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Abstract 
 
 
 
 
Coherent control and manipulation of atoms is one of the central themes of research in atomic 

and optical physics owing to many potential applications including laser cooling, optical 

lattices, Bose-Einstein condensate, quantum information processing, high precession 

spectroscopy, and quantum computing. For many of these applications, it is highly desirable 

to produce samples of cold atoms whose population resides almost entirely in a particular 

quantum state. Primarily, two methods of coherent control are used to transfer the complete 

population to a particular state of atoms. These are stimulated Raman adiabatic passage 

(STIRAP) and adiabatic rapid passage (ARP). On the other hand, since the seventies of the 

last century, the laser induced forces, the so-called optical dipole force and the dissipative 

force, have been used routinely for the manipulation of atoms. The optical dipole force and 

the dissipative force have been used for the trapping of particles and cooling of atoms 

respectively. This particular area of research, i.e. coherent control and manipulation, is 

getting tremendous boost due to the recent technological developments in the generation of 

femtosecond pulses. In the context of coherent control, femtosecond lasers may be 

advantageous to realize ultrafast population transfer that is decoherence-free and robust. On 

the other hand, concerning manipulation of atoms or molecules using lasers, the magnitude of 

the dissipative force induced by commonly used CW lasers is limited due to spontaneous 

decay process. This limitation may be surmounted by using picosecond or femtosecond 

pulses, thereby realizing a very strong optical force. In this thesis, a detailed theoretical study 

is carried out on the manipulation and coherent control of atoms beyond the so-called rotating 

wave approximation (RWA). In the context of coherent control, we have studied the coherent 

population transfer (CPT) in two-, Λ -like three- and Y-like four-level atoms. This thesis also 

reports a study on the femtosecond pulse induced optical force on two- and three-level atoms 

in an atomic beam. 
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Chapter 1 
 

Introduction 
 
 
 
 
1.1 Background 

 
Moshe Shapiro and Paul Brumer, two of the world's leading researchers in the field of 

quantum coherent control, writes in the preface of their famous book [1]:"Despite its 

maturity, quantum mechanics remains one the most intriguing of subjects. Since its 

emergence over 75 years ago, each generation has discovered, investigated, and utilized 

different attributes of quantum phenomena. In this book we introduce results from research 

over the past 15 years that demonstrate that quantum attributes of light and matter afford the 

possibility of unprecedented control over the dynamics of atomic and molecular systems. This 

subject is the result of extensive investigations in chemistry and physics since 1985 and has 

seen enormous growth and interest over the past years. This growth reflects a confluence of 

developments-—the maturation of quantum mechanics as a tool for chemistry and physics, 

the development of new laser devices that afford extraordinary facility in manipulating light, 

and the recognition that coherent laser light can be used to imprint information on atoms and 

molecules in a manner such that their subsequent dynamics leads to desirable goals. As such, 

an appreciation of coherent control requires input from optical physics, physical chemistry, 

atomic and molecular physics, and quantum mechanics.....". Shapiro's and Brumer's book 

was published in 2003. Since then, in the last decade the pace of coherent control (CC) 

research is not getting slowed down, rather it has seen explosive growth of theoretical and 

experimental studies owing to many new technological developments in the generation of 

femtosecond and attosecond laser pulses. Coherent control is a method to guide a quantum 

system to arrive at a given final state via a number of different quantum pathways. The 

guiding is done by tuning the phases and other parameters of the external laser fields [2]. One 

starts from an initial pure quantum state, and then uses laser fields to control multiple 

quantum pathways to place the populations in the final states of interest. The desired target 

state may be enhanced and undesired one may be suppressed by inducing constructive and 

destructive interference respectively, between such quantum pathways. Many experimental 

techniques have been discovered in recent years to control the interferences between different 
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quantum pathways [3]. The development of many efficient schemes, specifically adiabatic 

passage which enables the complete transfer of populations between a pair of quantum states, 

for controlling the population transfer between the quantum states of atoms and molecules 

has opened new routes for controlling the various atomic and molecular processes [4-13]. For 

example, coherent control is now conceived as a very useful method to actively influence the 

outcome of a chemical reaction [14-16]. Moreover, today coherent control techniques are 

widely used in the fields of robust quantum dot excitation generation [17], controllable 

coherent population transfer in superconducting qubits [18], collision dynamics [14, 16], 

atomic interferometry [19, 20], high precession spectroscopy [21, 22], quantum computing 

[18, 23, 24], quantum information processing [25 ,26], and ultrafast optical switching [27-

29].  

 
 In order to have an understanding of coherent population transfer (CPT) techniques, 

in the following we briefly discuss one of the most popular and widely used technique called 

stimulated Raman adiabatic passage or simply STIRAP [3]. For a basic theoretical 

description of STIRAP, in Fig. 1.1, we consider a Λ -like three-level excitation scheme.  

Initially all the population is in the state 1 . The state 1  and the final state 2  are coupled 

by the Stokes laser field SE  and the pump laser field PE  via the intermediate state 3 .  

 
Fig. 1.1 Schematic of Λ -like three-level atom coupled with the pump and Stoke pulse 

 

The single-photon detunings of the pump P∆   and Stokes pulse S∆ from their respective 

transitions are given by P∆ = ( )3 1 Pω − ω − ω and S∆ = ( )3 2 Sω − ω − ω . Here, 1ω , 2ω  and 3ω , 

are the frequencies of the states 1 , 2 and 3 respectively while Pω and Sω are the 

frequencies of the pump and the Stokes pulse respectively. If the pulses are tuned to two-
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photon resonance ( P S∆ = ∆ ) between the states 1 and 2 , the dark eigen-state of the system 

is given by: 

d cos 1 sin 2 ,= θ − θ                (1.1.1) 

where the so-called time dependent mixing angle θ is given by 

( ) ( ) ( )P St arctan t t .� �θ = Ω Ω� �                                     (1.1.2) 

Here ( ) ( )P 13 Pt E tΩ = µ �  and ( ) ( )S 23 St E tΩ = µ �  are the Rabi frequencies. 13µ is the dipole 

moment between the states 1  and 3  , and 23µ denotes the dipole moment between the 

states 2 and 3 . Let us see the consequences of applying the laser pulse in a counterintuitive 

sequence, i.e., the Stokes pulse precedes the pump pulse:  Initially, i.e., at t → −∞ , the mixing 

angle is θ =0 and in the end of the interaction, i.e., at t → +∞ , the mixing angle is 2θ = π . 

Consequently the dark state evolves from the bare state 1 to the target state 2 . Hence with 

the counterintuitive sequence of the pulses, complete population transfer to the target state 

could be obtained. A robust and complete population transfer with STIRAP scheme can be 

obtained provided the adiabatic condition p 20Ωτ >> π is satisfied. Here, P SΩ = Ω = Ω is the 

peak Rabi frequency. U. Gaubatz et al. [30] first demonstrated the experimental realization of 

population transfer with STIRAP scheme in the Sodium dimers. Afterwards, many 

researchers exploited the STIRAP scheme to obtain the complete population transfer between 

quantum states of atoms and molecules [31-40]. Recently, E. A. Shapiro et al. [41-43] 

proposed a new and robust method, the so called piecewise rapid adiabatic passage (PAP), for 

achieving complete population transfer between quantum states in a piecewise manner using 

a series of femtosecond laser pulses. They used a series of properly shaped pulses to achieve 

a counterintuitive interaction similar to the STIRAP scheme. More recently, X. H. Yang [44] 

exploited the STIRAP method to demonstrate sufficiently robust and complete population 

transfer between the quantum states in a Λ − like three state atomic systems driven by few-

cycle femtosecond laser pulses. However, the STIRAP scheme can not be used for climbing 

the vibrational ladder because exact tuning to the two-photon resonance is required. This 

cannot be maintained along the ladder with a single pair of laser frequencies due to the 

potential anharmonicity. In this regard, S. Chelkowski and G. N. Gibson [45] proposed a new 

scheme called Raman chirped adiabatic passage (RCAP). Researchers demonstrated that 

chirping of a pump laser with a simultaneously applied Stokes laser inverts the Λ -like three-
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level atomic system efficiently in the regime where both lasers are far from the one-photon 

resonance but are swept through the two-photon resonance for the transition between lower 

levels. In addition, they have shown vibrational ladder climbing using this scheme. Later on, 

J. C. Davis and W. S. Warren [46] have demonstrated the selective excitation of high 

vibrational states using RCAP the scheme. 

 
 The simplest model describing the atomic system is an isolated two-level atom. The 

excitation of a two-level atom, exactly on resonance, creates a complete population inversion 

if the so-called pulse area (time integral of the Rabi frequency) is equal to π . Generally, this 

approach is known as the “ π-pulse” technique. In general this scheme, while effective in 

certain cases [46], is not a robust method for complete population transfer. It is sensitive to 

variation in the pulse area and to inhomogeneities in the sample [47, 48]. However there is a 

robust scheme that makes use of the frequency swept (linearly chirped) laser pulses. This 

scheme is usually known as the adiabatic rapid passage (ARP). This requires the sweeping of 

the laser pulse frequency through the resonance of atomic or molecular transition. At the 

beginning of the interaction (leading edge of the laser pulse), the frequency of the laser pulse 

is far from resonance while at the center of laser pulse it is swept through resonance with the 

atomic transition, then goes out of resonance at the end of the interaction (trailing edge of 

laser pulse). If the frequency sweep is sufficiently slow, the transitions it induces in an atomic 

system are said to be “adiabatic”. The adiabatic condition [4, 49] can be written as: 

 

( ) ( ) ( )2 2t t d t dtΩ + ∆ω >> θ               (1.1.3) 

 
In Eq. (1.1.3), ( )tΩ is the Rabi frequency, ( )t E(t)Ω = µ � , where µ is the dipole moment, 

E(t) is the electric field  and ( ) ( ) ( )12t t t∆ω = ω − ω is the frequency detuning. Here ( )tω is the 

pulse frequency and ( )12 tω is the transition frequency. The phase angle, ( )tθ , is given by 

( ) ( ) ( )1t tan t t− � �θ = ∆ω Ω� �. The ARP scheme was first exploited in nuclear magnetic 

resonance [50]. Avrillier et al. [51] and Adam et al. [52] observed the signature of ARP in the 

infrared regime. In the optical regime, the implementation of ARP was first suggested by E. 

B. Treacy [53] and subsequently demonstrated by several other researchers [54-60]. A 

comprehensive literature review on the STIRAP and ARP schemes is also presented in 

chapter three and four of this thesis. 
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 Another exciting area of research developing in parallel with the coherent control 

research is the manipulation of atoms and molecules using laser pulses [61]. Particularly, 

manipulation of atoms using optical forces is of tremendous importance to many fields of 

physics [62-64], chemistry [65, 66] and biology [67-69]. Generally, there are two kinds of 

optical force that arise from the laser-atom interaction: the reactive or optical dipole force and 

the dissipative or spontaneous force [70-73]. Optical dipole forces arise from the interaction 

between the induced dipole moment and the gradient of the electric field amplitude. The 

magnitude of the field gradient could be controlled by judicious focusing of the laser.  The 

sign of the optical dipole force could be controlled via detuning of the laser from the atomic 

resonance. Tuning of the laser below the atomic resonance attracts the atom to the centre of 

laser, while tuning above resonance repels it.  The dipole force is a conservative force 

because there is no net exchange of energy taking place between the atoms and the laser 

fields. The dissipative force arises from the impulse experienced by an atom when it absorbs 

or emits a quantum of photon momentum. The dipole force is often used to trap the atoms, 

while the dissipative one is used to cool them. A systematic derivation of the optical force on 

two and three-level atom within the rotating wave approximation (RWA) may be found 

elsewhere [71-73]. The RWA and its limitations are discussed in the next section. The optical 

force calculation beyond the RWA is presented in the fifth chapter of this thesis and may be 

found elsewhere as well [74]. Moreover, a comprehensive literature review on optical force is 

presented in the fifth and sixth chapters of this thesis.  

 
 Our study on the coherent control and manipulation of atoms using femtosecond 

pulses is based the density matrix formalism of quantum mechanics. The density matrix 

formalism is a useful tool to describe the system in statistical manner under the physical 

situations where the exact state of the system is not known [75]. An example is a collection of 

atoms in an atomic vapour, where atoms can interact with each other via collisions. The 

density matrix equations may be written as follows: 

 

( )nm
nm nm n m n m nm nm

d i
V V , n m

dt ν ν ν ν
ν

ρ = −ω ρ − ρ −ρ − γ ρ ≠�
�

          (1.1.4) 

( )
m n m n

nn
n n n n nm mm mn nn

E E E E

d i
V V ,

dt ν ν ν ν
ν > <

ρ = − ρ − ρ + Γ ρ − Γ ρ� � �
�

          (1.1.5) 
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where nmρ is the related to the coherence between the nth and the mth states of the atom, nnρ is 

related to the population of the nth level and ( )nm n mE Eω = − �  is the transition frequency. 

Here, nE and mE are the energies of the nth and the mth state. V is the interaction energy and 

may be defined as ( )kl klV E t= −µ ⋅ . Here klµ is the electric dipole moment between the 

arbitrary atomic states ‘k’ and ‘l’, and ( )E t  is the electric field. In Eq. (1.1.4), nmγ is the 

damping rate of the coherence between the nth and the mth states.  In Eq. (1.1.5), nmΓ  gives 

the rate of population decay from the mth state to the nth and similarly  mnΓ  gives the rate of 

population decay from the nth state to mth one. Here, we have given the model equations of 

the density matrix for an n-level atomic system. The complete derivation of the density 

matrix equations could be found in Ref. [76].  

 

1.2 The relevance and the aim of the topic of research 
 
 In this thesis we would focus on studying coherent control and manipulation of atoms 

using femtosecond pulses. Since the birth of the laser, nearly 53 years ago, researchers have 

been continuously interested in the generation of shorter laser pulses in the femtosecond (1 fs 

= 10-15 s) and attosecond (1 as = 10-18 s) time domain owing to their potential applications in 

the various branches of science and engineering [77-81].  One of the motivations for 

generating shorter pulses is the high peak powers offered by these pulses. The peak power of 

a pulse is linearly proportional to the pulse energy and inversely proportional to the pulse 

width. Thus for a given pulse energy, high peak power could be achieved by reducing the 

pulse duration. It is often cheaper to reduce the pulse width than to increase the pulse energy 

[80]. Now, we review some of the concepts of femtosecond laser pulses which are directly 

related to our research. A detailed description of the generation and characterization of 

femtosecond and attosecond pulses could be found in the references [77-79]. 

 
Femtosecond laser pulses may be divided into two sub categories: few-cycle-

femtosecond and many-cycle-femtosecond pulses. A few-cycle-femtosecond pulse 

encompasses only a few carrier wave oscillations within the pulse width pτ . The pulse width 

pτ is defined as the temporal full width at the half-maximum of the intensity profile. On the 

other hand, many-cycle-pulse contains many carrier wave oscillations within pτ . Based on the 

wavelength of the carrier wave (central wavelength), a femtosecond pulse with a fixed 
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temporal length may be considered as a few- or a many-cycle pulse. For example, a pulse 

with temporal length, pτ = 40 fs and central wavelength, λ= 6 mµ , contains nearly two 

carrier wave oscillations, and hence it could be considered as a few-cycle pulse.  However, 

with the same temporal length, pτ = 40 fs but with a different central wavelength, say, λ= 0.4

mµ , the pulse contains nearly thirty carrier wave oscillations, and hence it may be 

considered as a many-cycle pulse.  

 

 
Fig. 1.2 Temporal profile of the electric field of a Gaussian-shaped-few-cycle-femtosecond laser pulse�
 

In Fig. 1.2, we depict the temporal profile of the electric field, ( ) ( ) ( )t f t cos tΕ = ω , of a 

Gaussian-shaped-few-cycle-femtosecond laser pulse. Here, ( ) ( )( )2
0f t exp t= Ε − τ is the 

Gaussian-shaped pulse envelope, ω  is the central frequency and 0Ε is the peak amplitude of 

the pulse envelope.  The pulse width is p 1.177τ = τ  for the chosen pulse envelope. It can be 

observed from Fig. 1.2 that there are two carrier oscillations within the pulse width. In the 

regime of few-cycle femtosecond pulses, the so-called carrier-envelope phase (CEP) becomes 

important and has great impact on the outcome of an experiment. The CEP may be defined as 

the phase delay between the tallest half-cycle of the electric field under the pulse envelope 

and the peak of the envelope itself [82]. Recently, Xinhua Xie et al. [83] demonstrated the 
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selective photo-fragmentation of polyatomic molecules using femtosecond pulses with a 

well-defined CEP.  There are several other studies in which the role of CEP has been found 

very crucial [84-90]. In the context of few-cycle pulses, it is now widely accepted that the 

rules of the so- called nonlinear optics or even quantum optics have to be re-examined, 

modified or corrected. The extremely useful slowly varying envelope approximation (SVEA) 

in nonlinear optics or the so-called rotating wave approximation (RWA) in quantum optics 

can no longer be used in this new regime [91-95]. Owing to the SVEA the partial differential 

equation, which governs the evolution of the complex pulse envelope, contains only the first 

order derivative with respect to the spatial coordinate along the direction of propagation. S. 

Hughes [96] reported that the SVEA may not be applicable even in the regime of intense 

many-cycle-femtosecond pulses. On the other hand, the RWA does not hold when the peak 

Rabi frequency becomes comparable or even larger than the transition frequency [97]. The 

electric field time-derivative-driven nonlinearities, which may lead to strong oscillation 

features during the evolution of the populations, could be explained only if non-RWA physics 

is included [98]. Femtosecond laser pulses have opened new doors and many fascinating 

possibilities in atomic and molecular physics and quantum optics research. For example, 

these pulses have made it possible to visualize and control the many fundamental processes in 

real time such as formation and breaking of chemical bond [99-101] and electron dynamics in 

Rydberg atoms [102, 103], which usually occur on a fs time scales. Moreover, femtosecond 

laser pulses have enabled the generation of attosecond XUV pulses [79, 104-108] by high-

order harmonic generation (HHG), which are being used to visualize and control the even 

shorter time (attosecond) scale phenomena such as motion of electrons in the inner shell of an 

atom [109, 110]. Along with the aforementioned fundamental applications, femtosecond 

pulses have been found useful in many other diverse areas such as, metrology [111, 112], 

medical diagnostics and imaging [111], and material processing [113-115], coherent control 

and manipulation of atoms and molecules [41-44, 116-121]. 

 
 In the recent past, coherent control and manipulation of atoms have been studied 

mainly within the RWA. The commonly used RWA does not hold in the physical situations 

considered in this thesis. For coherent control, we investigate shaped (nonlinearly and 

linearly chirped) femtosecond pulses. Due to the recent technological advancement in the 

pulse shaping techniques, it has been possible to generate nearly arbitrarily shaped 

femtosecond pulses [122].These pulses may be advantageous to realize ultrafast and selective 

population transfer which completes on a time scale much shorter than the decoherence 
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processes. Decoherence free population transfer is highly desirable in certain applications 

such as quantum computation and quantum information processing [41, 123]. Our aim in this 

thesis to propose some new and sufficiently robust schemes for ultrafast and selective 

population transfer in a variety of atomic systems such as two-, Λ -like three- and Y-like 

four-level atomic system. The optical force on atoms, moving in a diverging atomic beam, 

induced by femtosecond pulses has rarely been explored.  So, one of the objectives of the 

present thesis is to study the effect of femtosecond pulse-induced optical force on the motion 

of two and three-level atoms. We also carry out a study on the optical dipole force in a 

ladder- like three-level atomic system induced by the trains of few-cycle-pulse laser fields. It 

is to be noted that the magnitude of the dissipative force induced by commonly used CW 

lasers is limited due to spontaneous decay process. This limitation may be surmounted by 

using picosecond-to-femtosecond pulses, thereby realizing a very strong optical force [124-

127]. Moreover, high peak powers of femtosecond pulses offer the possibility to exploit 

extremely useful nonlinear processes in the context of trapping of particles [116, 118].  

 
1.3 Organization of the Thesis 

 
The contents of the chapters in the remaining part of the present thesis are described briefly 

as follows: 

 
Chapter 2: Many novel phenomena of quantum optics have been observed in the context of 

two-level atoms. Examples include oscillations of population between the quantum states of 

two- level atoms or the so-called Rabi oscillations and the self-induced transparency (SIT). 

This chapter is devoted to the study of coherent population transfer in dense as well as dilute 

two- level atomic systems using a train of femtosecond pulses. Many possible applications of 

this work are briefly sketched. 

 
Chapter 3: This chapter is devoted to a detailed study on coherent population transfer in Λ -

like three-level atoms using few-cycle pulses. Here, we have considered the population 

transfer in three-level atoms with degenerate as well as nondegenerate states. 

 
Chapter 4: We report a scheme for ultrafast and selective population transfer in Y-like four- 

level atoms using a single nonlinearly chirped femtosecond pulse. The selectivity and 

robustness of the scheme with respect to various pulse parameters is also discussed. 

 
Chapter 5: This chapter is devoted to our study of the optical force on two-level atoms. We 
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also give a review of the relevant literature in the area and suggest some possible applications 

of the work. 

 
Chapter 6: In this chapter, we present a literature review on the optical force on three-level 

atoms and reported our work on the optical dipole force on two-level atoms. 

 
Chapter 7: We conclude by giving a brief summary and analysis of the work reported in the 

previous chapters. We also discuss the possible future directions of our research. 
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Chapter 2 
 

Ultrafast Coherent Population Oscillations 
in Two-Level Atomic Systems* 
 
 
 
 
 
2.1 Introduction 
 

Coherent population oscillations (CPOs) have been studied, recently, by many authors in Λ -

like three-level atoms, in the context of electromagnetically induced transparency (EIT) 

[128], spatial optical memory [129], superluminal light [130] and ultraslow light [131]. M. 

Scalora et al. [132] and M. E. Crenshaw et al. [133] also investigated the coherent population 

oscillations (CPOs) in two-level dense atomic medium. An atomic medium may be 

considered as a dense medium if there are many atoms within a cubic resonance wavelength. 

In a dense medium, the near dipole-dipole (NDD) interactions among the atoms, which lead 

to the so-called Lorentz local-field (LFC) correction, must be considered [134]. However, in 

the case of a dilute medium, it is valid to assume that atoms interact with the light field 

independently. In the context of CPOs, M. E. Crenshaw et al. [133] have considered optical 

pulses with pulse duration much less than an induced-dipole dephasing time, incident upon a 

thin film of homogeneously broadened material composed of two-level atoms with NDD 

interaction. Researchers have found that the final inversion (when the pulse has passed 

through the medium), w , has a nearly step-function response to the peak Rabi frequency. The 

medium initially in the ground state, w = -1, is always returned to the ground state when the 

peak Rabi frequency is less than the strength of NDD parameter. However, the final state of 

the inversion is the fully excited state, w=1, when the peak Rabi frequency is nearly equal to 

the NDD parameter. Researchers have suggested that these step-like transition characteristics 

could be used for ultrafast optical switching. Furthermore, under the rotating wave 

approximation (RWA) and the slowly varying envelope approximation (SVEA), some other 

fascinating phenomena have been observed in dense two-level medium such as intrinsic   

*Part of the results presented in this chapter have been published in a paper, P. Kumar and A. K. 
Sarma, “Frequency-modulated few-cycle optical-pulse-train-induced controllable ultrafast coherent 
population oscillations in two-level atomic systems”, Phys. Rev. A 87, 025401 (2013). 
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optical bistability [135] and invariant pulse propagation [136] etc. On the other hand, beyond 

the RWA and the SVEA approximations, Song et al. [137] reported that the so-called area 

theorem becomes invalid for attosecond pulse propagation in dense two-level medium. In an 

another study on the femtosecond pulse propagation in dense two-level medium, Kalosha et 

al. have reported the intra-pulse third-order four-wave mixing (FWM) and the formation of 

optical subcycle pulses [138]. In the context of dilute two-level atoms, Rabi flopping, self-

induced transparency, and photon echoes [139] are some of the well-known phenomena that 

have been observed within the framework of SVEA and/or RWA.  

 
In this chapter, we discuss the phenomenon of CPOs in dense and dilute two-level 

atoms induced by the train of femtosecond pulses. We term these new kinds of CPOs as 

ultrafast coherent population oscillations (UCPOs) owing to the ultrafast nature of the 

oscillations. The model atomic system for this work is chosen to be a two-level Na atom. 

However, the proposed scheme may also be applicable to all other atoms, which could be 

modelled as two-level atoms for judiciously chosen pulse parameters.  

 
2.2 UCPOs in dense two-level atomic systems 
 
The sketch of our scheme is depicted in Fig.1, where a train of femtosecond pulses is incident 

on a system of two-level atoms. In Fig.1 (b), the states 1 and 2 refers to 3s and the3p

quantum states of neutral sodium atoms respectively. 

 
Fig. 2.1 (a) Train of pulses, (b) Sketch of two-level atoms 

 
The total electric field for the train of pulses can be written as

( ) ( ) cos( ( ))
N 1

r 0 r r
n 0

E t nt E f t nt t n tε ω
−

=
− = − −�

�������� ���� . Here, ( ) ( )( )( )2

r rf t nt exp t nt τ− = − − is the Gaussian 

shaped pulse envelope, p1.177τ τ= , where pτ is the temporal pulse width at full width at half 
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maximum (FWHM), N is the number of pulses, and rt  and ε���� are the pulse repetition time 

and electric field polarization direction,  respectively. In this work, the states 1 and 2 refer 

to the down and the up state respectively. The optical Bloch equations describing the 

temporal evolution of the density matrix elements for a dense two-level medium, without 

invoking the so called rotating wave approximation, , is [134]: 

 

( )

2

2

1

2( ( ) )

1
2 ( ( ) )

= Ω −

= −Ω − Ω + −

+
= Ω + −

R

R

du u
v

dt T

dv v
u t u w

dt T

wdw
t u v

dt T

ε

ε

                                                      (2.2.1) 

 
Here ,u v  and w  are the three components of the Bloch vector [135]. 2T  and 1T  are 

respectively the dipole-dephasing and spontaneous decay times, Ω  is the transition frequency 

of the two-level atoms, ε is the NDD parameter and ( )R tΩ  is the Rabi frequency, defined as

( ) ( ). /R t E tµΩ =
��

� . The NDD parameter = 2
0N 3ε µ ε � has units of frequency. Here, N, µ , 

and 0ε  are the density of the two-level atoms, the dipole moment, and the permittivity of free 

space respectively, and h 2= π� , where h is Planck’s constant. Equation (2.2.1) will 

represent the optical Bloch equations of dilute two-level medium if ε = 0. In the present 

study, we have neglected the terms associated with 2T and 1T . This may be attributed to the 

fact that the atom-field interaction time, owing to the extremely short duration of the 

femtosecond laser field, is negligibly small compared to 2T and 1T . We solve Eq. (2.2.1) 

numerically using a standard fourth-order Runge-Kutta method. We assume that initially all 

the atoms are in the ground state 1 . We use the following typical parameters: 3.19ωΩ = =

rad/fs, 25τ = fs, 291.85 10−= ×µ  C m⋅  [25], the peak Rabi frequency, 0(0) /Ω = �R Eµ = 0.50 

rad/fs, and 0.50ε = rad/fs. Fig. 2.2 depicts the temporal evolution of the population inversion 

with respect to the pulse repetition time. 
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Fig. 2.2 Temporal evolution of population inversion for N=5, with pulse repetition time, (a) 

rt =500 fs (b) rt =1000 fs (c) rt =1500 fs and (d) rt =2000 fs. 
 

It can be observed from Fig. 2.2 (a) that all the atoms are transferred to the up-state during the 

interaction with the initial the pulse (n=0) in the pulse train, with the peak Rabi frequency at 

t=0. On the other hand, all the atoms are transferred to the down-state, when the next pulse 

(n=1) in the pulse train interact with the up-state atoms. The holding time of atoms in the up-

state is nearly equal to the pulse repetition time ( rt ), chosen to be 500 fs in Fig. 2(a). 

Moreover, it can be seen from Fig. 2.2 that every odd number of pulses act as a pump pulse 

that leads to the atoms in the up-state while every even number of pulses act as a dump pulse, 

leads to the atoms in the down-state. Therefore, the final state of atoms may be controlled by 

manipulating the number of pulses in the pulse train. A careful inspection of Fig. 2.2 reveals 

that the holding time of atoms ( aτ ) in up and down-states follows the relation, ≈a rtτ  and the 

frequency of ultrafast coherent population oscillations ( ucpof ) between up and down state is

≈ucpo rf 1 2t . Hence the hold on time of atoms in down and up-states and the frequency of 

population oscillations may be controlled with judicious choice of the pulse repetition time. 

Physically speaking, pumping and dumping of atoms to up and down-states occur via the so-

called stimulated absorption and stimulated emission respectively. The spontaneous decay is 

negligible at such a short interaction time scale. In section 2.3, we will discuss the possible 

applications of the reported UCPOs in the context of ultrafast optical switching. It is 

worthwhile to mention that the materials in which these effects might be observed include 
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oxygen ions in KCl: 2
2O−  and bound I2 excitons at the doner sites in CdS single crystals [133]. 

Fig. 2.3 depicts the robustness of the UCPOs against the slight variation in the peak Rabi 

frequency and the resonant condition.  

 

Fig. 2.3 Temporal evolution of population inversion for N=5, with pulse repetition time, rt

=500 fs (a) 21Ω =0.40 rad/fs and ∆ =  0 rad/fs  (b) 21Ω =0.60 rad/fs, and ∆ =  0 rad/fs (c) 

0.10∆ = rad/fs and 21Ω = 0.50 rad/fs, (d) ∆ = -10 rad/fs and 21Ω = 0.50 rad/fs. Here other 

parameters are same as in Fig. 2.2. 
 

It can be observed from Fig. 2.3 (a) and Fig. 2.3 (b) and that the features of UCPOs, ≈a rtτ

and ≈ucpo rf 1 2t , do not persist if the peak Rabi frequency is not equal to the NDD parameter. 

As could be seen from Fig. 2.3(c) and (d), these features of UCPOs also do not persist for 

slight positive or negative detuning from the exact resonance. Here, ∆ = Ω−ωdenotes the 

detuning from the exact resonance. In the next section, we report our studies on UCPOs 

induced by a train of linearly chirped femtosecond pulses in a dilute two-level medium.  

 
2.3 UCPOs in dilute two-level atomic systems 

 
Now, we consider a dilute two-level atomic system on which a linearly chirped train of 

femtosecond pulse is incident. The total electric field of the train of linearly chirped pulses 

can be written as ( ) ( ) cos( ( ) ( ) )
N 1

2
r 0 r r r

n 0

E t nt E f t nt t n t t n tε ω α
−

=
− = − − + −�

�������� ���� . Here, α is the linear chirp 

rate. We solve Eq. (2.2.1), with ε =0, numerically using a standard fourth-order Runge-Kutta 
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method. We assume that initially all the atoms are in the ground state 1 . We use the 

following typical parameters: 3.19ωΩ = = rad/fs, 25τ = fs, 291.85 10µ −= ×  C.m [140], peak 

Rabi frequency 21 0 /EµΩ = � = 0.50 rad/fs, andα =0.015 fs-2. The laser pulse parameters such 

as linear chirp rate, pulse duration, and peak Rabi frequency have been investigated 

numerically in order to achieve the maximum population inversion. It should be noted that a 

laser pulse with parameters similar to the ones chosen here could be generated experimentally 

[141, 142]. Fig. 2.4 depicts the temporal evolution of the population inversion with respect to 

the pulse repetition time.   

 

Fig. 2.4 Temporal evolution of population inversion for N=5, with pulse repetition time, (a) 

rt =500 fs (b) rt =1000 fs (c) rt =1500 fs and (d) rt =2000 fs. 

 

In Fig. 2.4, we recovered exactly the same features of UCPOs which were obtained in dense 

medium. For example, it can be observed from Fig. 2.4 that the hold on time of atoms ( aτ ) in 

up and down-states follows the relation, ≈a rtτ  and the frequency of ultrafast coherent 

population oscillations ( ucpof ) between up and down state follows the relation, ≈ucpo rf 1 2t . 

Here, we used a train of linearly chirped pulses to obtain the UCPOs. On the other hand, we 

used a train of unchirped pulses to obtain the UCPOs in a self-chirped medium as discussed 

in section 2.2. Hence, with the chosen simulation parameters, a train of linearly chirped 

pulses interacting with dilute medium produce the same UCPOs as produced by a train of 

unchirped pulses in dense medium. A careful inspection of Fig.2.4 reveals that the atoms 

exhibits a step like transition, from absorbing (w<0) to amplifying (w>0) and amplifying 
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(w>0) to absorbing (w<0) as a function of the number of the pulses in the pulse train. The 

atomic medium, for odd number of pulses in the pulse train may be interpreted as an ‘on’ 

state and for the even number of pulses in the pulse train may be interpreted as an ‘off’ state. 

Therefore the present scheme may serve as a unique ultrafast optical switch, in which 

switching time may be controlled as follows: when a switching signal enters into the 

absorbing medium (w<0), the interaction may take place between the switching signal and 

the absorbing medium; thereby the switching signal may get absorbed in the medium due to 

the absorptive character of the medium. This corresponds to the ‘off’ state of the optical 

switch for a switching signal. On the other hand, when a switching signal enters into the 

amplifying medium (w>0), the interaction may take place between the switching signal and 

amplifying medium; thereby the switching signal may not get absorbed in the medium due to 

the amplifying character of the medium. This corresponds to the ‘on’ state of optical switch 

for a switching signal. It is worthwhile to mention that the reported UCPOs are similar to 

those reported by Scalora et al. [21, 22] for ultrafast optical switching. Therefore the present 

scheme may also find similar applications. In order to verify the robustness of the scheme, in 

Fig. 2.5 we depict the evolution of ( )∞w against the variation of chirp rate for rt =1000 fs and 

N=5. 

 
Fig. 2.5 Evolution of the final population inversion, ( )∞w against the variation of chirp rate (

α ). 
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It is clear from Fig. 2.5 that the final population inversion is robust against the variation in 

chirp rate to a sufficiently large range e.g. 0.01 0.03α ≈ ± − ± fs-2 for the chosen rt  and N. 

From our numerical study, we found that the phenomenon of UCPOs is robust against the 

variation in pulse duration, Rabi frequency and detuning to a sufficiently large range e.g. 

19 110pτ ≈ − fs, 12 0.35 1.50Ω ≈ −  rad/fs and 0 0.35∆ = − ± rad/fs respectively. For the 

variation in pulse parameters ( 19 110pτ ≈ − fs, 12 0.35 1.50Ω ≈ −  rad/fs and 0 0.35∆ = − ±

rad/fs), we observed the same kind of UCPOs as reported in Fig. 2.4. The remarkable 

features, namely, a rtτ ≈  and 1/ 2ucpo rf t≈ , of UCPOs remain invariant to the pulse envelopes 

of various shapes such as: Sech, Sinc and Lorentz shaped pulse envelope. Since the final 

population inversion and UCPOs are sufficiently robust against the variation of the laser 

pulse parameters, the proposed scheme may enable efficient generation of complete 

population inversion in atoms of an ensemble located in different spatial points covered by 

the laser pulse. Hence the proposed scheme may be explored experimentally as well.  

 
2.4 Chapter Summary 

 
We observed the phenomenon of controllable UCPOs in the dense and dilute two-level atoms 

by utilizing the train of femtosecond pulses. We found that the holding time for atoms in the 

up and the down-states may be controlled by controlling the pulse repetition time. It is shown 

that a train of linearly chirped pulses interacting with dilute medium produce the same 

UCPOs as produced by a train of unchirped pulses in dense medium. However, in dense 

medium the phenomenon of controllable UCPOs is found to be unstable against slight 

variations in the peak Rabi frequency and the resonance condition. On the other hand, in 

dilute medium the phenomenon of controllable UCPOs is found to be robust against the 

sufficiently large variations in the peak Rabi frequency and resonance condition. Possible 

applications of the proposed scheme in ultrafast optical switching are also suggested. The 

proposed scheme may find new applications in the area of ultrafast optical switching. 
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Chapter 3  
 

Coherent Population Transfer in ΛΛΛΛ -Like 
Three-level Atomic Systems* 
 

 

 
 
3.1 Introduction 
 

Stimulated Raman adiabatic passage (STIRAP) and adiabatic rapid passage (ARP) are the 

two main techniques that have been used for controlling the population transfer in Λ − like 

three-level atomic systems [4]. Many researchers have utilized continuous or narrow-band 

laser (nanosecond time duration) pulses for implementing the STIRAP scheme. For complete 

and robust population transfer with the STIRAP scheme, the adiabatic condition, p 20Ωτ > π  

or ( )22
p p20Ω τ > π τ , should be fulfilled, where Ω  and pτ are the peak Rabi frequency and the 

pulse width respectively. U. Gaubatz et al. and other researchers [30, 143] found that to 

implement the STIRAP technique with CW lasers, one has to achieve a Rabi frequency Ω  

large enough to satisfy the adiabatic condition. On the other hand, nanosecond pulses with 

transform limited bandwidth are required to reduce the phase fluctuations, which are 

detrimental to the adiabatic evolution [144, 145]. The essential requirement of adiabatic 

evolution of the system for complete and robust population transfer may also be an issue of 

concern with the use of femtosecond pulses, because the pulse energy ( 2
pE ~ Ω τ ) required to 

achieve the adiabatic condition increases with decrease in the pulse width. Researchers have 

found that for pulses in the picosecond or the femtosecond regime, use of linearly chirped 

laser pulses may be an alternative to the counterintuitive sequence of (fixed carrier 

frequency) pulses usually used for STIRAP [146]. Moreover, the counterintuitive sequence of 

pulses may also be realized with frequency chirped laser pulses [147, 148]. In this regard, B. 

Broers et al. [147] have shown coherent population transfer (CPT) in a three-level rubidium 

ladder system by utilizing a single linearly chirped pulse. They demonstrated that a single 

* Part of the results presented in this chapter have been published in a paper, P. Kumar and A. K. 
Sarma, “Gaussian and sinc-shaped few-cycle-pulse-driven ultrafast coherent population transfer in Λ
-like atomic systems”, Phys. Rev. A 85, 043417 (2012). 
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linearly chirped pulse may interact with the transition levels of system in a counter intuitive 

manner similar to that of the STIRAP scheme. The same researchers have shown that the 

population of the intermediate level, at intermediate times of interaction, is highly reduced 

when a single chirped pulse interacts with the system in counter intuitive manner in contrast 

to the intuitive interaction. For the complete population transfer between the quantum states, 

the STIRAP and the rapid adiabatic passage are generally energetically expensive, for 

example, relative to a π − pulse technique [140, 149]. On the other hand, sometimes the π −

pulse technique is not robust against variation of the laser pulse parameters. 

 
In this chapter, we are presenting a relatively simple scheme using nonlinearly 

chirped and unchirped laser pulses, in which no time delay is required between the two pulses 

in contrast to the STIRAP scheme. It is worthwhile to mention that nonlinearly chirped 

femtosecond pulses have been found suitable for many applications [150-153] and can be 

generated experimentally [154]. We study coherent population transfer in Λ − like three-level 

atomic systems with non-degenerate or nearly degenerate lower states. We have presented a 

scheme to obtain nearly complete CPT in the nondegenerate atomic systems either by 

utilizing two nonlinearly chirped Gaussian shaped or two unchirped sinc-shaped few-cycle 

laser pulses. In addition, we have shown CPT in the nearly degenerate atomic systems by 

utilizing a single nonlinearly chirped Gaussian shaped few-cycle pulse. 

 
3.2 Few-cycle-femtosecond pulse driven coherent population transfer 
 

We consider a Λ -like atomic system interacting with two few-cycle laser pulses as shown in 

Fig. 3.1. The electric field of the linearly polarized laser interacting between 3 and 1 is 

given by ( ) ( ) ( )( )1 10 10 1E t E f t cos t t= +
� �

ω δ , where 10E
�

, ( )f t  and 10ω  are respectively, the 

amplitude, the field envelope and the carrier frequency of the pulse. Exactly analogous 

expression for the linearly polarized laser pulse interacting between 3 and 2  is given by

( ) ( ) ( )( )2 20 20 2E t E f t cos t t= +
� �

ω δ . For the Gaussian shaped few-cycle laser fields,

( ) 2f t exp (t / )� �= −� �τ , ( ) 3
1 1t tδ χ=  and ( ) 3

2 2t tδ χ= . Here 1χ  and 2χ  are the respective chirp 

rate of the Gaussian pulses. On the other hand, for the sinc-shaped few-cycle pulses,

( ) ( ) ( )f t sin t / / t /τ τ= , 1 1=δ φ and 2 2δ = φ , where 1φ  and 2φ are the respective carrier-

envelope phases. Here, pτ is the temporal width of the laser pulses. For Gaussian and sinc-
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shaped pulses, temporal pulse duration is given by p 1.177τ τ=  and p 2.783τ τ= respectively. 

In the given scheme, we assume that only 3 1→  and 3 2→  transitions are dipole 

allowed while 2 1→ transitions are forbidden. 

 
Fig. 3.1 Schematic of the Λ -like three-level atom with two acting few-cycle laser pulse 

 

The Hamiltonian of the system is given by 0 intH H H= +
� � �

where 

( )0 1 2 3H 1 1 2 2 3 3= + +
�

� ω ω ω and ( ) ( )int 31 32H .E t 3 1 t 3 2 h.c.= − = − Ω − Ω +
�� �

� �µ  

Here ( ) ( )31 31 1t E t /µΩ =
�

�  and ( ) ( )32 32 2t E t /µΩ =
�

�  are the time dependent Rabi frequencies 

for the transitions with electric dipole moments 31µ and 32µ  respectively. The Bloch 

equations, without invoking the rotating wave approximation, describing the temporal 

evolution of the density matrix elements are: 

 
( ) ( )( )
( ) ( ) ( )
( ) ( )

( ) ( )
( )( )
( ) ( ) ( )( )

31 31 31 32 21 31 33 11

32 32 32 31 12 32 22 33

21 21 21 32 31 31 23

11 31 31 13

22 32 32 23

33 31 13 31 32 23 32

i i t i t

i i t i t

i i t i t

i t

i t

i t i t

= − + Ω − Ω −

= − + Ω − Ω −

= − + Ω − Ω

= Ω −

= Ω −

= Ω − + Ω −

�

�

�

�

�

�

ρ ω ρ ρ ρ ρ
ρ ω ρ ρ ρ ρ
ρ ω ρ ρ ρ
ρ ρ ρ
ρ ρ ρ
ρ ρ ρ ρ ρ

                                                        (3.2.1) 

 
Here, ij i jω ω ω= − . It may be noted that *

ij jiρ ρ= . We solve Eq. (1) numerically using a 

standard fourth-order Runge-Kutta method. We assume that initially all the atoms are in the 

ground state 1 . We use the following typical parameters: 31 10 3.0ω ω= = rad/fs, 21 0.4ω =

rad/fs, 32 20 2.6ω ω= = rad/fs, 31 0.76Ω = rad/fs, 32 0.79Ω = rad/fs, 1 2 0.016χ = χ = fs-3, 
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1 2 0φ φ= = . The temporal pulse width is taken to be, pτ = 4.70 fs and 5.06 fs respectively for 

the Gaussian and the sinc pulses. For our chosen parameters, the pulse areas are too small for 

the adiabatic condition to be fulfilled. It is worthwhile to note that in the usual adiabatic 

passage scheme for population transfer between the initial state and the final one, the 

adiabatic condition can be written as: 2Ω >>pτ π , where 31 32(0) (0)Ω = Ω = Ω is the maximal 

Rabi frequency [4]. In practical applications the pulse area should exceed 20π , i.e. 

p 20Ω >τ π  to provide efficient population transfer via the adiabatic passage scheme [4]. We 

find that for complete population transfer with our proposed scheme, the total temporal area 

of the Gaussian pulses is calculated to be 3.49 π , while it is 13.53 π  for the STIRAP scheme 

with same laser pulse parameters. Fig. 3.2 and Fig. 3.3 depict the respective temporal 

evolution of the populations 11ρ , 22ρ  and 33ρ  when Gaussian chirped and unchirped sinc-

pulses are used. 

 

 
 
Fig. 3.2 Temporal evolution of populations with the nonlinearly-chirped Gaussian shaped 
few-cycle pulse 
 

It is clear from Fig. 3.2 that one can obtain complete population transfer (99.94 %) from the 

ground state 1  to the state 2  using two nonlinearly chirped Gaussian shaped laser pulses. 

On the other hand, as evident from Fig. 3.3, near complete population transfer (99.05 %) 

TH-1190_09612114



Chapter 3. Coherent Population Transfer in Λ -Like Three State Atomic Systems 
 

���

�

from 1  to 2  is possible due to the simultaneous interaction of two sinc-shaped pulses 

with the three-level atomic system.  

 

 

Fig. 3.3 Temporal dynamics of populations with the Sinc-shaped few-cycle pulse 
 

These results could be explained on the basis of the so-called Stimulated Emission Pumping 

(SEP) [31]. In SEP with continuous laser or short laser pulses, all the relaxation processes in 

atomic system take place on time scales shorter than the interaction time. Hence the 

maximum amount of population transfer between the quantum states is restricted by the 

spontaneous emission. For example, one can achieve a maximum 30 % population transfer in 

Λ − like three-level atomic systems with the SEP technique [4]. However, in our scheme, we 

have shown that almost complete population transfer in Λ − like atomic systems is possible 

owing to the use of few-cycle pulses where interaction takes on a time scale shorter than that 

of the relaxation processes. Non-adiabatic consequences on the temporal evolution of the 

populations can be observed from Fig. 3.2 and Fig. 3.3. Unlike the adiabatic passage 

techniques, population in quantum state 3  during the intermediate time is approaching a 

large value ( 33ρ =45 % for Gaussian pulse and 33ρ  = 46 % for sinc pulse) as the adiabatic 

criteria is not fulfilled for the chosen laser pulse areas. However, ultimately the quantum state 

2  receives almost all the populations in both cases.   
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The non-RWA effects on the temporal evolution of the populations can also be 

observed from Fig. 3.2 and Fig. 3.3. Some authors have pointed out that when few-cycle laser 

pulses are considered, the time-derivative driven nonlinearities will have a significant impact 

on the interaction of the laser pulses with the atomic medium which may lead to strong 

oscillation features during the evolution of the populations [98, 155]. These features are not 

present in the RWA solutions. Now, in order to have some insight or understanding why the 

use of Gaussian shaped or sinc-shaped few-cycle pulse results in almost similar behaviour 

with regard to population transfer, in Fig. 3.4 we plot the temporal evolution of both the 

pulses.  

 
 

Fig. 3.4 Temporal evolution of nonlinearly-chirped Gaussian and unchirped sinc shaped 
pulses 
 

Fig. 3.4 reveals that the nonlinearly-chirped Gaussian and the unchirped sinc shaped pulses 

are equivalent to each other, particularly in the temporal range from -2 to +2 fs. For other 

temporal range from -6 to -2 fs and +2 to +6 fs, the amplitude of the nonlinearly chirped 

Gaussian pulse is slightly greater than that of the unchirped sinc shaped pulse. Also, the 

carrier oscillation frequency of the Gaussian shaped few-cycle pulse is slightly larger, owing 

to the nonlinear chirp, than that of the unchirped sinc shaped few-cycle pulse in the same 

temporal range. This might be the reason behind the almost similar nature of interaction of 

the pulses with the atomic system. Hence, we may conclude that, subject to the chosen 

parameters, the nonlinearly chirped Gaussian and the unchirped sinc shaped few-cycle pulses 
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exhibit almost identical behaviour. It may be observed from Fig. 3.4 that one (

1 31 10 2 32 20 0ω ω ω ω∆ = − = ∆ = − = ) and two-photon ( 1 2 0∆ = ∆ − ∆ = ) resonance conditions 

are fulfilled for unchirped sinc-shaped laser pulse. However, for the nonlinearly chirped 

Gaussian laser pulse, the one-photon resonance condition is partially fulfilled during the 

intermediate time of interaction while the two-photon resonance condition is fulfilled during 

the whole interaction. 

 
It is important to verify the robustness of the scheme against the variation of the chirp 

rate and the temporal pulse width of the Gaussian shaped few-cycle pulse. So, in Fig. 3.5 we 

present the simulation result for the variation of the final population transfer to the state 2 , 

i.e. ( )22 ∞ρ with pτ , while in Fig. 3.6 we check the robustness of the scheme against chirp 

rates for the nonlinearly chirped Gaussian shaped few-cycle pulses. 

 

 

Fig. 3.5 Final population transfer to quantum state 2  as a function of (a) temporal pulse 

width, pτ of the nonlinearly chirped Gaussian pulse and (b) temporal pulse width, pτ of the sinc 

pulse. Here all the other parameters are kept constant. 
 

It can be seen from Fig. 3.5(a) that the final population transfer ( )22 ∞ρ  to the quantum state 

2 is sufficiently robust against the variation (4-6 fs) of the temporal width of a Gaussian 
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pulse , while Fig. 3.5(b) shows that the final population transfer ( )22 ∞ρ  to quantum state 2  

is robust against small variations (4.94-5.17 fs) of the temporal width of a sinc pulse. 

 

 
 

Fig. 3.6 Final population transfer ( )22 ∞ρ to quantum state 2  as a function of chirp rates, 1χ

and 2χ . Here, the other parameters are same as those in Fig. 3.2. 

 

It can be observed from Fig. 3.6 that the final population transfer 22 ( )∞ρ is sufficiently robust 

against the variation of the chirp rates, 1χ  and 2χ .It can be seen that the final population 

transfer ( )22 ∞ρ  to the quantum state 2 is robust against the small variation (0.012-0.020 fs-

3) of the chirp rates 1χ and 2χ . In Fig. 3.7 we plot the variation of the final population 22 ( )∞ρ  

with the carrier envelope phases to check the robustness of the scheme for sinc-shaped few-

cycle pulses. 
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Fig. 3.7 Final population transfer ( )22 ∞ρ to quantum state 2  as a function of (a) carrier-

envelope phases, 1φ  and 2φ  in unit of π  radians. The other parameters are same as those in 

Fig. 3.3. 
 

We find that, from Fig. 3.7, the final population transfer 22 ( )∞ρ is highly robust against the 

variation of the carrier-envelope phases 1φ and 2φ  of the sinc-shaped few cycle pulses. 

 

 
Fig. 3.8 Contour maps of the final population (in %) transfer for varying Rabi frequencies 

31Ω and 32Ω of nonlinearly chirped Gaussian pulse. Here the other parameters are same as 

those in Fig. 3.2. 
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We also test the robustness of our proposed scheme against variation of the Rabi frequencies 

of the few-cycle laser pulses considered in this work. In Fig. 3.8, we depict the contour map 

of the final population to the quantum state 2 , i.e. ( )22 ∞ρ , against Rabi frequencies 31Ω and 

32Ω  of the nonlinearly chirped Gaussian shaped few-cycle pulse. A careful inspection of Fig. 

3.8 reveals that the final population transfer is fairly robust against the variation of the Rabi 

frequencies 31Ω and 32Ω  in the range of 0.70-0.92 rad/fs, which amounts to more than 95 % 

population. Population in the range of 88-90% could be possible for variation of the Rabi 

frequencies in the range 2.30-2.40 rad/fs. 

 

 
 
Fig. 3.9 Contour maps of the final population (in %) transfer for varying Rabi frequencies 

31Ω and 32Ω of unchirped sinc pulses. The other parameters are the same as those in Fig. 3.3. 

 

The robustness of the population transfer with sinc shaped few-cycle pulses is depicted in 

Fig. 3.9. The population transfer to the quantum state 2  exhibits sufficient robustness with 

the small variation of Rabi frequencies. In fact one can obtain more than 95% population 

transfer for the variation of 31Ω and 32Ω  in the range of 0.70-0.85 rad/fs. It is worthwhile to 

mention that we have tested our proposed scheme for atomic systems like indium and 

thallium. We observe near complete population transfer, with appropriate choice of 

simulation parameters, in these atomic systems with both Gaussian and sinc-shaped few-
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cycle pulses. Hence the model proposed by us may be tested experimentally in atomic 

systems like indium and thallium and in other atoms which exhibit the same quantum states 

configuration. In passing, it may be noted that indium, thallium and gallium have been 

studied extensively both theoretically and experimentally in the context of laser cooling of 

atoms [156-159].  

 
3.2 Single few-cycle-femtosecond pulse driven coherent population transfer 
 

In section 3.2, we presented a scheme to obtain nearly complete population transfer in a Λ -

like three-level atomic systems with nondegenerate lower states (state 1 and state 2 ). The 

system was driven by two few-cycle femtosecond pulses. It is to be noted that the reported 

scheme may not be useful if the frequency bandwidth ( ∆ω) of the pulses is equal or greater 

than the frequency difference of the lower states ( 21ω ). For example, in the case of Λ -like 

three-level atomic systems with nearly degenerate lower states, we cannot claim that the 

pulse ( )1E t interacts only with the 3 1→  transition path and ( )2E t interacts only with

3 2→ transition path. In fact both pulses may interact via both the transition paths, if not 

restricted by the transition selection rules. 

  
Our analysis is based on the scheme depicted in Fig. 3.10.  We consider a Λ -like 

atomic system interacting with a single few-cycle laser pulse. The electric field of the linearly 

polarized laser pulse, interacting between 3 1↔ and 3 2↔  is given by

( ) ( ) ( )( )E t Ef t cos t tω δ= +
� �

, where E
�

, ( )f t  andω  are respectively, the amplitude, the field 

envelope and the carrier frequency of the pulse. For Gaussian shaped few-cycle laser fields,

( ) 2f t exp (t / )� �= −� �τ , ( ) 3t tδ χ= . Here χ  is the chirp rate of the Gaussian pulse.  

 

Fig. 3.10 Schematic of Λ -like system with a single acting few-cycle laser pulse 
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In the given scheme, we assume that only 3 1→  and 3 2→  transitions are dipole 

allowed while the 2 1→ transition is forbidden. We have chosen a model Λ -like three-

level atomic systems with nearly degenerate lower states. This scheme may be realized in 

some real atomic systems such as aluminium, boron, and gallium and possibly in alkali 

metals with hyperfine states. 

   
The Hamiltonian of the system is given by 0 intH H H= +

� � �
where 

( )0 1 2 3H 1 1 2 2 3 3= + +
�

� ω ω ω and ( )( )int 31H .E t 3 1 3 2 h.c.= − = − Ω + +
�� �

�µ β  

Here, h.c. refers to hermitian conjugate, and ( ) ( )31 31t E t /µΩ =
�

�  and ( ) ( )32 32t E t /µΩ =
�

�  are 

the time dependent Rabi frequency with electric dipole moment 31µ and 32µ  respectively. 

Also, 32 31µ = βµ , where β is termed as the dipole moment coefficient. The density matrix 

equations, without invoking the so called rotating wave approximation, describing the 

temporal evolution of the density matrix elements are: 

 
( )( )
( )( )
( )( )

( )( )
( )( )

( )( ) ( )( )

31 31 31 31 33 11 21

32 32 32 31 12 22 33

21 21 21 31 23 31

11 31 31 13

22 31 32 23

33 31 13 31 31 23 32

i i t

i i t

i i t

i t

i t

i t i t

= − − Ω − −

= − + Ω − +

= − − Ω −

= Ω −

= Ω −

= Ω − + Ω −

�

�

�

�

�

�

ρ ω ρ ρ ρ βρ
ρ ω ρ ρ βρ βρ
ρ ω ρ ρ βρ
ρ ρ ρ
ρ β ρ ρ
ρ ρ ρ β ρ ρ

                                                           (3.3.1) 

 

Here ij i jω ω ω= − . It may be noted that *
ij jiρ ρ= . We solve Eq. (3.3.1) numerically using a 

standard fourth-order Runge-Kutta method. We assume that initially all the atoms are in the 

ground state 1 . We use the following typical parameters: 31 3.18= =ω ω rad/fs, 21 0.0001=ω

rad/fs, 31 0.55Ω = rad/fs, 0.0035χ = fs-3, and β=0.99. The temporal pulse width is taken to be, 

pτ =5.86 fs. In Fig. 3.11, we depict the temporal evolution of the populations 11ρ , 22ρ  and 33ρ . 

It is clear from Fig. 3.11 that one can obtain nearly complete population transfer (99.24 %) 

from the ground state 1 to the state 2  using a single nonlinearly chirped laser pulse. The 

non-adiabatic consequences on the temporal evolution of the populations could be observed 

from Fig. 3.11. Unlike the adiabatic passage techniques, population in quantum state 3  
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during the intermediate time is approaching a large value ( 33ρ =45 %) as the adiabatic criteria 

is not fulfilled for the chosen laser pulse area. However, at the end of interaction, quantum 

state 2  receives almost all the populations. 

 
 

Fig. 3.11 Temporal evolution of populations with a single Gaussian shaped few-cycle pulse 
 

Fig. 3.12 depicts the robustness of the final population transfer to quantum state 2  as a 

function of the dipole moment coefficient and the peak Rabi frequency. 

 

 
 

Fig. 3.12 Final population transfer to quantum state 2  as a function of dipole moment 

coefficient β  and peak Rabi frequency Ω . Here other parameters are the same as those in Fig. 

3.11. 
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It can�be observed from Fig. 3.12 that the final population transfer to quantum state 2  is 

robust against the variation in the dipole moment coefficient and the peak Rabi frequency. 

For example, more than 0.95 (95 %) populations could be obtained inspite of variations in the  

peak Rabi frequency and the dipole moment coefficient in the range of 0.52 – 0.58 rad/fs and 

0.92 – 1.12 respectively. Next, we examine the robustness of the final population transfer to 

quantum state 2  as a function of the pulse duration and the peak Rabi frequency. 

 
 

Fig. 3.13 Final population transfer to quantum state 2  as a function of pulse duration pτ and 

Rabi frequency Ω . Here other parameters are the same as those in Fig. 3.11. 
 

It can be observed from Fig. 3.13 that the final population transfer to the quantum state 2  is 

fairly robust against the variation in the pulse duration and the peak Rabi frequency. Fig. 3.13 

reveals that with longer pulse duration, one can obtain almost complete population transfer at 

smaller values of the peak Rabi frequency.  

 
3.4 Chapter Summary 
   

In summary, we have reported almost complete population transfer to the target quantum 

state in Λ -like three-level atomic systems with non-degenerate and nearly degenerate lower 

states. In non-degenerate systems, we demonstrated population transfer by utilizing either 

two nonlinearly chirped Gaussian shaped or two unchirped sinc-shaped few-cycle laser 
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pulses.  Population transfer with two nonlinearly chirped Gaussian pulses is found to be 

sufficiently robust against the variation of temporal pulse width, Rabi frequencies and the 

chirp rates. However, the population transfer with two unchirped sinc-shaped pulse is found 

to be highly robust against the variation of the carrier-envelope phase and fairly robust 

against the variation of the temporal pulse width and the peak Rabi frequencies. We find that 

compared to the STIRAP technique, our scheme for complete population transfer with few-

cycle Gaussian shaped laser pulses requires less pulse area. Hence, nonlinearly chirped 

Gaussian shaped few-cycle laser pulses or the sinc-shaped few cycle laser pulses even with 

highly fluctuating carrier-envelope phase, may be employed for an efficient and ultrafast 

coherent population transfer with judicious choice of laser pulse parameters. In nearly 

degenerate systems, we demonstrated the population transfer by utilizing a single nonlinearly 

chirped few-cycle laser pulse. The population transfer with a single nonlinearly chirped pulse 

is found to be sufficiently robust against the variation in the peak Rabi frequency, the dipole 

moment coefficient and the temporal pulse width. 

 

�
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Chapter 4 
 

Coherent Population Transfer in Multi-
level Atomic Systems* 
 
 
 
 
4.1  Introduction 

 

In the previous two chapters, we have presented schemes for coherent population transfer 

(CPT) in two and three-level atoms. However, under certain conditions the modelling of a 

real atom as a four or higher- level atom is desirable. Many prior researchers have 

demonstrated CPT in four or higher level atoms. For example, M. Krug et al. [142] 

considered nine-levels (3s, 3p, 3d, 4s, 5p, 5f, 6p, 6f and 7p) of sodium atom in an 

experimental study on strong field control of multiple levels by an intense single chirped 

femtosecond laser pulse. Dipole allowed transitions among these levels, via single or multi-

photon absorption, may take place owing to the high intensity of the chirped femtosecond 

pulse. In addition, Y. B. Band and O. Magnes [160] demonstrated selective CPT in Λ -like or 

ladder-like four-level atoms by combining STIRAP and Raman chirped adiabatic passage 

(RCAP) techniques. Moreover, Xihua Yang and Shiyao Zhu [161] investigated the effect of 

collisions on the control of CPT in inverse Y-type four-level atoms driven by three laser 

fields with STIRAP scheme. They found that low population transfer efficiency could be 

enhanced dramatically with the increase of the collision-induced coherence decay rates. In 

another study, Xihua Yang et al. [162] presented an efficient scheme for selective CPT in the 

Λ -like four-level atoms by combining STIRAP, temporal coherent control (TCC) and RCAP 

techniques.  Apart from the coherent control of population transfer using two or more pulses, 

recently, much attention has been paid towards realizing CPT by using a single frequency 

chirped pulse in Λ -like three and four-level atoms, owing to the easy realization of the 

complete population transfer.�In particular, G. P. Djotyan et al. [163] demonstrated CPT in Λ

-like atoms using a single frequency-chirped laser pulse.  In this study the researchers found 

that for the realization of complete population transfer, the width of the frequency spectrum 

*This work has been published in a paper, P. Kumar and A. K. Sarma, “Ultrafast and selective 
coherent population transfer in four-level atoms by a single nonlinearly chirped femtosecond pulse”, 
Phys. Rev. A 88, 033823 (2013). 
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of the transform-limited laser pulse must be smaller and the peak Rabi frequency of the pulse 

must be larger than the frequency interval between the two ground-state levels of the � atom 

Very recently, T. A. Collins and S. A. Malinovskaya [22] demonstrated CPT in ultracold Λ -

like three level Rubidium atoms with a low intensity chirped-pulse. Again, Z. Zhang et al. 

[164] have proposed a scheme for CPT and arbitrary superpositions of quantum states by a 

single-chirped laser pulse in a Λ -like excited-doublet four-level system. They demonstrated 

efficient and robust CPT via a single-chirped pulse when the pulse bandwidth is smaller than 

about 1/10 of the energy separation between the excited-doublet levels and between the 

ground states. In the present chapter, we discuss a scheme for selective and ultrafast CPT in a 

system of Y-like four-level Na atoms by using a nonlinearly chirped femtosecond laser pulse.  

 
4.2  Selective coherent population transfer in Y-like four-level atoms 
 
Our proposed scheme is depicted in Fig. 4.1. In Fig. 4.1, the levels, 1 , 2 , 3 , and 4  

represent the 3s, 3p, 5s, 4d states of sodium atoms respectively.  

 
Fig. 4.1 Schematic of the scheme 

 
The complete Hamiltonian without invoking the RWA approximation, which describes the 

interaction of a single pulse with four-level atoms, is given by: 

( )
( ) ( ) ( )

( )
( )

1 12

12 2 12 12

12 3

12 4

t 0 0

t t t
H (4.2.1)

0 t 0

0 t 0

∧

� �ω −Ω
� 	

−Ω ω − βΩ − γΩ� 	
= � 	− βΩ ω� 	

� 	− γΩ ω
 �

�

 

Here, 12 12(t) E(t)Ω = µ � is the time dependent Rabi frequency, 12µ is the transition dipole 

moment of 1 2→ transition. The transition dipole moments 23µ and 24µ  are chosen as 
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follows: 23 12µ = βµ  and 24 12µ = γµ . Here, βand γ are the dipole moment coefficients. The 

electric field part of the pulse is defined as follows: ( ) ( )( )E(t) f t cos t t= ω + δ , where ( )f t is 

the pulse envelope, given by: ( ) ( )( )2

0 pf t E exp t= − τ . Here, 0E is the peak amplitude of the 

pulse envelope, FWHM p1.177τ = τ , ω  is the central frequency and ( )tδ  is the time varying 

phase. The temporal profile of ( )tδ  is defined as ( ) 0t t
t tanh

−� �δ = −α � 	τ
 �
. This temporal profile 

has been considered by other researchers as well in various contexts [151, 153]. The chirped 

form of the pulse may be controlled by manipulating the three parameters α , 0t and τ . In this 

work, these three control parameters are termed as frequency sweeping, frequency offset and 

frequency steepening parameters respectively. The time-varying frequency of the pulse has 

the form: ( ) 2 0t t
t sech

−α � �ω = ω − � 	τ τ
 �
. The Bloch equations, without invoking the rotating 

wave approximation, describing the temporal evolution of the density matrix elements are: 
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�
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Here ij i jω ω ω= − . It may be noted that *
ij jiρ ρ= . nm (n,m 1 4)ρ = →  is a component of the 

density matrix, where nnρ is related to the population of the nth level and nmρ  refers to the 

coherence between the level  ‘n’  and the level ‘m’ . The time independent Rabi frequencies 

are defined as follows: 12 12 0E ,Ω = µ �  23 23 0 21EΩ = µ = βΩ� and 24 24 0 21EΩ = µ = γΩ� . We 

use the following typical parameters: 12Ω =0.60 rad/fs, 21ω =3.19 rad/fs, 32 3.06ω =  rad/fs, 

42ω =3.30 rad/fs, pτ =16.5 fs, 0t = � 16.5 fs, τ = 16.5 fs, 3.6 rad / fs,ω =  β=0.90, γ =1.10 and α

= 10.0 rad. It is worth mentioning that the aforementioned pulse parameters are chosen so 

that selective and maximum population transfer could be achieved.  In Fig. 4.2, the effects of 

the variation of the control parameters on the time varying pulse frequency are depicted.   

 
Fig. 4.2 Temporal evolution of pulse frequency 

 
Fig. 4.2(a) depicts the temporal evolution of the pulse frequency for control parameters, α = 

10.0 rad, 0t = -16.5 fs and τ = 16.5 fs. It can be observed from Fig. 4.2(a) that with α = 10.0 

rad, the sweeping of pulse frequency occurs from 3.6 rad/fs to 3.0 rad/fs while the dip in time 

varying frequency occurs at time t = -16.5 fs, which matches to the frequency offset 

parameter, 0t = -16.5 fs. It should be noted that for the chosen pulse parameters (α = 10.0 rad, 

τ = 16.5 fs) the frequency spectrum of the nonlinearly chirped pulse overlaps with the 

transition frequencies of the chosen states of a real sodium atom. On the other hand, 

transitions between the other states are either off resonant or dipole forbidden. However, the 

same frequency sweeping range (3.6 rad/fs to 3.0 rad/fs) may be achieved for other 
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parameters (e.g., α  = 14 and τ = 24) also. In Fig. 4.2(b), the result is plotted for a different 

frequency sweeping parameter α , while keeping the other parameters unchanged. It can be 

seen from Fig. 4.2(b) that with α = 15 rad, the sweeping of pulse frequency occurs from 3.6 

rad/fs to 2.5 rad/fs. It can be seen from Fig. 4.2(c) that the dip in the time varying frequency 

occurs at time t= 16.5 fs, which is equal to the frequency offset parameters, 0t = 16.5 fs. 

Hence, the frequency offset parameter is responsible for shifting the temporal position of dip 

in time varying frequency. In Fig. 4.2(d), we have changed the frequency steepening 

parameter, τ , while keeping the other parameters same as in Fig 4.2(c), to examine its effect 

on the time varying frequency. It can be observed from Fig 4.2(d) that for frequency 

steepening parameter τ= 8 fs, along with the sweeping, steepening of temporal profile of the 

pulse frequency also occurs. The chosen temporal profile of the phase offers the possibility to 

select a particular transition path by choosing the control parameters judiciously. Next, in Fig. 

4.3, we depict the temporal evolution of the pulse frequency, the pulse envelope and the 

populations in different states.  

 

 
 
 Fig. 4.3 Temporal evolution of pulse frequency (a, c), pulse envelope (a, c) and populations 
(b, d). 
 

It can be understood from Fig. 4.3(a) that the pulse is interacting with 1 2→ and 2 3→

transitions in a counterintuitive manner because with the chosen frequency offset parameter, 

0t = -16.5 fs, initially the time varying frequency is resonant with the 2 3→  transition 
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frequency at time  t ≈  -18 fs and at a later time t ≈  -8 fs, it is resonant with the 1 2→

transition frequency. This counterintuitive sequence makes the 2 4→ transition nearly 

forbidden and leads to almost complete (98.40 %) population transfer to the state 3 , as could 

be observed from Fig. 4.3(b).  On the other hand, it might be clear from Fig. 4.3(c)  that the 

pulse is interacting with 1 2→ and 2 4→ transitions in a counterintuitive manner, and  

also because with the chosen frequency offset parameter, 0t = 16.5 fs, initially the time 

varying frequency is resonant with the 2 4→  transition frequency at t ≈  2 fs and at a later 

time t ≈  6 fs, it is resonant with the 1 2→ transition frequency. This counterintuitive 

sequence makes the 2 3→ transition nearly forbidden and leads to the almost complete 

(98.50 %) population transfer to state 4 as could be observed from Fig. 4.3(d). Hence the 

selective population transfer could be achieved just by manipulating the chirp offset 

parameter. It is important to verify the robustness of the scheme against the variation of the 

pulse parameters for practical realization of the scheme.  So, in Fig. 4.4 and Fig. 4.5, we 

present the simulation result for the variation of the final population transfer to the state 3 , 

i.e., ( )33ρ ∞  and state 4 , i.e., ( )44ρ ∞ with frequency sweeping and frequency steeping 

parameters. 
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Fig. 4.4 Contour plots of the final population, ( )33ρ ∞  for varying frequency sweeping 

parameter, α , and frequency steepening parameter, τ . Other parameters are the same in Fig. 
4.3(a). 
 

A careful inspection of Fig. 4.4 reveals that the final population in state 3 , ( )33ρ ∞ , is fairly 

robust against the small variation in the frequency sweeping parameter, α , and frequency 

steepening parameter, τ . One can obtain more than 95% population transfer against the 

variation in these parameters in the range; say α ≈  8-11 rad and τ ≈ 12.5 - 21 fs. However, 

more than 85 % population transfer is possible in a sufficiently large range of variation in α

and τ . 

 

Fig. 4.5 Contour plots of the final population ( )44ρ ∞ for varying frequency sweeping 

parameter, α and frequency sweeping-steepening parameter, τ . Other parameters are the same 
as in Fig. 4.3(c). 
 

Fig. 4.5 reveals that the final population in the state 4 , ( )44ρ ∞ , is sufficiently robust against 

the variation in the frequency sweeping parameter, α  and frequency steepening parameter, τ , 

over a large range, α ≈  9-25 rad and τ ≈  12-22 fs respectively, yielding more than 95 % 

population. Thus the final population transfer to the state 4 is more robust compared to that 

of the final population transfer to the state 3 . For example, one can obtain nearly 67 % 
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population transfer to state 3  with α = 11 rad and τ= 14 fs as could be observed from Fig. 

4.4 while with the same set of control parameters, one can obtain nearly 97 % population 

transfer to state the 4  as could be observed from Fig. 4.5. In order to investigate the reason 

behind this difference more clearly, we depict the temporal evolution of the time varying 

pulse frequency in Fig. 4.6. 
 

 

Fig. 4.6 Temporal evolution of pulse frequency and pulse envelope (a) ( )tω with α = 11 rad, 

0t = -16.5 fs and τ=14 fs (b) ( )tω with α = 11 rad, 0t = 16.5 fs and τ=14 fs 

 

It can be observed from Fig. 4.6(a) that the time varying frequency ( )tω with α = 11 rad, 0t = 

-16.5 fs and τ=14 fs is resonant with the frequency of the 2 3→  transition at time t ≈  -24.4 

fs. At a later time t ≈  -4.7 fs, it is resonant with the frequency of the 1 2→ transition. It can 

be seen that at time t= -24.4 fs, the corresponding value of the pulse envelope is too low 

(0.04) to transfer population to the state 3  completely, while the pulse envelope has a value 

(0.25) at time t = -18 fs (please see Fig. 4.3(a)). However, the time varying frequency ( )tω

with α = 11 rad, 0t = 16.5 fs and τ=14 fs is resonant with the frequency of 2 4→  transition 

at time  t ≈  1.65 fs and at later time t ≈  25.7 fs is resonant with the frequency of the 1 2→

transition. At time t= 1.65 fs the corresponding value of the pulse envelope is sufficient 

(0.59) to transfer nearly complete population to the state 4 which is nearly equal to the 

pulse envelope value (0.58) at time t = 2 fs, as can be seen from Fig. 4.3(c). In Fig. 4.7, we 

depict the robustness of the final population transfer to the state 3  with respect to the pulse 

duration and time independent Rabi frequency. In this case ( )33ρ ∞ is fairly robust against the 
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variation in the pulse duration and the time independent Rabi frequency in the range FWHMτ = 

21- 26 fs and 12Ω = 0.35 – 0.55 rad/fs.   

 

Fig. 4.7 Contour plots of the final population, ( )33ρ ∞  for varying Rabi frequency 12Ω  and 

pulse width FWHMτ . Other parameters are the same as in Fig. 4.3(a). 

 

In Fig. 4.8, we depict the robustness of final population transfer to the state 4  with respect 

to the pulse duration FWHMτ  and the time independent Rabi frequency 12Ω . 

 

Fig. 4.8 Contour plots of the final population, ( )44ρ ∞  for varying Rabi frequency 12Ω  and 

pulse width FWHMτ . Other parameters are the same as in Fig. 4.3(c). 
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It can be observed from Fig. 4.8 that ( )44ρ ∞ is fairly robust against variations in the pulse 

duration and the time independent Rabi frequency in the range FWHMτ = 16- 22 fs and 12Ω = 

0.4 – 1.0 rad/fs respectively. In addition, ( )33ρ ∞ and ( )44ρ ∞ are found to be nearly 96 % and 

97 % respectively for β= γ =1 and nearly 92 % each for β=1.1 and γ =0.9. However, one can 

achieve more than 92 % population with β=1.1 and γ =0.9 by judiciously choosing the pulse 

parameters such as 12Ω , α and τ . For example, nearly 97 % population transfers to the state 

3 could be achieved with 12Ω =0.55 rad/fs, α =11.50 rad and τ = 18 fs.  

 
4.3 Chapter Summary 

 
We have reviewed some of the work on CPT in multilevel atoms driven by a single or 

multiple laser pulses. In our study on CPT, we modelled the neutral sodium atom as a Y-like 

four-state atom and demonstrated ultrafast and selective population transfer using a single 

nonlinearly chirped femtosecond pulse. Effects of control parameters on the temporal phase 

have been investigated. We suggested that by judicious choice of the control parameters, one 

can select the specific final states populated in an atom. We demonstrated selective CPT 

either to the third or the fourth state by manipulating the frequency offset parameter. The 

selective population transfer is found to be robust against variations of the simulation 

parameters such as the time- independent Rabi frequency, frequency sweeping parameter, 

frequency steepening parameter, and dipole moment coefficients. This scheme may be 

explored in the other atoms as well which can be modelled as Y-like four-level atoms. The 

scheme may also be explored in molecules owing to the selectivity offered by the frequency 

offset parameter. 
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Chapter 5 
 

Optical forces on two-level atoms* 
 
 
 
 
5.1 Introduction 
 

Manipulation of atoms or molecules using laser light has both fundamental significance and 

relevance to applications in quantum optics, atomic physics and chemistry [62-66]. In this 

context, the appearance of the classic paper by Ashkin [165] on atomic beam deflection by 

resonance-radiation pressure force owing to laser light gave rise to many theoretical and 

experimental studies on resonance-radiation force in various contexts [70-73, 166-171]. After 

successful trapping of atoms by the resonance radiation pressure force due to continuous-

wave (cw) light, followed by experimental demonstration of focusing of neutral atoms [167], 

the field of atom trapping virtually exploded and it still remains an interesting area of 

research [116-118]. It may be noted that the mechanical effects of light, particularly laser 

beam, on particles such as atoms, molecules, ions, etc. have been successfully exploited in as 

diverse areas as optical tweezers [116, 118], atom optics [169], Bose–Einstein condensation 

[170], laser cooling and trapping [168], and quantum information [171]. Many researchers 

have studied the radiation forces exerted on neutral atoms [172-176]. In this context, the two-

level atomic system may be the most studied one [168]. The forces on two-level atoms are 

generally calculated by using the steady-state solutions of the so-called optical Bloch 

equations within the rotating wave approximation (RWA) [70]. It may be worthwhile to 

mention that the recent experiments on semiconductors have shown that in the regime of 

extreme nonlinear optics, where / 1R ωΩ ≈ or R / 1Ω ω >> , the description of atomic system 

in terms of two-level systems has been able to reproduce the experimental results amazingly 

well [78]. Here, RΩ  is the peak Rabi frequency and ω  is the carrier frequency of the laser 

pulse. It may be quite interesting to relook or re-examine the so-called light or optical force 

on a two-level atomic system in a few-cycle pulsed laser field. In fact, recently Lembessis 

and Ellinas [74] have carried out a theoretical analysis in the context of optical dipole 

*The results presented in this chapter have been published in a paper, P. Kumar and A. K. 
Sarma, “ Optical Force on Two-level Atoms by Few-cycle Pulsed Gaussian Laser field beyond the 
Rotating Wave Approximation” , Phys. Rev. A 84, 043402 (2011). 
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trapping beyond the RWA. Their analysis is based on Heisenberg operator perturbation 

techniques, rather than the optical Bloch equations. In 2013, Xunming Cai et al. [177] 

calculated the optical force on two-level atoms induced by sub-cycle-pulsed focused vector 

fields beyond the RWA. These researchers demonstrated that the optical force can change 

from a focusing force to a defocusing force depending on the initial state of the atom. Our 

study on optical forces, presented in this chapter, is largely motivated by the work of 

Bjorkholm et al. [167] who carried out experimental studies of focusing of sodium atoms by 

using a cw beam tuned near an atomic resonance. Our analysis is loosely based on the 

treatment by R. J. Cook [73]. It may be noted that the theory of atomic motion in resonant 

electromagnetic wave proposed by R. J. Cook [73, 172] within the RWA successfully 

explains the nature of the resonant radiation forces. This theory, however, may fail in the 

regime of extreme nonlinear optics due to the limitations of RWA. 

 
In this chapter, we report our study on optical force on a beam of neutral two-level 

atoms superimposed upon a few-cycle-pulsed Gaussian laser fields. Manipulation of the 

neutral atoms in the laser field is analyzed by solving the optical Bloch equation, beyond the 

rotating wave approximation, and the force equation self-consistently.  

 
5.2 Theoretical Model 
 
The schematic of our scheme for the calculation of optical forces acting on a beam of neutral 

two-level atomic beam superimposed upon a few-cycle-pulsed Gaussian laser fields is shown 

in Fig. 5.1. 

 
Fig. 5.1 Sketch of an atomic beam superimposed upon a pulsed Gaussian laser fields 
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The interaction between a system of two-level atoms, within the electric dipole and two-level 

approximations [178-180], with a superimposed and co-propagating collimated classical laser 

field is described by the following Hamiltonian [181]: 

 

( )
2

0 , .
2
P

H H E R t
M

µ= + − ⋅
�

� ��
                                                                                              (5.2.1) 

 
Here P

�
is the centre-of-mass momentum operator of the atoms, µ�  is the atomic dipole 

moment operator and ( ),E R t
� �

is the electric field of the laser field evaluated at the centre-of-

mass (CM) position R
�

 of the atoms. M is the centre of mass. On the right hand side of Eq. 

(5.21), the first term is the CM kinetic energy of the moving atoms; the second one refers to 

the internal energy Hamiltonian of the unperturbed atoms while the last term describes the 

interaction energy between the atoms and light field within the electric dipole approximation. 

In the so called Raman-Nath approximation [181], the approximate Hamiltonian is given by 

the following equation: 

 

( )0 ,H H E R tµ= − ⋅
� ��

                                                                                                         (5.2.2) 

 
The Raman Nath approximation is valid in the present study due to our assumption that the 

interaction energy is very large compared to the centre of mass kinetic energy and the 

interaction time involved is of the order of a few femtosecond. The change in momentum of 

the atoms is given by the following Heisenberg equation of motion: 

 

( ), .R

dP i
H P E

dt
µ� �= = ∇� �

�
� � ��

�
                                                                                                (5.2.3) 

 
The light force acting on the atomic centre of mass can be thought as the expectation value of 

Eq. (5.2.3). Setting r R=
��

, we obtain the average force on the atoms as follows: 

 

( ). .
dP

F M r E
dt

µ= = = ∇
�

� � �� ���                                                                                           (5.2.4) 

 
We consider the laser field in the following form: 

 

( ) ( ) ( ), , cos ( ) ,E r t A r t z tη φ ω= −
� � ��

                                                                                    (5.2.5) 
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where, ( ),A r t
�

 denotes the envelope, η�  represents the polarization direction, ( )zφ is the 

phase and ω  is the operating frequency of the laser field. Then from Eq. (5.2.4) and Eq. 

(5.2.5), assuming ( ),E r t∇
� � �

to be uniform across the atomic wave packet, we obtain: 

 

( ){ } ( ) ( ) ( ) ( ). , cos ( ) , sin ( )F A r t z t z A r t z tµ η φ ω φ φ ω� �= ∇ − − ∇ −� �

� � �� � ��                            (5.2.6) 

 
The expectation value in Eq. (5.2.6) can be written in terms of a density matrix as

( )12 21. uµ η µ ρ ρ µ= + =� �
, where u , one of the three Bloch vector components, accounts for 

the dispersive effects of the two-level atomic medium. Here, 12ρ and 21ρ are the off-diagonal 

elements of the density matrix with 1  and 2  referring to the ground and the excited state 

of the two-level atom respectively.  The Bloch vector component u  is described by the 

following optical Bloch equations [78]: 

 

( )

( ) ( )

2

2

1

2 ,

1
2 , ,

= Ω −

= −Ω − Ω −

+
= Ω −

�

�

R

R

du u
v

dt T

dv v
u r t w

dt T

wdw
r t v

dt T

                                                                                           (5.2.7) 

 
where v  and w  are the other two components of the Bloch vector [139]. Here, 2T and 1T  are 

respectively the dipole-dephasing and spontaneous decay time. As the atom-field interaction 

time is negligibly small compared to 1T  due to extremely short duration of the few-cycle laser 

field, the terms associated with it could be neglected [178, 182]. Here, Ω  is the transition 

frequency of the two-level atoms and ( , )R r tΩ �
 is the Rabi frequency which is defined as

( ) ( ), . , /R r t E r tµΩ =
�� � �

� . The so-called detuning parameter, to be used later in this work, is 

defined as ω∆ = Ω− . It may be noted that the optical Bloch equations are written without 

invoking the RWA. So, in terms of Bloch vector we can write the expression for light force 

as follows: 

 

( ){ } ( ) ( ) ( ) ( ), cos ( ) , sin ( ) .F u A r t z t z A r t z tµ φ ω φ φ ω� �= ∇ − − ∇ −� �

� � �� �                               (5.2.8) 

 

TH-1190_09612114



Chapter 5. Optical force on Two-level Atoms 
 

�
�

�

We find that the light force is explicitly dependent on the u -component of the Bloch vector 

unlike previous expressions for the light force, derived under the RWA, where the force was 

found to depend both on u  and v  component of the Bloch vector [73]. We may interpret this 

difference in results physically as follows: In the RWA approximation, the light force is 

generally expressed as the sum of two forces, namely, the reactive force and the dissipative 

force [70]. The reactive force, being proportional to the u -component of Bloch vector, does 

not involve absorption of energy from the laser field. Rather, it is solely due to the exchange 

and redistribution of momentum between the atoms and various plane waves composing the 

laser field. On the other hand, the dissipative force, proportional to the v -component of the 

Bloch vector, is related to the absorption and emission of energy. The dissipative force arises 

from the impulse experienced by an atom when it absorbs or emits a quantum of photon 

momentum. The light force expression that we have derived does not depend on the v -

component of Bloch vector explicitly owing to the fast laser-atom interaction compared to the 

slow spontaneous process and the non-RWA treatment of forces in the regime of extreme 

nonlinear optics. So the light force that we obtain is conservative and solely due to the 

interaction of the two-level atoms with the gradient of the electric field envelope and of the 

phase. Now we consider a few-cycle pulsed Gaussian laser field propagating along the z-

direction as described by the following equation: 

 

( ) ( )
2 2

0 2 2
0

, , exp cos ,
� �� 
� � � �� �= − + −� �� �� 	 � 	
� �
 �� �
 �� �� �

� � r t
E r z t E k z tη ω

ω τ
                                                    (5.2.9) 

 

where 0E is the peak amplitude, 0ω is the beam waist, 2 2r x y= +  and k  is the wave-vector 

of the Gaussian laser field. Here, τ  is the temporal pulse width, related to the full-width at 

half maximum (FWHM) of the laser field by 1.177pτ τ= . From Eq. (5.2.8) and Eq. (5.2.9) 

we obtain the transverse and longitudinal component of the light force as follows: 

( )

( )

2 2
0
2 2 2
0 0

2 2

0 2 2
0

2
exp cos

exp sin

T

z

E r u r t
F k z t

r t
F k E u k z t

µ ω
ω ω τ

µ ω
ω τ

� �� 
� � � �� �= − − + −� �� �� 	 � 	
� �
 �� �
 �� �� �

� �� 
� � � �� �= − − + −� �� �� 	 � 	
� �
 �� �
 �� �� �

                                                   (5.2.10) 

The so-called optical potential [74], defined by F U= −∇
� �

, associated with the light force can 

be easily expressed by the following equation: 
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( ){ } ( )22 2
0 0exp / / cosU E u r t k z tµ ω τ ω� �= − − + −

� �
                                                        (5.2.11) 

 
In order to derive the above expression for the optical potential we have assumed that the 

spatial variation of u  is negligible.   

 
5.2 Numerical results and Discussions 

  
Eq. (5.2.7) and (5.2.10) are numerically solved in a self-consistent manner, in order to 

understand the temporal evolution of the optical force on the two-level atoms in a few-cycle 

pulsed Gaussian laser field described by Eq. (5.2.9). We assume the atoms to be in the ground 

state initially and the beam to be focussed at 0z = . We compare both the RWA and non-

RWA cases. We find that the phenomena of focusing, defocusing and steering of the atomic 

beam may occur depending on the detuning parameter and the peak Rabi frequency. The 

peak Rabi frequency is defined as the Rabi frequency at 0r =  and 0t = . In the rest of the 

work, the Rabi frequency used refers to the peak Rabi frequency. We choose the following 

parameters for our numerical calculations: pτ =13.8 fs, Ω =2.2758 rad/fs, 2T =200 fs, 

294.24 10 C m−µ = × ⋅  , M= 6.94 amu and 0ω =1 mµ . The numerical parameters chosen for 

the atom, particularly the transition frequency and dipole moment are similar to those of the 

rubidium and lithium atom. The r- component of the light force is termed as the transverse 

force, TF , while the z-component is termed as the longitudinal force, LF . Both these forces 

are calculated at 0.7071�mr = . Fig. 5.2 depicts the temporal evolution of the light force on 

the two-level atoms in an atomic beam at different Rabi frequencies for 1.7758∆ =  rad/fs.  
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Fig. 5.2 Temporal evolution of light force: (a) Transverse force vs. Time for RΩ =2.2758 

rad/fs, (b) Transverse force vs. Time for RΩ = 14.2758 rad/fs, (c) Longitudinal force vs. Time 

for RΩ = 2.2758 rad/fs 
 

Fig. 5.2 (a) shows that, the transverse force being negative, the two-level atoms in the atomic 

beam experiences a net attractive force which may result in focusing of the atoms around 

0.z = Both the RWA and non-RWA treatments qualitatively predict the same result in the 

limit RΩ ≈ Ω  and large detuning. However, as the Rabi frequency is increased further, for

RΩ > Ω , the non-RWA treatment of the transverse force deviates from that of RWA. As 

could be observed from Fig. 5.2(b), the non-RWA transverse force may become positive or 

negative with time. The time averaged longitudinal force is found to be nearly zero, as can be 

seen from Fig. 5.2(c). To analyze the trajectory of atoms under the influence of the focusing 

force, in Fig. 5.3, we depict in Fig. 5.3 the focusing of atoms due to the transverse force 

calculated at 0.7071�mr = for 2.2758 rad/fsRΩ = and 1.7758 rad/fs∆ =  for various initial 

values of the transverse velocity Tv . It can be observed from Fig. 5.3 that atoms moving with 

transverse velocities up to Tv = 50 m/s may be focused. It should be noted that the atoms are 

focused on the picosecond time scale. A train of few-cycle pulses may be used to enhance the 

effective focusing of the atoms. This issue will be discussed in the next chapter in the context 

of a three-level atomic system.  
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Fig. 5.3 Focusing of atoms due to transverse force (a) Tv = 100 m/s; (b) Tv = 50 m/s; (c) Tv = 

10 m/s; and (d) Tv = 1 m/s. 

 

Next, we consider the case of negative detuning with, say ∆ = -1.7758 rad/fs. Fig. 5.4 

exhibits the temporal evolution of the transverse light force for different Rabi frequencies. It 

should be noted that in Fig. 5.4, in order to get proper scaling, we have reduced the RWA 

force by a factor of three.  

 

Fig. 5.4 Temporal evolution of transverse light force:  (a) RΩ =2.2758 rad/fs, (b) RΩ = 

18.2758 rad/fs, (c) RΩ = 28.2758 rad/fs. 
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The RWA treatment of the transverse force shows that its temporal evolution is independent 

of the Rabi frequency and is always positive. So the atomic beam would experience a net 

repulsive force leading to defocusing. On the other hand, the non-RWA treatment shows 

significant deviation in results. As could be seen from Fig. 5.4(b) and Fig. 5.4(c), with an 

increase in the Rabi frequency beyond RΩ > Ω , the transverse force exhibits both attractive 

and repulsive features. We may conclude that time-controlled focusing and defocusing of 

atoms may be achieved with large negative detuning. This might enable us to deposit atoms 

onto a substrate in a controllable way with judicious choices of the Rabi frequency and the 

detuning parameter. The resonant case, which seems to be the most studied in literature [70], 

is discussed next. Fig. 5.5 depicts the temporal evolution of the transverse force at different 

Rabi frequencies under resonance conditions, i.e. 0∆ = , while Fig. 5.6 depicts the temporal 

evolution of the longitudinal force. It is clear from Fig. 5.5 that under resonant condition the 

transverse component of the light force vanishes for the RWA. The non-RWA transverse 

force shows oscillatory behaviour and the time-average vanishes. The fact that the transverse 

component of the light force vanishes within the RWA under the resonant condition is 

supported by the analytical calculations reported in Ref. [176].  

 

Fig. 5.5 Temporal evolution of transverse light force:  (a) RΩ =2.2758 rad/fs, (b) RΩ = 4.2758 

Rad/fs.  
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Fig. 5.6(a) shows that the longitudinal component of the light force is non-zero when RΩ < Ω

, a regime where the RWA may be valid. So steering of atoms may be possible in this regime. 

However, as the Rabi frequency is increased, the time-averaged longitudinal force vanishes 

and steering of atoms may no longer be possible for RΩ ≥ Ω . It is worthwhile to note that the 

peak amplitude of the electric field cannot be increased arbitrarily, thereby increasing the  

 

Fig. 5.6 Temporal evolution of longitudinal light force:  (a) RΩ =0.02758 rad/fs, (b) RΩ = 

0.2758 rad/fs, and (c) RΩ = 2.2758 rad/fs. 

 

Rabi frequency, because if the peak amplitude of the electric field becomes comparable to the 

electric field strength of the atom, it may be ionized and the description as a two-level atom 

governed by the optical Bloch equations would no longer be valid. Finally, in Fig. 5.7 (a) and 

Fig. 5.7(b), we plot the spatio-temporal profile of the optical potential for RΩ < Ω and 

RΩ = Ω  with ∆ =1.7758 rad/fs, while Fig. 5.7(c) depicts the case for RΩ > Ω  with ∆ =1.9578 

rad/fs. 
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Fig. 5.7 Spatio-temporal profile of the optical potential (a) RΩ =0.02758 rad/fs; (b) RΩ

=2.2758 rad/fs; (c) RΩ =4.2758 rad/fs. 

 

A careful look at Fig. 5.7(a) and Fig. 5.7(b) reveals that the optical potential is negative, 

mainly around ,r t  = 0 and its magnitude increases with an increase in the Rabi frequency. 

Thus, two-level atoms in an atomic beam may be trapped by the time dependent optical 

potential even in the regime of extreme nonlinear optics. However, if we increase RΩ  further, 

keeping ∆  fixed, the optical potentials oscillate between positive and negative values, a 

feature that could be understood from Fig. 5.2 intuitively. We find that the optical potential 

can be kept negative by enhancing the ∆ -parameter, as indicated by Fig. 5.7(c). One may 

note that for RΩ > Ω , as could be seen from Fig. 5.7(c), the optical potential becomes 

negative in other temporal regimes as well. This may give us a tool to manipulate the optical 

trap in the regime of extreme nonlinear optics. Fig. 5.8 depicts the spatial variation of the 

optical potential for various Rabi frequencies with 1.7758∆ = rad/fs. It may be worthwhile to 

mention that the nature of the optical potential reported in this work matches quite well with 

that of recent experimental work, in the context of trapping of nanoparticles with 

femtosecond pulses, reported in Ref. [116]. The optical potential is getting split with the 

increase of the Rabi frequency. One may note the absence of splitting of the optical potential 
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in Fig. 5.7 as against the one in Fig. 5.8. This difference is occurring owing to the fact that in 

Fig. 5.7, the u -component of the Bloch vector is taken to be spatially independent while 

spatial dependency is taken into account while plotting Fig. 5.8. As u is related to the 

polarization of the atoms, our argument may be justified by one similar to that provided in 

Ref. [116].  

 

Fig. 5.8 Spatial profile of the optical potential with (a) RΩ =0.6379 rad/fs, (b) RΩ =1.2758 

rad/fs, (c) RΩ =2.2758 rad/fs, and (d) RΩ =4.2758 rad/fs. 

 
5.3 Chapter Summary 

 
We have studied the optical force on a beam of neutral two-level atoms in a few-cycle pulsed 

Gaussian laser field under both resonant and off-resonant condition. A rigorous numerical 

study is carried out to analyse focusing, defocusing and steering of the neutral atoms in the 

laser field. We find that two-level atoms in an atomic beam could be focused and defocused 

for large, positively and negatively detuned interactions in the regime of extreme nonlinear 

optics. The so-called optical potential may be used for stable trapping of the neutral two-level 

atoms for large positively detuned interaction. We find that the light force beyond the RWA 

has turned out to be conservative for the particular problem considered in this work and so it 

cannot be used to cool a sample of two-level atoms. The treatment based on Ehrenfest’ s 

theorem [11] describes only the mean light force and is silent about the fluctuations of the 
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light force about its mean value. This, however should not reduce the effectiveness of our 

work as our main objective was to get a comprehensive idea about the light force on an 

atomic beam of two-level atoms beyond RWA the in a few-cycle pulsed Gaussian laser field. 

Moreover this work successfully reproduces some of the features reported in other recent 

experimental and theoretical works [74, 116]. This work is extended to the case of three-level 

atomic systems in the next chapter. 

 

�
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Chapter 6 
 

Optical Dipole Force on Three-level Atoms* 
 
 
 
 
6.1 Introduction 
 

In the 1990s, considerable attention was paid to the study of optical forces in three-level 

system. It has been suggested by some researchers [183] that these studies of three-level 

forces may explain some of the discrepancies between real trapped atoms and the theoretical 

predictions offered by a two-level atomic model system. For example, in the cooling of two-

level atoms by the radiative force, the minimum value of attainable temperature is given by 

the single-photon classical limit, BT Kγ = γ� , where γ is the FWHM of the natural line width 

of the atomic transition, BK is the Boltzmann constant and � is Planck’ s constant. However, 

V. G. Minogin et al. [184] demonstrated that Λ -like three-level atoms, under the condition of 

coherent atomic population trapping, could be cooled below the single-photon classical limit 

to a temperature corresponding to the recoil energy, 2 2
R BT K 2MK= � , where K� is the 

photon momentum and M is the mass of an atom. In Λ -like three-level atoms, J. Javanainen 

[185] has reported that the nonlinear mixing of wave vectors result in the generation of long 

wavelength optical force. He found that the magnitude of the optical force exceeds 

considerably as compared to the one predicted via a two-level model. In an another study, P. 

R. Hemmer et al. [186] carried out the first experimental observation of forces on Λ -like 

three-level atoms in a standing wave optical field and demonstrated the deflection of a 

sodium atomic beam.  W. Rooijakkers et al. [187] calculated the optical forces, friction, and 

diffusion for ladder-like three-level atoms. Researchers have also demonstrated that� atoms 

can be decelerated within a much shorter distance using cascaded excitation by overlapping 

traveling waves. In 2000, P. V. Pant and S. V. Lawande [188] derived the analytical 

expressions for optical forces on three-level atoms. In this study, they considered all three 

configurations, Λ -like, V -like and ladder-like, of a three-level atom. In 2013,� T. 

Vanderbruggen and M. W. Mitchell [189] studied near resonant optical forces beyond 

*The results presented in this chapter have been published in a paper, P. Kumar and A. K. 
Sarma, “ Optical dipole force on ladder-like three-level atomic systems induced by few-cycle-pulse 
laser fields” , Phys. Rev. A 86, 053414 (2012). 
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the two-level approximation for a continuous source of spin-polarized cold atoms. 

 
All the aforementioned study on optical forces have been done using CW laser fields. 

In the present chapter, we report a study of the optical dipole force on three-level atoms under 

three different excitation schemes. First, we consider the non-resonant interaction of atoms 

with trains of few-cycle pulses; second, time-dependent detuned interaction of atoms with 

trains of chirped-few-cycle pulses is considered and finally, time-dependent detuned 

interaction of atoms with chirped-nanosecond pulses instead of pulse trains is considered. It is 

worth noting that many researchers have utilized optical forces, from the linearly chirped 

laser pulses for slowing, acceleration [190] and forced rotation [191] of molecules. The 

creation of an optical lens for atomic and molecular beam by optical dipole force has also 

been demonstrated by several authors [192-194]. 

 
6.2 The Model 

 
The sketch of our scheme for the calculation of optical dipole forces on sodium atoms is 

depicted in Fig. 6.1.We consider a ladder-like atomic system interacting with two few-cycle 

pulsed laser fields.  In this work the states 1 , 2 and 3 , respectively refers to the 3 ,3s p and

4s quantum states of neutral sodium atoms. 

 
Fig. 6.1 (a) Sketch of the proposed scheme for the calculation of optical dipole force on an 
atomic beam co-propagating with pulsed laser fields. (b) Three-level atomic system. (c) 
Time-dependent frequency of up-chirped (+α ) and down-chirped (-α ) pulses. 
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The total electric field of each of the two pulse laser radiation can be written as
−

=
=

− = − − + − + +�
N 1

2
i( i 1,2 ) r i i r i r i r Di i

n 0

E ( t n t ) A ( t nt )cos( ( t n t ) ( t n t ) ( z ))ε ω α ω φ
�������� ���� .             (6.2.0) 

Here, −i rA ( t nt ) = ( )− − + 22
oi r 0E exp( ((( t n t ) / ) r ))τ ω . We assume that the pulse train with 

electric field 1E and the pulse train with electric field 2E connect the states 1 2↔ and

2 3↔ , respectively. In Eq. (6.2.0), = iDi k .vω
� �� �� �� �

 refers to the detuning of the transition lines 

of the atom moving with velocity v
�  due to the Doppler shift, p1.177=τ τ , where pτ is the 

temporal pulse width at full width at half maximum (FWHM), N is the number of pulses, rt is 

the pulse repetition time, iα is the chirp rate, 0ω is the beam waist, iω is the laser frequency 

and =i i( z ) k zφ is the longitudinal phases. Also, =ik ( i 1,2 )  is the wave vector of the 

corresponding electric fields. The density matrix equations, without invoking the so called 

rotating wave approximation, describing the temporal evolution of the density matrix 

elements, are: 

11
12 21 21 12

22
12 12 21 23 32 23

33
32 23 23 32

21
21 21 12 11 22 23 31

32
32 32 32 22 33 12 31

31
31 31 23 21 12 32

d
i( )

dt
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dt
d

i i( )
dt

= −

= − + −
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= − + − +

= − + − −

= − + −
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ρ Ω ρ ρ Ω ρ ρ

ρ Ω ρ Ω ρ

ρ ω ρ Ω ρ ρ Ω ρ

ρ ω ρ Ω ρ ρ Ω ρ

ρ ω ρ Ω ρ Ω ρ

                                                                      (6.2.1) 

Here, 12 21 12 1( , ) /= = �E r tΩ Ω µ and 23 32 23 2 ( , ) /= = �E r tΩ Ω µ  are the time dependent Rabi 

frequencies for the transition with electric dipole moments 12µ and 23µ , respectively. It 

should be noted that ij i j= −ω ω ω and *
ij jiρ ρ= . Using an approach based on the density matrix 

equations and Ehrenfest’ s theorem, we derive the following expression for the optical dipole 

force [73, 195]: 
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1
2

12 1 1 1 1 1
0

1
2

23 2 2 2 2 2
0
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{[ ( )]cos( ( ) ( ) ( ))}
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−
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��
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t r r r D
n

N

r r r D
n

F u A t nt t nt t nt z

v A t nt t nt t nt z

µ ω α ω φ

µ ω α ω φ
                (6.2.2) 

 
Here 21 12( )= +u ρ ρ and 32 23( )= +v ρ ρ .  

 
6.3 Numerical Results and Discussions 
 
We solve Eq. 6.2.1 and Eq. 6.2.2 numerically using a standard fourth-order Runge-Kutta 

method. We assume that initially all the atoms are in the ground state 1 . The Following 

typical parameters are used for simulation: for chirped-pulse excitation, 121 3.19= =ω ω rad/fs, 

32 2 1.65= =ω ω rad/fs, and 21 0.02α = α = ± fs-2; on the other hand for non-resonant excitation 

of atoms, 1 21 1 1.19∆ = − = ±ω ω rad/fs, and 2 32 2 0.65∆ = − = ±ω ω rad/fs. The rest of the 

simulation parameters are as follows: 21 32 1.30Ω = Ω = rad/fs, 12 23
291.85 10−= = ×µ µ C m⋅ [32], 

7.07 ,= mr µ 0 10 ,= mω µ and 1000=zv m/s in the direction of pulse laser fields. The 

temporal pulse width is taken to be 23 5=p .τ fs. In the present study, the centre of mass is 

taken to be M=22.99 amu. It can be deduced from Eq. 6.2.2 that the transverse force is 

maximum at r  =7.07 mµ and minimum at r  =0 mµ .  

 
Fig. 6.2 Temporal evolution of optical dipole force under non-resonant excitation: (a) N=2, 

1∆ =1.19 rad/fs and 2∆ =0.65 rad/fs; (b) N=40, 1∆ =1.19 rad/fs and 2∆ =0.65 rad/fs; (c) N=2, 

1 1.19∆ = − rad/fs and 2 0.65∆ = − rad/fs; and (d) N=40, 1 1.19∆ = − rad/fs and 2 0.65∆ = −
rad/fs. 
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In Fig. 6.2 we depict the temporal evolution of optical dipole force on atoms under non-

resonant excitation of atoms. It can be observed from Fig. 6.2(a) and 6.2(b) that the optical 

dipole force is negative for positive detuning which may lead to the focusing of atoms, while 

Figs. 6.2(c) and 6.2(d) show that the optical dipole force is positive for negative detuning, 

and may lead to the defocusing of atoms. In Fig. 6.3 we depict the temporal evolution of the 

optical dipole force for an increased number of pulses, N=1000, compared to one used in Fig. 

6.2. 

 

 
 

Fig. 6.3 Temporal evolution of optical dipole force under non-resonant excitation: (a) 

N=1000, 1 1.19∆ = rad/fs and 2 0.65∆ = rad/fs; (b) N=1000, 1 1.19∆ = − rad/fs and 2 0.65∆ = −

rad/fs. 

 

One may observe from Figs. 6.2 and 6.3 that the magnitude of the optical dipole force 

remains identical even with the increased number of pulses. Again, the temporal evolution of 

the optical dipole force remains similar even if the number of pulses is increased. The optical 

dipole force is negative for positive detuning and positive for negative detuning throughout 

the interaction time.  It is worthwhile to mention that in the work by Bjorkholm et al. [167]  

the magnitude of the optical force on neutral atoms, induced by a CW laser field, was around 
-180.01×10 N or 0.01 aN. By contrast, in the present study, the time-averaged force is 
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approximately 3.30 fN for 1 21 1 1.19∆ = − =ω ω rad/fs, 2 32 2 0.65∆ = − =ω ω rad/fs and 2.49 fN 

for 1 21 1 1.19∆ = − = −ω ω rad/fs, and 2 32 2 0.65∆ = − = −ω ω rad/fs with N=1000. Clearly, the 

force considered in this work is much larger than the one considered by Bjorkholm et al. 

[167]. 

In Fig. 6.4 below, we show the trajectory of atoms subjected to the optical dipole force for 

N=1000. 

 

Fig. 6.4 Focusing(a-c) and defocusing (d-f)of atoms due to optical dipole force: (a) 1 1.19∆ =  

rad/fs, 2 0.65∆ = rad/fs and tv =1000 m/s; (b) 1 1.19∆ = rad/fs, 2 0.65∆ = rad/fs and tv =100 

m/s; (c) 1 1.19∆ =  rad/fs, 2 0.65∆ = rad/fs and tv =1 m/s; and (d) 1 1.19∆ = −  rad/fs, 

2 0.65∆ = − rad/fs and tv =1000 m/s (e) 1 1.19∆ = − rad/fs, 2 0.65∆ = − rad/fs and tv =100 m/s 

(f) 1 1.19∆ = − rad/fs, 2 0.65∆ = − rad/fs and tv =1 m/s. 

 

It can be observed from Fig. 6.4 (a), Fig. 6.4 (b) and Fig. 6.4 (c) that due to the optical dipole 

force with positive detuning, atoms are being focused. So it appears that the optical dipole 

force is acting like an ultrafast optical lens for the diverging atomic beam. On the other hand, 

Fig. 6.4 (d), Fig. 6.4 (e) and Fig. 6.4 (f) show that the atoms are defocused by the optical 

dipole force with negative detuning. Hence the trains of few-cycle pulse laser fields may be 

used for effective focusing and defocusing of atoms in an atomic beam. In Fig. 6.5, we study 
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the temporal evolution of optical dipole force on atoms induced by trains of chirped pulse 

laser fields. 

 

 
Fig. 6.5 Temporal evolution of optical dipole force under chirped-pulse excitation: (a) N=2, 

1α =0.02 fs-2 and 2 0.02α = fs-2; (b) N=40, 1α =0.02 fs-2 and 2 0.02α = fs-2; (c) N=2, 

1 0.02α = −  fs-2 and 2 0.02α = − fs-2; and (d) N=40, 1 0.02α = − fs-2 and 2 0.02α = − fs-2. 

 

It can be seen from Fig. 6.5(a) and Fig. 6.5(b) that the optical dipole force on atoms is 

negative for each odd number of pulses in the pulse trains, while it is positive for each even 

number of pulses in the pulse trains for up-chirped pulse trains. On the other hand, the 

opposite of the above occurs in the case of down-chirped pulse trains, as can be seen from 

Fig. 6.5(c) and Fig. 6.5(d). Hence the atoms in an atomic beam will encounter equal time-

dependent positive and negative optical dipole forces from the chirped-few-cycle pulse trains 

in contrast to the optical dipole force induced by the non-resonant interaction of atoms with 

the few-cycle pulse trains. So the chirped-few-cycle pulse trains may not be useful for the 

focusing and defocusing of atoms. However, here it is worth to mention that the chirped-few-

cycle pulse trains may be used for some other interesting applications such as ultrafast optical 

switching and ultrafast coherent population oscillations etc. [133, 29]. Finally, we consider 

the chirped nanosecond pulse excitation of atoms. The pulse duration ( pτ =2 ns) is assume 

still to be less than all of the relaxation times. Fig. 6.6 depicts the temporal evolution of 
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coherent population transfer, optical dipole force and trajectory of atoms under the influence 

of the optical dipole force. The chosen simulation parameters are realistic: 21 32Ω Ω= =300 

rad/ns, and 1 2α α= = ± 10 ns-2; other simulation parameters remain similar to the ones used 

earlier. 

 

Fig. 6.6 Temporal evolution of (a) Populations with 1 2= =α α  10 ns-2; (b)Populations with 

1 2= =α α  -10 ns-2; (c) Optical dipole force with (i) 1 2= =α α 10 ns-2, and (ii) 1 2 10= = −α α
ns-2; and (d) Trajectory of atoms with 1 2= =α α 10 ns-2 for (i) tv =10 m/s, (ii) tv =1 m/s, (iii) tv

=0.1 m/s. 
 

It can be seen from Fig. 6.6(a) and Fig. 6.6(b) that after the interaction, all the atomic 

populations is in the state 3  and is independent of the sign of the chirping parameters. On the 

other hand, as is evident from Fig. 6.6(c), the optical dipole force is negative for 1 2= =α α 10 

ns-2, while it is positive for 1 2 10= = −α α ns-2. Hence, the optical dipole force may be used for 

focusing and defocusing of atoms with judicious control of the sign of the chirping 

parameters. Focusing and defocusing atoms is dependent on the transverse velocity of the 

atoms as well, as could be seen from Fig. 6.6(d). For the chosen parameters, we find that 

atoms with transverse velocities up to and below 1 m/s are focused due to the optical dipole 

force. So, these chirped nanosecond pulses may be used for coherent population transfer and 
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focusing of atoms simultaneously, subject to the appropriate choice of parameters as 

discussed above. However, trains of few-cycle pulses may be used for focusing the atoms 

moving with higher transverse velocities compared to chirped nanosecond pulses, as can be 

observed from Fig. 6.4 and Fig. 6.6 (d). 

 
6.4 Chapter Summary 
 
This chapter discusses the optical dipole force in a ladder like three-level atomic system 

induced by the trains of few-cycle-pulse laser fields. We have considered the non-resonant as 

well as the chirped pulse excitation of three-level atoms. The force is calculated by 

numerically solving the force equation and the density matrix equations self-consistently 

beyond the rotating wave approximations. By analyzing the centre-of-mass motion, it is 

shown that under non-resonant excitation, the optical dipole force induced by trains of few-

cycle-pulses may be used for focusing and defocusing of atoms in an atomic beam. 

Moreover, we have demonstrated that the chirped nanosecond pulses may be used for both 

coherent population transfer and focusing or defocusing of atoms simultaneously, with 

judicious choice of parameters.  
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Chapter 7 
 

Conclusions and Future Aspects 

 
 
 
 
7.1 Conclusions 
 

This thesis describes theoretical studies of coherent control and manipulation of atoms using 

femtosecond pulses. In the context of coherent control, coherent population transfer (CPT) in 

two-, Λ -like three- and Y-like four-level atoms is investigated. The phenomenon of ultrafast 

coherent population oscillations (UCPOs), in which the complete population oscillates 

between the ground and excited states of an atom, is predicted in two-level atoms illuminated 

by a train of femtosecond pulses.  It is found that the quantum state of the atoms and the 

frequency of UCPOs may be controlled by controlling the number of pulses in the pulse 

trains and the pulse repetition time. Some possible applications of the observed UCPOs are 

suggested. In Λ -like three-level atoms, a simple and fairly robust scheme is proposed to 

achieve efficient and fast CPT by utilizing either a nonlinearly chirped Gaussian shaped few-

cycle laser pulse or an unchirped sinc-shaped few-cycle laser pulse.  It is reported that 

compared to the so-called stimulated Raman adiabatic passage (STIRAP) technique, the 

scheme proposed for complete population transfer with few-cycle Gaussian shaped laser 

pulses requires less pulse area. An efficient scheme to achieve ultrafast and selective 

population transfer in Y-like four-level atoms, by utilizing a single nonlinearly chirped 

femtosecond pulse, is also proposed.  It is found that selective CPT may be achieved just by 

manipulating the frequency offset.  

 
 In the later part of the thesis, femtosecond pulse induced optical forces on two- and 

three-level atoms in an atomic beam are investigated. In the context of two-level atoms, the 

optical force on a beam of neutral atoms illuminated by a few-cycle-pulsed Gaussian laser 

field under both resonant and off-resonant condition is studied. The effects of the optical 

force on the motion of neutral atoms are analyzed. It is suggested that the so-called optical 

potential may be used for stable trapping of the neutral two-level atoms for large positively 

detuned interaction. Finally, the optical dipole force on a ladder like three-level atomic 

system induced by trains of femtosecond pulses is investigated. Both non-resonant and the 
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chirped pulse excitation of three-level atoms were considered. By analyzing the centre-of-

mass motion, it is shown that under non-resonant excitation, the optical dipole force induced 

by trains of femtosecond pulses may be used for focusing and defocusing of atoms in an 

atomic beam. Moreover, it is reported that chirped nanosecond pulses may be used for both 

coherent population transfer and focusing or defocusing of atoms simultaneously.  

 
7.2 Future Aspects 
 
In this thesis the study of coherent control and manipulation of atoms is based on the 

numerical solution of the appropriate density matrix equations. No study with regard to pulse 

propagation in the chosen atomic systems (two-, three- and four-level atoms) is carried out in 

the present thesis. However, to clarify certain assumptions, pulse propagation studies could 

be quite useful. For example, in the second chapter of this thesis, based on the literature [98, 

133], an assumption was made that, when a switching signal enters into the absorbing 

medium (w<0), it may be absorbed by the medium. Also it was assumed that the switching 

signal will not be absorbed when a switching signal enters into the amplifying medium 

(w>0). These assumptions, though they may not be wrong entirely, could only be verified by 

investigating the propagation of the switching signal in the medium (absorptive or 

amplifying). Moreover, few-cycle pulse propagation studies in the systems considered in this 

thesis might yield much physics and insights, and could easily be a fruitful topic for future 

research.  

 
 Controlling the population transfer into Rydberg states of atoms may be another 

future aspect of the research reported in this thesis. A Rydberg atom is an atom whose 

valence electrons are in states with a very large principal quantum number “ n” . The spatial 

excursions of highly excited Rydberg atoms exceed the size of ground-state atoms by orders 

of magnitudes. Such large excursions of the Rydberg electron imply very long lifetimes, high 

susceptibilities to external fields and strong interactions between the atoms. They may be 

used in a variety of potential applications: as elements in fast quantum gates [196, 197], 

single photon sources [198, 199], and in the generation of mesoscopic entanglement [200]. 
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