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Introduction

A full understanding of many body quantum systems is one of the challenging problems
is physics. These systems exhibit a variety of phases depending on the external potential,
interaction among the particles, and their energy scales. In nature these parameters lack
perfect order and can show many kind of disorders. These systems are hard to deal with
both experimentally and theoretically. In theoretical quantum models, unlike classical
ensembles of particles, the Hilbert space grows exponentially with the size of the system
and hence makes it difficult to find the exact solutions for the macroscopic systems.
Even the best algorithms to date can yield numerical solutions only for one dimensional
systems of limited size. In the experiments with traditional ensembles like condensed
matter systems, the difficult part is instead to have control over the relevant parameters

like interactions, disorder etc.

A major boost in this field was the realization of Bose-Einstein condensation in ultra-
cold dilute gases, in 1995 [1, 2]. A BEC is a coherent, macroscopic matter wave in a
system of interacting particles. This is the same property of the particles which gives
birth to condensed-matter phenomena like superconductivity and superfluidity. The ex-
ternal potential for a BEC can be made with optical fields and is precisely controllable.
The zero temperature scattering resonances allow to control the interactions. These
features make a BEC the best candidate to model condensed matter systems and open
a new gateway to understand many body quantum systems. The realization of peri-
odic potentials using a off-resonant standing waves, the optical lattices [3, 4], provides a
clean, versatile and controllable model of solid-state periodic potentials. The potential
strengths can be tuned to be large enough to fragment a three-dimensional gas into
lower dimensions. Because of all these wonderful properties, BECs are being employed

as quantum simulators of complex many-body problems [5].

The work of my thesis is in this broad field of quantum simulations with ultracold atoms.
In particular, I've employed ultracold gases to explore the physics of one-dimensional

bosons with interactions and disorder, an outstanding open problem in modern physics.
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The properties of a quantum gas depend greatly on the dimensionality of the system.
One-dimensional gases show different condensation phenomena, correlation properties
and phase fluctuations as compared to 2D or 3D. In the case of bosonic systems, de-
pending on the interaction strength, a 1D Bose gas can show either bosonic or fermionic
properties [6]. Thus in condensed matter simulations, one dimensional gases are suit-
able to study the physics of strongly correlated systems. Another advantage is that 1D
systems are relatively simpler to compute. They have established theoretical results and

hence their experimental outcomes are theoretically validable.

The effect of external perturbations, particularly disorder, on many body quantum sys-
tems has been a topic of interest since fifty years. The main motivation for these studies
originated from the interest to understand the effect of imperfections and disorder on the
conduction properties of electrons in metals. The disordered potential tends to break
the coherence of the system, giving rise to localizations. This phenomenon is called
Anderson localization [7, 8]. When studying this phenomenon with quantum gases, the

disorder can be added, controlled and quantified in a precise manner.

Interactions among particles play a crucial role in a disordered system. For bosonic
particles, interactions screen the effect of disorder and tend to build back the coherence.
This study of the interplay between interaction and disorder in quantum gases has
recently acquired more attention [9, 10]. Control over the interaction using magnetic
Feshbach resonances [11] is greatly advantageous in these experiments. However, atomic
gases have only short range contact interactions. A recent advancement in this area was
the realization a quantum gas of dipolar molecules with long range dipolar interactions
[13, 14]. These type of interactions not only facilitate the research in the direction
of condensed matter simulations but also their potentiality in the field of quantum

computation.

In this thesis I report the work on quantum simulations with atoms, having short
range interactions, and construction and design of a setup for future studies with polar
molecules, which might allow similar studies in the presence of long-range interactions.
The quantum simulations with atoms were done under controllable disorder and inter-
actions. We tune interactions among atoms using a broad magnetic Feshbach resonance
[12]. Interactions greatly influence the quantum phases of a system. However interac-
tions among atoms are contact interactions, which are limited to a certain range. As
a next step in the same direction, long range anisotropic interactions, as exhibited by
polar molecules, can give rise to many interesting phases. For the purpose to study
similar physics with long range interactions, our long term goal is to produce ultra-
cold diatomic molecules using spectroscopy. This spectroscopic process constitutes the

combining the degenerate near threshold atoms to deeply bound molecules using two
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coherent Raman pulses. One pulse will excite the two atoms to one of their excited
molecular state and the other will dump them to the deeply bound molecular state.
To do this transfer, I have built a laser setup which will transfer the ultracold atoms
to deeply bound molecules. Before combining the atoms we have to arrange the two
component mixture to form a double Mott insulator with one pair of different atoms at
each lattice site. For this I have done calculations and made computer simulations to

find an efficient procedure to achieve a double Mott insulator.

The thesis is organized in three chapters, where I discuss separately the different aspects

of the experimental research that constitute my thesis work.

In the first chapter the problem of conduction in disorder is addressed using a 1D Bose
gas of 3K atoms. The main motivation of this work was to find the crossovers among
phases of one dimensional interacting bosons, under the competition of disorder and
interaction strengths. The different phases were explored using the method of transport.
As a first part of this investigation, during the transport, the mechanism of breakage
of the superfluidity due to phase slip excitations, which leads to an insulating phase is
explored. After that the affect of disorder and interaction strength on this crossover was
studied. In the measurements the momentum evolution of an oscillating 1D gas is traced
till a critical momentum, after which the superfluid breaks down due to stronger phase
slips. The transition to an insulating phase is marked by the vanishing of the critical
momentum. This methodology is first verified for a predicted superfluid to insulator

crossover in clean lattice and then used for disordered lattice.

The work reported in second chapter deals with the step towards production of molecules
with long range interactions. The production of molecules from an ultracold mixture
necessitates the realization of an efficient double Mott insulator. Manipulation of a two
component mixture is extremely difficult due their different masses, responses to external
potentials and interaction characteristics. For this I wrote a simulation program which
simulates the behaviour of a two component BEC in the lattices under our laboratory’s
trapping conditions. Using this program, as a result, I reported the procedure to achieve

a double Mott insulator and simulated outputs.

After having a double Mott insulator, the pairs of atoms will be associated using a
magnetic Feshbach resonance and then will be transferred spectroscopically to the deeply
bound state. An efficient spectroscopic transfer requires an ultrastable laser system with
a line width < 10kHz and a relative phase stability < 1kHz. For this I built a setup to
meet the required stability conditions. Typically free running diode lasers have a larger
line width (~ 100kHz) and can drift independently from each other. Therefore I line

narrowed two diode lasers by locking them to a high finesse cavities. Then to control
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their relative stability they were phase locked using a frequency comb. These locking

schemes and their results are presented in third chapter.
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Chapter 1

One-dimensional bosons with

disorder

The properties of ultracold quantum systems are strongly affected by the dimensional-
ity. Even basic phenomena like Bose Einstein condensation change dramatically shen
a system is confined in spatial dimensions lower than three. The change of behavior
is particularly dramatic in one dimension (1D), where Bose Einstein condensate (BEC)
exists only at 7" = 0 and a collection of bosonic particles can show either bosonic or
fermionic properties, depending on the strength of interactions. The effect of disorder
is more striking in 1D as compared to 2D and 3D due to large quantum and thermal
fluctuations. In a 1D disordered system, at any value of the energy, all states are local-
ized and the localization length increases linearly with the energy of the system. Since
interactions can drive the behavior from bosonic to fermionic, it is possible to realize

both bosonic and fermionic Bose glass as in 1D.

1.1 One dimensional bosons and their characteristics

In a one dimensional many body system the particles are free along one direction and
confined along the other two directions (or radial direction). The wavefunction of a

particle in such a potential can be written as

V(zr)=v(2)¢(r) (1.1)
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FIGURE 1.1: The confining potential for a one dimensional Bose gas.

Here v (z) and ¢ (r) are wavefunctions along axial and radial directions respectively. In
the case of ultracold gases the confinement can be approximated to be harmonic. Then

the wavefunction along the radial direction is

o (r) e~/ (1.2)

where a, = y/h/mw, is the harmonic oscillator length, w, is the confining frequency
along the radial direction and m is the mass of the particle. The quantized energy levels

of the system along this direction have separation hiw;..

Similarly along the axial direction the particle should ideally be free, but in laboratory
is confined with a relatively much small confining frequency w, and the energy levels are
separated by hw,. For a system to be one dimensional the energy separation along redial
direction M, requires to be much larger than Aw,, interaction energy and temperature.

This ensures than the system remains in ground state along the radial direction.

1.1.1 Condensation and phase fluctuations

A general expression of the transition temperature of a non-interacting Bose gas is given
by [4]

N1/
[CaT (@)¢ ()]

KT, = (1.3)

here N is the number of particles, « is proportional to dimensionality of the system, the
coefficient C,, depends on the geometry of the trap, I'(«) is the gamma function and

((«) is the Riemann zeta function.

In the case of particles in a box, & = d/2 and the coefficient C,, takes the form
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Vm®

Co = 91/2:21;3

(1.4)

where d is the dimensionality of the system, V is the volume of the system and m is the

mass of the particles.

If we consider this system to have a finite size (N and V are finite), then due to the fact
that the Riemann zeta function ((a) — oo for a < 1, from equation 1.3 the transition

temperature is 7, = 0 for both one (o = 1/2) and two (o = 1) dimensional system.

When the trapping potential is harmonic, the parameter o = d and the coefficient C, is

1

Ca - (a — 1)'thwz

(1.5)

where w; are the trap frequencies along i*" direction and i = 1,2,...,d. In this case
for finite N only for one dimensional system (& = d = 1) the Riemann zeta function

diverges and hence, according to equation 1.3, the transition temperature becomes zero.

d | Box | Harmonic
1| T.=0 T.=0
2 | T.=0 T. >0
3| T >0 T. >0

TABLE 1.1: Conditions for BEC in a box and a harmonic trap for different dimension-
ality of the system.

Above the transition temperature the system has phase fluctuations. For the case of one
dimensional system the phase fluctuations increase linearly with the temperature and
the length of the system. However, in a finite size system despite of phase fluctuations, a
good phase correlation can be achieved even above the transition temperature. For a 1D
system with phase fluctuations (7" # 0), the distance within which the phase difference

is less than one radian is given by

nth2

L, = 1.6
0= 17 (1.6)

where n1p = N/L is the density of the system, N is the total number of particles, L is

the length of the system and k is the Boltzmann constant.

Here we see that by decreasing the temperature 1", Ly can be increased to exceed the
length of the 1D system L and thus a good phase coherence can be established over the
length of the system. The temperature for which the phase is well correlated through

out the system, and the system behaves like a true condensate is given by
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Tip
T —_ 1.
< (1.7)

here T p is the degeneracy temperature given by

below which the de Broglie wavelength is comparable to the inter-particle separation.
At higher temperature the phase fluctuations increase and the system deviates from a

true condensate, in this regime it is called a quasicondensate.

The correlation function at a finite temperature decays as g(x) ~ exp(—x/&r), where
&r is the thermal correlation length. The momentum distribution of such a system is

given as
1

T @rer(k2 1 (2)2)

p(k) (1.9)

which is a Lorentzian of width 1/&7.

1.1.2 Interaction and disorder

A perturbation over the external potential drives an ultracold system through various
quantum states. In bosons this effect is shielded by the interaction among the particles.
The interplay of disorder and interactions drives the system through various phases. In
this section I will give a qualitative overview on the effect of interactions and disorder

on a 1D Bose gas.

Interactions in 1D gas

The interactions we will consider in the context of this chapter are short range contact

interactions. The general effective two-body interaction in three dimensional system is

given by
Uesy(r, ') = Ud(r — ') (1.10)
where )
Uy = dmh*a (1.11)
m

and a is the scattering length of the particles. An interacting 1D Bose gas consisting of

N particles can be described by the Hamiltonian
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2

KE<<U

Interaction

KE>>U

FIGURE 1.2: A one dimensional system of two particles in a box. When their interac-
tion energy exceeds the kinetic energy of each particle, they separate to decrease the
interaction; this regime is called Tonks-Girardeau regime

2 2
H:—Zh o 4 Z UMW (x; — ;) (1.12)

2m 63:
1,5(i<7)

where U is the effective interaction in the case of 1D systems, given by

U

n - =0
v 2ma?

(1.13)

A 1D Bose gas exhibits a different behaviour for different interaction strengths. At
zero and low interactions the system shows a superfluid phase with bosonic properties.
However, in contrast, as the interaction strength is increased it shows strongly correlated
superfluid phase which has fermionic properties. This regime is called Tonks-Girardeau
regime [1-3]. In this regime the interaction energy per particle becomes larger than
the kinetic energy and the particles tend to avoid the spatial overlap with neighboring

particles in order to reduce the interaction energy.

This behavior is characterized by a dimensionless parameter, the ratio of the interaction

energy and the kinetic energy per particle:

Eint 2a
B ona?
kin na;.

v = (1.14)
where a is the scattering length and n is the density of the system. For v > 1 the
system goes in the Tonks-Girardeau regime. As the interaction strength tends to be
infinite the system behaves as non interacting fermions in 1D. Hence only for a 1D Bose

gas by tuning the interactions both bosonic and fermionic characters can be realized.
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Periodic potential

Since our motivation in experiments with ultracold gases is to simulate the condensed
matter systems, the potential of our interest are periodic potentials as in the case of solid

state system and disordered potentials, or a combination of both.

In the cold atoms experiments the periodic potential is prepared by optical lattices [5-8].
An optical lattice is a periodic variation of the electric field intensity made by a standing

wave along one, two or three dimensions. The spatially periodic potential is given by
U
V= ?Ocos (2qx) (1.15)

where ¢ = 27/ and Uy is the lattice potential depth. Usually the lattice strength is

measured in terms of the recoil energy(E, = h%¢?/2m) i.e. Uy = sE,.

When an optical lattice is superimposed to the BEC, the atoms exhibit different quantum
phenomena depending upon the strength of the lattice and their mutual interaction. For
small lattice strengths the atoms are completely de-localized throughout the lattice and
behave like a superfluid. When the lattice strength is increased, the atoms tend to
localize in the minima of the lattice sites decreasing the amount of tunnelling to the

neighbouring sites giving rise to the Mott insulator phase.

FIGURE 1.3: The effect of increasing lattice strength on the Wannier wave functions.

The model describing the physics of interacting bosons in an optical lattice is the Bose-
Hubbard model [4]. This model approximates the minima of the lattice potential to a
harmonic oscillator and considers the atoms to be in their lowest quantum state in the
sites. Considering the basis of Wannier wave functions and limiting the tunnelling only
to the neighbouring sites, the Bose Hubbard Hamiltonian for atoms in a uniform optical

lattice can be written as

: (1 — 1
g =1 Y alay vy =Y (1.16)

<i,5>
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oL

here J is the tunnelling energy, a; and a; are boson annihilation and creation operators,
U is the on site interaction energy, n is the number operator and the sum < 2,7 >
extends only to nearest neighbours. This Hamiltonian comprises of two energy terms
whose mutual competition decides the fluid or insulating regime of the system. The
first term is a measure of kinetic energy of the particles. This energy term enforces the
inter site tunnelling and hence delocalization of the particles throughout the periodic
potential which corresponds to a superfluid phase. The second term is a measure of
the interaction energy of the particles. This term tends to inhibit the tunnelling and
enforces localization in single sites. For a commensurate (integer) filling this transition

takes place when the interaction energy becomes larger than the kinetic energy.

=—>1 (1.17)

Here the density n is expressed in terms of particles per site.

Disorder

A disordered potential dramatically affects the properties of a many body system. For
a non-interacting system disorder tends to localize the particles at its minima. In the
case of non-interacting particles this localization effect is called Anderson localization
(AL) [9]. This effect arises from the multiple reflections of a matter waves from random
potential barriers. In this localization the wavefunction decays as |¢ (x)| oc exp — |z| /€,

where the parameter £ is called the localization length.

Anderson localization in 1D has been experimentally realized with ultracold gases [10,
11]. As the interaction comes into play the system deviates from Anderson localization
and go through various phases [12, 14, 15]. This interplay of disorder and interaction is
one of the unresolved problems of physics. A comprehensive experimental work on this
interplay is under way, how ever in 1D bosonic system the effect of interaction driven

de-localization on a disordered system has been reported [16].

In a system of 1D bosons the weak interactions screen the effect of disorder and thus
decreases the localization, bringing back the coherence. The system forms locally coher-
ent fragments separated by weak links and this phase is called Bose glass. Increasing
the interaction these fragments keep joining till global coherence builds and the system
becomes a disordered superfluid which has more phase fluctuations. When interactions
are increased further the fermionic properties starts showing up and owing to the large
interaction, the 1D system again splits into locally coherent fragments and forms a

strongly correlated Bose glass. Since the interactions in 1D Bose gas drives behaviour
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from bosonic to fermionic as discussed before, at higher interactions this bosonic sys-
tem behaves like weakly interacting fermions undergoing AL in the disorder. The figure

depicts the interaction driven phases in a disordered 1D gas.

1.1.3 Theory

One dimensional quantum gases are relatively simpler and they are theoretically solvable.
For last two decades, very effective numerical techniques like Density Matriz Renormal-
ization Group (DMRG)[17, 18] have been developed, which yields accurate solutions

for quantum many body problem in one dimension.

F n=1
Apax
4
;DVZ 1 —
Bose glass 7 /
I8 M \ A /" Bose
\ f '1 7 glass
w\ o\ 2 —  super- = e
\ i \ LOCALIZED e flud ___/
‘p’ * \ _—‘/ - s
+/ SUPERFLUID “‘\ 4 L~ Mott nsulator
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FIGURE 1.4: (a) Phase diagram for one dimensional bosons under the interplay of ran-
dom disorder and interaction (Luttinger parameter)[12]. (b) A similar phase diagram
for one dimensional bosons in a lattice with density n =1 [13].

Figure 1.4 shows the original theoretical work, predicting the phase diagram for one
dimensional bosons. The left figure distinguishes between the superfluid and localized
states. A large interaction localizes the system because of repulsions and the system
behaves like one dimensional fermions (highly correlated). On the other side, at lower
interactions the strength of disorder localizes the system. These are two localized phases
having different correlations and separated from the multi-critical point A. At low
disorder and within the interaction range 0 < K < 2/3 there is a region of superfluid

phase.

For the case when they are in a lattice with density n = 1 the localized phases have
Bose glass as well as Mott insulator (MI) phases(figure 1.4b). The MI is separated from
the superfluid by the Bose glass. The superfluid phase is inhibited both at higher and

lower interactions and appears at moderate interactions.

These theoretical works had been started for one and two decades, but the experimental

verification of these results are still to be done. These works makes the experiments with
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one-dimensional systems even more appealing, because they make possible to compare

experiment and theory, something that is more difficult for higher dimensional systems.

1.2 Preparation of the system

1.2.1 Disordered potential

Experimentally, a disordered potential can be prepared in two ways. One way is to use
the potential created by laser speckles [19] field and another one is to create a quasi-

periodic lattice.

The disorder we study is prepared by a quasi-periodic lattice. In this system the energies
of the minima of a primary lattice are perturbed by super imposing a weak secondary
lattice (figure 1.5). This perturbation is maximally randomized by imposing a condition
of incommensurability for the two lattices i.e. the ratio of the wave vectors of the lattices

B = ki1/ke is an irrational number. The quasi-periodicity of the potential is given by

d
D=— 1.18
o (118)
where d is the lattice site spacing of the primary lattice. Our system has a primary laser
at a wavelength of 1064nm (Nd:YAG laser) and a secondary laser at a wavelength of

859nm (Ti:Sapphire laser). These wavelengths yield a quasi-periodicity of 4.2d.

2N T

FicUure 1.5: A lattice potential being perturbed by a secondary lattice to create a
quasi-periodic disorder.

To write the Hamiltonian of an interacting Bose gas in quasi-periodic potential an ad-

ditional energy term corresponding to strength of secondary lattice can be added to
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equation 1.16 to obtain the following Hamiltonian

: i (N — 1
Hppy = —J Z dZ&j+AZCOS(2Wﬁi+¢)ﬁi+U2n(n2)

<i,j>

(1.19)

In the additional disorder energy term, A corresponds to the strength of the secondary
lattice. J and U are the tunnelling energy and on site interaction energy with respect
to the primary lattice. Since the secondary lattice is weak compared to the primary, it
does not produce a significant change in J and U. In the absence of interactions (U = 0)

this Hamiltonian converges to Aubry-André (AA) or Harper model [20].

The disorder prepared by a quasi-periodic lattice is less effective as compared to a
random disorder. In contrast to a random disorder where the system gets localized by
any amount of disorder, in AA model the system localizes only after a certain strength
of disorder. This localization threshold depends on the ratio of the two wavelengths, 3.
For a perfect irrational condition, 3 = (v/5 — 1)/2, the system localizes at A/J = 2.
However for values of 8 different from this condition, the value of localization threshold
deviates from 2 towards higher value [21]. After the transition, all exponentially localized

eigenstates have a single localization length, which is

d

§loc ~ In(A/27) (1.20)

1.2.2 Experimental control parameters

The energy terms in equation 1.19 can be controlled in the experiments. In the first
term, the tunneling energy J depends on the strength of the primary lattice. It is
proportional to the overlap of the Wannier wave-function at two neighbouring sites.
By approximating the Wannier functions to have Gaussian distribution the tunnelling

energy can be obtain as a function of primary lattice strength [21]

J

rec

~ 1.4359Bexp (—2.07./51) (1.21)

Here E,.. is the recoil energy, and s; is the strength of primary lattice in units of E,....
Hence from this equation the tunneling energy can be calculated and tuned from the

strength of primary lattice.

In the second energy term, A corresponds to the disorder strength. It depends on the
perturbation on the primary lattice and hence can be tuned by the strength of secondary

lattice. Its dependence on the secondary lattice can be calculated to be [21]
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F1GURE 1.6: The potential for a two body collision. A Feshbach resonance takes place

when the energy state of the free atoms E in the open channel Vj, resonantly couples

with one of the molecular bound states in the closed channel V.. The energy separation

between the two states can be controlled by means of the magnetic field provided that
the magnetic moments of the closed and open channel are different.

A
ET@C

= (3252/2) exp (—,82/\/5) (1.22)

where ss is the strength of secondary lattice expressed in terms of recoil energy for the

secondary lattice, F,¢. is recoil energy for primary lattice.

Interactions

The third energy term depends on the on-site interaction energy which depends on the
scattering length. In degenerate gases the dominant scattering is the s-wave scattering.
The s-wave scattering length can often be tuned by magnetic fields and this phenomenon

is called Feshbach resonances [22].

Feshbach resonances are a powerful tool to control the interaction between the atoms in
ultracold atomic and molecular physics. A Feshbach resonance can be described using a
potential plot of a two body atomic interaction. As illustrated in figure 1.6 we have two
potential curves Vjq(R) and V.(R). Here Vj4(R) is the ground state potential and V,.(R)
is the excited state potential. For a large internuclear distance Vj4(R) approaches to
the energy of two free atoms. When the atoms collide with a small energy E, Vi (R) is
the energetically open channel for the collision and is called the entrance channel. The
other potential V.(R) is a closed channel but this may have a bound state close to the
energy of two free atoms. A Feshbach resonance arises from the coupling between the
free unbound atomic state to a molecular bound state. The closer is the molecular level
with respect to the energy of the free atoms the stronger is the coupling. For the case in

which the states corresponding to the two channels have different magnetic moments, the
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energy of the closed channel can be tuned with respect to the open channel by applying
and varying a magnetic field and therefore coupling between the free atoms state and
a bound state can be changed. As a consequence of this, the scattering length modifies
accordingly and can be tuned to a desired value. Mathematically, the expression for the
dependence of the scattering length on the magnetic field in the vicinity of a Feshbach

resonance can be written as

AFrp
a(B)=ap, | 1 — =——— 1.23
N (123
where By is the resonance centre, Apg is the resonance width and as, is the background
scattering length, i.e. the scattering length far from resonance. The magnetic field at
which scattering length crosses zero is called zero-crossing magnetic field and is given

by Bzc = BO + AFR-

400 +

I~

=1

=]
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FIGURE 1.7: Scattering length vs magnetic field in the vicinity of 3 K Feshbach reso-
nance at 400G. In the work reported in this thesis we exploit the scattering length in
the range from 350G (zero crossing) to 400G.

In our experiment we realize a degenerate gas of Potassium-39 (3°K) atoms. This isotope
offers a variety of Feshbach resonances [23]. We use a resonance centred at By ~ 400G
(figure 1.7) for the ground state |F' = 1,mp = 1). This resonance has a width Apg =
52G which gives us precise control over tunability of the scattering length from essentially

zero up to a few hundreds of Bohr radii.

1.2.3 One-dimensional Bose gas

We start with a degenerate gas of 3K containing nearly N = 20000 atoms with a

scattering length at a = 190ag.
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We then prepare an array of one-dimensional quasi-condensates by confining the BEC
in a two dimensional lattice as shown in figure 1.8. This lattice is adiabatically raised
in 400ms using S-shaped ramps. They have two horizontal standing waves with a wave-
length at 1064nm and a strength of 28 F, to suppress the tunnelling. Each of this 1D
system has a radial confining frequency w, = 50kHz and an axial confining frequency
w, = 150Hz. Each of this subsystem has on average 50 atoms. Along the axial direction
a quasi-periodic lattice is ramped up in 300ms starting from 100ms after the 2D lattice
started. It constitutes a primary lattice at 10E, (A1 = 1064nm) and a secondary lattice
at 0.5E, (A2 = 859nm). This strength sets the tunnelling energy J = h x 150Hz along

the longitudinal direction.

4
\

(a) (B)

FIGURE 1.8: Schematic diagram for experimental realization of a set of 1D quasi-
condensates using two strong horizontal lattices and a quasi-periodic lattice superim-
posed along vertical direction.

In order to tune the interaction energy we tune the scattering length using a Feshbach

resonance. The interaction energy is calculated from the scattering length as

U= Ui /cp(z)4dz (1.24)

maip

where ¢(z) is the Gaussian approximation of the Wannier function in a lattice site and

a1p is the 1D scattering length which depends on the 3D scattering length a as [24]

2 1.03
aip = or (1 - a) (1.25)

2a Qy

Using Feshbach resonances the interaction energy U can be tuned within the range
(0.3 —10)J.

The atom number in each subsystem is calculated from the Thomas Fermi distribution

of the density of the condensate in the optical dipole trap before ramping up the lattices.
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After rearrangements the final number of atoms per subsystem can be derived as

(1.26)

5Nd? (i2 + j2)d?
N; ;= 1-
7 2R { R ]

where d is the lattice constant and R is the Thomas Fermi radius of the condensate.

The average density in each subsystem is calculated using the formula

_ 1 (3Nymw.\*"* 13

where w, is the axial trap frequency of the subsystem.

With this tuning range of interaction density in terms of mean atom number per site

varies in the range 2 to 4.

1.2.4 Momentum distribution

We obtain the momentum distribution of this system from the absorption image after
a time of flight of 16.5ms without interactions(figure 1.9). After this we integrate the

image along the radial direction, getting an average momentum distribution.

FIGURE 1.9: A time of flight image of the system shown in figure 1.8 and an averaged
momentum distribution of all subsystems obtained by integrating this image along the
horizontal.

In a regime of weak interactions and without disorder, we estimate the equilibrium
temperature of this system from the width of the momentum distribution peak. Af-
ter fitting a Lorentzian function to the momentum distribution peak, we calculate the

thermal correlation length &7 from the half width at half maximum (HWHM) I' using

_0.74h

&r=-—1— (1.28)
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which takes into account the finite width of the zero temperature. From &7 we calculate

the temperature as
h2n

T=———
Erdm*kp

(1.29)

Here m™* is the effective mass of the atoms inside the primary lattice and kp is the Boltz-
mann constant. From the above expressions we estimate the equilibrium temperature

of our system to be kT ~ 3J.

1.3 Dynamics

After preparation of the system, along the axial direction the set of 1D subsystems are
confined by the harmonic potential created by lattice beams. We study the dynamics by
switching off a magnetic field gradient that partially compensates gravity. This action
shifts the center of harmonic potential by 4 um. As a result of that the system starts to

oscillate about the center of the new shifted confinement.

— -—
4 pm

F1GURE 1.10: A cartoon showing the shift in harmonic potential leading to oscillation
of the 1D subsystem.

This oscillation is perturbed because of the presence of a disordered lattice. To analyze
the transport dynamics we trace the time evolution of momentum after the kick. For
this we let the quasi-condensate gain momentum for some time t* after the kick and
then switch of all the fields to obtain a momentum space distribution. We restrict
our analysis on the first Brillouin zone(|p| < h/A1). In the momentum evolution we
observe an asymmetry in the momentum distribution. This asymmetry reveals the
mismatch between the peak momentum and the mean momentum, presumably due to
an inhomogeneous damping throughout the axis. In absence of a detailed model of the
inhomogeneous system, we decided to study the evolution of the peak momentum pg.
From the shift of the py with respect to its equilibrium value we obtained the momentum

Ap gained during time t*.



Chapter 1. One-dimensional bosons with disorder 22

p(p) (arb. units)

FIGURE 1.11: Momentum distribution without kick (¢* = 0) and with kick (¢* = 0.8us)
in a non-disordered lattice with interaction energy U/J = 1.26.

We increase this kick time starting from zero and obtain corresponding momenta gained.

Then we plot these momenta vs kick time.

1.3.1 Momentum evolution analysis

We start with a clean system i.e. the 1D gas moves only in the primary lattice. In the

case of only one lattice the atoms are expected to oscillate with a frequency

w' =w,\/m/m* ~ 2r x 90Hz (1.30)

where m* is the effective mass of the atoms in a lattice, which is 2.8m in our case. Figure
1.12 shows the time evolution of momentum at the interaction energy U/J = 1.26. We
observe that the momentum undergoes damping from the beginning and deviates from
the trail of ideal oscillation (dash-dotted line). The two curves fitted to the data are
the momentum evolution for a damped oscillator model. In this model the evolution of

peak momentum of particles in a lattice is given by

*, %2
polt) = %sm(w't)e*ﬂ (1.31)
where W' = y/w*? — y*2 4* = ym/m* and v is the damping rate. In the initial part of

the evolution, the curve 1.31 is fitted with a damping rate /27 = 135Hz (continuous
line). pg follows this behavior only up to a critical value, after which we observe a sudden
increase of the damping, which leads to a rapid decrease of pg towards zero. In the later

part of evolution we fit a damping rate v/2m = 600Hz (dashed line).
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0.5

FIGURE 1.12: Time evolution of peak momentum in a non-disordered lattice with
interaction energy U/J = 1.26 and density n = 3.6. The dot-dashed line is the mo-
mentum oscillation without damping. The experimental data points are fitted to the
damped oscillation in the starting with /27 = 135H 2z and later with v/27 = 600H 2

FI1GURE 1.13: The broadening of the momentum peak after strong damping
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In the momentum distribution analysis, the width of the distribution stays constant

as the momentum increases up to a critical value with initial damping. When the

damping increases suddenly the width of the momentum distribution increases indicating

an instability (figure 1.13).

Theory comparison

There are no exact models for a damped oscillation over rapidly varying momentum

and inhomogeneous density distribution. So we made a comparison of our observations

with uniform superfluid decay models of interacting bosons [35-37]. In these models

the initial damping and later instability is attributed to the nucleation of quantum or

thermal phase slips.
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The momentum dependent phase-slip nucleation is held responsible for damping in trans-
port in various quantum systems like superfluid He in porous media [25-27], supercon-
ducting nanowires [28-32] or ultracold atoms [33-35, 41, 42]. In 1D systems this mech-
anism is stronger than in higher dimensions because of the larger quantum and thermal
fluctuations. In a 1D system of bosons two different phase-slip regimes are present, de-
pending on the temperature of the system [36]. This crossover temperature is calculated

as

2v/2 A\
kpTy = 0212Y2 /it g - % (1.32)

T
here p is the momentum of the 1D system, n is the density of the system, J is the
tunneling energy, U is the interaction energy and the term +/nJU is the Josephson
energy. When T' < Tj, the damping rate is due to quantum phase slips. The nucleation

rate of quantum phase slips increases exponentially as

5
nJ (T  pA\\?2
If T' > Tj the dissipation is due to thermally activated phase slips whose nucleation rate
is X
Ind (7 pA
r — —— = 1.34
To”x”p[ 3k:BT<2 2h>] (1.34)

In both the expressions it is clear that as p starts to increase from zero there is a
slow increase in the phase-slip nucleation rate. But as p — h/2\; the quantity
T _ pAL

<§ — W) — 0 and, because of the high power over this factor, the increase in nucle-

ation rate is abrupt leading to an instability.

The phase slip nucleation rate in both regimes depends on the density of the systems,
n. For a one dimensional system having a low density, because of the prefactor in the
exponent, the damping may be high enough to suppress the momentum increase before
it could reach the value of instability. This effect was observed in a previous transport
experiment in 1D at a density n ~ 1 [41], where unlike in three dimensional system
[42] a very high damping was observed. In our 1D system the average density varies as
n ~ 2 — 4 depending on the interaction energy, which is relatively higher. Moreover in
each system the density distribution is non uniform. The central part which has larger
density suffers less initial damping and allows the system to reach the instability. The
tails have lower density components and suffer more damping leading to an asymmetry

in the momentum distribution (figure 1.11).

From equation 1.32, the crossover temperature for our system for p ~ 0 is found to
be of the order of Josephson energy which is in the range of vVnJU = (1 —4)J. The
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temperature of our system (kg7 = 3.J) is in the range of crossover temperature. From
equations 1.33 and 1.34 it is clear that the quantum phase slips increase with the inter-
action energy. To find out which phase slip mechanism is dominant in our system we

looked at transport dynamics under different interaction energies.

1 ¢ 1. 1 N L

t (ms)

FIGURE 1.14: The evolution of the momentum (a) and the difference between experi-
mental data and initial damping fit (b) to estimate the critical momentum p.,.

Critical momentum

In order to study the effect of interaction on the evolution of momentum, we find out
the maximum momentum which can be given to the system before it enters the regime
of instability. This critical momentum p. separates the initial weakly dissipative regime
from the strongly dissipative regime. We subtract the data points from the initial
oscillation curve and make a peace wise linear fit to find out the momentum from which

it starts to deviate from weak dissipation as shown in figure 1.14.

The effect of interaction on the transport dynamics is reflected on the critical momentum.

Therefore we investigate the critical momentum under different interaction strengths.
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1.4 Clean system

In our analysis with non-disordered lattices figure 1.15 shows the dependence of critical
momentum on the interaction energy. The critical momentum decreases linearly with
increasing interaction energy and after a critical value of interaction U, it becomes
constant close to zero. This critical value is found by piece wise linear fit as shown in
figure. Since the system stops to move (p. ~ 0) after this interaction we mark this
as fluid to Mott insulator transition. A similar reasoning was used to mark the Mott

insulator transition point for the transport in 3D systems [42].
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F1GURE 1.15: The dependence of critical momentum on the interaction energy U for a
non-disordered lattice. The arrow marks the theoretically predicted critical interaction
energy for the transition to Mott insulator for n = 2

The value of U./J obtained from fit is 5.9 and is comparable with the theoretically pre-
dicted critical interaction (U./J = 5.34) for an occupation n = 2 [39]. This observation
confirms that the vanishing of critical momentum can be employed to obtain the fluid-
insulator transition point. Thus in the next section we will use the same methodology
to find the superfluid-Bose glass transition point. Even in the insulating regime we see
a non-zero value of p.. A possible interpretation for this is that the system does not
completely stop due to the incommensurate fraction (inhomogeneous density), which

does not localize.

For the dependence of p. with U we compared our data with complete phase-slip nucle-

ation rate expression. For quantum phase-slips the nucleation rate is [37]

5

T ph |T1(m/2 — p/\1/2h)5/2 Ind (7 pAi\?
T'g =BoL(U)VnJUy| = — T —= | - — =~
Q= BoL(U)vin 22\/ SN U\2 2h

(1.35)
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FIGURE 1.16: A plot showing critical momentum versus interaction energy. The dots
are experimental data points, dashed-dotted curve is theoretical curve p.(U) for the
quantum phase slip model and the dashed curve is for the thermal phase slip model.

and for thermal phase-slips the nucleation rate is [36]

dnd (T  ph 3
— - — = 1.
3kpT <2 2h > ] (1.36)

Here L(U) is the average Thomas-Fermi length of the subsystems, which scales with the

'y = Bpcos(pAi/2h)VnJUexp

interaction energy as U1/3; Bg and Br are phenomenological constants.

To obtain the p.(U) from the above expressions we set the value of v ~ 1kHz i.e. to the
value at which we experimentally observe instability and obtain p.. Then we adjust the

constants By and Br in order to reproduce the p. at U/J = 4.5.

Figure 1.16 shows the experimental data and theoretical p.(U) in the two regimes. It is
clear that the curve for quantum phase slip follows along the data points, where as for
thermal phase slip mode p. shows a weak dependence on U. This indicates that in our

case the damping is introduced predominantly by quantum phase slips,

For the approximate value of 7 which is set to 1kHz to produce the theoretical p.(U),
it was being confirmed that the choice of v changes only the offset of the curve without

changing the shape.

Although we observe the dependence of initial damping rate «v on U, as shown in figure
1.17, a similar theoretical treatment is not possible for «(U). The damping rate v(U)
(~ T'g/p) has a strong dependence on the momentum due to the exponential term.
Hence the choice of p to theoretically reproduce «(U) is very crucial and difficult to fix

for a rapidly changing momentum.
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FIGURE 1.17: The dependence of initial damping rate on the interaction energy.
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FIGURE 1.18: Time evolution of momentum at different disorder strengths A/J =
0(dots), A/J = 3.6 (triangles), A/J = 10 (squares) and a fixed interaction energy
U/J = 1.26.

1.5 Disordered system

In order to investigate the effect of disorder we fix the interaction energy to particular
value. We then vary the strength of disorder and see the effect on the critical momentum.
Figure 1.18 shows the evolution of momentum under different disorder strengths A for
an interaction energy set to U = 1.26J. The disorder increases the initial damping rate
and anticipates the instability. This is due to fact that the disorder tends to decrease

the effecting tunneling energy and hence increases the phase slip nucleation rate.

As in the case of interaction energy also here we extract the critical moment and plot
it against the disorder strength. We see that p. decreases linearly and then after a
critical value of disorder strength A, it becomes constant to a small value similar to
that observed in the Mott insulator regime (figure 1.19). From the piece wise linear fit

we find that the A, is of the same order of the total interaction energy per particle nU.
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FIGURE 1.19: The critical momentum p. (dots) and rms width of momentum distri-

bution at equilibrium dp (open circles) versus disorder strength A/J at an interaction

energy U/J = 1.26. The piece wise linear fit (dashed) is to find A, and solid line is a
sigmoidal fit of dp

Therefore this is expected to be the regime where weakly interacting Bose glass should

appear where disorder has overcome the delocalization effects due to interaction[43, 44].

Figure 1.19 also shows the rms width dp of the momentum peak Jdp at the equilibrium
i.e at t* = 0, versus the disorder. This width is inversely proportional to the correlation
length £ and start to increase before the critical momentum reaches its minimum. This
implies that decrease of p. indicates the onset of a strongly insulating phase which has

a correlation length & ~ d.

In order to find the crossover separating the fluid regime from the insulating regime in
the phase diagram we repeated the measurements with different interaction strengths.
Then we collected the critical disorder strengths A. to enter the insulator for different
U. Figure 1.20 shows the evolution of A, with U. As expected, at higher interaction
energy the disorder is relatively less important and we need stronger disorder to localize

the system.

Theoretical models for 1D interacting bosons in disorder should show the transition
to an insulator when the disorder strength overcomes the total interaction energy per

particle. The critical disorder to enter the insulating phase should scale as [44]

Ac Eint @
Ze _ 1.37
> ( - ) (137)

where E;,; >~ nU is the total interaction energy per particle and the constants A and «

are close to unity. This model has been derived for weakly interacting systems and for

a true disorder.
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FIGURE 1.20: Critical disorder A./U to enter the insulating phase versus total inter-
action energy nU/J. The experimental data(dots) are fitted with the curve 1.38. Large
error bars are due to error on calibration of disorder (20%).

In the absence of an exact analytical model for a quasi-periodic disorder we tried to

make a comparison of our data with this model. Therefore we fitted a modified law

Ac*2<] Eint “
———=A 1.
. < v ) (1.38)

which takes into account the fact that a system of non-interacting particles in a quasi-
periodic lattice shows a metal-insulator transition at A/J ~ 2. By fitting this curve
to the data we obtained the coefficients A = 1.3 + 0.04 and « = 0.86 + 0.0022. The
exponent is in good agreement with the theory [44] where as larger coefficient A could

be become of quasi-periodic disorder which is less effecting that true disorder.

1.6 Conclusions

In the work reported in this chapter, we shed light on the long-standing problem of the
interplay of disorder and interaction on the phases of a quantum gas. Particularly in
1D, there has been a large theoretical work done in the last decades. The corresponding
experimental realization of the predicted phases and their crossover lines have been an

open problem.

In our experiment, this problem was addressed by analyzing the transport dynamics
of a gas in disorder. The strength of disorder and interaction were tuned, and their
combined effect on the superfluidity of a 1D Bose gas of K was studied. We started
our investigation with the analysis of dynamics of a 1D gas in a clean lattice. The mech-
anism of phase slip nucleation, which leads to dissipation in superconducting nanowires

and superfluid He, is held responsible for the damping in the 1D transport reported
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here. Because of relatively larger density in our experiment as compared to previous
experiments in 1D [41], our system suffered less damping and we could demonstrate the
first observation of dynamic instability in a one dimensional system which was observed
only in 3D [42]. This observation emphasizes the importance of density in the transport

in 1D systems.

To study the effect of disorder and interaction on the transport, the maximum mo-
mentum attainable before the instability, called critical momentum, was used as an
observable to distinguish between a fluid and an insulating phase. The disorder tends to
increase the phase slip nucleation leading to the onset of Bose glass phase. As predicted
theoretically the interaction decreases the effect of disorder. From the vanishing of the
critical momentum, we obtained a crossover line in disorder versus interaction plane,
which separates the superfluid phase from the Bose glass phase. This result is found to

be consistent with relevant theoretical models.

In this method, since we used the shift in momentum peak as a measure of momen-
tum gained by the system, due to the broadening of the momentum peak at higher
interactions, the accuracy of the measurements reduces, and hence this work was done
in the regime of weak interactions. However, it will be interesting to explore similar
crossovers in the strongly interacting systems with other methods. In the near future
we will like to see the effect of temperature on the crossover, and attribute the results

to finite temperature phase transitions [46].
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Chapter 2

Towards ultracold mixture and

molecules

Interaction among particle plays a critical role in determining the physics of a many
body quantum system. In the previous chapter we saw how interaction among bosons
screens the effect of disorder. Nevertheless interaction can be of different kinds. In the
case of neutral atoms the interaction present is a contact (hard sphere) type. A major
step forward in the physics of ultracold gases could be to have long range interactions.
In this direction the heteronuclear diatomic molecules realized recently [6, 7] are promis-
ing. These molecules possess dipolar interactions which are long range, anisotropic and
tunable using external electric fields. The ability to control these interactions not only
enhances the condensed matter simulations but it can allow us to engineer quantum in-
formation processing by using dipolar molecules as qubits. The production of molecules
from binding ultracold atoms requires a double Mott insulator as a prerequisite. As will
be discussed in this chapter, a double Mott insulator can be achieved through various
approaches and a most optimum strategy will need to be followed. This task, because of
the complexity in manipulating a two species mixture in lattices, requires a detailed anal-
ysis of the mixture’s response towards the manipulation of trapping geometries present

in the laboratory setup.

2.1 Long range dipolar interaction

A long range dipolar interaction outperforms the contact interaction due to that fact
that it can act from a distance larger than the scattering length of the particles. Since
this is anisotropic it can be tuned by aligning the dipoles using external electric or

magnetic fields.

36
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2.1.1 Dipolar systems

In the context of ultracold gases the dipolar systems employed are magnetic dipoles or or
electric dipoles. The dipolar interaction strength of a system of dipoles depends on the
dipole moment. In magnetic dipolar systems realized till now[1-5], the dipole moment
ranges in the interval d ~ 1 — 10up, where pup is the Bohr magneton. However this
dipolar strength is weak at a typical distance between the sites of the optical lattice,

which limits the usability or magnetic dipoles to study lattice physics.

The electric dipolar gases are realized by binding two different alkali atoms, which creates
inhomogeneous charge distribution over the axis leading to a permanent electric dipole
on the molecule. The ultracold diatomic gases realized recently[6, 7] possess a dipole
moment d ~ 1Debye which provides an interaction strength four orders of magnitude

larger than magnetic dipoles. Therefore electric dipoles are far more advantageous.

For two dipolar molecules with electric dipole strength d in their ground state J = 0,

the interaction potential is given by

d

V="

(2.1)

This interaction is isotropic in nature. To introduce anisotropic interaction we have to

apply an external electric field €. The interaction potential modifies to

2
U(r) = dle) (1 - 300320) — Gé%

(2.2)

here d(e) is the dipole moment induced by external electric field and 6 is the angle
between the electric field and intermolecular distance. From the above equation it is clear

that using the orientation of electric field the interaction can be tuned from repulsive to

attractive.
Py
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FIGURE 2.1: Interaction among polar molecules.
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2.1.2 1D Bose gas of polar molecules

If we have a one-dimensional system of polar molecules in a lattice, then, because of long
range interactions not only on site interaction, but nearest neighbor or next to nearest

neighbor interaction also becomes significant.

FIGURE 2.2: Interaction energies of polar molecules inside a one dimensional lattice.
U is the on site interaction energy and V is the inter site interaction energy.

Taking into consideration the nearest neighbor interaction the Bose Hubbard Hamilto-

nian of polar molecules in a lattice is written as

- ot n; (f; — 1)
<2,7> 1 7
here J is the tunnelling energy, &I and a; are boson annihilation and creation operators,

U is the on site interaction energy and V is the intersite interaction energy.

The intersite interaction energy can be tuned by changing the alignment of molecular
dipoles using an external electric field. This feature gives rise to a variety of insulating

phases even in a non-disordered lattice.

Ground state

FIGURE 2.3: Mott insulator phase of polar molecules in a lattice with an occupancy
n=1when V <U.

Ground state

FIGURE 2.4: Density wave phase of polar molecules in a lattice with an occupancy
n=1when V > U.
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Consider the case of polar molecule in a lattice with an occupancy of one particle per
site. For a significant on site interaction energy U and small inter site interaction energy
V we see a Mott insulator (2.3). As the inter site interaction is increased, when their
inter site repulsion overcomes the on site interaction energy, molecules occupy the sites
in pairs leaving an adjacent site empty (2.4). This phase is called density wave (DW)
phase. In between the MI and DW, another phase called Haldane insulator (HI) [9]

appears, which has same occupancy as Mott insulator be different excitation properties.

WY

(A) In a Mott insulator during the excita- (B) In a Haldane insulator during the exci-
tion the particle-hole parity is maintained. tation the particle-hole parity is lost.

FIGURE 2.5: Excitation properties of a Mott insulator and a Haldane insulator.

During the excitation, in a Mott insulator when a particle and a hole is created, their
parity is maintained i.e. a particle is excited to the next neighbour sites only. But in
the case of HI, where due to the inter site interactions the coupling extends ideally to
any two sites, the particle hole parity is lost i.e. a particle can be excited to any other

site (2.5).

Figure 2.6 shows the predicted phases in a clean lattice [8]. Here, besides a superfluid
(SF) and Mott insulator (MI), because of internuclear interaction, also Haldane insulator

and density wave appears.

10
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FIGURE 2.6: The phases of 1D gas of polar molecules in a lattice under different on-site
and itersite interaction strengths as predicted in [8].

In the presence of disorder the physics becomes more complex. In a case where the onsite
interaction energy is U/J = 5, on a A — V plane, the random disorder induces a Bose

glass phase which beats out the other phases (figure 2.7a). For the same interaction
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energy when the disorder is quasi-periodic, with increasing disorder strength system
goes through incommensurate density wave (localized and gapped) [10, 11] followed by

a Bose glass phase (localized and gapless) (figure 2.7b).
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disordered quési*periodic
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L 4 ICDW-HI
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Vit V/t
(A) The predicted phases of polar (B) The predicted phases of polar
molecules in a random disorder. molecules in a quasi-periodic disorder.

F1cURE 2.7: The A — V phase diagram for polar molecules for two kinds of disorder
at a fixed interaction energy U/t =5 [§].

2.1.3 ¥K®Rb system

In our BEC setup we start the cooling cycle from a mixture of 3?K and 8’Rb. The whole
cooling process is explained in section 2.3.1. Therefore we have been progressing towards
binding a degenerate mixture of K and Rb to achieve a gas of bosonic polar molecules.
These molecules have a permanent electric dipole moment 1.44 Debye (0.30eaq) [12].
39K8"Rb is chemically reactive and being bosonic in nature their collisions and hence
decay is unavoidable. However by confining them in a 1D lattice and aligning their
polarity perpendicular to the lattice it is possible to avoid collisions study physics of

highly correlated bosonic molecules.

2.2 Production scheme

The production of molecules will follow two steps. In the first step K and Rb atoms will
be loosely bound using a interspecies magnetic Feshbach resonance. In the second step
these Feshbach molecules will be transferred to the deeply bound ground state molecules

using spectroscopy.

However Feshbach molecules which we will make being bosonic will suffer collisions from
single atoms and will decay. To avoid this, before making Feshbach molecules we will
prepare our system to a double Mott insulator with a pair of K and Rb per site as will

be explained in detail in section 2.3.
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2.2.1 39K® Rb Feshbach resonance

The ground state K and Rb atoms offer many interspecies Feshbach resonances[13]. Out
of them we will us a resonance at 318G which has a width of 7.6G and a background

scattering length of 34aq (figure 2.8).
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FIGURE 2.8: The interspecies Feshbach resonances (left) and 3K®"Rb molecular levels
coupled to atoms (right) setting the energy of free particles at zero.

In order to enter a bound state we will adiabatically sweep the magnetic field from 300G

as shown in figure 2.8b.

2.2.2 Ground state transfer

Figure 2.9 show the KRb molecular potential structure[5]. After the Feshbach associa-
tion, molecules are predominantly triplet (a3 T). They are weakly bound with a larger
internuclear distance and hence do not possess strong enough dipole moment. Therefore
we will spectroscopically transfer them to singlet (X'X*+) deeply bound ground state.
For this we will electronically excite the molecules to an excited state and then dump

them to the ground state using two coherent laser pulses.
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Ficure 2.9: KRb molecular potentials.

The excited state has a radiative life time of the order of 15 nanoseconds. This implies
that we cannot populate the excited state as it is usually done in the standard Raman
technique. We will indeed carry out a Stimulated Raman Adiabatic Passage, which
exploits the fact that the three level system is kept in a dark state, i.e. a superposition of
the initial and final state with no contribution from the intermediate state[15]. Initially,
when all the molecules are in the triplet state, in order to keep the system in a dark
state while transferring the molecules to ground state we first switch on the second laser
(850nm). At the end of the process when the molecules are in the ground state the first
laser should be on and the second laser should be off. While transferring we increase the
intensity of the first laser (1320nm) while decreasing the intensity of the second laser.
During this the population gets directly transferred to the deepest ground state without
populating the excited state as shown in figure 2.10b.

I -
2
A > l 855nm 1320nm
TS 3
0 —
P spont. em. S
1 11> 13>
c
S
5
13> 2
g
I 0
115 time
(4) ®)

FIGURE 2.10: A typical three level system(left) and a pulse sequence for the STIRAP
transfer.
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The excited state is chosen so that the two transitions have a good Frank-Condon (FC)
overlap. The potential suitable for this process is a mixed 3II'S* which has its inner
turning point matching with the equilibrium separation of the XX+ and outer turning
point with the inner turning point of a>$t. These transitions are expected to have a
good FC factors. The transition dipole moments for these transitions are 3 x 10 3eaq

for the pump and leaq for the dump.

2.3 Simulation of optimal trapping geometaries for a bi-

nary Mott insulator of K and Rb atoms

The production of the ultracold bosonic polar molecules using spectroscopy requires the
loosely bound Feshbach molecules created using the Feshbach resonances. But since
we have bosonic Feshbach molecules, that are highly excited, can decay via molecule-
molecule or molecule-atom inelastic collisions. So it becomes important to prevent their
collisions among themselves and with single atoms. These collisions can be suppressed
by putting the pairs of K and Rb in a three dimensional optical lattice. Such arrays of
the pairs of atoms in a tight optical lattice is called a Binary Mott Insulator, where they
are described by the localized Wannier waves in the lattice sites. In order to achieve this
phase we have to first make a mixture of the condensates of K and Rb with appropriate

densities and good overlap.

Rb has a constant scattering length over the range of magnetic fields we work with.
Therefore the size of the Rb BEC can only be adjusted by manipulating the trapping
geometries. The scattering length of the K atoms can be tuned using the magnetic field
to get its condensate volume equal to the Rb condensate. Later we can ramp up the
3D optical lattice over it. This will make the atoms cloud fragmented to lattice sites
with required occupancy. Getting control over the occupancy in the experiment is a
complex task and depends on many variables. I have built an integrated program which
can simulate the zero temperature behaviour of the system. Using this program we can
find an optimal approach for the realization of an efficient binary Mott insulator by

simulating the KRb mixture in our trapping geometries.

Binary Mott insulator

In the physics of mixtures the influence of interactions becomes complex owing to the
fact that interspecies and intra-species scattering length can be different. For an n
component mixture the number of interaction terms goes as n(n + 1)/2. For a binary

mixture of A and B there are three types of interactions: A — A, B— B and A — B.
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Depending on these interactions the mixture can mix or separate out to make two BECs
of individual species. The condition of miscibility of a two component mixture is given
by [16]

ajrAapB > aiB (2.4)

where a4p is the interspecies scattering length between A and B and as4,app are the

intra-species scattering lengths of the components.

For a two component mixture in an optical lattice (1.1.2) the Bose Hubbard Hamiltonian

is written as

Hap=Ha+Hp+Usp Y _ hainp, (2.5)

7

which is the sum of Bose Hubbard Hamiltonians of individual species (equation 1.16) in

the lattice and an interspecies interaction energy term Ugp.

The filling pattern of the atoms in the lattice sites depends on the interaction energies

Uaa,Upp and Ugp [17]. In order to enhance the paired filling of the two species

Uap <Uaa,Upp (2.6)

In the case of KRb this condition can be achieved easily in the vicinity of the K-K
Feshbach resonance at 400G, where the K-K scattering length can be tuned to large
positive values, the interspecies scattering length is ~ 40ag and the Rb-Rb scattering

length is 100ayg.
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2.3.1 Present Experimental Setup

FIGURE 2.11: The setup of magneto-optic trap.

The experimental set-up which we have is designed to get a condensate of 3K with a
total number of 3 x 10° atoms at 50nK. The initial mixture of K and Rb is made to go

through three stages of cooling before it forms the condensate.

Laser Cooling: In the first stage the mixture is trapped in a magneto-optic trap

(MOT) and is cooled using the laser cooling. The sample is cooled down to 100K

with a density around 10'%cm™3.

Atom

- “"\/\/\/\"' Laser Photon
. Atom absorbs the ‘
photon and is slowed . « l
% § Spontaneous Emission . .
J\/\/\/\Iw in random direction ‘ .

On Average atom is slowed down (cooled). (B) On a statistical av- f
erage larger retardation
(A) Interaction of photons with seen by atoms moving
atoms during laser cooling at larger speeds. (¢) Cooling in bulk.

F1GURE 2.12: The MOT has both trapping as well as cooling effect. The atoms moving
away from the center of the MOT absorbs photons of red detuned MOT beams and are
on average pulled back to the center as well as slowed.
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Selective evaporative cooling in the Magnetic trap: In the second stage, the mix-
ture is first transferred to a the low field seeking state and is cooled by selectively

evaporating Rb atoms in a Quic trap to achieve a temperature of 1.5uK.

mp =2

mg =1 \ /

F=2 mgp =0 —— _—

L/ \

mp =2

p-wave (6.8GHz)

mg =-1
F=1 mg =0

mp =1

FIGURE 2.13: The selective evaporative cooling by transferring the high energy Rb
atoms at the periphery of the Quic trap from |F =2,mpr = —2) to |F =1,mp = 1),
which is no longer trappable and hence lost.

In the trapping potential of Quic trap, the atoms which are far from the center
possess high energy. In selective evaporative cooling these atoms are transferred us-
ing a microwave from low field seeking state |F' =2, mp = —2) to |F = 1,mp = 1)
state, which is repelled by the Quic trap and hence lost as shown in figure 2.13. By

this process Rb atoms are cooled and K atoms are cooled by sympathetic cooling.

Evaporative cooling in the dipole trap: In the third stage of cooling the mixture
is cooled by evaporation in two steps and also the scattering length of the mixture
is tuned by means of Feshbach resonances. To do so the mixture is first transferred
into an optical dipole trap. This trap is created by the intersection of two horizontal
red detuned laser beams of waist 80um. The intensity of these lasers is ramped
down exponentially. In the first part the internuclear scattering length is increased
and the Rb is evaporated because it has larger mass and shallower trap in the
vertical direction. Because of large internuclear scattering length the K is cooled
sympathetically. In the second part the intra-nuclear scattering length for K atoms
is increased and K is evaporated to a temperature of around 50nk. Rb atoms being

heavier are completely lost at this stage.
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FIGURE 2.14: A schematic showing three stages of evaporative cooling. The strength
of the trap potential is ramped down to allow the faster atoms to escape, while the slow
ones stay trapped.

Required Goal

Before association the atoms of K and Rb using the Feshback resonances we need the
pairs of K and Rb at each lattice site of the optical lattice as shown in the Figure 2.15.
For this geometry we first need the density of each of the species to be nearly 1/d®
where d is the lattice constant. Secondly we need the two atomic distribution to be

overlapping.

FIGURE 2.15: The required distribution of atoms before they are bound together using
a Feshbach resonance.

However in the actual experiment this kind of distribution is challenging to achieve
because of the complexity of the trap potential and how differently the two species
behave in that potential. The first problem is that the density distribution of the atoms
in the trap after condensation is parabolic (Figure 2.16). As per our requirement, we
will like to have a flat distribution of one atom per site. Since we cannot change the
nature of the trapping geometries, the best we can do is to make the mean density of
the atoms to be 1/d® which will maximize the number of atoms to the right density. We
can do this by changing the scattering length of the atoms using the magnetic fields as

explained in the next section.

The second problem is the separation of the clouds of the two species. The Rb atoms are

twice as heavy as K atoms. When both K and Rb are in the same optical trap potential
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the heavier Rb atoms get separated from the K atoms along the vertical direction as
shown in the figure 2.17. In order to obtain the pairs we need the two clouds overlapping.
Two possible solutions to this problem are a modification of the optical trap or the use

of magnetic field gradients.

Rb
K
n(x)
-z
< } > X

FI1cURE 2.17: The potential
FIGURE 2.16: The distribu- and the distribution for the
tion of the condensate in the two species in the vertical di-

optical trap rection.

In our simulation we tried to optimize the choice on the configuration space. In the

following sections I explain in detail the various phenomena and strategies.

Tunable experimental parameters

The tunable experimental parameters are the physical parameters in the experimen-
tal setup which we can change to achieve different results. These parameters are the

following

(a) Power of the dipole trap lasers: The power of the lasers of the trap in which
atoms are transferred after the evaporative cooling in the quick trap can have
maximum value of 0.8W and it can be ramped down to the desired value during

the evaporative cooling in the dipole trap.

(b) Magnetic Field: The spatially constant magnetic field used for to tune the affec-
tive scattering length of atoms can be changed from 0 to 410G.

(c) Magnetic Field Gradient: The magnetic field gradient in the upward direction
can be used to produce the additional lift against the gravity on the atoms and it
can be tuned up to 1000G/m.

(d) Optical Lattice Strength: The strength of the optical lattice is measured in term
of the ratio of the lattice depth and the recoil energy. This ratio can be tuned
from 1 to 30 by varying the intensity of the lasers forming the lattice.



Chapter 2. Towards ultracold mizture and molecules 49

(e) Zeeman states: We can switch between Zeeman states of K by sweeping appro-

priate frequency.

2.3.2 Strategies to produce an efficient overlap of K and Rb

With the present laboratory settings if we simulate the condensation of K and Rb, the
final Thomas-Fermi distributions along the vertical direction are shown in the Figure
2.18. Clearly, because of gravitational sag, the overlap of the K and Rb is very poor. In
order to get a good overlap the first thing to do is to prevent the gravitational sag i.e.
we need to lift the Rb atoms against gravity more than K atoms. This can be done in
the following ways and can be implemented to the actual experimental setup depending

upon their ease.

Vertical

0.8

04
vy 237 Hz
vy 158 Hz
—10 sag 4.7 microns
Ug 5.8 microK
Ugy, 34 microkK

0.0
-0.00015 -0.00010 -0.00005 0.00000 0.00005 0.00010 0.000 —0.00004 —0.00002 0 0.00002 0.00004

FIGURE 2.18: Left: Potential depths in vertical direction of K (blue) and Rb (Red)
after they condense. Rb is shallower because of its heavy weight. Right: The Thomas
Fermi distribution of condensates separated due to the gravitational sag.

1. Using Magnetic Field Gradient

When an atom is placed in the magnetic field, because of the coupling between the
total electron angular momentum (J) and the nuclear angular momentum (I) the energy
of magnetic sub levels vary non-linearly with the magnetic field. This energy for the
case of the total electron angular momentum quantum number J = 1/2 is given by the

Breit-Rabi formula.

AEhfs

AEhfs dmx 2 1/2
E\j—1/2msim;> = —m + grupmB =+ 5 1+ T+ 1 +x (2.7)

In this formula g7 is the nuclear g-factor, pup is the Bohr magneton, m = my + my,

hyperfine splitting AEp s = Aprs(I +1/2) and
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(97 —9r)uBB
= I IJRBZ 2.
v A, (2.8)

From the Breit-Rabi formula it is clear that if we have a gradient §B/dz of magnetic

field then this will induce a force on atoms and the corresponding potential will be

_ 0B =1/2myim;> 6B

v 0B 0z

(2.9)

We can make use of this force by applying a magnetic field gradient in vertical direction to
compensate for the different gravitational pull. In this approach we can apply a magnetic
field within the range 80-250G, transfer both K and Rb in their |FF = 1,mp = —1 >
state as shown in figure 2.19. In this state a gradient in magnetic field along vertical

direction will lift the Rb atoms and pull the K atoms.

200FT

100

Energy

-100

-200

-300

0 50 100 150 200 250 300

FIGURE 2.19: Energies of K (solid lines) and Rb (dashed lines) versus the magnetic
field in their F = 1 and different mp states.

Therefore we can end up with nearly equal depth for both the K and the Rb with the
magnetic field gradient range of ~500-700G/m. In this way we can evaporate the K
and the Rb equally and achieve the significant overlap of the two condensates (see figure
2.20).

2. Using different wavelengths for the dipole traps

The general expression for the dipole potential of a laser beam in its cross section

resulting from the dipole force is given by

3mc? £

Udip(r) = ?&J%AI(T) (2.10)
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FIGURE 2.20: Left: Potential depths in vertical direction of K (blue) and Rb (Red)
after they are condensed in magnetic field gradient of 550 G/m. Right: The condensates
of K and Rb significantly overlapping after evaporation.

here w is the resonant frequency of the two level atomic system, A is the detuning of
the trap laser (A = w —wyp), I is the damping rate due to radiative energy loss and I(r)
is the intensity distribution of the laser beam. In case of Alkali atoms (eg. K and Rb)
this expression modifies because of the fine structure splitting of the excited state. If
the detuning of the laser beam is small compared to this fine splitting as in our case the

expression for the dipole potential due to a plane polarized beam is given by

3T 2 1
Ugin(1) = I 2.11
) = 5 (e + ) 10 2.)

where Ay r and Ay r are the detunings of the laser frequency from the centers of the
hyperfine splits 2P /2 and ’p /2 excited states as shown in the figure 2.21. The potential
depth is dependent on these two detuning values.
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FIGURE 2.21: Fine level scheme of an Alkali atom and the detuning of a frequency w
from the excited state splitting.
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FIGURE 2.22: Left: Potential depths in vertical direction of K (blue) and Rb (Red)
after when both the dipole trap lasers have wavelength 808nm. Right: The overlapping
Thomas Fermi distribution of condensates of K and Rb after evaporation.
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FIGURE 2.23: Left: Potential depths in vertical direction of K (blue) and Rb (Red)
after when one of the dipole trap lasers have wavelength 808nm. Right: The overlapping
Thomas Fermi distribution of condensates of K and Rb after evaporation.

At present the wavelength for dipole trap lasers is 1064nm. At this wavelength the depth
of the potential generated by the lasers is equal for both K and Rb. But we can change
this wavelength to the value so that the potential is more deeper for Rb as compared
to K. If we replace this by 808 nm the confining force for the Rb becomes double as
compared to for the K. So the effect of gravitational pull which is double for Rb can be
canceled using this. In this situation as we evaporate, the K condenses before Rb and
we have perfect overlap of the two species before and after condensation as shown in

figure 2.22.

Changing the wavelength of the both dipole trap lasers can give good results but is ex-
perimentally more challenging. To make experimental work easy, an optimum approach
is to change the wavelength of the one of the lasers. After changing the wavelength of
the one of the lasers the potential in the vertical direction is shown in the figure 2.23.

This scheme looks quite promising in the simulation and is experimentally achievable.
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2.3.3 Calculation of Densities

Harmonic Trap
The ground state density distribution (Thomas Fermi distribution) of the condensate in

(2.12)

a harmonic trap is given by
2
r—7"To
( ),\T—TOISRTF

nrp = 1-— R2
TF

here 7( is the displacement of the condensate from the minima of the trap because of the
(2.13)

gravitation or the magnetic fields. Rrp is the Thomas Fermi radius of the condensate

1

Qho—
Wi

1 <Na
Aho

which is given by
Rrp; = 155
where N is the total number of atoms, a is the Bohr radius, ay, is the harmonic oscillator

length, w is the oscillator frequency, the index i stands for the x,y or z directions and

the bar signifies the average of physical quantity over the three directions.

Optical Lattice
When an optical lattice is superimposed over the Harmonic Trap the density distribution
modifies because of periodic potential of the optical lattice. The modified Thomas Fermi
Na\ 2 _ d 3
1 a\>® w 5
Rrp; = 155 (_ > Aho— <> 2.14
! Aho ‘wi V2Tape ( )

radius is given by

By approximating the lattice site potential to parabolic potential near the center of the

site, the modification factor is found to be
d
%;i (2.15)

V2rany

where s is ratio of the lattice depth and the recoil energy.
The normalized ground state density distribution in three dimensions is given by
R2 R R? ‘

o _ N
" 8rR.R R,

{
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n(x)

o N

X

/

FIGURE 2.24: An approximation of Thomas Fermi distribution n(x) of atoms along
one dimension by taking its weighted mean over itself. The approximated distribution
n(x) is flat and have less volume to conserve the total number of atoms.

where N is the total number of atoms, R,, Ry, 2. are the Thomas Fermi radii in the x,

y and z directions.

In order to take an average of this distribution it is weighted averaged over itself using

the formula
[ n?dv

R

n= (2.17)
This average density is constant over the space and have a smaller radius as shown in

Figure 2.24. After evaluation the average of the ground state density distribution is

15N
U R 2.1
" T4rR,R,R. (2.18)

Considering the average distribution the number of atoms per lattice site (average oc-

cupancy) becomes

Occ =nV (2.19)

where V is the volume of one lattice site.

Density and number of the pairs in a mixture

We have a mixture of the K and the Rb atoms in an optical lattice. Their densities follow
the Thomas Fermi distribution throughout the lattice and they have different Thomas
Fermi radii. The centers of the clouds may be separated by some distance. We have to
find the average density of pairs of K and Rb in their overlapped region. Suppose that

ngk and ngp are the normalized distributions of K and Rb.
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X
ninrydr

FI1GURE 2.25: The overlap of the two normalized density distributions.

The density of pairs depends on the density of species with less number of atoms in the

overlapping region. The overlap integral for the two normalized density distributions is

Nowverlap = /nKandV (220)

Since the density distributions are normalized, the multiplication of this overlap integral
with the total number of atoms of species with less number of atoms will give us the

density of the pairs.

Npairs = Min [NK/nKandV, NRb/nKandV} (2.21)

where Ng and Npgp, are the total number of atoms and we choose the smallest density.
The density of pairs goes to zero as one of the species density goes to zero. In the case
when the total number of atoms is the same for both the species, the density of pairs
is only dependent on the distributions and the overlap integral and therefore both the

densities in the equation above are the same.

In conclusion the mean density of K weighted over itself is .

Py = /n%(dV (2.22)



Chapter 2. Towards ultracold mixture and molecules 56

Since the total number of atoms are conserved. The effective volume f/K of the mean

distribution which is also normalized should satisfy the equation

gV =1 (2.23)

2.3.4 Numerical Simulation

I have built a full numerical simulations of

the various strategies described above using B -
Mathematica. 1 tried to design a compact [magigliave ] 0.534
. Pinch P 0.678
program based on the “Manipulate” com- e e I
grad O j u]
mand, where all the relevant parameters can

= ] 5

mf for Potassium: O -1 & 1

be changed by the user and the resulting

distributions, energies and occupancies are
FIGURE 2.26: Tunable input parameters for

immediately shown in a set of graphs and the simulation.

tables.

The simulation starts from the stage when the sample is in the dipole trap, after it has
gone through the cooling in the Quic trap. As an input, except the fixed universal and
laboratory constants, the tunable experimental parameters are adjusted by the input
sliders (Figure 2.26). The first input slider is the Feshbach magnetic field in Gauss. The
later two are the laser powers along the imaging and the pinch directions in Watt. The
fourth slider tunes the magnetic field gradient in the vertical direction in units of Gauss
per meters. The fifth slider changes the strength of the optical lattice. The last radio

button is to switch between two m states of K.
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Uy 10.1  microkK

Ugy, 11.2  microkK

a 537 Bohr 1000
Qccupancy 6.4 atoms
Qccupancygy 3. atoms -
Uilx 1.38

UiTry 2873

600

400

FIGUure 2.27: The output table "

showing calculation results of av- | I
eraged trap frequencies, the trap T . Toe
depth, scattering length for K, occu-

pancy in the optical lattice and the FI1GURE 2.28: The temperature and
ratio of the interaction energy and the Critical temperature of K and

the scattering energy. Rb in nK.

In the output we show potential plots (Figure 2.29) along the three different directions

in one column and in another parallel column we show the thermal or the Thomas
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Fermi distributions (Figure 2.30) along the three directions. Before the condensation
the thermal distribution plot line is thicker and after the condensation the Thomas
Fermi distribution plot line is thicker to indicate which distribution is dominant. In
each potential or distribution plot diagram since both K and Rb plots are shown so we
choose the colour Blue for the K and Red for the Rb. Within the potential plots a box
displays the trap frequencies, potential depth and separation between centres of clouds
of two species along that direction. Apart from this the temperatures for K and Rb and

their critical temperatures are shown in a bar diagram (Figure 2.28).
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FI1GURE 2.29: The potentials for K

(blue) and Rb (red) along the verti- FIGURE 2.30: The distribution of K
cal direction. and Rb along the vertical direction

In a separate box (Figure 2.27) the trap frequencies averaged along three directions, the
minimum of the trap depth along three directions, scattering length for K, occupancy
in the optical lattice and the ratio of the interaction energy and the scattering energy
are shown. These outputs change dynamically as the input parameters (slider positions)

are changed.

In the last part, using the methods explained in 2.3.3, the occupancy of the pairs of
K and Rb in the dual Mott insulator phase and the total number of pairs obtained is
calculated and displayed.

2.4 Conclusions

In the spirit of studying the physics of one dimensional bosons with long range interac-
tions, we want to produce ultracold KRb molecules, which show long range anisotropic
interactions. As a first step towards the production of molecules we have to prepare
an overlapping two component mixture followed by a binary Mott insulator. The two
species can behave differently to the trapping potentials, and their inter and intra species
scattering lengths can be different. These features add complexity to this task and one

requires a well planned procedure.
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There can be many approaches to achieve a double Mott insulator. Among these we
would like to follow the most efficient approach with a minimal change in the current
laboratory apparatus. Trying all approaches discussed in this chapter directly in the lab-
oratory to find a most efficient one can be extremely timely and tedious task. Therefore
we needed a faster and a safer way to plan our approach before making actual changes

to the apparatus.

In this chapter after introduction to the 1D physics with molecules and their production
scheme, I discussed the working status of the present laboratory setup with introduction
to all cooling techniques and trapping potentials used. After that I report all the strate-
gies which can be implemented to form a sufficiently overlapping mixture of K and Rb
condensates with right densities. To find the most appropriate strategy among these, I

wrote a program which can simulate these approaches computationally.

This simulation program is written by taking into account all known trapping parameters
and Zeeman states of atoms which are used in the laboratory. It takes the tunable
laboratory parameters as input and generates the real time evolution of the condensate
in the trap and finally in the Mott insulator phase. These parameters are given a
maximum bounds to their values, which are same as limited in the laboratory. The

output changes dynamically as the input parameters are changed using the sliders.

This program is useful in two modes. Through simulation results it can be used to find
out whether a particular approach is valid or not to achieve a binary Mott insulator.
Secondly for a valid approach it can be used to find the required parameters we will need
to set in the laboratory to achieve the binary Mott insulator. For this a desirable output
can be simulated easily just by tuning the parameters and those set parameters can be
read out. Therefore this is a very useful tool to predict the behaviour of the laboratory
setup and to plan the right approach before implementing the actual change in the
laboratory apparatus. Using this program, simulations were done for all the strategies

and the output of the program is reported at the end of each strategy discussed.
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Chapter 3

Realization of an ultrastable laser

setup for molecular transfer

For the production of the molecules we will loosely bind the pairs of K and Rb atoms
from the double Mott insulator using a Feshbach resonance and then transfer these
molecules to deeply bound rovibronic ground state using Stimulated Raman Adiabatic
Passage (STIRAP). For this we will use two diode lasers at wavelength 1320nm for the
pump and 855nm for the dump. This spectroscopic technique needs a very stable laser
system. This chapter reports on results and the technique of stabilization of the laser
setup which will be used for the STIRAP transfer.

3.1 Ultracold molecules

Realizing the molecules at quantum degeneracy is a much difficult task as compared
to atoms. Due to the complex structure of molecules, they exhibit various internal
degrees of freedom like electronic, vibrational and rotational energy levels. This makes
the traditional two level laser cooling difficult in the case of molecules. The temperate
attained by other cooling techniques like buffer gas cooling [1], Stark deceleration [2] are
in the range of 10-100mK. An alternative is to start from a ultracold mixture of atoms,
where quantum degeneracy is achievable and associate them to form molecules. This
association needed to be done without heating the gas. The energy difference between
two free atoms and deepest bound state of a diatomic molecule can be thousands of
Kelvin. This binding energy should be avoided to be released in the form of Kinetic

Energy. A possible way to avoid this is using photoassociation [3].
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Energy

127THz (6000K)

Internuclear distance

FiGURE 3.1: The difference between the energy of two free K and Rb atoms and the
rovibrational ground state.

In a photoassociation technique a scattering state of two atoms is excited to an electronic
molecular state from where it radiatively decays to a molecular bound state through
spontaneous emission. In this is process the binding energy is released in the form
of photons instead of kinetic energy. The temperature achieved by this technique is
100uK. However in spontaneous emission, the linewidth of the excited state leads to
a distribution in the final states and the process ends by populating many hyperfine

rotational and vibrational states of the molecule.

3.1.1 Coherent transfer scheme

To avoid the spontaneous emission, we can use two different frequencies in Raman
scheme, in order to have stimulated emission towards the target state. This imple-
mentation solves the problem of heating, since the spontaneous emission is completely

canceled. A very efficient scheme for such transfer is Stimulated Raman Adiabatic Pas-

sage (STIRAP).
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FIGURE 3.2: The transfer scheme from the KRb Feshbach molecules to the rovibra-
tional ground state.

As briefly discussed in section 2.2, in the case of KRb, our production scheme for
molecules will start with the Feshbach association of molecules with a vanishing binding
energy. These molecules being predominantly triplet will be transfered to singlet ground
state molecules using two photon Raman transfer. The intermediate excited state we
have chosen is 3(0") (which is a mixed 3I1-'X%). This intermediate level is exptected to
have high Frank-Condon overlap and the laser frequencies needed for these transitions

are: 1320nm for the pump (primary) laser and 855nm for the dump (secondary) laser.

During the transfer we will excite to one of the hyperfine states of this potential. To
find an appropriate level with strong coupling, in the first step we will carry association
spectroscopy. In which we will scan the pump laser over various rotational and vibrational
energy states of the excited state potential. After finding this state we will fix the
wavelength of the primary laser to this value and scan the secondary laser to observe

the dark resonance (resonance with the absolute ground state).

b

Pump laser
Q

FIGURE 3.3: Three level system involved in the STIRAP process. |a) is the weakly-
bound Feshbach state, |b) is the excited electronic state and |g) is the absolute ground
state of the dimer.
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As the excited state has very small radiative life time (15ns), we will use STIRAP scheme
and exploit the eigenstate of the three level system in which contribution of the excited

state is null.

For a three level system shown in figure 3.3 the dark eigenstate obtained from the time

dependent Schrédinger equation is written as
1

where 2 and 29 are the Rabi frequencies for the pump and the dump lasers. Actually,

|Ups) = (Q2]a) — Q1 1b)) (3.1)

if initially the whole population is in state |a), to transfer it to the ground state while
keeping the system in the dark state one has to first switch on secondary laser alone
(€21=0), in order to have (Vpg|a)=1. Conversely, at the end of the transfer process only
primary laser must be on in order to have (¥ pg|g)=1. During the transfer the secondary
laser is switched off and primary laser is switched on and the population transfers directly
from the initial state to the ground state. The efficiency of the transfer depends on the
stability of the lasers and transition dipole strengths. The intermediate state which we
have decided have the transition dipole moments: 3 x 10 3eaq for the pump and leag

for the dump.

Requirements

For the ground state transfer of molecules apart from the transition dipole moments, the
line width of the Raman lasers and their relative frequency stability are crucial. Since
any frequency noise on the lasers will be converted into the temperature (10kHz~500nK),
to stay within quantum degeneracy, the individual lasers are needed to be line narrowed

up to < 10kHz.

After the two Raman lasers are line narrowed to a desired value using an external cavity,
for the STIRAP tranfer, lasers should have a stable frequency difference. The external
cavities to which the lasers are locked can independently undergo slow drifts, leading to a
phase unstability among the lasers. An easy way of looking at their relative stability is to
observe the beating between two lasers. However for a range of 1320nm and 855nm the
frequency differece is 127THz which cannot be detected by usual photodiode. Another
method is to lock lasers to the same cavity. But this technique is unsuitable when
we have also to scan the lasers over different hyperfine states in order to find efficient
transitions. The best approach for this problem is to lock the lasers to two teeth of a
stable optical frequency comb as shown in figure 3.4. This technique have been used

before for the phase locking of the lasers to produce ultracold molecules [4].
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F1GURE 3.4: Scheme to phase lock two lasers using a frequency comb reference. The
frequency comb used is an Infra red fiber-based comb locked to a radio-frequency ref-
erence.

For the association spectroscopy we have to tune the primary laser up to a wide range
(hundreds of GHz) to find a relevant and most efficient excited state. Hence we char-
acterized this laser by tuning it by various ways going from the fine to coarse tuning
(3.2.1).

In order to mark the association spectral lines we require a wavemeter to measure the
absolute wavelength of the lasers. Since we will use a combination of frequency comb

and wavemeter the required accuracy of the wavemeter should be <125MHz.

3.2 Diode lasers

We had purchased two commercial diode lasers at wavelengths 855nm and 1320nm.
The laser at 1320nm is the primary laser (for the up going transition) for the STIRAP
transfer and the one at 855nm is the secondary laser (for the transfer to the ground
state). They have a free running line width of the order of 300kHz. Their output
powers are 170mW and 50mW respectively. Their tuning ranges are 1307-1363nm and
842-860nm respectively.

3.2.1 Tuning of primary laser

Typically a grating stabilized diode laser works by resonating the light in the laser cavity
formed with a laser diode on one end and a grating at some angle on the other end.
The part of radiation which is reflected back in the direction of incident light gets locked
in the cavity and leads to resonant modes which are emitted from the grating side as

shown in figure 3.5. The laser diode is coated with an anti-reflection coating on the front
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end and a reflecting coating at the back end. The mount of the grating is movable by a
piezoelectric ceramic which can be adjusted by applying a voltage across the piezoelectric
ceramic. The coarse angle of the grating can be adjusted by a screw which pushes the
grating. The whole diode and grating assembly is temperature stabilized by means of a

Peltier cell and a temperature sensor.

Diode .
Grating

Piezo

<~ Ty >
Cavity

Screw

FIGURE 3.5: Schematic of an assembly of a diode laser. The light emitted from the

diode is get partially reflected back from the grating. The grating and the back end of

the diode forms a resonator. The grating angle can be changed coarsely by a screw and
precisely by applying voltage across the piezo which is pushing it.

The cavity formed by the grating and the diode selects its modes within the gain curve
(figure 3.6). In the output of the laser we see the most dominant mode among these
modes. Since the anti reflection coating on the front end of diode is not perfect, there is
an additional cavity formed by the diode itself, with its own modes which are relatively
much weaker. When the tuning parameters are changed these modes drift relative to
each other. We see sometimes multimodes when two modes of the cavity are competing
and a mode jump when the next neighbour mode becomes more stronger due to the
relative drift of gain curve and diode modes. The tuning can be done in the following

ways.

Gain curve
Modes of cavity
Modes inside
the diode
I I S e W
—_—
Wavelength

FIGURE 3.6: Gain curve, modes of cavity and modes inside the diode.
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Changing the laser current

Changing current in the diode is the finest way of tuning. When we increase the current
the wavelength increases. There is a mode jump at 100mA and a region of multimode
operation (178mA to 214mA) as shown in figure 3.7. In the mode hope free regions the
slope from the plot is 2.984x10™* nm/mA. When the current is changed the parameters
which change are the band gap of semiconductor, refractive index, temperature and
hence the length. The effect of decreasing the band gap of semiconductor is that the
gain curve shift towards longer wavelength. The effect of change in refractive index
and temperature changes the optical length of the cavity. In a combined effect of these

changes we see that overall increase in the wavelength with current.
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FIGURE 3.7: The wavelength versus the diode current of the laser, keeping all other
tuning parameters fixed (T=20°C). The plot shows one mode jump and a multimode
region(missing points).

Changing the temperature

Changing the temperature is the second most accurate way of tuning the laser. The

behaviour of the laser is similar to that observed while tuning by current. The only
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difference is that since this a relatively coarse tuning, the change is larger and hence

there are more mode jumps over the full tuning range as shown in figure 3.8.
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FIGURE 3.8: The wavelength versus the temperature of the laser keeping all other
tuning parameters same (Current=113mA). The plot shows many mode jump and

multimode region.

Changing the voltage across the piezoelectric ceramic

When the voltage across the piezo is increased we observe a decrease in the wavelength.

When the piezo voltage is increased then it pushes the grating towards the diode to

make the cavity shorter and it also changes the orientation of the grating. The change

in the orientation of the grating changes the wavelength of that part of radiation which

is reflected back and gets locked in the short cavity. In this case the combined effect of

this change and the cavity length is a shift towards the shorter wavelength. This voltage

controlled tuning is used to make ramps to lock the lasers to the external cavity.
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FIGURE 3.9: The wavelength versus the voltage across the piezo of the laser keeping all
other tuning parameters same (T=25°C, Current=113mA). The plot shows few mode
jumps.

Manual tuning

While changing the orientation of the grating manually it is difficult to move it in equal
steps of known amount. This method covers the wavelength range roughly from 1307nm
to 1363nm.

Mode-hop free tuning

While locking the laser to an external cavity, when we scan the laser by applying the
voltage ramps across the piezo, we want the scanning to be without mode jumps. For a
moderate scan (<20V) we can most likely find a mode hop free scan for a large range
of the voltage offsets as seen in the plot in figure 3.9. However it is possible that at a
particular value of the current and the temperature while making the required scan the
laser mode shifts and a mode jump appears in the ramp. These mode jumps are caused
by the relative motion of the internal diode modes and the external grating modes in
the frequency. When we change the voltage across the piezo the external grating modes

moves with respect to the internal diode modes. This can be prevented if we also move
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the laser diodes internal modes to reduce their relative motion during the scan. Therefore
we can apply a current ramp to the laser diode proportional to the voltage ramp which
changes the refractive index of the semiconductor material and consequently the length
of the internal resonator leading to the movement of its internal modes. This additional

ramp to the current is called the Feed Forward and can be activated when needed.

3.3 Scanning the Fabry Perot cavity

Because the laser has a short cavity, it is inherently not very stable in frequency. The
sources of frequency noise can be the mechanical noise in laser, temperature drifts,
laser driver current and voltage fluctuations, atomic transition widths etc. It has a free
running line width of 200kHz. We need to narrow down its line width to the order of
10kHz. Thus in order to increase its stability we will lock it to an external high finesse

Fabry Perot cavity.

Fabry Perot cavity

When light is injected in a cavity (resonator) the light confined will reflect multiple times
from the mirrors of the cavity. Due to the effects of interference, only certain patterns
and frequencies of the radiation will be sustained by the resonator, with the others
being suppressed by destructive interference. In general, radiation patterns which are
reproduced on each round-trip of the light through the resonator are the most stable,
and they are known as eigenmodes (or modes) of the resonator. The most common
types of optical cavities consist of two facing plane or spherical mirrors. The spherical
mirrors are preferred because of their ease towards the alignment. The radiation which
is resonating inside a cavity can be stable or unstable depending on the separation and

radii of curvature of the mirrors. The stability condition is given by

0<<1—§1><1—g2><1 (3.2)

where d is the spacing between the mirrors and R;, Rs are the radii of curvatures of the
mirrors. If the cavity is outside the stability condition the light beam will go on diverging

after multiple reflections and finally will go beyond the apertures of the mirrors.
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Input beam

d Reflectivity = 99.5%

F1GURE 3.10: A cartoon showing a Fabry Perot Cavity with one plane mirror and the
other concave mirror, separated by a distance to have the focus of concave mirror at
the plane mirror.

Beam propagation inside the cavity

In a stable optical resonator, there are specific transverse field configurations which
maintain their field distribution after successive round trips. These field configurations
are referred to as the transverse modes of the resonator. Since oscillations of the laser
would occur in modes which do not have excessive loss on successive reflections, it is
clear that the modes that would oscillate would be the ones which propagate more or less
along the axis of the resonator and which do not diffract appreciably as they propagate
between the mirrors. The fundamental transverse mode has approximately a Gaussian

field distribution, i.e the mode is described by

it yT (3.3)

Y(z,y) = toexp [— 5
Wo

where wg represents the spot size of the beam. Figure 3.10 shows a simple resonator
configuration consisting of a plane mirror and a spherical mirror separated by a distance
d. This is the configuration we used in our cavity setup. We consider a Gaussian beam
such that its wavefront coincides with the radii of the mirrors. Thus the phase front is
assumed to be plane at z = 0. If the spot size of the beam at flat mirror is wyp, then
after propagating through a distance z, the radius of curvature of the phase front will
be

2,4
R~ [1 + ;‘;’g] (3.4)

If we have a fixed radius of curvature and separation between the mirrors fixed then we

can find the required spot size at flat mirror by rearranging the equation 3.4.

1
M (R T
wo = ] = <d2 - 1> (3.5)
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Resonant modes

After the injection inside a cavity the part of the radiation which is exactly along the axis
interferes after two reflections and makes the fundamental modes with the condition that
2d is equal to the integral multiples of wavelengths. The other part of the beam suffers
multiple (more than two) reflections and then interferes constructively to make rect-
angular (higher order) modes. The frequency separation between the two fundamental

modes is called Free Spectral Range (FSR) and is given by

C
vy = — 3.6
0= (3.6)
a4 Finesse=Ffsr Linewidth
&4
Fundamental Modes
g 4
x ——m—Linewidth
o
- Far 3
2
Transversal
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FI1GURE 3.11: The cavity scan with the laser injected showing the fundamental mode
and higher order (transversal) modes.

The resonant frequency in terms of the fundamental mode separation (FSR) is given by

VKO = (q+1)+ Warccos\/<1 - }i) <1 - ;L) (3.7)

Here d is the separation between the mirrors and q is the fundamental mode number

and m and n are the rectangular mode numbers. Inside our cavity we have set the
separation between the mirrors to 110mm. The radii of curvature of mirrors are -250mm

and -1000mm with reflectivity 99.5%. So the resonant frequency is given by

2~ (g+1)+ (m+n+1)0.2505 (3.8)
[40]



Chapter 3. Realization of an ultrastable laser setup for molecular transfer 73

The calculated free spectral range is

vo = 1363M H 2 (3.9)

The theoretical finesse of a cavity made by two mirrors of reflectivity R is given by

(3.10)

For our setup the theoretically calculated finesse is 626 hence the calculated line width
of the cavity is 2.177MHz.

3.3.1 Optical cavity setup

We have two optical cavities made of INVAR with an adjustable mirror separation. The
radii of curvatures of the mirrors we had were -1000mm and -250mm respectively. We
did put the cavity in the hemispherical configuration as shown in the figure 3.10 with one
mirror nearly flat and one concave mirror. The perfect separation for the two mirrors

for this configuration should be 125mm and the modes will be given by the equation

1:(q+1)+w

11
” 1 (3.11)

At this value of d the higher order modes, for which (m + n + 1) is a multiple of 4,
will coincide with the fundamental mode. However due to experimental imperfections
these superimposed higher order modes can distort the symmetry of the fundamental
mode (transmission or reflection) profile. While stabilizing we will lock the lasers to the
fundamental mode which is the strongest among all. This distortion will eventually lead
to an asymmetry in the error signal while locking. Thus to prevent this overlap we have

chosen the length of the cavity to be around 110mm.
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FIGURE 3.12: The cavity under vacuum setup.

To reduce the noise on the cavity we had put it in a vacuum chamber and stabilized its
temperature. This container is shown in the figure. The setup in which the cavity is put
has an outermost layer which is the thermal insulation. Then inside there is a heating
system for the temperature stabilization around the chamber. The temperature was set
at 29 degree Celsius. The chamber has a vacuum set at 0.00lmbar. The beam is carried

to the cavity using an optical fiber.

Modes inside the cavity after injection

In order to mode match the injection with the beam of wavelength 1320nm, we entered
with a beam focused at the flat mirror. The waist size at the flat mirror is 230pm
satisfying the equation 3.4. Figure 3.13 shows the transmission modes over the laser

scan for a well aligned cavity.
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FIGURE 3.13: The cavity scan with the 1320nm laser injected and well aligned showing
the fundamental mode and higher order (transversal) modes.

When the laser is kept at one particular transmission line in the output beam, we can
see the patterns of that particular transmission mode. Figure 3.1 shows images of these

mode patterns captures on a CCD.
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(a) 20 (b) 21 (c) 18

TABLE 3.1: Various transmission modes captured on CCD.

Line-Width

The transmission line of the cavity after injecting the 1320nm wavelength is shown in
the figure below. The experimental finesse is the ratio of the separation between the
fundamental modes and the line width as shown in figure 3.11. From the plot analysis
the finesse calculated after curve fitting is 442.98 and the line width(FWHM) calculated
is 3.08MHz. This line width is a convolution of the laser line width (200kHz) and the

cavity line width.
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(A) The transmission peaks with the fundmental (B) The zoomed fundamental transmission peak
mode (right most peak) and higher order modes. from the plot 3.14a).

FIGURE 3.14: The transmission lines from the cavity injected with 1320nm wavelength
laser.

Nevertheless this large line width as compared to the theoretical predictions can be
explained as due to the noise on the laser and on the cavity and also the inaccuracy of
curve fitting. In this case the line width was calculated from the plot 3.14 by extracting
the separation between the peaks and the with of the peaks. However because of less
data points on around the peak leads to larger error. A more precise value of line width

will be calculated in section 3.4.2.

3.4 Pound—Drever—Hall laser frequency stabilization

As discussed before since the lasers are not stable up to the requirements for the STIRAP
scheme, we will stabilize them by frequency locking to an external resonator. Pound-
Drever-Hall (PDH) frequency stabilization is an effective method to frequency stabilize

the laser with respect to an external Fabry-Perot cavity [6].

In this technique the frequency is phase modulated using an Electro-optic modulator
(EOM) to create two side bands before injecting into the cavity. The signal from the
cavity is seen on a fast photodetector. This signal is then mixed with a phase shifted

local oscillator to achieve the error signal.
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3.4.1 PDH setup scheme
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F1GURE 3.15: Schematic of PDH locking loop.

N e | b
freq ¥

(a) (B)

FIGURE 3.16: The simulated reflection and PDH signals.

Suppose the laser is at a frequency w, then the radiation emitted from it can be written as
Eoe™!. This beam passes through an electro-optic modulator (EOM) which modulates
the phase of the beam. Assuming the modulation frequency is w,, and the amplitude is

A, then the radiation field after it passes the EOM can be written as
E = Eoeiwt+iAmsin(wmt) (3.12)
This equation can be expanded using the Bessel functions to obtain

E = Ey [Jo(Ap) + 2iJ1(A)sin(wpnt)] et

) A . (3.13)
= B [ Jo(Am)e™” + Jy(Am) e Hmt — Jy (Al

This wave can be seen a superposition of three waves at frequencies w — w,,, w and
w + wy,. Here the radiation at frequency w is called the carrier wave and the other are
called side bands.
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This beam is sent to the cavity and after reflection from the cavity it gets a transforma-
tion. If we have a cavity with mirror’s reflectivity r and separation between the mirrors

L then the transfer function is

Eref o (e2iwL/c _ 1)
E;, 1—r2e2iwl/c

R(w) = (3.14)

here w is the frequency of the incident beam. The reflected intensity is zero when
e2wL/e — 1 known as resonance condition and the frequency at which this is satisfied is
called resonance frequency. The separation between these resonance frequencies is equal

to the free spectral range.

Thus after the reflection from the cavity the radiation field 3.13 get transformed to

E:EOR@MWMyM+Rw+MMAmmeMM—Rw—wahmmJWWﬂ
(3.15)

where each of the wave components get transformed according to their frequency.

This beam is seen by the photodiode which converts it to a voltage proportional to the
intensity E;E,. In figure 3.16a E;E, is plotted against the scan frequency w which
shows resonance of carrier wave and two side bands separated by the frequency wy,.
However if we look on the transmission signal we see a signal proportional to 1 — E*E,..
The strength of the side bands depends on Ji(A,,) and hence on the amplitude of the

phase modulation A,,

The expression of the power on the photodiode is

P = P.|R(w)[* + Py {|R(w + wm)[* + |R(w — wm)|*}
+ 2¢/P.PsRe [R(w)R*(w 4 wpm) — R* (W) R(w + wim)] cos(wmnt) 3.16)
+ 2/ PP Im [R(w) R*(w + wp) — R* (W) R(w + wim)] sin(wmt)

+ (2w, terms)

where P, and P; are the powers in carrier and side bands.

The error signal is processed out from this signal. The sinusoidal terms of w,, are
canceled by mixing the signal which is sent to the EOM after adding a phase to it i.e.
sin(wmt + @) to this signal. The high frequency terms in the last term are filtered out
by a low pass filter. The figure 3.16 plots the terms

2/ P.PsRe [R(w)R" (w + wm) — R* (W) R(w + wm)] cos(¢)

(3.17)
+2MPPhn R*(w + wm) — R*(w)R(w + wp)] sin(¢)

as a function of w which is sent as feedback to the laser.
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TABLE 3.2: Left: The reflection signals from the cavity with the side bands generated
by the phase modulation of the injected beam. Right: The Pound Drever Hall error
signal after mixing the transmission signal with a phase shifted local oscillator.

In practice the phase ¢ can depend on many experimental factors and has to be tuned to
achieve the best error signal. Figure 3.2 shows the optimized reflection signals and PDH
signals for both the lasers and they are in agreement with the simulations. After optical
alignments, these signals are optimized using the modulation amplitude and the phase.
In the reflection signal, the strength of the side bands can be adjusted by the amplitude
of the modulation sent to the EOM. The side bands extract the power form the career
wave, therefore a too high modulation amplitude will decreases the strength of the
career’s reflected signal, which will lead to a poor slope in the error signal. Modulation
amplitude and the phase added using the phase shifter are tuned to maximize the slope

of the error signal.

3.4.2 Cavity linewidth using the EOM modulation

The transmitted signal from a cavity (given by 7' = 1 — R, where R is the reflected
signal) shows a peak at the resonance. The modulation in the phase using EOM adds
two side peaks to the career frequency (figure 3.17). Since the side peaks are separated

from the central peak by 12.5 MHz it is possible to scale the width of the central peaks
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in the units of frequency more precisely. From curve fitting the linewidth of the cavity
is calculated to be 2.67MHz.

0,25
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FIGURE 3.17: Line width calculation using the side peaks produced by the EOM in
the transmission line.

3.4.3 Feedback

The feedback to lock the laser is divided into two parts and sent to the laser-cavity
piezo and laser current separately. The low frequency part of the feedback also known
as slow feedback is sent to the laser piezo because a piezo cannot respond fast to the
voltage. The high frequency feedback (>100Hz) is sent to the laser current. The PID
(Proportional Integral Derivative) values of the individual feedbacks and their overall

gain values were adjusted to give the smallest error signal once locked.

Linewidth estimation after the lock

After the feedback is sent to the laser and the PID values are optimized the line width

can be roughly estimated from the RMS value of the error signal.
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F1GURE 3.18: The fluctuations in error signal can be transformed into frequency fluc-
tuations.

For a very precise frequency noise detection (~Hz) one has to measure the noise on the
phase through phase detection. However for the range of kHz the frequency noise can
be estimated from the noise on the error signal after the lock. The noise on the error

signal Av is converted to the frequency noise using the formula

Av = ZEEAY (3.18)
VPP

where Vpp is the peak to peak voltage value for the central slope of error signal and

vpp is the corresponding frequency difference as shown in figure 3.18.

3.5 Noise spectrum

One of the most powerful ways to find the noise on any signal in different band width
ranges is to analyze its noise spectrum using a spectrum analyzer. In general a spectrum
analyzer has its own specification like resolution and its integration time which limits
the frequency window in which it works. The requirement needs to be taken care is that
the frequency range in which we want to analyze a noise must be within the range of

the spectrum analyzer.

3.5.1 Power spectral density

The power spectral density of a signal (electromagnetic, electric, acoustic etc) is the
distribution of power carried by the signal over the frequencies. It is normally measured
in WHz ™!, however in case of electrical signals as in our case it is measured in V2Hz L.

We lock the lasers using the PDH scheme to a set-point zero (V=0) of the error signal.
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When it is locked, we want to reduce the fluctuations from this set-point. Ideally we
want that the error signal after the lock approaches to zero which implies that the power
spectral density of the error signal (~V?) after the lock must also go to zero. However
in an experimental setup the error signal after the lock has a non-zero power spectral

density which corresponds to the noise (fluctuations from the set-point) over the lock.

3.5.2 Calculation of line-width
Parseval’s theorem

A very general statement of Parseval’s theorem is that the sum (or integral) of the
square of a function is equal to the sum (or integral) of the square of its transform. In
the context of power spectral density it can be stated that the area under the power
spectral density curve is equal to the area under the square of the magnitude of the

signal.

/_Z If(8)* dt = /_Z@(w) dw (3.19)

here f(t) is the signal and ®(w) is given by

2
(3.20)

B(w) = ‘\/12? /_ Z Ft)e it dt

RMS noise

In a case where the ideal situation is the zero power spectral density, the finite value
of the power spectral density (PSD) corresponds to the noise. The noise power can be
calculated by integrating the area under the PSD. And then the root mean square value

of the noise can be calculated by taking its square root.

b
NoisePower:/ S(w) dw (3.21)

where S(w) is the spectrum and a to b is the frequecy range in which we want to compute
the noise.

RMSNoise = v NoisePower (3.22)
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FI1GURE 3.19: Area under the power spectral density curve.

T T T T T T T T T
20000 40000 60000 80000 100000

T
0

The spectrum of the error signal after lock for different feedback (overall) gain values is

shown in figure 3.20 and 3.21 in logarithmic and linear scale.

Spectrum of error signal

Frequency

F1GURE 3.20: The spectrum of the error signal after the lock with different PID gain

values.
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FIGURE 3.21: The spectrum of the error signal in linear scale the lock with different
PID gain values.

In order to calculate the linewidth after the lock, the spectrum data points which are
in logarithmic scale (dBm) are converted into the power units (V2/Hz). After that area
under the PSD is integrated and using equations 3.21 and 3.22 the RMS noise on the
error signal is calculated. This noise is converted into frequency noise using equation
3.18. Table 3.3 summarizes the line width calculated from the spectrum shown in figure
3.21 within the detection bandwidth of 50KHz.

Gain | Linewidth
0 40kHz
100 25kHz
200 20kHz
500 10kHz
1000 7kHz
2000 5kHz

TABLE 3.3: The line width after lock within the detection bandwidth of 50kHz for
different PID gain values.
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3.6 Phase locking

3.6.1 Frequency comb

Frequency comb is a light source whose spectrum is composed of discrete frequency peaks
with equal separation. These equally spaced frequency peaks are a perfect frequency
ruler reference for the phase stability of two or more lasers. The spectrum of a comb is
similar to a Dirac delta comb however with a finite spectrum range. Hence in the time
domain its output is a train of short intensity pulses as shown in figure. The broader
is the spectral range of a comb the shorter are the pulses in the time domain. Because
of dispersion and nonlinearities in the source, the envelope of the intensity pulse suffers
a phase slip with respect to the oscillating electric field (shown in figure 3.22). In the
frequency spectrum this phase slip is reflected as an offset from the zero as shown in
figure 3.23.

FIGURE 3.22: Pulse train emitted from a frequency comb with a phase slip of the
envelope.
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FIGURE 3.23: The spectrum of a frequency comb with offset of first frequency mode
from zero.

A general expression for the frequency output of a frequency comb can be written as
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W, = Nwy + W (3.23)

where n is an integer, wy, is the frequency of n" peak, w;, is the frequency separation

between the peaks called as repetition rate frequency, wq is the offset frequency.

In our setup we used a commercial frequency comb manufactured by MenloSystems
(model: FC1500 Optical Frequency Synthesizer) which has a spectral range from 1 to
2 microns and a repetition rate of 250MHz. The output power was measured to be
100mW. In order to lock the 855nm laser this light is frequency doubled to obtain a

frequency range peaked at 855nm.

3.6.2 Locking scheme

The phase locking of two laser which are line narrowed using an external optical cavity,
can be done by beating the laser light with the frequency comb light. This beat signal
can be precessed into an error signal and can be fed to the piezos of the cavity to which
the lasers are locked. And for stability the frequency comb can be locked to a Rb clock
which is disciplined by GPS (Global Positioning System) clock. This scheme is shown
in figure 3.24. The ultimate stability reference in this scheme is the GPS controlled
Rb clock signal, which is used to stabilize the comb. The comb is used to stabilize the
external optical cavities which in the end are used to stabilize the lasers. The Rb/GPS-
disciplined 10-MHz quartz have a stability of 6 x 1073 at 1 s and a minimum accuracy
of 2 x 10712,



Chapter 3. Realization of an ultrastable laser setup for molecular transfer 88

IR fiber-based
comb e
locked to a Rb -
clock ||
L | ||
1l —

1320 nm laser
255nm laser

Best Signal

FPhase-Shifter
R ‘ ' -

L |

1

i 1320nm cavity 55nm cavity
T -

e

ECM

Feedback

1320 nm
laser

=
12.5 MHZ

FI1GURE 3.24: The locking scheme of the two lasers stabilized to an external cavity to
an optical frequency comb.

Stabilizing the frequency comb

In a frequency comb, due to various types of noise both frequency offset wg and repetition
frequency w, can fluctuate. In order to make a comb stable its offset and repetition
frequency need to be locked to a stable signal. The repetition frequency can be accessed
easily by the self beating of the comb teeth. The offset frequency is accessed by doubling
the 2100nm part of the comb and beating it with the 1050nm part, as demonstrated in

figure 3.25.
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F1GURE 3.25: The scheme to access the offset frequency.

These frequencies are locked using 10MHz clock as reference. After locking the stability
of the repetition frequency is 250 (£107?)MHz and the offset frequency is 20 (&5 x
10~%)MHz with respect to the clock signal.

Beating

The beat frequency between laser and the comb is measured on a fast photodiode. The
set of beats seen by the photodiode includes the self beating between the comb teeth,
the beat between the laser frequency and the two nearest teeth and beating between
the laser frequency and the rest of the teeth. Out of these the beating of our interest
is the one with the nearest (in frequency) tooth. Hence the value of this beat is less
than 250MHz and can be detected by the photodiode. The other beats being at higher
frequency are out of range of the photodiode and hence just add to the offset. This

offset can be enough to even hide the beat signal.

Laser beam

-~ Grating

Frequency comb beam [l

Photodiode

FIGURE 3.26: Beat unit used to detect the beat between laser and the nearest comb
teeth.
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In order to avoid this offset we use a grating to separate out the frequency teeth which
are closer to the frequency of the beating laser. This is illustrated in figure 3.26. After
reflection from the grating the different frequency component of the frequency comb
spreads angularly. The components which go along with the laser are those which are
closer to the laser frequency. The strength of the beat signal after the spread depends
on the power of both the frequencies (laser and comb) which are beating. In the case of
comb the power per frequency component is much less as compared to the total power.
Also sending more power of the frequency comb results in both increase of the beat
signal strength as well as the offset. Therefore the signal can be improved by sending

more power of the laser for the beating.

Beat-note (dB)

Beat-note (dBm)

T T T T T T T T T U T T T T T T T T T 1
10 12 14 16 18 20 22 24 26 28 30 10 12 14 16 18 20 22 24 26 28 30

Frequency (MHz) Frequency (MHz)

FIGURE 3.27: Beat signal from the frequency comb beating with 1320nm laser (left)
and 855nm laser (right).

For our phase locking system the requirement of the beat signal strength is nearly

30dBm. Figure 3.27 shows the beat signal of the 1320nm laser and the 855nm laser.

Locking

The beat signal is locked using a phase locked loop (PLL). In this locking the beat signal
between the laser and the comb is detected on a photodiode. This beat signal and a
signal from the reference local oscillator (20MHz in our case derived from the 10MHz
Rb clock) are sent to a phase detector which forms the phase difference between the
two signals. This signal is processed and fed to the laser. (In our locking scheme this

feedback is sent to the external cavity to which laser is locked.)
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Frequency comb

FI1GURE 3.28: The schematic of the phase locking of the laser to the comb.
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The phase difference measured in radians can vary from zero (in case of perfect match)

to any value, however from the phase detector it is seen only varying from —m to w as

shown in figure 3.29. This sawtooth like signal becomes broad in time when the beat

signal is close to the reference and becomes flat after the lock.
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FIGURE 3.29: The phase difference between the beat signal and the reference signal,
which changes continuously with time but seen like sawtooth because of the +/ — 7
bound on the angle.
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Figure 3.30 shows the actual display panel before and after locking the laser to the comb

using the beat signal. After locking the Allan variance is less than 10Hz.
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(A) Error signal without locking. (B) The error signal after the lock.

FIGURE 3.30: The display panel showing the digitized error signal (phase difference)
before and after lock.

3.7 Wavemeter

To measure the absolute frequency of the lasers we made a wavemeter based on moving
Michelson interferometer with the varying path length in both arms using a running
corner cube. A He-Ne laser is used as the reference laser, with a frequency at 473612298

MHz with an accuracy of 6 MHz.
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F1GURE 3.31: Schematic diagram of the wavemeter based on moving Michelson inter-
ferometer.

As shown in figure 3.31 a corner cube runs between the two mirrors at nearly constant
speed. The beam from the reference laser splits from the beam splitter and via reflection
from the mirrors, falls on the corner cube. After reflection from the corner cube it follows
back the a same length parallel path and interferes after passing through the beam
splitter. The unknown laser beam follows a similar path but from the other side of the
beam splitter. At the interference we see consecutive maximas and minimas along the

beam which are detected on the photodiode. From the photodiodes the signal is sent to
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a universal counter which counts the maximas for both the inferences and gives us their
ratio. Both interferences are scanned simultaneously while cube is moving. Since the
rate at which the path difference is changing is same for both the lasers so the ratio of
the numbers of fringes counted over a fixed time are same as the ratio of the wavelengths
of two lasers.

A= %/\r (3.24)

here N is the number of interference maximas, A is the wavelength of the laser and the

index r refers to the reference laser.

The accuracy of this wavemeter can be increased by increasing the number of fringes
counted, thus running the corner cube over a large path helps in terms of accuracy.
However the speed of the cube should not be too fast for the counter. Apart from the
optical alignment the interference fringes are very sensitive to the collimation of the

beams.
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FIGURE 3.32: The wavemeter reading versus the beat signal with one of the frequency
comb lines. From the plot it is clear that we can estimate the frequency of the laser
upto an accuracy of ~50MHz by doing repeated measurements.

In our wavemeter the length of the rail is 1100mm. During measurements of the wave-
length we counted the fringes while the corner cube completes one full cycle between
the mirrors (2200mm) at a speed of nearly 0.25m/s. Therefore we count typically of the

order of 10® fringes. In the interference fringes the fringe contrast can be calculated as

Ima,a: - Imin
Crringe = ———— 3.25
fringe Imax + Imzn ( )
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The experimentally observed fringe contrast was 71% for the He-Ne laser, , 90% for the
primary (1320nm) laser and 84% for the secondary (855nm) laser. Figure 3.32 shows
the wavelength estimated using this wavemeter versus the beat note of the same laser
with one of the lines of frequency comb. These measurements were done to estimate
the least count of the wavemeter by precisely setting the beat note to a value and then
estimating the wavelength of the laser from the wavemeter reading. From a linear fit

the least count of the wavemeter is estimated to be 50 &= 1MHz.

3.7.1 Wavemeter and Frequency comb

The frequency comb can be used to find the frequency of the laser from the beat signal.
The accuracy of the wavemeter alone is limited to 50MHz. But this accuracy is enough
to find out with which comb tooth the laser is beating with. Because the repetition
frequency of the comb is 250MHz. If N be the tooth number with which the laser is

beating the frequency of the laser can be calculated as
v=uwy+ Nw, £1p (3.26)

here v, is the beat frequency, the sign + depends from which side the laser is beating with
the comb tooth which can be found easily by changing any of laser frequency parameter.
Using this method the frequency of the laser can be estimated within an accuracy of
2MHz.

3.8 Conclusions

For the requirements of the STIRAP transfer the lasers are needed to be line narrowed
to < 10kHz. For this I built an external high finesse Fabry Perot cavity to lock each
laser, and stabilized it by mounting it in a temperature stabilized vacuum chamber. The
lasers are line narrowed by locking them to these stable cavities. I reportedly discuss
the stabilization scheme and the apparatus we used to line narrow the diode laser using
the external cavity. Finally using the power spectral density, the linewidth of the lasers
are reported to be 5kHz in the bandwidth of 50kHz.

To stabilize the relative frequency noise of the lasers, they are locked to a commercial
optical frequency comb (manufactured by MenloSystems). For the locking, they are
beat with the comb, and beating with the nearest tooth was filtered out and enhanced
to improve the lock. After phase locking to two teeth of the comb the relative stability

of the lasers is accomplished to ~1kHz. The frequency comb is locked to an ultrastable
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Rb/GPS-disciplined 10MHz quartz clock. This clock have a stability of 6 x 107! at 1

s and a minimum accuracy of 2 x 107!2,

For the molecular transfer, in the first step we will do association spectroscopy, in which
we will excite the Feshbach molecules to the excited hyperfine states, just by scanning
the primary laser. Therefore the tuning characteristics of the primary laser (1320nm)
with various methods going from the most fine to the coarse one have been reported. To
measure the absolute frequency of the laser I have build a wavemeter which is based on
moving Michelson interferometer. This wavemeter is aligned to a fringe contrast of nearly
~84% and its measuring accuracy is achieved to 50MHz. By using the wavemeter as well
as the beat signal from the frequency comb, the accuracy of the frequency measurement
can be reached to 2MHz.
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