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Strong coherence in quasi-resonant laser driven system interferes with effective 

relaxations, resulting in behaviors like, coherent population trapping and 

electromagnetically induced transparency. The Raman system can optimize this utilizing 

excited coherence in the lambda system when exposed to counter- intuitive pump-stokes 

pulses. The phenomenon can result in complete population transfer between vibrational 

levels called Stimulated Raman adiabatic passage (STIRAP). STIRAP and CHIRAP 

have been studied with Gaussian and chirped pulses. The optical propagation effects in 

dense medium for these phenomenon is studied to calculate the limitations and induced 

coherences. Further, the effect of rotational levels has been investigated. The molecular 

vibrational coherence strongly depends on the effect of rotational levels. The change in 

coherence interaction for ro-vibrational levels are reported and explained. We have 

considered the effects on the phase of radiation related to rotational mechanical motion 

of quantum system by taking advantages in ultra strong dispersion medium provided by 

quantum coherence in lambda system. The enhanced Fizeau effect on a single atom is 

observed. 



 ii 

Copyright 2016 

by 

Pooja Singh



 iii 

ACKNOWLEDGEMENTS 

I take this opportunity to acknowledge valuable contributions to my Ph.D work. 

First, I would like to express my sincere gratitude to my PhD advisor Dr.Yuri 

Rostovtsev, for providing continuous motivation throughout my Ph.D work. He has an 

incredible level of passion towards research and learning, and has always been available 

to discuss, suggest and inspire me with new insights in both scientific and philosophical 

theories. I will be forever thankful to him for being a tremendous mentor to me. 

I would like to thank my dissertation committee members for their support and 

suggestions, helping with my graduate program and research stages. I would like to 

thank the faculty of department of Physics at UNT, who have positively in 

uenced my learning processes during the course work, teaching assignments and many 

random discussions about physics and education. 

I would also like to extend my thanks to the department of Physics at UNT for  

financial support. And thanks are due to the faculty of the Department of Physics for 

their help with travel grants and other  financial forms. 

I would like to acknowledge my husband Naresh Deoli, for his patience, love and 

support. I also owe many thanks to my sisters for their love and support. I appreciate 

the support of my friends and family through this time. Finally, I would like to thank 

my grandparents and parents for providing me the foundation of life and education. 

I dedicate this work to my daughter, Dwisha for being the light of my life.   



 iv 

TABLE OF CONTENTS 
 

Page 
 

ACKNOWLEDGMENTS ............................................................................................... iii 
 
CHAPTER 1. INTRODUCTION .................................................................................... 1 

1.1 Conquering Darkness ................................................................................. 1 
1.2 Optics in Quantum Era.............................................................................. 1 
1.3 Recent Motivations .................................................................................... 2 
1.4 Dissertation Description ............................................................................. 3 

 
CHAPTER 2. QUANTUM OPTICS THEORETICAL FRAMEWORK ........................ 5 

2.1 Atom-Field Interaction .............................................................................. 5 
2.2 Rotating Wave Approximation .................................................................. 6 
2.3 Slowly Varying Envelop Approximation (SVEA) ...................................... 8 
2.4 Rabi Frequency .......................................................................................... 8 
2.5 Schrodinger Equation ................................................................................. 9 
2.6 Rotating Frame ......................................................................................... 10 
2.7 The Density Matrix .................................................................................. 11 
2.8 Optical Bloch Equation ............................................................................. 11 
2.9 Electromagnetically Induced Transparency (EIT) .................................... 14 

 
CHAPTER 3. RAMAN ADIABATIC PASSAGE .......................................................... 18 

3.1 Background: Raman Scattering ................................................................. 20 
3.2 Physics of STIRAP ................................................................................... 22 
3.3 Model: Analytical Formalism .................................................................... 26 
3.4 STIRAP Simulation Results ..................................................................... 29 
3.5 Chirped-Frequency Adiabatic Passage (CHIRAP) .................................... 45 
3.6 Propagation ............................................................................................... 51 
3.7 Summary ................................................................................................... 64 

 
CHAPTER 4. DETECTION OF CORIOLIS FORCE AND ROTATIONAL DOPPLER 
EFFECT BY USING SLOW LIGHT ............................................................................. 65 

4.1 Introduction .............................................................................................. 65 
4.2 Model ........................................................................................................ 66 



v 

4.3 Moving Dielectrics ..................................................................................... 67 
4.4 Detection of Coriolis Force ........................................................................ 70 
4.5 Angular Momentum of Light .................................................................... 71 
4.6 Linear and Rotational Doppler Effects ...................................................... 72 
4.7 Detection of Rotational Doppler Effect ..................................................... 73 
4.8 Sagnac Effect with Slow Light .................................................................. 75 
4.9 Conclusion ................................................................................................. 76 

CHAPTER 5. RESULTS AND CONCLUSIONS ........................................................... 78 

APPENDIX A. PROPAGATION FORTRAN CODE ................................................... 80 

APPENDIX B. STIRAP FORTRAN CODE ................................................................. 97 

BIBLIOGRAPHY ......................................................................................................... 118 



CHAPTER 1

INTRODUCTION

1.1. Conquering Darkness

Light has intrigued human mind ever since the evolution of human understanding.

The discovery of fire as a source of light and heat was perhaps the strongest indication of

magnitude of intellect separating humans from other apes. Light’s presence was not just

useful and necessary for life in various forms e.g. photosynthesis, but its behavior became

the basis for human calculations and observations. The interesting effects like reflection,

refraction, dispersion were studied and new materials were discovered with interesting vi-

sual responses in presence of light. Interests in mirrors, shiny objects and angled medium

refraction eventually leading to prism effects, initiated the study of optics. Many renowned

physicists contributed to the journey with experimental and mathematical explanations.

Studies by Descartes [1], Pierre Gassindi, Issac Newton [2] investigated and presented par-

ticle and mechanical theory of light. Malus and Biot [3] supported the theory with the

inclusion of an associated polarization. Simultaneously the support for wave nature or pulse

theory of light was explained by Hooke, Huygens [4], Yong [5, 6], Euler, and Fresnel [7]

during this time. The idea of polarization helped in connecting associated fields, and Fara-

day’s experiment [8] inspired Maxwell to study electromagnetic radiation and its similarities

with light. The mathematical description summed up as Maxwell’s equations are an integral

part of optics today [9]. Max plank suggested the concept of quantazied energy in light and

quantum optics became the new way to study lights, interaction and its applications. This

explanation was used by Einstein [10, 11, 12, 13, 14] for photoelectric effect and Compton

for Compton’s scattering, further supporting the particle nature of light [15, 16]. Eventuallt,

light particles were named photon by Lewis [17].

1.2. Optics in Quantum Era

The trilogy of Neil Bohr’s paper [18, 19, 20, 21, 22] announcing Bohr’s model was one

of the pioneering work in the direction of quantum theory, where the the spectral lines of
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atoms were explained alongside angular momentum of electrons. Later, Erwin Schrodinger

constructed equations for De-Broglie waves to solve for particle energies. Supported by

Heisenberg, Max Born this plausibility equation complied with known energy information

related with hydrogen atom. This equation gained most importance for its new interpreta-

tion of information associated with matter and wave. Copenhagen interpretation defined the

physical significance, accepted till today. Weisskopf and Wigner [23] applied the newly devel-

oped ideas of non-relativistic quantum mechanics to the dynamics of spontaneous emission

and resonance fluorescence, predicting the exponential law for excited-state decay. Opti-

cal coherence was inspected in terms of amplitude interference, as a first order correlation,

but the idea of interference correlation paved the way to photon statistics and quantum

optics. The machinery generated by this era is still the set of fundamental tools we use

in our study of quantum interactions. The tools such as, representations, quantum state

evolution, unitary transformations, perturbation theory etc. are the fundamental guidelines

for our research still today. Our classical intuitions were intrigued and challenged repeat-

edly by non-deterministic and non-local nature of quantum mechanics, but simultaneously

mathematical solutions to microscopic structures and phenomenon were explained. Today,

non-classical correlations of quantum mechanics can be exploited to explain some practical

world applications and innovations with utmost clarity. The mid twentieth century saw the

biggest application of quantum coherence in the form of invention of LASER. It didn’t take

long for the development of tuneable lasers [24]and studies of quantum coherence effects

open new boundaries in quantum optics.

1.3. Recent motivations

The innovation of lasers, besides helping with multiple applications dramatically af-

fecting our lives, also allowed studies of new matter-light interactions made possible with

intense, monochromatic coherent light source. A better quantum coherent control of atomic

systems and atomic ensembles, allowed us to investigate the unique quantum induced phe-

nomenons which were, never investigated before. The recent award of Nobel prizes in
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Physics [26, 25] highlights the importance of the ongoing search for better and better co-

herent control in atom-field quantum optics. Coherent control of quantum systems has

found its various applications in quantum computations [27, 28, 29], trapping and cooling

atoms [129, 33], magnetometery [34, 35, 36] and quantum chemistry [29, 30, 31]. The ability

to modify the optical responses of the system in a dramatic way affecting the absorption

and refraction properties has been the keey to this new phenomenon. Several non-linear

optical effects can occur and interfere with the applied optical signal and responses leading

to multiple harmonic generations [46, 45, 37], multiple ionization and non-linear frequency

conversions have been observed. The phenomenon of Electromagnetically induced trans-

parency [38, 39, 40, 41, 39, 40, 41, 42, 43] and CPT [44] are two such entangled effects of

coherently prepared system, where we can make the system transparent due to a frequency

dependent interference by trapping the population in dressed states.

There are multiple methods for coherent preparation of the atomic states. For a simplistic

understanding, two states coupled with a resonant optical field and the induced Rabi fre-

quency can be used as an example. The interaction leads to evolution of populations, which

are proportional to the area of Rabi pulse (integral of Rabi field over time). For example, an

area with an odd integer of π can theoretically transfer entire population between two levels.

The sensitivity of the process however, imposes strict limitations on interaction parame-

ters. Various techniques for atomic coherences have been developed incorporating classical

motions to optimize the applications involving atomic and molecular systems particularly

in gaseous phases. The dissertation, study such interactions and there possible limitations,

which can be used towards macroscopic results.

1.4. Dissertation description

In this dissertation, we study the coherence effects on atom-field interactions. The

second chapter builds up the basic formulations developed and used for quantum optics

calculations. The classical field and quantum atomic states interactions are studied using

Hamiltonian, Maxwell’s equations and Schrodinger equations. The approximations required

for the study are explained.
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The third chapter studies the stimulated induced Raman adiabatic passage. The chapter

presents a description of Raman methods and possible enhancement in sensitivity achieved

by coherent preparations of the molecular system. We study Raman scattering in molecular

media by applying two laser fields in a two-photon resonance with vibrational transition.

The phenomenon of STIRAP and CHIRAP processes are well known however, the effects of

propagation and coherent manipulation in preparation of ensemble of atoms have not been

at the focus of research. Here, we study the propagation effects on STIRAP and CHIRAP

in detail. The role of rotational levels has been investigated. It is shown that the molecu-

lar vibrational coherence strongly depends on the effect of coherent population trapping for

rotational levels. The obtained results are important for application of Raman spectroscopy

to molecular detection for engineering, chemical, and biological applications.

The fourth chapter talks about the study mechanical optical effects of quantum co-

herence. The chapter is the subject of detection of Coriolis force and rotational Doppler

effects using slow light. We consider opto-mechanical effects that are related to appearing

of additional optical phase due to motion of an ultra-dispersive medium, and the rotational

Doppler effect for the light. We have theoretically shown that the enhanced Fizeau effect

on atoms in a cavity can be observed and the change of phase is sensitive to the mechanical

motion. These two effects that we have studied can be applied to measurement of rotation

as small as 10−11 s−1/Hz1/2. It is worth to stress, that the measurement of rotation here

is not related to Sagnac interferometry, and the current work suggests a new method to

detect rotation. Our technique presents new opportunities towards development of efficient

compact sensors.

The final chapter summarize the dissertation explaining the work and results achieved.
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CHAPTER 2

QUANTUM OPTICS THEORETICAL FRAMEWORK

2.1. Atom-field Interaction

For the general treatment of atom-field interaction we assume the field to be monochro-

matic with angular frequency ω to model a field due to laser:

(1) E(t) = ε̂E0 cos(ωt)

the ε̂ is the unit polarization vector of the field. We assume the wavelength of the field is much

longer than the size of atom, allowing to ignore the spatial dependence. We write only the

field at the location of the atom, while neglecting any variations of the field over the extent of

the atom. This is called the dipole approximation or long-wavelength approximation.

This is in appropriation with optical transitions where the atomic dimensions have Angstrom

(Å) scales, while optical wavelengths are in few hundreds of nm. This is the simplified form

of multipole expansion of atom-field interactions where the lowest order corresponds to the

dipole approximation terms. We decompose the the interacting field into its positive and

negative rotating components E(+) and E(−):

(2)

E = ε̂
E0

2
(e−iωt + eiωt)

=: E0
(+)e−iωt + E0

(−)eiωt

=: E(+) + E(−)

That summarizes to E(∓) ∼ e−i(∓ω)t. We are now considering a two-level atom for an

approximation of an atom which has infinite set of bound states. This can be explained

by the near-resonant interactions, where the the transition probability to other states will

be negligible. The ground and excited states are labeled as |g〉 and |e〉 respectively, and ω0

denotes the resonant frequency (that is, the energy splitting of the pair of states =~ω0 ). We

define ∆ := ω − ω0, the detuning of the laser field from the atomic resonance. Now writing

the total Hamiltonian for the atom and field as a sum of free atomic Hamiltonian HA and
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Figure 2.1. Two level interaction with quasi resonant field

atom-field interaction Hamiltonian HI :

(3) H = HA +HI .

The atomic free evolution Hamiltonian :

(4) HA = ~ω0|e〉〈e|,

if the ground state energy is taken zero. The atom-field interaction Hamiltonian within

dipole approximation is:

(5) HI = −d · E

where d is the atomic dipole operator, defined in terms of position of electron density in

atom re as

(6) d = −ere,

assuming single electron field interaction predominantly with electron charge -e.

2.2. Rotating wave approximation

We analyze the dipole moment with dipole operator, operating on the set of coupled

states. Describing the dipole operator by applying state identity on both sides and putting
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〈g|d|g〉 = 〈e|d|e〉 = 0. We know that transition terms 〈g|d|e〉 = 〈e|d|g〉∗ are non-zero with

required parity conditions fulfilled.

(7) d = (|e〉〈e|+ |g〉〈g|)d(|e〉〈e|+ |g〉〈g|)

reduces to

(8) d = 〈g|d|e〉|g〉〈e|+ 〈e|d|g〉|e〉〈g|

Decomposing dipole operator in negative and positive rotating parts:

(9)
d = 〈g|d|e〉(σ + σ†)

= d(+) + d(−)

where σ = |g〉〈e| and σ† = |e〉〈g| and thus d+ ∼ σ and d+ ∼ σ† . This gives us the

expectation value of σ = |g〉〈g| has unperturbed time dependence e−iω0t corresponding to

positive frequency, which is nothing but free evolution of |e〉 in the atomic Hamiltonian.

Including the similar decomposition of the field in atom-field Hamiltonian

(10)

HI = −(d(+) + d(−)) · (E(+) + E(−)) = −d(+) · E(+) − d(−) · E(−) − d(+) · E(−) − d(−) · E(+).

Using the time dependencies

(11) d(±) ∼ e−i(∓ω0)t; E(±) ∼ e−i(∓ω)t

We observe that first two terms oscillates rapidly with ei(ω+ω0)t and the next two terms

show slow oscillations with dependence ei∆t. Assuming |ω − ω0| � ω + ω0, we can make a

Rotating-wave approximation (RWA). The Rotating-wave approximation studies slow

optical dynamics and replaces terms rotating with optical frequencies by their zero average

values. This is a reasonable assumption based on the time scale differences in irradiating

frequencies and optical detectors responses.
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2.3. Slowly varying envelop approximation (SVEA)

consider the electromagnetic wave equation:

(12) ∇2E − µ0 ε0
∂2E

∂t2
= 0.

If k0 and ω0 are the wave number and angular frequency of the (characteristic) carrier wave

for the signal E(r,t), the following representation is useful:

(13) E(r, t) = <
{
E0(r, t) ei (k0 · r−ω0 t)

}
,

where < denotes the real part of the quantity between brackets.

In the slowly varying envelope approximation (SVEA) it is assumed that the complex

amplitude E0(r, t) only varies slowly with r and t. This inherently implies that E0(r, t)

represents waves propagating forward, predominantly in the k0 direction. As a result of

the slow variation of E0(r, t), when taking derivatives, the highest-order derivatives may be

neglected

(14)

∣∣∣∣∂2E0

∂ko
2

∣∣∣∣� ∣∣∣∣k0
∂E0

∂ko

∣∣∣∣
and

(15)

∣∣∣∣∂2E0

∂t2

∣∣∣∣� ∣∣∣∣ω0
∂E0

∂t

∣∣∣∣ ,
with k0 = |k0|.

2.4. Rabi Frequency

Following from previous section the atom-field interaction Hamiltonian in RWA be-

comes

(16) HI = −d(+).E(−) − d(−).E(+).
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Using eq. 2 for the dipole operator ,

(17)

HI = −〈g|ε̂ · d|e〉(E0
(−)σeiωt + E0

(+)σ†e−iωt)

=
~Ω

2
(σeiωt + σ†e−iωt),

Here we have E0
(+) is real and we define the Rabi frequency 1 as:

(18) Ω := −2〈g|ε̂ · d|e〉E0
(+)

~
= −〈g|ε̂ · d|e〉E0

~

The Rabi frequency characterizes the strength of the atom field coupling. With a linearly

polarized field, the Rabi field is simplified :

(19) Ω = −〈g|dz|e〉E0

~

if the field polarization is in z-direction (ε̂ = ẑ)

2.5. Schrodinger Equation

We write the atomic states as

(20) |ψ〉 = cg|g〉+ ce|e〉

where cg and ce represents population amplitudes carrying all the time dependence for the

corresponding states. Using eqs.4 and 5 with Schrodinger’s equation i~∂t|ψ〉 = H|ψ〉 gives :

(21) ∂tcg|g〉+ ∂tce|e〉 = −iω0ce|e〉 − i
Ω

2
eiωtce|g〉 − i

Ω

2
e−iωtcg|e〉

A projection of 〈g| and 〈e| will lead to coupled differential equations,

(22)
∂tcg = −iΩ

2
cee

iωt

∂tce = −iω0ce − i
Ω

2
e−iωtcg

This equation set lead us to atomic evolution principle solutions.

1Named after Isaac Rabi, who studied nuclear magnetic resonance. He was awarded Nobel prize in 1944

for his pioneering work.
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2.6. Rotating Frame

The above calculations results in coupled equations with exponential functions (oscil-

latory terms) having an oscillation period matching optical frequencies i.g. ω. This equation

holds valuable information depending on the interaction Hamiltonian term HI . This coupling

with resonant field (ω ' ω0) yields the phase locked precessions with a defined shift from

free evolution axis (e.g. ẑ). To simplify the study a corotating frame is introduced resulting

in cancellation of natural state evolution terms. Transformation into rotating frame of laser

field by defining slowly varying excited-state amplitude

(23) c̃e = cee
iωt

we rewrite equations of motion as

(24)
∂tcg = −iΩ

2
c̃e

∂tc̃e = −i∆c̃e − i
Ω

2
c̃g.

These set of equations have similar form as free evolution system H̃A = −~∆|e〉〈e| with

detuning of laser from the atomic resonance, is ∆ = ω − ω0. The interaction Hamiltonian

can be now written as

(25)

H̃I = −d(+) · Ẽ(−) − d(−) · Ẽ(+)

=
~Ω

2
(σ + σ†)

Where the stationary field amplitudes are defined by

(26) Ẽ(±) := eiωtE(±)

By using the Rotating-wave approximation, we have discarded the terms with explicit time

dependence of e±i2ωt in eq. 25 and with the rotating frame transformation we removed all

explicit time dependence. The time dependencies are included in the slow varying amplitude

c̃e. The interpretation of this transformation can be viewed as shifting the excited state

down by an energy ~ω. We can verify this as, |e〉 is an eigenstate of H̃A with eigen value

~ω0 − ~ω = −~∆.
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2.7. The Density Matrix

Quantum-mechanical state vectors|ψ〉 contains all the information about the system

associated with commuting observable. We can see a superposition of lets say two quantum

states if their populations coefficient(c1 and c2) corresponding to each are known.

(27) |ψ〉 = c1|ψ〉1 + c2|ψ〉2

In case of orthogonality(〈ψ1|ψ2〉 = 0), the populations

(28) (C1)2 + (C2)2 = 1.

But in case of the system interacting with another system for example a large reser-

voir, we see entanglement. The expressions can not be written as simple superposition

equation of state vectors anymore and the evolved system can have a complex formulation

and the uncertainty of the coefficient terms appear. The Schrodinger equation is the equa-

tion of motion for the wave-function where we can use density matrix elements to study the

evolution of the system.

(29) |ψ̇〉 = − i
~
H|ψ〉

where H is the Hamiltonian. For ρ

(30) ρ̇ = |ψ̇〉〈ψ|+ |ψ〉〈ψ̇| = − i
~
H|ψ〉〈ψ|+ i

~
H|ψ〉〈ψ|H = − i

~
[Hρ− ρH]

(31) ρ̇ = − i
~

[H, ρ]

2.8. Optical Bloch Equation

In this section we use the previously mentioned information to develop a generalized

formulation for analyzing dynamical evolution of light-matter interactions. The Optical

Bloch Equations provides solutions to coupled set of equations in atom-field interaction.

The approximations defined in previous sections are used while deriving the formulations.
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The Hamiltonian for a free atom with energy-level state |i〉 and its eigenvalue ~ωi can be

written in the form of

(32) H0 =
∑
i

~ωi|i〉〈i|,

the interaction Hamiltonian is taken to be of the form

(33) HI = ℘ · E,

where ℘ = −er̂(t) is the electrical dipole moment operator, and ℘ij = 〈i|er̂(t)|j〉 is the matrix

element of electrical dipole moment, -e is the charge of electron. E(t) is represented as a

discrete sum of positive and negative frequency components

(34) E(t) = εexp(−iνt) + ε∗exp(iνt),

where ε is the amplitude of the field, ν = νij = νi− νj is the frequency of field which couples

a transition from upper level |i〉 to lower one |j〉, and where νi is relative energy level for the

corresponding level. Rewriting the interaction Hamiltonian as

(35) HI = −(|i〉〈j|℘ij + |j〉〈i|℘ji)[εexp(−iνt) + ε∗exp(iνt)].

Introducing the rotating frame to cancel out the time-dependent term in the Hamiltonian.

We transfer state |i〉 into a new state |̃i〉 and we have

(36) |i〉 = |̃i〉exp(iνit),

Thus the new Hamiltonian will have additional terms like −νi|i〉〈i|. As a consequence of

state transformation, it becomes

(37) H0 =
∑
i

~∆i |̃i〉〈̃i|,

where ∆i = ωi − ν is the detuning of field from the atomic resonance. The atom-field

interaction Hamiltonian therefore becomes,

(38) HI = −[|̃i〉〈j̃|℘ijexp(iνit− iνjt) + |j̃〉〈̃i|℘jiexp(iνjt− iνit)][εexp(−iνijt) + ε∗exp(iνijt)],
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one can attain the interaction Hamiltonian with simple algebra

(39) HI = −~Ωij |̃i〉〈j̃| − ~Ω∗ji|j̃〉〈̃i|,

the counter-rotated term exp(±2iνijt) are neglected to derive the above equation in the

assumption of rotating wave approximation (RWA). This is generally a good approximation,

where the Rabi frequency is defined as Ωij = ℘ijε/~. The Hamiltonian part of time-evolution

is given by

(40) ρ̇(t)Ham = − i
~

[H, ρ],

the equation is often called the Liouville equation of motion for the density matrix, and where

ρ is density matrix element, H = H0 + HI is the Hamiltonian for the system. In Eq. (40),

the system is a simplified interaction without any decay terms introduced for mathematical

development. Introducing phenomenological decay terms related with spontaneous emission,

atomic collisions and other phenomena to the density matrix equation of motion,

(41) ρ̇(t)Ham = − i
~

[H, ρ] + ρ̇(t)relax + ρ̇(t)pump,

where last two terms are characterized by

(42) ρ̇(t)relax = −γij
2

(|̃i〉〈̃i|ρ+ ρ|̃i〉〈̃i| − 2|j̃〉ρĩ̃i〈j̃|),

and

(43) ρ̇(t)pump = −
γpij
4

(|̃i〉〈̃i|ρ+ ρ|̃i〉〈̃i| − 2|̃i〉ρĩ̃i〈̃i|+ 2|̃i〉ρĩj̃〈j̃|+ (↔)),

where γij = 2πD(ω)g2
ij is the spontaneous decay rate, and D(ωij) is the density of the

reservoir per unit frequency of the atomic transition ω, gij is the coupling constant for this

transition, and γpij is the pure phase relaxation rate.

The linear response of an atomic system to an electromagnetic field is described by

the macroscopic polarization, which is dipole moment per unit volume and given by

(44) P = NTr(ρ℘) = N
∑
i,j,i6=j

ρij℘ji,

13



where N is atomic density. In order to find out the response of atom to an external field,

we need to know the off-diagonal elements of density matrix, which is the atomic coherent

term one can find by solving the density-matrix equation of motion.

(45)

∂tρee = iΩ
2
(ρ̃eg − ρ̃ge)− Γρee

∂tρgg = −iΩ
2
(ρ̃eg − ρ̃ge) + Γρee

∂tρ̃ge = −(γ⊥ + i∆)ρ̃ge − iΩ
2
(ρee − ρgg)

∂tρ̃eg = −(γ⊥ − i∆)ρ̃eg + iΩ
2
(ρee − ρgg).

(46)

∂tρee = i
Ω

2
(ρ̃eg − ρ̃ge)− Γρee

∂tρgg = −iΩ
2

(ρ̃eg − ρ̃ge) + Γρee

∂tρ̃ge = −(γ⊥ + i∆)ρ̃ge − i
Ω

2
(ρee − ρgg)

∂tρ̃eg = −(γ⊥ − i∆)ρ̃eg + i
Ω

2
(ρee − ρgg).

2.9. Electromagnetically Induced Transparency (EIT)

Coherent preparation is the new approach to optimize optical responses of different

mediums, most efficiently with gas phase of atomic or molecular systems. Electromagneti-

cally Induced transparency (EIT) is one such phenomenon observed by coherent preparation

of atomic states induced by lasers, in such a way that leads to quantum interference between

excitation pathways. Conventionally, EIT has been observed [42, 40] in for a three level

system with specific energy structure, two dipole allowed transitions and one forbidden tran-

sition. A strong laser termed as a Control laser, is tuned to the resonant frequency of the

two allowed transition and a weak probe is scanned across the other transition process. We

know that, a laser pulse resonant with atomic transition, induces Rabi oscillations between

the populations of atomic states with frequencies directly proportional to dipole moments
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and applied resonant fields.

(47) Ω1 =
℘abE
~

Ω2 =
℘caE
~

The calculation using relevant density matrix elements and Schrodinger’s equation leads us

to a set of equations for time evolution of coherences.

VI = −~[1e
−iωabt|a〉〈b|+2 e

−iωact|a〉〈c|+ h.c.]

(48)

˙ρab = −Γabρab + iηabΩ1 − iηcbΩ2

˙ρca = −Γcaρca + iηcaΩ2
∗ − iηcbΩ∗1

˙ρcb = −Γcbρcb + iηcaΩ1 − iηcbΩ∗2


The strong coherence induced because of control pulse is directly related to relaxation

rate of ground levels. And we observe Coherent population trapping (CPT) here.

(49) ρab =
−iΩ1

Γab + Ω2
2

Γcb

The susceptibility is calculated for the system and real and imaginary components of the

complex linear susceptibility are shown in fig. 2.2. The imaginary component corresponds

to absorption and we see a typical Lorentzian absorption peak while the control laser is

off. When the control laser is applied, the absorption peak splits showing a transparency at

what was the maximal absorption. The real components appear in the dispersion relation,

relating wave speed to frequency. The susceptibility explains optical behavior and is related

to refractive index as n = 1 + χ. The susceptibility here is:

(50) χab =
ηΓcb

ΓabΓcb + |Ω2|2

where the acquired relaxations rates are defined as.

(51)
Γab = γab + i(µ1 − ωab)

Γcb = γcb + i(ν1 − µ2 − ωcb)
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Figure 2.2. (a)Real and imaginary components of complex susceptibility in

absence and (b) in presence of control field Ω2

and 

Figure 2.3. A mechanical analog: A system comprising of springs attached

to masses shows similar response as a three level optically coupled system

The control pulse in denominator has a strong effect on χ, and in turn on absorption in the

system.

Wavevector of the detuned field Ω1 is given by:

(52) k1 =
ν1

c
n =

ν1

c
v +

3λ2Nγr(ν1 − ωab)
8π|Ω2|2

=
ν1

c
+
ν1 − ωab
Vg
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Figure 2.4. Dressed state representation of three-level coherent population

trapping (CPT) inducing Electromagnetically Induced transparency (EIT)

where Vg =
8π|Ω2|2

3λ2Nγr
is the group velocity.

We can view this three level system combined with optical field, in new basis of

excited, dark and bright state. For a certain coherence criterion the ground levels of the

system go in to a time independent dark superposition states and in turn becomes transparent

to to the following optical field. The ratio of the populations in the ground states are

determined by corresponding Rabi frequency pulse areas. This creates coherent population

trapping with population redistribution in ground levels. The dark state, we see is completely

decoupled to excited state.

(53) Dark state |D〉 =
Ω|b〉 − E|c〉√
|Ω|2 + |E|2

〈a|H|D〉 = 0

(54) Bright state |B〉 =
Ω|c〉+ E|b〉√
|Ω|2 + |E|2
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CHAPTER 3

RAMAN ADIABATIC PASSAGE

In this chapter, we study stimulated Raman adiabatic passage and the associated

propagation effects in terms of the vibrational and rotational splitting of energy levels. We

provide theoretical estimations and practical variations, imposing limitations for these Phe-

nomenon. STIRAP and CHIRAP has been observed successfully candidate for preferred

coherent control schemes. We have studied the propagation effects in STIRAP and CHI-

RAP and provided the relevant function to calculate system dependent length for effective

population transfer. The interference effect due to rotational splitting in presence of vibra-

tional splitting making it a four level system is studied. We have presented the explanation

to the effects that rotational level introduce in terms of interfering coherences.

There are several methods of spectroscopy that analyze energy, one of which is Raman spec-

troscopy. This method is used to observe vibrational, rotational, and other low-frequency

modes in a given system. It is used in several fields of study, such as identifying molecules

in chemistry, measuring temperature in solid-state physics, and non-invasive monitoring of

muscle tissue, among other things. The Raman effect takes place when light enters a mole-

cule and interacts with its electrons, exciting them to a higher energy state. The molecules

then relax to a level different than the original state, emitting a photon with a different

frequency than what originally entered the system. The Raman detection of this modified

field combination provides chemical, mechanical and quantum state information. The sen-

sitivity of coherent Raman scattering can be improved by applying femtosecond adaptive

technique to excite maximal vibrational coherence to perform real time identification of bac-

terial spores [49, 50, 54, 55, 56], and this technique has a potential to identify biomolecules

as well. Specifically, Coherent Anti-Stokes Raman Spectroscopy (CARS) is a process which

enhances the Raman signal for greater resolution and allows us to better identify the vi-

brational frequency. Raman spectroscopy [47] is one among many powerful techniques that
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has been widely used in engineering, chemical, and biological applications. It was theo-

retically shown that chirped laser pulses, even a single linearly chirped laser pulse, can be

used for an efficient manipulation of atomic population in ultracold Rb atoms [57, 58]. It

is the quantum coherent effects that are able to enhance the Raman scattering for optimal

detection. Quantum coherence effects, such as coherent population trapping (CPT) [44]

and electromagnetically induced transparency (EIT) [38, 39, 40, 41], have been the focus of

broad research activity for the last two decades, as they drastically change optical properties

of media. For example, for EIT in CW and pulsed regimes [39, 40, 41, 42, 43], absorption

practically vanishes. The medium with excited quantum coherence, phaseonium [38], can

be used to make an ultra-dispersive prism [119] that has several orders of magnitude higher

angular spectral dispersion. The bending of light has been also demonstrated using trans-

verse dragging effect [120]. The corresponding steep dispersion results in the ultra-slow or

fast propagation of light pulses, [121, 122, 123, 124, 125] which can produce huge optical

delays [125] and can be used for drastic modification of the phase-matching conditions for

Brillouin scattering [126], four-wave mixing [127], controllable switching between bunching

and anti-bunching [128], storage and retrieval of pulses [130], freezing of a light pulse[131],

and ultrahigh enhancement in absolute and relative rotation sensing using fast and slow

light [132]. Small area pulse responses have been showing interesting responses. Recently,

it was shown that the optical 0π-pulses [72, 73] under the conditions of electromagnetically

induced transparency (EIT) [77, 78] are very sensitive to resonant interaction, and have

advantages to be used in Raman spectroscopy. Moreover, the femtosecond 0π-pulses were

successfully used for detection of two-photon absorption in non-radiative media. [79]

Stimulated Raman adiabatic process (STIRAP)

The development of the technique for efficient population transfer to unpopulated

atomic or molecular levels, such as high-lying Rydberg states and molecular vibrational lev-

els, has been of crucial importance for a better understanding in spectroscopy and collision

dynamics. The Experimental observations [76] provided the motivations to study this phe-

nomenon of complete population transfer. The phenomenon was mathematically explained
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and named as Stimulated Raman adiabatic process (STIRAP) for a lambda system [74].

Since the development, STIRAP has been studied for various media, bandwidths and appli-

cations. The phenomenon has been studied with different pulse shapes, with considerable

success with chirped pulses [51]. In our approach, we focus on the effects associated with

the propagation of optical pulses in optically dense media, related to STIRAP and CHIRAP.

In particular, the study of STIRAP and CHIRAP has been extended to a system where

rotational splitting has been taken into account, for further investigations.

3.1. Background: Raman scattering

The traditional Raman spectroscopy is an inelastic light scattering process in which

a photon from a primary named as pump (P) field interacts producing a scattering into

secondary field termed as Stokes field (S). The difference in energy of these two fields is

attributed to energy change of the molecule being studied and is associated with vibrational

and/or rotational excitations in the molecule. A single pump field can scatter to multiple

energy levels spontaneously, giving a measure of multiple excitation energies of the material.

The selection of certain level with its limitations is defined by branching ratios.

En
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Figure 3.1. Lambda and ladder system showing Raman transitions.
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Raman resonance scattering

In a resosnance Raman scattering (RRS), the excitation field P, transfers the system

from initially populated state |2〉 with energy E2 to a certain specific state |1〉 having energy

E1. This |2〉-|1〉 transition energy for a single photon resonance condition with excitation

frequency ωp can be expressed as,

(55) ~ωp = |E1 − E2|

The spontaneous decay to the state |3〉 with energy E3 from the metastable state |1〉, produces

an S field photon with frequency ωs. Thus, the |1〉-|3〉 transition energy is given by,

(56) ~ωs = |E1 − E3|.

Stimulated Raman scattering

However in stimulated Raman processes (SRS), the system is irradiated with a stokes

field to induce the stimulated emission, and the |2〉-|3〉 transition satisfies the two photon

resonance processes. Here the intermediate state need not be resonant with P or S fields but

the energy difference should correspond to the |2〉-|3〉 transition frequency as

(57) |E3 − E2| =


~|ωp − ωs| for Lmabda scheme,

~|ωp + ωs| for Ladder scheme.

Stokes and Anti-stokes

Following the structure of our initially used system, the difference in the emitted and

absorbed field are the criterion for distinguishing the type of scatterings. In figure 3.2, we

see that, if the difference is such that the the energy is absorbed by the system and E3 > E2

(and hence ωp > ωs), the emitted field is termed as Stokes field. However for a situation

where the E3 < E2 ( ωp < ωs) , the emission process take energy away from the system and

the secondary field produced is conventionally called Anti-stokes field.
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Figure 3.2. Stoke and Antistokes lines of Raman transitions

3.2. Physics of STIRAP

The most robust control of atomic state is the pursuit, and adiabatic passage where

we gradually tune one of the interaction parameters, has allowed a good technique for the

required strong coherent control.

Stimulated Raman Adiabatic Passage commonly known as STIRAP is the method of almost

loss-less population transfer between quantum states by coherent excitation induced by two

pulses. The method offers superiority over two π pulse population transfer in terms of

robustness. The creation of dark state depends on relative intensities and an adiabatic

passage can sustain the temporal evolution for large range of system parameter variations.

The key lies in introducing two laser pulses in counter-intuitive order with partial overlap.

The system state is altered between two dark states, depending on the presence of coupling

and stokes pulse during temporal evolution of the system. Traditionally, it is achieved by

coherent excitation in 3 state chain 1-2-3 induced by two pulsed fields, pump (P) with

a carrier frequency (ωp) coupling the resonant transitions between states |1〉 and |2〉 and

stokes (S) frequency (ωs) coupling states |2〉 and |3〉. A Lambda linkage pattern, ideal for

Hamiltonian interaction resulting in STIRAP is shown in the fig. 3.3. The dipole allowed

transitions of states |1〉 -|2〉 and |1〉 -|3〉 are coupled with pump pulse with field denoted by

Ep and stokes pulse with field denoted by Es respectively. Ep and Es are slowly varying

pulse envelops of the applied field. The transition |2〉 -|3〉 is dipole forbidden. This systems
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Figure 3.3. Stirap system

provides a standard scheme to develop the Raman theory, where two lower energy levels can

be vibrational splitting in a gaseous molecule.

The atom-field interaction Hamiltonian is give by

(58) i~
d

dt
C(t) = H(t)C(t)

(59) H = ~


∆ Ωp Ωs

Ωp
∗ 0 0

Ωs
∗ 0 0


Here, ∆ denotes the one photon detuning between carrier frequency and Bohr frequency. In

case of one photon resonance ∆ = 0. And the electric-dipole interaction Rabi frequencies,

describing the coupling strength between the states, are given by

Ωp(t) = −d21
Ep(t)

~
(60a)

Ωs(t) = −d31
Es(t)

~
(60b)

23



Here Rabi frequencies are given in real amplitudes and the phase factor has been included in

the field component. d21 and d31 are electric-dipole transition moments of allowed transitions

|1〉 -|2〉 and |1〉 -|3〉, respectively. They are defined as dnm = 〈ψn|d|ψm〉. They are used as

a system parameter in our generalized scheme. The diagonalization of the Hamiltonian

for the acquired dressed states [52, 53] is the analytic approach to understanding the dark

states transitions appearing with STIRAP mechanism. The eigen-vectors of the dresses state

Hamiltonian eq. 59 is

(61)

|a0〉 = cos Θ|2〉+ sin Φ sin Θ|1〉 − cos Φ sin Θ|3〉,

|a+〉 = sin Θ sinφ|2〉 − (sin Φ cos Θ sinφ− cos Φ cosφ)|1〉+ (cos Φ cos Θ sinφ+ sin Φ cosφ)|3〉,

|a−〉 = sin Θ cosφ|2〉 − (sin Φ cos Θ cosφ+ cos Θ sinφ)|1〉+ (cos Φ cos Θ cosφ− sin Φ sinφ)|3〉

setting Φ = 0 for two photon resonance condition.

|a0〉 = cos Θ|2〉 − sin Θ|3〉,

|a+〉 = sin Θ sinφ|2〉 − (− cosφ)|1〉+ (cos Θ sinφ)|3〉,

|a−〉 = sin Θ cosφ|2〉 − (sinφ)|1〉+ (cos Θ cosφ|3〉

Here the complete population transfer corresponds to rotating dressed state vector

from |2〉 → |3〉. The time dependent mixing angle Θ and φ are defined by

(62) tan Θ(t) =
Ωp(t)

Ωs(t)

(63) tan 2Φ(t) =
Ω(t)

∆(t)

(64) Ω(t) =
√

Ωp
2(t) + Ωs

2(t)

The counterintutive order of pulse sequence, where Stokes pulse Ωs(t) precedes probe pulse

Ωp(t), with a certain time overlap gives us the relationship,

lim
t→−∞

Ωp(t)

Ωs(t)
= 0,(65a)
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Figure 3.4. Time evolution of system with counter-intuitive pulse sequence

introduced, achieving complete population transfer.

lim
t→∞

Ωp(t)

Ωs(t)
=∞.(65b)

This implies that Θ(−∞) = 0 and Θ(∞) = π/2 .The adiabatic state |a0〉 is orthogonal

to state |1〉 and thus involves no component for state |1〉 with 0 eigenenergies during the

time evolution of the system, making it a Dark state. All the population resides(trapped) in

states |2〉 and |3〉 throughout the interaction time. For STIRAP pulse sequence in fig. 3.4,

the dark state |a0〉 is in state |2〉 as t→ −∞ and in state |3〉 as t→ +∞.

Explaining STIRAP

Ωs

|1〉

|2〉

|3〉

(a)

Ωs

|1〉

|2〉

|3〉

Ωp

(b)

Ωs

|1〉

|2〉

|3〉

Ωp

(c)

Figure 3.5. STIRAP stages(A) The strong coupling field Stokes is coupled

to state |2〉 − |3〉, (B) A weaker field pump is introduced and coupled to

populated and excited state|2〉-|1〉, (C)The stokes field weakens and Pump

filed is dominant
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The STIRAP dynamics can be understood as a three stage process, with time intervals

indicated in fig.3.5 as A, B, and C. During the first stage the strong S field acts to produce a

dynamic Stark shift such that the weak P field has no effect, as shown in fig. 3.5A. In fig. 3.5B

as the P field becomes stronger, the S field weaker, and the evolution is by means of adiabatic

passage. In the final stage the the strong P field acts to produce a dynamic Stark shift such

that the weak S field has no effect, see fig. 3.5C what we see is a transformation when the

the field amplitudes are changed adiabatically, slowly on time scales of (Ω1 + Ω2)−1/2, then

the atom will follow the dark state until it reaches to the other ground state.

3.3. Model: Analytical Formalism

Now, let us consider a Λ-type dielectric medium. A strong field of frequency ωd is the

coupling field and a weak field of frequency ωp is the probe field. The probe and coupling

fields can be represented as

(66) Ep,d = E0
p,d exp[ikp,dz − iωp,dt]

where E0
p,d is the amplitudes of fields at z = 0. The interaction Hamiltonian in the approxi-

mation can be written as

H = ~
[
Ω∗pe

i∆pt|b〉〈a|+ Ω∗de
i∆dt|c〉〈a|+ adj.

]
where |b〉〈a|, and |c〉〈a| are the atomic projection operators, Ωp = ℘abEp/~ and Ωd = ℘acEd/~

are the probe and coupling Rabi frequencies, ∆p = ωab − ωp and ∆d = ωac − ωd are detun-

ings for probe and coupling laser beams, and ℘ab and ℘ac are the dipole momenta of the

transitions. The coupling field is resonant with the |a〉 → |c〉 transition (∆d = 0).

The density matrix equations are given by

(67)
∂σ

∂t
=
i

~
[σ,H]− 1

2
(Γσ + σΓ)

where Γ is the matrix of relaxation rates for all components of the density matrix σ.
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The set of density matrix equations can be solved in terms of nab = na−nb = ρaa−ρbb.

The steady-state solution is given by

Γabρab = iΩnab(68)

γana = iΩ(ρab − ρ∗ab) = −2ΩIm(ρab)(69)

γana = 2|Ω|2Re

(
1

Γab

)
(na − nb)(70)

na =
R

R + γa
nb(71)

ρab = i
nab
Γab

Ω(72)

where R = 2|Ω|2Re

(
1

Γab

)
.

Similarly, for three-level atoms, the set of density matrix equations can be solved in

terms of nab = na−nb = ρaa− ρbb, nca = nc−na = ρaa− ρcc, and the steady-state equations

are given by

(73)

Γabρab = iΩnab − iΩdρcb

Γcaρca = iΩdnca + iΩρcb

Γcbρcb = iΩρca − iΩdρab

(74)

ρab = iΩ
nab
Γab
− iΩd

ρcb
Γab

ρca = iΩd
nca
Γca

+ iΩ
ρcb
Γca

ρcb =

ΩΩd

(
nab
Γab
− nca

Γca

)
Γcb +

|Ωd|2

Γab
+
|Ω|2

Γca

and

(75)
ṅb = γbna + iΩ(ρba − ρab) = 0

ṅc = γcna + iΩ(ρca − ρac) = 0

and
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ṅb = γbna + iΩ(ρba − ρab) = 0

γbna + 2ΩIm(ρab) = 0

−γbna =

2|Ω|2Re


ΓcbΓca + |Ω|2

ΓabΓca
nab +

|Ωd|2

ΓabΓca
nca

Γcb +
|Ωd|2

Γab
+
|Ω|2

Γca


−γana = Aabnab + Acanca

Then, the steady-state solution is given by

ṅc = γcna + iΩ(ρca − ρac) = 0

γcna = Babnab +Bcanca

where

(76)

Aab = 2|Ω|2Re


ΓcbΓca + |Ω|2

ΓabΓca

Γcb +
|Ωd|2

Γab
+
|Ω|2

Γca



Aca = 2|Ω|2Re


|Ωd|2

ΓabΓca

Γcb +
|Ωd|2

Γab
+
|Ω|2

Γca



Bca = 2|Ωd|2Re


ΓcbΓab + |Ωd|2

ΓabΓca

Γcb +
|Ωd|2

Γab
+
|Ω|2

Γca



Bab = 2|Ωd|2Re


|Ωd|2

ΓabΓca

Γcb +
|Ωd|2

Γab
+
|Ω|2

Γca



The analytical solution has a complicated form for the analysis. Thus, for the four-level

atoms, we believe that the analytical solutions are too complicated to be analyzed, and we

are encouraged to perform simulations to study the four-level model with numerical analysis.
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3.4. STIRAP simulation Results

In the following section, we present the the results of the simulations performed on a

coherently prepared system. The interactions are studied for Raman-resonant pulse pair in

an atom-field interaction and later in an optically thick medium responses. The consecutive

sections look into the Raman-resonant frequency chirped laser field interactions and the

response dependencies on coupling parameters, quasi-resonance limitations, and meta stable

states.

The calculations are done using density matrix optical Bloch equations within slowly

varying envelop approximation and Rotating wave approximation ( section 2.2 and 2.3 ).

Runge-kutta iterations are used to solve the set of differential equations for the relevant

elements of density matrix formulations. The simulations based on these equations are done

in Fortran with Rung-kutta as the main subroutine [Appendix:Fortran1]. The plots are

presented with corresponding relevant parameters including initial state of system, applied

field within approximations and density matrix elements of the Optical Bloch equations

mapped from the Fortran code nomenclatures. The units ea0 = 2.54176 debye is the atomic

unit of dipole moments.

The plot parameters are in accordance with the Fortran code nomenclature, and the

mapping is shown here:

Ynn=ρnn →The population in the nth level.

Ynm=ρnm →The coherence between level n and m.

W=Ep → The pump field applied between populated ground state and Excited state.

P=Es →The stokes (or coupling) field applied between empty ground state and Excited

state.

Wnm=The dipole moment between the nth and mth levels.

RHnm= The coherence effected new field.
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STIRAP simulation results

In the Figure 3.6 we study the STIRAP phenomenon. The three level system interacts

with the pump and stoke field introduced with a negative delay. The system is initiated in

ground state and a coherent preparation with two interacting resonant pulses are introduced

to couple the allowed transitions. The initially populated state |3〉 interacts with the Pump

pulse. The parameters are calculated and adjusted to get the reproduce required population

transfer and Dark states evolution for STIRAP process. The variations in parameters as a

comparison will be shown in consecutive sections. The system achieves a complete population

transfer from ground level |3〉 to level |4〉with some population and depopulation appearing

in the excited level during the process, as shown by the small Gaussian population curve.
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Figure 3.6. Ideal population transfer achieved for the three level system
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PLOT PARAMETERS for fig. 3.6

Initial population: Y11 (ρ33) = 1.0

Fields : (Stokes)W =10.5* COS(wl*t -k*z)*exp(-t*t/(2*tau)**2), tau=2,

(Pump) P =9.6* COS(wl1*t -k1*z1)*exp(-t*t/(2*tau1)**2), tau1=2

Hamiltonianterms

TransitionDipoleMoments : Coherences :

W12 =0.0eao Ωprobe2→ A(1, 2) = ConjugateA(2, 1) = W12 ∗W (x)

W13 =0.09eao Ωprobe3→ A(1, 3) = ConjugateA(3, 1) = W13 ∗W (x)

W14 =0.086eao Ωstoke → A(1, 4) = ConjugateA(4, 1) = W14 ∗ P (x+ 4.)

Detunings :

∆1 → A(1, 1) = 0.01γ ∆2 → A(2, 2) = 0.01γ

∆3 → A(3, 3) = 0.01γ ∆4→ A(4, 4) = 0.01γ

STIRAP in varying field

Now we vary the field intensity (fig 3.7) several times to the variations in the field,

while keeping the interaction parameters of same order. With the delay consistent with

the previous simulation the STIRAP population transfer is effectively achieved. Consistent

Adiabatic passage suggests the flexibility and consistency with respect to field amplitude

variations. This plot verifies the robustness of the adiabatic scheme.
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Figure 3.7. Efficient population transfer with varied field intensity

PLOT PARAMETERS for fig. 3.7

Initial population: Y11 (ρ33) = 1.0

Fields : (Stokes)W =9.5* COS(wl*t -k*z)*exp(-t*t/(2*tau)**2), tau=2,

(Pump) P =10* COS(wl1*t -k1*z1)*exp(-t*t/(2*tau1)**2), tau1=2

Hamiltonianterms

TransitionDipoleMoments : Coherences :

W12 = 0.0eao Ωprobe2→ A(1, 2) = ConjugateA(2, 1) = W12 ∗W (x)

W13 = 0.09eao Ωprobe3→ A(1, 3) = ConjugateA(3, 1) = W13 ∗W (x)

W14 = 0.086eao Ωstoke → A(1, 4) = ConjugateA(4, 1) = W14 ∗ P (x+ 4.)

Detunings :

∆1 → A(1, 1) = 0.01γ ∆2 → A(2, 2) = 0.01γ

∆3 → A(3, 3) = 0.11γ ∆4→ A(4, 4) = 0.01γ

STIRAP with detunings

The efficient population transfer process is interfered by introducing a detuning in

energy levels to study the effect on STIRAP population transfer efficiency ( 3.8). The systems

stays consistent for large detunings to the order of 0.15γ, but the threshold is determined

when it starts deviating to about 90% efficiency as the detuning in |4〉the level reaches 0.19γ.

32



The numerical deviations are relative and can be utilized for quantification of the criterion

in STIRAP limitations for an experimental setup.
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Figure 3.8. maximum detuning to maintain STIRAP efficiency in ground

level is 0.19γ

PLOT PARAMETERS for fig. 3.8

Initial population: Y11 (ρ33) = 1.0

Fields : (Stokes)W =9.5* COS(wl*t -k*z)*exp(-t*t/(2*tau)**2), tau=2,

(Pump) P =10* COS(wl1*t -k1*z1)*exp(-t*t/(2*tau1)**2), tau1=2

Hamiltonianterms

TransitionDipoleMoments : Coherences :

W12 = 0.0eao Ωprobe2→ A(1, 2) = ConjugateA(2, 1) = W12 ∗W (x)

W13 = 0.09eao Ωprobe3→ A(1, 3) = ConjugateA(3, 1) = W13 ∗W (x)

W14 = 0.086eao Ωstoke → A(1, 4) = ConjugateA(4, 1) = W14 ∗ P (x+ 4.)

Detunings :

∆1 → A(1, 1) = 0.01γ ∆2 → A(2, 2) = 0.0γ

∆3 → A(3, 3) = 0.11γ ∆4→ A(4, 4) = 0.19γ
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Dark states

We observe, the populations are effectively transferred between ground states and

its stays trapped through the temporal evolution of the atom-field interaction process. To

understand this phenomenon of coherent population trapping we intend to plot the Dark

and Bright states for this system in dressed states. For this analysis we use the definition of

dark state:

(77) |D〉 =
Ω2|b〉 − Ω1|c〉

Ω2
1 + Ω2

2

and bright state:

Ω1

|a〉

|b〉

|c〉

Ω2

Figure 3.9. Dressed states

(78) |B〉 =
Ω1|b〉+ Ω2|c〉

Ω2
1 + Ω2

2

.

Further, the populations of these dark and bright states are derived using 〈b|b〉 = ρbb ,〈c|c〉 =

ρcc , 〈b|c〉 = ρbc and vice versa. This gives us bright State population as

(79) ρBB =
Ω2

1ρbb + Ω2
2ρcc + Ω1Ω2(ρcb + ρbc)

Ω2
1 + Ω2

2

and dark State population:

(80) ρDD =
Ω2

2ρbb + Ω2
1ρcc − Ω1Ω2(ρcb + ρbc)

Ω2
1 + Ω2

2

Also, the populations are conserved, thus
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Figure 3.10. Eigenvalue of Dark, Bright and excited states, showing CPT

with Dark states maintained through the interaction time

ρDD + ρBB + ρaa = ρbb + ρcc + ρaa.

For adiabatic manipulation of the populations, the following conditions should be satisfied :

(81) Γcb = γcb +
|Ω1|2

Γca
+
|Ω2|2

Γab
� 1

pulse width(τp)

Where γcb is physical relaxation term associated with ground level. However, we see

the effective relaxation term for the ground states (vibrational and rotational splittings) has

a strong dependencies on Rabi field of the allowed transitions, which in turn are controlled by

applied laser fields. This effective relaxation Γcb allows us to prepare the system coherently

for optimal population trapping and redistribution.

Thus the power broadening, should be larger than the width of optical pulses. It implies that

the pulses can be considered quasi-stationary(adiabatically) in terms of Dark state dynamics.

We use these eqs. 80 , 79 in our code for three level system to plot eigenvalue of the newly

formed dark, bright and excited states. We see in fig. 3.10 that the dark and bright states

maintain the adiabaticity. The fluctuation in eigenvalue is 1% during the interaction time.

The excited stays almost depopulated and Dark and Bright states stay decoupled.

Introducing rotational splitting-Tripod system

We now introduce a dipole moment factor between excited level |1〉 and ground level

|2〉, resonant with pump pulse. This addition makes ours system a 4-level tripod system.

We study the behavior of an existing STIRAP with a weak coupling introduced in 4th level.
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Figure 3.11. Energy levels are shown with vibrational and rotational split-

tings and allowed transitions. Three-level model can be used for describing

vibrational excitation. To take into account effects of rotational and vibra-

tional excitation simultaneously, the model should include four levels.

This study leads us to analyzing the partial STIRAP under multilevel interactions with two

applied optical pulses. The Tripod 4-level system is shown in figure 3.12. The new system

has now added parameters accommodating for 4th level and its interactions. The evolution

of relevant density matrix equation will have additional terms:

(82) ρ̇ = − i
~

[H, ρ] + ΓH
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Figure 3.12. The tripod system under study

The 4-level generalized Hamiltonian is given by

H = ~


∆1 Ωp2 Ωp3 Ωs

Ωp2 ∆2 0 0

Ωp3
∗ 0 ∆3 0

Ωs
∗ 0 0 ∆4



The ∆i (for i = 1, 2, 3and4 )are detunings in the respected energy levels. And Rabi frequen-

cies are defined by

Ωp2 = d12 ∗
Ep
~

(84a)

Ωp3 = d13 ∗
Ep
~

(84b)

Ωs = d14 ∗
Es
~

(84c)

Ω∗p2 = Conjugate[Ωp2](84d)

Ω∗p3 = Conjugate[Ωp3](84e)

Ω∗s = Conjugate[Ωs](84f)
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The new population matrix is a 4x4 matrix with diagonal terms containing information

about the populations of corresponding levels and off diagonal terms reports coherences :

ρ =


ρ11 ρ12 ρ13 ρ14

ρ21 ρ22 ρ23 ρ24

ρ31 ρ32 ρ33 ρ34

ρ41 ρ42 ρ43 ρ44



And the relaxation Matrix is defined by

ΓR =


γ11 ∗ ρ11 Γ ∗ ρ12 Γ ∗ ρ13 Γ ∗ ρ14

Γ ∗ ρ12 γ12 ∗ ρ11 0 0

Γ ∗ ρ13 0 γ13 ∗ ρ11 0

Γ ∗ ρ14 0 0 γ14 ∗ ρ11



The γ12, γ13, γ14 are physical relaxation terms associated with |1〉-|2〉, |1〉-|3〉 and |1〉-|4〉 cor-

respondingly. Here Γ = γ/2+γr , and γ11 = γ12 +γ13 +γ14 and γr is relaxation due collisions.

4-level system in STIRAP scheme

A dipole moment is introduced between excited and 4th level of the tripod system.

We observe, that the STIRAP is not interfered noticeably with a weak dipole moment be-

tween level |1〉 and level |4〉. The dipole moment is 0.01 ea0 which is approximately 1/10th

of the level |1〉-|3〉 and level |1〉-|4〉 coherences (fig. 3.13). This can be explained considering

the levels |2〉 and |3〉 form a dark state.

38



��� �� � � �� �� �����

���

���

���

��	

���

�	



���
�	�

���
� �

��

���������

�ρ
11

�ρ
22

�ρ
33

Figure 3.13. Weak 4th level interaction leaves STIRAP unaffected

PLOT PARAMETERS for fig.3.13

Initial population: Y11 (ρ33) = 1.0

Fields : (Stokes)W =9.5* COS(wl*t -k*z)*exp(-t*t/(2*tau)**2), tau=2,

(Pump) P =10* COS(wl1*t -k1*z1)*exp(-t*t/(2*tau1)**2), tau1=2

Hamiltonianterms

TransitionDipoleMoments : Coherences :

W12 = 0.01eao Ωprobe2→ A(1, 2) = ConjugateA(2, 1) = W12 ∗W (x)

W13 = 0.09eao Ωprobe3→ A(1, 3) = ConjugateA(3, 1) = W13 ∗W (x)

W14 = 0.086eao Ωstoke → A(1, 4) = ConjugateA(4, 1) = W14 ∗ P (x+ 4.)

Detunings :

∆1 → A(1, 1) = 0.01γ ∆2 → A(2, 2) = 0.01γ

∆3 → A(3, 3) = 0.11γ ∆4→ A(4, 4) = 0.01γ

.

Increasing the coherence of 4th level to an order of 0.05eao which is half of the coherence

between level |1〉-|3〉 and |1〉-|4〉 results in a different population transfer and diminishing

the STIRAP complete population transfer effect.
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Figure 3.14. The 4th level interference breaking the STIRAP process efficiency

PLOT PARAMETERS for fig.3.14

Initial population: Y11 (ρ33) = 1.0

Fields : (Stokes)W =9.5* COS(wl*t -k*z)*exp(-t*t/(2*tau)**2), tau=2,

(Pump) P =10* COS(wl1*t -k1*z1)*exp(-t*t/(2*tau1)**2), tau1=2

Hamiltonianterms

TransitionDipoleMoments : Coherences :

W12 = 0.05eao Ωprobe2→ A(1, 2) = ConjugateA(2, 1) = W12 ∗W (x)

W13 = 0.09eao Ωprobe3→ A(1, 3) = ConjugateA(3, 1) = W13 ∗W (x)

W14 = 0.086eao Ωstoke → A(1, 4) = ConjugateA(4, 1) = W14 ∗ P (x+ 4.)

Detunings :

∆1 → A(1, 1) = 0.0γ ∆2 → A(2, 2) = 0.0γ

∆3 → A(3, 3) = 0.01γ ∆4→ A(4, 4) = 0.01γ

The results of a stronger coherence in 4th level creating a close analogous picture of

vibrational levels, shows the population transfer where the populations divide in all the three

ground levels for the final state. However, the small population-depopulation phenomenon

stays the same in excited level and we achieve a redistribution of populations in the ground

levels. The relative proportions of the populations are in order with the coherences. The
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Figure 3.15. Population redistribution controlled by applied fields

population redistribution is the depicting the branching ratios based on relaxation rates for

individual transitions of the excited state-ground state pair. This allows us to control the

population redistribution in each energy level, where we can tune the control parameters and

applied field, to transfer the population and associated momentum (for mechanical measure-

ments) in different levels.

PLOT PARAMETERS for fig.3.15

Initial population: Y11 (ρ33) = 1.0

Fields : (Stokes)W =9.5* COS(wl*t -k*z)*exp(-t*t/(2*tau)**2), tau=2,

(Pump) P =10* COS(wl1*t -k1*z1)*exp(-t*t/(2*tau1)**2), tau1=2

Hamiltonianterms

TransitionDipoleMoments : Coherences :

W12 = 0.09eao Ωprobe2→ A(1, 2) = ConjugateA(2, 1) = W12 ∗W (x)

W13 = 0.09eao Ωprobe3→ A(1, 3) = ConjugateA(3, 1) = W13 ∗W (x)

W14 = 0.086eao Ωstoke → A(1, 4) = ConjugateA(4, 1) = W14 ∗ P (x+ 4.)

Detunings :

∆1 → A(1, 1) = 0.01γ ∆2 → A(2, 2) = 0.0γ

∆3 → A(3, 3) = 0.01γ ∆4→ A(4, 4) = 0.01γ
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STIRAP scheme with two lower levels populated
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Figure 3.16. Weak coherence between one excited- ground level pair leaving

system for a near perfect STIRAP transfer

PLOT PARAMETERS for fig.3.16

Initial population: Y11 (ρ33) = 0.5 Y 6(ρ22) = 0.5

Fields : (Stokes)W =9.5* COS(wl*t -k*z)*exp(-t*t/(2*tau)**2), tau=2,

(Pump) P =10* COS(wl1*t -k1*z1)*exp(-t*t/(2*tau1)**2), tau1=2

Hamiltonianterms

TransitionDipoleMoments : Coherences :

W12 = 0.01eao Ωprobe2→ A(1, 2) = ConjugateA(2, 1) = W12 ∗W (x)

W13 = 0.09eao Ωprobe3→ A(1, 3) = ConjugateA(3, 1) = W13 ∗W (x)

W14 = 0.086eao Ωstoke → A(1, 4) = ConjugateA(4, 1) = W14 ∗ P (x+ 4.)

Detunings :

∆1 → A(1, 1) = 0.01γ ∆2 → A(2, 2) = 0.0γ

∆3 → A(3, 3) = 0.01γ ∆4→ A(4, 4) = 0.01γ
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However, preparing the system with 3 ground levels like in case of rotational-vibrational

splitting, where two ground levels are populated, we achieved results suggesting a better con-

trol of coherent population transfer involving STIRAP technique ( 3.16). The control pulse

can be modulated as to create a population transfer between two ground levels, leaving the

third populated level undisturbed. The results fig. 3.17 indicate that a 93% of population

transfer was achieved with this system. The control pulse , thus shows a strong correlation

between induced coherence creating an adiabatic passage.
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Figure 3.17. Strong coherence resulting in more than 90% of efficient pop-

ulation transfer
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PLOT PARAMETERS for fig.3.17

Initial population: Y11 (ρ33) = 0.5 Y 6(ρ22) = 0.5

Fields : (Stokes)W =9.5* COS(wl*t -k*z)*exp(-t*t/(2*tau)**2), tau=2,

(Pump) P =10* COS(wl1*t -k1*z1)*exp(-t*t/(2*tau1)**2), tau1=2

Hamiltonianterms

TransitionDipoleMoments : Coherences :

W12 = 0.10eao Ωprobe2→ A(1, 2) = ConjugateA(2, 1) = W12 ∗W (x)

W13 = 0.02eao Ωprobe3→ A(1, 3) = ConjugateA(3, 1) = W13 ∗W (x)

W14 = 0.07eao Ωstoke → A(1, 4) = ConjugateA(4, 1) = W14 ∗ P (x+ 4.)

Detunings :

∆1 → A(1, 1) = 0.01γ ∆2 → A(2, 2) = 0.0γ

∆3 → A(3, 3) = 0.01γ ∆4→ A(4, 4) = 0.01γ
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3.5. Chirped-frequency adiabatic Passage (CHIRAP)

STIRAP is observed under constant frequency field where the adiabatic process

changes are induced by electromagnetic fields. We now intend to extend the study to a

frequency varying radiation pulse (chirped pulse) interacting with the three level system.

Another known technique has suggested scheme where resonant laser limitations are by-

passed using a chirp (sweep) in laser frequency. The idea is to chirp the laser frequency

across the atomic resonance. For a chirp, which is slow enough, it turns out that the atom

will flip to the excited state with nearly unit probability. This effect is basis for adiabatic

passage. Unlike STIRAP, this process relies on swept detunings incorporated by the mono-

tonic modulations in frequencies to produce the desired adiabatic passage. Introducing a

chirped field to the three level system with one of the lower levels populated, the coherences

are set to produce a population transfer from one level to the other lower energy level simi-

lar to STIRAP. The coherent adiabatic evolution of dark states is observed in the CHIRAP

scheme, following the expressions derived in section 3.2 and equation 62.

If we start the chirp, below resonance, where detuning ∆� −Ω, we can see the phase angle

θ ≈ 0 and the population stays in ground state |a0〉 ≈ |2〉. As the chirp proceeds, the adi-

abatic evolution will allow the dressed state |a0〉 in dark state. When the chirp ends above

resonance ∆ � Ω, we see the phase angle increases to θ ≈ π/2( crossing the phase angle

θ ≈ π/4 at resonance). We provide the numerical study for the Chirped field initiated pro-

cess for the Adiabatic transfer of population called CHIRAP. The field applied has a chirped

frequency component and a Gaussian envelop. The generalized interaction Hamiltonian is

of the same form with variation in instantaneous frequency:

(87) exp−iωt → exp

(
− i

∫ t

0

ω(t′)dt′
)

Modulating with possible Gaussian envelop and naming b for instantaneous frequency term

we define the chirped pulse as,

(88) E = E0 exp

(
− a t2

2τa2
+ ibt2 − iω0t

)
where, the carrier frequency 0 is close to atomic transition. In the present study, we have
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Figure 3.18. A stokes and pump pulse with time dependent frequency is

introduced with delay

considered a special case where to achieve the maximum adiabatic population transfer be-

tween two ground states, we use positive chirp for the Stoke pulse and negative chirp for

pump pulse. The stokes pulse is applied to the |1〉 ←→ |4〉 and the system is exposed to

Probe pulse with resonance with |1〉 ←→ |2〉. The time evolution of population are observed

and the parameters are tuned in order to get complete STIRAP like population transfer

(see fig. 3.19). Adiabacity is attributed to slowly changing detuning between coupling laser

frequency and corresponding atomic transitions adiabatic limitations are imposed by the

systems Rabi frequency amplitude, interaction time and frequency modulation or speed of

chirp.
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Figure 3.19. Populations in three level system coupled with two chirped

fields showing CHIRAP

PLOT PARAMETERS for fig.3.19

Initial population: Y11 (ρ33) = 0 Y 6(ρ22) = 1.0

Fields : (Stokes) W (Probe) =1.6*COS(wl*t-k*z)*exp((-t*t*a/(2*tau)**2)+b*t*t) ,

tau = 2, b = −(0., 0.9), a = 1.5

(Pump) P (Stoke)=2.5*COS(wl1*t-k1*z1)*exp((-t*t*a1/(2*tau1)**2)+b1*(t**2)),

tau1 = 2, b = (0, 0.9), a = 1.5

Hamiltonianterms

TransitionDipoleMoments : Coherences :

W12 = 1.5eao Ωprobe2→ A(1, 2) = ConjugateA(2, 1) = W12 ∗W (x)

W13 = 0.0eao Ωprobe3→ A(1, 3) = ConjugateA(3, 1) = W13 ∗W (x)

W14 = 0.09eao Ωstoke → A(1, 4) = ConjugateA(4, 1) = W14 ∗ P (x+ 1.)

Detunings :

∆1 → A(1, 1) = 0.02γ ∆2 → A(2, 2) = 0.03γ

∆3 → A(3, 3) = 0.0γ ∆4→ A(4, 4) = 0.01γ
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Figure 3.20. The population redistribution with chirped field in 4-level system

PLOT PARAMETERS for fig.3.20

Initial population: Y11 (ρ33) = 0 Y 6(ρ22) = 1.0

Fields : (Stokes) W (Probe) =1.6*COS(wl*t-k*z)*exp((-t*t*a/(2*tau)**2)+b*t*t) ,

tau = 2, b = −(0., 0.9), a = 1.5

(Pump) P (Stoke)=2.5*COS(wl1*t-k1*z1)*exp((-t*t*a1/(2*tau1)**2)+b1*(t**2)),

tau1 = 2, b = (0, 0.9), a = 1.5

Hamiltonianterms

TransitionDipoleMoments : Coherences :

W12 = 1.5eao Ωprobe2→ A(1, 2) = ConjugateA(2, 1) = W12 ∗W (x)

W13 = 1.5eao Ωprobe3→ A(1, 3) = ConjugateA(3, 1) = W13 ∗W (x)

W14 = 0.09eao Ωstoke → A(1, 4) = ConjugateA(4, 1) = W14 ∗ P (x+ 1.)

Detunings :

∆1 → A(1, 1) = 0.02γ ∆2 → A(2, 2) = 0.03γ

∆3 → A(3, 3) = 0.03γ ∆4→ A(4, 4) = 0.01γ

Extending our study of adiabatic passage with chirped fields to to a 4-level system. We

introduce the fields control and stokes coupling the allowed transitions and for a practical

molecular system where more energy splittings appear due to vibrational and rotational
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motions(fig. 3.20).

In case of positive detuning, with initial preparation of the atom in state |2〉, all the three

states acquire a population at the end of interaction. Introducing the fourth level creates

the deviation from the total population transfer and the initially populated level doesn’t

completely depopulate. However, the population is redistributed in all the lower levels

where the final populations are directly related to the individual coherences. This confirms

the proposal of coherent control of populations on different levels can be achieved with

adiabatic mechanism.

Interference in coherences

We observe the change in coherence evolution introduced with 4th level in our lambda

model. The coherence interactions can be seen changing the effective relaxations between

ground states as seen in figure. 3.21. The coherence between level |1〉 - |c〉 increases with

applied field and saturates in fig A. The decrease in coherence correspond to control field.

In fig B, we observe closely spaced vibrational splitting analog, coupled with quasi resonant

applied field. The coherence saturates but cannot decrease in absence of control pulse. In

Fig C, the interference of coherences between vibrational-vibrational levels and vibration-

rotational levels is observed. The coherence |1〉 - |c〉, if targeted has strong dependence

on control pulse and system parameters. The variation scheme of coherence provides an

understanding for the results observed in population growth in tripod 4-level system. The

interference of another ground level in already existing 3-level system change the coherence

growth scheme as shown in fig 3.21.
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3.6. Propagation

A required extension, to our single atom-field interaction in STIRAP and CHIRAP

regime, leads us to the study of pulse propagation and population evolution in a relatively

practical, dense optical medium. In this section we investigate the time evolution of Rabi

frequencies for both Pump and control(Stokes) pulses as they propagate inside the medium.

In order to study the pulse propagation, the analogous field is coded in step function using

linear interpolation equation and is embedded in Fortran code (Look Appendix2). The fields

in discrete values (not analogous) is compared with analogous field and is found to be in

sufficiently close approximation for our system. The equations for the propagation in a

medium describe the change in Rabi field with respect to propagation length:

(89)
∆Ω

∆Z
= −iηρab

And

(90) Ω(z + ∆z, t) = Ω(z, t)− iη.∆z.ρab(t)

where η∆z = 3λ2N∆z/8π
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Figure 3.22. (A)Field generated in discrete steps and,(B) the effective STI-

RAP achieved with the new fields

The new step coded propagation field generates a list of time dependent field values.

The field generated using the new program with discreet field values is plotted, and produces
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Figure 3.23. (A), (B) and (C) :Pulse field modulation of pump and stokes

pulse for different propagation lengths. (D), (E) and (F): The corresponding

coherence changes induced by modulated fields.

similar plot for STIRAP process as generated by an analogous field with close approximation

(see fig. 3.22).

Coherence and pulse evolution

Figure 3.23 A, B and C , shows the control and pump pulse evolution and modulation

during propagation in an optically dense medium. Figures 3.23D, E and F are plots of the

coherences between |1〉 ↔ |2〉 and |1〉 ↔ |3〉 for different lengths of propagation.
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Figure 3.24. Final populations in 3-level system exhibiting STIRAP, in an

optically dense medium. The deviation from efficient population transfer is

seen for certain iteration length of propagation.

STIRAP propagation in optically dense medium

The effect of pulse propagation over a length on STIRAP process is observed for vary-

ing lengths and the robustness of STIRAP is confirmed. However, it is possible to calculate

the length of the medium where the STIRAP slows down and a complete population transfer

cannot be achieved anymore. In low densities the STIRAP scheme is similar to a single atom

behavior. Simulations at longer propagation show significant collective interaction and pulse
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Figure 3.25. (A)Change of pulse shape during propagation. (B) The final

populations corresponding to the propagating pulses

shape variations. The EIT is diminishing with increased propagation lengths and we observe

absorption.

The Rabi splitting shows a considerable increase with propagation lengths. State popula-

tions shows spatial modulation where population transfer is more efficient at the boundary

of the sample and reduces as it propagates. The modulation is in-congruent for stokes and

probe pulses effecting the two photon process attributed to efficient STIRAP process. Thus,

we observe a gradual shift in transfer efficiency. The transfer efficiency changes from an

optimal 100% to around 99% after propagating for a system dependent length defined by

eq.89 and eq. 90.

Preserving effective pulse area

We observe a steep dispersion in pulse propagation in optically dense medium. The

low absorption is seen and consecutive slowing of light can be observed in negative shifted

pulse shape. The stokes field has a modulation corresponding to in phase field emission. The

pump however shows a small fluctuation in interaction pattern and weakly modulated. This

54



assures the control pulse (Stokes) prominent role in coherent preparation for the STIRAP

scheme. The pulse shape modulation however, preserve the effective π pulse area attributing

to almost complete lossless population transfer between the vibrational states.

Optimizing STIRAP: propagation length
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Figure 3.26. Propagation efficiency in STIRAP for Rabi frequencies 1, 2 and 3.

Our approach to study the propagation effects in STIRAP phenomenon allows us

to develop a theoretical model to optimize the efficiency in a lambda system, as well as

in more realistic molecular model taking into account vibrational levels. Also, for possible

applications, it is important to know the limits of the STIRAP efficiency with propagating

optical pulses. We define the STIRAP efficiency by the final population of target state.

Figure 3.26 is the plot of the STIRAP efficiency as a function of optical density. Optical

density has a dependence on atomic density and the propagation length. Thus, this plot

shows a relation between the control parameters of the system along the propagation. To
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study the behavior of the propagating pulses, we proceed with propagation equations given

by,

(91)
∂Ω

∂z
= −iηρab

Transforming the equation in order to obtain dimension less length:

(92)
∂Ω

∂(ηz)
= −iρab

we know that system parameter η is given by:

(93) η =
3λ2N

8π
· γ = η̃ · γ

The factor 3λ2N/8π can be termed as η̃. Manipulating the equation

(94)
∂(Ω/γ)

∂(η̃z)
= −iρab.

Here the (η̃z) is dimensionless length. Also Ω/γ = Ω̃ is the Rabi frequency with respect to

the relaxation rate. We know that the optical density is given by :

(95) D =
3λ2N

8π
· L,

where L is the length of cell. We know I = I0 · exp−D, is the intensity variation with optical

density in an ideal system. Comparing the responses to propagation in STIRAP, we see a

trend corresponding to the optical densities. The higher values of Rabi frequencies, shows

better propagation efficiency, which suggests the stronger coherences induced allows longer

propagation within STIRAP phenomenon. We know for Rubidium the relationship between

intensity and Rabi frequency is given by [122]

(96) Ω = (2π)106

√
I0

[
mW

cm2

]
s−1.

For example the spontaneous relaxation rate of Rubidium is of the order of

(97) γ ≈ 2× 107s−1
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Using these parameters to obtain an estimate of required laser intensity (with no Doppler

broadening for approximation), based on the Rabi frequencies, we find the laser intensity

corresponding to relative Rabi frequency (Ω/γ)= 3, as I ≈ 91mW/cm2. The Intensities

corresponding to lowered efficiency as seen with Rabi frequencies (Ω/γ)= 2 and 1, is of the

order of I = 40mW/cm2 and I = 10mW/cm2, respectively.
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Figure 3.27. The STIRAP efficiency corresponding to different amount of

delay introduced between Stokes and Pump pulses. The optimal transfer was

achieved with a delay shown in thickened line

Optimizing STIRAP: pulse delay

To optimize the effects induced by pulse delay, different pulse overlaps are plotted

to get the best delay needed to be introduced between the Stokes and Pump pulses. The

fig. 3.27 shows the the efficiency of STIRAP plotted against negative delays between pump

and stokes starting , with complete overlap i.e 0γ delay, to positive delay i.e Pump appearing

before stokes. The ideal delay time (corresponding to thick line in fig. 3.27) was used for

our simulations. The optimal delay appears to be 4τp.
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Figure 3.28. Final populations in 4-level system in optically dense medium.

STIRAP final Populations with propagating pulse

The STIRAP process is interfered by introducing a rotational splitting creating 4th

level in interaction scheme. We look at how the thickness of the medium affects the final

populations during pulse propagation in this scheme. The plot shows a consistent behavior

over a length of propagation and more even distribution of final state population for longer

propagation length. However, strong absorption and detuned coherence effects the pulse

shape and the population redistribution. The sensitivity of rotational splitting in presence
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of pulse modulations, is not interfering with final population control as strong as intuitively

predicted.
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CHIRAP system evolution in optically dense medium

The pulse propagates and the efficiency of population transfer starts decreasing to

around 0.9 as compared to the optimal value 1.0. The length calculated for the population

transfer to reduce is calculated using propagation equation. We calculate it for the na = 0.2

and nb = 0.2, denoting the density of medium affecting propagating speed for both the

pulses. Multiple lengths are propagated in simulation to understand the efficiency deviation

pattern for the three level system interacting with chirped fields.
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Figure 3.29. A three level system couple to chirped fields in optically thick

medium. We study the final populations for different propagation lengths and the

efficient population transfer see a deterioration for fig. (D)
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Figure 3.30. Chirped fields interaction in 4-level system in optically thick

medium for different lengths of propagation

4-level system evolution with Chirped fields

The 4th level coupling introduced in the system and the Chirped pulses are applied in

the counter-intuitive order with a time difference of 4γ. The medium’s thickness affects the

final populations, and the longer the pulse travels, we observe a better population transfer,

until the threshold is reached. The deviation from the existing pattern is attributed to the

induced stark shifts due to chirped fields interfering.
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3.7. Summary

Quantum mechanics adiabaticity influencing multi-level system dynamics has been

studied in this chapter. We observed the parameter constraints and the propagation in a

medium affecting the system evolution. The numerical study gives the basis of understanding

the propagation and limitations in practical applications.

The temporal and spatial evolution of fields is determined by the propagation equa-

tions

(98)
∂Ωp

∂z
= −iησab

∂Ω

∂z
= iησca,

where η =
3λ3N

16π2
, Γca = γca−i(ωac−ωd), Γcb = γcb+i(ωcb−ωp+ωd), and Γab = γab+i(ωab−ωp).

The parameters, which are close to molecular gases and Rb vapors, are chosen for

simulations: ∆d = 0, Ωd = 3.5 · 105 s−1, γr = 2 · 107s−1, γab = γr + ∆D, γcb = 3 · 103 s−1, the

density of Rb atoms is 1013 cm−3. Using these parameters to obtain an estimate of required

laser intensity, based on the Rabi frequencies, we find the laser intensity corresponding to

relative Rabi frequency (Ω/γ)= 3, as I ≈ 91mW/cm2. The Intensities corresponding to

lowered efficiency as seen with Rabi frequencies (Ω/γ)= 2 and 1, is of the order of I =

40mW/cm2 and I = 10mW/cm2, respectively. The adiabatic control is used to produce

STIRAP effects where the control of states a Λ atom is achieved by two constant frequency

laser pulses, applied in counter intuitive order. The two photon sensitivity of process allows

complete population transfer. The applications have been suggested in various fields where

these results can be crucial, including matter-beam splitter, from deflection in matter beams

due to momentum transfer, wave-guides and quantum computations.
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CHAPTER 4

DETECTION OF CORIOLIS FORCE AND ROTATIONAL DOPPLER EFFECT BY

USING SLOW LIGHT

4.1. Introduction

Mechanical motion of a dielectric medium gives rise of variety of mechanical optical

effects [115, 116] that influence propagation of optical fields. The fact that the speed of light

in a moving frame differs from its value in a stationary medium has been known for over a

century [117, 118]. In our approach, we consider the effects on the phase of radiation related

to rotational mechanical motion of quantum system by taking advantages in ultra strong

dispersion provided by quantum coherence.

Quantum coherence effects, such as coherent population trapping (CPT) [44] and elec-

tromagnetically induced transparency (EIT) [38, 39, 40, 41], have been the focus of broad

research activity for the last two decades, as they drastically change optical properties of

media. For example, for EIT in CW and pulsed regimes [39, 40, 41, 42, 43], absorption

practically vanishes. The medium with excited quantum coherence, phaseonium [38], can

be used to make a ultra-dispersive prism [119] that has several orders of magnitude higher

angular spectral dispersion. The bending of light has been also demonstrated using trans-

verse dragging effect [120]. The corresponding steep dispersion results in the ultra-slow or

fast propagation of light pulses [121, 122, 123, 124, 125] which can produce huge optical

delays [125] and can be used for drastic modification of the phase-matching conditions for

Brillouin scattering [126], four-wave mixing [127], controllable switching between bunching

and anti-bunching [128], storage and retrieval of pulses [130], freezing of a light pulse[131],

and ultrahigh enhancement in absolute and relative rotation sensing using fast and slow

light [132].

The goal of the chapter is to study the effects of the mechanical motion of an atomic

medium on the optical properties of light propagating through the medium. In particular,

we consider effects related the longitudinal (Fizeau effect) and rotational motion (rotational
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Doppler effect) of the atomic cell. We study dragging of light by a gas medium in a cavity

(see Figure 4.1 a), and we predict that an ultra-dispersive media (a level structure can be

seen in Figure 4.1 b) can enhance the effect, which is very sensitive to the rotational motion

of the cell. The purpose of this paper is to determine the level of sensitivity to the rotational

mechanical motion of the cell.

4.2. Model

Ω p

Ω d

c

b

a

(b)

v

M1

M3

M2

(a)

Detector

Figure 4.1. (a) Cavity is formed by mirrors M1, M2, and M3. A cell is is

located inside the cavity and is filled with three-level atoms. (b) Level structure

of the three-level atoms and optical fields.

We consider a Λ-type dielectric medium . A strong field of frequency ωd is the coupling

field and a weak field of frequency ωp is the probe field. The probe and coupling fields can

be represented as

(99) Ep,d = E0
p,d exp[ikp,dz − iωp,dt]

where E0
p,d is the amplitudes of fields at z = 0. The interaction Hamiltonian in the rotating

wave approximation can be written as

H = ~
[
Ω∗pe

i∆pt|b〉〈a|+ Ω∗de
i∆dt|c〉〈a|+ adj.

]
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where |b〉〈a|, and |c〉〈a| are the atomic projection operators, Ωp = ℘abEp/~ and Ωd = ℘acEd/~

are the probe and coupling Rabi frequencies, ∆p = ωab − ωp and ∆d = ωac − ωd are detun-

ings for probe and coupling laser beams, and ℘ab and ℘ac are the dipole momenta of the

transitions. The coupling field is resonant with the |a〉 → |c〉 transition (∆d = 0).

The density matrix equations are given by

(100)
∂σ

∂t
=
i

~
[σ,H]− 1

2
(Γσ + σΓ)

where Γ is the matrix of relaxation rates for all components of the density matrix σ. The

temporal and spatial evolution of fields is determined by the propagation equations

(101)
∂Ωp

∂z
= −iησab

∂Ωd

∂z
= iησca.

The index of refraction is given by

(102) n = 1− i ηγΓcb
ΓabΓcb + |Ωd|2

' 1 +
ωp − ωab

Vg

where η =
3λ3N

16π2
, N is the atomic density, λ is the wavelength of radiation resonant to

the probe transition, γr is the rate of spontaneous emission at the probe transition, Vg is

the group velocity, Γcb = γcb + i(ωcb − ωp + ωd), and Γab = γab + i(ωab − ωp). The Doppler

broadening is important to take into account, it can be taken into account by averaging the

index of refraction over velocity distribution [133].

4.3. Moving dielectrics

First, let us consider an electromagnetic wave propagating with wavenumber k0 and

frequency ω0 in a dielectric medium. Dispersion relation between k0 and ω0 is given by

(103) k0 =
ω0

c
n(ω0),

where n(ω0) is the index of refraction of the medium. Assuming that the medium moves

with velocity v (v � c, c is the velocity of the light in vacuum) with respect to the lab

frame. The wavenumber and frequency of the wave are k and ω correspondingly, and the
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transformation from the lab to the frame related to the medium is given by

ω0 = ω − vk, k0 = k − v

c2
ω ' k.(104)

Then, the dispersion relation in the lab frame is given by

(105) k ' ω

c
n(ω)− vk ∂

∂ω

(ω
c
n(ω)

)
' ω

c

(
1− v

Vg

)
,

where n ' 1 is the index of refraction of the gas medium, and Vg is the group velocity

Vg = c/(n+ ω ∂n(ω)
∂ω

).

The phase shift up to the first order on velocity v is given by

Φ = (k − ω

c
)L ' −ωL

c

(
v

Vg

)
.(106)

Before considering a dielectric medium in a cavity, let us consider the cavity first.

The cavity transmission coefficient is given by

(107) τ =
eiΦ

1 + F sin2 α

where F =
4R

(1−R)2
is the quality factor, R is the reflectance of the cavity mirrors, α = kL,

L is the length of the cavity, and tan Φ = 1+R
1−R tan kL is the the phase of the wave that passes

through the cavity. Near the maximum transparency (δω = ω − ωcavity is the detuning of

the optical frequency from the cavity frequency) the phase is Φ = Φ0 + δΦ where

(108) δΦ =
1 +R

1−R
δω

c
L.

The cavity finesse is given by

(109) F =
π
√
R

1−R

and the factor 1+R
1−R ' 2/πF (for R ' 1). The cavity has similar linear dispersion near the

maximal transparency as EIT. The sensitivity of the cavity to the motion is

(110) Φv = 2/πFkL
v

c
.

68



Now let us turn to a cavity case (for simplicity, let us consider a ring cavity as shown

in Figure 1a). For the cavity filled with the atomic medium, the dispersion is a sum of cavity

and atomic medium dispersions, and it is given by

(111) Φ = Φ0 +
2

π
F

(
δω

c
+
δω

Vg

)
L ' 2F

π

δω

Vg
L

where

(112) Vg =
8π|Ωd|2

3λ2Nγr
=

8πΓEIT
3λ2N

, Φv =
2F

π

v

Vg
kL,

and ΓEIT = |Ωd|2/γr. We can see here that the final optical phase includes contributions

from high cavity finesse (F ) and steep atomic dispersion that manifests slow group velocity

Vg. Namely, the effect of steep dispersion of the atomic medium is enhanced by the effective

number of passes in the high finesse cavity.

The technology to trap single atoms and ions are well-developed. Nowdays, there are

systems that have trapped ions even on the chip [134, 135, 136, 137]. A cavity can be build

around the trapped single atoms or ions. Thus, we consider the high finesse cavity F ' 105

that may contain a single atom. The size of the cavity is of the order L ' λ that corresponds

to the atomic density

(113) N =
nat
Vcav

=
1

λ3
' 1012cm−3,

the corresponding group velocity V cav
g =

8π

3
ΓEITλ, and the phase related to the motion is

given by

(114) Φv =
3F

2π

v

ΓEITλ
.

Now we can estimate the sensitivity with respect to the displacement of the cavity

based on the sensitivity δΦv ' 1√
S/N

' 10−8 Rad√
Hz

[138], by optimizing the velocity as

v = ΓEITa, we obtain

(115) a =
λ

F

1√
S/N

' 10−19 m√
Hz
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that is the same order of magnitude comparable with a gold standard for the displace-

ment sensitivity established by the LIGO [138]. Assuming the same broadening at the

low-frequency spin transition (we are using the parameters for the relaxation rates in the

atomic systems from experimental works [119, 122, 125]).

4.4. Detection of Coriolis force

This high sensitivity with respect to the velocity seems to have a promise for detection

of rotation. Indeed, a mechanical system can be viewed as moving with some longitudinal

velocity ~V0 and rotating with some angular velocity ~Ω. The point A of the system moves

with respect to some inertial system with velocity given by

(116) ~v = ~Ω× ~r + ~V0,

where ~r is radius vector from a point at the rotation axis to the moving point. There is a

freedom for choosing the longitudinal velocity, but rotation angular velocity ~Ωr is the same

for any choice of the rotational axes.

The common approach to detection of rotation is based on the Sagnac effect [139]

which is related to the traveling time difference in opposite directions (more deeply it is

related to impossibility to synchronize clocks along a close line, see [140]) given by

(117) ∆t =
4A

c2
Ω.

The time difference does not depend on particular properties of waves (slow or fast; linear

or nonlinear; electromagnetic radiation, sound waves, or matter waves [let us note here

that using the matter waves [141] allows one to enhance sensitivity per unit area]) used for

interferometry. The c in Eq.(117) is a constant of Lorentz transformation, the speed of light

in a vacuum. It has no relation to the dispersion of the media. Thus such high sensitivity

to the mechanical motion cannot be used directly to improve Sagnac interferometry .

Nevertheless, such a high sensitivity to the velocity can be used for detection of weak

forces, in particular, for Coriolis force. Coriolis force is a fictitious force appearing in the
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rotating frame

(118) ~Fc = −2m~Ωr × ~v,

where m is the mass of the particle, ~Ωr is the angular velocity, and ~v is the linear velocity

relative to the rotating frame. Measuring the Coriolis force could give us also the angu-

lar velocity, and it is the way to measure rotational motion that is not based on Sagnac

interferometer [142, 143, 144].

The idea of measurement is based on the fact that the Coriolis force is perpendicular

to the velocity of the cell motion. Thus the cell that oscillates in one direction experiences

the action of the Coriolis force in a perpendicular direction, and it starts to oscillate in

that direction. The velocity due to Coriolis force is given by v = 2Ωz, it depends only

on the amplitude of the cell oscillation. This motion can be detected by the dragging of

light. The sensitivity of this technique with respect to the angular velocity is then given by

Ωr ' 10−11 s−1Hz−1/2. The value of this small force, which we are able to measure is going

to be as small as FC = 10−42 N Hz−1/2.

4.5. Angular momentum of light

In the previous sections, we consider the effects of the longitudinal mechanical motion

of an atomic medium on the optical properties of light propagation. We have considered a

moving ultra-dispersive medium and demonstrate the enhanced Fizeau effect due to dragging

the light. One of interesting application of the studied effect is a new way to detect rotation

without using the Sagnac effect. In this section, we consider another another way to detect

rotation, also without using the Sagnac effect, by taking advantage of the light with angular

momentum [145, 146]. The light with angular momentum displays the so-called rotational

Doppler effect that provudes us a new way to detect rotational motion. Here, we also use

the ultra-dispersive medium which gives us enough sensitivity to measure rotational Doppler

shifts.
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It is well-known that a light beam has density of energy

(119) u =
ε

2
E2 +

1

2µ
B2

with intensity given by

(120) ~S = ~E × ~H,

and it carries the density of the linear momentum

(121) ~g =
1

c2
~S,

as well as the density of the angular momentum

(122) ~J = ~r × ( ~E × ~H).

The EM wave that carries angular momentum [145, 146] l and propagates along zaxes

can be written as

(123) ~E = ~E0(r, φ)eilφ+ikz−iωt,

where E0(r, φ) is the amplitude. A good example of such fields can be the Laguerre-Gaussian

modes [145, 146].

4.6. Linear and Rotational Doppler effects

Now let us turn to the Doppler effects of the motion of the dielectric medium motion.

One of the well-known effects of the atomic motion is the linear Doppler effect [133]. Con-

sider an atom that moves with velocity V0. Then, the effect can be easily seen by making

transformation

(124) z → z + V0t,

thus the atom sees the optical field

(125) ~E = ~E0e
ikz−i(ω−kV0)t
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with the frequency shifted due to the motion

(126) ω → ω − kV0.

The similar effect related to the rotation can be found for the light that carries angular

momentum. This effect has been already observed experimentally [147]. The simplest way

to see it is the following. The corresponding transformation for rotation is given by

(127) φ→ φ+ Ωrt,

then, the EM field

(128) ~E = ~E0e
ilφ+ikz−i(ω−lΩr)t

has the frequency shifted due to the rotational motion given by

(129) ω → ω − lΩr.

4.7. Detection of rotational Doppler effect

Let us consider an electromagnetic wave propagating with wavenumber k and fre-

quency ω in a dielectric medium. Dispersion relation between k and ω is given by

(130) k =
ω

c
n(ω),

where n(ω) is the index of refraction of the medium.

The phase shift up to the first order on velocity v is given by

Φ =
lΩr

Vg
L.(131)

Now let us turn to a cavity case. For the cavity filled with the atomic medium, the

dispersion is a sum of cavity and atomic medium dispersions, and it is given by

(132) ΦΩr =
2F

π

lΩr

Vg
L.
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Using the high finesse cavity F ' 105 and the size of the cavity being of the order L ' λ,

the corresponding group velocity (as we have seen above) V cav
g =

8π

3
ΓEITλ, and the phase

related to the motion is given by

(133) ΦΩr =
3F

2π

lΩr

ΓEIT
.

Now we can estimate the sensitivity with respect to the displacement of the cavity

based on the sensitivity δΦv ' 1√
S/N
' 10−8 Rad√

Hz
[138]. Assuming the same broadening

at the low-frequency spin transition (we are using the parameters for the relaxation rates

in the atomic systems from experimental works [119, 122, 125]), we obtain for the velocity

sensitivity Ωr = 1
F

ΓEIT√
S/N
' 10−11 s−1√

Hz
.

Propagation effects for the light with angular momentum

Let us here make an important remark here. The EM wave carrying optical angular

moment should have the longitudinal component of the electric field, because the wave should

satisfy Maxwell’s equation

(134) ∇ · ~E = 0,

(135)
∂

∂x
Ex +

∂

∂z
Ez = 0,

because the different polarization of light interacts with different atomic transitions. These

interactions are important for propagation optical field in the coherent media.

The propagation equations for different components are given by

(136)

[
∂2

∂z2
+∇2

⊥ + k2
0(1 + χ1)

]
Ex = 0,

(137)

[
∂2

∂z2
+∇2

⊥ + k2
0(1 + χ2)

]
Ez = 0,

where χ1,2 are linear susceptibilities for different components of electric field. The χ1,2

demonstrate slow light for both components, but not necessarily the same group velocities,

V x
g 6= V z

g . Thus, the estimation above is valid for the group velocities being the same,

V x
g = V z

g ; for different velocities, the EM wave carrying the angular moment has more
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complicated propagation in the slow medium [148]. The modification of the EM wave could

be also used to detect rotational Doppler effect [148].

4.8. Sagnac effect with slow light

It is worth to underline here, that even with such enhanced dragging effect due to slow

light as has been shown above, one can apply this effect for detection of relative rotation, but

not for detection of absolute rotation. There is no application to the Sagnac effect [139, 142].

Indeed, the detectable velocity is of the order of v ' ΩrR, the relative velocity due to rotation

of the Earth (Ωr is the angular velocity of the Earth), so in principle one might view this

technique as promising for detection of rotation (and there were recently some proposal of

taking advantage of the ultra-slow media for rotation detection [149], but the situation is

more complicated. The situation is very subtle that the arguments are worth to be repeated

here, because there are a lot of misunderstanding of this issue in the literature [143, 144].

Based upon our calculations above, we can easily estimate the contribution of the cell

to the Sagnac effect. The phase velocity of light in the lab frame is given by

Vv =
ω

k
=

ωab

(
1 +

v

c

)
+ δω0

(
1 + v

Vg

)
ωab
c

(
1 +

v

c

)
+ δω0

(
1

Vg
+
v

c2

)(138)

that can be rewritten as

Vv =

v +
ωab + δω0

ωab
c

+
δω0

Vg

1 +
v

c2

ωab + δω0

ωab
c

+
δω0

Vg

(139)

where

(140) V0 =
ω0

k0

=
ωab + δω0

ωab

c
+ δω0

Vg

is the phase velocity of light in the frame moving with the cell, i.e., the velocity of light in

the lab frame results from relativistic adding the phase velocity of light V0 and the velocity

of frame v. Then, we see that even the effect on phase velocity is large enough, the time
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difference between light propagating in one direction and in an opposite direction [143] is

equal to

(141) ∆t± = t+ − t− =
L

V+v − v
− L

V−v + v
=

4Aeff
c2

Ωr,

where Aeff = LR/2 is the effective area for these two cells. The obtained result does

not depend on any properties of the slow light medium and coincides with the well-known

traveling time difference in opposite directions (more deeply it is related to impossibility to

synchronize clocks along a closed line, see [140]) given by

(142) ∆t =
4A

c2
Ω.

where A is the area of the Sagnac interferometer.

Controversy of Sagnac effect [142] interpretations and misinterpretations is a topic of

nice reviews [143, 144] The time difference does not depend on particular properties of waves

(slow or fast; linear or nonlinear; electromagnetic radiation, sound waves, or matter waves

[let us note here that using the matter waves [141] allows one to enhance sensitivity per unit

area]) used for interferometry. The c in Eq.(142) is a constant of Lorentz transformation,

the speed of light in vacuum, and it has no relation to the dispersion of media.

4.9. Conclusion

In this chapter, we study the effects of the mechanical motion of an atomic medium on

the optical properties of light propagation. In particular, we focus on the effects related the

longitudinal (Fizeau effect) and rotational motion (rotational Doppler effect) of the atomic

cell. We consider a moving ultra-dispersive medium and demonstrate the enhanced Fizeau

effect due to dragging the light. We have shown that the enhanced Fizeau effect on a single

atom in a cavity can be observed. It has been shown that the change of phase is sensitive

to the motion the speed of the order of 10−15 cm s−1/Hz1/2 and for possible displacements

as small as 10−17 cm/Hz1/2. Application of the effect can be the detection of weak forces

exerted on a single atom. In particular, using the parameters for relaxation rates in the

atomic systems from experimental works [119, 122, 125], we can estimate that the Coriolis
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force as small as 10−42 N/Hz1/2 can be detected. That tiny measured force would provide

an opportunity to detect rotation with sensitivity 10−11 s−1Hz−1/2.

Also, we consider a rotational motion of the ultra-dispersive medium and demonstrate

the Doppler effect due to dragging the light. It has been shown that, using the parameters

for relaxation rates in the atomic systems from experimental works [119, 122, 125], the

change of phase is sensitive to the rotational velocity of the order of 10−11 s−1/Hz1/2. The

important feature is that the current technique of detection of rotation is not based on

Sagnac interferometry [139, 142, 143, 144].
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CHAPTER 5

RESULTS AND CONCLUSIONS

The dissertation investigates the coherent control and its effects in atomic and molec-

ular system. The applications of lasers tuned in the regime of quasi-resonance and changing

the effective relaxations has been the key to coherent control schemes. This leads to cer-

tain interesting responses we have observed. In chapter three, quantum adiabatic influencing

multi-level system dynamics is studied. We have observed the parameter constraints and the

propagation in a medium affecting the system evolution. The numerical study gives us the

basis of understanding. The adiabatic control is used to implement the STIRAP effects where

the control of states of Λ atom creates an adiabatic passage. Efficient population transfer

is achieved by two constant frequency laser pulses, applied in the counter intuitive order.

The two photon sensitivity of process allows us to achieve the complete population transfer.

The system is further subjected to variation in control pulses and we achieve a stable robust

response. The STIRAP phenomenon has shown very steady efficiency for variations in a

wide range of interaction parameters including applied fields, detunings, relaxations, and

propagation. Next, we apply a different laser field with time dependent frequency, called

chirp fields and CHIRAP phenomenon is studied. This scheme is also tested for variations

in interaction parameters. The responses allows us to calculate the limitation parameters of

a practical system.

The phenomenon is further studied in the optically dense medium to understand the effects

of propagating pulses. Deviation from an efficient STIRAP and CHIRAP is observed for

different propagation lengths. The relations pertaining to propagation length calculation is

presented. Thus, we can calculate the limiting parameters within which efficient STIRAP

and CHIRAP can be produced. The partial populations in rotational splitting, extends the

study to use this scheme for a new 4-level system. The responses in 4-level vibrational-

rotational splitting energy system is presented and effective tools to optimize the response

are discussed.
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We have presented a new approach to understand the Raman adiabatic evolution of dark

states for lambda and tripod systems. The interference of rotational-vibrational and vibrational-

vibrational coherences are presented to explain the difference in results in lambda and tripod

system. We have also presented a detailed discussion about the propagation of optical pulses

in these systems. The propagation efficiency for different optical densities is very crucial for

multiple practical applications. The propagation patterns are shown and explained for dif-

ferent lengths of propagation. The efficiency for required laser intensity is shown for example

in case of Rubidium to compare.

Taking into account the mechanical motions associated with a lambda system, we present

an efficient theoretical approach to detect motion at an extremely sensitive scale. Here

we conclude our study by investigating, the effects of the mechanical motion of an atomic

medium on the optical properties of light propagation. In particular, we focus on the effects

related the longitudinal (Fizeau effect) and rotational motion (rotational Doppler effect) of

the atomic cell. We consider a moving ultra-dispersive medium and demonstrate the en-

hanced Fizeau effect due to dragging the light. We have shown that the enhanced Fizeau

effect on a single atom in a cavity can be observed. It has been shown that the change of

phase is sensitive to the motion the speed of the order of 10−15 cm s−1/Hz1/2 and for possible

displacements as small as 10−17 cm/Hz1/2. Application of the effect can be the detection of

weak forces exerted on a single atom. In particular, using the parameters for relaxation rates

in the atomic systems from experimental works [119, 122, 125], we can estimate that the

Coriolis force as small as 10−42 N/Hz1/2 can be detected. That tiny measured force would

provide an opportunity to detect rotation with sensitivity 10−11 s−1Hz−1/2.

Finally, we consider a rotational motion of the ultra-dispersive medium and demon-

strate the Doppler effect due to dragging the light. It has been shown that, using the pa-

rameters for relaxation rates in the atomic systems from experimental works [119, 122, 125],

the change of phase is sensitive to the rotational velocity of the order of 10−11 s−1/Hz1/2.

The important feature is that the current technique of detection of rotation is not based on

Sagnac interferometry [139, 142, 143, 144].
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APPENDIX A 

PROPAGATION FORTRAN CODE 
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implicit none

complex*16 y(16), dy(16)

complex*16 paai,pbbi,pcci

complex*16 aux(8, 16), ur, ui

real*8 prmt(5), dz, dt

real*8 x, x0, dx0, z, eta1, eta2, zl

integer ss,it, istat, n, il, n2, nf, i, iz

real*8 T1,T2

real*8 w1s0, w2s0

complex*16 deltab,deltac, WBD, dW10, dW20

complex zhh

character filename*1

common/detune/deltab,deltac

common/duration/ T1,T2

common/sec/it

common/zz/ur, ui

external fct, outp

T1 = 1.0

T2 = 1.0
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ur = cmplx(1.0, 0.0)

ui = cmplx(0.0, 1.0)

n2 = 16

n = 16

nf = 4000

dt = 0.01

prmt(3)= dt

prmt(2)= (nf-1)*prmt(3)

prmt(1)= -10

prmt(3)= dt

prmt(4)= 0.001

prmt(5)= 0.0

x0 = prmt(1)

dx0 = prmt(3)

do i = 1, n

dy(i)=1.0/n

enddo

y(1) = 0.0

y(2) = 0.0

y(3) = 0.0

y(4) = 0.0

y(5) = 0.0

y(6) = 0.0
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y(7) = 0.0

y(8) = 0.0

y(9) = 0.0

y(10) = 0.0

y(11) = 1.0

y(12) = 0.0

y(13) = 0.0

y(14) = 0.

y(15) = 0.0

y(16) = 0.0

it=1

call rkgs(prmt, y, dy, n, istat, fct, outp, aux)

100 format(1x, 18e12.4)

stop

end

complex*16 function W(t)

real*8 t, wl, k, z, tau

wl =0.

k = 0.

z = 0.

tau = 2.0

wl1 = 0.

k1 = 0.
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z1 = 0.

W =9.5* COS(wl*t -k*z)*exp(-t*t/(2*tau)**2)

return

end

complex*16 function P(t)

real*8 t,wl1, k1, z1, tau1

wl1 = 0.

k1 = 0.

z1 = 0.

tau1 = 2.

P =10.* COS(wl1*t -k1*z1)*exp(-t*t/(2*tau1)**2)

return

end

subroutine fct(x, y, dy)

parameter (n=4)

real*8 x

complex*16 W2, W2f, W2b, W1, W1f, W1b

complex*16 W2r, W1r

complex*16 W2rr, W1rr, W2frr, W1frr, W2brr, W1brr, sbcrr
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complex*16 y(16), dy(16), ui, ur

complex*16 paa, pbb, pcc, pab, pac, pbc

complex*16 pabf, pbcf, pabb, pbcb

complex*16 dpaa, dpbb, dpcc, dpab, dpac, dpbc

complex*16 dpabf, dpbcf, dpabb, dpbcb

complex*16 ga, gb, Tca, Tcb, Tab, gph

complex*16 Tacp, Tbcp, Tabp

complex*16 pW1, pW2, pW1b, pW2b, pW1f, pW2f

complex*16 deltab,deltac, delta

complex*16 A(n,n)

complex*16 B(n,n)

complex*16 c(n,n)

complex*16 D(n,n)

complex*16 M(n,n)

complex*16 T(n,n), W, W12, W13, W14, tmp, P

complex*16 T1(n,n)

common/detune/deltab,deltac

common/zz/ur, ui

common/sec/it

integer i, j, k, it, d1

! 0, omega, omega, 0 the hamiltonian matrix

W12 = 0.0

W13 = 0.09
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W14 = 0.086

d1= 0.01

A(1,1)= 0.01

A(1,2)= W12*W(x)

A(1,3)= W13*W(x)

A(1,4)= W14*P(x+4.)

A(2,1)= W12*W(x)

A(2,2)= 0.

A(2,3)= 0.

A(2,4)= 0.

A(3,1)= W13*W(x)

A(3,2)= 0.

A(3,3)= 0.11

A(3,4)= 0.

A(4,1)= W14*P(x+4.)

A(4,2)= 0.

A(4,3)= 0.

A(4,4)= 0.01

! rho matrix

B(1,1)= Y(1)

B(1,2)= Y(2)

B(1,3)= Y(3)

B(1,4)= Y(4)

B(2,1)= Y(5)
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B(2,2)= Y(6)

B(2,3)= Y(7)

B(2,4)= Y(8)

B(3,1)= Y(9)

B(3,2)= Y(10)

B(3,3)= Y(11)

B(3,4)= Y(12)

B(4,1)= Y(13)

B(4,2)= Y(14)

B(4,3)= Y(15)

B(4,4)= Y(16)

T(1,1)=0

T(1,2)=0.0

T(1,3)=0.0

T(1,4)=0.0

T(2,1)=0.0

T(2,2)=0

T(2,3)=0

T(2,4)=0

T(3,1)=0.0

T(3,2)=0

T(3,3)=0

T(3,4)=0

T(4,1)=0.0

T(4,2)=0

T(4,3)=0
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T(4,4)=0

do j=1,n

do i=1,n

tmp = 0.0

do k=1,n

tmp = tmp + A(i,k) * B(k,j)

enddo

C(i,j) = tmp

enddo

enddo

do j=1,n

do i=1,n

tmp = 0.0

do k=1,n

tmp = tmp + B(i,k) * A(k,j)

enddo

D(i,j) = tmp

enddo

enddo

do j=1,n

do i=1,n

tmp = 0.0

do k=1,n

tmp = tmp + T(i,k) * B(k,j)

enddo

T1(i,j) = tmp

enddo
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enddo

do i=1,n

do j= 1,n

M(i,j)=-ui*(C(i,j)-D(i,j))-T1(i,j)

enddo

enddo

dy(1) = M(1,1)

dy(2) = M(1,2)

dy(3) = M(1,3)

dy(4) = M(1,4)

dy(5) = M(2,1)

dy(6) = M(2,2)

dy(7) = M(2,3)

dy(8) = M(2,4)

dy(9) = M(3,1)

dy(10) = M(3,2)

dy(11) = M(3,3)

dy(12) = M(3,4)

dy(13) = M(4,1)

dy(14) = M(4,2)

dy(15) = M(4,3)

dy(16) = M(4,4)

return

end

!end of my addition and need to call subroutine RKGS for the last part solution.
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subroutine outp(x, y, dy, ih, n, prmt)

complex*16 y(n), dy(n), ytest, ui, ur, W,P

real*8 prmt(5), x, dx

integer ih, it

common/sec/it

print 100,x, y(1), y(6), y(11), Y(16), W(x), P(x+4)

100 format(1x, 15e12.4)

return

end

c RKGS, Never touched

SUBROUTINE RKGS(PRM,Y,DERY,NDIM,IHLF,FCT,OUTP,AUX)

complex*16 Y(ndim),DERY(ndim),AUX(8,ndim), r1, r2

real*8 A(4),B(4),C(4)

real*8 PRMT(5),PRM(5), x, xend, h, aj, bj, cj

integer IHLF, NDIM

external FCT, OUTP

DO 41 I=1,5

41 PRMT(I)=PRM(I)

DO 1 I=1,NDIM

1 AUX(8,I)=.06666667*DERY(I)

X=PRMT(1)

XEND=PRMT(2)

H=PRMT(3)

PRMT(5)=0.
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CALL FCT(X,Y,DERY)

C

C ERROR TEST

IF(H*(XEND-X))38,37,2

C

C PREPARATIONS FOR RUNGE-KUTTA METHOD

2 A(1)=.5

A(2)=.2928932

A(3)=1.707107

A(4)=.1666667

B(1)=2.

B(2)=1.

B(3)=1.

B(4)=2.

C(1)=.5

C(2)=.2928932

C(3)=1.707107

C(4)=.5

C

C PREPARATIONS OF FIRST RUNGE-KUTTA STEP

DO 3 I=1,NDIM

AUX(1,I)=Y(I)

AUX(2,I)=DERY(I)

AUX(3,I)=0.

3 AUX(6,I)=0.

IREC=0

H=H+H

IHLF=-1
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ISTEP=0

IEND=0

C

C START OF A RUNGE-KUTTA STEP

4 IF((X+H-XEND)*H)7,6,5

5 H=XEND-X

6 IEND=1

C

C RECORDING OF INITIAL VALUES OF THIS STEP

7 CALL OUTP(X,Y,DERY,IREC,NDIM,PRMT)

IF(PRMT(5))40,8,40

8 ITEST=0

9 ISTEP=ISTEP+1

C

C START OF INNERMOST RUNGE-KUTTA LOOP

J=1

10 AJ=A(J)

BJ=B(J)

CJ=C(J)

DO 11 I=1,NDIM

R1=H*DERY(I)

R2=AJ*(R1-BJ*AUX(6,I))

Y(I)=Y(I)+R2

R2=R2+R2+R2

11 AUX(6,I)=AUX(6,I)+R2-CJ*R1

IF(J-4)12,15,15

12 J=J+1

IF(J-3)13,14,13
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13 X=X+.5*H

14 CALL FCT(X,Y,DERY)

GOTO 10

C END OF INNERMOST RUNGE-KUTTA LOOP

C

C TEST OF ACCURACY

15 IF(ITEST)16,16,20

C

C IN CASE ITEST=0 THERE IS NO POSSIBILITY FOR TESTING OF ACCU-

RACY

16 DO 17 I=1,NDIM

17 AUX(4,I)=Y(I)

ITEST=1

ISTEP=ISTEP+ISTEP-2

18 IHLF=IHLF+1

X=X-H

H=.5*H

DO 19 I=1,NDIM

Y(I)=AUX(1,I)

DERY(I)=AUX(2,I)

19 AUX(6,I)=AUX(3,I)

GOTO 9

C

C IN CASE ITEST=1 TESTING OF ACCURACY IS POSSIBLE

20 IMOD=ISTEP/2

IF(ISTEP-IMOD-IMOD)21,23,21

21 CALL FCT(X,Y,DERY)

DO 22 I=1,NDIM
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AUX(5,I)=Y(I)

22 AUX(7,I)=DERY(I)

GOTO 9

C

C COMPUTATION OF TEST VALUE DELT

23 DELT=0.

DO 24 I=1,NDIM

24 DELT=DELT+AUX(8,I)*ABS(AUX(4,I)-Y(I))

IF(DELT-PRMT(4))28,28,25

C

C ERROR IS TOO GREAT

25 IF(IHLF-10)26,36,36

26 DO 27 I=1,NDIM

27 AUX(4,I)=AUX(5,I)

ISTEP=ISTEP+ISTEP-4

X=X-H

IEND=0

GOTO 18

C

C RESULT VALUES ARE GOOD

28 CALL FCT(X,Y,DERY)

DO 29 I=1,NDIM

AUX(1,I)=Y(I)

AUX(2,I)=DERY(I)

AUX(3,I)=AUX(6,I)

Y(I)=AUX(5,I)

29 DERY(I)=AUX(7,I)

CALL OUTP(X-H,Y,DERY,IHLF,NDIM,PRMT)
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IF(PRMT(5))40,30,40

30 DO 31 I=1,NDIM

Y(I)=AUX(1,I)

31 DERY(I)=AUX(2,I)

IREC=IHLF

IF(IEND)32,32,39

C

C INCREMENT GETS DOUBLED

32 IHLF=IHLF-1

ISTEP=ISTEP/2

H=H+H

IF(IHLF)4,33,33

33 IMOD=ISTEP/2

IF(ISTEP-IMOD-IMOD)4,34,4

34 IF(DELT-.02*PRMT(4))35,35,4

35 IHLF=IHLF-1

ISTEP=ISTEP/2

H=H+H

GOTO 4

C

C RETURNS TO CALLING PROGRAM

36 IHLF=11

CALL FCT(X,Y,DERY)

GOTO 39

37 IHLF=12

GOTO 39

38 IHLF=13

39 CALL OUTP(X,Y,DERY,IHLF,NDIM,PRMT)
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40 DO 42 I=1,5

42 PRM(I)=PRMT(I)

RETURN END
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APPENDIX B 

STIRAP FORTRAN CODE 
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c To play with call rkgs c c

implicit none

integer n2000

parameter (n2000= 3001)

complex*16 y(16), dy(16), Rh13(n2000), Rh14(n2000), Ome(n2000)

complex*16 paai,pbbi,pcci, Rh12(n2000)

complex*16 aux(8, 16), ur, ui

real*8 prmt(5), dz, dt, dt1, dtt

real*8 x, x0, dx0, z, eta1, eta2, zl

integer ss,it, istat, n, il, n2, nf, i, iz

c real*8 T1,T2

real*8 w1s0, w2s0, W13, W14

complex*16 deltab,deltac, WBD, dW10, dW20

complex*16 r11(n2000), r22(n2000), r44(n2000)

complex*16 r33(n2000)

complex zhh

character filename*1

Complex*16 Weff, Wold, Pold, Zo, Znew, P, W, na, nb

Real*8 t1, t2, t

Complex*16 WW(n2000)

Complex*16 PW(n2000)

c Real*8 x, dx0

Integer np, k, j
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Common /field/WW

Common /field2/PW

common /field3/Ome

common/coh/Rh13, Rh14, Rh12

Common /dt/dt

Common /dt1/dt1

common/shift/dtt

common/detune/deltab,deltac

common/duration/ T1,T2

common/sec/it

common/zz/ur, ui

common/stirap/ r11, r22, r33, r44

external fct, outp

c T1 = 1.0

c T2 = 1.0

ur = cmplx(1.0, 0.0)

ui = cmplx(0.0, 1.0)

n2 = 16

n = 16

nf = 3001

dt = 50.0/(nf - 1.0)

prmt(3)= dt

prmt(2)= -20.0 + (nf-1)*prmt(3)
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prmt(1)= -20.0

prmt(3)= dt

prmt(4)= 0.001

prmt(5)= 0.0

x0 = prmt(1)

dx0 = prmt(3)

c do i = 1, n

c dy(i)=1.0 n

c enddo

c———init —-try—————

c —- init —— np = 3001

t1 = x0

t2 = 30.0

dt1 = (t2 - t1)/(np-1.0)

W13 = 3.00

W14 = 3.0

dtt = 1.0

do i=1, np

t=t1+ dt1*(i-1)

WW(i)= W13*Wold(t)

PW(i)= W14*Pold(t+dtt)

c print 100, i, Wold(t)
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Enddo

c————————– 555 continue

do iz = 1,40

c print *

do i = 1, n

dy(i) = 1.0/n

enddo

y(1) = 0.

y(2) = 0.0

y(3) = 0.0

y(4) = 0.0

y(5) = 0.0

y(6) = 1.0

y(7) = 0.0

y(8) = 0.0

y(9) = 0.0

y(10) = 0.0

y(11) = 0.

y(12) = 0.0

y(13) = 0.0

y(14) = 0.0

y(15) = 0.0

y(16) = 0.

it=1
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call rkgs(prmt, y, dy, n, istat, fct, outp, aux)

na=0.2

nb=0.2

do i=1,np WW(i)= WW(i) - ui*na*Rh12(i)

PW(i)= PW(i) - ui*nb*Rh14(i)

c print 100,1.0*i,t1+dt*(i-1),WW(i),W(x),Weff, c + r11(i), r22(i), r33(i)

c print 100,1.0*i,t1+dt*(i-1),WW(i),Rh13(i),PW(i),Rh14(i),Ome(i)

Enddo

if(mod(iz,10).eq.1) then

do i=1,np

x = -20.0 + dx0*(i-1)

Weff = sqrt(Abs(W(x))**2 + Abs(P(x))**2)

print 100,1.0*i,t1+dt*(i-1),W(x),P(x), Weff, + r11(i), r22(i), r33(i), r44(i)

c print 100,1.0*i,t1+dt*(i-1),WW(i),Rh13(i),PW(i),Rh14(i),Ome(i)

Enddo

print *

endif

Enddo

100 format(1x, 18e12.4)

stop

end

subroutine fct(x, y, dy)
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parameter (n=4)

real*8 x, d1, dtt

complex*16 W2, W2f, W2b, W1, W1f, W1b

complex*16 W2r, W1r

complex*16 W2rr, W1rr, W2frr, W1frr, W2brr, W1brr, sbcrr

complex*16 y(16), dy(16), ui, ur

complex*16 paa, pbb, pcc, pab, pac, pbc

complex*16 pabf, pbcf, pabb, pbcb

complex*16 dpaa, dpbb, dpcc, dpab, dpac, dpbc

complex*16 dpabf, dpbcf, dpabb, dpbcb

complex*16 ga, gb, Tca, Tcb, Tab, gph

complex*16 Tacp, Tbcp, Tabp

complex*16 pW1, pW2, pW1b, pW2b, pW1f, pW2f

complex*16 deltab,deltac, delta

complex*16 A(n,n)

complex*16 B(n,n)

complex*16 c(n,n)

complex*16 D(n,n)

complex*16 M(n,n)

complex*16 T(n,n), W, W12, W13, W14, tmp, P

complex*16 T1(n,n)

common/detune/deltab,deltac

common/shift/dtt

common/zz/ur, ui

common/sec/it

!adding the eqaution here
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integer i, j, k, it

Real*8 g11, g12, g13, g14, Fc, f

c print *, A, A(1,1) ! no use

! diple moments,

W12 = 0.8

W13 = 0.0

W14 = 0.3

c W13 = 1.00

c W14 = 1.0

d1=0.

! relaxation terms gammas(g) for diagonal and GAMMA for off diagonal(F). Fc is collision

term contribution

g12 =0.

g13 = 0.0

g14 =0.0

g11 = g12 + g13 + g14

Fc = 0.0

F = Fc + g11/2.

dtt = 1.0
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! 0, omega, omega, 0 the hamiltonian matrix

A(1,1)= 0.02

A(1,2)= W12*W(x)

A(1,3)= W13*W(x)

A(1,4)= W14*P(x)

A(2,1)= Conjg(A(1,2))

A(2,2)= 0.03

A(2,3)= 0.

A(2,4)= 0.

A(3,1)= Conjg(A(1,3))

A(3,2)= 0.

A(3,3)= 0.0

A(3,4)= 0.

A(4,1)= Conjg(A(1,4))

A(4,2)= 0.

A(4,3)= 0.

A(4,4)= 0.01

! rho matrix

B(1,1)= Y(1)

B(1,2)= Y(2)

B(1,3)= Y(3)

B(1,4)= Y(4)

B(2,1)= Y(5)

B(2,2)= Y(6)

B(2,3)= Y(7)
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B(2,4)= Y(8)

B(3,1)= Y(9)

B(3,2)= Y(10)

B(3,3)= Y(11)

B(3,4)= Y(12)

B(4,1)= Y(13)

B(4,2)= Y(14)

B(4,3)= Y(15)

B(4,4)= Y(16)

T(1,1)= -g11*B(1,1)

T(1,2)= -F *B(1,2)

T(1,3)= -F *B(1,3)

T(1,4)= -F *B(1,4)

T(2,1)= -F *B(1,2)

T(2,2)= g12*B(1,1)

T(2,3)= 0.

T(2,4)= 0.

T(3,1)= -F *B(1,3) T(3,2)= 0.

T(3,3)= g13*B(1,1)

T(3,4)= 0.

T(4,1)= -F *B(1,4)

T(4,2)= 0.

T(4,3)= 0.

T(4,4)= g14*B(1,1)
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do j=1,n

do i=1,n

tmp = 0.0

do k=1,n

tmp = tmp + A(i,k) * B(k,j)

enddo

C(i,j) = tmp

enddo

enddo

do j=1,n

do i=1,n

tmp = 0.0

do k=1,n

tmp = tmp + B(i,k) * A(k,j)

enddo

D(i,j) = tmp

enddo

enddo

do i=1,n

do j= 1,n

M(i,j)=-ui*(C(i,j)-D(i,j))+T(i,j)

enddo

endd

dy(1) = M(1,1)

dy(2) = M(1,2)

dy(3) = M(1,3)
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dy(4) = M(1,4)

dy(5) = M(2,1)

dy(6) = M(2,2)

dy(7) = M(2,3)

dy(8) = M(2,4)

dy(9) = M(3,1)

dy(10) = M(3,2)

dy(11) = M(3,3)

dy(12) = M(3,4)

dy(13) = M(4,1)

dy(14) = M(4,2)

dy(15) = M(4,3)

dy(16) = M(4,4)

return

end

!end of my addition and need to call subroutine RKGS for the last part solution.

subroutine outp(x, y, dy, ih, n, prmt)

complex*16 y(n), dy(n), ytest, ui, ur, W,P

complex*16 Rh13(3001), na, Ome(3001)

complex*16 Rh14(3001), nb, Rh12(3001)

complex*16 r11(3001), r22(3001), r44(3001)

complex*16 r33(3001)

real*8 prmt(5), x, dx

integer ih, it

common/coh/ Rh13, Rh14, Rh12

common/stirap/ r11, r22, r33, r44
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common/sec/it

c print *, it

c print 100, x, y(1), y(4) , y(6), y(11), Y(16), W(x), P(x+4)

100 format(1x, 15e12.4)

it=it+1

Rh12(it)= y(2)

Rh13(it)= y(3)

Rh14(it)= y(4)

r11(it)= y(1)

r22(it)= y(11)

r33(it)= y(16)

r44(it)= y(6)

return

end

c———————–try—————————-

Complex*16 function W(x)

Complex*16 WW(3001)

Real*8 x, dx, t1, t2, dt1

Integer i, n, k j

Common /field/WW

Common /dt1/dt1

t1 = -20.0

t2 = 30.0
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i= (x -t1)/dt1 +1

c x=t1 +dt*(i-1)

c l = (WW(i+1)-WW(i-1))/(2*dt)

W = WW(i-1)+(WW(i+1)-WW(i-1))/(2*dt1)*(x-(t1+dt1*(i-2)))

return

end

Complex*16 function P(x)

Complex*16 PW(3001)

Real*8 x,dx, t1, t2, dt1, l1

Integer i, n, k j

Common /field2/PW

Common /dt1/dt1

t1 = -20.0

t2 = 30.0

i= (x -t1)/dt1 +1

P = PW(i-1)+(PW(i+1)-PW(i-1))/(2*dt1)*(x-(t1+dt1*(i-2)))

return

end

complex*16 function Wold(t)

complex*16 b

real*8 t, wl, k, z, tau, a
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wl = 0.

k = 0.

z = 0.

tau = 2.

wl1 = 0.

k1 = 0.

z1 = 0.

b=-(0.0,0.9)

a=1.5

Wold =1.6*COS(wl*t-k*z)*exp((-t*t*a/(2*tau)**2)+b*t*t)

return

end

complex*16 function Pold(t)

real*8 t,wl1, k1, z1, tau1, a1

complex*16 b1, ui

ui = (0.0,1.0)

wl1 = 0.

k1 = 0.

z1 = 0.

tau1 = 2.0

b1= (0., 0.9)

a1=1.5

Pold= 4.*COS(wl1*t-k1*z1)*exp((-t*t*a1/(2*tau1)**2)+b1*(t**2))
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return

end

c———————–try ————————— c RKGS, Never touched

SUBROUTINE RKGS(PRM,Y,DERY,NDIM,IHLF,FCT,OUTP,AUX)

complex*16 Y(ndim),DERY(ndim),AUX(8,ndim), r1, r2

real*8 A(4),B(4),C(4)

real*8 PRMT(5),PRM(5), x, xend, h, aj, bj, cj

integer IHLF, NDIM

external FCT, OUTP

DO 41 I=1,5

41 PRMT(I)=PRM(I)

DO 1 I=1,NDIM

1 AUX(8,I)=.06666667*DERY(I)

X=PRMT(1)

XEND=PRMT(2)

H=PRMT(3)

PRMT(5)=0.

CALL FCT(X,Y,DERY)

C

C ERROR TEST

IF(H*(XEND-X))38,37,2

C

C PREPARATIONS FOR RUNGE-KUTTA METHOD

2 A(1)=.5

A(2)=.2928932

A(3)=1.707107

A(4)=.1666667

B(1)=2.
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B(2)=1.

B(3)=1.

B(4)=2.

C(1)=.5

C(2)=.2928932

C(3)=1.707107

C(4)=.5

C

C PREPARATIONS OF FIRST RUNGE-KUTTA STEP

DO 3 I=1,NDIM

AUX(1,I)=Y(I)

AUX(2,I)=DERY(I)

AUX(3,I)=0.

3 AUX(6,I)=0.

IREC=0

H=H+H

IHLF=-1

ISTEP=0

IEND=0

C

C START OF A RUNGE-KUTTA STEP

4 IF((X+H-XEND)*H)7,6,5

5 H=XEND-X

6 IEND=1

C

C RECORDING OF INITIAL VALUES OF THIS STEP

7 CALL OUTP(X,Y,DERY,IREC,NDIM,PRMT)

IF(PRMT(5))40,8,40
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8 ITEST=0

9 ISTEP=ISTEP+1

C

C START OF INNERMOST RUNGE-KUTTA LOOP

J=1

10 AJ=A(J)

BJ=B(J)

CJ=C(J)

DO 11 I=1,NDIM

R1=H*DERY(I)

R2=AJ*(R1-BJ*AUX(6,I))

Y(I)=Y(I)+R2

R2=R2+R2+R2

11 AUX(6,I)=AUX(6,I)+R2-CJ*R1

IF(J-4)12,15,15

12 J=J+1

IF(J-3)13,14,13

13 X=X+.5*H

14 CALL FCT(X,Y,DERY)

GOTO 10

C END OF INNERMOST RUNGE-KUTTA LOOP

C

C TEST OF ACCURACY

15 IF(ITEST)16,16,20

C

C IN CASE ITEST=0 THERE IS NO POSSIBILITY FOR TESTING OF ACCU-

RACY

16 DO 17 I=1,NDIM
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17 AUX(4,I)=Y(I)

ITEST=1

ISTEP=ISTEP+ISTEP-2

18 IHLF=IHLF+1

X=X-H

H=.5*H

DO 19 I=1,NDIM

Y(I)=AUX(1,I)

DERY(I)=AUX(2,I)

19 AUX(6,I)=AUX(3,I)

GOTO 9

C

C IN CASE ITEST=1 TESTING OF ACCURACY IS POSSIBLE

20 IMOD=ISTEP/2

IF(ISTEP-IMOD-IMOD)21,23,21

21 CALL FCT(X,Y,DERY)

DO 22 I=1,NDIM

AUX(5,I)=Y(I)

22 AUX(7,I)=DERY(I)

GOTO 9

C

C COMPUTATION OF TEST VALUE DELT

23 DELT=0.

DO 24 I=1,NDIM

24 DELT=DELT+AUX(8,I)*ABS(AUX(4,I)-Y(I))

IF(DELT-PRMT(4))28,28,25

C

C ERROR IS TOO GREAT
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25 IF(IHLF-10)26,36,36

26 DO 27 I=1,NDIM

27 AUX(4,I)=AUX(5,I)

ISTEP=ISTEP+ISTEP-4

X=X-H

IEND=0

GOTO 18

C

C RESULT VALUES ARE GOOD

28 CALL FCT(X,Y,DERY)

DO 29 I=1,NDIM

AUX(1,I)=Y(I)

AUX(2,I)=DERY(I)

AUX(3,I)=AUX(6,I)

Y(I)=AUX(5,I)

29 DERY(I)=AUX(7,I)

CALL OUTP(X-H,Y,DERY,IHLF,NDIM,PRMT)

IF(PRMT(5))40,30,40

30 DO 31 I=1,NDIM

Y(I)=AUX(1,I)

31 DERY(I)=AUX(2,I)

IREC=IHLF

IF(IEND)32,32,39

C

C INCREMENT GETS DOUBLED

32 IHLF=IHLF-1

ISTEP=ISTEP/2

H=H+H
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IF(IHLF)4,33,33

33 IMOD=ISTEP/2

IF(ISTEP-IMOD-IMOD)4,34,4

34 IF(DELT-.02*PRMT(4))35,35,4

35 IHLF=IHLF-1

ISTEP=ISTEP/2

H=H+H

GOTO 4

C

C RETURNS TO CALLING PROGRAM

36 IHLF=11

CALL FCT(X,Y,DERY)

GOTO 39

37 IHLF=12

GOTO 39

38 IHLF=13

39 CALL OUTP(X,Y,DERY,IHLF,NDIM,PRMT)

40 DO 42 I=1,5

42 PRM(I)=PRMT(I)

RETURN

END
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