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ABSTRACT

The 20™ century saw a multitude of progress in every field of science and technology,
especially in theoretical and experimental physics. One of the progresses in the field of
atomic, molecular and optical physics was the prediction and the realization of the Bose-
Einstein condensation of atomic gas at very low temperatures. The 8’Rb BEC was the first
to be realized in 1995 and many other atomic species were condensed shortly. The field of
BEC later branched into several directions/disciplines while the BEC was acting as a starting
point. These disciplines use the BEC to simulate complex physical systems in the laboratory
with exceptional control over the tuning of the system parameters that would be difficult or
sometimes impossible in the real world systems. This thesis also presents a series of such
experiments which do not fall under a single specialty of physics but all are performed in
the 8’Rb BEC as a starting point and thus qualify under the umbrella of ultra-cold atomic
physics.

In the starting two chapters, several theoretical and experimental topics (relevant to the
field of BEC in general and to our laboratory setup in special) are discussed for the sake of
completeness and then the three experiments performed as part of my PhD work are
discussed in the remaining chapters. The necessary electronic circuit sketches and optical
beam setups are listed in the appendix A in the end of the thesis.

The first of these experiments is the realization of the N-type system in the BEC by the
application of three lasers to the BEC. Two of the lasers are phase locked by the optical
phase lock loop system while the third one is locked independently and can still introduce
and maintain the coherent effects in the 8’Rb BEC. The N-type system is studied under the
absorption imaging detection technique and all of the band structure/absorption spectral
features are successfully retrieved using this method. This study serves as an important step
in the use of BEC in applications like quantum information, atomic coherent experiments
and the quantum memory. The behavior of the N-type system in the BEC under different
driving and coupling laser detuning and intensities is both theoretically (using the density

matrix method) and experimentally studied and its features are discussed. A very good
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qualitative agreement of the theoretical and experimental data shows the power of
absorption imaging as a probing tool and also of the BEC as an ideal platform for such
atomic coherence experiments.

The second experiment is related to the formation of the 8’Rb, excited-state near-
threshold molecules using the 5%Pi level as the threshold point, a process called
photoassociation. This is done by shining a single laser tuned below and above the two
excited hyperfine states of the said level. In our study, more than 40 quantized excited states
are created and detected using two detection methods. The 8’Rb BECs prepared in both the
lower as well as the upper hyperfine ground state are excited to these excited molecular
(dimer) states and both of the detection methods can detect the created molecular states but
with variable accuracy. These states are never detected before and several of the previous
attempts using magneto-optic traps (MOTS) or hotter atoms showed a continuous loss (in
contrast to the quantized loss that we have detected) in this region of the frequency spectrum.
The very low temperature of the BEC and the low power requirements by the BEC enabled
us to create and detect these states with great precision. The effect of power broadening and
energy shift of these states with the increasing laser power is also studied. An interesting
feature is observed near the atomic resonance of the 8Rb which becomes anomalously
broadened due to the mixing of the nearby excited molecular states. This broadening is so
strong that the typical Lorentzian line-shape of the atomic resonance is destroyed and which
is retrieved back only when a very weak photoassociation laser power is used. Similar
broadening was observed in the pioneering experiments of atomic spectroscopy but the
nearby quantized states were never detected at that time. We have observed from the
experimental data that the use of Bragg scattering from an optical lattice in the BEC for the
detection of these excited molecular states produces better results as compared to the trap
loss/absorption imaging method. The possible reasons for this are also discussed in this
thesis. | do not give any theoretical treatment of the detected molecular states and leave it
for future study for the theoretical physics community.

The last experiment is performed with a superradiance lattice superposed on a phase
modulated BEC. First the BEC is exposed to a blue detuned lattice for a variable time

interval and then the superradiance lattice is turned ON to collect the phase information
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using the superradiance scattering light. The BEC wave-function evolves under the first
blue detuned lattice and at variable time delays the phase acquired by the wave-function is
different. The superradiance lattice scattering carries this phase modulation information and
acts as an in-situ method for the measurement of the phase imprinted on the BEC without
waiting for the BEC to expand for a certain time of flight (TOF). The phase modulation
affects the superradiance scattering in the form of oscillations in the intensity as a function
of time and agrees well with the previously existing theory qualitatively. This experiment
also includes the study and comparison of the effects of a moving lattice in two opposite
directions on the net phase imprinted on the BEC. The phase imprinted by two simultaneous
optical lattices (a super-lattice) at different powers of each lattice is also studied and the
phase information revealed by the oscillation scattering light intensity agrees very well with
what the theory should predict. The in-situ probing of the BEC phase removes the possible
noise sources that are typically inherent to the TOF imaging probing experiments. This
experiment is suitable for the study of the depths of complex optical lattice potentials which

are hard to measure using the conventional methods.

Key words: Bose-Einstein condensates; Photoassociation; Laser induced
atomic coherence; Superradiance lattice
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Chapter 1: The Bose-Einstein condensation: Some important topics

Chapter 1: The Bose-Einstein condensation: Some important

topics

1.1 Bose-Einstein Condensate as a platform for multidisciplinary science

The BEC is such a tunable platform that it has become the testbed for the
experimental quantum simulations of several fields of science in a similar way as predicted
by Feynman[ and is free from the long range coulomb interactions faced by the trapped ion
systems?l. For example, the BEC can be subjected to varying fields to induce or simulate
patterns that are prevalent in galaxy filamentationl® or the Unruh’s radiation found near the
black holes™l. In addition to that, the study of many body interactions and the consequent
emergent phenomena can be studied with ultra-cold atoms®2°l. Although the BEC state is
can be represented by a single wave-function, the interactions of the atoms making the BEC
can be represented by a mean-field approximation. These interactions are tunable both
optically and magnetically** 12, Microscopic manipulation of atoms and the realization of
nano-scale geometrical potentials is another field where ultra-cold atoms of the BEC find
its way!® 14, Solid states physics environments are often simulated in BECs by loading
them into optical lattices made from the interference fringes of laser beams!*>221. Quantum
optics and quantum information systems are also investigated in BECs by exploiting the
practically zero thermal broadening of the linewidth and the suitable density of atoms in a
BEC[23’24].

Similarly, molecules are condensed to the degenerate state using the BEC as a starting
point[?®l. Chemical physics related problems, like the excitation of molecules to excited
states not allowed by selection rules or to very weakly bound states and the study of long
and short range potentials are now easily and routinely tackled using BECs!?6281. The
coherence of matter waves of the BEC is used to perform precise gravitational force
measurements and is proposed to detect the gravitational waves and also study the
gravitational physics mixing with quantum physics?®. In fact, the applications and
potentials of the BEC are so enormous that it requires a dedicated book% but on the other

hand, the same tabletop experimental setup can be easily modified for simulating any kind
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of experimental environment as discussed above. The achievement of the BEC was not easy
as it took a long time for several of the techniques used in the BEC preparation process to
mature first. However, BEC production is now so matured that it is routinely produced on

the international space station (ISS) being controlled remotely from the earth!3%.

1.2 Historical events leading to the realization of BEC

All the gasses at room temperature are composed distinguishable particles that obey
classical statistics called the Maxwell-Boltzmann statistics. This statistics gives the number
of distinguishable particles having a specific set of energies at room temperatures.
Distinguishable means that each particle has a distinct set of energy, momentum and
position and that their wave-functions do not overlap. However, when the temperature is
cooled down, that the deBroglie wavelength A,z as well as the density of the gas increases.
At very low temperatures, A;5 becomes comparable to the inter-particle spacing and their
wave-functions start to overlap and the quantum effects starts to show off and the particles
starts to have identical energy, momentum and position (identical wave-functions called
quantum numbers). The quantum effects then decides how many particles can share the
same set of quantum numbers depending on whether the particles are Bosons (integer spin)
or Fermions (half integral spin). Satyendranath Bose and Albert Einstein found that Bosons
tend to clump up together as the temperature approaches the critical temperaturef®? 33,
Experimental observation of BEC in dilute gasses was not possible until the maturity of
several laser cooling and evaporative cooling techniques which then in 1995 lead to the first
creation of BECE* in 8Rb and later in other atoms[®>-4%],

Fermions on the other hand, are particles that can’t occupy the same quantum state
but they also become superfluid below the energy degeneracy temperaturel*: 421, Fermions
have also been experimentally cooled down to degenerate fermi gas (DFG) temperature-
8] using similar experimental strategies used for the creation of BECs. An interesting
property of Fermions is that two Fermions below the degeneracy temperature can combine

to form Bosonic molecules which then have the properties of a BECE% 4511,

The experimental achievement of the BECs and the DFGs were realized only after the

laser spectroscopy, laser cooling and trapping techniques, magnetic trapping and the related
2
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theory matured over several decades®*°. In the following, a brief introduction is given

related to the important parameters that can identify a BEC from any other form of matter.

1.3 Density of a BEC and Temperature requirement

Both the density of the gas and the deBroglie wavelength (dependent on temperature
and mass) of the particles are very important quantities. These quantities yield another
quantity which is a measure of how much quantum-ness a system have e.g. the phase space
density D = ni45° which, when reaches the value of 1, the classical statistics can no more
describe the distribution of the particles and quantum statistics is needed. For comparison,
the phase space density of 8Rb atoms at room temperature in typical vacuum systems
(found in ultra-cold atomic physics experiments) is around 10?2, At a higher value of the
phase space density (D~2.612), all the Bosons will accumulate in the same ground state of
a confining potential (whether magnetic or optical). This condensed state of matter is what
is now called the Bose-Einstein condensate or simply a BEC. This condensed portion of the
gas can be very high in number (millions of atoms can occupy the ground state of the
confining potential) and thus a BEC is a macroscopic system displaying quantum
mechanical behavior. The single wave-function is also of macroscopic size and display a
coherent macroscopic phase distribution over the BEC and can exhibit the interference
phenomenon(®® 61, The number density (particles per unit volume) in a BEC is in the range
of 10%3-10'° cm as compared to the normal molecular number density in the ambient air
which is 10 cm=E%. The lower density of the BEC allows for good optical access for the
manipulation of atoms in different experiments in the BEC and for the achievement of the
BEC in the first place. Other factors that set the low density requirement is the particle-
particle interactions. Inter-particle interactions at higher densities turn the gas into liquid (or
solid or even molecular) state before the BEC stage arrives. That is why some atomic species
having strong interactions even at such low densities need special magnetic fields for tuning
of their scattering lengths to avoid the strong inter-particle interactions while near the BEC
temperatures!®> 81, Also, to get a large number of atoms in the single ground state, lower
density and low interactions are desired as in the case of superfluid *He where the zero

momentum state atom number is very small due to the inter-particle interactions due to high
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density®* 631, The number density in liquid and solid state of matter is 1022 cm and inside
the nucleus it is 10% cm. The requirement of low density of the BEC also requires that the
temperature of the gas (to be condensed into a single quantum state) should be very low to
make it behave quantum mechanically. Indeed, the temperature required for the observation
of the quantum behavior decreases with the density. For example, quantum behavior in
nuclei can be observed at temperatures as high as 10** K while for BEC it is in the sub-
micro Kelvin range.

The above requirements and limitations led to the search of atomic species which
does not change its gaseous atomic form even at lower temperature. The first candidate was
the hydrogen atom!®®! which was cooled using cryogenic techniques but it was still far above
the required BEC critical temperature. However, the magnetic trapping techniques
developed during these experiments together with the availability of tunable lasers lead to

the final achievement of BEC in 1995.

1.3.1 Role of trapping potential

The temperature of the BEC can be calculated using some simple arguments. The
current experimental methods of creating the BEC uses the evaporation of hotter atoms for
the cooling of the remaining atoms inside a confining trap (may be magnetic or optical). In
the final stages of the evaporation process, the trapping potential is weak and can be
approximated by a harmonic oscillator type potential

1
V() = Em(a),%xz + w2y? + wiz?) (L.1)

where w; are the trapping frequencies in the three directions. The density of states for a
harmonic potential of Eq. (1.1) then becomes
O = s’
9 = oty € (12)
1
where @ = (wxwywz) /2 is the geometric mean of the three trapping frequencies and € is
the energy of a given state. Now, for a Bosonic gas at very low temperature T where
guantum behavior is prominent, the gas particles will try to distribute among the available

energy states according to the Bose-Einstein statistics distribution function
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1
(e—#)/kBT _ (1.3)

fle) =

e
where kg is the Boltzmann constant and the chemical potential u is coming from the

requirement of atom number conservation. From Eq. (1.3), we can see that for e = 0 i.e. the
ground state, when the temperature is near zero, lTin(l) e "/ ~ 1and thus Eqg. (1.3) will blow

up (give a large number of particles in the ground state) showing that the atoms are
occupying the ground state of the of trapping potential. The ground state atoms represents
the condensed part of the total gas but there will be still atoms in other states depending on
how much strong is the trapping potential. The number of atoms in the condensed part will
however be very large. The total number of atoms (sum of condensed ground state atoms

N, and non-condensed excited state atoms N,,.) can be found by

NT=N0+NexC=Zf(€) (1.4)

The summation can be converted into integration if the energy separation between the
trapping potential states is small however, then we should also write the condensed part

separately, as

Ny = Ny + Noye = Ny + J g(e)f(e) de (1.5)
0

2
Suppose € = p /Zm + V, where p is the momentum and m is the mass of the particle and

V is the trapping potential. Let us first consider a general case of the trapping potential and

2
introduce the variable x = P /kaBT and by definition of the density of states in a general

3
potential g(e) = L(Zh—’?) 2 (Vv being the volume of the trapping potential holding the

412

atoms), then the excited state part of the atoms (Eq. 1.5) becomes

— Nexc _ 2 foo \/E dx

Nexc = v VrA345 70 z=lex—1 (16)
where ngy. = Nf/’“ is the number density of the excited states atoms held by the trapping
1
potential V. The deBroglie wavelength is defined by 1,5 = (;’;—h;)zand the parameter z =
B

[u=-V]
e kBT carries the information of the trapping potential and interesting consequences follow

5
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from this parameter. Solving the Eq. (1.6) for the excited states number density in the

trapping potential V gives

g3, (2)
Nexc = L2 (1.7)

A3ap

The numerator in Eq. (1.7) is called a polylogarithm function and its general form is given
by the summation
o Z"
Iy@) = Xn=1 (1.8)
If we consider a uniform potential (say V=0) and for ideal gas we use u < 0, the parameter

(1-V]

z = e 8T approaches unity and thus 93/, (z) = 2.612 and putting this in Eq. (1.7) shows
that at a fixed temperature (for which z — 1) the density of the excited state atoms will not
increase any more but will reach its saturation point (as 13,5 also does not change at

constant temperature so the density approaches n.,;; = 2-612/ 23, ). Now, as the volume
B

of any trapping potential is finite, adding more atoms to the same volume will not go to the
excited state as the excited state density is already saturated, thus atoms will now start to go
to the ground condensed state and thus macroscopic condensation will occur. This

temperature is called the critical temperature and depends on the type and shape of the

potential and also on the interatomic interaction strength. Using 93/,(2) = 2.612 inEq. (1.7)

together with the definition of A,;5 and solving for the temperature gives this critical

temperature, which for the V=0 potential is

2mh? s
7= ( n ) 19)

mkp \ g3/, €Y

This is the critical temperature for an ideal gas in a V=0 potential and below this temperature
no more atoms will be added to the excited state and all the additional atoms should go to
the ground state. At this temperature, all the atoms will still occupy the excited states. So,
using Eq. (1.9) and Eg. (1.5) we can find the fraction of the condensed atoms at a

temperature below the critical temperature
3/
N, T 2
bo1-(3) (1.10)

Nt T,
Now, using the harmonic oscillator potential of Eq. (1.1) and the density of states of Eq.

(1.2), Eq. (1.6) gives the expression for the critical temperature
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T, =12 (ﬂ)l/ 3 (1.11)

kg \{(3)

where the Riemann zeta function is given by {(x) = Y.;—; n=*. Atatemperature well below
the critical temperature, all the atoms should occupy the ground state and thus the atoms in

the ground state can be calculated from Eq. (1.11) as
3

kgT
N, = — .
=3 (=) (1.12)
again, the fraction of condensed atoms, when not all the atoms are in the ground state of the

trapping potential, is given by

v=1-(7)
N T (1.13)

Therefore, Eq. (1.1) to (1.13) shows that the nature of the trapping potential affects both the
temperature and the fraction of the condensed part of the trapped atoms. Another important
point to note is that since the BEC wave-function is the same as the ground state wave-
function of the trapping potential, it is thus different for different trapping potentials. The
coherence length of the BEC also changes with the trapping potentiall®’],

All these calculations suppose an ideal non-interacting gas of atoms. However, real
gasses do interact and the onset of the critical temperature, the number of atoms in the
ground state, the chemical potential and the shape of the ground state wave-function, all are
affected by these interactions. The interactions can be taken into account by the use of the
non-linear Schrodinger’s equation which is also called the Gross-Pitaevskii (GP) equation.
These interactions are very important and are utilized by the various experimental schemes
used for the realization of condensation temperatures.

1.3.2 Radius and shape of the BEC

One particular use of the GP equation is the calculation of the ground state wave-
function in the presence of interactions. The GP equation incorporates the interactions in
the form of an extra term proportional to the square modulus of the wave-function v,

making the Schrodinger’s equation non-linear
—HK2
(ﬁV2+V(T)+g|¢|2>¢ = w (1.14)

2
where g = % is called the scattering strength and a is called the s-wave scattering length.

Because the temperature is very low, the kinetic energy term of the condensed atoms wave-
7
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function can be dropped (this is called the Thomas-Fermi approximation) thus reducing the
Eq. (1.14) to
(V) + gll/J|2)l/J = (1.15)

or
iz B=V()
n(r) = [Y|° = g (1.16)
From Eq. (1.16), we can see that the density will drop to zero at V (r) = u (in other words,
the BEC boundary does not exist beyond the region when the trapping potential reaches the
chemical potential). Putting this value of the potential in Eg. (1.1) gives the Thomas-Fermi
radius of the condensed cloud of atoms (or the size of the harmonic oscillator ground state

wave-function in the case of a harmonic oscillator type potential)

R2 = 2H

;= mw?; (1.17)

where j=X, Y, z are the Cartesian axis. The solution of Eq. (1.16) for the harmonic oscillator

potential (using Eq. 1.17) gives a parabolic (inverted parabola) type of density distribution

xZ yZ Z2
— 2 1-— — —

(1.18)

This (Eq. 1.18) type of density distribution is usually realized in the dipole trapping
potentials that at lower depths can be approximated to the harmonic potential. The shapes
of the BECs in such traps are indeed elongated in one direction while shortened in the other
two directions because the harmonic oscillator type potentials in the optical dipole traps are

tighter in one direction and loser in the others.

In the following chapter, various setups and stages of cooling of the atomic gas of
87RDb are discussed that we (and most of the ultra-cold atom labs around the world) use to
arrive to the degenerate temperatures. Here, a theoretical briefing is presented to the cooling

process of atoms involving light.
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1.4 Forces on an atom in a radiation field

The starting point for the cooling of the 8’Rb atoms is its cooling by laser light, therefore,
it is important to understand the interaction of atoms with light. In the electric dipole picture
of the atom, the interaction of atoms in a light field of electric field amplitude E is
represented by the interaction between the electric field of the light and the induced electron

dipole moment e.r and the resulting interaction energy is H = —er. E. The gradient of this
energy is the radiation force experienced by the atom F,,; = — (Z_Z>' To properly quantify

the induced atomic dipole moment (between the ground state g and excited state e of the

two level atom) and its dependence on the frequency of the applied radiation field, the Rabi
frequency is a useful parameter, which is defined by Q = _—ZE(€|7”|9>- Using this in the

definition of the radiation force, we arrive at the equation for the radiation force on the

atomst®®]

., . )

Fraa =1 (Epeg + 7 Peg (1.19)

where p, 4 is the quantum coherence between the two states of the atom introduced by the

applied light field and is given by!®]
Q

2T, 8)a+s) (1.20)

where T', § and s are respectively the linewidth of the atomic transition from g to e, the
detuning of the applied laser field from the same atomic transition and the saturation

Peg =

20?2
parameter which is defined by s = - /F/Z Putting Eq. (1.20) in Eqg. (1.19) and using the

2 .
L.

rotating wave approximation (and a lot of algebra) results in the radiation force relationship
that can further be separated into two parts i.e.

Fraq = Faip + F.

A (1.21)
where the first term of the force called the dipole force, is proportional to the gradient of the
laser intensity | and is given byl7%-72]

I
_hS v(/;)

Fdip = -5 2
2 1+ I/Is + 46 /FZ (1.22)

9
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and the second term, called the scattering force, which is proportional to the intensity I of
the light, is given by
ATk Y

S

) 2
2 1 + I/Is + 46 /FZ (1.23)

Fscar =

where the saturation intensity is defined by I, = whc/3t1,> (I; = 3.58 mW/cm? for 8Rb
for the D2 line transition), and the relation between the laser intensity and the electric field
€oCE?

-

amplitude of the laser beam is given by I = Both kinds of forces are exploited during

different steps of the sequence in the experimental setup used for the achievement of BEC
in the ultra-cold atomic physics labs.

The scattering force is dominant when the laser light detuning from the given atomic
transition is not large and is used to cool and trap the atoms during the magneto-optical
trapping stage of the cooling process. The scattering force resulting from the absorption of
photons is responsible for stripping away the energetically moving atoms from their kinetic
energy during. The dipole force term is dominant when the laser detuning is very large and
is utilized in the optical dipole trapping stage of the cooling process and also in the sub-
Doppler cooling of atoms and in the trapping of atoms in the optical lattices.

1.4.1 Absorption of radiation by moving atoms

The relativistic effect on the position of resonance frequency of the atoms is called the
Doppler shift. Doppler shift 6idop is velocity dependent and thus the amount of shift in the
transition frequency is directly proportional to the velocity “v” of the atom (§ idop =4§+
kv). Since the atoms at room temperature have a large range of velocities, the absorption
spectrum of a given sample of atoms also show up as a broadened one, centered at the
resonance frequency. The broadening is sometimes several hundreds of times that of the
natural linewidth of the given transition. The lasers used in the atomic physics labs are
usually frequency locked and thus can only excite a small portion of these room temperature
atoms and the remaining atoms remain transparent to the laser light due to the low linewidth
of the locked lasers.

If an atom is moving along the +z-axis and we shine two counter-propagating laser
beams along the same axis, then the scattering force of Eq. (1.23) experienced by the atom

from each laser beam will be different due to its motion direction. Suppose the force from

10
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the beam travelling opposite to the atomic motion is F, and from the beam traveling along

the atom is F_, then we can write the total scattering force as

= = k1 1 _ 1
Fscat—F++F—— 2 /Is

1+1/IS+<2650P/F>2 1+1/IS+<265027/F>2 (1.24)

By choosing a proper detuning, this force (Eq. (1.24)) can be made negative which

means that the atom can be slowed down in the z-direction. Applying three pairs of
orthogonal beams, the atom can be cooled in all the directions, a scheme used in the optical
molasses step of the laser cooling process. In terms of photon absorption-emission kicks
received by the atom, Eq. (1.24) shows that the kicks received by the atom can be restricted
in a particular direction only and the other direction kicks can be suppressed with the help
of a proper choice of laser detuning. This property of controlled directional absorption is
used in the trapping of the atoms in the magneto-optical traps that we will discuss in the

next chapter.

1.5 Thesis distribution

The thesis are arranged as follows. The second chapter introduces various
experimental setups and terminologies that are related to the experimental production of the
BEC. Chapter 3 discusses the simulation of an N-type system in the BEC and presents the
absorption imaging/trap loss technique to retrieve the absorption spectrum of the coherent
system. Chapter 4 presents the observation more than 40 of the weakly bound excited state
molecular states of 8’Rb, (dimer). The comparison of the spectra recorded with Bragg
scattering and absorption imaging is also discussed in view of the amount of noise and the
sources of noise in each spectra. Chapter 5 discusses the superradiance lattice and the
temporal phase development study of a lattice using the superradiance emission from the
superradiance lattice. The temporal phase delay between the dominant superradiance states
of the superradiance lattice band is also discussed. The “appendix A” lists the important

circuits’ sketches that are used in the experimental setup.

11
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Chapter 2: Experimental setup

In this chapter | will discuss briefly the processes and systems employed to arrive at the
Bose-Einstein condensate. Although there are many similar (but not the same) systems used
all around the world in different groups (for example see Ref.[!), but here | will keep the
discussion very specific to the systems and sequences used in those system that are used in
our lab. This chapter will hopefully serve as a starting point for future non-Chines students

intending to join our lab as a Master/PhD student.

2.1 Saturation Absorption Spectroscopy

The starting point of the cooling of the atomic gas is the atomic magneto-optical trap
(MQOT). The MOT uses a magnetic field gradient and stable laser frequencies to trap and
cool the gas initially. To accurately address the narrow energy levels of atoms, the tunable
diode lasers (TOPTICA DL 100 and DL 100 Pro) are frequency stabilized using saturation
absorption spectroscopy (SAS) technique. The basic physics behind the SAS is discussed
by many books? and the various optical components to realize this technique is shown in
Fig. 2.1. In this technique, the laser frequency is stabilized using a reference atomic
transition. The vapor cell containing 8’Rb (and ®°Rb) atoms (in Fig. 2.1) provides this
reference. A weak probe laser beam and a strong pump laser beam are passed counter-
propagating to each other in the cell and only the atoms in resonance with both of the laser
beams will contribute to the SAS locking signal. The strong pump beam will deplete these
atoms from the ground state and thus this will show up as peaks in the weak probe laser
beam intensity which is monitored by the detector. This detector signal is then fed to the
locking electronics which locks the laser frequency to a given transition. Since the atoms
have a broad Doppler absorption profile, the pump and probe beams are counter-propagated
so that only the non-broadened linewidth of the same set of atoms is addressed by each
beam. In SAS setups where the acousto-optic modulators (AOMs) are not used, the peaks
in the probe beam transmission intensity only occur for atoms at rest or moving
perpendicularly to both of the beams. However in atomic physics experiments, the offset
frequency locking of the laser is most of the times needed, and this is done using AOM in

the path of the strong pump beam. This kind of SAS is called the modulation transfer
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spectroscopy as the modulation needed for the operation of the lock-in detection (to generate
the error signal for the PID) is done via the AOM and not via the laser directly. The AOM

shifts the frequency of the strong pump beam while the weak probe laser beam frequency is
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Figure 2.1. The SAS setup where (a) shows the single pass configuration and (b) shows the double pass
configuration. Fl: Faraday Isolator, L2: Half-wave plate, L4: Quarter-wave plate, PBS: Polarizing beam
splitter, HRM: High reflection mirror, AOM: Acousto-optic modulator, PID: Proportional-Integral-
Differential circuit, B: Beam blocker, Cell: Vapor cell containing the 8Rb atoms. The offset frequency

locking is always equal to half of the frequency shift introduced by the AOM in the SAS setup.

not shifted. Now, the weak probe and strong pump laser beams will be simultaneously in
resonance with those atoms having a Doppler shifted energy level equal to half the
frequency shift introduced by the AOM. These atoms will be moving away or towards one
beam and in the opposite direction to the other beam depending on the mode of the AOM
used (+1 or -1 diffraction mode of the AOM being used). In the same manner, the frequency
of the laser is offset locked depending on the sign of the mode of the AOM and the frequency
of the AOM. The Doppler width of the atomic sample used in the SAS and the frequency
tuning range of the AOM limits the amount of offset locking frequency to which the laser

can be locked. Fig. 2.1(a) shows the single pass SAS and 2.1(b) shows the double pass SAS
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scheme depending on how many times the pumping beam is shifted by the AOM. The
detector takes the signal to a lock-in amplifier (acting as a phase-sensitive detector) which
then (with the help of a proportional—-integral-derivative (PID) circuit) locks the frequency

of the laser by modulating its current and its cavity length (via a piezo-actuator mounted
grating).

The AOM is driven by a radio-frequency (RF) circuit (homemade using the Mini
Circuits POS and PAS ICs) and is further modulated by the Lock-in amplifier (using an
adder circuit given in Appendix A) for phase sensitive detection of the weak probe signal.
The back reflections from the multiple optical components are stopped by the Faraday
Isolator thus keeping the laser cavity stable against any competition of the modes from the

reflected light.
2.2 Magneto-Optical Trap (MOT)

The fact that photons carry a linear momentum of p = hk, (where k is the wave-vector
of the traveling laser field) incites the thought of momentum conservation in light-matter
interaction. In other words, the photon does transfer this momentum to the atom during each
absorption-emission cycle and the atomic momentum changes by the amount of absorption-
emission cycles and also on the direction of the absorbed and emitted photon. Since the
direction of the absorption photon is in our control (as we can control the direction of the
incident laser photons) while the emission process is totally random, we can transfer
momentum to the atom during the absorption process in a single specific directiont®l. This
way, the kinetic energy of the atom can be reduced in that particular direction by a large
number of absorption cycles as the random emission process would result in zero net
momentum transfer to the atom. But to achieve these large number of absorption-emission
cycles on the same atom, the atom must be held in the path of the incident laser beam. This
is done in an experimental setup called the three dimensional magneto-optical trap (3D
MOT) whose schematic is shown in Fig. 2.2. The 3D MOT is a hybrid trap as it consists of
three pairs of orthogonal beams and a magnetic field distribution such that the field at the

center region, where the three pairs of beams intersect, is zero. As the frequency of the
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trapping laser is fixed at a certain detuning, after a certain absorption-emission cycles, the
atomic motion will be reduced so much that the atoms will be now out of resonance of the

applied laser field due to the Doppler shift. Thus, the atoms will no longer be cooled by the

laser beams. This is called the Doppler limit!*! of the atomic temperature Ty, = ;TF (¢'Rb
B

has a Doppler limited temperature of 146 |K) where T is the natural linewidth of the D2
line of the 8’Rb atom and kj is the Boltzmann constant. The magnetic field of the 3D MOT
can overcome this problem (up to some extent) by tuning the energy levels (by Zeeman
shifting them) and thus the atoms can undergo more absorption-emission cycles. The sub-
Doppler cooling mechanisms also help cool the atoms below the Doppler limitll, The
magnetic field also provides the necessary restoring force together with the radiation force

from the six laser beams to hold the atoms in the center of the MOT.

The 3D MOT is realized by applying six red detuned counter-propagating beams along
the three orthogonal directions to each other at the center of an ultra-high vacuum (UHV)
cell in the presence of a quadrupole magnetic field. The vacuum in the 3D MOT cell is
maintained at less than 101° Pa with the help of an ion pump (150 liters 4UHV ion pump
by Agilent Technologies). The coils producing the magnetic field gradient are biased in the
anti-Helmholtz configuration and thus the magnetic field at the center of the two coils is
zero while increases linearly when we go away from the center!®l. Each of the coil is made
by 8 x 22 turns of a 1 mm thin copper wire (wound in circles of 7.5 cm radius). The cell
center is coincided with that of the zero of the magnetic field and the intersection point of
the six MOT beams as shown in Fig. 2.2. The magnetic field serves to tune the atomic
absorption levels using the Zeeman shift in such a way that the atoms at the center of the
cell receive lesser kicks compared to the ones away from the center for a certain detuning
of the laser. The polarization of the six beams is made circular using quarter wave-plates.
All of the horizontal beams have o™ polarization when seen moving towards the cell and
the vertical beams are ¢~ —polarized when seen moving towards the cell. However, for an
atom moving along one beam (for example along one of the o *-polarized beam), it will see
the opposite direction beam as oppositely polarized (o ~—polarized). This is why the atom

will be only in resonance with the beam moving against its direction of motion and the other
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beam (along its motion direction) will be red shifted due to the Doppler and the Zeeman
shift. Therefore, the atoms feel a restoring force towards the center of the cell and are trapped
there for as long as the magnetic and optical fields are ONI. This configuration of o*/ ¢~
polarization in the horizontal/vertical beams is due to the directions of the magnetic field
lines with respect to the two (vertical/horizontal) directionst®. The position dependent
Zeeman shifted detuning of the laser beams from the atomic transition can be written as
8% yor = 8 F k.v £ ax, where the first term is the laser detuning from the absolute (non-
shifted) atomic transition, the second term is the Doppler broadening due to motion of the

atom and the third term is the position dependent Zeeman shift.

Figure 2.2. The schematic of a 3D MOT configuration. Six (cooling or trapping+repumping) laser beams
along the three orthogonal directions oppose the motion of atoms inside the ultra-high vacuum (UHV)
cell placed at the center of the two current carrying coils (shown as Coil up and Coil down in Fig. 2.3).
The hole in the cell connecting the 3D MOT side to the 2D MOT side by the differential pressure tube
tis not shown.

Putting this value of the detuning in Eq. (1.24), the scattering force on the atom in the MOT
becomes,
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Fscat(x,v) = Fy + F.
_ hl'k

(2.1)

1+ (1) + (COorf)

which, on simplification becomes
4k 1/ 25/
( IS) ( F) s (kv + ax) = —Bv —kx

] [1+ (%) + (%) ] (22)

with k = aff/k. EQ. (2.2) thus shows that the force on the atoms is dependent on the

Focar(x,v)

velocity and position of the atoms and also depends on the intensity of the six beams and it
acts to damp the atomic motion. This force is strong enough to capture the atoms coming
from the 2D MOT (and from the background vapor) in the atomic beam but as long as their
velocity is smaller than the capture velocity of the MOT, which is calculated from this force.
The loading rate of the MOT is highly dependent on the power (and detuning) of the six
laser beams and also on the density of the background vapor pressure (or the atom pumping
rate from the 2D MOT to the 3D MOT).

The magnetic field gradient in the MOT stage in our setup is 4 G/cm which is
generated by running 0.8 A of current through the MOT coils (at 2.8 V). The coils are water
cooled by bathing them in flowing water at 15 °C. A Delta Elektronika (SM70-45D) power
supply is used to drive the two coils with the help of a computer controlled switch. The
sketch of this switching circuit for the current flowing in the MOT/Feshbach coils is shown
in Fig. 2.3. This kind of switch helps utilize the same pair of coils for the dual purpose of
MOT/Magnetic quadrupole trap and for Feshbach magnetic field and eliminates the need
for using a pair of separate coils for the generation of magnetic field for the Feshbach
resonances (this setup is also used for **K BEC production where we need the Feshbach

field, which I will not discuss in this thesis). Each switch S1-4 in the circuit of Fig. 2.3 is a
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set of three parallel IGBT modules (APT50GR120JD30 by Microsemi) which can withstand
higher currents during the Magnetic quadrupole trapping and Feshbach stages of
experiments. The biasing circuit for controlling these IGBTS is listed in Appendix A. The
power supply is programmed via an RS232 connection from the Control PC analog output.
The Control PC analog output channel is isolated from the high voltage Delta Elektronika
(SM70-45D) power supply by passing the programming voltage via an isolator circuit first
and then feeding it to the power supply programming port through the RS232 connector.
The circuit for the Isolator is also listed in the Appendix A.

The laser light for the six cooling MOT beams is derived from a Toptica DL 100
laser operating at 780 nm. The setup for the optical beams and the frequency shifting scheme
for the BEC preparation process is given in Appendix A. The cooling laser is locked from
the F=2 to F =3 hyperfine level of the D2 line as shown in Fig. 2.4. This energy scheme
for the cooling laser is suitable for cooling the atoms as this is a cyclic transition and the
atom will always de-excite to the F=2 level due to the restriction of selection rules (AF =
0, 1), stopping it to decay to the F=1 level. However, the atoms in the MOT will still
decay to the F=1 hyperfine level due to hyperfine changing collisions with other atoms
(inelastic collisions) and thus another laser called the repump laser (we use MOG
laboratories model ECD-003) must be used (although at much lower power) to excite the
atoms back to the F"=2 level. From here, the selection rules allow the atoms to decay back
to the F=1, 2 states and thus the cyclic cooling transition process is not depleted for atoms
in the F=2 level. The repump laser is also frequency stabilized by the SAS method. The
cooling laser frequency in the 3D MOT beams is detuned by -16.8 MHz from the F=2 to
F™=3 transition with the help of the AOMs shown in the optical setup of Fig. A.6 in
Appendix A. The repump laser frequency at the 3D MOT stage is detuned by -0.45 MHz
from the F=1 to F"=2 transition, which is almost at resonance.

The frequencies of both the cooling and the repump lasers are not constant during
different stages of the experiment and thus these laser beams are actively frequency shifted
using AOMs (called the shift AOMSs). The AOM driving circuits (the frequency component
of the POS-PAS circuits) are controlled from the analog channels box of the Control PC

without the use of isolator circuit in between as the POS-PAS does not operate at high
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voltages. Similarly, the amplitudes of these lasers are not constant throughout the
experiment and thus in the same way we control the amplitude of the AOM RF input from
the amplitude component of the AOM driving circuits (POS-PAS circuits) via the analog
channel of the Control PC.
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Figure 2.3. The MOT/Feshbach dual switch used to control the current through the MOT/Feshbach coils
shown as Coil up and Coil down in this sketch. S1-S4: Each switch S is a set of 3 IGBT modules in
parallel controlled by a single ON/OFF control signal, VDC: The Delta Elektronika power supply, VD1-
3: High power threaded Phase Control Silicone Thyristor SCR Rectifiers (ZP-200A, 1600 V by Beijing
Chunshu Rectifier CO., LTD) (all of are of the same value), RV1-3: V251DB40 Varistors (by Littelfuse,
Inc.), (all the Varistors are of the same value). When switches S1 and S3 are ON and S2 and S4 are OFF,
the coils produces MOT/Magnetic quadrupole field and when the switches S2 and S4 are ON and S1 and
S3 are OFF then the resulting magnetic field between the coils is uniform and is used for Feshbach

resonance experiments. The circuit switching the IGBT switches is given in Appendix A.

The POS-PAS circuit and the analog channels box are listed in the appendix A. The AOMs
also work as fast switches but to fully block all the laser light, we also use mechanical
shutters in combination with the AOMs. The shutters are controlled from the digital channel

box of the Control PC and work at 24 V DC and thus an amplifier circuit is needed to lift
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up the digital channel output of 3.2 VV DC to 24 V DC. The circuits of the digital channel

box of the Control PC and the amplifier circuit for the 24 VV DC are listed in appendix A.
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Figure 2.4. The D2 line energy level diagram of 8Rb atom showing the MOT cooling (trapping) and

MOT repump laser locking frequencies/locking schemes.

As discussed above, the 3D MOT is loaded from a 2D MOT which is a beam of atoms
confined by orthogonal beams in two directions (passing several time through the cell) and
allowed in one direction to move towards the 3D MOT through the differential pressure
tube as shown in Fig. 2.5. The 8’Rb atoms enter the 2D MOT cell from the 8’Rb oven heated
continuously at 45 °C via flowing current through a heat tape wrapped around the oven (the
oven is a metallic cylinder housing the 8’Rb ampule). Two push beams along the atomic
beam help the atoms to enter the 3D MOT from the 2D MOT. The push beams are
respectively, a red detuned beam (-10.2MHz at 4 mW) and a blue detuned beam (+15 MHz

at 1 mW) from the F=2 to F =3 transition.
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Figure 2.5. The experimental setup for the realization of BEC showing various components. The six
MOT beams are shown in the left corner of the Fig. together with the MOT/Feshbach coils and the UHV
cell. The 150 L ion pump empties into the 3D MOT side of the vacuum chamber and the 40 L ion pump
empties into the 2D MOT side of the chamber while the two sides are connected by the differential
pressure tube. The atomic beam in the 2D MOT cell is shown without the MOT beams. The 8Rb source
is shown. Since our system is also capable of producing **K BEC, the *°K source is also visible. The push

beam is shown on the right side of the setup entering the 2D MOT from the window.

The power of the cooling laser is not enough for the two MOTSs, so, around 22 mW
of the laser output is sent into a Toptica BOOSTA semiconductor laser amplifier which
amplifies it to around 500 mW. The repump laser power is enough for both of the MOTSs
and around 26 mW of the repump laser power is divided into two parts and each part is sent
into the two MOTSs. The 500 mW cooling laser power is also divided into two parts and
each part is sent to the respective MOTs. The 3D MOT part is sent via 6 optical fibers
together with the repump power of the 3D MOT. The power (cooling and repump) in the

four horizontal 3D MOT beams is two times that of the two vertical beams.
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The two MOTs are kept at low pressure by the Agilent Starcell ion pumps (150 L/s
for the 3D side and 40 L/s for the 2D side, each controlled by the Agilent 4 UHV ion pump
controller) as shown in Fig. 2.5. For further accurate observation of the vacuum, two Agilent
XGS-600 Vacuum Gauge Controllers actively monitor the degree of vacuum with the help
of vacuum gauges (one for 3D MOT and one for 2D MOT). Three pairs of rectangular
shaped coils (called the earth coils) are also used the in Helmholtz configuration around the
3D MOT for the cancellation of any stray magnetic fields (earth field or the magnetic fields
from other components in the lab). These coils also serve for providing the necessary
quantization field during optical pumping and also during the state transfer using micro-
wave (from F=2 to F=1). The 2D MOT coils are powered by the non-programmable GW
Instek GPS-x303 Series power supplies (each pair of coil powered by one power supply,
switching is done by IGBTSs) while the earth coils are powered by the RS232 programmable
Delta Elektronika ES 030-10 power supplies and its switching is done with the help of the
same IGBT switching modules mentioned above. All the coils, except the earth field coils,
are water cooled so that their performance stays the same throughout the whole experimental

procedure.
2.3 Compressed MOT and optical molasses

The MOT beams are arranged in such a fashion that it can reduce the temperature of
the atoms to less than the Doppler limit by the sub-Doppler cooling mechanism (Sisyphus
cooling) but the high power requirements of the MOT limits this temperature due to light
recoil and light assisted inelastic collisions. However, we still can achieve sub-Doppler
temperatures in the MOT%. Using low power beams would reduce the initial trapped atoms
number and therefore, the optical molasses cooling using low laser power and largely
detuned frequency is performed after the initial trapping in the MOTI231 The details about
the physics behind the sub-Doppler cooling can be found in Ref.'** which lists the
availability of the Zeeman levels and the polarization gradient potentials experienced by
these Zeeman levels during the optical molasses cooling procedure. The dipole forces
experienced by these Zeeman levels act on the atoms and the atoms feel retarding potentials

while moving through these polarization gradient molasses made by the counter-
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propagating circularly polarized MOT beams. Excitation at the maxima of the potentials
and de-excitation at the minima of potentials results in the Sisyphus cooling (sub-Doppler
cooling) of the atoms.

The MOT only collects and pre-cool the atoms but the various procedures following
the MOT aims only at cooling the atoms. First the atoms after the MOT stage are
compressed by increasing the magnetic field gradient using the MOT coils to 22 G/cm. This
stage is called the compressed MOT (CMOT) stage and it lasts for 150 ms. During this stage,
the repump power is kept the same but the cooling laser power is reduced to just 10% of its
value during the MOT stage. The repump laser detuning is changed to -20.5 MHz from its
transition shown in Fig. 2.4, and the cooling laser detuning at this level is -22.5 MHz.

After this, the optical molasses step follows in which the magnetic field of the
quadrupole coils is turned OFF abruptly and the cooling beam and repump beam detunings
are respectively changed to -38 MHz and -32 MHz while their intensities are increased to
the 3D MOT level. The molasses step lasts for 6.7 ms and the largely detuned laser beams
reduces the light assisted losses while the increased intensity provides the necessary
potential depth for the Sisyphus cooling excitation de-excitation mechanisms. Theoretically,

this molasses step should reduce the temperature of the atoms to the single photon recoil

_ (hk)?

energy limit kgT,.. = e where T, is the recoil temperature of the atom.

However, practically the temperature achieved after the molasses is several tens of the recoil
temperature due to multiple recoil energy transfers between the atoms and the cooling laser
photons due to the higher power requirements of the Sisyphus cooling technique. The
theoretical value of T, for 8Rb is 180 nK which is very near to the critical temperature.
Therefore, the optical molasses just falls short of achieving the BEC temperatures and we
use the evaporation in the magnetic trap to further cool the atoms in the absence of the
cooling laser. The molasses can cool but can’t trap the atoms and thus its duration is kept
short to avoid any loss of atoms (especially due to gravity as the kinetic energy of the atoms

after molasses is so low that it would take them around 30 s to travel 1 cm of distance[®).
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2.4 Optical pumping and evaporation in optically plugged magnetic trap

The magnetic quadrupole trap evaporation of the atoms takes advantage of the re-
thermalization of the atoms with each other and then letting escape of the hottest ones so
that the remaining atoms gets cooled. Previously, the hottest atoms were forcefully
evaporated by reducing the magnetic trap depth[**-2 but we (just like other groups around
the world) use the RF evaporation technique by sweeping the frequency of an RF field, to
pump only the hottest atoms to the un-trappable states while keeping the magnetic trap depth
the same, thus they escape out of the trap taking energy from the sample and resulting in
cooling of the atomic samplel??. The magnetic quadrupole trapping field is provided by the
same coils used for the MOT field by increasing the current flowing in it. But before that,
all the atoms must be transferred to the low field seeking state |F = 2, my = 2), a process
called optical pumping. This is because the low field seeking states will get collected in the
center of the magnetic quadrupole trap as the magnetic field strength in the center is
minimum. It is impossible to create a magnetic field maximum in free space, so trapping
the high field seeking atomic states is not possible*8l. The magnetic force experienced by an
atom is the gradient of the magnetic potential energy the atoms have U = —u. B in the
magnetic field B, where u is the magnetic moment of the atom and is given by u = uggrmpg,
which means it is dependent on the magnetic spin state of the atom!?]. The sign of the force
depends on the value of the landég-factor g and the spin quantum number mg. The atoms
in the |F = 2, m; = 2) state experience the greatest repulsive force and are repulsed to the
center of the trap while atoms in high field seeking states (states for which the sign of g
and mg is not the same) will be attracted towards the higher field direction (high field
seeking) and are thus lost from the magnetic quadrupole trap.

The optical pumping is performed by using a o *-polarized cooling laser light (called
the pumping light) which excites atoms through the Am; = +1 transition and resulting in
the depletion of atoms from all the other m, states as they will get excited to the
|F = 2, mp = 2) state after several excitation de-excitation cycles. A weak repump light
also helps in the optical pumping process to keep the atoms from leaving the cyclic transition.
The cooling laser beam is shifted 24 MHz above the cooling transition F=2 to F=3

transition while the repump light is detuned by 36 MHz from the F=1 to F™=2 transition.
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Initially, the repump beam is turned ON and 0.5 ms later the cooling is turned ON for 1.1
ms and then the repump beam is turned OFF 0.1 ms after the cooling beam. This completes
the optical pumping process and now the atoms are in the stretched state |F = 2, my = 2).
There is a weak (2 Gauss) uniform magnetic field present along the vertical direction

(provided by the earth coils) for providing quantization axis for the optical pumping process.

Now, the magnetic quadrupole trap is ramped up to 26.5 G/cm by increasing the
current in the coils and it is held at this field strength for 10 ms after which it is again ramped
up to 62 G/cm in 200 ms and held stable at this field for 50 ms. Finally, the magnetic trap
is compressed to 74 G/cm in 300 ms. After this step, a 20 W blue detuned laser (working at
532 nm as an optical plug to avoid Majorona losses of the atoms?* 2°) is turned ON at full
power focused (30 pm 1/e? radius) at the center of the magnetic quadrupole trap. The green
laser works on the principle of repulsive dipole force as the 532 nm wavelength is blue
detuned for the 8’Rb atoms in the 5S state. The magnetic trap potential is modified by the
addition of this blue detuned laser as now the potential minimum is not equal to zero but is
equal to the repulsive dipole potential. This magnetic trap is now called the optically
plugged magnetic quadrupole trap and its behavior near the center is similar to that of a
harmonic potential while away from the center it is linear. To achieve a stable magnetic
field, the Delta Elektronika power supply for the MOT coils is programmed from both its
voltage and its current programming pins (via the RS232 connector) as at high magnetic
fields the large current in the coils heats the coils, thus increasing the resistance which
reduces the current and thus the magnetic field. The constant current operation mode ensures
that the voltage of the power supply varies automatically to maintain a stable current and
hence a stable magnetic field. A stable field is also necessary for the optimal radio-frequency
(RF) evaporation cooling process as the Zeeman shift introduced by the large magnetic field

of the magnetic trap requires proper tuning of the RF frequency.

The RF frequency source is the Keysight 33250A function/arbitrary waveform
generator which is programmed from the Control computer via a GPIB programming port.
The RF frequency ramp is programmed from the Control PC and is sent via this GPIB port
to the Keysight 33250A as shown in Fig. 2.6. The RF signal is amplified by the Mini Circuits
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amplifier (from 13 dBm input) and is sent to the loop antenna which is of the same size as
the internal diameter of MOT/Feshbach coils and sits inside the coils just above the cell. To
tune the impedance of the antenna to the desired frequency, a 50 ohm resistor is used for
optimal power delivery to the cell. The Mini Circuits switch is also controlled from the
digital channel box connected to the Control PC and it turns ON and OFF the RF radiation

irradiated on the atoms.

The RF sweep starts from 26 MHz frequency and is swept to 10 MHz in 6.2 s and again to
2.5 MHz in 5 s and is then turned OFF after 1 ms. The hottest atoms in the magnetic trap
stays in the higher magnetic field (B-field) region and thus their energy levels are shifted
more by the Zeeman splitting. Also, we must first remove the atoms whose temperature is
higher than the average temperature otherwise cooling will not occur (if cold atoms are
removed first, the average temperature will increase). Therefore, the hottest atoms resonant
with 26 MHz frequency are removed first by exciting them to non-trappable states (to
|F = 2,my = —1,—-2) etc). As the atoms get cooled due to this RF evaporation, the
frequency of the RF is lowered in a linear way and thus the least hot atoms gets removed in
the end as they lie in the lower magnetic field regions and thus have smaller Zeeman energy
shifts. The evaporation process is slower compared to the laser cooling during the MOT and
the optical molasses processes as the atoms being cooled need to thermalize with each other
and transfer heat/kinetic energy to the atoms being evaporated. The atoms transferred to
|F = 2,my = 0) state are not affected by the magnetic field (neither trapped nor repulsed)
and the gravitational force of the earth will make them fall down and thus only the atoms in
the |F = 2, my = 2) state are cooled and left at the end of the RF evaporation cooling.
These atoms in the|F = 2, m; = 0) state can stay together with the cold atoms in micro-
gravity experiments and have been found to be the reason of the tri-modal distribution
achieved at the end of the BEC preparation sequence at the international space station
(1SS)1261,

It is worth mentioning that the hotter 8Rb atoms can also be forcibly evaporated using

33



Excitation spectrum and coherent phenomena in 87Rb Bose-Einstein condensates
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Figure 2.6. The RF evaporation setup and the frequency sweep sequence. (a) The GPIB programming
port sends the RF frequency sweep and the trigger initiates the frequency ramp. The Mini Circuits switch
turns ON and OFF the RF signal while the amplifier enhances the signal amplitude before sending it to
the loop antenna. (b) The quadrupole magnetic trap holding the atoms according to their temperature.
The hot atoms occupy the higher B-field region of the trap and thus their energy levels are more Zeeman
shifted and thus requires higher frequency while the colder atoms are trapped in the lower field regions

and thus have low Zeeman shift and needs lower RF frequency for evaporation.

microwave (MW) radiation resonant with the |F = 2) to |F = 1) transition (at around 6.8
GHz) by transferring the atoms to un-trappable sublevels in the |F = 1) state. When we use
our setup for the production of the dual species BECs of 3K and 8’Rb, we do not want to
lose the hard to cool and trap 3°K atoms during the magnetic trap evaporation process and
therefore, the 8’Rb atoms are evaporated by MW radiation (which is resonant with the 8’Rb
only) and thus the *°K atoms are cooled sympathetically. In this thesis however, we will
keep our focus on the 8’Rb BEC only.

During the whole RF evaporation process, the magnetic gradient of the optically
plugged quadrupole trap is held constant at 74 G/cm. At the end of the RF evaporative
cooling stage, we have a cold sample of 4.7 x 107 8’Rb atoms at 45 |K temperature in the
|F = 2, mp = 2) state. The atoms can be cooled further in the magnetic quadrupole trap but

it requires lowering the trap strength which will lead to extensive loss from the trap due to
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gravitational pull on the atoms and also due to the increased Majorona losses. The use of
loffe-Pritchard quadrupole trap configuration can circumvent these issues but they also limit
the optical access to the prepared BEC sample and also is a slower method compared to the

optical dipole trap evaporation.

2.5 Evaporation in Dipole trap

The dipole force on atoms in an electromagnetic field calculated in chapter 1 shows
that the larger the detuning of the laser, the larger will be the force. This force is utilized to
hold cold atoms in what is called an optical dipole trap (ODT)™. Prior to the use of the
dipole trap for the creation of BEC, the magnetic traps of different kinds were used but as
stated above, their complex structures limited the optical access to the BEC and also have
stability issues. The dipole trap overcome these issues effectively. The atoms already cooled
in the magnetic trap are transferred to the ODT made by the intersection of two 1064 nm
laser beams, derived from the same laser with an optical output power of 20 W. There is a
small fraction of 532 nm light present in our 1064 nm laser which is removed by using a
45° high reflection mirror (M1 in Fig. 2.7) for the 532 nm light while allowing the 1064 nm
light to pass on. The two laser beams have a frequency difference of 10 MHz to avoid static
fringes at the position of the intersection. The moving fringes due to the beating frequency
at 10 MHz are too fast to be noticed by the very cold atomic sample. The frequency
difference of 10 MHz is introduced by passing both of the beams through AOMs (which
also acts as fast switches and amplitude/power regulators). Although the atoms can be all
optically cooled to the BEC stage using different schemes (avoiding the slow magnetic trap
RF evaporation step) but the number of atoms cooled to BEC temperatures are limited to
several to a few tens of thousands!?®32], So far, large condensates (containing more than a
million atoms in the condensed state) have been only realized using the magnetic trap
RF/MW evaporation process for cooling, prior to the ODT evaporation.

To realize the BEC in the ODT, the atoms are first transferred/loaded into the ODT
from the magnetic trap. The loading of the atoms into the ODT is done by increasing the
power of the two beams linearly from 0 to 3 W (in each beam) in 500 ms while

simultaneously reducing the strength of the optically plugged magnetic quadrupole trap
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from 74 to 7 G/cm. During the transfer of atoms from one trap to the other, the background
magnetic field value is effectively cancelled with the help of the three pairs of earth coils.
The intersection point of the ODT beams is chosen such that maximum number of atoms
can be loaded from the magnetic quadrupole trap. After this, the green laser is turned OFF
and the magnetic trap depth is once again increased to 36 G/cm during 500 ms of time while
holding the same power in the ODT laser beams. Then, the magnetic quadrupole trap depth
is linearly (but very quickly) reduced to O (in just 10 ms) and the atoms are held tight in the
dipole trap only thus completing the ODT loading sequence. The temperature of the atoms
does not change during this loading process but the efficiency of transfer from the magnetic
quadrupole trap to the ODT is just 17 % and thus around 8.2 million atoms are transferred
to the dipole trap. Starting with a sample of large number of atoms is beneficial for further
evaporative cooling in the ODT as a large sample does not require fine tuning of the
evaporation procedure.

After the transfer, the ODT depth is reduced in linear ramps with the help of
feedback of the ODT laser beam power through a feedback circuit and the two AOMs[3 341,
The ODT beam paths and feedback schematic is shown in Fig. 2.7 while the feedback circuit
is given in appendix A. The ODT depth is programmed and monitored by the Control PC
via the feedback circuit which is actively programmed from the analog output channels box
of the Control PC as shown by the Prog. 1 (for AOM1) and Prog. 2 (for AOMZ2) signals in
Fig 2.7. The Prog. 1 and Prog. 2 are actually voltage values forming a variable ramp function
in time. The Feedback circuit compares the detected light power at the two detectors FD1
and FD2 (and later amplified by amplifiers) with the two programming signals Prog. 1 and
Prog. 2, and then accordingly adjusts the output signals amplitudes that are fed to the AOM1
and AOM2 RF drivers (shown as POS-PAS in Fig. 2.7) respectively. This way the RF
driver’s output amplitude is changed and thus the AOMs act as power/trap depth controllers.
In the magnetic trap evaporation process, the feedback circuit is already present in the Delta
Electronika power supply and therefore we do not need add an extra feedback circuit for the
magnetic field regulation (however, a magnetic hall sensor is used to monitor the current

variation through the coils as a function of time).
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Amp POS-PAS
On/Off

Figure 2.7. The ODT laser beams setup and feedback schematic. M1: 45° high reflection mirror for 532
nm and transmission mirror for 1064 nm used to filter the laser light. L: Focusing lens. Fl: Faraday
isolator. M: 459 high reflection mirror for 1064 nm laser. PBS: Polarizing beam splitter. HWP: Half
wave-plate. DL: Diverging lens. AOM1&2: Acousto-optic modulators. D: Beam dump. QWP: Quarter
wave-plate. F: Fiber input/output lens. FD1&2: Feedback detectors for beam 1 and 2. Prog. 1&2:
programming ramp signals from the Control computer for the ODT beams. POS-PAS: AOM driver (only
the amplitude is being controlled while the frequencies of AOM 1 and 2 are respectively fixed at 80 MHz
and 90 MHz in the same -1 order diffraction). S: Mini Circuits switch. ON/OFF: Digital ON/OFF signal
from the Control computer. Amp: Mini Circuits RF amplifier.

The ramp down begins by first reducing the power of the two beams to 2.6 W (each)
during 30 ms of linear ramp. Then, another ramp of 100 ms brings the power in both beams
down to 1.6 W. Then two linear ramps lasting for 200 ms and 50 ms brings down the dipole
trapping beams strengths to 0.7 W and 0.35 W respectively. Now the ODT laser power is
held at this depth for 200 ms and the evaporation of hot atoms during all these ramps leaves
a pure BEC of 8’Rb atoms with more than 500 thousand atoms. At slightly deeper depths of
the trap, slightly hotter atoms can also stay inside the trap and a bimodal character can be
seen as shown in Fig. 2.8. The atoms prepared in the |2,2) state can now be exposed to any

experimental lasers/fields inside the dipole trap or after the dipole trap is turned OFF.
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(b1) (b2) (b3)
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Figure 2.8. The absorption images and the fitting to the optical density of the 8Rb atoms. (al) The
absorption image of hotter atoms slightly above the critical temperature and the single fit (b1) to the
measured optical density. (a2) The absorption image showing the onset of the BEC at the critical
temperature and the (b2) bi-modal fit to the measured optical density. (a3) The absorption image of

almost pure BEC and (b3) the theoretical bi-modal fit to the measured optical density.

2.6 Transfer to |1, 1) state

Sometimes we need the BEC in the lower hyperfine |1,1) state. The BEC prepared
in the |2,2) state can be transferred using the MW radiation in the presence of a quantization
field of 2 G. The duration of the MW radiation is 100 ms and is chosen so that no heating
of the BEC occurs. The MW radiation frequency is near the hyperfine splitting of 6.834
GHz (slightly shifted due to the Zeeman shift from the quantization field) while the
linewidth is kept at around 0.1 MHz. After the MW transfer of the atoms to the |1,1) state,
any remaining atoms in the |2,2) state are removed by a 1 ms flash of the resonant
absorption imaging probe light (resonant between the |F = 2) state and |F' = 3) state).
This states transfer is performed inside the last ODT (most shallow depth) evaporation step

(after the BEC has been realized) and after this the atoms are ready for experiment. It is
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worth mentioning that the transfer of atoms from the |2,2) state to the |1,1) state are
electron dipole forbidden but magnetic dipole allowed (which has a low probability and thus
needs more power)],

The MW frequency is provided by the Keysight E8257D PSG Analog Signal
Generator which is programmed from the Control PC using a GPIB port. A +13 dBm signal
is amplified by a KUNHE electronic (KU PA 640720-10A) amplifier after passing via an
ON/OFF switch (model F9114A by General Microwave). The amplified MW signal is
passed through a coaxial isolator (H13-1FFF, Aerotek) for protection of the amplifier from
any reflected signal, before being fed into the waveguide antenna (Hengda Microwave HD-

7OWCAS) which is put just a few cm away from the 3D MOT cell.

2.7 Imaging the BEC

Suppose we shine a resonant probe light beam of intensity | (with a Gaussian profile
in the xy-plane) on an atomic sample of density n and thickness dq, the Beer-Lambert law

suggests a change dl in the intensity of light detected by a charge coupled device (CCD)

camera (or any other detector) after passing through the atomic sample, to be 2—; = —onl,

where o is the scattering rate. This equation can be solved numerically by detecting the
intensity of the probe light with (1) and without (I,) the atoms with the CCD camera to get
the optical density (OD) of the sample as™? 0D = —In(I/1,). This optical density is then
later used by an image processing software to calculate the number of atoms in the sample
and also calculate the temperature of the atoms from the size of the sample by applying

fitting of both thermal and Bose-Einstein statistics to the images!*2l.

Experimentally, after the BEC is ready (in either of the two ground hyperfine states), it
is then exposed to any desired experimental field whether optical or magnetic or both. But
to know the number of atoms and the temperature of the sample of atoms, we probe the
BEC by the absorption imaging technique by taking its pictures with a camera and a probe
light. The BEC inthe |F = 2, m; = 2) state is imaged using a probe light beam of parallel
waist (~2 cm dia) that is incident from the vertical direction on the BEC and is resonant

between the |F = 2) state and |F’ = 3) state. The imaging system consists of two imaging
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lenses and a CCD, all put under the MOT cell. The BEC is first released from the dipole
trap and is left to expand ballistically for 30 ms so that most of its momentum components
expand enough to be resolved. Then the probe light is turned ON using an AOM for a short
time (several |s) and at the same time the CCD camera is triggered to take the absorption
picture. Part of the probe light is absorbed by the BEC and thus the BEC cast a shadow on
the CCD screen. The atoms in the BEC become heated due to the resonant light absorption
and thus evaporates after the absorption. Then the probe light is again flashed and the CCD
camera records the intensity of the probe light only. Then, when all the lights are OFF, the
CDD again takes a picture of the background and then sends all these pictures to a data
acquisition computer (running as a slave computer of the Control PC) for processing. This
data acquiring computer is connected with the Control PC by TCP/IP and in addition to
saving the acquired images of the BEC, it also saves the experimental parameters inserted
in the Control software of the Control PC for these images. The Vision software process
these three pictures received from the CCD and the necessary data (time of flight TOF)
received from the control PC and retrieve the optical density (OD) profile of the BEC (using
Beer-Lambert law), which is then subjected to several polyline fits to extract the number of
atoms and the temperature of the atoms along x- and y-directions. The absorption imaging
is a destructive process and the BEC is evaporated after the strong absorption during the
imaging. However, there are some techniques which uses highly detuned light (dispersive
imaging) for probing a single sample of BEC several times without increasing its

temperature or destroying its other wavelike propertiest6l.

To perform absorption imaging on the atom transferred to the |F = 1, my = 1) state,
these atoms are first transferred back to the |F = 2, m; = 2) state using a repump light flash
of 1 ms which optically pumps the atoms from the lower hyperfine state to the upper one
and then the same imaging probe is used to take its picture just like in the above mentioned

paragraph.

The absorption imaging uses resonance light and thus only samples of small optical
densities (OD less than 4) can gives precise results as higher OD samples would need largely

detuned probe light and the larger atomic density of such a sample would then result in a
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diffraction of the probe thus giving false density distribution profile and false resultst®"].
However, the 30 ms of free expansion allows the density of the BEC sample to reduce so
that now the OD is less than the above mentioned limit and thus the results given by the
vision software fitting routines are quit precise (prior to the expansion the OD is larger than

a few 100s).

The absorption imaging can also be performed for measuring the number of atoms
left in the BEC after it is exposed to any other experimental lasers after its preparation, as
discussed in the next two chapters. In other experiments, the absorption imaging is not
needed and the experimental data can be recorded using other techniques e.g. the scattering

from the BEC in a lattice which is also discussed in the coming chapters.
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Chapter 3: Study of an N-Type atomic level system in a Bose-

Einstein condensate

3.1 Introduction

The coherent manipulation of matter using light has attracted enormous interest from the
scientific community in the previous several decades, especially after the invention of lasers.
The goal of these efforts is to control the absorptive and dispersive properties of the matter
using different theoretical and experimental schemes. The general approach of every
scheme involves the application of one or more high power lasers to the matter to change
its dielectric properties, and then using a weak probe laser to test the material absorption
and dispersion properties. Just like the different manipulation methods used in such schemes,
the detection or probing methods also vary depending on the frequency and time scale
requirements of the property under study. We will be using the absorption imaging
technique to recover the information of the system under study. Fig. 3.1 presents some of
the mostly used schemes that are employed to modify and probe the material dispersive and
absorptive properties on the atomic level. These are just a few schemes and even more
complicated schemes have been realized using combinations of such schemes. These
systems or schemes not only help in the understanding and testing of the fundamental
concepts of quantum mechanics but are also used in many applications. The literature
written on the coherent manipulation and control of atomic media is very huge but for self-
consistency, some popular applications with references are provided here. The most popular
use of such schemes was in the electromagnetically induced transparency (EIT)™ 2 through
which the atomic media was made transparent to a weak probe laser at the resonant
absorption frequency of that medium by changing its absorptive properties. Soon after, this
and several other schemes were employed to change the dispersive properties of the medial®
as well and phenomena like superluminal and subluminal light through the medial* ®! were
proposed. Other interesting work include coherent non-linear optics using low light
intensities(®®l, light storage in an atomic vapor under coherent dressing!®, lasing without

inversion['® 11 electromagnetically induced absorption (EIA)[*%11  coherent population
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trapping (CPT)'Y, amplification without inversionl”l, photonic band gaps™*® and many
more[%-321_ Although most of the work of coherent control of atomic media is done in atomic
vapors at room temperature or higher temperatures, we use a BEC to observe the coherent
control of the absorptive properties of 8’Rb atoms dressed by two strong fields and probed
by a weak laser field. Most of the work presented in this chapter is also published in our

2019 papert® that is part of my PhD work.
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Figure 3.1. Various atomic energy schemes used for the coherent manipulation of the material properties.
(@) A two-level system dressed by a powerful coupling laser and probed by a weak probe laser. (b) A
three-level cascade-type energy scheme. (c) A three-level lambda-type energy scheme. (d) A three-level
V-type energy scheme. (e) A four-level inverted N-type energy scheme. Even higher-level schemes have
been realized from the combination of these schemes. Qc, Qd and Q, are the Rabi frequencies of the
coupling, driving and probe lasers respectively. A is the detuning (red or blue) of the probe laser from
the respective level. The coupling and driving lasers are supposed to be resonant with their respective

levels.
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3.2 Realization of an N-Type System in 8’Rb

We simulate a four level N-type system in the 8’Rb atom in a BEC. The 8’Rb BEC is
first prepared in a crossed beams dipole trap as discussed in Chapter 2. All the atoms in the
BEC are in the |F=2, mr=2> state. The BEC is then subjected to the coupling, driving and
probe lasers simultaneously to realize the N-type system, as shown in Fig. 3.2. The probe
and coupling lasers are the Toptica DL 100 lasers operating at the D1 line (~795 nm), while

the driving and imaging lasers are the Toptica DL Pro lasers operating at the D2 line (~780

nm) of the 8'Rb.
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Figure 3.2. The Experimental setup for the N-type system. (a) The four-level energy scheme. The probe
laser scans the |1>(F=2) (5°S1,2) to the |3>(F'=1) (5%P1.2) at wp, coupling laser connects the |2>(F=1)
(5°S12) tothe |3>(F'=1) (5°P1s) at wc and the driving laser couples the |2>(F=1) (5%S1.,) to the |4>(F'=2)
(52P312) at wq. The imaging laser is locked between the F=2 (52S1;) to the F'=3 (5°Ps3y) transition. (b)
The laser locking and optical setup. PBS-Polarization beam splitter, SAS-saturation absorption

spectroscopy, HRM-high reflectivity mirror, HWP-half wave plate, L-lens, OPLL-optical phase loop

lock, CCD-CCD camera.
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The coupling laser, driving laser and the imaging laser (used to count atoms after the N-type
system is simulated in the BEC), all are independently locked to the transitions shown in
Fig. 3.2 using the saturation absorption spectroscopy (SAS) while the probe laser is phase
locked to the coupling laser using the optical phase lock loop system (OPLL)E* 351 and its

frequency is controlled using a local oscillator.

3.3 Hamiltonian of the N-Type System

The extremely low temperature of the BEC makes it an ideal platform for the
spectroscopy of the N-type system. Before the experimental results, the theoretical model
for the N-type of system is developed in this section. As we can see from Fig. 2.2(b), the
state [1> is connected to state |3> by the probe laser operating at the tunable frequency wy.
State |1> has all the atomic population at time t=0. Similarly, the coupling laser couples
states |2> and |3> operating at frequency w¢ and the driving laser drives the transition
between states |2> and |4> operating at frequency wq. All of these lasers interact via the
dipole interaction with the atom. The coupling and driving lasers are used at stronger
intensity compared to the probe laser. The total Hamiltonian of the system is given by

H=H,+ H, (3.1)
where Ho is the Hamiltonian of the bare atom in the absence of all the laser fields and H; is
the Hamiltonian term resulting from the interaction of the atom and the three laser fields of
Fig. 3.2(2). This eq. (3.1) is the general form of the Hamiltonian. Many texts have discussed
how to derive the explicit form of similar Hamiltonians™**: 31,

We know from the completeness relation for this four-level system that

[T+ 12)0€2] + [3)(3] + |4)(4] = Z(Ia)(al) =1 (3.2)

Using this Eq. (2.2), the first term in Eq. (2.1) can be written as

H, = (Zﬂa)(al)) Hy (Zuaan) =) hwa(la)aD (33)
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where w, are the eigenfrequencies of the levels |a). Due to the orthogonality condition
(a|Hy|b) = 84, = 0 for a # b, the off-diagonal terms vanish and only the diagonal terms
survive in Eq. (3.3).

For the interaction term in Eq. (3.1), we consider the interaction energy of the atom
in the laser field as that of a dipole (the atomic dipole approximation) interacting with the
electric component of the laser field. Considering first, for the coupling laser, the atom

experiences an energy given by

A
H, = pa3.E.(1,t) (34)

here p,5 is the atomic dipole of the atom interacting with the applied coupling laser field

E.(r,t). The laser field is explicitly given by

E.(x,t) = g.cos(kx — w,t) (3.5)

here ¢, is the amplitude of the coupling laser field, while we have assumed that the atomic
dipole and the applied laser field polarization vectors are aligned and that the coupling laser
field is traveling in the x-direction. The atomic dipole p,3; has a smaller spatial extent than
the total atomic radii (which itself is of the order of atomic Angstrom units 10° m), which
is orders of magnitude smaller than the wavelength of the applied laser field (which is in the
optical region of the electromagnetic spectrum). Thus, the kx = 0 is a valid approximation
and it is called the slowly varying field approximation (SVEA). After the SVEA, the

electric component of the laser field given in Eq. (3.5) becomes

E.(x,t) = g.cos(wt) (3.6)

It should be also noted that since the other laser frequencies (probe and driving) are
far enough from this transition between the states |3) and |2) that their presence cannot be
felt by this induced atomic dipole moment p,5, hence their electric field amplitudes are
ignored in Eq. (3.4) (mathematically, |w,3 — w.| K |w,3 — wg4| aNd |wy3 — W, | K |wo3 —

wp]). The same rule holds for calculating the other induced atomic dipole moments.
Putting Eq. (3.6) into Eq. (3.4) then gives
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H, = p23SCCOS(th) (3'7)

Now if we use the completeness relation of Eq. (3.2), we can re-write Eq. (3.6) in

the atomic basis as

He = (Z(man) H, (2(|a><a|)) (38)

Expanding the product and putting Eq. (3.7) and (3.2) gives

He = (111 + [2)(2] + [3X3] + [4){4Dp2seccos(w ) (|1(1] + [2)(2]

(3.9)
+ [3)(3] + [4)4])

Since the atomic dipole p,; = —ery3, Where e is the electronic charge and r,5 is the extent
of the dipole between the states |3) and |2). Using this definition of the dipole, Eqg. (3.9)

takes the form

He = —egccos(wct) (|11 + [2)(2] + [3X3] + [4){4 D723 (|11

(3.10)
+ 12)2] + [3)(3] + [4)(4])

In Eq. (3.10), only the product of the states involved in the transition connected by the
coupling laser i.e. |3) and |2) will survive and the other terms will be neglected since the
coupling laser is far detuned from the other transitions, and also parity conservation must

not be violated™. Therefore, we get
He = —eeccos(wct)[12)(2|r2313)(3] + [3)(3]r23]2)(2]]
or
(3.11)

H, = —ee, cos(w:t)({2|ry3 |3)|2)(3| + H.C.)

or

H, = —egccos(wct)(2]ry3|3)|2)(3] — egccos(wt)(3r23]2)I3)(2] 3.12)

50



Chapter 3: Study of an N-Type atomic level system in a Bose-Einstein condensate

where H. C. is the Hermitian conjugate of the first term in Eq. (3.12). We can simplify the

above equation by defining the Rabi frequency of the coupling laser as

‘QC — e£c<2llr23|3) (313)

Therefore, Eq. (3.12) takes the form

H, = —h cos(wgt) (Q|2)(3| + H.C.) (3.14)
It is also useful to write the cosine function in the form of exponentials as
1 . .
cos(w,t) = > (eiwct 4 giwct) (3.15)
Now we can write Eg. (3.14) as
h, . .
H, = — = (et 4 eloct)(Q |2)3| + H.C.) (3.16)

2

Similar procedure can be followed for the probe and the driving lasers respectively to get

their respective interaction Hamiltonian parts e.g.
h —iwpt iwpt 3.17
Hp=—§(e Pt 4+ e'pt)(Q, 13| + H.C.) (3.17)

. | (3.18)
H, = —E(e“wdt +e'“at)(Qq]2)(4] + H.C.)

Combining Eqg. (3.16), (3.17) and (3.18) to get the interaction part of the Hamiltonian as
Hy=H.+H,+ Hy

or
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h . .
HI — _E(e—lwct + elwct)(QC|2>(3| +H. C-)

— g (e7t@rt 4+ e'pt)(Q,|1)(3| + H.C.) (3.19)

h, 6 . .
-3 (e~iwat + elwat)(Q4|2)(4| + H.C.)
We can now use a simple trick and neglect all the e 't terms, which is called the rotating
wave approximation (RWA) in the quantum optics literature. But to justify the usage of the
RWA, we first transform our interaction Hamiltonian (Eq. (3.19)) to a rotating frame by the

application of the unitary transformation operator as follows

H/' = UH,U" (3.20)

where U = et and H, is the bare atom Hamiltonian. The Hamiltonian H," achieved from

Eq. (3.20) is called the interaction picture Hamiltonian, is given below

H' = _g(e—i(wc—wn)t + ei(“’c+‘*’23)t)(ﬂcl2)(3|)

hoo .
-3 (e i@p=01)t 4 piloptordt)(q |1)(3]) (3.21)

_h (eTi@amw2at 4 pll@at@20))(Q,|2)(4]) + H.C
2

Now, the RWA advocates that the exponentials with positive arguments results in
oscillations at time scales that are very fast compared to the slowly oscillating parts
described by the negative arguments in the exponentials, so, these rapidly oscillating terms
can be safely dropped out without even showing any violation of conservation laws when
measured at time scales defined by the slowly oscillating terms. Therefore, Eq. (3.21) after
the RWA takes the form

le — _g(e—i(wc—wzg,)t)(ﬂclz)(gl) _ Z (e_i(wp_w13)t)(ﬂp|1)(3|) —

2 (emi(@am@20t) (| 2)(4]) + H.C

or
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hQ, . hQ, . O, .
HY' = == e et |2)(3] - —2 et |1)(3] - L e~bar|2)(a (3.22)

+H.C

where A.= w, — w,3, Apy= w, — wq3 and Ag= wy — w,, are the detuning of the laser
beams from their respective transitions. This Eq. (3.22) is called the Interaction picture
Hamiltonian after RWA and SVEA for our N-type system. We can now transform back to

the Schrdlinger picture Hamiltonian by reversing the transformation of Eq. (3.20) to get

H, = =12 miwet|2)(3] — 2 emiopt|1)(3] — L eivat 2)(4] + H.C  (3.23)

Now, Eq. (3.1) becomes (after substituting Eq. (3.3) and Eq. (3.23))

4
hQ . hQ .
=) hag(la)a) — = Ee et |2)(3] - e ert| 1))
a=1 (3.24)

hQ,
—T“e—lwdt|2)<4| +H.C

This is the total Hamiltonian for our N-type system under study. Here, the first term in Eq.
(3.24) is the bare atom Hamiltonian (when no laser light is shining on the atoms) and the
remaining terms correspond to the interaction of the three lasers with the 8’Rb atom. This
Hamiltonian can now be used to calculate the equations of motion for the population of

various atomic states as a function of the probe frequency.
3.3.1 Equations of motion for the system density matrix

The density matrix method is used when we have an ensemble of systems. We can
calculate the dynamics of the total system from the equations of motion of the various
components of the density matrix. For our N-type system the density matrix is given by the

following matrix

P11 P12 P13
p =P21 P22 P23 (3.25)
P31 P32 P33
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The equivalent to the Schrodinger’s equation of motion for the components of the density
matrix elements is called the von Neumann equation (including the decay terms added

phenomenologically), and is given byt

. i 1
Py = =7 1 (HiPrj = pixcHi) = 5 Zik=1(TiPrej + pircTi) (3.26)
n 2

where T is the decay operator defined as (m|l'|n) = VinOmn, ¥mn are the decay rate
constants of the population from level |m) to a lower level |n), and the Hamiltonian matrix

elements H,,,,, = (m|H]|n) for our four-level N-type system are given below

[ 20)1 0 _Qpe—%wpt 0 | -I (327)
a0 20,  —OeT0t —Qge vt
Zl_ﬂpeﬂ'wpt _ch+iwct 2(1)3 0 J
0 —Q etiwat 0 20,

Similarly, we can also calculate the matrix elements I;; from (m|['|n) = ¥pnpmy. The time
dependence in the components of the Hamiltonian (3.27) can be removed by transforming
the Hamiltonian to a rotating frame to simplify the mathematical operations at this stage, or
can be later transformed when solving for the steady state solutions of the density matrix

components.

Now we can use Eq. (3.26) to calculate the 16 equations of motion for the density
matrix components using Eq. (3.27). For the sake of demonstration (and due to our interest

in this particular term), we calculate just one of the 16 equations of motion. e.g.

. i
P31 = —ﬁ(H31P11 — p31H11 + H32021 — p32Hz1 + Hizpsi — p3sHsy

1 3.28
+ H3ap41 — p3aHar) — 5 (T31p11 + p31T11 + 32021 (3.28)

+ p32l21 + T33031 + P33031 + T34041 + P34141)

using the H;; component values from Eq. (3.27) and the fact that I;; = 0 V i # j, we get
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. [ h +iw,t +iwt
Ps1=—% X E(_Qpe P'p11 — P31201 — Qe 0Py — 0+ 2w3p3q

. 1 3.29
+ p33Qeti@rt +0—0) — 5(0 + p31711+ 040 (3.29)
+ Y33031 +0+0+4+0)
which simplifies to
_ 7 Q . Q .
P31 = —1L (_ 7pe+wpt,011 — W1P31 — 7Ce+lwctP21 + w3P31
(3.30)

QO ,
+ P33 7pe+lwpt) —¥Y31P31

. + - - .
where we have defined the coherence decay rate y3; = ™-2. In a similar fashion, we can

calculate all the p;, and then we can simultaneously solve them for any one of theml7, The
probe absorption properties in the N-type system can be deducted from the steady state

solution of the p3;.

3.3.2 Solution to the equations of motion

To get the steady state solution, we do the assumptions that the populations of all
the p;; in the beginning are zero except that of p,, i.e. all the atoms are initially in the F=2
state. Also, we assume that the y;, is very small compared to the other decay rates and all
the Rabi frequencies (the condition that y,, should be small is very well met by the
dephasing/decoherence rate between the F=2 state and F=1 state of the 8Rb D1 line). Then,

in the weak probe approximation, we get a solution for the coherence
_ "QP(V’21VI41 — “de)
(y’31(y’21y’41 - “de) - y'41_(22c)

herey',, = —ivar + (8p — Ac), ¥4y = Bp — i¥31, V', = Bp — Ao + Ag — vy, are the effective decay

P31 (3.31)

rates of the respective coherences and A,= w,; — w,, Ac= wy3 — w¢, and Ay= w,, — w, are the
detuning.

The absorption spectrum of the probe laser in our N-type system can be obtained by
plotting the imaginary part of Eq. (3.31) while its real part gives us the dispersion properties

(refractive index, group velocity etc.) of the medium as seen by the probe laser (the
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electronic polarizability seen by the probe laser y depends linearly on p5; so the shape of
the spectrum for both y and ps; is, to within a multiplicative constant, the samel*!l). The
characteristic EIA-like three absorption peaks and their positions can be predicted by the
same equation. It is important to mention that if we put 2, = 0 (turn OFF the driving laser),

the N-type system reduces to a lambda-type system and an EIT like shape is recovered.
3.4 Dressed state picture of the N-type System

To see the N-type system’s behavior in the weak probe regime, we can assume that the
probe laser strength 2,, -0 which will effectively decouple the state |1) from the rest of the
system and the 4x4 matrix given by Eq. (3.27) will reduce to a 3x3 matrix (Eq. (3.24) will
also change in the new frame, for example seel*®), and the new system will have three Eigen
values resulting in three Eigen vectors, which are called the dressed states of the N-type
system in the weak probe framel®”- %], These dressed states, after the solution of the matrix,

are given by the following equations
(—04]3) + 02.]4))
1Bo) =

0, o, (3.32b)
Q/mf +04%) 4/(@2 +04%)

B = —| 12y + 13) +

V2

|4>\
J

and

— Bt Y—

1 1
— | =2y +—
V2 V2 Q2+ 045 /(n +nd) (3.32¢)

Now if the probe field becomes non-zero (2, # 0), the probe will connect the

1B2) =

ground state |1) with these three dressed states formed by the coupling and driving lasers
and we will have absorption whenever the probe frequency matches the separation of these
states from the ground state |1). Three absorption peaks (or transmission dips) are expected

from our N-type system as dictated by Eq. (3.32) and (3.31). The energy difference between
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these three dressed states is of /QCZ + 0, provided both the coupling and driving lasers
are tuned to the resonance frequencies of their respective transitions.

In Fig. (3.3) the theoretical and experimental spectra are shown for both the N-type
and the lambda-type systems. It is clear that how the introduction of the driving laser into
the system changes the transparency window of the EIT and the probe beam is absorbed
now at this transparency position. The N-type system has a spectrum similar to the EIA at
the center but the coherent phenomena responsible for EIA are not limited to our N-type
system, as EIA can be also induced by the use of different polarization fields to drive
transitions from degenerate magnetic sublevels of the same hyperfine state without the use

of an extra hyperfine statel®*® %1, Particularly, in Ref.1*%l, the sublevels of just three hyperfine
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Figure 3.3. Theoretical and experimental spectra of the a-type and N-type. a(1) and a(3) represent the
theoretical and experimental results of the a-type system. a(2) and a(4) respectively represent the
theoretical and experimental results in the case of our N-type system . The introduction of the driving
laser changes the EIT into an EIA-like spectrum. The powers are: coupling and driving lasers in both a(3)
are P, =400 uW,P; = 0uW and a(4) are P, = 400 uW, P, = 200 uW while in both cases B, =

25 uW. Both a(1) and a(2) are plotted from the imaginary part of Eq. (2.31) with 2, = 0 in a(1).

states are used to construct many N-type systems which result in EIA which is quite different

from our N-type system involving four hyperfine states. EIA is observed in four level
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systems inside two degenerate states that are open, or even more than two states but the
basic physics behind the EIA in such systems is the transfer of population or transfer of
coherencel®® 4441 Our N-type system however, is a closed system. Apart from the
controversy about the nomenclature, the experimental features agree fairly well with the
theoretical results of Eq. (3.31) and that is what really is important. The suppression of the
transparency windows by the driving laser can be used for all optical switching of the
resonance frequency or three frequencies simultaneously. The dips are broadened due to the
use of high laser powers in all of the three lasers although the probe laser is 8 times weaker
than the coupling and driving lasers. The positions of these three dips can be changed easily
by tuning the power and the detuning of the coupling and driving lasers, as discussed in the
following sections. This tunability makes this system a potential candidate for a variable

frequency optical switch.

3.5 Experimental procedure

The experimental setup is displayed in Fig. 3.2. The BEC is prepared in a crossed beam
optical dipole trap with a Thomas-Fermi radius of 20 um and all the 1x108 atoms are in the
|1) = |F = 2, mp = 2) state. Right after when the BEC is ready, the three experimental
lasers (coupling, driving and probe) are turned for 10 uS simultaneously. Both the coupling
and driving beams have a 1/e? radius of around 280 um while the probe beam has a 600
um radius at the position of the BEC. The larger size of the probe beam further makes it
weaker so that the weak probe regime is satisfied. The spectrum of the N-type system (Fig.
3.3(a(4))) is recorded by preparing a new BEC sample each time and exposing it to the three
experimental lasers simultaneously, while every time changing the frequency of the probe
laser. After exposure to the three lasers, the atomic cloud is imaged after waiting for 30 ms
to get a better resolvable atomic cloud. The imaging laser is locked between the
|F = 2,mp = 2)and |F' = 3) of the D2 line and the images are taken by a CCD camera
and then processed by a software to measure the number of atoms remaining in the cloud.
The probe laser will be strongly absorbed at the three dressed states frequency positions
while it will be less absorbed at other frequencies. The strong absorption leads to the heating

of the BEC and the more atoms will escape the atomic cloud during the 30 ms ballistic
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expansion interval. Therefore, lesser atoms will be left for the imaging system to detect and
thus we get the three dips in Fig. 3.3 (a(4)). A weak absorption will not affect the BEC
temperature too much and hence the remaining number of atoms will be almost the same as
that of the BEC when it was before exposure to the three experimental beams. Each spectral
point in Fig. 3.3(a(4)) is recorded one time only as the experiment is for the demonstration
of the proof of concept of the observation of an N-type system using absorption imaging
technique and not for sensitive metrological point of view. The laser powers are controlled
using AOMs which are driven by stable function generators (not by the homemade RF

driver circuits) and the power are very stable during the 10 uS exposure time. Therefore,
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Figure 3.4. The number of atoms during consecutive experimental runs plotted together with the mean
of all the data shows the amount of fluctuations in each freshly prepared sample of BEC during the
recording of our data. This is the number of atoms in the BEC in the |F = 2, my = 2) state after a 30 ms
of ballistic expansion and is not exposed to any experimental beams.

the biggest noise source in the experiment is the fluctuation of the number of atoms in each
fresh sample of BEC prepared for the recording of a new spectral point/*l. However, the
atoms number fluctuation is not big enough to hide any important features of the N-type

system using absorption imaging. The atom number fluctuation during 15 consecutive runs

is shown in Fig. 3.4 together with the mean of the total points.
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3.6 Further properties of the N-type system

As discussed earlier, the shape of the experimental absorption spectrum resembles
fairly well with the theoretical model of Eq. (3.31). The laser power, detuning and
polarizations are some parameters that give us freedom to test the system further by tuning
them. Here we present the spectra of the system when some of these parameters are tuned
individually while keeping the other parameters constant, and give the theoretical
explanation of the observed spectra. Some of the shortcomings of our theoretical model are
also pointed out and possible solutions to the unexplained behaviors are mentioned. Fig. 3.5
shows the spectra when the detuning of the coupling and driving lasers are changed. The
detuning of both the driving and coupling lasers were changed using the AOMs and the
frequency of the probe laser was controlled by the local oscillator of the OPLL system. Both
the coupling and driving laser beams pass through different AOMS but are combined in a
single mode fiber (SMF) before the BEC cell to get a high degree of collinearity (although
it is not very important in the case of BEC as there is practically no Doppler broadening and
the magnetic field is minimal so no big Zeeman splitting is possible).

All the three dips shift in the same direction for increasing detuning of the coupling
laser. The same happens for the case of driving laser but in opposite direction to that of the
coupling laser. This behavior is also predicted by the theoretical model of Eq. (3.31) and
can also be explained from the dressed state picture of the N-type system (of Eq. (3.32)) as
the mixing strengths of the atomic energy levels are controlled by the Rabi frequencies of
these lasers which are affected by the amount of detuning.

Similar shifting is observed when we changed the powers of the two lasers one by one
as shown in Fig. 3.6. But now, the shifting is in the same direction in the frequency domain
for both the lasers. Again, the theoretical model presented above can reproduce the
experimentally observed results due to the increase of power (AC stark shift).

However, the dip towards the blue side shifts more when we increase the detuning (Fig.
3.5a(3)) or power (Fig. 3.6a(4), b(4)) and this asymmetric shifting cannot be explained from
our theoretical models of Eq. (3.31 and 3.32).
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Figure 3.5. The remaining atom number in the |F = 2, my = 2) state in the BEC against the probe
detuning at fixed but different detuning of the coupling and driving fields. From a(1)-a(3) the figures
show the effect of driving laser detuning on the three dips while from figures b(1)- b(3) the effect of the
coupling laser detuning on the dips is shown. a(1) A,.= 0,A;= +10MHz. a(2) A,= 0,A;= —10 MHz.
a(3) A.=0,Ay=—20MHz. b(1l) A,=+10 MHz, Ay4= 0. b(2) A,= —10 MHz,A4=0. b(3) A=
—20 MHz,Az= 0. Probe laser power is P, = 25 uWW and the coupling and driving laser powers are P, =

400 uW, P; = 200 uWW respectively. The solid curves in the plots serve as guides to the eye.
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Figure 3.6. The remaining atom number in the |F = 2, mp = 2) state in the BEC against the probe
detuning at various powers of the coupling and driving fields. Figures a(1)-a(4) show the effect of
changing the driving laser power when the coupling laser was at constant power. Similarly, figures b(1)-
b(4) show the effect of changing coupling laser power when the driving laser was at constant power. a(1)
P. = 400 uW, P; = 100 uW.a(2) P. = 400 uW, P; = 200 uW. a(3) P. = 400 uW, P; = 400 uW. a(4)
P. =400 uW,P; = 800 uW . b(1) P. = 100 uW, P; = 400 uW. b(2) P. = 200 uW, P, = 400 uWw.
b(3) P. = 600 uW, P, = 400 uW. b(4) P, = 800 uW, Py = 400 uW, P, = 25 uW, and A= 0,A,= 0.

The solid curves in the plots serve as guides to the eye.
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The reason for this is that as we increase the power or detuning and when the blue side dip
is shifting away from the central dip, the uncoupled excited hyperfine level (F'=2 of the D1
line) is also mixed with the N-type system and it is this extra level which put its weight in
and causes asymmetric shifting!®"). The existence of some photo-association dips on both
the red and blue sides of the atomic resonance can also affect the observed shapes, as will
be discussed in the next chapter.

Some other interesting phenomena are presented in Fig. 3.7. The EIA-like absorption
effect can even survive for driving powers of as low as 10 uW when the coupling laser
power is 400 uW. This means that a small power of 10 uW (distributed over a beam size of
~200 pum) of resonant driving laser is enough to suppress the transparency window of a A-
type system as shown in Fig. 2.7a(1). However, when a largely detuned (+220 MHz of
detuning from the respective transition) driving laser is used, using even a high power
(200 uw) of the same laser cannot suppress the transparency window and the N-type system
behaves as a A-type system as can be seen in Fig. 3.7a(2). This behavior of the N-type system
acting as a a-type system for larger driving laser detuning can also be simulated from the
theoretical model of Eq. (3.31). This behavior of the conversion of N-type system to a A-
type system is also reported in a previous study in Ref.[*®l. As discussed earlier, there is a
small magnetic field present (along the vertical direction) during the exposure of the BEC
to the experimental beams. This magnetic field provides a quantization direction for the
transitions involved. The probe laser polarization makes a small angle of around 10° with
the vertical thus n-transition is the most favored transition and a small number of 6* and ¢~
-transitions are also allowed. But as the BEC is prepared in the stretched state of
|F = 2,mp = 2), the major part of the probe laser power is useless as only o -transitions
are allowed in our N-type system. By rotating the polarization of the probe laser by 50° in
the lab frame, more power is now available for the o™-transitions and the effective probe
power increases. The coupling and driving lasers are vertically polarized and only allow =-
transitions. So, a rotated polarization of the probe beam would cause increased effective
probe laser power and there will be strong absorptions and power broadening in the system.
Fig. 3.8a(1) represents such a case and very prominent power broadening is observed at the

central dip.
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When the coupling and driving lasers polarizations were also rotated by 20°, transitions
other than the =m-transitions can also now take part, and the N-type system becomes a
complex of subsystems. The total effect, as is clear from Fig. 3.8a(2), is the reduction of the

effective coupling and driving laser power. The theoretical model for this situation however,
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Figure 3.7. The behavior of the spectrum of our N-type system against a(1) very small driving power
while at resonance and a(2) large detuning and large power. The coupling laser power in a(1) is P, =
400 uW while the driving laser power is P; = 10 uW. Both the coupling and driving lasers are tuned to
the resonance of their respective driving transitions. In a(2), P, = 400 uW and is at resonance to its
respective transition while P; = 200 uW and A= +220MHz. Probe laser power in both of these

figures is the same as in all of the above.
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Figure 3.8. Effect of the probe, coupling and driving laser polarizations on the N-type system. a(1) The
spectrum when the probe laser beam polarization makes an angle of 50° with the vertical (with the
magnetic field direction) while coupling and driving lasers are polarized along the vertical direction. a(2)
when the probe polarization is same as a(1) but the coupling and driving laser polarizations are also now

making an angle of 20° with the vertical.

is not presented here but one can see from the figure that the two dips comes closer to the
central dip and such a behavior is equivalent to the reduction of the coupling and/or driving

laser power.

3.7 Summary and conclusions

Our study is very important in the theoretical and experimental realization of coherent
as well as spectroscopic schemes involving 8Rb condensates. Although slower in data
acquisition to the ones using a free running probe laser and using hot atomic vapors, the use

of BEC for the studies of such coherent systems have the merits of a thermally ideal
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environment and a more controllable platform. The observed findings can be used in any
future experimental schemes of optical switching and tuning of the dispersion properties of
the medium involving such N-type or EIT schemes. Examples of such schemes may include
optical lattices, phase control of optical signals, optical gating for quantum communication
and quantum computing and so on. Our experiments also suggest that the use of absorption
imaging technique can be employed when studying the coherent properties inside the Bose-
condensed state of matter as such systems are optically dense and transmission spectroscopy
in such systems will need high power probe beams for further detection which are against
the requirements set on the probe laser power. Furthermore, the complete description of the
polarization effects on the N-type system spectra also calls for more inclusive theoretical

formulations in these types of coherent systems.
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Chapter 4: Photoassociation of the 8Rb BEC near the D1 line
threshold

This chapter of the thesis is based on my work, part of which is published in Phys. Rev.
A (Photoassociation spectroscopy of weakly bound 8’Rb, molecules near the 5P1/2 + 5S1/2
threshold by optical Bragg scattering in Bose-Einstein condensates, Phys. Rev. A 102,
053326 (2020)).

4.1 Single photon photoprocesses between two atoms

Light interacts in many interesting ways with atoms depending on its wavelength. As
we saw in the previous chapter, a combination of resonant and near resonant light
wavelengths can produce coherent effects in the atomic states of the atoms on the individual
scale (the effects are limited to each atom no matter how large is the atomic sample, unless
we include the effects of other atoms in the form of a mean field potential). Similarly, the
light at certain wavelengths may attract or repel atoms from the high intensity regions of the
laser beam as in the case of optical dipole trap and the optically plugged magnetic trap. This
attraction or repulsion is also limited to atoms on the individual level and does not require
more than one atom to be implemented. In other cases, light tuned to special wavelengths
far below the resonant atomic transition, can interact with atoms in such a way that an
excited and a ground state atom pair is formed which locks together in an attractive potential.
Such a process is often referred to as the photoassociation (PA) of atoms and can result in
excited molecular states that are difficult to reach using the ground state molecules by direct
excitation. This is true because the selection rules for excitation do not allow to excite a
ground state molecule to all the available excited states. These excited state molecules
formed from two free atoms as a result of PA, can then be converted to ground state
molecules by the use of stimulated emission by a second photon or they can decay quickly
to free atoms with increased kinetic energy. Such increased kinetic energies of the atoms
can easily overcome the trapping potential holding the atoms and result in the atomic loss
from trapstt. The table | below summarizes the single-photon+two-atom processes that often

occur when one of the atoms in a pair absorbs a single photon without ionization?,
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Table 1. Summary of single-photon+two-atoms (A) processes and their reaction representation. The “*”

represents exited state and the subscript 2 represent the molecular pair of the same atomic species also

called Dimer.
No. Process Reaction
(i) | bound state to bound state (excitation) A, + ho = A4
(if) | bound state to free state (dissociation) Ay +hw - A"+ A
(iii) | free state to bound state (PA) A+ A+ how - 4
(iv) | free state to free state (inelastic scattering) | A+ A+ hw - A"+ A

The photoassociation (PA) process is mathematically/symbolically represented by the
reaction no. (iii) in Table 11, The PA process usually locks two free atoms into very loosely
bound molecular states having a large inter-nuclear distance and hence this loosely bound
pair breaks down into free atoms again very easily. Therefore, the molecular excited states
are very short lived. During the time spent in this excited state, the atoms are attracted to
each other by the attractive potential (mainly of 1/R® nature in the ns+np interactions, R
being the inter-nuclear distance between the two atoms, and n is the principal quantum
number while s and p are the angular momentum guantum numbers) and thus they accelerate
and starts moving faster towards each other. The acceleration produced in the 1/R® type
potential is the greatest for both of the atoms and it has been experimentally studied in view
of the atomic loss from the MOTM . This detectable loss plotted against the
wavelength/frequency of the PA laser gives us the PA spectrum. These attractive potentials
are dependent on the inter-nuclear distance R and therefore the potential vs R curves are
called the potential energy curves (PE curves). The study of these potential energy curves
is very important for the understanding of the various constants called the Cs, Cs and higher
order term constants, topics which falls under molecular physics and physical chemistry.
Also, the permanent electron dipole moment can be measured from the study of dimer
molecules®™ which is of fundamental interest in the study of fundamental laws of nature
(like the standard model). Homo-nuclear and hetero-nuclear diatomic!® or hetero-nuclear
triatomicl”l molecule formation using Feshbach resonances is also a tool used in ultra-cold

atoms but the use of optical tuning offers a much faster switching solution in the form of
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PAE! compared to the slower and complex magnetic switching of Feshbach resonance
method. Other applications that are directly relevant to the PA spectroscopy are the study
of the isotopic effect on the PA ratesl®, quantum computing using the ultra-cold molecules
inside traps*?, the excitation of free atoms to bound excited molecular states that are not
possible to excite easily from ground state molecules due to the selection rules for
excitation™™, the tuning of the scattering length of neutral atoms with light!*> 13 (often
called optical Feshbach resonances), to measure the s-wave scattering length of atoms in the
ground state!**! and the realization of heteronuclear ultra-cold molecules!*>% and many

more.

4.2 Photoassociation of atoms in a BEC

The BEC offers an easy way to obtain ultra-cold molecules for studies involving their
ground states?’l. Phenomena like splitting of the mixed potential energy curves near
dissociation limit into their respective hyperfine asymptotes can only be studied at such
ultra-cold temperatures!?-24l and therefore, we need ultra-cold molecules. But unlike laser
cooling of atoms, laser cooling of molecules is not that straight forward as molecules lack
the closed cyclic transitions which are necessary for driving the trapping and cooling
excitation de-excitation cycles?®l. A photon absorbed by the molecule will result in an
excitation de-excitation process that will heat the molecule due to the availability of a large
number of vibrational and rotational energy levels. The use of a cooling laser for each of
the vibrational and rotational level is practically unviable due to the large number of these
levels (each vibrational level will need a separate laser frequency to optically pump the
electron back to the main transition from this level). Other methods used for cooling
molecules directly to lower temperatures could not go below several hundred
microKelvins? or in other cases even millikelvins?”). Therefore, the PA of atoms into
molecules from a BEC forms the ideal starting point of achieving the ultra-cold samples of
molecules and even of the molecular condensates.

Several PA schemes are being used to create and characterize the ultra-cold
molecules in BEC or at non-degenerate temperatures(?® 281, For example, the Production of

8’Rb molecules using PA in a MOT and then detection of the molecules using the selective
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mass spectroscopy after two photon ionization is reported inf?l. In Ref.[*, the resonance
enhanced multiphoton ionization (REMPI) method is used to create and detect the molecular
states after ionizing the newly formed molecules via a multiphoton process. Similarly, two-
color PA spectroscopy is used to detect dimers in the lower energy molecular states®Y. Stark
deceleration method has been used to slow down polar molecules only™?, Cold molecules
have been observed to form as a result of three-body recombination®®! but these do not
require any laser light and only need a dense sample of atoms. All of these methods (using
light as inducer) use light frequencies that are resonant with vibrational levels of the excited
state molecules lying several GHz below their respective fine/hyperfine dissociation
thresholdst®* 3. This is because hotter samples of atoms require higher laser powers and
the power broadening of these levels caused by the high power PA lasers limits us from
going any further near to the dissociation limit due to the probability of exciting atomic
transitions. The use of large detuning wavelengths also makes it difficult to control the
wavelength of the laser precisely and uncertainty in the actual resonance position of the
molecular excited state is largel?® 1. In this thesis, | present the PA very near to the
photoassociation threshold of the D1 line (within 21 GHz of the D1 hyperfine asymptotes)
with very fine control over the frequency scanning of the PA laser and exploit the sub-KHz
thermal broadening environment of the BEC to study the weakly bound narrowly spaced
excited states of 8’Rb dimers. The high density offered by the BEC also helps in the high
PA rate with the use of even weaker PA laser light®” %8l thus avoiding the light induced

shifts in the actual positions of the PA resonances.

4.3 Photoassociation threshold and asymptotic potentials

As discussed above, the pair of atoms in which one of the atoms is in the excited state
5P and one in the ground state 5S will attract each other. This potential is highly dependent
on the distance R between the nuclei of the two atoms. It can be represented as a multipole

expansion of the potential in terms of R

V(R) =D, + Z % (4.1)
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where De is the dissociation energy of the potential (atoms having a combined kinetic energy
of De will not experience the potential of 4.1 no matter how near they are to each other), n
is the order of the potential term and C is the constant of the corresponding order. Odd
values of n comes from first order perturbation theory and even values from second order
perturbation. A pair of atom in which one atom is in the S ground state (5s) and the other is
excited near the P excited state (5p) will experience a n=3 type of potential (dipole-dipole
interaction between such a pair of atoms) while a pair with n=>5 type of potential will arise
from the quadrupole-quadrupole coupling between them. Odd n value potentials exists
between permanent multipoles while even n value potentials arise due to induced multipoles.
For example, the n=6 represents the VVan Der Waals potential between the induced dipoles
and the n=8 represents the coupling between the induced quadrupoles and so on.

The behavior of this kind of potential (Eg. 4.1) is asymptotic in nature and holds only
for large values of R. It fails for small R values of less than 20 A° % or when the Coulomb
interaction energy and the hyperfine interaction energy becomes comparable (this occurs at
around 0.2 cm—1 (or 149.9 GHz) from the dissociation limit at a very large R value of > 148
AP for 8’Rb). At very large R, the hyperfine interaction outweighs the R dependent form of
the potential and Eq. 4.1 needs modification. The PA spectra presented in this work belongs
to the 5S+5P potentials (mainly to the n=3 potential, which is the most long range of all
these potentials, but strongly affected by the hyperfine interactions) and it is very important
for the exact knowledge of the constants Cn near the hyperfine asymptotes of 5S+5P. Some
of these potentials (PE curves) are shown schematically (not to scale) in Fig. 4.4 with the
observed PA spectrum (horizontal lines connected to the PE curves). This thesis does not
present any theoretical calculations of the spectra presented in this thesis and all these lines
connecting to the PE curves in the Fig. 4.4 are for explanation purpose only. Only exact and
careful numerical calculations can suggest the actual PE curve for a particular PA line.
However, a brief commentary is presented based on the behavior of the observed lines near

the dissociation asymptotes.
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4.4 Photoassociation of 8Rb near the D1 line threshold

Previous studies on the PA of 8Rb were either done with extremely far detuned PA
wavelengths or were unable to find any quantized resonances in the 21 GHz range of the
D1 line of 8Rb!® %1, The reasons, as described above are the use of hot atomic vapors and
the use of high power and free running mode (not locked) lasers with very coarse frequency
tuning, which washed out any PA resonances hiding in the continuous loss spectrum
detected in the previous works. The use of the 8Rb BEC and a finely tunable laser at low
power remove these obstacles in the detection of these resonances. The photoassociation
spectra is recorded within #1 GHz of the 52P1, dissociation limit. This dissociation limit
corresponds to the frequency position in the PA spectra when one atom is in one of the 5S
states and the other atom is excited to near (above or below) an atomic resonant hyperfine
state of the 5%P1/, state. The general nomenclature for this region of PA is the 5S+5P near
threshold spectra. Two sets of PA spectra are presented, one for atoms prepared in the |[F=1,
ms =1> hyperfine state of the 8’Rb atomic ground state and the other for the atoms prepared
in the |F=2, m¢=2> hyperfine state of the 8’Rb atomic ground state.

4.4.1 Experimental Setup and experimental procedure

The experimental sketch of the PA part is shown schematically in Fig. 3.1. The
experimental sequence starts from the production of 8’Rb BEC in a crossed optical dipole
trap whose trapping frequencies are @ =~ 2m X 80 Hz. Initially the atoms are prepared in
the |F=2, m¢ =2> hyperfine round state but these can be transferred to the |F=1, ms =1>
hyperfine state using a microwave (MW) pulse (adiabatically turned ON and scanned) at
around 6835 MHz in the presence of a vertical magnetic field of 2 G. If we need atoms in
the lower hyperfine state, the MW transfer of atoms to the |F=1, m{ =1> hyperfine state
takes place immediately after the preparation of the BEC in the |F=2, ms =2> hyperfine
state, as described in Chapter 2. After preparation of the atoms in either of the hyperfine
states, the experimental laser beams illuminate the atoms for 20 s inside the dipole trap.
The number of the experimental laser beams depends on which technique is being used for
the collection of the spectral data. The coupling and probe (PA) laser beams are from the
same setup that we used in Fig. 3.2 for the realization of the N-type scheme (same setup

without the driving laser).
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Figure 4.1. This Fig. shows the experimental schematic, the two cases of spectra and the energy level
diagram of the different combinations of the hyperfine energy levels of two 8’Rb atoms. (a) The
experimental laser beams in the plane of the paper illuminating the BEC inside the ultra-high vacuum
(UHV) cell from different angles. The probe (PA) beam and the Bragg scattered light (call it S) make an
angle of 132° with each other. The two coupling beams coupling 1 and coupling 2 (call them C1 and C2)
makes an angle of 48° in the plane of the paper. The PA and Bragg scattered beams make an angle of 11°
with the plane of the paper in the normal direction. The imaging laser is along the normal to the plane of
paper and is not shown. (b) The potential/internal energy of a two atom system in different configurations
of the hyperfine energy levels. The spacing is not to scale. The atomic pairs in each shelf represent the
dissociation limit/threshold point for many potential energy curves. (¢) The locking schemes of the

coupling and probe lasers for the two cases of the PA spectra.

Two techniques are used in this work to record the PA spectra. One is the conventional
trap loss or absorption imaging technique in which just a single probe (PA) laser is used to

illuminate the BEC/atoms after its preparation. The atoms will interact with the PA laser
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light for 20 s inside the dipole trap and then the dipole trap and the PA lasers are turned
OFF. The atoms in the BEC will respond differently to the probe (PA) laser depending on

its frequency during each exposure. At the PA resonance points, the atoms will attract each
other and accelerate and then break away from the momentary attractive bond (the bound
state will decay) and leave the weak dipole trap due to increased kinetic energy. Thus there
will be detectable loss at the resonance PA frequencies only. After each exposure, the atoms
are then left to ballistically expand under the action of gravity (outside the dipole trap) and
after 30 ms of free fall another laser (absorption imaging laser) takes a picture of the
remaining atoms in the now expanded cloud of atoms and a software processes the
absorption images to extract the number of remaining atoms. This process is repeated for
each probe (PA) laser frequency and each point starts with a fresh sample of the BEC. A
single spectrum covering both sides of each of the D1 line hyperfine level consists of several
hundred points of probe (PA) laser frequency and thus needs more than a thousand times of
experimental runs when each point is recorded three times (each run takes around 50
seconds including MOT loading). This is how the trap loss/absorption imaging technique
spectra are obtained. The data acquisition time is very long because the number of spectral
points is too large and thus temperature variations may alter the laser power levels in the
whole setup, and therefore, it is important to check the powers of all the lasers and the

number of atoms in the BEC after every couple of hours to keep the data consistent.

The second technique is the Bragg scattering technique in which the experimental laser
beams consist of three beams. One of the beams is the probe (PA) laser that does the PA
The other two beams C1 and C2 are the lattice beams (that we call the coupling beams due
to conventional terminology used in electromagnetically induced transparency and other
atomic coherence experiments as discussed in Chapter 3). These two beams C1 and C2 are
derived from the same laser. The coupling laser and the probe (PA) laser are locked to each
other in the master-slave relationship by the OPLL (as shown in Fig. 3.2 in Chapter 3) and
the master laser is further locked by the SAS for its frequency stabilization. The two
coupling beams C1 and C2 intersect each other at the BEC position making an angle of 48°.
Both of the coupling beams are polarized in the same direction (along the normal of the
paper) and thus interfere at the BEC position. The BEC will be out-coupled by these
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coupling beams into a ground state modulated lattice. This lattice, holding 8’Rb atoms in the
ground state, will absorb the probe laser and then re-emit or scatter it in the special direction,
shown in Fig. 4.1(a). The probe (PA) laser makes an angle of 132° with the Bragg scattered
light S. The Bragg scattered light is highly directional due to the four wave mixing
phenomenon and the conservation of linear momentum of all the participating beams[“0-421,
The scattered light is then collected by a lens and is directed into the EMCCD camera by a
mirror. This total process of BEC illumination by the experimental beams and the collection
of the scattered light by the EMCCD is completed in the 20 s time. Both the illumination
of the BEC by the coupling and probe (PA) lasers and the light collection by the EMCCD
is simultaneous and does not need the 30 ms of expansion. This process is repeated for each
probe (PA) laser frequency in the same manner as for the trap loss method.
4.4.2 The PA spectra

The BEC is prepared in two different spin states of the 52S12 ground state. When the
8’Rb BEC is prepared in the |F=2, mf =2> hyperfine state then we call the PA spectrum as
the Case 1 spectrum. Fig. 4.2 shows the Case 1 spectrum recorded via the Bragg scattering
technique.

When the 8'Rb BEC is prepared in the |F=1, mf =1> hyperfine state then we call the
PA spectrum as the Case 2 spectrum. This spectrum needs the BEC to be first transferred to
the |F=1, mf =1> hyperfine state and then should be exposed to the experimental laser
beams. Fig. 4.3 shows the Case 2 spectrum recorded via the Bragg scattering technique. The
PA spectra of the two cases are different as both arise from different potential energy curves.

Another worth-mentioning point about the absorption imaging vs Brag scattering
technique is that the absorption imaging/trap loss technique does not need the coupling
lasers and only the locking scheme for probe laser need to change, but the Bragg scattering
technique requires different locking schemes for the coupling and probe lasers for Case 1
and Case 2, as discussed below.
4.4.3 Laser locking schemes for the Case 1 and Case 2 spectra

For the Case 1 spectrum using the Bragg scattering technique, atoms are prepared in
the |F=2, mf =2> hyperfine state and the probe (PA) laser photoassociate the atoms from

this state to the excited molecular states below or above the two D1 line excited hyperfine
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states (|F =1> and |F =2>). The coupling laser is locked between the |F=1> hyperfine state
and any of the excited hyperfine states |F =1> or |F =2> so that the atoms are not heated
by the coupling laser and are only loaded into the optical lattice formed by the two coupling

laser beams.

Similarly, for Case 2 spectrum using the Bragg scattering technique, the atoms are
prepared in the [F=1, mf =1> hyperfine state and the probe (PA) laser photoassociate the
atoms from this state to the excited molecular states below or above the two D1 line excited
hyperfine states. The coupling laser is locked between the |F=2> hyperfine state and any of
the excited hyperfine states |F =1> or |F =2> again only loading the atoms into the optical
lattice formed by the interference of the two coupling beams. The atoms in the lattice then
Bragg diffract the light in the special direction which is modulated by the presence of the
PA resonances. The light diffracted is directly proportional to the number of atoms present
in the lattice and when there is a PA resonance, the PA process will lead to the escape of
atoms from the trap and the lattice and thus the Bragg diffraction will be reduced. This
reduction of the diffracted light intensity is significant enough (high resolution) and thus all
the PA resonances are easily revealed by the Bragg diffraction method.

4.4.4 Discussion on the spectra

The different regions of each spectrum are discussed in the following. The frequency
scanning step of the probe (PA) laser was kept at 0.2 MHz in the vicinity of the resonance
and thus the uncertainty in the positions of the resonances is not larger than 0.2 MHz as the
OPLL system keeps the frequency oscillations in the probe (PA) laser to within a few Hz.
Fig. 4.2 shows the Case 1 spectrum and Fig. 4.3 shows the Case 2 spectrum using the Bragg
scattering technique. Fig. 4.4 combines both the Case 1 and Case 2 spectra in one place and
the possible association of the PA lines to the potential energy curves (PE curves) is also
shown in the right panel of the same figure. The exact association of these lines however,
requires the complete theoretical fitting of each PE curve to the data presented here and |
only discuss the possible association of the PA resonances from the general properties of
the data lines e.g. the behavior of the density of the line with detuning with respect to a

specific threshold point.

80



Chapter 4: Photoassociation of the 87Rb BEC near the D1 line threshold

Case 1: Fig. 4.2(a) shows the Case 1 spectrum recorded using the Bragg scattering
technique. The coupling laser is locked from the lower ground hyperfine level |[F=1> to the
excited hyperfine level |F =2>. The Bragg scattering intensity coming from the atoms in
the |F=2, mf =2> hyperfine state is modulated by the PA resonances. The PA resonance
results in loss of atoms from the BEC and hence in the scattering intensity of the Bragg
scattering thus each PA resonance corresponds to the reduced scattering in the Fig. 4.2.
Figures 4.2(b-d) shows the zoomed-in portions of the same Fig. 4.2(a), also marked by the
numeric labels. These regions exclude the atomic resonance transition peaks which are
discussed separately in the dissociation limits/threshold points section later. The
numerically labeled regions are discussed below.

Region 1: This region lies above the upper hyperfine threshold point (in the energy diagram
of Fig. 4.1, this threshold point is the highest shelf) where one atom is in the |F=2>
hyperfine state and the other atom is excited to the blue detuned side of the |F =2> hyperfine
state. Since this region lies above the classical threshold point of the potential energy curve,
there are no PA resonances in this region[*’] as the energy of the atoms is higher than these
PE curves can trap.

Region 2: This region lies between the |F =1> and the |F =2> hyperfine state. All of the
PA resonances belong to the potential energy curve belonging to the |F =2> hyperfine state
threshold and that is why this region shows a 1/R® character (also called the n=3 character
of the potential energy curve). The 1/R3 character is characterized by the decreasing spacing
(increasing line density) as the threshold point is approached, in an orderly manner®4l.
However, as stated in the above sections, there is also a strong coupling resulting from the
hyperfine levels of the D1 line and thus the PA lines are not strictly following the 1/R®
character alone. Again, a detailed theoretical investigation is needed to fit all the lines in
this region to accurately assign a particular PA line to its actual PE curve.

Region 3: This region lies below both of the two excited hyperfine states of the D1 line and
thus it is possible that the PA resonances belonging to both the potential energy curves
terminating on the |F =1> and the |F =2> hyperfine states might be present in this region.
That is why the PA resonances in this region do not show the regular pattern that we see in

the region 2. The various potential energy curves mix (i.e. the PA resonances detected in
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this region are found mixed with each other) and splits just before their respective hyperfine
thresholds are reached. So the irregular shape of these PA resonances in this region might
be due to the mixing of the potential energy curves terminating on the |F =1> and the |F =2>
but the exact detail can be only found by the accurate theoretical modeling of the potential
energy curves (which can be done in the future work). The scanning range of the OPLL
system below the resonance and the low amount of scattered intensity put a limit on the

number of PA lines that we could detect in this region of the PA spectrum.
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Figure 4.2. This Fig. shows the Case 1 spectrum recorded using the Bragg scattering technique. The
numerical labels 1-3 show the regions above and below the threshold points marked by the respective
hyperfine states of the two atom pair. The zero detuning is the frequency corresponding to one atom in
the pair in the excited state F'=1 state and the other atom in the F=2 ground state. This is the first threshold

point in the Case 1 spectrum. All the other detuning are measured with respect to this point.
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Threshold points/Dissociation limits: Fig. 4.2(a) shows the two |F =1> and the |F =2>
threshold points or the dissociation limits situated at 0 MHz and 814 MHz respectively.
These are the atomic resonance points of the D1 line and do not have any PA resonances at
these frequencies. Two small (only one clearly visible in Fig. 4.2(a)) peaks at 0 MHz
correspond to the atomic resonance Bragg scattering. At this atomic resonance, the Bragg
scattering increases due to the modulation of the atomic medium for the probe frequencies
in this region. The peaks are due to the increased reflection of the probe (PA) light from the

ground state modulated BEC in the optical lattices]. The two bigger peaks (with sharp dips
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Figure 4.3. This Fig. shows the Case 2 spectrum recorded via the Bragg scattering technique. The numeric
labels 4-6 show the regions above and below the threshold points marked by the respective hyperfine
states of the two atom pair. The zero detuning is the frequency corresponding to one atom in the pair in
the excited state F'=1 state and the other atom in the F=1 ground state. This is the first threshold point

in the Case 2 spectrum. All the other detuning are measured with respect to this point.
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on both sides and between) at 814 MHz correspond to the superradiance scattering peaks
that result from the superradiance lattice which is composed of alternate excited and ground
state lattices. The excited state lattice component of the superradiance lattice resembles the
electromagnetically induce transparency spectrum in a lambda-type system. This lattice is
formed when the coupling laser and probe (PA) laser are connected to the same excited state
but to different ground states (lambda-type system)i® 42 These peaks are the most
dominant features in all the other spectrum but they do not have any effect on the position
of the PA resonances as the PA resonances modulate only the non-resonant Bragg scattering

region of the Bragg scattered light. More about superradiance lattice in the next chapter.

Case 2: The atoms are in the [F=1, mf =1> state and the probe (PA) laser couples them to
the PA resonances above and below the two D1 line excited hyperfine states. The coupling
laser is locked from the upper ground hyperfine state |F=2> and the excited hyperfine state
|[F'=1> (however it can also be locked between the |[F=2> and the excited hyperfine state
|F =2> without any noticeable effect on the position of the PA lines). The PA spectrum for
Case 2 is shown in Fig. 4.3(a). Figures 4.3(b-d) show the zoomed in regions of Fig. 4.3(a)
marked by the numeric labels 4-6. The PA resonances are present in the spectrum in the
form of reduced Bragg scattered intensity due to loss of atoms from the |F=1, mf =1> state

due to PA. The different regions are discussed below.

Region 4: This region lies above the |F =2> state dissociation limit and there should be no
PA bond states at this range of blue detuning!*l. Although there are some predictions for
the possibility of PA resonance above the D2 line highest threshold?®! but no theoretical
work (so far in our knowledge) has predicted the existence of a PA resonance in this region.
But in our data, there is one PA resonance (which we will also see in the trap loss spectrum
below) located at around 1580 MHz above the |F =1> state (around 766 MHz above the
|F =2> state). This state may belong to the higher lying potential energy curves terminating
at higher lying dissociation limits (may belong to one of the dissociation limits lying above
the dissociation limit of (JF=1>, |F =2>) in Fig. 4.1(b)) . The schematic representation of
the PA lines and their possible association with each potential energy (PE) curve is shown
in Fig. 4.4.
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Region 5: This region lies between the lower hyperfine excited state |F =1> and the upper
hyperfine excited state |F =2>. This region should be similar to the region 2 of Case 1
spectrum in the behavior of variation of PA lines density as all the PA resonances in this
region belong to the single potential energy curve terminating at the |F =2> state (JF=1>, |
F'=2>) dissociation limit in the shelf diagram of Fig. 4.1(b)). This 1/R® potential kind of
behavior is visible in the right most corner of Fig. 4.3(c) but the left side does not show
similar behavior as it has irregular PA line density. This could be due to the presence of
another potential energy curve mixing with the one terminating at the | F =2> state (may
be the resonance in region 4 also belong to that potential energy curve which mixes with the
curve terminating on | F'=2> state thus bringing irregularity to the PA resonance lines in
region 5). Another important aspect of this region is the right corner of this region (Fig.
4.3(c)) which shows phenomenally reduced scattering. This is due to the strong mixing of
the PA resonances with the atomic resonance. The atomic resonance in this region is
broadened so much that its Lorentzian shape is destroyed (more discussion in the following

sections).

Region 6: This region lies below the lower excited state | F =1 state. This region also does
not show a very regular ordering of the PA lines although near the dissociation limit of |
F =1> state the lines density increases similarly to how a 1/R® (or any converging) potential
might suggest. The slight irregularity in the PA lines density suggests the mixing of the
potential energy curve terminating at | F =2> state (or any higher lying potential energy

curves).

Threshold points/Dissociation limits: The two threshold points are situated at 0 MHz
corresponding to the | F =1> state atomic resonance and at 814 MHz corresponding to the
| F'=2> state atomic resonance. In this spectrum, the coupling laser is locked from the |[F=2>
state to the |F =1> state so when the probe (PA) laser is in resonance with the |F =1> state
then we get a lambda type electromagnetically induce transparency system and thus the
lattice formed by the coupling and probe (PA) lasers acts as superradiance lattice and the
two intensity peaks at the atomic resonance are bigger compared to the peak at the | F =2>
state atomic resonance which now behaves as a resonant Bragg resonant peak. If we lock

the coupling laser from |F=2> state to | F =2> state then the peak at | F =2> will become
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superradiance peak and the | F =1> state peak would become resonant Bragg scattering.
But the locking scheme for the coupling laser does not affect the locations of the PA
resonances as they are situated in the non-resonant Bragg scattering regions (away from the
atomic resonance). Fig. 4.5 shows the effect of the locking scheme of the coupling laser on

the resonant atomic scattering peaks (one at |F =1> one at | F =2>).
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Figure 4.4. The schematic representation of the PA resonances (left panel) and their possible association
with the PE curves (in the right panel). The dashed boxes shows the possibility of the belonging of each

resonance line with any of the PE curves in the box.
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4.4.5 Trap loss spectra and its comparison to the Bragg scattering spectra

The trap loss/absorption spectra is shown in Fig. 4.6 for both Case 1 and Case 2. The
PA resonances shown in Figures 4. 2 and 4.3 are all present in the trap loss spectra as well.
The trap loss spectra are the direct measure of the atoms remaining in the atomic cloud after
the exposure to the single experimental laser beam (the PA laser). But it is noisier compared

to the Bragg scattering spectra (also see the RMSD and RMSDA values in Table | for noise

comparison).
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Figure 4.5. The effect of the locking scheme for the coupling laser on the height of the atomic resonance
peaks. Both of the spectra are the Case 1 spectra. In the blue (open boxes) spectrum, the coupling laser
is locked from the |[F=1> to the |F=2> state, so the atomic resonance peaks at |F=2> are the
superradiance peaks and the ones at the |F’=1> are the (smaller) resonant Bragg scattering peaks. In the
dark yellow (circles) spectrum, the same laser is locked from the |F=1> to the |[F=1> state, so the atomic
resonance peaks at [F’=1> are the superradiance peaks and the ones at the |[F’=2> smaller resonant Bragg
scattering peaks. All of the remaining regions of the spectrum represent the non-resonant Bragg scattering

in both locking schemes.
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Figure 4.6. (a) Case 1 trap loss spectrum. (b) Case 2 trap loss spectrum. (c) The zoomed in part of the

Case 2 spectrum at two different PA laser powers. The Lorentzian shape is restored when the PA laser

power is reduced.
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The noisiness of the absorption imaging/trap loss spectra can be due to several reasons.
For example, the absorption imaging technique uses the three absorption images (one of the
atoms, one of the imaging probe laser and one of the dark background) and then subtract
these images from each other to extract the number of remaining atoms. During these three
images, fluctuations in the imaging laser power and also the low frequency vibration of the
imaging optics will introduce interference fringes which the data extraction algorithms
cannot recognize, and thus adds to the noise in each experimental runl*®l. Other reasons
include the interaction of the atoms with the environment (background) between the
exposure to the experimental beam and the imaging step. The Bragg scattering spectrum is
collected live during the exposure (in-situ) and that is why these noise adding steps are
avoided. Also, the absorption imaging technique involves the extra statistical noise step of
absorption imaging light interacting with the atoms for taking the image while the Bragg
scattering technique does not have any such step. Although this noise could be small but it
is always present. Another reason is that the Bragg scattering signal scatters more light when
the absorption is strong (absorption at other than PA resonances scatters more light as there
is less atomic loss at the non-resonant frequencies. Atoms would still be heated and lost but
not like when the PA resonance has arrived). On the other hand in the absorption imaging
technique, the number of remaining atoms is reduced too much due to strong absorption of
light near the atomic resonance. The small number of atoms remaining will result in reduced
signal while the noise levels are still the same and thus the signal to noise ratio will be
severely reduced. That is why the Bragg scattering technique shows less noise or higher
signal to noise ratio. The comparison of the PA resonance positions from the two techniques
shows that both of these techniques can detect these excited state molecular resonances but
that the Bragg scattering scheme has a better signal-to-noise ratio. For comparison, the

values of the PA resonance positons recorded by both techniques are given in Table I.

4.4.6 Anomalous broadening of the upper excited hyperfine transition

Another interesting finding from the data is the anomalous broadening of the |F =2>
atomic resonance line. Fig. 4.6(c) shows the strong and anomalous broadening of the |F =2>

atomic resonance that is extended to several hundreds of MHz in width. The PA lines here
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strongly couple to the atomic resonance and distorts the Lorentzian shape, which is expected
from any typical atomic resonance curve. For comparison, the | F =1> resonance is not
distorted at the same probe (PA) laser power to such a degree. By reducing the PA laser
power the typical Lorentzian line-shape is restored back suggesting the involvement of the
PA lines broadening in the distortion of the atomic resonance shape. This is because the
availability of more PA laser power couples more states from the continuum into the bound
molecular states. The anomalously strong Franck-Condon factors of the PA states in this
region couples more continuum states into the bound states compared to the PA states in the
other regions and thus causes larger PA line broadening and thus distorting the | F =2> state
atomic resonance. Reduction of the PA laser power removes some of the continuum states
from the coupling to the PA lines and hence not only the PA lines broadening is reduced
but the atomic resonance Lorentzian shape is restored. This finding is very important for the
use of this atomic state in atomic coherence experiments like the EIT, EIA etc. as the atomic
coherence effects in this region can be affected by the strong coupling of the PA lines when

using high power coupling/driving lasers.

4.4.7 Red shift of the PA lines due to increase in power

In Fig. 4.7 the effect of the PA laser power is shown on the positions of some of the PA
lines. Most of the PA lines reported in the literature shift towards the red side of PA laser
frequency with increasing PA laser powerl*7-#91. The amount of shift for every line is not the
same as each line’s Franck-Condon factors are different. The exposure time was kept the
same 20 s while the PA laser power was increased to record the Fig.4.7 data. The total
fluence (defined as intensity > pulse width of the PA laser) was thus not the same and this
resulted in the broadening of the high power data as well as in shift of the lines. Extra
broadening can be avoided by reducing the exposure time so that the product of time and
laser intensity remains the same for different power and exposure time. But this was not our
goal as we also wanted to see the broadening of the lines. The PA bound state line at 576
MHz (not shows in Fig. 4.7) observed at 25 WV of PA laser power, shifts to 571 MHz at
100 W, and then to 557 MHz at 300 . Similarly, the line at 525 MHz at 25 W of PA
laser power, moves to 521 MHz at 100 W, and to 510 MHz at 300 . This means that
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the 576 MHz line shifts by about 19 MHz for a PA laser power change of 275 |.W compared
to the 15 MHz shift in the position of the line at 525 MHz.

The total Case 1 and Case 2 spectra is tabulated in Table 11 below for a probe (PA) laser
power of 25 W. Only those PA lines which are present in both the Bragg scattering
technique and the trap loss technique are listed along with the root-mean-squared-deviation
(RMSD) values. The RMSD value for the Bragg scattering technique is represented by the
RMSDS label while that of the trap loss technique is represented by the RMSDA label.
Delta is the difference (in MHz) between the position of the trap loss technique position of
the PA line and the Bragg scattering technique position of the PA line. All the detuning of
the probe(PA) laser reported in the table are measured from the lower excited hyperfine

level of the D1 line.
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Figure 4.7. The redshift in the PA lines due to increase in PA power. The PA lines shift to the red side of

the spectrum which is a common feature of the PA lines. The broadening of the lines with the laser power

is also visible.
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Table II: The table shows the positions of the PA lines. Different detuning regions are specified by

different numeric lables and colors for both Case 1 and Case 2. Delta is the PA resonance position using

Bragg scattering minus the PA resonance position using the absorption imaging (in MHz). All the data

shown here is recorded with a probe (PA) laser power of 25 W and an uncertainty of not bigger than

0.2 MHz. All the regions 2-5 are explained in the text. All detuning are with respect to |F'=1> state.

S.No. Case 1 Case 2
FZ?\;'::S)” RMSDS | RMSDA | Delta P(?\fl':g; RMSD | RMSDA Delta
1. | +686.0 | 0.000325 | 0.01603 +1 +1580.0 | 0.00838 | 0.00489 1 4
2. | +6555 | 000185 | 0.03512 1 +7060 | 0.01301 | 0.01548 1
3. | +6180 | 000277 | 0.02673 3 +671.9 | 0.00378 | 0.01352 8.9
4. | +5760 | 000179 | 0.01292 1 | 46476 | 000378 | 0.00737 4
5. | +5255 | 00029 | 002514 2 2 [ +6140 | 000775 | 0.01019 2
6. | +4655 | 000164 | 001525 +3 @ [ +5043 | 000324 | 001104 33
7. | +3945 | 0000678 | 0.02702 2 +582.7 | 0.00423 | 0.01756 3 2
8. | +3120 | 0000325 | 0.02041 1 +558.0 0.0058 | 0.01598 5 =
9. | +2165 | 000182 | 0.0159 1 +4885 | 0.00151 | 0.01305 05 | T
10. | -140.0 | 000142 | 0.01939 3 +420.7 | 0.00476 | 0.02996 5
11. | -1740 | 0.000325 | 0.04394 4 +391.7 0.008 | 0.05269 1
12. | 2190 | 0.000497 | 0.01661 +6 +338.8 0.0089 | 0.00847 3
13. | 2725 | 0.000862 | 0.02283 +8 @[ 42499 | 001835 | 0.02466 2
14. | 3350 | 0.000940 | 0.01765 0 21 904 0.00457 | 0.02768 06
15. | -5250 | 0.00105 | 0.00905 * | 1198 0.00076 | 0.02299 02
16. | -585.0 | 0.000325 | 0.00921 1431 0.00105 | 0.01088 2
17. | -7400 | 0.000376 | 0.02223 -166.4 0.00238 | 0.01715 +5
18. | -880.0 | 0.000995 | 0.00759 5 2324 0.00524 | 0.00432 06
1. 3200 | 000127 | 0.01568 1 <
20. -374.0 0.0022 | 0.01449 il >
21. 4345 0.00204 | 0.00404 a5 | T
22. 551.0 0.00116 | 0.01725 2
23, -580.5 0.00177 | 0.00489 1
24, 733.0 0.00291 | 0.01273 0
25, 759.3 0.00124 | 0.02036 0
26. -954.5 0.00515 | 0.04897 35
27. -973.0 0.0032 | 0.01304 1
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4.5 Summary of the chapter

| have presented the measured PA data using the two techniques in the Rubidium-87
Bose-Einstein condensate. This data is never reported before in a BEC or in hot gasses and
is of extreme importance for the calculation of the hyperfine mixing in the otherwise
asymptotic potential (for the precise measurement of the long range potential constants).
The use of the Brag scattering technique as a probe to detect the PA lines gives a superior
signal to noise ratio in comparison to the conventional trap loss/absorption imaging
technique. We also find that the higher atomic resonance line of the D1 line is anomalously
broadened by the mixing of the strong PA lines in its vicinity as compared to the PA lines
in other regions of the spectra. This anomalous broadening results in severe atom loss from
the trap at moderately high powers of the probe laser and even distorts the shape of the
atomic resonance. The use of a very weak probe power however, restores the Lorentzian
shape of the atomic resonance line. We also report the unusual line lying above the total D1
line asymptote which is not predicted by any theoretical literature before. The importance
of these spectral lines demands a complete theoretical modelling and fitting of the various
PE curves to the data presented in this work and it can be the future direction for the

theoretical molecular physics community.
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Chapter 5: Temporal dynamics of BEC in a 1D Optical Lattice

This chapter is based on my work that is not published but is in the manuscript
preparation stage. Some background topics of the main experiment are discussed in the
chapter including the main data. Here I discuss the series of experiments and also provide a
plausible explanation of the features that we have observed in the experimental results. The
discussion is more focused on the superradiance lattice (SL) but other two lattices are also
used and discussed in context of their relevance to some experimental results of the SL.

5.1 Kapitza-Dirac diffraction of the BEC

Just like the diffraction of light from solid state gratings or diffraction of X-rays from
crystal lattice planes, atoms can also diffract from the optical potentials formed by the
interference pattern of two or more laser beams(*-3l. These diffracted atoms inside the optical
interference pattern forms an ordered arrangement that mimics the properties of the ordered
solid state crystals in many ways. For example, light can be diffracted from these atoms in
the optical lattice in the same way as the diffraction of light from a solid state grating*.
Several interesting properties of the atoms or the atoms+confining potentials and even
molecules can be studied using these lattices, especially the use of ultra-cold atoms in optical
lattices has emerged as a gigantic sub-field of the ultra-cold physics regimel® &€l Not only
fundamental physics is studied using the ultra-cold atoms in optical lattices but also the
commercial and technological applications of these systems are now starting to take
shapel®®21. In the following, a brief discussion is given about the two types of
interpretations/pictures that are employed while studying the atom+optical lattice

interactions.

5.1.1 The grating picture of lattice diffraction

Two main pictures try to explain the diffraction of atoms by the optical lattices. In the
grating picture of the atomic diffraction, the atoms acts as a wave via their deBroglie
wavelengths and the optical lattice acts as grating through its light potential. The optical
lattice through its variable AC stark shift regions (formed by the intensity maxima and
minima) interacts with the atomic deBroglie wavelength and diffracts the matter waves. The
classical optics rules can be used for the diffraction orders of the matter waves and any

diffraction order m can be calculated by the matter waves diffraction equation mA g =
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dsin@, with 1,5 being the deBroglie wavelength of the BEC (or non-degenerate but cold
atoms) and d is the lattice constant dependent on the wavelength of the lattice beams. Since
the deBroglie wavelength of the BEC is very large, the matter wave diffraction phenomenon
of a BEC in an optical lattice system is often used by researchers to observe different

fundamental phenomena of nature at the quantum level.

5.1.2 The Raman picture of lattice diffraction

An alternate picture of the atomic diffraction is the Raman picture in which the lattice
changes the momentum states of the atoms after interaction with them (atoms considered as
particles). This momentum change occurs through stimulated absorption and emission of
photons from the interfering beams by the atoms. These absorbed and emitted photons
transfers momentum kicks each of magnitude p = hk, k being the wave-vector of the beam
from (to) which the photon is absorbed (emitted). Suppose the atoms are initially in the
atomic ground state with zero momentum, then we can represent this system by the ket
vector |g, 0). Similarly, an atom having absorbed a single photon from beam 1 is in the
excited state having one quantum of momentum is represented by |e, 1). If this atom emits
this photon into beam 2 of the lattice and goes to ground state then it has two quanta of
momentum (kicks from photons during absorption and emission) and thus its ket vector is
|g,2). Then we can write the Hamiltonian for this system of atoms and lattice beams as a
sum of the atomic Hamiltonian H, and interaction Hamiltonian H,

H = Hy + H, (5.1)

where the atomic Hamiltonian in the momentum basis is (in the rotating wave
approximation)

5.2
Ho = hwole, 1)(e, 1| + hwyec(19, 0(g, O] + 19, 2)(g, 21) (5.2)

here w, Is the resonance frequency between the state g and e and w, is the recoil

hk?

frequency of the atom defined by wec = ——

Similarly, the interaction part of the

Hamiltonian is given by
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H = i F = —ie-iot TR (0 100 01 e 1)a, 2]) + h
I T8 ie > (le,1)(g,0| —|e,1){g,2|) + h.c (5.3)

where p = (ele7’|g). é is the transition dipole moment between the internal excited
and ground states of the atom and wg = ”—50 is the Rabi frequency of the atomic transition

amplitude for the given laser intensity and E| is the resultant amplitude of the electric field
of the two laser beams travelling in the z-direction. Since the lattice field is applied in a
pulse form (of pulse shape f(t)), the electric field of the lattice beams at any instant t can

be written as (supposing we have two counter propagating beams having the same

polarization é and moving with wave vector k = 27" and wavelength 1)

E(z,t) = f(t)(E,sin(kz — wt) é + E, sin(kz + wt) é) (5.4)

where the envelope function f(t) carries information about how fast are the lattice
beams turned ON and OFF and for how long it is kept ON. This envelope function is very
important for the type of diffraction that the atoms will undergo. The Fourier transform of
the envelope function must not have frequency components that can diffract the atoms to
higher momentum states than desired. In the time domain, this statement can be stated as

the pulse width of the envelope function T must obey the following condition

T
T>»

55
wrec ( )
to make sure the atoms are only diffracted into the desired momentum states (having
momentum space separation of integer recoil momentum). If this condition holds, then we
call it the Bragg regime of diffraction. If this condition does not hold, the atoms can be even
diffracted to the momentum states that are not integer multiples (fractional multiples as well)

of the photon recoil momentum.

In the Bragg regime, the fraction of atoms that are scattered into the |g, 2) state and

lower momentum states can be found from the wave function
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|p(2)) = coe ™ @rect| g, 0) + c,e " @ot|e, 1) + c e~ @rect| g, 2) (5.6)

Solving this to find the probability of atoms diffracted into the |g, 2) state gives

W@
P, (1) = |cy|? = sin? %T (5.7)

where w,(f) is the two photon Rabi frequency given by wff) = wg?/28, and § is the
detuning of the laser beam from the atomic transition. This Eq. (5.7) gives the first order
scattering/diffraction probability of atoms from the two counter-propagating laser beams.
To get the atom to absorb photon from one beam and emit in the other beam, a detuning and
a small angle between the two interfering beams is introduced which then makes sure that
the atoms only absorbs from one beam and emit into the other beam. This detuning is given
by (for Nth order scattering)

_2Nhk® 8

- sinz(i) (5.8)

where 6 is the intersection angle between the two beams. This detuning will lead the
scattering of atoms in only one direction™™ in the Bragg regime. However, if momentum
transfer to the atoms in the BEC is to be only because of the lattice beams and not because
of the spontaneous emission, the atom can still absorb a photon from one beam and emit it
into the other so the momentum transfer in static lattice (no detuning between the beams) is

every time 22nhk (scattering in both directions) as discussed below.

If the condition of Eq. (5.5) does not hold (the beams are turned ON for shorter times

T

than required by Eq. (5.5) i.e. when t < ), then the scattering regime is called the

Wrec

Kapitza-Dirac scattering regime (also referred to as the Raman-Nath regime). This means
that the Fourier transform of the lattice beams now have extra frequency components
(introduced by the very fast temporal window during which the lattice is ON) that will

scatter the atoms to higher momentum components that are not integer multiples of the
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original recoil momentum. Because this kind of interaction is momentary (for very short
interval of time), the atoms in the BEC cannot move enough during the application of this
pulse and thus we can neglect the atomic motion (second term) in Eq. (5.2). The atoms just

feel a momentary potential (AC stark potential) given by

2
hwpg

Uz, t) = sin?(kz) f(t)? (5.9)

2
This equation for the potential only holds for §2 > % where T is the excited state linewidth.

This means that the detuning of the laser beams used for the lattice should be very large
compared to the line-width of the excited state so that the imaginary part of the atomic
dielectric coefficient does not take part in the interaction and only the real part of the
dielectric coefficient is involved (in our experiment, this condition is satisfied very well).
We suppose the total BEC wave function before the lattice application is [y (0)) and after
the application of the lattice potential, the wave function evolves due to the momentary
interaction with the lattice beams to become (for f(t) — 1, or ignoring the shape of the

envelope function)

(D) = (0B cosCzkn i85 (5.10)

Similarly, in the momentum picture of the BEC, the BEC can be represented in the
momentum basis in the lattice potential for the Kapitza-Dirac regime as well (like in Eq.
5.3). The probability of number of scattered atoms into the Nth momentum state in the

Kapitza-Dirac regime is thus given by the Bessel function of first kind Jn

Pu = J@0) (5102

A similar equation can be achieved while not ignoring the envelope function where the
argument of the Eq. (5.10a) absorbs the envelope function. Changing the lattice illumination
time and the power of the lattice beams will cause the probability of atoms in each
momentum state to oscillate, a phenomenon called Pendell&sung[??2%], the oscillation cyclel®

103



Excitation spectrum and coherent phenomena in 87Rb Bose-Einstein condensates

given by t = m/|Al/w,ec(wg)? . The highest order momentum state is given by 7 = \/%’
where £ depends on the two-photon lattice recoil energy and lattice pulse time and «
depends on the lattice depth and the lattice pulse time!?*%5]. This oscillation for the zero and
first order momentum states is shown in Fig. 5.1 (by plotting Eqg. (5.10a)) for two different

coupling beams powers. As we can see, the oscillation frequency increases with the increase

in the coupling laser power.

No. of Atoms

3
Time (Arbit. Units)

Figure 5.1. The dependence of the zero order (Jo, Po) and first order (J1, P1) momentum states population
on the illumination time of the coupling beams at two different power levels. Fig. (a) shows the
population oscillation in the zero and first order momentum state at an arbitrary power “I”. Fig. (b) shows

the oscillations with illumination time for coupling beams power of “21”.
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For longer pulse duration times, the individual lattice momentum states can also split
due to atomic motion (a regime called the beyond Raman-Nath regime) but the time scales
we use and the BEC temperatures, the initial few oscillations presented in our data falls in
the Raman-Nath regime of the Kapitza-Dirac scattering[?® but may enter the beyond Raman-
Nath regime and later the Bragg regime after several tens of |5 of pulse duration (thick
grating)®l. Even in beyond the Raman-Nath regime and into the Bragg regime, the above
theoretical models (or their modified forms!®)) predict the oscillation of the different
momentum states population and this oscillation is what we are detecting here. So if there
is any transition from one regime to the other during the experiment, it will only lead to the

change of the oscillation frequency and the amplitude.

5.2 Superradiance

R. H. Dicke in his historical paper in 1954 proposed the possibility of coherence in
the spontaneous emission from a molecular gas in a region of space with volume smaller
than the wavelength of the emitted/exciting radiation!?®. He proposed that the smaller
volume and higher density of the gas can compel the molecules to entangle in an excitation
and emission process resulting in a coherent spontaneous emission process called
superradiance. Later observation of the superradiance phenomenon in the optically pumped
HF gas confirmed the validity of Dicke’s theory of coherent spontaneous emissiont?,
Superradiance and subradiance (opposite of superradiance) were also observed in trapped
two ion system in 1996281, Since the superradiance phenomenon is universal, reports of its
occurrence kept coming from other areas of physics like the observation of superradiance
in photonic crystals?®l, in the matter waves due to Rayleigh scattering of BECE® by using
a far detuned single laser beam or in a Bose—Einstein condensate which was coupled to an
optical cavity. This idea of the coherent spontaneous emission from excited state emitters
was later extended to larger samples of atoms (of extent larger than the light wavelength
used, for example the BEC of size 20 pm interacting with a 795 nm laser photon) by
Scully®2, He considered an ensemble of N atoms in a tight volume (dense medium) inside
a crystal. A single photon incident on such an ensemble of atoms will be absorbed by it, and

the interaction Hamiltonian for this system can be written as
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H(t) = Z hgo6] ay eFoTie o=t 1 qgj, (5.11)
Jj

with 6].* = |a;)(b;| being the transition operator from atomic ground state “b " to atomic
excited state “a” where the atom is located at position 7. The photon absorption is
represented by the annihilation operator azo and g, is the Rabi frequency of the single
photon and N-atoms interaction. v, — w Iis the detuning of the laser (photon) frequency from
the atomic transition frequency. The atoms and photon interacts via this time dependent

potential and the system will change after the interaction according to the unitary time

operator
U(D) = g )

After putting the values from Eq. (5.11), we get

T
U(t) = 1—-ig, f dt’ei(vo_“’)tz@Tdﬁoeiko'ri + adj. (5.12)
0 j
here ¢ is called the time ordering operator. We suppose the atomic+single photon wave

function to be |b,, b,, b, o by )®[1, ) initially which means that all the N atoms are in

the ground state b and there is one photon travelling in the direction EO. After the absorption

of the photon, the atoms+photon system evolves according to the unitary operator (Eq. 5.12)

as
U(T)lbl, bz, b3, ey bN>®|1%O)

5.13
~ by, by, by, .., by)® | 1) (5.13)

_ igOTZ e™®o7i |by, by, by, ..., @, ..., by )®|0)
j

Eq. (5.13) says that after the interaction, depending on the Rabi frequency g, and interaction
time 7, the probability of the system in the initial state decreases and the system is excited

to the new state |by, by, b, ..., aj, ..., by )®]|0). In this new state, there is no free photon and
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one of the N atoms is now excited to the “a” state. The normalized form of this new state

of the system can be written as

1O
[W(N|1g, ) = \/—sze”‘“'rl |by, by, by, .., @, .., by)®|0) (5.14)

Now this system will decay and to represent the decay in mathematical equations, we
construct the interaction Hamiltonian for emission (just like we constructed the absorption
interaction Hamiltonian in Eq. 5.11 and the unitary evolution operator in Eq. 5.12). These

equations are given below respectively

W(t) = z 2 hgi atge~ % ie ) 4 adj. (5.15)
j =ik

and
U (t) = ge%if(f ac'w(t') _ ]_[ vl (5.16)

where the matrix element for the jth atom is Ud, = ﬁéj, and the radiation operator

-

—ik.r;
~t gre e
;= a

: i (5.17)
=+ (- 0)

The constant y is called the Weisskopf-Wigner rate for spontaneous emission and is given
by

2
y = 2ﬂ2|gz| 8(vg — w) (5.18)
7

For large density systems, Y.; elko-k) ;) =§(2n)363(_l€0 — k) and using the relation

Ulf;,|aj) = ?Jﬂbj), we calculate the transition dipole matrix element between the excited and

ground state atoms+single photon system as follows

VN (2m)3gy
%

(by, by, bs, ...,bN|‘P (N|1,;0)) ~ l. 53(ky—101z)  (5.19)
T 7V + (v - )
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The right side of Eq. (5.19) shows that the emission probability (or transition dipole matrix

element) is enhanced by VN provided the direction (wave vector) of the emitted light and

the incoming absorbed photon is the same. This enhancement of the emission in a specific
direction is called superradiance. These kinds of states are called the Timed-Dicke states.
The Dirac-Delta function on the R.H.S of Eq. (5.19) ensures that the direction of the

enhanced emission is the same as that of the absorbed light. This shows that in a larger
density medium (in which the approximation ¥ ; ei(ko=I07) = %(2n)363(_150 — k) holds),

the atoms can become entangled by the absorption-emission process alone. The large
density requirement is very crucial as the approximations employed when calculating the
Eqg. (5.19) are only valid if the density is large. At smaller densities, the reverse of

superradiance (subradiance) can occurl3l,

An important experimental hurdle in the observation of such superradiance emission
is the difficulty to isolate the superradiance emission from the excitation light as both are in
the same direction. A scheme that can change the direction of the superradiance emission
while still satisfying the Dirac-Delta condition is thus necessary to extract useful

information from the superradiance light without the background excitation light.

5.3 Superradiance Lattice

Now consider the case of a BEC in a superradiance lattice (SL). The construction of
SL was discussed in the previous chapter (Photoassociation using Bragg scattering). The
mathematical details are almost the same as for the superradiance discussed in the previous
section. This time we add two more laser fields in addition to the first field that excites the
atoms from the ground state “a” to the excited state “b”.

Let us change the labels of the ground and excited states respectively to g and e
instead of b and a to keep the formalism similar to the one discussed in Ref.2* 31, The first
field (weak laser beam) which excites the atom from ground state g to the excited state e is
called the probe field (again this name is coming from the conventional role of a weak laser

in the coherent systems like EIT). We chose the rubidium-87 atom for the implementation
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of this SL scheme. The ground state g is the upper ground state g = |F = 2, my = 2) of the
5S fine level and the excited state is the lower excited line e = |F' = 1) state of the of the
D1 line. The second field (strong laser beam) couples the excited state e with an intermediate
level m and we call it the coupling field. The intermediate level is the lower ground
hyperfine level m = |F = 1). If we arrange the coupling field in such a way that it shines
on the atoms from two directions making and angle 6 with each other (two laser beams of
the same coupling frequency intersect each other at the position of the atoms in the BEC
having same direction of polarization and therefore forms interference pattern), then a lattice
is formed by these two coupling fields/beams. The wave vectors of the two coupling fields
are ki1 and k> respectively and that of the probe field is kp as shown in Fig. 5.2(b). In case of
single excitation (probe) field, there were only atoms with zero momentum and atoms with
1 quantum of momentum along the direction of the incident laser (as discussed in the
preceding section), but now there will be several more momentum states in other directions
too due to the introduction of two coupling fields (the coupling fields facilitate the quantum
transport of atoms in the momentum space).

As we can see from Fig. 5.2(a, b), the probe field excites the ground state atom from

the |g) to |e) (shown in Fig. 5.2(a) by e,) from where it decays to |m) by emitting a photon

(@) IN(9),0) (b)
F=2

Figure 5.2. Figure (a) shows the quantum transport of atoms in the momentum chain in the SL. (b) The

locking scheme of the lasers and the energy levels of the Rb atom.
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in the direction of ki to become M, -1, T+ 1,1m2), where nq,n, are the number of
photons in the coupling beams 1 and 2 respectively while the atom is in the excited state.
The state |Mi,—k,» M1 + 1,n2) Means that there are now n; + 1 photons in the coupling 1
beam and n, photons in the coupling 2 beam and the excited atom has now decayed to the
state |m). In Fig. 5.2(a), this decayed state is shown by m_,. From here the atom can absorb
a photon from the coupling beam 2 to go back to an excited state in the momentum chain
designated by e_; (not shown in Fig. 2). This e_, state an be represented by
|ekp_k1+k2, n; + 1,n, — 1). Orit can absorb a photon from the coupling field 1 and go back
to the same excited state e,. The e, can also go on the left side of the momentum chain and
emit a photon into the coupling 2 beam direction and convert the atomic state to m, from
where it can absorb a photon from the coupling field 1 to get excited to the e; state. This
state can be represented by |lexy+k,—kpy 1 — 1L,z + 1), This state can superradiantly couple
to the original ground state by emitting a photon in a specific direction. Although many of
the excited states are superradiant due to the large density of the BEC but the directional
emission can only happen in only one of the excited state due to the fixed angle of the probe
laser. Let us say that it is this e; state. Atoms following the triangle formed by the arrows
indicated in Fig. 5.2(a) will radiate superradiantly and will end up back in the same ground
state.

The same Eqg. (5.11) holds for the first excitation part of the atom from ground state
to the excited state as the initial interaction Hamiltonian. However, the addition of the two
coupling fields which couple the excited state e with an intermediate level m, introduces an
extra Hamiltonian given by

Hye = — Z R (graz, €™ + gady ™) |e))omy| + ad). (5.20)

)
Following the same procedure of the unitary evolution operator and then calculating the
transition dipole matrix element between the excited state e; and the ground state g, we will
get an equation that will contain a Dirac-Delta function as a function of the wave-vectors
k,, ki and k,. Because of the addition of the two coupling fields, the superradiance
emission direction will now be in some other direction and not in the direction of the probe

field. Fortunately, this emission direction can be found by the conservation of linear
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momentum relation k, = k,, — [(k; — k;) where | is an integer". For those values of k,
the emission will be superradiant at which |k,| = |k, | and at all other values there will be

normal spontaneous emission. In Ref.24l, they found that the SL can be realized within a
standing wave coupled electromagnetically induced transparency (EIT) scheme ina A-type
system and that the density of states of the SL resemble that of the EIT absorption spectrum.

This was later experimentally demonstrated in Ref.t%l. The typical SL spectrum as
a function of the probe laser frequency is shown in Fig. 5.3. The two peaks of the SL are
coincident with the two dressed states of the EIT system but what makes it different from
EIT is the transparency window as it still has some absorption due to the presence of small

number of density of states.
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Figure 5.3. The SL scattering frequency domain spectrum as function of the probe laser frequency. The
two main peaks of the SL spectrum coincides with the positions of the two dressed states of the EIT

system and are marked by the letters Al and A2.

These small number of density of states becomes important when we add another lattice
standing wave field to the existing SL latticel*®]. This Fig. 5.3 was recorded by scanning the
probe laser frequency while collecting the highly directional scattered light with the help of
an EMCCD camera.
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5.4 Superposition of the SL on a phase modulated BEC

If the BEC (in the |F = 2, m = 2) state) is loaded into the optical lattice (made by the
coupling laser at 795, which is blue detuned in the absence of the probe laser) in the Kapitza-
Dirac regime (without turning ON the excitation probe laser) for a variable time, then we
can see from Eq. (5.10a) that the population of the ground state and other momentum states
will oscillate with time due to the time dependent phase modulation. All the atoms in this
lattice will be in the ground electronic state as the coupling beams are locked around 6.8
GHz above the nearest resonance transition of the 8’Rb atoms, and the potential energy
experienced by the atoms is due to the AC stark shift of the lattice. The lattice will write a
variable phase on the BEC wave function depending on the application time/depth of the
lattice pulse. Now, if we suddenly turn on the probe laser while keeping the coupling lasers
ON, all the ground state atoms in the lattice will be pumped by the probe laser to the lower
excited hyperfine level (Fig. 5.2(b)). Those atoms in the phase modulated BEC which satisfy
the k. = k, — I(k; — k) condition will emit light directionally in a superradiant manner
(when using the SL) and as the population of these atoms for the variable delay between the
probe and the lattice beams will oscillate according to Eq. (5.10a), we will observe
oscillations in the scattering intensity also. This superradiance emission coming out of the
total system actually carries the information of the phase imprinted by the application of the
Kapitza-Dirac pulse of the coupling beams to the original BEC and can act as an in-situ
technique for the measurement of the phase imprint from the Kapitza-Dirac lattice without
waiting for the longer and noisy TOF times. Since the BEC’s Thomas-Fermi size is around
20 pm and the recoil momentum imparted by the D1 line laser wavelength in each scattering
event is just 3.6325 KHz, the time needed by the atoms to leave the BEC cloud and to
arrange into a resolved momentum distribution is very large (tens of ms). Therefore, the use
of the SL scattering for the observation of these oscillations in-situ is a very powerful tool.
Another usefulness of the SL in-situ probing is the avoiding of the noise adding expansion
times that are needed to properly resolve the scattered atoms into their momentum states.
As discussed in previous chapter (Chapter 4), the vibrations in the imaging optics adds noise
to the data in the form of interference fringes®’! and this noise can reduce the precision of

the measurement of the actual phase imprinted by the Kapitza-Dirac pulsed lattice on the
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BEC. Other measurements using the variable delay method include the precise measurement
of the lattice depth®® as the optical lattice depth measured from the power in the lattice
beams directly has limitations as the power actually reaching the atoms inside the vapor cell
may not be the same as measured outside the vapor cell.

If the lattice laser wavelength is changed to some other value (use 780 nm or 1064 nm
lattice) while using the same probe (at 795 nm) so that the EIT configuration of Fig. 5.2b is
no more, we can still have directional non-superradiant scattering of probe light (as a result
of atoms excited by the resonant probe laser spontaneously emitting) provided that the atoms
have a momentum state for which the condition k, = k, — l(k; — k) is still metl” 2], The
use of a 780 nm lattice in the same configuration (same angles between the lattice/coupling
and the probe beams discussed in 5.5.1) as in Fig. 5.4 (which is the SL setup for recording
the SL scattering using the 795 nm laser as the coupling or lattice laser) will still give enough
scattering as the wavelength difference is not big. However, the use of a 1064 nm lattice
will need changing the probe laser angle so that the phase conservation condition k., = k,, —
1(ky — k) is satisfied" 2°]. These lattices other than in the SL configuration will still show
similar oscillations in the intensity of the scattered light (due to the oscillation in the
population of the atoms having momentum that satisfy the phase conservation condition)
depending on the depth and the application time of the lattice, as we will see in the next

sections.

5.5 The Experiment and discussion

The experiment uses the same platform for the production of BEC that was used for the
experiments in the previous chapters. However, the experimental scheme for the
measurement of the SL or non-superradiance lattices (non-SL) with variable delay is
different from the previous chapter sequences. In the following I discuss the setup and the
sequence of the experiment in detail. If we use the 795 nm laser for the lattice, we call it the
SL. The non-SL lattices are separately formed using the 785 nm or the 1064 nm lasers. The

probe laser stays the same (795 nm) in all of these lattice scattering experiments.
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5.5.1 Experimental setup

The sketch of the experimental setup is shown in Fig. 5.4. The three laser beams are shown
incident on the BEC in the plane of the paper all having vertical (along the normal of the
paper) polarization. For the SL lattice study, the two coupling beams (or lattice beams) make
an angle of 48° degrees at the intersection point (at the BEC). A small magnetic field along
the normal to the page is present during the application of the experimental beams to the
BEC. The probe P and scattered beam S makes an angle of 132° with each other in the plane
of the paper. The probe laser beam also makes a small angle of 11° with the plane of the
paper. The coupling beams are switched ON and OFF with the help of an accousto-optic
modulator (AOM) which is turned OFF and ON by the control PC with the help of driving
electronics. The probe laser is switched ON and OFF with the help of an electro-optic
intensity modulator (EOIM) (fiber coupled EO SPACE Broadband (10-40* GHz), low-loss
LiNbO3z modulator AZ-0S5-20-PFU-780-UL). Additional beam blocking is done with the
help of mechanical shutters used in combination with AOMs. The EOIM cannot change
the frequency of the probe laser. The EOIM has a very sharp rise and fall time (limited by
the driving Arbitrary Function Generator speed) and is controlled by the Arbitrary Function
Generator (SG) (Tektronix AFG 3252). The same trigger sent by the computer (PC)
activates the SG and the coupling beams controlling AOM but the SG is capable of
introducing a time delay during the turning ON of the EOIM after it receives the trigger
from the PC. This is useful in scanning the delay between the coupling and the probe laser
beams. The same configuration of lattice beams and probe beam is used for studying the
non-superradiance 780 nm laser lattice, but for the 1064 nm lattice a 1064 nm beam is retro
reflected to form the lattice and the incident probe (795 nm) laser and the scattering light
both now make angles of +41°and -41° with respect to the 1064 nm beam/lattice axis. The
remaining control is done in the same manner as for the SL lattice. The EOIM output is very
sensitive to temperature fluctuations and thus a Thorlabs temperature controller (model
TED 200 C) is employed which, with the help of two thermoelectric coolers and a
temperature sensor keeps the temperature of the EOIM stable (we set the TED 200 C

controller at an easily achievable and stabilizable temperature, any temperature is okay just
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the stability is important). The EOIM is mounted on a copper slab which is then mounted

on the thermoelectric cooler which is then put on the optical table.

AOM

EMCD

Figure 5.4. The experimental setup for the phase delay study of the lattice. C1 and C2 are the two coupling
or lattice beams in the SL lattice configuration. P is the probe and S is the highly directional scattered
light. AOM does the switching of the two coupling beams. PC is the personal computer that sends the
triggers to the AOM and the SG (Arbitrary Function Generator). The signal generator switch (after a
variable delay) the EOIM. M is the 45° highly reflective mirror. A and B are the temperature control and
observation ports to maintain the EOIM at fixed temperature. Another port (nhot shown here) does the DC

biasing of the EOIM which determines how much optical power it leaks when OFF.

The frequency of the coupling laser is fixed (Fig. 5.2(b)) and the frequency of the probe
laser can be scanned via the OPLL discussed in the previous chapters. However, the OPLL
is just used to keep the phase relationship between the coupling and the probe lasers in this

experiment, and the probe frequency is kept fixed at either A1 or A2 peaks of Fig. 5.3.
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5.5.2 Experimental sequence

Right after the BEC is prepared in the dipole trap, a minimum dipole trap depth is kept
turned ON that still holds the atoms from falling down due to the force of gravity. Then the
computer (PC) sends a trigger out which turns ON the AOMs controlling the coupling and
probe laser beams. The same trigger activates the delay counter in the SG simultaneously.
The coupling lasers forms the blue detuned standing wave on the BEC position while the
probe laser beam is not allowed to pass through the EOIM and onto the BEC. The turning
ON/OFF of the coupling/lattice beams (and its duration) is abrupt and falls in the Kapitza-
Dirac regime for all of the data we present here. After a variable/programmable time delay
1, the SG forwards the trigger (in the form of a single pulse of width 1 6) to the EOIM to
turn ON the probe laser passing through the EOIM. The probe laser then illuminates the
BEC together with the coupling beams for the pulse time t (1 |5) and then turns OFF while
the coupling beams in each experimental run stays ON for a fixed time and then turns OFF

abruptly. During this illumination of the probe laser, the EMCCD camera records the

N
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Figure 5.5. The time sequence of the experiment showing the evolution of the BEC wave function with
time and its probing at different times by the probe laser. Times t; and t, correspond to two different

measurement sequences on different BEC samples.

superradiance scattering from the SL (or spontaneous but directional scattering from the non
superradiance lattice) and sends it to the PC for further processing by an image processing
software. Then a new time delay is set and the experiment is repeated three times for each

delay value. The scattering SL signal against each delay time between the coupling laser
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and the probe laser is plotted to get the oscillations resulting from the Pendell&ung. The
probe laser frequency is set at one of the two peaks of the superradiance lattice spectrum.
The frequency at Al is -18 MHz red detuned from the F=1 to F’=] transition resonance
and the A2 peak is situated at 19 MHz blue detuned from the same atomic resonance
transition at 200 LW of coupling and 47 AWV of probe laser power. However, this value
changes slightly for the non superradiance lattices which is found by scanning the probe
laser frequency. In similarity to the two dressed states of the A-type system, the two peaks
shift their position in response to change in the power and detuning of the coupling laser.
After the experiment is finished, all the laser beams including the dipole trap beams are
extinguished and the experimental sequence starts again from the loading of the MOT. The
experimental sequence for the lattice and probe beams is shown in Fig. 5.5. The BEC wave
function after its preparation is shown by 1, which after the application of the pulse changes
with time and the probe laser probes it at these different times and this is how the population

of the particular phase/momentum states is probed.

5.6 Experimental Data

In this section the experimental data is presented and the effect of various experimental
parameters on the scattering signal is discussed. Each point in the figures is the average of
three points.

5.6.1 Effect of lattice power

Fig. 5.6 shows the SL scattering intensity as a function of the time delay for different
coupling laser powers. The increasing power of the beams increases the depth of the lattice
potential which out-couples atoms to higher and higher momentum states (as already seen
from Eq. 5.10a and from Fig. 5.1). All the momentum states are pumped to and from the
zero momentum state directly or connected through intermediate momentum states (in the
absence of the probe laser). Increasing the number of momentum states increases the
oscillation rate of the population in the zero order and higher order momentum states and
hence of the SL scattering intensity. This oscillation of intensity of the superradiance

scattering can be regarded as “superradiance—Pendellsung”.
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Figure 5.6. The effect of the coupling power on the oscillation rate of the scattered intensity. (a) Each
coupling beam power is 100 WV (b) 200 W (c) and 400 |W. The probe laser power was 47 |V and its
frequency was kept fixed at the Al peak in Fig. 5.3. The illumination time for coupling beams is 50 |5
in each run of the experimental sequence. The scattering superradiance intensity recording by the
EMCCD takes place during the probe illumination time only. Each point in these figures is the average
of three points. The points are connected with each other by the solid lines. Each signal is independently

normalized due to the difference in total scattered intensity.
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Although | do not present the complete mathematical model?*! here for what exactly
is happening, but the description presented here gives an acceptable understanding of the
dependence of the superradiance scattering amplitude on the instantaneous population of
the superradiant state momentum (e, state). As the probe laser is OFF in the beginning,
there should be no e; state. However, as the coupling laser already out-couples atoms into
various momentum states (atoms situated at different locations of the interference pattern
experience different force or phase) in the absence of the probe laser, there is one
momentum state with atoms in the ground state that becomes superradiant immediately after
the application of the probe laser (it satisfies the phase conservation condition for directional
emission) and thus the instantaneous population in that state gives how much light should
be emitted through the directional SL scattering. Similarly, the non SL lattices provide the
directional scattering because of the phase conservation requirement and the spontaneous
emission of the atoms from these lattices carry the BEC phase information in the same way

as the SL but the intensity of the scattered light is less than the SL.

The SL scattering intensity also changes with the coupling beams power and
therefore the height of each curve in Fig. 5.6 is not the same (and thus each curve is
independently normalized so that we can focus on the oscillation period only). This is
because with increase in the coupling laser power, not only the frequencies of the Peaks Al
and A2 shifts but also the heights of these peaks change. Also, the SL scattering light
intensity reduces with increasing the probe delay due to that fact that at higher delays the
higher and higher momentum states gets populated and with time the atomic cloud expands
and it becomes difficult to bring back the atoms to the zero momentum state and thus the
visibility of the oscillating signal becomes smaller and smaller (at higher delay times, the
atoms actually move in real space and the lattice pulse is not just imprinting a phase on the
BEC but its AC stark force is moving the atoms in real space)!’l. Also, at larger delay times,
the lattice may enter the beyond Raman-Nath regime and later the Brag regime and even
the beyond Bragg regime (which means that the lattice pulse is now not capable of

diffracting any atoms into any momentum states and thus the oscillations appear to damp)[tl,
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5.6.2 Effect of delay on Peaks Al and A2
The height of the two peaks in the SL spectrum changes with angle of the probe laser

and is already studied in Ref.[*®l, But we have found that the height of two peaks can also

change with the probe delay (or the exposure time of the atoms to the coupling beams only).
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Figure 5.7. The changing probe delay time clearly changes band structure of the SL, especially on the

main SL peaks Al and A2. The intensity vs probe detuning is plotted for a probe delay of (a) 85 (b) 12
15 () 2016 and (d) 26)6.
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This means that the different SL band regions do not repopulate at the same rate when the

delay between the two coupling beams and the probe is increased. This effect is shown in

Fig. 5.7. This kind of effect was not detected in previous studies on slightly hotter atoms in
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Figure 5.8. A comparison of the SL signals recorded using the SL peaks Al (squares) and A2 (circles).

The intensity vs probe delay plots shown here are (a) When the coupling beams power 5010V and (b)

200 W each is used. The small relative phase between the two SL peaks Al and A2 becomes evident

when a stronger coupling power is used. The two curves start departing after 20 s of delay showing the

population in one of the peaks (A1) changes faster compared to the other peak (A2).

a MOT (inset of Fig. 2 in Ref.[l) and thus need further studies, from both experimental and

theoretical viewpoints. Our experiments (both Fig. 7 and 8) however confirms the existence

of a phase relationship between the two peaks. In Fig. 5.8 this becomes more clear when the

delay signal is recorded using the two peaks separately. The phase delay between the two

peaks is not clear for lower coupling laser power (because of the low oscillation frequency

at low power) but at higher power the two signals starts to depart and one starts lagging the

other one in time, showing the population in one of the peaks (A1) changes faster compared
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to the other peak (A2) (this implies that the SL energy band has a temporal dispersion as
well!). This effect predict that the time at which the probe laser is turned ON (and thus the
blue detuned lattice becomes an SL) is also important and thus plays a role in the population
of the different states of the SL band and thus the other momentum states do play a role in
the SL. To verify this result we need a complete theory of the SL with a phase modulated

(in the Kapitza-Dirac regime) BEC and also need to further design clever experiments.

This behavior of the change of the peaks is characteristic of the superradiance lattice
(SL) only, as only the SL has a spectrum with two prominent peaks. BEC in the 780 nm or
1064 nm lattices shows just a single peak at the probe resonance at the F=2 to F =1 atomic
transition (the peak shifts slightly due to the AC stark shift of the energy of the given
transition) and there are no other peaks in these lattices. The atoms in the 780 nm are excited
by the probe resonant with the before-mentioned transition while in the 1064 nm lattice the

probe is red detuned by around 700 MHz due to low scattering at the resonance frequency.

5.6.3 Effect of the dipole trap

The experimental data shown so far is for the cases when the experimental beams
(two coupling and one probe) are applied to the BEC in the presence of a weak dipole trap.
The experimental beams can also be applied to the BEC immediately after the dipole trap
power is turned OFF and similar behavior can be observed. In Fig. 5.9, a comparison is
shown between the scattering from the lattices inside and outside the dipole trap. A small
phase difference can be observed between the signals during the first oscillation period
showing that the atoms oscillation inside the dipole trap is faster compared to when outside
the trap. The exact reasons are not clear as a detailed theoretical treatment is needed which
should simulate the Eq. (5.10a) in the presence of dipole trap potential and consider the GP
equation for any mean field effects[?® (although this potential is weak as this is the last step
of the dipole trap evaporation and is used only to stop the BEC from falling down due to
gravity). However, the data suggests that the dipole trap helps the atoms repopulate the zero

and other momentum states after scattering by the two lattice (coupling) beams. Outside the
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Figure 5.9. A comparison of the two SL scattering vs probe delay signals when the experiment is
performed inside and outside the optical dipole trap. The coupling laser power in each beam is 200 W

while the probe laser power is 47 W for both cases.

dipole trap, the atoms finds it harder to come back to the starting position (both in real and

momentum space).

5.6.4 Probe scattering when the coupling laser is turned OFF first

Fig. 5.10 shows the comparison of the two cases showing different overlap durations
between the probe and the coupling laser beams in time. Since the SL has a high directional
scattering intensity compared to the normal BEC being illuminated by the probe laser alone,
the SL scattered light must fall abruptly after the coupling beams are turned OFF. This is
the case in both of the signals shown in Fig. 5.10. Both the signals go down in intensity after
the coupling laser is extinguished but not very abruptly. This is because the AOM and the
mechanical shutters still leak some coupling light while in the process of turning OFF and
thus the lattice still exists for a while (weakened by the turning OFF process) and thus the
intensity does not go down immediately.

As described in our upcoming paper, a fast switching of the probe laser while the lattice
laser beams are ON can give us the fast superradiance decay of the SL. The small bump at

around 30 s in the green curve (red circles) is probably noise.
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Figure 5.10. The fig. shows the SL scattering intensity vs probe delay when the coupling laser imprints
a phase on the BEC but at later time is turned off while the probe scans the phase at different times. The
coupling laser stays ON for 0.02 ms (circles) and 0.04 ms (squares) and is then turned OFF. The probe
still turns ON for 1 16 in each run of the experiment but at different delay time. The coupling laser power

in each beam is 200 W while the probe laser power is 47 W for both cases.

5.6.7 Effect of different powers in the two lattice beams

Having a lattice in which the power of the two beams is different is similar to
introducing a DC offset in the harmonic trap like lattice potential. This offset will not result
in affecting the typical modulation of the BEC phase although it may lower the lattice
potential due to this offset AC stark (or as said above, DC) force. Lowering the lattice
potential means the oscillation period may be slightly changed from an otherwise same
power beams lattice potential. This effect can be simulated in our lattice by reducing or
increasing the power in one of the coupling beams. The effect will be the same and should

not depend on whether C1 has a higher power or C2 has a higher power.

This effect is shown in Fig. 5.11(a). The higher and lower power beam is alternated
between C1 and C2 but the oscillation is the same (this would not be the case when one of
the beam is not as perfectly overlapped on the BEC as the other one. This also shows how

both of our coupling beams are perfectly overlapped on the BEC).
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Figure 5.11. Dependence of the SL scattering signal on different powers of the coupling beams. (a) Shows
a combination of (al) coupling beams C1=200 W and C2=400 WV (a2) a combination of C1=400 W
and C2=200 . Both schemes use the SL made by the 795 nm (8’Rb D1 line) coupling beams. The two
signals shows the same oscillation frequency in the first 32 5. The data becomes noisy around at around
40 s due to increased spontaneous scattering. (b) When (b1) both C1 and C2 use 200 W of 795 nm
laser (b2) both C1 and C2 use 200 W of 780 nm laser (D2 line of 8’Rb). (b3) When we use a double
lattice with C1 and C2 each having 200 W power of 795 nm laser and 50 W of 780 nm laser. The 780
nm laser is locked by saturation absorption spectroscopy from F=1 level to the F=2 of the D2 line. The

Al peak frequency is used for the data in all the cases.

The signal of Fig. 5.10(b2) is recorded with 780 nm laser lattice only by sending this
light in the coupling beams C1 and C2. The probe laser frequency is slightly changed

towards the atomic resonance from the peak A1l (still shifted from atomic resonance position
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due to the AC stark shift by the 780 nm lattice) as now there is no SL but just resonant
spontaneous Bragg scattering of the probe light by the 780 nm lattice. The high density of
the BEC may lead to some superradiance in the direction of the probe but the Bragg
scattering direction (of light) now can’t have superradiance as there is no coherent
momentum chain as in SL. As discussed above, the 780 lattice also phase modulate the BEC
and there are momentum states that satisfy the phase conservation condition and thus we
have directional (Bragg) emission coming straight into the EMCCD without changing the

position of the EMCCD or the probe.

The 780 nm lattice however makes a deeper lattice for the same 200 LW of optical
power and thus the oscillation frequency is higher than that of signal (b1) of the same figure

having 795 nm lattice at 200 |.WV optical power.

Combining the two lattices (50 W of 780 nm and 200 W of 795 nm, sent through
the same C1 and C2 beams via optical fiber) results in a super-Ilattice with complex potential
that is deeper than the 795 nm lattice but shallower than the only 780 nm lattice at 200 W
and thus the oscillation frequency of the SL scattered light is in between the other two
(between that of b1 and b2). This is a very interesting result and can be used to measure the
depths of even more complex lattice potentials. Lattices of two and three dimensions can be

probed very precisely using this probe delay technique.

The data presented in Fig. 5.12 shows similar phase modulation of the BEC phase by a
1064 nm lattice at two different powers. This lattice was made by retro-reflecting a single
1064 nm laser beam and shining the probe beam making an angle of 41° with the direction
of the 1064 nm lattice beam. The scattered light from this lattice is recorded with the
EMCCD now placed at -41° angle to the 1064 nm lattice beam. We have observed that the
scattering intensity of the probe in the 1064 nm lattice is very low due to optical pumping
of the atoms to the low hyperfine state by the probe laser and thus used a far red detuned
frequency (-700 MHz below the given hyperfine transition) to collect a reasonable amount
of scattering (in the 780 nm lattice the 780 nm laser acts as a repumper also so this problem

is not present in that lattice).
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Figure 5.12. The oscillations of the scattering intensity recorded in a 1064 nm lattice at two different
lattice laser powers. The blue circles data is recorded with a lattice power of 220 mW while the red
squares data was recorded with a 600 mW power. The probe laser frequency was kept at -700 MHz below

the F=1 transition.

However, the use of the different frequency does not affect the observation of the

oscillations in the scattering intensity.

5.6.8 Effect of moving lattice

So far we have been using static lattices in the position space. The minima and maxima
of a static potential stays fixed in the position space. A moving lattice can be created by the
introduction of a detuning between the two lattice/coupling beam frequencies (by first
passing each beam in a separate AOM operating at different RF frequency). The static lattice
can scatter atoms from the zero momentum state into momentum states of even order but
the moving lattice can scatter them into both odd and even order momentum states[??). It
means that the number of momentum states increases in a moving lattice without increasing
the power of the coupling beams and we expect an increase in the oscillation frequency of

the SL scattering signal in the moving lattice. This increase of the oscillation frequency with
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increase in mutual detuning of the coupling beams is present in the experimental data shown

in Fig. 5.13 (a).
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Figure 5.13. The effect of mutual detuning of coupling beams on the oscillation frequency. (al) C1 is
detuned by +0.05MHz and C2 by -0.05 MHz from the resonance. (a2) C1 is detuned by +0.1 MHz and
C2 by -0.1 MHz. (b) The effect of reversing the sign of the detuning (b1) when C1 is detuned by +0.1
MHz and C2 by -0.1 MHz (b2) C1 is detuned by -0.1 MHz and C2 by +0.1 MHz. The time lag between
(b1) and (b2) is clearly visible. (b3) C1 is detuned by +22 MHz and C2 by -22 MHz. Probe power is 47

W at peak frequency Al and coupling power is 200 pWin all the cases.

Using the same magnitude detuning combination but reversing its sign in the two
lattice beams C1 and C2 (shown in Fig. 5.13(b1, b2)) shows an interesting feature. The
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oscillation frequency in each case stays the same which means that the phase imprinted by
the moving lattices in both cases on the BEC wave function is the same. But the two
configurations also show a temporal lag (temporal phase) right from the start in the two
oscillation signals which could be a characteristic of the SL lattice responding differently to
moving lattices in different directions. This initial lag stays the same way till the end of the

signal until the signal becomes very small and noisy.

The speed of a moving lattice in any particular direction is given by %, where 8 is the
magnitude of the detuning between the two coupling beams and k is the wavenumber of the
coupling laser. The detuning in Fig. 5.13(al, a2, b1, b2) can produce lattices moving at the
slower speeds of 0.12 pm/ps and 0.25 m/ps. This means that the moving lattice recovers
to its original shape (in position space) after moving for a time % of 3.14 s and 1.57 |6
respectively®¥ (the lattice maxima and minima recovers, not the superradiant momentum
state population!). But at higher mutual detuning of the coupling beams (as in Fig. 5.13(b3)),
the lattice speed increases to 5.57 pm/|s and the lattice recovery time reduces to just 71 ns.
The atoms experience a very fast varying potential. Such fast phase modulation of the BEC
wave function is not possible to observe at the time resolution our setup employs currently.
The signal of Fig. 5.13(b3) stays the same (apart from the initial increase of the SL scattering)
due to this fast moving lattice and the atoms seems to not feel any potential at the timescale
we are using. The initial increase in the SL scattering intensity in the first two or three |5 is
common among all the figures and it is due to the fact that the coupling laser is being in the

turn ON phase (the AOMs and the mechanical shutters are in the process of turning ON).

In all of these figures of the experimental data presented in this chapter, the visibility
of the oscillations decay for large lattice application times and this kind behavior is also
observed in the data of Ref.[??l in which they attributed it to inhomogeneity of the lattice

beams and the power fluctuations in each run.

5.7 Summary

In this chapter the use of the SL was discussed for the probing of the dynamics of the

BEC wave function modulated by an optical lattice in the Kapitza-Dirac regime. The
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concepts of BEC phase modulation was briefly discussed, and also the superradiance
phenomenon in a large cloud of atoms and also in the superradiance lattice was discussed.
The use of the SL technique is beneficial for studying of such small phase modulations that
need higher free fall times in the absorption imaging methods of measurements but the SL
can study them in-situ. Not only this but also the SL technique avoids the various sources
of noise typical of the absorption imaging technique. The same SL can be used in the future
for high speed moving lattices and their effects on the BEC wave function. The complex
lattice potential depths can be very easily measured using this time delay technique. The
observation of the relative phase between the different density of states with time delay is a
new feature and that should be considered when studying superradiance lattices in already
modulated BECs. The effects like BEC phase modulation by optical lattice inside and
outside the optical dipole trap and the subsequent superradiance gives insight into the
helping role of the trapping potential in the re-population of the different momentum states
after its phase modulation by the Kapitza-Dirac pulses. It was also seen that the moving
lattices in different directions with same speed had a constant phase lag but the oscillation
frequency was not affected by the direction of the motion of the lattice. These findings are
of great importance for the field of optical lattices in BECs and would definitely help the

future adaptation of the optical lattices in different practical applications.

130



Chapter 5: Temporal dynamics of BEC in a 1D Optical Lattice

References

[1] M. Kozuma, L. Deng, E. W. Hagley, J. Wen, R. Lutwak, K. Helmerson, S. L. Rolston,
and W. D. Phillips. Coherent Splitting of Bose-Einstein Condensed Atoms with Optically
Induced Bragg Diffraction. Phys. Rev. Lett., 1999, 82, 871.

[2] J. Stenger, S. Inouye, A. P. Chikkatur, D. M. Stamper-Kurn, D. E. Pritchard, and W.
Ketterle. Bragg Spectroscopy of a Bose-Einstein Condensate. Phys. Rev. Lett., 1999, 82,
4569.

[3] Y. B. Ovchinnikov, J. H. Mdler, M. R. Doery, E. J. D. Vredenbregt, K. Helmerson, S.
L. Rolston, and W. D. Phillips. Diffraction of a Released Bose-Einstein Condensate by a
Pulsed Standing Light Wave. Phys. Rev. Lett., 1999, 83, 284.

[4] P. Verkerk, B. Lounis, C. Salomon, C. Cohen-Tannoudji, J.-Y. Courtois, and G.
Grynberg. Dynamics and spatial order of cold cesium atoms in a periodic optical potential.
Phys. Rev. Lett., 1992, 68, 3861.

[5] P. S. Jessen, C. Gerz, P. D. Lett, W. D. Phillips, S. L. Rolston, R. J. C. Spreeuw, and C.
I. Westbrook. Observation of quantized motion of Rb atoms in an optical field. Phys. Rev.
Lett., 1992, 69, 49.

[6] A. Hemmerich and T. W. Haasch. Two-dimesional atomic crystal bound by light. Phys.
Rev. Lett., 1993, 70, 410.

[7] G. Birkl, M. Gatzke, 1. H. Deutsch, S. L. Rolston, and W. D. Phillips. Bragg Scattering
from Atoms in Optical Lattices. Phys. Rev. Lett., 1995, 75, 2823.

[8] K. Wen, Z. Meng, P. Wang, L. Wang, L. Chen, L. Huang, L. Zhou, X. Cui, and J. Zhang.
Observation of sub-wavelength phase structure of matter wave with two-dimensional
optical lattice by Kapitza-Dirac diffraction. Scientific Reports, 2020, 10, 5870.

[9] H. Son, J. J. Park, W. Ketterle, and A. O. Jamison. Collisional cooling of ultracold
molecules. Nature, 2020, 580, 197.

[10] W. S. Bakr, A. Peng, M. E. Tai, R. Ma, J. Simon, J. I. Gillen, S. Fdling, L. Pollet, and
M. Greiner. Probing the Superfluid—to—Mott Insulator Transition at the Single-Atom Level.
Science, 2010, 329, 547.

[11] W. S. Bakr, J. I. Gillen, A. Peng, S. Fdling, and M. Greiner. A quantum gas microscope

for detecting single atoms in a Hubbard-regime optical lattice. Nature, 2009, 462, 74.
131



Excitation spectrum and coherent phenomena in 87Rb Bose-Einstein condensates

[12] D. Jaksch, C. Bruder, J. I. Cirac, C. W. Gardiner, and P. Zoller. Cold bosonic atoms in
optical lattices. Phys. Rev. Lett., 1998, 81, 3108.

[13] R. J&dens, N. Strohmaier, K. Ginter, H. Moritz, and T. Esslinger. A Mott insulator of
fermionic atoms in an optical lattice. Nature, 2008, 455, 204.

[14] P. B. Blakie and J. V. Porto. Adiabatic loading of bosons into optical lattices. Phys.
Rev. A, 2004, 69, 0136083.

[15] U. Schneider, L. Hackermdler, S. Will, Th. Best, I. Bloch, T. A. Costi, R. W. Helmes,
D. Rasch, and A. Rosch. Metallic and Insulating Phases of Repulsively Interacting Fermions
in a 3D Optical Lattice. Science, 2008, 322, 1520.

[16] L. Tarruell, D. Greif, T. Uehlinger, Gr. Jotzu, and T. Esslinger. Creating, moving and
merging Dirac points with a Fermi gas in a tunable honeycomb lattice. Nature, 2012, 483,
302.

[17] E. Toth, A.M. Rey, and P. B. Blakie. Theory of correlations between ultracold bosons
released from an optical lattice. Phys. Rev. A, 2008, 78, 013627.

[18] G. Wirth, M. Olschl&ger, and A. Hemmerich. Evidence for orbital superfluidity in the
P-band of a bipartite optical square lattice. Nature Phys., 2011 7, 147.

[19] G. E. Marti, R. B. Hutson, A. Goban, S. L. Campbell, N. Poli, and J. Ye. Imaging
Optical Frequencies with 100 pHz Precision and 1.1 pm Resolution. Phys. Rev. Lett., 2018,
120, 103201.

[20] M. Takamoto, F. Hong, R. Higashi, and H. Katori. An optical lattice clock. Nature,
2005, 435, 321.

[21] W. F. McGrew, X. Zhang, R. J. Fasano, S. A. Sch&fer, K. Beloy, D. Nicolodi, R. C.
Brown, N. Hinkley, G. Milani, M. Schioppo, T. H. Yoon, and A. D. Ludlow. Atomic clock
performance enabling geodesy below the centimetre level. Nature, 2018, 564, 87.

[22] J. H. Denschlag, J. E. Simsarian, H. Haffner, C. McKenzie, A. Browaeys, D. Cho, K.
Helmerson, S. L. Rolston, and a.W.D. Phillips. A Bose-Einstein condensate in an optical
lattice. J. Phys. B: At. Mol. Opt. Phys., 2002, 35, 3095.

[23] S. Gupta, A. E. Leanhardt, A. D. Cronin, and D. E. Pritchard. Coherent manipulation
of atoms with standing light waves. C. R. Acad. Sci., 2001, 2, 479.

132



Chapter 5: Temporal dynamics of BEC in a 1D Optical Lattice

[24] B. Gadway, D. Pertot, R. Reimann, M. G. Cohen, and D. Schneble. Analysis of
Kapitza-Dirac diffraction patterns beyond the Raman-Nath regime. Optics Express, 2009,
17,19173.

[25] J. H. Huckans, I. B. Spielman, B. Laburthe Tolra, W. D. Phillips, and J. V. Porto.
Quantum and classical dynamics of a Bose-Einstein condensate in a large-period optical
lattice. Phys. Rev. A, 2009, 80, 043609.

[26] R. H. Dicke. Coherence in Spontaneous Radiation Processes. Phys. Rev., 1954, 93, 99.
[27] N. Skribanowitz, I. P. Herman, J. C. MacGillivray, and M. S. Feld. Observation of
Dicke Superradiance in Optically Pumped HF Gas. Phys. Rev. Lett., 1973, 30, 309.

[28] R. G. DeVoe and R. G. Brewer. Observation of Superradiant and Subradiant
Spontaneous Emission of Two Trapped lons. Phys. Rev. Lett., 1996, 76, 2049.

[29] A. Goban, C. Hung., J. D. Hood, S. Yu, J. A. Muniz, O. Painter, and H.J. Kimble.
Superradiance for Atoms Trapped along a Photonic Crystal Waveguide. Phys. Rev. Lett.,
2015, 115, 063601.

[30] S. Inouye, A. P. Chikkatur, D. M. Stamper-Kurn, J. Stenger, D. E. Pritchard, and W.
Ketterle. Superradiant Rayleigh Scattering from a Bose-Einstein Condensate. Science, 1999,
285, 571.

[31] K. Baumann, C. Guerlin, F. Brennecke, and T. Esslinger. Dicke quantum phase
transition with a superfluid gas in an optical cavity. Nature, 2010, 464, 1301.

[32] M. O. Scully, E. S. Fry, C. H. Raymond Ooi, and K Wo dkiewicz. Directed
Spontaneous Emission from an Extended Ensemble of N Atoms: Timing Is Everything.
Phys. Rev. Lett., 2006, 96, 010501.

[33] D. Das, B. Lemberger, and D. D. Yavuz. Subradiance and superradiance-to-
subradiance transition in dilute atomic clouds. Phys. Rev. A, 2020, 102, 043708.

[34] D. Wang, R. Liu, S. Zhu, and M. O. Scully. Superradiance Lattice. Phys. Rev. Lett.,
2015, 114, 043602.

[35] L. Chen, P. Wang, Z. Meng, L. Huang, H. Cai, D. Wang, S. Zhu, and J. Zhang.
Experimental Observation of One-Dimensional Superradiance Lattices in Ultracold Atoms.

Phys. Rev. Lett., 2018, 120, 193601.

133



Excitation spectrum and coherent phenomena in 87Rb Bose-Einstein condensates

[36] P. Wang, L. Chen, C. Mi, Z. Meng, L. Huang, K. S. Nawaz, H. Cai, D. Wang, S. Zhu,
and J. Zhang. Synthesized magnetic field of a sawtooth superradiance lattice in Bose
Einstein condensates. npj Quantum Inf., 2020, 6, 18.

[37] M. A. Kristensen, M. B. Christensen, M. Gajdacz, M. Iglicki, K. Pawlowski, C. Klempt,
J. F. Sherson, K. Rz a"zewski, A. J. Hilliard, and J. J. Arlt. Observation of Atom Number
Fluctuations in a Bose-Einstein Condensate. Phys. Rev. Lett., 2019, 122, 163601.

[38] H. Chen, D. Xiong, P. Wang, and J. Zhang. Pulse loading 8Rb Bose-Einstein
condensation in optical lattice: the Kapitza-Dirac scattering and temporal matter-wave

dispersion Talbot effect. Chin. Opt. Lett., 2010, 8, 348.

134



Appendix A

Appendix A

A.1 Biasing Circuit for IGBT
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Figure A.1 The circuit for turning ON and OFF the IGBT switches which in turn controls the current in

the dual MOT/Feshbach coils.

A.2 Adder Circuit
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Figure A.2. The adder circuit used to add the signal from the Lock-in amplifier (in KHz) to the signal
from the RF driver (POS-PAS) (in MHz) in the SAS setup.
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A.3 Feedback Circuit
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Figure A.3 The feedback circuit used to control the depth of the dipole trap by controlling the power in

each dipole trap beam. The output in this schemtic goes to the PAS-300+ of the RF driver (POS-PAS)

circuit.
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A.4 Circuit for AOM switch ON/OFF
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Figure A.4 The logic circuit for turning ON/OFF the RF signal fed to the AOMs using the Mini Circuits
switch. This circuits converts the single ON/OFF signal brought by a BNC line into two ON/OFF voltage

signals as required by the Mini Circuits switch.
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A.5 Circuit for Analog Optical Isolator/Analog box
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Figure A.6 This circuit isolates the computer (Control PC) from the high voltage devices during sending
the programming signal. The programming analog signal of power supplies is first fed into this circuit
and from here it is sent to these destinations. The signal used to actively control the amplitude or
frequency of the RF driver (POS-PAS) circuit does not need to be first sent to this isolator box and can

be directly sent from the Control PC analog output pins.
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A.6 Optical setup
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Figure A.7 The optical setup for the various laser beams and their frequencies tuning sequence needed

during the preparation of the BEC.
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A.7 RF driver (POS-PAS) circuit
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Figure A.8 The AOM RF Driver circuit that we label as the POS-PAS circuit in the thesis. The red
dashed-dotted squares shows the computer programmable (or potentiometer tuning) option of the POS

and PAS input pins.
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A.8 PID for laser locking
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Figure A.9 The PID circuit used in our lab for locking the ECDL lasers via the SAS.
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A.9 Detector
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Figure A.10 The detector circuit used in the SAS and the feedback setups of the experiments.
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A.10 OPLL Schematic
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Figure A.11 The OPLL optical and MW/RF components block diagram setup used to lock the two ECDL

lasers in master-slave configuration and scan the slave laser frequency.
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A.11 Circuit for Digital Optical Isolator/Digital Box
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Figure A.12 The optical isolator circuit for isolating the Control PC from the high voltage devices through
the digital output pins. The IGBT switches are turned ON/OFF using the digital pins of the Control PC
which are first fed into this isolator and later are sent to the IGBT control box. Similarly the control signal
for the switch ON/OFF of the AOMs via the Mini Circuits switch is also sent after passing through this

circuit.
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A.12 Amplifier circuit for shutter ON/OFF
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Figure A.13 The shutter control box that amplifies the digital box output and turns ON and OFF the shutter.
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Summary and outlook

In this thesis, | have discussed briefly the theoretical and experimental topics needed to
create the BEC. Later, | have discussed the use of 8’Rb BEC for the simulation of an N-type
system using three laser beams. The N-type system is studied with the help of absorption
imaging technique and the number of atoms left after exposure to the three experimental
laser beams (making the N-type system) are counted. Several interesting features of the N-
type system are retrieved using the absorption imaging technique. Some of the findings,
especially the behavior of the N-type system when the polarizations of the coupling and the
driving lasers are rotated still needs some theoretical modeling which can be a future work.

Next is the study of the creation of the excited state weakly bound 8’Rb dimers via
photoassociation. Not only new, previously undetected quantized states are produced and
detected in the BEC but also some of their properties are studied using different detection
technges. The most important property of these states is their role in the mixing with the
atomic resonance and changing the atomic resonance line-shape even at modest laser
powers. This mixing is very important in the theoretical modeling of the coherent systems
in the future (systems such as the N-type system or the lambda-type systems). Another point
is that we don’t know for sure to which potential energy curve these newly discovered
excited molecular states belong. The tagging of these states with exact vibrational quantum
numbers is the next step of this work. This finding will indeed draw a lot of attention from
the theoretical physics community as these nearby states can accurately tell about the extent
of hyperfine mixing in the otherwise 1/R® type potential energy curve.

The last study was related to the phase retrieval of the BEC phase using the
superradiance lattice scattering. The in-situ technique of reading the BEC phase when it’s
acted upon by one or more lattices for a variable time is promising as we have demonstrated

in the thesis. The exact strengths of the lattice beams can be measured using this technique
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no matter how many lattices are acting on the BEC provided we have an accurate knowledge
of the angles between these lattices. The other finding in this study is that the population of
the superradiance lattice different bands is not recovered simultaneously at the same rate

and this needs more experimental and theoretical verification.
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