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SYNOPSIS

The laser atom cooling technique has made it possible to manipulate the external degree of

motion (position and velocity) of atoms. This has become possible in the magneto-optical

trap which uses light scattering force in the presence of a magnetic field to cool and trap

atoms [1]. The applications of cold atoms in the experiments related to high resolution

spectroscopy, precision atomic clock [2], atom lithography, cold atomic collisions [3, 4], and

atom interferometry [5] are now widely known. Apart from these applications, there are

several other research areas which are proving promising for the understanding of basic
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physics using cold atoms. These include the Bose Einstein Condensation (BEC) [5], atom-

laser, cooling of fermionic atoms, quantum information [6] with cold atoms etc.

Although alkali metal atoms were the first to be cooled and still very popular, noble

gas atoms present an interesting alternative class of atoms to be cooled and trapped. Laser

cooling of noble gas atoms (He, Ne, Ar, Kr, Xe) [7] in the metastable state is of great

importance to many research fields including cold atom collision and ionization physics in

the excited state, nanolithography and atom trap trace analysis (ATTA) [8, 9]. The technique

of ATTA is useful to detect rare (or low abundant) isotopes for applications in geophysics,

archaeology and monitoring low level nuclear fission activities.

This thesis discusses the work carried out for the development of a magneto-optical

trap (MOT) setup for laser cooling and trapping of even isotopes (84Kr*, 86Kr*) of Krypton

atom in the excited state, its optimization and its use for the study of cold atom collisions. As

the Kr atoms are cooled and trapped in the metastable excited state with a lifetime of nearly

40 s, the state preparation is the first step for laser cooling and trapping of these atoms. After

the atoms are prepared in the excited state, they are transported to a chamber having

appropriate pressure for the MOT formation. The Radio-frequency (RF) discharge has been

employed to excite the Kr atoms in the metastable state. The laser cooling of even isotope of

Kr atoms such as 82Kr, 84Kr and 86Kr requires a wavelength of ~ 811.5 nm to drive the

cooling transition between two excited states 5s[3/2]2 and 5p[5/2]3 which are without

hyperfine structures. Therefore, no repumping laser is required for cooling of these isotopes.

Atoms trapped in the MOT are typically cooled to a temperature of few hundreds of micro-

Kelvin.

During this thesis work, various new ideas and techniques were developed for the

upgradation of the MOT setup. One of them is the demonstration of a new method of
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generating Doppler-free signals using atomic beam fluorescence (ABF) for laser frequency

stabilization. This technique is useful to increase the locking range of the cooling laser

frequency and also to simplify the setup. During the production of metastable Krypton (Kr*)

atoms, the Kr* atom flux transferred to MOT chamber was optimized by applying a moderate

external magnetic field (~1G) in the path of Kr* atomic beam. In this optimization, the RF

power and pressure in the chambers were found to play an important role. The Kr* atoms

generated in a RF discharge tube in the setup were slowed down in the Zeeman slower before

being cooled and trapped in the MOT. In our setup, a new concept of using two hollow laser

beams for the Zeeman slower beam instead of using a conventional Gaussian beam was

implemented. This significantly enhanced the loading of atoms in the MOT. Further, two

isotope of Kr atoms (84Kr* and 86Kr*) in the excited state were simultaneously cooled and

trapped in the MOT. These cold clouds of different isotopes of Kr atoms were used to study

the homonuclear and the heteronuclear cold collisions.

An overview of the work carried out during this thesis work along with its

organization is given below.

Chapter 1 introduces the basic principles of laser atom cooling such as Doppler and sub-

Doppler cooling. The chapter includes discussion on working principle of the magneto-

optical trap. Finally, the method of laser cooling and trapping of noble gas atoms and its

applications are presented.

Chapter 2 discusses the energy levels of Kr atoms, RF excitation mechanism, Zeeman

slower, generation and transfer of atoms through the various vacuum chambers of the MOT

setup. The setup consists of a gas inlet chamber (GIC), a RF discharge glass tube (RFDT),

analysis chamber (AC), pumping chamber (PC), Zeeman slower (ZS), an extraction coil and

finally a cooling and trapping (MOT) chamber. The vacuum chambers of the setup are
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evacuated to different pressure values to maintain the flow of atoms from gas inlet chamber

to the MOT chamber. The Kr* atoms are produced in a glass tube by RF-driven discharge at

frequency ~ 30 MHz. The RF power is inductively coupled to Kr gas through a copper coil

surrounding the glass tube. We observed that the number density increases from 2.2x109 cm-3

to 2.0x1011 cm-3 when RF power applied on RFDT was increased from 1.5 W to 4.0 W at a

pressure of ~12 mTorr. Also, we observed that there exists an optimum value of the pressure

for which number density is maximum for a given RF power. The details of this work is

described in this chapter.

Magnetic field assisted enhancement in the number density of the metastable Krypton

(Kr*) atoms in an atomic beam generated from RF discharge plasma of Krypton gas is

studied. We observed that by applying a low external magnetic field perpendicular to the

beam path after the discharge tube, the number density of the Kr* atoms in the atomic beam

gets enhanced. At ~ 1 Gauss of applied magnetic field, we observed nearly two-fold

enhancement (from ~ 1.5x106 to ~ 3x106 cm-3 ) in the number density of Kr* atoms in the

atomic beam. This enhancement in the number density is attributed to the applied magnetic

field assisted alignment of the path of electrons and Kr-ions along the atomic beam direction.

The alignment of electrons and Kr-ions along the atomic beam direction results in increase in

the number density of Kr* atoms due to occurrence of more electron-ion recombination

events in the beam path. The design, development and characterization of the Zeeman slower

is also discussed in this chapter. The Zeeman slower of length ~ 80 cm consists of a tapered

coil having total around 7200 turns, an extraction coil and a red detuned laser beam.

Chapter 3 provides the details about the Krypton magneto-optical trap setup and its

characterization. This includes discussion on frequency stabilization using saturated

absorption spectroscopy and atomic beam florescence spectroscopy (ABFS). The ABFS

technique is a new frequency stabilization technique devised during this work. The cold atom
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number in the MOT is estimated by collecting the fluorescence from the MOT cloud on a

CCD camera. The temperature of the atomic cloud is estimated using a transient absorption

technique where absorption of a probe beam passing through the cloud is measured as the

atomic cloud expands after switching off the trap. The number of atoms obtained in the MOT

was in the range of 105 - 106 at temperature of ~ 300 μK. The loading time of the MOT was

observed to be ~ 250 ms. The details of these works are presented in this chapter.

Chapter 4 describes the loading studies of Kr MOT with two hollow Zeeman slower beams.

A significant enhancement in the number of cold atoms in an atomic beam loaded magneto-

optical trap (MOT) for metastable Kr atoms is observed when hollow laser beams are used in

a Zeeman slower instead of a Gaussian laser beam. In this Zeeman slower setup, a

combination of two hollow laser beams, i.e., a variable diameter hollow beam generated

using a pair of axicon lenses superimposed on a fixed diameter hollow beam, has been used.

The observed enhancement in the number of atoms in the MOT is attributed to reduced

destruction of the atomic cloud in the MOT and increased cooling of the off axis atoms in the

atomic beam, resulting from the use of hollow beams in the Zeeman slower.

The loading behaviour of Krypton magneto optical trap with variation in Zeeman

slower parameters was also investigated. Our observations show that the Zeeman slower

beam can modulate the background atom collisions whereas cold collisions within the trap

are nearly unaffected. Therefore, the optimization of Zeeman slower parameters for enhanced

loading of the MOT is an important issue and is discussed in this chapter.

Chapter 5 presents our investigation of cold collision in the two-isotope Krypton magneto-

optical trap. This includes the production of the cold atomic mixture of 84Kr* and 86Kr*

atoms in a magneto-optical trap (MOT) formed by overlapping the cooling laser beams for

these isotopes in the same region. Approximately 2x105 atoms of each isotope were trapped
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in the two-isotope MOT (TIMOT). We have measured the homonuclear as well as the

heteronuclear trap loss rates in this TIMOT setup. Two body heteronuclear loss rate

coefficient due to collisions between 84Kr* and 86Kr* was estimated to be
** 8684 KrKr 

 =

(8.7±0.8)x10-10 cm3/s. The heteronuclear cold collision loss rate was found to be nearly two

times the homonuclear cold collision loss rate.

Chapter 6 presents the summary and main conclusions drawn from the research work

presented here. The possible future work using this noble gas atom trap is also discussed.
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Chapter 1

Introduction

The study of interaction of light with the matter has been an important subject of research for

exploring various areas of basic physics such as atomic and optical physics, atomic and

molecular spectroscopy, laser cooling and laser interferometry etc. When an atom is excited

by a laser light with a frequency near to its resonance frequency, the absorption or

fluorescence spectra thus produced provides information about the atomic energy levels of

the atom. Advancement of lasers have played an important role in the fast growth of atomic

physics due to special properties such as small linewidth, tunability, coherence and high

intensity of the laser radiation. The laser atom interaction can be used effectively to

manipulate the motion of an atom and subsequently to reduce its average kinetic energy. This

reduction in the average kinetic energy and hence reduction in the momentum spread of the

atomic sample results in the effect known as laser atom cooling. The multiple absorption and

emission cycles are necessary for laser cooling process to be efficient. During this process,

there is a possibility of atoms to go out of the resonance with the laser and stop to participate

in the further cooling of the atoms. The important laser properties required for laser cooling is

its frequency stability and tunability. These properties of laser help in the proper selection of

laser frequency near the resonance frequency of the atom to obtain the optimum conditions

for effective laser cooling of atoms. Another important parameter for laser cooling is the

intensity of laser beams which governs the temperature and the number of atoms in the cold

atomic cloud.

The mechanical effect on the deflection of neutral atom by the light was first

demonstrated by Frisch [1] in 1933. The technique of laser cooling of neutral atoms came

much later in 1975 and was independently suggested by T. W. Hansch and A. L. Schawlow
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for neutral atoms [2] and by D. Wineland and H. Dehmelt for ions [3]. The technique was

first experimentally demonstrated by S. Chu et al. [4] in Na atoms in 1985. Over the years,

the field of laser cooling is well established and it has already received two noble prizes i. e.

in 1997 to Steven Chu of Stanford university (USA), Claude Cohen-Tannoudji of College de

France (France), and William D. Phillips [4-5] of National Institute of Standards and

Technology, Gaithersburg (USA) for their contribution to laser atom cooling; and in 2001 to

Eric Cornell of National Institute of Standard and Technology, Colorado (USA), Wolfgang

Ketterle of Massachusetts Institute of Technology (USA) and Carl Wieman [6-7] of

University of Colorado (USA) for their development of Bose-Einstein condensation in dilute

atomic gases.

The field of laser cooling and trapping of atoms has initiated several important

developments in the field of ultra high resolution spectroscopy [8-11], cold collision physics

[12-14], ionizing collisions [15-18], quantum optics [19-21], generation of cold molecule [22-

23], Bose-Einstein condensation [24] and matter wave optics [25] etc. Due to its importance

in basic research more than 20 atoms belonging to different groups have been cooled and

trapped so far. Almost all atoms belonging to the alkali series such as Lithium [26], Sodium

[27], Potassium [28], Rubidium [29], Cesium [30], Francium [31] and the alkaline-earth

metals such as Beryllium [32], Magnesium [33], Calcium [34], Strontium [35], Barium [36],

Radium [37] and the noble gas atoms such as Helium [38-42], Neon [43], Argon [44],

Krypton [44-45] and Xenon [46] have been cooled and studied. Noble gas atoms forms an

important part of the series due to its applications in dating, lithography, low level detection

of radioactive traces including basic physics phenomena such as penning ionization and

associative ionization [47-49].

In this chapter, the mechanism of laser cooling and trapping of neutral atoms is briefly

intoduced. The concept of Doppler and sub-Doppler cooling are discussed. Next, working
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principle of the Zeeman slower is discussed. Finally, the laser cooling of the noble gas atoms

and its applications are discussed.

1.1 Basics of laser atom cooling and trapping

The basic principle of laser atom cooling is based on the exchange of momentum between an

atom and the light field through absorption and emission of photons. The momentum of an

atom changes by k

 on absorption of a laser photon having wave vector k


(| k

| = 2π/λ, λ is

the wavelength of the laser) and  ( = h/2π) is the reduced Plank’s constant. The velocity of

the excited atom also changes by
m

k



, where m is the mass of the atom. The excited atom

when spontaneously emits a photon; it gets a recoil in the direction opposite to that of the

spontaneously emitted photon. The atom thus returns to the ground state, from where it can

again be excited by the absorption of light photon. After a large number of absorption-

emission cycles, due to random direction of emitted photons, the net recoil to the atom in the

spontaneous emission becomes nearly zero. Thus, the atom gets a directional momentum

change mainly due to absorption from the laser beam. This momentum exchange between the

light field and the atom can result into a significant optical force responsible for deceleration

of atom to reduce its velocity and hence kinetic energy. For an atom excited to a state having

natural radiative lifetime  , the maximum radiation force on the atom is given by 2/k ,

where /1 . In case of 84Kr atom having mass m = 84 amu, at excitation wavelength of

nearly 811.5 nm, upper state lifetime of 28.63 ns, the maximum deceleration along the laser

beam direction turns out to be ~105 m/s2. Such a significant optical force responsible for

reducing the velocity of the atom can be extended to utilize in three dimensions for reduction

of the average kinetic energy and hence the temperature of an atomic ensemble.
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1.2 Doppler cooling

The process of laser cooling of atoms using Doppler effect was proposed by Hänsch and

Schawlow in 1975 [2]. In this process, the lasers frequency is slightly detuned towards the

lower frequency from the resonance frequency of an atom. Due to the Doppler Effect, the

atom moving opposite to the laser radiation observes a frequency shift of the laser radiation

towards the atomic resonance frequency resulting in an increase rate of absorption of the laser

radiation. The atom moving along the direction of the laser radiation observes a laser

frequency shift towards the lower side of the atomic resonance frequency and thus less

absorbed by the atom. Hence, there is always an asymmetric force acts on an atom moving in

the fields of two counter propagating identical laser beams. Let us consider an atom moving

with a velocity v


in the field of laser radiation with a frequency L . The frequency of the

laser radiation as observed by the atom (ω'), in its reference frame, is represented as;

v.k' L


 L , (1.1)

where Lk


and v

are the laser wave vector and the velocity of the atom respectively.

The scattering force [50], scattF


can then be written in the atom’s frame of reference using the

new detuning, vkLL


.

   


















2
/.212 vks

s
kF

LL

Lscatt 




, (1.2)

where Γ is the atomic linewidth and s is the saturation parameter, defined as, s = I/Is, where I

and Is are the laser intensity and the saturation intensity of the atomic transition involved in

the cooling respectively.
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Fig. 1.1: A simplified representation of laser atom cooling process showing the absorption-

emission cycles resulting in the slowing of an atom.

Now, let us consider a moving atom interacting with two counter-propagating laser

beams of identical frequency, intensity and polarization. In the atom’s frame of reference, the

light field appears bi-chromatic with frequencies |.| vk


 . The total scattering force

(   FFFTotal

) due to two counter-propagating laser beams of low intensity (s « 1) is given

as [43],
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, (1.3)

where F

and F


refer to scattering forces due to laser beam propagating in the forward and

the backward directions respectively. The force, TotalF can be further simplified in term of

damping coefficient β, for LL v.k 


and v.kL


as,
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vFTotal  , (1.4)

where
 22

2

)/2(1

)/(8






L

LL

s

sk


This force is called the Doppler cooling force and results in the reduction of temperature of

the atoms. The representation of the Doppler cooling mechanism is shown in Fig. 1.1.

Thus, if one applies a laser light with a frequency less than (red detuned light) the

resonant frequency of the atoms from two opposite directions, the velocity of the atoms is

reduced. This is due to the fact that the atoms absorb more photons from the laser beam

pointing opposite to the direction of their motion. In each absorption event, the atom loses

momentum equal to the momentum of the photon and is kicked in the random directions by

the spontaneous emission of the photon. The net change in the momentum of an atom

averages to nearly zero over the large number of spontaneous/emission cycles. If the

absorption and emission are repeated many times, the root mean square velocity, and

therefore the kinetic energy of the atom will be reduced. The temperature of an ensemble of

atoms is a measure of the average kinetic energy. Here, the concept of defining the

temperature is different than that used in thermodynamics. The temperature (T) of an

ensemble of atoms is related to the spread of the velocity distribution. The atom follow the

Maxwell-Boltzmann distribution with root mean square (rms) velocity ( 2vvrms  ) which

gives the spread in velocity ( v ) distribution. We can relate the thermal energy, TkB
2

1
to the

rmsv using kinetic theory of gases as follow,

2

2

1

2

1
rmsB mvTk  , (1.5)
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where T is the temperature of the cooled atom in Kelvin and m is its mass. The reduction in

rmsv implies the reduction in the temperature of the atomic cloud.

By using three orthogonal pairs of counter-propagating counter circularly polarized

laser beams, an atom in the intersecting region of the laser beams can be cooled and its

motion can be viscously confined in all the three dimensions. This mechanism is known as

optical molasses. In the optical molasses, the atom undergoes as many spontaneous/emission

cycles and performs a random walk in the momentum space, with a discrete step length equal

to the photon momentum ,Lk in the spatial region in which the laser beams overlap. Over

the large number of spontaneous/emission cycles the average momentum change of the atom

is nearly zero, but the root-mean-square momentum change is not zero. The later process

results in the heating of the atomic sample. The temperature of the atomic cloud is thus

determined by equilibrium between the cooling and the heating due to this diffusion process.

So, the atomic cloud attain a temperature known as Doppler temperature (TD).

The Doppler temperature is given as,

B

D
k

T
2





, (1.6)

The Doppler cooling limit (TD) of the temperature for Kr* is ~133 μK.

1.3 Sub-Doppler cooling

Sub-Doppler cooling such as Sisyphus cooling is a mechanism for laser cooling of atoms that

uses light forces to cool atoms below the Doppler cooling limit [50-51]. In the laser cooling

experiments with cesium atom in the year 1985, the temperature well below the Doppler

cooling limit was observed in the optical molasses. It was realized that the simple mechanism

of Doppler cooling [42] is not sufficient to explain the observation. The concept of Sisyphus
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cooling [53] was adopted to explain the observed results. It considers the polarization

gradient, as generated by two counter-propagating linearly polarized laser beams with

perpendicular polarization directions (lin  lin configuration) or circularly polarized beams

with opposite circular polarization, and is therefore sometimes called polarization gradient

cooling. When an atom in a certain dressed state “climb uphill”, i.e. reach a position where

their potential energy is relatively large, it becomes likely that they are optically pumped into

another state for which the potential energy at that position is close to a minimum. In such a

way, the polarization gradient introduces non-conservative force to the atoms.

The whole process of Sisyphus cooling is presented in Fig. 1.2. It involves a

polarization gradient generated by two counter propagating beams either linearly polarized

with perpendicular polarization directions (lin  lin configuration) or circularly polarized

with opposite circular polarization (σ+ - σ- configuration). In two types of polarization

gradients represented by the field configurations lin  lin and σ+ - σ- polarizations, structures

of polarization variation are different. In the former case i.e lin  lin polarization, the

polarization varies between linear and circular over a distance λ/8, as shown in Fig. 1.2(a).

The resultant electric field is circularly polarized at positions where the two counter-

propagating beams have a phase difference of ± π/2. The polarization changes from σ+ to σ-

over a distance of λ/4, and between these positions, the light has elliptical or linear

polarization. Fig. 1.2(b) shows the light shifted energy states at positions over a distance of

wavelength for lin  lin polarization configuration. The shift in the atom’s energy ( gE ) in

the ground state magnetic sublevels because of the Stark effect due to the electric field of the

light is given as [47],

2

2

)/2(1

/






L

gesL

g

CII
E


, (1.7)
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where Cge is the Clebsch-Gordan coefficient of the transition ground (g)  excited (e) state.

The 2
geC gives the transition probability of the corresponding transition. The ground state

light shift is negative for red detuning and positive for blue detuning of laser with respect to

the atomic resonance. The light shift varies for different magnetic sublevels, as 2
geC depends

on the magnetic quantum number along with the polarization of light field.

Fig. 1.2: Mechanism of Sisyphus cooling (a) showing the resultant polarization in a standing

wave formed by two laser beams that propagate along z and – z direction and have

orthogonal polarization. The resultant electric field is circularly polarized at positions where

the two counter-propagating beams have a phase difference of ± π/2. The polarization

changes from σ+ to σ- over a distance of λ/4, and between these positions the light has

elliptical or linear polarization, (b) the light shifted energy states at positions over a distance

of wavelength. The light shift varies with position and optical pumping process transfer

atoms from the top of a hill to the bottom of a valley.



10

In the latter case, i.e., σ+ - σ- polarizations, the polarization is linear everywhere but

the direction rotates to form a helix. It is therefore called polarization gradient cooling. When

atoms in certain dressed state “climb uphill” to reach a position where their potential energy

is relatively large. It becomes likely that they are optically pumped into another state for

which the potential energy at that position is close to a minimum as shown in Fig. 1.2. In this

way, the polarization gradient introduces non-conservative light forces, which can reduce the

average kinetic energy of the atoms. This mechanism by which atoms dissipate energy as

they move through a standing wave is known as Sisyphus effect. Sisyphus cooling

mechanism is important as it makes it possible to cool atoms to very low temperatures (“sub-

Doppler temperatures”).

1.4 Magneto-optical trap (MOT)

A magneto-optical trap (MOT) is a robust technique to obtain cold atomic cloud with

temperature in the range of micro Kelvin. Atoms of several groups such as alkali, alkaline-

earth, noble gas atoms etc. have been cooled and trapped using MOT. The working of MOT

to cool and trap atoms can be understood by considering the idealized one-dimensional

scheme as shown in Fig. 1.3(a). In this scheme, the atoms are placed in a weak magnetic field

B which varies linearly with distance z as B (z) = bz. The value of B is equal to zero at the

central point z = 0 and negative for negative z values. For simplicity, we assume atoms to

have two electronic states: the ground state with the energy gE and the total angular

momentum 0J and the excited electronic state with the energy eE and the total angular

momentum 1J . The excited state in the magnetic field B(z) is split into three Zeeman

magnetic sublevels, MJ = 0, ±1. The energies corresponding to the two extreme magnetic

sublevels, MJ = ±1, are )(0
1

e zgBE B   ,where z is the position of the atom, 0 is the
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resonance transition frequency in a zero magnetic field, μB is the Bohr magneton and g is the

Lande’s g-factor.

(a)

(b)

Fig. 1.3: (a) Schematic of two level system showing the Zeeman’s splitting of the energy

level according to the applied magnetic field and (b) Three-dimensional MOT arrangement

with three pairs of mutually perpendicular counter propagating and counter circularly

polarized laser beams with a pair of magnetic coils in the anti-Helmholtz configuration.
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In the MOT setup, each dimension (out of three: x, y, and z) has two circularly

polarized  and  laser beams propagating in the opposite directions. The frequency of

the laser beams is kept red-shifted ( 0 L ) with respect to the transition frequency of the

unperturbed atom. The atom interaction with these beams leads to cooling and trapping of

atom in the region of intersection of beams.

In the above scheme, the atom is subjected to scattering caused by the transitions

between the ground state and the two upper-state magnetic sublevels MJ = 1. The rate of

excitation of atoms to the upper-state sublevels depends on the position of the atoms. When

the atom is moving in the positive z direction, the atom is excited with a higher probability to

the magnetic sublevel MJ = –1 because of the less detuning of the laser with the MJ = –1 state

compare to MJ = 1 state. Similarly, for an atom moving along negative z axis, will have more

probability of excitation to the magnetic sublevel MJ = 1 state because of the less detuning of

the laser with the MJ = 1 state compare to MJ = -1 state. As a result, the direction of the

radiation pressure force on an atom depends on the sign of the coordinate z. When the atom

coordinate is negative, z < 0, it mainly interacts with the σ+ polarized radiation, and

experiences a force in the positive direction of the z-axis. On the contrary, at a positive atom

coordinate, z > 0, the atom mainly interacts with the σ- polarized laser light and is subjected

to a force in the negative direction of the z-axis. The radiation pressure force in the scheme is

thus always directed opposite to the direction of motion of the atom. Accordingly, the

scattering force produces a trapping potential well for atoms located at the central point z = 0,

where all the six laser beams intersects each other.

Thus, three pairs of counter circularly polarized laser beams in the presence of

inhomogeneous magnetic field are used to form the magneto-optical trap. A spherical

quadrupole magnetic field having centre at the intersection of the three pair of cooling laser
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beams will exert a velocity dependent and position dependent force towards the centre of the

MOT.

The total force on an atom in presence of two counter-propagating beams with

quadrupole magnetic field gradient can be written as [50],

     
,

//|.|212//|.|212 22
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(1.8)

where zBggee Bmgmg  )(  is the effective magnetic moment for the transition in

magnetic substate. The ge and gg are Landé g factor for excited state and ground state

respectively, μB is the Bohr magneton and Bz ( bz , where b
dz

dBz ) is the magnetic field in

the z direction due to spherical quadrupole field. For Doppler shift and Zeeman shift values

less than detuning L , above Eq. (1.8) can be approximated as [54],

zvFMOT   , (1.9)

where 



Lk

b


 and
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The force on an atom in a MOT consist of two parts, one is velocity dependent damping force

and another is position dependent restoring force.

The MOT can be conveniently loaded from a background of thermal vapour or

slowed atomic beam. However, the trapping potential in a magneto-optical trap is small in

comparison to thermal energies of the atoms and most collisions between trapped atoms and

the background gas may supply enough energy to the trapped atom to take it out of the trap.

At high background pressure, atoms are kicked out of the trap faster than they can be loaded.
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So, the pressure in the MOT chamber need to be of the order of 10-8 Torr for typical MOT

parameters.

1.5 Characterization of cold atomic cloud in a MOT

The cold atomic cloud in the temperature range of few hundreds of micro Kelvin are

routinely obtained by laser atom cooling technique in a standard magneto-optical trap (MOT).

Precise knowledge of physical parameters of laser cooled atomic cloud such as loading time,

temperature, size and number density are of prime importance for many applications. Hence,

characterization of the cold atomic cloud forms the integral part of any laser cooling setup. In

the forthcoming section, characterization of our MOT setup is discussed in detail.

1.5.1 Measurement of number

The number of cold atoms in a MOT is estimated by collecting the fluorescence from the

MOT cloud on a CCD camera or by collecting the fluorescence from the MOT onto the

calibrated photodiode using the following treatment.

The fluorescence image captured on a charge-coupled device (CCD) camera due to scattering

by a resonant beam from the cold atomic cloud can be used to estimate the number of atoms

in a MOT. A CCD is a light-sensitive integrated circuit consists of picture elements (called

pixel) that stores and displays the data for an image in such a way that each pixel in the image

is converted into an electrical charge. The stored electrical charge is proportional to the

intensity of the light falling on the CCD pixel in its linear working range. In this imaging

technique, the size of the cold atomic cloud is also deduced from the same image and can be

used for estimation of the number density.
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A cold atomic cloud with N number of atoms scatter photons isotropically with a rate

γsc, when shined with a light of intensity I and detuning Δ. The scattering rate γsc is given by

Eq. ( 1.10) [50]
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The number of photons Np collected in a solid angle dΩ subtended on the collecting lens

used to image on the CCD camera with an exposure time (texp) is given by [55],

exp.
4
.. t
d

NN scp





 . (1.11)

The output voltage from a pixel is converted into a digital number (called counts) during

readout. If η is the quantum efficiency of the CCD camera, then Np photons can be converted

into CCD count using Nc, = Np.η. Where η is the quantum efficiency of the CCD camera

which is the ratio of the number of charge carriers generated to the number of photons falling

on it.

Now, the number of cold atoms in the cloud N is inferred as,
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where Is is the saturation intensity, I is the intensity of each cooling beam in the MOT, Γ is

the natural linewidth of cooling transition.

The number of atoms in a MOT can also be estimated by counting the number of

photons reaching to the photodiode detector. A photodiode is a semiconductor device that

converts light photons into the current. The current in the detector circuit is produced due to
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the generation of electron hole pair in the photodiode by the incident photons. The output

voltage from the photodiode detector circuit is calibrated with the incident laser power. Let

dΩ be the solid angle subtended by the detector at the trap centre. Then, the number of atoms

in the MOT can be given by,

,
4

sc

P

hc
N







 (1.13)

where P is the power collected onto the calibrated photodiode.

1.5.2 Measurement of temperature

There are several methods to estimate the temperature of the cold atomic cloud in a MOT.

The commonly used methods are free expansion method, time of flight method, fluorescence

decay, release and recapture, fountain and size determination of the atomic cloud etc. [56-57].

Transient absorption technique is also used to measure the temperature where the number of

cold atoms available in the MOT are low [58-59]. The use of transient absorption technique

to measure the temperature of the Kr*-MOT is demonstrated, where the number of cold

atoms are low. It was also concluded that for the low number of atoms in the MOT, this

technique works better than the commonly used method of free-expansion. This is perhaps

due to weak fluorescence signal from the cloud over a small solid angle of the detection. The

results of the temperature measurements by the transient absorption technique was compared

with the results of temperature measurement by the size of the cloud and found to be

comparable.

As discussed before, the cold atom number and the size of the MOT are estimated by

collecting the fluorescence from MOT cloud on a CCD camera. In the Kr*-MOT (cold atom

number ~ 5x105), there was a proportional increase in the density of the trapped atoms with

the number of trapped atoms in the Kr*-MOT indicating that the MOT operation is in the
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constant volume regime. The spatial time dependent density (n(r,t)) distribution of the

trapped atoms follows a Gaussian function in such a constant volume regime and can be

written as [60],

2
2/

0

2

)(),( retntrn 
, (1.14)

where n0(t) is the peak cold atom number density at time t during the loading of the MOT, r is

the distance from the trap centre and  is the rms radius of the Gaussian density distribution.

In general  is a function of time but for the constant volume MOT operation regime,  is

time independent.

In the transient probe absorption technique, absorption of a weak probe beam passing

through the atomic cloud in the MOT during the free expansion of the cloud is measured

using a photodiode detector. When MOT beams are switched-off, the time evolution of the

absorption signal gives the information about the atomic density at different time during the

free-expansion of the cloud. The transmitted intensity (I) at different time (t) can be

expressed as follows [58],
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where I0 is the initial intensity of the probe beam before passing through the cold atomic

cloud, z is the initial rms radius of the cloud along z-axis, σ is the absorption cross section of

the 84Kr* atom at wavelength 811.5 nm, N0 is the initial number of atoms in the MOT, rmsv is

the rms speed of the atoms in the MOT and is given as
m

Tk
v B
rms 

2
, where m is the mass of

the 84Kr atom. On substituting the value of rmsv in Eq. (1.15), the final expression becomes,
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Temperature of the cold atomic cloud can also be estimated by size determination

technique. When particles with Maxwell-Boltzmann velocity distribution are trapped in a

harmonic potential, the density distribution is Gaussian. Then for each coordinate of the

harmonic trap, the ensemble averaged potential energy κi <
2

i >/2 is equal to the kBT/2,

where i = 1, 2 and 3 correspond to x, y and z directions respectively and the corresponding ρi

is represented by ρx, ρy and ρz, kB is the Boltzmann constant and κ is the spring constant which

depends upon the MOT parameters as follows [54]
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where B is the Bohr magneton,


2
is the magnitude of the wave vector,

dz

dB
is the magnetic

field gradient, L is the laser detuning,  is the linewidth and I and Is are the single beam

intensity and saturation intensity respectively.

Thus,

B

z

k
T

2
 . (1.18)

After substituting the value of  estimated from Eq. (1.17) and z from CCD camera in Eq.

(1.18), temperature of the cold atomic cloud, T can be estimated.



19

1.5.3 Measurement of MOT loading rate

Loading studies is one of the essential part of characterization of any MOT setup. Loading

rate is the number of atoms being captured in a MOT per unit time. The number of atoms

loaded in a MOT at any instant of time t, is given as )]/exp(1[ Ls ttNN  , where sN is the

steady state cold atoms number and Lt is the loading time. The loading time is defined as the

time required to trap 67% of the maximum number of the atom in the MOT. The loading rate

and the loading time is governed by the trap parameters, pressure and various loss

mechanisms involving collision of the trapped atom with the background atoms and cold

collision within the trap. Collision of the trapped atoms with the background atoms, light

assisted collisions, collision between cold atoms are the different loss mechanisms associated

with the MOT.

The temporal evolution of number of cold atoms (N(t)) in a MOT is given by

,),()(
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V

rdtrntNL
dt

tdN
 (1.19)

where L is the MOT loading rate, γ is the background collision loss rate coefficient for 84Kr*,

n(r, t) is number density of the cold atoms, β is the cold collision loss rate coefficient due to

collision between two cold atoms.

The number density distribution of cold atoms in the constant volume case is given by

Eq. 1.14. In order to estimate the MOT loading rate L, the background collision loss rate

coefficient γ and cold collision loss rate coefficient β. Eq. (1.19) was integrated over the trap

volumes by using number density distribution given by Eq. (1.14). The following loading

equation for MOT is obtained,
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where, V(=(2π)3/2ρ3 ) is the trap volume for spherical cloud (ρx = ρy = ρz= ρ) and the solution

of Eq. (1.20) is given as















)/exp(1

)/exp()1(
1)(

L

L
s

tt

tt
NtN




, (1.21)

where, 















 1

)1(

)1(
Lt and L

Ns 1 (1.22)

At steady state 







 0

)(

dt

tdN
,

V

N
NL s

s 2/3

2

2
 

and

1

01

81













sn


 . (1.23)

Ns and n0s are the steady state number and the steady state peak number density of the MOT

cloud and tL is the loading time of the MOT. The values of γ and β for the MOT can be

estimated by fitting Eq. (1.21) to the experimentally observed MOT loading curve of the

atoms in the MOT cloud.

1.6 Laser cooling of noble gas atoms and their applications

The laser cooling of noble gas atoms is accomplished in the metastable state unlike the alkali

atoms where laser cooling is achieved in the ground state. The amount of energy needed to

excite the ground state atom to its excited energy state is very large (~10-20 eV). In the case

of the Krypton atom, the first excited state is metastable state (~ 40 s ) which is ~10 eV (120

nm) away from the ground state. Also, the transition to the first excited state from the ground

state is dipole forbidden. Thus, it is convenient to cool and trap Kr atoms in the metastable

state which can be performed using laser radiation of wavelength ~ 811.5 nm. The excitation

to this metastable state can be done by various techniques. Radio frequency (RF) discharge is

widely used technique to produce metastable noble gas atoms due to its simplicity. The

number of metastable atoms produced using this method depends on the RF power and
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pressure used in the discharge tube. The metastable atoms generated using this method move

towards the trapping chamber in a form of atomic beam with velocity much higher than the

capture velocity of the MOT. For, an efficient loading of the MOT, pre-cooling (or slowing)

of atoms in the longitudinal direction is required before they are captured in the MOT. The

process of pre-cooling is achieved by using the Zeeman slower, in which a suitable laser

beam is used opposite to the direction of the atomic beam for pre-cooling the atoms in the

beam. For the maximum absorption of the laser light by the atoms during pre-cooling in the

Zeeman slower, the frequency of the laser light is tuned in such a way that the moving atoms

observe the frequency of the laser near to their resonant frequency. However, the Doppler

shifted light frequency observed by the atoms changes as the atoms slow down during its

motion in the Zeeman slower. Therefore, to keep the laser tuned to the resonant frequency of

the atoms, either laser frequency is required to change continuously or a variable magnetic

field is required to tune the atomic transition frequency in the Zeeman slower. In the later

case, the purpose is to change the resonant frequency using a variable magnetic field in such

a way that it compensates for the change in speed of the atoms. Metastable atoms generated

in the discharge tube enter into the Zeeman slower are continuously slowed down and then

further cooled and trapped in the MOT. A schematic of a typical experimental setup for laser

cooling and trapping of the metastable Kr (Kr*) atoms is shown in Fig. 1.4 [61, 62].

Fig. 1.4: Schematic of the experimental setup for laser cooling and trapping of the metastable

Kr atoms. C1, C2, C3: different vacuum chambers; ZS: Zeeman slower; MOT: magneto-

optical trap.
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The setup consists of a gas inlet chamber (C1), a RF discharge tube, an analysis

chamber (C2), pumping chamber (C3), Zeeman slower (ZS), and a MOT chamber. The gas

first flows into the gas inlet chamber and then in the RF discharge glass tube. The metastable

atoms are produced in this tube by RF-driven discharge. The analysis chamber (C2) pressure

(~10-5 Torr) is kept lower than the pressure in the discharge tube (~10-3 Torr), to allow the

flow of RF excited gas into this chamber. This gas subsequently flows into the pumping

chamber (C3), the Zeeman slower and the MOT chamber, which are kept at successively

lower pressure values. The Zeeman slower (ZS) tube connected between the pumping

chamber and the MOT chamber to slow down the Kr* beam before cooling and trapping in

the MOT chamber. Atoms emanating from discharge region move out in the form of a atomic

beam. Transverse cooling is usually performed in the analysis chamber (C2) for reducing the

divergence of the atomic beam in the transverse direction. This results into increase in the

flux of Kr* atoms in the forward direction. But, in this setup, transverse cooling was not

performed as pure sample of Kr gas was being used. Also sufficient flux of Kr* atoms was

obtained for the study.

The metastable Kr atoms can be laser cooled by using a laser of appropriate frequency

to excite the 4p55s[3/2]2 to 4p55p[5/2]3 transition. The longitudinal cooling of metastable

atoms needs to be performed in a Zeeman slower so that the atoms speed is brought lower

than the capture speed of the magneto-optical trap (MOT). The MOT serves as an important

tool to provide the sample of cooled and trapped atoms for various experiments including

study of inter-atomic interactions. Such interactions, either in the absence or in presence of

near resonant light, manifest in the form of cold atom collisions. The cold atom collisions

generally refer to the case when colliding atoms have de Broglie wavelength comparable or

larger than the range of the inter-atomic distance. The homonuclear cold collisions have been

extensively studied and used to generate a reliable source of cold molecules. Another
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interesting inter-species cold atomic mixture is produced by simultaneously cooling and

trapping of the alkali metal and metastable state noble gas atoms. The high value of internal

energy associated with metastable noble gas (Ng*) atoms in the MOT, leads to a process

known as Penning ionization (Ng* + Ng* → Ng+ + Ng + e-) and associative ionization (Ng*

+ Ng* → Ng2+ + e-) which makes it interesting to study.

Laser cooling of Kr atoms to a temperature of few hundreds of micro-Kelvin, have

many applications in the field of high resolution spectroscopy, atom trap trace analysis,

collision studies and dating etc. Since noble gases are chemically inert, dating of their radio

isotopes is immune to the chemical interactions which can alter the isotopic abundance in the

transport processes. Therefore noble gas radio isotope tracers have advantages over the

reactive element tracers (such as 14C), the interpretation of their abundance data is much

simpler and consequently would lead to more accurate age information of the sample. The

time range of 14C-dating is from a few hundred years to 50,000 years. In order to cover the

dating range from the present to a few million years, more radioisotope tracers are needed.

There are three long-lived noble gas radioisotopes which are believed to be the ideal tracers

to fill the gaps; 85Kr (t1/ 2 = 10.76 yr) is used as a tracer in the time range from the present to

50 years, 39Ar ( t1/ 2 = 268 yr) is used between 40 years to 1,000 years, 81Kr ( t1/ 2 = 230 kyr)

can be used in the range from 50,000 years to a million years.

Atom trap trace analysis (ATTA) has become an essential tool for low level detection

of radioactive traces. Since 235U (or 239Pu) nucleus splits into less massive nuclei in the fission,

including 85Kr and a few neutrons, the ATTA setup for 85Kr ( natural abundance 2x10-11, t1/2 =

10.76 Yrs ) can be used as a tracer for monitoring nuclear fission activities [63]. ATTA is

unique among trace analysis techniques as it is free of interferences from other isotopes,

isobars, or molecular species and can be used to detect single photon. Low level detection of

85Kr may also be used as a tracer to monitor the nuclear-fuel reprocessing activities to alarm
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the hazard to human body. Further, fission isotopes are monitored to assess the contamination

of the environment either by the regular operation of a nuclear facility or by a nuclear

accident.
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Chapter 2

Generation and transfer of metastable Kr atoms through the vacuum

chambers

2.1 Introduction

The laser cooling of noble gas atoms is generally accomplished in the metastable state, since

the laser (with larger photon energy) required for the ground state excitation for laser cooling

and trapping are not available. In case of the Krypton atom, the first excited state is

metastable state which is ~ 120 nm (~10 eV) higher from the ground state [1-2]. Also, the

transition to the first excited state from the ground state is dipole forbidden. Thus, it is

convenient to cool and trap Kr atom in the metastable state which can be excited to the higher

state using ~811.5 nm laser radiation. The Kr atoms in the metastable state (denoted as Kr*

atoms) can be prepared by electron beam excitation [3], optical excitation [4], DC glow

discharge [5], RF discharge [6] and microwave discharge [7]. Among these, the RF discharge

method is most widely used due to its simplicity in implementation. The number of Kr*

atoms produced using this method depends on the RF power used for the excitation of the

atoms and the pressure of the gas in the discharge tube. The Generation and transfer of atoms

through various vacuum chambers as well as the design, development and characterization of

the Zeeman slower is presented in this chapter.

2.2 Energy levels of Kr atoms:

Natural Krypton gas has several stable isotopes such as 78Kr (isotopic abundance = 0.35%),

80Kr (2.25%), 82Kr (11.6%), 83Kr (11.5%), 84Kr (57%), 86Kr (17.3%) and two long lived

radioactive isotopes 85Kr (half life = 10.76 yrs, isotopic abundance = 2x10-11) and 81Kr (half

life = 230 kyrs, isotopic abundance = 6x10-13). The even isotopes of the Kr gas atoms do not
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have a nuclear spin (I) and therefore they do not have any hyperfine structure in the energy

levels. Since, the last shell of the electronic configuration is not closed, the Kr* atoms have

both the orbital as well as the spin angular momenta.

The electronic configuration of Krypton (having atomic number 36) is 1s2 2s22p6

3s23p63d10 4s24p6. The ground state level is 4p6 (completely filled shell), for which total

orbital, total spin and total electronic angular momentum are all zero and can be represented

as L

= 0, S


= 0 and J


= 0. The electronic configuration of Kr* formed by the excitation of a

valence electron from (p to s orbital) the outermost shell is 4s24p55s1 and it has one electron

in the 5s orbital (called valence or outer electron) and one unpaired electron in the 4p orbital

(called core electron). It is to be noted that in metastable noble gas atoms, electrostatic

interaction of the core electron with the outer electron is weak as compared to the spin-orbit

interaction of the core electrons but is strong compared to the spin coupling of the outer

electron. Hence, first L

and S


are coupled to give angular momentum of the core electrons

j


and this j


is then coupled to the orbital angular momentum l

of the valence electron to

form the angular momentum K

. Such a scheme is known as jl coupling [8]. Finally, K


is

coupled to the spin s

of the valence electron to form the total electronic angular momentum

J

. The notation for the energy states is then given by 2S+lLj n l [K]J, with n the principal

quantum number of the outer electron.

In case of Kr atoms, the core of the first excited state (4s24p55s1) possesses both total

angular momentum ( L

) and total spin angular momentum ( S


). The sum of these angular

momenta is denoted by j

. The total angular momentum J of the electrons is estimated by

addition of j

with the orbital angular momentum ( l


) and spin angular momentum ( s


) of the
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valence electron as described in the previous paragraph. The procedure for calculation is

given below,

j

= L

+ S

,

K

= j

+ l


and J

= K

+ s


.

The first excited state (4s24p55s1) which is metastable state (lifetime, τ ~ 40 s) has L= 1,

S = 1/2 which gives j = 3/2, 1/2 for core electron. The valence electron has l = 0 and s = 1/2,

which gives K = 3/2, 1/2 and J = 0, 1 and 2. Fig. 2.1 shows the partial energy levels diagram

showing the metastable energy state for K = 3/2 and J = 2 which is used as lower state for

cooling transition. This state is represented as 4p55s[3/2]2.

Further, excitation to energy level 4s24p55p (lifetime, τ ~ 28.63 ns) for spectroscopy

and laser cooling is achieved by laser light of wavelength, λ ~ 811.5 nm. 4p55p has L = 1, S =

1/2 which gives j = 3/2, 1/2 for core electron. The valence electron has l = 1 and s = 1/2, thus

for j = 3/2, K = 5/2, 3/2, 1/2 and for j =1/2, K = 3/2, 1/2. Accordingly there will be different J

for different K. For K = 5/2, J = 3, 2, for K = 3/2, J = 2, 1 and for K = 1/2, J = 1, 0. The

excited state energy level with K = 5/2 and J = 3 is represented as 4p55p[5/2]3 and is shown in

the Fig. 2.1.

However, for odd isotopes, 4p55s[3/2]2 and 4p55p[5/2]3 states are split into many

energy levels ( F

) due to hyperfine interaction of the total electronic angular momentum ( J


)

of the atom with the nuclear spin ( I

) and is given by F


= J

+ I

. F

is known as total angular

momentum of the atom. The energy level diagram for 83Kr (nuclear spin I = 9/2) atoms along



34

with frequency separation between hyperfine levels is shown in the Fig. 2.2. Transitions

relevant to 83Kr cooling and repumping are also shown in Fig. 2.2.

Fig. 2.1: Energy level diagram of 78Kr, 80Kr, 82Kr, 84Kr and 86Kr with relevant cooling

transitions.

Fig. 2.2: Energy level diagram of 83Kr isotope with frequency separation and relevant cooling

transitions.
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2.3 Generation of Kr* atoms:

The laser cooling of the noble gas Kr atoms is accomplished in the metastable state [9] with a

lifetime of nearly 40 s. The number of metastable atoms produced in the RF discharge

method is determined by the values of the RF power used for the excitation of the atoms and

the pressure of the gas in the discharge tube. The RF electric field in the inductive coil

generates a RF magnetic field in the discharge region which induces an electric field E in the

discharge region.

The general principal of the RF excitation of a gaseous medium placed in the RF field can be

explained by considering the RF field as an oscillating time varying electric field E (angular

frequency, RF ) given by ,

)cos(0 tEE RF . (2.1)

Where Eo is the maximum amplitude of the electric field.

The Lorentz force F (magnitude) due to this RF field on a free electron (generated in the gas

by cosmic rays or other sources of ionizing radiation) in the gaseous medium is given as

eEF  (the RF induced magnetic field being insignificant compare to the electrical field and

hence ignored). The acceleration )(a of electron in this field is given as,

meEa / mteE RF /)cos(0  .

The average kinetic energy (  KE ) gained by the electron in this oscillating electric field is

estimated as [10]

2

0
2

24

1
Ee

m
E

RF

K


 . (2.2)
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Once the energy gain by the electron is sufficient enough to ionize the gas, the discharge

process is initiated due to the collision of the electrons with the neutral atoms and generates

further electrons and ions. These free electrons further gain energy in the RF field and collide

with the neutral atom to excite them into the metastable state. This process is a cascading in

nature and can excite sufficient number of atoms in the metastable state until steady state

number of atoms in the metastable state are achieved.

The Kr* atoms are mainly generated through the collision of electrons with the

ground state atoms. The generation rate of Kr* atoms is proportional to σc, Ng and Ne, where

σc is the electron impact excitation rate coefficient, Ng is the Krypton atom number density in

the ground state and Ne is the electron density in the discharge. The metastable atom number

density (at constant pressure) increases with the RF power mainly due to the increase in the

electron density with the RF power as σc and Ng generally remain nearly unchanged at a given

pressure. The saturation in the number density of the electrons with the RF power occurs at a

given pressure of gas which leads to saturation of the number density of the Kr* atoms in the

discharge tube. Also it is observed that the number density of the Kr* atoms first increases

and then decreases with the pressure in the discharge tube for the constant RF power. The

increase in the number density is due to the increase in the electron density at higher pressure

values in the discharge tube. The production of the metastable atoms increases with increase

in pressure due to more number of collisions of electrons with ground state atoms which

increases with pressure. At higher pressure, the de-excitation of the metastable atoms also

increases due to their collisions with the ground state atoms that lead to the slow decrease of

Kr* density for higher pressures at a fixed value of RF power.

The commonly used method for producing metastable noble gas atoms is through RF

discharge, but it is relatively inefficient but simple to implement, in which only a small

fraction of gas atoms (~10-4) can be excited into the metastable energy state. The RF
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discharge plasma usually contains electrons, ions, ground state atoms and metastable state

atoms. This plasma is routinely used as a source of metastable atoms. To form an atomic

beam of the metastable atoms, the plasma in the discharge tube is allowed to flow from one

end of the tube to the various connected chambers maintained at a lower pressure than the

pressure in the discharge tube. In the following section, we present the development and

characterization of the experimental setup consists of various vacuum chambers including

MOT chamber. Various experimental parameters affecting the generation of the Kr* atoms in

the discharge tube and their efficient transfer to the MOT chamber is also discussed. The

experimental results on the generation of the metastable Krypton (Kr*) atomic beam from the

RF-discharge plasma of Krypton (Kr) gas show that the presence of charged particles (such

as Kr-ions and electrons) in the atomic beam is useful for producing higher number density of

the Kr* atoms. The electrons and Kr-ions also produce Kr* atoms via electron-ion radiative

recombination process. These results are useful for obtaining a higher number density of Kr*

atoms in the atomic beam emanating from the discharge tube for atom cooling and trapping

application. The characterization of the source of metastable Kr atoms produced using radio

frequency (RF) excitation of Kr gas in a discharge tube is an important study for the

development of the MOT setup. The generation of 84Kr* atoms in the discharge tube was

studied by varying the pressure and the RF power in the tube. The number density of 84Kr*

atoms was measured using laser absorption method. This optimization of the number density

of 84Kr* atoms is particularly useful for laser cooling and trapping of 84Kr* atoms in the

MOT.

A weak probe laser beam with scanning frequency (from extended cavity single mode

semiconductor diode laser, DL 100L, TOPTICA, Germany) is passed through the discharge

tube perpendicular to the tube axis. The 1/e2 radius of probe beam was ~ 0.7 mm and the

linewidth of this laser was ~1 MHz at 811.5 nm wavelength. The linewidth of the probe laser
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is much smaller than the expected width of the transition, which is necessary for accurate

measurement of the number density of the cold atoms by absorption probe method. A part of

this laser beam was passed through a sealed Kr cell excited by the RF source to generate

Doppler-free saturated absorption spectroscopy (SAS) signals for transitions from the Kr*

atom. The metastable number density in the 5s[3/2]2 state is measured by observing the

transmission signal (V) of the probe laser beam by scanning the probe laser frequency around

5s[3/2]2  5p[5/2]3 transition. Typical photodiode signal observed due to absorption of the

probe beam is shown in Fig. 2.3, where Vmax and Vmin are the maximum and minimum values

of the photodiode signals.

Fig. 2.3: Typical photodiode signal observed for Kr* atom number density measurements,

where νL ( = ωL/2π) and ν0 ( = ω0/2π) are the laser and atomic resonance frequencies

respectively.

The transmitted intensity of the probe beam is given by

])(exp[)0,(),( LnILI   , (2.3)

which can be written for resonance frequency ω0 as,
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where n and σ(ω) are the number density and the absorption cross section (1.7x10-11 cm2) for

a Doppler broadened profile respectively. Here L denotes the length of interaction region

which is cross sectional diameter of the discharge region (~ 6 mm) in the discharge tube, ω

denotes the probe laser frequency and I(ω,0) and I(ω,L) are the intensity values of the probe

laser beam at the entrance and the exit of the discharge tube. Here, Vmin and Vmax can be

approximated to be proportional to I(ω0,0) and I(ω,L) respectively in the far off frequency

range from the resonance frequency. This is because, at far off resonance, I(ω, L) ~ I(ω0,0).

Hence,
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Using the value of σ(ω0) for the measured Doppler broadened absorption profile and knowing

L, we can find the number density as [10],
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The number density of Kr* atoms was measured in the discharge tube using probe

absorption method for different values of the RF power. As shown in Fig. 2.4, the observed

number density at pressure of ~3.5 mTorr, first increases from 2.0x109 cm-3 to 1.7x1010 cm-3

with the RF power increasing from 1.5 W to 4 W. At higher power (> 4W), the number

density saturates with further increase in the RF power. At an increased pressure (~ 12

mTorr), the variation in the number density with the RF power was similar except the number

density (~ 2.0x1011 cm-3) of Kr* atoms was higher in the discharge tube. The saturation in the
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number density with the RF power was due to saturation in the electron number density in the

discharge tube at a given pressure.

Fig. 2.4: Measured variation in the number density of 84Kr* with the RF power for two

different values of pressure, 3.5x10-3 and 1.2x10-2 Torr in the discharge tube.

Fig. 2.5: Measured variation in 84Kr* atom number density with pressure in the discharge

tube at 4 W of RF power.
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It is known from the earlier work that Kr* atoms are mainly generated through

collision of electrons with the ground state atoms. As observed (Fig. 2.5), the number density

of the 84Kr* atoms increases with the pressure till 40 mTorr and then decreases slowly with

the pressure at higher pressure at a fixed value of the RF power. The increase in the the

number density of the 84Kr* atoms was due to increase in the electron density with increase in

pressure in the discharge tube. The production of metastable atoms increases with increase in

pressure due to more number of collisions of electrons with ground state atoms. At higher

pressure, the de-excitation of metastable atoms also increases due to their collisions with

ground state atoms [11].

2.4 Transfer of Kr* atoms

In order to transfer the metastable Kr atoms from the RF discharge tube to the MOT chamber,

the maintaining of appropriate differential pressure in the various vacuum chambers was the

main consideration. This was also necessary because the source chamber and the MOT

chamber work at two significantly different pressure. The generation of Kr* atom in the

discharge tube requires ~10-3 mTorrr pressure for obtaining the larger density of Kr* atoms,

whereas the MOT chamber needs to be at lower pressure (10-8 mTorr) to reduce the

background collision losses for the MOT cloud. Considering these requirement, various

vacuum chambers for the experimental setup was designed accordingly.

2.4.1 Vacuum system for the experimental setup

The vacuum systems as shown in Fig. 1.4 consists of the gas inlet chamber (C1) (~10-3 torr),

the discharge tube, the analysis chamber (C2) (~ 10-5 torr), a pumping chamber (C3) (~ 10-7

torr), Zeeman slower (ZS) and the magneto-optical trap MOT chamber (~ 10-8 torr) in a

steady condition with gas flow. The Krypton gas first flows into the source chamber and then

in the RF discharge glass tube. Its flow rate can be controlled through a fine needle valve
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attached with the Kr gas cylinder. The glass tube has inner diameter 10 mm and length 150

mm in which RF discharge (frequency ~30 MHz) was created to excite the Kr atoms to the

metastable energy state. The RF power was inductively coupled to Kr gas through a copper

coil surrounding the glass tube. A stainless-steel tube of inner diameter 5 mm and length 50

mm has been used between the analysis chamber and pumping chamber to set the appropriate

conductance between the chambers for obtaining the desired differential pressure. It also

helps to collimate the atomic beam flowing towards analysis chamber. The various chambers

were pumped using turbo-molecular pump (TMP) of appropriate capacity to maintain the

suitable differential pressure throughout the setup.

In the vacuum system, the conduction of the various connecting tubes, degassing rate

from the various chambers and the pumping speed of the turbo-molecular pumps used

governs the ultimate pressure which can be obtained in the different chambers. Pumping

speed (Spump) is defined as the volume of gas removed from the system per unit time,

measured at the inlet of the pump (liters/sec). Conductance (C) is the ease of the flow of gas

through a vacuum line. It is defined as the amount of gas, which flow through line per unit

time. Conductance for various shapes such as tube (Ctube), elbow (Celbow) and aperture (Caperture)

is estimated by the following expressions,
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where D is the diameter of the vacuum line in cm, T is the temperature in Kelvin, M is the

average mass of the gas in amu (~ 28.5), A is the area of the aperture in cm2 and L1, L2 are the

lengths of the tubes.

Effective pumping speed (Seff) of the pump resulting after connecting tube of

conduction C is given as

CSS pumpeff

111
 . (2.8)

The ultimate pressure (P) in the chamber is given as, P = Q / Seff, where, (Q) is the throughput

(torr x litres/sec) and is defined as the product of the volume of gas flowing across any plane

in the system per unit time and the pressure in that plane. It is difficult to calculate the

expected pressure in the chamber during the Kr gas flow condition. While under no external

gas flow condition, the ultimate pressure calculated using throughput and effective pumping

speed does not differ much from the measured values.

Another important relation for maintaining the differential pressure between two pipes

is governed by the following relation,

C(P2-P1) = S P1

and

CP2 = SP1 for P1 << P2. (2.9)

Where P1 and P2 are the required pressure in the two chambers connected by a tube of

conduction C and using pump of pumping speed S.
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2.4.2 Effect of stray magnetic field on transfer of Kr* atoms

In our experimental setup, it was observed that the Kr ions after RF-discharge tube did not

propagate in the same direction as that of the neutral Kr atoms. It was concluded from the

observation that the purple color beam (of Kr-ions) emanating from the discharge tube was

not collinearly aligned with the tube axis along the horizontal direction (i.e. direction of

propagation of atomic beam), and was measured to be deviated by ~ 2 degree angle in the

downward direction as shown in Fig. 2.6. During the experimentation, it was realized that the

purple color ions beam was deflected because of the stray magnetic field (including earth

magnetic field of ~ 250 mG) present near the setup and its effect on the setup was

investigated. The effect of this stray magnetic field (~ 1G) on the setup can be nullified

either using a bias magnetic field or suitably shielding the setup using a high μ- metal sheet.

The purple color ions beam was accurately aligned along the atomic beam direction by a

magnetic field applied using a current carrying coil (called alignment coil) placed outside the

chamber. This coil was positioned outside the pumping chamber (Fig. 2.6(a)) such that its

axis (in the horizontal direction) crossed the atomic beam axis at ~ 90 degree angle at a

distance of s = 5 cm from the exit of the discharge tube. This coil provided a variable

magnetic field which reached the value ~ 1 Gauss at the beam axis for current of ~ 2 A in the

coil. When the current in the alignment coil was increased, the purple color beam of the ions

started changing its direction as shown schematically in figure 2.6(b) (crosses show that

applied magnetic field direction was perpendicular to the plane of paper in the inward

direction).

In order to accurately align the purple color ions beam along the atomic beam

direction, the required applied magnetic field value was ~ 1 Gauss. Figure 2.7 shows the

observed variation in the deviation angle (θ) of the ions (measured with respect to the initial

direction of the ions at zero applied magnetic field) with the applied magnetic field due to this
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coil.

(a)

(b)

Fig. 2.6: (a) Schematic of the experimental setup, (b) The schematic of the observed

deviation of Kr-ions from the atomic beam direction (with and without applied magnetic

field).

The number density of 84Kr* atoms in the beam was measured at the centre of the

trapping chamber. For this, a laser beam of appropriate frequency was applied perpendicular

to the atomic beam (to minimize the Doppler broadening) at the MOT chamber. The density

of 84Kr* atoms was estimated by collecting laser induced fluorescence from the Kr* atoms on

a calibrated sensitive photodiode. It was observed that when the direction of the ion beam

was brought closer to the direction of the atomic beam by applying magnetic field, the

number density of the 84Kr* atoms in the trapping chamber was increased.
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Fig. 2.7: Observed variation in deviation angle (θ) of Kr-ions with the applied magnetic field.

The dashed line shows the calculated deviation angle for Kr ion with applied magnetic field.

Fig. 2.8: Observed photodiode signals for measuring fluorescence from the MOT chamber for

different values of the applied magnetic field due to alignment coil. In each trace, the three

Doppler-free peaks correspond to three isotopes 82Kr*, 84Kr*, and 86Kr* respectively in
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metastable state. The estimated number density of metastable 84Kr* atoms for curves (a) to (e)

are respectively 1.5x106 cm-3, 2.3x106 cm-3, 3.0x106 cm-3, 2.3x106 cm-3 and 1.5x106 cm-3.

Figure 2.8 shows the fluorescence signals recorded for estimation of Kr* atoms

number density in the MOT chamber for different values of applied magnetic field due to the

alignment coil. In this figure, curves (a)-(e) show the detected fluorescence signal variation

with the probe laser frequency for different values of the applied magnetic field. These

signals were detected by a photodiode and recorded using an oscilloscope. In the Fig. 2.8,

recorded data for signals were given appropriate shifts along the ordinate axis to plot the

signals without overlap. It is evident from the Fig. 2.8 that the number density of Kr* atoms

in the trapping chamber is changing with the applied magnetic field. Figure 2.9 shows the

measured variation of the number density of 84Kr* atoms in the trapping chamber with the

magnitude of applied magnetic field of the alignment coil at the atomic beam axis. As shown

in the Fig. 2.9, the number density initially increased with the magnetic field and reached the

maximum value for ~ 1 Gauss of applied field. At this value of field, it was observed that the

direction of colored beam of Kr-ions was closely matching with the direction of atomic beam.

At further higher values of magnetic field, the number density started decreasing with

increasing applied magnetic field (Fig. 2.9). At these values of magnetic field, the ions path

gets again misaligned with the beam axis, with ions direction now making an angle in the

opposite direction from that of the atomic beam axis. Although, it could be interesting to

measure number density of ions in the beam and compare it with that of metastable (or

neutral) atoms but there was no setup ready for this study. Nevertheless, effect of ions

number density on the production of metastable atoms in the plume beam could be observed

by measuring the enhancement in the number of Kr* atoms reaching to the MOT chamber

after alignment of direction of ions.
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In the RF excited plasma, electron-ion radiative recombination represented by two

body interaction process Kr++e-Kr*+hν (where e- and hν denote low energy electron and

photon energy respectively) seems contributing significantly to the production of Kr* atoms.

Another two body process such as dissociative recombination process [12] represented by

Kr2++e-Kr*+Kr is unlikely to contribute significantly to the production of Kr* atoms due

to low pressure in the discharge tube. The higher order recombination process, e. g. three

body recombination involving one ion and two electrons, requires a high number density ( ~

1012 cm-3) of ions and electrons. Thus, this process is also ruled out to contribute

significantly to the production of Kr* atoms in the Kr*-MOT setup.

Fig. 2.9: Variation in measured number density of 84Kr* in the MOT chamber with magnetic

field due to alignment coil. The characteristic error bar determined from scatter in the values

obtained in repeated measurements is shown for one data point.

In the RF discharge, which was to produce Kr* atoms, ions can acquire energy upto ~

40 meV whereas electrons can acquire energy typically in range of ~ 10 eV. Due to stray
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magnetic field (~ 1 Gauss) surrounding the setup, electrons having energy lower than 2 eV in

the distribution are expected to survive in the analysis chamber (C2) as the radius of

curvature of ~5 cm (at ~ 1 Gauss field and 2 eV energy) remains smaller than the cross-

section size of the analysis chamber (~ 10 cm). Thus, in presence of the stray magnetic field

of ~ 1G, only low energy electrons (energy < 2 eV) corresponding to radius of curvature < 5

cm will survive in the analysis chamber. These low energy electrons will interact with the

deviated Kr-ions beam and result in electron-ion recombination. Electrons having energy

higher than 2 eV will be lost as they collide with the chamber walls due to larger radius of

curvature. On the other hand, Kr-ions (energy ~ 40 meV) have relatively large radius of

curvature (~ 3 m) in presence of the stray magnetic field of ~ 1 Gauss. Hence, ions will show

a small deflection from the beam axis, which was ~ 2 degree over the interaction path length

of ~10 cm in the pumping chamber. When an external magnetic field was applied by using a

current carrying coil (alignment coil) to nullify the stray magnetic field, electrons and ions

get aligned along the atomic beam direction. This results in increase in the number density of

electrons and ions in the atomic beam and consequently increase in number of recombination

events to produce metastable Krypton (Kr*) atoms in the atomic beam path. Thus applied

magnetic field can result in the enhancement in number of metastable Krypton (Kr*) atoms in

the atomic beam.

It was noted that after alignment of ions along atomic beam direction, the purple color

ion beam remains visible only upto 10-15 cm distance from the exit end of the discharge tube.

To find the actual distance from discharge tube over which electron-ion recombination

process effectively contributes to the production of Kr* atoms, following measurements were

performed.
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Fig. 2.10: Variation in 84Kr* number density in the MOT chamber with position of permanent

magnet with respect to exit of the RF-discharge tube. The horizontal dotted line shows the

number density in absence of permanent magnet for the optimum value of field (~ 1 Gauss)

due to alignment coil. The error bar shown for one data point was determined from the scatter

in the values obtained in the repeated measurements. The error bars represents the deviation,

in both positive and negative directions, from the average value. The error bar was prepared

for 10 repetitions of a single observation. The error bar for other data points have also been

calculated and found to be of the similar order and therefore error bar on one data point has

only been shown. The variation in repeated observations is due to statistical variations in the

measurement. We do not expect any significant systematic shift in these data.

First, the current in the alignment coil is set to obtain maximum number density of

Kr* atoms in the trapping chamber as per data shown in Fig. 2.9. Then the permanent magnet

was kept outside the TC chamber with magnetic field (~1 Gauss at atomic beam axis) parallel

to that of the alignment coil. The field due to this magnet destroyed the alignment of ions

along the atomic beam axis and resulted in decrease in the number density in the trapping

chamber. As the distance of this magnet from discharge tube exit was increased along the
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atomic beam direction, the number density of 84Kr* atoms in the trapping chamber started

increasing with distance and reached to the maximum value at distance of ~ 15 cm (refer Fig.

2.6 (a)) and remained nearly unchanged beyond this distance (Fig. 2.10). From the figure, it

can be understood that when magnet was positioned closer to the discharge tube, the overlap

of ions with atomic beam was for a shorter length. This resulted in lower number of 84Kr*

atoms produced (via electron-ion recombination process) and accumulated in the atomic

beam. As the distance of magnet was increased, the overlap of ions beam with atomic beam

was increased, which resulted in increase in the number density of 84Kr* atoms due to larger

contribution of electron-ion recombination process for production of 84Kr* atoms in the beam.

Nearly unchanged number density after the distance of ~ 15 cm of magnet from the discharge

tube indicates that electron-ion recombination process becomes weak after this distance. This

may be due to insufficient number density of ions in the beam after a distance of ~ 15 cm of

beam propagation [13].

2.5 Zeeman slower

The average speed of atoms in the Kr* atomic beam is around 300 m/s which is much higher

than the capture speed (typically ~ 25 m/s ) of a MOT. Therefore, it is necessary to reduce the

speed of atoms before they reach the MOT chamber. This was implemented by using a

Zeeman slower. In a Zeeman slower, a spatially varying magnetic field and a red-detuned

counter propagating (to atomic beam direction) laser beam (referred as Zeeman slower laser

beam) was used to reduce the speed of atoms in the atomic beam. The spatially varying

magnetic field in the Zeeman slower results in spatially varying shift in the energy levels of

cooling transitions. This compensates for varying Doppler shift of Zeeman slower laser beam

frequency during the slowing of atoms in the atomic beam. This is the most effective and

commonly used method to slow down a beam of atoms from initial speed of hundreds of m/s

to few tens of m/s.
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2.5.1 Design of a Zeeman slower

There are three types of Zeeman slower used, increasing magnetic field slower, decreasing

magnetic field slower and the Zeeman slower that involves both decreasing and increasing

magnetic fields. In an increasing field Zeeman slower, the atoms with initial higher speed

encounter a very low magnetic field so that the slower laser beam is required to be detuned

by the Doppler shift of the atom with maximum speed. The disadvantage of an increasing

field slower is that the magnetic field has a large value at the far end of the slower and close

to the MOT, which may interfere with the magnetic field of the MOT. In a decreasing field

slower, the atoms initially encounter the high field and then low field before ejecting out of

the slower. The MOT placed at the end of the slower is therefore less perturbed by the field

of the Zeeman slower. For the decreasing field slower, a σ + circularly polarized light beam is

used for cooling whereas σ – circularly polarized light beam is used for slowing atoms when

increasing field type slower is used.

In presence of a magnetic field B, an atom undergoes a Zeeman shift of its energy

levels given by,

BMgE JBJ , (2.10)

where, meB 2/ is the Bohr magneton and gJ is the Lande g factor and MJ is the magnetic

substate.

The Zeeman slower used in the setup was decreasing field Zeeman slower. In this

Zeeman slower, the magnetic field variation along the atomic beam direction is kept such that

the Zeeman shifted atomic transition frequency is equal to the Doppler shifted frequency of

the counter propagating slowing laser beam. This is expressed as ω0 + (µBBZ/ћ) = ωL + kv,

where ω0 is the atomic resonance frequency in absence of magnetic field, ωL is the laser
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frequency, µB is Bohr magneton, ћ = reduced Planck’s constant, BZ is the magnetic field at a

distance of z from the edge of the Zeeman slower as shown in Fig. 2.11 (a), k is the

magnitude of wavevector and v is the speed of the atom interacting with the Zeeman slower

laser beam moving opposite to the laser beam. The effective slowing laser beam detuning

from the atomic transition is defined as,

/)( 0 zBL Bkv   . (2.11)

The deceleration a(z, r) of the atom in the Zeeman slower at the longitudinal distance z and

transverse distance r is given as,
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Here, F(z, r) is the scattering force, k = 2π/λ, where λ is the wavelength, Γ ( = 2π x 5.56 MHz)

is the linewidth, Is is the saturation intensity (for 84Kr* atom, Is = 1.36 mW/cm2) and Izs(r) =

I0 exp (-2r2/ρ02), is the transverse intensity profile of the Zeeman slower laser beam. Here r

and ρ0 denote the transverse position and the beam spot size (1/e2 radius) respectively. This

deceleration governs the variation in the longitudinal velocity with distance z as,

zrzazvzzv  ),(2)()( 22  , (2.13)

where )(zv and )( zzv  are the velocities at distances z and z+δz in the Zeeman slower.

While designing the Zeeman slower, the variation of Bz with z is adjusted in such a way to

keep detuning  minimum to achieve maximum deceleration throughout the length of the

Zeeman slower.

An extraction coil is also required to be used with the Zeeman slower. The role of the

extraction coil used with the Zeeman slower is to tailor the Bz field in such a way that the

longitudinal velocity of atoms reaches to a low velocity outside the Zeeman slower in the
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MOT chamber. This facilitates atoms to reach the capture volume of the MOT and get

trapped in the MOT. The currents in the Zeeman slower and the extraction coils were

optimized independently to get the maximum flux of slowed atoms in the MOT chamber.

(a)

(b)

Fig. 2.11: (a) Schematic of the Zeeman slower and (b) Typical magnetic field profile along

the length of the Zeeman slower.
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The schematic and the magnetic field variation in the Zeeman slower is as shown in

the Fig. 2.11. The magnetic field along the direction of atomic beam direction was designed

to provide an effective cooling of the longitudinal velocity of an atomic beam. The Zeeman

shifted atomic transition frequency need to be equal to the Doppler shifted frequency of

counter propagating laser beam throughout the Zeeman slower length.

2.5.2 Measurement on a Zeeman slower

In order to characterize a Zeeman slower, one needs to observe the magnetic field along

the length of Zeeman slower and the final velocity of the atom at the exit of the Zeeman

slower and these parameters are required to be matched with the theoretically simulated

results. Fig. 2.12 shows the photograph of the inhouse developed Zeeman slower and Fig.

2.13 (a) and (b) show the magnetic field profile and the speed of the atom along the

length of Zeeman slower for the parameters mentioned in the figure captions.

Experimental results are well matched with the theoretically calculated results.

Fig. 2.12: Photograph of in-house developed Zeeman sower.
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Fig. 2.13: (a) The dots represent the measured magnetic field of Zeeman slower (without

extraction coil) for current of 1.3 A. The continuous curves show simulated magnetic field for

current in Zeeman slower coil and extraction coils as 1.3 A and 3.5 A respectively. (b) The

simulated variation in speed of an atom during its motion in the Zeeman slower for currents

of 1.3 A and 3.5 A respectively in Zeeman slower coil and extraction coil.



57

Fig. 2.14: (a) Schematic of experimental setup for measurement of velocity of atomic beam;

(b) Typical fluorescence signals due to two probe laser beams (probe 1 and probe 2) passing

simultaneously at 900 and 450 (curve I). The curve II is due to the probe at 450 only shows the

velocity profile of slowed atomic beam (84Kr*).
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Fig. 2.14 (a) shows the schematic of the experimental setup used to measure the speed

of 84Kr* atoms by generating fluorescence signal from atomic beam obtained due to

excitation from probe laser beams (at 900 and 450) derived from the same laser. Figure 2.14

(b) shows the fluorescence signal observed in the trap chamber. Curve I shows the

fluorescence signal from atomic beam due to both the incident probe laser beams at 900 and

450 simultaneously recorded on photodiode and used for frequency reference. The curve II is

due to the probe at 450 only and this curve shows the velocity profile of the slowed atomic

beam (84Kr*) after the operation of Zeeman slower. The peak in the curve II correspond to the

velocity of atoms of ~ 15 m/s and the full width at half maxima correspond to ~30 m/s. This

width is mainly due to spatial inhomogeneity of the laser radiation intensity and magnetic

field of the Zeeman slower [14]. The atoms with velocity of ~ 15 m/s can now be trapped in

the MOT.

After reducing the longitudinal velocity of the atomic beam in the Zeeman slower,

atoms are further cooled and trapped in the MOT.

2.6 Conclusion

In conclusion, in this chapter, the work related to the generation and transfer of Kr* atoms

has been described. First, we have optimized the production of the Kr* atoms in the discharge

tube and their transfer to the MOT chamber. It was shown that by applying an external

magnetic field, the loss of Kr-ions due to stray magnetic field in an atomic beam can be

reduced, and Kr* number density in the beam can be increased due to increased production of

Kr* atoms via electron-ion radiative recombination process. Such magnetic field assisted

enhancement in Kr* number density in the atomic beam is useful to increase the loading rate

of a MOT for Kr* atoms. The working principle, concept of designing of the Zeeman slower,

its fabrication and testing was also discussed in the chapter.
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Chapter 3

Development and characterization of Kr* Magneto-optical trap setup

3.1 Introduction

The Kr atoms in the metastable state (Kr*) are produced using RF excitation mechanism and

these atoms were generated in the discharge tube. The discharge tube in the setup was kept

relatively at higher pressure compare to the MOT chamber. The Kr* atoms generated in the

discharge tube move towards the MOT chamber due to the differential pressure between the

discharge tube and the MOT chamber. The Kr atoms were laser cooled in the metastable state

by using a laser of wavelength ~ 811.5 nm to excite the atoms from the 4p55s[3/2]2 to

4p55p[5/2]3 closed transition. For this, a reference signal is necessary for locking of the

cooling laser frequency at the above cooling transition. The Doppler-free saturated absorption

spectroscopy (SAS) is a widely used technique to generate such a reference signal [1]. The

initial longitudinal cooling of metastable atoms needs to be performed in a Zeeman slower so

that the atoms speed is brought lower than the capture speed of the MOT. The laser cooled

atoms in the MOT need to be characterized for the number and the temperature of the cooled

atoms before proceeding for further studies on these atoms. In this chapter, the above

mentioned steps, from the generation of metastable atoms to the characterization of cold

atoms in MOT, are discussed in the context of the Kr*-MOT setup. During the development

of the setup, a new frequency stabilization scheme based on the atomic beam fluorescence

has also been studied. The locking of cooling laser using this technique provides wider

tunability and firm locking of the cooling laser beam compared to that of the locked laser

using SAS technique. This is also discussed in this chapter.
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3.2 Laser systems

Laser atom cooling and trapping of Kr atoms required several beams with narrow linewidth

and precise frequency control. The cooling of even isotopes of Kr atoms requires laser beams

for the Zeeman slowing of the atomic beam, cooling and trapping of atoms in the MOT and

characterization of the cold atomic cloud in the MOT at suitable powers and frequencies.

Three extended cavity diode laser (ECDL) systems at wavelength of ~811 nm and

linewidth of ~ 1 MHz have been used during the development and experiments using the

Kr*-MOT. These ECDL systems are very compact and widely frequency tunable [2–5]. In

these laser system, first order diffracted beam from the diffraction grating is coupled back to

the laser diode. The diffraction grating acts as wavelength selective element in the external

resonator of ECDL. The grating is used either in Littrow or Littman-Metcalf configuration. In

Littrow configuration, the grating is aligned such that the first order diffraction from the

grating is coupled directly back into the laser while the output is obtained from the zeroth-

order. The wavelength tunability is achieved by rotating the diffraction grating. While in

Littman-Metcalf configuration, output from the diode laser incident on a grating at a grazing

angle. The first order diffracted beam goes to an additional mirror, which then reflects the

beam back to the grating and then into the diode laser. The wavelength tunability is achieved

by varying the mirror angle. Hence, the zeroth order output beam remains fixed as the

wavelength is changed. Both of these configurations have their merits and demerits. But the

most common configuration used in ECDL is Littrow configuration due to its advantage of

large output power. The three laser systems in Littrow configuration used were from

TOPTICA, Germany (Model: TA PRO with power ~ 1W, DL 100 with power ~ 150 mW and

DL 100 with power ~ 100 mW).
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These ECDL system consists of a laser diode with collimating optics, mounted on a

conducting base with heat sink. The temperature of the base plate and diode laser mount in

these systems is controlled by using a suitable electronics and thermoelectric coolers. This

helps in the passive stabilization of the output frequency of the diode laser. The grating is

mounted on a mount with a piezoelectric transducer (PZT) and its controlling electronics.

This make it possible to course tune and fine tune the frequency of the laser beam. The laser

system is usually placed on the vibration isolation table to isolate the system from various

spurious noise in the surrounding. The cavity length and hence laser frequency changes over

the time due to the mechanical vibrations, fluctuations in the diode injection current. Hence,

active frequency stabilization of these laser systems are also required.

For active frequency stabilization, a negative feedback loop is used to stabilize the

frequency of ECDL. The laser frequency is actively compared with a reference frequency

signal obtained using saturated absorption spectroscopy. A reference DC voltage

corresponding to the desired frequency on the spectroscopy signal (corresponds to desired

frequency) is fed to the proportional-integral-differential (PID) controller. Usually, saturated

absorption spectroscopy is performed in a glass cell of appropriate atomic vapor or gas to get

such a reference signal for the frequency locking of the cooling laser. The difference between

a set reference voltage and the signal voltage is known as error voltage which is proportional

to the fluctuations of laser frequency from the set frequency. The function of PID controller is

to minimize the error voltage by negative feedback and hence keep the output frequency

stable.

3.3 Frequency stabilization of lasers

The active frequency stabilization of the laser system is an integral part of any magneto-

optical trap setup. In order to lock the laser on the desired frequency, one needs to generate a
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reference signal corresponding to the atomic resonance that is usually done using cell of same

atomic species. The reference signal with steep slope and improved signal to noise ratio is

required to have the better stability of the laser system locked using this reference. The active

frequency stabilization of the ECDL system was performed by providing suitable feedback to

the laser diode using proportion-integral-differential (PID) circuitry. The reference signal

used for generation of the error signal from the PID control loop is generated by saturated

absorption spectroscopy (SAS) or from the atomic beam fluorescence spectroscopy (ABFS).

During this work, the laser frequency stabilization using SAS and ABFS has been performed

which are explained in the subsequent section below.

3.3.1 Saturated absorption spectroscopy (SAS)

The Doppler-free saturated absorption spectroscopy (SAS) is one of the most commonly used

techniques to generate the reference signal for the frequency locking of the laser system used

for obtaining the cooling laser [6]. The SAS signal for locking the laser system for laser

cooling of Kr atoms was derived using the RF excited discharge from a glass cell filled with

Kr gas at a pressure of few hundreds of mTorr. The SAS signal was generated by measuring

the absorption of a weak probe laser beam in the presence of a counter-propagating strong

pump laser beam in a Kr discharge. The rising or falling part of the SAS signal was used for

side-locking of the laser frequency near the peak of the atomic transition [2]. In the side-

locking, the lock stability of the laser depends significantly on the slope of the SAS signal at

the locking position. The steeper slope gives the better frequency stability. The fluctuations in

the laser frequency can be monitored by measuring the error signal, which is the difference

between a set reference voltage and the signal voltage. This error signal can be generated by a

proportional-integral-differential (PID) controller used for locking the laser frequency. In

order to ensure the repeatability of same locking point (or detuning), the position of the

absorption signal are calibrated routinely with respect to the other nearby peaks. Saturated
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absorption spectroscopy (SAS) is also well known technique for studying fine and hyperfine

spectra of an atom, where population change in an energy level is monitored by a weak probe

beam in the presence of a strong pump beam.

Fig. 3.1: Schematic of the saturated absorption spectroscopy setup.

The schematic of the experimental setup for the SAS of Kr* atoms is shown in Fig.

3.1. A small portion of laser power was reflected from the glass plate for spectroscopy and

rest of the laser is transmitted and directed to MOT setup for laser atom cooling and trapping.

The Kr atoms are excited in the metastable state using the RF excitation mechanism which

has already been explained in the previous chapter. Two counter propagating linearly

polarized laser beams pass through a Kr gas cell at a pressure of ~ 200 mTorr. Both the

beams were derived from the same laser system. For the laser frequency, different than the

atomic transition frequency, one beam interacts with a group of atoms with velocity v and the

other beam interacts with another group of atoms with velocity -v. When the laser frequency

was tuned to the atomic transition frequency, both the beams interacted with only one group

of atoms with velocity, v=0 along the path of laser beam. In this case, if one of the laser

beams (pumped beam) is strong enough to saturate the atomic transition, then over a narrow
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range of frequencies the absorption of the probe beam decreases and a narrow dip is observed

in the Doppler broadened absorption profile using a photodiode detector. To eliminate the

Doppler profile, a third probe (reference) beam was passed through the Kr gas cell and was

detected by another photodiode. Two signals detected by a pair of photodiodes were

electronically subtracted to obtain only the saturated absorption dips on a flat background.

These dips arise from the transition between different fine and hyperfine energy levels of the

Kr* atoms over the tuning range of frequencies. There were some peaks which lies exactly

between the two principle peaks are called cross-over peaks. These cross-overs peaks

originate due to two beams resonate with two different transitions interact with same velocity

class of atoms. In order to explain the existence of the cross-over peaks, let us consider two

hyperfine transitions corresponding to two resonant frequencies ω1 and ω2 such that ω1-ω2 is

less than Doppler width and both share the lower transition level. At laser frequency ωc =

(ω1+ω2)/2, a group of atoms moving in the direction of the pump beam with velocity vz1 =

(ωc-ω1)/k = [(ω1+ω2)/2 – ω1]/k = (ω2- ω1)/2k will see the laser frequency red shifted in

resonance with ω1. Same group of atoms, now moving opposite to the counter propagating

probe beam [vz1 = (ω2- ωc)/k = [ω2 - (ω1+ ω2)/2]/k = (ω2- ω1)/2k] will also see the laser

frequency blue shifted in resonance with ω2. Hence, cross-over signals at laser frequency ωc

is obtained due to saturation of this group of atoms by the pump beam. Here, k = 2π/λ is the

magnitude of the wave vector.

The photograph of the actual experimental SAS setup for Kr* atoms is shown in Fig.

3.2. The length and diameter of RF excited Kr gas cell was 10 cm and 2.5 cm respectively

with a Kr gas pressure of ~ 200 mTorr. Initially 1.5 W RF power at ~30 MHz was required to

ignite the discharge and later, discharge was sustained upto around 50 mW RF power. The

RF amplifier and the impedence matching circuitry to couple the RF power to the Kr gas cell

were developed inhouse. As discussed in the previous chapter the excitation of atoms to the
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metastable state 4p55s[3/2]2 from ground state(4p6) is through electron impact mechanism.

For even isotopes, the transition 4p55s[3/2]2  4p55s[5/2]3 is excited by laser light of

wavelength 811.5 nm. However, for odd isotopes, metastable levels 4p55s[3/2]2 and

4p55s[5/2]3 have many energy levels due to hyperfine interaction.

Fig. 3.2: Photograph of actual SAS setup for high resolution spectroscopy of Kr atom in the

RF discharge

Fig. 3.3: Doppler free saturated absorption spectra of Kr* atoms.

Figure 3.3 shows the experimentally observed Doppler free saturated absorption

spectra for various isotopes of Kr* atom. Peaks denoted by P are principal peaks of 83Kr*
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corresponding to the hyperfine energy levels and peaks denoted by C are cross-overs. P1 to

P7 peaks correspond to the transitions (7/2, 5/2), (3/2, 5/2), (7/2, 7/2), (11/2, 9/2), (11/2, 11/2),

(15/2, 13/2) and (13/2, 13/2) respectively. C1, C2, C3, C4 and C5 correspond to cross-over

between (7/2, 5/2) and (5/2, 5/2), (7/2, 5/2) and (3/2, 5/2), (9/2, 7/2) and (7/2, 7/2), (9/2, 7/2)

and (5/2, 7/2) and (7/2, 7/2) and (5/2, 7/2) respectively, where (F', F) are upper and lower

hyperfine levels respectively. The obtained accuracy in Doppler free saturated absorption

spectroscopy for resolving hyperfine spectra of various isotopes of Kr atoms is only limited

by the linewidth of the laser.
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Fig. 3.4: Variation in slope of 84Kr* saturated absorption spectroscopy signal with different

RF power. Dotted curve is guide to eye.

The variation of slope of 84Kr* SAS signal was also studied for different RF power

applied to inductive coil for maintaining the discharge in the cell. The variation in the slope

of 84Kr* SAS signal with different RF power is shown in the Fig. 3.4. It was observed that the

discharge region in the cell grows approximately linearly with the RF power and reaches

maximum at around 80 mW RF power. This was also confirmed with the observed height as

well as slope of the SAS signal. After this power level, the discharge region covered nearly
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whole cell length. Laser frequency locking using SAS signal for this maximum slope is

expected to provide better frequency stabilization.

3.3.2 Atomic beam fluorescence spectroscopy (ABFS)

In this technique, the fluorescence signal from the atomic beam of Kr* atoms, which are to be

laser cool in the MOT, was generated for locking the cooling laser frequency. This atomic

beam fluorescence spectroscopy (ABFS) setup was a part of the MOT setup. The ABFS

signal was obtained by exciting the Kr* atomic beam using a probe laser beam, which was a

part of the cooling laser beam and intersects with the atomic beam in the observation

chamber at an angle. By varying this angle between the probe laser beam and the atomic

beam, the spectral shift in the fluorescence signal can be achieved to obtain the desired

frequency offset (i.e. detuning) for locking the cooling laser frequency. The dependence of

the atomic beam fluorescence (ABF) signal (i.e. peak height and slope) on the RF power in

the discharge tube and pressure in the setup (observation chamber) was studied to correlate its

effect on the number of atoms in the MOT. Earlier, the frequency stabilization schemes other

than the SAS technique have also been reported. Fletcher et al. [7] have generated a

frequency locking signal using the fluorescence from cold atoms in a MOT. Douglas et al. [8]

implemented another laser frequency stabilization scheme using a frequency locking signal

generated by the absorption from metastable Argon atoms produced for loading a MOT.

In the following section, the study on an atomic beam loaded MOT for even isotope

84Kr* atoms is presented and the atomic beam fluorescence was used to lock the cooling laser

frequency.
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Fig. 3.5: Schematic of the experimental setup for atomic beam fluorescence spectroscopy. C1

and C2 are the source chamber and the observation chamber respectively.

To generate the signal for frequency locking, a part of the cooling laser beam (i.e.

probe beam as shown in the Fig. 3.5) was passed through the observation chamber such that it

was at a small angle (θ) from the perpendicular to the atomic beam propagation direction.

The desired atomic beam fluorescence (ABF) signal was generated by tuning the laser

frequency around 5s[3/2]2 5p[5/2]3 transition of 84Kr* and detecting the fluorescence from

the atomic beam using a sensitive photodiode (PD). The typically observed atomic beam

fluorescence (ABF) signals for three different values of the probe angle θ are shown in the

Fig. 3.6. Such ABF signals were used to lock the laser frequency as well as to achieve a

variable detuning of the laser during the experiments. The locking was always chosen at ~ - 6

MHz from the peak of the 84Kr* ABF signal. The variable detuning of the cooling laser was

achieved when peak position of the signal was varied by varying the angle θ.
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Fig. 3.6: The atomic beam fluorescence (ABF) signal at three different probe beam angles, (i)

θ = 00, (ii) θ = - 40 and (iii) θ = 40. Here, ωL and ω0 are respectively the cooling laser

frequency and 84Kr* atomic transition frequency. The upper curve shows the saturated

absorption spectroscopy (SAS) signal for reference.

The slope (mV/MHz) of the ABF signal, which is an important parameter for the

stability of the locked laser frequency, was measured at the half of the peak height of the

signal voltage. The slope as well as the peak height of the ABF signal varied with the RF

power and the pressure in the observation chamber. The measured variation in the peak

height of the signal with the pressure in the observation chamber is shown in Fig. 3.7 (a), for

different values of the RF power in the discharge tube. The corresponding variation in the

slope of the ABF signal is shown in Fig. 3.7 (b). For these measurements, the probe beam

was kept at an angle θ = 00 (i.e. the probe beam was perpendicular to the atomic beam). We

find that, at a given RF power in the discharge tube, there exists an optimum pressure at

which the peak height and the slope of the signal are maximum. Both, the RF power and the

pressure affect the flux of Kr* atoms in the atomic beam which governs the slope and the

peak height of the signal. At a given RF power, the peak height and the slope first increases
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with the pressure and then decreases with it after reaching a maximum value (Fig. 3.7 (a) and

3.7 (b)). With the increase in the pressure, initially, the number density of atoms in the

chamber increases which results in the more production of the metastable atoms. With further

increase in the pressure, the de-excitation of metastable atoms due to collisions with the

ground state atoms increases. This results in the decrease in the peak height as well as in the

slope, after attaining the maximum values, as the pressure was increased.

Fig. 3.7: (a) Variation in the peak height of the 84Kr* atomic beam fluorescence (ABF) signal

with pressure in the observation chamber for different values of the RF power, and (b) the

variation in the slope of 84Kr* ABF signal with the pressure for different values of the RF

power. The probe beam was kept at θ = 00. The dotted lines are guide to eye. The error bars

shown are determined from scatter in the values obtained in the repeated measurements.
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In the variation with the RF power (at constant pressure), the peak height and the

slope of the locking signal first increases with the RF power and then saturates as shown in

the Fig. 3.8. The increase in signal and its slope with the RF power is due to increase in

electron-atoms collisions with increase in the RF power. The increased collision rate results

in the increased production of atoms in the metastable state. The saturation of signal height

(and slope) at higher RF power occurs due to saturation in the number density of the

metastable atoms produced in the discharge [9].

Fig. 3.8: Variation in the peak height and slope of the ABF signal of 84Kr* with RF power, at

~ 1x10-5 Torr pressure in the observation chamber and at probe beam angle θ = 00. The dotted

lines are guide to eye. The error bars shown are determined from scatter in the values

obtained in the repeated measurements.

From the observations shown in the Fig. 3.8, it is evident that the number of Kr*

atoms in the atomic beam (i.e. flux ) changes with the RF power. This should also affect the

loading of the Kr*-MOT. In order to verify this, the RF power was varied at constant pressure

and measured the variation in 84Kr* number of atoms in the MOT. The measured variation in
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the number of atoms in the MOT with the RF power is shown in the Fig. 3.9. Here, for each

RF power, laser was locked at the side of the 84Kr* transition peak with a fixed detuning of ~

- 6 MHz. The probe beam was kept at an angle θ = 00 for generation of the ABF signal. The

number of atoms in the MOT was estimated by the fluorescence imaging method after

collecting the fluorescence from the MOT cloud on a CCD camera [10-11]. As can be noted

from the Fig. 3.9, the cold atom number first increases with the RF power and then saturates.

This saturation in the number of cold 84Kr* atoms in the MOT is due to the saturation of the

number of 84Kr* atoms produced in the discharge.

Fig. 3.9: The measured variation in the cold atoms number (84Kr*) in the MOT with the RF

power at a pressure of 9x10-6 Torr in the observation chamber. The dotted lines are guide to

eye. The error bar shown is determined from the scatter in the values obtained in the repeated

measurements.

Next, by varying the angle θ, the peak position of the generated 84Kr* ABF signal was

varied. Using this variation of the peak position, the detuning of cooling laser frequency from

the resonance frequency was varied by varying the angle θ and keeping the locking position

fixed from the signal peak position. It was observed that the cold atom number in the MOT
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was maximum at the cooling laser detuning of ~ - 6 MHz as shown in Fig. 3.10. This study is

useful to optimize the detuning of the cooling laser for maximizing the cold atom number in

the trap. The variation in detuning can also be useful to set the value of temperature of atoms

in the MOT. It is noted that the ABF signal is dependent on the pressure, RF power and

temperature of the Kr gas in the setup. The RF power and the pressure in the chambers were

set to particular values after optimizing the number of atoms in the MOT. The fluctuations in

the RF power (~ ± 6%) and the variation in the pressure (which was ~2% over 8 hrs of

duration) in the observation chamber make a negligible contribution to the frequency

fluctuations of the locked laser. The temperature in the laboratory was also kept nearly

constant (in the range of 21 - 22 0C). This variation in the temperature does not change the

Doppler width of the ABF signal significantly. It was observed that the laser remained locked

with the ABF signal for ~ 1 hour during the experiments.

Fig. 3.10: The measured variation in the cold atoms number with the detuning of cooling

laser beam. The error bar shown is determined from the scatter in the values obtained in the

repeated measurements.
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Fig. 3.11: The measured variation in the cold atoms number in the MOT and the cooling laser

frequency deviation with time, before and after locking the cooling laser frequency. Figures

(a) and (b) correspond to the different values (10 mV/MHz and 16 mV/MHz respectively) of

the slope of the ABF signal. The probe beam was at an angle θ = 00.

Fig. 3.11 (a) and 3.11 (b) shows the fluctuations in the cooling laser frequency and the

number of cold atoms in the MOT, before and after locking of the cooling laser for two

different slopes, 10 mV/MHz and 16 mV/MHz, which correspond to the pressure in the

observation chamber 1.5x10-5 Torr and 9x10-6 Torr respectively. In this figure, the frequency
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deviation has been derived from the deviation of the signal voltage from the set reference

voltage. For locking the laser frequency, a standard PID controller (TOPTICA, Germany) is

used which has earlier provided a good long-term frequency stability [12]. For data shown in

the Fig. 3.11 (a) and 3.11 (b), the PID setting of the servo control was kept the same for the

signals having different values of the slope. As is evident from these figures that both the

cold atoms number and error signal (i. e frequency deviation) show the significant reduction

in the fluctuations after locking of the cooling laser frequency. Figure 3.11 (a) shows that the

fluctuations in the cold atom number in the MOT gets reduced from ± 30% (before locking)

to ± 10% (after locking) whereas the fluctuations in the frequency gets reduced from ± 2

MHz (before locking) to ± 0.5 MHz (after locking). Upon locking with a higher slope of 16

mV/MHz (Fig. 3.11(b)), the corresponding fluctuations in the cold atom number and the laser

frequency fluctuations get further reduced [13].

3.4 Operation and characterization of MOT setup

The MOT for Kr* atoms consists of three pairs of counter-propagating laser beams directed

along three mutually orthogonal axes in presence of a quadrupole magnetic field to provide

spatially varying Zeeman shift. The schematic of the experimental setup and photograph of

actual setup for Kr* atom cooling is shown in Fig. 3.12 (a) and (b) respectively.

The Krypton gas first flows into the RF discharge glass tube through the inlet

chamber (C1) with pressure ~10-3 Torr and its flow is controlled by a fine leak valve attached

with the Krypton gas cylinder. The glass tube has inner diameter of 10 mm and length of 150

mm.
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(a)

(b)

Fig. 3.12: (a) Schematic of the experimental setup for cooling and trapping of metastable Kr

atoms. C1, C2, C3: different vacuum chambers; DT: discharge tube; ZS: Zeeman slower;

MOT: magneto-optical trap. (b) Photograph of actual setup.

The Kr* atoms produced in this tube by the RF-driven discharge (frequency ~ 30

MHz) pass through the analysis chamber (C2) with pressure ~10-5 Torr. A stainless-steel tube

of inner diameter 5 mm and length 50 mm has been used between the discharge tube and

analysis chamber to set appropriate conductance between the chambers for obtaining the

desired differential pressure. It also helps in collimating the atomic beam flowing towards

analysis chamber. A Zeeman slower (length ~ 80 cm) along with an extraction coil was



79

connected between the pumping chamber (C3) with pressure ~ 10-6 Torr and the MOT

chamber (C4) with pressure ~ 10-8 Torr. It slows down the 84Kr* atomic beam before cooling

and trapping in the MOT chamber. This laser beam propagates opposite to the atomic beam

and is σ+ polarized. Its frequency was detuned by ~ 80 MHz to the red of the 84Kr* transition

between 5s[3/2]2 and 5p[5/2]3 states. The cooling laser beam for the MOT was split into three

beams each having ~ 5 mW power (size 1/e2 radius ~ 3 mm). These beams were used in the

retro-reflection geometry to obtain desired six beams for the MOT. The frequency of the

MOT cooling laser was kept at ~ 6 MHz red-detuned to the 5s[3/2]2 → 5p[5/2]3 transition of

84Kr*. A pair of anti-Helmholtz magnetic coils provided the magnetic field gradient of ~ 10

Gauss/cm for the MOT formation.

The optical layout for laser cooling of Kr atoms is shown in Fig. 3.13 for generation

of six counter propagating counter circularly polarized laser beams for cooling and trapping

of Kr* atoms. There are two saturated absorption spectroscopy setups for generating the

frequency reference for locking of lasers using PID. Appropriate half- wave plates and

quarter wave plates along with polarizing beam splitter cube are used for splitting the laser

beams. Beam expanders are used for expanding the beams. AOMs are used for shifting the

laser frequency. One frequency shifted circularly polarized (σ+) laser beam is also used for

Zeeman slowing propagating opposite to the atomic beam.

Figure 3.14 shows the CCD image of the 84Kr* cold atomic cloud in presence of cooling

laser beams. Precise knowledge of number, size, temperature and loading rate of cold atomic

cloud are of importance for any experiment with the cold atoms and hence measurement of

these parameters is essential in the cooling setup. In the following sub section the details of

the methods used to measure the various parameters mentioned above are discussed.
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Fig. 3.13: Schematic of optical setup for cooling and trapping of metastable Kr atoms. SAS:

saturated absorption spectroscopy, PD: photodiode, DA: difference amplifier, Osc:

oscilloscope, SL: servo lock, L: laser head, PBS: polarizing beam splitter cube, BA: beam

expander, AOM: acousto-optic modulater, S: beam stopper, λ/2: half wave plate, λ/4: quarter

wave plate, MOT: Magneto-optical trap.
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Fig. 3.14: CCD image of 84Kr* cold atomic cloud in the magneto-optical trap.

3.4.1 Number measurement of cold atoms in a MOT

After loading the atoms in the MOT, the cold atom number in the MOT was estimated by

collecting the fluorescence from the cold atomic cloud on a CCD camera or on a calibrated

photodiode using Eq. (1.12) in case of CCD camera and Eq. (1.13) in case of photodiode. The

number of cold atoms obtained in the MOT was ~106. The sizes (FWHM) of cold atomic

cloud along the radial and axial direction are 1.2 mm and 1 mm respectively. Using these

values, the peak number density in the atomic cloud is estimated to be ~108 cm-3 [14].

3.4.2 Temperature measurement of cold atomic cloud in a MOT

As discussed earlier, for low number of atoms in the MOT, the transient probe absorption

technique works better than the commonly used free-expansion technique for the temperature

measurement of the cold atomic cloud. So, the transient probe absorption technique [15-16]

was used to estimate the temperature of the cold atomic cloud and compared the results with

that obtained from the size measurement of the cold atomic cloud [17]. Although, the
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temperature measurement of the cold atomic cloud was tried by standard free expansion

imaging method but because of very strong background and low number of atoms in the

MOT, expansion images were not good enough to analyze for measuring the temperature.
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Fig. 3.15: Typical absorption signal as a function of time, detected on a photodiode detector

during the free expansion of the cold atomic cloud. The MOT was formed with each cooling

beam power of 5mW with 1/e2 radius of ~ 3 mm and detuning - 6 MHz. Probe beam power

was ~ 25 μW with 1/e2 radius of 200 μm. Solid line is the best fitted curve for given value of

z and N0.

In the transient probe absorption technique, absorption of a weak probe beam passing

through the cold atomic cloud in the MOT during the free expansion of the cloud was

measured using a photodiode detector. The weak resonant probe beam of ~ 25 μW power

with 1/e2 radius of 200 μm was passed through the cold atomic cloud in the MOT. It was

observed that this probe beam does not change the shape of the cloud. This indicates that the

probe beam does not significantly heat the cloud to change its temperature. When MOT

beams are switched-off, the time evolution of the absorption signal gives the information
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about the atomic density at different time during the free-expansion of the cloud. The

transmitted intensity (I) at different time (t) can be expressed by Eq. (1.16) during the free

expansion of the cold atomic cloud.

The temperature was estimated by fitting the experimental curve as shown in the Fig.

3.15 with the Eq. (1.16) for the known values of z and N0 measured using CCD camera.

Temperature of the cold atomic cloud was also estimated by the size determination

technique using Eq. (1.18). The temperature of the trapped atoms was measured for different

detuning of the cooling laser by substituting the experimentally observed z of the cold

atomic cloud and estimated the temperature using Eq. (1.18). Results obtained for cooling

laser detuning from both the techniques were compared and plotted in Fig. 3.16. It is evident

from the figure that the temperature measured from both the techniques are in good

agreement [18].
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Fig. 3.16: Measured variation of temperature of the cold atomic cloud in the Kr*-MOT for

different detuning of the cooling laser beam by transient absorption (empty circle) and size

determination (cross) techniques. The error bars shown were determined from scatter in the

values obtained in the repeated measurements.
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3.4.3 MOT loading

In the constant volume regime, which is the case of our MOT operation, the solution of the

loading rate equation is given by Eq. 1.21. The values of the MOT loading time is estimated

by fitting this to the experimentally observed loading curve of the atoms in the MOT.

Fig. 3.17: Loading curves of 84Kr* MOT. The cooling laser beam intensity in each beam was

~ 3.5 mW/cm2 and the detuning was ~ - 6 MHz from the resonance transition of 84Kr*. The

Solid lines show the fitted curves.

The Fig. 3.17 shows the typical loading curves of the 84Kr*-MOT. The estimated

MOT loading time was ~ 250 ms. The cooling beam intensity in each beam was ~ 3.5

mW/cm2 and detuning was kept ~ - 6 MHz from the cooling transitions of 84Kr* using the

SAS setup. A σ+ polarized Zeeman slowing laser beams with power ~ 7 mW and detuning ~

- 70 MHz from the cooling transition of 84Kr* was passed opposite to the direction of the

propagation of the atomic beam. The 1/e2 radius of the cooling as well as Zeeman slower

beams was ~ 3 mm.
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3.5 Conclusion

In conclusion, the work related to the development of a magneto-optical trap setup for

metastable Krypton (Kr*) atoms has been discussed. This includes the investigations and

optimization made on various parts and sub-systems during the assembly and operation of the

MOT setup.

It was also demonstrated that atomic beam fluorescence technique is a simple and

useful for the frequency stabilization of a laser for the 84Kr*-MOT which provides a wider

locking range than SAS technique. The spectral shift in fluorescence signal, obtained by

varying the angle between the probe laser beam and the atomic beam, provides the

opportunity to lock the laser frequency over a wide spectral range. Besides this, the technique

of ABFS for frequency stabilization makes the setup simple by eliminating the requirement

of a separate Kr-cell based SAS stabilization setup.

Various measurement on the cold atoms cloud in the MOT have been carried out.

The number of atoms obtained in the MOT was ~106 at temperature of ~ 300 μK. The sizes

(FWHM of the image profile) of atomic cloud along the radial and axial direction are 1.2 mm

and 1 mm respectively, which correspond to the peak number density in the cloud as ~108

cm-3
. The loading time of the MOT was observed to be ~ 250 ms.

The temperature of the cold Kr* atom in the MOT was measured by transient

absorption technique and compared the results with measurement of temperature by size of

cloud. The results were found to be in good agreement. The transient absorption technique is

simple and sensitive and can be used to determine the temperature of cold atomic cloud with

low number of atoms where free-expansion method is difficult to apply.
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Chapter 4

Krypton MOT loading studies using two hollow Zeeman slower laser

beams

4.1 Introduction

As discussed earlier, the laser cooling of Kr gas atoms is possible only in the metastable state.

The excitation of the Kr atoms to the metastable state is achieved by a radio frequency (RF)

excitation due to its simplicity [1-2]. In the magneto-optical trap (MOT) setup, the metastable

Kr (Kr*) atoms were generated in the discharge section of the setup and finally transported to

the MOT chamber for cooling and trapping. One of the important requirement for efficient

loading (cooling and trapping) of the atoms in the MOT is to reduce the longitudinal velocity

of the atoms in the atomic beam below the capture velocity of the MOT. Another requirement

is that the atomic beam should have high flux of the slowed metastable atoms for significant

loading of the atoms in the MOT. The slowing of the Kr* atomic beam is conveniently

achieved by using a Zeeman slower [3] which is used to decelerate the neutral Kr* atoms in

the atomic beam before its entry into the MOT chamber. The Zeeman slower decelerates the

atoms through Doppler laser cooling of atoms in the presence of a spatially varying magnetic

field. The deceleration results from the scattering force on an atom due to a laser beam

propagating opposite to the atomic beam direction. The variation of the magnetic field in the

Zeeman slower was so adjusted that the Zeeman shift in the atomic transition frequency

compensates for the Doppler shift in the laser frequency seen by a moving atom. Thus, the

slowing laser beam interacts resonantly to the atoms throughout the length of the Zeeman

slower, and leads to the effect slowing of the atomic beam for loading of the MOT.
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In a Zeeman slower based atomic beam loaded MOT, a known difficulty is the

destruction of the MOT atomic cloud by the Zeeman slower laser beam, as the MOT cloud is

formed on the atomic beam axis to which the Zeeman slower laser beam is aligned from the

opposite direction. The detuning of the Zeeman slower beam is governed by the velocity

group of atoms to be slowed down for cooling and trapping. A far detuned Zeeman slower

beam of low intensity may not destroy the MOT cloud. However, Zeeman slower beam of

higher intensity is required to increase the number of trapped atoms which may also disturb

the cold atomic cloud. This laser beam thus knocks out the trapped atoms from the MOT at

its higher power. This perturbation to the MOT cloud can be reduced by the off-axis

alignment of the Zeeman slower laser beam, so that the MOT cloud does not come in the way

of the Zeeman slower laser beam. This, however, also results in decrease in the number of

atoms in the MOT due to poor loading of the MOT caused by the less effective cooling in the

Zeeman slower. This problem was tackled by using a hollow Zeeman slower laser beam

aligned axially opposite to the atomic beam [4], in such a way that the MOT cloud was

formed in the dark central region of the hollow beam. The hollow beam was generated by

using a dark spot in the central region of the transverse cross section of a Gaussian beam.

This resulted in an enhancement in the number of atoms accumulated in the MOT. In an

another work [5], the decelerating Zeeman slower laser beam was tightly focused at a

position slightly away (in transverse direction) from the MOT cloud, so that its perturbation

to the MOT cloud was as small as possible. But, in this geometry, the number of atoms is

expected to be very sensitive to the position of the focus of the Zeeman slower beam.

In the work discussed here, two hollow laser beams of different dark diameter and

ring width were used in the Zeeman slower of an atomic beam loaded Krypton MOT. The

first hollow beam was generated using a dark spot in the path of a Gaussian laser beam.

Using this hollow laser beam as a Zeeman slower beam, the observed enhancement in the
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number of atoms in the MOT was ~ 30% with respect to the number observed with a

Gaussian Zeeman slower beam of the same power. With the use of an additional second

hollow laser beam of a larger dark diameter than the first beam, a further enhancement by ~

30% was observed in the number of cold atoms in the MOT. This enhancement in the number

of atoms in the MOT is attributed to more efficient cooling of the off-axis atoms in the

atomic beam due to specific intensity profile of the second hollow laser beam. Thus, the use

of two hollow laser beams combination in the Zeeman slower resulted in the higher number

of atoms in the MOT cloud due to more efficient cooling of the atomic beam with lesser

destruction of the MOT cloud, than that was obtained using a regular Gaussian beam in the

Zeeman slower. The loading behaviour of the Krypton magneto optical trap with variation in

the Zeeman slower parameters was also investigated. The observations show that the Zeeman

slower beam can modulate the background atom collisions whereas cold collisions within the

trap were nearly unaffected. Therefore, the optimization of the Zeeman slower parameters for

enhanced loading of the MOT is an important issue which is also discussed in this chapter.

4.2 Experimental setup

The schematic of our experimental setup for the generation of two hollow laser beams for the

Zeeman slower is shown in Fig. 4.1. The first hollow beam was a fixed diameter hollow

beam (HB1) which was generated by keeping a transparent glass slide with dark spot in the

path of a Gaussian laser beam from an extended cavity diode laser (ECDL) system having

maximum power of ~ 50 mW. The optimum size of the dark spot to generate HB1 was found

by varying the size of the dark spot for a given ~ 30 mW power in the laser beam (before

dark spot) and measuring the number of atoms in the MOT with HB1 beam used in the

Zeeman slower. The optimum size of the dark spot was ~1 mm, hence HB1 with this dark

spot size was used in further experiments. The second hollow beam was a variable diameter

hollow beam (HB2) which was generated by taking a part of the laser beam and passing it
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through a pair of axicon lenses (with cone angle of 1760) mounted on a calibrated translation

stage (Fig. 4.1). These lenses were facing each other in the path of slowing laser beam [6].

The dark diameter of the hollow beam (d) was varied by varying the separation between the

axicon lenses, similar to an earlier work which used a pair of axicon mirrors to generate

variable diameter collimated hollow beam [7].

Fig. 4.1: Schematic of the experimental setup for the generation of hollow laser beams. ZS-

ECDL: Zeeman slower-extended cavity diode laser, L1, L2, L3 & L4: Lenses of appropriate

focal lengths, HWP1 & HWP2: Half wave plates, PBS: Polarizing beam splitter cube, GB:

Gaussian beam, DS: Dark spot on the transparent glass plate, BS: Beam splitter, M1 & M2:

Mirrors, AX1 & AX2: Axicon lenses, HB1: Hollow beam generated using the dark spot, HB2:

Hollow beam generated using the axicon lenses.

The schematic of the experimental setup for cooling and trapping of 84Kr* atoms is

shown in Fig. 3.12. The Zeeman slower laser beam used here was composed of two hollow

beams as shown in Fig. 4.1.

As already discussed in the design of the Zeeman slower, the magnetic field variation

along the atomic beam direction was designed to provide an effective cooling of the

longitudinal velocity of an atomic beam. In the magnetic field of the Zeeman slower, the
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Zeeman shifted atomic transition frequency is equal to the Doppler shifted frequency of the

counter propagating laser beam. The effective detuning (  ), of the Zeeman slower laser

beam from the atomic resonance transition as discussed in chapter 2 is given by Eq. (2.11).

Fig. 4.2: (a) the theoretically calculated variation of the effective detuning observed by the

atoms in the Zeeman slower with axial distance, (b) theoretically calculated variation of the

effective deceleration observed by the atoms in the Zeeman slower with axial distance for

Zeeman slower current = 1.3 A, detuning = - 80 MHz and I/Is = 50.
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In order to estimate the longitudinal velocity of an atom at the boundary of the MOT

trapping region, initial velocity and deceleration in the Zeeman slower are important

parameters. The deceleration a(z, r) of the atom in the Zeeman slower at the longitudinal

distance z and transverse distance r is given by Eq. (2.12). This deceleration governs the

variation in the longitudinal velocity with distance z by the equation Eq. (2.13).

Fig. 4.2(a) and (b) shows the theoretically estimated variation of the effective

detuning, and the effective deceleration with axial distance as observed by the atoms in the

Zeeman slower. The current in the Zeeman slower, detuning and the saturation parameter

(I/Is) was kept 1.3 A, - 80 MHz and 50 respectively for the simulation. The oscillatory

behavior in the detuning in the Fig. 4.3(a) is because of the segmented design of the Zeeman

slower (due to fabrication limitation). The prominent variation at around z = 80 cm in the

detuning is because of the additional extraction coil placed at around 80 cm from the edge of

the Zeeman slower. Similar trend is also expected in the effective deceleration as seen in Fig.

4.2(b).
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Fig. 4.3: The theoretically calculated variation in the speed of the atoms along the axial

distance (z) of the Zeeman slower for a Gaussian slower beam Izs(r) = I0 exp (-2r2/ρ02). Here,
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I0: peak intensity, ρ0: beam waist radius, Is: saturation intensity, Vc: capture velocity, LMOT:

distance of the boundary of the MOT trapping region from the Zeeman slower entrance.

The overlapping of the MOT beams forms the trapping region. For an atom

approaching the trap to be finally cooled and trapped, it is important that its longitudinal

velocity at the entry point of the trapping region should be smaller than the capture velocity

Vc =
m

l

2


of the MOT, where m is the mass of the atom and l is the radius of the trap [8].

For a Gaussian Zeeman slower beam, the calculated variation in the longitudinal velocity of

the atom with distance z is shown in Fig. 4.3. It is evident from the Fig. 4.3 that, the final

longitudinal velocity of the atom depends on its transverse position. For an atom moving with

initial longitudinal velocity of ~ 300 m/s (at z = 0) along the atomic beam axis (i.e. r = 0),

opposite to a Gaussian Zeeman slower beam with peak intensity I0 = 50 Is, the final velocity

of the atom at z = LMOT (i.e. at the boundary of MOT trapping region) reduces to lower than

the capture velocity of the MOT (Vc = 23 m/s). However, the final longitudinal velocity

remains significantly larger than Vc , if atom is positioned at a transverse distance r = ρ0. This

clearly shows that atoms moving off-axis are not cooled to a velocity lower than Vc by a

Gaussian profile Zeeman slower beam. An increase in power in the Gaussian beam for the

effective cooling of the off-axis atoms is expected to lead to the destruction of a MOT.

Therefore, the preferential increase in the off-axis intensity in the Zeeman slower beam was

considered. This was implemented by using multiple hollow beams of different dark diameter

for the Zeeman slower cooling. This helps to keep the high off-axis intensity in the Zeeman

slower beam for effective cooling of atomic beam, along with the low on-axis intensity for

less destruction of the on-axis MOT cloud.

The longitudinal velocity of atoms in the atomic beam was measured using the

method discussed in chapter 2. As discussed Fig. 2.14 (a) shows the schematic of the
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experimental setup used for the measurement of the velocity of 84Kr* atoms by light induced

fluorescence method. Fig. 2.14 (b) shows the longitudinal velocity profile of the slowed

atomic beam after the Zeeman slower. The position of the peak in the signal in this figure is

used to estimate the longitudinal velocity of the atoms at the exit of the Zeeman slower. This

width in the velocity profile is due to several reasons, which include the spatial variation in

the slowing laser beam intensity and variation in the magnetic field of the Zeeman slower [9].

In the experiments, the number of atoms accumulated in the MOT was estimated by the

fluorescence imaging method after collecting the fluorescence from the MOT cloud on a

CCD camera [10-11]. Also, the hollow beam (HB2) diameter was varied by varying the

separation between the axicon lenses.

4.3 Results and discussion

The role of the transverse intensity profile of the Zeeman slower laser beam was investigated

on the MOT loading by first using HB1 beam as a Zeeman slower beam and observing the

number of atoms in the MOT. The number in the MOT was maximized by varying the size of

the dark spot in this beam (HB1) at fixed input beam power of 30 mW. As shown in the Fig.

4.4, the maximum number was obtained with dark spot of 1 mm size. This size of the dark

spot was used in further experiments with HB1 beam. Fig. 4.5 shows the comparison of

performance of a Gaussian and a hollow laser beam (HB1) used in the Zeeman slower. For

data shown in Fig. 4.5, the power in the Gaussian beam was measured before the entrance of

the chamber. For the exact comparison with the Gaussian beam, the power in HB1 was also

measured at the same place (i. e. after the dark spot position). The use of HB1 as the Zeeman

slower laser beam always resulted in the higher number of atoms in the MOT than the

number obtained with the Gaussian profile slower laser beam (Fig. 4.5, curves (a) and (b)).

This observation is qualitatively similar to the one reported by Miranda et al [4]. However,

the enhancement factor reported in ref. [4] is much higher than that observed by us. This
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could be possibly due to much higher flux of atoms used by them for MOT loading with

ground state alkali Na atoms. Kr*-MOT was loaded from the metastable Kr atoms with much

smaller flux than the flux used for alkali Na atoms.
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Fig. 4.4: Measured variation in the cold atom number in the MOT with the dark spot diameter

of the hollow beam HB1. The dotted line is guide to the eye.
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Fig. 4.5 The measured variation in the cold atom number in the MOT with the power of the

Zeeman slower laser beam. The curve (a) was for power in the Gaussian beam and the curves
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(b) and (c) were for the power of the hollow beam HB1. The curves (c) shows the variation in

the number with the power in HB1 beam in presence of the HB2 beam of 5 mW power. The

powers in HB1 and HB2 were measured before their entrance into the MOT chamber. The

dashed lines are guide to the eye.

The variation in the speed of the atoms along the axial distance (z) of the Zeeman

slower for a Gaussian slower beam Izs(r) = I0 exp (-2r2/ρ02) was theoretically calculated as

shown in Fig. 4.3. Motivated with the theoretical calculation shown in Fig. 4.3, an additional

larger dark diameter hollow beam (HB2, as indicated in Fig. 4.1) was used in presence of

HB1 Zeeman slower beam and measured the number of metastable Kr atoms in the MOT. Fig.

4.5 (curve (c)) shows that with this additional beam, i.e. HB2 superimposed on HB1 beam (of

1 mm dark diameter), the observed number of atoms in the MOT was higher than the number

obtained with the single Zeeman slower beam HB1. This observed enhancement in the

number of atoms in the MOT (curve (b) and curve (c) in Fig. 4.5) is attributed to more

efficient cooling of the off-axis atoms in the atomic beam due to the superposition of the HB2

beam. The enhancement can be further improved by increasing the power in the HB2, which

was limited to 5 mW in the present experiments due to sharing of total power in HB1 and

HB2 beams. The power and the diameter of the second hollow beam (HB2) was kept constant

(power: 5 mW, inner diameter: 7 mm, outer diameter: 10 mm) for the measurements shown

in Fig. 4.5. This size of HB2 was chosen after optimization of the number of atoms in the

MOT with diameter of HB2 at 5 mW power (as shown in Fig. 4.6). It can be noted from Fig.

4.6 that by increasing the ring width of the HB2 beam around the optimum value of the HB2

dark diameter, the number of trapped atoms can be further increased. The improvement in the

number of atoms in the MOT due to modification in the Zeeman slower beam intensity

profile can be due to both effects, i.e. less destruction of MOT cloud as well as increased flux

of slowed atoms for the MOT loading.
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Fig. 4.6 The measured variation in cold atoms in the MOT with the HB2 dark diameter in the

final Zeeman slower beam (HB1+HB2) for 25 mW & 5 mW powers in HB1 and HB2 beams

respectively. The dotted line is guide to the eye.
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Fig. 4.7 The fluorescence signals due to the 450 probe beam (i.e. probe 2) alone as a function

of the probe laser beam detuning; curve (a) is for a Gaussian profile of the slower laser beam
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of 30 mW power, and curve (b) is for a combination of hollow slower beams (HB1+HB2)

with 25 mW and 5 mW power in HB1 and HB2 respectively.

To confirm the effect of the Zeeman slower laser beam profile on the flux of the

slowed atomic beam, the flux with hollow Zeeman slower beams was examined by

measuring the fluorescence signal from the atomic beam. For this, the fluorescence signals

due to probe laser beam at 450 (probe 2) were recorded for the Gaussian laser beam as well as

for the hollow laser beams (HB1+HB2) used in the Zeeman slower. The results were

compared and shown in Fig. 4.7. The curve (a) in Fig. 4.7 shows the fluorescence signals for

the Gaussian Zeeman slower beam having power 30 mW, and curve (b) shows the

fluorescence signal with the hollow slower beams (HB1+HB2) with powers 25 mW and 5

mW respectively in HB1 and HB2. The results evidently show that a higher flux is obtained

with the hollow beams used in the Zeeman slower than that obtained with a Gaussian beam of

same total power.

The investigation of the loading behaviour of the Kr-MOT with the Zeeman slower beam

power is important to optimize the Zeeman slower parameters for enhanced loading of MOT.

The loading characteristics of a MOT depends upon various parameters including cold

collisions. The collisional losses in the MOT arise due to the collision between trapped atoms

as well as collisions of trapped atoms with the background atoms. These losses were

measured by studying the transient loading of the atoms in the MOT. This study was

performed using the above mentioned hollow Zeeman slower laser beams. The experimental

results presented here show that the Zeeman slower beam was able to modulate the

collisional losses due to background atoms and the trapped atom collisions, while losses due

to cold atoms collisions in the MOT were unaffected. In order to investigate the role of

Zeeman slower laser beam intensity on the background and cold collision rate coefficients,

the loading curves of the MOT for different values of Zeeman slower beam power were
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investigated. Loading curves for different values of the Zeeman slower beam power were

recorded on a sensitive photodiode.

The values of γ and β for the MOT were estimated by fitting Eq. (1.21) to the

experimentally observed MOT loading curve of the atoms in the MOT.

Fig. 4.8: Loading curve of 84Kr*-MOT for Zeeman slower beam powers in the first hollow

beam PZS1 = 25 mW and second hollow beam PZS2 = 5 mW. Solid lines show the fitted curves.

Fig. 4.8 shows the experimentally measured loading curve for 84Kr*-MOT. The values of

γ and β for 84Kr*-MOT were estimated by fitting Eq. (1.21) to the experimentally observed

MOT loading curve for different values of slower beam power keeping all other trap

parameters constant [14-15]. Fig. 4.8 shows the representative MOT loading curve for

Zeeman slower beam power ~ 25 mW along with the estimated values of γ and β.
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Fig. 4.9 Measured variation in the (a) cold atom number (N), (b) background collision loss

rate coefficient γ, (c) cold collision loss rate coefficient β of 84Kr*-MOT with the Zeeman

slower beam power (PZS1). The error bar shown is determined from scatter in the values

obtained in the repeated measurements.
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Fig. 4.9 (a) shows the Measured variation in the cold atom number (N) of 84Kr* in the

MOT with the Zeeman slower beam power (PZS1). It shows that the number of cold atoms

maximizes at certain Zeeman slower beam power. On investigation of loading curve, it was

observed that the background collision rate coefficient was minimum ( ~ 1.35 s-1) at PZS1 =

25 mW as shown in Fig. 4.9 (b). The Zeeman slower beam interacts with the atoms arriving

in form of atomic beam around the centre of the trap. This results in reducing the velocity of

the background atoms causing lower collisional losses and improvement in number of

trapped atoms. The cold collision rate coefficient as shown in Fig. 4.9 (c) remains nearly

unchanged to value 4x10-10 cm3 s-1 as power in the Zeeman slower beam is varied. The lowest

value of γ at optimum power of the Zeeman slower beam (~ 25 mW) suggest that the atoms

in the Kr* beam attain the lowest speed at this power of the Zeeman slower beam. The

Zeeman slower beam slow down these atoms within the capture range of the trap. This results

into lower collisional losses and improvement in number of trapped atoms.

4.4 Conclusion

In summary, a significant enhancement in the number of cold atoms in an atomic-beam-

loaded magneto-optical trap (MOT) for metastable Krypton atoms was observed, when

hollow laser beams were used in the Zeeman slower instead of a Gaussian laser beam. In the

Zeeman slower setup, a combination of two hollow laser beams, i.e. a variable diameter

hollow beam generated using a pair of axicon lenses superimposed on a fixed diameter

hollow beam, was used to reduce the longitudinal velocity of the atoms in the atomic beam

below the capture speed of the MOT. The observed enhancement in the number of atoms in

the MOT is attributed to reduced destruction of atomic cloud in the MOT and increased

cooling of the off-axis atoms in the atomic beam, resulting from the use of hollow beams in

the Zeeman slower. The loading behaviour of Krypton magneto optical trap with variation in

the Zeeman slower beam was also investigated. Results show that the Zeeman slower beam
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was able to modulate background collisions whereas cold collisions within the trap were

nearly unaffected. This study can be useful to optimize Zeeman slower parameters for

enhanced loading of the MOT.
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Chapter 5

Cold collision studies in two isotope MOT for 84Kr*- 86Kr* atoms

5.1 Introduction

In this chapter, the collision study on cold mixture of metastable 84Kr (84Kr*) and metastable

86Kr (86Kr*) atoms is presented. The cold mixture of atoms was produced in the two isotopes

magneto-optical trap (TIMOT) for 84Kr* and 86Kr* atoms. In this TIMOT two cooling laser

beams with appropriate wavelengths for these different isotopes were overlapped in the same

region of the magneto-optical trap (MOT). The heteronuclear cold collision loss rates have

been experimentally measured for each isotope due to the presence of cold atoms of other

isotope using the TIMOT loading curves. The dependence of the heteronuclear cold collision

loss rate on cooling laser beams intensity has also been studied and compared with

homonuclear cold collision loss rate. These studies are useful for the production of short

range heteronuclear cold Krypton molecules, using photoassociation spectroscopy

The inter-atomic interactions occurring in a MOT, either in the absence or in presence

of near resonant light, manifest in the form of cold atom collisions [1]. The cold atom

collisions generally refer to the case when colliding atoms have de Broglie wavelength

comparable or larger than the range of the inter-atomic potential [2]. As a result, only few

partial waves contribute to the collision cross section. Further, the cold collisions (either

elastic or inelastic) may involve two similar (homonuclear) or dissimilar (heteronuclear)

atoms. The collision dynamics is different in the case of homonuclear and heteronuclear cold

collisions. The homonuclear cold collisions are characterized by a long range (~1/R3)

resonant dipole-dipole interaction potential whereas heteronuclear cold collisions are

characterized by a short range (~1/R6) van der Waals type potential, with R being the inter-

atomic separation [2]. The homonuclear cold collisions have been extensively studied and
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used to generate a reliable source of cold molecules [3]. Using a near resonant light in noble

gas atoms, optical shielding effect [2] and photo-associative effect [4] have been studied.

Recently, the study of heteronuclear cold collisions has shown promise in the production of

polar molecules with applications in chemistry, metrology and quantum physics [5-7]. The

experimental studies performed on heteronuclear cold collisions so far has involved isotopic

mixtures of same species of alkali metals, such as 85Rb-87Rb [8] or 84Rb-87Rb [9], as well as

inter-species mixtures of alkali metals such as K-Rb [10], Na-Rb [11] and Rb-Cs [12].

Another interesting inter-species cold atomic mixture is produced by simultaneously cooling

and trapping of the alkali metal and metastable state noble gas atoms, such as Rb-Ar* mixture

[13-14] or Rb-He* mixture [15]. The large amount of internal energy of the metastable noble

gas atoms (several eV) as compared to the low kinetic energy of the laser cooled atoms (~ 10-

8 eV) makes it interesting to study inter-species ionizing collisions and excited state reaction

products [16-18]. The high value of internal energy associated with metastable noble gas

(Ng*) atoms in the MOT, leads to two-body loss process known as penning ionization (Ng*

+ Ng* → Ng+ + Ng + e-) and associative ionization (Ng* + Ng* → Ng2+ + e-) which can

strongly affect the trap densities and lifetimes. Penning ionization due to optically assisted

heteronuclear collisions in a MOT is expected to be less important as compared to the

homonuclear case [3]. This is due to the reason that in case of the heteronuclear collisions,

the interactions are short range van der Waals type as compared to the long range resonant

dipole-dipole interaction in case of homonuclear collisions. The experiment was performed to

measure loss rates due to cold collisions between two isotopes of Krypton in metastable state

(84Kr* and 86Kr*) using a (TIMOT). Similar TIMOT setup has been used earlier to study cold

collision in isotopes of He [19] and Ne [20]. This TIMOT setup was utilized to measure

heteronuclear trap loss rate coefficients for each isotope due to the presence of the other as a

function of cooling laser beam intensity.
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5.2 Trap loss in Krypton two isotope MOT

The light assisted collision in presence of near resonant light in a MOT contributes

significantly to the trap loss process [2]. However, the increase in the trap depth with the

increase in the intensity of the laser prohibits the process. These two competitive processes

make the trap loss rate intensity dependent. The losses in the MOT arise due to collisions

between the cold trapped atoms and collisions between the trapped and background atoms.

These losses were measured by studying the transient loading or decay of the atoms in the

MOT. The cold collision loss rate coefficient β for single isotope Kr*-MOT has been

estimated by Katori et al [21]. However, here, the aim of the experiment was to estimate

heteronuclear collision loss rate coefficient
** 8684 KrKr 

 in the 84Kr*-86Kr* TIMOT.

The temporal evolution of the number of cold atoms for the first isotope (N1) in

presence of second isotope in a TIMOT is given by [14]
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 (5.1)

where L1 is the MOT loading rate, 1 is the background collision loss rate coefficient for the

first isotope (i. e 84Kr*), n1(r,t) is the cold atoms number density of first isotope, n2(r,t) is the

cold atoms number density of second isotope (86Kr*), 1 (i.e
*84Kr

 ) is the cold collision loss

rate coefficient due to collision between two cold 84Kr* atoms in the trap and 12 (
** 8684 KrKr 

 )

is the cold collision loss rate coefficient for cold 84Kr* in presence of trapped cold 86Kr*

atoms. Three body collisions are insignificant in this low density (~ 108 cm-3) Kr*-MOT and

hence not considered in the loading Eq. (5.1).

The number density (ni) distribution of the cold atoms for any isotope in constant

volume regime is approximated to a Gaussian distribution as
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where ρi is the rms radius of the atomic cloud for a given isotope. The loading behaviour for

the single isotope can be estimated from the general Eq. (5.1) by substituting n2 = 0. The

solution of Eq. (5.1) for this case is given as,
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Here, N1s and n01s are the steady state cold atom number and the steady state peak number

density of first isotope MOT cloud respectively. The values of γ1 and β1 for the first isotope

MOT can be estimated by fitting Eq. (5.3) to the experimentally observed MOT loading

curve of that isotope in absence of the MOT cloud of other isotope. Once, γ1 and β1 were

estimated for MOT of first isotope, the heteronuclear trap loss rate coefficient β12 were

evaluated from the loading curve of the first isotope MOT in presence of MOT for the second

isotope. For this purpose Eq. (5.1) was integrated over the trap volumes by using number

density distribution given by Eq. (5.2) to obtain the following equation for MOT loading.
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where, ρ1 and ρ2 are the rms width of each isotope MOT cloud. Here, N1(t) and N2(t) are the

time dependent number of atoms for first and second isotopes in the TIMOT.

The coefficient β12 was determined by observing the steady-state number of atoms in

the MOT for first isotope in absence and in presence of MOT cloud for second isotope. The

steady-state number of cold atoms in the TIMOT was usually smaller than the steady-state
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number observed in the single isotope MOT cloud. In steady state condition, Eq. (5.4) leads

to
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where N1s
' and ρ1' are the steady state number and the rms width of the first isotope MOT

cloud in presence of the second isotope MOT cloud. N2s
' and ρ2' are the steady state number

and the rms width of the second isotope MOT cloud in presence of the first isotope MOT

cloud. Using similar methodology for the second isotope (i.e 86Kr*), background collision

loss rate coefficient 2 , and cold collision loss rate coefficients 2 (i.e
*86Kr

 ) and 21 (i.e

** 8486 KrKr 
 ) was evaluated.

5.3 Experimental setup:

The experimental setup for the TIMOT for Krypton isotopes 84Kr and 86Kr has been

developed in-house whose schematic diagram is shown in Fig. 5.1. The vacuum setup for the

TIMOT is similar to that used in the earlier reported work [22, 23] and is also discussed in

detail in chapter 3.

The TIMOT is loaded from a slow atomic beam of metastable state Kr (84Kr* &

86Kr* ) atoms. This atomic beam is formed when the Kr gas flows through a RF discharge

tube, a collimator tube and a Zeeman slower to the MOT chamber, which is all maintained at

different pressure values. The optimal loading rate and the number of atoms in the TIMOT

for 84Kr* and 86Kr* are achieved when the cooling lasers are appropriately detuned with

respect to the cooling transitions of the corresponding isotopes.
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Fig. 5.1: Schematic of the experimental setup of two isotope magneto-optical trap (TIMOT)

for cooling and trapping of 84Kr* and 86Kr* atoms. C1, C2, C3 and C4 are different vacuum

chambers known as gas inlet chamber, analysis chamber, pumping chamber and MOT

chamber respectively. DT is the discharge tube. CL1 and CL2 are the cooling beams

corresponding to 84Kr* and 86Kr* isotopes respectively. ZS1 and ZS2 are Zeeman slower

beams for 84Kr* and 86Kr* cooling respectively.

As shown in Fig. 5.1, the intense laser beams at two different frequencies are required

for the pre-cooling of atomic beam in the Zeeman slower for both the isotopes 84Kr* and

86Kr*. Since these beams can disturb the on-axis MOT clouds of 84Kr* and 86Kr* atoms, the

Zeeman slower beams (ZS1 and ZS2) for both the isotopes were kept at an angle with respect

to the Zeeman slower axis. The angle between the two Zeeman slower beams was ~ 10 as

shown in Fig. 5.1. All the laser beams used in our experiment were obtained from two

extended cavity diode laser (ECDL) systems (Models: DL-110 and TA-Pro, TOPTICA,

Germany) with an output power of ~100 mW and ~1W respectively. The lasers were

frequency locked for 84Kr* and 86Kr* cooling transitions using the saturated absorption

spectroscopy (SAS) in Krypton cells applying RF discharge. Relevant energy levels for the

laser cooling of 84Kr* and 86Kr* and saturated absorption spectra are shown in Fig. 5.2 (a)

and (b) respectively. It is evident from the Fig. 5.2 (b) that the cooling transition of the 86Kr*

is blue shifted by ~ 65 MHz with respect to cooling transition of the 84Kr*.
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(a)

(b)

Fig. 5.2: (a) Relevant energy levels for laser cooling of 84Kr* and 86Kr* in TIMOT. Here

1CL ,
2CL ,

1ZS and
2ZS denote the frequencies of cooling and Zeeman slower lasers for

84Kr* and 86Kr* isotopes. (b) A typical saturated absorption spectroscopy (SAS) signal

obtained for frequency locking of cooling and Zeeman slower lasers.
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The cooling laser beams CL1 and CL2 for two isotopes 84Kr* and 86Kr* was generated

from the 100 mW ECDL-1 after using zeroth order ( for 84Kr*) and first order (+65 MHz, for

86Kr*) diffracted beams from an accousto-optic modulator (AOM) denoted as AOM 1 in Fig.

5.3 (a). These beams were kept ~ 6 MHz red-detuned from the cooling transitions of 84Kr*

and 86Kr* respectively by locking the ECDL-1 at ~ 6 MHz red-detuned side of 84Kr*

transition peak using the SAS setup. Each of the cooling beams was split into three beams

which enter the MOT chamber. Before entry into the MOT chamber (C4), each of the three

laser beams for 84Kr* cooling had a power of ~ 0.6 mW whereas each of three beams for

86Kr* cooling had power of ~ 1.8 mW. The second MOT (86Kr*-MOT) was operated with

higher laser power to equalize the trapped numbers of 86Kr* and 84Kr* isotopes. The retro-

reflection of these beams resulted in desired six MOT beams for the each isotope. Two σ+

polarized Zeeman slowing laser beams ZS1 and ZS2 with ~ 70 MHz red-detuned respectively

from the cooling transition of 84Kr* and 86Kr* were generated using two AOMs (AOM 2 and

AOM 3) as shown in Fig. 5.3(b). This was achieved by locking the ECDL-2 at ~10 MHz

blue-detuned side of 84Kr* transition peak using the SAS setup (Fig. 5.3(b)) and operating

AOM 2 and AOM 3 at -80 MHz and +65 MHz respectively. The 1/e2 radius of the cooling as

well as Zeeman slower beams was kept ~3 mm. The quadrupole magnetic field for the MOT

had an axial field gradient of ~ 10 G/cm. A photodiode and a CCD camera were used to

monitor the number of atoms and the size of the MOT cloud. The number in the MOT was

estimated by collecting fluorescence from the MOT cloud onto a calibrated photodiode. The

transient probe absorption technique [24, 25] was used here to measure the temperature of the

atomic cloud for each isotope in the TIMOT setup.
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(a)

(b)

Fig. 5.3: (a) Schematic of optical layout for generation of cooling beams for 84Kr*and 86Kr*

isotopes. (b) Schematic of optical layout for generation of Zeeman slower beams for 84Kr*

and 86Kr*. ECDL-1 and ECDL-2: Extended cavity semiconductor diode lasers for cooling

and Zeeman slower purpose, SAS setup: saturated absorption spectroscopy setup, PBS:

polarizing beam splitter cube, AOM: Acousto-optic modulator, M: reflecting mirror, BS:

50% beam splitter, BD: beam dump.

5.4 Results and discussion

The TIMOT was loaded with two isotopes of Krypton in metastable state (i.e. 84Kr* and

86Kr*) trapped simultaneously in space. The clouds for the two isotopes were spatially
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separated by slightly misaligning the Zeeman slower beams. Figure 5.4(a) shows the CCD

images of these clouds. Figure 5.4(b) shows the probe absorption spectrum of the TIMOT

when clouds of the both isotopes 84Kr* and 86Kr* were overlapped. Spatial overlap of both

the clouds was confirmed by observing the images from three mutually perpendicular

directions.

(a)

(b)

Fig. 5.4: (a) CCD images of the separated [(i)] and overlapped [(ii)] TIMOT for 84Kr*and

86Kr* atoms. (b) Probe absorption signal from TIMOT with probe frequency detuning.
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The temperature of the cold atomic cloud was measured using the transient probe

absorption technique. In this temperature measurement technique, a weak resonant probe

beam passes through the freely expanding cold atomic cloud and its absorption is measured

using the photodiode detector. The probe laser beam having power ~ 25 μW with 1/e2 radius

of around 200 μm was used for temperature measurement. The change in the probe beam

absorption was observed mainly due to the escape of atoms in the transverse direction with

respect to the propagation direction of the probe beam. The probe beams push on atoms in the

longitudinal direction maintains the atoms in the light field which is expected to have a

negligible effect on the change in the absorption signal. The estimated temperature was

(360±30) µK for 84Kr* atoms MOT cloud and was (400±30) µK for 86Kr* atoms MOT cloud

in the TIMOT setup. The number of atoms for both the isotopes were estimated from the

loading curves detected on the photodiode. The MOT parameters were set such that nearly

equal number of atoms were trapped for both the isotopes (84Kr* and 86Kr*) in the TIMOT.

The measured number of atoms in the MOT cloud with single isotope (in absence of other

isotope) was ~ 2.6x105 after full loading of the MOT. The steady state number for both the

isotopes gets slightly reduced due to increase in the collision loss rate when both the isotopes

are trapped simultaneously (Fig. 5.5).
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(a)

(b)

Fig. 5.5: (a) Loading curves of 84Kr* MOT in absence [(i)] and in presence [(ii)] of 86Kr*

MOT. (b) Loading curves of 86Kr* MOT in absence [(i)] and in presence [(ii)] of 84Kr* MOT.

Solid lines show the fitted curves.

The curves (i) in Fig. 5.5(a) and 5.5(b) show the MOT loading of each isotope in

absence of the other isotope atomic cloud, whereas curves (ii) in these figures show the

loading of each isotope in presence of fully loaded MOT of the other isotope. It is evident
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from these figures (curves (ii)) that there is nearly 25% decrease in the final (steady-state)

number of atoms in the MOT of a given isotope due to the presence of atomic cloud of other

isotope. From these loading curves, various loss rate parameters were estimated. The curve (i)

in Fig. 5.5(a) when fitted with Eq. (5.3) provided the background loss rate coefficient γ1 ~

(2.1±0.2) s-1, and cold collision loss rate coefficient β1 = (4.2±0.4) x 10-10 cm3/s for the first

isotope. By using Eq. (5.7) and putting the above values of γ1 and β1 alongwith the steady

state numbers of both the isotope (N1s' and N2s') in presence of each other (derived from curve

(ii) in Fig. 5.5(a) and (b)), the heteronuclear collision loss rate coefficient β12was estimated to

be (8.7±0.8) x 10-10 cm3/s. Similarly, for the second isotope, the loss parameters were

estimated as background loss rate coefficient γ2 ~ (2.1±0.2) s-1, cold collision loss rate

coefficient β2 = (4.0±0.4) x 10-10 cm3/s and heteronuclear collision loss rate coefficient β21 =

(8.8±0.8) x 10-10 cm3/s. It is also clear from the experimental results that the heteronuclear

collision loss rate coefficient β12 is approximately two times compared to the value of

homonuclear collision loss rate coefficient β1.

Fig. 5.6 (a) and 5.6 (b) show the measured variation in
*84Kr

 (β1) and
*86Kr

 (β2) with

total intensity in MOT beams. As expected, the number of cold atoms is observed to increase

with MOT beams intensity. The decrease in cold collision loss rate with increase in the MOT

beam intensity appears to be due to increase in the trap depth with the MOT beams intensity.
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(a)

(b)

Fig. 5.6: (a) Measured variation in the number of atoms in 84Kr*-MOT cloud and cold

collision loss rate coefficient
*84Kr

 (i.e β1) with total intensity used in cooling beams of

84Kr*-MOT. (b) Measured variation in the number of atoms in 86Kr*-MOT cloud and cold

collision loss rate coefficient
*86Kr

 (i.e β2) with total intensity used in cooling beams of

86Kr*-MOT. The error bars shown are determined from scatter in the values obtained in the

repeated measurements.
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The dependence of cold collision loss rate coefficients β12 and β21 on the MOT beams

intensity was also studied while keeping the other trap parameters fixed. First, the 86Kr*-

MOT laser beams intensity was varied (from 0 to 64 mW/cm2), while keeping the 84Kr*-

MOT laser beams intensity constant (21 mW/cm2) and β12 was.estimated. For different values

of intensity of 86Kr*-MOT beams, this value of β12 was nearly remain unchanged over the

given intensity range as shown in Fig. 5.7 (a). Similarly, the 84Kr*-MOT laser beams

intensity from 0 to 21 mW/cm2 was varied while keeping the 86Kr*-MOT intensity constant

(64 mW/cm2), and β21 was estimated. For different values of the intensity of 84Kr*-MOT

beams, this value of β21 remained nearly unchanged over the given intensity range as shown

in Fig. 5.7(b).

The measured values of heteronuclear collision loss rate coefficient β12 and its

reciprocal value β21 in the TIMOT of 84Kr* and 86Kr* atoms were found to be nearly equal.

These results show a trend similar to that reported earlier in case of dual species MOT system

of alkali metal and metastable state noble gas atoms [14]. However, these results were in

contrast to that obtained from the dual species MOT systems involving only alkali-metal

atoms where reciprocal values of heteronuclear collision loss rate coefficient were found to

be different [7].
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(a)

(b)

Fig. 5.7: (a) Measured variation in
** 8684 KrKr 

 (β12), number of atoms in 84Kr*-MOT and

number of atoms in 86Kr*-MOT with total intensity of 86Kr*-MOT beams. (b) Measured

variation in
** 8486 KrKr 

 (β21), number of atoms in 86Kr*-MOT and number of atoms in 84Kr*-

MOT with total intensity of 84Kr*-MOT beams. The error bars shown are determined from

the scatter in the values obtained in the repeated measurements.
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In metastable noble gas atom MOT, the two-body loss rate  is usually dominated by

photo-assisted loss processes which include penning ionization, associative ionization and

radiative escape processes [3, 14, 26]. The cold collision loss due to penning ionization

process is relatively larger than the associative ionization [21] and radiative escape process

[26].

In case of heteronuclear collision data (Fig. 5.7), the collisional loss rates are higher

than those of homonuclear collision case (Fig. 5.6). This may be due to increase in the photo-

associated loss rates in heteronuclear collision case because of more intensity due to presence

of both the MOTs (84Kr* and 86Kr*) and the corresponding Zeeman slower beams. Due to

this, the loss rates in heteronuclear case may become so strong that the variation in the trap

depths due to MOT intensity variation (Fig. 5.7) has no observable effect on )( 2112  or [27].

5.5 Conclusion:

A two isotope magneto-optical trap (TIMOT) was developed for simultaneous cooling and

trapping of metastable state 84Kr and 86Kr atoms. The loading characteristics were studied and

measured the heteronuclear collision loss rate coefficients for 84Kr* and 86Kr* isotopes. These

coefficients have been compared with the homonuclear loss rate coefficients for these

isotopes. The heteronuclear collision loss rate coefficient
** 8684 KrKr 

 in the presence of MOT

light was measured to be approximately two times the value of homonuclear collision loss

rate coefficient
*84Kr

 . The studies on the homonuclear cold collisions in metastable 84Kr*

atoms have been shown to be important and useful in the production of purely-long-range

(PLR) Krypton molecules. In view of this, the investigations are expected to be useful for the

production of short range heteronuclear cold Krypton molecules.
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Chapter 6

Summary and the future work

Laser cooling and trapping of noble gas (Kr*) atoms in the excited state provides a unique

opportunity to study cold atom collisions, ionization physics, nanolithography and atom trap

trace analysis (ATTA) [1-5]. The work presented in this thesis, involves the development of a

magneto-optical trap (MOT) setup for metastable Krypton (Kr*) atoms to perform

experiments on loading and atomic collisions [6]. The setup consists of various vacuum

chambers maintained at different pressure values to allow the flow of atoms from the gas

inlet chamber to the MOT chamber. The Kr* atoms in the setup are produced in a glass tube

using RF-driven discharge at frequency ~ 30 MHz. The Kr atoms are cooled and trapped in

the metastable excited state. The generation of metastable Kr (Kr*) atoms is the foremost

requirement for the development of the MOT. Once the atoms are excited in the metastable

state, they are transported to the MOT chamber to produce a cold atomic cloud. The laser

cooling of metastable state Kr atoms requires a wavelength of ~ 811.5 nm to drive the

cooling transition between two excited states 5s[3/2]2 and 5p[5/2]3. In case of even isotopes

such as 82Kr*, 84Kr* and 86Kr*, no repumping laser is required for cooling of these isotopes as

they do not have hyperfine structures. Typically 105-106 atoms are trapped in the MOT to a

temperature of few hundreds of micro-Kelvin for the experimental parameters used in the

setup.

The in-house development of the Kr-MOT setup involves demonstration of several

new ideas and methodologies. A new technique for laser frequency stabilization was

demonstrated by generating a Doppler-free signal using atomic beam fluorescence (ABF) [7].

This technique was useful to increase the tuning range of the cooling laser and simplification

of the setup. In another significant development, the Kr* atom flux transferred to MOT
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chamber was optimized by applying a moderate external magnetic field (~ 1G) in the path of

Kr* atomic beam [8]. In this optimization, the RF power and the pressure in the chambers

were found to play an important role. The Kr* atoms generated in the RF discharge tube in

the setup were slowed down using the Zeeman slower before being cooled and trapped in the

MOT. The Zeeman slower setup significantly improved by using two hollow laser beams for

the Zeeman slower beam instead of using a conventional Gaussian laser beam. This resulted

in the enhancement of loading of cold atoms in the MOT [9]. The observed enhancement in

the number of atoms in the MOT was attributed to reduced destruction of the atomic cloud in

the MOT with simultaneous increase in the cooling of the off axis atoms in the atomic beam.

The cold atom number in the MOT was estimated by collecting the fluorescence from the

MOT cloud on a CCD camera. The temperature of the atomic cloud was estimated using a

transient absorption technique where absorption of a probe beam passing through the cloud is

measured as the atomic cloud expands after switching off the trap. The number of cold atoms

loaded in the MOT was ~106 at a temperature of ~ 300 μK. The loading time of the MOT was

~ 250 ms.

Further, two different isotopes of Kr atom (84Kr* and 86Kr*) in the excited state were

simultaneously cooled and trapped for the first time in the MOT [10]. The overlapped cold

atomic clouds of these different isotopes of Kr atoms were used to study the heteronuclear

cold collisions. Two body heteronuclear loss rate coefficient due to collisions between 84Kr*

and 86Kr* was estimated to be
** 8684 KrKr 

 = (8.7±0.8)x10-10 cm3/s. The heteronuclear cold

collision loss rate was also found to be nearly two times the homonuclear cold collision loss

rate.

The studies performed so far using Kr-MOT setup has potential to be extended in the

future. The possible future study can include investigations on mixture MOT consisting of
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fermionic and bosonic atoms [11]. Further effort can be in the direction of increasing the cold

atoms number in the MOT by modifying the setup to include an efficient transverse cooling

stage, liquid nitrogen cooled discharge stage [12] etc. The incorporation of ion detection

system such as micro-channel plate detectors can help further in collision studies [13]. The

improvement in the cold atom fluorescence detection can also be helpful for future

applications such as atom trap trace analysis (ATTA) [5].
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