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Abstract

Strongly-correlated fermions are ubiquitous in nature, from the quark-gluon plasma of the
early universe to neutron stars found in outer space, they lie at the heart of many modern
materials such as high-temperature superconductors, massive magneto-resistance devices
and graphene, and present some of the most challenging problems in contemporary physics.
A thorough understanding of strongly correlated fermions will be able to address a wide
range of questions from fundamental physics to technological applications. However, such
an understanding is often hindered by the complexity of the host systems themselves. In
addition, they are very difficult to treat theoretically, either analytically or numerically,
due to the exponential increase in complexity even for a fairly small number of interacting
particles. On the other hand, ultracold gas experiments have been successful in setting
fermions in a well-characterized environment with a broad degree of control over inter-species
interactions. In these systems, one can add a single ingredient at a time (spin mixture,
interactions, lattice, etc.), allowing for an incremental complexity, which is analoguous to a
quantum simulator for directly testing many-body theories. In many cases, the properties
of such systems are universal and experimental results can be directly applied to explain the

behaviour of natural materials.

In this dissertation, I discuss about my Masters project which is devoted to the design
of a stable optical system with an injection-locked laser to cool Lithium gases to ultracold
temperatures in order for the Lithium atoms to be manipulated as required for the scientific
experiments. The purpose of a stable optical system design is to have a steady time-invariant
frequency and intensity control of the laser setup. The laser setup will be then used to cool
down Lithium atoms to temperatures on the order of 40 K by laser cooling. Subsequently,
these ultracold Lithium atoms will be manipulated in the compound setup, already developed
in our laboratory, to study the behaviour of the Bose and Fermi gases in the unitarity regime
between the BEC-BCS crossover. I will summarise the relevant theory required for the
design of such a system, and also highlight the experimental work carried out to realize it.
The report culminates with a discussion on further work to be done in the future, and its
utilization in the global compound apparatus used in the laboratory to study ultracold Bose

and Fermi gases.
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Chapter 1

Introduction

1.1 Ultracold Gas Research

Strongly-correlated fermions are ubiquitous in nature, from the quark-gluon plasma of the
early universe to neutron stars found in outer space, they lie at the heart of many modern

materials such as high-temperature superconductors, massive magneto-resistance devices
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and graphene, and present some of the most challenging problems in contemporary physics.
A thorough understanding of strongly correlated fermions will be able to address a wide
range of questions from fundamental physics to technological applications. However, such
an understanding is often hindered by the complexity of the host systems themselves. In
addition, they are very difficult to treat theoretically, either analytically or numerically,
due to the exponential increase in complexity even for a fairly small number of interacting

particles [1].

On the other hand, ultracold gas experiments have been successful in setting fermions in a
well-characterized environment with a broad degree of control over inter-species interactions.
In these systems, one can add a single ingredient at a time (spin mixture, interactions, lattice,
etc.), allowing for an incremental complexity, which is analoguous to a quantum simulator
for directly testing many-body theories. In many cases, the properties of such systems are
universal and experimental results can be directly applied to explain the behaviour of natural

materials.

The immense advantages that are afforded by ultracold gas systems have been utilized
by research groups in understanding strongly-correlated quantum systems, and this active
field of research is looking at problems in many different directions. Our research group
has already done pioneering experiments to realize superfluidity in Bose and Fermi gases.
The present purpose of the group is to develop ultracold gas systems with the ability to

manipulate single atoms and observe their interaction dynamics.

1.2 Lab Overview

Presently, the Ultracold Fermi Gases research group has 3 laboratories devoted to multiple
projects in the broad field of ultracold atoms, primarily using lithium and potassium atoms.
I have interacted with members of all the 3 labs, and hereafter follows my brief summary of

the ongoing projects being undertaken by the group.

In the old Lithium 1 lab, "Li - which is a Bose gas with nice Feshbach resonance - and %Li
- which is a Fermi gas with strongly interacting up & down spins - are together seen to show
perfect superfluidity at absolute zero temperature, i.e. no viscosity. If the superfluid is forced

through a finite aperture at sufficiently high speed, viscosity comes into play leading to a
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breakdown of zero temperature superfluidity, and we obtain a finite temperature superfluid
which has an ideal superfluid part and excitations arising from quasi-particles. Tan’s contact
[2][3] is a microscopic property that depends on how a system of two fermions (spin up
& spin down) are bound, and it is related to the global parameters of the fermionic gas.
In experiments carried out in this lab, Tan’s contact was found by measuring the global
thermodynamic parameters. A zero temperature Fermi gas has an occupation versus energy
graph that resembles a step function. The occupation below kg is 1 while beyond kg is 0. In
Fermi gases at finite temperature, it is not exactly an ideal step function as some holes reduce
the occupation count below kg and some free fermions increase the occupation count above
kr, with interactions in the Fermi gas further modifying the Fermi surface. Additionally,
in a harmonic potential, the edge fermions behave like those in the ideal gas case while the
ones at the centre of the trap behave like a strongly interacting gas. It is possible to find
a theoretical connection between the microscopic properties of the particles and the global
thermodynamic parameters of the atomic gases through the two-body Tan’s contact. It
relates the probability of having two particles with the same spin in a finite volume to the
global parameters of the gas like its rate of change of energy with respect to the scattering

length at a fixed entropy. Tan’s contact can be defined in two ways, at equilibrium:

klggon(k) — % (1.1)
_ —4mm oFE
€= {0(1/ap) }S (12)

where the derivative is evaluated with the entropy S held fixed [4].

If two spins are at rq & 79:

1

g — 712

(7"277‘1)*)002 X (13)
The zero temperature Tan’s contact behaviour has been measured right from BEC to BCS,
through unitarity [6]. The physics on either side far off of unitarity is known, but not exactly
at unitarity, and the interesting physics regime falls between —1 < kp < 1.

In the new Lithium 3 lab, atoms are being laser cooled to reduce the kinetic energy
spread of the atomic cloud. With the capability of single atom resolution, where the atoms

are held in place by strong traps, atoms are imaged by Fluorescence Optical Miscroscopy [5].



The atoms are laser cooled during detection to ensure that they stay in resonance during

the imaging. [7]

In the Fermix lab, atoms of %Li & %°K are used to study mixtures of mass-imbalanced
fermionic systems. The atoms of both species are put together in a fermionic system, and
they can be trapped and manipulated either separately or together. Interesting physics
which arises from such systems include the impurity problem, where a single K quantum dot
(0D) is placed in a sea of Li atoms (3D) and their interaction is observed. Other geometries

like 3D Li bowl on a 2D K plane, either below or intersecting the bowl are also studied.

1.3 Project Objective

The aim of my Masters’ project is to design a stable optical system with an injection-locked
laser to cool quantum gases to low temperatures. The purpose of a stable optical system
design is to have a steady time-invariant frequency and intensity control of the laser setup.
The laser setup will be then used to cool down Lithium atoms to temperatures on the
order of 1 mK by laser cooling and then to about 40 uK by evaporative cooling, leading to
quantum degeneracy of the Fermi gas. Subsequently, these ultracold Lithium atoms will be
manipulated in the compound setup, already developed and presently being refurbished in
the laboratory, to study the behaviour of the Bose and Fermi gases in the mixed superfluid
phases in the unitarity regime between the BEC-BCS crossover [8]. On the BEC side, there
is Bose-Einstein condensation of diatomic molecules in the atomic Fermi gas with positive
scattering length, while on the BardeenCooperSchrieffer (BCS) side, fermions exist in a state
of weakly correlated pairs, with negative scattering length. The crossover from the BEC to
the BCS side is the unitary regime, and at the unitary limit, the scattering length goes to

Zero.



Chapter 2

Theory

For the design of a stable optical setup for laser cooling, it is necessary to know the
theory behind the functioning of laser diodes and the physical considerations that need to be
assessed before designing an optimum system of laser resonators. I will begin by reviewing
the key concepts for designing a good laser resonator[9], followed by a review of the essential
considerations for setting up a stable diode laser [11]. T will then discuss about the Lithium

atom and its atomic transitions.



2.1 Laser beams and resonators

Laser beams in the optical or infrared wavelength spectrum have a beam diameter signifi-
cantly larger than the wavelength. The first laser resonators were based on the Fabry-Perot
interferometer. We will first look at the paraxial ray analysis of laser beams, a theory based
on geometrical optics, followed by a second theory analysing laser beams by taking into
account their wave nature but ignoring the effects of diffraction which arise due to a finite
aperture, concluding with the final part that incorporates diffraction effects into the wave

theory.

2.1.1 Paraxial Ray Analysis

The propagation of paraxial rays through optical structures can be described by ray transfer
matrices, which also describe the propagation of Gaussian beams through those structures. A
study of the passage of paraxial rays through optical resonators reveals geometrical properties

like the stability of resonators, and loss in unstable ones. In the matrix form,

Ty C D) \z
where (ABCD) is the ray transfer matrix (RTM).

In a laser resonator, light rays bounce back and forth between spherical mirrors and un-
dergo periodic focusing similar to a lens sequence, which can be described by a multiplication

of the equivalent lens RT'Ms. The stability criterion is
1
-1< §(A +D)<1 (2.2)

where instability means the dispersal of rays and loss of periodic refocusing.

2.1.2 Wave Analysis

The wave analysis of laser beams is carried out by considering large apertures that intercept

only a negligible portion of the beam, and thereby ignoring aperture diffraction effects. The
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Figure 2.1: Stability diagram of laser resonators, with unstable regions being shaded [9].

intensity distribution of laser beams are concentrated near the axis of propagation, the beam
expands with propagation distance and the phase fronts are slightly curved, in contrast to
otherwise similar plane waves. By assuming a slowly-varying envelope, the differential wave

equation has a solution similar to that of the time-dependent Schrodinger equation:
W = eI (2.3)

Even though there are more solutions, this solution which represents a coherent light

beam with a Gaussian intensity profile is very important and is known as the fundamental
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mode. The contour of the Gaussian beam is shown:

/ PHASE FRONT

Figure 2.2: Contour of a Gaussian beam [9]

and two very important scaling relations are:

7T’w2

wy = w?/[1+(55)7] (2.4)
AR
=R/[1 + (=) 2.5
2= B[+ (2 0)] (25)
The Gaussian beam can be represented by
u(r, z) = 10 emithe®)=r*( 5+ 3R) (2.6)

w

The complete and orthogonal set of solutions are called the modes of propagation. In Carte-
sian coordinates, the intensity profile pattern in higher order beams is described by the
product of Hermite and Gaussian functions, while modes in cylindrical coordinates are de-
scribed by the product of Laguerre & Gaussian polynomials. The parameter R(z), related to

the curvature of the phase-front is the same for all modes, while the phase shift is a function

10



of the mode number, with phase velocity being directly proportional to mode number. These

lead to different resonator frequencies for the various oscillation modes.

Lenses can be used to focus or produce laser beams with suitable diameters and phase-
front curvatures. An ideal lens system keeps the mode intact while changing the R(z) - the
radius of curvature of the wavefront upon intersection at the axis - and w(z), a measure of
the amplitude decrease away from the axis, transforming the wavefronts of laser beams in
exactly the same way as those of spherical waves. The g-parameters of the incoming and

outgoing beams are related by the thin lens formula, and according to the figure below

S Gy mme e o O T

Figure 2.3: Distances and parameters for a beam transformed by a thin lens [9]

can be calculated by

(M =do/f)qn + (di + dy — drdy/ f)
©= D+ (= di/f) (27)

or, if the ray transfer matrix is known, by the ABCD law, which follows from the analo-

gous nature between spherical waves in geometrical optics and laser beams:

_ Aq+B

~CuiD (2:8)

q2

Stable laser resonators are studied, taking into account the wave nature of the laser
beams, in the infinite aperture approximation i.e. when the spot size is significantly less

than the aperture. A resonator mode between two spherical mirrors in a laser resonator

11



forms an axial standing-wave pattern, and the beam parameters follow a self-consistency
criterion after a complete return trip of the beam. It can be shown that the mirror surfaces

are coincident with the phase fronts of the resonator modes. The width of the fundamental

wQ—%/\/Zg—l (2.9)

The resonant frequency of a mode is

mode is

v/vy = (q+1)+%(m—i—n+1) cos (1 —d/R) (2.10)

for rectangular modes, and the (m+n+1) term is replaced by (2p+1+1) for modes with

circular geometry.

In many cases, output beams from laser resonators are injected into optical structures
with different beam parameters. In such cases, beam transformation using a thin lens (or
more complex systems) is necessary to match the modes of one structure to those of another.
The locations of the waists of the two beams and their corresponding beam diameters are
usually known. Omne has to choose an appropriate lens with a focal length larger than the

characteristic length
fo = mwiwa /A (2.11)

to transform the beam. After f is chosen, the distances d; & dy have to be adjusted according

to:
dy=f+£—1\/f*>— 3 (2.12)

dy=f =23/ = f§ (2.13)

1
as can be seen from Fig. 2.3. It is helpful to know the accuracy of distance adjustments

during the design of a matching system. Using the confocal parameters
by = 2mwi/\ (2.14)

by = 2mw3 /A (2.15)

if by & f are fixed, by of the output beam changes with d; according to a Lorentzian functional
form centred at d; = f with a width of by, and the value of by < (4f2)/b;. dy changes with

12



d; according to

1—di/f

S R TR S ENN WY

(2.16)

2.1.3 Laser Resonators (Finite Aperture)

Laser resonators with finite mirror apertures are intrinsically lossy due to diffraction losses,
and the electromagnetic field inside decays slowly if there is no continuous supply of energy.
The relative distribution of these modes, however, are time-invariant. In laser oscillators,
a steady-state field exists as the active medium supplies adequate energy to overcome the
losses. However, due to non-linear gain saturation, there is lower gain in regions with higher
field; recent results show that saturation effects are non-perturbative if the gain is not too
high. By assuming the quasi-optic nature of the open resonator, specifically two conditions:
1. that the wavelength is substantially lesser than the resonator dimensions, and 2. that the
field in the resonator is mostly transverse electromagnetic, the Fresnel-Kirchhoff formulation

of Huygens principle can be invoked to arrive at two integral equations:

’)/(I)E(l)(sl) = K(Q)(Sl,SQ)E(2)<SQ>dSQ (217)
Sa

W(Q)E(2)(Sg) = K(l)(SQ,Sl)E(I)(Sl>d51 (218)
S1

relating the fields of the opposite mirrors. If the mirror separation is larger than the mirror
dimensions, with only slight mirror curvature, the two orthogonal Cartesian vector field
components are uncoupled whose solution yields resonator modes with uniform polarization

in a single direction, linear superposition of which can be used to obtain other configurations.

For spherical mirrors, with rectangular or circular apertures , the 2-D integral equations
are separable and reduce to 1-D equations whose solutions are tractable. Exact analytical
solutions have been found only for the special case of confocal resonators, but many others
can be solved numerically. The calculations for obtaining solutions for different resonators
is reduced by three equivalence conditions. Interchanging mirrors, reversal of sign of ¢; &

g2, defined below:
d
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gp=1—— (2.20)

and the equality of all the three - Fresnel number N and stability factors G & G, defined

below:

a1a9
N = 2.21
G =g (2.22)
a2
a1

ensures that the two systems will have the same diffraction loss, same resonant frequency
and scaled intensity mode patterns. The stability criterion can also be written in terms of
G1 & Gy or g1 & go:

0<GiGa<l or 0<gig2<1 (2.24)

The fields of the modes in stable resonators are more concentrated near the resonator
axes than those in unstable ones and so, the diffraction losses of stable resonators are much
lower. The smoothness of the stable to unstable resonator regime transition decreases with
increasing Fresnel number. For a given Fresnel number, a confocal resonator system has the
lowest diffraction loss, but it is important to remember that even minor deviations from this

case may lead to unstable resonators, as is evident from Fig. 2.1.

Since the transverse field distribution of any general resonator mode cannot be solved
analytically by finding the eigenfunctions of the integral equations, numerical solutions are
possible, either by the method of successive approximations or the method of kernel expan-
sion. The method of successive approximations is useful for lower-order modes wherein the
resonator is initially excited by a wave of arbitrary distribution which undergoes multiple
reflections and loses energy by diffraction leading to a quasi-steady state field distribution,
which has the lowest diffraction loss for the specific resonator geometry. The method of

kernel expansion yields solutions of both lower order and higher order modes.

The diffraction loss («)
a=1-| (2.25)

and the phase shift (3)
B =angle of ~ (2.26)
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help us in determining the quality factor Q and the resonant frequency by

2d
Q= >\_0ét (2.27)
and
vivy=(q+1)+ B/ (2.28)

if the total resonator loss is small. It has been seen that the loss of the lowest order mode

of an unstable resonator is independent of the mirror size and shape to first order.

2.2 Diode lasers

Most atomic physics research involves looking at the interaction of light and atoms, for which
laser sources that can be tuned to specific atomic transitions are essential. Earlier, such laser
sources were tunable dye lasers, which have now been replaced by semiconductor diode lasers
due to the improvements in their reliability, power, wavelength coverage, and cost efficiency.
Diode lasers also have better amplitude stabilities which make them suitable for sensitive

absorption and fluorescence measurements.

2.2.1 Basic Laser Characteristics

Diode lasers are very small devices capable of output powers with high electrical to optical
efficiency. The laser beam is generated by sending an injection current through the active
region of the laser diode between the n & p-type cladding layers, producing electrons and

holes which recombine and emit photons.

The emission wavelength of the laser depends on the band gap of the semiconductor

material, and it is broad w.r.t. atomic transitions.

The spatial mode of a laser is defined by a narrow channel in the active region that
confines the light. The confinement of the transverse laser mode is achieved either by the
spatial variation of injection current density (gain-guided lasers) or by the spatial variation

in the refractive index (index-guided lasers).
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Figure 2.4: Typical diode laser - different semiconductor layers and dimensions [11].

2.2.1.1 Beam spatial characteristics

Due to the emanation of the light from a small rectangular region (~ 0.1um), the output

laser beam has a large divergence and an oval radiation pattern (see Fig. 2.4 & Fig. 2.6).

At the full width at half maximum of intensity, a typical output beam has a divergence
angle of 30° and 10°, in the perpendicular and parallel directions respectively, the difference
arising from the variation in the spatial extent of the junction in the two directions w.r.t.
the beam size. The output beam of most diode lasers also suffers from astigmatism. The
first collimating lens used for typical diode lasers does not lead to Gaussian beam profiles.
A Gaussian beam can be obtained by using corrective lenses and spatial filtering but at the

cost of losing power.
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Figure 2.5: Laser beam output power vs injection current for a typical semiconductor diode
laser [11]. [Note: Refer to Fig. 4.8 for my measurement of the lasing threshold]

2.2.1.2 Tuning characteristics

The wavelength of a diode laser is essentially determined by the bandgap of the semicon-
ductor material, along with the junction temperature and the current density. Since the
semiconductor bandgap is not accessible to the laser user, the broad range of the laser’s
wavelength cannot be controlled. Commercial lasers usually tune over a wavelength interval
of about 20 nm, and therefore it is necessary to purchase lasers which are doped to operate
in the required wavelength range. The optical path length of the cavity and the wavelength
dependence of the gain curve vary with temperature. Consequently, the laser frequency also
tunes with temperature similar to a step function with sloping steps, where the slope of each
step represents the tuning of a cavity mode, while the jump between steps represents mode

hopping due to the shifting of the gain curve.
These spectral gaps, of about 0.35 nm, are a serious drawback of using diode lasers and
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Figure 2.6: The output beam of the diode laser is highly divergent because of the small size
of the active (lasing) area. Since the lateral dimension of the active area is usually larger
than the transverse dimension, the angular spread of intensity in the lateral direction, 6, is
less than the angular spread in the transverse direction, ¢, . [16]

they are extremely sensitive to optical feedback, which can be used properly to reduce or

eliminate the problem.

Typical room temperature lasers operate within a range of 30 K from the room tem-
perature. Heating up the diode laser leads to higher lasing power which in turn leads to
higher energy dissipation, increasing the chances of catastrophic failure of the laser diode.
The laser wavelength also depends on the injection current. The injection current affects
the diode temperature and also changes the refractive index by altering the carrier density,
both of which in turn vary the wavelength. For timescales greater than 1 s, the tuning
of the injection current leads to a rapid change in the temperature by Joule heating of the
junction, while the relatively low change in the carrier density makes the influence of the

change in the refractive index on temperature insignificant.

An important advantage of diode lasers over other optical sources is that their amplitude
and frequency can be modulated rapidly with ease by altering the injection current. However,
the modulation of the injection current leads to coupled amplitude modulation and frequency
modulation. Even though the sensitivities of AM & FM are different, the relative phase
between AM & FM changes as a function of the modulation frequency. The FM & AM

response is approximated to be linear with the injection current, and since the FM sensitivity
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Figure 2.7: Laser output wavelength vs laser temperature [11].

is about an order of magnitude higher than the AM sensitivity, the amplitude change is
ignored in most atomic physics experiments. This makes it possible to scan the laser over a
large range of frequency for spectroscopic applications by appropriately altering the injection

current.

2.2.1.3 Visible red lasers

Visible diode lasers operating near 670 nm, i.e. red light, are useful for diverse applications
since they are near the resonance line of the Lithium atom at 671 nm, but they have a
broad spectral width since they are usually gain-guided rather than index-guided. Typically
they run over multiple modes, and even in the limited regions of single-mode operation, the
linewidth of unstabilized devices is greater than or equal to 300 MHz. The large asymmetric
divergence in their transverse mode structure produces, without any compensatory optics,

elliptical beam shapes.
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2.2.2 Using Diode Lasers in the Laboratory
2.2.2.1 Mounting a diode laser

The two most crucial initial considerations for mounting a diode laser, regardless of appli-
cation, are temperature control and optical feedback. It is important to minimise unwanted
optical feedback as best as possible, and also provide controlled optical feedback for frequency
control, if desired. Along with this, the mounting design needs to keep the temperature of
the laser as stable as possible. A reasonably simple, compact and mechanically rigid diode
laser mount, as shown in Fig. 2.8, contains a thermoelectric heater/cooler, a sensing ther-
mistor and a collimating lens, usually an aspheric lens, in a threaded longitudinal track for

focussing adjustment.
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Figure 2.8: A simple diode laser mount [11]
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2.2.2.2 Temperature and current control

The reproducibility of the laser system’s performance depends on the temperature stability
since the laser output frequency is directly dependant on the temperature. If external optical
feedback is provided to the laser diode, or in the case of backscattering to the laser from the
collimating lens, the laser frequency is sensitive to the position of the optical elements. Poor
temperature control can cause unwelcome changes in the optical path length and phase of
the feedback light, thereby affecting the laser frequency. Therefore, it is essential to have
a robust temperature control system, preferably at the base of the laser mount itself. For
this purpose, simple temperature control servo loops can be designed which basically use
a thermistor as one leg of a balanced bridge circuit, and amplify any voltage across the
bridge to drive a heater or cooler. If the sensing thermistor and the laser diode are in close
proximity to the heater and the thermal disturbance from thermal radiation or air currents

is minimised, such a simple circuit can achieve temperature stabilities on the order of 1 mK.

The final essential element in setting up a diode laser is the current control circuit.
Though circuit designs vary with the specific requirements of different experiments, in every
case, there needs to be a low-noise current source and adequate protection against undesirable
transients that can destroy the laser. It is important to mount this protection diode as close
to the laser diode as possible, as even a fraction of a metre of unshielded cable between the

two can lead to the destruction of the laser by a high voltage spark.

2.2.2.3 Tuning to an atomic transition

While using diode lasers in most atomic physics experiments, the primary difficulty lies in
tuning them to the desired wavelength, usually corresponding to some atomic transition.
To do so, the laser current is set to the desired operating value, and then the temperature
of the laser is tuned to the correct value by observing the wavelength of the laser on a
spectrometer. When the laser is in proximity to the correct temperature, the current is
rapidly ramped back and forth over a large range, while simultaneously adjusting the mount
temperature in small increments to arrive at a combination of current and temperature that
produces the desired wavelength. The fluorescence from an atomic absorption cell is used to
determine when the required transition wavelength is reached. There may not be any current

and temperature combination that leads the laser to a specific wavelength, depending on the

21



presence or absence of tuning gaps. On the other hand, when multiple possible combinations
exist, maximum power can be attained when the laser current is high, whereas, for low power
requirements, it is advisable to pick a low current point to maximise the lifetime of the diode

laser.

2.2.2.4 Avoiding unwanted optical feedback

Diode lasers are extremely sensitive to optical feedback in contrast to other types of lasers,
and this is both a blessing and a curse. This high sensitivity to optical feedback arises from
a combination of factors - a very flat gain curve as a function of wavelength, low cavity
finesse, and a very short cavity. Consequently, the overall gain of the laser system has an
extremely weak dependence on wavelength, and with few photons in the cavity, the lasing
frequency is easily perturbed. Additionally, the laser acts as a photodetector when light
returns to it, which generates more carriers at the junction and affects the net laser gain.
Lasers which have a reduced reflectance coating on the output facet are more sensitive to
optical feedback than uncoated lasers. However, if a laser is set up to stabilise the wavelength
through optical feedback, it is less sensitive to stray feedback light. If a simple re-positioning
of optical elements does not avoid unwanted feedback back to the laser, an optical isolator
needs to be used. To ensure beam power is not wasted, it is necessary to use a Faraday
isolator if the incident and return light have different polarisation. A Faraday isolator allows

light to pass in only one direction and breaks time-reversal symmetry.

2.2.2.5 Ageing behavior

Laser death is caused by either ageing, a gradual change in the laser behaviour over time,
or catastrophic failure, which means user-induced destruction of the laser, usually not de-
liberate. Operation of diode lasers at high temperature and high current accelerates ageing.
A very slow change in laser behaviour due to ageing is the gradual movement of the tun-
ing steps, which may be as large as 30 MHz/h, most likely due to the increase in thermal
conductivity between the laser and the heat sink and changes due to non-radiative recombi-
nation in the laser. In such cases, the current and/or the temperature needs to be readjusted
occasionally to keep the laser on the atomic resonance. It may eventually happen that the

gradual shift leads to losing the transition entirely, or interestingly, such a shift can also lead
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to a previously untunable laser become amenable to tuning with age. Faster changes evident
with ageing are the tendency of the laser to emit in more than one longitudinal mode, and
the gradual increase of the spectral width of single mode output from an initial 20-30 MHz

up to several hundred MHz.

2.2.2.6 Catastrophic failure modes

Catastrophic failure can be brought about on a diode laser by even a brief transient that
causes too much current flow or too large a back voltage across the junction. Care must
be taken to avoid switching transients arising from accidental disconnections, even after a
protective circuitry has been put in place. To avoid laser death from transients originating
from discharges of static electricity or high voltage arcs nearby, good grounding and shielding
procedures must be put in place. It is also important to not touch the laser itself or its tiny
current leads. Due to the low capacitance of the diode laser, even a little bit of reverse

voltage across the diode’s junction can lead to catastrophic failure.

2.2.3 Controlling and Narrowing Laser Output Spectra

A host of optical and electronic techniques have been developed to narrow the linewidth and
control the central frequency of diode lasers. The essence of optical feedback methods is
the idea that increasing the quality factor of the laser resonator will reduce the linewidth,
and the simplest implementation of such a spectral narrowing scheme is to reflect back to
the laser a small part of its output power. The basic electronic method, on the other hand,
controls the laser’s frequency by providing feedback to the injection current of the laser. Both
these methods have severe limitations in their applicability, and more successful methods are

utilised commonly, which are mentioned below.

2.2.3.1 Extended cavity diode lasers

It is possible to narrow a laser’s linewidth and control its oscillation frequency by providing
external frequency-selective optical feedback. Such systems, also known as pseudo-external

cavity lasers, don’t need the external feedback for the laser to oscillate but the systems
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operate such that the external feedback dominates over that from the low-reflectance facet.
Only one of the output facets of a diode laser may be anti-reflection coated, but the coating
is not mandatory for such a setup. A bad coating may lead to the death of the diode laser
due to its inability to withstand high power densities, which would be used if there was such

a coating.
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Figure 2.9: Schematic of the Haensch design of a grating-stabilized extended cavity diode
laser [32]

Their fundamental linewidths are typically less than or equal to 100 kHz, and the grating
allows tuning over a range larger than what is possible by temperature tuning. The tuning
can also be continuous over a much larger spectral range (~80 GHz), and it is relatively easy
to set and maintain the laser frequency at particular atomic transitions. It is possible to
obtain continuous tuning by mounting the grating in a manner such that upon its rotation,
the change in the cavity resonant frequency due to the change of the cavity length matches
the angle tuning of the grating [20]. By reducing the percentage of feedback power to
increase the output coupling, the range of continuous tuning and the maximum range the

laser wavelength can be pulled from its gain peak reduces.
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2.2.4 Applications
2.2.4.1 Trapping and cooling atoms using diode lasers

Cavity and grating-stabilised diode lasers have also been pivotal in cooling and trapping

neutral atoms, which require several different laser frequencies with linewidths of less than

1 MHz [25).
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Figure 2.10: Principle of a Magneto-Optical Trap - (a) Energy-level diagram of a hypothetical
atom having spin S = 0 ground state and spin S = 1 excited state, immersed in a magnetic
field B,(z) = bz. The frequency and polarisation of the counterpropagating laser are chosen
to produce damping and restoring forces for the atom’s z-axis motion. (b) Trapping scheme
in 3D: A spherical quadrupole field is generated by two coils of opposing current placed
along the z axis. The field along the axes, indicated by the light arrows, is parallel to its
respective axis. Laser light, indicated by the heavy arrows, counterpropagates along x, y

and z directions, and is polarised as shown with respect to the axis of propagation. [29] [35]
[36]
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Atomic samples of caesium containing 5 x 107 atoms were cooled to a temperature of
100 K using the optical molasses technique [26]. In this technique, a three-dimensional
standing wave tuned to the red side of the caesium resonance line creates a viscous optical

medium for the atoms, confining the atoms before they can diffuse out of it [25].
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Figure 2.11: Fluoroscence signal of Lithium atoms being captured in a Magneto-Optical

Trap

This method is based on the original idea of cooling atomic samples by using counter-

propagating laser beams [27].

In the case of lithium, 4 x 108 fermionic °Li atoms have been confined simultaneously
with 9 x 10° bosonic “Li atoms in a magneto-optical trap based on an all-semiconductor

laser system by sympathetic evaporative cooling and Sisyphus cooling to 1 mK. [28]

In both optical molasses and atom trapping experiments, the ease of rapid frequency

changes and the very low amplitude noise of diode lasers has proved invaluable.
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2.2.5 Summary

Inexpensive, simple and highly reliable diode lasers have proved to be valuable tools for
atomic spectroscopy, offering continuously tunable sources of radiation with linewidths less
than 100 kHz and output powers of 100 mW or more, and covering much of the near infrared

region to the visible part of the electromagnetic spectrum.

2.3 Lithium atom

Lithium has two stable isotopes “Li, a boson and °Li, a fermion. The natural abundances are
92.5% for “Li and 7.5% for 5Li. Lithium is the third element in the periodic table, and the
lightest of the alkali metals. Alkalis have a single electron in their outermost electronic shell
(an s-shell), and so they have a simple atomic structure. 5Li has a nuclear spin of I = 1, "Li of
[ = 3/2. The energy levels at zero magnetic field of °Li and Li are represented in the figure
below, and the optical transition from the 2s orbital to the 2p is at 671 nm. It is important
to have an optical transition frequency that is easy to produce for laser cooling. The optical
transition frequency of the Lithium line at 671 nm enables the use of reliable diode laser
sources for generating light at this wavelength. [31] The fine structure splitting between the
22P1/2 and the 22P3/2 state is about 10 GHz. Incidentally, the isotope shift of the 2S —
2P transition is also of 10 GHz, and the D1 line (2251, —22P;/5) of "Li is almost tuned
with the D line (22515 —22P;)5) of °Li. The natural linewidth of the optical transitions is
I' =27 x 5.9 MHz for both isotopes, from which we can conclude that the hyperfine levels
of the 22Py5 are not resolved since their splitting is smaller than the linewidth T' [12].

Lithium is used in the experiments due to three advantages[14]:

e [t has two stable isotopes which can be cooled down to very low temperatures.

e [t has several broad Feshbach resonance, which gives good control over interaction

strength.

e It has a long life time in the superfluid phase, e.g. %Li has a lifetime of about 10 seconds

in the superfluid phase.
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Chapter 3

Design of the laser system

3.1 Setup

The design of the optical system has been carried out with the objective of having a con-
tinuous wave laser source that has a high output power while also maintaining a narrow
linewidth for the output wavelength. In order to achieve these conditions with conventional
semiconductor diode laser sources, we have used a master oscillator power amplifier (MOPA)
scheme, where an amplifying laser with a high-output beam power is phase-locked to the
output laser beam from a low-power narrow-linewidth single-frequency master laser [37]. By
unidirectionally injecting the output beam of the master laser to the optically amplifying

slave laser, it is possible to obtain a final laser output beam with high beam power as well as
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a narrow-linewidth wavelength spread. A critical requirement of the injection-locking mech-
anism is to ensure that a negligible amount of the amplifying laser’s beam power is sent back
to the master oscillator laser, so that the frequency stability of the master laser is preserved,
and self-oscillation of the amplifying laser is prevented, a condition known as non-reciprocal
coupling. In principle, this type of coupling implies that the oscillation frequency can be
tuned on the master laser and the output power level of the laser system can be assigned

through the slave laser.

Even though the architecture is more complex than a single laser directly producing the
required laser output power, there are significant advantages of employing the design, as
listed below:

1. By decoupling the required laser performance characteristics from the generation of
high power, it is easier to attain the necessary linewidth and wavelength tuning range than it
would have been if additional optical components required for achieving these characteristics

had to withstand high optical intensities as well.

2. It can be used to obtain a high power laser output using available laser sources instead

of having to purchase or develop customized sources for every application.

3. It is possible to minimize spectral and spatial mode instabilities in the final output

laser beam as they scale up with the drive current of the primary oscillator laser.

The setup required for the optical system has three major components - a master laser,
an optical isolator, and a slave laser, along with associated electronic and optical elements.

A schematic of the optical setup is shown below:

3.1.1 Master Laser

The master laser is a semiconductor diode laser of the type AC-06283, assembled in an
extended cavity laser configuration, and mounted in a metallic casing in the lab to isolate
it from air current fluctuations and other disturbances. The spectrum of the master laser
is centered at 660 nm[12]. It can achieve laser output power in normal conditions of up
to 120 mW in the continuous mode. To obtain light on the transitions of lithium at 671

nm, the diode is heated up to approximately 70°C without reducing the diode’s performance
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Figure 3.1: Schematic of optical system [15]

significantly. By doing so, there is a broadening of the electronic bands which brings the

valence and the conduction band closer to each other, leading to a shift in the emission line

of the laser to higher wavelengths. The key elements include an aspheric collimating lens in

front of the laser’s output facet, a diffraction grating, a Peltier heating / cooling element, a

thermistor, and associated protection and control circuitry.

3.1.2 Optical Isolator

An optical isolator is an optical component which allows the transmission of light in a

single direction, akin to a diode in electrical circuits. The primary unit is the Faraday

rotator inside, which provides non-reciprocal polarization rotation while also maintaining
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Figure 3.2: Master diode laser

linear polarization of light. The incident beam is aligned with the magnetic field direction
when entering the optical isolator so that it has a 45° rotation, while the beam reflected
back from the slave laser is aligned in the opposite direction and hence suffers a rotation by
-45°, cumulatively ensuring that the final beam is perpendicular to the initial polarization of
the incident light beam. Therefore, this component ensures that unwanted optical feedback
does not enter and damage the master laser, maintaining the fidelity and the efficiency of
the MOPA design configuration, with a typical attenuation of the return light by 40 dB in

case of a single isolator and 65 dB in case of a double isolator.

3.1.3 Slave Laser

The slave laser is used as an optical power-amplifier in the Master Oscillator Power Amplifier
(MOPA) scheme since the master laser has a narrow wavelength linewidth but with a lower
power. The slave laser, on the other hand, has a higher power but at the cost of a broader
linewidth. To have both higher power and narrow linewidth, the slave laser is injection-
locked to the master laser which ensures that it lases in the narrow linewidth corresponding

to the master laser.
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3.1.4 Temperature Controller

One of the major considerations for setting up a diode laser is temperature control, as
discussed earlier in 2.2.2.1. We use the Thorlabs TED200C Thermoelectric Temperature
Controller to control the temperature of the master laser diode. The TED200C temperature
controller can drive the thermoelectric cooler in the Master laser setup, based on the Peltier
effect, with a current control range upto + 2 A with a resolution of 1 mA, and a maximum
output power of 12W [33]. In our case, it is used with a Thorlabs TH 10K thermistor sensing
thermistor, which has an operating temperature range from -50 °C to 150 °C [34]. The
temperature controller’s thermistance tuning range is from 10 €2 to 20 k€2, with a resolution
of 1 Q. There is also an overheating protection circuitry wherein a heat sink inside the

temperature controller is monitored and shut down if it exceeds a threshold limit.

The temperature controller has a PID servo loop where the different gain parameters of
the feedback loop can be adjusted to optimize the stability and settling behaviour of the
laser diode’s temperature, as detected by the sensing thermistor in the master diode laser
box. The proportional (P) gain is used to optimize the response of the feedback loop to
reach the setpoint. The proportional gain measures an offset between the reference voltage
and the output of the Wheatsone bridge voltage and amplifies it. It is re-inected in the loop
with a negative sign to compensate for the error signal. The integral (I) gain integrates over
the previous error, i.e. the voltage, to minimize the residual offset and provide a steady
state offset regulation with higher precision. The derivative (D) gain modifies the dynamic
response of the feedback loop in anticipation of the feedback response to achieve the setpoint.
The ability to properly tune the PID parameters manually is crucial to achieving fast and
long-term temperature stability. The essential theory behind a PID servo loop is discussed

below.

3.1.4.1 PID Feedback Circuit

The proportional-integral-derivative (PID) control loop circuit is used as a feedback controller
in servo circuits which require continuous automated modulation. A servo circuit is designed
to maintain a system at a predetermined value, known as the setpoint, for extended periods
of time. The PID circuit achieves this active control of the system by the generation of

an error signal that is essentially the difference between the present value of a variable and
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the value of the set point. The three parameters - P, I and D - are time-dependent error
signals, where the proportional is related to the present error of the variable, the integral is
the cumulative error of the variable integrated over time, and the derivative is a measure of

the future change in the error behaviour [39].

P = Kye(t) (3.1)

I =K; /Ote(T)dT (3.2)

d
D= Kj;—e(t 3.3
s elt) (33)
The proportional gain is a direct response to the error signal, and hence, a larger pro-
portional gain will induce a larger change in the error response. Too little proportional gain
will be insufficient to change the system response to reach the set point. However, extremely
large proportional gains will also reduce stability and increase oscillations of the output

variable near the set point.

The integral control adds on to the proportional gain, as it is proportional to the duration
of the error, in addition to the magnitude of the error signal. It is effective in eliminating the
residual steady-state error remaining after only proportional control. However, large values

of the integral control may lead to oscillatory instabilities.

The derivative control is used to predict how quickly the circuit response will change
over time by calculating the derivative of the error signal, and by doing this, it attempts to
reduce the overshoot and damp out oscillations due to the other two controls. With its slow
response, high values of the derivative control can significantly reduce the system’s ability
to respond appropriately in time and increase the susceptibility to noise and high frequency

oscillations.

u(t) = Kpe(t) + Ki/o e(T)dr + K4 %e(t) (3.4)
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Each of these control parameters is computed and a weighted sum, depending on the
P, I and D gain fractions, is then fed into the control device which consequently feeds this
value back to the input signal to adjust the input variable in order to attain and maintain
the system at the assigned setpoint. It is possible to choose a combination of these three

parameters to control the circuit.

P Keft)

Set Point
value

; u(t)
I K‘J-e('r)d'r : Control Device L

\j

D k%

Figure 3.3: Block Diagram of a PID Servo Loop [39]

3.1.5 Current Controller

It is essential to have an appropriate current controller for setting up a diode laser, as
discussed earlier in 2.2.2.1. For our purposes, we use the Thorlabs LDC200C Laser Diode
Controller, with a current control and setting range from 0 to £+ 200 mA and resolution of
10 pA. The current controller has essential laser diode protection, and can operate with all
polarities of laser diodes in two modes - constant power and constant current. There is a
precisely adjustable maximum current limit, and also an internal over-temperature protection
wherein the output current is automatically disabled if the internal heat sink gets heated
above a threshold, which can only be re-enabled after the internal heat sink temperature has
reduced by 10 °C.

The current output is also automatically switched off if the connection between the laser
diode and the current source is interrupted, and an internal electronic switch within the
controller also short circuits the laser diode for additional protection. There is a soft increase
in the laser current upon being switched on to avoid voltage transients, and a transient-free
laser current is implemented by electrical filters, shielding the transformer, and carefully

grounding the controller box.
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Chapter 4

Experimental Realisation of Laser

System

After learning the basics related to laser systems, I began working independently on the
development of the optical system. The first step was to setup the master laser with appro-
priate current and temperature controllers and to begin lasing action, i.e. when stimulated

emission dominates over spontaneous emission.
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4.0.1 Controller & Master Laser Connections

To connect the Thorlabs TED200C Laser Diode Temperature Controller to the master laser,
[ had to solder the appropriate pins of the 15-pin D-sub jack on the master laser with those on
the temperature controller. The connections involved shorting the status LED indicator pins,
connecting the thermistor terminals to the master laser thermistor control, and connecting
the temperature control elements in the controller to the Peltier element terminals in the

master laser.

For the Thorlabs LDC202C Laser Diode Current Controller, I had to short the status
indicator and ground pins together, and connect the cathode-grounded master laser diode

BNC connector pins to the current controller.

Temperature Controller

Current Controller

Figure 4.1: Connections for the Master Laser

4.0.2 Temperature Stabilization

After making the connections, I tried to achieve temperature stability on the temperature
controller which supplies current to the master laser’s thermistor and Peltier element in
order to maintain the laser temperature at a given setpoint by tuning the proportional (P),
integral (I) and derivative (D) controls on the feedback servo-loop, for which I used a tuning
methodology analogous to a binary search algorithm. At first, all the P, I and D gains were
set to zero. Subsequently the fractional P gain was changed to 0.5 and 1. By comparing
the thermistance oscillation spread at the boundaries and the half-interval, the next tuning
search was carried out by reducing the search interval to half of the previous one, in the

appropriate direction. The same binary search method was used to find the optimum gain
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settings of the I and the D parameter respectively. It is possible to execute the binary search
algorithm, which has a worst-case logarithmic search time, since I have seen experimentally
that the parameter gain vs fluctuation spread has a single global minima if the experimental
conditions are fixed. I was able to achieve a thermistance stability on the order of +10 €2
(0.2 °C) with P & D tuning, but after including all three, the stability is on the order of
+500 Q ((10 °C)). The thermistance oscillatory behaviour during the tuning of the three
controls is shown below, with the thermistance setpoint at 10.000 £ (25 °C).

Thermistance Oscillatory Range Variation with Proportional (P) Control Tuning in Temperature Controller PID Loop

Actual Thermistance Output (kQ)

0 0.2 04 0.6 0.8 1

Fractional position of potentiometer P in PID tuning control

Figure 4.2: Thermistance vs P tuning

However, even after multiple attempts at reducing the thermistance variation to a more
tolerable range, the oscillatory variation did not reduce below + 100 €2 (2 °C). Oscilloscope
measurements of the error signal showed a stable oscillatory behaviour within this range,
which meant that the problem was not with the parameter tuning of the PID servo loop
itself. To extract the cause of the problem, I then changed the temperature controller to a
homemade ATMC temperature controller which also worked with a manually tunable PID
servo loop. The ATMC temperature controller’s temperature stabilization PID feedback

loop runs essentially on a modified Wheatstone bridge.
The known leg of the bridge is discretely tunable, with coarse tuning done using 12
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Actual Thermistance Output (kQ)

Actual Thermistance Output (kQ)

Thermistance Oscillatory Range Variation with Derivative (D) Control Tuning in Temperature Controller PID Loop

0.2 0.4 0.6 0.8

Fractional position of potentiometer D in PID tuning control

Figure 4.3: Thermistance vs D tuning

Thermistance Oscillatory Range Variation with Integral (1) Control Tuning in Temperature Controller PID Loop

0.2 0.4 0.6 0.8

Fractional position of potentiometer | in PID tuning control

Figure 4.4: Thermistance vs I tuning
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Figure 4.5: ATMC Temperature Controller - Simplified Circuit Diagram of Modified Wheat-
stone Bridge

resistors and the fine tuning done using a variable resistor, while the unknown leg is connected

to the sensing thermistor of the master diode laser. An appropriate current is sent to the
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Peltier heating element to heat / cool the diode laser, which in turns changes the thermistor’s
measured resistance, and the temperature stabilizes at a pre-fixed temperature setpoint -
which is done using a fixed known resistor in one of the legs of the bridge - when the
Wheatstone bridge is balanced. After making all the necessary connections with the master
laser and the power supplies, and also tweaking the controller circuit to its original design, I
measured the temperature stabilization behaviour with an oscilloscope and still found that
the problem could not be resolved. By now, it seemed that the problem was not due to
faulty wire connections or the temperature controller’s PID loop parameter tuning. The
Peltier heating element also performed appropriately, i.e. it heated up when a positive
current was sent to it, and cooled down otherwise. In order to verify whether the sensing
thermistor was working properly or not, I then affixed a 3-pin analog temperature probe to
the wall of the diode laser’s surrounding aluminium casing, and it showed that even though
the sensing thermistor was following the correct real temperature profile of the diode laser,
it was very imprecise, leading to a slow response to the temperature stabilization feedback

loop, ultimately resulting in a large steady-state oscillatory spread of the thermistance.

Since the thermistor specifications mentioned a better precision, we decided to check if it
was positioned correctly, so as to produce a temperature reading as close to the temperature
of the diode laser as is possible. I found out that the sensing thermistor was thermally
glued to the wall of the diode laser casing, and that it did not penetrate into the solid
aluminium structure. This seemed to be the source of our problem, as this meant that the
heat dissipation at the sensing thermistor due to air currents was not negligible, and also
that there was a significant time delay between the actual temperature changes in the diode
laser and its sensing by the thermistor. The position of the sensing thermistor should ideally
have been inside the aluminium casing just at the base of the box, sandwiched between
the Peltier element and the solid aluminium support, as conduction through aluminium was
quick enough for the temperature just near the diode laser to be sensed by the thermistor,

as well as being close to the Peltier element.

To achieve good isolated thermal contact of the thermistor with the metallic structure, I
then set up another home-made master diode laser box, and placed the thermistor through
a hole in the aluminium structure at the base of the box, just above the Peltier element. To
connect the new master laser diode box, I had to create new connections from the different
BNC and D-sub ports of the master laser box to those of the two controllers and an oscillo-

scope. I decided to develop a consistent wire connection scheme to enhance interoperability
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and convenience at later stages, by ensuring that all new connections would have intermedi-
ate BNC ports so that any connection could be made by using already available BNC cables
in the lab, which also reduced the requirement of procuring different adapters and connectors
specific to each device. After redoing all the connections from the temperature and current
controller, I tested this setup with the Thorlabs TED200C Laser Diode Temperature Con-
troller, and the initial results showed a quick temperature stabilization from 3 kQ (55 °C)
to 15 k2 (15 °C).

Subsequently, a more rigorous temperature stability test was conducted, and the temper-
ature was stable for times of at least an hour. For the temperature stabilization test across
the whole temperature tuning range of the Thorlabs temperature controller, I followed a
simple protocol and video-recorded the procedure at 30 fps to have higher temporal resolu-
tion than is possible with the human eye. The thermistance setpoint in the controller was
set to 12.500 k2, which is approximately equal to the room temperature of 20 °C, as given
by the formula below.

R, = Rosoc[e™ T H72t 73] (4.1)

where, the constants A, B, C and D are available in [34].

The actual thermistance was then allowed to stabilise to the thermistance setpoint, within
a variation of £ 1 € (0.02 °C). The connection from the controller to the thermoelectric heater
was then broken, and the thermistance setpoint for the test temperature was set on the con-
troller. As soon as the thermistance setpoint was fixed, the video recording was initiated, and
the connection of the controller with the Peltier heater turned on. The whole stabilization
process was recorded till the actual thermistance reached the thermistance setpoint, and did
not fluctuate beyond £ 1 €2 for at least 30 seconds. The videos were then analysed, and
the final thermistance stabilization point was chosen to be the first thermistance at which
the fluctuations did not exceed £ 1 €2 for the minimum time duration of 30 seconds. Even
though the whole process was continuously recorded, the plot below has points that were
selected by equally dividing the full duration for each data set, with additional points (when

required) near the setpoint to show the oscillatory or settling behaviour in more detail.

We can see here that at almost all thermistance setpoint values, the actual thermistance

rises up and then stabilizes without overshooting at all. This can be attributed to optimum
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Laser Diode Temperature Controller - Thermistance Stabilization
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Figure 4.6: Laser Diode Temperature Controller - Thermistance Stabilization

tuning of the PID feedback control loop parameters, especially the derivative control which
prevents overshooting. By carefully tuning the derivative control, I was able to achieve a
situation analogous to critical damping in a simple harmonic oscillator where the oscillation
damps in the minimum amount of time without any overshoot. It is evident and under-
standable that it takes more time to reach a setpoint that is farther away from the initial
thermistance. It is interesting to note that it takes more time for the Peltier element to heat
up and reach higher temperatures than to cool down by the same magnitude of the tem-
perature difference, and it is especially marked at higher temperatures. The time required
to stabilize to any temperature, except for the highest temperatures in our range, is fairly
quick and the temporal stability at the set temperature is also quite good, in all cases being
more than 1 hour. The master laser can therefore function efficiently within the range of
3 k€2 to 20 k2, which corresponds to the temperature range of 10 °C to 55 °C. The lowest
thermistance that could be attained is 2.018 k{2, which is about 65 °C.
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Laser Diode Temperature Controller - Thermistance Stabilization
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Figure 4.7: Laser Diode Thermistance Stabilization Time

4.0.3 Lasing & Beam Collimation

The lasing threshold of the master diode laser was also checked by observing the change
in the laser output beam power with increasing injection current. The lasing threshold
measurements were carried out for 3 different thermistances over the thermistance tuning
range of the temperature controller. The plot below shows the result of the test, which is
similar to the expected behaviour as shown in Fig. 2.5, with an additional plot line for the

lasing power vs current behaviour at the unregulated room temperature, close to 11.404 k2.

From Fig. 4.8, we can see that the threshold injection current for the lasing action
increases with increasing temperature, and that the power characteristics with current are
similar at all temperatures (12 °C, 20 °C, 22 °C & 37 °C).

After the diffraction grating and the aspheric lens were adjusted to collimate the laser
beam over a distance of about 3 metres, the laser’s output beam’s power was observed over a

range of injection currents by varying the temperature and the distance between the detector
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Figure 4.8: Lasing Threshold

and the source. As already mentioned in 2.2.1.1, the output beam was slightly elliptical in
shape and suffered from astigmatism. This can be corrected by using cylindrical lenses to

rectify the asymmetry of the axes.

It is expected that a collimated laser beam will not have a significant output beam power
variance with distance. It is seen in Fig. 4.10 that there is not a very high difference in
the output beam power of the laser with increasing distance, with a variation of at most 0.5
mW in the case of a cold laser diode at 18 k{2 with a spontaneous emission background, as
seen in Fig. 4.9. The difference in the beam power is more marked with temperature as we
see the power characteristics of the output beams grouped together when the temperature
is the same. We see though that there is a reduction in the power when the laser is at its

farthest from the detection point, in comparison to the power when it is nearest.

Presently, I am tweaking the direction of the vertical plane of the diffraction grating in
order to self-inject the master diode laser. Self-injecting the laser will enhance desirable
optical feedback, and lead to a reduction in the threshold laser injection current. This will

be followed by scanning across a range of injection currents and temperatures to lock the
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Figure 4.9: Laser Output Beam

wavelength of the master diode laser to a single mode, which in our case is the D1 line of
Li.
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Figure 4.10: Laser Output Beam Collimation Power Characteristics with Distance

Figure 4.11: Complete Experimental Setup (at present)
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Chapter 5

Conclusion

In my Masters’ project, I have reviewed literature on laser systems and resonators, and
understood the basic laboratory techniques in addition to practicing them. Subsequently, I
have designed an optical system which should have the desired stability for cooling Lithium
atoms in the Lithium 1 lab. I have, till now, worked on constructing the system, and have
been able to setup the master diode laser. The initial plan to construct the whole system
was decelerated by the problem in stabilizing the temperature of the diode laser, which was
a crucial requirement for constructing the whole optical system. I am presently actively

working on continuing with the construction of the other parts of the optical system, so that
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they can be integrated with the global system in the lab, where experiments with superfluid

Lithium will be carried out.

It is instructive to note that understanding the problem with the position of the ther-
mistor was a crucial element in rectifying the seemingly intractable problem of temperature
stabilization in the master diode laser of our setup. I would like to point out that this
experimental experience and learning has reinforced the ideas of organizing experimental
apparatus, exploring and questioning basic elements of the design and keeping track of sim-
ple measurements which can help in testing system behaviour and troubleshooting them,

when required.
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