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Chapter 1

Introduction and Literature Review

1.1 The strange interactions of light and matter
Some of the phenomena displayed by light appear counter-intuitive. Ever since Max Planck

introduced the word ‘quantum’ into the physicists lexicon, new, almost bizarre demonstrations of

how light interacts with matter are reported in the literature week after week. In recent years the

cooling and trapping of atoms with lasers has had perhaps the greatest impact on atomic physics

of any contemporary development. The idea that a laser, a device traditionally associated with ray

guns and burning and heating things, can actually cool seems to go against common sense. Yet

quantum mechanics says that ray guns can cool to temperatures only a little above absolute zero.

Another of the strange interactions of light and matter is the topic of this thesis:

Electromagneticall y Induced Transparency (EIT). EIT theory says propagate one laser beam

through a medium and it wil l get absorbed; propagate two laser beams through that same medium

and neither will be absorbed. A quite literal trick of the light turns an opaque medium into a

transparent one. The magic doesn’t stop there though. EIT can be used to make media behave in

quite unexpected ways, some of which wil l be investigated in this thesis. One of the main

impetuses to work on EIT is another counter-intuitive phenomena called Lasing Without

Inversion, a process by which laser action is achieved without the need for the condition, learned

in every introductory laser class, of population inversion. In fact Lasing Without Inversion would

seem to violate the second law of thermodynamics! Yet it can be achieved, although not without

some difficulty.

All such phenomena, of course, are described by theories that describe how light and matter

interact. In its simplest sense the processes we shall meet in the course of this work are caused by

interference, analogous to that seen in water waves, or in Young’s Slit s. The difference is that

here the interference occurs within the atoms themselves. As with experiments in which waves

interfere, we will see that coherence plays a large role. We require the light going through a pair

of slit s to be coherent in order to see a well -defined interference. So too, within the atom, must

the properties of coherence come into play, now not of the light wave but of the quantum wave.

As such, we require coherent light sources, lasers, to carry out EIT experiments. It has been the

development of lasers that has allowed the study of a multitude of light-matter interactions. Of

particular interest here are the effects of ill uminating atomic vapours with laser light. It is

possible to induce optical transitions where the response of the atom retains a distinct phase

relationship with the applied optical field. If the atoms are isolated (as in a vapour) then they can
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retain this relationship for a length of time approaching the atomic decay time, meaning that

coherent phenomena can be observed. EIT is one such process, a result of quantum interference.

1.2 Coherent Processes

1.2.1 Rabi Oscillations
Rabi Oscill ations are a consequence of coherent excitation of an atom by a monochromatic (or

near-monochromatic) light source, resonant with an atomic transition. The effect of constant

radiation on a group of atoms, on a time scale much less than the natural lifetime of the excited

state, can be seen in figure 1.1. The interesting point to note is that the population all ends up in

state 2. This is different from a rate equation approach where the atomic medium would become

saturated (half the population could be pumped into the upper level but no more). Instead the

population continues to be pumped into level 2. Stimulated emission will then begin to take over

and the population will be pumped out of level 2 and back into level 1. This cycle of excitation

and de-excitation will repeat, so long as the applied field remains constant. Closer examination of

the way in which the populations change show that they oscill ate sinusoidall y with a constant

frequency. This frequency is called the Rabi frequency. The Rabi frequency is derived using a

quantum mechanical treatment of the atom, based on the probabilit y of a transition taking place at

a given time [1-3], rather than the more phenomenological approach used in Einstein’s rate

equations.

          

If we examine a two level atom as shown in figure 1.2 then the Rabi frequency may be expressed

as ΩR:
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where ∆12 is the detuning (difference between the laser frequency and the transition frequency),

µ12 is the dipole element for the transition and E is the field strength of the laser. It should be

noted that the Rabi frequency as written is an angular frequency and that as the detuning is

Figure 1.1. Evolution of the two-level atom with
continuous sinusoidal radiation incident upon it –
The Rabi atom. Population moves from one level
to another until all atoms are in the excited state
and then back again. With passing time this
pattern repeats sinusoidally.

Figure 1.2. The two-level atom. ωc is
the coupling field (exciting field), ω12

is the transition frequency and ∆12

denotes the detuning from the
transition line centre.
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increased away from resonance the Rabi frequency will increase and as such the period of Rabi

oscill ations wil l decrease. Thus a field far detuned from resonance will have no effect on the

atom as we would expect. The Rabi frequency has a ubiquitous presence in quantum optics.

Shore [2] outlines a few of its uses: a measure of interaction strength (the role in which it is

employed in this thesis), a frequency of population oscill ations, a nutation frequency and an

optical Larmor frequency among others.

1.2.2 Autler-Townes Effect
In 1955 Autler and Townes demonstrated the ac equivalent of the dc-Stark effect [4]. Using a rf

field they split an absorption line in OCS (carbonyl sulphide) into a doublet (figure 1.3a). In order

to observe this splitting they probed the rf transition with a microwave frequency field, and

observed how the rf field affected the probe. The result is a characteristic doublet absorption trace

(figure 1.3b).

                

Figure 1.3. (a) The Autler-Townes experimental set-up is shown. The lower level, |1>, is split by
the strong coupling field, ω12. The absorption profile, with the characteristic doublet, of the
probe field as it is scanned across level |1> is shown in (b).

The splitting  (also called ac-Stark splitting or dynamic Stark splitting) of the level that occurs is

directly related to Rabi frequency. Indeed in a non-Doppler broadened system with the probe

field exactly on resonance with the atomic transition the splitting induced by the field equals the

Rabi frequency as given by equation (1.1) with ∆12=0. The splitting in this case is symmetric

about the resonance point. In cases where the applied field is off-resonance with the transition the

spli tting wil l be asymmetric (figure. 1.4).

The importance of Autler-Townes splitting to EIT experiments is that EIT wil l enhance the depth

of the hole that is produced by the Autler-Townes spli tting. Quantum interference occurs between

the Autler-Townes components and deepens the hole. The two effects work in tandem to make

the medium transparent. The ingredient that separates EIT from Autler-Townes spli tting is the

level of dephasing that the system suffers from. If the dephasing on the unlinked transition (e.g.

|2> - |3> in figure 1.3(a) above) is not small enough then Autler-Townes splitting is the effect that

is observed and not EIT.

(a) (b)
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Work on Autler-Townes spli tting continues to this day [5-8] with more emphasis on work in the

optical regime, which in some cases may be mistaken for EIT. It also has import for work on

double resonance spectroscopy [8, 9].

Figure 1.4. The Rabi splitting is seen to be asymmetric about line centre when the coupling
field is not resonant with a transition.

1.2.3 Fano Interference
The foundations of EIT were laid in an experiment carried out in 1961 by U. Fano [10], which

was the first coherence interference experiment. Fano’s findings are outlined in figure 1.5.

Figure 1.5. Fano Interference: Two excitation paths to the same ionising state within a
continuum leads to a cancellation in absorption as the two paths destructively interfere.

Excitation takes place between some lower state and a continuum ionising state. It also takes

place between the lower state and an autoionised state. Once in the autoionising state the atom

relaxes to the ionising state. Hence there are two routes to the final state. Fano found coherent

interference between these two routes led to asymmetric peaks in the excitation spectra.

Furthermore he found that the ‘ transition probabilit y vanishes on one side of the resonance’ .

Coherent interference had turned off the absorption in the medium.

1.2.4 Coherent Population Trapping
The ability to turn off the absorption can also be used to trap population in a particular level, after

all if no population is moving from one level to another when under normal circumstances it

should, then it can be thought of as being trapped. The extension of Fano’s findings to this end

led to the idea of coherent population trapping (CPT) [11-13]. This was predicted by Gaspar

Orriols and Ennio Arimondo at the University of Pisa in 1976 [14], based on experiments Orriols



1. Introduction and Literature Review

5

and co-workers had done [15], where the elimination of fluorescence from an illuminated sodium

cell was observed. They found that using a multimode laser the fluorescence disappeared when

the mode spacing was made equal the hyperfine spacing of the excited transitions (figure 1.6

gives a schematic of the atomic system they used). The fluorescence was absent due to the fact

that the population had been trapped in a lower lying state, unable to move into the upper state.

Coherent population trapping is commonly carried out in the so-called lambda scheme (see

Chapter 2) shown in figure 1.6. The initial atomic state can be thought of as a superposition of the

lower two ground states. It is then possible to arrange the fields applied to the system so that the

probabilit y amplitude for being in the upper state is zero and hence the population remains

trapped in the lower two states. This is due to the destructive interference between the two routes

allowed to get to the upper state, e.g. |1>-|3> and |2>-|3>.

Figure 1.6: Level Scheme for coherent population trapping (the Lambda Scheme).

Typically levels |1> and |2> are hyperfine levels in the same ground state and as such are

both populated. Also it is typical that both the applied fields are of similar strength.

Hence CPT can be explained by considering two of the eigenstates of the Hamiltonian of the

atom-field system. These are coherent superpositions of the lower two levels:

21 21

xx
coupled

Ω
Ω

+
Ω
Ω

= (1.2)
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xx
uncoupled

Ω
Ω

−
Ω
Ω

= (1.3)

where 2
2

2
1 Ω+Ω=Ωx . No component of the upper level |3> appears in these equations. One

of these happens to be coupled to the upper state through the electric dipole interaction

(|coupled>) and the other remains uncoupled (a ‘dark’ state). When the fields strengths (Rabi

frequencies) of the coupling fields are set in the appropriate ratios the negative sign that appears

in equation (1.3) wil l result in the dipole moment from the |uncoupled> state to the upper state

|3> disappearing (<uncoupled|µ|3>=0). This is CPT and it is this effect which underpins EIT.

CPT was experimentall y demonstrated by Orriols’ Pisa group [11] and by Carlos Stroud’s Group

at the University of Rochester, New York [13]. In fact the phenomena as witnessed by the



1. Introduction and Literature Review

6

Rochester group was seen as an adverse effect. They were trying to maximise the population

extracted from the ground state. Unfortunately neither group actually examined what happened to

light passing through the cell, instead looking either at florescence or populations. This was

despite the fact that both groups had predicted that the absorption would be turned off. If they

had checked then the first observation of EIT would have been made in the 1970’s.

1.2.5 Physics of Electromagnetically Induced Transparency
The Coherent Population Trapping Analogy: EIT is essentiall y a ‘subset’ of the coherent

population trapping phenomenon, the two-effects being very closely related [12]. In CPT the two

fields interacting with the atom are close to the same strength and as such the interference effects

arise from both fields. In EIT one of the fields is much weaker than the other i.e. Ω1<<Ω2. Thus

EIT is due to only to interference effects driven by the stronger of the two fields, the so-called

coupling field. The weaker field is termed the probe field. Using the same lambda scheme for

EIT that we used for our CPT explanation we see that the idea is essentially the same. The

difference is perhaps in the detail s. CPT, in general, has the levels |1> and |2> as either Zeeman

or hyperfine levels within the ground state of the atom. In EIT these levels are usually discrete

electronic states. Thus, in general, one of the levels in EIT wil l have no population at any time

during the process.

Interference between dressed states: A dressed state analysis also leads to the correct EIT result.

Here the atom field interaction is considered as a whole so that the Hamiltonian for the system is

made up of components including both the bare state atom and the atom field interaction. A

dressed state is defined as, ‘an eigenstate of the time-independent form of the total Hamiltonian,

including interactions’ [16]. If we examine the CPT scheme in figure (1.6) then a dressed state

analysis leads to the upper two states forming a coherent superposition of states. It is interference

between the probe absorption ampli tudes to these two states that results in EIT - see figure 1.7.

The CPT analogy and the dressed state explanation for EIT can be related to each other, see for

example [17].

Figure 1.7: Lambda scheme in dressed basis. The two dressed states are labelled |3d> and

|2d>. It is destructive interference between the probe absorption amplitudes that leads to

EIT.
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Multiple routes to excitation: Descriptively the simplest explanation, the multiple routes to

excitation model of EIT is analogous to the Young’s Slits model for interference of light. Here

we describe EIT as an interference between two routes to excitation of the upper probe level (e.g

level |3> in figure 1.6). The probe can excite population by the |1>-|3> route. An alternative

pathway within the atom for population to reach |3> is |1>-|3>-|2>-|3> in which the population is

moved between |2> and |3> by the coupling field. We can then think of the two routes to

excitation interfering to cancel the original absorption |1>-|3>. Such multi-pathway interferences

can also be examined using density matrix perturbation chains, which may also allow additional

insight [18].

Other explanations: Other alternatives for explaining the EIT process have been proposed such as

the use of Feynman diagrams to represent the interfering processes [19], use of a 3D vector

model [20] or methods involving stochastic wavefunction diagrams [21].

1.3 Electromagneticall y Induced Transparency
The foundations of EIT were laid by Kocharovskaya and Khanin [22] in 1988 and independently

by Steven Harris of Stanford University in 1989 [23]. It is generall y the Harris paper that is

referenced as the beginning of the EIT literature (mainly because Harris’ paper was published in

the American Physical Review Letters and not the more obscure Russian journal JETP Letters

that the Kocharovskaya paper appeared in). Both papers addressed a concept known as Lasing

Without Inversion (See section 1.4.1). This is a process in which a laser can be made to operate

without the usual necessary population inversion by means of atomic coherence. This work was

quickly followed by a paper on a similar concept by Marlan Scully of Texas A&M University

[24]. EIT was first referred to by name by Harris in a 1990 paper in which another effect based

on EIT was proposed, namely the enhancement of nonlinear processes (see section 1.4.2) [25].

The first demonstration of EIT followed in 1991 again by the Harris group [26]. This experiment

was carried out in a Lambda scheme in strontium vapour using pulsed lasers, as shown in figure

1.8.

Figure 1.8: First EIT level set-up in strontium. The coupling field wavelength is 570nm and

the probe at 337.1nm.

The authors were able to able to show that the transmittance of the probe field, which couples

between a lower lying state and an autoionising state, could be increased from exp(-20) without
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the coupling field to exp(-1) with a coupling field present. They point out the importance of the

quantum interference in this increase, if there were no interference process present then the

transmittance would only have increased to exp(-7). Another important point to realise is that

what is observed is in fact interference and not some sort of hole-burning or saturation effect.

One could for instance imagine that if all the population were in some way removed from the

lower probe level then obviously there would be a reduction in absorption. But this is not what

happens as the probe field is kept suff iciently weak so as not to cause significant population

movement. This experiment carried out in strontium was followed by a demonstration in a

cascade scheme in lead vapour [27]. The work in lead has been expanded by Kasapi [28] as a

technique for enhanced isotope discrimination. This works by using EIT to make one isotope of

lead transparent to a probe field while another remains opaque. Kasapi showed that 0.03% of Pb-

207 could be clearly seen against a background of Pb-208.

Subsequent work by Harris’ group examined the dispersive properties of EIT [29]. They showed

that since the absorption of the medium is modified the refractive index must be as well . They

found that at the point where the absorption is swept through a zero the refractive index varies

rapidly with probe frequency (i.e. dispersion) and that this implies a significantly reduced group

velocity near the zero probe detuning position. This work laid ground for subsequent ideas about

slow light (section 1.4.3.3). In their experiment Harris’ group demonstrated a reduced group

velocity due to EIT of c/250 but they did not measure the dispersion directly. This experiment

was carried out by the Xiao group [30] who measured the dispersion of the medium using a

Mach-Zehnder interferometer technique [31]. They observed reduced group velocities of c/13.2.

Other experimental work on EIT includes further work by the Min Xiao group from Arkansas.

They have studied continuous-wave EIT in rubidium vapour in work that has close connections

with that done at St. Andrews in the past. They have examined the use of EIT as a spectroscopic

tool [32] in which an EIT resonance is seen on each of the hyperfine levels that make up the

upper coupling field state. This has also been explored by Moseley et al in which the technique is

compared with two-photon spectroscopy [33]. Further studies have included general

investigations of EIT in cascade schemes [34-36] and lambda schemes [37]. The change in EIT

as the coupling laser linewidth increases has also been explored [38]. The authors found that as

the linewidth of the interacting laser increased the EIT effect degraded due to an increase in the

dephasing of the system. This experiment was followed by another looking at the effect of

linewidth on the probe field [39]. In this case it was found that only the components of the probe

field that were resonant with the probe transition were able to pass through the medium. Off-

resonant components were absorbed. More recently this group have looked at building an

‘electromagneticall y induced grating’ [40]. This works by having a strong coupling standing

wave, interacting with three-level Lambda-type (or cascade-type) atoms. This can diffract a weak

probe field (propagating along a direction normal to the standing wave) into high-order

diffractions. By taking advantage of the absorption and dispersion properties of
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electromagneticall y induced transparency the authors have demonstrated an atomic grating that

can fan effectively diffracted light into the first-order direction.. They have also considered EIT

and AWI effects in four level N-type medium in Doppler broadened media [41], ideas that are in

some part related to the work presented here in chapters 6 and 7.

Work carried out in the St. Andrews group has covered similar ground to that of the Xiao group

both independently and at similar times. As has already been mentioned Moseley et al [33]

investigated uses of EIT for spectroscopy. In the same paper they also clearly showed the nature

of the one and two-photon interference effect in EIT. Fulton et al [42] showed that EIT is

affected by the Zeeman structure of atoms and that EIT resonances can be manipulated once the

normal Zeeman level degeneracy is li fted. Further studies of effects due to Zeeman levels in the

context of inversionless gain have been carried out by Durrant et al [43]. Fulton et al [44] also

conducted a definitive study of EIT in (cascade, lambda and Vee) three level schemes, showing

the roles of, for example, optical pumping in the EIT process. Later work includes investigations

into the abil ity to mismatch the wavelengths of the probe and coupling fields in Doppler

broadened EIT both in the case where the probe field wavelength is longer than that of the

coupling field [45] and where the probe field has a shorter wavelength than the coupling field

(the so-called up-conversion regime) [46], a theme which is further explored in chapter 3. Some

of the most impressive work carried out in the St. Andrews group was the discovery of the

Electromagneticall y Induced Focussing effect [47, 48], in which the spatial variation of the

coupling field results in the probe field seeing the coupling field as a lens. This is discussed

further in section 1.4.3.2.

Other work has proposed using EIT as a method of eliminating band gaps in resonant optical

materials [49]; producing a three-level medium whose quantum mechanical state is a function of

position [50]; enhancement of third harmonic generation [51]; generation of a wide spectrum of

Raman sidebands while improving propagation through a inhomogeneous medium [52] and the

related phenomena of subfemtosecond pulse generation by strong coherences in molecules [53].

EIT can also be used to eliminate self-focussing within an atomic sample [54]; has the potential

to utili se optical fields to coherently control Mössbauer spectra [55] and possibly in the

measurement of atomic parity nonconversion [56]. Proposals have been made to narrow laser

linewidths and improve properties of optical resonators and laser devices by using EIT within the

cavities (intracavity EIT) [57]. Along with normal gaseous media EIT has been investigated in

RF discharges [58], cold atoms [59, 60] and atomic beams [61].

As can be seen numerous studies have been carried out into EIT, both the process involved and

applications of the phenomena. The references given here are to be seen as an introduction to the

subject. For an alternative review of the subject area, which deals much more with, for instance

pulsed phenomena in EIT, see Jon Marangos’ review [17]. The following sections introduce

some of the more important areas that result from EIT, including EIT in solids, which is now of
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increasing interest, Lasing Without Inversion, enhancement of nonlinear processes, refractive

index effects (including slow light) and electromagneticall y induced absorption [62].

1.3.1 EIT in solid media
The majority of EIT experiments are carried out in gaseous media, rubidium [44], caesium [63],

hydrogen [64] and the like.  For many applications, however, the ability to carry out EIT in solid

materials would be beneficial (see for example section 1.4.3.3 on slow light) particularly if we

wished to take EIT ‘ into the field’. However in considering solid materials we run into problems.

The question can be put as follows: Can EIT be used to reali se X-ray vision? The answer is no.

The major problem lies in the very broad linewidth transitions and/or the large dephasing rates

that occur in solids. In EIT we require a coupling laser field strength rivalling the probe transition

linewidth. For this to occur in solids we would require laser strengths that would burn a hole

through the material. Not quite what we mean by X-ray vision! Some of these problems can be

circumvented by cooling the sample down near to absolute zero. This has resulted in the

observation of EIT in several solid materials. The first demonstration was carried out in ruby [65]

by Zhao et al and is also notable for the fact that the coupling field in this experiment was a

microwave field rather than an optical field, but this particular experiment has been somewhat

disputed. Other similar experiments have been carried out by Ichimura et al [66] and by Ham et

al [67]in Pr3+:Y2SiO5. This second group, who are at MIT, have carried out a number of

experiments investigating enhancement of four-wave mixing in solids due to EIT [67], the

possibili ty of optical data storage using EIT in solids [68, 69], gain induced by rf fields [70] and

line-narrowing effects useful for spectroscopy [71].

Other interesting work on EIT in solids has been carried out by a group at the Australian National

University in which they explore EIT effects in a nitrogen-defect centre in diamond. Recently

they have shown the dynamic Stark splitting of an EIT resonance [72, 73], in which they split the

EIT window into two or more separate lines, a effect similar to that explored in chapters 6 and 7.

These effects are slightly different from other EIT experiments in that they are carried out at ESR

frequencies rather than at optical frequencies and so further circumvent some of the problems

associated with EIT in solid media. As such they have great potential in investigating proof of

principle type experiments.

We note that in theory many ion doped crystall ine solids may be suitable for EIT. Whether or not

they offer any particular advantage over each other is debatable. You always lose out on the

dephasing. However some people remain optimistic. A group of Japanese researchers from

Toshiba (US Patent 6028873) have recently patented the idea of an inversionless laser (see

section 1.4.1) (which uses EIT to work) with a solid medium as the gain material. They li st well

over 100 possible candidates for the gain medium which makes the patent cover a multitude of

potential devices. Somebody is obviously hopeful that one day EIT in solids wil l become such a

practicalit y that devices will be able to be based upon the idea.
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1.3.1.1 EIT in semiconductors
Semiconductor devices may hold the key to applied inversionless laser devices. Since they can be

engineered to specific designs there are fewer constraints on semiconductors than in other media.

They also have the potential to be used as sensitive detectors in spectral regions where detection

is diff icult and also to improve existing properties of current semiconductor devices. Various

groups have considered EIT-type effects in semiconductors including the Imamoglu group at the

University of Cali fornia, Santa Barbara. They have investigated Fano interference in double

quantum well structures [74] similar to the one shown on the right-hand side of figure 1.9

(without the field α). Such schemes make use of quantum tunnelling to couple between the two

wells. Schmidt and Imamoglu [75] have also considered using EIT to enhance nonlinearities in

semiconductors, with potential in areas such as optical parametric generation or frequency

generation. Schmidt and Ram have explored the possibilit y of creating an all-optical wavelength

converter and switch based on EIT [76].

Other work includes that by Pötz [77] who looked at EIT type effects in double well structures

where the probe field is controlled by a microwave field. Another recent proposal has been that of

Yelin and Hemmer [78] in which EIT in a semiconductor can be used to detect far infrared

radiation (around 10microns) by observing a shorter wavelength probe field. The process relies

on a four-level system shown in figure 1.9.

Figure 1.9: EIT scheme for the detection of long wavelength radiation in a semiconductor.

The EIT is set up via the the probe (ωp) and coupling (ωc) fields. It can then be destroyed

via the application of a third field, α. This third field has a longer wavelength than that of

the probe and hence a technologically ‘easier’ wavelength can be used to monitor the

technologically ‘hard’ wavelength.

Normal EIT is produced by the coupling field ωc on the probe field ωp. Then the EIT can be

destroyed, producing a re-absorption of the probe, by the application of a third field α. We can

engineering the quantum well structure so that ε lies in the visible region and α in the far infrared.

Thus this provides a novel detection technique for the far infrared light. The destruction of EIT in

multilevel EIT systems is examined in greater detail in chapter 6.

Other workers have predicted inversionless lasers based on EIT in semiconductors. These include

Zhao et al [79, 80], who predict LWI effects in system similar to that shown in figure 1.9 above,
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and Imamoglu and Ram [81] who predict LWI effects in the absence of a coupling field. They

instead rely on the resonance between sub-bands in different quantum wells. This, they show, is

identical to the original lambda scheme proposed by Imamoglu and Harris [82].

A more thorough review of experiment and theory of EIT due to quantum tunnell ing in

semiconductors can be found in [83].

A recent experiment by a group at Imperial College has demonstrated EIT in a quantum well

structure for the first time [84]. The energy levels used are two close lying states in the same

quantum well (i.e. no tunnelling process is required). The level structure is shown below in figure

1.10.

Figure 1.10: Level structure for observation of EIT in a quantum well cascade scheme. The

two transitions are closed spaced in energy allowing for three different coupling regimes:

(i) EIT, (ii ) Strongly driven two level atom and (iii ) phase-locked coherence. The probe

field resonant with the |1> -|2> transition is not shown.

As can be seen the fact that the two transitions are quite closely spaced allows the coupling field

to interact with the system in a variety of ways. The first is a normal EIT effect, shown in figure

1.10(i). The second effect is analogous to the strongly driven two-level atom and the third

corresponds to an effect the described as ‘phase-locked’ EIT. This third condition corresponds to

the case where the coupling field is two photon resonant with the |1> - |3> transition and was

found to produce the biggest EIT effect.

1.4 Applications of EIT

1.4.1 The Inversionless Laser
The concept of an inversionless laser is an intriguing one. If we examine Einstein’s rate equation

approach of laser theory then it should be impossible to achieve laser action without a population

inversion, as Siegman points out [85]:
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‘For laser action to occur, the pumping process must produce not only the excited

atoms, but a condition of population inversion…It turns out we may obtain this

essential condition of population inversion in many ways…’

So counter-intuitively it seems an immediate consequence of EIT that inversionless lasers should

be possible. Einstein’s rate equation forbids inversionless lasers. A medium will ultimately

become saturated when half of the population is in the upper level of the laser transition (and half

is in the lower state). Since the medium suffers from stimulated emission as well as stimulated

absorption then the medium can never experience laser action without a population inversion,

however if the stimulated absorption is turned off, or significantly decreased then it should be

possible to have these strange upside down lasers. Such were the proposals by Kocharovskaya

and Khanin [22], Harris [23] and Scully [24]. The idea can be examined in the following scheme

[86]:

Figure 1.11: Level scheme for observation of inversionless lasing. The incoherent pump, r,

is applied between levels b’ and a. Lasing is observed on the a to b transition. Level a is the

5P1/2 level, level c is the 5P3/2  level and b and b’ correspond to the 5S1/2 (F=1) and 5S1/2

(F=2) levels respectively.

The major difference between a straight EIT scheme and an LWI scheme is the introduction of

the pumping term r. As with a normal laser, a pump is required to move population into the upper

laser level. In the LWI case the pump is generally termed incoherent, as the linewidth is much

larger than the linewidth of the atomic transition that it is pumping. It is desirable to use an

incoherent pump, as use of a source that interacts coherently with the system under consideration

will necessarily upset the coherences generated by the probe and coupling field. For instance

Boon examined the possibilit y of coherently pumping a Vee-scheme [87] and found that an

incoherent pump produced more gain.

For many laser wavelengths the effort that would go into building an inversionless laser would be

counter productive. For instance there would no specific gain in building an inversionless 633nm

laser over a normal He-Ne laser. The main area of interest in the inversionless laser is short-

wavelength lasers. Since the Einstein A coeff icient increases with frequency:
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so that the spontaneous emission on transitions with short wavelengths is very rapid this means

that the atoms undergoing excitation on such a transition will rapidly decay to a lower state.

Hence a population inversion is increasingly diff icult to establi sh as the transition wavelength

gets shorter. Inversionless lasers open up the possibilit y of circumventing this problem.

Inversionless lasers themselves, however, have problems of their own, in a particular the

diff iculties involved in constructing them. So far no inversionless laser of technological

importance has been demonstrated.

The first proof of principle inversionless laser was buil t by the Scully group. The same group had

previously reported amplification without inversion in Rb [86] and extended their set-up to

demonstrate laser oscill ation. The experimental apparatus is shown in figure 1.12

Figure 1.12: Experimental set-up for observing inversionless lasing in Rb.

The atomic system is shown in figure 1.11 above. The coupling field is supplied by a single-

frequency diode laser resonant with the 5S1/2-5P3/2 transition (the D2 line). The laser transition is

the 5S1/2 – 5P1/2 transition (the D1 line). The incoherent pump source on the 5S1/2 – 5P3/2 transition

is used both to destroy optical pumping due to the strong coupling field and also to act as a pump

for the inversionless laser putting a small amount of population into the upper laser transition. A

weak magnetic field is used to destroy coherence created by the pump field in the 5S1/2(F=2)

Zeeman levels. When the coupling and pump field come onto resonance, inversionless laser

oscill ation is observed, the laser field having been buil t up from cavity noise. The fact that such a

system is in fact displaying inversionless gain can be demonstrated by examining the system in

the presence of a probe field resonant with the laser transition (the set-up for finding

ampli fication without inversion). In the case where the probe field linewidth is increased so as to

become incoherent, the amount of gain decreases significantly indicating that it is a coherent

process (i.e inversionless gain) and not a population inversion that accounts for the gain that is
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observed. The laser output was approximately 30µW at 794nm. Obviously this is not a practical

system.

A number of other proof of principle experiments have been carried out, most notably by Peters

and Lange [88], Padmabandu et al [89], Sell in et al [90] and Jong et al [91, 92]. Many others

have observed ampli fication without inversion ([93-95] for example) although none with any

significant wavelength mismatch. This idea of mismatching the lasing and coupling fields is

important in the search for short wavelength inversionless lasers, as ideally we would li ke a

technologicall y ‘easy’ laser as the coupling field controlling a short wavelength laser transition.

One of the main problems with this idea is that as the wavelengths get further and further apart

EIT is increasingly difficult to obtain (although not impossible). A good example of such an EIT

experiment was carried out by Boon et al [46]. This idea of producing a short wavelength laser

using a longer wavelength control field is called ‘up-conversion’ and is discussed in detail for

Doppler broadened systems in [96, 97] and also in Chapter 3 of this thesis. A summary of LWI

and AWI experiments is li sted in table 1.1.

Type Authors Medium Coupling

(nm)

Probe

(nm)

R

Pulsed AWI Nottelmann et al  [95] Sm Vapour cell (Λ) 570.68 570.68 1

Pulsed AWI Fry et al [98] Na Vapour cell (Λ) 589.86 589.86 1

558.43 558.43 1

Pulsed AWI van der Veer et al [99] Cd Vapour cell (Λ) 326 479 0.68

CW AWI Kleinfeld and Streater

[100, 101]

K Vapour cell (Vee) 766.5 769.9 1

CW AWI Zhu et al [102, 103] Rb Vapour cell (Λ) 780 780 1

CW AWI Sell in et al [90] Ba atomic beam (cascade) 554 821 0.67

CW AWI Fort et al [63] Cs Vapour cell (Vee) 852 894 0.95

CW AWI Shiokawa et al [104] Laser-cooled Rb (Λ) 780 780 1

CW AWI Hollberg et al [105] Laser cooled Rb (Vee) 780 795 0.98

CW LWI Zibrov et al [86] Rb Vapour cell (Vee) 780 795 0.98

CW LWI Padmabandu et al [89] Na atomic beam (Λ) 589.76 589.43 1

Pulsed LWI de Jong et al [91] Cd Vapour cell (Λ) 326 479 0.68

CW LBT Peters and Lange [88] Ne Vapour cell (double-Λ) 824.9 611.8 1.35

Table 1.1: Summary of LWI and AWI experiments to date. CW is continous wave, AWI is

amplification without inversion, LWI is lasing without inversion and LBT is lasing below

threshold. The value of R is the probe field to coupling field frequency ratio. It is therefore

a measure of up-conversion.(see LWI review [106])

Lasing Without Inversion is not just about short wavelength lasers however. Other aspects of

interest include various quantum optical effects, such as the inhibition of spontaneous emission

noise in inversionless lasers [107] and the production of squeezed laser light [108, 109]. More

recently predictions for producing inversionless gamma ray radiation have been made [110-113].
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Inversionless lasers offer tantali sing possibili ties. Compact short wavelength lasers would be a

great boon technologically. But over 10 years after the prediction of such devices no substantial

breakthrough has been made. The dearth of experimental work in the field shows, not that the

idea is of no interest but that the work is very difficult to achieve despite the wealth of theory

papers published ([87, 108, 114-131] for example). The defining experiment is out there just

waiting to be performed, but many problems remain. For a more complete discussion of LWI,

motivations, different theoretical approaches to the phenomena, experimental realisations and

diff iculties see the recent comprehensive review by Mompart and Corbalàn [106].

1.4.2 Enhancement of Nonlinear Processes
Many nonlinear processes suffer from re-absorption. That is, if a wave-mixing process results in

a frequency being produced on a transition that is not coupled to one of the fields driving the

process then any radiation at this frequency stands a chance of being re-absorbed by that

transition. Since these types of processes generall y produce only a small amount of radiation then

the problems are obvious. The fact that EIT can provide transitions that do not re-absorb is

therefore very attractive. Indeed this idea was one of the original proposals for EIT [25] in which

a four-wave mixing process could be enhanced (i.e. the χ(3) susceptibilit y is enhanced). A sample

atomic scheme is shown in figure 1.13.

Figure 1.13: Harr is’ wave-mixing scheme. The coupling field on the |2> - |3> transition

induces transparency on the wave mixing transition |3> - |1> and hence reduces the

absorption that the generated field would normally experience.

The first experimental evidence for enhancement of nonlinearities was by Hakuta et al [132].

They demonstrated that a dc field could be used instead of an ac coupling field in certain cases.

This first experiment was three wave mixing in hydrogen, which is normally forbidden. The same

group then went on to demonstrate four-wave mixing schemes in hydrogen [64], producing light

in the UV at 103nm, and also sum-frequency generation in a hydrogen discharge [133]. Work at

St. Andrews has looked at similar schemes in sodium [134]. Sum-difference frequency mixing in

krypton has been performed by the Marangos group at Imperial college [135-138]. Recent work

in this area includes four-wave mixing enhancement in a crystal [71], which opens up

possibiliti es of using EIT for applications such as optical data storage in solids.
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Another intriguing application of EIT in the nonlinear regime is the possible development of a

broad band optical parametric oscill ator with a high eff iciency [139]. Such a device has been

proposed by Harris and Jain. Lukin et al [140] have studied enhancement of parametric processes

in which pairs of Stokes and anti-Stokes fields can be generated from very small initial values,

e.g. the vacuum field. These ideas have been extended to experimentall y produce self-oscill ating

parametric processes [141] – a mirrorless parametric oscill ator. Further studies have investigated

the properties of such processes [142, 143]. The idea is that two counter-propagating beams, Eb

and Ef, drive a double lambda scheme, shown in figure 1.14.

Figure 1.14: Double lambda scheme used in the mirrorless parametric oscillator scheme.

The arrows under the field descriptors (the ‘E’s) denote the direction of propagation of the

fields.

These fields in turn generate fields (E1 and E2) at the Stokes and anti-Stokes frequencies. For an

appropriate density length of the medium for a given pump field intensity the system is found to

display self-oscill ation. Fleischhauer et al [142] calculate that such a set-up can be used to

produce non-classical photon fields (the photon pairs created in this process are in quantum

correlated states resulting in suppression of the intrinsic quantum fluctuations of the light [144])

with very narrow linewidths and low power requirements. This they suggest will be of interest in

a number of areas of quantum optics and nonlinear optics.

The enhancement of nonlinear process is the one area of EIT where strong, potentially useful

experiments have been carried out. Research in the area continues and it may prove to be that this

area of research is the one that benefits the most from quantum interference effects.

1.4.3 Refractive Index Effects
Another topic of interest in quantum interference research is that of the modification of the

refractive index properties of a medium. Since the absorption and refractive index of a substance

are linked via the Kramers-Kronig relations we see that modification of the absorptive properties

of a medium wil l result in a change in the refractive index properties as well . Examples of uses of

this modification are high refractive index media with low absorption (phaseonium),

electromagneticall y induced focusing and slow light.
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In a two level system if we examine the absorption of a probe scanned through the transition we

find maximum absorption on line centre. Accompanying this absorption will be a refractive index

profile that has a zero coinciding with the maximum absorption. We also see a dispersive element

of the refraction (variation of refractive index with frequency) around the maximum absorption

point. By moving to a transparent medium we can modify this as shown in figure 1.15. We see

that in a transparent medium we have high dispersion (rapidly varying refractive index) and this

is the basis for slow light phenomena (section 1.4.3.3) and proposed schemes for magnetometry

[145, 146] and line narrowing and frequency stabili sation of lasers [57]. It also allows effects

such as Electromagneticall y Induced Focussing [47, 48] and optical waveguiding of a probe field

[147, 148], discussed below in section 1.4.3.2.
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Figure 1.15: Refractive index as a function of probe field detuning. In the two level case,

i.e. no coupling field then we get the classic trace, shown by the solid line. In the case

where a coupling field is applied the profile is modified as shown by the dashed line.

Another refractive index effect due to EIT is that of EIT-induced birefringence. This was first

demonstrated by Pavone et al [149]. This phenomena is briefly discussed in Chapter 7 when

where examine the potential for using EIT-induced birefringence as a method of spectroscopy.

Recent work by Patnaik and Agarwal [150] has also shown that birefringent effects in a

coherently prepared medium can be used to control magneto-optical rotation.

1.4.3.1 Phaseonium
Phaseonium differs from the highly dispersive media found via EIT in that it is a medium which

has a large refractive index with no accompanying probe absorption. It was proposed by Scully

[151]. In order to create such a medium (which Scully has called a new state of matter) it is

necessary to ‘prepare’ the medium in some way. This preparation may take the form of

incoherent pumping akin to that found in inversionless lasing discussed above. Further theory of

enhancement of the refractive index can be found in [152-156]. A proof of experiment to observe

phaseonium was carried out in rubidium [157]. As expected a region was found in which the

absorption vanished accompanied by a large refractive index.
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One of the main proposed applications of phaseonium is the development of a high sensitivity

magnetometer. If we place a phaseonium medium in the arm of a interferometer then a varying

magnetic field wil l perturb the Zeeman levels of the atomic system. This will detune the probe

field slightly and this detuning will alter the refractive index of the medium. This change should

be detectable using the interferometer. It is estimated that a magnetometer based on coherently

prepared atoms could be 2 orders of magnitude better than a state of the art SQUID

magnetometer [158]. Further theory on phaseonium magnetometers can be found in [146] and on

other magnetometers based on EIT effects in [159, 160]. Additional advantages in the use of such

a magnetometer are that unlike other optical magnetometers it can work in the high density –

strong field regime potentiall y allowing a greater signal to noise ratio, and also that it has a larger

dynamic range than more conventional devices. Other applications include high-resolution

microscopy [158]. The resolution of an optical microscope is given by λθsinn where n is the

refractive index of the lens, θ is the optical collective angle and λ is the wavelength. If we can

increase n then obviously the resolution could be increased. The experimental conditions in order

to observe such enhancements are diff icult to achieve however. A more recent experiment [161]

has shown that power broadening of optical resonances can be significantly narrowed in

coherently prepared, dense atomic media and that it is possible to observe sub-EIT linewidth

effects in such media. Other work on the subject relevant to this thesis has been carried out by

Lukin et al [162] in which phaseonium can be obtained using so-called double-dark resonances

with less incoherent pumping than in the case discussed above. Double-dark resonances wil l be

discussed in relation to EIT in multilevel cascade schemes in chapter 6.

1.4.3.2 Electromagnetically Induced Focussing
As we have seen EIT affects both the absorption and the refractive index of a medium. This

implies that the stronger the EIT effect, the larger the change in refractive index. We can make

use of this fact in normal EIT experiments to develop a new process called Electromagneticall y

Induced Focussing (EIF). Since laser beams have Gaussian intensity profiles a probe field that

has its beam waist matched to the coupling field waist will experience stronger EIT at the centre

of the beam than at the edge. The refractive index that the probe experiences will also, therefore,

change with the radial intensity of the coupling field. Moseley et al showed [47, 48] that this

effect implied that the probe field experiences the coupling field as a lens. This is ill ustrated in

figure 1.16.
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Figure 1.16: Schematic of Electromagnetically Induced Focussing. The transverse spatial

profile of the coupling field results in the probe field experiencing a varying refractive

index across its transverse profile. This effect is eqivalent to that of having a lens in the

path of the probe field.

By varying the detuning of the probe field it is possible to have the system act as various types of

lenses, e.g. convex or concave. The EIF effect occurs more strongly for tightly focussed beams,

where the peak intensity of the coupling field is greater. Therefore when performing such

experiments it is important to take into account the EIF effect. Truscott et al [163] have used this

idea of EIF to produce a waveguide in atomic vapour. Using a Laguerre-Gaussian [164, 165]

beam as the coupling field and a normal Gaussian probe field, the probe will experience a high

refractive index when it is on line centre with its transition. If the coupling field is red detuned (a

negative detuning) it can act so as to guide the probe out of the intense region of the coupling

field. If the probe is blue detuned it can act in the opposite way. This results in the probe being

waveguided along the Laguerre-Gaussian beam. In essence the refractive profile experienced by

the probe is similar to the profile it would experience if it were in an optical fibre. This work has

recently been more fully explained by Kapoor and Agarwal using a full density matrix treatment

[148].

In this thesis we briefly examine how EIF effects occur in four-level media and how such

phenomena lead to the idea of a rf controlled optical lens.

1.4.3.3 Slow Light
The most recent development in EIT research is the idea of ‘slow’ light. This concept was first

demonstrated by the Hau group at the Rowland Institute [166]. EIT is carried out in a Lambda

scheme in a sodium Bose-Einstein condensate. Due to the very low coupling field required to

induced the transparency (the Doppler broadening in the condensate is almost negligible) the

transparency peak is much smaller than the natural li newidth of the transition. The dispersion

curve is therefore very steep and this results in light propagating at the probe frequency having a

very low group velocity, vg. This is given by:



1. Introduction and Literature Review

21

N

c

p

hc

pd

dn
pn

c
gv

p
2

13

2

2
0

)( µω
ε

ω
ωω

Ω
≈

+
= (1.5)

where n(ωp) is the refractive index at the probe frequency ωp  and dn/dωp is the change in

refractive index with probe frequency (the dispersion). We see immediately that the higher the

dispersion (achieved by EIT) the lower the value for vg. The Hau group reported group velocities

as low as 17ms-1, hence the name ‘slow light’ . EIT had been used to slow light down before, with

Harris [29] reporting light with speeds of c/250, but it was the huge amount by which the light

was slowed that made the Hau experiment so notable.

Two further examples of slow light followed quickly after the first demonstration of the

phenomena but this time in ‘hot’ media [167]. The Scully group performed their experiment in

rubidium vapour at around 360K again using EIT in a Lambda configuration. By a careful choice

of experimental parameters such as field strength and atomic density a group velocity of 90ms-1

was observed. It was noted that this was an average velocity as the coupling field is absorbed in

the cell and the group velocity decreases with the coupling field power. They also note that the

90ms-1 is not a lower limit to the group velocity but by further modifications of experimental

parameters they could bring the velocity down nearer 10ms-1. An interesting aside that the

authors note is that the Doppler free configuration, where the probe and coupling field counter-

propagate, that is necessary for observation of EIT effects in so many experiments (including

some of those found in this thesis) is not necessary for the observation of low group velocities.

The second ‘hot’ gas demonstration of slow light was performed by Budker et al [168] again in

rubidium. In this case the experiment investigated what happened to the polarisation of the light

exiting the gas cell i f the polarisation of the input light was changed. The authors show that the

process is equivalent to EIT and thus that reduced light group velocity is related to nonlinear

magneto-optical effects. Light within the cell suffers from a group delay and as such has a low

group velocity, which can be controlled by varying the applied magnetic field. It was found to be

of the order of 8ms-1 in this experiment. This is the lowest published group velocity of light at the

time of writing.

Given slow light, what can we do with it? One interesting proposal is that of an optical black

hole, an idea put forward by Leonhardt and Piwnicki [169]. The idea is that if li ght were to

interact with a vortex of some sort, e.g. in a Bose-Einstein condensate, then if it were moving

slowly enough it would be sucked into the vortex in the same way that matter is sucked into a

black hole in space. Thus a black hole that could be built within a laboratory could be possible.

This effect arises as light sees a moving dielectric medium as an effective gravitational field. It

may be that the vortices recently achieved in Bose-Einstein condensates are too small to work

effectively as optical black holes. In that case it may be possible to use Laguerre-Gaussian beams

to create a vortex within a sample of hot gas or to carry out EIT within a rotating solid medium.
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Many problems exist in all these approaches but a careful experiment in the right medium may

well yield results. The analogues between optical black holes and real black holes would then

allow black hole and gravitational phenomena, such as Hawking radiation [170], to be studied in

the convenience of a laboratory instead of in space.

Leonhardt and Piwnicki have also proposed another possible application of slow light [171], that

of a slow light gyroscope. They show that using an optical gyroscope with slow light will

increase its sensitivity by anything up to 8 orders of magnitude. Again the problem of observing

EIT in solid materials makes this idea that is diff icult to realise practically.

Further proposals for uses of slow light include those by Harris [172] in which slow light can be

used in balli stic type experiments with atoms and ways in which slow light can be used for

nonlinear interactions at very low light levels [173]. Other suggestions include those [174] in

which slow light can be used in quantum entanglement experiments and experiments involving

other fundamental quantum processes [175].

Slow light remains the most exciting development in the EIT world at the moment. Just over ten

years after the original idea was proposed the idea of slow light has given the whole subject area

of coherent light matter interactions a boost – asserting that new concepts are there to be found

and new uses waiting to be made of them. In another ten years, who’s to say, we may have

optical black holes sitting in laboratories all over the world in much the same way that Bose-

Einstein condensates have become the physics de jour.

1.5 Electromagneticall y Induced Absorption
A related effect to EIT is that of electromagnetically induced absorption (EIA) which was first

noted by Bergman et al [176] in an experiment in NO. However the phenomena has been most

thoroughly investigated by a group from the Instituto de Physica in Montevidio, Uruguay [62,

177-179]. The effect can be observed in degenerate two level atoms and the Montevideo group

has used rubidium in their experiments. The level structure investigated is shown in figure 1.17.

Figure 1.17: Two level structure for observation of EIA. The two fields are a pump

(coupling) and probe field. The parameter b is a branching ratio with b=1 corresponding

to a closed transition. The value 1-b corresponds to the probability of level |2> decaying to

a level other than |1>.
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Lezama et al have shown [62] that EIA can be observed in a degenerate two-level system

provided that three conditions are satisfied: (i) That the F number of the ground state is one less

that the F number of the excited state; (ii ) the transition between the ground and excited state is

closed and (iii ) the ground state must be degenerate. They also show that the increase in

absorption over that of a normal probe absorption trace can exceed 100%. Further, [179] the

exact probe absorption spectrum that is observed is dependent on the field polarisations, the

magnitude of any applied magnetic field (to li ft the level degeneracy) and probe and pump field

detunings.

In [177] Akulshin et al explain that analogous to the destructive interference effect found in EIT,

it is a constructive interference effect that leads to EIA. In [62] Lezama et al expand this

statement with a theoretical treatment that derives explicit density matrix equations for the

degenerate two-level system. It is using this theory that allows the authors to produce the three

conditions required for EIA. The underlying physical mechanism for EIA however remains

unexplained. Results of a similar nature have also been present by Dancheva et al [180] although

they too do not offer a explanation for the phenomena. A recent paper by Barreiro and co-

workers [181], however, has proposed that the physical mechanism is the spontaneous transfer of

light induced coherence from the excited state to the ground state. They show this by considering

a four-level N-type system and generali se it to the experiment in [177]. They do not however

show that their theory leads to the conditions for EIA outlined above. The assumption that EIA is

a constructive interference effect in analogy to EIT remains sound, however.

The EIA effect can also be used to produce media with anomalous dispersion curves. Akulshin et

al have shown [178] that negative dispersion can be observed which correspond to group

velocities of –c/23000. They also noted that a negative dispersion can result in group velocities

that are infinitely large (as can be seen by examination of equation 1.5). This they have recently

reported [182] can lead to superluminal type effects [183, 184]. Such superluminal experiments

have also been reported by Wang et al in a media using a Raman gain technique [185] to generate

the anomalous dispersion. The possibilit y of achieving such effects via EIT wil l be briefly

discussed in chapter 6.

1.6 ‘Old’ work on LWI and EIT
Recently a number of papers have been published on the Los Alamos pre-print server regarding

LWI and EIT. Many of these are reprints of old Russian articles published in the late 1960s and

early 1970s. These papers, many authored by A.K. Popov, purport to predict many of the effects

that were later ‘discovered’ by Western scientists, for example inversionless lasing. These papers

along with the references they contain are a reminder that many of the ideas now studied have

been looked at in a different light in the past but that it perhaps takes a fresh flash of insight, such

as that shown by Harris [23] to ignite research into a discipline. These papers wil l now probably

only be of historical interest as the EIT/LWI community is unlikely refer to them very much. But
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they are given here as a nod towards completeness1. It is always interesting to note what research

occurrs in Eastern Bloc countries that the West never gets to hear about.

1.7 Thesis Précis
The work in this thesis looks at a number of effects related to EIT. We begin, in chapter 2, with

an overview of the theoretical models employed in the work found in subsequent chapters.

Chapter 3 is primaril y concerned with how mismatching the wavelengths of the probe and

coupling fields affects both the EIT seen and the amount of inversionless gain that can be

observed in the systems. Chapter 4 examines how moving beyond the standard model of EIT, in

which we assume that all the laser fields are monochromatic, affects EIT and AWI in a V-

scheme. Expressions for the observation of gain in such systems are derived.

The experimental work, in which the affect of changing the probe and coupling field polarisations

is examined, begins in chapter 5. We find that EIT can be optimised by appropriately changing

the relative polarisations. Chapter 6 looks at EIT in N-level schemes, in particular a four level

cascade scheme. We introduce the idea of three photon EIT effects and also the possibil ity of

controlling EIT by using a rf-field to couple two of the four levels as well as using the normal

probe and coupling fields. This idea introduces the possibilit y of rf-controlled

electromagneticall y induced focussing. We also examine EIT in schemes with N levels and N-1

fields whereby ‘higher order’ EIT effects can be introduced, potentiall y by the application of rf

fields. We see how EIT can be destroyed and recovered by moving to higher order level

manifolds. Chapter 7 is an experimental treatment of some of the theory outlined in chapter 6.

In chapter 8 we examine the effect of not rf fields but microwave fields in EIT experiments,

specificall y the possibilit y of using a microwave coupling field. It is shown that microwave

induced transparency although possible in atomic systems is exceptionally difficult and may be

better achieved in molecular systems. Chapter 9 then details the development of an optical

parametric oscil lator (OPO) which could be used as the optical probe in a microwave induced

transparency experiment. This OPO is also a novel device in its own right and we examine its

properties and its potential.

The thesis concludes with chapter 10 and looks forward to work that may be carried out in the

future.

The main thrust of this work has led to an examination of EIT in multi-level systems. This

resulted from a study of how low frequency fields can be used to control optical fields in the

context of EIT. Experimental work has been carried out that shows that rf fields can indeed

manipulate optical fields via coherent processes. This work is, in context, rather timely. Now

                                                       
1 These papers can be found at the Los Alamos preprint server: http://xxx.lanl.gov/. The specific
papers are qu-ph/0005042, qu-ph/0005049, qu-ph/0005060, qu-ph/0005081, qu-ph/0005089, qu-
ph/0005094, qu-ph/0005108, qu-ph/0005114 and qu-ph/0005118.
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seen emerging in the literature is work which also looks at such multilevel systems. Lukin et al

[162] have examined processes by which system dynamics can be ‘engineered’ in multilevel

systems, Burkett et al [41] have also recently performed experiments investigating optical field

effects in multilevel systems as have Gao et al [186] in the context of two photon inhibition

(something investigated in chapter 5 and 6). The work of Wei and Manson, investigating EIT

effects in multilevel systems within ESR transitions [72, 73] is also of relevance to this work.

To summarise the work as a whole, the effect of modifying the fields involved in EIT processes

is examined. Examples of these changes include mismatching the wavelengths of the probe and

coupling fields, introducing non-monochromatic fields, changing field polarisations or by the use

of non-optical fields in EIT. The aim of this thesis is to investigate the role that each of these

processes has on EIT in a number of atomic configurations.
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Figure 1.18: Map outlining the structure of this thesis

Introduction
Chapter 1

Theory
Chapter 2

EIT in M ismatched
Systems

Chapter 3

Polarisation and
Two-photon Effects

Chapter 5

EIT with phase
Diffusing fields

Chapter 4

RF-induced
effects: Theory

Chapter 6

Microwave Induced
Transparency

Chapter 8

N-Level
EIT

RF-induced effects:
Experimental

Chapter 7

High Precision OPO
Development

Chapter 9

Conclusions
Chapter 10



1. Introduction and Literature Review

27

References
[1] L. Allen and J. H. Eber ly, Optical Resonance and Two Levels Atoms.   (Dover, New

York, 1987).

[2] B. W. Shore, The Theory of Coherent Atomic Excitation.   (Wiley, New York, 1990).

[3] I . I . Rabi, "Space Quantization in a Gyrating Magnetic Field," Physical Review  51, 652

(1937).

[4] S. H. Autler and C. H. Townes, "Stark Effect in Rapidly Varying Fields," Physical

Review  100, 703 (1955).

[5] K. Nittoh, Y. Yoshida, T. Watanabe and I. Yoguchi, "Observation of dynamic Stark

effect in Zeeman-split absorption lines and determination of dipole moment," Journal of Physics

B-Atomic Molecular and Optical Physics  31, 1813-1823 (1998).

[6] C. J. Wei, D. Suter, A. S. M. Windsor and N. B. Manson, "ac Stark effect in a doubly

driven three-level atom," Physical Review A  58, 2310-2318 (1998).

[7] C. Delsart and J. C. Keller, "Observation of the optical Autler-Townes spli tting in

neon gas with a cascade level scheme," Journal of Physics B-Atomic Molecular and Optical

Physics  9, 2769-2775 (1976).

[8] P. S. Ather ton, B. J. Dalton and I. R. Dagg, "Autler-Townes doublets in the hyperine

transitions of 14NH3," Journal of Physics B-Atomic Molecular and Optical Physics  19, 277-292

(1986).

[9] K. Shimoda, Double-Resonance Spectroscopy of Molecules by means of Lasers. in

Laser Spectroscopy of Atoms and Molecules H. Walther, Eds. (Springer-Verlag, Berlin, 1976).

[10] U. Fano, "Effects of configuration interaction on intensities and phase shifts," Physical

Review  124, 1866-1878 (1961).

[11] G. Alzetta, L. Moi and G. Orr iols, "Nonabsorption hyperfine resonances in a sodium

vapour irradiated by a multimode dye-laser," Il Nuovo Cimento  52B, 209-218 (1979).

[12] E. Ar imondo, "Coherent population trapping in laser spectroscopy," Progress in Optics

35, 257-354 (1996).

[13] H. R. Gray, R. M. Whitley and C. R. Stroud, "Coherent trapping of atomic

populations," Optics Letters  3, 218 (1978).

[14] E. Ar imondo and G. Orr iols, "Nonabsorbing Atomic Coherences by Coherent Two-

Photon Transitions in a Three-Level Optical Pumping," Lettere al Nuovo Cimento  17, 333-338

(1976).

[15] G. Alzetla, L. Gozzini, L. Moi and G. Orr iols, "An Experimental Method for the

Observation of R.F. Transitions and Laser Beat Resonances in Orientated Na Vapour.," Il Nuovo

Cimento  36B, 5-20 (1976).

[16] S. M. Barnett and P. M. Radmore, Methods in Theoretical Quantum Optics.   (OUP,

Oxford, 1997).

[17] J. P. Marangos, "Topical review electromagnetically induced transparency," Journal of

Modern Optics  45, 471-503 (1998).



1. Introduction and Literature Review

28

[18] R. R. Moseley, Sum Frequency Mixing and Quantum Interference in Three Level

Atoms, PhD thesis, University of St. Andrews (1994).

[19] J. L . Cohen and P. R. Berman, "Ampli fication without inversion: Understanding

probabilit y amplitudes, quantum interference, and Feynman rules in a strongly driven system,"

Physical Review A  55, 3900-3917 (1997).

[20] A. Kasapi, "Three-dimensional vector model for a three-state system," Journal of the

Optical Society of America B-Optical Physics  13, 1347-1351 (1996).

[21] J. A. Vaccaro, A. V. Durr ant, D. Richards, S. A. Hopkins, H. X. Chen and K. E.

Hi ll, "Stochastic wavefunction diagrams for electromagneticall y induced transparency,

inversionless gain and shelving," Journal of Modern Optics  45, 315-333 (1998).

[22] O. A. Kocharovskaya and Y. I. Khanin, "Coherent ampli fication of an ultrashort pulse

in a 3-level medium without a population-inversion," Jetp Letters  48, 630-634 (1988).

[23] S. E. Har r is, "Lasers without inversion - interference of li fetime-broadened

resonances," Physical Review Letters  62, 1033-1036 (1989).

[24] M. O. Scully, S. Y. Zhu and A. Gavr ielides, "Degenerate quantum-beat laser - lasing

without inversion and inversion without lasing," Physical Review Letters  62, 2813-2816 (1989).

[25] S. E. Har r is, J. E. Field and A. Imamoglu, "Nonlinear optical processes using

electromagneticall y induced transparency," Physical Review Letters  64, 1107-1110 (1990).

[26] K. J. Boller, A. Imamoglu and S. E. Harr is, "Observation of electromagneticall y

induced transparency," Physical Review Letters  66, 2593-2596 (1991).

[27] J. E. Field, K. H. Hahn and S. E. Harr is, "Observation of electromagneticall y induced

transparency in colli sionally broadened lead vapor," Physical Review Letters  67, 3062-3065

(1991).

[28] A. Kasapi, "Enhanced isotope discrimination using electromagneticall y induced

transparency," Physical Review Letters  77, 1035-1038 (1996).

[29] S. E. Har r is, J. E. Field and A. Kasapi, "Dispersive properties of electromagnetically

induced transparency," Physical Review A  46, R29-R32 (1992).

[30] M. Xiao, Y. Q. L i, S. Z. Jin and J. Geabanacloche, "Measurement of dispersive

properties of electromagneticall y induced transparency in rubidium atoms," Physical Review

Letters  74, 666-669 (1995).

[31] R. Schieder , "Interferometric Nonlinear Spectroscopy," Optics Communications  26,

113-116 (1978).

[32] S. Z. Jin, Y. Q. L i and M. Xiao, "Hyperfine spectroscopy of highly-excited atomic

states based on atomic coherence," Optics Communications  119, 90-96 (1995).

[33] R. R. Moseley, S. Shepherd, D. J. Fulton, B. D. Sinclair and M. H. Dunn, "2-photon

effects in continuous-wave electromagneticall y-induced transparency," Optics Communications

119, 61-68 (1995).

[34] Y. Q. L i, S. Z. Jin and M. Xiao, "Observation of an electromagnetically induced

change of absorption in multilevel rubidium atoms," Physical Review A  51, R1754-R1757

(1995).



1. Introduction and Literature Review

29

[35] Y. Q. L i and M. Xiao, "Observation of quantum interference between dressed states in

an electromagnetically induced transparency," Physical Review A  51, 4959-4962 (1995).

[36] J. Geabanacloche, Y. Q. L i, S. Z. Jin and M. Xiao, "Electromagneticall y induced

transparency in ladder-type inhomogeneously broadened media - theory and experiment,"

Physical Review A  51, 576-584 (1995).

[37] Y. Q. L i and M. Xiao, "Electromagnetically induced transparency in a 3-level lambda-

type system in rubidium atoms," Physical Review A  51, R2703-R2706 (1995).

[38] B. L. Lu, W. H. Burkett and M. Xiao, "Electromagneticall y induced transparency with

variable coupling-laser linewidth," Physical Review A  56, 976-979 (1997).

[39] B. L. Lu, W. H. Burkett and M. Xiao, "Frequency matching effect in

electromagneticall y induced transparency," Optics Communications  141, 269-272 (1997).

[40] H. Y. L ing, Y. Q. L i and M. Xiao, "Electromagneticall y induced grating:

Homogeneously broadened medium," Physical Review A  57, 1338-1344 (1998).

[41] W. H. Burkett, Y. Q. L i and M. Xiao, "Inhomogeneous broadening-dependent spectral

features in a four-level atomic system," Journal of the Optical Society of America B-Optical

Physics  17, 293-299 (2000).

[42] D. J. Fulton, R. R. Moseley, S. Shepherd, B. D. Sinclair and M. H. Dunn, "Effects of

zeeman splitting on electromagnetically-induced transparency," Optics Communications  116,

231-239 (1995).

[43] A. V. Durr ant, H. X. Chen, S. A. Hopkins and J. A. Vaccaro, "Zeeman-coherence-

induced transparency and gain without inversion in laser-cooled rubidium," Optics

Communications  151, 136-146 (1998).

[44] D. J. Fulton, S. Shepherd, R. R. Moseley, B. D. Sinclair and M. H. Dunn,

"Continuous-wave electromagneticall y induced transparency - a comparison of v-system,

lambda-system, and cascade systems," Physical Review A  52, 2302-2311 (1995).

[45] S. Shepherd, D. J. Fulton and M. H. Dunn, "Wavelength dependence of coherently

induced transparency in a Doppler-broadened cascade medium," Physical Review A  54, 5394-

5399 (1996).

[46] J. R. Boon, E. Zekou, D. J. Fulton and M. H. Dunn, "Experimental observation of a

coherently induced transparency on a blue probe in a Doppler-broadened mismatched V-type

system," Physical Review A  57, 1323-1328 (1998).

[47] R. R. Moseley, S. Shepherd, D. J. Fulton, B. D. Sinclair and M. H. Dunn, "Spatial

consequences of electromagnetically induced transparency - observation of electromagneticall y

induced focusing," Physical Review Letters  74, 670-673 (1995).

[48] R. R. Moseley, S. Shepherd, D. J. Fulton, B. D. Sinclair and M. H. Dunn,

"Electromagneticall y-induced focusing," Physical Review A  53, 408-415 (1996).

[49] G. S. Agarwal and R. W. Boyd, "Elimination of the band gap of a resonant optical

material by electromagneticall y induced transparency," Physical Review A  60, R2681-R2684

(1999).



1. Introduction and Literature Review

30

[50] J. R. Csesznegi and R. Grobe, "Recall and creation of spatial excitation distributions in

dielectric media," Physical Review Letters  79, 3162-3165 (1997).

[51] S. J. Vanenk, J. A. Zhang and P. Lambropoulos, "Pump-induced transparency and

enhanced 3rd-harmonic generation near an autoionizing state," Physical Review A  50, 3362-3365

(1994).

[52] S. E. Har r is and A. V. Sokolov, "Broadband spectral generation with refractive index

control," Physical Review A  55, R4019-R4022 (1997).

[53] S. E. Har r is and A. V. Sokolov, "Subfemtosecond pulse generation by molecular

modulation," Physical Review Letters  81, 2894-2897 (1998).

[54] M. Jain, A. J. Mer r iam, A. Kasapi, G. Y. Yin and S. E. Harr is, "Elimination of

optical self-focusing by population trapping," Physical Review Letters  75, 4385-4388 (1995).

[55] O. Kocharovskaya, R. Kolesov and Y. Rostovtsev, "Coherent optical control of

Mossbauer spectra," Physical Review Letters  82, 3593-3596 (1999).

[56] A. D. Cronin, R. B. Warr ington, S. K. Lamoreaux and E. N. For tson, "Studies of

electromagneticall y induced transparency in thallium vapor and possible utility for measuring

atomic parity nonconservation," Physical Review Letters  80, 3719-3722 (1998).

[57] M. D. Lukin, M. Fleischhauer, M. O. Scully and V. L. Velichansky, "Intracavity

electromagneticall y induced transparency," Optics Letters  23, 295-297 (1998).

[58] F. S. Pavone, M. Ar toni, G. Bianchini, P. Cancio, F. S. Cataliott i and M. Inguscio,

"Electromagneticall y induced transparency in a RF discharge," European Physical Journal D  1,

85-91 (1998).

[59] S. A. Hopkins, E. Usadi, H. X. Chen and A. V. Durr ant, "Electromagneticall y

induced transparency of laser-cooled rubidium atoms in three-level Lambda-type systems,"

Optics Communications  138, 185-192 (1997).

[60] H. X. Chen, A. V. Durr ant, J. P. Marangos and J. A. Vaccaro, "Observation of

transient electromagneticall y induced transparency in a rubidium Lambda system," Physical

Review A  58, 1545-1548 (1998).

[61] G. R. Welch, G. G. Padmabandu, E. S. Fry, M. D. Lukin, D. E. Nikonov, F. Sander,

M. O. Scully, A. Weis and F. K. Tittel, "Observation of V-type electromagnetically induced

transparency in a sodium atomic beam," Foundations of Physics  28, 621-638 (1998).

[62] A. Lezama, S. Barreiro and A. M. Akulshin, "Electromagnetically induced

absorption," Physical Review A  59, 4732-4735 (1999).

[63] C. For t, F. S. Cataliott i, T. W. Hansch, M. Inguscio and M. Prevedelli , "Gain

without inversion on the cesium D-1 line," Optics Communications  139, 31-34 (1997).

[64] R. I . Thompson, B. P. Stoicheff, G. Z. Zhang and K. Hakuta, "Nonlinear generation

of 103 nm radiation with electromagnetically-induced transparency in atomic-hydrogen,"

Quantum Optics  6, 349-358 (1994).

[65] Y. Zhao, C. K. Wu, B. S. Ham, M. K . Ki m and E. Awad, "Microwave induced

transparency in ruby," Physical Review Letters  79, 641-644 (1997).



1. Introduction and Literature Review

31

[66] K. Ichimura, K . Yamamoto and N. Gemma, "Evidence for electromagneticall y

induced transparency in a solid medium," Physical Review A  58, 4116-4120 (1998).

[67] B. S. Ham, M. S. Shahr iar and P. R. Hemmer, "Enhanced nondegenerate four-wave

mixing owing to electromagnetically induced transparency in a spectral hole-burning crystal,"

Optics Letters  22, 1138-1140 (1997).

[68] B. S. Ham, M. S. Shahr iar , M. K. Kim and P. R. Hemmer, "Frequency-selective

time-domain optical data storage by electromagnetically induced transparency in a rare-earth-

doped solid," Optics Letters  22, 1849-1851 (1997).

[69] B. S. Ham, S. M. Shahr iar and P. R. Hemmer, "Electromagnetically induced

transparency over spectral hole-burning temperature in a rare-earth-doped solid," Journal of the

Optical Society of America B-Optical Physics  16, 801-804 (1999).

[70] B. S. Ham, M. S. Shahr iar and P. R. Hemmer, "Radio-frequency-induced optical gain

in Pr3+:Y2SiO5," Journal of the Optical Society of America B-Optical Physics  15, 1541-1544

(1998).

[71] B. S. Ham, M. S. Shahr iar and P. R. Hemmer, "Enhancement of four-wave mixing

and line narrowing by use of quantum coherence in an optically dense double-Lambda solid,"

Optics Letters  24, 86-88 (1999).

[72] C. J. Wei and N. B. Manson, "Observation of the dynamic Stark effect on

electromagneticall y induced transparency," Physical Review A  60, 2540-2546 (1999).

[73] C. J. Wei and N. B. Manson, "Observation of electromagneticall y induced

transparency within an electron spin resonance transition," Journal of Optics B-Quantum and

Semiclassical Optics  1, 464-468 (1999).

[74] H. Schmidt, K. L . Campman, A. C. Gossard and A. Imamoglu, "Tunneling induced

transparency: Fano interference in intersubband transitions," Applied Physics Letters  70, 3455-

3457 (1997).

[75] H. Schmidt and A. Imamoglu, "Nonlinear optical devices based on a transparency in

semiconductor intersubband transitions," Optics Communications  131, 333-338 (1996).

[76] H. Schmidt and R. J. Ram, "All -optical wavelength converter and switch based on

electromagneticall y induced transparency," Applied Physics Letters  76, 3173-3175 (2000).

[77] W. Potz, "Coherent control of light absorption and carrier dynamics in semiconductor

nanostructures," Physical Review Letters  79, 3262-3265 (1997).

[78] S. F. Yelin and P. R. Hemmer, Sensitive optical detection of mid-infrared radiation

based on induced transparency, IQEC Baltimore, (1999),

[79] Y. Zhao, D. H. Huang and C. K . Wu, "Electric-field-induced quantum coherence of

the intersubband transition in semiconductor quantum-wells," Optics Letters  19, 816-818 (1994).

[80] Y. Zhao, D. H. Huang and C. K . Wu, "Lasing without inversion in double quantum

wells controlled by a dc field," Journal of the Optical Society of America B-Optical Physics  13,

1614-1618 (1996).

[81] A. Imamoglu and R. J. Ram, "Semiconductor-lasers without population-inversion,"

Optics Letters  19, 1744-1746 (1994).



1. Introduction and Literature Review

32

[82] A. Imamoglu and S. E. Har r is, "Lasers without inversion - interference of dressed

li fetime-broadened states," Optics Letters  14, 1344-1346 (1989).

[83] H. Schmidt, D. E. Nikonov, K . L . Campman, K. D. Maranowski, A. C. Gossard and

A. Imamoglu, "Quantum interference in semiconductor quantum wells," Laser Physics  9, 797-

812 (1999).

[84] G. B. Serapiglia, E. Paspalakis, C. Sir tor i, K. L . Vodopyanov and C. C. Phillips,

"Laser-induced quantum coherence in a semiconductor quantum well ," Physical Review Letters

84, 1019-1022 (2000).

[85] A. E. Siegman, Lasers.   (University Science Books, 1996).

[86] A. S. Zibrov, M. D. Lukin, D. E. Nikonov, L . Hollberg, M. O. Scully, V. L.

Velichansky and H. G. Robinson, "Experimental demonstration of laser oscil lation without

population-inversion via quantum interference in rb," Physical Review Letters  75, 1499-1502

(1995).

[87] J. R. Boon, Electromagnetically Induced Transparency and Inversionless Lasing, PhD

thesis, University of St. Andrews (1998).

[88] C. Peters and W. Lange, "Laser action below threshold inversion due to coherent

population trapping," Applied Physics B-Lasers and Optics  62, 221-225 (1996).

[89] G. G. Padmabandu, G. R. Welch, I . N. Shubin, E. S. Fry, D. E. Nikonov, M. D.

Lukin and M. O. Scully, "Laser oscill ation without population inversion in a sodium atomic

beam," Physical Review Letters  76, 2053-2056 (1996).

[90] P. B. Sellin, G. A. Wilson, K. K. Medur i and T. W. Mossberg, "Observation of

inversionless gain and field-assisted lasing in a nearly ideal three-level cascade-type atomic

system," Physical Review A  54, 2402-2407 (1996).

[91] F. B. deJong, A. Mavromanolakis, R. J. C. Spreeuw and H. B. V. vandenHeuvell ,

"Synchronously pumped laser without inversion in cadmium," Physical Review A  57, 4869-4876

(1998).

[92] F. B. deJong, Lasing without inversion, thesis, University of Amsterdam (1998).

[93] P. Dong, W. M. Man and J. Y. Gao, "Probe ampli fication from Raman gain to

inversionless gain," Physics Letters A  265, 43-51 (2000).

[94] W. Lange, A. Nottelman and C. Peters, "Observation of inversionless ampli fication in

sm vapor and related experiments," Quantum Optics  6, 273-285 (1994).

[95] A. Nottelmann, C. Peters and W. Lange, "Inversionless ampli fication of picosecond

pulses due to zeeman coherence," Physical Review Letters  70, 1783-1786 (1993).

[96] S. F. Yelin, M. D. Lukin, M. O. Scully and P. Mandel, "Gain without inversion in the

frequency up-conversion regime," Physical Review A  57, 3858-3868 (1998).

[97] V. Ahufinger, J. Mompar t and R. Corbalan, "Lasing without inversion with

frequency up-conversion in a Doppler-broadened V-type three-level system," Physical Review A

60, 614-620 (1999).

[98] E. S. Fry, X. F. L i, D. Nikonov, G. G. Padmabandu, M. O. Scully, A. V. Smith, F.

K. Tittel, C. Wang, S. R. Wilkinson and S. Y. Zhu, "Atomic coherence effects within the



1. Introduction and Literature Review

33

sodium d1 line - lasing without inversion via population trapping," Physical Review Letters  70,

3235-3238 (1993).

[99] W. E. Vanderveer, R. J. J. Vandiest, A. Donszelmann and H. B. V. Vandenheuvell ,

"Experimental demonstration of light amplification without population-inversion," Physical

Review Letters  70, 3243-3246 (1993).

[100] J. A. K leinfeld and A. D. Streater , "Observation of gain due to coherence effects in a

potassium-helium mixture," Physical Review A  49, R4301-R4304 (1994).

[101] J. A. K leinfeld and A. D. Streater , "Gain and coherence effects induced by strong cw-

laser coupling in potassium-rare-gas mixtures," Physical Review A  53, 1839-1853 (1996).

[102] Y. F. Zhu and J. Lin, "Sub-Doppler light ampli fication in a coherently pumped atomic

system," Physical Review A  53, 1767-1774 (1996).

[103] Y. F. Zhu, J. Lin and P. Sanchez, "Measurement of light amplification in coherently

pumped rubidium atoms," Optics Communications  128, 254-261 (1996).

[104] N. Shiokawa, Y. Tor ii, T. Hirano and T. Kuga, Light ampli fication without

population inversion by using laser cooled rubidium atoms, QELS (OSA, (1997),

[105] J. Ki tching and L. Hollberg, "Interference-induced optical gain without population

inversion in cold, trapped atoms," Physical Review A  59, 4685-4689 (1999).

[106] J. Mompar t and R. Corbalan, "Lasing Without Inversion," Journal of Optics B-

Quantum and Semiclassical Optics  2, R7-R24 (2000).

[107] G. S. Agarwal, "Inhibition of spontaneous emission noise in lasers without inversion,"

Physical Review Letters  67, 980-982 (1991).

[108] Y. F. Zhu, A. I . Rubiera and M. Xiao, "Inversionless lasing and photon statistics in a

V-type atomic system," Physical Review A  53, 1065-1071 (1996).

[109] X. M. Hu and J. S. Peng, "Squeezed cascade lasers without and with inversion," Optics

Communications  154, 203-216 (1998).

[110] R. N. Shakhmuratov, G. Kozyreff, R. Coussement, J. Odeurs and P. Mandel, "Gain

without inversion for gamma radiation," Optics Communications,  (2000).

[111] R. N. Shakhmuratov, "Influence of giant nuclear-spin polarisation on resonant gamma-

ray absorption and emission," Australian Journal of Physics  51, 339-348 (1998).

[112] O. Kocharovskaya, R. Kolesov and Y. Rostovtsev, "Lasing without inversion: a new

path to gamma-ray laser," Laser Physics  9, 745-758 (1999).

[113] R. Kalesoc, Y. Rostovtsev and O. Kocharovskaya, "Laser control of Mossbauer

spectra as a way to gamma-ray lasing," Optics Communications,  (2000).

[114] N. A. Ansari and A. H. Toor , "Quantum theory of non-degenerate inversionless laser:

Effects of initial partial coherence," Journal of Modern Optics  43, 2425-2435 (1996).

[115] J. R. Boon, E. Zekou, D. McGloin and M. H. Dunn, "Prediction of inversionless gain

in a mismatched Doppler-broadened medium," Physical Review A  58, 2560-2566 (1998).

[116] G. Q. Ge and L. M. Chen, "Quantum theory of bistable inversionless lasers," Physical

Review A  58, 4878-4885 (1998).



1. Introduction and Literature Review

34

[117] S. Q. Gong, Z. Z. Xu and S. H. Pan, "The effect of phase fluctuation on

electromagneticall y induced transparency, inversionless lasing and refractive-index enhancement

in a lambda-system," Journal of Modern Optics  42, 1397-1406 (1995).

[118] S. Q. Gong and Z. Z. Xu, "Inversionless ampli fication of a monochromatic-field in a

nonresonant 3-level boolean-and medium," Chinese Science Bulletin  40, 84-86 (1995).

[119] J. B. Khurgin and E. Rosencher , "Practical aspects of opticall y coupled inversionless

lasers," Journal of the Optical Society of America B-Optical Physics  14, 1249-1253 (1997).

[120] O. Kocharovskaya, Y. V. Rostovtsev and A. Imamoglu, "Inversionless amplification

in the three-level atoms with and without a hidden inversion in reservoir," Physical Review A  58,

649-654 (1998).

[121] H. W. Lee, "Quantum-theory of electromagneticall y induced suppression of absorption

and inversionless lasing in a 3-level system," Journal of the Optical Society of America B-Optical

Physics  12, 449-455 (1995).

[122] P. Mandel and O. Kocharovskaya, "Inversionless ampli fication of a monochromatic-

field by a 3-level medium," Physical Review A  46, 2700-2706 (1992).

[123] P. Mandel and O. Kocharovskaya, "Inversionless ampli fication in a multilevel

system," Physical Review A  47, 5003-5008 (1993).

[124] J. Mompar t and R. Corbalan, "Inversionless ampli fication in three-level systems:

dressed states quantum interference and quantum-jump analyses," Optics Communications  156,

133-144 (1998).

[125] A. K. Popov, S. A. Myslivets, J. Y. Gao, H. Z. Zhang and B. Wellegehausen,

"Inversionless gain in a three-level system driven by a strong field and colli sions," Chinese

Physics  9, 124-130 (2000).

[126] F. Sil va, V. Ahufinger, J. Mompar t and R. Corbalan, "Inversionless amplification

with standing-wave drive," Laser Physics  9, 858-865 (1999).

[127] G. Vemur i, "Enhancement of gain in inversionless atomic media using finite bandwidth

driving fields," Quantum Optics  6, 305-316 (1994).

[128] K. Zaheer , "Gain and diffusion in an inversionless laser," Physical Review A  49, 2914-

2921 (1994).

[129] Y. F. Zhu, O. C. Mulli ns and M. Xiao, "Inversionless laser from a closed multilevel

system," Physical Review A  47, 602-609 (1993).

[130] Y. F. Zhu, M. Xiao and Y. Zhao, "Intensity characteristics of inversionless lasers from

induced atomic coherence," Physical Review A  49, 4016-4023 (1994).

[131] Y. F. Zhu, "Cascade inversionless and inversion lasers," Optics Communications  107,

499-506 (1994).

[132] K. Hakuta, L . Marmet and B. P. Stoicheff, "Electric-field-induced 2nd-harmonic

generation with reduced absorption in atomic-hydrogen," Physical Review Letters  66, 596-599

(1991).

[133] D. W. Tokaryk, G. Z. Zhang and B. P. Stoicheff , "Nonlinear optical generation in a

hydrogen discharge," Physical Review A  59, 3116-3119 (1999).



1. Introduction and Literature Review

35

[134] R. R. Moseley, S. Shepherd, D. J. Fulton, B. D. Sinclair and M. H. Dunn,

"Interference between excitation routes in resonant sum-frequency mixing," Physical Review A

50, 4339-4349 (1994).

[135] J. C. Petch, C. H. Keitel, P. L . Knight and J. P. Marangos, "Role of

electromagneticall y induced transparency in resonant four-wave-mixing schemes," Physical

Review A  53, 543-561 (1996).

[136] C. Dorman and J. P. Marangos, "Resonant sum-difference frequency mixing

enhanced by electromagnetically induced transparency in krypton," Physical Review A  58, 4121-

4132 (1998).

[137] C. Dorman, J. P. Marangos and J. C. Petch, "Investigation of vacuum ultraviolet

generation in a resonant four-wave mixing scheme in krypton with electromagneticall y induced

transparency," Journal of Modern Optics  45, 1123-1135 (1998).

[138] C. Dorman, I. Kucukkara and J. P. Marangos, "Measurement of high conversion

efficiency to 123.6-nm radiation in a four-wave-mixing scheme enhanced by electromagnetically

induced transparency - art. no. 013802," Physical Review A  6001, 3802 (5 pages) (2000).

[139] S. E. Har r is and M. Jain, "Optical parametric oscil lators pumped by population-

trapped atoms," Optics Letters  22, 636-638 (1997).

[140] M. D. Lukin, P. R. Hemmer, M. Loff ler and M. O. Scully, "Resonant enhancement of

parametric processes via radiative interference and induced coherence," Physical Review Letters

81, 2675-2678 (1998).

[141] A. S. Zibrov, M. D. Lukin and M. O. Scully, "Nondegenerate parametric self-

oscill ation via multiwave mixing in coherent atomic media," Physical Review Letters  83, 4049-

4052 (1999).

[142] M. Fleischhauer, M. D. Lukin, A. B. Matsko and M. O. Scully, "Threshold and

linewidth of a mirrorless parametric oscil lator," Physical Review Letters  84, 3558-3561 (2000).

[143] M. Fleischhauer, Mirrorless oscill ation based on resonantly enhanced 4-wave mixing:

All order analytic solutions, qu-ph/9910112

[144] M. D. Lukin, A. B. Matsko, M. Fleischhauer and M. O. Scully, "Quantum noise and

correlations in resonantly enhanced wave mixing based on atomic coherence," Physical Review

Letters  82, 1847-1850 (1999).

[145] M. O. Scully and M. Fleischhauer, "High-sensitivity magnetometer based on index-

enhanced media," Physical Review Letters  69, 1360-1363 (1992).

[146] M. Fleischhauer and M. O. Scully, "Quantum sensitivity limits of an optical

magnetometer based on atomic phase coherence," Physical Review A  49, 1973-1986 (1994).

[147] A. G. Truscott , M. E. J. Fr iese, N. R. Heckenberg and H. RubinszteinDunlop,

"Optically written waveguide in an atomic vapor (vol 82, pg 1438, 1999)," Physical Review

Letters  82, 3561 (1999).

[148] R. Kapoor and G. S. Agarwal, "Theory of electromagnetically induced waveguides -

art. no. 053818," Physical Review A  6105, 3818 (4 pages) (2000).



1. Introduction and Literature Review

36

[149] F. S. Pavone, G. Bianchini, F. S. Cataliott i, T. W. Hansch and M. Inguscio,

"Birefringence in electromagneticall y induced transparency," Optics Letters  22, 736-738 (1997).

[150] A. K. Patnaik and G. S. Agarwal, Controlling magneto-optical rotation via atomic

coherence, qu-ph/9911034

[151] M. O. Scully, "Enhancement of the index of refraction via quantum coherence,"

Physical Review Letters  67, 1855-1858 (1991).

[152] M. O. Scully and S. Y. Zhu, "Ultra-large index of refraction via quantum interference,"

Optics Communications  87, 134-138 (1992).

[153] M. Fleischhauer, C. H. Keitel, M. O. Scully, C. Su, B. T. Ulr ich and S. Y. Zhu,

"Resonantly enhanced refractive-index without absorption via atomic coherence," Physical

Review A  46, 1468-1487 (1992).

[154] U. Rathe, M. Fleischhauer, S. Y. Zhu, T. W. Hansch and M. O. Scully, "Nonlinear-

theory of index enhancement via quantum coherence and interference," Physical Review A  47,

4994-5002 (1993).

[155] M. D. Lukin, S. F. Yelin, A. S. Zibrov and M. O. Scully, "Enhancement of refractive

index with quantum coherence: An overview," Laser Physics  9, 759-772 (1999).

[156] M. O. Scully and M. Suhail  Zubairy, Quantum Optics.   (CUP, Cambridge, 1997).

[157] A. S. Zibrov, M. D. Lukin, L. Hollberg, D. E. Nikonov, M. O. Scully, H. G.

Robinson and V. L. Velichansky, "Experimental demonstration of enhanced index of refraction

via quantum coherence in Rb," Physical Review Letters  76, 3935-3938 (1996).

[158] M. O. Scully, "From lasers and masers to phaseonium and phasers," Physics Reports-

Review Section of Physics Letters  219, 191-201 (1992).

[159] M. Fleischhauer, A. B. Matsko and M. O. Scully, Quantum limit of optical

magnetometry in the presence of ac-Stark shifts, qu-ph/0001072

[160] H. Lee, M. Fleischhauer and M. O. Scully, "Sensiti ve detection of magnetic fields

including their orientation with a magnetometer based on atomic phase coherence," Physical

Review A  58, 2587-2595 (1998).

[161] M. D. Lukin, M. Fleischhauer, A. S. Zibrov, H. G. Robinson, V. L . Velichansky, L .

Hollberg and M. O. Scully, "Spectroscopy in dense coherent media: Line narrowing and

interference effects," Physical Review Letters  79, 2959-2962 (1997).

[162] M. D. Lukin, S. F. Yelin, M. Fleischhauer and M. O. Scully, "Quantum interference

effects induced by interacting dark resonances," Physical Review A  60, 3225-3228 (1999).

[163] A. G. Truscott , M. E. J. Fr iese, N. R. Heckenberg and H. RubinszteinDunlop,

"Optically written waveguide in an atomic vapor," Physical Review Letters  82, 1438-1441

(1999).

[164] M. J. Padgett and L. Allen, "The angular momentum of light: optical spanners and the

rotational frequency shift," Optical and Quantum Electronics  31, 1-12 (1999).

[165] L. Allen, M. J. Padgett and M. Babiker , "The orbital angular momentum of light,"

Progress in Optics  39, 291-372 (1999).



1. Introduction and Literature Review

37

[166] L. V. Hau, S. E. Har r is, Z. Dutton and C. H. Behroozi, "Light speed reduction to 17

metres per second in an ultracold atomic gas," Nature  397, 594-598 (1999).

[167] M. M. Kash, V. A. Sautenkov, A. S. Zibrov, L . Hollberg, G. R. Welch, M. D. Lukin,

Y. Rostovtsev, E. S. Fry and M. O. Scully, "Ultraslow group velocity and enhanced nonlinear

optical effects in a coherently driven hot atomic gas," Physical Review Letters  82, 5229-5232

(1999).

[168] D. Budker , D. F. Kimball, S. M. Rochester and V. V. Yashchuk, "Nonlinear

magneto-optics and reduced group velocity of light in atomic vapor with slow ground state

relaxation," Physical Review Letters  83, 1767-1770 (1999).

[169] U. Leonhardt and P. Piwnicki, "Relativistic effects of light in moving media with

extremely low group velocity," Physical Review Letters  84, 822-825 (2000).

[170] S. M. Hawking, "Black Hole Explosions?," Nature  248, 30 (1974).

[171] U. Leonhardt and P. Piwnicki, Ultrahigh sensitivity of slow-light gyroscope,

physics/0003092

[172] S. E. Har r is, Electromagneticall y Induced Transparency in Atoms and Molecules,

IQEC San Francisco, (2000), QWJ1.

[173] S. E. Har r is and L. V. Hau, "Nonlinear optics at low light levels," Physical Review

Letters  82, 4611-4614 (1999).

[174] M. D. Lukin and A. Imamoglu, "Nonlinear optics and quantum entanglement of

ultraslow single photons," Physical Review Letters  84, 1419-1422 (2000).

[175] Y. Rostovtsev, O. Kocharovskaya and M. O. Scully, Freezing light via atomic

coherence, qu-ph/0001058v2

[176] A. Kuhn, S. Steuerwald and K. Bergmann, "Coherent population transfer in NO with

pulsed lasers: the consequences of hyperfine structure, Doppler broadening and

electromagneticall y induced absorption," European Physical Journal D  1, 57-70 (1998).

[177] A. M. Akulshin, S. Bar reiro and A. Lezama, "Electromagnetically induced absorption

and transparency due to resonant excitation of quasidegenerate levels in Rb vapor," Physical

Review A  57, 2996-3002 (1998).

[178] A. M. Akulshin, S. Bar reiro and A. Lezama, "Steep anomalous dispersion in

coherently prepared Rb vapor," Physical Review Letters  83, 4277-4280 (1999).

[179] A. Lezama, S. Barreiro, A. L ipsich and A. M. Akulshin, "Coherent two-field

spectroscopy of degenerate two-level systems - art. no. 013801," Physical Review A  6001, 3801

(11 pages) (2000).

[180] Y. Dancheva, G. Alzetta, S. Car taleva, M. Taslakov and C. Andreeva, "Coherent

effects on the Zeeman sublevels of hyperfine states in optical pumping of Rb by monomode

diode laser," Optics Communications  178, 103-110 (2000).

[181] A. V. Taichenachev, A. M. Tumaikin and V. I . Yudin, "Electromagneticall y induced

absorption in a four-state system - art. no. 011802," Physical Review A  6001, 1802 (4 pages)

(2000).



1. Introduction and Literature Review

38

[182] S. Bar reiro, A. Lipsich, A. Lezama and A. M. Akulshin, Optical propagation with

slow and negative group velocity in Rb vapor, QELS 2000 San Francisco, (2000), 137.

[183] R. Y. Chiao, E. Bolda, J. Bowie, J. Boyce, J. C. Gar r ison and M. W. Mitchell,

"Superluminal and parelectric effects in rubidium vapor and ammonia gas," Quantum and

Semiclassical Optics  7, 279-295 (1995).

[184] M. W. Mitchell and R. Y. Chiao, "Causality and negative group delays in a simple

bandpass ampli fier," American Journal of Physics  66, 14-19 (1998).

[185] L. J. Wang, A. Kuzmich and A. Dogar lu, "Gain-assisted superluminal li ght

propagation," Nature,  (2000).

[186] J. Y. Gao, S. H. Yang, D. Wang, X. Z. Guo, K. X. Chen, Y. Jiang and B. Zhao,

"Electromagneticall y induced inhibition of two-photon absorption in sodium vapor - art. no.

023401," Physical Review A  6102, 3401 (3 pages) (2000).


