∆EacStark1) and optical lattice beams (∆EacStark2). These

ac Stark Shifts are proportional to the power of the laser beams and can be

measured very easily by monitoring the Raman resonance frequency change

as a function of the laser beam power. Because of close detuning to Rb D1

line, Raman photoassociation laser beams have a relatively big ac Stark shift

compared to the optical lattice laser which has 20 - 40 nm detuning. In our

experiment, v = 39 state in triplet ground state was used for the molecular

state and this state has a binding energy of 636.0094 MHz. The harmonic

trapping frequency ω0 at the optical lattice depth of 20 recoil energy is 29.8

kHz. Ua−a at the same condition is 1.9 kHz. The biggest shift comes from

ac Stark shift of Raman laser beams and with the typical condition we used (

60 mW total power and 3.9 GHz detuning from the intermediate state), there

was 96 kHz frequency shift. For optical lattice laser beams, we actually tried

to use a frequency at which there is no ac Stark shift and this was done ex-

perimentally by measuring the ac Stark shift as we vary the frequency of the

optical lattice laser. All of this suggests that to observe the Raman resonance

frequency, we need to be very careful in stabilizing frequencies and intensities

of the laser beams.

Same calculation can be done for three atoms per site and the only dif-

ference will be on-site interaction energy change. Fig. 5.3 shows the schematic

of this difference in the on site interaction energy.
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96



4
λ/

899-21

AO #1 AO #2

4
λ/

optical fiber
to BEC
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~(∆ω3,Raman −∆ω2,Raman) = 2Ua−a − Ua−m

Experimental effort to measure this shift will be reported in later sec-

tions.

5.2 Experimental set up

5.2.1 Raman photoassociation laser set-up

The same 3-D optical lattice set up described in the previous chapter

was used in this experiment. By ramping up the optical lattice depth, two

atoms per site Mott insulator can be prepared for Raman photoassociation. A

Ti-Sapphire laser (Coherent model : 899-21) was used for the Raman photoas-
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sociation. For Raman photoassociation, we need to have two laser beams with

fixed Raman frequency difference and need to be able to chage the detuning

from the intermediate level. We followed the same kind of optics and AOM

arrangement which was used in the previous experiment done with the old

BEC set up [38].

Fig. 5.4 shows how we split the laser beam into two Raman beams with

tunable Raman frequency. As explained in Ch. 2, 899-21 laser was frequency

stabilized by locking it to the optical cavity whose length was stabilized by

locking it to the stable MBR laser which was locked to the atomic absorption

cell. This locking set up makes it possible to lock the 899-21 laser to the

frequency chosen with a stability of 1 MHz over a few hours. As shown in

figure, two beams were combined into a single optical fiber which makes it

possible to have an identical alignment for two Raman beams. We also need

to align Raman beams onto the BEC and we used the same method we used

for the optical lattice beam alignment.

We need to choose the excited state we are going to use and intermedi-

ate detuning for Raman photoassociation of a Mott insulator. Careful study

of the ratio between coherent coupling rate over inelastic loss rate was done by

Roahn Wynar [38]. Although this calculation was for Raman photoassociaion

of a BEC, the relative merit between different excited states will remain same.

Based on his thesis we chose a molecular excited state bounded by -28 cm−1

in 0−1
g (P1/2) potential for our Raman photoassociation experiment and used

several different intermediate detunings from 150 MHz to 12 GHz.
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As pointed out in the previous section, we have a large ac Stark shift

in our Raman resonance frequency which means that the intensity of Raman

beams need to be very stable to maintain same Raman resonance condition.

To accomplish this the total power coming out of fiber after the chamber was

monitored with a photodiode and stabilized with feedback to the AOM for the

first Raman photoassociation beam.

∆EacStark ∝ I1

∆ + 0.636
+

I2

∆
(5.4)

This equation shows the ac Stark shift from the first Raman laser and

the second Raman laser. Usually ∆ = 3.9GHz was used and I1 = 3I2. With

this condition, ac Stark shift from the first and second Raman laser were very

similar at the same intensity. We tried to maintain the same ac Stark shift

with the fixed total intensity. ac Stark shift fluctuations due to the fact that

we only controlled the first Raman photoassociation laser intensity was very

small. If there was 10 % fluctuation of total power, there can be only about

0.4 % variation of ac Stark shift.

5.2.2 Experimental procedure

A Raman photoassociation experiment is a relatively complicated ex-

periment and needs a very careful planning. Firstly, a good BEC production

needs to be shown and optical lattice laser beams and photoassociation laser

beams power and alignment should be checked based on the method described

in the previous chapter. At this point frequency locking of Raman photoas-
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sociation laser should be enabled and intensity locking of optical lattice laser

and Raman photoassociation laser should be maintained. With all the lasers

working fine, we’re ready to do the Raman photoassociation experiment. One

important condition to achieve a good data of a Raman photoassociation ex-

periment is the stability of the BEC production. Because destructive imaging

was used in our experiment, the number of atoms in the BEC should not vary

too much and it was possible to obtain a number stability of 10 % fluctuation.

As discussed before, this stability was possible with a new servo control of

the cooling water temperature. Also it took 30-40 cycles before we got into

a stable working condition. After we got a stable BEC production and all

beams were aligned, first Raman photoassociation scan was done without an

optical lattice. Typically 50-100 ms photoassociation pulse duration was used

and Raman resonance frequency could be found very easily with up to 60 -

70 % loss of atoms. And then we checked the ac Stark shift of the optical

lattice laser. With retro-reflections blocked, optical lattice beams became a

simple dipole trap for atoms and by measuring the shift of Raman resonance

frequency, ac Stark shift could be determined. Typically, we wanted to have no

ac Stark shift from optical lattice laser by tuning frequency of optical lattice

laser until there was no ac Stark shift.

After this preparation, two atoms per site Mott insulator could be

produced by ramping up a 3-D optical lattice up to the final optical lattice

depth. With a fixed pulse duration of about 20-40 ms, Raman photoassociation

scan was done again and there was a frequency shift which was discussed in
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a previous section. After this step, we could do a real study of a Raman

photassociation of a Mott insulator. The results will be discussed in later

sections.

5.3 Raman photoassociation of a BEC with new BEC
set up

Before we started to do a Raman photoassociation of a Mott insulator,

we repeated the Raman photoassociation experiment we did with our old BEC

set up. One of the main limitation we had in our previous set up was the

existence of oscillations of the BEC cloud which caused the broadening of

our Raman photoassociation linewidth. Because of this we could not try to

observe coherent oscillations between atoms and molecules. We tried Raman

photoassociation with the BEC without optical lattices to check the set up for

Raman photoassociation, to see the difference from the previous experiment,

and possibly to see the coherent transfer of atoms to molecules.

To minimize the effect of an atom-molecule inelastic collisions we re-

duced the density of the BEC by reducing trap frequencies down to νz = 11.6

Hz and νr = 20.7 Hz. After the preparation of a BEC, a Raman photoasso-

ciation pulse was applied with a chosen pulse duration and Raman frequency

and the magnetic trap was turned off to measure the number of atoms with a

TOF absorption imaging. If molecules are produced, there will be a decrease

in the number of atoms and the Raman resonance frequency could be found

by scanning Raman frequency while monitoring the number of atoms after a
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Figure 5.5: PA scan without optical lattice

photoassociation pulse.

We found the clear difference between our result and previous results

we got with old BEC set up. Fig. 5.5 shows the Raman PA scan data with new

BEC set up. -12 GHz detuning was used and PA pulse duration was 25 ms.

From the fitting the width of peak is 1.3 kHz. This width of Raman resonance

is much narrower than before which means that coherent coupling rate versus

incoherent loss rate is larger than before.

We fixed Raman frequency on resonance and varied Raman PA pulse

duration. The results are quite interesting. There is a very small decay for

initial few ms and there is a rapid decay and after that, there is a very slow

decay. This is not consistent with the picture of inelastic loss dominated
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Figure 5.6: PA decay curve without optical lattice

Raman PA process and we tried to understand the origin of this behavior.

Further study will be necessary to understand this data.

5.4 Raman photoassociation of a Mott insulator

5.4.1 Single photon photoassociation of a Mott insulator

Before starting Raman photoassciation of a Mott insulator, single pho-

ton photoassociation was done to study the possibility of forming multiply

occupied sites. To do this experiment, we used very similar experimental se-

quence we used in Ch.2. A Mott insulator was formed by ramping up the

optical lattice to the final optical lattice depth. And then a single PA laser

pulse whose energy is resonant between two free atoms and a single excited

molecular state was applied to the atoms in a BEC. Eventually, these excited
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Figure 5.7: Single photon PA decay curve with optical lattice. The fast decay
rate is 590 s−1 and the slow decay rate is 14 s−1. 49 % of atoms decay fast
and 51 % of atoms decay slowly.

state molecules will decay and we can observe the reduction of the number of

atoms. We used around 100 mW power of PA laser beam and measured the

number of atoms change as a function of PA pulse duration.

The difference between single photon decay curve with an optical lattice

and without an optical lattice is very clear. There are two clearly different

decay rates in this decay curve. We think that the fast decay component comes

from the atoms in multiply occupied sites and the slow decay component comes

from the atoms in singly occupied sites. To form molecules, atoms in singly

occupied sites need to tunnel into other optical lattice sites and at a very high

optical lattice depth, tunnelling rate will be very small. From this data, it is
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Figure 5.8: Single photon PA decay curve without optical lattice. The decay
rate is 138 s−1

evident there are multiply occupied sites in an optical lattice.

5.4.2 Raman frequency shift between two atoms per site and three
atoms per site

To do Raman photoassociation, the optical lattice depth was ramped up

to the 20 recoil energy and Raman photoassociation beams with chosen pulse

duration and Raman frequency difference was applied to the Mott insulator.

To measure the number of atoms, we ramped down the optical lattice and used

a standard TOF optical absorption image method to measure the number of

atoms. Typical power of PA laser is 80 mW for the first PA beam and 20 mW

for the second PA beam.

For stimulated Raman photoassociation to work, the frequency differ-
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Figure 5.9: Raman frequency scan with 1.6 million atoms

ence between two laser beams should be on resonance condition for Raman

transition. To find out this Raman resonance frequency, we monitored the

atom number variation as a function a Raman frequency with a fixed pulse

duration.

These data sets show the Raman scan data with two different initial

number of atoms. There is a clear decrease of the number of atoms from the

molecule production when Raman frequency satisfied the resonance condition.

But there is a little complicated structure not a single peak. Also peak shape

is different between two different initial number of atoms data sets. Especially,

the increase of narrow peak in smaller number of atoms data is quite obvious.

We tried to understand this structure of the scan. We found that this two

peak structure is coming from the population of Mott domains with different
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Figure 5.10: Raman frequency scan with 0.6 million atoms

number of atoms per site. It turned out that we can understand the change

of this frequency shift as the change of on-site interaction energy between two

atoms per site Mott insulator and three atoms per site Mott insulator.

This means that with the measurement of Raman frequency shift be-

tween N=2 and N=3 Mott insulators the atom-molecule elastic scattering

length can be determined. Also by measuring the width of the Raman peak

of three atoms per site, we can actually measure the atom-molecule inelastic

scattering rate. In other words, we can determine important interaction pa-

rameters between atoms and molecules with single Raman frequency scan data.

This will be a very powerful tool to study atom-molecule interactions. Another

important point is the possibility of studying Mott insulator domain distribu-

tion with Raman photoassociation scan. By measuring number of atoms lost
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in each peak, we can determine number of atoms distribution in each Mott

insulator domain. This will make it possible to study quantum phase tran-

sition with different Mott domains distribution and possibly the difference in

transition characteristics depending on the number of atoms per site.

5.4.3 Observation of Rabi oscillations between atoms and molecules
in an optical lattice

The most exciting possibility with Raman PA of ultracold atoms in

an optical lattice is the possibility of realizing coherent conversion of atoms

into molecules. The obvious evidence of coherent conversion will be Rabi

oscillations between atoms and molecules. To investigate this possibility we

did the following experiment. First the Raman frequency scan was done to find

out the Raman resonance frequency for the two atoms per site Mott insulator.

With Raman frequency locked on the resonance frequency for two atoms per

site Mott insulator Raman PA pulse duration was varied. The change in the

number of atoms was measured as a function of Raman PA pulse duration.

These two data sets show the sinusoidal variation of the number of

atoms as a function of PA pulse duration. These data sets are fitted with the

Rabi oscillation with damping rate.

N(t)

N(0)
= 1− A + A× e−γt(cos

Ω′

2
t +

γ

Ω′ sin
Ω′

2
t)2 (5.5)

where Ω is Rabi oscillation frequency, γ is the decay rate, and Ω′ is
√

Ω2 − γ2.
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Figure 5.11: Rabi oscillations between atoms and molecules. The number of
atoms is 1.9× 106, the total PA power is 98 mW (the first PA beam power is
68 mW and the second PA beam power is 30 mW.), the detuning is -3.9 GHz,
and the optical lattice depth is 15 recoil energy. The data is shown with the
fitting where the Rabi frequency is 541 Hz and the damping rate is 9.8 Hz.
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Figure 5.12: Rabi oscillations between atoms and molecules. The number of
atoms is 1.7× 106, the total PA power is 97 mW (the first PA beam power is
73 mW and the second PA beam power is 24 mW.), the detuning is -3.9 GHz,
and the optical lattice depth is 20 recoil energy. The data is shown with the
fitting where the Rabi frequency is 353 Hz and the damping rate is 21 Hz.
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This is the clear evidence of coherent Rabi oscillations between atoms

and molecules in an optical lattice. Both data sets shows that the decay

rate of molecules produced during Raman PA is around 10-20 Hz which is

much smaller than Rabi frequency. This suggests that molecules are creating

coherently and this can be seen directly with the reappearance of atoms with

the increase of Raman PA pulse. The actual amount of atoms in two atoms

per site and the amount of atoms which will be involved in Rabi oscillation can

be dependent on many different parameters. And further study is necessary to

investigate these issues. But the demonstration of coherent Rabi oscillations

between atoms and molecules is the important first step toward the realization

of a molecular quantum gas.
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Chapter 6

Conclusion

Ultracold Rb2 molecules were produced via a single photon photoasso-

ciation and trapped in a magnetic trap. More than 20 s magnetic trapping was

shown without atoms in the trap. There were inelastic collisions between atoms

and molecules in the magnetic trap and the inelastic collision rate between

atoms and molecules was measured to be Kam = 3.45(±0.93)×10−11s/cm3. A

BEC was made with a new BEC set up which was built with a steel chamber

and a cloverleaf type magnetic trap. Ultracold atoms in a BEC were loaded

into a 3-D optical lattice and a quantum phase transition from a superfluid to

a Mott insulator was studied. A TOF absorption imaging was used to study

this transition. In a superfluid state, matter wave interference pattern was

observed and in a Mott insulator state, there was no matter wave interference

pattern. Careful study of the central peak width change showed the increase

of width when the system enters a Mott insulator state.

A Raman photoassociation was used to produce ultracold molecules

from a Mott insulator. A Raman resonance frequency shift between two atoms

per site Mott insulator and three atoms per site Mott insulator was observed.

By locking the Raman resonance frequency onto the two atoms per site Mott
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insulator resonance, Rabi oscillations between atoms and molecule were ob-

served. Coherent Rabi oscillations show the possibility of creating a molecular

quantum gas in an optical lattice.

There are several open questions and possible future experiments based

on the current results. To understand a quantum phase transition with trapped

atoms, we need to study the effect of inhomogeneity on the transition and

especially, the possible formation of several Mott domains in a single system

needs to be understood. The central peak width change may be very helpful to

study the creation of several Mott domains and a Raman photoassociation will

also be a useful tool to determine the population distribution among different

Mott domains. From the observance of coherent Rabi oscillations, it is clear

that we can create ultracold molecules coherently. Interesting questions will

be the nature of many body state of molecules we created. Also it will be

interesting to see the possibility of making a molecular BEC by ramping down

the optical lattice. Finally, by transferring high-lying vibrational level state

molecules into a ro-vibrational ground state molecules, it may be possible to

create a real ro-vibrational ground state molecular BEC.
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