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ABSTRACT 

Coherent Control of the Goos-Hänchen Shift 

The coherent control of the Goos-Hänchen (GH) shift has been investigated when 

a probe light is incident on a cavity which contains dispersive atomic medium.  We 

consider different atom-field configurations for the intracavity atomic medium, 

i.e., electromagnetically induced transparency (EIT), Raman gain process and 

double  (duplicated two-level). The sub- and super-luminal pulse propagations 

which correspond to normal and anomalous dispersion, respectively, through a 

dispersive atomic medium can be coherently controlled without changing the 

structure. This is due to the manipulation of group index of the dispersive atomic 

medium via different parameters associated with the driving fields, i.e., intensity, 

detuning and phase shift. In this research thesis, we use these facts and report 

coherent control of the GH shift in the reflected and transmitted light when the 

light is incident on a cavity containing dispersive atomic medium. The positive and 

negative GH shifts in the reflected and transmitted light corresponding to the sub- 

and super-luminal propagation of the pulse, respectively, could be observed.  

We consider a cavity which is consisted of an intracavity medium and two 

dielectric slabs being the walls of the cavity. The thickness of each dielectric slab 

is d1 and length of the intracavity medium is d2, i.e., the total length of the cavity is 

L = 2d1 + d2. A TE-plane polarized probe light is incident on the cavity. We 

consider two types of intracavity media, i.e., three- and four-level EIT atomic 

configuration. Following the EIT configuration of the atom-field system inside the 

cavity, we observe a coherent control of the GH shifts via the intensity and 

detuning of the driving fields. We observe negative and positive GH shift in the 

reflected beam via intensity of the driving fields, however, only positive GH shift 

is observed in the transmitted light. This is due to the fact that the group index of 

the cavity which includes the dielectric slabs and intracavity medium becomes 

negative and positive for the corresponding negative and positive group index of 

the intracavity medium, respectively, however, it remains positive for the 

transmitted light.  
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To reduce the strong absorption during super-luminal propagation of light, we 

suggest a gain-assisted model to control the GH shifts which is experimentally 

more viable scheme. In this scheme, a similar kind of control over sup- and sub-

luminal light propagation can be achieved using three- and four-level atoms inside 

the cavity following one and two-photon Raman transitions. Both atomic systems 

exhibit gain-assisted super-luminal propagation of the light. First we consider 

three-level atomic system and observe a control over GH shift in the reflected and 

transmitted light via probe field detuning and intensity of the control field using 

three-level system. We observe negative GH shifts in the transmitted light and both 

positive and negative GH shift in the reflected light via manipulation of the optical 

susceptibility of the atomic medium. This is again due to the fact that the group 

index of the total cavity remains negative for the transmitted light whereas it could 

be positive and negative for the reflected light. 

Next, we consider four-level atomic system with N-type configuration and study 

the behavior of spatial as well as angular GH shifts for different choices of the 

control field.  

Finally, we consider a duplicated two-level atomic system, which is a degenerated 

double lambda system, inside the cavity and study the GH shift behavior 

corresponding to the super- and sub-luminal propagation of an incident Gaussian-

shaped probe light. The system has a coherent control over the group velocity via 

the phase shift associated with the driving and probe fields and is independent of 

the intensity of the field in the low optical regime. We study influence of the width 

of the incident Gaussian probe light on GH shift and distortion. We observe a 

strong dependence of the GH shift and distortion of the pulse on the width of the 

incident light. 
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CHAPTER 1

Introduction

An incident light is reflected and transmitted at dielectric interfaces. It is well

known that total internal reflection occurs when light is incident from a denser

to a rarer medium and the incident angle becomes greater than the critical an-

gle. According to geometrical optics, for total internal reflection, the point of

contact for incident and reflected light on the interface of two media is the same,

see Fig. 1.1. It was first predicted by Newton [1] and later by Pitch [2] that a

totally reflected light experienced a lateral shift from its position predicted by

the geometric optics, see Fig. 1.2. This may be due to the reason that each

plane-wave components of the light beam undergoes a different phase change.

Here we would like to mention that it is a general opinion that total internal

reflection is an special case of partial reflection.

Earlier, various experiments have proved the existence of a wave in the medium

of lower index of refraction (usually air) [3], however, the intensity of the wave

decreases rapidly and practically disappears within a distance of few wave-

lengths. This shift was first time observed experimentally by Goos and Hänchen

[4] in 1947. Since then a lot of interest has been observed to establish theoretical

models for investigation of related issues and their potential applications. As

mentioned earlier that total internal reflection is a special case of partial reflec-

tion therefore the investigation of the lateral displacement has been extended

to the partial reflection regime [5, 6]. The lateral shift behavior has been studied

1
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with reference to other areas of physics, for example, nonlinear optics, acoustic,

quantum mechanics, plasma physics, acoustics [7] and surface physics [8].

The cause of the shift, in case of total internal reflection could be that for a finite

incident plane wave some energy enters into the other medium on one side of

the beam and comes back into the previous medium on the other side of the

beam. Theoretically, it has been noticed that when light impinges on the in-

terface of two media, i.e., from denser to rarer medium there is a possibility of

existence of surface waves (evanescent wave) in the rarer medium. The basic

idea of an evanescent wave comes from the solution of Maxwell’s equations

at a dielectric-dielectric boundary in the rarer medium where the amplitude

of the evanescent waves decreases exponentially with the distance from the

boundary. The energy of the evanescent waves is transmitted parallel to the

boundary (interface) whereas no net energy flow occurs normal to the bound-

ary. In a condition where the incident angle is equal to the critical angle the

evanescent waves travel only along the boundary and is therefore neither trans-

mitted through the rarer medium nor reflected back to the denser medium. If

the incident angle becomes greater than the critical angle then the direction of

the static Poynting vector of the evanescent wave becomes parallel with the

interface with a complex wave vector. The energy re-emerges into the former

medium and the reflected energy flux is displaced laterally from the geometri-

cal optic path [9]. Further details of the theory related to lateral shift is available

somewhere else [10]. There is another process going on which is instantaneous

exchange of energy between the two media and it occurs continually at each

point of the interface between the two media [11].

After the experimental observation of this lateral shift by Goos and Hänchen,

Artmann [12] proposed a theoretical model which was based on phase shift

measurement associated with the total internal reflection. He used equations of

the Fresnel reflection coefficients and derived expressions to calculate the tiny

lateral shift or Goos-Hänchen (GH) shift in the reflected light for perpendicular

2
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Figure 1.1: Schematics: The total internal reflection

Figure 1.2: Schematics: Lateral or GH shift under the condition of total internal

reflection.

and parallel states of polarizations of the plane wave as

S⊥ =
λsinθ

π
√

sin2θ − 1/n2
, (1.0.1)

S‖ = S⊥
sin2θc

sin2θ − (cos2θ)(sin2θc)
, (1.0.2)

where λ, θ, θc and S represent wavelength, incident angle, critical angle and

lateral shift, respectively, whereas n is the ratio of the refractive index of the

denser to rarer medium. Later, Goos and Hänchen experimentally measured

polarization dependent lateral shift using the Artmann’s theory.

3
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Newton has also mentioned in his famous book "Principia Optic" that the path

followed by the wave inside the rarer medium is parabolic in shape. This as-

sumption was first accepted by Picth [2] on the basis of conservation of energy

and the solutions of Maxwell’s equations.

Later in 1964, Renard calculated a general equation for the lateral shift [10] and

theoretically proved that Artman’s equations were unrealistic for critical angles.

He considered the magnitude of the magnetic vector and time-averaged flux

across the surface and showed that the Artman’s equation was an approxima-

tion that could diverged when the incident angle approached π/2. He pointed

out this approximation as an error in the previous work and gave a new expres-

sion for the lateral shift as under

S⊥ =
λµ(sinθ)(cos2θ)

(µ2cos2θ + sin2θ − n2)
√

sin2θ − n2
, (1.0.3)

where µ is the ratio of the permeabilities of the two medium.

In 1968, Agudin showed that the Artman’s idea about the lateral shift was

equivalent, mathematically, to the solution of total internal reflection by the

phenomenon of time-delayed scattering [13]. In his work, he used the steady-

state Schrödinger wave equation using the collision lifetime of a wave packet.

Then he applied these methods to the relativistic steady-state solutions of Maxwell’s

equations and derived expressions which were identical to Artman’s equation

and also agreed with the experimental observations of the Goos and Hänchen.

The equations which have been derived by Agudin for the delay time T and

lateral shift ∆x (parallel displacement), under the condition of total internal re-

flection, are as follows

T =
nλ(sinθ)(tanθ)

cπ
√

sin2θ − 1/n2
, (1.0.4)

∆x =
λsinθ

π
√

sin2θ − 1/n2
, (1.0.5)

respectively.

In 1970, Horowitz and Tamir carried out a detailed analysis of the lateral shift

[14]. They pointed out that there were irregularities in the models when the

4
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angle of incidence was very close to the critical angle. They precisely addressed

these irregularities in the model, i.e., the angular deviation of the beam spread

created a maximum shift which was dependent upon the beam width. They

also showed that the maximum lateral shift was proportional to the square root

of width of the beam.

In another study, de Broglie and Vigier [15] presented new experimental results

for the lateral shift by considering nonzero photon mass. The study was re-

lated to observations made by Imbert [16] to test predictions and observations

of Goos and Hänchen by reflecting beam near the total reflection angle con-

tradicts classical and quantum predictions for the longitudinal displacements

of linearly polarized incident plane waves. They observed that these could be

simply interpreted as a Stern-Gerlach type of measurement of the photon spin,

provided the photon has a nonzero rest mass. They derived expressions for the

lateral shift for both transverse and longitudinal waves as

S‖ = −2(tan−1)

√

sin2θ − 1/n2

cosθ/n2 , (1.0.6)

S⊥ = −2(tan−1)

√

sin2θ − 1/n2

cosθ
. (1.0.7)

However, their results were dependent on the mass of photon and not on the

amplitude of a photon.

Angular spectrum approach to GH shift is also a standard approach [17] which

is usually used for analyzing wave propagation. This applies to the electromag-

netic field in a half space which is selected for a region z ≥ 0 bounded by the

z = 0 plane. As the electric field in the half space can be written in the form of

plane wave as ei(kxx+kzz), where kx and kz are the components of wave vector k

and can be written down as

k2 = k2
x + k2

z, (1.0.8)

or

kz =
√

k2 − k2
x. (1.0.9)

It is clear from the above equations that for |kx| ≤ k the waves are homoge-

neous and propagate from z = 0 plane, however, the waves are not homoge-

5
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neous when |kx| > k. In the latter case, the waves are evanescent waves and

propagate along the z = 0 plane while their amplitudes decrease exponentially

with increasing z.

To explain the angular spectrum method we consider the electric field E(x, 0)

in the plane z = 0 then the angular spectrum B(kx) can be defined as

B(kx) =
1

2π

∫

E(x, 0)e−ikxxdx. (1.0.10)

Conversely, the electric field can be written in the form of angular spectrum

approach at any point in the half space as

E(x, z) =
∫

B(kx)ei(kxx+kzz)dkx. (1.0.11)

In early 1970, people considered a Gaussian beam to study the behavior of the

lateral shift. This is due to the fact that a Gaussian beam can give a precise

measurement and also enhances the lateral shift. Researchers used an incident

Gaussian light beam to measure the lateral shift using angular spectrum ap-

proach under the condition of total internal reflection. On the basis of angular

spectrum approach, Tamir and Bertoni [18] used a Gaussian beam of light inci-

dent on a periodic structure and observed a large lateral shift when the angle of

incidence was approximately equal to the critical angle. In this work, they also

observed some distortion in the reflected light. Later, McGuirk and Carniglia

[19] observed lateral shift by using the concept of angular spectrum representa-

tion. In his work, they showed that their results were well consistent with that

of Artman’s equation.

Earlier, Horowitz et al. [14] used an approximated and collimated beam source

to calculate the lateral shift. Similarly, McGuirk and Carniglia [19] considered

an incident angle greater than the critical angle. Later, Kozaki and Sakurai [20]

used a Gaussian light beam incident at a dielectric interface and calculated the

expression for lateral shift for arbitrary wavelengths and incident angles with-

out invoking any approximations, i.e.,

S =
λsinθ

2π
√

n2sin2θ − 1
. (1.0.12)

6
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Figure 1.3: Schematics representation of negative GH shift

In all the studies mentioned above, the behavior of lateral shift was investigated

for non absorbing media and only positive shifts were observed. In 1982, Wild

and Giles [21] considered an absorbing medium and investigated the behavior

of the lateral or GH shift. In that scheme, the behavior of a lateral (GH) shift was

studied for all incident angles of the light when it was incident from vacuum

onto an absorbing medium surface. In that scheme, a negative lateral shift was

observed. Similarly, Puri and Pathanayak [22] studied the phenomenon of GH

shift in a spatially dispersive medium. They studied the behavior of the wave

propagation through dispersive semiconductor media, e.g., GAs, and observed

negative shifts. A similar dispersive medium was used by Puri and Berman [23]

in 1985 while using an incident Gaussian light beam to obtain a negative lateral

shift. This was a major observation that not only positive but negative lateral

shift could be observed depending on the choice of medium. However, there

was still a drawback that in all of these investigations, different structures were

considered to observe positive and negative GH shift, separately. As a matter of

fact, in none of these schemes both positive and negative GH shift could be ob-

served using a fixed device. A breakthrough was observed in 1986 when Tamir

[5] explored the idea of multi-layered structure and using an incident Gaussian

light beam both positive and negative GH shifts were observed in a fixed struc-

ture. Also until 1992, the experimental evidence of GH shift was limited to a

small number of photographic results. In 1992, Bretenaker et al. [24] measured

the GH shift for incident angle below and above the critical angle. In this tech-

7
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nique [24], large values of wavelength were allowed and measured the GH shift

directly for a single reflection. It is to be noted that no direct measurement of

the GH shift was done previously for a single reflection.

In 2002, Berman [25] used a negative refractive medium with permittivity and

permeability both being negative, i.e., ε < 0 and µ < 0, respectively, and ob-

served negative GH shift. In this report, Berman calculated the GH shift under

the condition of total internal reflection. The concept of negative energy flow

in the negative refractive medium was employed. According to this concept,

the phase velocity of light in a negative refractive medium is always opposite

to the energy flow. Therefore, the wave vector and Poynting vector are oppo-

site to each other. Berman considered the phase shift ϕr associated with the

reflection coefficient [12] under the condition of total internal reflection and cal-

culated the expression for shift measurement, i.e.,

S = −k−1sinθdϕr/dky. (1.0.13)

The above equation after incorporating the concept of opposite energy flow

takes the form as

S =
2(1 − µ2ε2/µ1ε1)|µ2/µ1|sinθ

k[(µ2/µ1)2cos2θ + sin2θ − µ2ε2/µ1ε1]
√

sin2θ − µ2ε2/µ1ε1

, (1.0.14)

where µ1 and ε1 (µ2 and ε2) are the permeability and permittivity of a right-

handed (left-handed) medium, respectively. In another scheme, Shadrivov et

al. [26] considered a negative refractive medium and obtained large negative

GH shift in the reflection. They also measured the parameters of a negative re-

fractive medium. This negative GH shift has not only been observed in reflected

beam but Kong et al. [27] also obtained negative GH shift in the transmitted

beam as well when a Gaussian-shaped beam is incident on a grounded slab

(negative refractive medium). In 2003, a novel phenomenon has been reported

[28] where the transmitted light through a dielectric slab in air experiences the

negative lateral shift from the position predicted by geometrical optics, accord-

ing to Snell’s law of refraction. Further, it has been noticed that using the same

configuration a negative shift in the reflected beam can also be observed.

8
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It is worthwhile to mention here that initially the interest in studying GH shift

was due to its fundamental nature, however, recently, certain applications of

GH shift have been noted. For example, optical heterodyne sensors [29] which

can measure the beam angle, displacement, temperature, refractive index, and

film thickness via the GH shift in the polarization phase domain. The sensitiv-

ity to the measurement of the above quantities is high, and the dynamics range

in this sensor is large. Further, the method of measurement in this sensor is very

simple and secure. Therefore, these sensors could be used for industrial appli-

cations. Also the phenomenon of the GH shift can be used for differentiation of

permittivity ε and permeability µ of the materials [30], i.e., the measurement of

GH shift distinguishes whether the material is left-handed (negative permitiv-

ity and permeability) or right-handed (positive permitivity and permeability).

Another application of the GH shift is the surface plasmon resonance devices

[31] in which precise positive and negative GH shifts were observed on surface

plasmon resonance with approximately 50 nm thick film of Au. Further, it can

probe irregularities, roughness, etc. on the surface of an isotropic spatially dis-

persive medium [32]. These applications further strengthen the need for con-

trol of GH shift in a fixed structure. Although a number of schemes to study

GH shift behavior in reflected and transmitted light have been suggested, any

scheme which deals in control and manipulation of the GH shift using a fixed

configuration or device seems to be more appropriate.

In 1997 [33], the optical tunneling times associated with total internal reflection

has been investigated experimentally when a light beam is incident on a cavity

like structure. In this experiment it has been considered that a light beam im-

pinges from a dielectric glass medium onto an air slab. The tunneling occurs

in the z direction, while evanescent waves propagate along the interface as de-

scribed earlier. The point of incident is not equal to the point of reflection and

thus shift occurs which exhibits a lateral shift.

As all the above mentioned schemes were based on classical description and

none of those were able to give a coherent control over the GH shift behavior

9
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therefore it is of interest to employ quantum mechanical treatment to achieve a

coherent control of the GH shift. The reason being, it has already been observed

that the susceptibility of the intracavity medium can be manipulated via coher-

ent driving fields [34]. Recently, a scheme has been suggested for control of

the GH shift by modifying the susceptibility of a two-level atomic medium in a

fixed structure [35].

In this thesis, certain schemes are proposed in a cavity to control GH shift be-

havior in reflected and transmitted light without changing the structure of the

medium. These schemes are based on Electromagnetically Induced Transparency

(EIT), Raman Gain Process (RGP) and a special case of double lambda atom-field

configurations for an intracavity atomic medium and the coherent control on

GH shift could be obtained via intensity, detuning and phase associated with

the driving fields. We consider a cavity having two dielectric walls and intra-

cavity atomic medium. Our proposed cavity is similar as used earlier for total

internal reflection [33]. The dielectric walls of our cavity always remains denser

than the intracavity atomic medium and most of light is reflected to the denser

medium and a part is transmitted.

The thesis is organized as follows.

In chapter 2, the role of optical susceptibility of the atomic medium on it’s dis-

persion properties accompanied by absorption/gain profile has been discussed

for different atom-field configurations. The main focus is on understanding the

background of coherent control of the GH shift due to modification of suscep-

tibility of the atomic medium.

In chapter 3, three- and four-level atom-field EIT configurations for intracavity

atomic media have been considered [34, 36]. As the manipulation of the group

index of the atomic medium using control of the intensity and phase associated

with the driving fields can lead to super- and sub-luminal wave propagation

corresponding to the negative and positive group index of the atomic medium,

respectively. Therefore, we expect a coherent control over negative and positive

GH shifts corresponding to the reflected and transmitted light. In the case of

10
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three-level atomic system the light may undergo a strong absorption during the

super-luminal propagation through the medium. However, the absorption of

light can be reduced if three-level intracavity atomic medium is replaced with

four-level atomic system [36]. These schemes lead to a coherent control of the

GH shift using intensity and phase associated with the driving fields without

changing the structure of the device.

The GH shifts in EIT based schemes, however, are accompanied by some un-

desirable absorption, no matter how small it is, of the light inside the atomic

medium during its propagation. In chapter 4, a scheme based on RGP has been

suggested to control negative and positive GH shift in the reflected and trans-

mitted light. The motivation comes from an earlier work where a three-level

atomic medium has been used to obtain gain-assisted super-luminal light prop-

agation [37, 38]. Using this scheme, control over negative and positive GH shift

in the reflected and transmitted light beam could be obtained via the anomalous

and normal dispersion of the medium using manipulation of the detuning as-

sociated with the probe light field which interacts with the intracavity medium

during its propagation through the cavity. Another four-level scheme based on

RGP where two photon Raman transition occurs has also been considered for

the control the GH shift. This scheme has been investigated earlier for the obser-

vation of large negative group index of the medium [39]. The above mentioned

schemes, i.e., EIT and RGP, are based on the fact that the incident light is a plane

wave and the results and analysis have been done using stationary-phase the-

ory [35]. In the RGP case, a Gaussian-shaped incident probe light beam having

a finite width (w is the half width) has been considered and it has been reported

that the results of the GH shifts behavior based on stationary-phase theory and

incident plane wave are still valid when the incident beam is a Gaussian beam

with some finite width w. It is worth to mentioning that the RGP based schemes

are experimentally more viable.

In chapter 5, another atom-field system has been considered for the intracavity

medium where in each atom follows a double Λ [40] configuration. Here the

11
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manipulation of the optical susceptibility of the intracavity medium has been

done via the phase associated with the electromagnetic fields, and this is inde-

pendent of the intensity of the fields. A coherent control of the GH shifts can

again be observed in the reflected and transmitted light beams. In this case

Gaussian-shaped incident light has been considered and the behavior of GH

shift and distortion in the reflected and transmitted light has been investigated

for different widths of the incident Gaussian light.

Finally, in chapter 6, the summary of the research is presented.

12



CHAPTER 2

Role of optical susceptibility on the

Goos-Hänchen shift

As per our knowledge, there are very few research proposals which have been

reported on the tunability of the GH shift without changing the structure of the

system. However, for potential applications the control of behavior of the GH

shift in a fixed structure is more appropriate. This objective could be achieved

using some external parameters, e.g., intensity, detuning and phase associated

with the driving fields.

In 2008, the tunability of the GH shift using self collimated beams in two di-

mensional photonic structure has been described [41]. Here, a method has

been developed for control of the GH shift in the reflected beam via modifi-

cation in the surface of a two-dimensional photonic crystal using addition of

a nonlinear material in the surface layer. The method exhibits optical tunabil-

ity and intensity-dependent control of the GH shift. During the same period,

the tunability of the GH shift for ballistic electrons has been studied in a two-

dimensional electron gas which has been modulated by metallic ferromagnetic

stripes with anti parallel and parallel magnetization configurations [42]. The

control of negative and positive GH shifts has also been noticed by adjusting

the electric potential and the strength of the magnetic field. In 2009, the tun-

ability of the GH shift has also been investigated by using a prism waveguide

13
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coupling system with a nematic liquid slab [43]. In the proposed system, the

negative and positive GH shifts on reflection have been controlled by adjusting

the rotation angle and also by altering the incident angle.

Recently, a quantum mechanical approach has been incorporated to control

negative and positive GH shifts in the reflected and transmitted light beams

when a probe light is incident on a cavity containing a two-level atomic medium

[35]. In this scheme, the reflected probe beam suffers a large negative shift near

the resonant condition of the cavity, while the transmitted probe beam suffers a

positive shift. The dependence of the lateral shifts on the control beam strength

is due to the fact that the linear susceptibility of the intracavity medium varies

with strength of the driving fields. This variation modifies the resonant con-

dition of the cavity and therefore the manipulation of the control beam on the

lateral shifts could be observed.

The idea of using this new approach has emerged out of some earlier studies

where it has been observed that the dielectric properties of an atomic medium

can be modified by some external control. For example, Scully has proposed the

idea that enhancement of refractive index could be achieved along with vanish-

ing absorption by preparing atoms in a coherent superposition state [44]. He

has investigated the dispersion and absorption properties of the atomic system

in a Λ-type atomic system following quantum beat laser configuration and ob-

served a large refractive index with zero absorption. Since then several other

schemes have been suggested using different systems [45] for the enhancement

of refractive index of an atomic medium via modification of optical suscepti-

bility of the medium. In 1993, a simple two-level atomic medium has been

considered by Quang and Freedhoff [46] to study behavior of the optical sus-

ceptibility χ of the atomic medium which is derived by a strong external field.

The real and imaginary parts of susceptibility χ reflect dispersion and absorp-

tion (gain) properties of the medium through which the light is propagating. A

large refractive index along with minimal absorption during light propagation

through the atomic medium has been observed. This quantum mechanical ap-
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proach to control the GH shift opens new frontiers to the researchers and this is

the main focus in the following discussion.

It is well known that the modification of optical susceptibility χ could also be

achieved in a dispersive atomic medium containing three-level atoms in an EIT

configuration [34]. In this configuration a Λ-type atom-field interaction is con-

sidered where upper-level is coupled to a lower- and an intermediate-level via

probe and driving field, respectively. For nonzero driving field, normal disper-

sion could be observed with two absorption peaks. However, the dispersion

becomes anomalous along with strong absorption of the probe beam when the

driving field is zero. The susceptibility χ is related to the refractive index of the

medium and can be written down as

n =
√

1 + χ. (2.0.1)

To minimize the absorption of light inside the medium during its propaga-

tion for anomalous dispersion, a four-level EIT atomic system has been con-

sidered by Saharai et al. [36]. Here, the susceptibility of the atomic system has

been modified via the relative phase and intensities associated with the driving

fields. The accompanying absorption of the light for anomalous dispersion has

also been reduced.

It has been reported that the susceptibility could also be experimentally mod-

ified using the condition of Raman gain process [37, 38]. In this model, super-

luminal pulse propagation has been observed when the probe light is propa-

gated through a medium consisted of Cs(Cesium) atoms with three-level Λ-

type configurations. The atom-field interaction corresponding to two Raman

pump fields having slightly different frequencies leads to a Raman photon tran-

sition. Anomalous dispersion has been observed with gain in a probe field

propagating through the atomic medium. Later, four-level atomic medium

with N-type atom-field configuration has been considered to study the response

of the optical susceptibility of an atomic medium with changing control field

[39]. The atom-field configuration utilizes three fields, i.e., pump, probe and

control fields. Two photon Raman transition takes place, and in the absence of
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control field, a single gain peak could be observed at the central frequency of

the probe light with corresponding normal dispersion. As soon as the control

field is switched on the normal dispersion becomes anomalous and single gain

peak splits into two gain peaks. These RGP based schemes are experimentally

more viable to obtain super- and sub-luminal wave propagation.

Recently, coherent control of the optical susceptibility of the medium has been

studied for duplicated two-level atomic system, which is a special case of dou-

ble Λ atomic system [47]. The noticeable point for this system is that, for low

optical regime, the optical susceptibility becomes independent of the strength

of the driving fields and the response of the optical susceptibility could only be

modified via the phases associated with the fields.

As mentioned earlier, in a quantum mechanical approach the response of the

atomic medium could be controlled using external parameters associated with

the driving fields which motivated Zubairy and co-workers to suggest a scheme

to control negative and positive GH shifts in the reflected and transmitted light

beams when a probe light is incident on a cavity containing two-level atomic

system [35]. In this scheme, coherent control of the GH shift has been inves-

tigated using response of the optical susceptibility of the medium for differ-

ent choices of the intensity and detuning of the driving field. A TE-polarized

probe beam has been considered which is incident from vacuum upon a cav-

ity making an angle θ with the plane of incidence. As the permitivity ε2 of the

intracavity medium is related to the susceptibility χ via relation ε2 = 1 + χ,

therefore the permitivity of the intracavity medium depends on frequency of

the probe field. In this system, a large off-resonant interaction of the probe field

with the corresponding atomic transition has been considered. Further, a non

dispersive region has been considered to control the negative and positive GH

shifts in the reflected and transmitted light beams. However, it is instructive

to study the control of negative and positive GH shifts in the dispersive region

of the medium, i.e., centered at and around the frequency corresponding to the

resonant interaction of the probe field with the atomic transition.

16



CHAPTER 2: ROLE OF OPTICAL SUSCEPTIBILITY ON THE GOOS-HÄNCHEN
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The control of group velocity of light pulse during its propagation through dis-

persive atomic medium has already been demonstrated experimentally, i.e.,

slow propagation and fast propagation where group velocity is much lower

[48] and higher [37, 38] than speed of light in vacuum, respectively. Fast (super-

luminal behavior) and slow (sub-luminal behavior) light correspond to the neg-

ative and positive group indexes of the medium, respectively, and a single

knob is sufficient to control it via electromagnetically induced transparency

[34, 36, 44, 49] and Raman gain process [37, 38, 39]. The knob may be the inten-

sity and the phase associated with the driving fields and detuning of the probe

field.

The positive or negative GH shift in the reflected and transmitted light may

correspond to the positive or negative group index of the medium, respectively.

Therefore, a relevant question arises as to whether one can observe the GH

shift via super- and sub-luminal wave propagation of light through a dispersive

atomic medium via EIT and Raman gain process? This may result in obtaining

negative as well as positive GH shifts in the reflected and transmitted light

without changing the structure of the medium.

The main focus of the present research dissertation is to investigate coherent

control of the GH shift in the reflected and transmitted light in a fixed structure

using an intracavity atomic medium following EIT, RGP and double Λ configu-

ration. The proposed schematic is consisted of a cavity having two walls made

up of some dielectric material and an intracavity dispersive atomic medium.

The light is incident from vacuum on the cavity making an angle θ with nor-

mal. As described earlier, the super- and sub-luminal propagation of light in-

side a three- or four-level atomic medium could be coherently controlled via

strength and phase of the driving fields [34, 36, 39], probe field detuning [37, 38]

and the relative phase of the driving fields [40]. A similar control of the GH

shifts is hereby expected using these atom-field configurations for the intracav-

ity atomic medium.

Initially, we consider a plane-wave incident on a cavity containing dispersive
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intracavity atomic medium with EIT configuration. We consider stationary

phase theory [12] and narrow angular spectrum approach [35]. Subsequently

the control of the GH shift in the reflected and transmitted light beams is in-

vestigated for super- and sub-luminal propagation of light. Next, the coherent

control of the GH shifts is studied for the case when a plane wave is replaced

by an incident Gaussian-shaped beam. For a Gaussian beam, the influence of

width on the behavior of GH shift is also investigated. The Gaussian pulse may

undergo a distortion in its shape after reflection or during transmission, there-

fore the distortion in reflected and transmitted light for negative and positive

GH shift is also studied.
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CHAPTER 3

Coherent control of the

Goos-Hänchen shift via

Electromagnetically Induced

Transparency

3.1 Introduction

In the previous chapters, it has already been described that since the exper-

imental observation of Goos and Hänchen in 1947 [4] a lot of schemes have

been proposed by several researchers to investigate the behavior of GH shift

in different structures [10, 18, 21, 22, 25, 50, 51]. It has also been discussed

that in all these schemes, the positive and negative GH shifts have been stud-

ied by changing the structure, i.e., for positive shift right-handed medium has

been used whereas for negative shift one has to replace the medium with a left-

handed or weakly absorbing medium. However, due to fundamental nature

of the problem and also use of the lateral shift behavior in certain applications

[29, 30, 31, 32] it is more instructive to get a control of the GH shift without

changing the structure of the medium. In the past, it has been observed that the

optical susceptibility of the medium can be modified by using different param-
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Figure 3.1: (a) Light beam incident on a cavity consisted of three layers, i.e., two

dielectric slabs each having a thickness d1 and intracavity medium

of length d2. (b) Schematics of Febry-Perot cavity

eters of the driving fields [34, 44, 49]. On the basis of these schemes, recently,

the control of the GH shift has been obtained via modification of the optical

susceptibility of a two-level atomic medium inside a cavity [35].

It is now well-known that super- and sub-luminal propagation of light pulses in

a dispersive atomic medium corresponding to the anomalous and normal dis-

persion of the medium, respectively, can lead to negative and positive group

index of the medium. Using EIT configurations, this manipulation of the group

index could be achieved via some external knobs, i.e., intensity, detuning and

phase associated with the coherent driving fields [34, 36]. In this chapter, we

address a relevant question, i.e., whether it is possible to control the negative

and positive GH shifts corresponding to super- and sub-luminal wave prop-

agation using EIT atomic configuration without changing the structure of the

medium.

We consider a cavity which is consisted of a dispersive atomic medium as in-

tracavity medium of length d2 and two dielectric slabs as walls of the cavity

each having thickness d1. The length of the cavity is L = 2d1 + d2. Light is

incident on one of the walls of the cavity from vacuum making an angle θ with

z-axis, as shown in Fig. 3.1(a). The light enters the cavity and reflection takes

place from each of the dielectric slab of the cavity. The interference occurs due

20



CHAPTER 3: COHERENT CONTROL OF THE GOOS-HÄNCHEN SHIFT VIA
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to multiple reflections and maximum (minimum) transmission occurs for con-

structive (destructive) interference. The cavity is exhibiting like a Fabry-Perot

cavity, see Fig. 3.1(b). The positive and negative lateral (GH) shifts can occur in

the reflected and transmitted light.

As described in chapter 2, the super- and sub-luminal wave propagation in

three- or four-level EIT medium can be manipulated via the intensity of the

driving fields [34, 36]. We expect a similar control over GH shift in the reflected

and transmitted beam. Here we emphasize that the negative and positive GH

shifts in the reflected and transmitted probe light beam incident on the cavity

correspond to the negative and positive group index of the cavity.

3.2 Model

Consider a TE-polarized probe beam Ep with angular frequency ωp is incident

on a cavity making an angle θ with the z- axis, as shown in figure 3.1. The cavity

consists of three-layers, i.e., 1, 2 and 3 as shown in the schematic. Layer 1 and

3 are the walls of the cavity made of some dielectric materials with thickness

d1 each and permitivity ε1, whereas layer 2 is the intracavity atomic medium

having thickness d2 and permitivity ε2. A beam of light is incident on the cavity

from vacuum ε0 = 1 making an angle θ with z-axis. The intracavity medium

consists of three- or four-level atoms and strong driving fields are applied to

obtain required EIT configurations as described in [34, 36] .

The incident probe light beam is reflected back or transmitted through the cav-

ity and a possible lateral shift can occur. Considering that the incident light

beam has a large width, i.e., narrow angular spectrum, ∆k << k and the sta-

tionary phase theory is employed for calculation [12, 52], the lateral or GH shift

in the reflected and transmitted light beam can be calculated as

Sr,t = − λ

2π

dφr,t

dθ
, (3.2.1)

where φr,t is the phase associated with the reflection and transmission coeffi-
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cients, i.e., r and t, respectively.

More explicitly, the GH shift can be expressed in the following form [35]

Sr = − λ

2π|r|2 (Re[r]
dIm[r]

dθ
− Im[r]

dRe[r]
dθ

), (3.2.2)

and

St = − λ

2π|t|2 (Re[t]
dIm[t]

dθ
− Im[t]

dRe[t]
dθ

). (3.2.3)

From the above equations, it is clear that the reflection and transmission coeffi-

cients corresponding to the three-layer stratified medium (cavity) are required

to calculate the GH shift Sr,t.

To find these coefficients, we follow the characteristic matrix approach [53] and

consider that the propagation of the input and output electric field in a stratified

medium can be related to each other via a transfer matrix approach as follows

Mj(ky, ωp, dj) =





cos(kj
zdj) isin(kj

zdj)/qj

iqjsin(kj
zdj) cos(kj

zdj)



 ,

where kj
z = k

√

εj − sin2θ is the z-component wave number, k = ω
c in vacuum,

c is the speed of light, qj = kj
z

k , dj is the thickness and j represent the jth layer of

the medium. In our case, we have three layers; 1 and 3 are the cavity walls, and

2 is the intracavity medium. The total transfer matrix for the cavity is given by,

Q(ky, ωp) = M1(ky, ωp, d1)M2(ky, ωp, d2)M1(ky, ωp, d1), (3.2.4)

where each M1(ky, ωp, d1), M2(ky, ωp, d2) and M1(ky, ωp, d1) is a unimodular

matrix. The matrix Q(ky, ωp) is therefore also unimodular.

The reflection and transmission coefficients are therefore calculated using the

equation as

r(ky, ωp) =
cosη(q2

0 − q2
1)q1q2sin2δ + Asinη

q1q2cosη[2iq0q1cos2δ + (q2
0 + q2

1)sin2δ] + B
, (3.2.5)

and

t(ky, ωp) =
2iq0q2

1q2

q1q2cosη[2iq0q1cos2δ + (q2
0 + q2

1)sin2δ] + B
, (3.2.6)
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where

A = [q2
1(q2

0 − q2
1)cos2δ + (q4

1 − q2
0q2

2)sin2δ],

B = [q2
1(q2

0 + q2
1)cos2δ − (q4

1 + q2
0q2

2)sin2δ − iq0q1(q2
1 + q2

2)sin2δ]sinη,

and q0 = kz/k, kz and ky be the z and y-components of the wave number in free

space, respectively, whereas

δ = d1k
√

ε0 − sin2θ, (3.2.7)

η = d2k
√

ε2 − sin2θ. (3.2.8)

The permitivity ε2 of the intracavity medium is related to the susceptibility χ

via the following relation as

ε2 = 1 + χ, (3.2.9)

and χ can be written in its real and imaginary parts as

χ = χ1 + iχ2, (3.2.10)

where χ1 and χ2 are the real and imaginary parts of the susceptibility χ, respec-

tively. The real and imaginary parts give the dispersion and absorption prop-

erties of the intracavity medium, respectively. Further, this leads to the manip-

ulation of the intracavity medium by using the coherent control of the strong

driving fields to get super- and sub-luminal wave propagation [34, 36, 39, 54].

It is obvious from equations (3.2.5) and (3.2.6) along with expressions (3.2.7) and

(3.2.8) that the reflection and transmission coefficients depend on the permitiv-

ity ε1 and ε2. The reflection and transmission coefficients also depend upon the

thickness d1 of the cavity walls, incident angle of the probe light beam θ, and d2

which is the thickness of the intracavity medium. Further, from 3.2.9 the per-

mitivity ε2 of the intracavity medium is related to the susceptibility χ, which

clearly show that the reflection and transmission coefficients depend upon the

susceptibility χ of the intracavity medium. As a result, the GH shift in the re-

flected and transmitted probe light also depends on ε1, ε2, d1, d2, χ and incident

angle θ, see Eqs. (3.2.2) and (3.2.3) .
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Another important parameter that we discuss here is the group index of the

medium which is directly related to the super- and sub-luminal behavior of the

light propagation through the medium. It is calculated for the atomic medium

inside the cavity by using the real part of the susceptibility [36, 39, 54]. The

group index is negative for super-luminal and positive for sub-luminal wave

propagation through the medium. Here, it is emphasized that the group index

corresponding to the total cavity, including the walls and intracavity medium

may be different from the group index of the intracavity medium alone. There-

fore, it is useful to investigate behavior of the GH shift in the reflected and

transmitted light depending on the group index of the total cavity correspond-

ing to super- and sub-luminal wave propagation.

Here, the total thickness of the cavity is L = 2d1 + d2. The group index of the

total cavity can be calculated by using the relation between the group velocity

vg and group delay time τg. Now we can write down the expression for the

group delay corresponding to the reflected and transmitted beam as

τr,t
g =

L
vr,t

g
, (3.2.11)

where r, t represents the reflection and transmission parts of the incident light

beam. The group delay time in the reflected and transmitted probe light beam

further can be defined as [55]

τr,t
g =

∂ϕr,t

∂ωp
. (3.2.12)

Moreover, the group index can be defined as the ratio of c (speed of light in

vacuum) to the group velocity vg and can be written in the following form as

[55]

Nr,t
g =

c
vr,t

g
≈ 1

L
dϕr,t

dωp
. (3.2.13)

It is clear from Eq. (3.2.13) that the group index of the total cavity depends upon

the width or thickness of the cavity and derivative of the phase associated with

the reflected or transmitted of the probe light beam with respect to probe field

frequency. Here, we expect positive GH shift for positive group index of the

total cavity and vice versa.
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3.3 Analysis of the GH shift using three-level EIT

medium in a cavity

As it has been described in the previous section, we calculate the susceptibil-

ity of the intracavity medium which is required to calculate the GH shift in

the reflected and transmitted light beams, see Eqs. (3.2.2) and (3.2.3). In the

following, we consider the intracavity atomic medium consisted of three-level

atoms. We consider that each atom inside the cavity having energy-levels |a〉,
|b〉, and |c〉 follows an EIT atom-field configuration. A strong driving field with

frequency νd couples the atomic transition |a〉 to |c〉 and another weak probe

field with frequency νp and detuning ∆p is applied to the atomic transition be-

tween |a〉 and |b〉, see Fig. 3.2. Here the strong driving field is resonant with the

atomic transition.

The total Hamiltonian for the corresponding system can be written down as

H = H f + Hi, (3.3.1)

where H f and Hi are the free and interaction parts of the Hamiltonian, respec-

tively. Further the free and interaction parts of the total Hamiltonian can be

written as

H f = Ea|a〉〈a|+ Eb|b〉〈b| + Ec|c〉〈c|, (3.3.2)

where Ei = h̄ωi with i = a, b, c and

Hi = − h̄
2
(Ωde−iνdt|a〉〈c|+ Ωpe−iνpt|a〉〈b|+ H.c), (3.3.3)

where Ωd and Ωp be the Rabi frequencies corresponding to the strong driving

and weak probe fields, respectively.

The interaction picture Hamiltonian for this atom-field system, under rotating-

wave and dipole approximation, can therefore be written as

V = − h̄
2
(Ωd|a〉〈c|+ Ωpe−i∆pt|a〉〈b|+ H.c) (3.3.4)
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Figure 3.2: Energy-level configuration of three-level EIT medium [34].

Next to obtain expression for the linear susceptibility χ, we need to calculate

the density matrix element ρab. It can be calculated by employing certain per-

turbation approximations, i.e., first order in the probe field (weak field) and all

orders in the driving field (strong field) which implies that |Ωd| is much greater

than |Ωp|. The corresponding rate equations for density matrix elements can

therefore be written as

ρ̇ab = −γ1ρab +
i
2

Ωdρcb +
i
2

Ωpe−i∆pt(ρbb − ρaa), (3.3.5)

ρ̇cb = −γ3ρcb +
i
2

Ωdρab −
i
2

Ωpei∆ptρca, (3.3.6)

ρ̇ca = −γ2ρca +
i
2

Ωd(ρaa − ρcc) −
i
2

Ωpei∆ptρcb, (3.3.7)

where γ1 and γ2 are the decay rates from |a〉 to |b〉 and |c〉, respectively, ∆p =

νp − ωab, whereas γ3 is the decay rate from |c〉 to |b〉.

Using the definition of dielectric polarization P = χε0Ep and following the

density matrix approach [34] the real and imaginary parts of the dielectric sus-

ceptibility of the intracavity medium are calculated as

χ1 =
4β∆p[Ω2

d − 4(γ2
1 + ∆2

p)]

16(γ2
1 + ∆2

p)(γ2
3 + ∆2

p) + 8(γ1γ3 − ∆2
p)Ω2

d + Ω4
d

, (3.3.8)

and

χ2 =
4β[4γ3(γ2

1 + ∆2
p) + γ1Ω2

d]

16(γ2
1 + ∆2

p)(γ2
3 + ∆2

p) + 8(γ1γ3 − ∆2
p)Ω2

d + Ω4
d

, (3.3.9)
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where the parameter β can be defined as

β =
N|℘ab|2

ε0h̄
, (3.3.10)

where N is number density and ℘ab is the dipole matrix element between the

transition |a〉 and |b〉.

3.3.1 Results and Discussion

We start our discussion by considering that a light beam is incident from vac-

uum ε0 = 1 on a cavity having three-level EIT [34] medium and makes an angle

θ with z-axis, as shown in Fig. 3.1. We discuss the behavior of the GH shift

in the reflected and transmitted probe beams for sub- and superluminal wave

propagation. As reported by Zubairy and Scully [34], the intracavity medium

behaves as transparent for the probe beam when ∆p = 0 and for nonzero driv-

ing field, i.e., Ωd 6= 0. This behavior is well-known and is called EIT. Using the

concept of group index, the dispersion properties of the intracavity medium be-

have as slow group velocity or sub-luminal behavior of the probe beam. How-

ever, this slow light (sub-luminal behavior) becomes fast light (super-luminal

behavior) along with strong absorption of the probe beam when the driving

field is zero.

Figure 3.3: The real (solid) and imaginary (dashed) parts of the optical suscepti-

bility χ of three-level atomic medium versus probe field detuning ∆p

for (a) Ωd = 0 and (b) Ωd = 5γ. The other parameters are γ=1MHz,

γ1 = γ, γ3 = 10−8γ, β = γ [34].
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ELECTROMAGNETICALLY INDUCED TRANSPARENCY

Figure 3.4: Plot of GH shifts corresponding to reflected (dashed curve) and

transmitted (solid curve) beams versus incident angle θ of the probe

beam ranging from 0 to 1.57 radian for three-level EIT medium: (a)

Ωd = 0, (b) Ωd = 5γ. The inset shows the enlarged view ranging

from 0 to 1 radian. The other parameters are γ1 = γ = 1MHz,

β = 5 × 10−3Γ, ε1 = 2.22, γ3 = 10−7γ, ωab/2π = 300THz,

d1 = 0.2µm, and d2 = 5µm.

We expect that the GH shift is negative when the group index Ng is negative

and it is positive when the group index Ng is positive corresponding to super-

and sub-luminal light propagation, respectively. In our system, the controlling

parameter is the intensity of the coherent driving field which switches the GH

shift from negative to positive and vice versa. We analyze the behavior of GH

shift in the reflected and transmitted probe light beam numerically because the

required analytical expressions for the GH shift (3.2.2) and (3.2.3) are compli-

cated.

We select parameters as γ1 = γ = 1MHz, β = 5× 10−3Γ, ε1 = 2.22, γ3 = 10−7γ,

ωab/2π = 300THz, d1 = 0.2µm, and d2 = 5µm. We also consider that the

probe field is resonant with the atomic transition ωab, that is ∆p = 0. To plot

the GH shift versus different incident angles of the probe field ranging from 0

to 1.57 radian for two different choices of the Rabi frequency (a) Ωd = 0 and

(b) Ωd = 5γ. For Ωd = 0, the dispersion is anomalous and super-luminal

propagation of the probe beam can be observed inside the intracavity medium

with accompanying strong absorption [34], see Fig. 3.3(a). For this case, we

observe large negative GH shift in the reflected and positive GH shift in the
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Figure 3.5: The absolute values of (a) reflection (|r|) and (b) transmission (|t|)
coefficients versus incident angle θ of the probe beam. The other

parameters are the same as in Fig. 3.4.

transmitted probe light beam for different choices of incident angles θ, see Fig.

3.4(a).

The group index Ng of the total cavity corresponding to the reflected and trans-

mitted probe light beams is calculated by using Eq. (3.2.13). We observe that

the group index for the reflected beam is negative when the GH shift is neg-

ative. For example, we select an incident angle θ = 0.65 radian and calculate

the group index Ng of the total cavity for reflected light, which is Nr
g = −42.06.

We also calculate the group index Nt
g for the transmitted probe light beam at

the same angle and observe positive group index, i.e., N t
g = 7.55. The group

index for the transmitted probe light beam is positive and therefore we observe

positive GH shift in the transmitted probe light beam.

Here we emphasize the fact that the negative GH shift appears only when the

group index of the total cavity is negative. Similarly, we observe positive GH

shifts for positive group index of the total cavity. In the case of negative GH

shifts, we notice that the shift is negative for certain choices of the incident

angle θ and not for the whole range 0 to 1.57 radian.

Now we change the strength of the driving field Rabi frequency from Ωd = 0 to

Ωd = 5γ and study the effect of the driving field on the GH shift while keeping

the rest of the parameters unchanged. The dispersion changes from anoma-

lous to normal and propagation of the probe light beam inside the intracavity
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ELECTROMAGNETICALLY INDUCED TRANSPARENCY

Figure 3.6: GH shift corresponding to reflected (dashed curve) and transmitted

(solid curve) beams versus incident angle θ of the probe beam rang-

ing from 0 to 1.57 radian for three-level EIT medium considering (a)

Ωd = 0 and (b) Ωd = 5γ with d2 = 1µm. The other parameters are

the same as in Fig. 3.4.

Figure 3.7: The absolute values of the (a) reflection (|r|) and (b) transmission

(|t|) coefficients vs incident angle θ of the probe beam. All the other

parameters are same as in Fig. 3.6 (a)

medium switches from super-luminal behavior to sub-luminal behavior, see

Fig. 3.3(b). We plot the corresponding GH shift in the reflected and transmit-

ted probe light beams for incident angle ranging from 0 to 1.57 radian, see Fig.

3.4(b). In this case, we observe positive GH shifts in the reflected and trans-

mitted probe light beam with almost similar behavior for all incident angles.

The group index of the total cavity in the reflected and transmitted probe light

beams also remains positive for each incident angle of the probe beam. For ex-

ample, we calculate the group index Ng for the reflected and transmitted probe

beams for incident angle θ = 0.65 radian. We observe the same value for both

the reflected and transmitted probe beams, i.e., Nr,t
g = 8.22. Therefore, we find
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positive GH shifts in the reflected and transmitted probe beams for all incident

angles and also behave exactly similar. In the inset of Fig. 3.4 (b) we show the

enlarged view of the GH shift ranging from 0 to 1 radian.

In the following, we discuss the behavior of the reflection and transmission co-

efficients and plot its absolute values versus incident angle θ of the probe beam,

see Fig. 3.5. We observe dips and peaks in the reflection and transmission co-

efficients, respectively, which correspond to the angles satisfying the resonance

conditions. Earlier observed large negative and positive GH shifts in the re-

flected and transmitted probe beams correspond to these resonance conditions,

see Fig 3.4.

In earlier studies [28, 51, 56, 57], it has been noticed that the GH shift of the re-

flected and transmitted light beam strongly depends on the thickness of the

medium. We expect a similar observation in the present schemes, i.e., the

GH shift (Sr,t) and the group index Nr,t depend on the length of the cavity,

L=2 × d1 + d2. Therefore, the behavior of the lateral shift, in the reflected and

transmitted light beam, changes with change in d1 and d2. As an example we

take thickness of the intracavity medium d2 = 1µm instead of d2 = 5µm and

plot the GH shift (Sr,t) in the reflected and transmitted probe beam versus the

incident angle θ ranging from 0 to 1.57 radian. In Fig. 3.6(a), we observe neg-

ative GH shifts in the reflected (dashed curve) and positive GH shifts in the

transmitted (solid curve) probe light beam for Rabi frequency Ωd = 0. Simi-

larly, we plot the GH shifts in the reflected and transmitted probe light beam

in Fig. 3.6(b) for the driving field Rabi frequency Ωd = 5γ and observe posi-

tive GH shifts in both reflected and transmitted probe beams. These results are

similar to the previous results in Fig. 3.4 when d2 = 5γ. However, we observe

a reduction in the oscillations with decrease in the thickness of the intracavity

medium. We also plot the absolute values of the reflection and transmission

coefficients for small thickness of the intracavity medium as shown in Fig. 3.7,

which clearly shows that the number of oscillations corresponding to the re-

flection and transmission coefficients decreases with decrease in the length d2
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of the intracavity medium.

It has been mentioned earlier that a strong absorption of the probe light beam

inside the three-level intracavity medium in EIT configuration could be ob-

served for super-luminal wave propagation. The reason being that when the

driving field is switched off the three-level EIT system reduces to a two-level

system and the medium becomes a strong absorber for the probe light at ∆p =

0. Further, it has been noticed by Saharai et al. [36] that super-luminal wave

propagation with low absorption of the probe beam is possible using four-level

intracavity atomic medium in EIT configuration using control of the coherent

driving fields. Therefore, it is more appropriate to consider four-level atoms as

intracavity medium instead of three-level atoms.
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ELECTROMAGNETICALLY INDUCED TRANSPARENCY

3.4 Analysis of the GH shift using four-level EIT

medium in a cavity

Here, we consider four-level atoms inside the cavity as intracavity medium

having energy-levels |a〉, |b〉, |c〉 and |d〉 as shown in Fig. 3.8. The atomic tran-

sitions from |a〉 → |b〉 and |a〉 → |c〉 are resonant with two strong driving fields

with frequencies νa and νc, respectively, whereas the dipole forbidden transi-

tion from |b〉 → |c〉 is resonant with a strong driving field of frequency νb. The

corresponding Rabi frequencies are Ωa, Ωc and Ωb. The weak probe beam of

frequency νp is also applied to the atomic transition |a〉 → |d〉 with probe field

detuning ∆p = νp − νad. The corresponding Rabi frequency of the probe beam

is Ωp. Now for the total atom-field system the Hamiltonian can be written as

[36]

H = H f + Hi, (3.4.1)

where H f and Hi is the free and interaction part of the total Hamiltonian, which

further can be written as

H f = h̄ωa|a〉〈a|+ h̄ωb|b〉〈b| + h̄ωc|c〉〈c|+ h̄ωd|d〉〈d|, (3.4.2)

where Ei = h̄ωi, i = a, b, c, d and

Hi = −h̄/2(Ωae−iνat|a〉〈c|+ Ωbe−iνbt|b〉〈c|+ Ωce−iνct|a〉〈b|+ Ωpe−iνpt|a〉〈d|+ H.c).

(3.4.3)

The interaction picture Hamiltonian for this simplified atom-field system under

the rotating-wave and dipole approximation takes the form

V = − h̄
2
(Ωa|a〉〈c|+ Ωb|b〉〈c| + Ωc|a〉〈b|+ Ωpe−i∆pt|a〉〈d|+ H.c) (3.4.4)

To obtain the expression for the linear susceptibility, we follow the same proce-

dure as we have done for the three-level EIT atomic system and follow density

matrix approach, however, in the present four-level atomic system we need to

33



CHAPTER 3: COHERENT CONTROL OF THE GOOS-HÄNCHEN SHIFT VIA
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Figure 3.8: Energy-level configuration of four-level EIT medium [36].

calculate density matrix element ρad. For simplicity, we employ approxima-

tions to weak probe field and strong driving fields and consider only first order

in the probe field and all orders in the strong fields. This implies that |Ωa|, |Ωb|
and |Ωc| are much stronger than |Ωp|. The corresponding rate equations for the

corresponding density matrix elements can be written as

ρ̇ad =
i
2

Ωaρcd +
i
2

Ωcρbd +
i
2

Ωpe−i∆pt(ρdd − ρaa) − γaρad, (3.4.5)

ρ̇cd =
i
2

Ω
∗
a ρad +

i
2

Ω
∗
bρbd −

i
2

Ωpe−i∆ptρca, (3.4.6)

ρ̇bd =
i
2

Ωbρcd +
i
2

Ω
∗
c ρad −

i
2

Ωpe−i∆ptρba − γbρbd, (3.4.7)

where γa and γb are the decay rates from atomic levels |a〉 and |b〉, respectively,

to |d〉.

The real and imaginary parts of the dielectric susceptibility of the four-level EIT

medium can be calculated as

χ1 =
−2β[γ2

b(4∆3
p − ∆pΩ2

a) + (4∆2
p − Ω2

b)[4∆3
p + ΩaΩbΩc − E]]

D
, (3.4.8)

χ2 =
β[γa[4γ2

b∆2
p + (Ω2

b − 4∆2
p)

2] + γb(ΩaΩb − 2∆Ωc)2]

D
, (3.4.9)

where

D = γ2
b [4γ2

a∆
2
p + (Ω

2
a − 4∆

2
p)

2] + γ2
a(Ω

2
b − 4∆

2
p)

2 + 2γaγb(ΩaΩb − 2∆pΩc)
2

+4[4∆
3
p + ΩaΩbΩc − ∆p(Ω

2
a + Ω

2
b + Ω

2
c)]

2
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Figure 3.9: Real and imaginary parts of the optical susceptibility χ of four-level

atomic medium versus probe field detuning ∆p for (a) Ωa = 1.5γ

and (b) Ωa = 20γ. The other parameters are γ = 1MHz, β = 1γ

γa = γb = γ, Ωb = Ωc = 1.5γ , [36].

E = ∆p(Ω
2
a + Ω

2
b + Ω

2
c),

and the parameter β may be defined as

β =
2N|℘ad|2

ε0h̄
. (3.4.10)

Here, it has been considered that the collective phase is defined as ϕ = ϕb +

ϕc − ϕa where ϕa, ϕb and ϕc are associated with the driving fields having the

complex Rabi frequencies Ωa, Ωb and Ωc, respectively.

3.4.1 Results and Discussion

We discuss the behavior of the GH shift in the reflected and transmitted probe

beams corresponding to the super- and sub-luminal wave propagation. As

shown in Fig. 3.8, the cavity contains four-level atomic medium with the EIT

configuration. Three driving and a probe fields are applied. The corresponding

Rabi frequencies are Ωa, Ωb and Ωc for the driving fields and Ωp for the probe

field. The Rabi frequency Ωa plays the role of controlling parameter to study

the dispersion-absorption properties of the intracavity atomic medium at and

around ∆p ∼= 0, see Fig. 3.9.

The medium becomes almost transparent when Ωa = 1.5γ, i.e., very low ab-

sorption of the probe beam during its propagation through the medium. The
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Figure 3.10: The plots of GH shifts in the reflected (dashed curve) and trans-

mitted (solid curve) beams versus incident angle ranging from 0 to

1.57 radian for four-level atomic medium considering (a) Ωa = 1.5γ

(b) Ωa = 20γ. The other parameters are γ = 1MHz, β = 1γ,

γa = γb = γ, Ωb = Ωc = 1.5γ, ∆p = 0, d1 = 0.2µm, d2 = 5µm,

ε0 = 1, ωad/2π = 300THz and ε1 = 2.22.

Figure 3.11: For four-level atomic medium: The absolute values of (a) reflection

(|r|) and (b) transmission (|t|) coefficients versus incident angle θ of

the probe beam. All the other parameters are same as in Fig. 3.10

corresponding dispersion profile (normal dispersion) exhibits slow group ve-

locity, i.e., sub-luminal propagation of the probe beam. The other parameters

are β = 1γ, γa = γb = γ, and Ωb = Ωc = 1.5γ, see Fig. 3.9(a). Here, γ = 1MHz

is considered as a scaling parameter. However, the dispersion profile changes

from normal to anomalous when Ωa becomes 20γ, see Fig. 3.9(b). Therefore,

sub-luminal behavior of light propagation becomes super-luminal with a rela-

tively high absorption of the probe beam, which is still less as compared to the

previous case of three-level atomic system, during its propagation through the

medium.
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Figure 3.12: (a) The group index Nr
g of the total cavity vs the controllable param-

eter Ωa for a four-level atomic system for incident angle θ = 0.65

radian (b) The GH shift vs the controlling parameter Ωa for four-

level system for the same incident angle. The rest of parameters are

the same as in Fig. 3.10(b)

Next, we plot GH shift behavior in the reflected and transmitted probe beams

versus incident angle θ of the probe beam ranging from 0 to 1.57 radian for

Ωa = 1.5γ and 20γ. The remaining parameters are unchanged as in Fig. 3.9

whereas the probe detuning is ∆p = 0. The Fig. 3.10(a) shows the plots of the

GH shift in the reflected and transmitted probe light beam versus incident angle

θ for sub-luminal behavior of the intracavity medium. We observe positive GH

shifts in both the reflected and transmitted probe beams for all incident angles

ranging from 0 to 1.57 radian. We also calculate the group index Ng of the total

cavity in both the reflected and transmitted probe beams and observe positive

values for each incident angle of the light beam. For example, we calculate the

group index of the total cavity for the reflected and transmitted probe beams at

incident angle θ = 0.65 radian by using Eq. (3.2.13). The values of the group

index are found to be 0.278 and 5.996 for reflected and transmitted probe beams,

respectively.

Next to study the behavior of the GH shift in the reflected and transmitted

probe light beam versus incident angle θ for super-luminal light propagation in-

side the intracavity medium, we select Ωa = 20γ, the other parameters are un-

changed. We plot the GH shifts in the reflected and transmitted probe beams at

resonance, i.e., ∆p = 0 and observe negative GH shifts in the reflected (Dashed
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curve) beam at certain angles of incidence of the probe beam, whereas positive

GH shifts in the transmitted (solid curve) beam as shown in Fig. 3.10(b). The

corresponding group index for negative shift is negative and for positive shift

is positive. For example, the group index of the total cavity at the incident angle

θ = 0.65 radian is equal to −36.99 for the reflected light beam and 7.514 for the

transmitted light beam.

We have discussed earlier the absolute values of the reflection and transmission

coefficients corresponding to three-level intracavity atomic medium for differ-

ent incident angle of the probe light. We again plot the absolute values of the

reflection as well as transmission coefficients versus incident angle θ for the

case of four-level intracavity atomic medium for Ωa = 20γ, corresponding to

the super-luminal wave propagation inside the medium. The behaviors of the

plots are similar as observed earlier in Fig. 3.5.

Now we plot group index Nr
g and Sr/λ versus different values of the controlling

parameter Ωa ranging from 1.5γ to 30γ. In Fig. 3.12(a), we observe that for the

range Ωa = 1.5γ to approximately Ωa = 4γ the group index remains positive

and becomes negative as we further increase the Rabi frequency Ωa. We set the

incident angle θ = 0.65 radian, and all the other parameters are the same as

in Fig. 3.10(b). The corresponding GH shift in the reflected probe beam is also

plotted versus Rabi frequency Ωa, see Fig. 3.12(b). The GH shift is positive in

the range 1.5γ to 4γ of the Rabi frequency Ωa and becomes negative when we

increase the Ωa further. The behavior of the group index Nr
g and the GH shift

Sr/λ remains the same versus Ωa. From this, we can safely conclude that when

the group index of the total cavity is positive, the GH shift is also positive and

vice versa.

3.5 Summary

In this chapter, we have considered three- and four-level atomic systems with

EIT configuration to observe the behavior of the GH shift in the reflected and
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transmitted probe beams. It has been considered that the interaction of the

driving fields and probe field is resonant to the atomic transitions. Here the

probe field is incident on the cavity at different angles ranging from 0 to 1.57

radian. We have investigated negative and positive GH shifts in the reflected

beam, corresponding to super- and sub-luminal behavior of the probe beam,

respectively. The group index of the total cavity is found to be negative for neg-

ative GH shifts and positive for positive GH shifts. We have observed that the

GH shifts in the transmitted beam are positive for both super- and sub-luminal

wave propagation through the intracavity medium. This implies that the be-

haviors of the GH shift depending upon the group index of the total cavity.

It has also been noticed that the group index Ng of the total cavity remained pos-

itive when the intracavity atomic medium is transparent for the incident probe

light, i.e., sub-luminal wave propagation. Therefore, the GH shifts are also posi-

tive for incident angles ranging from 0 to 1.57 radian in the sub-luminal behav-

ior of the intracavity medium. However, we have noticed a different picture

when the characteristics of the intracavity medium modify to super-luminal

behavior. In this case, the group index of the total cavity remained negative

for the reflected beam and positive for the transmitted beam. For different inci-

dent angles, we have observed negative GH shifts in the reflected probe beam,

which is due to the negative group index of the total cavity. It has also been no-

ticed that the four-level EIT atomic medium inside a cavity is more appropriate

for the observation of negative GH shifts, reason being in the latter EIT atomic

system the absorption of the probe light is considerably reduced. From all this

analysis we conclude that we may switch the GH shift from positive to negative

and vice versa via coherent control of the intensity of the field in a three-level

or four-level EIT medium with a reduced absorption of the probe light during

propagation in four-level EIT configuration.

In a real physical system the three-level intracavity atomic medium can be con-

sisted of Sr atoms [58] in EIT configuration cavity or three-level Pb [59] atoms

with narrow-band pulsed radiation. In experiments, EIT phenomenon has been
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observed using Sr atoms [58] having three-level Λ configuration as has been

shown in Fig. 3.2. Recently, many experimental observations related to four-

level EIT atomic media have been reported, these included, for example, an

inverted-Y configuration [60], photon switching by quantum interference [61],

coherence switching [62], doubly dressed states in cold atoms [63], Kerr non-

linearities via EIT [64], narrow absorptive resonances [65] and the strong laser

gain [66].

However, the experimental studies of EIT have mostly been observed in gases,

but still there are some experiments where EIT has been observed in solids as

well. For example, by creating dark states in semiconductor, i.e., GaAs [67]. In

1997 and 1998, the researchers have observed EIT in Rubby [68], Pr3+ [69] and

in Y2SiO5 [70]. Besides this, some other experiments have also been suggested

where EIT has been observed in semiconductors using Cu2O [71] and CuCl [72].

We have observed that the GH shifts in intracavity atomic medium having

three-level atoms faced strong absorption of the probe light beam inside the

atomic medium which is undesirable. It has been observed that the absorption

of probe beam could be reduced considerably when four-level atoms inside

intracavity medium have been considered. However, still, one could observe

that there is some absorption of probe light during its propagation through the

medium. Another drawback in using four-level atoms [36] is that one has to

deal with a forbidden transition which is experimentally difficult to deal. To

avoid these drawbacks which are inherited to the EIT based systems, we inves-

tigate the GH shift behavior in the reflected and transmitted probe light beam

using Raman gain process. In the next chapter, we consider three-level and

four-level systems exhibiting Raman gain process and study the behavior of

the GH shift in the reflected and transmitted probe light beams.
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CHAPTER 4

Coherent control of the

Goos-Hänchen shift via Raman gain

process

4.1 Introduction

We have mentioned earlier that an extensive study has already done to inves-

tigate sub- and super-luminal wave propagation through a dispersive atomic

medium using EIT configuration of the atom-field system [73, 74]. The EIT

based systems suffer from strong absorption of the light in the case of super-

luminal light propagation resulting in distortion of the light pulse inside the

medium. Furthermore, to observe tiny lateral shift in the reflected and trans-

mitted light beam is rather cumbersome. Therefore, it is important to study the

possibilities of minimizing the absorption during super-luminal propagation of

the light pulses through the dispersive medium.

In 2000, an experimental model was suggested [37, 38] where three-level atomic

configuration has been employed under the conditions of RGP. They have ob-

tained gain-assisted super-luminal light propagation using a gaseous atomic

medium consisting of Cs atoms. In their experiment, a small gain was ob-

served in the case of super-luminal pulse propagation. Recently, Agarwal and
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Figure 4.1: Energy-level configuration for three-level Raman gain medium [37].

Dasgupta have suggested a theoretical model using four-level atoms in N-type

configuration [39] to control the light propagation. They have reported that

sub-luminal behavior of the light propagation becomes super-luminal by tun-

ing the strength of a control field, i.e., the properties of the dispersive medium

could be changed from normal to anomalous via a single knob without chang-

ing the structure of the medium.

4.2 Analysis of the GH shift using three-level Ra-

man gain medium in a cavity

We consider same schematics and follow the same procedure as we have de-

scribed in the previous chapter for the case of intracavity medium following

EIT configuration. However, the intracavity medium is now consisted of three-

level atoms. We consider that the gaseous intracavity atomic medium is con-

sisted of three-level atoms having energy levels |a〉, |b〉 and |c〉, as shown in Fig.

4.1. Two intense Raman pump fields E1 and E2 with corresponding frequencies

ν1 and ν2, which differ by an amount 2∆, are applied far off-resonantly to the

atomic transition |a〉 → |c〉. The corresponding Rabi frequencies are Ω1 and

Ω2. Since the Rabi frequencies Ω1 and Ω2 are small compared with the com-
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RAMAN GAIN PROCESS

mon detuning ∆0, the atoms mostly remain in their initial state |a〉. However,

when a probe field Ep with frequency νp is applied between energy levels |b〉
and |c〉 Raman transition occurs. This causes an atom to absorb a photon from

the Raman pump field E1 or E2 and emits a photon into the field Ep while mak-

ing a transition from |a〉 to |b〉. This is well known phenomena and is called

Raman-gain process. A detailed analysis of gain-assisted three-level Raman

system can be found in [37, 38] where an experiment has been carried out to

obtain superluminal pulse propagation. In the following, We follow the same

approach as has been done in Ref. [38] and calculate the dielectric susceptibility

of the medium.

Initially, we consider a single Raman pump field and calculate the dielectric

susceptibility for the probe field. In this atomic system, a Raman transition can

take place from |a〉 to |b〉. Here two photon transition takes place, i.e; an atom

absorbs a photon from the Raman pump field E1 and emits a photon into the

field Ep while making a transition from |a〉 to |b〉. The effective Hamiltonian for

the three-level gain-assisted model which is coupled with a Raman field E1 and

a probe field Ep can be written as

H = H f + Hi, (4.2.1)

where

H f = −h̄ωca|a〉〈a| − h̄ωcb|b〉〈b|, (4.2.2)

and

Hi = −h̄Ω1e−iω1t|c〉〈a| − h̄Ωpe−iωpt|c〉〈b|+ cc. (4.2.3)

Here ωca = 2πνca and ωcb = 2πνcb are defined as the angular frequencies corre-

sponding to transitions |c〉 to |a〉 and |c〉 to |b〉, respectively. Whereas ω1 = 2πν1

and ωp = 2πνp are the angular frequencies corresponding to the pump field E1

and probe field Ep, respectively. Also Ω1 and Ωp are the corresponding Rabi

frequencies of pump field E1 and probe field Ep, respectively. We consider that

the pump field E1 is very stronger than the probe field Ep, i.e., |Ω1| is very very

greater than |Ωp|.
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The dielectric susceptibility of the Raman-gain process is obtained by consider-

ing the state vector

|ψ(t)〉 = Ac(t)|c〉+ Aa(t)eiωca |a〉+ Ab(t)eiωcb |b〉, (4.2.4)

then the amplitude of the excited state |c〉 can be written as

Ac(t) = iΩ1e−i∆1t Aa + iΩpe−i∆pt Ab, (4.2.5)

where ∆1 = 2π(ν1 − νca) and ∆p = 2π(νp − νcb) are the detunings of Raman

pump and probe fields, respectively. Initially, the atoms are prepared in the

state |a〉, then by the lowest order of approximation the amplitudes of the state

Aa ≈ 1 and Ab ≈ 0. Here it is noted that the common detuning ∆0 = (∆1 +

∆p)/2 is much greater than the difference between ∆1 and ∆p. Under these

approximations Eq. (4.2.5) takes the form

Ac(t) ≈ −(Ω1/∆0)e−i∆1t Aa. (4.2.6)

Next, the probability amplitude is obtained for the state |b〉 as

Ȧb(t) = −i(Ω1Ω
∗
p)/∆0e−i(∆1−∆p)t Aa − ΓAb, (4.2.7)

where Γ is a Raman transition inverse life time. Solving Eq. (4.2.7) the proba-

bility amplitude for the state |b〉 can be written as

Ab(t) =
Ω1Ω∗

p

∆0[∆1 − ∆p + iΓ]
e−i(∆1−∆p)t Aa. (4.2.8)

Putting the value of Aa(t) from Eq. (4.2.6) into Eq. (4.2.8) and using the defi-

nition of dielectric polarization P=N℘cbρcb = ε0χEp, where ρcb = Ac A∗
Pe−iωcbt,

℘cb is the dipole matrix element and N be the atomic density, the dielectric sus-

ceptibility for the Raman probe beam Ep can be obtained as

χ = −N
|℘cb|2|Ω1|2

2h̄ε0∆2
0[∆1 − ∆p − iΓ]

. (4.2.9)

Here the difference between ∆1 and ∆p can be written as

∆1 − ∆p = −2π[νp − (ν1 − νca + νcb)], (4.2.10)
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for simplicity sake ν1 − νca + νcb = ν0 while replacing νp with ν , then Eq. (4.2.9)

can be written as

χ =
D1

ν − ν0 + iΓ
, (4.2.11)

where

D1 = N
|℘cb|2|Ω1|2
4πh̄ε0∆2

0
. (4.2.12)

Now we can write down the expression for the susceptibility χ of the gain-

assisted intracavity medium when two Raman pump beams E1 and E2 of equal

strengths and slightly different frequencies, i.e., ν1 = ν0 − ∆ν and ν2 = ν0 + ∆ν

are applied as shown in Fig. 4.1. The corresponding Rabi frequencies are Ω1

and Ω2, respectively, and then the dielectric susceptibility χ of the gain-assisted

model for the complete atom-field interaction can be written in the following

form as

χ =
D

(δp − ∆ν) + iΓ
+

D
(δp + ∆ν) + iΓ

, (4.2.13)

where δp = νp − ν0 is the probe field detuning and Ω1 = Ω2, which leads to

D1 = D2 = D.

It is obvious from Eq. (3.2.9) and (4.2.13) that the dielectric permitivity of the

intracavity medium depends on the frequency and can be controlled by chang-

ing the susceptibility. As we mentioned in the previous chapter that there is a

relationship between lateral shift and the susceptibility of the medium. There-

fore, it is now clear that the behavior of the lateral shifts can also be controlled

via manipulation of the susceptibility of the atomic medium.

As we have mentioned in the previous chapter that the light beam during its

propagation through the cavity can be reflected back and transmitted through

the cavity with a GH shift which can be positive or negative depending upon

the dispersive properties of the cavity. For a plane-wave incident on the in-

terface, The GH shift for the reflected and transmitted light can be calculated

using the stationary phase theory and consider a narrow angular spectrum of

the incident plane wave using the following expression

Sr,t = − λ

2π

dϕr,t

dθ
, (4.2.14)
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Figure 4.2: Plots of real and imaginary parts of the susceptibility χ versus probe

detuning for three-level Raman gain medium. The parameters are

selected as γ = 1MHZ, Γ = 0.8γ, Ω1 = Ω2 = 2γ, ∆1 = 5γ, ∆p =

4.9γ, and ∆ν = 1.8γ [37].

In a more explicit form, the GH shift in the reflected and transmitted probe light

are presented previously, see Eqs. 3.2.2 and 3.2.3.

4.2.1 Results and Discussion

In this section, we are going to start our discussion by studying the response

of the dielectric susceptibility versus probe field detuning. The parameters that

we have selected are γ = 1 MHz, Ω1 = Ω2 = 2γ, Γ = 0.8γ, ∆p = 4.9γ, ∆1 = 5γ,

ε0 = 1, ε1 = 2.22, d1 = 0.2µm, d2 = 5µm and ∆ν = 1.8γ. In Fig. 4.2 we plot the

real and imaginary parts of the susceptibility χ versus the probe field detuning

δp.

The imaginary part of the susceptibility gives the gain property, and it is max-

imum when the probe field is resonant with the two Raman transitions corre-

46



CHAPTER 4: COHERENT CONTROL OF THE GOOS-HÄNCHEN SHIFT VIA
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Figure 4.3: Reflected Sr and transmitted St GH shifts vs incident angle for the

anomalous dispersion, the parameters are γ = 1MHZ, Γ = 0.8γ,

Ω1 = 2γ, Ω2 = 2γ, ∆1 = 5γ, ∆p = 4.9γ, ∆ν = 1.8γ, d1 = 0.2µm,

d2 = 5µm and δp = 0.

Figure 4.4: Reflected Sr and transmitted St GH shifts vs incident angle for the

normal dispersion, the parameters are same as in Fig. 4.3 except

now δp ≈ 1.8γ.

sponding to two laser fields. Here in this case there are two frequencies of the

probe field where the gain is maximum, i.e., δp ∼= 1.8γ. The anomalous dis-

persion appears in the region (at and around δp = 0) in between the two gain

peaks, whereas the normal dispersion appears at and around the maximum of

each gain peak. From these facts, we can safely conclude that the dispersive

behavior of the intracavity medium in the present configuration is controlled

by the detuning of the probe field detuning δp. In this analysis, we follow these

facts to investigate the behavior of the lateral shift for the regions of anomalous

and normal dispersion of the intracavity medium. For the sake of simplicity,

initially we consider that the incident probe beam is a plane wave and study

the behavior of the lateral shift for different choices of the incident angles. In
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Figure 4.5: Normalized intensity profiles of the incident, reflected and transmit-

ted light beams: (a) For anomalous dispersion (super-luminal wave

propagation). (b) For normal dispersion (sub-luminal wave prop-

agation). The dashed, dotted and solid curves show the intensity

profiles of the reflected, transmitted and incident probe light beam,

respectively. The incident angle is θ = 0.12 rad, the half-width is

w = 20λp. The remaining parameters for (a) be the same as in Fig.

4.3 whereas for (b) the parameters are as in Fig. 4.4.

the later case, we consider a Gaussian incident probe beam and show that our

results are still valid when the width of the incident beam is finite.

Here, we plot the GH shift versus different choices of the incident angles by

considering the case when the intracavity medium behaves like anomalous dis-

persion and the probe field detuning δp = 0. The GH shifts in the reflected and

transmitted probe light beams for different choices of incident angles are shown

in Fig. 4.3. We observe negative GH shift in the reflected as well as in the trans-

mitted probe light beams. It is due to the earlier concept of the group index as

we have used in the previous chapter, i.e., Ng ≈ (1/L)dϕr,t/dωp. By using this

relation the cavity experiences negative group index for both the reflected and

transmitted probe beams, and this is already established in the previous chap-

ter that for negative group index of the total cavity, we can observe negative

GH shifts.

Now, we consider the normal dispersion by changing the probe field detuning

from δp = 0 to δp = 1.8γ and study the behavior of the GH shifts in the reflected

and transmitted probe light beam. As it is shown in the Fig. 4.2 that the normal
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dispersion of the intracavity medium appears at and around the maximum of

each gain peak. We plot the GH shifts in the reflected and transmitted probe

light beam for different choices of incident angle for the normal dispersion of

the intracavity medium. We observe positive GH shifts in the reflected probe

light beam, whereas in the transmitted beam we observe negative GH shifts,

see Fig. 4.4. This is due to the fact that during the normal dispersion of the in-

tracavity medium, the group index of the total cavity is positive for the reflected

light while negative for the transmitted probe light beam.

As mentioned earlier, the above analysis is based on the fact that the incident

light is a plane wave, and the results and analysis are completely based on

stationary-phase theory [12, 52]. Next, we consider a weak Gaussian beam inci-

dent on a cavity with finite half width w. We show that our earlier observations

of the GH shifts are still valid when the incident beam is a Gaussian beam hav-

ing a finite width. We use the same method as has been followed in Ref. [76].

The electric field corresponding to the Gaussian incident light beam may be

written as

Ei
x(z, y) =

1√
2π

∫

E(ky)ei(kzz+kyy)dky, (4.2.15)

where

E(ky) =
wy√

2
e−w2

y(ky−ky0 )2/4 (4.2.16)

is the angular spectrum of the Gaussian beam centered at y = 0 on the plane of

z = 0, ky0 = k sin(θ), and wy=w sec(θ) where θ is the incident angle of the light

beam. The reflected and transmitted probe beams, therefore, can be written as

Er
x(z, y)|z=0 =

1√
2π

∫

r(ky)E(ky)ei(−kzz+kyy)dky, (4.2.17)

and

Et
x(z, y)|z>L =

1√
2π

∫

t(ky)E(ky)ei(kz(z−L)+kyy)dky, (4.2.18)

where L = 2 × d1 + d2 is the total length of the considered cavity.

We plot the normalized intensity profiles of the incident, reflected and trans-

mitted light by using the above equations for the incident Gaussian beam, as

shown in Fig 4.5. We consider a larger half-width w of the incident Gaussian
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beam as compared to its wavelength λp. We plot the intensity of the Gaussian

beam for two different cases, i.e., (a) anomalous dispersion and (b) normal dis-

persion with an incident angle θ = 0.12 radian for each case. At the incident

angle θ = 0.12 radian, we observe a large negative GH shift in the reflected

and transmitted beam for anomalous dispersion, see Fig. 4.3. Similarly, for the

same incident angle, we observe a small positive GH shift in the reflected beam

for the normal dispersion as shown in Fig. 4.4. In the intensity profiles of Fig.

4.5 we observe a similar control on the GH shifts in the reflected and transmit-

ted light beam as is observed earlier in Figs. 4.3 and 4.4. We also note that

the shapes of the reflected and transmitted probe light beams are the same as

the incident light beam by considering a large width of the incident Gaussian

beam.

We have used a scheme for the control of the GH shifts in the reflected and

transmitted beam using a three-level gain-assisted model. This scheme is ex-

perimentally viable for controlling the GH shifts and based on an earlier exper-

iment where super-luminal pulse propagation has been observed using atomic

cesium vapor [37, 38].

Now in the next section we extend this model to four-level Raman gain atomic

medium in N-configuration [39].
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4.3 Analysis of the spatial and angular GH shift us-

ing four-level Raman gain medium in a cavity

In the previous section, we have considered a three-level gain-assisted model

which is based upon an experiment performed by Wang et al. [37, 38] for co-

herent control of the positive and negative GH shifts in the reflected and trans-

mitted light. Now we replace the intracavity medium consisted of three-level

atoms with four-level atoms following N-type atom-field configuration. This

atom-field configuration has recently been utilized to investigate control over

super-luminal pulse propagation [39] and atom localization [77] via coherent

manipulation of the Raman gain process.

In this N-type configuration, only one pump field is involved in the Raman

transition and therefore, in the absence of control field, a single Raman gain

peak is observed at the central frequency of the pulse (probe detuning is equal

to Raman pump field detuning) with corresponding normal dispersion. As

soon as the control field is switched on, the lower atomic level, involved in the

Raman transition, splits into two sub-levels resulting in a gain doublet. The

separation between the maxima of the two gain peaks is directly proportional

to the separation between the two sub-levels which depends on the strength of

the control field. The anomalous dispersion is observed in the region between

the two gain peaks. Further, the authors have used perturbation theory under

which first, second and all orders of the perturbation are employed for probe,

pump and control fields, respectively. For more details, see [39].

Here, besides discussing the spatial GH shift we also consider the case of an-

gular GH shift in the reflected beam. The angular GH shift has been studied in

Ref. [78, 79] which describes that the axis of the reflected wave displays a small

angular deviation from the law of reflection, i.e., angle of incidence is equal

to angle of reflection. It was commonly believed that the spatial and angular

GH shifts were two different phenomena and were observed in two different

regimes, i.e., the spatial GH shift appears in total internal reflection [4] while
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the angular GH shift appears in partial reflection [79].

Recently, a light beam of wavelength λ and waist w incident on a system con-

sists of two homogeneous media of dielectric constants εa and εb has been con-

sidered in the Ref. [80]. In this scheme, it was noticed that the behavior of the

spatial and angular GH shifts are similar, and both could occur simultaneously.

In this section, we propose a plane-wave incident on a cavity containing an

atomic system under the condition of RGP [39]. We analyze and control the

spatial and angular GH shifts [81]. We use this configuration, which is experi-

mentally more viable, and exploit super- and sub-luminal behavior of the light

propagating through the gain medium to control the spatial and angular GH

shifts in the reflected light via intensity of the control field.

We follow the same approach as we have been considered earlier for the co-

herent control of the GH shifts in three-level gain-assisted model [82]. The

schematics of a cavity containing N-type atomic system is shown in 4.6. To

obtain a coherently controlled Raman gain process inside the cavity, we fol-

low the same configuration as described in [39], see Fig. 4.7. The atomic level

|d〉 is coupled with atomic level |a〉 and atomic level |c〉 is coupled to level |b〉
via two off-resonant driving fields of frequencies ν1 and ν2, respectively. The

corresponding Rabi frequencies are Ω1 and Ω2 whereas the detunings corre-

sponding to the transitions |d〉 to |a〉 and |c〉 to |b〉 are represented by ∆1 and

∆2, respectively. A weak probe field, which interacts with the atomic transition

|c〉 to |a〉, propagates through the cavity. The corresponding Rabi frequency

and the detuning be Ωp and ∆p, respectively.

The interaction Hamiltonian in the rotating-wave and dipole approximation for

the atom-field interaction can be written as

V = − h̄
2
[Ω1e−i∆1t|a〉〈d|+ Ω2e−i∆2t|b〉〈c| + Ωpe−i∆pt|a〉〈c|+ H.c.]. (4.3.1)

The corresponding density matrix equations for the proposed scheme can be
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Figure 4.6: Schematic of a cavity containing N-type atomic system.

Figure 4.7: Energy-level configuration for four-level N-type gain medium [39].

written as

ρ̇aa =
i
2
(Ω1ρda + Ωpρca − cc)− (γda + γca)ρaa, (4.3.2)

ρ̇bb =
i
2
(Ω2ρcb − cc)− (γcb + γdb)ρbb, (4.3.3)

ρ̇dd =
i
2
(Ω

∗
1ρad − cc) + γdaρaa + γdbρab, (4.3.4)

ρ̇bc = (i∆2 − Γbc)ρbc +
i
2

Ω2(ρcc − ρbb) −
i
2

Ωpρba, (4.3.5)
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Figure 4.8: Real (solid curve) and imaginary (dotted curve) parts of the sus-

ceptibility for (a) normal and (b) anomalous dispersion region

vs probe field detuning. The parameters are γ=1,∆1=50γ, ∆2=0,

Ω1=Ωp=4γ,γda=γca=γcb=γdb=2γ, Γdc=0.01γ,Γbc=Γbd=Γac=Γad=2.01γ

and Γab=4.01γ [39].

ρ̇ac = (i∆p − Γac)ρac +
i
2

Ωp(ρcc − ρaa) +
i
2

Ω1ρdc −
i
2

Ω2ρab, (4.3.6)

ρ̇ad = (i∆1 − Γad)ρad +
i
2

Ω1(ρdd − ρaa) +
i
2

Ωpρdc, (4.3.7)

ρ̇dc = (i∆p − i∆1 − Γdc)ρdc +
i
2

Ω
∗
1ρac −

i
2

Ωpρda −
i
2

Ω2ρdb, (4.3.8)

ρ̇ab = (i∆p − i∆2 − Γab)ρab +
i
2

Ω1ρdb +
i
2

Ωpρcb −
i
2

Ω
∗
2ρac, (4.3.9)

ρ̇bd = [i(∆1 + ∆2 − ∆p) − Γbd]ρbd +
i
2

Ω2ρcd −
i
2

Ω1ρba, (4.3.10)

where ∆1 = ω1 − ωad, ∆2 = ω2 − ωbc and ∆p = ωp − ωac are the detunings

of the pump, control and the probe fields, respectively, the ωi’s (i∈ 1, 2, p) are

the respective angular frequencies. The Rabi frequencies for the pump, control

and probe fields may be defined as Ω1 = 2℘ad.E1/h̄, Ω2 = 2℘bc.E2/h̄, Ωp =

2℘ac.Ep/h̄, whereas ℘ is the dipole matrix element and E1, E2 and Ep are the

respective field amplitudes.
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To obtain an expression for the nonlinear Raman optical susceptibility, we need

the density matrix element ρac. It can be calculated by employing certain per-

turbation approximations, i.e., first-order perturbation in the probe field second

orders in the pump and all orders in the control fields. Following the pertur-

bation approximations, we consider that the driving field E1 and control field

E2 is strong while the probe field Ep is weak, which implies that |Ω1| and |Ω2|
are much greater than |Ωp|. Using the definition of dielectric polarization and

following the density matrix approach [34] the dielectric susceptibility can be

calculated as

χ =
2N|℘ac|2

h̄Ωp
ρac =

3Nλ3

32π3 Ω
2
1Q, (4.3.11)

where

Q =
−i
C

[

B +
[Γab − i(∆p − ∆2)][Γbd − i(∆p − ∆1 − ∆2)] − |Ω2|2/4

(Γad + i∆1)E

]

,

E =
[

[Γdc − i(∆p − ∆1)][Γbd − i(∆p − ∆1 − ∆2)] + |Ω2|2/4
]

,

C = (Γac − i∆p)[Γab − i(∆p − ∆2)] + |Ω2|2/4,

and

B =
2Γad[Γab − i(∆p − ∆2)]

(γda + γca)(Γ2
ad + ∆2

1)
.

Now it is already discussed that the probe light beam during its propagation

through the cavity can be reflected or transmitted with a GH shift which is

positive and negative depend on the dispersive properties of the cavity [35, 75,

82]. We use a stationary phase theory and considering that the incident plane

wave has a narrow angular spectrum by the following expression

Sr = − λ

2π

dϕr

dθ
. (4.3.12)
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Figure 4.9: Spatial and angular GH shift versus incident angle θ for normal

dispersion, the parameters are γ = 1MHZ, Γ = 0.8γ, Ω1 = 2γ,

Ω2 = 2.8γ, ∆1 = 5γ, ∆p = 4.9γ, ∆ν = 1.8γ, d1 = 0.2µm, d2 = 5µm

and ∆p = 0.

Figure 4.10: Spatial and angular GH shifts versus incident angle θ for anoma-

lous dispersion, Ω2 = 4.9γ, the remaining parameters are the same

as in figure 4.9
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The angular GH shift can be calculated using the variation of the reflected beam

[83] as

Θr =
1

|r(ky, ωp)|
d|r(ky, ωp)|

dky
, (4.3.13)

where r(ky, ωp) is the reflection coefficient that has been calculated previously.

4.3.1 Results and discussion

In this section, we discuss the spatial and angular GH shifts behavior in the re-

flected probe beam when a plane wave is incident on a cavity containing four-

level gain-assisted model. We begin the discussion by studying the optical sus-

ceptibility of the intracavity medium. We extend the three-level gain-assisted

model [82] to four-level N-type configuration [39] to get coherent control over

the spatial and angular GH shifts via strength of the driving fields. We analyze

the spatial and angular GH shifts in the reflected probe light beam correspond-

ing to anomalous and normal dispersion of the intracavity medium. In Fig. 4.8,

we plot the real and imaginary parts of the optical susceptibility versus probe

field detuning ∆p. Initially, the normal dispersion appears along with a single

gain peak at the central frequency of the pulse when the strength of the control

field is small i.e., Ω2 = 2.8γ or zero, see Fig. 4.8(a). As soon as the control field

is increased, the lower atomic level involved in the Raman transition, splits into

two sub-levels resulting in a gain doublet. The separation between the maxima

of the two gain peaks is directly proportional to the separation between the two

sub-levels which depends on the strength of the control field, see Fig. 4.8(b).

The parameters we are selected are γ=1, ∆1=50γ, ∆2=0, Ω1=Ωp=4γ, Γab=4.01γ,

γda=γca=γcb=γdb=2γ, Γdc=0.01γ, Γbc=Γbd=Γac=Γad=2.01γ, ε0 = 1, ε1 = 2.22,

d1 = 0.22µm and d2 = 5µm. In Fig. 4.9 we plot the behavior of the spatial

and angular GH shift in the reflected probe light beam versus incident angle

of the probe light beam ranging from 0 to 1.57 radian. We choose two different

values of the control field Ω2: (a) Ω2 = 2.8γ and (b) Ω2 = 4.9γ. The control field

Ω2 = 2.8γ corresponds to the case when a normal dispersion of the probe beam
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occurs inside the intracavity medium with a single gain peak [39]. We observe

positive spatial and angular GH shifts in the reflected probe light beam at a cer-

tain incident angle θ, as shown in Fig. 4.9. It is due to the fact that the group

index of the total cavity is positive using the relation Ng ≈ (1/L)dϕr/dωp

[35, 75, 82]. Now if we compare the spatial and angular GH shift in Fig. 4.9,

then we conclude that the spatial and angular GH shifts occurs at the same

angle and simultaneously for normal dispersion of the intracavity medium.

Next, to see the effect of the control field on the spatial and angular GH shifts in

the reflected probe light beam, we change the strength of the control field from

Ω2 = 2.8γ to Ω2 = 4.9γ while keeping the other parameters unchanged. For

this value of the control field, the normal dispersion of the intracavity medium

switches to anomalous dispersion along with two gain peaks. We plot the cor-

responding spatial and angular GH shifts in the reflected probe light beam for

incident angle ranging from 0 to 1.57 radian, see Fig. 4.10. We observe large

negative spatial and angular GH shifts in the reflected probe light beam at a

certain incident angle θ. In this case, the group index of the total cavity remains

negative for different choices of the incident angle θ. If we compare the spatial

and angular GH shifts in the reflected probe light beam, then clearly it is shown

in Fig. 4.10 that the negative shifts occur at the same incident angles, i.e., at the

incident angle θ = 0.12 radian, we observe large negative spatial and angular

GH shifts.
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4.4 Summary

In this chapter, we have suggested two different gain-assisted models, i.e., (i)

three-level [37] to control the GH shift in the reflected and transmitted probe

light beam and (ii) four-level [39] to control the spatial and angular GH shifts

in the reflected probe light beam. First, we suggested dilute gas in a cavity

consist of three-level Raman configuration. We observed the control of the GH

shifts in the reflected and transmitted probe light beam propagating through

the cavity. This is an experimentally viable model to control the GH shifts and

basically this is an earlier experiment where gain-assisted super-luminal light

propagation has been observed using atomic cesium vapor cell at 300 C [37].

Next, the three-level gain-assisted model can be extended to four-level gain-

assisted model [39] to get coherent control over the spatial and angular GH

shifts via strength of the driving field. The intracavity medium behaves as nor-

mal dispersion along with a single gain peak when the strength of the control

field is zero or very small. For this case, we observed positive spatial and angu-

lar GH shifts. When we increased the strength of the control field, the behav-

ior of the intracavity medium switched from a normal dispersion to anoma-

lous dispersion along with two gain peaks. In this situation of the intracavity

medium, we observed negative spatial and angular GH shifts in the reflected

probe light beam.

In the above analysis of the coherent control of the GH shifts, we observed the

control over the strength of the driving field or probe field detuning by using

a plane-wave incident on a cavity. In the next chapter, we have a plan to use a

Gaussian beam and control the GH shift in the reflected and transmitted probe

light beam via phase of the driving fields.
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CHAPTER 5

Control of the Goos-Hänchen shift

using a duplicated two-level atomic

medium

5.1 Introduction

In the last two chapters, we have considered different schemes for coherent

control of the GH shifts in the reflected and transmitted light via manipulation

of the optical susceptibility (χ) of the intracavity medium. We have already

shown that Phenomena like electromagnetically induced transparency [34, 36,

84] and Raman gain process [37, 38, 39] can lead to coherent control of the GH

shift [35, 75, 82] without changing the structure of the system.

In this chapter, we consider a double lambda Λ system, which has been stud-

ied for lasing without inversion [47] and slow and fast light propagation of light

[86]. A duplicated two-level atomic system [40] is an especial case of the dou-

ble lambda system which can be considered as a degenerated double-lambda

system [47, 86]. The duplicated two-level atomic system (atomic rubidium)

used by J. C. Delagnes and M. A. Bouchene in 2007 [85], and achieved coher-

ent control of a light shift. A similarly duplicated two-level atomic system has

also been considered [87] to control the group velocity of a probe light beam.
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Figure 5.1: Schematics: A Gaussian beam is incident on a cavity consisting of

duplicated two-level atomic medium. The light can be reflected back

and transmitted through the cavity with corresponding negative or

positive lateral shifts.

Phase control of spatial interference also observed using the duplicated two-

level atomic system [88] via coherent control of the optical susceptibility of the

medium. Here, it has been noticed that the optical susceptibility of the medium

becomes independent of the strength of the electric fields, and the control is

achieved via the phase shift ϕ between the control and the probe fields [40],

however, this occurs for the case of low optical density regime. It has been re-

ported that the medium behaves as a fast and slow light medium when ϕ = 0

and ϕ = π/2, respectively. Keeping the role of the optical susceptibility of

the intracavity medium, we expect a coherent control of the GH shift via super-

and sub-luminal behavior of the intracavity medium using the phase shift asso-

ciated with fields. Here, we consider an initial Gaussian-shaped incident light

and study the effect of the width of the light on the behavior of the GH shift. We

also investigate the distortion in the reflected and transmitted light correspond-

ing to the negative and positive GH shift for different widths of the incident
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Gaussian light.

5.2 Model

We consider a Gaussian-shaped beam incident on a cavity from vacuum (ε0 =

1) and making an angle θ with the z-axis, see Fig. 5.1. The Gaussian beam can

be reflected back and transmitted through the cavity corresponding to negative

and positive lateral shifts, depending on the dielectric properties (group index)

of the cavity. The cavity contains an assembly of a duplicated two-level atomic

system.

For a Gaussian beam, the electric field of the incident beam at z = 0 can be

written in the following form

Ei
x(z, y) =

1√
2π

∫

E(ky)ei(kzz+kyy)dky, (5.2.1)

where

E(ky) =
wy√
2π

e[
−w2

y(ky−ky0)2

4 ],

is the angular spectrum of the Gaussian beam centered at y = 0 of the plane of

z = 0, ky0 = ksinθ, wy = wsecθ and θ is the incident angle.

The expressions for the reflected and transmitted probe fields can therefore be

written as [35, 76]

Er
x(z, y)|z=0 =

1√
2π

∫

r(ky)E(ky)exp[i(−kzz + kyy)]dky, (5.2.2)

and

Et
x(z, y)|z>L =

1√
2π

∫

t(ky)E(ky)exp[ikz(z − L) + ikyy]dky, (5.2.3)

where L = 2 × d1 + d2 is the length of the cavity and r(ky) and t(ky) are the

corresponding reflection and transmission coefficients which can be calculated

by using the well known standard characteristic matrix approach [75]. Equa-

tions (5.2.1, 5.2.2 and 5.2.3) have been used for the investigation of normalized

intensity profiles of the incident, reflected and transmitted light beams [35, 82].
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When a Gaussian beam of narrow width is propagating through a medium,

then the reflected and transmitted probe beams can be distorted. Therefore,

it is instructive to define explicit expressions to study the behavior of the GH

shift (Sr,t) and distortion (w̄r,t/w), where w̄r,t = β1/2
r,t cosθ, of the reflected and

transmitted light beam and we define βr,t below.

Now, the GH shift may be defined as the normalized first moment of the elec-

tric field for the reflected and transmitted light whereas the distortion can be

measured in the reflected and transmitted light via the normalized second mo-

ment of the corresponding electric fields. The expressions for these quantities

can be written as [76]

Sr,t =

∫

∞

−∞
y

∣

∣

∣Er,t
x (y)

∣

∣

∣

2
dy

∫

∞

−∞

∣

∣

∣Er,t
x (y)

∣

∣

∣

2
dy

, (5.2.4)

and

βr,t = 4

∫

∞

−∞
(y − Sr,t)2

∣

∣

∣Er,t
x (y)

∣

∣

∣

2
dy

∫

∞

−∞

∣

∣

∣Er,t
x (y)

∣

∣

∣

2
dy

, (5.2.5)

respectively.
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5.3 Atom-field system for the duplicated two-level

atomic medium

In this section, we discuss the behavior of the GH shifts in the reflected and

transmitted probe light beam. The cavity contains an assembly of duplicated

two-level atomic configuration, where each individual atom is excited by two

fields having orthogonal polarizations, i.e., π-polarized and σ-polarized. We

consider the duplicated two-level atomic configuration, which can be under-

stood by considering the system as earlier described by F. A. Hashmi and Bouch-

ene in 2008 [40]. In this theoretical investigation, it was considered that the

excitation of the transition 2S1/2F=1/2→ 2P1/2F=1/2 of Lithium (6Li) at 671

nm by two co-propagating fields having the same frequencies but of different

strengths, i.e., the π-polarized field (control field) is much stronger than the σ-

polarized field (probe field). Consequently, the control and probe fields drive

the parallel and cross atomic transitions, respectively. The energy level diagram

is shown in figure 5.2. Here, the control field Eπ couples the transitions with

identical mF i.e., |a〉 → |c〉 and |b〉 → |d〉, while the probe field Eσ couples the

energy levels with different mF that is |a〉 → |d〉 and |b〉 → |c〉.

The effective Hamiltonian of the duplicated two-level atomic system under

dipole and rotating wave approximation can be written as

H = h̄(−Ωπ|c〉〈a|+ Ωπ|d〉〈b| − Ωσe−iϕ|c〉〈b|

−Ωσe−iϕ|d〉〈a| + cc)− h̄∆(|c〉〈c|+ |d〉〈d|), (5.3.1)

where Ωπ and Ωσ be the Rabi frequencies corresponding to the control and

probe field, respectively. The detuning parameter is defined as ∆ = ω − ω0,

where ω0 is the atomic transition frequency. Here, we use the density matrix

approach, and calculate the rate equations for the density matrix elements as

iρ̇aa = [Ωπρac + Ωσρade−iϕ − cc] + iΓ(ρcc + 2ρdd)/3, (5.3.2)

iρ̇bb = [−Ωπρbd + Ωσρbce−iϕ − cc] + iΓ(ρdd + 2ρcc)/3, (5.3.3)
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iρ̇cc = [−Ωπρac − Ωσρbce−iϕ − cc] − iΓρcc, (5.3.4)

iρ̇dd = [Ωπρbd − Ωσρade−iϕ − cc] − iΓρdd, (5.3.5)

iρ̇ca = Ωπ(ρcc − ρaa) + Ωσ(ρcd − ρba)e−iϕ − (∆ + iΓd)ρca, (5.3.6)

iρ̇db = −Ωπ(ρdd − ρcc) + Ωσ(ρdc − ρab)e−iϕ − (∆ + iΓd)ρdb, (5.3.7)

iρ̇ba = Ω
∗
πρda + Ωπρbc − Ω

∗
σeiϕρca + Ωσe−iϕρbd, (5.3.8)

iρ̇dc = Ω
∗
πρda + Ωπρbc + Ω

∗
σeiϕρdb − Ωσe−iϕρac − iΓzeρdc, (5.3.9)

iρ̇da = Ωπ(ρba + ρdc) + Ωσe−iϕ(ρdd − ρaa) − (∆ + iΓd)ρda, (5.3.10)

iρ̇cb = −Ωπ(ρab + ρcd) + Ωσe−iϕ(ρcc − ρbb) − (∆ + iΓd)ρcb, (5.3.11)

where Γ is population damping rate, Γze be the relaxation rate for the excited

state Zeeman coherence ρcd and Γd is the relaxation rate for the coherences ρca

and ρcb. By considering that the non radiative homogeneous dephasing pro-

cesses are absent in the suggested system; the relaxation rates Γze and Γd can be

reduced to Γ and Γ/2 [40]. The expression for the dielectric susceptibility of the
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duplicated two-level atomic system can be derived by observing the modifica-

tion in the probe field using the coherence ρσ = ρcb + ρda [40],

χ =
−2αΓd

k(∆ + iΓd)
e2iϕ, (5.3.12)

with

α = ND2ω0/2ch̄ε0Γd, (5.3.13)

where D is the dipole matrix element, ϕ is the phase shift between the control

and the probe fields and N is the atomic density.

Now the dielectric permitivity ε2 and susceptibility χ of the duplicated two-

level atomic configuration can be related to each other via the following relation

ε2 = 1 + χ, (5.3.14)

where, the dielectric susceptibility χ = χ1 + iχ2 is a complex quantity. The

real part χ1 describe the dispersion properties whereas the imaginary part χ2

exhibits the absorption properties of the medium.

5.3.1 Results and discussion

We start our discussion by considering the expression for the dielectric sus-

ceptibility of the intracavity medium (assembly of duplicated two-level atoms)

which shows that the optical response of the medium becomes independent

Figure 5.2: Energy-level configuration for two-level duplicated atomic

system[40].
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Figure 5.3: Real and imaginary parts of the susceptibility profile versus probe

detuning ∆ with parameters Γ = 1MHz and α = 0.015 for (a) ϕ = 0

and (b) ϕ = π/2 [40].

of the intensity of the control field. However, it is manipulated via the phase

shift between the control and the probe field, which leads to a coherent con-

trol over the group velocity. We plot the susceptibility χ of the intracavity

medium versus the probe field detuning ∆, see Fig. 5.3. We Investigate that

the medium behaves like an absorber exhibiting super-luminal characteristics

when ϕ = 0; however, the medium turns into an amplifier for ϕ = π/2 and

exhibiting sub-luminal characteristics. This manipulation of the optical suscep-

tibility via the phase shift leads to a coherent control over the GH shift behav-

ior, and we can observe negative and positive GH shifts corresponding to the

super- and sub-luminal propagation of the probe light, respectively, through

the cavity medium.

We consider incident probe light as Gaussian having a finite width w and inves-

tigate the behavior of the GH shifts in the reflected and transmitted light. We

follow the same approach as described in [76]. In this case, we use Eq. (5.2.4)

to study the GH shifts behavior in the reflected and transmitted light which is

the normalized first momentum of the electric field for the reflected and trans-

mitted beams. We discuss the behavior of the GH shifts in the reflected and

transmitted light depending on the width w of the incident Gaussian light. We

also study the distortion in the reflected and transmitted light for different half-

width w.
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Figure 5.4: GH shift versus half-width w of the Gaussian beam for θ = 0.15 ra-

dian. The dashed and solid curves are for the reflected and transmit-

ted light beams, respectively. The other parameters are d1 = 0.2µm,

d2 = 5µm, ε0 = 1, ε1 = 2.22, Γ = 1MHz, ∆ = 0, and α = 0.015, ϕ = 0

Figure 5.5: GH shift versus half-width w of the Gaussian beam for θ = 0.15 ra-

dian and ϕ = π/2. The dashed and solid curves are for the reflected

and transmitted light beams, respectively. The other parameters are

the same as in Fig. 5.4
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Figure 5.6: GH shift versus half-width w of the Gaussian beam. The parameters

are the same as in Fig. 5.4

We plot GH shifts in the reflected (dashed curve) and transmitted (solid curve)

probe light beam versus half-width w of the Gaussian beam for a fixed angle

θ = 0.15 radian as shown in Fig. 5.4, the remaining parameters are d1 = 0.2µm,

d2 = 5µm, ε0 = 1, ε1 = 2.22, Γ = 1MHz, ∆ = 0, and α = 0.015. In Fig. 5.4

we investigate that for ϕ = 0 the GH shift behavior is negative for the reflected

(dashed curve) beam and positive for the transmitted (solid curve) beam. The

negative and positive GH shift is due to the corresponding total group index of

the cavity, i.e., Ng = 1/Ldϕr,t/dωp, where ϕr,t are the phases associated with

the reflection and transmission coefficients which has been discussed earlier.

In this case, we observe that the group index Ng is negative for the reflected

and positive for the transmitted light beams, respectively [82]. Now we change

the phase ϕ from 0 to π/2, then the intracavity medium becomes an amplifier

and plot the GH shift versus the half-width w of the Gaussian beam for a fixed

angle θ = 0.15 radian. We observe that the GH shifts become positive for both

the reflected and transmitted probe light beams, see Fig. 5.5. This is due to the

fact that the corresponding group index Ng of the total cavity is positive in both

cases.

In Figs. 5.4 and 5.5 we observe a strong influence of the width of the Gaus-

sian beam on the GH shift. The magnitude of the lateral shift in the reflected

(dashed) and transmitted (solid) light beam, initially, increases rapidly with an

increase in half-width w of the Gaussian beam and maximum values are ob-

tained for narrow half-widths, i.e., w ≈ 10λp. However, the GH shifts decrease
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Figure 5.7: GH shift versus half-width w of the Gaussian beam. The parameters

are the same as in Fig. 5.5

Figure 5.8: Distortion versus incident angle θ for ϕ = 0. The other parameters

are the same as in Fig. 5.4

with a further increase in the half-width w of the Gaussian beam and these

do not change much when the half-width w becomes greater than 50 λp. Our

results are in accordance with some earlier experimental and theoretical obser-

vations in frustrated total reflection [89] and in weakly absorbing media [90].

We plot the enlarge view of the GH shift in the reflected and transmitted probe

light beam ranging from 50λp to 70λp for ϕ = 0 and ϕ = π/2 radian as shown

in Figs. 5.6 and 5.7. We observe that for higher values of the half width w, the

GH shift remains constant and does not change further by increasing w.

We mentioned earlier that for a Gaussian-shaped beam with a finite width w,

distortion in the reflected and transmitted probe light beam can occur, which

may depend on the width w of the probe light beam. Therefore, we are inter-

ested to study the distortion in the reflected and transmitted light for different

half-widths w of the incident Gaussian light. We measure the distortion in the
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Figure 5.9: Distortion versus incident angle θ for ϕ = π/2. The other parame-

ters are the same as in Fig. 5.5

reflected and transmitted probe light beam by using Eq. (5.2.5) and plot the

distortion (w̄/w) versus incident angle θ for phase shift ϕ = 0 and ϕ = π/2.

In Fig. 5.8, we plot the distortion (w̄/w) for two different values of the Gaussian

beam width i.e., w = 15λp and w = 60λp, we consider that phase shift ϕ = 0

and all the other parameters are the same as in Fig. 5.4. We notice that for a

large width, the distortion decreases in both the reflected (dashed curve) and

transmitted (solid curve) probe light beams. Similarly, we plot the distortion

versus incident angle θ for phase shift ϕ = π/2 and remain all the parameters

unchanged as in Fig. 5.9, in this case again we observe the same behavior for

distortion in the reflected (dashed curve) and transmitted (solid curve) probe

beams as we observed earlier in Fig. 5.8.

The beam width of Gaussian light plays an important role because it deter-

mines different modes. The number of modes are different for different beam

widths of Gaussian light and therefore the profiles of the reflected beams are

also different. For narrow beam widths of Gaussian light, the spectrum is wide

and the profile is sharp. It means that for a narrow beam width the Gaussian

light penetrates more into the medium which leads to a large shift because the

penetration depth is proportional to the shift. The GH shift decreases with in-

creasing beam width of the Gaussian beam and it does not change further for

very large width. It is due to the fact that for large width of the Gaussian light

the characteristic of the Gaussian light are more likely with that of uniform
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plane wave. When the width of the light beam increases the GH shift decreases

and it becomes more difficult to detect it experimentally. To solve this issue one

can use a well collimated beam having small beam width.

5.4 Summary

In this chapter, we suggested a scheme for the coherent control of the GH shifts

in the reflected and transmitted light beams using an especial case of the double

lambda system, i.e., a duplicated two-level atomic system in a cavity. In this

system, the coherent control of the GH shift could be achieved through the

manipulation of the optical susceptibility χ via phase shift between the control

and the probe fields and is independent of the intensity of the control field.

We observed that the GH shift in the reflected (dashed curve) and transmitted

(solid curve) probe light beams initially increased rapidly with the increase in

width w of the Gaussian beam, and we achieved maximum values for round

about w = 10λp. However, the GH shift decreased with a further increase in w

and these do not change much when the width w of the Gaussian beam became

greater than 50 λp. We also observed the effect of the width w of the Gaussian

beam on the distortion in the reflected and transmitted light beams. We noticed

that the distortion in the reflected (dashed) and transmitted (solid) probe light

beam for both the negative and positive lateral shifts decreased with increasing

the half-width w of the Gaussian beam.
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Conclusion

This thesis deals with some schemes for the coherent control of the GH or lat-

eral shifts [4] of the pulse propagating through different atomic media inside a

cavity. It has already been observed that the sub- and super-luminal behavior of

the pulse propagation through an atomic medium can be coherently controlled

without changing the structure [36, 39, 54]. This is due to the control over the

group index of the medium which is positive for the sub-luminal pulse propa-

gation and negative for the super-luminal propagation [? ? ]. This offers coher-

ent control of the GH shifts in the reflected or transmitted light pulse when the

light is incident on a cavity containing some dispersive atomic medium. Here,

we observed positive and negative GH shifts corresponding to the sub- and

super-luminal propagation of the pulse, respectively.

We have considered well collimated plane wave and Gaussian beams which are

incident on a cavity having different intra cavity atomic medium, for example.,

1. Three and four-level atomic medium with EIT configurations [34, 36],

2. Three and four-level atom-field systems inside the cavity exhibiting Raman

gain process [38, 39] and

3. Duplicated two-level atomic system inside the cavity [40] to control the GH

shifts coherently.

In these configurations, sub- and super-luminal pulse propagation can be ob-

served. We have investigated the behavior of GH shifts in the reflected and
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transmitted light for different incident angle corresponding to the sub- and

super-luminal pulse propagation. We have noticed that for these atom-field

configurations inside a cavity we can obtain coherent control of the GH shifts

in a fixed structure using a single external knob.

In chapter 2, we mainly emphasized on the coherent control of the optical sus-

ceptibility via a single knob. A single knob may be the intensity of the driving

fields, probe field detuning or phase.

In chapter 3, we investigated the control of the GH shifts in the reflected and

transmitted probe light beam using three- and four-level EIT atomic configu-

rations. The control of the GH shifts is due to a single knob, i.e., the intensity

of the control fields. Initially, we considered that the intracavity medium con-

sists of three-level EIT atomic configuration. The system became transparent

at the resonance condition for the probe light beam whenever the control field

Ωd 6= 0 [34]. In this case the dispersive properties of the intracavity medium

(three-level EIT) exhibited slow group velocity, i.e., sub-luminal behavior. The

sub-luminal behavior became super-luminal along with a strong absorption of

the probe light beam when the control field is switched off i.e., Ωd = 0.

We also considered the group index Ng (using Eq. (3.2.13)) of the total cav-

ity, including the walls and the intracavity medium. We observed positive GH

shifts when the group index Ng of the cavity is positive, and it is negative when

the group index is negative for sub- and super-luminal light propagation, re-

spectively. We selected two parameters for the control field, i.e., Ωd = 0 and

Ωd = 5γ. For the control field Ωd = 0 corresponding super-luminal propa-

gation of the probe beam occurs inside the intracavity medium along with a

strong absorption of the probe light. We noticed large negative GH shifts in the

reflected and positive GH shifts in the transmitted probe light beams at certain

incident angles θ. We used Eq. (3.2.13) and calculated the group index in the

reflected and transmitted probe light beams. We observed negative GH shifts

for negative group index Ng of the total cavity and vice versa.

Next, we have changed the strength of the control field from 0 to 5γ. The super-
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luminal behavior of the intracavity medium switched to sub-luminal behavior

for Ωd = 5γ. For the new value of the control field, we again plotted the GH

shifts versus incident angle θ and this time we observed positive GH shifts in

both the reflected and transmitted probe light beams. We calculated the group

index Ng of the cavity and found it positive in the reflected and transmitted

probe beams for each incident angle θ. This is already mentioned that the ab-

sorption of the probe light beam inside the three-level EIT medium is very high

for super-luminal behavior. This is due to the fact that when the control field

is zero, the three-level EIT system reduces to a two-level where no dark state

is present and the medium becomes a good absorber for the probe beam. This

was the main issue of three-level EIT atomic system to observe negative GH

shifts for super-luminal wave propagation.

Earlier, it has been investigated in four-level EIT atomic medium [36] that ab-

sorption can be reduced in super-luminal wave propagation by using control

of the driving fields. Therefore, we replaced the four-level EIT atomic medium

in a cavity instead of three-level EIT medium. Once again, we analyzed the be-

havior of the GH shifts in the reflected and transmitted probe light beams for

sub- and super-luminal wave propagation through the cavity. Here, the con-

trollable parameter was the Rabi frequency Ωa, which is corresponding to the

atomic transition, see Fig. 3.8. We selected two different values for the control

field, i.e., Ωa = 1.5γ and Ωa = 20γ. For Ωa = 1.5γ the intracavity medium

corresponds to slow light and for that we observed positive GH shifts in both

the reflected and transmitted probe light beams for all choices of the incident

angle θ ranging from 0 to 1.57 radian. We also calculated the group index Ng of

the cavity and observed it positive in both the reflected and transmitted probe

light beams for each incident angle θ. Then we changed the controllable pa-

rameter from Ωa = 1.5γ to Ωa = 20γ while keeping all the other parameters

unchanged. In this case, we noticed that the medium behaves as super-luminal

propagation for the probe light beam with a considerable reduced absorption

[36]. We have analyzed the behavior of the GH shifts in the reflected and trans-

mitted probe light beams and observed negative GH shifts in the reflected while

75



CHAPTER 6: CONCLUSION

positive GH shifts in the transmitted probe light beam for certain incident an-

gles. This is due to the fact that the group index Ng for the reflected beam at

certain angles are negative while positive for the transmitted beam. The control

of the GH shifts in EIT systems, however, occurs with some absorption of the

probe light beam inside the medium. To avoid the absorption of the probe light

beam, especially in super-luminal wave propagation inside the medium, we

have suggested experimentally viable schemes, i.e., three- and four-level atoms

under the condition of Raman gain process.

In chapter 4, we have analyzed the behavior of the GH shifts in the reflected

and transmitted probe light beams by using three- and four-level gain-assisted

models. For three-level medium, the motivation comes from an earlier work

where the atomic medium has been used via two photon Raman transitions

and observed gain-assisted super-luminal light propagation [37, 38]. We have

followed a similar scheme, and studied the GH shift behavior corresponding

to super- and sub-luminal wave propagation of the probe light beam inside the

medium. The super-luminal behavior appears between the two gain peaks, i.e.,

at and around δp = 0, and the sub-luminal behavior appears at and around the

maximum of each gain peak, i.e., δp = ±1.8γ of the intracavity medium. From

this, we could establish that the dispersive property of the three-level gain-

assisted model can be controlled using probe field detuning δp. We have used

these facts and analyzed the GH shift behavior for the regions of anomalous

and normal dispersion of the three-level gain medium. Initially, we considered

the case when the gain-assisted medium inside the cavity exhibits anomalous

dispersion for probe field detuning δp = 0. We have observed negative GH

shifts behavior for the anomalous dispersion of the intracavity in the reflected

and transmitted probe light beams. We used the previous concept of the group

index Ng and found it negative for different incident angles in both the reflected

and transmitted probe light beams.

Next, we have considered the normal dispersion of the intracavity medium and

studied the behavior of the GH shifts in the reflected and transmitted probe
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light beams. We have observed positive GH shifts in the reflected beam; how-

ever, the GH shifts are still negative in the transmitted beam. This is due to

the already established facts that in case of normal dispersion of the intracavity

medium, the cavity experienced positive group index in the reflected beam and

negative group index in the transmitted beam.

Then we have extended the three-level gain-assisted model to four-level model

[39] and obtained coherent control over the spatial and angular GH shifts via

strength of the driving field. The four-level atomic medium behaves as normal

dispersion along with a single gain peak when the strength of the control field

is zero or very small. For this case, we observed positive spatial and angular

GH shifts. When we increased the strength of the control field, the behavior of

the intracavity medium switched from the normal dispersion to anomalous dis-

persion along with two gain peaks. In this situation of the intracavity medium,

we observed negative spatial and angular GH shifts in the reflected probe light

beam.

The coherent control of the GH shift has been observed by using different atomic

systems, for example, three- and four-level atomic systems under the condition

of EIT via Raman gain process. In these schemes, we have observed the con-

trol of the GH shift via intensity of the driving fields or probe field detuning.

We have considered a plane wave that was incident on the cavity having these

atomic systems. The coherent control of the GH shifts will be more appropriate

if it is observed for a real system, i.e., using a Gaussian-shaped light incident

on a cavity.

In chapter 5, we have considered a Gaussian-shaped beam incident on a cavity

from vacuum (ε0 = 1) and making an angle θ with the z-axis. The Gaussian

beam can be reflected back and transmitted through the cavity corresponding

to negative and positive GH shift, depending on the dielectric properties (group

index) of the cavity. The cavity contains an assembly of the duplicated two-level

atomic system. We have noticed that the medium behaves like an absorber ex-

hibiting super-luminal characteristics when ϕ = 0, however, the medium turns
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into an amplifier for ϕ = π/2 and exhibiting sub-luminal characteristics. This

manipulation of the optical susceptibility via the phase shift leads to a coherent

control over the GH shift behavior and we have observed negative and posi-

tive GH shifts corresponding to the super- and sub-luminal propagation of the

probe light, respectively, through the cavity medium.

We have also observed a strong dependence of the GH shift in the reflected

and transmitted probe light beams on half width w of the Gaussian beam. It

was noticed that amplitude of the GH shift initially increased rapidly with the

increase in half width w of the Gaussian beam and maximum values could be

obtained for w ∼= 10λp. However, the GH shift decreased with a further increase

in w and these do not change much when the width w of the Gaussian beam

became greater than 50 λp.

We have also studied the effect of the half width w of the Gaussian beam on

the distortion in the reflected and transmitted beam. We plotted the distortion

versus incident angle θ for different values of the half width of the Gaussian

beam for ϕ = 0 and ϕ = π/2. We have noticed high distortion for small values

of w and with increase in the half width of the Gaussian beam distortion became

minimum. From this, one can conclude that the distortion of the Gaussian beam

could be minimized by increasing half width w of the incident beam.

The GH shifts in the reflected and transmitted probe light beam in our system

is based on the partial reflection and transmission. Further, in many figures

we displayed the dependence of the GH shift versus incident angle, where the

GH shift in the reflected and transmitted probe light beams are oscillatory be-

havior. The oscillation in the GH shift in the reflected and transmitted probe

light beams are due to the fact of multiple reflections of the probe light beam

through the cavity. In some cases, the oscillation of the GH shift in the transmit-

ted probe light is so small that it looks like smooth behavior, see Figs. 3.10(a)

and 4.4(b). We also observed dips in the reflection and transmission curves,

which correspond to the angles satisfying the resonance conditions. We have

observed large negative and positive GH shifts in the reflected and transmitted
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probe beams at resonance conditions.

The overall significance of this work is to obtain coherent control of the negative

and positive GH shift corresponding to super- and sub-luminal wave propaga-

tion inside the cavity in a fixed structure. A single parameter is required to

control the GH shifts without changing the structure of the medium. We used

EIT, RGP and duplicated two-level atomic media inside the cavity and obtained

coherent control of the GH shift. As the amplitude of the GH shift is tiny, fur-

ther, the use of large width of the beam to avoid distortion decreases the magni-

tude of the shift therefore it is be more instructive to investigate methods which

can enhance the amplitude of the shift. In future, we plan to incorporate Kerr

nonlinearity, which has been used by several researchers to obtain large group

index [91], to enhance the amplitude of the GH shift. Further, as the GH shift

depends on thickness of the medium therefore, we can develop an application

to measure the smoothness of a surface upto the order of nanometer. Another

interesting study can be to see the influence of doppler broadening on the be-

havior of GH shift.
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[58] K. -J. Boller, A. Imamoğlu, and S. E. Harris, Phys. Rev. Lett. 66, 2593 (1991).

[59] J. E. Field, K. H. Hahn, and S. E. Harris, Phys. Rev. Lett. 67, 3062 (1991).

[60] A. Joshi and M. Xiao, Phys. Rev. Lett. A 317, 370 (2003); A. Joshi, Phys. Rev.

B 79, 115315 (2009).

[61] S. E. Harris and Y. Yamamoto, Phys. Rev. Lett. 81, 3611 (1998).

[62] B. S. Ham and P. R. Hemmer, Phys. Rev. Lett. 84, 4080 (2000).

[63] M. Yan, E. G. Rickey, and Y. Zhu, Phys. Rev. A 64, 013412 (2001).
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