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| ntroduction and Literature Review

1.1 The strangeinteractions of light and matter
Some of the phenomenadisplayed by light appea 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 yearsthe
cooling and trapping o atoms with lasers has had perhaps the greatest impact on atomic physics
of any contemporary development. The ideathat alaser, adevicetraditionall y associated with ray
guns and burning and heating things, can actually cod seemsto go against common sense. Y et

guantum mechanics says that ray guns can cool to temperatures only a little above absol ute zero.

Anocther of the strange interactions of light and matter isthe topic of thisthesis:
Eledromagnetically Induced Transparency (EIT). EIT theory says propagate one laser beam
throughamedium and it wil | get absorbed; propagate two laser beams through that same medium
and neither will be absorbed. A quitelitera trick of thelight 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 unexpeded ways, some of which will be investigated in this thesis. One of the main
impetuses to work on EIT isanother counter-intuitive phenomena alled Lasing Without
Inversion, aprocessby which laser action is achieved without the need for the cndition, learned
in every introductory laser class of population inversion. In fact Lasing Without Inversion would
seam to violate the second law of thermodynamics! Y et it can be achieved, athough not without

some difficulty.

All such phenomena, of course, are described by theoriesthat describe how li ght and matter
interact. Inits Smplest sense the processes we shall med in the murse of thiswork are cused by
interference, analogous to that seen in water waves, or in Young's Sits. The differenceisthat
here the interference occurs within the atoms themselves. As with experimentsin which waves
interfere, we will seethat coherenceplays alargerole. Werequire the light going through a pair
of ditsto be coherent in order to seea well-defined interference So too, within the atom, must
the properties of coherence mme into play, now not of the light wave but of the quantum wave.
As such, we require wherent light sources, lasers, to cary out EIT experiments. It has been the
development of lasers that has allowed the study of a multitude of li ght-matter interactions. Of
particular interest here aethe dfects of ill uminating atomic vapourswith laser light. It is
possble to induce optical transitions where the response of the atom retains a distinct phase

relationship with the applied opticd fidd. If the atoms areisolated (asin avapour) then they can
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retain this relationship for alength of time approaching the atomic decay time, meaning that

coherent phenomena can be observed. EIT is one such process aresult of quartuminterference.

1.2 Coherent Processs

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

nea-monochromatic) light source resonant with an atomic transition. The dfect of constant
radiation on agroup of atoms, on atime scale much lessthan the natural lifetime of the excited
state, can be seen in figure 1.1. Theinteresting point to note isthat the population all endsupin
state 2. Thisis different from arate 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 continuesto be pumped into level 2. Stimulated emisson 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 reped, so long as the applied fidld remains constant. Closer examination of
the way in which the popul ations change show that they oscill ate sinusoidall y with a constant
frequency. Thisfrequency is call ed the Rahi frequency. The Rabi frequency is derived usinga
guantum mechanical treament of the atom, based on the probabilit y of a transition taking place d
agiven time[1-3], rather than the more phenomenological approach used in Einstein’ srate

equations.
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Figure 1.1. Evolution of the two-leve atom with Figure 1.2. The two-level atom. ay is
continuous sinusoidal radiation incident upon it — the coupling field (exciting field), wi,
The Rabi atom. Popuation movesfromone level is the transition frequency and 4,
to anather until all atoms arein the excited state denctes the detuning from the
andthen back again. With passngtime this trangition line entre.

pattern repeats snusoidally.

If we examine atwo level atom as shown in figure 1.2 then the Rabi frequency may be expressd

as Qg:

E
Qg :1/A§2+“1h—2 (L.1)

where Ay, isthe detuning (diff erence between the laser frequency and the transition frequency),
U2 isthe dipole dement for the transition and E isthe fidd strength of the laser. It should be
noted that the Rabi frequency as written is an angular frequency and that as the detuning is
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increased away from resonancethe Rabi frequency will increase and as such the period of Rabi
oscill ations wil| deaease. Thusafield far detuned from resonancewill have no effect on the
atom as we would exped. The Rabi frequency has a ubiquitous presencein quantum optics.
Shore[2] outlines a few of its uses: a measure of interaction strength (therolein which it is
employed in thisthesis), a frequency of population oscill ations, a nutation frequency and an
optical Larmor frequency among others.

1.2.2 Autler-Townes Effect
In 1965 Autler and Townes demonstrated the ac equivalent of the dc-Stark effed [4]. Using a rf

field they split an absorption linein OCS (carbonyl sulphide) into a doublet (figure 1.3a). In order
to doserve this splitting they probed the rf transition with a microwave frequency field, and
observed how therf field aff eded the probe. Theresult is a characteristic doublet absorption trace
(figure 1.3b).
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Figure 1.3. (a) The Autler-Townes experimental set-up is shown. The lower level, |1>, is Plit by
the strong coupling field, w». The absorption profile, with the dharacterigtic doublet, of the
probe field asit is scanned acrosslevel |1> isshown in (b).

The splitting (also called ac-Stark splitting o dynamic Stark splitting) of the level that ocaursis
diredly related to Rabi frequency. Indeed in anon-Doppler broadened system with the probe
field exactly on resonance with the atomic transition the splitting induced by the field equalsthe
Rabi frequency as given by equation (1.1) with A;,=0. The splittingin this case is symmetric
about the resonance point. In cases where the applied field is off -resonance with the transti on the
splitting wil | be asymmetric (figure. 1.4).

The importance of Autler-Townes slittingto EIT experimentsisthat EIT will enhancethe depth
of thehole that is produced by the Autler-Townes slitting. Quantum interference occurs between
the Autler-Townes components and degens the hole. The two eff eds work in tandem to make
the medium transparent. Theingredient that separates EIT from Autler-Townes glittingisthe
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 smal enoughthen Autler-Townes litting isthe effect that
is observed and not EIT.
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Work on Autler-Townes slitting continues to this day [5-8] with more enphasis on work in the
optical regime, which in some Gases may be mistaken for EIT. It also hasimport for work on
doubl e resonance spedroscopy [8, 9].
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Figure 1.4. The Rabi splitting is seen to be asymmetric about line entre when the coupling
fiddisnot resonant with a transition.

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

was the first coherenceinterference experiment. Fano'sfindings are outlined in figure 1.5.

A ;

Figure 1.5. FanoInterference: Two excitation paths to the same ionising state within a
continuum leadsto a cancell ation in alsorption asthe 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. Oncein the autoionising state the atom
relaxesto theionising state. Hencethere ae two routesto the final state. Fano found coherent
interference between these two routes led to asymmetric peaksin the ecitation spedra.
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 onelevel to another when under normal circumstances it
should, then it can be thought of as being trapped. The extension of Fano's findingsto thisend
led to theideaof coherent population trapping (CPT) [11-13]. This was predicted by Gaspar
Orriols and Ennio Arimondo at the University of Pisain 197% [14], based on experiments Orriols
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and co-workershad done [15], where the dimination of fluorescencefrom an illuminated sodium
cdl was observed. They found that using amultimode laser the fluorescence disappeaed when
the mode spacing was made ajual the hyperfine spacing o the eccited transitions (figure 1.6
gives a schematic of the atomic system they used). The fluorescence was absent dueto the fact
that the population had been trapped in alower lying state, unable to move into the upper state.

Coherent population trapping is commonly carried out in the so-call ed lambda scheme (see
Chapter 2) shown in figure 1.6. Theinitial atomic state can be thought of as a superposition of the
lower two ground dates. It isthen possble to arrange the fields appli ed to the system so that the
probabilit y amplitude for being in the upper sateis zero and hencethe population remains
trapped in the lower two states. Thisis due to the destructive interference between the two routes
allowed to get to the upper state, e.g. |1>-|3> and |2>-|3>.

|2>

11>

Figure 1.6: Level Scheme for coherent population trapping (the Lambda Scheme).
Typically lewels|1> and | 2> are hyperfine levelsin the same ground state and as sich are
both populated. Also it istypical that both the applied fields are of similar strength.

Hence CPT can be explained hy consideringtwo o the egenstates of the Hamiltonian of the

atom-field system. These ae wherent superpositions of the lower two levels:

Q Q
|coupled :Q—)1(|1> +Q—i|2> (1.2)
|uncouple<}|:g—i|l> —g—i|2> (1.3

where Q, = lelz + Q% . No component of the upper level [3> appeasin these gjuations. One

of these happensto be mupled to the upper state through the eledric dipole interaction
(Jcouped>) and the other remains uncoupled (a‘dark’ state). When the fields grengths (Rabi
frequencies) of the cmupling fidlds are set in the appropriate rati os the negative sign that appeas
in equation (1.3) will result in the dipole moment from the juncoupled> state to the upper state
[3> disappeaing (<uncoupled|u|3>=0). Thisis CPT and it is this effect which underpinsEIT.

CPT was experimentall y demonstrated by Orriols' Fisagroup [11] and by Carlos Stroud' s Group
at the University of Rochester, New York [13]. In fact the phenomena & witnessed by the
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Rochester group was e as an adverse dfect. They were trying to maximise the popul ation
extracted from the ground state. Unfortunately neither group actually examined what happened to
light passng through the cél, instead looking either at florescenceor populations. Thiswas
despite the fact that bath groups had predicted that the absorption would be turned of. If they
had chedked then the first observation of EIT would have been made in the 1970's.

1.2.5 Physics of Electromagnetically Induced Transparency
The Coherent Popuation Trapping Analogy: EIT isesentialy a‘ subset’ of the wherent

popul ation trapping phenomenon, the two-effects being very closdly related [12]. In CPT the two
fields interacting with the atom are close to the same strength and as such theinterference dfeds
arise from bath fields. In EIT one of the fields is much weaker than the other i.e. Q;<<Q,. Thus
EIT isdueto only to interference dfects driven by the stronger of the two fields, the so-call ed
couping field. The weaker field istermed the probe fidd. Using the same lambda scheme for
EIT that we used for our CPT explanation we see that the ideais essntially the same. The
differenceis perhapsin the detail s. CPT, in general, hasthe levels |1> and |2> as either Zeaman
or hyperfine levels within the ground state of the atom. In EIT these levels are usually discrete
eledronic gates. Thus, in general, one of the levelsin EIT will have no population at any time

during the process

Interference between dressed states: A dressed state analysis also leadsto the corred EIT result.
Here the atom fidd interaction is considered as a whole so that the Hamiltonian for the system is
made up of componentsincluding bah the bare state atom and the atom field interaction. A
dressd state is defined as, ‘ an elgenstate of the time-independent form of the total Hamiltonian,
includinginteractions’ [16]. If we examinethe CPT schemein figure (1.6) then a dresed state
andysis leads to the upper two states forming a wherent superpositi on of states. It isinterference
between the probe absorption ampli tudes to these two states that resultsin EIT - seefigure 1.7.
The CPT ana ogy and the dressed state explanation for EIT can be related to each other, seefor

example[17].
|3> ......... ‘ .......... |2d>
o, (Dp |:IL\> (Dp
2>
11> 1>

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 leadsto
EIT.
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Multiple routes to excitation: Descriptively the simplest explanation, the multiple routes to
excitation model of EIT isanaogous to the Young's Slits mode for interference of light. Here
we describe EIT as an interference between two routes to excitation of the upper probelevel (eg
level 3> in figure 1.6). The probe @n 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 cupling field. We @n then think of the two routesto
excitation interfering to cancd the origina absorption |1>-|3>. Such multi-pathway interferences
can also be examined using dendity matrix perturbation chains, which may also allow additi onal
insight [18].

Other explanations: Other alternatives for explaining the EIT processhave been proposed such as
the use of Feynman diagrams to represent the interfering processes [19], use of a 3D vedor
model [20] or methods involving stochagtic wavefunction diagrams [21].

1.3 Eledromagnetically 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 generally 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 Russan journal JETP Letters
that the Kocharovskaya paper appeaed in). Both papers addressed a concept known as Lasing
Without Inversion (Seesedion 1.4.1). Thisisa processin which alaser can be made to qperate
without the usual necessary population inversion by means of atomic aherence Thiswork was
quickly foll owed hy a paper on asimilar concept by Marlan Scully of Texas A&M University
[24]. EIT wasfirst referred to by name by Harrisin a 1990 paper in which another effed based
on EIT was proposed, namely the enhancement of nonlinea processes (see sedion 1.4.2) [25].
The first demonstration of EIT foll owed in 191 again by the Harris group [26]. This experiment
was carried aut in a Lambda schemein strontium vapour using pulsed lasers, as shown in figure
18

11>
Figure 1.8: First EIT level set-up in strontium. The aoupling field wavdength is 570rmand
the probe at 337.1nm.

The authors were able to able to show that the transmittance of the probe field, which couples
between alower lying state and an autoionising state, could be increased from exp(-20) without
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the wupling field to exp(-1) with a cwupling field present. They point out the importance of the
guantum interferencein thisincrease, if there were no interference processpresent then the
transmittance would only have increased to exp(-7). Another important point to realise isthat
what is observed isin fact interference and not some sort of hole-burning or saturation eff ect.
One could for instanceimaginethat if al the population were in some way removed from the
lower probe level then obviously there would be a reduction in absorption. But thisis not what
happens as the probe field is kept sufficiently weak so as not to cause significant population
movement. This experiment caried out in strontium was foll owed by a demonstration in a
cascade schemein lead vapour [27]. Thework in lead has been expanded by Kasapi [28] asa
technique for enhanced isotope discrimination. Thisworks by using EIT to make one isotope of
lead transparent to a probe field whil e another remains opaque. Kasapi showed that 0.03% of Pb-
207 could be dearly seen against a background o Pb-208.

Subsequent work by Harris' group examined the dispersive properties of EIT [29]. They showed
that sincethe absorption of the medium is modified the refractive index must be aswell. They
found that at the point where the absorption is swept through a zero therefractive index varies
rapidly with probe frequency (i.e. dispersion) and that thisimplies a significantly reduced group
velocity nea the zero probe detuning position. Thiswork laid ground for subsequent ideas about
dow light (sedion 1.4.3.3). In their experiment Harris' group demonstrated areduced group
velocity dueto EIT of ¢/250 but they did not measure the dispersion diredly. This experiment
was carried aut by the Xiao group [30] who measured the dispersion of the medium using a
Mach-Zehnder interferometer technique [31]. They observed reduced group vel ocities of ¢/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 mnnedions
with that done at St. Andrews in the past. They have examined the use of EIT as a spedroscopic
tod [32] in which an EIT resonanceis seen on each of the hyperfine levels that make up the
upper coupling field state. This has also been explored by Mosedley et al in which thetechniqueis
compared with two-photon spedroscopy [33]. Further studies have included general
investigations of EIT in cascade schemes [34-36] and lambda schemes [37]. The changein EIT
asthe coupling laser linewidth increases has also been explored [38]. The authors found that as
the linewidth of theinteracting laser increased the EIT effect degraded due to an increase in the
dephasing o the system. This experiment was foll owed by another lodking at the dfed of
linewidth on the probe field [39]. In this case it was found that only the cmponents of the probe
field that were resonant with the probe transition were able to passthrough the medium. Off-
resonant components were absorbed. More recantly this group have looked at building an
‘eledromagneticall y induced grating’ [40]. Thisworks by having a strong coupling standing
wave, interacting with threelevel Lambda-type (or cascade-type) atoms. This can diffract aweak
probe field (propagating along adiredion normal to the standing wave) into high-order
diffractions. By taking advantage of the absorption and dspersion properties of
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eledromagneticdly induced transparency the authors have demonstrated an atomic grating that
can fan effedivdy diffracted light into the first-order diredion.. They have also considered EIT
and AWI effedsin four level N-type medium in Doppler broadened media [41], ideasthat arein
some part related to the work presented here in chapters 6 and 7.

Work caried aut in the St. Andrews group has covered similar groundto 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 spedroscopy. In the same paper they also clealy showed the nature
of the one and two-photon interference dfect in EIT. Fulton et al [42] showed that EIT is
affeded by the Zeaman structure of atoms and that EIT resonances can be manipulated oncethe
normal Zeeman level degeneracy islifted. Further studies of effects due to Zeaman levelsin the
context of inversionlessgain have been caried aut by Durrant et al [43]. Fulton et al [44] also
conducted a definitive study of EIT in (cascade, lambda and Ved threelevel schemes, showing
theroles of, for example, optical pumping in the EIT process Later work includes investigations
into the abil ity to mismatch the wavel engths of the probe and coupling fieldsin Doppler
broadened EIT bath 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 wavel ength than the coupling fied
(the so-call ed up-conversion regime) [46], atheme which isfurther explored in chapter 3. Some
of the most impressve work caried out in the St. Andrews group was the discovery of the
Eledromagnetically Induced Focussng effed [47, 48], in which the spatial variation of the
coupling field resultsin the probe fiedld seeng the coupling fidld asalens. Thisis discussed
further in sedion 1.4.3.2.

Other work has proposed using EIT as amethod of €li minating band gaps in resonant optical
materials [49]; producing athreelevel medium whose quantum mechanical state isafunction of
position [50]; enhancement of third harmonic generation [51]; generation of a wide spearum of
Raman sidebands while improving propagation through ainhomogeneous medium [52] and the
related phenomena of subfemtosecond puse generation by strong coherences in moleaules [53].
EIT can dso be used to diminate self-focussng within an atomic sample [54]; has the potential
to utilise opticd fiddsto coherently control Mdsshauer spedra [55] and possbly 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 gudies have been caried out into EIT, bath the processinvolved and
applications of the phenomena. The references given here ae to be seen as an introduction to the
subjed. For an alternative review of the subject areg which deds much more with, for instance
pulsed phenomenain EIT, seeJon Marangos' review [17]. Thefollowing sedions introduce

some of the more important areas that result from EIT, including EIT in solids, which isnow of
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increasing interest, Lasing Without Inversion, enhancement of nonlinea processes, refractive
index effeds (including slow light) and eledromagneticdly induced absorption [62].

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

hydrogen [64] and thelike. For many appli cations, however, the ability to carry out EIT in solid
materials would be beneficial (seefor example sedion 1.4.3.3 an dow 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 axswer isno.
The major problem liesin the very broad linewidth transiti ons and/or the large dephasing rates
that ocaur in solids. In EIT we require a mupling laser field strength rivalling the probe transition
linewidth. For thisto accur in solidswe would require laser strengthsthat would burn ahole
throughthe material. Not quite what we mean by X-ray vision! Some of these problems can be
circumvented by coding the sample down nea to absolute zero. Thishasresulted in the
observation of EIT in several solid materials. The first demonstration was caried out in ruby [65]
by Zhao et al and isaso notable for the fact that the wupling 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 caried out by Ichimura et al [66] and by Ham et
al [67]in Pr**:Y,SiOs. This mnd group, who areat MIT, have caried out a number of
experiments investigating enhancement of four-wave mixing in solids dueto EIT [67], the
posshili ty of optical data storageusing EIT in solids[68, 69], gain induced by rf fields[70] and

line-narrowing effeds useful for spedroscopy [71].

Other interesting work on EIT in solids has been caried aut by a group at the Australian National
University in which they explore EIT effedsin anitrogen-defed centrein diamond. Recently
they have shown the dynamic Stark splitting o an EIT resonance[72, 73], in which they split the
EIT window into two o more separate lines, a dfect similar to that explored in chapters6 and 7.
These dfeds are dightly different from other EIT experimentsin that they are caried out at ESR
frequencies rather than at optical frequencies and so further circumvent some of the problems
asociated with EIT in solid media. As such they have grea potentia in investigating proof of

principletype experiments.

We note that in theory many ion doped crystall ine soli ds may be suitable for EIT. Whether or not
they offer any particular advantage over each other is debatable. Y ou always |ose out on the
dephasing. However some people remain optimigtic. A group of Japanese reseachers from
Toshiba (US Patent 6028873) have recantly patented the idea of an inversonlesslaser (see
sedion 1.4.1) (which uses EIT to work) with a solid medium asthe gain material. They list well
over 100 posshle @andidates for the gain medium which makes the patent cover a multitude of
potential devices. Somebady is obviously hopeful that one day EIT in solids wil | become such a
practicdity that devices will be ableto be based upon theidea

10
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1.3.1.1 EIT in semiconductors
Semiconductor devices may hold the key to applied inversionlesslaser devices. Sincethey can be

engineered to spedfic designsthere ae fewer constraints on semiconductors than in other media.
They also have the potential to be used as ensitive detedors in spedral regions where detedion
isdifficult and also to improve eisting properties of current semiconductor devices. Various
groups have mnsidered EIT-type effects in semiconductors including the Imamoglu group at the
University of California, Santa Barbara. They have investigated Fano interferencein double
guantum well structures [74] smilar to the one shown on the right-hand side of figure 1.9
(without the field a). Such schemes make use of quantum tunrelling to couple between the two
wdls. Schmidt and Imamoglu [75] have also considered using EIT to enhancenonlineaitiesin
semiconductors, with potential in areas such as optical parametric generation or frequency
generation. Schmidt and Ram have explored the posshility of creating an all-opticd wavelength
converter and switch based on EIT [76].

Other work includes that by P6tz [77] who looked at EIT type effectsin double well structures
where the probe field is controlled by a microwave fidld. Another recant proposal has been that of
Yelinand Hemmer [78] in which EIT in asemiconductor can be used to deted far infrared
radiation (around 10microns) by observing a shorter wavelength probe field. The processrelies

on afour-level system shown in figure 1.9.
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Figure 1.9: EIT scheme for the detection of long waved ength radiation in a semiconductor.

The EITis st up via the the probe (c,) and coupling («) fields. It can then be destroyed
viathe apgication of a third field, a. Thisthird field has alonger waved ength than that of
the probe and hence a technologically ‘easier’ wavdength can be used to monitor the

techndogically ‘hard’ wave ength.

Normal EIT is produced by the aupling field w. on the probe field wy,. Then the EIT can be
destroyed, producing are-absorption of the probe, by the gplication of athird field a. We can
engineering the quantum well structure so that € liesin the visibleregion and a in the far infrared.
Thusthis provides anovel detedion technique for the far infrared li ght. The destruction of EIT in
multilevel EIT systemsis examined in greater detail in chapter 6.

Other workers have predicted inversionlesslasers based on EIT in semiconductors. These include
Zhao et al [79, 80], who predict LWI effectsin system simil ar to that shown in figure 1.9 above,

11
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and Imamoglu and Ram [81] who predict LWI effedsin the absence of a coupling field. They
instead rely on the resonance between sub-bandsin dfferent quantum wells. This, they show, is
identicd to the original lambda scheme proposed by Imamoglu and Harris[82].

A morethorough review of experiment and theory of EIT due to quantum tunnélingin

semiconductors can be found in [83).

A recent experiment by a group at Imperial Coll ege has demonstrated EIT in a quantum well
structure for thefirst time[84]. The energy levels used are two close lying states in the same
guantum well (i.e. notunnelling processisrequired). The level structureis shown below in figure
1.10.

() (@) (i)

|3> A

O, ®, E,~160meV
[2> A

@, O: E ,~129meV
|1>

Figure 1.10: Level structure for observation of EIT in a quantumwell cascade scheme. The
two transitionsare dosed spaced in energy all owing for three different coupling regimes:
() EIT, (i) Srongly driven two level atomand (iii ) phase-locked coherence. The probe

field resonant with the |1> -|2> transition isnot shown.

As can be sean the fact that the two transitions are quite dosdly spaced all ows the wupling fied
to interact with the system in a variety of ways. Thefirstisanorma EIT effed, shown in figure
1.10(i). The second effect isanalogous to the strongly driven two-level atom and the third
corresponds to an effed the described as ‘ phase-locked’ EIT. Thisthird condition correspondsto
the ase wherethe cupling field is two photon resonant with the |1> - |3> transti on and was
found to producethe biggest EIT effed.

1.4 Applicationsof EIT

1.4.1 The Inversionless Laser
The oncept of an inversonlesslaser isan intriguing one. If we examine Einstein’ srate eguation

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

inversion, as Siegman points out [85]:
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‘For laser action to accur, the pumping processmust produce not only the excited
atoms, but a conditi on of population inversion... It turns out we may obtain this

esential condition o popuation inversion in many ways...’

So counter-intuitively it seems an immediate mnsequenceof EIT that inversionlesslasers $ould
be posshle. Einstein’ srate equation forbids inversionlesslasers. A medium will ultimately
become saturated when half of the population isin the upper level of the laser transition (and half
isinthelower state). Sincethe medium suffers from stimulated emisson aswell as gimulated
absorption then the medium can never experiencelaser action without a population inversion,
however if the stimulated absorption isturned dof, or significantly deaeased then it should be
possble to have these strange upside down lasers. Such were the proposal's by K ocharovskaya
and Khanin [22], Harris[23] and Scully [24]. The idea can be examined in the fall owing scheme

(86]:

Figure 1.11: Level scheme for observation of inversionlesslasing. The incoherent pump, r,
isapplied between levelsb’ and a. Lasing is observed on the ato b transition. Lewel aisthe
5Py, level, level cisthe 5P5, level and band b’ correspond to the 5S;, (F=1) and 5%
(F=2) lewels respectively.

The major difference between a straight EIT scheme and an LWI schemeisthe introduction of
the pumpingterm r. Aswith anormal | aser, a pump isrequired to move population into the upper
laser level. In the LWI case the pump is generally termed incoherent, asthe linewidth is much
larger than the linewidth of the aomic transition that it ispumping. It isdesirableto use an
incoherent pump, as use of a sourcethat interacts coherently with the system under consideration
will necessarily upset the mherences generated by the probe and coupling field. For instance
Boon examined the posshility of coherently pumping aVeescheme [87] and found that an

incoherent pump produced more gain.

For many laser wavel engths the effort that would go into buil ding an inversionlesslaser would be
counter productive. For instancethere would no spedfic gain in building an inversionless633nm
laser over anormal He-Ne laser. Themain areacf interest in theinversionlesslaser is short-

wavedength lasers. Sincethe Einstein A coefficient increases with frequency:

13
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(1.4)
7T C

so that the spontaneous emisgon on transitions with short wavelengthsis very rapid this means
that the @oms undergoing excitation on such atransition will rapidly decay to alower state.
Hencea population inversion isincreasingly difficult to establi sh as the transition wavelength
gets dorter. Inversionlesslasers open up the posshility of circumventing this problem.
Inversionlesslasers themselves, however, have problems of their own, in a particular the
difficultiesinvolved in constructing them. So far no inversionlesslaser of technological

importance has been demonstrated.

Thefirg prodf of principle inversionlesslaser was built by the Scully group. The same group hed
previously reported amplification without inversion in Rb [86] and extended their set-up to
demonstrate laser oscill ation. The experimental apparatusis shown in figure 1.12

Coupling .
Field
Reference ot i Rb Cell
Cell 77 :
k 4 :

Laser Pump
output Beam

Figure 1.12: Experimental set-upfor observing inversionlesslasingin Rb.

The @omic system is shown in figure 1.11 above. The oupling field is supplied by asingle-
frequency diode laser resonant with the 5S,,,-5P5, trangtion (the D, ling). The laser transition is
the 5S,, — 5Py, trandtion (the D, ling). The incoherent pump source on the 5S,, — 5P, transition
is used bath to destroy optical pumping die to the strong coupling field and also to act as a pump
for theinversionlesslaser puttinga small amount of population into the upper laser transition. A
weak magnetic field is used to destroy coherence aeaed by the pump field in the 5S,,(F=2)
Zeaman levels. When the wupling and pump field come onto resonance, inversionlesslaser

oscill ation is observed, the laser field having been built up from cavity noise. The fact that such a
system isin fact displaying inversionlessgain can be demonstrated by examining the system in
the presence of a probe field resonant with the laser transiti on (the set-up for finding

ampli fication without inversion). In the case where the probe field linewidth isincreased so asto
become incoherent, the amount of gain deaeases sgnificantly indicating that it is a coherent

process(i.e inversionlessgain) and not a population inversion that accounts for the gain that is
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observed. Thelaser output was approximately 30uW at 794nm. Obviously thisis 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], Sdllin et al [90] and Jong et al [91, 92]. Many cthers
have observed amplification without inversion ([93-95] for example) athough none with any
significant wavd ength mismatch. Thisideaof mismatching the lasing and coupling fieldsis
important in the search for short wavelength inversionlesslasers, asidedly we would like a
technologically ‘easy’ laser asthe wupling field contralling a short wavelength laser transition.
One of the main problems with thisideaisthat asthe wavel engths get further and further apart
EIT isincreasingly difficult to oktain (although not imposshle). A good example of such an EIT
experiment was caried out by Boon et al [46]. Thisideaof producing a short wavelength laser
using alonger wave ength control field is called ‘up-conversion’ and isdiscussed in detail for
Doppler broadened systemsin [96, 97] and also in Chapter 3 of thisthesis. A summary of LWI
and AWI experimentsislised in table 1.1.

Type Authors Medium Coupling Probe R
(nm) (nm)
Pulsed AWI | Nottelmannetal [95] Sm Vapour cdl (A) 57068 | 57068 | 1
Pulsed AWI Fry etal [98] Na Vapour cell (A) 589.86 589.86 | 1
55843 55843 | 1
Pulsed AWI | vander Veer etal [99] Cd Vapaur cell (A) 326 479 | 0.68
CW AWI Kleinfeld and Streater K Vapour cdl (Vee) 7665 7699 1
[100 107
CW AWI Zhuetal [102 103 Rb Vapaur cel (A) 780 780 1
CW AWI Sellinet al [90] Ba @omic beam (cascade) 554 821 0.67
CW AWI Fortetal [63] Cs Vapour cell (Vee) 852 894 0.95
CW AWI Shiokawa et al [104] Laser-cooed Rb (A) 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 cdl (Vee) 780 795 0.98
CWLWI Padmabandu et al [89] Na aomic beam (A) 58976 | 58943 | 1
Pulsed LWI de Jong et al [91] Cd Vapaur cel (A) 326 479 0.68
CWLBT Petersand Lange [88] Ne Vapour cell (double-A) 8249 6118 | 1.35

Table 1.1: Sunmary of LW and AW experimentsto date. CWis continous wave, AM is
amplification withou inversion, LW islasingwithou inversion and LBT islasing below
threshad. The value of Risthe probe field to coupling field frequency ratio. It istherefore

a measure of up-conversion.(seeLW review [10€])

Lasing Without Inversion isnot just about short wavel ength lasers however. Other aspeds of
interest include various quantum optical effeds, such asthe inhibiti on of spontaneous emisson
noisein inversionlesslasers[107] and the production of squeezed laser light [108, 109]. More
recently predictions for producing inversionlessgammaray radiation have been made [110-113.
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Inversionlesslasers offer tantalising posshili ties. Compact short wavelength lasers would be a
grea bom technologically. But over 10 years after the prediction of such devices no substantial
breakthrough has been made. The death of experimental work in the field shows, not that the
ideais 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 probems remain. For amore complete discusson of LWI,
motivations, different theoreticd approaches to the phenomena, experimental realisations and

difficulties sethe recent comprehensive review by Mompart and Corbalan [106].

1.4.2 Enhancement of Nonlinear Processes
Many nonlinea processes auffer from re-absorption. That is, if awave-mixing processresultsin

a frequency being produced on atransition that is not coupled to one of the fields driving the
processthen any radiation at this frequency stands a chance of being re-absorbed by that
transition. Sincethese types of processes generaly 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 thisideawas one of the original proposals for EIT [25] in which
afour-wave mixing processcould be enhanced (i.e. the X susceptibility is enhanced). A sample

atomic schemeis iown in figure 1.13.
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Figure 1.13: Harris wave-mixing scheme. The mupling field onthe [2> - |3> transition
induces transparency on the wave mixing trangtion |3> - |1> and hence reducesthe

absorption that the generated field would namally experience.

Thefirgt experimenta evidencefor enhancement of nonlinearities was by Hakuta et al [137).
They demonstrated that adc field could be used instead of an ac coupling field in certain cases.
Thisfirst experiment was threewave mixing in hydrogen, which isnormally forbidden. The same
group then went on to demonstrate four-wave mixing schemesin hydrogen [64], producing li ght
inthe UV at 103nm, and a so sum-frequency generation in a hydrogen discharge [133]. Work at
St. Andrews haslooked at smilar schemes in sodium [134]. Sum-differencefrequency mixingin
krypton has been performed by the Marangos group at Imperial coll ege [135-138]. Receant work
in this areaincludes four-wave mixing enhancement in a aystal [71], which opens up

posshiliti es of using EIT for appli cations such as opticd data storage in solids.
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Anocther intriguing appli cation of EIT in the nonlinea regimeisthe possble development of a
broad band optical parametric oscill ator with a high efficiency [139). Such a device has been
proposed by Harrisand Jain. Lukin et al [14Q 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] —amirrorlessparametric oscill ator. Further studies have investigated
the properties of such processes [142, 143. Theideaisthat two counter-propagating beams, E;
and E;, drive a double lambda scheme, shown in figure 1.14.

4>

Figure 1.14: Double lambda scheme used in the mirrorlessparametric oscill ator scheme.
The arrows uncer the field descriptors (the ‘E’s) denote the direction of propagation of the
fidds.

Thesefieldsin turn generate fields (E; and E,) 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
producenon-classcal photon fields (the photon pairs creaed in this processare in quantum
correlated statesresulting in suppresson 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

anumber of areas of quantum optics and nonlinea optics.

The enhancement of nonlinea processis the one aeaof EIT where strong, potentially useful
experiments have been caried out. Research in the area ontinues and it may prove to be that this
area of reseach isthe one that benefits the most from quantum interference dfeds.

1.4.3 Refractive I ndex Effects
Anocther topic of interest in quantum interferenceresearch isthat of the modification of the

refractive index properties of amedium. Sincethe absorption and refractive index of a substance
are linked viathe Kramers-Kronig rel ations we seethat modification of the absorptive properties
of amedium will result in a change in therefractive index properties aswell . Examples of uses of
this modification are high refractive index media with low absorption (phaseonium),
eledromagneticdly induced focusing and dow light.
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In atwo level system if we examine the absorption of a probe scanned through the transition we
find maximum absorption on line cantre. Accompanying this absorption will be arefractive index
profil e that has a zero coinciding with the maximum absorption. We also seea dispersive dement
of therefraction (variation of refractive index with frequency) around the maxi mum absorption
point. By moving to atransparent medium we an modify this as shown in figure 1.15. We see
that in atransparent medium we have high dispersion (rapidly varying refractive index) and this
isthe basisfor dow light phenomena (sedion 1.4.3.3) and proposed schemes for magnetometry
[145 144 and line narrowing and frequency stabili sation of lasers [57]. It also al ows effects
such as Eledromagneticall y Induced Focussng [47, 48] and optical waveguiding of a probe field
[147, 148, discussd below in sedion 1.4.3.2.

zero coupling field
0039 | = coupling field = 80MHz

Refractive Index p',,

>60 * Prjze Field Doetuning (Mziiz) ” v

Figure 1.15: Refractive index as a function of probefield detuning. In the two level case,
i.e. no coupling field then we get the dassc trace, shown by the solid line. In the case
where a coupling field isapplied the profile is modified as shown hy the dashed line.

Ancther refractive index effed dueto EIT isthat of EIT-induced birefringence Thiswas first
demonstrated by Pavone et al [149. This phenomenais briefly discussed in Chapter 7 when
where examine the potential for using EIT-induced birefringence as a method of spedroscopy.
Recent work by Patnaik and Agarwal [150] has also shown that birefringent effedsin a
coherently prepared medium can be used to control magneto-optical rotation.

1.4.3.1 Phaseonium
Phaseonium differs from the highly dispersive mediafound viaEIT in that it isa medium which

has alarge refractive index with no acoompanying probe absorption. It was proposed by Scully
[15]]. In order to creae such a medium (which Scully has called anew 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 inversionlesslasing discussed above. Further theory of
enhancement of the refractive index can be found in [152-156]. A prodf of experiment to olserve
phaseonium was caried out in rubidium [157]. As expeded aregion was found in which the
absorption vanished accompanied by alarge refractive index.
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One of the main proposed applications of phaseonium is the devel opment of a high sensitivity
magnetometer. If we place aphaseonium medium in the arm of ainterferometer then avarying
magnetic field wil | perturb the Zeeman levels of the atomic system. Thiswill detune the probe
field dlightly 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 at SQUID
magnetometer [158. Further theory on phaseonium magnetometers can be found in [146 and on
other magnetometers based on EIT effectsin [159, 160]. Additiona advantagesin the use of such
amagnetometer are that unlike other optical magnetometersit can work in the high density —
strong field regime potentialy allowing a greder signal to noiseratio, and also that it has alarger
dynamic range than more @nventiona devices. Other appli caions include high-resolution

microscopy [158. Theresolution of an opticd microscopeisgiven by nsin6/A wheren isthe

refractive index of the lens, 8 isthe opticd colledive aagle and A isthe wavelength. If we @n
increase n then obviously the resol ution could be increased. The experimental conditionsin order
to doserve such enhancements are difficult to achieve however. A morereceant experiment [161]
has shown that power broadening of optical resonances can be significantly narrowed in
coherently prepared, dense aomic media andthat it is posshle to observe sub-EIT linewidth
effedsin such media. Other work on the subject relevant to thisthesis has been caried out by
Lukin et al [162] in which phaseonium can be ohtained using so-call ed double-dark resonances
with lessincoherent pumping than in the case discussed above. Double-dark resonances will be
discused inrdation to EIT in multilevel cascade schemes in chapter 6.

1.4.3.2 Electromagnetically | nduced Focussing
Aswe have seen EIT aff ects bath the absorption and the refractive index of amedium. This

implies that the stronger the EIT effect, the larger the changein refractive index. We can make
use of thisfact in norma EIT experiments to develop anew processcall ed Eledromagnetically
Induced Focussng (EIF). Sincelaser beams have Gaussan intensty profiles a probe field that
has its beam wai st matched to the coupling field waist will experience stronger EIT at the aentre
of the beam than at the alge. Therefractive index that the probe experiences will aso, therefore,
change with the radial intensity of the cupling field. Moseley et al showed [47, 48] that this
effed implied that the probe field experiences the coupling field asalens. Thisisillustrated in
figure 1.16.
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Figure 1.16: Schematic of Electromagnetically Induced Focussing. The transverse spatial

profile of the coupling field resultsin the probe field experiencing avarying refractive
index acrossitstransverse profile. This effect is egivalent to that of having a lensin the
path of the probefield.

By varying the detuning of the probe field it is posgble 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 wupling field is greaer. Therefore when performing such
experiments it isimportant to take into acoount the EIF effed. Truscott et al [163 have used this
idea of EIF to producea waveguide in atomic vapour. Using a Laguerre-Gaussan [164, 165
beam asthe cupling field andanorma Gaussan probe field, the probe will experience ahigh
refractive index when it ison line centre with itstransition. If the coupling field isred detuned (a
negative detuning) it can act so asto guide the probe out of the intense region of the cupling
field. If the probeis blue detuned it can act in the opposite way. Thisresults in the probe being
waveguided along the Laguerre-Gaussan beam. In essncetherefractive profile experienced by
the probeis smilar to the profil e it would experienceif it were in an opticd fibre. Thiswork has

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

[149.

In thisthesis we briefly examine how EIF effeds occur in four-level media and how such

phenomena lead to the ideaof arf controlled optical lens.

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

demonstrated by the Hau group at the Rowland Institute [166]. EIT is caried out in aLambda
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 small er than the natural li newidth of the transition. The dispersion
curveistherefore very steg and thisresultsin light propagating at the probe frequency having a

very low group velocity, vg. Thisis given by:
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where n(wy,) istherefractive index at the probe frequency w, and dn/dw, isthe changein
refractive index with probe frequency (the dispersion). We seeimmediately that the higher the
dispersion (achieved by EIT) the lower the value for v The Hau group reported group vel ociti es
aslow as 17ms?, hencethe name ‘slow light'. EIT had been used to slow light down before, with
Harris[29] reporting light with speeds of ¢/250, but it was the huge amount by which theli ght

was $owed that made the Hau experiment so notable.

Two further examples of dow light followed quickly after the first demonstration of the
phenomena but thistimein ‘hot’ media[167]. The Scully group performed their experiment in
rubidium vapour at around 30K 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™
was observed. It was noted that this was an average vel ocity as the coupling field is absorbed in
the cdl and the group velocity deaeases with the wupling field power. They also note that the
90ms*isnot alower limit to the group velocity but by further modifications of experimental
parameters they could bring the velocity down neaer 10ms™. An interesting aside that the
authors note isthat the Doppler free onfiguration, where the probe and coupling field counter-
propagate, that isnecessary for observation of EIT effectsin so many experiments (including

some of those found in thisthesis) isnot necessary for the observation of low group vel ociti es.

The seand ‘hot’ gas demonstration of dow li ght 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 cdl i f the polarisation of the input light was changed. The authors show that the
processis equivalent to EIT and thusthat reduced light group velocity isrelated to nonlinea
magneto-optical effeds. Light within the cél suffers from agroup dday and as such has alow
group velocity, which can be controlled by varying the applied magnetic field. It was found to be
of the order of 8ms™ in this experiment. Thisisthe lowest publi shed group velocity of light at the
time of writing.

Given dow light, what can we do with it? One interesting proposal is that of an optical black
hole, an ideaput forward by Leonhardt and Piwnicki [169]. Theideaisthat if light wereto
interact with a vortex of some sort, e.g. in a Bose-Eingein condensate, then if it were moving
dowly enough it would be sucked into the vortex in the same way that matter is sicked into a
black holein space Thus a black hole that could be built within alabaratory could be posshle.
This effect arises as light sees a moving diel edric medium as an effective gravitational field. It
may be that the vortices recently achieved in Bose-Einstein condensates are too small to work
effedively as optical black holes. In that case it may be posshble to use Laguerre-Gaussan beams

to create a vortex within a sample of hot gas or to carry out EIT within arotating solid medium.
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Many problems exist in all these gproaches but a caeful experiment in theright medium may
wdll yield results. The anal ogues between opticd black holes and real black holes would then
allow black hole and gravitational phenomena, such as Hawking radiation [170], to be studied in
the mnvenienceof alaboratory instead o in space

Leonhardt and Piwnicki have also proposed another posshble appli cation of slow light [171], that
of aslow light gyroscope. They show that using an optical gyroscope with dow light will
increaseits enstivity by anything upto 8 orders of magnitude. Again the problem of observing
EIT in solid materials makes this idea that is difficult to realise practically.

Further proposals for uses of dow light include those by Harris[172] in which slow light can be
used in bdli stic type experiments with atoms and ways in which dow light can be used for
nonlinear interactions at very low light levels[173. Other suggestionsinclude those [174] in
which dow 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 ideawas proposed the idea of slow light has given the whole subject area
of coherent light matter interactions a boost — assrting that new concepts are thereto be found
and new uses waiting to ke made of them. In another ten years, who'sto say, we may have
optical black holes stting in laboratories al over the world in much the same way that Bose-

Einstein condensates have become the physics de jour.

1.5 Eledromagnetically Induced Absor ption
A related effed to EIT isthat of eledromagnetically 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 Physicain Montevidio, Uruguay [62,
177-179. The dfect can be observed in degenerate two level atoms and the Montevideo group

has used rubidium in their experiments. The level structureinvestigated is shown in figure 1.17.
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Figure 1.17: Two level structure for observation of EIA. Thetwo fieldsare a pump
(couging) and probe field. The parameter b isa branching ratio with b=1 correspondng
to a closed transition. The alue 1-b correspondsto the probalility 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 onditions are satisfied: (i) That the F number of the ground state is one less
that the F number of the excited state; (i) the transition between the ground and excited sateis
closed and (iii) the ground state must be degenerate. They also show that theincreasein
absorption over that of anormal probe absorption trace ca excead 100%. Further, [179 the
exact probe absorption spedrum that is observed is dependent on the field polarisations, the
magnitude of any applied magnetic field (to lift thelevel degeneracy) and probe and pump fied
detunings.

In[177] Akulshin et al explain that anal ogous to the destructive interference dfed found in EIT,
it isa constructive interference dfed that leadsto EIA. In [62] Lezana et al expand this
statement with atheoreticd treatment that derives explicit density matrix equationsfor the
degenerate two-leve system. It isusing thistheory that al ows the authorsto producethethree
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 off er a explanation for the phenomena. A receant paper by Barreiro and co-
workers[181], however, has proposed that the physical medanism isthe spontaneous transfer of
light induced coherencefrom the excited state to the ground state. They show this by considering
afour-level N-type system and generali seit to the experiment in [177]. They do not however
show that their theory leadsto the mnditions for EIA outlined above. The assumption that EIA is

a constructive interference dfed in analogy to EIT remains ound, however.

The EIA effed can also be used to produce media with anomal ous dispersion curves. Akulshin et
al have shown [178] that negative dispersion can be observed which correspond to group

vel ociti es of —¢/2300Q They also noted that a negative dispersion can result in group vel ociti es
that are infinitely large (as can be seen by examination of equation 1.5). This they have receantly
reported [182] can lead to superluminal type effeds[183 184)]. Such superluminal experiments
have also been reported by Wang et al in a media usinga Raman gain technique [185 to generate
the anomal ous dispersion. The posshility of achieving such effedsvia EIT will be briefly
discussed in chapter 6.

1.6‘0Old’ 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 aereprints of old Russan articles published in the late 1960s and
early 1970s. These papers, many authored by A.K. Popov, purport to predict many of the dfeds
that were later ‘discovered’ by Western scientists, for example inversionlesslasing. These papers
along with the references they contain are areminder that many of the ideas now studied have
been looked at in adifferent light in the past but that it perhaps takes a fresh flash of insight, such
asthat shown by Harris[23] to ignite research into a discipline. These papers will now probably
only be of historicd interest asthe EIT/LWI community is unlikely refer to them very much. But
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they are given here as a nod towards completeness. It is always interesting to note what reseach

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

1.7 ThesisPrécis
Thework in thisthesis lodks at a number of effedsrelated to EIT. We begin, in chapter 2, with

an overview of the theoreticd models employed in the work found in subsequent chapters.
Chapter 3is primarily concerned with how mismatching the wavel engths of the probe and
coupling fields affeds both the EIT seen and the amount of inversionlessgain 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, affeds EIT and AWI ina V-

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

The eperimental work, in which the affed of changing the probe and coupling field polarisations
is examined, beginsin chapter 5. We find that EIT can be optimised hy appropriately changing
therelative polarisations. Chapter 6 looks at EIT in N-level schemes, in particular afour level
cascade scheme. Weintroducethe idea of threephoton EIT effects and also the posshil ity of
contralling EIT by using arf-field to couple two of the four levels as well as using the normal
probe and coupling fidds. Thisideaintroduces the posshility of rf-controll ed

eledromagneticdly induced focussing. We also examine EIT in schemes with N levels and N-1
fields whereby ‘higher order’ EIT effeds can beintroduced, potentialy by the application of rf
fields. We seehow EIT can be destroyed and recovered by moving to higher order level

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

In chapter 8 we examinethe dfed of not rf fidlds but microwave fieldsin EIT experiments,
spedfically the posshilit y of using a microwave wupling field. It is siown that microwave
induced transparency although posshble in atomic systemsis exceptionally difficult and may be
better achieved in moleaular systems. Chapter 9 then detail s the devel opment of an opticd
parametric oscil lator (OPO) which could be used asthe optical probein a microwave induced
transparency experiment. This OPO isalso anovel devicein its own right and we examineits

properties and its potential.

The thesis concludes with chapter 10 andlooks forward to work that may be crried out in the
future.

The main thrust of thiswork 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 fiddsin the
context of EIT. Experimenta work has been carried out that shows that rf fields can indeed

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

! These papers can be found at the Los Alamos preprint server: http://xxx.lanl.gov/. The spedfic
papers are qu-ph/0006042, qu-ph/0005019, qu-ph/000508), qu-ph/0003081, qu-ph/000508, qu-
ph/00060%4, qu-ph/0005108, qu-ph/0005114 and q-ph/0005118.
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seen emerging in theliterature iswork which also looks at such multilevel systems. Lukin et al
[162] have examined processes by which system dynamics can be ‘engineeed’ in multil evel
systems, Burkett et al [41] have dso recently performed experiments investigating opticd field
effedsin multilevel systems as have Gao et al [186] in the @ntext of two photon inhibiti on
(something investigated in chapter 5 and 6). The work of Wei and Manson, investigating EIT

effedsin multilevel systems within ESR transitions[72, 73] isalso o relevanceto thiswork.

To summarise the work as awhole, the dfed of modifying the fieldsinvolved in EIT processs
is examined. Examples of these changes include mismatching the wavelengths of the probe and
coupli ng fields, introducing non-monochromatic fields, changing field polarisations or by the use
of non-optical fiddsin EIT. Theaim of thisthesisisto investigate the role that each of these
processes has on EIT in anumber of atomic configurations.
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