
 
 

 

 

 

 

 

 

 

Muhammad Anwar 

 

 

 

 

 

 

2016 
 

 

 

 

 

 

 

Department of Physics and Applied Mathematics 

Pakistan Institute of Engineering and Applied Sciences 

Nilore, Islamabad, Pakistan 

Laser Cooling and Trapping of Cesium 

Atoms 



 

 

 

 

 

 

 

 

 

 

 
 

 
Due to the  non-perturbative coupling between the atom and the vacuum  reservoir, the photon 

scattering amplitude, which is the sum over all the processes where a photon is reabsorbed after 

spontaneous emission, does not diverge under the resonance condition      . 
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Abstract 

In this thesis, the Pakistan‟s first ever magneto optical trap has been designed, 

developed and studied with cesium atoms in a vapor cell. Keeping the density of 

background cesium atoms fixed, the trap performance depends upon the magneto-

optical operating parameters, i.e. the intensity       and detuning   of the trap laser 

and the gradient   ⃗⃗    of the quadrupole magnetic field, since these parameters 

determine the radiative force (     ) acting upon the atoms. In the present work, the 

trap dynamics of the cesium MOT has been investigated as a function of trap laser 

intensity and magnetic field gradient           ⃗⃗   , keeping the detuning of the trap 

laser fixed at an optimum value of           . Assuming, that all cesium atoms of 

the background (    ) which enter the trapping region with velocities in the range 

       will be trapped with a certainty of 1, it is possible to develop a model for 

the capture rate         in terms of the capture velocity    of cesium vapor cell 

magneto-optical trap. By experimentally measuring the capture rate          as a 

function of trap laser intensity and magnetic field gradient           ⃗⃗    and 

determining the capture velocity       corresponding to the measured capture rate   

by using      simulation graph, it is possible to investigate the intensity and 

magnetic field dependence of the capture velocity             ⃗⃗   . In the present work, 

the capture dynamics of the magneto-optical trap has been fully investigated. Finally, 

the magneto-optical trap is suspected to be a stochastic dynamical system as well. 

Due to the random photon recoils (  ⃗ ) imparted to the atom, the radiative force has a 

fluctuating force     superimposed upon the average force   〈  〉. As a consequence of 

this fluctuating force, the external and internal dynamics of the atoms become 

stochastic whose signatures can be found in the resonance fluorescence emitted by the 

trapped atoms. In the present work, by using the techniques of non-linear time-series 

analysis, the stochastic dynamics of atom-photon interaction in a magneto-optical trap 

has been investigated. In short, the conclusion of the thesis is that the magneto-optical 

trap promises to be an interesting non-linear quantum dynamical system.  
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Chapter 1. Introduction 

1.1 Story of the First-ever MOT 

As narrated by 1997 Physics Nobel Laureate Prof. Steven Chu,  in his Nobel lecture 

[1], the story of the first ever magneto-optical trap (MOT) began in the fall of 1983 

when he became Head of the Quantum Electronics Research Department, AT & T 

Bell Labs. at Holmdel, New Jersey, USA. 

Originally occupied with the dream to trap atoms with light, Art Ashkin was 

his office neighbor at Holmdel. He repeatedly discussed this “dream” problem with S. 

Chu and finally those discussions proved successful when S. Chu and his post-doc, 

Leo Hollberg, developed an interest in the manipulation of atoms using light.  

The forces that light exerts on matter (i.e. atoms and objects) were well 

understood by 1980. There are two kinds of forces that light exerts on atoms or 

material objects: the scattering force and the dipole force. The scattering force, which 

is due to the photon recoil   ⃗  imparted to the atom or an object while being emitted 

or scattered in the random direction, is the “light pressure” force, known to be 

responsible for the deflection of comets tails. The dipole force is a “reaction force” 

arising from the induced dipole moment    in the presence of the oscillating electric 

field  ⃗  of the light in the atoms or an object and the corresponding reaction energy is   

–     ⃗  . In the presence of light field intensity gradient, the dipole (i.e. atom) will be 

attracted  towards or pushed away from  the region of high intensity to low intensity 

depending upon if the induced dipole    is in-phase or out-of-phase with the driving 

field  ⃗   corresponding to 0
o
 or 90

o
 respectively. 

Regarding the scattering force, Maxwell calculated the momentum flux 

density of light [2], Lebdev reported the first laboratory observation of light pressure 

on material objects [3], Nichols and Hull quantitatively discussed the physics of light 

pressure force [4] and Einstein  quantized the scattering force between the atoms and 

photons [5]. In 1930, Frisch observed the deflection of an atomic beam of sodium by 
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using light (D2 line) from a sodium lamp [6] and confirmed the Einstein‟s photon 

picture of scattering force.  

Askar‟yan was the first to discuss the dipole force [7]. Letokhov discussed the 

possibility of trapping atoms at the nodes or antinodes of a standing light wave [8]. In 

1978, Ashkin proposed the first 3-dimensional trap for neutral atoms [9] and he 

successfully focused an atomic beam by using the dipole force [10]. In the following 

year, Gordon and Ashkin [11] theoretically studied the motion of atoms in the 

radiation field and calculated the various possible heating effects in an atom trap. 

Soon Steven Chu realized that laser cooling is mandatory for realizing an atom 

trap. The idea of Doppler cooling of atoms was independently proposed by   Hansch 

and Schawalow [12] and Wineland and Itano [13]. A pair of counter-propagating laser 

beams can produce a viscous damping force           upon a two-level atom 

moving with a velocity   . This is called Doppler laser cooling of atoms. The 

minimum temperature limit for Doppler cooling is given by,           where   is 

the natural line-width of the transition. In the limit of low intensity, the two laser 

beams act independently so that the stimulated transitions can be ignored. These laser 

beams were expected to provide cooling as well as confinement to the atoms, the 

confinement time being ~ fraction of a second. An optical molasses is formed by   

pairs of counter-propagating travelling laser beams along the 3 coordinate axes 

      and    thus forming a    sea of photons offering a viscous damping to the 

motion of atoms. The interference effects can be ignored at low intensities. The 

sodium and cesium atoms were respectively predicted to be cooled to the 

temperatures of       and       by Doppler laser cooling in an optical molasses.   

Therefore, an optical molasses seemed to be a very attractive candidate for producing 

cold atoms. However, in order to get loaded into an optical molasses, the atoms from 

the source first needed to be pre-cooled to velocities        . Only two groups 

had achieved such low velocities by      ; Bill Phillips group who used tapered 

magnetic fields [14] and Jan Hall group who used EO-modulator to produce 

frequency-shifted sidebands [15]. Steven Chu decided to follow the later approach 

and set out to develop an EO-modulator together with his post-doc Leo Hollberg. In 

one month, they had a functioning, wideband GHz EO-modulator and driver and 

began to pre-cool the atoms from their indigenously developed source. In the 

meantime, John Bjorkholm and Alex Cable also joined Chu. In less than one year, 
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they reported the observation of the first “optical molasses” of sodium atoms on 25 

April 1985 with confinement times ~     , density ~ 10
6
cm

-3
 and a temperature of 

      
       [16, 17]. The time-of-flight (TOF) technique was developed to measure 

such low temperatures. 

Despite the fact that the atoms were optically confined in an OM for     

confinement times as high as      , yet it does not provide any restoring force 

necessary to trap the atoms. Although Bill Phillips and his collaborators had already 

reported the first observation of magnetically trapped atoms on 19 April 1985 [18], 

yet the path to optical traps was still obscured due to several reasons. Firstly, the 

“Optical Earnshaw Theorem” [19] seemed  to rule out the possibility of an optical trap 

strictly based upon  scattering force. Secondly, a trap using an opposing geometry 

was not viable because of the heating problem due to random walk. Finally, because 

of the very small trapping volume, an optical trap using a single focused laser beam 

was not a very suitable choice. For example, a focused laser beam of power ~ 1W 

would produce a trap with depth ~ 5mK and volume ~ 10
-7 

cm
3
 which is equivalent to 

capturing, on the average, less than 1 atom in an optical molasses. But soon it was 

realized that due to random walk in the optical molasses, an atom close to the trap can 

also be captured. Therefore, there can be many more atoms that could be trapped and 

hence a single focused beam trap seemed to be a possibility. Fortunately, the trap 

worked! Steven Chu and co-workers reported the first observation of optically trapped 

atoms on 14 April 1986 [20]. 

Dave Pritchard and his student Eric Raab at MIT were working independently 

on the scattering force trap and hoping to circumvent the OET and proposed several 

traps with depths      and volumes        [21]. They tried to capture atoms 

directly from the vapor but failed because of the high vapor pressure in the 

background. Therefore, instead of starting ab-initio, they decided to use the 

experimental setup of  “optical molasses” of the Chu‟s group for implementing a 

possible spontaneous force trap and contacted S. Chu for collaboration. 

This collaboration led to the realization of the first ever magneto-optical trap 

(MOT) at AT & T Bell Laboratories, Holmdel and reported on 16 July 1987 [22].  

The basic idea for MOT comes from Jean Dalibard [23], but he refused to have his 

name in the authors of this paper by saying that he had not done any of the work.  
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The MOT immediately caught the attention of the people involved with 

cooling and trapping of atoms. Carl Wieman and his group successfully loaded the 

atoms in the MOT directly from vapor without pre-cooling step [24]. This is the 

simplest design most suitable to start with and is considered as the modern version of 

MOT. The number of trapped atoms in a MOT varies with the trap laser beams 

diameter and can be increased indefinitely [25] but, due to the multiple scattering of 

the fluorescence photons [26, 27], the density of trapped atoms is limited to 

          . However, this density barrier in MOT was surpassed by converting it to 

a dark Spontaneous-Force Optical Trap (SPOT), firstly reported by Ketterle [28]. 

The invention of the magneto-optical trap is a unique example which was the 

most wanted by the physicists of the time and which could only be realized because of 

the joint collaborative efforts of  many of  the most brilliant and innovative scientists 

around the world including Prof. Cohen Tannoudji and Jean Dalibard. The magneto-

optical trap has become the jewel of the atomic physics and has opened up the new 

research avenues which were never possible before. The research which followed 

MOT has probably placed MOT to be the greatest achivement of atomic physics in 

20
th

 century. 

1.2 Brief Outline of Thesis 

This thesis covers the design, development and study of  Pakistan‟s first magneto-

optical trap of cesium atoms in a vapor cell. The atom-field interaction has been 

reviewed in           from the quantum optics scenario. The field of laser cooling 

has been reviewed  in chapter 3 including the derivation of radiative forces, Doppler-

limited laser cooling mechanisms, optical molasses and various proposals for atom 

trapping. The magneto-optical trap (MOT) is a spontaneous force trap. The principle 

of  MOT operation has also been discussed. The complete details of the experimental 

set-up and the techniques for determining the various MOT parameters are discussed 

in chapter 4. The chapters 5 to 7 discuss the original research work which has been 

carried out by the author and published in the international journals. The trap 

dynamics of the cesium magneto-optical trap has been discussed in chapter 5 

including the trap loading, trap loss and density of cold atoms and their inter-

relationships. The capture dynamics of the cesium vapor cell MOT has been 

addressed in chapter 6. A model has been developed and implemented for 
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determining the capture velocity from the experimentally measured capture rates of 

the cesium MOT. The stochastic dynamics and the prospects of chaotic motion of the 

cesium atoms during the atom-field interaction in the MOT have been discussed in 

chapter 7. The chapter 8 gives the conclusion of the thesis along with the future 

research proposals including atomic coherence effects in cold Rydberg atoms, cesium 

fountain atomic clock and the Bose-Einstein Condensation of cesium atoms. 

In order to specifically recognize the invaluable contribution of the 1997 

Physics Nobel Laureate Professor Claude Cohen -Tannoudji to the field of laser 

cooling and trapping of atoms, the chapters 2 and 3 of this thesis have been directly 

inspired from the recent book  [29]   “Advances in atomic Physics: An Overview” by 

Claude Cohen -Tannoudji and David Guéry-Odelin, published by the World Scientific 

(2011). Most figures in these two chapters have been used from this book with the 

permission of the authors as well as the equations and their physical interpretation. 

 



 
 

Chapter 2. Atom-Field Interaction at High 

Laser Intensity 

The laser cooling of atoms is basically an atom-photon interaction problem. In this 

chapter, an overview is presented for the various physical processes like optical 

pumping, resonance fluorescence and the optical perturbations of the atoms. The atom 

and the field, the two interacting systems of this problem, can be treated either 

classically or quantum mechanically depending upon the conditions. The transfer of 

angular momentum from polarized photons to the atoms helps to produce spin-

polarized atoms by optical pumping. The phenomenon of resonance fluorescence at 

high laser intensities can be best understood in the dressed states picture of the atom-

photon interaction. Similarly, both the atom and the field are perturbed in any atom-

field interaction. The notion of a two-level atom is extremely useful to understand 

these novel effects which are at work in the laser cooling experiment.  

2.1 Introduction 

The atoms are continuously interacting with six laser beams in the presence of 

magnetic field in a magneto-optical trap. The laser fields are cw, single-mode, intense 

and  red-detuned          from resonance, where    is the natural line-width of the 

atomic transition. Since the laser fields are the circularly polarized             and 

are tuned between the hyperfine levels of the ground state (    ) and the excited 

state  (    ) , therefore, due to optical pumping, the problem of spin-polarization of 

atoms becomes relevant. A second laser field (known as re-pumper) is added in order 

to prohibit the atoms from being trapped into any single hyperfine level of the ground 

state doublet.  Similarly, the atoms are preferentially absorbing photons from the 

counter-propagating laser fields with subsequent spontaneous emission of photons, 

therefore, the phenomena of resonance fluorescence and dissipation are also involved. 

Moreover, each atom undergoing cooling is coupled with the laser field       and the 

vacuum     , therefore, the field and vacuum fluctuations continuously perturb the 

atoms. The field perturbations produce reactive (dispersion) and dissipative 

(absorption) effects in the atoms e.g. light shifts, light broadening. Conversely, due to 
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the presence of atom, the frequency of the field is also shifted in the atom-field 

interaction.  The perturbations due to the quantized vacuum, commonly known as the 

vacuum fluctuations, are considered to be responsible for spontaneous emission and 

the Lamb shift. Therefore, a magneto-optical trap is a novel physical system in which 

these atom-field interactions are being studied in the optical domain which so far were 

being observed in the RF domain. In this chapter, the general methods for the atom-

field interaction will be developed and applied to these underlying physical processes.  

2.2 The Language of Atom-Field Interaction 

The atom and the electromagnetic field are the two interacting systems in laser 

cooling problem. The atom has both internal         and external         variables 

[30, 31] satisfying the commutation relations                ,                

for           . The internal variables are defined by the internal dynamics of the 

atom e.g. the electron‟s angular momentum etc. Like hydrogen atom, the alkali atoms 

can be approximated by a one-electron atom, with a core and an outermost single 

electron. The motion of electron inside an atom is treated quantum mechanically with 

Hamiltonian given by Eq. (2-1), 

 ̂  
  

  
 

  

  
      (2-1) 

where   is the total mass and   is the reduced mass of the {                  } 

system. The external variables, however, are defined by the dynamics of the center of 

mass (c.o.m.) of the atom. These variables are treated classically for atoms at room 

temperature         in the vapor cell and for cold atoms in the magneto-optical 

traps, where the de Broglie wavelength of the c.o.m. of the atom is negligible in 

comparison with the wavelength of the field           
 

  
        .  

The field can also be treated classically as well as quantum mechanically [32]. 

In most of the situations where the coherent monochromatic field is interacting with 

the atom, one can safely use the semiclassical description of atom-field interactions in 

which field is classical. However, for the processes like the spontaneous emission 

[33], Lamb‟s shift and the spin anomaly        , the field has also to be 

quantized [34]. Likewise, a fully quantum mechanical description, in which both the 

atom and the field are quantized, is required in order to account for the spontaneous 

emission or photon correlations in case of a single atom [35].  
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Classically [36], a field can be expanded in the normal modes     which are 

plane waves with wave vector  ⃗   and a polarization vector       ⃗   in a cubical cavity 

of volume   . Each mode   of the cavity field can be modeled by a classical simple 

harmonic oscillator (SHO) of frequency        and therefore, the Hamiltonian of 

the classical field will be a sum of the Hamiltonians for each of these individual 

simple harmonic oscillators.  

The field can be quantized by analogizing each classical SHO of frequency    

by the corresponding quantum harmonic oscillator of Hamiltonian    given by Eq. (2-

2), [34] 

 ̂  
   

 
( ̂ 

  ̂   ̂  ̂ 
 ) (2-2) 

where  ̂   ̂ 
 
 are the annihilation and creation operators of the     mode of the cavity 

and obey the commutation relation [ ̂   ̂ 
 ]     . Therefore, the energy and 

momentum of the radiation field are respectively given by Eqs. (2-3) & (2-4); 

 ̂  ∑
   

 
( ̂ 

  ̂   ̂  ̂ 
 )  ∑   ( ̂ 

  ̂  
 

 
 )

  

 (2-3) 

 ̂  ∑   
 

 ̂ 
  ̂  (2-4) 

Here, the number operator    ̂ 
  ̂  is Hermitian and operates on the Fock 

state | ⟩ containing   photons, thereby yielding   ̂ 
  ̂ | ⟩   | ⟩. For vacuum 

state,       and all modes of the field are empty but still there remains an energy per 

mode  (
   

 
) , called the zero-point energy. This is the energy per mode of the 

quantum vacuum with which atom interacts all the time i.e. in the presence or absence 

of the field and in the ground state or the excited state. The quantum vacuum [37] is 

believed to consist of the fluctuations which perturb the atom while in the excited 

state to undergo spontaneous emission [38]. 

 In the long wavelength approximation [29, 34], i.e. the wavelength of the 

field      , where     is the size of the atom, the variation of the field over 

distances comparable to     is negligible so that the vector potential at the electron‟s 

position is the same as that at the c.o.m. of the atom,            ( ⃗ ) and the atom 
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behaves as an electric dipole  ⃗⃗      in the atom-field interaction. Under this 

approximation, the atom-field interaction Hamiltonian     has two well-known forms, 

namely,       and     ⃗  forms given by Eqs. (2-5) & (2-6): 

 ̂   
 

 
         

 ̂    ⃗⃗   ⃗     

(2-5) 

(2-6) 

Here,                       electronic charge and   is the reduced mass of 

the „electron + nucleus‟ system. The vector potential        can be expanded in plane 

waves, in the long wavelength approximation by Eq. (2-7), [29] 

       ∑√
 

       
 * ̂     

  ⃗       ̂ 
    

     ⃗     +

 

  

 

(2-7) 

During any elementary atom-field interaction process [29], the internal and 

external states of the atom are changed from some initial values  |  
   ⟩  |  

   ⟩ to 

some final values |  
   ⟩  |  

   ⟩ by absorbing or emitting a photon with their 

respective probability amplitudes being proportional to, 

⟨  
   |   ⃗     |  

   ⟩ ⟨  
   |   ⃗    ⃗ |  

   ⟩ ⟨      | ̂ |  ⟩ 

where 

⟨      | ̂ |  ⟩  √   (2-8) 

for absorption and, 

⟨  
   |    ⃗  

    |  
   ⟩ ⟨  

   |    ⃗    ⃗ |  
   ⟩ ⟨    | ̂ 

 |  ⟩ 

where 

⟨      | ̂ 
 |  ⟩  √     (2-9) 

for emission. 

Therefore,    measures the absorption probability and          is a measure 

of the emission probability [29] , so that 

i. If       i.e. if the mode   is initially empty then the atom undergoes only 

the spontaneous emission. 
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ii. If, however,      , then the atom is likely to undergo the  stimulated 

emission as well as the spontaneous emission. 

Consider a free atom in the internal energy state   (with energy   ) and 

moving with initial c.o.m. momentum      . A photon of energy    and momentum 

  ⃗  will be absorbed by this atom provided, [29] 

             ⃗  (2-10) 

where        is the atom‟s final momentum after absorption and 

        
 ⃗      
 

 
    

  
 (2-11) 

where            ⁄  is the atom‟s Bohr frequency and         is the 

total mass of the atom. These two equations are the statements for the conservation of 

total linear momentum and energy for the entire „atom + photon‟ system. 

Alternatively, we can re-write Eq. (2-11) as, [29] 

       ⃗       
    
 

  (2-12) 

where 

     
    

  
     (2-13) 

 

 is the recoil energy and     is the recoil shift [39, 40].  Therefore, the frequency   of 

the photon for resonance absorption will be different from the atomic resonance 

frequency     by the sum of the Doppler and the recoil shifts.  Similarly, the 

frequency of the spontaneously emitted photon will be different by the difference of 

the Doppler and recoil shifts [29, 41] 

       ⃗       
    
 

  (2-14) 

In the c.o.m. frame of reference, the Doppler term goes to zero and we are left 

with,         , and         , respectively for absorption and emission 

i.e., while the frequency of the absorbed photon  has to be higher, the frequency of the 

emitted photon will be lower  than the atomic resonance frequency   . This is 
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because the total linear momentum of the combined               system should 

be conserved. The c.o.m. receives recoil both during the absorption and the emission 

process due to which the frequency of the photon shifts. The atom emits and absorbs 

precisely the resonance frequency     in its own frame of reference. The upshift and 

down shift in the photon‟s frequency in the respective processes are only relative 

effects embodied by the Doppler and recoil terms. The recoil shift is proportional to 

   whereas the Doppler shift varies as   . Therefore, the recoil shift    
   

  
 would 

be significant for photons of shorter wavelengths or for atomic ensembles having 

narrow Doppler widths     . 

The recoil effect is a blessing in disguise too [41]. The transfer of photon 

recoil   ⃗  to a counter-propagating atom, upon absorption, can be used to slow down 

atoms and produce atomic ensembles with negligible Doppler broadening by laser 

cooling. For ultracold cesium atoms, the Doppler 

broadening                     and the recoil shift                    are 

comparable but negligible with respect to the natural linewidth                

of the transition involved.  

Like energy and linear momentum, the total angular momentum [29, 31, 42] 

for the „atom + photon‟ system must also be conserved in the absorption or emission 

of a photon by the atom.  Let‟s consider the various transitions which can take place 

in an atom whose ground state    the excited state    are respectively characterized by 

the angular momenta       and      . The corresponding magnetic quantum 

numbers will be       and            which determine the z-component 

(i.e. along the quantization axis) of the total angular momentum of the electron given 

by      for the ground state and             for three excited sub-states.  

Assuming that no other electrons in the atom participate in the transition 

except the one, the incoming photon should carry this much angular momentum, 

i.e.        , for carrying out the respective transitions. Fortunately, the photons in the 

right (left) circularly polarized or           polarized light have spin angular 

momentum (SAM) of          per photon, first time reported by Poynting in 1909  
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Table 2- 1 Spin Angular Momentum  (SAM) of Photon and the relevant 

transitions 

Photon‟s SAM Atomic Transition 

    Photon, SAM =                   

    Photon, SAM =                   

       Photon,  SAM =                               

 

[43]. Similarly, the photons in the linearly polarized light have SAM  . Thus, Table 

2-1 summarizes the photon‟s spin angular momentum (SAM) and the corresponding 

allowed transition. 

As shown in Fig. 2-1, these results can be generalized into the following 

selection rules: 

        ; for circularly (   ) polarized light  

        ; for linearly (   ) polarized light 

Considering a two-level atom  {   } , possibly, with a ground state   and an 

excited state   and the corresponding energy splitting between the two states being 

    , the Hamiltonian of this two-level atomic system can be written as, [29, 34] 

 

 

Fig. 2- 1 The conservation of angular momentum of the combined  

„atom+photon‟ system during the electric dipole allowed transitions leads to the 

selection rules for  ∆m. Source: “Advances in atomic Physics: An Overview” by 

Claude Cohen Tannoudji and David Guéry-Odelin published by World 

Scientific (2011). 
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 | ⟩⟨ |  | ⟩⟨ |  (2-15) 

Suppose this atom interacts with a classical field  ⃗               polarized 

along the z-axis with frequency    and amplitude   .  The atom-field interaction 

Hamiltonian     can be written as, 

      ⃗⃗   ⃗               (2-16) 

where   ⃗⃗  is the induced dipole moment whose matrix element ⟨ |  | ⟩      can be 

made real under suitable conditions for the atom-field interaction.. Now since the 

Rabi frequency can be defined as,              , therefore the interaction 

Hamiltonian     will assume the form, 

         | ⟩⟨ |  | ⟩⟨ |         (2-17) 

Expanding the state vector  |    ⟩ in the basis {   }, 

|    ⟩       | ⟩       | ⟩ (2-18) 

Applying the Schrodinger‟s eq., 

| ̇   ⟩   
 

 
        |    ⟩ (2-19) 

and using the transformation, 

            
     ⁄  

            
     ⁄  

(2-20) 

we get, 

  ̇     
       

 
       

  

 
 (        )      

  ̇     
  

 
 (         )       

       

 
      

(2-21) 

which can be written in the matrix form as, 

 

  
[
  
  
]   

 

 

 

 
*

   (         )

  (         )   
+ [
  
  
] (2-22) 
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where            is the detuning of the laser field from the atomic frequency 

which is the Schrodinger‟s equation of motion in the transformed basis. 

In the rotating wave approximation (RWA), [29, 34, 44], the rapidly 

oscillating terms              can be ignored because of their negligible effect near 

resonance       . Therefore, the Hamiltonian of the atom in the transformed basis 

and under the RWA comes out to be, 

    
 

 
(
   

    
) (2-23) 

A system with this Hamiltonian has two oscillatory solutions of the form, 

[
  
  
]  *

 
 +  

   
 
 
 
 (2-24) 

with   taking one of the two eigenvalues, 

       √  
     (2-25) 

to which correspond the two solutions for the ratio (
 

 
),  

(
 

 
)
 

  
  

   
 (2-26) 

  being the generalized Rabi frequenc,[29, 45, 46] .  

Therefore, any two-level system (or atom)  {   } which interacts with a near 

resonant field, it oscillates at the generalized Rabi frequency   between   and  .   

Physically, the Rabi frequency   characterizes the oscillations of the electric 

dipole moment   of the two-level atom induced by the light field with a certain phase 

relationship between the field and the dipole. Alternatively, the excited-state 

probability     
  oscillates in time at the generalized Rabi frequency [47, 48]. By 

manipulating the interaction time, the atom can be coherently prepared in one of the 

two desired states   or  . For example, for a  -pulse excitation,         therefore 

the atom, initially in the ground state   , interacts with the field for a time    ⁄  in 

order to be moved to the excited state e. Similarly, for a   ⁄ -pulse 

excitation,        ⁄ , the interaction time is at least    ⁄  and the atom in the 
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excited state   , is prepared in the superposition state   
  

√ 
| ⟩  

 

√ 
| ⟩. The interaction 

with another coherent   ⁄ -pulse will bring the atom back to the ground state  . This 

is known as the Rabi‟s two-level atom interpretation of the atom-photon interaction.  

2.3   Optical Pumping and Spin Polarization of Atoms 

Optical pumping [49-54] is defined as the transfer of angular momentum from 

polarized photons to atoms. Through proper choice of the polarization of the pumping 

light, it is possible to concentrate atoms into a single Zeeman sublevel of the ground 

state. As a result of this spin-polarization, all the atoms in one state will have the 

same spin angular momentum and therefore, the same orientation.  

Consider an ensemble of atoms in thermal equilibrium at temperature   . 

Then, in the absence of the pumping light and assuming that the atoms are two-level 

systems, the relative population           of the respective level           

(     ) is determined by Boltzmann factor [29], as 

  

  
    ( 

  

   
) (2-27) 

where             , showing that       since        in the RF and 

optical domain and at room temperature. The population difference is then given by, 

 

Fig. 2- 2 Double resonance scheme in mercury        In the presence of a 

constant magnetic field  ⃗⃗   , a resonant             light selectively excites 

the sublevel     . A radio-frequency field drives the transition between 

      and       which results in the spontaneous emission of circularly 

polarized light.Source: “Advances in atomic Physics: An Overview” by Claude 

Cohen Tannoudji and David Guéry-Odelin published by World Scientific (2011). 
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 (2-28) 

The optical pumping, however, can greatly modify this population difference, 

either       or        .  

Consider a two level atom with ground state having zero angular momentum 

      and excited state with angular momentum        in the presence of an 

applied magnetic field   ⃗   . Since,      and            , therefore, the ground 

state remains unchanged and the excited state is split into three Zeeman sublevels, 

respectively having the energies as, 

                 

                 

                  

(2-29) 

where     is the energy of the excited state in zero field,    is the Bohr magnetron 

and the electron‟s Landé    factor is of the order of 1. As shown in Fig. 2-2, due to 

conservation of angular momentum, the three excited Zeeman sublevels (   

       ) are individually coupled with the ground state (    ) by excitation with 

the light field of appropriate polarization. Therefore, excitation with   polarized 

light leads solely to the sublevel      of the excited state, and the excitation with 

circular polarization     or      leads respectively to        or        

sublevels. Hence, the atoms can be selectively excited to any of the desired Zeeman 

sublevel in the excited state by using the appropriate polarization of the exciting light.  

Consider another two level atom having different angular momentum of its 

ground and excited states i.e.       ⁄  and       ⁄ . In the presence of the 

magnetic field, both the ground and excited states are split up respectively into 

Zeeman sublevels       ⁄     ⁄   and       ⁄     ⁄   as shown in Fig. 2-

3 It is the case of an atom with degenerate ground state. There are four possible 

excitation schemes are given below: 
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Fig. 2- 3 Principle of optical pumping for a          →        transition. 

Excitation by the    light fully populates the sublevel        . Source: 

“Advances in atomic Physics: An Overview” by Claude Cohen Tannoudji and 

David Guéry-Odelin published by World Scientific (2011). 

 

|        ⁄ ⟩  |        ⁄ ⟩,  by absorbing a     photon or 

|        ⁄ ⟩  |        ⁄ ⟩,  by absorbing    photon, and 

|        ⁄ ⟩  |        ⁄ ⟩,  by absorbing a     photon or 

|        ⁄ ⟩  |        ⁄ ⟩,  by absorbing a   photon 

Similarly, there are four possible decay schemes as given below: 

|        ⁄ ⟩  |        ⁄ ⟩,  by emitting a     photon or 

|        ⁄ ⟩  |        ⁄ ⟩,  by emitting a   photon, and 

|        ⁄ ⟩  |        ⁄ ⟩,  by emitting a     photon or 

|        ⁄ ⟩  |        ⁄ ⟩,  by emitting a    photon 

By using absorption-emission cycles repeatedly, all the atoms can be 

populated in one of the two ground state sublevels, known as spin polarization of the 

atoms. 

Let‟s assume that the atom is initially in the state  |        ⁄ ⟩ and is pumped 

by     polarized light as shown in Fig. 2- 3. The atom is excited to |        ⁄ ⟩ 

by absorbing a     photon, from where it can decay either to   |        ⁄ ⟩ by 
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emitting a     photon or to   |        ⁄ ⟩ by emitting a   photon with the 

respective probability in each case. In the former case, the atom will be ready to 

absorb the second    photon, whereas in the later case i.e. when the atom has 

undergone the transition |        ⁄ ⟩  |        ⁄ ⟩, it will no more absorb 

the    photon and will therefore get trapped in the sub-state  |        ⁄ ⟩ of the 

ground state. Over the repeated absorption-emission cycles in the ensemble, the 

population of the sub-state  |        ⁄ ⟩ , which was initially 50%, will 

become      . Therefore, the      light will optically pump the atoms into 

      ⁄  sub-state. Similarly, the   —light will pump the atoms into       ⁄  

sub-state. Hence whereas the excitation by circular polarized light (  ) will produce 

spin polarization of the atoms into one single sub-state  |        ⁄ ⟩ , the linearly 

polarized light ( ) cannot in this particularly simple case. Physically, it seems as if 

the light loses angular momentum (in the units of  ) while the atoms gain angular 

momentum from the pumping light (in the units of  ) during optical pumping. The 

total angular momentum of  atom   field   however  is conserved during this 

process. Since the     polarized light possesses no angular momentum, 

therefore, no spin polarization.   

The first proposal of optical pumping [55] was presented for alkali atoms, 

but the principle of the method is the same as for a      ⁄       ⁄  

transition. The first demonstration of optical pumping was performed on an 

atomic beam of sodium atoms [56, 57]. The method was then applied to an 

atomic vapor in a glass cell [58].  A review of the early experiments in optical 

pumping is available in [51]. 

In general, the alkali atoms (e.g. 7Li      ⁄  , 23Na      ⁄  , 

39K      ⁄  , 85Rb      ⁄   , 87Rb      ⁄   and 133Cs      ⁄  ) are spin-half 

nuclei and have hyperfine-doublet ground state      ⁄    , given by           

     and fine-doublet excited state      
  , given by       ⁄     ⁄ . The 

corresponding excited states       ⁄
  and       ⁄

  further have the hyperfine 

structure for               . There are two hyperfine levels for        ⁄  

and four hyperfine levels for       ⁄ . The corresponding electric dipole  
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allowed transitions are given by     ⁄           ⁄
  and      ⁄           ⁄

  

and are respectively known as    and     lines for the alkali atoms.  

Assuming that the fine-structure (   ) [59-61] and hyperfine-

structure (    ) [62] splitting is large as compared with the linewidth     of the 

exciting light, then depending upon the frequency of the photon, the atoms can 

be selectively excited from each hyperfine level of the ground state to a hyperfine 

level in the excited as               independent of the polarization of 

the exciting light. Once excited, the atom will return, after a time   ⁄ , where    is 

the natural linewidth of the excited state, to ground state with certain probability 

for each hyperfine level. Repeated absorptions and spontaneous emissions from 

one of the two hyperfine levels of the ground state doublet will eventually 

transfer all the population into the other hyperfine level. This scheme is known 

as hyperfine pumping  [63-65] and plays an important role in the laser cooling of 

alkalis.  The hyperfine pumping can be distinguished from the standard optical 

pumping (also known as Zeeman pumping) [64] in which the Zeeman sublevels, 

of the same hyperfine level or different hyperfine level, are involved. These two 

kinds of the optical pumping techniques can be used for polarizing the atoms in a 

particular state with known spin. Below we have worked schemes for spin 

polarizing the cesium atoms. 

Fig. 2- 4 shows the hyperfine structure of cesium    line (852.3nm). The 

ground state       has two hyperfine levels       and the excited state       

has four hyperfine levels, namely           . In the presence of magnetic field, 

each hyperfine level    is split into       Zeeman sublevels   |    ⟩, where 

                        . Therefore, the hyperfine level      in the 

ground state       has seven Zeeman sublevels as: 

|               ⟩, |          ⟩, |          ⟩, |         ⟩, |      

    ⟩, |          ⟩, |          ⟩  

and the hyperfine level     in the ground state       has nine Zeeman 

sublevels as:  
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Fig. 2- 4 Hyperfine and Zeeman pumping in the hyperfine and Zeeman sublevels 

of cesium    line            

 

|               ⟩, |          ⟩, |          ⟩, |          ⟩, 

|         ⟩, |          ⟩, |          ⟩, |          ⟩, |          ⟩   

Similarly, the hyperfine levels       in the excited state       , 

respectively, have the following Zeeman sublevels: 

|               ⟩, |          ⟩, |          ⟩, |          ⟩, 

|         ⟩, |          ⟩, |          ⟩, |          ⟩, |          ⟩,  and 

|               ⟩, |          ⟩, |          ⟩, |          ⟩, 

|          ⟩, |         ⟩, |          ⟩, |          ⟩, |          ⟩, 

|          ⟩, |          ⟩ . 

To fully populate a single ground level, atoms are excited out of all |      

    ⟩ ground levels but the desired one; eventually, all atoms decay into the desired 

level and eventually stop absorbing light. With appropriately chosen light fields, the 

populations in access of     can be achieved in the desired level [64]. For this 

purpose, two light fields are used together as: 
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a. Hyperfine Pumping light field:               

 It is chosen to be linearly     polarized. 

b. Zeeman Pumping light field:            

It is chosen to be circularly              polarized depending upon the state. 

The Table 2-2 lists the desired states where the cesium atoms have to be 

pumped in and the corresponding schemes for the two fields to be used. The 1st row 

of this table can be explained as follows: The linearly polarized     light field for 

hyperfine pumping depletes the hyperfine level |         ⟩ and populates the 

hyperfine level |          ⟩. The right circularly polarized      light field for 

Zeeman pumping will transfer the population of all Zeeman sublevels into a 

single sublevel  |               ⟩.  In this way, all the cesium atoms can be 

successfully spin-polarized into the single ground state             . 

Similarly, by changing the polarization of the Zeeman pumping light field to     , 

the atoms can be spin polarized into the               state as depicted in 

the 3rd row of this table. In the 2nd and 4th rows of this table, the hyperfine 

pumping field depletes the hyperfine level |          ⟩ and populates the 

hyperfine level |          ⟩ and the Zeeman pumping field, depending upon its 

polarization     , transfers all the population from the Zeeman sublevels 

 |             ⟩ into the sublevels |          ⟩.  

Table 2- 2  Zeeman and Hyperfine Pumping in cesium     line 

Desired State 

to be prepared 

Hyperfine 

Pumping 

             

Zeeman Pumping 

             

Zeeman 

Pumping 

Polarization 

|          ⟩ |       ⟩  |       ⟩ |       ⟩  |       ⟩    

|          ⟩ |       ⟩  |       ⟩ |       ⟩  |       ⟩    

|          ⟩ |       ⟩  |       ⟩ |       ⟩  |       ⟩    

|          ⟩ |       ⟩  |       ⟩ |       ⟩  |       ⟩    

 



Chapter 2 Atom-Field Interaction at High Laser Intensity 

 

22 

 

In the absence of the Zeeman pumping light field i.e. only in case of the 

hyperfine pumping, a large fraction        of the atoms is populated in the three 

Zeeman sublevels             of the ground state hyperfine levels [64]. Now 

since      is the un-trapping  state because the magnetic force acting upon 

the atom is then zero, therefore, for trapping into pure magnetic traps the atoms 

have to be pumped into either of the four Zeeman states discussed above. 

However, in case of the magneto-optical trap, due to optical pumping, the atoms 

can be trapped in any of the two states |          ⟩ or |          ⟩ depending 

upon the direction of the magnetic field and the corresponding polarizations 

(   or    ) of the trapping beams. 

2.4   Resonance Fluorescence and Dissipative Systems 

The interaction of a trapped two-level atom or ion {   } with a resonant or 

quasi-resonant laser beam is a very interesting problem [34, 66-70]. The laser 

photons of frequency    are absorbed by the atom   atom-laser  coupling     ) 

followed by the spontaneous emission of fluorescence photons of frequency     

  atom-reservoir  coupling      ). The schematics of this problem and the 

corresponding experimental arrangement are shown respectively in Figs. 2-5 

and 2-6. Since the atoms are cold (    〈 〉       ) and trapped (    〈 〉  

      ), therefore, the Doppler and the recoil effects can be neglected and hence the 

c.o.m. motion of the atoms can be ignored. Also, the laser frequency    is tuned to be 

 

 

Fig. 2- 5 Schematics of interaction of an atom (A) with laser field (L) and 

quantum vacuum reservoir (R).       is the decay rate of the excited state   and  

  is the Rabi frequency . Source: “Advances in atomic Physics: An Overview” 

by Claude Cohen Tannoudji and David Guéry-Odelin published by World 

Scientific (2011). 
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Fig. 2- 6 Schematics of interaction of a quasi-resonant laser beam with the cold,   

trapped atoms in a MOT. The resonance fluorescence is detected by a 

broadband detector. Source: “Advances in atomic Physics: An Overview” by 

Claude Cohen Tannoudji and David Guéry-Odelin published by World 

Scientific (2011). 

very close to the atomic resonance frequency   . The fluorescence light is collected 

by a detector whose bandwidth is pre-selected depending upon the kind of 

measurement. For example, the total intensity        of the fluorescent light is 

measured as a function of the scanning laser frequency   , by a broadband detector 

and the frequency spectrum       of the fluorescent light is measured for fixed laser 

frequency   , with a narrowband detector. Similarly, the photon correlations [71] are 

studied with a broadband detector.  

Two extreme regimes exist for studying the atom-photon interactions with 

respect to the excitation laser intensity [29]. In the low intensity limit, a perturbative 

approach is possible and       is treated to the lowest order [72].  

At high intensity of the light field, however, the non-perturbative approach is used 

for the atom-photon interaction problem. The optical Bloch equations (OBE) are the 

equations of motion for the atomic density matrix     i.e. for the internal dynamics of 

the atom. The OBE‟s can be solved for arbitrarily high values of the Rabi frequency   

and can therefore provide with the non-perturbative description of the atom-field 

interaction. In this approach, the laser is treated as a c-number field           and the 

atom-laser interaction Hamiltonian      is given by  

         ⃗⃗            (2-30) 
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where   ⃗⃗   ⃗⃗    | ⟩⟨ |  | ⟩⟨ |   is the atomic dipole matrix element and is 

related to the Rabi frequency by   
 ⃗⃗       

 
 . Therefore, the interaction 

Hamiltonian     is given by 

        
  

 
(             ) | ⟩⟨ |  | ⟩⟨ |  (2-31) 

The terms in          (      ) describe the absorption (emission) process. 

Neglecting the non-resonant terms       | ⟩⟨ | and       | ⟩⟨ |, (RWA), it 

becomes 

        
  

 
(      | ⟩ ⟨ |          | ⟩⟨ |) (2-32) 

Similarly, the atomic Hamiltonian     is given by 

       | ⟩⟨ | (2-33) 

Therefore, the total Hamiltonian for the atom-field coupling (i.e. without 

spontaneous emission) can be written as, 

                 | ⟩⟨ |  
  

 
(      | ⟩ ⟨ |          | ⟩⟨ |) (2-34) 

The dynamics of the atomic density matrix     can be described by adding 

the, otherwise independent, two terms as, 

   
  

  
 

 
        (

   
  

)
     

 (2-35) 

Here, the first term gives the atom-laser field coupling     (in the absence of 

spontaneous emission) and implies the oscillations of the atom between the 

ground     and excited     states at Rabi frequency   , i.e. absorption-stimulated 

emission cycles. The second term gives the damping of the field by the atom into 

the empty modes of the quantum vacuum i.e. spontaneous emission in the 

absence of any excitation. Now the time scales for each of these two terms are 

different, i.e.            where     being the correlation time of the vacuum 

fluctuations is the duration of an elementary spontaneous emission, therefore 

these two terms can proceed quite independent of each other. Hence, an 
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elementary spontaneous emission event can take place independent of an 

elementary stimulated emission even [29, 73]. Equivalently, there can be written 

three rate equations, namely,   

(
    
  

)
     

        

 (
    

  
)
     

  
 

 
      

(
    

  
)
     

       

(2-36) 

Among these, the 1
st
 equation describes the decay of the excited state 

population due to spontaneous emission and the 3
rd

 equation describes how the 

ground state population builds up correspondingly both at the same rate  . Obviously, 

from these two equations, it can be written          . The 2
nd

 equation gives the 

damping of the coherence at half the rate    , which is the average-width of two 

levels   and   involved, as  
(     )

 
 

   

 
 .  

By changing the variables, namely,  

     
 

 
[             ]  

     
 

 
[       

             
     ]  

     
 

  
[       

             
     ]  

 

(3-37) 

we get the 3 optical Bloch equations (OBEs); 

 ̇   
 

 
      

  ̇      
 

 
     

  ̇        
 

 
  

(3-38) 

where         is the detuning of the laser field from the atomic frequency.  
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Fig. 2- 7 The dressed-atom picture of atom-field interaction. Each sub-system 

has its own Hamiltonian. 

The OBE‟s can provide comprehensive quantitative description for the various 

processes taking place during the phenomenon of resonance fluorescence so far as the 

semi-classical treatment of the atom-field interaction is adequate. However, for the 

processes where a full quantum treatment for the atom-field interaction is required, 

the dressed-atom approach is then introduced which is also a non-perturbative 

approach.  Historically, the dressed-atom approach was developed for the situations 

where atoms were interacting coherently with the strong radio-frequency fields and 

where the spontaneous emission was negligible. However, this approach is 

particularly suitable for studying the open systems where the spontaneous emission is 

the dominant mechanism.  In the dressed atom approach, the atom and the laser 

photons are considered as single isolated quantum system, known as dressed atom, 

and is indicated by the dotted line in Fig. 2-7.  

The dynamics of the dressed atom is governed by the time-independent 

Hamiltonian. The energy levels of the dressed-atom, known as the dressed states, are 

equidistant thus forming a ladder along the energy axis. The dressed atom is strongly 

coupled with the reservoir (i.e. quantum vacuum) thus giving rise to spontaneously 

emitted photons and producing damping in the system (i.e. dressed atom). The system 

cascades down the energy ladder during the damping process. [29, 74].  

The total Hamiltonian of the dressed-atom is given by, 

              (3-39) 

where          | ⟩⟨ | is the Hamiltonian of the two-level atom satisfying, 

  | ⟩     | ⟩ (3-40) 
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  | ⟩    

and     is the Hamiltonian of the laser photons assumed to be in a single mode of 

the laser cavity,  

       
   (3-41) 

where    and   are respectively the creation and the annihilation operators for a laser 

photon. Similarly,     and         are respectively the atom-laser and atom-vacuum 

coupling Hamiltonians. Whereas the former is responsible for stimulated emission, the 

later governs the spontaneous emission. Also,    is the Hamiltonian of the quantum 

vacuum field.  

The uncoupled states of the combined              system are labeled by 

two quantum numbers:   or   for the internal degree of freedom of the atom, and   

for the number of laser photons. These states correspond to        . The uncoupled 

states are the eigenstates of the combined Hamiltonian         with their 

eigenvalue equations, 

         |   ⟩             |   ⟩ 

         |     ⟩              |     ⟩ 
(3-42) 

 

with their energy difference being  

                        (3-43) 

If       , the two uncoupled states are degenerate. The state |     ⟩, however, is 

above  |   ⟩ if      . Similarly, the state |     ⟩ is below  |   ⟩ if      . The 

uncoupled states form two-dimensional manifolds  . . . .               . . ., separated 

by      and      is the splitting within each manifold. It is to be noted that the state 

|   ⟩ is isolated. 

The uncoupled states in a manifold       are coupled by     via the non-zero 

matrix element as, 

⟨   |   |     ⟩  
     

 
 (3-44) 

with         √    ,  where    is the vacuum Rabi frequency defined by 
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so that 

   

 
 ⟨   |   |   ⟩ (3-45) 

Physically, this coupling means that the atom originally in the ground state  , 

in the presence of      photons,  is likely to absorb a photon and jump to the 

excited state  , thereby decreasing the  number of laser photons by  . This coupling is 

resonant within the manifold      , but highly non-resonant between the adjacent 

manifolds. Therefore, the non-resonant coupling is neglected in comparison with the 

resonant coupling. Effectively, this approximation corresponds to the rotating wave 

approximation (RWA) in semi-classical atom-field coupling. 

The dressed states are the perturbed states |    ⟩ and |    ⟩ obtained by 

coupling the un-coupled states   |     ⟩ and |   ⟩ within a manifold, as under 

|    ⟩  sin  |     ⟩  cos   |   ⟩ 

|    ⟩   cos  |     ⟩  sin   |   ⟩ 
(3-46) 

where  

tan     
    

 
                    (3-47) 

 

The dressed states |    ⟩ and |    ⟩  have the wave functions and the 

eigenenergies which can be calculated by diagonalizing the  matrix 

 

 
(
      

     
) 

and the corresponding energy splitting is    ̃   , where  ̃    √    
     being 

the generalized Rabi frequency. 

For resonant excitation (   ), if the system is in state |     ⟩ at     , 

the system will undergo oscillations, in a series of reversible absorption and 

stimulated emission processes, between the states  |     ⟩ and  |   ⟩  at the 

angular frequency equal to the Rabi frequency      . For      , this oscillation  
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Fig. 2- 8  Three adjacent manifolds of the un-coupled states (left part) and the 

corresponding dressed states (right part). Source: “Advances in atomic Physics: 

An Overview” by Claude Cohen Tannoudji and David Guéry-Odelin published 

by World Scientific (2011). 

occurs at the generalized Rabi frequency. The Fig. 2- 8 shows the uncoupled states in 

three adjacent manifolds and the corresponding coupled dressed states.  

The effect of spontaneous emission can be included by taking into account the 

coupling     between the atom and the quantum vacuum    . During each absorption-

spontaneous emission cycle, a laser photon disappears and a fluorescence photon 

appears in a mode different from that of the laser. This corresponds to a transition of 

the dressed atom from    to       i.e. the number of laser photons has decreased 

from     to      .  The next fluorescence emission from the same atom corresponds 

to a radiative transition from       to       and so on. Therefore, the dressed atom 

undergoes a radiative cascade down the energy ladder in the spontaneous emission 

process.  The master equation governing the damping of the dressed atom is of 

Lindblad type [29, 75] and can be written as, 

    
  

 
 

  
                

 

 
                           (3-48) 

where        | ⟩⟨ |   and       | ⟩⟨ |. Again due to the faster time scale for the 

elementary spontaneous emission as compared with the relevant atom-field coupling  
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Fig. 2- 9 Cascade of the dressed-atom down the manifolds due to spontaneous 

emission. Source: “Advances in atomic Physics: An Overview” by Claude Cohen 

Tannoudji and David Guéry-Odelin published by World Scientific (2011). 

times           , the rates of variation of the density matrix     for the dressed 

atom due to each of the involved processes evolves independently as if the other 

processes were absent.  

Each of the spontaneous emission event leaves the dressed atom in the state 

| ⟩ of a given manifold |     ⟩ where it evolves under the absorption and 

stimulated emission cycles until the next spontaneous emission event occurs at certain 

time    and the dressed atom jumps to the lower manifold |   ⟩ and so on.  

Fig. 2- 9 shows diagrammatically the cascade of the dressed atom down the 

manifolds due to spontaneous emission. The detailed temporal analysis reveals that 

the radiative cascade appears as  

 a sequence of spontaneous quantum jumps ….,|     ⟩  |     ⟩, 

|   ⟩  |   ⟩, |     ⟩  |     ⟩, … occurring at random times   , 

and 

 these quantum jumps are separated by coherent evolution periods     

involving absorption and stimulated emission processes, 

and this remains valid for all Rabi frequencies   , irrespective of its value with respect 

to   . Fig. 2- 10 shows the dynamics of an atom comprising the periods of coherent  
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Fig. 2- 10 Between two successive quantum jumps (spontaneous emission), the 

atom undergoes coherent evolution (stimulated emission) within a given 

manifold. Source: “Advances in atomic Physics: An Overview” by Claude Cohen 

Tannoudji and David Guéry-Odelin published by World Scientific (2011). 

evolution within a manifold      for a duration   , interrupted by the quantum jumps 

to the lower manifold        . 

The fluorescence light constitutes the temporally random sequence of photons. 

The radiative cascade of the combined  {           } system can give a better 

insight into the dynamics of the system and possibly the photon correlations. 

The resonance fluorescence is essentially a dissipative process in which the 

atoms are cyclically interacting with the field via absorption and stimulated processes 

within a manifold until the quantum jump to the lower manifold occurs by the 

spontaneous emission. The times of entry into and exit from a manifold are, however, 

random.The dynamics of the atom between two successive quantum jumps can be 

described by a pure state and, therefore, the system‟s wave function can be defined.  

The dynamics of the atom while radiatively cascading down the ladder of 

manifolds requires the ensemble averages over the individual histories differing only 

in the initial and final times of the coherent evolution in each manifold. Therefore, 

unlike many other dissipative systems which are usually described by the density 

matrix approach, the resonance fluorescence can be described by the stochastic wave 

functions i.e. the wave function which switches randomly in time between the various 

manifolds.    

The stochastic wave functions approach of the quantum dissipative processes 

is analogous to the random walk. Just like a Brownian particle moving freely between 

two successive collisions, the atomic wave function evolves coherently between two 

successive quantum jumps Such stochastic systems can be described by the master 



Chapter 2 Atom-Field Interaction at High Laser Intensity 

 

32 

 

equation similar to that of the Lindblad [75]. Moreover, the dressed-atom approach 

has been successfully applied [67] in order to explain the Autler-Town [76] and 

Mollow triplets [77] observed in resonance fluorescence. 

2.5   Perturbations and Light Shifts 

In atom-field interactions, both systems are perturbed  [29, 38, 78, 79] from each 

other and these perturbations are reflected by the complex nature of the refractive 

index characterized by the real and imaginary parts. The real part of the refractive 

index is responsible for the reactive effects and the corresponding imaginary part 

gives dissipative effects.  The shifting and broadening of the energy levels of the atom 

by light are respectively the reactive and dissipative effects. Similarly, the frequency 

changing and amplitude damping of the field due to presence of atom in the cavity are 

respectively the field counterparts. The dressed-atom approach has proven very useful 

for discussing these atom-field perturbations.  

Light shifts are an important source of perturbations for the atomic clocks the 

precision frequency metrology. However, these shifts can be ignored when the 

detuning   of the laser field is made large enough thus allowing for more precision in 

the frequency measurement. Similarly, the light shifts in the standing wave laser 

fields, which are position-dependent, might become the trapping potentials or the 

reflecting walls for the atoms depending upon the sign of the detuning   of the laser 

field. The intensity maxima of the laser field can be turned into the potential wells or 

potential barriers respectively for the negative and positive detuning.  

Consider a two-level atom   {   } interacting with a light field   of 

frequency    nearly resonant with the atomic frequency    (     )   with a 

detuning of            . Let     be the natural linewidth of the excited state    .  

Then the uncoupled states {|     ⟩  |   ⟩} of the atom-photon system in 

the manifolds         ,   being the number of photons, become coupled in the 

presence of light as soon as the atom in   absorbs a photon and excites to   via the 

coupling matrix element, 

⟨   |      |     ⟩    
      

 
 (2-49) 

 



Chapter 2 Atom-Field Interaction at High Laser Intensity 

 

33 

 

 

Fig. 2- 11 Due to the atom-photon coupling      , the uncoupled state  |     ⟩ 
is light-shifted by     and light-broadened by    into the dressed state  |    ⟩ . 

Source: “Advances in atomic Physics: An Overview” by Claude Cohen 

Tannoudji and David Guéry-Odelin published by World Scientific (2011). 

where       is the Rabi frequency. The N-dependence of      can be removed if the 

interaction is taking place in free space so that       can be replaced by   as shown 

in left part of Fig. 2.11. The evolution of the dressed atom within manifold       , 

also called the reduced evolution, is governed by the effective Hamiltonian     , [29] 

     (
   ⁄

  ⁄     ⁄
) (2-50) 

where the term     ⁄  has been added to account for the radiative instability of the 

excited state and the term    ⁄  is due to the coupling between the two uncoupled 

states |     ⟩ and |   ⟩.  

Case (a): (Weak coupling limit) 

In the weak coupling limit i.e. for large detuning        and low intensities 

     , the coupling    ⁄  between the two states  |     ⟩ and  |   ⟩ is quite 

small  as compared with unperturbed energies of the two states or equivalently, 

  |   
 

 
| 

Therefore, the expressions for the corresponding dressed states |    ⟩ and |    ⟩  

in the perturbative limit, to the first order in    , can be written down as, [29] 

|    ⟩      |     ⟩      
 

       ⁄  
  |   ⟩ 

|    ⟩    |   ⟩      
 

       ⁄  
  |     ⟩ 

(2-51) 
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Fig. 2- 12 Frequency dependence of the light-shift      and the light-broadening   

    . Source: “Advances in atomic Physics: An Overview” by Claude Cohen 

Tannoudji and David Guéry-Odelin published by World Scientific (2011). 

 

and the energy shifts (due to perturbations) of these two dressed states respectively 

from the respective uncoupled states are given by, [29] 

      
  

       ⁄  
       

  

 
 

      
  

       ⁄  
        

  

 
 

(2-52) 

where  

   
 

      
   

   
 

      
   

(2-53) 

 

showing that  

            (    
  

 
) (2-54) 

Here, the term     is the light shift . Similarly, the term    is the light broadening.     

These results show that, in the presence of light,: 

 the dressed state |    ⟩ is mainly |     ⟩ with a small contamination of |   ⟩; 

similarly, the dressed state |    ⟩ is mainly |   ⟩, with a contamination by 

|     ⟩, due to the atom-field coupling    . 
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 the dressed states |    ⟩ and |    ⟩ have equal and opposite light shifts      

 the linewidth of ground state increases from   to    ; similarly, the linewidth of 

excited state decreases from     to          . 

 the non-zero linewidth of the |    ⟩ comes from the fact that an atom in this state 

does not remain there forever; there is a certain probability         for an atom to 

leave the ground state     by the absorption of a photon. 

 both the    and    are proportional to    i.e. to the light intensity.  

 Fig. 2-12 shows the frequency dependence of the light shift      and the light 

broadening      around the resonance absorption (   ).  Clearly,     varies as a 

dispersion curve and     varies as an absorption curve as a function of detuning    

 . In the limit of large detuning (| |   ), the light broadening is much smaller 

than the light shift, since 

|  |  
  

  | |
            

   

   
     

      
→           |  |  

 

| |
 

 

Case (b): (High coupling limit) 

In the case of high coupling, however, it is inevitable to work out the 

eigenvalues and the eigenstates of the effective Hamiltonian     . The eigenvalues   

satisfy the algebraic equation second degree, namely, [29] 

     (  
 

 
  )  ( 

  

 
 
   

 
)    (2-55) 

 

Therefore, the two possible solutions for   are, 

   
               √      

  

     

 
 

(2-56) 
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For the resonant case (   ), the eigenvalues become 

   
          √   

  

 
 

 
(2-57) 

Therefore, the two eigenvalues become 

     
 

 
 
 

 
 √   

  

 
   

     
 

 
 
 

 
 √   

  

 
  

(2-58) 

In the high coupling limit i.e. for high intensity (  
 

 
), the radical term 

becomes real so that the two eigenvalues simplify to, 

     
 

 
 
 

 
 

     
 

 
 
 

 
 

(2-59) 

Corresponding to these two eigenvalues, there will be two eigenstates as the 

dressed states, namely, the symmetric and anti-symmetric linear combinations of the 

uncoupled states,   |     ⟩  |   ⟩ √ ⁄   i.e. the two dressed states of the atom-

photon system have become the entangled states. In these states, the combined 

„atom+photon‟ system has to be considered as an inseparable system exhibiting the 

quantum correlations. Therefore, in the high coupling limit, the atom-field 

perturbation problem has transformed to an entanglement problem. 

Suppose that the system starts at     from |     ⟩, which is a linear 

superposition of the two dressed states, namely, |    ⟩ and |    ⟩. These two 

dressed states then evolve with a damping phase factor      ⁄      ⁄ , so that the 

system oscillates at the Rabi frequency  , between the unperturbed states  |     ⟩ 

and |   ⟩,  and the corresponding probability to be in any of these two states is 

damped at a rate of     ⁄ . 
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In the non-resonant case (   ) and maintaining the high coupling limit, 

  |   
 

 
|,  assuming that   | |   , so that the two eigenvalues of the problem 

become, 

   
            √     

 
 

       
            ̃ 

 
 

(2-60) 

where   ̃       . The system now oscillates at the generalized Rabi 

frequency  ̃, but still these oscillations are damped at a rate   ⁄  as in the case of 

resonance. 

Therefore, in the high coupling limit, the system performs damped Rabi 

oscillations both for resonant and non-resonant cases in contrast with the weak 

coupling limit where an excitation to the excited state   can result in an irreversible 

departure from the ground state  .  

Like atom, the field is also perturbed in an atom-field interaction and these 

effects are more pronounced when the atom interacts with the field inside a cavity for 

a time  , the round trip oscillation of the field inside the cavity accumulates a phase   

with respect to the free oscillation in the absence of atom:          where      

sign holds for |     ⟩  and      sign holds for  |   ⟩.   However, even for a laser 

wave passing through a vapor cell of length   , field will interact with atoms for time  

       and will accumulate a phase proportional to   . Therefore, the phase shift in 

the field, which varies as a dispersive curve around resonance       , accumulates 

with time     as, 

   
    

          
   

    (2-61) 

 

The light shifts affect the accuracy of optically pumped cesium frequency 

standards [80]. A sequence of two femtosecond optical pulses can, however, be used 

to coherently control these light shifts [81, 82].  
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2.6   Chapter Summary 

In this chapter, we have briefly reviewed the fundamental atom-photon interactions 

including the optical pumping, in which the atoms can be populated in a single 

quantum state with a known value of angular momentum, the resonance fluorescence, 

in which atom continuously undergoes absorption and stimulated emission cycles at 

the Rabi frequency until the spontaneous emission takes place, the mutual 

perturbations between the atoms and the field thereby resulting in the light shifts and 

light broadening. The magneto-optical trap is a manifestation of these diverse optical 

phenomena. The laser fields are single mode and the transition between the various 

hyperfine levels and Zeeman sublevels of cesium    line are used. In the next chapter, 

we will explore the physics of cooling and trapping the atoms using laser light. 

 

 



 
 

Chapter 3. Laser Cooling and Trapping of a 

Two-level Atom 

Light can be used to manipulate the atomic motion via transfer of linear momentum of 

photons to the atoms. Two kinds of radiative forces, namely, the dissipative and the 

reactive forces, are exerted on atoms respectively due to spontaneous and stimulated 

emission. The dissipative forces can produce the laser cooling of two-level atoms with 

red detuning and the reactive forces provide a relatively more efficient laser cooling 

mechanism with blue detuning. Both cooling mechanisms are Doppler limited, 

however, the blue-detuned has higher equilibrium temperature. In this chapter, the 

radiative forces and both the red and blue Doppler cooling mechanisms for a two-

level atom have been discussed. The laser cooled atoms can be trapped by 

simultaneously applying the light and magnetic fields in suitable configurations. The 

magneto-optical trap is a dissipative force trap of neutral atoms in which atoms as 

high as      can be cooled and trapped.  

3.1 Introduction 

The external degrees of freedom of atoms can be manipulated by transfer of photon 

momentum    ⃗  to the atom as recoils during resonant absorption-emission cycles [32, 

83].  

Since there are possible two kinds of emission i.e. spontaneous and stimulated 

emission, therefore, light can exert two kinds of kinematic forces upon the atoms [84, 

85]. During the absorption-spontaneous emission cycles, the maximum rate of 

momentum transfer to a counter-propagating atom is the maximum photon scattering 

rate   ⁄ ,   being the natural line-width of the excited state. Therefore, the maximum 

spontaneous or scattering force [86] exerted by a laser beam of wave vector  ⃗   upon 

an atom is     ⃗    ⁄ . This force is   dissipative in nature and is used for Doppler 

cooling of atoms down to a temperature        [87]. At low intensities, the 

stimulated emission is negligible and therefore the spontaneous force is dominant. 

However, as the laser intensity   is increased, the stimulated emission starts 
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contributing and the rate of photon-momentum transfer to the atom takes place at the 

corresponding Rabi frequency       √    ⁄  , where    is the saturation intensity for 

the relevant atomic transition. Depending upon the laser intensity, the stimulated or 

dipole force upon the atom can be made much higher than the corresponding 

spontaneous force.  However, this force is reactive in nature and can provide 

confinement of atom‟s position as well. From this position confinement, there results 

a very efficient laser cooling mechanism.  

In the following section 3.2, the expressions for average dissipative and 

reactive radiative forces will be derived from Heisenberg‟s equations of motion [9, 

11, 72, 88-90]. In contrast to the dissipative forces which are independent of the 

atom‟s position in the travelling laser beam, the reactive or dipole forces are position-

dependent across the Gaussian profile of the laser beam. In the section 3.3, laser 

cooling of a two-level atom interacting with a pair of counter-propagating laser beams 

(i.e. a standing wave) is discussed in the low intensity limit, where perturbative 

approach is applicable, as well as in the high intensity limit where non-perturbative 

treatment for the radiative forces is required. The former case is known as Doppler 

cooling or red cooling due to red-detuning whereas the later one is known as high 

intensity Sisyphus cooling or blue cooling due to the blue-detuning.  

Besides the cooling of atoms [91] down to extremely low temperatures   

      , there remains still another challenging job of the optical trapping of the 

atoms. The optical Earnshaw theorem (OET)  rules out an atom trap solely relying 

upon the scattering forces but allows an atom trap involving the gradient forces 

instead. Therefore, the optical dipole trap (ODT) can be realized in accordance with 

the OET, but the OET was circumvented by making spontaneous optical forces 

position-dependent in a magneto-optical trap (MOT). The problem of atom trapping 

has been discussed in section 3.5.  

3.2  Radiative Forces on a Two-level Atom 

Consider a two-level atom at rest interacting with a travelling laser wave. During an 

absorption-spontaneous emission cycle, on the average, the velocity of the c.o.m of  

atom will change by               ⁄ , so that the corresponding rate of the 

velocity change would be         ⁄      ⁄ . Therefore, the laser wave will exert a 
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mean radiative force                 ⁄   upon the atom due to the absorption-

spontaneous emission cycles. [29] 

During this atom-field interaction, the internal and external variables of the 

atom evolve over different time scales. Whereas the internal state of the atom 

typically evolves during the radiative lifetime      ⁄ , the motion of the atomic 

c.o.m. proceeds in such a way that the Doppler shift         (
 

 
)         under 

the effect of the mean radiative force   during      is on the order of   . [29]  

Therefore,  

        
 

 
 (3-1) 

and 

     
 

   
  

 

    
 (3-2) 

so that, 

    
    

 
  

    
   (3-3) 

i.e. the internal variables evolve much faster than the external variables provided the 

natural line-width is larger than the photon recoil energy         . Under this 

condition, the fast internal dynamics of the atom is assumed to proceed adiabatically 

during the slow c.o.m. motion of the atom. For cesium atoms interacting with a laser 

tuned to the      line (852.3nm), we have           ⁄      . Therefore, cesium is 

very suitable for Doppler laser cooling at this transition. 

According to the Ehrenfest‟s theorem, the force operator   ⃗ ̂  can be defined in 

terms of the momentum operator  ⃗ ̂: 

 ⃗ ̂  
  ⃗ ̂

  
 

 

  
* ⃗ ̂  ̂+ (3-4) 

where   ̂ is the Hamiltonian. The force operator  ⃗ ̂  is further assumed to depend upon 

the position operator  ⃗ ̂.  
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The mean radiative force  ⃗   ⃗   can be defined by simultaneously taking the 

average of the force and position operators as, 

 ⃗ ̂  〈 ⃗ ̂〉    ⃗   

 ⃗  ̂  〈 ⃗  ̂〉   ⃗  

(3-5) 

The force operator  ⃗ ̂ can be written as a sum of two parts as,  

 ⃗ ̂  〈 ⃗ ̂〉    ⃗ ̂   ⃗    ⃗ ̂ (3-6) 

where the fluctuating part   ⃗ ̂   ⃗ ̂  〈 ⃗ ̂〉 of the radiative force, known as the 

Langevin force, has two kinds of contributions: firstly, from the random photon 

recoils due to spontaneous emission and secondly, fluctuations in the number of 

fluorescence cycles in a given interval of time. The fluctuating part of the radiative 

force is responsible for the atomic momentum diffusion. The diffusion coefficients 

respectively from these two mechanisms can be shown to be: [29] 

       
 

 
    

  
 

   
 

     
 

 
    

  
 

   
       

(3-7) 

where   is a correction factor. For low intensity,     and predicts a sub-Poisson 

distribution of the fluorescence cycles. 

Fig. 3-1 shows schematically different subsystems and the interactions 

between them along with the respective Hamiltonians. The total Hamiltonian of the 

global system is given by 

 ̂   ̂   ̂   ̂    ̂   (3-8) 

Since the laser field here is treated classically as a c-number field, as: 

 ⃗  ( ⃗ ̂  )       ⃗ ̂    ⃗ ̂  cos         ⃗ ̂   (3-9) 

its Hamiltonian is not included. The two-level atom   is characterized by the 

Hamiltonian,  

 ̂   ̂ 
   

  ̂ 
   

 
  ̂ 

  
    | ⟩⟨ | (3-10) 

and the energy of the reservoir, assumed to be initially in the vacuum state, can be 
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Fig. 3- 1 Schematics of the interaction of atom   with laser field   and vacuum 

reservoir  ,   ̂   and   ̂     being the corresponding interaction Hamiltonians. 

 ̂  and  ̂  are the Hamiltonians of the atom   and the quantum vacuum 

reservoir   respectively. No Hamiltonian is included for the classical laser field 

  ⃗⃗ ̂   ⃗⃗ ̂   . Source: “Advances in atomic Physics: An Overview” by Claude Cohen 

Tannoudji and David Guéry-Odelin published by World Scientific (2011). 

 

expressed as the sum of the various   modes, as 

   ∑   

 

( ̂ 
  ̂  

 

 
) (3-11) 

where  ̂ 
    ̂   is the creation (annihilation) operator of a photon of energy    . The 

atom is coupled to the laser field by the interaction Hamiltonian, 

  ̂     ⃗⃗ ̂  ⃗    ⃗ ̂    (3-12) 

where  

 ⃗⃗ ̂       | ⟩⟨ |  | ⟩⟨ |  (3-13) 

is the electric dipole moment operator. Also, the Rabi frequency is assumed to be 

position-dependent and  is defined by: 

    ⃗ ̂       ⃗ ̂            ⃗ ̂  (3-13) 

Under the rotating wave approximation, the “anti-resonant” terms         | ⟩⟨ | 

      | ⟩⟨ | can be neglected and therefore, 

  ̂   
    ⃗ ̂ 

 
[    ( ⃗

 ̂)     | ⟩⟨ |      ] (3-14) 
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Similarly, the coupling of the atom with the reservoir is given by the corresponding 

interaction Hamiltonian: 

  ̂     ⃗⃗ ̂  ⃗   ⃗ ̂  (3-15) 

where the electric field  ⃗   can be expanded in the normal modes as, 

 ⃗ ( ⃗ ̂)    ∑  
 

  ̂        
  ⃗    ⃗   ̂       (3-16) 

with polarization     and momentum     of the photon;    √        ⁄  being the 

normalization constant. Likewise  ̂   , the terms  ̂ | ⟩⟨ | and  ̂ 
 | ⟩⟨ | will be 

neglected in   ̂   under the rotating wave approximation. 

The Heisenberg equations of motion for the center of mass position operator  ⃗ ̂ 

and the atomic momentum operator  ⃗ ̂ are given by: 

  ⃗ ̂

  
 

 

  
* ⃗ ̂  ̂+  

  

  ⃗ ̂
 

 

 
  

  ⃗ ̂

  
 

 

  
[ ⃗   ̂]   

  ̂

  ⃗ ̂
   ⃗⃗  ̂  ( ⃗ ̂  )   ⃗⃗  ̂  ( ⃗ ̂  ) 

(3-17) 

Therefore, the mean radiative force  ⃗  acting upon the atom can be obtained by taking 

the average of the force operator    ⃗ ̂  as, [29] 

 ⃗ ̂    ⃗⃗  ̂  ( ⃗ ̂  )   ⃗⃗  ̂  ( ⃗ ̂  ) (3-18) 

      so that 

 ⃗    〈  ⃗⃗  ̂  ( ⃗ ̂  ) 〉    〈  ⃗⃗  ̂  ( ⃗ ̂  ) 〉 (3-19) 

Since the contribution of    ̂   to the mean radiative force can be shown to be equal to 

zero [72],  

〈 ⃗⃗  ̂  ( ⃗ ̂  )〉    (3-20) 

therefore,  

 ⃗    〈  ⃗⃗  ⃗ ̂  ( ⃗ ̂  ) 〉  ∑ 〈 ̂  ⃗⃗      ⃗
 ̂   〉

       

 (3-21) 

Since the internal dynamics of the atom proceeds on a much shorter time scale 

than the external dynamics, therefore, any variation of the external variables can be 

neglected during the fast dynamics of internal variables of the atom. Conversely, 
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during the slow motion of the center of mass of the atom, the internal variables are 

assumed to have reached their equilibrium values before any detectable change in the 

external variables i.e.,  〈 ̂ 〉  〈 ̂ 〉  . Similarly, since the de Broglie wavelength of 

the atom       is much shorter than the wavelength     of the driving laser field, 

therefore, the atomic position operator  ⃗ ̂ can be replaced by its mean value   ⃗ . 

Consequently, the gradient of the laser field will become a c-number. Therefore, the 

mean radiative force at position  ⃗  becomes: [29] 

 ⃗    ∑ 〈 ̂ 〉    ⃗⃗       ⃗
    

       

 (3-22) 

Now, calculation of the steady state value of the dipole moment is equivalent 

to finding the steady state solution of the equation of motion of the density matrix  

  ̂              or the Bloch vector            for the internal dynamics of the 

atom. The components of the density matrix and the Bloch vector are related by: 

  
    

          
    

 
  

  
    

          
    

  
  

  
       

 
  

(3-23) 

with the 3 optical Bloch equations (OBE‟s) written in the matrix form as: 

(
 
 ̇
 ̇

̇
)  (

   ⁄   
     ⁄   
    

)(
 
 
 
)  (

 
 

  ⁄
) (3-24) 

or writing in more compact form 

   

  
          (3-25) 

Assuming that the Rabi frequency   is independent of time, OBE‟s form a set 

of three linear differential equations with time independent coefficients whose steady 

state solutions are given by             . Therefore, 

    
 

 

 

   
      

 

  

 

   
       

 

      
  (3-26) 

where        ⁄         ⁄  ⁄  is the saturation parameter and is proportional to 

the square of the Rabi frequency   . Since the saturation parameter   enters their 

denominator, these steady state solutions of the optical Bloch equations (OBE‟s) are 
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non-perturbative with respect to the driving field. The first two solutions, namely,     

and     can be used to find the steady state components of the atomic dipole moment, 

〈 ⃗⃗ ̂〉          cos     sin     (3-27) 

Also, the gradient term in the force expression above has two parts: the 

gradient of phase    ⃗   of the laser field and the gradient of the amplitude of the laser 

field or the Rabi frequency    ⃗  . Therefore, two different components of the mean 

radiative force which can be distinguished as, [29] 

 ⃗ ( ⃗   )     { ̂    ⃗⃗  ̂  ( ⃗   )}   ⃗         ⃗       (3-28) 

 

with 

 ⃗               ⃗⃗    ⃗  | ⃗   ⃗⃗  

 ⃗             
 ⃗⃗  

 
|
 ⃗   ⃗⃗ 

 
(3-29) 

The “dissipative force” is proportional to the phase gradient of the laser field 

and the component     of the atomic dipole moment and the “reactive force” is 

proportional to the amplitude gradient of the laser field and the reactive component 

    of the dipole moment.  

The dissipative component     is in quadrature with the driving field and 

corresponds to the “dissipative” response of the dipole. The reactive component     is 

in phase with the driving field and corresponds to the “reactive” response of the 

dipole. The dissipative and the reactive forces respectively vary as the absorption and 

the dispersive curves as a function of  . 

Consider a laser field in the form of a plane wave with wave vector  ⃗  , then 

 ⃗        cos         ⃗       (3-30) 

This field has constant amplitude    with zero amplitude gradient ( ⃗⃗      ) and 

position-dependent phase         ⃗      with a gradient of   ⃗⃗     ⃗  . Therefore, 

the reactive force becomes  ⃗        ⃗ . Therefore, the radiative force is entirely 

“dissipative” and is given by, 

 ⃗               ⃗⃗  ( ⃗ )| ⃗   ⃗⃗    ⃗       (3-31) 

Now from 3
rd

 OBE,  ̇        
 

 
 . In steady state,  ̇   , therefore,  



Chapter 3 Laser Cooling and Trapping of a Two-level Atom 

 

47 

 

      (    
 

 
) (3-32) 

Also, since       (   
      

  )  ⁄    and       
      

    ,  therefore, 

         
   (3-33) 

Hence, under steady state, the rate of absorption of laser photons by the atom is equal 

to the rate of spontaneous emission, which is quite a logical result. Therefore, the 

expression for the “dissipative force” takes the form, 

 ⃗          ⃗      
   (3-34) 

From 

   
   

 

 

 

   
 

  
   ⁄

      ⁄
 

(3-35) 

we can write, [29] 

 ⃗          ⃗   
   ⁄

      ⁄     ⁄
 (3-36) 

Therefore, at low laser intensity, the force is proportional to the laser intensity.  

At high intensity,  the force saturates with intensity and tends to a maximum value of 

   ⃗    ⁄  that is independent of intensity. At fixed laser intensity, the force varies 

with detuning       as a Lorentzian absorption curve with a width      

√     ⁄       ⁄  , centered at     . 

Physically, the “dissipative” force arises from the transfer of photon 

momentum during the absorption in the absorption-spontaneous emission cycle   ⃗   

and     
   is nothing but the number of such cycles per second. The spontaneously 

emitted photon does not contribute any momentum change to the atom on the average 

because of equal probabilities for spontaneous emission in opposite directions. 

Alternatively, it can be considered to result from the photon scattering process by the 

atom and hence the name “scattering force”. In case of stimulated emission of the 

photon by the incoming laser wave, the momentum contributions from the absorbed 

photons are cancelled by the momentum contributions from the emitted photons in 

opposite directions thereby resulting in zero average force exerted on the atom. 

However, in case of an atom simultaneously interacting with two laser waves along 

the orthogonal directions ( ⃗     ⃗   ), the atom might absorb a photon from wave 1 

and might undergo a stimulated emission by the wave 2, atomic momentum will 
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change by an amount    ⃗   ⃗     ⃗   . In one cycle, no energy is lost into the 

reservoir from the laser wave (due to                ; only a photon is 

effectively transferred or redistributed from laser wave 1 to laser wave 2 in a 

stimulated fashion. The sense of the redistribution from                is 

determined by the relative phase between the two waves at the atom‟s position  ⃗ . [29] 

The force arising from the redistribution of photons between the various 

travelling waves of laser light is the new force which is “reactive” in nature and is 

known as the “reactive force” or the “redistribution force”. The “reactive force” 

consists of absorption-stimulated emission cycles with   as a typical rate as compared 

with the “dissipative force”, which comprises absorption-spontaneous emission cycles 

with a rate limited by Г . That is why the reactive force, unlike the dissipative force, 

does not saturate with light intensity. 

It has been proved that a single monochromatic plane wave does not exert any 

reactive force upon the atom. However, one can superimpose several waves with 

different wave vectors to have a non-zero reactive force. The resultant force would 

then be proportional to the first steady state solution     of the OBE‟s and the gradient 

of the Rabi frequency   as, 

 ⃗             
 ⃗⃗  

 
|
 ⃗   ⃗⃗ 

 (3-37) 

Since 

    
 

 
 

 

   
     and       

   ⁄

      ⁄
 (3-38) 

and 

 

 
  ⃗⃗      

 ⃗⃗  

 
 (3-39) 

Therefore, [29] 

 ⃗        
  

 

 ⃗⃗   

      ⁄     ⁄
 (3-40) 

 It can be seen from this equation that the “reactive force”   ⃗       repels the 

atoms from the regions of high intensity for blue detuning (   ) and attracts the 

atoms towards the high intensity for red detuning (   ). Further, the reactive force 

varies as a dispersion curve as a function of the detuning having the width    

√     ⁄       ⁄  as that of the dissipative force. This behavior is similar to that of 
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an electric dipole below resonance and above resonance, hence the name “dipole 

force” for the reactive force. Maximizing the magnitude of the reactive force  | ⃗      | 

with respect to detuning and intensity gives, 

| ⃗      |   
    | ⃗⃗  | (3-41) 

The reactive or dipole force can be shown to be derived from a potential  , [29], as  

 ⃗         ⃗⃗   (3-42) 

where 

  
  

 
  *  

   ⁄

        ⁄
+ (3-43) 

If    , the maximum optical potential depth (        |     | ) increases 

indefinitely with intensity. The dipole force is therefore a conservative force. 

The physical interpretation of the dipole force can be conveniently visualized 

by using the dressed atom approach. When the atom is out of the laser beam, the 

eigenstates of the Hamiltonian       of the {                } system are 

uncoupled states |     ⟩ and |   ⟩ and when it is inside the laser beam, these 

eigenstates are the dressed states |    ⟩ and |    ⟩.  

 

 

 

Fig. 3- 2 The dressed states |    ⟩ and |    ⟩ for  a two-level atom at a given 

point   ⃗   for blue (   ) and red (   ) detuning of the Gaussian laser beam. 

The energy states of the combined „atom + photon‟ system connect respectively 

with the uncoupled and dressed states depending upon if the point    ⃗   lies inside 

or outside the laser beam. Source: “Advances in atomic Physics: An Overview by 

Claude Cohen Tannoudji and David Guéry-Odelin – (2011), published by World 

Scientific”. 
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The splitting between these energy levels is position-dependent i.e.  

  ̃                   ⁄  (3-43) 

due to the               of the Rabi frequency       across the Gaussian laser 

beam.  

The energies of the two dressed states,  |    ⟩ and |    ⟩ , are given by, 

       
 

 
 ̃     

        
 

 
 ̃     

(3-44) 

and the atom feels a gradient force respectively in each of these dressed states as, 

      ⃗⃗         
 

 
 ⃗⃗  ̃     

      ⃗⃗         
 

 
 ⃗⃗  ̃     

(3-45) 

Clearly, the atom experiences two opposite forces in the two dressed states i.e.   

         . Fig. 3- 2 shows the variation of the dressed atom energy levels  |    ⟩ 

and   |    ⟩ across the Gaussian laser beam for both the blue (   ) and red (   ) 

detuning.  

The mean value of the reactive force can be written as the average of these 

two position-dependent forces     and      respectively having the weights of the 

steady state populations     
   and     

   of the two dressed states: 

     
        

      (3-46) 

The populations    
   and    

   are proportional to the mean time spent in the 

corresponding levels. The size of the filled circles is proportional to the steady state 

populations of the two dressed states |    ⟩ and |    ⟩. The sign of the overall 

dipole force is dominated by the dipole force by the most populated level.  For blue 

detuning (   ), the state |    ⟩ is more populated because it couples to the more 

stable state |     ⟩ out of the laser beam. Also, since the state |    ⟩ has positive 

energy gradient across the Gaussian laser beam, therefore, the mean dipole force 

(effectively    ) will expel the atom away from the centre of the laser beam. For red 

detuning (   ), the state |    ⟩ is more populated because of its coupling with the 

stable state |     ⟩ out of the laser beam and that the state |    ⟩ has a negative 

energy gradient across the laser beam, therefore, the mean dipole force (effectively  
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Fig. 3- 3 Random fluctuations in the instantaneous dipole force acting on a two-

level atom due to switching between the two dipole forces  ⃗⃗   and  ⃗⃗   . Source: 

“Advances in atomic Physics: An Overview by Claude Cohen Tannoudji and 

David Guéry-Odelin – (2011), published by World Scientific”. 

   ) will attract the atom towards the centre of the laser beam, the region of the  

highest intensity. 

If the dressed atom, possibly a single atom interacting with a laser field, is 

initially in the state |      ⟩, it will experience a repulsive force     until it 

spontaneously emits a photon of higher energy       ̃   at a random time thereby 

jumping to |    ⟩, where it will experience an attractive force    . Similarly, an atom 

initially in the |    ⟩ state will continue to experience the attractive force     until it 

spontaneously emits a photon of lower energy        ̃  at some random time and 

jumps to the state |      ⟩, where it will once again experience the repulsive 

force    . Therefore, dressed atom randomly switches back and forth the sign of the 

dipole force during the spontaneous emission events which appear as fluctuations in 

the instantaneous dipole force as shown in Fig. 3-3. The lengths of time intervals    

and    spent in the respective dressed state are random. 

The fluctuations in the instantaneous reactive force lead to a diffusion 

coefficient        corresponding to the diffusion of the atomic momentum space, as 

       ∫   [〈             〉         
 ] 

 

 

 (3-47) 

where         is the two-valued instantaneous dipole force with mean value        .  
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At resonance, the diffusion coefficient is the maximum and can be easily 

estimated to be on the order of    times the correlation time   ⁄  of the instantaneous 

force  : 

         
(  ⃗⃗  )

 

  
 (3-48) 

Since the instantaneous force   scales as     , therefore, 

         
    

   

 
       

  (
 

 
)
 

 (3-49) 

It has to be compared with the diffusion coefficient due to the scattering or 

spontaneous emission force as, 

       
 

 
    

  
 

   
   

 

 
    

   (3-50) 

where           ⁄   is the saturation parameter.  

Whereas the        increases with light intensity almost linearly and 

indefinitely, the        increases with light intensity but saturates to a maximum 

value of           
   for very high intensity (      ⁄                    ). The 

diffusion coefficient is negligible far away from the resonance condition. 

 Therefore, the reactive and dissipative responses of an atom in the atom-field 

interaction do have distinguishable physical effects both in the internal degrees of 

freedom, like the shift (e.g. light shifts) and broadening (e.g. natural linewidth, power 

brodenings) of atomic levels, as well as in the external degrees of freedom, like the 

dipole and the spontaneous radiative forces. Because of their different nature, the two 

kinds of forces have got different roles in the laser cooling and trapping of neutral 

atoms. Whereas the dissipative force is used for laser cooling of atoms in the Doppler 

regime by weak intensity, red-detuned standing waves, the dipole force allows more 

effective laser cooling by the high intensity blue detuned standing waves. Further, the 

dipole force also promises for atom trapping by the far-off resonant high intensity 

lasers, known as FORT‟s. The magneto-optical trap (MOT), however, is essentially a 

spontaneous force atom-trap. 
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3.3  Laser Cooling of a Two-level Atom 

The radiative forces   ⃗  for an atom at rest (   ) can also be made velocity-

dependent   ⃗    .  These velocity-dependent forces are helpful for manipulating the 

velocities in a thermal distribution of atoms. The velocity distribution is generally 

given by a distribution function      defined by an average velocity 〈 〉 and a 

velocity spread    . If the distribution is Gaussian, it is possible to define an 

equilibrium temperature  . For non-Gaussian velocity distributions, however, an 

effective temperature can always be defined. Laser cooling of atoms consists in 

reducing the temperature   which can be essentially achieved by reducing both the 

average velocity 〈 〉 and the velocity spread     of an ensemble of atoms. The first 

proposals for laser cooling of trapped ions and atoms, collectively known as laser 

Doppler cooling, were respectively given by Wineland and Dehmelt [13, 41, 92, 93] 

and Hänsch and Schawlow [12, 94-96] in 1975. The mean dissipative force     , 

near    , exerted by a travelling laser wave upon the atom is given by, 

           (3-51) 

where    is the velocity-independent force and        is the friction force, which is 

velocity dependent, that can be used to damp the atomic velocity to zero if      .  

Here,     (for    ) is the damping coefficient: 

     
 

 

      
 

     

       ⁄  
 (3-52) 

where       ⁄         ⁄  ⁄  is the saturation parameter. For neutral atoms, the 

condition of       is achieved by using two counter-propagating laser waves of 

same intensity and frequency, as shown in Fig. 3- 4(a).  
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Fig. 3- 4 Laser Doppler cooling scheme. Source: “Advances in atomic Physics: 

An Overview” by Claude Cohen Tannoudji and David Guéry-Odelin published 

by World Scientific (2011). 

The force exerted on atom by wave 1: ( ⃗    ⃗  ) 

 ⃗         ⃗   
   ⁄

(   ⃗     )
 
     ⁄       ⁄  

 (3-53) 

The force exerted on atom by wave 2: ( ⃗    ⃗  ) 

 ⃗         ⃗   
   ⁄

(   ⃗     )
 
     ⁄       ⁄  

 (3-54) 

where,              is the red detuning of both waves and  ⃗            

where the       and       signs  correspond to the „counter-propagating‟ and „co-

propagating‟ atom with the two waves. 

For weak intensities of the laser waves and for small enough atomic velocities 

of the atom, so that the interference effects and the higher order Doppler terms  

       can be neglected, each wave acts independently upon the atom and the 
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resultant force  ⃗  acting upon the atom by the two waves is simply given by the vector 

sum of the two forces i.e.  ⃗   ⃗    ⃗  . Fig. 3- 4(b) shows the forces   ⃗   and    ⃗   

exerted by the two waves and their vector sum   ⃗  as a function of the atomic velocity 

  or the corresponding Doppler shift    . For an atom at rest        , and the two 

forces being equal and opposite just cancel out. Therefore, there is no net force    

acting upon the atom.  

For an atom moving with velocity   , due to Doppler shift, the counter-

propagating wave becomes closes to resonance while the co-propagating wave gets 

farther away from resonance. Therefore, the counter-propagating wave exerts a 

stronger force upon the atom than the co-propagating wave due to the enhanced rate 

of absorption-spontaneous cycles closer to resonance. Thus, due to the velocity 

dependent imbalance between the two opposite radiation pressure forces, a net force, 

known as the friction or damping force, is produced against the atomic motion. Since 

      for     , therefore, the direction of the damping force   ⃗       is opposite 

to that of      and its magnitude is proportional to  .  The cooling produced by this 

damping force is called the laser Doppler cooling. The damping coefficient for the 

two counter-propagating laser waves will be twice that of a single laser wave. 

Therefore, in the weak intensity limit, the saturation parameter      and 

        ⁄   , so that the Doppler force becomes, 

 ⃗         

      
    

      

       ⁄  
 

(3-55) 

The damping coefficient   is the maximum for      ⁄  ;          
     

so that the damping time       will be the minimum for     . The Doppler 

force  ⃗  has a capture range           of the atomic velocities defined by the 

capture velocity          ⁄ .  

The damping of the atomic velocity   (or momentum  ) by the Doppler 

cooling also leads to the reduction of its momentum dispersion      , as 
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|
       

  
 

 
      

(3-56) 

For    , the total momentum diffusion coefficient          for the atomic 

motion in two counter-propagating waves is given by, 

      
     

(3-57) 

which results in the heating of the atoms as, 

       

  
|
       

    (3-58) 

At equilibrium, the cooling and heating rates are equal. Also, for           at   

      ⁄ , we have 

     
      

   
    

 
        

so that   

      
        

Hence, an effective equilibrium temperature     can be defined by, 

       
      

 

  
     (3-59) 

Similarly, generalizing to three dimensions, the equilibrium temperature can 

be calculated in the weak intensities   (   ) limit, for any value of detuning       

as, 

      
  

 
(
 | |

 
 

 

 | |
) (3-60) 

which is minimum for       ⁄  as, 
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      |        
 

 
   (3-61) 

This is known as the Doppler limit of laser cooling of neutral atoms. The Doppler 

limit is equivalent to the statement that the minimum kinetic energy of the atom is 

essentially equal to the energy width of the cooling transition.  

The two counter-propagating laser waves might, however, interfere and form a 

standing wave which is characterized by zero phase gradient and non-zero amplitude 

gradients. Similar conclusion can be generalized to three dimensions comprising three 

pairs of orthogonally intersecting laser beams. It will form a    standing wave and 

the periodic character of the Rabi frequency   has to be taken into account. The force 

acting on the atom by three single laser waves along       and    axes is given by 

 ⃗  ∑ 〈  〉  
       

 ⃗⃗      ⃗
     (3-62) 

However, in the case of a pair of two-counter-propagating waves along each of the 

three axes, the mean dipole 〈  〉   here can be replaced by the sum of the mean 

dipoles induced by wave 1 and wave 2, provided the standing wave is weak enough. 

 ⃗  ∑  〈  〉  
   

       

 ⃗⃗    
   ( ⃗   )  〈  〉  

    ⃗⃗    
   ( ⃗   )  〈  〉  

   
 ⃗⃗    

   
( ⃗   )

 〈  〉  
   
 ⃗⃗    

   
( ⃗   )  

(3-63) 

Here, the “square” terms represent the radiation pressure forces exerted by each wave, 

independent of the other one and the “crossed” terms  represent interference effects 

between the two waves, as explained below.  

 For the motion of atom in the intense standing wave, the forces exerted on the 

atom depend on the intensity of the field and the velocity of the atom. By using the 

optical Bloch equations (OBE‟s), 

   

  
            (3-64) 
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Fig. 3- 5 Dressed-states of two-level atom in an intense standing wave for blue 

detuning      . Source: “Advances in atomic Physics: An Overview” by 

Claude Cohen Tannoudji and David Guéry-Odelin published by World 

Scientific (2011). 

where the Rabi frequency      and hence the Bloch matrix      is position-

dependent. In the low velocity limit (     ), at high intensity, the average friction 

force is   〈 〉     , where      for     , is given by 

  
 

 √ 
   

 
 

 

 

| |
 (3-65) 

i.e., cooling is observed for blue detuning (   ).  

The dressed atom approach can be very conveniently used to explain this laser 

cooling with blue detuning in an intense standing laser wave [97]. Fig. 3-5 shows the 

dressed states |    ⟩ and |    ⟩ of an atom interacting with an intense       | |  

and blue-detuned              standing wave formed by the interference of 

two counter-propagating travelling laser waves. 

The intensity and hence the Rabi frequency is modulated as,      

  sin       with a period of       ⁄ . The splitting   ̃     between the two dressed 

states, is maximum at the antinodes (      ⁄      ) and minimum at the nodes 

(     ⁄      ⁄   ) such that, 

  ̃            
 sin         

  ⁄  (3-66) 

It gives the depth of the position-dependent optical potential wells. Due to the 

intensity modulation, the radiative widths of the two dressed states are also 

modulated. However, in the high intensity limit, the splitting between the dressed 
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states always remains larger than the respective widths. Further, the radiative width of 

the dressed states increases on ascending branch of the light potential and vice versa 

as explained below: 

i. At the node, the dressed atom couples to the bare atom regime, i.e. 

|    ⟩  |     ⟩ |    ⟩  |   ⟩ (3-67) 

respectively having the widths,  

          (3-68) 

ii. At the antinode, due to high intensity, both dressed states become equal 

admixtures of the excited state |   ⟩ , thereby, resulting in equal radiative 

widths of the two dressed states as, 

     ⁄       ⁄  (3-69) 

For a localized atom, the radiative width of the dressed states varies symmetrically 

about the nodes or antinodes of the standing wave. Moreover, for larger radiative 

width, there will be the lesser steady state population        of the dressed state and  

 

 

Fig. 3- 6 For an atom at rest, the steady state populations are symmetric with 

respect to the maximum of the standing wave. However, for a moving atom, the 

steady state populations become asymmetric with respect to the maximum of the 

standing wave. Due to blue detuning      , the dipole force is directed away 

from the maximum of the light potential. Source: “Advances in atomic Physics: 

An Overview” by Claude Cohen Tannoudji and David Guéry-Odelin published 

by World Scientific (2011). 
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vice versa. Therefore, the population        will be minimum at the antiodes and 

maximum at the nodes i.e. the population decreases up the potential hill and increases 

down the potential hill. The steady state population        of the dressed states varies 

symmetrically about the nodes or the antinodes of the intense standing wave as shown 

in Fig. 3- 6. 

The magnitude of the dipole force exerted upon the atom by intense the 

standing wave at a position   is proportional to the steady state population         of 

the dressed state at that position    and the direction of the dipole force at position   is 

against the gradient of the potential at the position  . Therefore, for an atom at rest 

lying symmetrically about the antinode (at     ) at positions       and       ,   since  

                   , the dipole force will be equal and opposite and therefore will 

cancel out to zero when averaged over the spatial period of the standing wave i.e.  

   ⁄  .  

 For an atom moving with a small velocity    , such that        , however, 

there is a time lag        between the internal and external variables since the atom 

moves a distance           during this time. Therefore, the steady state population  

        at position    will be actually the steady state population             which 

was at an earlier time    : 

                     (3-70) 

Since the population decreases for an atom moving up the rising edge of the potential 

in an intense blue-detuned standing wave,  

                          

and decreases for an atom moving down the falling edge of the potential, 

                           

therefore,   

                      (3-71) 

However, the retarding dipole force on the rising edge is stronger than the 

accelerating dipole force on the falling edge of the potential. Therefore, the dipole 
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force exerted on a slowly moving atom in an intense standing wave is a non-vanishing 

retarding force when spatially averaged over one laser wavelength     .  

By expanding                and                in powers of        ⁄  

and averaging over the spatial period of the standing wave, the average dipole force  

〈 〉   exerted on the atom is given by, 

〈 〉            (3-72) 

where       is the damping coefficient due to blue-detuned, intense  (     )  

standing wave, 

           
 
 

 
 (3-73) 

which is much higher in comparison with the damping coefficient     due to red-

detuned, weak (   ) standing wave as, 

          
   (3-74) 

Therefore, blue cooling for the damping of atomic velocity is very efficient as 

compared with the red Doppler cooling.  But, the equilibrium temperatures achievable 

with blue cooling are much higher than the limit of the red Doppler cooling due to the 

stronger fluctuations of the dipole forces. 

Consider now an atom moving with a velocity   which is large enough that 

the atom can travel many wavelengths during the lifetime      of the excited state  

           , but low enough to avoid the non-adiabatic transitions between the 

dressed states. In the high intensity limit        | |   and blue-detuning      

         , the laser cooling of such an atom in a standing wave is known as high 

intensity Sisyphus cooling, which yields higher equilibrium temperatures than the 

Doppler limit. Fig. 3-7 shows the one-dimensional blue detuned, high intensity 

Sisyphus cooling in standing wave with a potential depth given by     ̃    

        
 sin         

  ⁄ . 
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Fig. 3- 7  High Intensity, Sisyphus cooling of a two-level atom in an intense blue-

detuned (   ) standing wave. The atom is fast enough to travel many laser 

wavelengths      during the lifetime     of the excited state i.e.             . 

The dashed lines indicate the uncoupled states  |     ⟩  and   |   ⟩. Source: 

“Advances in atomic Physics: An Overview” by Claude Cohen Tannoudji and 

David Guéry-Odelin published by World Scientific (2011). 

For both types of the dressed states  |    ⟩ and |    ⟩ , the radiative width 

and hence the spontaneous emission probability is maximum at the top of the 

potential hills. For a blue detuning        , the probability for spontaneous emission 

jump from the state |    ⟩ to the state |    ⟩ is maximum at the antinodes of the 

standing wave. Similarly, the probability for spontaneous emission jump from the 

dressed state  |    ⟩ to the dressed state |    ⟩ is maximum at the nodes of the 

standing wave. Between two successive jumps the atom in either dressed state, |    ⟩  

or   |    ⟩ , performs the absorption-stimulated emission cycles. The photons are 

absorbed by the atom from the one laser beam and are re-emitted into the other beam 

in a stimulated manner. However, this re-distribution of laser photons results into the 

decrease of the atomic momentum as explained below. 

While moving in the dressed state |    ⟩ , the atom gains potential energy at 

the expanse of its kinetic energy while climbing up the potential hill which is then 

dissipated by the spontaneous emission of a photon of higher energy        ̃ ,   ̃ 

being the optical potential depth. After spontaneous emission, the atom finds itself 
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into the valley of potential hills in the state |    ⟩ . The atom climbs up the potential 

hill again and gains potential energy at the expanse of its kinetic energy and then 

emits a photon of lower energy         at the maximum potential and so on. In 

both cases, the energy of the emitted photons is higher than the energy of the 

absorbed photons. The atom might not, however, emit a photon at the maximum 

potential, but continue its motion. In that case, after passing through the minimum 

potential, atom might emit a photon spontaneously again when it reaches the top of 

the next hill. Therefore, between these two successive spontaneous emission jumps, 

the atom has undergone “uphill” more (2 times) than “downhill” (once). Therefore, 

like Sisyphus in Greek mythology, the atom runs up potential hills more frequently 

than down thereby dissipating its kinetic energy into the environment via spontaneous 

emission. That is why the new cooling mechanism is also referred to as Sisyphus 

cooling. After each Sisyphus cycle, the total energy   of the atom decreases by  

    ̃, which is equal to the optical potential depth. Also, the energy of the field 

increases by     ̃. Therefore, the stimulated emission laser cooling at higher 

intenbsities is expected to be more efficient.  

Therefore, a two-level atom can be laser cooled to quite low temperatures 

     by different cooling mechanisms depending upon the intensity and detuning 

of the laser beams. For weak intensity and red-detuning of the laser beams, Doppler 

cooling of the atom is possible. Due to low intensity, the standing wave can be 

ignored and each laser beam is assumed to exert an independent radiation pressure 

force upon the atom and the total force being given by       , where the damping 

coefficient      
    is positive for red detuning (   ). Doppler cooling has a 

limit on the equilibrium temperature given by            . For a high intensity 

standing wave, the dipole force is responsible for cooling such that the damping 

coefficient   is positive for blue detuning     . The blue laser cooling is much 

more efficient than the red laser cooling, since              . However, the 

equilibrium temperatures for the blue laser cooling are much higher than the Doppler 

limited temperature. This is also known as high intensity Sisyphus cooling and was 

first time observed by Aspect et al. [98]  in the strong collimation of an atomic beam 

for       and         as the maximum Rabi frequency 
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3.4  Optical Molasses 

The laser cooling of atoms can be realized experimentally in an optical molasses. An 

optical molasses is essentially an arrangement of six orthogonally intersecting laser 

beams, interacting with atoms under quasi-resonant conditions. The laser beams 

should have same intensity per beam. An atom with velocity   which enters into the 

intersection region of the six laser beams experiences a velocity-dependent viscous 

damping force        and is cooled to the Doppler or sub-Doppler temperatures, 

depending upon the intensity, detuning and polarization of the laser beams [99-104]. 

There are several methods for measuring the temperature of these laser-cooled atoms, 

like time-of-flight (TOF), release-and-recapture method etc. [105-107]   

  The Doppler cooling of atoms is observed with negatively detuned (     ) 

weak laser beams (      ), where    is the saturation intensity of the atomic 

transition involved.  The laser beams are plane polarized. In principle, for Doppler 

cooling, there is no particular condition imposed upon the polarization of the opposite 

laser beams because each beam acts independently upon the atom. Moreover, each 

atom behaves as a two-level system and only the dissipative or spontaneous forces are 

considered to be responsible for cooling. The high intensity Sisyphus cooling is also 

observed in optical molasses with blue detuning (     ) where the motion of a two-

level atom in intense standing wave is considered so that the intensity maxima and 

minima become significant. The damping coefficient for blue Sisyphus cooling is  

 

Fig. 3- 8     Optical Molasses. The atoms, during their random Brownian 

motion, while passing through the molasses are subjected to strongly damping 

viscous forces and dissipate their kinetic energy. Source: 

http://www.colorado.edu/physics/2000/bec/lascool4.html 

http://www.colorado.edu/physics/2000/bec/lascool4.html
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much higher than the damping coefficient for red Doppler cooling. But since the 

dipole or gradient forces are responsible for cooling, which have much larger 

fluctuations as compared with the weaker radiation pressure forces, therefore, the 

equilibrium temperatures much higher than the Doppler limited temperatures can be 

achieved. The blue Sisyphus cooling differs from the red Sisyphus cooling in that 

whereas in the former case, the atom climbs as a two-level system, up the potential 

hills formed by the intensity modulation of the dressed states; in the later case, it 

climbs as a multi-level system, up the potential hills formed by  spatial modulation of 

the light polarization.  

The damping or friction coefficients and the equilibrium temperatures for the 

two kinds of laser cooling mechanisms for two-level atom in an optical molasses can 

be compared as follows: [29] 

                                    &                                

During their random Brownian motion, when the atoms come across the 

region of intersection of the laser beams i.e. an optical molasses, their motion is 

highly retarded due to the velocity-dependent viscous damping forces.  Due to this 

damping of atomic velocity, the transit time across the molasses region can increase 

by             of magnitude and can be as long as          , Fig. 3- 8. Despite such 

long confinement times, an optical molasses cannot be declared to have trapped the 

atoms. Whereas the damping force in an optical molasses does have the velocity-

dependence, it lacks the position-dependence of the restoring force which is required 

in order to trap the atoms.  

Moreover, the prospects for realization of an atom trap by using only the 

radiation pressure confining forces are quite low because of optical Earnshaw theorem 

(OET) which states that a scattering force trap is impossible provided the scattering 

force is proportional to the laser intensity whose proof quickly follows from   

   ⃗             . Since the inward flux of lines of force equals the outward flux, 

there cannot be a region of space where all force lines point inward to a stable 

trapping point without any outward flux of lines. However, the OET can be 

circumvented [21] by using the time-varying intensities or frequencies and exploiting 
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the internal degrees of freedom of the atoms in order to realize a spontaneous force 

trap as discussed in section 3.5. 

3.5 Atom Traps 

The key idea underlying the optical Earnshaw theorem (OET) is that the divergence 

of the Poynting vector of a static laser beam must be zero, in the absence of sources or 

sinks of radiation, which also implies that the scattering force should have the zero 

divergence [19]. Application of OET to the four-beam tetrahedral and the six-beam 

cubical configurations of the atom trap proved that these proposed traps were 

inherently unstable if relying only upon the scattering forces. OET can be further 

generalized in that the optical fields can have arbitrary geometries and the particles to 

be trapped are dipolar and are of arbitrary shape, provided the particle dipole varies 

linearly with the electric field. An important corollary of OET is that the gradient 

forces are necessary for traps. In order to realize a deeper trap, the gradient force 

contribution has to be maximized and the scattering force contribution has to be 

minimized. 

 Therefore, in compliance with OET, the simplest atom trap can be realized by 

focusing     of optical power of a far detuned (          ) Gaussian laser 

beam into the laser cooled atoms in an optical molasses. This is known as optical-

dipole-trap (ODT) and has a maximum depth of        . The ODT can trap only a 

few thousand atoms in a very small volume (            ) [108]. Let   and   are 

respectively the radial and axial directions of the focused Gaussian laser beam and if 

the thermal energy of the trapped cloud is small compared to the depth      

   | |⁄    and      , the atoms would experience a harmonic confining potential: 

         *   
   

  
 
 
  

   
+      

 

 
   

    
 

 
   

    (3-75) 

where      is the beam waist of the Gaussian beam,        
  ⁄  its Rayleigh length 

and   the wavelength of the dipole laser. Since       ⁄     ⁄   , therefore, the 

single beam dipole trap is very anisotropic. An advantage of the ODT is that it can be 

reliably used as an optical tweezer [109] in order to transport the atoms from one 

place to another simply by translation of the focusing optics. However, ODT does 

have the disadvantages of smaller volume and hence lesser number of trapped atoms,  
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Fig. 3- 9  Basic configuration of a spontaneous force trap using       optics.   

Source: Phys. Rev. Letters, Pritchard et al.  [21].  

high laser intensities involved and hence heating problems and quite shallow traps   

      . Therefore, there remains a permanent quest for a spontaneous force atom 

trap which can promise large trap volumes        and accordingly large number of 

trapped atoms       with nominal laser powers         .  

In order to realize an optical trap for neutral atoms which relies solely/mainly 

upon the dissipative spontaneous forces, there is a need to circumvent the strictness of 

the optical Earnshaw theorem (OET) by removing the linearity between the restoring 

force which is necessary for an atom trap [21]. Among the many possibilities, there 

are two proposals which promise the stable traps and are simple to implement. Both 

these proposals exploit the internal degrees of freedom of the atom. In the first 

proposal, an external magnetic field is used to shift the resonant frequency of the 

atom. In the second proposal, optical pumping is used to prepare the atoms in a state 

where the spontaneous force becomes a restoring force. 

Fig. 3- 9 shows the basic trap configuration to be used for these proposals. 

Two counter-propagating laser beams (    and    ) are focused at two different points 

     and      along         so that a large trap volume (shown hatched) can 

be realized. The         being the axis of symmetry and the trap being already 

stable in           ; only its stability along the        has to be ensured. There is 

no force at      . The trap will be stable along         provided an atom located 

at        can be shown to absorb photons more strongly from the laser beam     
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when compared with the laser beam    even though                for        . 

Reverse arguments will follow for an atom located at      .  

In order to implement the first proposal for a stable spontaneous force trap, a 

magnetic field gradient         ⁄   is applied along the   ̂  direction in Fig. 3- 9. 

Suppose that the laser beams     and    are respectively detuned towards the blue and 

red side of the resonance frequency of the atomic transition of             atom. As 

the atom moves towards       , its transition resonance frequency is Zeeman tuned 

towards blue and while the laser beam     gets closer to resonance, the laser beam    

gets farther from the resonance. When the magnetic field gradient is made sufficiently 

large so that for an atom located at any point           , the increased absorption 

of photons from the     beam becomes larger than the decreased absorption of photons 

from the     beam, despite the intensity offset, there results net spontaneous force 

acting back towards      . Hence a restoring force is produced along the     ̂  

direction acting upon the atom. Similarly, for an atom located at any point      

   , there results a restoring force along the     ̂ direction. Therefore, this trap is 

stable along    ̂ .  Since this trap is already stable along the   ̂  and   ̂ , therefore, it is a 

stable spontaneous force light trap. Hence the spontaneous force trap has been proved 

to be a stable trap in violation of the OET by shifting the atomic resonance frequency 

using dc external fields. 

Similarly, the second proposal for the stable spontaneous force trap can be 

implemented [110] as follows. Suppose that the laser beams in Fig. 3- 9 have opposite 

angular momenta e.g.      for     beam and      for     beam. Consider an atomic 

transition where the          quantum number of the excited state is less than that of 

the ground state e.g.,                         transition in a cesium atom as 

shown in Fig. 3- 10 with relative probabilities of the various transitions between the 

Zeeman sublevels. An atom located at a position      , will be optically pumped to 

the ground state Zeeman sublevel         quickly by absorbing the      photons 

of the intense   beam. Afterwards, it can only absorb a      photon from the weaker   

beam and get excited to the        sublevel from where it has the highest 

probability of decaying back to the       sublevel. Therefore, the atom will 

preferentially absorb more      photons from the weaker     beam which is directed  
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Fig. 3- 10 Relative probabilities for the                          

transition in Cs atom. Source: Phys. Rev. Letters, Pritchard et al.  [21]. 

left. Therefore, the atoms will experience a restoring force (i.e. spontaneous force) 

along      ̂   towards the centre of the trap. 

In a similar way, the atom located at a position       will be optically 

pumped by the stronger L beam and will afterwards experience a restoring force by 

the weaker R beam along     ̂ again towards the trap centre. Hence, the spontaneous 

force trap is again proved to be stable in violation of the OET by optically pumping. 

Because of the peculiar intensity dependence, both beams have to be tuned above the 

resonance of the atomic transition in order to ensure longitudinal velocity damping. It 

weakly results in transverse heating of the atoms thereby requiring the weak “optical 

molasses” beams along the   ̂  and   ̂ . Therefore, the OET has been successfully 

circumvented in the two proposed configurations above in order to produce stable 

spontaneous force traps. 

The variations of both these configurations in    with minor modifications 

have been experimentally demonstrated in the laboratory. The variation of the first 

proposal is known magneto-optical trap (MOT). Similarly, the trap relying on optical 

pumping (TROOP) is the variation of the second proposal. The first MOT was 

demonstrated by Raab and Pritchard [22]; the first TROOP was demonstrated by Jean 

Dalibard [110]. However, we will only discuss the magneto-optical trap (MOT), its 

basic principle,    configuration and a few characteristics will be discussed here. 

Jean Dalibard is considered to be the pioneer of the MOT idea since he gave this idea 

to Dave Pritchard sometimes in 1986 in a private communication!   

Fig. 3-11 explains the basic principle of MOT idea which is based upon the 

Zeeman shift of the atomic levels in weak-to-moderate magnetic fields and the optical  
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Fig. 3- 11 Principle of     magneto-optical trap (MOT): A two-level atom, with   

      and        , is subject to an inhomogeneous magnetic field           , 

where         ⁄  is the magnetic field gradient. Two red-detuned   (    ) 

laser beams having equal intensity and orthogonal circular polarizations       

and      simultaneously interact with the atom. 

pumping selection rules of these levels.Consider a two-level atom, with         and   

     , subjected to an inhomogeneous magnetic field varying linearly in space along 

the z-axis as              , where         ⁄  is the magnetic field gradient. 

The ground state      has no Zeeman shift or splitting. However, the excited state  

      is Zeeman split into three sublevels corresponding to            . This 

atom is allowed to interact simultaneously with two red-detuned   (    ) laser 

beams of equal intensity and orthogonal circular polarizations       and     . The    

beam can only excite the atomic transition |        ⟩    |         ⟩ 

corresponding to the selection rule        . Similarly, the     beam can only 

excite the atomic transition    |        ⟩    |         ⟩ corresponding 

to the selection rule        . Both       and      laser beams are resonant to their 

respective transitions at different locations          provided the atom is assumed to 

be at rest       as shown and explained in Fig. 3-11. Therefore, at       

position, the       beam creates a resultant restoring force directed towards the 

position       . Similarly, at position         , the      beam creates a resultant 

restoring force towards the trap centre    . Hence, an atom will always experience a 

restoring force towards the trap centre   whenever it is placed at a position      .  

Likewise, for an atom located at rest at position       , the forces exerted by 

the two beams are equal and opposite and therefore cancel. However, this balance is 

broken as soon as the atom starts moving towards in either direction e.g. for an atom  
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Fig. 3- 12 A quadrupole magnetic field is used in a 3D magneto-optical trap 

(MOT). The magnetic field gradient along the z-direction is twice the gradient 

along the x-, y- directions near    . 

moving towards right (   ) with a velocity      and at an instantaneous position 

at      , the      beam is almost in resonance with the atomic transition for          

whereas the       beam has a detuning equal to     from the transition for         . 

Therefore, the      beam will exert a larger force upon the atom as compared with the  

    beam. Moreover, this force is directed towards the centre     of the trap. 

Similarly, for an atom moving towards left   (   ) with a velocity      , the       

beam will exert a larger force upon the atom towards the trap centre  . Therefore, the 

MOT qualifies as a stable trap configuration.  

The MOT can be generalized to      for the atoms with       ⁄  such that  

        in order to ensure a cyclic atomic transition   [18, 29, 111, 112]. Two 

coils in anti-Helmholtz configuration (i.e. the two coils carrying equal and opposite 

currents      and     ; spacing      between the coils is equal to the radius     of the 

coils) can be used to produce quadrupole magnetic field which has      at a point 

on the axis of the coils. For           , close to      , the magnetic field 

gradient along the axial direction is twice the gradient along the radial direction i.e.,   

     ⁄        ⁄         ⁄   (Fig. 3-12).  

The configuration of a    MOT is effectively a six-beam optical molasses 

upon which a quadrupole magnetic field is superimposed as shown in Fig. 3-13. For 

alkali atoms, the cycling transition corresponds to the transition                
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Fig. 3- 13 Standard    MOT using six beams configuration 

as shown in Fig. 3-14. However, because of an off resonance excitation, the cycling 

light can also populate the         state so that atoms can be transferred to the lower 

hyperfine state where they become „dark‟ to the cycling light. In order to optically 

pump the dark atoms back to the cycling transition, a re-pumping laser beam is also 

used between the lower hyperfine level and one of the Zeeman sublevels of the 

excited state,                . 

For cesium MOT, the cycling light is tuned to the transition   |          ⟩   

to   |          ⟩ and the re-pumping light is tuned to the transition   |          ⟩   

to   |          ⟩ .  

For weak standing wave, low atomic velocities and weak to moderate 

magnetic fields with gradient             , the force can be expanded near       

and the equation of motion of an atom in the MOT can be written as, [22] 

               (3-76) 

Here,           is the damping coefficient and      is the spring constant, given by 

      
    

      

       ⁄  
   

    

  
  (3-77) 

where     (         )       is the effective Bohr magnetron of the excited 

state. Thus the effects of position and velocity are decoupled for slow atoms near the  
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Fig. 3- 14 General Scheme for alkali‟s MOT 

trap centre. The equation of motion of an atom in the MOT can, however, be put in 

more convenient form as, 

 ̈        ̇          (5-78) 

which is the equation of motion of a damped harmonic oscillator with a damping 

constant         ⁄  and oscillation frequency       √  ⁄   where   is the 

mass of the atom. Here,      stands for the position coordinate along any of the three 

coordinate axes i.e.            . Therefore, the motion is over-damped with 

typical values of              and                .  

 The MOT is characterized by large capture volume, large capture range 

                 and high number of trapped atoms             at density of   

        . At such high density, there is a non-zero probability of the re-absorption of 

a spontaneously emitted photon by the trapped atoms which creates a repulsive 

Coulomb type force [26, 27]. It decreases the spring constant of the MOT and 

therefore results in an increase in its size. Due to this, the MOT expands at high laser 

intensities. Usually, the temperatures attained are Doppler-limited         , 

although sub-Doppler temperatures have also been observed in magneto-optical 

traps.. It shows that the Doppler cooling of a two-level atom is the dominant cooling 

mechanism in a MOT. The MOT is a necessary starting point of the Bose-Einstein 

condensation (BEC) [113-118] and for all the advanced experiments in the fields of 

atomic [117, 119-123] and quantum physics [124-128]. 
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3.6  Chapter Summary 

Therefore, the lasers can be used to manipulate the atomic motion in order to cool the 

neutral atoms to the temperatures as low as         . In the simplest kind of cooling 

mechanism, known as Doppler cooling, the photon transfers its linear momentum    ⃗   

to the two-level atom during the absorption-spontaneous emission cycle and the 

lowest achievable temperature is determined by the natural line-width of the excited 

state. The atom trap was a long standing dream of the physicists which eventually 

came true with the advent of an optical dipole trap (ODT) at Bell Labs. However, 

soon the magneto-optical trap (MOT) was realized which quickly replaced the ODT. 

Today, the MOT is the most widely used source of cold atoms in 25 countries around 

the world including Pakistan, for carrying out the atomic, molecular and optical 

physics experiments. 

 

 

  

 



 
 

Chapter 4. Experimental Setup and Methods  

 

The amplified diode laser systems with optical powers in excess of        and line-

width under       are now commercially available in the wavelength 

range             . The well-known     and     lines of rubidium and cesium 

lie in this range. Therefore, if someone is planning to develop an atom trap of     or  

   atoms, then these narrow linewidth, high power diode laser systems are the best 

choice. Moreover, the control electronics including the current and temperature 

controllers and the locking techniques based upon the lock-in detection (LIR 100) 

have become greatly simplified and user-friendly for stabilizing and locking these 

lasers to the atomic transitions or to a reference cavity. The tunable accousto-optical 

modulators allow to tune the lasers with a resolution as high as        . Concerning 

the vacuum setup, the small glass cells, fabricated from BK7 and quartz, with 

precision high quality optical windows are also commercially available in which 

ultrahigh vacuum               can be easily achieved with a turbo-molecular 

pump followed by a getter ion pump of nominal size. It is strongly recommended to 

use only the CF flanges in the vacuum line however.  The simplest optical diagnostics 

for probing the cold trapped atoms are the photodiode and ccd camera. An analysis of 

the loading curves of the magneto-optical trap can reliably reveal the trap-dynamics 

including the capture rate, steady state number of trapped atoms and the background 

collisional losses. An estimate of the size of the cloud of trapped atoms allows the 

determination of the density of trapped atoms, cross-section for intra-trap light 

induced collisions and spring constant of the trap. In short, developing a magneto-

optical trap now has become a wonderful physics experience now a days for someone 

provided money is no problem.   
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4.1 Laser Systems and Control Electronics  

4.1.1 Cesium MOT scheme 

According to the scheme of cesium MOT shown in Fig. 4-1, both the trapping and the 

re-pumping lasers are tuned to the cesium    line at           However, these lasers 

differ in the respective hyperfine levels involved in the ground state as well as in the 

excited state. The trapping laser is tuned to the transition    |          ⟩  to  

|          ⟩  and the re-pumping laser is tuned to the transition   |          ⟩  to  

 |          ⟩ . 

In principle, the trapping transition here is a cyclic transition. An atom once 

excited to the level |           ⟩  only returns to the   |          ⟩ . However, 

since the adjacent level  |           ⟩  is close to the level  |           ⟩  within 

the Doppler profile of the cesium atoms at room temperature, therefore, it will also be 

excited by the trapping laser.  Because of the transition  |          ⟩  

|           ⟩, the ground state hyperfine level  |          ⟩  will be eventually 

depleted and all the ground state population will be transferred to the hyperfine level  

|          ⟩  and will become        to the trapping laser.  The re-pumping laser 

will however bring those        atoms back into „light‟ with the cyclic transition of  

 

Fig. 4- 1 Cesium MOT scheme. The trapping laser is tuned to the transition    

|          ⟩   to  |           ⟩  and the re-pumping laser is tuned to the 

transition   |          ⟩  to   |           ⟩ . 
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Fig. 4- 2 The MOPA configuration used in  amplified diode laser systems 

the trapping laser. The re-pumping laser is blue shifted with respect to the trapping 

laser by a frequency difference equal to the ground state hyperfine splitting between 

the levels   |          ⟩  and  |          ⟩ . 

In our experimental setup, both the trapping and the re-pumping lasers are the 

amplified diode laser systems in the MOPA (master-oscillator-power-amplifier) 

configuration manufactured by M/S Toptica Photonics AG, Germany. The master 

oscillator for each MOPA is a DL100 system locked to the respective atomic 

transition via saturation absorption spectroscopy (SAS) signal. The power amplifier is 

a tapered amplifier seeded by the master laser beam. The master oscillator has to be 

protected against the fluorescence of the high power amplifier by inserting an optical 

isolator providing      isolation. The optical isolator is also known as Faraday 

rotator. Fig. 4-2 shows the schematics of a typical MOPA used in our setup. 

The MOPA for re-pumper laser consists of two independent laser sub-systems, 

namely, DL100 and Boosta connected by a single-mode optical fiber whereas the 

MOPA for the trapping laser consists of single integrated laser head comprising 

DL100, tapered amplifier, beam shaping optics and the necessary optical isolation. 

However, all these lasers are operated by the standard electronic control modules for 

current and temperature and the master lasers are locked to the atomic transition by 

the Toptica‟s standard lock-in regulator (LIR).  These subsystems have been 

discussed briefly in the following subsections. More detailed information is available 

in the Toptica‟s user manuals for these systems. 
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4.1.2 Master Oscillator - DL100 System 

Toptica‟s DL100 system is a grating-stabilized extended cavity diode laser (ECDL) 

system allowing mode-hop free tuning range of          . With Toptica‟s standard 

temperature and current controllers and piezo-driven grating feedback, the line-width 

of the DL100 laser system is typically         . The available laser output power 

can be in the range of a few            to a few       . The tuning range of 

master oscillators of the MOPA‟s in our setup is typically         and can be easily 

tuned to cesium    line (       )  by tuning the grating, temperature and the current 

controllers.  

4.1.3 Power Amplifier – Boosta System 

Toptica‟s Boosta system is a stand-alone MOPA equipped with the tapered amplifier 

(TA) chip and an optical isolator. The seeding of the master oscillator DL100 system 

is injected into the Boosta by using a single mode optical fiber and two fiber-coupling 

docks on both ends of the fiber. The power of the laser output from the power 

amplifier varies linearly with the laser power of the seeding master oscillator but 

shows saturation at high seeding power. With a seed power of     , TA chip is 

designed to deliver a maximum power of        and 500mW respectively before 

and after the optical isolator. With a nominal seeding of      , the Boosta system 

can deliver a laser output of       . The beam profile of the amplified output beam 

has a Gaussian intensity profile along the slow and fast axes. 

4.1.4 MOPA - TA100 System 

Toptica‟s TA100 system is an integrated MOPA with built in DL100 system, tapered 

amplifier (TA), beam shaping optics and necessary optical isolation. The master laser 

can be tuned from           to          with a maximum laser power of 150mW. 

The tapered amplifier of the TA100 system delivers a maximum of        laser 

power with a seeding laser power of 42mW. The amplified beam spot is symmetrical 

and has Gaussian intensity profiles along both the axes. The TA100 system has built-

in options of RF modulation via a bias-T (        ) and an FET (       ). 

4.1.5 DCC 110 Current Control 

Toptica‟s DCC 110/500mA is a precision current control module offering a maximum 

current of 500mA with a stability of      over a wide band                  .  
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4.1.6 DTC 110 Temperature Control 

Toptica‟s DTC 110 temperature control module offers a temperature stability of   

        by using a      thermistor and a     thermoelectric cooler (TEC). 

4.1.7 SC100 Scan Control 

Toptica‟s SC110 HV scan control generates a triangular wave over a frequency range 

of       to       with adjustable amplitude from        . The output of SC110 

is fed into the grating piezo, and an attenuated signal is simultaneously added to the 

laser current via “feed forward” option. The simultaneous control of the grating angle 

and the current results in the continuous scan of the master laser over a range of  

       , as shown in Fig. 4- 3.  The “red” trace is the output of the SC100 being 

fed directly to the piezo knob of the grating mount. The “blue” trace is the output of 

the scanning Fabry-Perot_Interferometer with an FSR of 1GHz. Clearly, the scanning 

range of the laser is 23GHz being equal to the number of etalon fringes over the rising 

voltage ramp from 0V to 88V. 

 

 

 

Fig. 4- 3 Frequency scan of a DL100 master oscillator using a Toptica‟s SC110 

module.   
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(a) 

 

(b) 

Fig. 4- 4  (a) Toptica‟s control and locking electronics including DCC 110, DTC 

110, SC 110 and LIR 110 for TA 100 system (b) Toptica‟s Laser systems: Boosta, 

TA 100, DL 100 for cesium MOT at NILOP-Islamabad. 

Fig. 4-4(a) shows the control and locking electronics of a DL 100 system. Similarly, 

Fig. 4-4(b) shows all the three laser systems which are now part of cesium MOT 

experimental setup at NILOP-Islamabad. 

4.1.8 LIR 110 Lock-in Regulator 

Toptica‟s LIR 110 lock-in regulator is basically a lock-in detection unit and a PID 

regulator. Therefore, it is a single-box solution to lock the laser to the centre of an 

atomic transition. The block diagram of the LIR 110 module is shown in Fig. 4-5. The 

LIR 110 comprises a modulation source (triangular or sine wave), a signal input 

buffer and subsequent input amplifier, a phase-sensitive detection unit (PSD) and a 

PID regulator with “automatic reset” mechanism. 

The laser light is fed into a detector which supplies a laser frequency 

dependent SAS signal. The principle of lock-in detection is to modulate the laser 

frequency    by a small change    and to compare the detector signal at        

with the signal at        in order to determine whether the signal slope is positive 

or negative. If the laser frequency is slightly modulated (                 ) 

as, 

           sin         (4-1) 

 

then the detector signal can be approximated as,  
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Fig. 4- 5  Schematic block diagram of the lock-in regulator LIR 110. Source: 

Source: http://www.toptica.com 

 

                 sin         (4-2) 

The detector signal is then mixed, inside the lock-in detector, with the modulation 

itself as, 

      sin            sin                  sin        
   

  
 ⁄              sin                  cos           

(4-3) 

 

 

Fig. 4- 6 Lock-in signal as “derivative” of the input signal       
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Now, applying the low-pass filter upon this mixed, modulated signal,  

                              sin         

  
 ⁄             

(4-4) 

Therefore, lock-in amplifier generates a signal which is proportional to the derivative 

of the original signal as shown in Fig. 4-6. The derivative signal can be used to lock 

the laser on the centre of the atomic transition. The SAS (saturation absorption 

spectroscopy) signal of the atomic transition is fed into the LIR 100 module, as shown 

in Fig. 4-7, where it is filtered and amplified.  

 

Fig. 4- 7 Laser locking to an atomic transition using LIR 110 
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The next step is to apply the modulation frequency to the amplified input 

signal. While adjusting the amplitude and frequency of the modulation source, 

monitor the corresponding lock-in signal (which happens to be a differential of the 

SAS signal) and try to maximize it. If it is noisy, adjust the cut-off frequency of the 

low pass amplifier. Set the gains of the P, I, and D amplifiers in the middle of their 

range, bring the lock-in signal to centre the     base line, reduce the amplitude of 

the SC 110 to zero and turn ON the LIR 100 module. The laser should be locked if the 

phases of the VCO (i.e. the internal frequency-modulation source) and the SC 110 

(i.e. the external amplitude-modulation source) match, otherwise, the laser will jump. 

In order to match the two phases, fine-adjust the phase of the VCO until the lock-in 

signal completely vanishes. Now one step of      forward or backward will recover 

the maximum lock-in signal. Now the two phases are exactly matched and turning ON 

the LIR 110 will result in locking the laser to the centre of the atomic transition. The 

quality of the lock can be improved (i.e. the error signal can be minimized) by 

optimizing the P, I, and D gains and the over-all gain.  

4.2 Complete Optical Layout of Cesium MOT 

Fig. 4- 8 shows the complete layout of the optical setup of cesium MOT as mounted 

on the optical table. It begins with three laser systems from Toptica, namely, DL 100, 

Boosta and TA 100 systems photographed in Fig. 4- 9. As discussed before, the re-

pumping laser of the cesium MOT consists of DL 100 and Boosta laser systems and 

the trapping laser is the TA 100 system. The present section discusses with the 

manipulation of the laser beams after their exit from the respective laser and their 

propagation through various optical components to the interaction region in the MOT 

cell.  

The laser beam from the DL 100 system is linearly polarized (           ) 

perpendicular to the optical table and hence to the plane of Fig. 4- 8. Firstly, the laser 

beam passes through an optical isolator which has        insertion losses and an 

extinction of      in the backward direction. The optical isolator allows only the 

unidirectional propagation of laser beam in the forward direction indicated by an 

arrow. Then after a total internal reflection by a     prism, the beam passes through a 

combination           of half-wave plate (   ) and polarizing beam splitter  

(   ). The       rotates the incoming linear polarization of the laser beam by an  
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Fig. 4- 8 Complete optical layout of cesium magneto-optical trap 
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Fig. 4- 9 The laser beams of  Toptica‟s  DL 100, TA 100 and Boosta systems 

cartooned  in false „yellow‟ color 

 

angle     when the plate is rotated by an angle     . The           combination 

here acts as a variable attenuator for the intensity of laser beam. Its operation depends 

upon the working of polarizing beam splitter cube.  
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The      fully reflects the              laser beam and fully transmits the 

            laser beam provided the attenuation losses in the material are ignored. 

Thus, if the     is removed, the             laser beam in Fig. 4-8 will be fully 

reflected and if the HWP is inserted and then rotated by an angle of      , the 

            laser beam is converted into a               laser beam and will be 

fully transmitted. Therefore, depending upon the rotation angle of the      , the 

intensities of the transmitted and the reflected laser beams can be changed by using 

the             combination.  

About     optical power of the laser beam is transmitted to the setup for 

saturation absorption spectroscopy (SAS) and the remaining power (about     ) is 

reflected for coupling into the single-mode optical fiber for seeding the tapered 

amplifier in the Boosta system. The first step of the SAS setup  is again a       

     combination for controlling the intensity of the pump laser beam. Fig. 4-10 

shows the SAS setups for both re-pumping and trapping lasers.  The laser intensity to 

be used as „pump‟ in each of these setups has to be a little more than the saturation 

intensity of            of the transition   |          ⟩  to   |          ⟩ . The 

extra power in the form of reflected              beam is however dumped. The  

                of the laser beam is then converted into a circular polarization  

           while passing through a quarter wave plate (   ) and rotating the      

by an angle of              .  

 

Fig. 4- 10  SAS setups for Trapping and Re-pumping lasers 
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The laser beam then passes through the cesium vapor cell. If the laser is tuned 

to the transition  |          ⟩  to   |          ⟩ , the cell will glow with laser 

light and the resonance fluorescence.After passing through the vapor cell, the laser 

light is then retro-reflected by a plane mirror. The reflected light once again passes 

through the vapor cell, but in the backward direction. The incident laser beam acts as 

a pump beam and saturates the atomic transition while propagating in the forward 

direction. The reflected laser beam acts as a probe beam and is “transmitted” through 

the saturated atoms. Since the pump and the probe beams are travelling in the 

opposite directions, these two laser beams together can be resonant with atoms which 

have zero Doppler shifts relative to both beams i.e. the atoms which are crossing laser 

beams at    . The helicity of the laser beam is reversed upon reflection, therefore, 

while passing through the quarter wave plate again, it will become              

laser beam instead and will be reflected by the     into the photodiode. The 

amplified output of the photodiode is then sent to the oscilloscope where the Doppler-

free SAS signal of the re-pumping laser is displayed as shown in Fig. 4-11. 

Concerning the seeding beam (30mW), the experience shows that the optical fiber can 

couple a maximum of only     of the optical power for seeding the Boosta amplified 

laser system. Therefore, with a maximum available seeding of     , the Boosta 

system delivered approximately       of laser power beyond the optical isolator.  

The amplified output of the Boosta is then sent to the MOT experiment via the 

Galilean telescope (Fig. 4- 12) with a magnification of          ⁄ . The telescope 

here acts as a beam expander which increases the re-pumping laser beam diameter by  

    . The amplified output of the TA100 system is a              laser beam with 

an optical power maximum of       to be used as a trapping laser beam.  The 

diameter of the amplified beam is multiplied by       by passing it through a Galilean 

telescope (Fig. 5- 11) with a magnification of          ⁄ .  

The TA100 system also has extra two low power laser beams directly from the 

master laser of power       and      originally intended for SAS and for probe 

beam. In our application, however, the SAS beam was a      ,              

laser beam which was then converted into a              beam and simultaneously 

intensity-controlled  by a           combination. About 10mW of the    

           SAS laser beam was focused by a long focal length lens (       )  
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(a)  

SAS signal for Trapping Laser 

 

 

(b)  
SAS Signal for Re-pumping Laser 

 

(c)  

Zoomed in SAS signal for             
 

 

(d)  

Zoomed in SAS signal for       

 

 

(e)  

Lock-in Signal for              
 

 

(f)  

Lock-in Signal for       

 

Fig. 4- 11  SAS and lock-in signals for Trapping and Re-pumping lasers 
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Fig. 4- 12  The beam-expanding Galilean Telescopes in the Trapping and Re-

pumping laser beams. 

 

into an accousto-optical modulator (AOM). The RF input to the AOM can be power-

adjusted upto    and frequency-tuned from                 . The AOM was 

used to impart a red detuning to the trapping laser beam of the cesium MOT as 

explained by the frequency schematics shown in Fig. 4-13. 

 

 

 

Fig. 4- 13 Frequency Schematics of the Trapping laser used in cesium MOT 
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Suppose the trapping laser has to be detuned by                from the 

transition  |          ⟩      |           ⟩ . Let    be the optical frequency of the 

trapping laser. The AOM can be used to shift the optical frequencies either up 

(     ) or down (     ), respectively by using the           order of 

diffraction, where    is the RF frequency driving the AOM. The SAS beam of the 

trapping laser is down-shifted by                  by using the    order of 

diffraction so that its optical frequency becomes                 . The 

downshifted beam is then sent to the SAS set up where it is exactly tuned to the cross-

over of the transitions  |          ⟩        |           ⟩ and  |         

 ⟩        |           ⟩ . Since the amplified laser beam of the trapping laser is still 

un-shifted and has a frequency of      , therefore, it will be              above the 

cross-over               and hence           below the trapping transition. In 

this way, the trapping laser beam can be tuned to the trapping transition  |         

 ⟩        |           ⟩  at a detuning of                as shown in Fig. 4-13. 

Alternatively, if by mistake, the       order of diffraction is used instead of       in 

the SAS setup with the shifted beam being exactly tuned to the cross-over        

     then the trapping laser beam will be blue-detuned by                 from  

the population dumping transition  |          ⟩   to   |           ⟩  and red-

detuned by                  from the trapping transition   |         

 ⟩   to   |           ⟩ . The SAS signals of the cesium    line (       ) by the re-

pumping and trapping lasers and the corresponding differential lock-in signals for 

their respective transitions are shown in  Fig.4-11. 

The re-pumper laser is locked to the transition |          ⟩   to 

 |           ⟩ and the trapping laser is locked to the cross-over “transition” 

|          ⟩   to  |           
      ⟩ by using their differential signals. Both 

the trapping and re-pumping laser beams are propagated beyond the telescopes 

towards the MOT experiment where the two beams are combined at the common  

           combination as shown in Fig. 4-14. This PBS also serves as an 

intensity control for the trapping as well as the re-pumping laser beams. After having 

been combined, the trapping beam and the re-pumping beams propagate together 

respectively as              and             laser beams.  
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Fig. 4- 14 Beam-combining of trapping and re-pumping lasers at „PBS+HWP‟ 

combination. Laser beams are cartooned in false „red‟ color 

The next step is to split the trapping beam into three equal intensity beams 

each of intensity        , where    is the total intensity of the trapping beam before 

being split up. This is accomplished by using two             combinations. The 

first such combination is used to split the trapping beam into the two parts with  

         ratio. The reflected beam has an intensity        and is              . 

It becomes circularly polarized (  ) after passing through a QWP. It is then steered 

towards the vertical        by using three       prisms and is called as the z- 

trapping beam. The transmitted beam, however, has an intensity of           and is 

further split up by the second stage of             combination into two equal 

parts each of intensity        for           and          . The     ,      trapping 

beams are respectively      and                laser beams which can be 

converted into circularly polarized laser beams by using the     in each beam. The 

helicities of the        trapping beams have to be different; one of these two beams 

should have the same helicity as that of the     trapping beam and the other one will 

Table 4- 1 Polarization configuration of cesium MOT used in this study 

Trapping Beam 

along 

Linear 

Polarization 

Rotation  

angle/sense 

Circular 

Polarization 

#1.                 s  polari ed     cloc wise    

#2.                 p  polari ed     cloc wise    

#3.                 s  polari ed     counter

 cloc wise 
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have an opposite helicity. Therefore, the        trapping beams are respectively   

       polarized. More explicitly, the experimental parameters for the input 

(fixed) linear polarization (   or    ), the sense of rotation of QWP‟s (          

                  when viewed opposite to the  ⃗  vector), and the helicity of 

circular polarization   (  )   have been given in Table 4-1 for the three trapping 

beams along                     . Fig. 4-15 gives the sketch of polarization 

scheme for a magneto-optical trap and Fig. 4-16 depicts the actual optical 

arrangement of the cesium MOT. 

The three trapping beams then propagate along the three coordinate axes, pass 

through the optical windows of the MOT cell and intersect orthogonally at a common 

point inside the cell. The three beams are then retro-reflected by a plane mirror in 

each beam beyond the opposite windows of the MOT cell. A quarter wave plate is 

inserted in each beam to make sure that the reflected beams have opposite helicities 

from those of the incident beams. In this way, six trapping beams are produced each 

of intensity       , thereby, developing an average intensity of    
  

 
     in the 

region of intersection of the laser beams, also known as the trapping region of the 

MOT. Please refer to Fig. 4- 16. 

In the present configuration, the 2/3
rd

 of the re-pumping laser beam propagates 

towards the        and the remaining 1/3
rd

 of the re-pumping laser intensity is 

equally divided into two beams along the               each having an intensity  

1/6
th

  of the total re-pumping laser intensity     before its splitting. Therefore,      of 

the re-pumping laser beam is propagating along the         . Alternatively, it can be 

only a single beam passing directly through the region of intersection. 

The intensities of the trapping and the re-pumping laser beams can be varied 

by their common       where the two beams are being combined. The trapping 

beams have to be perfectly aligned, to ensure their intersection at      .  The 

alignment of the re-pumping beams, however, is not critical. The fine adjustment can 

be done by using an iris diaphragm in the trapping beam.  A very fine laser beam can 

be produced by closing the iris to a diameter of           . The trapping laser beam 

along each axis is aligned independently by blocking the trapping beams along the 

other two axes. The reflecting mirror is adjusted so that the reflected beam should  
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Fig. 4- 15 Polarization configuration of a magneto-optical trap 
 
 

 

 

 

Fig. 4- 16  The optical arrangement of Pakistan‟s cesium MOT in retro-reflection 

geometry. The laser beams are cartooned in false „red‟ color. 
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be propagated back to the iris and overlap with its opening. Same procedure is 

repeated with the remaining two beams. In this way the trapping beams along the 

three coordinate axes are aligned. 

4.3 Complete Vacuum Setup  

Fig. 4-17 shows the arrangement of the vacuum setup for a cesium magneto-optical 

trap. The cesium atoms are captured in a MOT directly from the background vapor at 

room temperature (    ) and under the conditions of ultrahigh vacuum (    

         ).  

At the heart of the vacuum setup is a six-way cross (     ). Assuming that a 

coordinate system         be attached to it whose origin    is at the centre of the 

cross. Then on the     arm, the MOT cell (     ) and the cesium reservoir 

(     ) are attached. The cesium reservoir is attached to the vacuum line through a 

„T‟ (     ), a solenoid-operated pneumatic     valve (     ), a        to 

      reducing component and finally another „T‟ (     ). An optical window 

(     ) is attached on the –X‟ arm of the cross through an all-metal straight valve 

(     ). This all-metal valve is meant for any future extension of the setup without 

opening the main vacuum line.  The –Z‟ arm is blanked (     ) from beneath. 

The +Z‟ arm has a fine leak valve (via                reducing 

component) to be supply any buffer gas in future. The –Y‟ arm extends towards a 

       inlet ion pump (                  through a solenoid-operated pneumatic 

straight valve (     ), and necessary reducing components (                and 

                ). Finally, the +Y‟ arm of the six-way cross extends towards a 

turbo vacuum pump (       ) through an all-metal straight valve (     ), a     

inches long braided bellow (     ), a „T‟ for an ion gauge and finally a solenoid-

operated pneumatic     valve (     ). The turbo vacuum pump has a reducing 

double-sided flange (               ) at the top attached to the pneumatic valve. 

The ion pump is oriented along the +Y axis (horizontally) and the turbo pump is 

placed vertically upright long the +Z-axis. The figure 4.17, however, does not show 

all the vacuum parts. A brief description of each vacuum element is given below. 

 



Chapter 4 Experimental Setup and Methods 

 

95 

 

 

(1) Complete vacuum system of the cesium MOT 

 

 

(2) Drawing of the complete vacuum system of cesium MOT 

Fig. 4- 17 Vacuum Setup of the cesium MOT at NILOP 
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4.3.1 ATP 900 Turbo-Molecular Pump  

        is an excellent turbo molecular pump from Acatel Vacuum Technology 

(Adixen), France. In molecular regime, the gas molecules of the vacuum system 

arriving at the inlet of the turbo molecular pump are trapped between the rotating 

disks of the rotor and the stationary disks of the stator and are carried to the exhaust of 

the pump as shown in Fig. 4-18.  

The maximum rotation speed of         is           and the minimum 

attainable pressure is         mbar. . It has     inlet flange (      ) and 

pumping speed of                           respectively for         and     . 

A primary pump is attached at the exhaust of the turbo pump in order to 

evacuate the gases to the atmosphere. A dry scroll pump (TriScroll    ) from Varian 

Inc. was used as a primary pump with a pumping speed of    liters/minute and an 

ultimate pressure of         mbar. 

4.3.2 VacIon Plus 150 Ion Pump 

The VacIon Plus 150 is an innovative design of ion pump with built-in Star-Cell 

triode element for optimized pumping with all possible gas mixtures. Supplied with  

   inlet flange (      ), the VacIon Plus 150 has a    pumping speed is 125liters/s. 

The ultimate achievable vacuum is           mbar.   

 

  

 

Fig. 4- 18          Turbo Molecular Pump 
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Fig. 4- 19 Octagonal MOT cell (BK7, Quartz) 

 

4.3.3 MOT Cell 

There are various designs for the MOT cells which are commercially available in 

glass (either BK7 or quartz) having a vacuum port (       or        ). The most 

attractive one is the octagonal design, shown in Fig. 4-19, which has seven    optical 

windows and one vacuum port (       or        ) in the horizontal plane and two 

large    windows along the vertical axis. The optical windows are either fused to the 

glass cell by the techniques of glass  blowing (in BK7) or are glued to the glass cell by 

some adhesive / sealant with negligible vapor pressure. It can be baked up to        .   

4.3.4 Cesium Reservoir 

The cesium has quite a large vapor pressure (            ) even at room 

temperature. Therefore, there is enough background cesium vapor density available at 

     out of which atoms available in the low-velocity tail of the Maxell-Boltzman 

distribution can be laser cooled and captured. Due to this reason, cesium is simply 

placed in a stainless steel tube and attached to the vacuum line. For this purpose, a 

tube-cum-flange component was developed at the mechanical workshop of NILOP in 

one piece in order to avoid the welding. The length of the tube excluding the flange 

(     ) was 50mm, its inner dia. was about      (just 1mm larger than the 

diameter of the cesium ampoule       ) and wall thickness was only 0.5mm. The 

ampoule is placed in this tube unbroken. It is broken only after the desired vacuum 

has been attained by pinching off the tube externally by using a C-clamp. 
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4.4 Cesium MOT Design 

There are four designing parameters which determine the ultimate performance of the 

MOT, namely, the trapping beams diameter, magnetic field gradient, trapping laser 

detuning and the background cesium density. These defining parameters of this 

cesium MOT have been described briefly in the following. 

4.4.1 Quadrupole Magnetic Field Coils 

The two coils were designed and fabricated with equal number of turns (150 each) 

with             and                i.e. the mean coils radius is         .  

The copper wire (     ) was       in diameter. When placed about         

apart in the anti-Helmholtz configuration, the two coils produced a quadrupole 

magnetic field with a gradient of         for a current of        in each coil. The 

wire was wound on Teflon rather than aluminum in order to avoid the eddy currents 

in the metal plates. The Teflon has the disadvantage of being thermal insulator too, 

but since the wire used is quite thick, there is no appreciable heating of the coils for a 

current of     . Both the coils were biased by independent power supplies. The two 

coils were fixed together, but the coil assembly was kept mobile and could by 

manipulated. The gradients in excess of           can be produced using this coil-

pair which can be used as pure magnetic traps.  

 

Fig. 4- 20 Large coils arranged for producing quadrupole magnetic field with a 

gradient of          by flowing a current of            in each coil of the 

cesium MOT. 
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The cold atoms trapped in the MOT could be transferred to this magnetic trap in 

future for studying evaporative cooling. Fig. 4-20 shows the arrangement of 

quadrupole magnetic field coils in the cesium MOT. 

4.4.2 Trapping Beams diameter 

The diameter of the trapping beams and the region of their intersection define the 

volume of the trapping region of the MOT. It is set by the magnification of the 

expanding-beam telescope and then controlled by using an iris in the trapping beam. 

In the present setup, the trapping beam has a Gaussian diameter of        after the 

telescope. However, actually it extends beyond       . The iris was therefore 

adjusted to have an opening of       . The greater the trap beam diameter, the 

greater the trapping volume and hence greater the number of cesium atoms available 

for capture in the MOT at a fixed background density. Therefore, increasing the 

diameter will increase the total number of trapped atoms. The trapping beams 

Gaussian diameter also defines the trap laser intensity and hence the Rabi frequency  

   √    ⁄   for the trapping transition which further defines the spontaneous 

emission radiative force upon the atoms.  

4.4.3 Trapping Laser Detuning 

The MOT operates with negative detuning      in order to cool and trap the atoms. 

In the present setup, we used               , where     is the natural line-

width of the trapping transition. This detuning was adjusted by driving the     at   

   frequency of          as discussed in the section of optical setup. There is a 

range of values which     can have in order to make the MOT work. The MOT 

performance can be optimized with respect to the detuning. It was observed that the 

optimum detuning of MOT capture is a function of the magnetic field gradient. 

4.4.4 Background Cesium Density 

The background cesium density was varied over a range of                  . 

However, the background density has to remain fixed during the particular studies of 

the MOT performance e.g.  for its capture velocity measurement,  as discussed in the 

chapter 6 of this thesis.  
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4.5 Realization of Pakistan‟s First MOT 

The MOT beams were aligned and a pair of the anti-Helmholtz coils was added which 

could roughly produce a magnetic field gradient of         along the coils axis. The 

coils were designed to produce this gradient with a current of    .  With both the  

 

Fig. 4- 21 Pakistan‟s First MOT at NILOP (August 30, 2011) 

lasers locked to the respective transitions, we attempted our first MOT by switching 

ON the magnetic field. There was no MOT! We reversed the currents in the coils and 

there was no MOT again. We switched the order of diffraction between    in the 

AOM output in the SAS setup, but still failed. For the next            , we kept 

playing with the quarter wave plates. Finally, on August 30, 2011 we observed the 

Pakistan‟s first ever  MOT, what we now call primitive MOT. It is shown in Fig. 4-

21. It satisfied all the established criteria of being declared as a MOT as: 

 It disappeared when the re-pumping beam was blocked, and re-appeared when 

the re-pumping beam was opened ,  

 It disappeared when the magnetic field was either reversed or turned OFF, and 

reappeared when the original field was restored and finally,  

 It disappeared when any one of the six trapping beams was blocked, and re-

appeared when the beam was released.  
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Smaller MOT due to lesser cesium 

background pressure 

 

Bigger MOT due to enhanced cesium 

background pressure 

 

Fig. 4- 22 Pakistan‟s new MOT was observed on April 6, 2012 and was 

photographed for the first time on April 13, 2012. The apparent increase in 

MOT size in the photograph is not a zooming effect. The MOT actually grew  in 

size and number of atoms due to enhanced background density of cesium at 

room temperature. But as the time passed, with cesium reservoir at room 

temperature, the larger MOT transformed to the MOT shown in Fig. 4- 21. 

Therefore, we officially announced the demonstration of the Pakistan‟s first 

MOT. However, its contrast was not good enough to be sure as a MOT. Therefore, we 

kept questioning ourselves about the truth of our claim. This situation prevailed for 

the next 6 months till March 31, 2012. Finally we decided to cool the cesium reservoir 

with liquid N2 in order to lower the background cesium vapor density.  Quite 

surprisingly, we regained the MOT with full brightness. In this way, Pakistan‟s first 

MOT was reborn on April 6, 2012.Two different photographs of the Pakistan‟s new 

MOT are shown in Fig. 4-22.  

When the liquid    had evaporated, the cesium heated up again to the ambient 

temperature and the background density increased again to the high level. When the 

MOT was then attempted, without cooling with liquid    , it appeared but the contrast 

was lost. The observed MOT looked exactly like the one observed as before on 

August 30, 2011. With this last finding, it was established once for all that the 

experimental parameters for the Pakistan‟s firstly observed MOT on August 30, 2011 

were correct except the background cesium density and the Pakistan‟s first MOT was 

also a real MOT.  
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Now we have placed permanently a valve between the cesium reservoir and 

the vacuum line including the MOT cell. Whenever we have to work, the valve is 

opened for some time (about an hour is enough without any heating) for accumulating 

enough cesium vapors in the MOT cell and then closed again.  

Also, the two coils have been biased independently by two separate power 

supplies. There is a difference of about 10% in their currents when the magnetic field 

cancels exactly in the centre of the two coils and the MOT is observed. This is 

contrary to our expectation. Previously, the two coils were being biased by a single 

power supply in order to ensure that the two coils will carry equal and opposite 

currents so that the field will cancel out exactly in the middle of two coils. But there 

was an offset in the     point. Perhaps, there is some external magnetic field, due 

to the ion vacuum pump, or optical table with ferromagnetic top or the earth due to 

which the     point is shifted from the geometrical centre of the two coils. That‟s 

why the two coils need to be driven by two unequal currents in order to produce a 

resultant magnetic field for cancelling out the unwanted stray magnetic fields. 

4.6 Optical Diagnostics of the Cesium MOT 

There were only two diagnostic tools for exploring the MOT performance, namely, a 

photodiode and a ccd camera. The photodiode was used to record the MOT loading 

curves by collecting the fluorescence light emitted by the atoms while interacting with 

the trapping laser beams. The ccd camera was used to record the images of the MOT 

cloud in steady state. Both these diagnostic tools need to be calibrated in order to 

extract the physical information from this data as discussed below. 

4.6.1 Photodiode 

A       PIN photodiode was used to measure the optical power (  ) of the 

fluorescence light emitted by the trapped atoms. The first step was to calibrate the 

photodiode. A small fraction of the trapping laser beam is measured by the 

photodiode. At some fixed gain of the amplifier, which is the same as used for 

recording the loading curve, the graph between the laser power and the corresponding 

voltage signal is produced as shown in Fig. 4-23. The calibration will be more 

accurate if the laser power used is of the same order as that of the MOT fluorescence 

power. The slope   of the graph between the optical power (  ) and the photodiode 
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signal ( ) can be found by fitting the straight line          to the points as   

               .  The calibrated photodiode is then arranged according to Fig. 

4-24 for displaying and recording the MOT loading curve. A typical loading curve is 

shown in Fig. 4- 25. The ASCII file of the loading curve is saved in the USB flash 

drive and transported to the laptop computer. The ASCII file is imported in Origin Pro 

8.0 software for analysis. The model Box-Lucas1                 is fitted to the 

curve showing  that the photodiode signal of the MOT loading follows the eq.  

                , where     ⁄  measures the time-constant of the loading 

curve and     is the steady state PD signal of the MOT. ( see Fig. 4- 25 for curve 

fitting). From the curve fitting, one readily gets the following information: 

                                            

The result             needs no further treatment. It is the inverse of the loading 

time constant and is a measure of the trap-loss due to collisions with the background 

cesium atoms.  

 

Fig. 4- 23 Calibration of PIN Photodiode  
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Fig. 4- 24 Photodiode arrangement for recording loading curve 

 

It is the most readily obtainable information regarding the MOT dynamics from the 

loading curve. In contrast, however, the second fitting parameter                 

requires further treatment to extract its physical interpretation. It is a measure of the 

steady state number      of the trapped atoms in a MOT. This number can be worked 

out by estimating the fluorescence power emitted and by calculating the rate of 

spontaneous emission by the trapped atoms as follows. 

 

Fig. 4- 25 A typical recorded loading curve of cesium MOT 



Chapter 4 Experimental Setup and Methods 

 

105 

 

 Let there be      atoms trapped in the MOT interacting with six trapping laser 

beams. If         is the total intensity of the trapping laser before being split up, then 

after splitting into three beams for the              directions, the intensity per 

beam will be          ⁄  . Each of these three beams is then retro-reflected and 

assuming that the intensity of the reflected beam is almost same as that of the incident 

beam, then there is a total intensity of                      in the trapping region of 

MOT so that each of the trapped     atoms is interacting with the total laser intensity 

of                in the trapping transition  |          ⟩   to   |          ⟩. 

Therefore, the Rabi frequency for the atom-field interaction becomes     

 √(  
      

   
) , where    is the saturation intensity of the trapping transition. 

Therefore, the rate of spontaneous emission of a single atom will be, 

  
 

 
 

   ⁄

      ⁄       ⁄
 
 

 
 (4-5) 

where             is the lifetime of the excited state  |          ⟩ ,    is the Rabi 

frequency and     is the detuning. It is the number of spontaneously emitted photons 

per second in                 solid angle. When multiplied by the photon energy  

   , and the number of trapped atoms      , it gives the total optical power emitted in 

the form of fluorescence as              . 

The lens collects only a fraction   of the emitted fluorescence power emitted 

by the MOT lens into the solid angle   subtended by a lens of radius      ⁄  , 

where   is lens aperture (Fig. 4-26). The collection optics channels this fluorescence 

to the sensor of the photodiode where        is detected as the voltage signal      

where,  

  {
(
 
 )

 

 

    
}           (4-6) 

is the efficiency of the collecting optics. The       can be calculated from     by using 

the calibration factor                  as          . Knowing     , one can  
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Fig. 4- 26 MOT fluorescence (shaded in yellow color) is emitted in 

              solid angle as     .  Only a fraction    (shaded in pink color 

cone) of the total emitted power     , emitted in a solid angle   subtended by a 

lens of radius      ⁄  , is collected by the lens and detected as          by 

the photo-detector. Let   be the focal length of the collecting optics then it should 

be placed approximately at a distance of    . Experimentally used values are  

               . 

calculate         . Then, knowing     , one can calculate the number of trapped 

atoms as, 

    
  

    
 (4-7) 

The factors    and     can be calculated from the experimentally used parameters. For 

      ,   
 

 
       , the efficiency    of the collecting optics comes out to 

be              .  Similarly, for trapping laser intensity of        

          and detuning        , the single-atom spontaneous emission rate 

becomes           
 

 
.  
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Fig. 4- 27  MOT image is taken using a CCD camera 

Hence for                 , the emitted fluorescence power by the trapped atoms 

is estimated to be                   . Also, the photon energy is      

                            . Hence the steady state number of trapped 

atoms are estimated to be                 by using Eq. (4- 7). 

4.6.2 CCD camera 

In order to estimate the volume of the MOT cloud, one needs to zoom in the MOT, by 

using some focusing optics similar to the one used with photodiode, and take its 

snapshot as shown in Fig. 4-27. 

The saved image of the MOT is then imported in the software Origin Pro 8.0 

for further analysis. The MOT is known to have Gaussian density profiles. The 

Gaussian diameters (  ) of the MOT along the three coordinate axes (   ) can be 

determined by fitting the Gaussian model to the brightness ( ) versus position ( ) as, 

     
 

 √  ⁄
  

  (
    
 

)
 

 (4-8) 

where,                for a Gaussian distribution. Here,     is the full width 

at    ⁄  points of the distribution. 

Fig. 4-28 illustrates this procedure. The curve fitting yields the MOT size 

results along the two directions, namely along the horizontal and vertical directions, in 

terms of number of pixels. The Gaussian diamter for the 3
rd

 direction was found by 

taking the average of the two measured diamters. In order to convert the pixels into 

mm, one needs to calibrate the zooming optics and the ccd camera. A stainless steel 

scale with 0.5mm resolution was placed at the focus of the zooming optics of the 
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CCD camera and an image was captured. Two images were captured separately for 

the horizontal and the vertical orientation of the scale as shown in Fig. 4-29. Number 

of pixels is counted for ten       lines for both the horizontal and vertical 

directions. 

 

 
 

  

 

Fig. 4- 28  The density profiles of cesium MOT are Gaussian along the horizintal 

and vertical directions. The corresponding Gaussian diamteres ( ) can be 

determined (in terms of pixels) directly by curve fitting.  
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Fig. 4- 29  Scaling for calibrating the CCD camera and zooming optics:  

a) Horizontal   b). Vertical 

 

Table 4-2 gives the scale-factors respectively for the horizontal and vertical 

directions. In this way, the radii of the cloud were measured in mm as given in Table 

4-3. 

Table 4- 2 Calibration of CCD camera and zooming optics  

Horizontal 55 pixels/mm 

Vertical 54.6 pixels/mm 
 

Assuming that the MOT is an ellipsoid, the volume (
 

 
    ) of the MOT can 

be estimated by using these scale factors and the curve-fitting results. Therefore, the 

volume of the MOT can be calculated as, 

           
 

 
                        

or         
 

 
            

Hence the MOT volume is            or                 . If      is the steady 

state number of trapped atoms, then the average MOT density  ̃ can be found as, 

 ̃  
   

    
 (4-9) 

Usually, the average MOT density   ̃ lies in the range    ̃                     . 

  

(a) 

Horizontal 

(b) 

Vertical 
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Table 4- 3 Gaussian Radii of Cesium MOT 

MOT 

dimenion 

Gaussian  

FWHM  

(pixels) 

Gaussian  

FWHM 

(mm) 

 

MOT 

Radii 

 

Gaussian 

radius „w‟ 

(pixels) 

Gaussian 

radius „w‟ 

(mm) 

Horizontal (X) 51.765 0.941 a 43.965 0.799 

Vertical (Y) 55.747 1.021 b 47.347 0.867 

Depth (Z) 53.756 0.981 c 45.667 0.833 

 

4.7 MOT Dynamics by the Analysis of MOT Loading curve 

The steady state number of trapped atoms in a MOT  results from the equilibrium 

between the capture and loss of atoms from the trap. Whereas the trapping beams 

capture the atoms from the background cesium atoms, the collisions of these captured 

atoms with the background atoms lead to trap loss. In order to realize a MOT, the 

capture rate of atoms should overcome the loss rate of atoms from the trap. The 

detailed dynamical equation of the MOT can be written as, 

  

  
         ∭                  (4-10) 

Here   is the loading or the capture rate,   is the loss rate due to collisions with 

background cesium atoms and   is the intra-trap volumetric loss rate due to collisions 

between trapped cesium atoms. Also,             is the density of trapped cesium 

atoms which varies with both position          inside MOT and time     and      is 

the total number of trapped atoms at any instant of time    . It is not possible to solve 

this equation exactly to include all the aspects of complicated MOT dynamics. 

However, the MOT dynamical equation can be solved under simple particular 

conditions. For example, under the steady state conditions i.e. when the MOT has 

been fully-loaded with a steady state number of atoms, then 

  

  
   (4-11) 

 Therefore, the above equation reduces to, 

           ̃       
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           ̃     (4-12) 

        ̃       ̃     (4-13) 

so that 

   ̃     (4-14) 

where 

 ̃       ̃ (4-15) 

These are the two straight line equations:  the first line being between     versus     

graph with  ̃  being the slope and having zero Y-intercept (Fig. 4-30); the second line 

being   ̃  versus    ̃  graph with   as its slope and having    as the Y-intercept (Fig. 4-

31).  

 

Fig. 4- 30  Loading     versus             where   is the combined factor 

including the efficiency   of the collection optics, photodiode calibration factor 

  and the excited state fraction   corresponding to intensity and detuning of the 

trapping laser being used. Slope of the linear fit of the       graph with fixed 

zero y-intercept is        . Therefore,   ̃        . 
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Regarding Fig. 4-30, the       graph was built from a set of data for trap 

laser intensity ranging from          to           at fixed values of 

magnetic field gradient (      ) and detuning (          ). Similar trend was 

observed at other values of magnetic field gradient. The loading for each loading 

curve was determined by taking its slope during the early 100ms.  

 

 

Fig. 4- 31   ̃   ̃  graph where        ̃       ̃  and   ̃  is average MOT 

density. The st. line-fit has a positive y-intercept and negative slope so that  

           and     |     |                     .  
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Regarding Fig. 4-31, the  ̃   ̃ graph is based upon the data set taken for 

magnetic field gradient ranging as 10, 15 and 20G/cm fixed trap laser intensity 

(         ) and detuning (          ). The average MOT density was 

increased by increasing the magnetic field gradient. Similar behavior was observed at 

other trap laser intensities.  

Repeating the procedure of Fig. 4-30 at other trap laser intensities, will yield 

the results for simultaneous dependence of    upon intensity and magnetic field 

gradient as shown in Fig. 4-32.  

Hence the MOT dynamical equation can be can be modified as follows, 

  

  
    ̃   (4-16) 

 

 

Fig. 4- 32  Light-induced collisions cross-section   at fixed detuning  
          The magnetic field gradient is 10, 15 and 20G/cm is included in 

each point due to Fig. 4.31. Now the slope of the  ̃   ̃ graph comes out to be 

negative, whereas   is defined to be positive in the MOT dynamical equation. 

Therefore, the absolute values of the slopes were used for assigning to  .  
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With   ̃          , this equation has simple solution of the form, 

              ̃    (4-17) 

with the initial condition     at    . Now   ̃       ̃            is a valid 

assumption provided       or    ̃          , since    is assumed to be fixed for a 

fixed background density and temperature of cesium atoms and the residual gases 

(e.g.    ).  

Here,        is the density of trapped atoms at position   and time   during 

loading, whereas   ̃  is the average density of trapped atoms in the MOT under steady 

state condition.    ̃  can be measured experimentally as discussed in section 4.5 by 

estimating the total number of trapped atoms in steady state and the MOT volume.  ̃  

is the integrated density over the entire volume of the MOT. The        can be 

inferred from the Gaussian density distribution of the MOT from the snapshots of 

MOT taken at different instants of time during the loading. The Gaussian density 

distribution evolves with time. However, once the MOT has reached the steady state 

condition at the end of loading, the Gaussian density profile of the MOT does not 

change with time i.e.                
      ⁄ , where     is the Gaussian radius 

of the MOT. It has the maximum value    in the MOT centre (i.e. when     ) and 

gradually decreases towards its edges. Both   ̃  and     remain constant in the steady 

state of MOT. 

In the same way   can be distinguished from   ̃ . The   is a measure of the 

trap loss due to collisions of trapped atoms with background cesium atoms and other 

residual gases and the  ̃  measures the trap loss due to the collisions of the trapped 

cesium atoms with the background cesium atoms (and gases) as well as with other 

trapped cesium atoms. The collisions of the former kind only depend upon the 

background conditions and not upon the trapping parameters of the MOT and their 

effect is included in  . However, the intra-trap collisions between cold cesium atoms 

are light-induced collisions and these cold collisions are measured by    . Finally, 

 ̃      ̃ measures both these collisions and can be determined experimentally by 

fitting an exponential growth function to the MOT loading curve.  
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There are two distinct regimes of MOT operation: In the temperature-limited 

regime, the MOT size is determined by its temperature i.e. it will be constant in the 

Doppler-limit, and increasing the steady state number of atoms in the MOT increases 

its density linearly keeping the size constant. The density      of the MOT follows a 

Gaussian distribution and can be increased by increasing      until the radiation 

trapping occurs in the MOT. After the onset of radiation trapping, any further effort to 

increase its density fails because now increasing     also increases the MOT size.  In 

this density-limited regime, the density of MOT remains constant at its maximum 

value (i.e. both          and   ̃     become max.). Since radiation trapping is 

proportional to the trap laser intensity, the MOT should expand as a function of trap 

laser intensity in the density-limited regime.   

In our work, the cesium MOT was operated in the density limited regime due 

to the high trap laser intensities used. It is confirmed by the MOT expansion observed 

in our studies.  Hence, it is assumed that, depending upon the trap operating 

parameters (        
  

  
), the MOT density attains its maximum value very early at the 

start of the loading curve and the MOT further evolves at this density until reaches its 

steady state. However, the proposition of uniform density profile is not true because 

the MOT density continues to have Gaussian distribution. Sometimes the clipping of 

the Gaussian cap is because the ccd camera is saturated and therefore it can be 

avoided by providing sufficient attenuation to the MOT florescence.  

Therefore, in order to determine the MOT dynamics completely (i.e. to 

determine the constants   ,    and    in the dynamical equation of MOT), one can 

proceed as follows: 

 Record the MOT loading curve by using a calibrated photodiode and estimate 

the steady state number of trapped atoms      . (see section 4.6.1) 

 Capture the MOT image by using a calibrated ccd camera and estimate the 

MOT volume. (see section 4.6.2) 

 Calculate the average MOT density  ̃ using the results of steps 1 and 2. 

 Measure  ̃ by curve fitting              to the recorded loading curve 

performed in step 1. Here,   measures   ̃ and includes the effects of both    and   . 
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 Alternatively, measure the capture rate   for each loading curve by finding its 

slope at     and also estimate the steady state number of trapped atoms      . Plot   

versus     graph for several loading curves. It will be a straight line.  Find  ̃  by 

finding the slope of    versus     graph.  

 Record several MOT loading curves and MOT images for several 

combinations of MOT operating parameters (        
  

  
) and estimate the average 

density  ̃ and the effective trap loss   ̃ for each curve.  Plot   ̃ against   ̃ . It will be a 

straight line intercepting the  ̃-axis. Measure the slope ( ) and intercept ( ) of this 

graph. 

 Alternatively, plot   ̃  versus trap laser intensity (     ) and also determine the 

MOT density    ̃. The   ̃        graph will be a straight line with non-zero y- 

intercept. Find its slope      ̃        . Then the MOT density and trap laser 

intensity are related by              ̃  from which   can be calculated (Fig. 4-33).  

 

Fig. 4- 33   ̃        graph, where        ̃       ̃ . The slope   of the line 

fit to the  ̃ versus trap laser intensity graph is used to find     as,             ; 

this method directly enables to determine the intensity dependence of   .  From 

graph, the line fit has a                  and         .  
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Fig. 4- 34  Light-induced collisions cross-section in a cesium MOT: the trap laser 

intensity dependence at fixed magnetic field gradient (      ) and trap laser 

detuning  (        ).  

The y- intercept is   . For each value of trap laser intensity       , the average MOT 

density  ̃ and hence   (     )          ̃       ⁄   can be computed and the results 

are shown in Fig. 4-34. The cross-section    varies almost linearly with intensity  

      , in accordance with Gallghar-Pritchard model  [129], showing that radiative 

escape (RE) is the dominant loss mechanism in these results. Also, the saturation 

effect is evident at the higher intensities. 

In the following sections, the various studies regarding the dynamics of the 

cesium vapor cell magneto-optical trap will be briefly outlined.  

4.8 Trap Dynamics of Cesium MOT 

In the work presented in this thesis, the trap laser detuning was kept fixed at    

       and only trap laser intensity and magnetic field gradient were varied for 

studying the dynamics of the cesium MOT. Also, the factors changing the background 

cesium density were fairly absent while this study was being carried out. The 

background cesium density was measured by the attenuation of the probe beam in a 
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single pass of the MOT cell and using the photo-excitation cross-section   of cesium 

atom at the trapping transition    |          ⟩   to   |          ⟩. It was found to 

be                  at room temperature (    ). The trap laser intensity was varies 

from          to          at four different values of the magnetic field 

gradient                   . The loading curves were recorded and the MOT images 

were captured for          combinations of MOT operating parameters ( 

         
  

  
). The MOT dynamics was fully investigated experimentally by using the 

techniques discussed in section 4.6 and our original research work was published in 

European Physical Journal  D in the issue of December 2013 [130]. The content of 

chapter 5 of this thesis is based upon this paper. 

4.8.1 Intensity dependence 

In these studies, keeping the trap laser detuning   and magnetic field        gradient 

fixed, the MOT dynamical parameters were determined as a function of trap laser 

intensities. 

4.8.2 Magnetic field gradient dependence 

In these studies, keeping the trap laser intensity and detuning fixed, the MOT 

dynamics was  studied as a function of magnetic field gradient. 

The effect of changing the re-pumping laser intensity were not studied.  

4.9 Capture Model and measurement of the Capture 

Velocity of cesium vapor cell MOT 

A model for the capture of a cesium vapor cell MOT was developed. Our model can 

be considered to be the exact version of the Wieman‟s approximate capture model 

reported by Monroe et al. [24].  This model expresses the capture rate of a vapor cell 

MOT in terms of the background vapor density, average velocity of the background 

vapor under thermal equilibrium at temperature  , the capture volume of the MOT 

assumed to be a sphere of radius   equal to the Gaussian radius of the trapping beams 

and the capture velocity      of the MOT. Since the capture rate   of the MOT can be 

measured experimentally, this model enables us to determine the capture velocity    

of the MOT. We have fully studied the capture dynamics of the cesium vapor cell 

MOT by model, simulation and experiment and our original research work has been 
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published in Laser Physics in the issue of December 2014 [131]. The content of 

chapter 6 of this thesis is based upon this paper. 

4.10 Non-linear Dynamical Studies of Cesium MOT 

The cesium MOT was also studied as a non-linear dynamical system. The loading 

curves were analyzed using the techniques of nonlinear time series analysis. The 

MOT fluorescence signal happens to be dynamically very rich. It relates to the 

fundamental problem of atom-field interaction and the role of vacuum fluctuations in 

it. As yet, only a couple of results could be explained and presented at 4
th

 

International Advances in Applied Physics and Materials Science Congress and 

Exhibition, 24-27 April 2014, Fethiye, Turkey and has been published in AIP 

Conference Proceedings recently in March 2015  [132]. The content of chapter 7 of 

this thesis is based upon this paper. 

4.11  Chapter Summary 

In short, we have developed the Pakistan‟s first ever magneto-optical trap with cesium 

atoms in a vapor cell under ultrahigh vacuum conditions. We acquired the state of the 

art vacuum pumps, lasers, optics, optical table, photodiode and the ccd camera. We 

can operate MOT under variable operating conditions such as background cesium 

density, trap laser beams diameter, intensity and detuning, magnetic field gradient. 

We have developed and established some new techniques during our studies for 

analyzing the MOT dynamics by using the conventional MOT loading curves. We 

have been able to publish 3 research papers on the dynamics of cesium MOT which 

have boosted us to continue with cold atoms research in Pakistan. 

 

 



 
 

Chapter 5.        Trap Dynamics of a                                               

Cesium                                                           

Vapor Cell Magneto-optical Trap 

In this chapter, the trap dynamics of a cesium vapor cell magneto-optical trap 

(VCMOT) was studied as a function of trap laser intensity and magnetic field 

gradient. The trap laser intensity was varied from                       and 

the magnetic field gradient was varied as 5G/cm, 10G/cm, 15G/cm and 20G/cm. 

However, the trap laser detuning was kept fixed at           . Also, the ambient 

temperature (    ) was kept fixed due to which the background density of the 

cesium vapor was also assumed to remain fixed during these studies.  

The content of the present chapter is based upon the original research work 

performed by the author and has been published in [130]. 

5.1  MOT Dynamics 

The magneto-optical trap (MOT) is a nonlinear dynamical system characterized by its 

capture and loss rates, density, temperature, damping coefficient and the spring 

constant [17, 22, 25, 27, 108, 133-142] . The MOT dynamics has been extensively 

studied during the last two decades [52, 86, 143]. The number of cesium atoms 

trapped in a magneto-optical trap can be described by the rate equation [138], 

    

  
         ∫   

 

 

         (5-1) 

Here, the 1
st
 term on R.H.S. is the loading of the magneto-optical trap whereas the 2

nd
 

and 3
rd

 terms respectively give the background and intra-trap volumetric loss rates. L, 

γ and   are the corresponding coefficients which completely determine the dynamics 

of the magneto-optical trap. Also,            is the density of trapped cesium atoms at 

position   and time   . In its simplest form, the MOT dynamical equation Eq. 5-1 has 

the solutions of the form: 

                ̃   (5-2) 
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for MOT loading, where  ̃      ̃ and     ,   and   are the same constants as used 

in Eq.5-1 and  ̃  is the average density of trapped atoms. In the present work, a 

systematic study of the MOT loading ( ), axial cloud size (  ), average MOT density 

( ̃) and background ( ) and intra-trap, light-induced ( ) collisional loss rates has been 

carried out as a function of trap laser intensity and magnetic field gradient, keeping 

the detuning fixed at           . 

5.2 MOT Loading Curves and MOT Images 

Several loading curves were recorded for cesium MOT for a few combinations (Table 

5-1) of magnetic field gradient and trap laser intensity (i.e. laser power) used in the 

present study as shown in Figs. 5-1 to 5-4. Similarly, the MOT images were recorded 

one for each combination of trap laser intensity and magnetic field gradient as listed 

in Tables 5-2 and 5-3. The ccd images of the cesium MOT have been contrast-

enhanced for a better view of the density maxima. The MOT dynamics can be 

completely determined by analyzing these loading curves and images by using the 

techniques discussed in chapter 4 of this thesis. Most of the results (marked red) have 

been published.[130, 131] 

Table 5- 1 The number of MOT loading curves recorded for the given combinations 

of magnetic field gradient and trap laser intensity used in the present study, with fixed 

trap laser detuning of -16MHz. 

 

Trap laser Magnetic Field Gradient (G/cm) 

Power (mW) Intensity (mW/cm
2
) 5 10 15 20 

20 58 7 7 7 7 

40 117 7 7 7 7 

60 175 6 6 13 7 

80 234 7 10 14 10 

100 292 12 12 9 14 

120 351 7 10 10 9 

140 409 6 10 8 9 

170 497 x 10 9 9 
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(a) 

 

(b) 

Fig. 5- 1 MOT loading curves for magnetic field gradient of 5G/cm and detuning 

of           :  a). Intensity dependence  b). Curve fitting of a loading 

curve for trap laser intensity of 292mW/cm
2
. 
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(a) 

 

(b) 

Fig. 5- 2 MOT loading curves for magnetic field gradient of 10G/cm and detning 

of           :  a). Intensity dependence  b). Curve fitting of a loading 

curve for trap laser intensity of 234mW/cm
2
. 
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(a) 

 

(b) 

Fig. 5- 3 MOT loading curves for magnetic field gradient of 15G/cm and 

detuning of           :  a). Intensity dependence  b). Curve fitting for a 

loading curve for trap laser intensity of 234mW/cm
2
. 
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(a) 

 

(b) 

Fig. 5- 4 MOT loading curves for magnetic field gradient of 20G/cm and 

detuning of           :  a). Intensity dependence  b). Curve fitting of a 

loading curve for trap laser intensity of 292mW/cm
2
.  
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Table 5- 2 The contrast-enhanced CCD images of cesium MOT at magnetic field 

gradients of 5G/cm, 10G/cm and a detuning of -16MHz: Intensity dependence 
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Table 5- 3 The contrast-enhanced CCD images of cesium MOT at magnetic field 

gradients of 15G/cm and 20G/cm at a detuning of -16MHz: Intensity dependence  
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5.3 Intensity dependence of MOT Dynamics 

The trap dynamics of the cesium magneto-optical trap was investigated as a function 

of trap laser intensity at four different values of the magnetic field gradient 

                , keeping the detuning of the trap laser fixed at -16MHz, as 

discussed below.  

5.3.1 MOT Loading ( ) 

The loading of the cesium magneto-optical trap was studied experimentally as a 

function of trap laser intensity at four different values of the magnetic field gradient 

                 and the results obtained are shown in Fig. 5- 5 (a-d). The loading 

was determined by measuring the slopes of the loading curves at    . 

All the four graphs have extraordinary qualitative similarity. As the trap laser 

intensity is increased, the MOT loading increases, reaches a maximum at an intensity 

of about           and then deceases for higher values of intensity. The trap laser 

intensity corresponding to the maxima of the loading is the same irrespective of the 

applied magnetic field gradient, although the maximum value of the loading thus 

attained is found to increase with the magnetic field gradient. 

As the trap laser intensity is increased, the photon scattering rate and hence the 

spontaneous emission radiative force acting upon the atom increases. Therefore, 

relatively faster atoms can be cooled and trapped at higher intensities. Alternatively, it 

can be said that the capture velocity of the trap increases with the trap laser intensity. 

A larger capture velocity means higher flux of atoms being cooled and trapped, 

thereby a higher loading of the trap. Hence loading of the magneto-optical trap will 

increase with the intensity. However, due to the significant light shifts and broadening 

at high laser intensities, the corresponding damping coefficient     is saturated and 

starts decreasing at higher laser intensities. Due to this, the spontaneous force upon 

the atoms also decreases and the faster atoms find it difficult to get cooled and trapped 

during their short transit time across the trapping region. That‟s why the MOT loading 

tends to decrease beyond the maximum. All the four graphs above have same 

interpretation for their intensity dependence.  
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(a) 

 

(b) 
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(c) 

 

(d) 

Fig. 5- 5 Loading          as a function of trap laser intensity at detuning of 

         :    a). 5G/cm   b). 10G/cm    c). 15G/cm     d). 20G/cm 
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5.3.2 Steady-state Number of Trapped Atoms (   ) 

The steady state number of trapped atoms in a cesium magneto-optical trap was 

studied as a function of trap laser intensity at four different values of the magnetic 

field gradient                   and the results obtained are shown in Fig. 5-6 (a-

d).  It corresponds to the steady state PD signal of the MOT loading curve. 

All the four curves show good qualitative similarity. The steady number of 

trapped atoms increases with the trap laser intensity, reaches a maximum value and 

then starts decreasing. Unlike the loading, the trap laser intensity corresponding to the 

maxima of these graphs is not the same in the strict sense showing the onset of some 

other mechanisms involving the volume effects in MOT. 

As the trap laser intensity is increased, the loading of the MOT increases as 

discussed in previous section. Therefore, the steady state number of the trapped atoms 

    should also increase. Likewise,      will also attain some maximum value and 

then decrease for higher values of trap laser intensity. However, the maxima of      

do not necessarily match with the maxima of the loading     on the intensity axis. It 

has a simple explanation given below.  

The steady state number of trapped atoms in a MOT is determined by an 

equilibrium between the loading        ) and loss rate   ̃       . Since the 

intensity dependence of the loss rate  ̃ can be modified by changing the magnetic 

field gradient via a change in MOT size and hence in its density, therefore, the 

intensity dependence of the steady state number of trapped atoms      will also be 

modified by the magnetic field gradient. 

5.3.3 Axial Size (  ) 

The axial MOT size i.e. the size of the MOT along the axis of the quadrupole 

magnetic field coils was studied as a function of trap laser intensity at four different 

values of the magnetic field gradient                  . Since the magnetic field 

gradient along the axial direction of the coils is twice the magnetic field gradient 

along any radial direction and that the spring constant along any coordinate axis is 

proportional to the magnetic field gradient, therefore, the axial cloud size is smaller as  
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(a) 

 

(b) 
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(c) 

 

 

(d) 

Fig.5- 6 Steady-state number of trapped atoms       as a function of trap laser 

intensity:    a). 5G/cm  b). 10G/cm  c). 15G/cm  d). 20G/cm 
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compared with the radial cloud size and is therefore responsible for the maxima in 

MOT density. 

As such, the MOT size is an interplay between the two opposing forces 

working in the MOT i.e. the compression radiative forces which increase with the 

magnetic field gradient and the repulsive radiative forces which arise due to radiation 

trapping at high MOT densities. Also, the light induced collisions, to be discussed in a 

later section, can cause a reduction in MOT size by trap loss. Therefore, the intensity 

dependence of the MOT size carries an interesting trap dynamics. Fig. 5-7 (a-d) 

shows the experimental results. 

All the four graphs are qualitatively same due to the fact that with increasing 

intensity, the MOT compression follows the MOT expansion, although the minima in 

size are attained at different trap laser intensity for different magnetic field gradient. 

Also, the minimum attained MOT size is increasing with magnetic field gradient. 

As the trap laser intensity is increased, the radiative compression forces 

increase which compress the MOT thereby reducing its size along with a 

simultaneous increase in the steady state number of trapped atoms      . Together, 

these result in an increase in MOT density with a maximum in the center, to be 

discussed in the next section. As a consequence of MOT compression, the repulsive 

radiative forces are set in due to radiation trapping and the MOT starts expanding 

again.   

The existence of a MOT size minimum at lower trap laser intensity indicates 

stronger compression radiative forces as compared with a MOT whose minimum 

appears at higher intensities. Therefore, the compression forces are stronger in case of 

       as compared with        . Moreover, a larger value for the minimum 

MOT size indicates that the MOT has captured greater number of atoms. Hence, the 

MOT with         has greater capture as compared with the one with       . The 

effect of magnetic field on MOT performance will be discussed in a later section. 
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(c) 

 

 

(d) 

Fig. 5- 7 Axial MOT Size as a function of trap laser intensity:  a). 5G/cm   

b). 10G/cm  c). 15G/cm  d). 20G/cm 
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(c) 

 

(d) 

Fig. 5- 8  Average MOT density ( ̃) as a function of trap laser intensity:                        

a). 5G/cm  b). 10G/cm  c). 15G/cm  d). 20G/cm 
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5.3.4  Average MOT Density ( ̃) 

The average MOT density was measured as a function of trap laser intensity at four 

different values of the magnetic field gradient                 , keeping the 

detuning fixed at -16MHz and the results are shown in Fig. 5-8 (a-d). 

The intensity dependence of the average MOT density is directly related to the 

intensity dependence of the steady state number of trapped atoms      and the axial 

cloud size (  ) or average MOT volume. Despite the nonlinear intensity dependence 

of      , the average MOT density   ̃  inversely follows the intensity dependence of 

the axial MOT size except for the case of        in which the  ̃ follows the axial 

size directly. This decrease of density, however, can be explained in terms of an 

increase of the collisional trap loss and MOT volume (due to expansion in the radial 

direction). 

5.3.5 Background and light-induced Collisions ( ̃) 

Depending upon the density of the background cesium atoms, the time constant  

      of the MOT loading curve can vary. If, however, the background cesium 

density is kept constant by maintaining the temperature of the cesium reservoir and 

the ambient temperature of the laboratory, then the time constant of the MOT loading 

curve should be same on the average. This has a simple interpretation that the inverse 

of the time constant i.e.       is a measure of the background collisional losses of 

the trapped atoms from the MOT. Therefore, the magneto-optical operating 

parameters of the MOT, i.e. the trap laser intensity & detuning and magnetic field 

gradient, are expected to have no effect upon   . Therefore, the intensity dependence 

of the trap loss was investigated at four different values of the magnetic field gradient, 

keeping the detuning fixed at -16MHz and the results obtained are shown in Fig. 5-9 

(a-d). 

As the trap laser intensity is increased, contrary to our expectation, the 

collisional losses increase almost linearly with intensity and are saturated at trap laser 

intensity of           beyond which the losses tend to decrease. It holds true in 

the case of       and       .  However, for          and        , this linear 

increase of trap loss with intensity is preceded by trap loss decrease with intensity.  
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(a) 

 

(b) 

  



Chapter 5 Trap dynamics of a cesium vapor cell Magneto-Optical Trap    

 

143 

 

 

(c) 

 

(d) 

Fig. 5- 9  Trap-loss coefficient    ̃        as a function of trap laser intensity:   

a). 5G/cm  b). 10G/cm  c). 15G/cm  d). 20G/cm 
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The intensity dependence of  ̃ has its origin in the light-induced cold collisions taking 

place in a magneto optical trap. The colliding partners participating in a cold collision 

are quite slow with speeds          in the Doppler cooling regime, therefore, the 

corresponding collision times are ~      .  Since the cold collision times are 

comparable with excited state lifetimes, therefore, the colliding atoms once excited 

may emit a photon during the collision which can alter the collision dynamics by 

imparting recoil to the emitting atom. However, its effect on the MOT performance 

appears in the form of loss of atoms from the trap.  Since these collisions take place in 

the presence of a resonant light, these are known as excited state collisions in contrast 

with the ground state collisions which take place in the darkness and in which both 

atoms are in the ground state. 

The effective  ̃ contains total collisional losses from the MOT, with the 

background cesium atoms as well as with neighboring cold cesium atoms in the trap. 

Therefore, we split the  γ  into two parts,  

 ̃         (5-3) 

where   is due to the collisions of trapped cesium atoms with background cesium 

atoms and       which is the intensity-dependent part of  ̃, is due to the binary 

collisions  between cold cesium atoms trapped in the MOT. The      is related to the 

MOT density and excited state collisions cross-section   by the relation,        

    ̃, where,  ̃ is the average density of trapped cesium atoms and            is the 

coefficient for light-induced trap loss. The methods for measurement of            

have been already been discussed in chapter 4. Here, the    and   have the same 

meanings as those used in Eq. 5- 1. The results for intensity dependence of light 

induced collisions are shown in Fig. 5- 10 (a-d). 

Gallaghar & Pritchard and Sesko et al. [144, 145] have discussed the increase 

of   with an increase in intensity at high trap laser intensities and attributed these 

losses to the two processes, namely, radiative escape(RE) and fine structure changing 

collisions(FSCC). However, the increase of    with a decrease of intensity, in the low 

intensity, might be because of the hyperfine-changing collisions (HCC) between 

ground state cesium atoms. In this process, two cesium atoms can acquire the 

velocities of                depending upon whether one or both of the colliding  
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(a) 

 

(b) 
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(c) 

 

(d) 

Fig. 5- 10 Light-Induced collisional Loss Parameter as a function of trap laser 

intensity:   a). 5G/cm  b). 10G/cm  c). 15G/cm  d). 20G/cm 
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atoms change their state from                         , or vice versa, and both 

atoms may leave the trap. The HCC collisions may lead to the escape of the colliding 

atoms as well as to the optical pumping of one or both atoms into some dark state, i.e. 

state in which atoms no longer belong to the absorption-emission cycles of the 

trapping transition. In either case, MOT suffers from an intensity- dependent loss of 

one or two cesium atoms. Alternatively, the intensity dependence of the trap loss at 

lower intensities (for         and        ) can also be interpreted in terms of the 

escape velocity. [146]  

5.4 Magnetic Field Gradient dependence of MOT Dynamics 

The trap dynamics was also studied as a function of the magnetic field gradient 

keeping the trap laser intensity and detuning fixed respectively at           and 

       as discussed in the following sub-sections. 

5.4.1 MOT Loading ( ) 

The magnetic field dependence of the loading ( ) was studied at fixed values of the 

trap laser intensity (         ) and detuning (      ) and the results are 

shown in Fig. 5-11. 

The MOT loading increases monotonically with the magnetic field gradient. 

This is due to the fact that the capture velocity and hence the trappable number of 

cesium atoms also increases monotonically with the magnetic field gradient as 

explained below. 

As the atom enters the trapping region, it should be in resonance (      ) 

with the laser field at the boundary. The effective detuning      of the atom from the 

trapping laser is determined by the applied trap laser detuning          , the 

Doppler and the Zeeman contribution to the frequency shift of the atomic levels i.e.   

              ⃗           . The Doppler and Zeeman shifts have to be 

opposite for MOT operation. Therefore, a larger magnetic field at the boundary of the 

trapping region (i.e. a larger magnetic field gradient for Gaussian diameter of the 

trapping beams) can compensate the larger Doppler contributions. Hence, the capture 

velocity of the MOT will increase with an increase in magnetic field provided the 

there is enough MOT radiative force to cool and trap the atom during its transit across 
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Fig. 5- 11  Loading versus magnetic field gradient at fixed values of trap laser 

intensity (         ) and detuning (      ) 

the trapping region. It puts a lower limit upon the trap laser intensity for a given 

magnetic field gradient and an upper limit upon the magnetic field gradient for a 

given trap laser intensity, provided the trap laser detuning  and Gaussian beam 

diameter are kept fixed. The atom should not be Zeeman tuned out of resonance. 

5.4.2  Steady-state Number of Trapped Atoms (   ) 

The steady state number of trapped atoms     was studied as a function of the 

magnetic field gradient keeping the trap laser intensity (         ) and detuning 

(      ) fixed and the experimental results are shown in Fig. 5-12. 

For the trap laser intensity of            and the detuning of         , 

steady state number of trapped atoms increases almost linearly with the magnetic field 

gradient.  Since the MOT loading increases monotonically with the magnetic field 

gradient at this laser intensity and that the magnetic field is not isotropic in the 

trapping region, therefore, the steady state number of trapped atoms bears a linear 

relationship with the magnetic field gradient which is a little different from that of the 

loading. The fundamental quantity of interest here is again the capture velocity which  
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Fig. 5- 12 Steady state number of trapped atoms     versus magnetic field 

gradient , at trap laser intensity of            and a detuning of        . 

increases with the magnetic field gradient. Increasing the capture velocity always 

increases the steady state number of trapped atoms in a vapor cell MOT which is 

loaded directly from the background atoms at thermal equilibrium at room 

temperature. 

5.4.3 Axial Size (  ) 

The axial MOT size (  ) as a function of magnetic field gradient keeping the trap 

laser intensity (         ) and detuning (      ) fixed and the experimental 

results are shown in Fig. 5-13. 

The axial MOT size is increasing monotonically with the applied magnetic 

field gradient. Since the steady state number of trapped atoms is increasing linearly 

with the magnetic field gradient (Fig. 5-12) and that the MOT is already operating at 

quite high laser intensity in the multiple scattering regime where the MOT expands 

due to radiation trapping and any effort to increase its density by increasing the 

number of trapped atoms leads to an increase in MOT size instead.  Although the  
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Fig. 5- 13 Axial MOT size as a function of magnetic field gradient, keeping the  

trap laser intensity and detuning respectively fixed at           and 

      . 

magnetic field gradient defines the spring constant of the MOT and greater value of 

spring constant should lead to smaller MOT, but the corresponding increase in the 

number of trapped atoms and the repulsive positive photon pressure results in MOT 

expansion. 

5.4.4 Average MOT Density ( ̃) 

The average MOT density was studied as a function of magnetic field gradient 

keeping the  trap laser intensity and detuning respectively fixed at           and 

       and the results are shown in Fig. 5-14. 

Fortunately, the density graph is inversely following the MOT size with the 

magnetic field gradient graph as expected i.e. with an increase in magnetic field 

gradient, the MOT expands (Fig. 5-13) due to radiation trapping at an intensity of 

          and, therefore, the density falls. Also, the average MOT density 

inversely follows the trap loss graph against the magnetic field gradient indicating that 

the density lowers when trap losses rise. 
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Fig. 5- 14 Magnetic field dependence of average MOT density   ̃ at fixed trap 

laser intensity and detuning of             and         

As the magnetic field is increased, the average MOT density decreases, reaches a 

minimum value and then starts increasing again.  

5.4.5 Background and Light-induced Collisions ( ̃) 

The trap loss was studied as a function of magnetic field gradient at fixed trap laser 

intensity and detuning of             and          respectively and the results 

are shown in Fig. 5-15. 

As the magnetic field gradient is increased, the trap loss increases, reaches a 

maximum value at 10G/cm and then decreases with the magnetic field gradient. 

The light induced collisions parameter is                      at the trap 

laser intensity of            for these magnetic field gradients, hence the 

corresponding light- induced loss term     ̃  is appromimately       , as compared 

with background loss term      . Therefore, the light induced collisions are 

significant at this intensity. 
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Fig. 5- 15 Magnetic field dependence of  Trap Loss  ̃ at fixed trap laser intensity 

and detuning of             and         ,   ̃           ̃ . 

Increasing the magnetic field gradient from 5G/cm to 10G/cm does increase 

the loading   and the steady state number of trapped atoms      ; this is due to the 

increase in capture velocity of the MOT. Therefore, there is more probability of 

radiation trapping and hence consequently the trap loss due to light induced collisions. 

But increasing the magnetic field beyond 10G/cm, not only increases the capture 

velocity but also the escape velocity substantially and hence the trap depth. Therefore, 

the trap loss due to light induced collisions consequently decreases. 

5.5      Chapter Summary 

We have studied the trap dynamics of a cesium vapor cell magneto-optical trap as a 

function of trap laser intensity and magnetic field gradient. The MOT was essentially 

operating in the multiple scattering regime i.e. there is a finite probability of re-

absorption of the spontaneously emitted photon before leaving the trap. The MOT 

dynamics is physically determined by the trapping radiative forces acting upon atoms 

in the MOT and repulsive radiative forces originating because of the multiple 

scattering of photons inside MOT. Further, the light-induced binary collisions 

between cesium atoms play a crucial role as well. When the steady state number of 
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trapped atoms increases, the MOT density also increases until it attains its maximum 

value. The multiple scattering of photons and radiation trapping in the MOT develop a 

positive photon pressure which limits the average MOT density. If light intensity and 

magnetic field gradient are increased to further increase the steady state number and 

density of trapped atoms, the MOT will grow in size instead. However, a larger MOT 

has greater radiation trapping and hence more probability for light induced collisions. 

Therefore, light induced trap loss increases which lowers the density from its 

maximum value which can be increased again by increasing trap laser intensity. But 

due to light shifts and broadening, the laser intensity cannot be increased indefinitely. 

Therefore, in order to be able to trap an increasingly high number of atoms in the trap, 

we should increase the laser power but limit the laser intensity by correspondingly 

increasing the laser beams diameter. Gibble et al. [23] were able to capture 3.6x10
10

 

cesium atoms at a density of 3.6x10
10 

cm
-3

 by using 40mm diameter laser beams at a 

trapping intensity of 25mW/cm
2
 per beam. In comparison, we could capture a 

maximum of 3x10
9
atoms at

 
a density of

 
2x10

11 
cm

-3
 by using nominal laser beam 

diameter of 6.6mm at a total of trapping laser intensity of 250mW/cm
2
. Therefore, our 

results are quite impressive when the MOT density and the corresponding trap 

volumes are compared and have been published in EPJD [130].   

In short, we have measured all the three constants, namely, L, γ and β of the 

dynamical equation of MOT. Therefore, we have completely determined the 

dynamics of cesium magneto-optical trap at high laser intensities. Also, we have 

qualitatively related these dynamical constants with two other constants, namely, the 

damping coefficient β and the spring constant κ.  

 

 



 
 

Chapter 6.        Capture Velocity of a                                               

Cesium                                                           

Vapor Cell Magneto-optical Trap 

 

The content of the present chapter is based upon the original research work by the 

author which was published in [131]. 

The magneto-optical trap (MOT) is a nonlinear dynamical system. In order to 

capture a large number of atoms directly from the background in a vapor cell 

magneto-optical trap (VCMOT), we need to increase its capture range,       , or 

its capture velocity   . The capture velocity is the maximum velocity that an atom can 

have while entering the trap and be captured. In this chapter, by using the arguments 

of statistical mechanics, a simple model has been developed for the capture rate of a 

cesium vapor cell MOT in terms of its capture velocity    , background cesium 

density and trap laser beam diameter. The validity of this model is however limited by 

the uncertainty in the measurement of the surface area of the trapping region. By 

using this model, the capture velocity    can be determined from the experimentally 

measured capture rates   of the cesium vapor cell magneto-optical trap. The capture 

velocity of a cesium VCMOT has been measured for various trap laser intensities and 

magnetic field gradients. It was observed that the capture velocity is a damping force 

as well as a restoring force phenomenon. Finally, it was concluded that two MOTs 

can have the same capture velocities but very different capture rates thereby revealing 

that these are two fundamentally different physical parameters of the MOT.  

6.1 Statistical Capture Model and Simulation 

According to the kinematical model for the capture of a vapor-loaded MOT [24], if    

is the capture velocity of VCMOT then all atoms in the trapping region, with 

velocities       , will be captured with a certainty of 1.. The trapping region of a 

MOT was approximated by a sphere of diameter     , where    is the Gaussian 
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radius of the trap laser beams. An exact model for the capture rate   in terms of the 

capture velocity    , with        , is given below 

  
     

 
   (

  

  
)

 
 

∫   
 
 
   

  

 

     (6-1) 

Derivation of Model: 

Our problem is to find the number of cesium atoms, with velocities           , 

entering into this sphere per unit time, i.e. to find the capture rate of the MOT.  

 Now the number of cesium atoms contained in a sphere of radius   and 

having velocities in the range        , is given by 

       ∫               
             
              

 (6-2) 
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such that  

∫               
      
     

 (6-3) 

where   is the total number of cesium atoms in the trapping region, assumed here to 

be a sphere. Therefore, 

  ∫     
 
 
             

      
     

 

It is to be noted that  
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so that whereas individual velocity components can be  –             , their 

modulus   can have only positive values i.e.,                              

but              

The volume element in spherical polar coordinates is  

                       

                       

Hence integrating over a sphere of radius   and for all velocities,          , 

we get 
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where    
 

 
     is the volume of the trapping region and   is the density of cesium 

atoms. Thus, 

         
  

  
 
 
      

 
 
    

 (6-4) 

Eq. (6.4) is known as the Maxwell-Boltzmann distribution of molecular velocities. 

Using Eq. 6.4 in Eq. 6.2, we get 
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Now,  

∫       
 

 

 ∫   
  

 

    

is the solid angle of the sphere equal to 4π steradians, indicating the isotropy of atomic 

velocities in the kinetic theory. Therefore, 
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where       is the density of cesium atoms with velocities       in terms of the 

density   of cesium atoms  with all velocities                From Eq. 6-6, we 

can also write 
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which gives the fractional number of atoms having velocities in the range        

   . It has very simple relation to the mean velocity  ̅     of all the atoms with 

velocities in the range           ,  
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 (6-7) 

We are interested in finding the number of atoms with velocities in the range 

        and which are entering into a sphere of radius   per unit time. Therefore, 

our problem is to find the inward atomic flux through the surface of this sphere. This 

is given by 

      ̅            

where,   

       ∫        ∫      
  

 

 
 

 

 

is the solid angle available to the atoms (for inward velocities only), while crossing 

the boundary of the sphere   being the angle between the incident velocity and 

normal to the surface of sphere. If        is the surface area of the sphere, then 

the number of atoms having velocities in the range          and entering into the 

sphere (per unit time) is given by 

                  ̅           
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 (6-8) 

which is the required  Eq. (6-1) for the capture rate   for a VCMOT, assumed to have 

a spherical trapping region of radius  , in terms of its capture velocity    . 

The integral factor on right hand side of Eq. (6-1) is then numerically integrated 

from 0 to              . Fig. 6-1 shows the simulation results for the capture 

velocity    versus capture rate   with fixed         and                  

      . By using these simulation curves, we can determine the capture velocities    

corresponding to the experimentally measured capture rates      
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Fig. 6- 1  Numerical simulation of the capture rate model for a cesium VCMOT:  

For           and                            .  

 

6.2 Capture Dynamics of cesium MOT 

In the present study, the capture velocity was studied as a function of trap laser 

intensity and magnetic field gradient keeping the trapping beams diameter          , 

detuning          and the background cesium density               fixed. It 

was observed that, contrary to Muniz et al. [147], the capture velocity      is a 

damping force as well as a restoring force phenomenon. 

6.2.1 Intensity dependence of Capture Velocity 

Figs. 6-2 and 6-3 show the intensity dependence of the capture velocity    at four 

different values of the magnetic field gradient                   . As the trap laser 

intensity is increased, the capture velocity    also increases, reaches a maximum value 

and then starts decreasing at higher intensities. The maxima of the capture velocity     

of cesium VCMOT occur at an intensity of about           irrespective of the 

magnetic field gradient, although the maximum values of capture velocity might 

differ. It shows that the capture velocity is a damping force phenomenon. 
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 Since the trap laser intensity was measured before the beam was split up, 

therefore, the (per beam) intensity for maximum of    comes out to be         

   . A comparison with previous studies by Muniz et al. [147] shows that this 

intensity is 10 times higher as compared with (per beam) intensity of        for a 

beam-loaded sodium           . This difference in the behavior of the two 

MOTs can be explained on the basis of the atomic parameters, e.g. atomic mass    , 

maximum photon scattering rate        ⁄  and the recoil velocity   .  

 The cesium MOT has the features of a heavy atom (      ) with excited state 

decay rate of         , the photon recoil velocity             and the photon 

energy of                . In comparison, the sodium MOT has the features of a 

relatively lighter atom (     ) with double decay rate        , larger recoil 

velocity             and higher photon energy of                  In a 

sodium MOT, 8 times lesser number of photon absorption-emission cycles are needed 

and, further, those photons are scattered at a rate double than the photon scattering 

rate in a cesium MOT. However,                  in sodium MOT is     times 

fewer than that in cesium MOT. Therefore, the net advantage of the capture in a 

sodium MOT is given by the factor           .  

This explains why the capture of a cesium MOT maximizes at (per beam) 

intensity of          which is 10 times higher than that observed in sodium MOT 

(       ). It clearly establishes that the capture velocity is an atomic parameter of 

the MOT. Although, a beam-loaded dark-SPOT can certainly have a larger capture 

rate   as compared with a vapor-loaded MOT, but it does not have any advantage 

over VCMOT regarding the capture velocity   . 

As the intensity is increased, the radiative spontaneous force increases upon the 

atoms which can cool relatively faster atoms. Hence the capture velocity will increase 

with an increase in intensity. However, due to the light shifts and broadening at higher 

laser intensities, the damping coefficient starts decreasing due to which the capture 

velocity also decreases beyond the maxima at high intensities.  
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(a) 

 

(b) 

Fig. 6- 2  Capture velocity as a function of trap laser intensity for fixed trapping 

beams dia. (6.6mm), detuning (        ) and background cesium density 

(             ) :   a).  5G/cm  b). 10G/cm 



Chapter 6 Capture velocity of a cesium vapor cell Magneto-Optical Trap    

 

162 

 

 

(a) 

 

(b) 

Fig. 6- 3 Capture velocity as a function of trap laser intensity for fixed trapping 

beams dia. (6.6mm), detuning (        ) and background cesium density 

(             ) :   a).  15G/cm    b).  20G/cm 
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6.2.2 Magnetic Field Gradient dependence of Capture Velocity 

Fig. 6-4 shows the magnetic field gradient dependence of the capture velocity    

keeping the intensity fixed.As the magnetic field gradient is increased, depending 

upon the trap laser intensity, the capture velocity increases monotonically with 

magnetic field gradient. It clearly shows that the capture velocity is also a restoring 

force problem. 

The magnetic field gradient enters into the capture velocity problem in two 

ways, namely, via the effective detuning and the spring constant of the MOT. 

The effective detuning is given by                   ⃗        
      

 
 

where        is the trap laser detuning,  ⃗          is the Doppler term and 
      

 
 

is the Zeeman term. Due to the Zeeman and Doppler contributions, the effective 

detuning      varies spatially in a MOT. For an atom while being cooled and trapped, 

the resonance condition        must be satisfied locally in the atom-photon 

interaction along its trajectory.  

 

Fig. 6- 4  Magnetic field gradient dependence of the capture velocity fixed values 

of trap laser  detuning         , intensity         ⁄   and Gaussian radius 

      



Chapter 6 Capture velocity of a cesium vapor cell Magneto-Optical Trap    

 

164 

 

Now the 1
st
term is fixed (      ) and only the 2

nd
& 3

rd
 terms can vary to 

compensate each other. Larger the Zeeman term, the larger can be the Doppler term 

needed for its compensation i.e. relatively faster atoms will satisfy the resonance 

condition now. But for cooling and trapping of a fast atom, its transit across the 

trapping region has also to be increased by correspondingly increasing the trap beams 

diameter; otherwise, the capture velocity    will tend to its limiting value at high 

magnetic fields.  

Similarly, we can show how the restoring force acting upon an atom increases 

with the applied magnetic field gradient in a MOT thereby increasing the retardation 

    

 
 where 

                (6-9) 

  and   being respectively the spring-constant and the damping coefficient. Eq. (6- 9) 

is the damped harmonic oscillator (DHO) model for the motion of an atom in a 

magneto-optical trap [22]. Now as the magnetic field gradient is increased, its spring 

constant    increases and the atom spirals into the trap centre along the tighter orbits 

at higher trap frequencies. For cooling and hence trapping, the atom‟s motion has to 

be over-damped (very high    in order to follow the magnetic field into these smaller 

orbits (large  ). In case the atomic motion is under-damped (low   ), the magnetic 

field gradient then has to be decreased so that the orbits might be relaxed to larger 

radii (small  ) in order to preserve the adiabaticity of the capture process. Thus higher 

magnetic field gradients help to achieve the maximum values for the capture 

velocity    provided the atomic motion is critically-damped (high  ) and proceeds 

adiabatically. There has to be a delicate balance between the damping force (   ) 

and the restoring force (   ) for optimum performance of the MOT. 

6.2.3 Capture Velocity versus Capture Rate 

The capture rate   of a magneto-optical trap depends upon the flux of atoms entering 

into the trapping region and is therefore a thermodynamic variable of the MOT. 

However, the capture velocity     of a MOT is an atomic parameter and can be 

defined even for a single atom capture in the MOT. For fixed trapping beam 

diameter  , the capture velocity      is determined by the magneto-optical operating 
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parameters like intensity    , magnetic field gradient   
  

  
  and the detuning    . The 

larger trap beam diameters allow more time for the atom to traverse across the 

trapping region and hence making larger capture velocities possible. However, 

concerning the magneto-optical parameters      
  

  
  of the MOT, there can be a 

number of their combinations to yield the same capture velocity    . Even though the 

mechanisms behind   and     are quite different, yet these remain coupled in the 

MOT dynamics.   

6.3 Chapter Summary 

Therefore, a model for the capture rate   of a VCMOT in terms of its capture velocity 

    has been successfully developed and implemented it to find the capture velocity of 

a cesium VCMOT from the experimental loading rates. Our results about the intensity 

and magnetic field dependence of the capture velocity    reveal that it is a damping 

force as well as the restoring force phenomenon. The capture velocity is an atomic 

parameter and, for fixed size of the trapping region, it depends upon the trap laser 

intensity      , detuning    ) and magnetic field gradient  
  

  
 . The capture rate   is 

instead a volume parameter and depends upon the flux of atoms entering into the 

trapping region per unit time as well as upon the capture velocity     (      
  

  
). The 

dependence of R upon the magneto-optical parameters solely comes from its 

dependence upon         
  

  
 .  However, two VCMOTs of different atoms (e.g. 

     ) can have the same capture velocity   , depending upon their (      
  

  
)
 
 

values, but quite different capture rates    for        , thereby establishing that 

these are two fundamentally different parameters of the MOT. 

 

 



 
 

Chapter 7.       Stochastic Dynamics of                                               

Cesium Atoms                                                            

in a Magneto-optical Trap 

The content of the present chapter is based upon the original research work carried out 

by the author and which has been published in [132]. 

The magneto-optical trap is essentially a dissipative quantum system. The 

thermal atom  loses its energy to the environment via spontaneous emission during the 

cooling process. It continually interacts with the e. m. field (via absorption and 

stimulated emission) as well as with the vacuum reservoir (via spontaneous emission). 

Both these interactions involve the fluctuations which are propagated through the 

internal dynamics of the atom to its external dynamics. We expect these fluctuations 

(both the vacuum and field fluctuations) to render the atom‟s dynamics chaotic. We 

do not perturb the atoms externally to study chaos in cold atoms as was done by many 

authors like Raizen [148], we assume these perturbation to be inherently present in the 

system because of the vacuum and field fluctuations.  We want to see the signatures 

of chaos in the fluorescence light emitted by the atoms while being cooled and 

trapped in the MOT. For this purpose, the temporal evolution of a cesium magneto-

optical trap was studied in the form of loading curves under different conditions of 

trap laser intensity, detuning and magnetic field gradient. We applied the standard 

techniques of nonlinear dynamics to the time series of the fluorescence signal of the 

trapped atoms in the MOT to find out how its dynamics evolves. It was found that, 

like all dissipative systems, the MOT dynamics evolves from deterministic to the 

chaotic regime. The subsequent disappearance of chaos was attributed to the rare 

phenomenon of chaos synchronization indicating that MOT is spatially and 

temporally quite a large dynamical system. Sometimes, we observed the repeated 

disappearance and revival of chaos.  
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7.1  Chaotic Dynamics of MOT: Simulation 

The spontaneous emission effect on the atomic motion was taken into account by 

adding a variation (∆v) to the atomic velocity due to the recoil caused by the atomic 

emission. The recoil was assumed constant in intensity but randomly oriented in 

space. Next, we will present a resume of the equations that describe the forces for a 

two-level atom of mass m, resonance frequency ωo and transition dipole moment µ in 

the presence of a radiation field. The laser field with fluctuation in amplitude and 

phase 

       
 

 
                            e (7-1) 

where      is the Rabi frequency, ê the polarization state, and F(t) and f(t) are, 

respectively, the fluctuations in the intensity and phase originating from stochastic 

processes. In the presence of these fluctuations, the radiation force on a two-level atom 

is then given by 

  ̈  
 

 
               (7-2) 

where U and V are components of Bloch vector (U,V,W) determined by the set of 

optical Bloch equations which, under the rotating wave approximation (RWA) satisfy 

the following system of ordinary differential equations (ODE‟s), 

 ̇  (   ̇   ̇)  
 

 
    

 ̇   (   ̇   ̇)        
 

 
    

 ̇                  

(7-3) 

where A is the spontaneous emission rate,        the laser detuning from the 

atomic resonance frequency and  ̇   ̇     . From the theory of multiplicative 

stochastic processes [73, 149], the ensemble-averaged system of equations is then 

given by 
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(a) 

 

(b) 

 

Fig. 7- 1  Numerical Solutions of OBE‟s in the presence of field fluctuations:   

  a).  Solutions for the Bloch vectors U and V for          ,    

b).  Solutions for the Bloch vector W for           
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〈 ̇〉  (   ̇)〈 〉  (
 

 
   ) 〈 〉 

〈 ̇〉    (   ̇)〈 〉   〈 〉  (
 

 
      ) 〈 〉 

〈 ̇〉   〈 〉        〈 〉    

(7-4) 

Here, the parameters     and     are defined as the spectral densities of the stochastic 

processes associated, respectively, to the phase and amplitude of the electric field and 

are respectively defined by  〈         〉              and  〈         〉  

          . 

For a 1-D MOT, the numerical solutions of the OBE‟s with field fluctuations 

are given in Fig.7-1 for              . The solutions of OBE‟s demonstrate the 

internal dynamics of the cesium atom in a resonant light field with detuning  . 

It is clear that all the 3 solutions converge to their steady state values, however, 

their dynamics has fluctuations. Their transient behavior close to      is shown in 

Fig.7-2. It is evident that both U and W decay exponentially with time, however, V 

has damped oscillations.   

Eventually, all solutions attain their steady state solutions. The amplitude and 

phase fluctuations have appeared as fluctuations in the solutions for U, V and W, but 

with different shapes in each as shown in Fig.7-3.  

The fluctuations in W are a bit of special kind. The larger and longer fluctuation 

is composed of many smaller and shorter fluctuations similar to itself.  This is a 

characteristic of the chaotic dynamics with the features of fractals. Now, whereas the 

solutions U and V, being atomic coherences, carry the signatures of the internal 

dynamics of the atom, the solution W, being inversion, is related to the external 

degrees of freedom of the atom in that the radiative force  ⃗  on the atom being exerted 

by the light field is proportional to the excited state fraction of the atoms. In this way, 

the fluctuations originally present in the light field are communicated to the external 

dynamics of the atom. The solution W is shown in Fig.7- 4 for a larger span of time. 
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(a) 

 

(b) 

 

Fig. 7- 2  Numerical Solutions of OBE‟s for a fluctuating field: 

  a).  Solutions for Bloch vectors U and V for            , 

 b).  Solutions for Bloch vector W for           
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(a) 

 

(b) 
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(c) 

 

(d) 

 

Fig. 7- 3  Fluctuations zoomed in for the Bloch vectors         . The fluctuations 

(a-c) are all different. The fluctuations in     look like fractals.  
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Fig. 7- 4  The fluctuations in   for                 look like Brownian 

motion which is an indicator of the hidden fractal dynamics. 

 

The fluctuations in W are expected to be imparted to the atom in the form of 

momentum recoils, each being equal to that of photon momentum ħk. In response, the atom‟s 

trajectory in the phase-space would resemble the Brownian motion. We have simulated the 

atom trajectories in a 2D MOT under the effect of similar field fluctuations. The results are 

shown in Fig.7.5 in the progressively increasing zoom in the position space. The decreasing 

scale in both the horizontal and vertical axes from                    may please be noted. 

These plots show that an atom has chaotic trajectories in a magneto-optical trap. 

However, the random behavior in the external degrees of freedom is again coupled to the 

internal degrees of freedom via position- and velocity-dependent detuning   in the MOT. 

Therefore, the fluctuations become self-sustaining in the closed-loop between internal and 

external degrees of freedom thus leading to fully chaotic dynamics of an atom in the MOT. In 

principle, each atom should have an independent dynamics as long as it comes closer to 

another atom for atom-atom interactions (van der Wall and dipole) to take place. 
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(a) (b) 

  

(c) (d) 

  

(e) (f) 

 

Fig. 7- 5  Numerical solutions for atoms trajectories in a 2-D magneto-optical 

trap in the presence of amplitude and phase fluctuations (a) to (f) 
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Alternatively, a photon emitted by one atom can be absorbed by another atom in 

its vicinity which results in the repulsive interactions between the atoms via photons 

(multiple scattering). In this way, the dynamics of the atoms in the MOT may be 

coupled together which can altogether change the dynamical situation. Whereas, the 

atoms have chaotic dynamics individually, the ensemble may or may not exhibit the 

chaotic dynamics depending upon whether the chaos synchronization has taken place 

or not. With all these possibilities, the MOT qualifies as an extremely interesting 

chaotic quantum dynamical system. 

7.2  Nonlinear Time Series Analysis 

7.2.1 Embedding Dimension 

Depending upon the complexity of the dynamical system with dimensions n, it is 

always possible to define a state vector           
 on an attractor   in the k-

dimensional space and one can have an evolution operator such that           

where             . The dynamical system      is said to be deterministic or 

chaotic depending upon if the evolution operator   is deterministic or chaotic. Also, 

the dynamics of the system will be said to be stationary or evolving if the 

corresponding evolution operator   is stationary or evolving. For a system which is 

both stationary and deterministic, suppose, we measure some single scalar quantity, 

say its temprature   , at any time i.e.         , where          is an observation 

function which provides us with a way to measure the state of the system      . But 

since      gives us only a scalar value, it cannot offer a complete description of the 

system, however, observing          at many successive times can do it. This is 

possible because of the Taken‟s embedding theorem [150] which states that if    is 

sufficiently large, the evolution of (                     ) will be the same as   . 

This theorem is extremely useful for extracting the true dynamics of a   

            system from the measurement of its single parameter at different time 

intervals. The     is known as the embedding dimension of the system. A larger value 

for    helps to explore the complexities of the dynamics of the system, but it should 

not be larger than the fractal dimension   of the system. The good embedding 

dimension    is the one which truly “unfolds” the “embedded” dynamics of the 

system. Therefore, in practice, we start from      and successively increase it so 
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far as the results remain compatible with the physical situation. We have used the 

delay-embedding technique for the nonlinear analysis of the dynamics of cold atoms. 

The single parameter of the atoms in the MOT being monitored is the fluorescence 

emission rate which is a function of the Rabi frequency  , the instantaneous detuning 

  of the laser and the line-width   of the transition, Eq. (4- 5) . 

7.2.2 Recurrence Plot Analysis 

Eckmann et al. [151] introduced the method of recurrence plots (RPs) to project a 

                 phase space upon a                one. For a trajectory 

{  }   
  of a system in its phase space the RP can be formally expressed by the matrix 

         (  ‖     ‖)                   (7-5) 

where   is the number of measured points,   is a threshold distance,      is the 

Heaviside function (i.e.                                     and ‖ ‖ is a 

norm. For             states, it holds that 

                  

The RP is obtained by plotting, say, a black dot at the coordinates      , if  

      , and a white dot, if       . Both axes of the RP are time axes and show 

right-wards and upwards as convention. Since       |   
  , by definition, the RP has 

always a black main diagonal line, the line of identity (LOI). Furthermore, the RP is 

symmetric, by definition, with respect to the main diagonal, i.e.          . A 

completely periodic system has its RP as parallel lines along the main diagonal with 

fixed transverse spacing between the lines. A homogeneous white noise has its RP 

uniformly filled with dots. An ideal chaotic system, like Lorentz attractor, under 

suitable conditions, can have its RP as a marble floor, with the sizes of the black and 

white plates larger around the attractor and smaller away from the attractor. Similar 

situation might be expected for RP of the MOT as a dynamical system.  

7.2.3 Correlation Dimension 

The notion of correlation dimension in non-linear dynamics is an extended version of 

the usual dimension (i.e. 0,1,2 and 3 dimensions of the objects) with the inclusion of 

fractional and higher order (   ) dimensions like 0.7, 7.7 etc. The objects with non-
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integer dimensions are called fractals. However, the fractals are not necessarily 

chaotic.  

To extract fractals or chaotic dynamical systems from temporal dynamics, we 

consider the limit set of a deterministic dynamical system i.e. we plot the set of states 

to which an almost (arbitrary) trajectory will converge. Mathematically, the limit set 

is the set of points     such that           and              such that 

|    |         |    |    (7-6) 

A dynamical system having a finite limit set   is called the attractor. An 

attractor with a fractional dimension is called as the strange attractor. However, a 

fractal attractor is neither a sufficient nor a necessary condition for chaos. Despite this 

fact, the chaotic dynamical systems often have a fractional dimension and, conversely, 

systems with fractal attractors often have a chaotic dynamics.  

Let {  }   
  be an embedding of a time series in    . Let‟s define the correlation 

function,      , by 

      (
 

 
)
  

∑   ‖     ‖    

       

 (7-7) 

Here      is the indicator function and ‖   ‖ is the usual distance function in    . The 

sum  ∑   ‖     ‖      is the number of points within a distance   of   . If the 

points    are uniformly distributed within an object, this sum is proportional to the 

volume of the intersection of a sphere of radius   with the object, and       is 

proportional to the average of such volumes. Therefore, we can write 

          (7-8) 

where    is the dimension of the object. The correlation integral is defined as  

lim
   

      

Then the correlation dimension    is defined as  

   lim
   

lim
   

log      

log  
 (7-9) 
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The method most often employed to estimate the correlation dimension is the 

Grassberger-Procaccia algorithm[152]. In this method, one calculates the correlation 

function and plots log       against log  . The gradient of this graph in the limit as 

    should approach the correlation dimension. Unfortunately, when using a finite 

amount of data, the graph will jump about irregularly for small values of  . To avoid 

this , one instead looks at the behavior of this graph for moderately small  . A typical 

correlation integral plot will contain a “scaling region” over which the slope of 

log       remains relatively constant for at least two decades of data points. 

Alternatively, there are two bounds,               , on the minimum amount of data 

in order to be confident in the correct estimate of correlation dimension   . 

Using the numerical techniques, we have estimated the correlation dimension 

   for various embedding dimensions for the time series of the fluorescence signal of 

our MOT. 

7.2.4 Mutual Information, Entropy and Complexity 

In the context of a scalar time series, the mutual information      can be defined as  

     ∑          log
          

            

 

   

 (7-10) 

where            is the probability of observing               simultaneously, and 

      is the probability of observing   .      is the amount of information we have 

about    by observing      . The primary difficulty with estimating mutual 

information is that one must first estimate a probability distribution on the system 

states. However, the issue of density estimation is well - established field in its own 

right. The information shared between two rapidly diverging trajectories {     } also 

diminishes rapidly.  Alternatively, the concept of Shanon entropy will help us to 

depict this situation which can be defined as, 

      ∫     log       
   

   (7-11) 

The Shanon entropy measures uncertainty in the expected state of a dynamical 

system. Moreover,      log        measures the associated surprise for a given 

outcome    . 
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Algorithm complexity measures the regularity of a symbolic sequence and is 

defined as the number of sequences one observes in a symbolic sequence as a fraction 

of the maximum possible number of sequences. For an alphabet of   symbols 

arranged in sequence of length    , the complexity c is given by Eq. (7-12). 

  
 

(   
  log log    

log    
) log    

 
(7-

12) 

 

 For a random sequence of length   with an alphabet of   symbols,   has an 

upper bounded   
     

    
 . All real sequences have lower complexity. Hence, it is more 

convenient to consider the normalized complexity instead, as 

  
 

 
log   (7-13) 

7.2.5 Lyapunov exponents 

Lyapunov exponents are the measure the divergence (or convergence) of nearby 

trajectories. The formal definition of the Lyapunov exponent λ is given below, 

  lim
   

 

 
∑  |        |

 

   

 (7-14) 

A   dimensional system has   Lyapunov exponents. The chaotic trajectories 

diverge exponentially. Therefore, a chaotic dynamical system has, at least one 

positive Lyapunov exponent. The chaotic systems with more than one positive 

Lyapunov exponents are referred to as "hyper-chaotic". The sum of all the Lyapunov 

exponents measures the change in a finite volume in phase space under the effects of 

the system dynamics. For dissipative systems, the volume in phase space contracts 

and therefore a negative sum of the Lyapunov exponents. Finally, continuous flows 

must have at least one   exponent. Since MOT is a dissipative system and is expected 

to be chaotic, therefore, it will have a negative sum with at least one positive 

Lyapunov. 
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7.3 Results and Discussion 

The cesium MOT was operated at a magnetic field gradient of 10G/cm, trap laser 

intensity and detuning            and           respectively [130]. Several 

loading curves were recorded out of which two were selected for nonlinear analysis. 

We observed that the dynamics of the MOT changes from deterministic to 

chaotic as it evolves. Therefore, it is essentially a dissipative quantum system. The 

magnified view of such a time series for the fluorescence signal is shown in Fig.7- 6. 

The recurrence plot for this time series is shown in Fig.7-7.  

The maximal Lypunov exponents for this series is 0.00006258 which is positive 

thereby indicating the chaotic dynamics. The correlation dimension versus embedding 

dimension for this signal is shown in Fig. 7- 9.  

 

 

 

 

Fig. 7- 6  Fluorescence signal of cesium atoms in a magneto-optical trap 



Chapter 7 Stochastic dynamics of a cesium Atoms in a Magneto-Optical Trap 

 

181 

 

 

Fig. 7- 7  Recurrence plot for time series of Fig.7- 6 

 

 

 

 

 

Fig. 7- 8  Recurrence Plot: Chaos synchronization 
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Fig. 7- 9  Correlation Dimension for time series of Fig.7- 6 

 

 

Fig. 7- 10  Correlation Dimension: Chaos synchronization 

 

The chaos synchronization can also take place during its evolution, where the 

system gets perfectly periodic. This is because the MOT is dynamically quite a large 

system, something like 10
8
 atoms in the trapping region start independently 

interacting with the radiation field and evolve during the course of time. But due to 

the phenomenon of multiple scattering of photons between these evolving atoms, their 

dynamics no longer remains independent and therefore the correlation effects may 

arise. This is the possible reason of chaos synchronization observed in the MOT. The 
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occurrence of chaos synchronization in another time series signal is evident in the 

recurrence plot in Fig.7- 8. It would be interesting also to have a look upon its 

dimension for the sake of  comparison (Fig.7-10). Following the chaos 

synchronization, the chaos revival can also take place. The maximal Lyapunov 

exponent for this time series is -0.0004535 which is negative. It shows that the 

dynamics of this system is quite erratic. Comparatively, the first system has smoothly 

evolved with 3 plateaus in its correlation dimension graph. However, although the 

second system also has two plateaus, but it suddenly rises and then collapses towards  

   dimension, which is non-physical. 

7.4 Chapter Summary 

Hence, we have successfully implemented the techniques of nonlinear time series 

analysis to study the dynamics of a cesium magneto-optical trap during its loading. 

We have presented two such series for the fluorescence signal of the cesium atoms. 

We have compared their dynamical variants. As such the experimental parameters are 

the same for both signals, except their initial conditions of atomic velocities and 

positions in the two cases.  Therefore, the complex dynamics of the cold atoms in the 

MOT  is quite evident. 

 

 



 
 

Chapter 8. Conclusions and Future Research 

Perspectives 

 

We have successfully designed, developed and studied Pakistan‟s first magneto-

optical trap of cesium atoms in a vapor cell. The cesium atoms were directly captured 

from the background vapor at thermal equilibrium at room temperature (    ). The 

MOT performance depends upon the experimental operating parameters which can be 

classified as thermodynamical and magneto-optical parameters. The thermodynamic 

parameters include the temperature   and hence density       of the background 

cesium vapor and determine the flux of atoms entering the interaction or the trapping 

region of the MOT. The magneto-optical parameters, on the other hand, constitute the 

magnetic field gradient  ⃗⃗    and the trap laser intensity (     ) and detuning ( ) and 

determine the radiative forces acting upon the atoms. 

  The trap dynamics of a magneto-optical trap is completely determined by the 

dynamical equation     ̇          ∫   
 

           where          ,         ,   

and             are three constants. The trap dynamics of the cesium vapor cell 

magneto-optical trap was investigated as a function of trap laser intensity and 

magnetic field gradient keeping the detuning fixed at         . The trap laser 

intensity was varied from          to            at four different values of 

the magnetic field gradient                    .  A maximum of          steady 

state number of cesium atoms could be captured at an average density  ̃ of       

        at the trap laser intensity of            and the axial magnetic field 

gradient of         . The MOT loading         or the capture rate         was 

observed to be the maximum   1.4                at the same values of trap laser 

intensity and magnetic field gradient. The effective trap loss coefficient  ̃      ̃  

was also measured as a function of the trap laser intensity and magnetic field gradient 

and interpreted in terms of the background collisions and the light-induced, intra-trap, 

cold collisions. The coefficient for light induced collisions                    was 

found to vary linearly with the trap laser intensity thereby validating the semi-
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classical Gallghar-Pritchard model of the radiative escape (RE). The MOT dynamics 

is the interplay of capture and loss of atoms, respectively determined by the trapping 

radiative forces and the light- induced cold collisions. The phenomenon of radiation 

trapping at high MOT densities weakens the trapping forces. For future research 

perspective, the differential measurement of the coefficient                    

should be carried out separately for the radiative escape, fine-structure (FS) changing 

and the hyperfine changing collisions (HCC).  

 The capture dynamics of the cesium vapor cell magneto-optical trap was 

further investigated by developing a model for the capture rate          in terms of 

the capture velocity             . By using this model, the capture velocity 

            was determined corresponding to the experimentally measured values of 

the capture rate          . The capture velocity of the cesium MOT was investigated 

as a function of trap laser intensity at four different values of the magnetic field 

gradient                    and the maximum value of             for the capture 

velocity was observed at trap laser intensity of             and the magnetic field 

gradient of          . It was observed that the capture velocity of a vapor cell 

cesium magneto-optical trap is a damping force as well as a restoring force 

phenomenon whereas previously it was considered to be only a damping force 

phenomenon. It clearly establishes that the capture velocity a dynamical atomic 

parameter of the magneto-optical trap determined by the retardation of the atom by 

the radiative forces while transiting across the trapping region. For future research 

perspective, following the similar lines, the model for trap loss can be developed for 

measuring the escape velocity of the magneto-optical trap. The problem at hand is 

then to write down the modified Maxell-Boltzmann distribution of velocities of the 

cold trapped cesium undergoing light-induced collisions. 

Finally, the cesium magneto-optical trap was studied as a dissipative, stochastic, 

quantum dynamical system. The cesium atoms continuously dissipate their energy to 

the environment via spontaneous emission in a magneto-optical trap. Also, since the 

atoms are strongly coupled with the field as well as with the quantum vacuum 

reservoir at high laser intensities under the resonance condition, therefore, the field 

and the vacuum fluctuations perturb the internal as well as external dynamics of the 

atoms. By using the techniques of nonlinear time series analysis, the nonlinear 

dynamics of the cold atoms was studied by analyzing the florescence by the atoms. In 
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our initial results, we have observed that the dynamics of the atoms evolves, like all 

dissipative systems, from deterministic to the chaotic regime. The consequent 

transient disappearance of chaos during this evolution was attributed to the 

phenomenon of chaos synchronization due to the optical cross talk between the atoms 

found at different positions in the MOT at that particular instant of time. For future 

perspective, we can study the quantum chaos using cold cesium atoms in a magneto-

optical trap. 

It is planned to extend the cold atoms research in the areas of atomic coherence 

including EIT and CPT, atomic clocks i.e. expanding-MOT and fountain atomic 

clocks for GPS application, cold Rydberg atoms for quantum information and the 

Bose-Einstein Condensation (BEC) and atom-laser for atom interferometry and 

precision inertial sensing. 
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