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Abstract

Theoretical and experimental studies of steady state quantum interference effects
within an atomic vapour have been carried out. These include the effects of

Electromagnetically Induced Transparency (E.I.T.), Electromagnetically Induced

Focusing (E.I.F.) and inversionless lasing. Theoretical analysis was carried out using
semi-classical density matrix models while experiments employed continuous-wave

Ti:sapphire or Dye lasers within atomic rubidium.

An initial study of the properties of E.I.T. was carried out within Doppler
broadened rubidium. Coherently induced transparencies were generated in three basic

systems: V-type, lambda and cascade. This allowed a theoretical and experimental

comparison between the three systems to be made.

The 5S1/2 - 5P3/2 - 5D5/2 cascade system proved the simplest in which to observe

E.I.T., providing windows with depths > 90%. Thus, a fundamental study of E.I.T.

within this system was carried out. This included the effect of varying optical field

parameters and of Zeeman splitting. Highlighted by this analysis was the fact that E.I.T.
can provide novel high resolution two-photon spectroscopy techniques.

A unique non-dissipative cross focusing effect on the probe field was observed
when the spatial profile's of the optical fields were considered. This was a direct result
of the coherent interaction of the coupling field with the rubidium atoms and so was

named Electromagnetically Induced Focusing. E.I.F. was shown, both theoretically and

experimentally, to vary dramatically with changes in the system's physical parameters.

An examination of the effects of varying the field wavelength's within all three

systems was theoretically carried out. This analysis showed that a Doppler broadened
medium does not require matched wavelength optical fields in order to observe

coherently induced transparency. It also highlighted the relative roles of E.I.T. and
Autler-Townes splitting within an induced transparency.

A final study was carried out which theoretically predicts the presence of blue
inversionless gain in a system which employed I.R. driving fields within atomic
rubidium.
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Chapter 1
Introduction

1.1) Light In The 20th Century

All sources of light consist of matter that is excited in one way or another. The

firefly excites its body matter by some obscure chemical process; the matter of the sun

is excited by heat. However, ever since Heinrich Hertz demonstrated the validity of
Maxwell's theory of electromagnetic radiation, it has been known that the ultimate
source of radiation is an accelerated electric charge. The actual form of this radiation
still remains a bit of a mystery to the modern physicist, since the wave particle duality
of light remains unresolved. Classical Newtonian physics is unable to provide a

complete explanation for the quantum nature of light interactions with matter. In 1905,
Einstein showed how the photoelectric effect could be explained through a hypothesis
of the corpuscular nature of electromagnetic radiation. By 1926, through the efforts of

Bohr, Born, Heisenberg, Schrodinger, De Broglie, Pauli, Dirac and others quantum

mechanics had become a well-verified theory and the quantum of radiation was named a

"photon".

One of the main streams of thought in the early formulation of quantum theory was

concerned with the explanation of atomic spectral lines. The interaction of

electromagnetic radiation with atoms was discussed by Einstein [1] in 1917. This
incoherent model allows for absorption, spontaneous and stimulated emission
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1) Introduction 1.1) Light In The 20th Centuary

associated with population changes of the atomic levels, and is characterised by the A
and B coefficients [2]. Einstein's rate equation theory for the absorption and emission
of light by an atom depends upon simple phenomenological considerations, but leads to

correct predictions and so, is still used frequently today.

When, in 1814, Fraunhofer discovered that the solar spectrum contained numerous

dark lines, the experimental study of the interaction of light and matter had begun.
Nineteenth century scientists were able to show that the frequency positions of these
dark lines were unique to an element, thus the connection between light and matter had

been made. However, the nineteenth century scientist only had incoherent light sources

to work with. With the development of the coherent laser source it has proved possihle
to study the effects that monochromatic coherent radiation has on atoms, so extending
the initial work described by Einstein's rate equations. The rate equation theory breaks
down in this regime thus semiclassical or fully quantum mechanical treatments of the

systems must be carried out. With the introduction of coherent light sources came the

possibility of studying quantum interference effects in atomic vapours. Coherent
excitation allows optical transitions to be induced within an atom where the
wavefunction describing the system retains its coherence [3]. Thus the atomic response

holds a definite phase relationship to the oscillating field which induced the transition.
The atom in the vapour is sufficiently isolated so as to retain this induced coherence for
a period of time approaching that of the atomic level decay rate and so a variety of

interesting phenomena have been observed. These include Rabi oscillations of atomic

population [2], Autler-Townes splitting [4] and coherent population trapping [5].

1.2) Wave Mixing In Vapours

The first demonstration of a working laser source occurred in 1960. Since then,
further work has provided high intensity coherent radiation sources for employment in

light matter interaction experiments. The interaction of light with a medium can be
described through the induced polarisation produced by the electric field, E, of the

electromagnetic wave. Expressing the polarisation, P, as a power series allows a

phenomenological description of many nonlinear optical effects:

P = e0X(l)E +«oX<2)E2 +£„X<3)E3+.... (1.1)

2



1) Introduction 1.2) Wave Mixing In Vapours

The first term in the series is the linear response with the first order electric

susceptibility being labelled to distinguish it from higher order terms. This linear

susceptibility leads to the concept of refractive index. Higher order terms in the power

series describe the nonlinear response of the medium to the incident optical field, with
the higher order susceptibilities providing a variety of useful and sometimes limiting

processes. These wave mixing processes are coherent, and if vapours are employed as

the nonlinear medium then close tuning to a resonance line substantially increases their

efficiency. Second order susceptibility, y<2\ processes are termed three-wave mixing
nonlinear optical effects because power is transferred from two fundamental optical
fields to generate a new optical field at one of the sum or difference frequencies. This

group of X(2) nonlinear optical effects includes second harmonic generation (S.H.G.),
sum frequency mixing (S.F.M.), difference frequency mixing (D.F.M.), parametric

( 2^
amplification and optical rectification. Second order x processes are usually
forbidden in isotropic media due to symmetry requirements on the potential energy of
the electrons in the atomic medium [6]. Third order, x ^, nonlinear optical effects are

allowed in isotropic media and describe a variety of four-wave mixing processes. These
include third harmonic generation (T.H.G.), two-photon absorption, the Kerr effect and
optical phase conjugation [7].

A vapour can be a useful medium for second-order nonlinear processes if the
intrinsic symmetry is broken by some external means [8]. Sinclair gives a detailed

( 2)
review of x three wave mixing in vapours [9]. Transverse electric or magnetic fields

[10], high power pulsed excitation and noncollinear beams have all been used for this

purpose [ll](and references therein). With the symmetry broken three transitions are

generally employed, in a closed atomic system, for resonant enhancement of the
nonlinear susceptibilities. This implies that one of the transitions must be dipole
forbidden thus, quadrupole or magnetic moments must be considered, along with their

appropriate selection rules. Using this arrangement, nonlinear susceptibilities can be
obtained that rival those achieved within crystals, but only over gigahertz tuning ranges

[12]. Phase matching is still important and can be achieved via anomalous dispersion,
buffer gas dispersion, noncollinear beams, periodic phase matching or intensity
dependent refractive index. If achieved, the limiting factors are then absorption (strong
for the fundamental radiation that is near resonance with the ground state transition),

3



1) Introduction 1.2) Wave Mixing In Vapours

saturation of the single or two-photon absorption, self-focusing, collisional dephasing
and multi-photon ionisation.

Present day research at St. Andrews evolved from a study of magnetic field induced
second harmonic generation [9, 11, 13, 14] and sum frequency mixing [12, 15, 16]

experiments. Stabilised dye lasers were employed to probe the 3S-3P-4D transitions
within sodium and gain high resolution measurements in order to test theoretical

predictions. A modified titanium sapphire laser [15] was then incorporated into the

experiment to allow the study of the 3S-3P-3D system which improved the generated

signals since the 3S-3D quadrupole moment is just under seven times larger than the
3S-4D moment. The effect of different phase matching conditions in S.F.M. systems

was then studied within sodium vapour on the 3S-3P-4P scheme [17]. This route differs
from those previously studied since the quadrupole transition (3P-4P) is on one of the

input transitions and a dipole allowed transition exists at the generated ultraviolet

wavelength. The work in this system was then extended to examine interference effects
between the excitation routes in resonant sum frequency mixing [18]. The two

pathways considered were the two-step route, which resulted in the creation of a real
intermediate population, and a direct two-photon excitation resonantly enhanced, but
not populating, the intermediate level. A cancellation of ~ 94% of the maximum

generated sum frequency mixing signal was reported in this work.

1.3) Quantum Interference And Electromagnetically Induced Transparency

1.3.1) Fano Interference and Population Trapping

The phenomenon of coherent excitation allows an atomic excitation transition to

retain a definite phase relationship to that of the driving radiation field for a time on the
scale of an atomic level decay rate. Thus if two coherent driving fields are set up within
the one atomic system then interference between the two routes can arise. This is

exactly the principle employed by Fano in the first coherence interference study [19].
He found that the interference of a discrete autoionised state with a continuum gave rise
to a characteristically asymmetric peak in the excitation spectra. In fact a zero in the
transition probability was found on one side of the excitation spectra. The concept of a

phase relationship between the autoionised state and the continuum was developed
which accounts for the observed spectra. A physical interpretation of this effect is that

4
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the end product, photoionisation, is achieved by two separate routes, that of direct

ionisation the other via the auto-ionisation state. It is coherent interference between

these two routes which causes the observed effects.

Two route interference need not necessarily involve the continuum or an

autoionised state. Two separate excitation routes to the same end product within a three
level atomic system can produce coherent interference effects and thus, population

trapping. A theoretical prediction of population trapping was made by the Pisa group in
1976. Their density matrix analysis showed that the generation of a coherence between
two ground states of sodium could cause the "switching off of the absorption from the

ground state to an upper state [20]. This theoretical prediction was later confirmed
within experiments carried out in sodium vapour [21, 22]. A multimode dye laser tuned
to a D line resonance of sodium was used to coherently pump a sodium cell while an

inhomogeneous magnetic field was simultaneously applied. When the splitting of the

ground state was such that it equalled the mode spacing of the dye laser, a dark region
occurred in the output fluorescence of the upper level. At this point of Raman
resonance the population is trapped in the lower states hence, explaining the hole in the
fluorescence signal.

Gray, Whitely and Stroud saw this population trapping effect as an added

difficulty, to be circumvented, in order to extract as much of a ground state population
of an atomic system as possible [23]. They had previously presented a complete and
detailed treatment of three-level atoms interacting with two near-resonant

monochromatic fields [24], This fully quantum-electrodynamic explanation, dubbed
"dressed state", is employed in a similar fashion to provide a theoretical analysis of the
atomic system based on the Di line of sodium [23], In this system the population

trapping is explained via a mixing of the two lower levels creating one state decoupled
from the excitation. Population is pumped into this state and so becomes trapped.

Experimental confirmation of this phenomena was achieved using two dye lasers and an

atomic beam. Their results clearly show a sharp interference feature which occurs at the

two-photon resonance point within the lambda system employed. They found that the
width of this feature in the upper state fluorescence signal increased with the strength of
the applied optical fields. A theoretical paper by Dalton and Knight discusses the
effects of field phase fluctuations on the coherently trapped population [25]. It is shown

5
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that, unless the fields are critically cross-correlated, these phase fluctuations destroy the
induced coherence within the system and so eliminate the effect of population trapping.

A continuation of the work on coherent population trapping tended to

concentrate on maximising ion yields through multi-photon ionisation processes

therefore, the transfer of atomic population was of prime interest [26]. An important

analogy between the interference within atomic systems and that of Fano interference
was made by Coleman and Knight [27]. The same authors also outlined how a strong

laser field could produce a bound state embedded in the photo-ionisation continuum so

altering ion yields. This idea was dubbed "laser induced continuum structure" or

L.I.C.S. and has more recently been experimentally observed by two separate groups

[28, 29],

1.3.2) Autler-Townes Splitting

The introduction of a strong resonant coherent field to an atomic medium causes

atoms to experience an environment where the probability of stimulated emission
exceeds that of the spontaneous emission probability. Under the continued action of the
coherent field the driven population can be observed to experience regular sinusoidal
oscillations between the two levels |i > and [j >, termed Rabi oscillations [2, 3, 30], the

frequency of which is referred to as the Rabi frequency, defined as:

PijE
Q = -!L- (1.2)

h

where E is the amplitude of the coherent driving electric field, py the associated dipole
matrix element and h is related to Planck's constant.

The presence of this coherent field also causes strong mixing of the atomic levels
the result of which is a splitting of the levels, termed the ac-Stark effect. Autler and
Townes first studied this effect in a microwave-optical field experiment in 1955 [4], and
so the effect is also referred to as Autler-Townes splitting. The amount by which an

atomic level is split, Q, depends upon the induced Rabi frequency and the detuning of
the coherent field, such that:
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Q =i/Q2+ A2 (1.3)

Figure 1.1 presents a schematic outline of Autler-Townes splitting where the optical
field is initially exactly resonant, as in Figure 1.1(a), and then detuned by an amount A,

as in Figure 1.1(b).

/

Q

/

(a)

HQ / 2

HQ / 2

hQ/2

HQ/2

Ml '

Q

\
\

/

/

(b)

fit2(Q-A)
/i/2(Q+A)

fc/2(Q+A)

1/2/2(8-A)

Figure 1.1: Schematic representation ofAutler-Townes splitting, Q ,for (a) a resonant

driving field of Rabi frequency Q and (b) the same driving field detuned by A from
exact resonance.

The splitting of the levels can be seen to be symmetric about the bare state levels when
the coherent field is resonant with the transition whereas, when the field is detuned from

resonance the Autler-Townes splitting becomes asymmetric.

Since the first paper on Autler-Townes splitting various optical schemes have been

analysed. Extensive theoretical work has continued in this field [3, 30, 31] and further

experimental confirmation of these effects has been observed in atomic sodium [32, 33,

34] and neon gas [35, 36]. More recently Fisk, Bachor and Sandeman have published a

series of three papers investigating the dynamic stark effect in a three level cascade

system within a beam of atomic barium [37, 38, 39]. Barium was chosen as the atomic
7
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138
medium since its most abundant isotope, Ba, exhibits no intrinsic spin therefore, has

no associated hyperfine structure. These three papers clearly show the effects of Autler-

Townes splitting, coherent population trapping and, although not realised by the

authors, the quantum interference effect (later named by Harris, see Section 1.3.3)

Electromagnetically-Induced Transparency (E.I.T.). In fact it was not realised until the
work of Harris that the absorption lineshape for transitions to an Autler-Townes doublet
was not simply the addition of two, appropriately split, sub-components but that in fact
between the components quantum interference was created. It is this quantum

interference, which occurs in the frequency region between the Autler-Townes

components, which creates the greatly reduced absorption feature even when the Autler-
Townes splitting is less than the inhomogeneous linewidth so appearing as a narrow

transparency within the absorption profile. Sub-Doppler E.I.T. features are apparent in
the experimental traces of a coherent population trapping experiment, within the Di line
of rubidium, carried out by Akulshin et al. [40], However, this work again preceded
that of Harris and so the connection to quantum interference and the effect of E.I.T. and
its terminology was not made. The relative roles of Autler-Townes splitting and E.I.T.
in a coherently induced transparency feature is dealt with in detail in Chapter 8 of this
work.

1.3.3) Electromagnetically Induced Transparency

The viewpoint of quantum interference effects took a subtle change in 1989,

following work contained in a theoretical paper by Harris [41]. The author considers a

four level system and predicts the presence of interference in the absorption profile of
lower level atoms if the two upper levels are purely lifetime broadened and decay to an

identical continuum. These interference effects are shown to be absent in the stimulated

emission profile of the upper level atoms, leading to the prediction of the possibility of
laser amplification without a population inversion. Later the following year Imamoglu
extended the above idea to show that a three state atomic system, where the upper two

states have the same J and mj quantum numbers and decay radiatively to the states of a

single atomic level, is equivalent to that of the system of Harris [42]. This work
revealed that atomic interference effects could be coherently induced without ionisation
to the continuum taking place. The first explicit reference to Electromagnetically
Induced Transparency (E.I.T.) occurred the following year when Harris et al.

8
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theoretically proposed the employment of E.I.T. to enhance nonlinear optical processes

[43]. The suggested scheme involved applying a strong coupling field between a

metastable state and the upper state of an allowed transition to ground thus obtaining a

resonantly enhanced third order susceptibility while simultaneously inducing

transparency in the media.

The first experimental observations of E.I.T. were carried out by the Stanford

group. Their initial experiment employed neutral strontium as the atomic medium,
outlined in Figure 1.2 , and pulsed dye lasers to generate the optical fields [44], With
most of the atomic population initially in state |1> the authors were able to prevent

absorption on the autoionising transition from state |1> - |3>, where state |3 > is an

autoionising state found in the continuum. Normally the transmittance of a probe laser
resonant with this transition (337.1 nm) would be of the order of exp (-20). However,

application of the yellow coupling field at a wavelength of 570.3 nm, corresponding to

the resonance wavelength between levels |2> and |3>, caused the transmittance of the

probe to increase to exp (-1). This change in transmittance due to the presence of a

coupling field is the effect dubbed Electromagnetically Induced Transparency (E.I.T).

Figure 1.2:- Energy-level diagram of neutral Strontium employed by Boiler et al. to

observe experimental E.I. T. within neutral strontium. Inset: Dressed-state picture.

9



1) Introduction 1.3) Quantum Interference And...

The physical explanation of this phenomenon is that when the probe laser is turned
on in the presence of the coupling laser, ground-state atoms evolve to a steady state

where a fraction of their population is in state |2>. This coherently phased population

produces a dipole moment of equal magnitude and opposite sign to the primary moment

at the probe frequency, trapping the population in |2> and leaving |3> empty.

Equivalently the transparency may be viewed as the interference in absorption between
two ac-Stark split components of |3>. The effect of the coupling field is essentially to

create two dressed states, that is, states of the laser-atom system, shown as |2d> and

|3d> in the inset of Figure 1.2. Destructive interference between the ground state

transitions to these two levels prevents the absorption of photons whose wavelength lies

exactly between the two dressed states.

Later Field et. al demonstrated the presence of E.I.T. in a second experiment in
which the resonance transitions were broadened by collisions within the gas [45]. This

experiment was based on a system within lead vapour which is shown schematically in

Figure 1.3.

Figure 1.3: Energy level diagram of neutral lead employed by Field et al. to observe
experimental E.I.T. within neutral lead. Inset: Dressed-statepicture.

[ 0 cm-1] 1 > 3Po

10
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On this occasion the coupling field was generated by a pulsed, Q-switched, injection-
seeded Nd:YAG laser whereas the probe field was a pulsed, frequency-doubled dye
laser. The researchers were able to increase the transmission at 283 nm by at least a

factor of exp (10), with nearly all the lead atoms remaining in the ground state. A
review of both of the experiments described above and of other early work within the
field of quantum interference is presented in a popular article by Levi [46],

1.3.4) Subsequent Work On E.I.T

Following the early studies at Stanford there has subsequently been a great deal of
theoretical and experimental work carried out in the field of quantum interference. As
well as the work at St. Andrews (see [47] for an introductory overview) there have been
extensive studies carried out by various other groups. In Section 1.4, E.I.T. related

topics which include its application to enhance nonlinear optics, the creation of

phaseonium like media and production of inversionless lasing will be discussed. The
remainder of this section contains a brief review of some of the fundamental studies of

E.I.T. which have also been carried out.

After their initial work a series of papers have been written by the Stanford group

dealing with various aspects of E.I.T. The dispersive properties experienced by a probe
field during an E.I.T. window were considered by Harris et al. [48]. A theoretical

prediction that a probe field pulse would propagate with an unusually slow group

velocity was made, where modelling on a lead vapour system resulted in optical delay
values some 250 times less than the speed of light. In a more recent publication [49] the
authors describe the first experimental studies of the temporal dynamics and spatial
behaviour of propagating E.I.T. pulses. For a weak probe and a strong coupling field

they observed group velocities as slow as c/165 with an energy transmission of 55% and
the observation of near diffraction-limited beam transmission in a medium which,

without the coupling field present, was nearly optically impenetrable. In an experiment
within caesium vapour O. Schmidt et al. have measured even lower group velocity

values, below c/3000 [ 50]. These values correspond to a time delay of more than 200ns
for a 2 cm caesium cell length, or equivalently to more than 60 m of free space

propagation.

11
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A set of papers concerning the mutual propagation of coupling and probe field

pulses through a coherently prepared E.I.T. style medium have also been published.
Harris points out that when an arbitrarily shaped pulse is applied to an ensemble of

population-trapped atoms, the atoms will generate a matching pulse shape on the

complementary transition and, after a characteristic propagation length, render
themselves transparent [51]. Following on from this work, two theoretical papers were

published which examined the propagation of optical field pulse pairs in an absorbing
medium under single-photon and two-photon resonant lambda system conditions [52,

53]. Matched Gaussian pulses, at the two transition frequencies, were applied

simultaneously to the medium. It was found that the probe laser experiences a front

edge preparation loss as it produces a population trapped state, but is lossless thereafter.
This process is described in terms of paired variables which are the normal modes for
E.I.T. Continuing the work on pulse analysis Harris and Luo published a paper where

they discussed the laser energy requirements necessary to initiate E.I.T. within a lambda

system [54], They found that the number of photons within the coupling field pulse
must exceed the product of the number of atoms in the laser path times the ratio of the
oscillator strengths of the probe and coupling field transitions. More recently in a

publication by Buffa it has been proposed that E.I.T. could be employed to suppress

laser induced collisional autoionisation [55]. Ionisation suppression levels of the order
-2

of 70% are predicted for dressing laser pulse intensities of a few tens of MW cm .

A series of cw E.I.T experiments, some similar to those within this thesis, have
been carried out in atomic rubidium by the group in Arkansas. Initially, by employing a

Mach-Zehnder interferometer, the authors measured the dispersive properties

experienced by a probe field resonant with the D2 line of rubidium, in the presence of a

strong coupling field on the 5P3/2 - 5D5/2 transition [56]. This work was published

alongside the first paper outlining the effects of Electromagnetically Induced Focusing

(E.I.F.) [57], see also Chapter 6. The Stanford group has also published a paper which
deals with inherent focusing effects of E.I.T. [58]. Here they demonstrated a method
for eliminating self-focusing and defocusing, within a lambda system, for a co-

propagating pair of intense laser beams whose frequencies differ by a Raman resonance.

The next paper in the Arkansas group series introduced a theoretical and experimental

study of E.I.T. within an inhomogeneously broadened cascade medium [59], By

employing diode lasers the authors observed ~ 64% depth transparency features within
these experiments. Diode lasers were again employed to study a lambda system based
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on the Dj line of rubidium [60]. The transient properties of E.I.T. within the previous

two systems have also been studied by the same group [61]. Here they predict the

damped oscillatory nature of the probe field absorption, to a steady state (transparent)

value, after a coupling field is introduced to the system. Further discussion on this

phenomenon is presented in Chapter 4 of this work. At the same time as the two-photon

spectroscopy work of Chapter 5 was first published [62] the Arkansas group had similar
work published outlining the possibilities of employing E.I.T. for hyperfine
spectroscopy [63]. They adopt a more mathematical approach in their explanation of
these effects, however their single experimental trace does agree completely with those
contained within Chapter 5. The most recent paper published by the Arkansas group

outlines a theoretical study of the interaction between laser fields and degenerate
Zeeman sublevel atoms [64], This formalism is employed to numerically investigate
coherent population trapping schemes within the D| line of rubidium.

A paper by a group from Shanghai presents work on the experimental observation
of cw E.I.T. within a sodium V-type system [65]. Their experimental results show that

by employing a frequency stabilised dye laser the absorption coefficient at maximum
coherence is reduced by -72% of the maximum value. Lately Vemuri et al. have

published two papers. The first examines the sub-Doppler resolution in an

inhomogeneously broadened media [66] and the second carries out an analysis of sub-

Doppler linewidths within inversionless amplification [67]. The authors quantify the
linewidths of the coherently induced features within a lambda E.I.T. experiment and
conclude that these depend critically on the detuning of the coupling field. These
results agree well with the linewidths of the features observed in Section 5.4 of this
work where the effects of coupling field detuning within a cascade E.I.T. experiment
have been examined. Most recently homogeneously broadened cw E.I.T. has been
observed within a rubidium atomic trap [68]. A schematic representation of this

experiment is shown in Figure 1.4(a) with Figure 1.4(b) outlining the energy levels and
field orientations employed by the authors to study a lambda E.I.T. system. As well as

this lambda system a V-type system and a system utilising degenerate Zeeman sublevels
of the ground state have also been studied. The most significant result from this paper

is the fact that the perturbing effects of the magneto-optical trap (M.O.T.) are found to

be small.

13
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87Rb

(a) (b)

Figure 1.4: (a) Schematic diagram in the x - y plane of the M.O.T. showing trapping

fields T and repumping fields R. The trapping field on the z-axis is not shown The

magnetic coils M are coaxial with the y-axis and carry currents in an anti-HeImholtz
87

configuration, (b) Energy-level diagram for trapping Rb, showing also the coupling
andprobe beamsfor a lambda system experiment.

Results taken in the presence and absence of the M.O.T. (i.e. turned on or off) do not

differ significantly thus, both agree well with theoretical predictions obtained from
standard E.I.T. density matrix models for homogeneously-broadened samples.

Ever more exotic theoretical studies of E.I.T. have been carried out which, as yet

have no experimental confirmation. A whole area of theoretical induced transparency

effects have been studied whereby the coupling field has been removed and replaced by

placing a single atom in an ultra-high finesse cavity [69, 70] (and references therein).

By driving the two level atom from the side by an optical field, which can be single
mode or multi-mode, it is found that the fluorescence from the atom is reduced in a

similar fashion to that of E.I.T. This effect is again due to quantum interference where
it is coherence of the driving field and the field resonating within the cavity which result
in the observed phenomena.
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The effects of phase fluctuations on E.I.T. in a V-type system have been analysed

by Gong and Xu [71]. They show that for a coupling field with a finite linewidth,
induced transparency and enhanced refractive index effects are substantially reduced.

Harnessing the properties of E.I.T. to produce phase noise squeezing has also been

predicted [72, 73]. Phase noise squeezing of the order of 50% is predicted on the probe
field. Full quantum mechanical studies of E.I.T., where the electromagnetic fields are

quantised, predict matched photon statistics [74] and a correlation of high frequency

phase fluctuations [75], More recently a full quantum treatment is carried out on the

suppression of absorption and lasing without inversion in a three level system where a

strong driving field is resonant with the two lower levels [76]. It is shown that because
of the distinguishability of the states of the driving field that have different photon

numbers, destructive interference is confined to occur within a finite region of the

photon number space. This places a quantum mechanical restriction on the amount of
induced transparency achievable in much the same way that the inclusion of a finite
bandwidth of the driving field or spontaneous decay, limits the semiclassical theoretical

predictions. Theoretical predictions have also been made that suggest that quantum

interference effects could be employed to eliminate a spectral line in the spontaneous

emission spectrum and spontaneous emission cancellation in steady state [77].

1.3.5) Quantum Interference In The Solid State

There has already been some limited quantum interference work carried out in the
solid state, which is the obvious extension of the work in this thesis in order to develop

more practical working systems for commercial use. Frohlich et al. reported the
observation of the optical stark effect within CU2O [78] and GaAs multiple-quantum-

well structures (M.Q.W.S.) [79, 80]. Here a CO2 laser was employed as the coupling
field and the change in absorption was monitored using a tuneable dye laser.

Wei et al. have carried out experimental investigations of absorption and dispersion

profiles of strongly driven transitions in two level systems with a weak probe [81], and
in V-type systems with a strong probe [82]. The experiments were carried out within
the nitrogen-vacancy colour centre in diamond where the coupling field was generated
at 4.7 MHz or 5.4 MHz, by employing an R.F. source, and the probe field at 638 nm

was provided by a cw-dye laser. The second paper in particular is of interest since the
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authors set out to study the Autler-Townes doublet created by the coupling field.
However, examination of the presented experimental results certainly suggest the

possible presence of E.I.T. features.

The possibility of semiconductor lasers without a population inversion have been

suggested by two groups. Zhao et al. proceed by introducing a coherent laser field to

couple two electron subbands within a quantum well [83]. They predict that E.I.T. and

light amplification without a population inversion of a weak probe beam within such a

system should be possible. Imamoglu and Ram propose a radical new scheme for lasing
without population inversion that utilises interference, not through the presence of a

coupling field, but through the interactions of a unipolar double-quantum-well (D.Q.W.)
intersubband transition [84]. The proposed system is outlined schematically in Figure

1.5(a).
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Figure 1.5: Bare state energy-level diagram for (a) the unipolar D. Q. W. structure and

(b) the inversionless three level atomic scheme proposed by Imamoglu and co-workers.

The first subband, |2 >, of the narrow well is resonant with the second subband, |3 >, of
the wide well, which in turn has a dipole allowed transition to the lower subband, 11 >.

The authors show that this system directly corresponds to that originally proposed by

Imamoglu and Harris [85], shown schematically in Figure 1.5(b), where an optical field
was employed to generate the required coherence.
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1.4) Topics Related To Electromagnetically Induced Transparency

1.4.1) The Enhancement Of Nonlinear Optics

Electromagnetically-induced transparency has some promising applications for
nonlinear systems. Nonlinear effects are resonantly enhanced the closer one is to a

transition resonance [86, 87], This occurs because the higher order susceptibilities, on

which the nonlinear effects depend, increase rapidly as an optical field is tuned onto

resonance. This fact was realised by Harris and co-workers in one of their early papers

where they considered the employment of E.I.T. to enhance a four wave mixing process

within a gas [43], see Figure 1.6.

Figure 1.6: Four wave mixing scheme analysed by Harris et al. for the enhancement of
nonlinear processes by E.I. T.

It was illustrated that by employing a strong coupling field on the |2 > - |3 > transition,
E.I.T. could be induced on the generated 11 >- |3 > four wave mixing transition hence
reducing the re-absorption of the generated field normally experienced. E.I.T. does not

simultaneously reduce the nonlinear conversion process hence, the ratio of the nonlinear
generation to re-absorption increases dramatically, by up to four orders of magnitude.
Later, the same group showed that the predicted phase matching point at the centre of
E.I.T. could be employed to enhance a four-wave mixing signal at 283 nm within
atomic lead, even when the strong coupling field was off resonance [88]. Petch et al.
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have also carried out an extensive theoretical study of the role that E.I.T. plays in
resonant four wave mixing [89]. Their model incorporates the effects of driving and

pump field phase fluctuations, Doppler broadening and phase matching conditions and

so again predicts large enhancements in the four mixing efficiencies along with the
simultaneous existence of gain. A similar mechanism is employed by Moseley et al.
within a three wave sum-frequency mixing experiment, where strong absorption of the
fundamental input wave is found to be the limiting factor on the conversion mechanism

[90]. It was shown that when the second input field is strong enough to induce E.I.T.
there is still a significant nonlinear conversion, and so the generated sum frequency

mixing signal is significantly enhanced.

Near resonance experiments which employ E.I.T. to reduce re-absorption have also
been employed to enhance second-harmonic generation. Experimental evidence for the
enhancement of second-harmonic generation within hydrogen has been demonstrated by
researchers in Toronto [91, 92]. A schematic outline of the atomic hydrogen system

they employed is presented in Figure 1.7.

D.C. Electric
Field

2p
2s

Is

13 >

"i" 1

oo1
- 12 >

i 1 W2

co1
11 >

Figure 1.7: Energy levels of atomic hydrogen involved in the dc field induced

generation ofS.H.G. employed by Hakuta et. al.

The application of a dc electric field yields the same characteristics predicted by Harris
et. al [43] for coupling with an electromagnetic field. This dc electric field is shown to

couple the 2s and 2p states producing resonantly enhanced nonlinear susceptibility and
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reduced absorption at the second-harmonic wavelength. The development of this

experiment so as to replace the dc electric field with an optical frequency coupling field
was later presented and again the separate behaviours of the linear and nonlinear

susceptibilities was clearly demonstrated [93]. The properties of this hydrogen

experiment were analysed by Gheri et al. who outlined that this experiment was capable
of producing the second harmonic field with highly squeezed quantum fluctuations [ 94],

Various other theoretical papers have also been published with regards to these
nonlinear four-wave mixing processes. These include the employment of additional
external fields to enhance the nonlinear generation [95] and the effects of laser
linewidths on the generated fields [96]. A theoretical paper proposing the control of

optical bistability using E.I.T and quantum interference [97] is just one of the latest of
an ever growing list of applications of E.I.T. to the field of nonlinear optics

1.4.2) Phaseonium

The term phaseonium refers to a medium which exhibits high refractivity without

absorption via atomic coherence effects and was first outlined by Scully in 1991 [98],
with a comprehensive study outlined the following year by Fleischhauer et al. [99]. The

underlying principles are atomic coherence and quantum interference effects. For a

coherently coupled scheme, the point of maximum transmission, within a resonance

line, corresponds to a zero in the refractive index profile, although a large gradient is

present. However, if a small fraction of the atoms are pumped into the upper state then
the refractive index is seen to be large at the zero absorption point [ 100].

One of the theoretically suggested applications for an index enhanced material is a

high-sensitivity magnetometer [101] which, in principle, has a quantum noise sensitivity

rivalling that of a SQUID device (~10_1° G). Other possible applications include high
resolution microscopes and improved laser particle accelerators [98] (and references

therein). A more recent theoretical paper by Eberly et al. describes a propagation law
for weak light pulses in a quantum-phase-clamped (phaseonium) medium [102], They
show that despite heavily overdamped evolution of the atomic density matrix elements
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that couple to the optical fields, complex pulse shaping can be obtained in both space

and time, and this reshaping is strongly quantum phase dependent.

The first, and to date only, experimental demonstration of a phaseonium medium
was published by Zibrov et. al [103]. A conceptual foundation for their experiment can

be obtained by considering the lambda system outlined in Figure 1.8(a). The coherent

driving field with Rabi frequency Qc and weak coherent probe, Qp, allow the atom to be
prepared in a coherent superposition of states |b > and |c >. When the detunings of these
two fields from their respective transitions are equal, E.I.T. is obtained. The incoherent

pumping, r , alters the coherent superposition by pumping some of the population into
other states. Depending upon the actual parameters this may result in gain, loss, or

complete transparency for the probe field. A detailed theoretical analysis shows that at

the point where the medium becomes transparent the resonant index of refraction has a

large value and so a phaseonium medium has been created.

(a) (b)

Figure 1.8: (a) Simplified three-level model for index enhancement, (b) The actual
87

atomic level scheme ofthe D\ line within Rb and the opticalfields employed by Zibrov
et al. to create a phaseonium medium.

The actual atomic system employed by the authors, based on the D] line of

rubidium, is presented in Figure 1.8(b). Here right circularly polarised coherent driving
and probe fields, generated by extended cavity diode lasers at 794 nm, were tuned close
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to the \2 > - |2' > and |1 > - |2' > transitions, respectively. To avoid the trapping of
_4

population in the state F = 2, MF = 2 a weak magnetic field (H ~ 2 x 10" T) was

employed, which mixed the populations of the magnetic hyperfine levels via Larmor

precession.

1.4.3) Non - Inversion Lasers

1.4.3.1) An Introduction To Non-Inversion Lasers

It has long been believed that a population inversion is an inherent requirement in
order to produce laser light. Laser systems work because of stimulated emission, an

event in which an excited atom or molecule is induced by a photon to release that

photon's identical twin. Arrange to have many atoms producing photons by stimulated

emission, and a chain reaction is the result, with all the photons produced having the
same wavelength and phase. Conventional laser systems achieve this effect by the
creation of a population inversion between an excited level and a lower energy level.
The difficulty in these schemes is that in order to generate a coherent laser field at a

particular frequency, it is necessary to have incoherent pumping at a higher frequency,
since both the levels involved in the lasing transition are excited levels. In other words,
a conventional laser transforms incoherent energy into a coherent field at a lower

frequency.

The question then arises, "Why should research groups pursue lasing without
inversion when we already have plenty of lasers that operate with inversion ?" The
reason becomes obvious if one tries to imagine a system that would produce coherent

X-ray or even a y-ray light. It is rather difficult to create an inversion of population

using incoherent pumping at or above these frequencies. This is due to the rapid decay

rates associated with the highly energetic (X-ray or y-ray emitting) states. Thus the road

to higher-frequency lasers is not accessible via conventional means. For these reasons

the past decade has seen a vast increase in the amount of literature published on the

subject of lasers without a population inversion.
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1.4.3.2) Driven Two-Level Systems

Some of the first schemes for lasing without inversion were based on the

phenomenon of Rabi oscillations. If a two-level medium is driven by a strong, resonant
coherent electric field, amplification without population inversion is possible at the beat

frequencies of the atomic resonance and the Rabi oscillation. Such schemes were

predicted independently by Rautian and Sobel'man [104] and by Mollow [105] and have
since been verified experimentally [106, 107]. Thus, gain is possible away from the
atomic resonance in the absence of population. This is achieved by a transfer of
coherence from one field to another field. However, this transfer is realised without

extraction of energy from the medium. A theoretical interpretation of this system has
been presented by various groups [ 108, 109, 110].

1.4.3.3) Amplification Via Quantum Interference Mechanisms

Since the initial ground breaking work of Harris in 1989 [41] there have been many

proposed systems for inversion gain which employ quantum interference. The basic

principles of amplification without inversion are that small signal gain is produced with
no population inversion in the bare states in the presence of all the appropriate coherent

coupling and incoherent pump fields. The gain mechanism must also extract energy

from the interaction medium and not simply be some complex wave mixing process. A

comprehensive review of the field of lasing without inversion is presented by Mandel

[111]. However, this is not the only review paper on this subject, significant theoretical
reviews have also been published by other authors [112, 113, 114] and a whole volume
of the journal " Quantum Optics " has also been dedicated to this topic [115]. Recently
an interesting review paper was published by Lukin et al. [116]. As well as reviewing
some of the basic principles of lasing without inversion this paper also reviews the first

experiments to realise these effects, see Section 1.4.3.4. It then goes on to discuss the
difficulties in extending these proof of principle experiments to ones that will be able to

generate new shorter wavelength lasers. Although the previously referenced review

papers, along with their included references, do not provide the complete literature
review of this subject they do highlight many of the key points. Therefore, these papers

serve as a good starting point for researchers wishing to begin a study of non-inversion

lasing.
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In short, the literature outlines two different mechanisms for amplification without

a population inversion [117, 118]. The first class of mechanisms to be discussed are

those which exhibit lasing without a population inversion in the bare states, but exhibit

an associated population inversion between levels in the dressed state analysis [119]. It
is proposed that this population inversion between the dressed states is a necessary,

though not sufficient, condition for amplification [120]. The lasing medium in most of
these devices, dubbed quantum beat lasers, consists of a three-level atom, with either a

lower or upper state doublet. Generation of coherence between the closely spaced
doublet leads to a modification of the atomic coherence of the optical transition thus

producing gain [117, 121, 122, 123, 124, 125]. The second class of mechanism is one

which appears to require neither a population inversion between eigenstates of the

density matrix nor between the fully quantum mechanically treated dressed states [126,

127, 128, 129, 130, 131]. In these systems gain is achieved through the quantum

interference effects between the dressed states.

1.4.3.3) Experimental Observation Of Non-Inversion Gain

The first experimental report of light amplification without population inversion
was by Gao et. al. in 1992 [132], The experiment was performed using sodium atoms

whose hyperfine components F = 2 and F = 1 of the ground state, 3S1/2, were coupled to

the excited state, 3Pj/2, by an intense coherent pump field at 589.6 nm. A weak
tuneable field probes the gain in the frequency domain near 589 nm. Under the

appropriate conditions the weak probe beam was amplified in the presence of a Raman

pulse. There has been much discussion over the interpretation of this experiment
because the reported amplification was not accompanied by clear evidence of a lack of
inversion. Flowever, a more recent publication attempts to provide a theoretical
framework for the interpretation of Gao et. al. experimental results [133]. This
theoretical analysis of the gain properties of a four-level active medium, without

population inversion and in the presence of a pulsed Raman field, follows on from

previous work by the group [122], More recently, light amplification without a

population inversion in sodium vapour has been reported by the same authors where a

long laser pulse has been employed as the driving field [ 134],
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In 1993 the first clear-cut evidence of gain was reported by Nottelmann et. al.

[135]. The authors used a scheme based on Zeeman coherence within samarium

vapour, as shown in Figure 1.9.

Figure 1.9: Nottelmann et. al. samarium energy level and excitation scheme for the

production ofnon-inversion gain.

This system is a generalisation of the lambda-scheme, with three lower levels connected
to one upper level. The samarium atoms are subjected to a static magnetic field which

causes ground state hyperfine splitting. A low frequency p 13 coherence is created by

means of a periodic train of picosecond pulses, with R.F. period Tp, which excites the
a+ and a transitions and so provides the required source of quantum interference. A

test picosecond pulse, similar to those of the 0 train, follows the last pulse of the train

after a delay of Tp / 4. Depending on the strength of the magnetic field the test pulse
can either experience attenuation or gain. Gain, when present, is related to the

population in the upper state, |4 >, therefore a populating picosecond pulse is sent into
the system before the test pulse arrives. This populating pulse has its electric field

polarised orthogonal to the a pulses such that it drives the x transition without effecting
either of the a transitions.

The second experiment reporting pulsed gain was performed by Fry et. al., in 1993,
where the authors employed dye lasers to generate their optical fields and the D] line of
atomic sodium as their interaction medium [136]. Further evidence of pulsed gain has
been presented by van der Veer et. al [137] using cadmium vapour in a magnetic field
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driven by dye lasers pumped by a Q-switched Nd:YAG laser. In this experiment a V-

type system rather than the usual lambda system was employed. An extensive
theoretical study of the properties of a V-type system for the production of inversionless

gain has been carried out by Zhu and co-workers. In an initial paper the authors
examine the photon statistics within this V-type system [138]. This paper is then
followed by an analysis of the transient and steady states of the system [139].

The first demonstration of steady-state gain due to quantum interference effects was

carried out by Kleinfeld and Streater in 1994 [140]. They employed a potassium-
helium mixture in a double V-type configuration as the gain medium, outlined in Figure
1.10. A fuller description of their theoretical analysis and experimental results from this

system was published in a later paper [141].

Figure 1.10: Kleinfeld and Streater potassium energy level diagram for generating cw

gain. A helium buffer gas was present to collisionally transfer the required population

from level \4> to level |J >.

Here a strong coupling field, Qc, generated by a dye laser, was applied on the potassium

D2 line, while the probe field, £2p, generated by a Ti:sapphire laser, was scanned across

the Dj line. The presence of the coupling field produces a trapped population in a

superposition of the ground states so resulting in the probe field experiencing an

induced transparency at line centre. It is the presence of helium buffer gas which

|1> F = 1
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provides the mechanism for transforming the induced transparency into inversionless

gain. This gas acts to move population from level |4 > to level |3 > through inelastic
collisions at a rate 1143, and so provides the small amount of upper state population

required for the observation of non-inversion gain. The authors noted that the induced
inversionless gain feature could be enhanced by detuning the coupling field somewhat
off resonance (typically ~3GHz).

The first experimental demonstration of laser oscillation without population
inversion was demonstrated by Zibrov et al. in 1995 [142]. Here diode lasers were

employed as the optical field sources in a V-type atomic configuration within the Di

and D2 lines of rubidium vapour. This system is discussed later in detail within Section
2.3.2. of this work. The same group later demonstrated cw amplification and laser
oscillation without a population inversion for the first time in a complex lambda system

within the sodium D| line [143], shown schematically in Figure 1.11.

MF= .2

3P,/2 ~~

3S 1/2

+1 +2
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F = 2
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Drive Laser Laser Transition
and Probe Laser

Incoherent
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Figure 1.11: Relevant energy levels ofsodium employed in Padmabandu et. al atomic

beam experiment to generate laser oscillations without a population inversion.
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This system is based on the simple three level lambda system and is closest to the

concept proposed by Imamoglu, Field and Harris [127], which is theoretically analysed
later in Section 2.3.1. This experiment employed a sodium atomic beam and so was

also the first experiment to demonstrate laser oscillation within a beam apparatus.

A second experiment with an atomic beam has now been published by Sellin et al.

[144]. In this experiment the authors study the production of laser gain with and
without a population inversion in a doubly driven cascade-type atomic system. Single-

mode, ring dye and Ti: sapphire lasers were employed to provide the required optical
fields. In the inversionless regime, laser gain consistent with theory is experimentally
demonstrated. Less commonly studied is the laser gain produced by coherent excitation
when the employed fields produce atomic inversion. The authors also investigate gain
in this regime , and find that the coherent fields act to magnify the amount of laser gain

normally derivable from a given level of inversion. The ability of coherent excitation to

enhance gain in the presence of inversion has obvious importance in terms of laser

operation and is sure to be the subject of future theoretical and experimental

investigation.

1.5) A Guide On What Is To Follow

This chapter has outlined some of the background work on the enormous field of

physics dealing with the interaction of light with atoms. From the early experiments

examining the spectrum of light within the suns rays, to the complex mechanisms
involved in quantum interference effects, the subject of atom-light interactions has long
fascinated scientists. The work involved in the remainder of this thesis uncovers

another piece of this ever growing complex puzzle, while helping to extend our

understanding of the subject, now classified under the impressive heading of quantum

optics.

Following the introduction are two theoretical chapters. The first, Chapter 2,
outlines the theory behind amplitude state and density matrix models employed to help

explain the observed phenomena within the following experimental chapters. Using
these models a brief analysis of popularly studied E.I.T. and non-inversion laser systems

is carried out. Chapter 3 continues with a theoretical introduction to atomic rubidium,
which is the medium that all the experimental work of this thesis is carried out in. This
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includes a brief explanation of the intrinsic structure involved with rubidium and an

outline of how to calculate induced Rabi frequencies on particular dipole allowed

transitions in the presence of Gaussian optical fields. Chapter 3 concludes with an

outline of the experimental apparatus employed within following chapters.

Four experimental chapters then follow. The first of these, Chapter 4, introduces
some of the fundamental concepts of E.I.T. and highlights some of the difficulties
involved in observing theoretically predicted results, obtained from ideal three level
atom models, within real experimental systems. A comparison of the practicalities of
three of the most popularly studied systems is then made. Chapter 5 continues the work
of the previous chapter to consider two photon and Zeeman splitting effects on E.I.T.
windows within the cascade system. Novel spectroscopy techniques are discussed and
the detrimental effects of magnetic fields to quantum interference highlighted. Chapter
6 extends the experimental work to consider the spatial consequences of employing
Gaussian profiled cw optical fields within E.I.T. style experiments. It is found that
novel focusing effects, dubbed Electromagnetically Induced Focusing (E.I.F.), occur

and that these can be employed such that the focusing or propagation of one optical
field is controlled by another. The final experimental chapter, Chapter 7, examines the
relative roles of Autler-Townes splitting and E.I.T. in a coherently induced transparency

feature within a Doppler broadened medium. The most important, and highly

significant, result from this chapter is the fact that matched probe and coupling field

wavelengths in Doppler broadened systems need not be found in order to observe

quantum interference effects.

This last result opens a whole new area of research in the field of quantum

interference. Some of these are theoretically discussed and modelled within Chapter 8.
In this chapter the knowledge and experience gained over the course of this thesis is
drawn together to present a novel system which predicts that the employment of I.R.

Ti:sapphire lasers can produce non-inversion gain in the blue region of the

electromagnetic spectrum. Other future experiments are also presented where it is

proposed to replace the coupling optical field with an R.F. source. This would allow the
R.F. control of the absorption and dispersion of an optical field which could be

employed in many varying future applications.
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Chapter 2
Theoretical Modelling Of Atomic Coherence Effects

In this chapter two methods of developing three level atomic models are

introduced. The first is a state amplitude model which provides fundamental insight
into the quantum interference mechanisms involved on a single atom scale. Practically

17 -3
in the laboratory atomic densities up to 10 atoms m" are achieved and as such the

amplitude model no longer offers the best way of modelling the atomic systems. For
these systems density matrix models are employed which prove to be an elegant method
for dealing with large ensembles of atoms. Following this introduction to density
matrices two sections follow showing how these models predict the presence of

quantum coherence effects. The first deals with E.I.T. within three different systems

while the second continues this work and considers inversionless gain in two popularly
discussed systems. The chapter ends with a brief section discussing Moseley's N level
rules which provide an efficient method for directly deriving a system's density matrix
without having to carry out a full derivation from first principles.
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2.1) Models For Examining A Three Level Atom

2.1.1) A State Amplitude Model

In this section a state amplitude model is outlined which describes the evolution of
state amplitudes for the case of a single three level atom subject to two, near-resonant,

radiation fields. From these amplitudes the associated probability densities can be

readily deduced. This allows inferences to be made about the state populations for a

collection of such atoms, the polarisations associated with the atom and hence its effect
on the radiation fields themselves. This approach is useful for gaining insight into the

origins of absorption, gain, dispersion and particularly E.I.T. as outlined by Dunn [1].

However, such an approach becomes somewhat clumsy when averaging over large
numbers of atoms excited at different times, as occurs in real physical situations, or

when Doppler broadening is taken into account. In this situation it is more appropriate
to work with a density matrix approach, see section 2.1.2. The density matrix is a more

powerful computational tool when ensemble averages are involved, however insight is
lost in the black-box thereby created. Section 4.2.1 presents some of the results of
Dunn's amplitude state model, therefore for completeness an outline of the derivation of
this model is presented below.

In Figure 2.1 a schematic outline of a simple three level cascade atom used as the
basis of the following model is shown.

V ^3

(O 32

03 21

Figure 2.1:- Schematic of the cascade three level atom employed within the state

amplitude model.
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The three levels have energies £], e2 and e3, associated eigenfunctions rf ], i|)2 and

respectively as well as associated spontaneous decay rates (which decay to levels

outside the system not explicitly considered here) y1? y2 and Y3 respectively. The Rabi

field strengths of the radiation fields between the two pairs of states are £2C for the

coupling field (between state |2> and |3> ) and Qp for the probe field ( between state |1>
and |2> ).

The quantum mechanical treatment of the atom takes as its starting point the time

dependent Schrodinger equation [2],

H W(r,t) - ih (2.1)
at

Here 'P(r,t) is the overall wavefunction of the atom and H the Hamiltonian of the

system. The Hamiltonian, H, is made up of two components, namely that associated
with the isolated atom, but including the phenomenological damping introduced through
the population decay rates , and that describing the additional energy of the atom as a

result of the interaction with the two time-varying radiation fields. The latter is treated
in terms of the electric dipole approximation. The total Hamiltonian is then given by :

H = H0 + exEp cos(o)pt) + exEc cos(coct) (2.2)

where top and eoc are the angular frequencies and Ep and Ec the electric field
amplitudes of the probe radiation field and the coupling radiation field respectively, e is
the electronic charge and x the (generalised) position of the electron in the atom.

In this approach the wavefunction of the atom subject to the radiation fields is
written in terms of the unperturbed eigenfunctions, but where the associated coefficients
are allowed to be time-dependent namely:

^(r,t) = aj (t) rp J + &2 (t) T*2 exP(- ico2lt) + a3(t) ^3 exp(-i(031t) (2.3)

where 0021 and co3j are the angular frequencies of the resonant transitions. By

employing the procedure outlined below the time evolution of the state amplitudes of
this model can be found :
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• The above expressions for the Hamiltonian, H given by equation (2.2), and the

wavefunction, vb(r,t) given by equation (2.3), are substituted into the time

dependent Schrodinger equation, equation (2.1).

• Employing the orthonormality properties of the basis set. i.e.

allows three coupled time-dependent equations for at (t), a2(t) and a3(t) to be

and then integrating over the whole of space.

• For his model Dunn invokes the rotating wave approximation [2, 3] which allows

the effects of high frequency terms to be neglected. A further assumption is that the
two radiation fields are on exact resonance with their associated transitions, i.e.

(Op = (O21 °°c = (032- These assumptions provide a simplified form of the
equations obtained for ai(t), a2(t) and a3(t) but are adequate for the purpose of

examining the fundamental nature of E.I.T. It is reasonably straight forward to

generalise the expressions obtained to the non-resonant case [4, 5], although not

done so here.

The three coupled equations, obtained by the method outlined above, describing the
state amplitudes a} (t), a2(t) and a3(t) are given below:

(2.4)

(2.5)

recovered by multiplying the resultant equation by *, if * an^ T * respectively,

a] = -iQpa2 -Yja! (2.6)

a2 = - i£2p at - iQca3 - y2a2 (2.7)

a3 = -i£2ca2 - y3a3 (2.8)

where

_ El2Ep
p 2h

(2.9)
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(2.10)

are half-Rabi frequencies for the probe and coupling field transitions respectively. p12

and p-23 are the associated dipole matrix elements for the two transitions.

These three coupled equations are the basis of the discussion of Section 4.2.1.
Although physically meaningful analytical solutions of the above equations are not

possible, it is reasonably straight forward to solve them numerically for the situations of
interest. This was carried out by Dunn and some of these results are presented in
Section 4.2.1. In addition to the requirement to follow the time evolution of the state

amplitudes of the three level atom, equations (2.6) - (2.8), it is also useful to describe
the influence of the atom on the two radiation fields. This is achieved by way of the

associated polarisation terms defined as:

where the associated absorption or gain is given by Im(P) / e0 E.

2.1.2) A Semiclassical Density Matrix Formulation Of Quantum Mechanics

2.1.2.1) Introducing Density Matrices And The Liouville Equation

Moving from a single atom model to one which deals with a large ensemble of
atoms, as found in a Doppler broadened medium, requires a more elegant mathematical
formalism than the previously presented state amplitude model. Large scale atomic
coherence and quantum interference effects such as electromagnetically-induced
transparency, and related topics, can be modelled semiclassically, using density matrix
theory [6, 7, 8], The density matrix formalism is a method of computing expectation
values of operators in cases where the precise wavefunction is unknown. A brief
introduction of the density matrix formalism and notation is presented below. A full
discussion can be obtained from one of the above referenced texts.

t *

Pp = Pl2/_00al(t'to) a2(t'to) dt0

Pc = P23/_ooa2(t't0) a3(t>to) dt0 (2.12)

(2.11)
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Consider the atomic wavefunction defined as a superposition of a basis set,

r|in(r,t), usually the unperturbed states of an isolated atom, weighted by the probability

amplitudes of each element of the basis set, an(t):

W(r,t) = 2an(t)t|>n(r,t) (2.13)
n

The density matrix elements, pnm, are bilinear combinations of these weighted

probability amplitudes, hence are observables defined as:

Pnm = aman (2.14)

where the type of averaging indicated above by a bar is what is known as the ensemble
$

average. It follows from equation (2.14) that pnm = pmn and so by definition p is an

Hermitian matrix. Another important result is the trace normalisation condition:

tr(p) - 2pkk = 2a^ak = 1 (2-15)
k k

which follows directly from the normalisation condition of T^M), in equation 2.13.

The wavefunction of each system in the ensemble satisfies equation 2.1 the time

dependent Schrodinger equation. This is the starting point in the derivation of the
Liouville equation [6, 8], which describes the evolution with time of the density matrix
elements:

i " (2'16)
= -T (HikPkj ~ P0cHlg )n k=l

In the following three level models the Hamiltonian, ft , includes an interaction

term, If , which corresponds to electric dipole interactions induced in the atom by the
applied optical fields. Therefore, for an electric dipole transition with matrix elements

* *

Pij = Tip i Hjipj dV, the Hamiltonian is of the form:

H = H0 +Hj
= H0-Pij E(z,t) (2-17>
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H° again is the free atom Hamiltonian, while the interaction term H( = -pE(z,t).

The array elements comprising the density matrix characterise particular

observables. Diagonal elements, p^k, represent the average populations of state k, or

more precisely they give the average probability of finding an atom, within the
ensemble, in state k. The off diagonal elements are termed coherences. They are

related to the radiating electric dipoles of the ensemble. Thus, the induced polarisation,

P(t), is given by [6]:

P(t) = NpjjPjj (2.18)

for an ensemble of N elements. From a macroscopic perspective the polarisation of a

medium is related to the electric field via the susceptibility, X:

P<t)"£°XE
(219)

-e„(X'-iX")E

where e0 is the permittivity of free space. It can be shown that the real part of X, X , is

proportional to the refractive index variation near the resonance, while the imaginary

part, X , is related to the absorption (or gain) experienced by the electric field. The

overall result of this atomic polarisation is to change the phase delay experienced by the
electric field, per unit length, from k to k + Ak, where:

Ak = (2.20)

as well as to cause the amplitude to vary exponentially with distance according to

exp (/^)z where z is the distance propagated and:

(2.21)
n

where n is the index of refraction far from resonance. Equating (2.18) and (2.19) relates
the density matrix to the susceptibility such that:

2Nni) ReA;)
X'(<») - ? ' 11 (2.22)

e0h £2r
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and (2.23)

fijj E/where QR = J fah ■> again is the Rabi frequency induced by the optical field [2]. It
should be noted that this definition of Rabi frequency is actually half of the normal
definition employed by most authors. The reason for chossing this definition is that it

greatly simplifies the form of the density matrices outlined later in this chapter. In the

following numerical models doubling the input Rabi frequency restores the consistency
between experiment and theory.

The main interest of this work is in the use of continuous wave lasers to

experimentally study the coherent effects induced in an atom. Thus, using the density
matrix formalism, an analysis of the steady state condition can be carried out, in a

similar fashion to that done by Brewer and Hahn [9], Their cascade system is solved

analytically, leading to very complex solutions. These solutions do not take into
account the effects of Doppler broadening which must be added numerically.

Therefore, the following systems are solved by totally numerical means, incorporating

Doppler broadening by integrating over the Doppler profile.

2.1.2.2) The Addition Of Phenomenological Terms

Population Decay Rates

The use of a density matrix has the advantage over a probability amplitude

approach since it allows the simple addition of phenomenological terms. These terms

are introduced to account for decay, dephasing or incoherent pump mechanisms, which
occur within the system. Decay phenomena are added by appending a term of the form

-Tjj pjj to the diagonal elements to describe spontaneous emission out of level j. A

corresponding positive term is then added to the receiving level i, if that level lies
within the system of study, such that equation (2.16) now takes the forms :

(2.24a)
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Tr--i["'pIi + rJi(pjj-pSi) (2.24b)

where Ijj is the decay rate and Pj] is the thermal equilibrium value of the density matrix

elements given by:

(2.25)

where kg is Boltzmann's constant, T the temperature in Kelvin and H° the free atom

Hamiltonian i.e. the Hamiltonian that describes the atom in the absence of any applied

optical fields.

Coherence Dephasing Rates

Off-diagonal density matrix elements also decay towards thermal equilibrium
values at rates given by :

where Y<jeph takes account of the macroscopic dephasing rates due to collisions that act
on the system without causing important population decay [10, 11]. The rule of thumb

for establishing the Tjj terms is that any spontaneous population decay rate that removes

population from either level i or j contributes half its value to the coherence dephasing

rate yy on that particular transition. Population decay rates which add to the population
in either level i or j have no contribution to the coherence dephasing rate yy. With these
terms in mind the coherence dephasing rate on an atomic transition is accounted for by

adding the correct form of equation (2.26) to the appropriate Liouville equation.

(2.26)
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Incoherent Pump Rates

Incoherent pumps such as discharges or flashlamps can also be incorporated into

the density matrix model by adding phenomenological terms to the Liouville equation.
These terms are mainly present when inversionless lasing systems are being considered
since it is required that a small amount of population is put into the upper lasing level.

Conceptually, it is simpler to employ incoherent pump sources than coherent sources.

However, as will be discussed briefly in Section 2.3 and in more detail in Chapter 8,

incoherent pumps would appear to be the more practical solution as well, since the
addition of coherent pump sources act to destroy the coherences already present in the

system. Incoherent pump terms can be added to the Liouville equation in two different
forms.

The first form considers the effect of excitation by collisions induced in a

discharge. These are accounted for by the addition of terms which remove population
from the lower level of excitation and adds it to the upper level in a non-reversible
manner. Consider the incoherent excitation of population from level |1> to level |2>.
The related Liouville equation must be altered such that:

where II12 is the incoherent pump rate. For excitation via a thermal incoherent

radiation bath, transitions can be stimulated in both directions and so the terms become:

where R12 is related to the incoherent radiation intensity. It should be noted that the

dephasing between the levels is raised by the introduction of incoherent pumps. To

account for this an additional R12 / 2 term must be added to the coherence dephasing

rates each time either component of the incoherent pump rate's index appears in the

(2.27a)

(2.27b)

+R.2<P22 -Pll) (2.28a)

-4[H,p]22-Ri2(p22-Pi1) (2.28b)
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index of the coherence dephasing rate. i.e. for this particular system R12 / 2 should be

added to both the 723 and 713 coherence dephasing rates, due to the presence of the 2 and

then the 1 respectively in the indices of the coherence dephasing rates. However a full

R)2 term should be added to the 712 coherence dephasing rate, once for each component

of the "12" index.

2.2) Employment Of Density Matrix Models

2.2.1) The Cascade Configuration

Consider the three level model shown in Figure 2.2, which is closed with regard to

the atomic basis set, that is, the lifetime broadening occurs by radiative decay to other

states within the same system. Two optical fields, at angular frequencies (Op (the probe

field) and coc (the coupling field), are near resonant with the transitions at 0012 and 0023

respectively. They are assumed to be sufficiently separate such that only one field
interacts with each transition.

Figure 2.2: Schematic ofa closed cascade three level atom.
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Level 13 > decays at a rate T3? to level |2 > which, in turn decays to level |1 > at rate

T2\. The derivation employed here assumes that the Rabi frequencies involved are

much smaller than the corresponding laser frequencies. Atomic selection rules require
that transitions |1 > -12 > and |2 > -13 > are dipole allowed whereas, transition |1 > -13 >

is dipole forbidden. Therefore, not all the matrix elements of p can have non-zero

values in the electric dipole approximation. For the cascade system we have:

p12 =< IIpi 2 > ^ 0 = p2i (2.29a)

p23 = < 2lpl 3 >;* 0 = p32 (2.29b)

p13 =< II pi 3 > = 0 = p3i (2.29c)

The electric fields are defined as:

E0
Ej(z,t) = jexp£i^cOjt - kjz jj+c.c.l forj=p, c (2.30)

and the respective Rabi frequencies are given by:

Fl2Ep
Qp = —^ (2.31a)in

F23E
nc(2.3ib)

The applied optical field frequencies, (Op and coc, have exact detunings from their

respective atomic resonances given by:

^
p ~ ®p ~~ ®12 — (2.32a)

Ac = coc - o>23 - kcVz (2.32b)

where kjVz are the Doppler shift contributions to the detuning, caused by an atom

moving with a z-component of velocity Vz. It is the steady-state magnitude of the

induced atomic dipoles that is of interest, so optical frequency oscillations of py are

removed by the transformations [12]:
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P12 = Pi 2 exp[ i(co pt kpz)| (2.33)

P23 = P23 exPl '(toct - kcz) | (2.34)

Pl3 = Pi3exp|i{(a)p + coc)t-(kp + kc)z}| (2.35)

Using the Liouville equation, (2.16), the rates of change of the density matrix elements
can be derived, yielding nine simultaneous equations. Terms oscillating rapidly, at

around 2ooj, are removed under the rotating wave approximation [3], since they average

to zero for an integration time of anything over a few optical cycles. Thus, the solutions
for the cascade system are:

pjl = iQp(p2i - Pl2) + r2ip22 (2.36)

P22 = i^p(Pl2 -p2l) + i^c(P32-P23)_r21 P22 + r32 P33 (2.37)

P33 = i^c(p23 -P32)-r32P33 (2.38)

Pl2 = -i(Ap- »Y12)P12 +'^P(P22 -Pit)-iQcPl3 (2.39)

P23 =-i(Ac-iY23)P23+i^c(p33-p22)+i^pPl3 (2.40)

Pi 3 = -i(Ap+Ac-iYl3)pl3+iQpP23-iQcPl2 (2.41)

These along with the complex conjugates of (2.39), (2.40) and (2.41) completely
describe the final state of the density matrix. For ease of calculation it is convenient to
convert the six complex equations above into nine real simultaneous equations. This is
done by defining:

Pij = Pij + ipij (2-42a>

and P*j = Pij - iPij (2.42b)

where pf = Re(pij) andp|: = Im(pjj). Population conservation, however, implies the
trace normalisation:

Pi 1 + P22 + P33 = 1
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This removes one degree of freedom from the system. Hence, in the steady-state, all the
time derivatives may be set equal to zero and the system can be represented in matrix
form Ax = b , shown by Matrix 2.1.

Matrix 2.1: A closed three level cascade system.

F -r21 r32 0 0 0 -2Qp 0 2QC 1 [P22] F 0 1
1 o _r32 0 0 0 0 0 -2QC | 1 P33 1 1 0 1
1 0 0 Y12 0 0 -Ap -Qc 0 1

|
1 p[21 1 0 1

0 0 0 Y13 0 —Qc -(Ap + Acj QP ' pi3 ] _ 1 ° 1
0 0 0 0 Y 23 0 Qp "AP p23

~ 1 0
I |

|-2Qp -^P Ap Qc 0 Y12 0 0 W rQp
0 0 Qc (Ap + Ac) —Qp 0 Y13 0 1 |p|3l 0

[ -Qc 0 -Qp Ac 0 0 Y 23 J LP23J L 0 J

The detunings experienced by an atom are changed by the Doppler shift associated with
its motion. The velocity distribution is assumed Maxwellian giving the fraction of
atoms whose z component of velocity lies between Vz and Vz + dVz as:

exp —)u /f(Vz)= (2.44)
•Jk u

where u ,(Abl/2
\ M )

and kg is Boltzmann's constant, T the temperature in Kelvin and M the atomic mass.

Therefore for each density matrix element we must integrate over the velocity
distribution via:

Pij-/lf(Vz)Pij(vz)dVz (2.45)
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2.2.1.1) Implementation Of A Density Matrix Model

The implementation of the density matrix models was carried out in two different
environments. Initially a solution to the above matrix was carried out on SPARC
workstations with the algorithms coded in Fortran 77. The basic algorithm is outlined
below:

Algorithm 1: Fortran 77 implemented on SPARC workstations.

.1 Initialise values for £2;, Tji, yy , X;, A c, T etc.

.2 Calculate the thermal constant term u.

.3 Loop over probe field detuning from -A p to A p in small steps.

.3.1 Loop over velocity groups from -v to v in small steps.

.3.1.1 Initialise matrix elements to zero.

.3.1.2 Calculate Maxwell-Boltzmann integration correction term

.3.1.3 Calculate the Doppler modified detuning values.

.3.1.4 Enter the non-zero matrix elements i.e. elements of A and b.

.3.1.5 Solve the matrix system repeatedly using LU factorisation with

partial pivoting, and iterative refinement of A [13].

.3.1.6 Update velocity dependent arrays for the relevant parameters. This
involves reading in the calculated value ofx from the previous step,

multiplied by the appropriate Maxwell-Boltzmann integration
correction term.

.3.2 Increment velocity v.

.3.3 Integrate the velocity dependent arrays of 3.1.6 over all group velocities in
order to account for Doppler broadening. Integration is carried out using a

third-order finite difference formulae with error estimates according to a

method outlined by Gill and Miller [14],
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A Increment probe field detuning A p.

.5 End program.

This algorithm was capable of calculating a probe field scan of one thousand data

points including the integration over one thousand velocity points for each probe

detuning in a time of around ninety minutes. This is obviously very time consuming
and so full calculations were usually only implemented when presentation quality
results were required. On a daily basis, less accurate (hence less smooth) curves could
be tolerated and so faster processing times were achieved. A good initial picture of a

new system could be obtained in the homogeneous regime, where Doppler broadening
effects were neglected. This reduced the running time of the model to less than a

minute. To achieve similar, but not identical, Doppler broadened curves required
inclusion of all the steps of Algorithm 1, increasing the coupling field Rabi frequencies
and extra computer time as previously discussed.

These time constraints became more and more of a problematic feature as systems

of greater complexity were studied i.e. four atomic levels and three optical fields. For
this reason a second solution involving Power Macintosh workstations running
Mathematica 2.2 was employed to decrease the running times of these density matrix
models. Mathematica is a general computer software system and language which
allows numerical, symbolic and graphical calculations to be carried out [15], It is the
fact that Mathematica handles symbolic calculations which is the key to its ability to

dramatically reduce the running time of a density matrix calculation. The solution

algorithm can then be modified, see Algorithm 2, such that the probe field detuning

loop (Step .3 of Algorithm 1) can be simplified, dramatically reducing the running time.
This is achieved because the step involving the LU factorisation, which is calculated at

every numerical velocity value v, is effectively replaced with a single step which
involves one inversion of a matrix (usually 8x8), while retaining v as an algebraic term

within the optical field detuning terms.

59



2) Theoretical Modelling Of Atomic Coherence Effects 2.2) Employment OfDensity Matrix.

Algorithm 2: Mathematica 2.2 implemented on Power Macintosh workstations.

.1 Initialise values for Qj, Ty, yy, X,,, A c, T etc.

.2 Calculate the thermal constant term u and the Maxwell-Boltzmann integration
correction term.

.3 Input the density matrix elements, A, and the solution vector elements, b such
that matrix equation Ax = b can be solved.

.4 Find the inverse of matrix A (all numerical values except the homogeneous probe
field detuning term and the velocity v within the Doppler shifted detuning terms)

such that the matrix equation can be solved for x i.e. x = A"1 b

.5 Set up the group velocity array to go from -v to v in small steps

.6 Select relevant density matrix element of x and loop over homogeneous probe
field detuning in small steps.

.6.1 Employ Simpson's Rule to integrate density matrix element over all group

velocities.

.7 Plot density matrix element or else put into a form which can be exported to

KaleidaGraph.

.8 End program.

Moving from Algorithm 1 to 2 decreased the running time of the most accurate

calculations by around a factor of ten i.e. to about ten to fifteen minutes. Homogeneous
calculations now execute in a matter of seconds rather than minutes. These dramatic

time improvements enabled more complicated systems (15x15) to be examined in

detail, see the work of Section 2.3 and Chapter 8.

Figure 2.3 shows the imaginary and real components of pi2, for a coupling field

strength of 160 MHz, as a function of probe field detuning. These components

correspond to the relative absorption and refractive index experienced by the probe

field, respectively. An electromagnetically-induced transparency feature can clearly be
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Figure 2.3: (a) Imaginary and (b) Real components of pi2 (probe field) for an ideal

closed cascade system, incorporating the effects ofDoppler broadening, with coupling

field andprobefield strengths of160 MHz and 1 MHz respectively.

2.2.2) The Lambda Configuration

Consider now the three level model shown in Figure 2.4, which is in the so called
lambda (A) configuration. The system is again presumed to be closed with regards to

the atomic basis set. In this system two optical fields at angular frequencies top (the
probe field) and coc (the coupling field), are near resonant with the transitions at (O13 and

0)23 respectively. Again, they are assumed to be sufficiently different in frequency such

that only one field interacts with each transition. Level |3 > decays to both level |1 >

and level |2 > at the rates T3i and T22, respectively. The atomic selection rules are such
that the dipole allowed transitions are now |1 > - |3 > and |2 > - |3 > and the dipole
forbidden transition is |1> -12 >.
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Figure 2.4: Schematic ofa closed lambda three level atom.

Thus, for this configuration it is required that the dipole matrix elements, pjj, take the
following values:

pI2 = < Upl 2> = 0 = p2i (2.46a)

P23 = < 21 pi 3 >& 0 = [x32 (2.46b)

p13 =<11 pi 3 0 = p.31 (2.46c)

This system has been the source of much study in the atomic coherence effects of E.I.T.
and inversionless lasing since in its ideal form, where level |2 > is assumed metastable,
the population decay rate r2i , and hence the coherence dephasing rate 712 , are both

approximately equal to zero. The same density matrix derivation is employed for the
lambda configuration as was previously used for the cascade configuration, resulting in
the matrix system represented by Matrix 2.2. The detunings experienced by an atom

again change due to the Doppler shift associated with its motion, thus, using equations
(2.44) and (2.45), the matrix system is again solved numerically. Figure 2.5 shows the
real and imaginary components of P13, for a coupling field strength of 160 MHz, in this
lambda system.
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Matrix 2.2: A closed three level lambda system.

2.2) Employment OfDensity Matrix..

r 0 _r32 0 0 0 0 0 -2^1 r P221
1 0 (r32 +r3l) 0 0 0 0 2Qp 2QC | 1P33I

1 0 0 Y12 0 0 Ac — Ap — Qc -QP 1 IP12 1
1 0 0 0 Y13 0 -Qc "AP o 1

i

' Pl3 '
1 0 0 0 0 Y 23 Qp 0 "Ac !p'23!

0 0 Ap ~ -Qp Y12 0 0 1pi{21
1 ~^p -2Qp Qc AP 0 0 Y13 0

| p13 |
L"c —Qc £2p 0 Ac 0 0 Y 23 J LP 23 J

r ® i
o

o

0

0

0

0

-Q

L opj

where A p = cop - co13 - kpVz (2.47)

M-nEpr_13_£ (2 4g)p 2h

and the remaining symbols represent the previously defined variables
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Figure 2.5: (a) Imaginary and (b) Real components of p/3 (probe field) for an ideal
closed lambda system, incorporating the effects ofDoppler broadening, with coupling
field andprobe field strengths of160 MHz and 1 MHz respectively.
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Electromagnetically induced transparency can again be seen, shown in the absorption
curve (imaginary part of pi 3) of Figure 2.5(a). The refractive index (real part of P13) of

the probe field is again dramatically altered as it is scanned across the transparency

feature. It should be noted that in the strong field regime, where the optical field

strengths are greater than the saturation intensities for the various transitions, the

lambda system acts in an analogous way to the cascade system and as such much of the
mathematics can be transferred directly between the two.

2.2.3) The V-type Configuration

The third closed system that has been modelled is the so called V-type system,

shown in Figure 2.6.

l-r

I
r 31

J

CO

I 3 >

i

- i -

A „

03 13

(D 21

T I 2>

CO

I
r 21

i 1 >

Figure 2.6: Schematic ofa closed V-type three level atom.

The V-type system employs two optical fields at angular frequencies (Op (the probe
field) and 00c (the coupling field), which are near resonant with the transitions at 0012

and 0013 respectively. Once again, the assumption that the levels are sufficiently

frequency separated such that only one field interacts with each transition, is made.
Fevels |3 > and |2 > decay at a rates T3i and T21, respectively, to level |1 >. The dipole
allowed transitions for this system are now the |1 > -12 > and |1 > - |3 > transitions and
the dipole forbidden transition now being from levels |2 > -13 >. Atomic selection rules
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the dipole forbidden transition now being from levels |2 > -13 >. Atomic selection rules
for this configuration now require that the dipole matrix elements, py, take the
following values:

p12 =< llpl 2 > ;* 0 = p21 (2.49a)

p23=<2lpl3 >= 0= p32 (2.49b)

p13=<llpl3>;*0=p31 (2.49c)

Again the density matrix derivation is employed, as was used previously for the
lambda and cascade systems. The resulting matrix system has the form shown in Matrix
2.3.

Matrix 2.3: A closed three level V-type system.

(" r21 0 0 0 0 2Qp 0 0 1 rp22i r 0 1
1 0 r31 0 0 0 0 2QC 0 1 1P331 0 1
1 0 0 Y12 0 0 -Ap 0 -Qc 1 1P121 0 1
1 0 0 0 Y13 0 0 -Ac Qp 1 ' Pl3 ' 0 1

0 0 0 0 Y23 Qc Qp 1 >0
1 >

•0 P23 0

|-2Qp -Qp AP 0 —Qc Y12 0 0 Pi2 -^p 1

| ~^c —2QC 0 Ac -Qp 0 Y 13 0 I 1 i 1
lft3l

—

|
I 0 0 Qc -Qp (Ac - Ap) 0 0 Y23 LP23 j L 0 J

where Ac = coc - coi3 - kcVz (2.50)

Qc = (2"51)

and the remaining symbols represent the previously defined variables, of the cascade

system. Once more the detunings experienced by the atom are altered due to the

Doppler shift associated with its motion. Therefore, using equations (2.44) and (2.45),
the matrix system is again solved numerically.
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Figure 2.7 shows the real and imaginary components of pi2, for a coupling field

strength of 160 MHz, in the V-type system. Once again electromagnetically-induced

transparency can be seen in the absorption curve, Figure 2.7(a). The refractive index of
the probe field again shows dramatic modulation as it is scanned across the transparency

feature.
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s-l

2 -0.003
S-i

0.005

Figure 2.7: (a) Imaginary and (b) Real components of pj2 (probe field) for an ideal

closed V-type system, incorporating the effects of Doppler broadening, with coupling

field andprobefield strengths of160 MHz and 1 MHz respectively.

2.3) Modelling Atomic Systems For Inversionless Lasing

This section outlines how some of the previously discussed density matrix models
can be extended to model inversionless gain systems [16]. Two systems will be
discussed in turn. The first is based on the lambda system outlined in Section 2.2.2 and
was first discussed theoretically in this way by Imamoglu et. al [17]. The second

system discussed presents a theoretical model of the first cw inversionless lasing system

to be experimentally observed. This experiment based on atomic rubidium was carried
out by Zibrov et al. [18]. The results from this model are used to back up the analysis of

Chapter 8 which theoretically presents a new 422 nm inversionless lasing system.
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2.3.1) Inversioniess Gain In A Three Level Lambda System

A model laser system [17], based on the lambda configuration, can also be studied
through the density matrix approach. The proposed laser operates by enhancing the
electromagnetically induced interference produced by the presence of a strong coupling
field on the \2> - 13 > transition, see Figure 2.4. The system is pumped by a thermal
incoherent radiation bath, which has a different intensity (temperature) on the |1 > -13 >

transition than on the |2 > -13 > transition. Each transition is spectrally broad compared
to the decay rates, the detunings or the Rabi frequencies The related matrix system for
this gain system without a population inversion is given by Matrix .2.4.

Matrix 2.4: A closed lambda system with two incoherent pumps R u and R23 employed
to produce gain without a population inversion.

r r23 -r23 _r32 0 0 0 0 0 -2QC

1 P33 1
1 r I

r 0

R13_ R23 1R23 +2RB)
(+ r32 +.r31y

0 0 0 0 2Qp 2£2C R13
1 0
1

0 0 Y12 0 0 Ac — A p —Qc -Qp P121
0 0 0 YI3 0 — Qc -Ap 0 113 !- 1 0

1 0 0 0 0 Y23 0 "Ac ? 1 0
1 0 0 Ap- Ac ^c -£2p Y12 0 0 'ij2i 1 0

—£2p -2£2p Qc Ap 0 0 Y13 0 1^1 1 ^
Qc -Qc £2p 0 Ac 0 0 Y23 J L P23 J 10

where the pumping rates are defined as:

[ h (013-002) 1
R23 55 r32 \ exp[—— 1 \ = r32n23 (2.52)

kB123 J

f #(003-001) ]
Rl3sr3l]exp[—— 1[ = T31n13 (2.53)

kB *13 J

and T 23 and T i3 are the temperatures of the pumping thermal radiation fields at oo3 - 002

and oo3 - 001. The terms n 23 and n i3 are the average number of thermal photons per

mode at these frequencies.
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As outlined by the authors the necessary and sufficient condition for amplification
or gain without a population inversion in any atomic basis set is given by the inequality

presented below:

If the first inequality is satisfied then there is net gain within the atomic system the
source of which may include a population inversion. However, simultaneously

satisfying the second inequality provides proof of the absence of a population inversion
thus, any gain present occurs as a direct result of the atomic coherence effects. In

Figure 2.8 typical results from this Doppler broadened model are presented where both

optical fields are assumed to be in the infrared (~ 780 nm), F3i = 1 MHz , ^2 = 100

MHz and level |2> is assumed metastable such that there is no Fii spontaneous decay.

Figures 2.8(a), (c) and (e) show the absorption experienced by the probe field as a

function of probe field detuning. Figures 2.8(b), (d) and (f) represent the corresponding

population values within the three level system : pn shown as a red solid line; P22 as a

green dashed line; and P33 as a blue solid line marked with crosses.

Examination of equations (2.52) and (2.53) along with the inequality (2.54) shows
that in order to produce inversionless gain it is also necessary that R^^ > R23I31 ■

This is most easily achieved by the simple introduction of a small R13 term, relative to

the coupling field Rabi frequency £2C, which alters the E.I.T. feature of Figure 2.5 to

produce inversionless gain. This is born out in Figure 2.8(a) and (b) where positive

absorption can be observed, with around 65 % of the population still remaining in level

11 > of the system, when R13 has a value as small as only to equal twice that of the

probe field Rabi frequency. The argument for inversionless gain is substantiated by

calculating the values of the various terms of the inequality (2.54), (500 > 5 >1.01) for
the atomic parameters of Figure 2.8(a) and (b).

Inversionless gain does not however increase indefinitely as R13 continues to

increase, as shown by the following two graphs of Figure 2.8.

(2.54)
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Figure 2.8 : Probe field absorption curves with the correspondingpopulation levelsfor
three different runs ofthe model corresponding to Matrix 2.4. Population in p j \ shown

as a red solid line, p 22 as a green dashed line and P33 as a blue solid line marked with

crosses. Q c = 160 MHz, Qp =0.1 MHz and A c = 0 MHz. In (a) R13 = 2Qp, R23 = 0
MHz, (c) R13 = 10Qp, R23 = 0 MHz and (e) R13 = 2Qp, R23 = 150Qp.
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Although Figure 2.8(c) still shows a large gain feature, examination of the population
levels shown in Figure 2.8(d) reveals that less than 50 % of the population now remains
in level |1 >, having been excited in large by the incoherent pump R13. Thus, by the
definition of Imamoglu et al. [ 17] this constitutes a population inversion and so the

inequality (2.54) no longer holds (100 > 1 >1.01). Further increases of R13 simply acts

to empty level |1 > to a larger extent, leading to greater inversion in the atomic
population.

The introduction of R23 as expected from inspection of the inequality 2.54 acts in

general against the production of inversionless gain. This is born out in the density
matrix model where a typical result is presented in Figure 2.8(e) with the corresponding

populations in Figure 2.8(f). In this case the model was run with the same parameters

as for Figure 2.8(a) except for the fact that an R23 term of value 150 £2 p is now present.

Comparison with Figure 2.8(a) and (b) shows that the gain feature has been
significantly reduced with no real significant redistribution of population. The
explanation of this effect lies within the gain mechanism of this lambda system [ 19].
An atom in state |3 > experiencing spontaneous decay to state 11 > becomes transparent
to the probe field on a time scale given by the inverse decay rate of this transition. It is
therefore removed from contributing to the gain mechanism within the system.

However, an atom which decays from level |3 > to level |2 > produces gain. Therefore,
when r32 » T31 an atom, which is initially pumped by incoherent radiation from state

11 > to state |3 >, is more likely to decay spontaneously to state |2 > to then be recycled
by the coupling field so allowing multiple spontaneous excitations of state |2 > before
decaying back to state |1 > and providing transient loss. Introducing an R23 term

effectively reduces the number of |2 > -13 > gain cycles experienced by the atom before
loss is experienced by the spontaneous decay to level 11 >. Thus the overall effect of
R23 is to reduce the inversionless gain observed within this lambda system.

2.3.2) Modelling Inversionless Gain Within An Atomic Rubidium V-type System

Recently, the first laser oscillation without a population inversion was demonstrated
87

experimentally in a V-type Rb atomic configuration within the Dj and D2 lines of
rubidium vapour [18]. Figure 2.9 presents a schematic energy level diagram of the
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atomic system employed for this experiment. As can be seen from this figure the probe

field is resonant with the Di line of rubidium (5Sj/2 (F = 1) - 5Pi/2) while the coupling

field is resonant with the D2 line (5S1/2 (F = 1) - 5P3/2). A third coherent laser source is

present which is also resonant with the Dj transition. However, this pump source

interacts with the second ground state hyperfine level, 5Sj/2 (F = 2), and as such serves

two separate purposes. In the absence of the pump field almost all of the population
will be optically pumped into the 5S1/2 (F = 2) state. Thus, the pump field acts to

destroy this optical pumping mechanism by populating the 5Pi/2 level, and thus level

5S1/2 (F = 1), via spontaneous decay. Since the pump field puts a small population in

the 5Pi/2 level it also provides the gain mechanism which converts the V-type E.I.T.
feature into inversionless gain.

87
Figure 2.9: Schematic energy level diagram of the Rb V-type system employed for
inversionless lasing.

The authors provide the following expression for the gain coefficient, G, for the
weak probe field on the 5 S1/2 (F= 1) - 5Pj/2 transition :
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_ 3X2NLT31 Im(p13)(j =

4jc £2p

Y34Y14 Pn~P$4
(2.55)

3Z2NLT31
— x

4Jt

Y13 +
Y34

where py is the population of level i calculated to the zeroth order in the probe field, yy

again represents the relaxation rate of the density matrix element py, N is the density of
the atoms , L is the cell length and X is the probe field wavelength.

Examination of the second equality in equation (2.55) shows that there are two

contributions from upper level coherences which act to modify the usual gain or

absorption profiles. The first corresponds to the well documented Stark effect [20] and

is responsible for the |f2c|2 term in the denominator of this V-type configuration.
However, another important effect also occurs as a result of the second term, which is

proportional to |f2c|2, in the numerator of equation (2.55). This term is a direct result
of the quantum interference effects within the atomic system which act to modify the

properties of this V-type system. It follows from equation (2.55) that absorption

interferes destructively if pfj -P44 > 0. This leads to a reduction in the absorption and
so an enhancement of the gain. As a result the whole field can be amplified even if

It should be noted that the authors developed two models in order to theoretically

study this system. Both are density matrix models but the first deals with the simplified
four level, three field system of Figure 2.9 while the second takes into account all the
relevant Clebsh-Gordan and Racah coefficients, field polarisations and Zeeman sub-
levels. This results in a 32-level density matrix model whose results, though more

accurate, are very similar to those obtained from the simpler four level model.

Therefore, starting from the Liouville equation once more a four level density matrix
model for this system has been derived, see Matrix A.l in Appendix A.

0 0 n
P33 _ Pi 1 < °-
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Using this matrix the graphs of Figure 2.10 have been generated where the optical

pump field equals that of the coupling field such that Qc = Qpmp = 300 MHz, Qp = 1

MHz and A c = A pmp = 0 MHz with all other parameters chosen to correspond to atomic
rubidium (see Chapter 3). Figure 2.10(a) shows the probe field transmission as a

function of probe field detuning with Figure 2.10(b) showing the corresponding

populations within the system. Two distinct regions of gain can clearly be observed on

the probe field absorption curve either side of exact probe resonance. Confirmation of
the inversionless nature of this gain is obtained from the population traces of Figure

2.10(b). Examination of these population curves shows that -56% of the population
remains within the ground state hyperfme levels, with -34% remaining solely in state

|1>. The two upper state levels each contain -22% of the population and as such the

generated gain experienced by the probe field must be of a non-inverted nature in this
bare state model.

It should be noted that the nature of inversionless gain appears to depend on type of

optical pump employed. In Section 2.3.1 where the pump is of an incoherent nature the

gain appears as a modified induced transparency. However, in Section 2.3.2 where the

pump is of a coherent nature the gain appears in two separate regions. The explanation
of this phenomenon lies in the fact that along with modifying the population equations
of the density matrix a coherent pump also modifies the coherence equations. However,

employing an incoherent pump simply modifies the population equations and so does
not significantly alter the relative coherences induced by the coupling field. This point
is further examined in Chapter 8 where incoherent and coherent pump fields are

employed in turn to produce inversionless gain within the same atomic system.
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Figure 2.10: Probe field absorption curve (a) with the corresponding population levels

(b) for the model corresponding to Matrix A.l. Population in pu shown as a red solid

line, P22 as a green dashed line, P33 as a blue solid line marked with crosses and P44 as

a red dashed line marked with crosses. Q c = &pmp = 300 MHz, Qp = 1 MHz and A c

~~ A pmp ~ 0 MHz.
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2.4) Moseley's N Level Ruies

The derivation of the above density matrices from first principles can be very time

consuming, especially when any more than three atomic levels are being considered.
After dealing with many of these density matrix problems Moseley observed that
certain empirically derived rules could be created [21]. Employing these rules allows a

system matrix to be written down directly, without reference to the original Liouville

equation, and so saves a full and time consuming derivation each time a new system is

considered. Moseley's N level rules allow the construction of the N - 1 real
simultaneous equations which describe the steady state of an arbitrary N level atom

subjected to a number of coherent electromagnetic fields (up to a maximum of N - 1)
while implicitly employing the rotating wave approximation [3]. The full potential of
these rules can only be realised if they are used with care and an appreciation of the full
derivation process from first principles. However, with this understanding in place
these rules serve as a very useful and elegant way of deriving a particular system's

density matrix.
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Chapter 3
Atomic Rubidium, Theoretical Rabi Frequencies And

Experimental Apparatus

This chapter briefly introduces the idea of atomic structure with particular reference
to rubidium which is the medium in which all the experimental work of the following

chapters is carried out. An initial look at fine and hyperfine structure is included which

provides information about the resonant frequencies between different energy levels of
rubidium. A section then follows on the theoretical calculation of Rabi frequencies
induced on allowed dipole transitions. With these values in mind a discussion of the
various laser sources employed to generate these resonant frequencies then follows.
The chapter goes on to discuss other relevant experimental apparatus before finishing
with a section on the design of a rubidium atomic beam to be used in future

experimental work.

3.1) Atomic Rubidium

Rubidium was discovered in 1861 by R.W. Bunsen and G. Kirchoff in Heidelberg,

Germany. It is a soft, highly reactive member of the alkali metal group of the periodic

table, and exists as two natural isotopes, 83Rb and 87Rb. Rubidium is widely distributed

throughout nature, but it only occurs in small amounts, its abundance in the earth's crust
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being 310 parts per million (this compares with gold whose abundance is only 0.0011

p.p.m.). The main source of rubidium is through the electrolysis of carnallite, the

hydrate chloride of magnesium and potassium. Rubidium ignites spontaneously in air
and reacts violently with water, hence its applications are limited. However, rubidium
is most suitable as a medium for atomic coherence experiments since many of its
resonant transitions are accessible to Ti:sapphire, dye or diode laser sources. Being an

alkali metal, rubidium also has the advantage of one unpaired electron in its outermost

shell and therefore can be studied extensively with the theoretical models of the

previous chapter. Some of the more relevant properties of rubidium are listed below in
Table 3.1:-

Table 3.1Atomic properties ofrubidium.

Atomic Property Value

Atomic Number 37

Atomic Weight 85.4678 a.m.u.

Crystal Structure Body Centred Cubic

Physical Property Value

Melting Point 38.89 * C

Boiling Point 686 ° C

Density @ 20 ° C 1.532 gem'3

Natural Isotope Mass No. %

85 72.17

87 27.83
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The main disadvantage of employing rubidium to experimentally study atomic
coherence effects is the fact that its energy levels are not single levels but are in fact

complicated combinations of many energy sublevels. The presence of this fine and

hyperfine structure is due to mechanisms which remove the degeneracy of the sublevels.
The creation of fine and hyperfine structure is outlined in great detail in many texts [1,

2, 3, 4], Therefore, for the purpose of this work a brief summary of the most relevant
characteristics are outlined below.

3.1.1) Fine Structure:-Spin Orbit Coupling

The fine structure within an atom is the result of the interaction of the intrinsic spin
of an electron with the magnetic moment arising from its own orbital angular
momentum about the nucleus, S and L respectively, since the outer shell contains only a

single electron. For this reason fine structure effects, or spin orbit coupling as it is

popularly known, are strongest in the lowest orbital angular momentum states, L, since
these orbits keep the electron, on average, in closer proximity to the nucleus. It should
be noted however, that for the lowest energy orbital angular state, L = 0, there is no spin
orbit coupling effect.

These two angular momentum quantum numbers, L and S, couple together to

produce the spin orbit interaction quantum numbers, J and mj. Each angular momentum

state, L, is split by the spin-orbit coupling into a number of J states ranging in number
from L+S to | L - S |. Each of these J states is again composed of a number of sub-

levels, categorised by the mj number, which itself ranges from J to -J (in units of one).
In rubidium, where S = 1/2, the orbital angular momentum states (L) are each split into
two by the spin, except in the lowest state, where L=0. Since spin orbit coupling effects
are inversely proportional to the average radial distance of the electron from the nucleus

its effects produce significant fine structure on the P and D states of rubidium but

becomes much less significant in higher orbital angular momentum states. In one

electron systems the J = L - S and J = L + S states are separated by AEF where AEF is

related to the fine structure constant, §F, by [4]:

AEf = ^(2L+1) (3.1)
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Some of the more relevant fine structure constants for rubidium [5] are presented below
in Table 3.2 along with the corresponding fine level energy separations. Negative
values indicate an inversion of the fine states such that the lower valued J = L - S state

actually occurs at a higher energy than the J = L + S state.

Table 3.2:- Fine level structure constants for rubidium along with corresponding

energy separations.

Level / GHz AEf / GIIz

5P 4748.8 7123.2

4D -5.3 -13.2

6P 1549.0 2323.5

5D 35.5 88.7

7P 701.3 1052.0

6D 27.1 67.8

5F -0.09 -0.3

8P 376.9 565.4

7D 18.1 45.3

3.1.2) Hyperfine Structure:

Hyperfine structure can be explained in terms of the properties of the angular
momentum of the nucleus. In 1924 Pauli suggested that a nucleus has a total angular

momentum, which is labelled by the quantum number I. This quantum number may

have integral or half-integral values, like the total angular momentum quantum number
J. The reason for this is that a nucleus is a compound structure of nucleons, protons and
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neutrons, each of which have intrinsic spin 1/2 and may take part in orbital motion
within the nucleus. For atomic rubidium the nuclear spin varies between the two

isotopes I = 5/2 for 85Rb and I = 3/2 for 87Rb. Also attributed to the nucleus, in addition
to its spin, are electromagnetic multipole moments of higher order than electric

monopole. The interaction between these moments and the electromagnetic field

produced at the nucleus by the orbiting electrons is responsible for hyperfine structure.

The quantum number F = I + J describes the total angular momentum of the atom.

A corresponding splitting, analogous to fine splitting, into hyperfine structure levels
labelled by F, which are mF = (2F+l)-fold degenerate then occurs. In the lowest level,
where there is no spin-orbit coupling as L = 0 and J = 1/2, hyperfine structure can be
said to directly replace fine structure and the mathematics are directly analogous with

the substitutions of J -» F, L -» J and S -» I [1]. For states where there is spin-orbit

coupling (Lai) the hyperfine structure provides further structure but on a smaller scale

to that of the previously discussed fine structure.

For J = 1/2 states the two hyperfine structure states, F = I + 1/2 and F = I - 1/2, are

displaced by AEHf which is related to the hyperfine dipole constant, §Hf , by [1]:

When J >1/2 the effects of electric quadrupole interactions must be taken into account
such that the structure depends also on the quadrupole hyperfine constant, QHf > and is
defined as [1]:

A review of the measurements of the hyperfine structure of free, naturally

occurring, alkali atoms has been carried out by E. Arimondo et al. [6]. Some of these

values for rubidium have been tabulated below in Table 3.3. Negative values of §HF

AEhf = ^F[F(F + 1) -1(1 +1) - J(J +1)] (3.2)

where

k = F(F + 1)-J(J + 1)-I(I + 1) (3.4)
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indicate an inversion of the F states such that lower valued F states occur at higher
energies than those of the higher valued F states.

Table 3.3:- Some hyperfine structure constants for rubidium.

Isotope 85 Rb 87Rb

Level §hf / MHz Qhf/MHz §hf / MHz Qhf / MHz

5S1/2 1011.9 3417.3

5P1/2 120.7 406.2

5P 3/2 25.0 25.9 84.8 12.5

5D3/2 4.18 <5 14.4 3.5

5D 5/2 -2.12 No value -7.4 <5

6S1/2 239.3 809.1

6P1/2 39.1 132.6

6P3/2 8.2 8.2 27.7 4.0

In Figure 3.1 a schematic energy level diagram is presented which shows the fine
structure of rubidium from the 5Si/2 ground state up to the 7D5/2 excited state. Also
included are some of the optical wavelengths which can be generated by the laser
sources described in Section 3.3. The fact that rubidium has an intrinsic nuclear spin
results in complex sub-level structure. Since two separate isotopes exist naturally, each

having its own values for I, §HF and QHF , the splitting of the sub-level structure differs

significantly. Figure 3.2 presents a second schematic energy level diagram of rubidium
which again shows the 5Si/2 ground state and the first two excited states, 5P1/2 and

5P3/2, but the hyperfine and magnetic hyperfine levels are now included. It is obvious
from this second diagram that when the effects of nuclear spin are taken into account
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full explanation of how to calculate 3j and 6j-symbols is beyond the scope of this work,
however detailed descriptions of these can be found in the following texts [2, 3, 7].

7D3/2
8F3/2

5G7/2 & 5G9/2
SS-i/2

4F5/2&4F7/2
5D5/2
6Pi/2

5/2

1/2

741 nm

4D3/2

776 nm

5P1/2

780 nm

762 nm

--

795 nm

7/2

5/2

3/2

7S1/2
5D3/2
6Pc

&4F5/2

3/2

6S 1/2

4D5/2

5P3/2

5S 1/2

Figure 3.1:- Schematic energy level diagram ofthe fine states within rubidium from the

5S//2 ground state to the 7D5/2 excited state. The arrows represent some ofthe optical
transitions accessible by the available laser sources.
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Figure 3.2:- Schematic energy level diagram of the hyperfine and magnetic hyperfine
states within the 5S1/2 ground state and the first two excited states, 5P//2 and 5P 3/2 , of
rubidium. The relevant splittings of the levels from the fine state energy level are also
indicated. It should be noted that the unit of splitting in the ground state is GHz
whereas it is MHz in the excited states.
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3.2) Calculation Of Experimental Rabi Frequencies

Consider a linearly polarised coherent optical field interacting with a two level
atom as shown in Figure 3.3(a).

J + 1
mj = -(J+1) -J -(J-1) (J-1) J J+1

lb > J + 1 —

Q ab

la >

Q ab

-I lb >

A mj = 0

la >

mj = -J -(J-1) J-1

(a) (b)

Figure 3.3:- (a) A schematic two level atom, with total angular momentum J for the
lower state \a> and J+1 for the upper state \b> interacting with a linearly polarised

optical field, (b) The same system as (a) but with the degeneracy mj of the system

taken into consideration.

Under the action of the radiation field population is removed from the ground state into
the excited state. However, unlike in a rate equation analysis, a coherently driven

population change does not saturate when the two states have equal populations.
Instead the population continues to flow out of the ground state into the excited state,

until all the population resides in the excited state. As more population moves out of
the ground state, fewer atoms are available to absorb further photons, thus the

absorption process decreases. Conversely, stimulated emission becomes increasingly

significant as the population in the excited state grows. Once the population is

completely inverted, population transfer takes place through stimulated emission and so

the population begins to repopulate the ground state. Eventually all of the population

again resides in the ground state and so this whole process is then ready to be repeated.
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The frequency at which the population coherently oscillates between the two levels is
known as the Rabi frequency [8].

Turning now to the degenerate two-level system of Figure 3.3(b) then each pair of

sublevels that are linked by the selection rule, Arn, = 0, have a distinct Rabi frequency.

Thus it can be seen that there is no single Rabi frequency appropriate to a degenerate
two-level transition. With this in mind it is useful to define a root-mean-square (r.m.s.)

Rabi frequency £2ab for such a degenerate transition :

("abf * (3-5)

The subscript on £2ab implys specification of magnetic quantum numbers, whereas the

average Qab has no dependence upon magnetic quantum numbers. Employing the

summation properties of 3j-symbols and by defining the optical field phase as (j) Shore

[3] uses the r.m.s. value to express the actual Rabi frequency as:

I i) <«>

where the 2k term in the denominator is present to give the Rabi frequency as a pure

frequency value, J> is the larger value of Ja or Jb and e.q refers to the polarisation state

of the optical field. There are several alternative ways of expressing the r.m.s. Rabi

frequency that provide connections with other spectroscopic parameters. Following
Condon and Shortley [4] the obtained expression is:

1 ~ 2 (^-ab)3
Qab =~Hr~lT!7b Aba (3-7)1 4Khe

where kab is the wavelength of the transition |a> - |b> (m), I is the intensity of the

optical field (Wnf2), xubis the degeneracy of |b>, Aba is the Einstein A coefficient, h is

Planck's constant divided by 2rt and c is the speed of light in vacuum.
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3.2.1) Determination Of Coupling Field Intensity I

At first glance it may be expected that the value for the intensity, I, in equation

(3.7) should be obtained by simply dividing the total power of the coupling field by the
2

cross sectional area at the centre of the cell ( ji w , where wc is the waist size of the

coupling field). However, taking this value as the average intensity interacting with the

probe field leads to Rabi frequencies significantly less than those achieved

experimentally. The reason for this is the Gaussian nature of the optical fields, see

Figure 3.4, which shows a schematic representation of the overlap between the two

normalised Gaussian field profiles where wp represents the waist size of the probe field.

P P
Radial Position m)

Figure 3.4:- Schematic representation of the overlap region between a normalised

probe field and a normalised coupling when the probe field is such that it is contained

spatially within the couplingfield.

Since the probe is contained fully within the coupling field it is expected that the

average intensity of the coupling field within the probe field cross-section will be much

higher than the first approximation stated above. To provide a more accurate value of
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the coupling field intensity inducing the corresponding Rabi frequency the total

intensity of the coupling field between -wp and wp must be calculated. This is achieved
by considering the following expression for the total power contained in a Gaussian
field of waist Wf:

2ji oo

PT " ImaxJo fo CXP
f-2r2\

{ w2{
r dr dfi (3.8)

Employing the substitution u = r provides the following expression for the power of

the coupling field, Pc :

p _ I max •TC wc (3.9)

The corresponding coupling field power within the probe field area, Pp , is then found
by solving the expression :

2k wr
(-2 lrA\

Pp ~ 1 maxJ*q J0 exP
I

w;
r dr dO (3.10)

where Imax is as given in equation (3.9). Thus, by dividing this value by the cross-

sectional area of the probe field (:t wp) a more accurate value for the coupling field
intensity is obtained :

1 =

p rr c

jcw:

1 - exp | - ■
V

( 2w^ 1
wf

(3.11)

For a coupling field power of 0.3 W, wc = 134 p.m and wp = 50 pm the calculated

intensity of the coupling field is 9.28 MWm"2 which compares to the first approximated
value of 5.32 MWm2.»
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3.2.2) An Example Rabi Frequency Calculation

An example calculation employing equations (3.6) and (3.7) is carried out for the

5P3/2 - 5D5/2 transition within rubidium as outlined in Figure 3.5. This is the most

frequently employed coupling field transition for cascade systems within the following
chapters.

T 5D 5/2

Q ab

I 5P3/2

mj = -5/ 2 -3/2 -1/2 1/2 3/2 5/2

1

5D 5/2

!_
Vio

1

Vm
1

A rrij = 0

mj = -3/ 2 -1/2 1/2 3/2
5P3/2

(a) (b)

Figure 3.5:- (a) A schematic two level representation of the 5P3/2 - 5Dy2 transition
within rubidium interacting with a linearly polarised optical field. In (b) the same

system is presented but with the degeneracy mj of the system taken into consideration.
The appropriate mj values for each level are marked along with the relative dipole
strengths of the allowed m j transitions (Amj = 0).

The appropriate relative dipole matrix elements for the allowed mj transitions
within Figure 3.5(b) are marked on the diagram. These were calculated using the 3j-
symbol function of the mathematical package Mathematica [9]. Using the following
values : Xc = 775. 7650 nm, rub = 6, Aba = 2.288 106 s"1, h = 1.05 10"34 Js, c = 2.998 108

ms"1 and Pj = 175 mW then the calculated values of I and are 5.42 MWm"2 and

1453.7 MHz respectively. The calculated Rabi frequencies on each of the allowed Amj
transitions are tabulated below :
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Table 3.4:- Calculated Rabi frequencies on the allowed 5P 3/2 - 5D$/2 A nij transitions

within rubidium.

5P 3C 5D5/2 3j-symbol Qab / MHz

-3/2 -3/2 VfTs 375.3

-1/2 -1/2 ZM 459.7

1/2 1/2 ZM 459.7

3/2 3/2 ZjTs 375.3

The values calculated above compare reasonably well with the experimentally
observed value of 250 MHz (See Chapter 7). Within the experiment it is an intricate
combination of all the mj three level systems which contribute to the overall Rabi

splitting observed. Overlap of the optical fields along the length of the cell is the main
source of discrepancy between the theoretically calculated and experimentally realised
results. Beam overlap is reduced due to the effects of E.I.F (see Chapter 6) and
diffraction. The above calculation is carried out at the centre of the cell where the two

optical field have their tightest waists. However, at the cell ends the profiles of the
beams are quite different thus explaining why the calculated values are higher than
those experimentally observed.

3.3) Experimental Apparatus

The optical fields required for the atomic coherence experiments described in this
work were generated by laser sources. It is the steady-state response of the atoms that
was of interest here, thus it was required that the lasers be continuous-wave in

operation. All the sources used have a narrow spectral linewidth, and so satisfy the
requirement for monochromatic radiation and allow sub-Doppler resolution in the
vapour systems.
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3.3.1) Pump Lasers

The primary source of power for the lasers in this work were continuous-wave,
mainframe argon-ion lasers. The first, a Spectra-Physics 2030 laser [10], was employed
to pump either a Spectra-Physics 380D dye laser or a Schwartz Ti:sapphire laser. The
2030 argon-ion laser can produce up to 20 W of power, when operating on all lines, or

8.5 W on single line operation at 514.5 nm. It was usual to run the laser multiline, so

producing 10 W of TEM oo output power, for pumping either of the above mentioned
lasers. The second pump laser source was a Spectra-Physics 2080 laser with
BeamLok™ [11], which was used to pump a Microlase MBR-110 Tirsapphire laser.
This laser can also produce up to 20 W of power, when operating on all lines, or 9 W on

single line operation at 514.5 nm. Usually it was run multiline, with 7 W of TEM oo

output power produced for pumping the Microlase Ti:sapphire. It was found that it was

important to ensure that the mode of the pump lasers were as close to TEM oo as

possible, to allow optimum mode matching between the pump and the circulating laser
beams.

3.3.2) Optical Field Sources

Three different lasers were used to supply the coherent optical fields required for
these experiments within rubidium. The scanning laser source, normally employed as

the probe field, was provided by a Microlase MBR-110 Ti:sapphire. Figure 3.6 shows a

schematic of the Microlase Ti:sapphire, bow-tie cavity arrangement, which includes a

unidirectional device and a solid etalon, to ensure single-frequency operation. The
Microlase Ti:sapphire also incorporates frequency stabilisation via side-of-fringe
locking to an external, temperature controlled confocal etalon. Excellent passive
stability is also realised due to the laser being mounted in a machined monolithic block.
This provides a commercial system which is a continuous-wave, frequency-stabilised,
single-mode scanning system with a linewidth < 200 kHz which can scan up to 30 GHz
[12]. With reference to the experiments of the following chapters the Microlase
Ti:sapphire would produce output powers of ~1.4 W, at 780 nm for 10 W pump power.

However, it is found that high powers reduce the scanning properties of the laser. The
maximum threshold power level for good scanning of the Microlase Ti:sapphire is
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found to be -400 mW. At this power level it proved possible to scan the system, over

the normal frequency widths of 6 GHz or 10 GHz.

Pump
Focusing Ti: sapphire

Figure 3.6:- Schematic ofthe Microlase MBR-110 Ti.sapphire laser.

The second optical field source was a modified Schwartz Electro Optic Titan CW

Ti:sapphire laser [13, 7]. This laser source was mainly employed to provide a

continuous-wave, single-mode coupling field for the experiments of the following

chapters. The basic design of the modified laser resembles that of the Microlase
Ti:sapphire laser and is schematically displayed in Figure 3.7. Again the system has a

bow-tie configuration with a unidirectional device and a solid etalon present to provide

single-frequency operation. The Brewster plates were an optional feature within this
cavity, providing a mechanism for shifting the operating wavelength of the laser by a

few tens of megahertz before a solid etalon mode hop occurs. No commercial scanning
or stabilisation system was included but a free-running linewidth of < 5 MHz has been
measured. The system was capable of producing 1.3 W of single frequency light, at
-800 nm.
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Laser
Output

Figure 3.7:- Schematic ofthe modified Schwartz Electro Optic Titan-CW

The third optical field source employed for the experiments of Chapter 7 was a

Spectra Physics 380D Ring Dye Laser. In these experiments the dye laser replaced the
Schwartz Ti:sapphire providing a coupling field source at 572 nm. The dye laser was a

continuous-wave, frequency-stabilised, single-mode scanning system with a linewidth
of less than 1 MHz which could scan up to 30 GHz under commercial electronic control

[14]. Figure 3.8 shows a schematic of the dye, bow-tie cavity, which includes a

unidirectional device and an air- spaced etalon, to ensure single-frequency operation.

Stabilisation

Figure 3.8:- Schematic ofthe Spectra-Physics 380D Ring Dye Laser

Solid Brewster Unidirectional Output
Etalon Plates Device Coupler

Birefringent
Filter

Pump
Focusing
System

Argon-Ion
Pump Beam

Ti:sapphire
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The lasing medium was Rhodamine 6G dye dissolved in ethylene glycol, which has a

typical operating lifetime of around 6 weeks. With 7 W all line argon-ion pumping, the

dye laser produced up to 250 mW at 572 nm.

3.3.3) Other Experimental Apparatus

Single-frequency operation of the lasers was monitored using piezo spaced,

voltage-ramped, confocal Fabry-Perot interferometers of free spectral range 1.5 GHz.
These confocal signals were used to provide 1.5 GHz frequency markers during laser
scans.

Absolute wavelengths of the lasers were measured using a Kowalski-style

travelling wave meter. This wavemeter uses a double Michelson interferometer

arrangement, with a scanning arm, to provide wavelength readings accurate to 1 part in
106. The counting of fringes is carried out simultaneously on the input incident laser
field and on a temperature stabilised helium-neon laser. The number of fringes obtained
for the helium laser is used as the standard since the wavelength of this laser is known

(633 nm). By comparing the number of fringes counted for the incident laser field with
that of the helium-neon, a wavelength reading is obtained. The accuracy obtained by
this wavemeter was sufficient to set the lasers to within an etalon mode of the relevant

atomic transition, typically to within a few GHz.

The rubidium vapour used in these experiments was present in the form of a cell of

length 2 cm or 10 cm and diameter 2.5 cm. These cells were purchased from Opthos
Instruments Inc. who evacuated them to 10"6 torr before filling them with rubidium and

then sealing the cells. These cells allowed the atomic vapour to be easily heated to the

required temperature, and so provided a means for altering the vapour density. A
calculation of the vapour density within the cell can be obtained by using the empirical
relation of Miles and Harris [15]:

XT 9.66084 xlO24 rajN= expj-- + dj (3.12)
where N is in units of atoms m~3, T is the temperature in degrees Kelvin and the

empirical constants a and d have the values 9140.07 and 16.0628 respectively for
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rubidium. This vapour density expression is valid for pressures around 1 torr (as is

typical in this work).

Magnetic field coils, required for Zeeman splitting within the experiments of

Chapter 5, were produced by Newport type A magnets placed around the cell. These
had pole pieces of length 10 cm and provided fields calibrated at 0.045 T amp"1 up to a

value of 0.4 T.

Results from all the following experiments were recorded on a 486 PC (Elonex PC-

433) usually via phase sensitive detection methods. Filtered Hamamatsu

photomultiplier tubes or photodiodes, were used to detect the chopped probe field and
related fluorescence signals. The use of a few hundred hertz frequency chopper and a

phase sensitive detector provided noticeable improvement in the signal-to-noise ratio of
the detected signals. Neural density filters or graduated wheels allowed control of the

input optical fields powers. The analogue to digital conversion required between

experiment and PC is achieved via a 12-bit 16-channel board (Amplicon Liveline

PC30AT) and a multichannel connection box. Amplicon Dash-300 software allowed
the immediate storage ofexperimental data.

A schematic diagram showing the basic outlay of the experimental equipment is
shown in Figure 3.9. Modifications to the direction of propagation of the applied

optical fields is carried out between different experiments. This is easily achieved by

changing the configuration of the beam steering mirrors, which, as presently shown, are

in a counter-propagating arrangement.
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Figure 3.9:- Schematic ofapparatus employedfor atomic coherence experiments.
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3.3.4) Experimental Apparatus For Future Work

3.3.4.1) An Atomic Beam

Historical Perspective

The subject of atomic or molecular beams is the study of directed beams of neutral

particles at such low pressures that the effects of particle collisions are for the most part

negligible. The earliest atomic-beam experiments were performed by Dunoyer [ 16].
He heated sodium, in an evacuated glass chamber, until it vaporised and then watched
for a deposit to form at the far end of the chamber. The deposit was of the form

expected, based on the assumption that the sodium atoms travel in straight lines in an

evacuated tube.

Subsequent to Dunoyer's pioneering work, many different experiments based on

molecular-beam methods have been performed. Of particularly significance are the

experiments carried out by Stern and his collaborators in the nineteen-twenties and early
thirties [17, 18]. Their work laid down many of the principles of molecular-beam

techniques which are followed even to the present day.

The development of molecular and atomic beams allowed, for the first time,

precision measurements and concise studies within molecular and atomic structures.

They provided a means for studying gas kinetics, for measuring the spins and magnetic
moments of both atoms and nuclei and for examining the radio frequency spectrum of
molecules and atoms. Experimental procedures for studying the above quantities are

described extensively by Ramsey [19], along with atomic-beam design principles and

techniques, which are still used today. However, some improvements in the atom

sources have been made. These include: demountable ovens, for ease in replenishing
the atom source[20]; three-stage beam sources, which greatly increase the intervals

required between refilling [21, 22]; and the addition of a second oven stage to increase
beam purity [21]. Referring to a recent caesium atomic beam design [23] it can be seen

that the designs of atomic beams have not changed significantly in the last twenty-five

years. Except for a more compact oven design, this atomic beam incorporates all the
main features summarised by Ramsey [ 19].
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Why An Atomic Beam Instead OfA Vapour Cell ?

Much of the theoretical analysis for atomic coherence experiments is carried out on

ideal homogeneous two or three level systems [24, 25]. However, in an atomic vapour

cell this ideal system is far from being the case. It is in fact very difficult, if not

impossible to isolate an individual two or three level system, thus the whole ensemble
must be examined at once. The thermal motion of the atoms within the cell causes

Doppler broadening of the system, which may result in the desired observation being
obscured or reduced. Replacement of the atomic vapour cell by an atomic beam is a

reasonably simple method for reducing the effects of Doppler broadening while

simultaneously allowing the study of clean two or three level systems. The observation
of the predicted two-photon gain in a strongly driven two-level atom, [25], was

simplified by the use of a barium atomic beam within the experiment [26]. Also, a very

good approximation of an isolated three-level atom was obtained, using a sodium
atomic beam, for the observation of the Autler-Townes effect [27] and more recently
within a laser oscillation without population inversion experiment [28],

The St. Andrews Atomic Beam

An atomic beam system must be constructed within an evacuated chamber [29, 30],
the low ambient pressure ensuring a sufficiently long mean free path of the atoms. In
this section, the designed vacuum chamber, as well as the elements comprising the
atomic beam apparatus are described. A schematic diagram of the atomic beam

apparatus is shown in Figure 3.10.

The vacuum chamber comprises of five stainless steel sections: an oven chamber,
two six-arm cross pieces, a T-piece and a liquid nitrogen tank. Stainless steel flanges,

containing either copper or viton gaskets are found at the end of each section. These

flanges are bolted together to form an effective vacuum tight seal. To allow the entry

and exit of Ti:sapphire laser beams (~760-800 nm) to the interaction region, quartz

windows are mounted on the two side arms (perpendicular to the atomic beam axis) of
each of the six-arm sections. Quartz optical flats are fitted to the top arm of each six-
arm section, to allow observation of fluorescence signals from the interaction regions.

99



Figure3.10:
-Schematicdiagramoftheatomicbeam



3) Atomic Rubidium And Experimental Apparatus 3.3) Experimental Apparatus

Electrical connections for the atom source inside the oven chamber are supplied by
means of a vacuum feedthrough, mounted in an adapter section situated behind the

oven.

A schematic diagram of the proposed pumping arrangement to be employed is
shown in Figure 3.11. Two diffusion pumps are fitted, one under the oven chamber, the
other under the interaction regions of the six-arm pieces. Initially the whole vacuum

system will be pumped down from atmospheric pressure by an Edwards rotary pump,

which will also serve as a backing pump for the diffusion pumps. It is expected that the

pressure in the system, with the atomic beam running, will be of the order 10~6-10"7
mbar.

The rubidium forming the atomic beam is emitted from a small stainless steel oven,

acting as an effusive source. The oven assembly is shown in Figure 3.12. The oven has
an aperture cut in it, 1 mm in diameter and 1 mm thick. This aperture has to be

correctly aligned with two 5 mm diameter apertures, used for collimating the beam.
The first aperture is located in a plate attached to the lid of the oven chamber, the
second is located in the flange between the oven chamber and the first six-arm piece.

Alignment is achieved by the use of a He-Ne laser which is directed into the vacuum

chamber and steered along the atomic beam axis. The oven is then correctly positioned

by the use of the translation stage, on which it sits. Attaching the translation stage to

steel rods in the oven chamber allows the alignment to be optimised. The oven does not

in fact sit directly on the translation stage but rests on a ceramic bead, and is fastened in

position by a ceramic knife edge, thus reducing heat conduction from the oven. An

integral part of the oven lid is a rod with a baffle attached to its end. Movement of this
baffle prevents clogging of the oven aperture. A copper washer ensures a good seal
between the lid and the oven. The heating element is made up of a stainless steel

sleeve, which fits tightly over the oven, wrapped around which are several turns of
Thermocoax heating wire. Small stainless steel bands, spot-welded onto the sleeve hold
the Thermocoax wire in place. A stainless steel radiation shield is placed over the oven

to reduce heat losses and so improve the oven efficiency. The temperature of the oven

is monitored by a thermocouple, which is attached to the translation stage and slotted
into a small depression in at the rear of the oven. The Thermocoax wire is specified to

have a line resistance of 5.5 Qnr1 and operate safely up to temperatures of 600 °C .
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Figure 3.12:- Schematic diagram ofoven assembly.
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With a driving voltage of -20 V it is expected that the oven will be easily heated to

-230 °C, as is required.

The rubidium is supplied in glass ampoules containing 1 g of the pure metal. One
of these is loaded into the oven, broken and sealed inside the vacuum system. This is all
done under a stream of argon gas since, in air, an oxide layer forms quickly on the metal

surface, contaminating the sample and also preventing the formation of a beam.

A beam block, shown in Figure 3.11, which is operated from outside the vacuum

chamber by means of a threaded bellows, simply allows the experimenter to tell
whether the beam is propagating along the chamber or not. When lowered into the
beam it can be assumed that no rubidium atoms are reaching the copper cold finger,

directly from the oven source.

O

The melting point of rubidium is 38.8 C and so it has a comparatively high vapour

pressure at room temperature (1.2 x 10"7 mbar). This means that rubidium atoms

reaching the T-piece of the vacuum chamber, would linger in this area before being

pumped out or condensing on the chamber walls. Thus, a steady state cloud of
rubidium atoms would build up and so the atomic beam quality would deteriorate. To

prevent this cloud from forming, a liquid nitrogen copper cold finger has been
constructed. The cold finger is shown in the schematic diagram of Figure 3.11. With

0

the cold finger at temperatures - -150 C, the rubidium atoms from the atomic beam
condense on the angled face, thereby preventing the formation of a background cloud.

To date the atomic beam has not been tested within an experimental context. The
construction of the beam and vacuum system has now been completed. The system has

passed initial vacuum tests but still requires further testing with all the quartz windows
in place.
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Chapter 4
A Comparison Of Schemes For The Study Of Continuous-
Wave Electromagnetically Induced Transparency

This chapter introduces some of the fundamental concepts of E.I.T. and presents

some of the difficulties that arise when trying to observe E.I.T. experimentally in a

Doppler broadened medium. The chapter begins with a brief resume of previously

employed schemes for observing E.I.T. Next follows a theoretical comparison between
the three most popular schemes for observing E.I.T. This includes a brief summary of
results reported from a single atom model followed by a more in-depth analysis of
results from homogeneously broadened density matrix models. An experimental

investigation and comparison of E.I.T. between the three basic schemes within rubidium

vapour is then presented.

4.1) Introducing Three Level E.I.T. Schemes

Interest has grown in E.I.T. since the first realisation that a dipole allowed transition
could be rendered transparent due to the presence of a strong optical field interacting
with a second connected dipole allowed transition [1]. A variety of systems have been
studied both theoretically and experimentally [2, 3], however, the three systems of

Figure 4.1 are by far the most popular.
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Figure 4.1:- Schematic energy level diagrams showing the ideal three level atoms, with
relevant population decay values (T, j). Also shown are the probe field and coupling
field transitions and detunings, a>p , <x>c , Ap and Ac respectively for: (a) the V-type
system, (b) the lambda system, and (c) the cascade system.
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The first, Figure 4.1(a), is termed a V-type system. An initial theoretical and

experimental comparison between V-type E.I.T., coherent population trapping, and
multilevel optical pumping was discussed in papers by Weiss, Sander et. al. [4, 5],

They employed continuous-wave diode lasers to produce coherent electromagnetic

fields, with output powers of ~ 10 mW, to explore a system within rubidium.

The second scheme is the so called lambda system, shown in Figure 4.1(b), which
in fact was the one employed for the first experimental observation of E.I.T. [6]. This
scheme was also used in the earlier work by Gray, Whitley and Stroud for their study of
the "problematic" effects of coherent trapping of atomic populations [7], and in the

continuous-wave coherence experiment of Akulshin, Celikov and Velichansky [8].

Although these authors were observing coherent population trapping effects, their

experiments show distinctive E.I.T. features. However, this work was prior to the first

discussion of E.I.T. by S.E. Harris and co-workers [1, 6], thus the connection to E.I.T.,

and its terminology, was not made. Extensive theoretical work has since been carried

out on the lambda system [ 9, 10],

The final scheme,termed a cascade system, is shown in Figure 4.1(c). It was first
shown to be experimentally viable for observing E.I.T. by Field, Hahn and Harris [11]
when lead vapour was rendered transparent by the application of pulsed laser sources.

This scheme has been the source of extensive study by the St. Andrews group. The
bulk of the following chapters are devoted to E.I.T. and related effects within this
scheme. This chapter will merely highlight some important characteristics of the
cascade system and so allow a comparison of the three schemes to be carried out.

4.2 Theoretical Ideal Three Level Systems

The induced transparency on a probe field in each system of Figure 4.1 can be
considered to be the result of destructive interference between two possible paths for

absorption: direct absorption to the upper probe field state and indirect absorption to the
same state which first involves transfer of population to an intermediate state and back.
For the cascade system and the lambda system the population transfer processes are

damped away over a period of time (the time scale of this effect will be discussed in
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section 4.2.2) leaving the population trapped in a coherent superposition of states.

However, the V-type system is seen to produce E.I.T. without trapping any population.
Both of these mechanisms leading to E.I.T. are discussed in section 4.2.1.

In order to observe E.I.T. the two applied optical fields must satisfy the following

two-photon field detuning criteria :

Ap±Ac = 0 (4.1)

where the + sign corresponds to cascade systems and the - sign to lambda and V-type

systems. Equation (4.1) is an obligatory but not defining condition for the observation
of E.I.T. Induced Rabi frequencies and decay rates also make an important

contribution, more of which shall be discussed in section 4.2.2. In order to best satisfy

equation (4.1) for all velocity groups in a Doppler broadened medium it is required that
the applied optical fields co-propagate for lambda and V-Lype systems while they must

counter-propagate for cascade systems. When the two-photon condition is met the

velocity groups experience E.I.T. at the similar probe frequencies (a small variation
remains due to different Doppler shifts occuring as a result of the small wavelength
mismatch of the optical fields). If however, the two-photon condition is not satisfied
then all the velocity groups experience E.I.T. at different probe frequencies. Thus,
when we integrate across all the velocity groups the E.I.T. experienced by one velocity

group at one particular frequency is masked by the absorption experienced by the other

groups.

4.2.1) E.I.T. Within Single Atom Three Level Systems

By employing the single atom state amplitude model described in Section 2.1.1,
Dunn outlines two separate mechanisms for producing E.I.T [12]. The first describes
the physical process of E.I.T. within the lambda and cascade systems (Figure 4.1(b) and

Figure 4.1(c) respectively). Consider a cascade system with the population initially all
in level |1>. The state amplitudes of this system are described by the following three

coupled equations:-
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ai = -iQpa2 -y^j (4.2)

a2 = -iQpaj - /£2ca3 - y 2a2 (4.3)

a3 - - /fica2 - y3a3 (4.4)

where Qc and Qp are the Rabi frequencies of the coupling and probe field respectively

and Yj are open system population decay rates as described in Section 2.1.1.

In Figures 4.2 - 4.3 a red arrow represents the presence of the coupling field and a

blue arrow the presence of the probe field. The moduli of the three states along with the

imaginary component of the polarisation experienced on the probe field transition are

all plotted against time (all values are in arbitrary units). The imaginary component of
the polarisation is a direct measure of the absorption experienced by the probe field.
The time averaged value of this quantity over the effective lifetime of the atom is a

measure of the total net effect of the radiation field on the atom. A negative value
would indicate gain and a positive value absorption. The value of this time average is
included in each of the polarisation diagrams.

The presence of a strong coupling field in the cascade system is shown to

dramatically reduce the absorption experienced by the weak probe field, see Figure 4.2.
The time average of the imaginary component of the probe transition polarisation has
been reduced by a factor of 20 from the case where no coupling field was present. This
is simply the phenomena of E.I.T. A notable feature is that as time progresses the state

amplitudes a\, a2 and a3 (and hence the associated populations) experience damped
harmonic motion and so tend to steady state values, see Figure 4.2. How long the state

amplitudes take to reach a steady state is dealt with in more detail in Section 4.2.2.1
below. Population is seen to be trapped in a coherent superposition state of levels |1>
and |3> with the amplitude of state |2> tending to zero. Examination of equations (4.2)-

(4.4) provides the explanation for this E.I.T. process. Amplitude is being fed into state

|2> from state |3> by the coupling field (as described by the second term on the right of
equation (4.3) ) which over a period of time is exactly equal in magnitude but in anti¬
phase with the amplitude that is being fed into state |2> from state 11> by the probe field

(first term on the right hand side of equation (4.3)).
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Figure 4.2:- Three level amplitude model results for a cascade system. All parameters

are given in arbitrary units. The coupling strength between states \2> and |5> is 1.0,
and between states \1> and \2> is 0.3. The only non-zero population decay rate is that

from state \2> having a value of 0.1. The moduli of the state amplitudes a; , a2 and 03

are plotted as functions of time. Also plotted as a function of time is the imaginary

component ofthe polarisation for the probe field transition \ 1> - \2>, shown in blue.
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Thus, there is no net effect on the amplitude of state |2> and so the probe field

polarisation tends towards zero. A relation between the magnitudes of the state

amplitudes of states |1> and state |3> is obtained for the steady state regime by

neglecting population decay terms and by setting a2 = 0 in equation (4.3).Thus:

ai=_7T~a3 (4-5)
"p

From equation (4.5) it is clearly seen that the magnitudes of the trapped state

amplitudes are directly related to the ratio of the induced Rabi frequencies. Thus if the

optical fields induce Rabi frequencies in the ratio 1:10 (Qc:Qp) then the trapped state

amplitudes are found to be in the ratio 1:10 (ai:a3). Equivalently the trapped state

populations would then be in the ratio 1:100 (<aj>:<a3>).

E.I.T. within the lambda system is seen to be totally analogous to that of the
cascade system. Here the probe field couples state |1> and |3> while the coupling field

couples states |2> and |3>. As can be seen from Figure 4.3 a trapped population is

rapidly established in a coherent superposition of states |1> and |2>. This results in little

decay occurring from state |3> and so there is very little absorption of the probe field
i.e. E.I.T. has been induced on the probe transition.

Turning now to the V-type system, see Figure 4.1(a), it is seen that unlike the
lambda and cascade systems there is no trapped population formed by the coherent

superposition of the uncoupled amplitude states. Figure 4.4 highlights the fact that
E.I.T. is observed in the V-type system in that there is little amplitude transfer to state

|2> from state |1> hence, the magnitude of the associated time average of the

polarisation on probe field transition is small. However, it is apparent that in the V-type

system a trapped population is not formed. Amplitude rapidly oscillates between states

|1> and |3> due to the coupling field. This leads to the cancellation of the amplitude
transfer between states |1> and |2> because the rapidly changing amplitude in state |1>
causes the sign of the polarisation on the state |1> -12> transition to rapidly cycle. This

polarisation quickly averages over time to be close to zero.
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Figure 4.3:- Three level amplitude model results for a lambda system. All parameters

are given in arbitrary units. The coupling strength between states \2> and |3> is 1.0,
and between states |/> and \3> is 0.1. The only non-zero population decay rate is that

from state |5> having a value of 0.3. The moduli ofthe state amplitudes aj, 03 and a 3

are plotted as functions of time. Also plotted as a function of time is the imaginary

component ofthe polarisationfor the probefield transition \1> - \3>, shown in blue.
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Figure 4.4:- Three level amplitude model results for a V-type system. All parameters

are given in arbitrary units. The coupling strength between states \1> and |3> is 1.0,
and between states \1> and \2> is 0.1. The population decay rates from states \1>,\2>
and |5> are 0.1, 0.3 and 0 respectively. The moduli of the state amplitudes aj , a2 and

a3 are plotted as functions of time. Also plotted as a function of time is the imaginary

component ofthe polarisation for the probefield transition |/> -12>, shown in blue.
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In the absence of the coupling field, absorption of the probe field would allow the atom
to leave the system by the more rapid decay route from state |2>, so resulting in net

absorption. However, the rapid oscillations in the sign of the polarisation (£2C)
effectively block this route for the atom and so it may only leave the system via the
lower state |1>, even though this has a lower decay rate than state |2>, 0.1 as compared
with 0.3. In so doing, the atom leaves the three level system without having extracted a

photon from the probe field, and absorption is once more reduced. No trapped
populations are involved in this system but E.I.T. still occurs as the result of destructive
interference between the direct absorption pathway on the |1> - |2> probe field
transition, and the absorption pathway to state |2> which first experience amplitude
beating with the |1> - |3> coupling field transition.

4.2.2) E.I.T. Within An Ensemble Of Three Level Systems

4.2.2.1) An Estimate Of The Transient Response Time Of E.I.T.

An outline of the density matrix models employed to study systems containing
large numbers of atoms (TO17 atoms m~3) has already been presented in Chapter 2.
These models provide solutions for the three level ensemble systems once they have
attained a steady state i.e. the non transient regions of the state amplitudes in the single
atom models. This begs the questions:

i) Typically, how long do we expect these transient regions to last ?

ii) After the coupling field is turned on, how fast can the atomic medium become
transparent to the probe field ?

iii) Is this response time of this induced transparency limited by the atomic decay
rates or by the Rabi frequency of the coupling field (£2C) ?

Li and Xiao [13] present some answers to these question through an examination of
the relevant density matrix equations for the cascade system, which were explicitly
derived in Section 2.2.1. By assuming that the two applied optical fields are exactly on

resonance (Ac=Ap=0) and that Qc>>713 a solution for the time evolution of P21 is
obtained:
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P2l(t)= P2l(°)exp("^t)(cosyt +^sinfl)
/ 2

where £2 = (£2C — y 12)

It is obvious that, when £2c»Yj2, equation (4.6) describes a damped harmonic oscillator

with initial amplitude P2i(0), frequency £2, and damping rate Y12- Thus, the authors

show that at yI2t»10 the probe field reaches a steady state and the transient gain

region has passed. For the cascade system employed for the majority of our

experimental work (the 5S1/2-5P3/2-5D5/2 system within rubidium) Yi2=20 MHz, thus

our transient region will be of the order of 0.5 ps. Since the Rabi frequency of the

coupling field is much larger than the decay rate of the excited state of the system, the

response time in which the optically dense medium becomes transparent (or negative

absorption is obtained from the initial opaqueness) is limited by the Rabi frequency of

the coupling field, not by the decay rate Y12 of the system. Since Rabi frequencies of

several hundred megahertz can be achieved with focused Ti:sapphire lasers the response

time for a rubidium medium to change from highly absorptive to transparent is on a

nanosecond timescale. This optical switching of the probe field could be realised

experimentally by switching the coupling field on and off with an electro-optic
modulator or a Pockels cell.

4.2.2.2) A Comparison Of Ideal Systems

The following experiments deal with coherent effects induced on atomic

systems due to the application of optical fields which are produced by employing
continuous-wave lasers. The time scales involved in the experimental observations are

far greater than those of the transient response regions. Therefore, the density matrix
formalism provides a powerful, and accurate tool for carrying out a theoretical analysis
on an ensemble of atoms. A simplified theoretical density matrix analysis is presented
below which allows further comparisons between the three ideal E.I.T. systems to be
made. For the purpose of this comparison we have assumed that:
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i) The three atomic systems are homogeneous, i.e. We neglect the effects of

Doppler broadening.

ii) All dipole allowed transitions have equal population decay rates (to which
the coherence dephasing rates are directly related) and equal dipole
transition matrix elements.

iii) All dipole forbidden transitions have zero valued population decay rates.

In each system the coupling field is set to induce a Rabi frequency of 10 MHz, and the

probe field a Rabi frequency of 1 MHz on their respective transitions. All non-zero

population decay rates, Ty, are set to 10 MHz. With these assumptions the coherence

dephasing rates of the dipole forbidden transitions are (referring to Figure 4.1):

i) V-type System: Y 23 = ^ (r2i + r3i) (4-7)

ii) Lambda system y 12 = 0 (4.8)

iii) Cascade system y 13 =^32 (4.9)

The strength of an E.I.T window is strongly dependent on the coherence

dephasing rate of the dipole forbidden transition. Therefore it is expected that, with all
the other parameters being equal, the ideal lambda system will produce the best E.I.T.
window and the ideal V-type system the poorest. However, E.I.T. is not the only source

of increased transparency in these ideal models. Within the V-type system, E.I.T.

cannot be isolated from an increased probe field transmission, induced by the coupling
field saturating the |1> - |3> transition. Also, the lambda system is complicated by

population being optically pumped into level |2> by the probe field. However,

population trapped due to optical pumping, within the lambda system, is normally
reduced by the presence of the coupling field, since it acts to re-pump population out of
level |2> back into the system. Thus, the presence of a coupling field causes the
maximum absorption experienced by the probe field, in a lambda system, to be
enhanced.

Three different curves, for each system, have been generated from these ideal
three level models and are shown in Figure 4.5.
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Figure 4.5:- Im(pi2) or Im(pij) (proportional to probe field absorption) versus the

detuning of the probe field for the ideal three level (a) V-type, (b) lambda and (c)
cascade systems. Probe field Rabi frequency of 1 MHz, coupling field Rabi frequency

of 10 MHz. All the non-zero population decay rates are set to be 10 MHz. Blue lines
show absorption lineshapes including E.I.T. Red lines marked with red crosses are

those with 10 GHz constant dephasing rate terms added to the uncoupled transitions.
Green lines marked with green circles are those with 10 GHz constant dephasing rate

terms added to both uncoupled and couplingfield transitions.
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In this figure the imaginary component of p 12 for the V-type and cacade systems, and

p 13 for the lambda system, which are directly related to the absorption experienced by

the probe field, have been plotted against the detuning of the probe field. The blue solid
lines show the absorption lineshapes generated for each system, in the presence of all
the induced transparency mechanisms. The greatest transparency depth can be seen to

occur in the lambda system and is simply due to the effect of E.I.T. However, the V-

type system is seen to produce a transparency window of greater depth than the cascade

system, since this window is a result of the combination of E.I.T. and coupling field
saturation. The E.I.T. windows can be artificially removed by increasing the dephasing
rate on the uncoupled transition in each system. This is achieved by adding a constant

dephasing rate term of 10 GHz to equations (4.7) - (4.8). Three curves incorporating
this change are represented by the red lines marked with red crosses in Figure 4.5. It is
seen that the maximum absorption of the probe field in the V-type and lambda systems

is less than in the cascade system due to coupling field saturation effects and population

trapping within level |2>, respectively. A more realistic alteration to the ideal models is
to dephase particular atomic levels rather than just single transitions, i.e. level |3> in the

V-type and cascade system, and level |2> in the lambda system. This results in the

dephasing of all the coherence terms related to this level, and so the coupling field
transition as well as the uncoupled transition must be artificially dephased. This is the
case represented by the green lines marked by green circles in Figure 4.5. By increasing
the dephasing rate on the coupling field transition the interaction between the optical
field and the atom is effectively reduced. Thus, the effects of coupling field saturation
within the V-type system and optical re-pumping within the lambda system are reduced

by increasing the related dephasing rate. An analysis of the density matrix equations
used to derive the cascade model (See Section 2.2.1) reveals that the absorption of the

coupling field is given by:

(4.10)

Thus, when the coupling field is on exact resonance (Ac = 0) and is much stronger than

the probe field (Qc » Qp) then:

122



4) A Comparison Of Schemes. 4.2) Theoretical Ideal Three Level Systems

i ^c(p33~ P22)
P23 = (4-11)

Y23

From equation (4.11) it can be seen that an artificial increase of the dephasing rate on

the coupling field transition produces the same effect as a reduction of the coupling
field power.

In practise, a complete comparison between the three schemes is hindered
because three systems with identical atomic parameters do not exist. For this reason,

population decay rates, coherence dephasing rates and dipole matrix elements between
levels |1>, \2> and |3> for each system of Figure 4.1, will vary, affecting the E.I.T.
realised in each. Also the energy levels involved with the dipole forbidden transitions
can never have zero valued population decay rates. This is because these forbidden
lines may still occur through transitions other than electric dipole transitions and further

dephasing may be induced through collisional mechanisms [14]. Interaction with only
three levels within an atomic structure is itself difficult because each level usually has
associated structure. It is found that optical pumping between hyperfine ground states

greatly complicates the interpretation of experimental results within the V-type and
lambda systems. Flowever, by varying the experimental procedures between systems, it
is often possible to get round these complicating optical pumping characteristics. A
further limitation of our ideal three level models is the assumption that the levels are

purely homogeneously broadened. The following experiments are carried out in vapour

cells and so inhomogeneous Doppler broadening of the systems is experienced. The
effects of Doppler broadening can usually be reduced by careful experimental planning.
All these factors are taken into account when discussing the practicalities of each

system for further experimental work.

4.3) Experimental Procedures

The optical fields for the following experiments were produced by the two

single-frequency, linearly polarised, continuous-wave Ti:sapphire ring lasers described
in Chapter 3, which were pumped by separate mainframe argon-ion lasers. The

scanning optical field source was produced by the Microlase MBR-110 Ti:sapphire
laser, while the non-scanning source was provided by the modified Schwartz Electro-

Optic Titan Tirsapphire laser. Measurements on the Schwartz non-scanning laser
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indicated a linewidth and drift of approximately 5 MHz over the time of one scan of the

Microlase laser. The choice of which laser provided the probe optical field and which
the coupling optical field depended on what system was being studied. Wavelengths as

well as probe and coupling fields orientations were also system dependent and are

described for each system in sections 4.4, 4.5 and 4.6, respectively. The probe field was

usually attenuated via neutral density filters to < 50 pW within a spot size of waist 100

pm to avoid saturation and self-focusing effects [15]. The coupling laser provided up to

600 mW of power within a spot size of waist 150 pm. It was however attenuated via

neutral density filters to ~5 mW for the V-type and lambda systems since power

broadening hindered the interpretation of these experimental results. The two laser
fields were linearly polarised in the same plane except for the case of the lambda system

experiments. Here the wavelengths of the applied optical fields were so close that

orthogonally polarised lasers fields had to be employed so as to avoid the coupling field

masking the probe field at the detector. Orthogonal polarisation of the laser fields was

achieved by rotating the coupling field with a half wave plate. The coupling field was

then filtered out before reaching the detector by the use of linear polarising cubes. The

filtering out of the coupling field in the V-type system experiments was achieved by

simply employing a rubidium D i or D2 line interference filter.

The rubidium vapour was contained within a 10 cm long quartz cell at a

temperature of 45 °C providing a density of 1017 atoms m~3. When the beams were

focused, lenses were chosen such that the confocal parameters for both fields matched
the length of the vapour cell and the probe field propagated within the spatial profile of
the coupling field. For the V-type and lambda systems the laser fields co-propagated

through the cell, but they counter-propagated for the cascade system experiments, so as

to satisfy the two-photon condition of equation (4.1). The probe field was detected by a

large-area photodiode in all three systems, in order to reduce the effects of
electromagnetically-induced focusing (See Chapter 6). For the cascade and two-photon
lambda systems a 422 nm fluorescence signal (6P - 5S 1/2) was also monitored at right

angles to the optical field propagation direction, using a filtered photomultiplier tube
(R.C.A. IP28, with Schott Glass BG38 filters). This signal monitored the population of
the 5D5/2 level via cascade decay. Phase-sensitive detection was used for both of these

diagnostic signals to raise the signal-to-noise ratio. Single-mode operation was
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monitored by the 1.5 GHz confocal etalons, and absolute wavelengths measured by the
Kowalski style travelling wave meter (See Chapter 3).

4.4) The V-Type System

The V-type system used for this theoretical and experimental study employs the

Dj line (794 nm) and D2 line (780 nm) of rubidium, as shown in Figure 4.6. The

energy level structure of 87Rb is shown in Figure 4.6(a) and that of 85Rb in Figure

4.6(b). Both of these systems were studied experimentally, in order to test our

theoretical predictions. An experimental analysis of the V-type system was carried out

by scanning the frequency of the coupling field, while employing a static frequency

probe field as described by Weiss, Sander et. al. [4, 5]. Here the coupling field was

focused using a 40 cm lens, and was scanned upwards in frequency across the 5S 1/2-

5P3/2 transition while the probe laser was focused with a 50 cm lens and was set to be

resonant with the 5S1/2 -5P1/2 transition. The diagnostic observed in this experiment

was the variation of the probe field transmission due to the presence of the scanning

coupling field.

An initial examination of Figure 4.6 clearly shows that the applied optical fields do
not interact solely with a simple three level V-type system. Due to the inherent nuclear

spin component within rubidium there is associated hyperfine within the system. This
structure leads to complicating optical pumping mechanisms which act to alter the
transmission of the probe field. Therefore, it is clear that careful interpretation of the

experimental results is required in order to filter out those effects which are truly a

result of the presence of E.I.T.

In practice there are four mechanisms induced by the coupling field that can alter
the transmission of the probe field. These are outlined schematically in Figure 4.7.
Mechanism 1, shown in Figure 4.7(a), is that of E.I.T. within an ideal V-type system.

Next follows the system for coupling field saturation, termed mechanism 2, represented

by Figure 4.7(b). Here the coupling field causes a distribution of the population
between levels |1> and |3> which acts to increase the transmission of the probe field, as

previously described in Section 4.2.2.2. A further complicating factor which can also
act to mask the observation of E.I.T. in this V-type system, is optical pumping.
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Figure 4.6:- A partial energy level diagram ofrubidium showing the scheme employed

for the V-type system experiment within (a) the 87Rb isotope and (b) the 85Rb isotope.
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Figure 4.7:- Schematic diagrams representing the four simultaneously occurring
mechanisms in this V-type system:- (a) Mechanism 1, V-type system required for the
observation of E.I.T. (b) Mechanism 2, coupling field saturation (c) Mechanism 3,

optical pumping between ground state hyperfine levels (d) Mechanism 4, optical

pumping between magnetic hyperfine sub-levels. Two headed red arrows represent the

couplingfield while single headed blue arrows the probe field.
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There are in fact two velocity selective optical pumping mechanisms in our V-type

system. The first, mechanism 3, involves optical pumping between ground state

hyperfme levels, as shown in Figure 4.7(c). Atomic selection rules for electric dipole

allowed transitions say that AF = 0, ± 1 for both excitation and decay [14]. Thus, with

an initial ground state level of hyperfine quantum number F, optical pumping into the F-
1 ground state occurs if level |3> has a hyperfine quantum number F or F-l. As an

example consider 85Rb, as shown in Figure 4.6(a), where the probe field is resonant

with the Di ( F = 3 -» 2, 3) line. When the coupling field is resonant with the D2 ( F =

3 —* 2, 3) line optical pumping depopulates the ground state of the probe transition,

whereas on the D2 ( F = 3 -» 4) resonance this hyperfine optical pumping is no longer

dipole allowed. Being able to remove the hyperfine optical pumping mechanism has
obvious benefits when trying to isolate the effects of E.I.T in a V-type system as will be
seen in the following experimental results. A point to note is that the hyperfine optical

pumping mechanism is never one hundred percent efficient due to collisional and
thermal redistribution of the population within the ground state hyperfine levels.

The second optical pumping mechanism, termed mechanism 4, occurs between

magnetic hypcrfinc sub-levels. Since linearly polarised optical fields are employed the

magnetic hyperfine selection rule is Amp = 0 with respect to a quantisation axis parallel

to the propagation of the optical fields [16]. If the coupling field is resonant with the D2

(F —> F+l) transition, so as to remove ground state hyperfine optical pumping effects,

then mechanism 4 is only distinguishable when the probe field is simultaneously

resonant with a D 1 ( F —> F-l) transition, shown schematically in Figure 4.7(d). Since

the relative dipole matrix elements favour magnetic hyperfine optical pumping routes

which end in lower |mp| valued states [16], optical pumping then occurs within the

ground state manifold from states with higher |mp| values to those with lower ones.

Effectively the probe field experiences an increased ground state population thus

producing increased absorption of the probe on top of which E.I.T. can be imprinted. If

however the probe field is on a Di ( F -* F, F+l) transition this increased probe field

absorption is not experienced. Even although optical pumping between the magnetic

hyperfine sub-levels of the ground state still occurs the atomic selection rules always
allow the probe field to interact with all the ground state sub-levels. Hence the probe
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field is always able to interact with all the ground state population no matter how it is
distributed.

It should be noted that the hyperfine optical pumping mechanism can also be
removed if we employ the (F-l) ground state hyperfine level of Figure 4.7(c). Now the

hyperfine optical pumping mechanism would be absent if the coupling field is resonant

with a D2 ( F-l-> F-2) transition (not shown in Figure 4.7(c)) in a similar fashion as

described above. However, the conditions required to generate the beneficial magnetic

hyperfine optical pumping, mechanism 4, can no longer be satisfied and so a reduced
transmission background is not created to aid the observation ofE.I.T.

In Figure 4.8 an experimental trace of the probe field transition versus the

scanning of the coupling field for 85Rb is presented. The first cluster of three peaks

corresponds to the case where the probe field is velocity selected into resonance with
the 5S1/2 (F=3) - 5P1/2 (F=3) transition, while the coupling field is scanned upwards in

frequency across the 5Si/2 (F=3) - 5P3/2 transition. The probe field is then velocity
selected into resonance with the 5S 1/2 (F=3) - 5P1/2 (F=2) transition as the coupling

field continues to scan, and so produces the second cluster of three peaks 362 MHz

away corresponding to the hyperfine splitting of the 5Pj/2 level. The splitting of the
three power broadened peaks in both clusters corresponds to the hyperfine splitting
within the 5P3/2 level i.e. 63.4 MHz and 120.7 MHz. All six peaks can be explained

through different combinations of the four mechanisms described in Figure 4.7. The
four peaks marked by vertical lines correspond to the case when mechanisms 1, 2 and 3
are present. The contributions of all these mechanisms act to increase the transmission
of the probe field and as a result E.I.T. cannot be resolved. The peak marked by the
black arrow comprises of mechanisms 1 and 2. Again both act to increase the probe
field transparency, and so E.I.T. cannot be resolved, but this increased transmission is
not as large as the previous case since no optical pumping between the ground state

hyperfine levels is present. The final peak, marked by a red arrow, consists of
mechanisms 1, 2 which act to increase the probe field transmission and mechanism 4
which acts to reduce it. Therefore, since the coupling field saturation effect and E.I.T.
are of opposite sign and smaller linewidth than that of the magnetic hyperfine level
optical pumping they appear imprinted on a reduced transparency background.
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Scanning Of Coupling Field (GHz)

Figure 4.8:- The probe field transmission recorded versus the scanning ofthe coupling

fieldfor the 85Rb V-type system experiment. Vertical lines mark the frequency position

ofpeaks dominated by mechanism 3. The black arrow marks the frequency position of

peak 3, which does not suffer/benefit from the effects ofmechanism 3/4. The red arrow

marks the frequency position of the E.I.T. feature. A 300 MHz confocal signal is also

present as a frequency reference.

It has been pointed out by F. Sander et al. [5] that theoretically this transparency

window cannot solely be accounted for by coupling field saturation, since its depth is
much greater than would be expected for this process alone. The increased

transparency depth is thus E.I.T.: a reasonably narrow, 35 MHz, feature which clearly
increases the transmission of the probe field.

Confirmation of the contribution of E.I.T. is found by examining the coupling
field power dependence of these peaks. In Figure 4.9 the second cluster of three peaks
are examined in more detail for 87Rb i.e. the probe field is set on the 5Sp2 (F=2) - 5P]/2

transition while the coupling field is scanned across the 5S1/2 (F=2) - 5P3/2 transition.

Three probe field transmission traces are presented, where the coupling field has been
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quartered in power between each trace. Quartering the power corresponds to halving
the Rabi frequency. Since E.I.T. is directly proportional to the coupling field Rabi

frequency it is expected that the contribution to transparency of E.I.T. will fall rapidly
as the coupling field power is reduced. Reducing the coupling field power also reduces
the optical pumping mechanisms but will not greatly affect coupling field saturation if
there is still sufficient power to saturate the coupling field transition. Examining Figure
4.9 it can be seen that the overall probe field transmission is reduced as the coupling
field power is quartered. This cannot solely be accounted for by less efficient hyperfine

optical pumping since the E.I.T. peak, marked by a red arrow, does not experience this
mechanism. Coupling field saturation is still present thus the fall off must be the result
of reduced E.I.T. as well as reduced hyperfine optical pumping where present.

Figure 4.9:- Three probe field transmission curves recorded versus a scan of the

couplingfieldfor an 87Rb, V-type system experiment. The probefield is set on the 5S1/2

(F=2) - 5P1/2 transition while the coupling field is scanned across the 5Sj/2 (F=2) -

5P3/2 transition. The frequency position of the three E.I.T. features is marked by a red
arrow. A 300 MHz confocal signal is also present as a frequency reference.
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A final point to note is that E.I.T. can never be distinguished from optical

pumping in the V-type system if the two optical fields are swapped over, such that the

scanning coupling field is on the 5Si/2 (F=3) - 5Pi/2 transition and the probe field on the

5S1/2 (F=3) - 5P3/2 transition. Optical pumping between the hyperfine ground states,

mechanism 3, can never be eliminated in this system and so E.I.T will always be

masked by this effect. An experimental curve, shown in Figure 4.10 for 87Rb, confirms
this point. The trace shows strong optical pumping features on all six peaks which act

to mask any E.I.T. Again the structure of the 5P3/2 and 5P1/2 levels can be clearly

resolved. However, the larger hyperfine splitting of the 87Rb isotope is reflected in

Figure 4.10 since the two clusters of three peaks are now split by 812 MHz

corresponding to the hyperfine splitting of the 5Pi/2 level. The three peaks within each
cluster also show greater resolution since they are now separated by 157 MHz and 267
MHz corresponding to the hyperfine splitting of the 5P3/2 level.
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Figure 4.10:- A probe field transmission curve recorded versus a scan of the coupling

fieldfor an 87Rb V-type system experiment. The probe field is set on the 5Sj/2 (F=2) -

5P3/2 transition while the coupling field is scanned across the 5S1/2 (F=2) - 5P1/2
transition. The couplingfield has a power of 165 mW. A 300 MHz confocal signal is
also present as a frequency reference.
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4.5) The Lambda System

For the purpose of a comparison of schemes two different lambda systems have
been studied. The first system employs a single-photon probe field set on the 5S1/2 -

5P1/2 transition, and the second system employs a novel two-photon probe field

resonant with the 5Si/2 - 5D5/2 transition. In the single-photon probe scheme the

coupling field is resonant with the 5Si/2 hyperfine level thus optical pumping is present.

Moving to a two-photon probe field system removes the effects of optical pumping
which complicate the observation of E.I.T., since the coupling field is no longer
resonant with the ground state. Each system is taken in turn and the feasibility of each
for observing E.I.T. is examined.

4.5.1.) A Lambda System Employing A Single-Photon Probe Field

This lambda system is based on the Dj line of 85Rb, 5S 1/2-5P1/2. The hyperfine

splitting of the 5P1/2 levels, 362 MHz, is not sufficient to allow either of these to be

isolated as the upper state for an ideal lambda system thus a double lambda system is in
fact present. However, as will be shown below, both induce E.I.T. at the same probe
field frequency. The energy level configurations involved in this system are shown in

Figure 4.11. The probe field was set to be resonant with the 5S]/2 (F=2) - 5P1/2

transitions, while the coupling field was scanned across the 5S]/2 (F=3) - 5P1/2

transition. The optical fields were unfocused and co-propagate so as to satisfy the two-

photon condition of equation 4.1. Since the coupling field was resonant with a ground
state level it was expected that strong optical pumping would be experienced between
the ground state hyperfine levels, in a similar fashion to that described above for the V-

type system. However, unlike the V-type system, the effect of optical pumping and
E.I.T. on the probe field transmission are always of opposite sign.

A four level density matrix analysis has been carried out on this lambda system

which predicts the effects of both hyperfine optical pumping and E.I.T. Figure 4.12

presents the result of this four level model. Shown in Figure 4.12(a) is a theoretical
trace of the probe field transmission versus coupling field detuning. This curve can be
seen to consist of three reduced transmission components, separated by 362 MHz,
which are the result of the optical pumping between the ground state hyperfine levels.
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Figure 4.11:- A partial energy level diagram ofrubidium showing the scheme employed

for the single-photon probe lambda system experiment.

The middle feature also consists of an E.I.T. feature imprinted on top of the reduced

probe field transmission background.. This corresponds to the case represented by the

partial energy level diagram in Figure 4.12(c), where both of the optical fields are

simultaneously velocity shifted into resonance with both the upper state 5P1/2 hyperfine

levels, thus producing E.I.T. This occurs when the applied optical fields are separated
in frequency by the splitting of the ground state levels. Figure 4.12(b) and (d) show the

partial energy level diagrams for the other two reduced transmission features. These

correspond to the cases when the two optical fields are separated by the ground state

(5S1/2) hyperfine splitting minus or plus the hyperfine splitting of the upper state (5Pi/2)

respectively. Both arise from simultaneous velocity shifts of both optical fields into
different upper state hyperfine levels. Since the two optical fields no longer share a

common upper level the conditions for E.I.T. are not met, and so the transmission

features consist simply of optical pumping between ground state hyperfine levels.
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Figure 4.12:- (a) Im(p j3 + pi4) (proportional to probe field absorption) versus the

detuning ofthe couplingfieldfor the single-photon lambda systems within 85Rb vapour.

Probe field Rabi frequency of 1 MHz on the 5S1/2 (F=2) - 5P1/2 transition, coupling

field Rabi frequency of 20 MHz on the 5Si/2 (F=3) - 5P1/2 transition. The three

observed probe field transmission features, correspond to the partial energy diagrams
shown in Figure 4.12(b), (c) and (d), respectively.
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Experimental traces of the probe field transmission versus the coupling field

detuning are shown in Figure 4.13.
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Figure 4.13:- Two probe field transmission curves recorded versus a scan of the

couplingfieldfor the 85Rb, single-photon probe lambda system experiment. The probe

field is set on the 5Sj/2 (F=2)~ 5P1/2 transition while the coupling field is scanned

across the 5Sj/2 (F=3) - 5P1/2 transition. The frequency position of the two E.I.T.

features is marked by a double headed arrow. A 300 MHz confocal signal is also

present as a frequency reference.

The two traces differ in the fact that the coupling field is a factor of ten greater

in the second trace than in the first. As predicted both traces show three reduced probe
transmission features due to optical pumping, with E.I.T. imprinted on the second of
these. The three optical pumping features are indeed separated by the hyperfine

splitting (362 MHz) of the 5Pj/2 upper transition. Comparing the two curves the effects
of power broadening can clearly be seen, with the higher powered 12 mW coupling
field trace having significantly broader features than those of the 1 mW coupling field
trace. Taking the coupling field to higher powers in order to enhance E.I.T. causes the
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power broadening to dominate and a loss of resolution is the result. As is expected the

degree of optical pumping and the depth of the E.I.T. window can be seen to fall off
with the power reduction of the coupling field.

4.5.2.) A Lambda System Employing A Two-Photon Probe Field

The second lambda system studied is based on the 5S1/2 - 5P3/2 -5D5/2 scheme

within rubidium. These energy levels are employed as a lambda system by setting the

coupling field to be resonant with the 5P3/2 - 5D5/2 transition while employing a two-

photon scanning probe field on the 5S 1/2 - 5D5/2 transition. This novel two-photon

probe field is employed so as to provide a lambda system which does not have the

coupling field resonant with the ground state, thus does not suffer from optical pumping
between ground state hyperfine levels. In this experiment the incoherent fluorescence
from the 6P - 5Sj/2 transition is monitored at right angles to the direction of the optical

field propagation. This fluorescence is directly proportional to the population present in
the 5D5/2 level since spontaneous decay moves population from 5D5/2 to 6P at a rate of

2.6 MHz. This compares with the alternative spontaneous decay route from 5D5/2 to 5P

of 1.6 MHz. Since the 6P fluorescence provides a diagnostic for monitoring the 5D5/2

population then the presence of E.I.T. may be inferred through the observation of dips
in the fluorescence signal. This scheme, with the appropriate optical field wavelengths,
is shown in Figure 4.14.

The normal orientation for two-photon spectroscopy experiments is that the two-

photon transition is induced by the interaction of two counter-propagating photons [ 17],
With counter-propagating probe field photons all the atomic velocity groups are

simultaneously resonant with the two-photon transition, hence this transition is termed

Doppler free and the resolution is limited by the natural linewidth of the transition.
However, with this field geometry it proved impossible to resolve any dips in the 6P
fluorescence signal since the fluorescence features exhibited too narrow a linewidth,
-2.6 MHz, for the lasers to be able to resolve. Therefore a co-propagating probe field
and coupling field geometry was chosen, giving a two-photon Doppler linewidth of
-760 MHz for the probe transition [18], which is reflected in the fluorescence curves.

With this probe field orientation it proved possible to observe dips in the fluorescence
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signal, thus inferring the presence of E.I.T., shown by the experimental traces of Figure
4.15.
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Figure 4.14:- A partial energy level diagram ofrubidium showing the scheme employed

for the two-photon probe lambda system experiment.

The transparency window observed in this system is relatively broad, 300 MHz,
and not of any great depth, -10%. This width is the result of E.I.T. windows at slightly
different probe frequency positions, due to the various velocity groups coming into two-

photon resonance with each of the hyperfine levels in the 5P3/2 state. A major
restriction on the strength of the E.I.T. window in this system is the fact that the

uncoupled transition (5S1/2 - 5P3/2) is in fact dipole allowed, and so will inherently

produce strong dephasing of this transition. This dephasing is therefore not zero as

given by equation (4.8) but in fact has the significant value of 20 MHz. The net result is
that less E.I.T. is produced than would be if the uncoupled transition was non-dipole

allowed, as described in section 4.2.2. Also included in Figure 4.15 is the 6P
fluorescence signal in the absence of the coupling field (circled marked blue line). Here
it is seen that the maximum fluorescence is significantly less than for the case where the

coupling field is present. The reason for this is that the population of the 5D5/2 level
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can decay to the 5 S1/2 ground state by employing either the 6P or the 5P3/2 level as an

intermediate state. Now, with the coupling field on, any population that decays into the

5P3/2 level is quickly re-excited back to the 5D5/2 level. Thus the preferential decay
route is the one involving the 6P level, and so the fluorescence signal is increased in the

presence of the coupling field.

E
Oh

1600

1200

S3
D

c3
Sh

4—>

£
U4

<

§ 800

£
4>
o

§ 400
22
o
3

0

Scanning Of Two-Photon Probe Field (GHz)

Figure 4.15:- A 6P (422 nm) fluorescence signal curve recorded versus a scan of the

two-photon probe field, for 85Rb, in the two-photon probe lambda system experiment.

Fluorescence with coupling field, ~300 mW, present is represented by the red solid line
and absent by the circle marked blue line The two-photon probefield is scanned across

the 5S1/2 (F—3) - 5D5/2 transition while the couplingfield is resonant with the 5P 3/2 -

5D 5/2 transition. The frequency position ofthe E.I.T. features is marked with an arrow.

A 300 MHz confocal signal is also present as a frequency reference.
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4.6) A Cascade System

The cascade system studied here employed the 5Sj/2 - 5P3/2 - 5D5/2 energy

levels within rubidium as shown in Figure 4.16. A scanning probe field was resonant

with the 5 S1/2 - 5P3/2 transition, while a coupling field of fixed frequency was resonant

with the 5P3/2 -5D5/2 transition. The condition for E.I.T. of equation (4.1) was satisfied

in this system by employing counterpropagating optical fields. The observation of
E.I.T. was carried out by monitoring the transmission of the probe field. Both lasers
were focused into the 10 cm long rubidium cell, the coupling field by a 50 cm lens and
the probe field by a 40 cm lens. It should be noted that this system does not involve any

complicating optical pumping mechanisms, since the coupling field was not resonant

with the ground state, and, by definition, the probe field was of a low enough power that
it did not produce large scale population movement.
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Figure 4.16:- A partial energy level diagram ofrubidium showing the scheme employed
for the cascade system experiment.

A theoretical prediction for the observation of E.I.T. within this system, using a

three level density matrix model, is shown in Figure 4.17, where the imaginary
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component of pi2, which is proportional to the probe field absorption, has been plotted

against probe field detuning. When the two optical fields are on exact resonance the
medium can be seen to be rendered non-dissapative to both optical fields. E.I.T. has
turned off population movement on the lower transition and so there is no population
available for absorption by the coupling field.

E.I.T.

I

-0.8 -0.4 0 0.4 0.8

Detuning Of Probe Field (GHz)

Figure 4.17:- Im(pi2) (proportional to probe field absorption) versus the detuning of

the probe field, for 85Rb vapour, within the cascade system. The frequency position of
the E.I.T. window is marked by an arrow. Probe field Rabi frequency of 1 MHz on the
5S j/2 - 5P3/2 transition, couplingfield Rabi frequency of 160 MHz on the 5P3/2 - 5D5/2

transition.

In Figure 4.18 an experimental trace showing E.I.T. within the 87Rb 5S1/2 (F=2) -

5P3/2 - 5D5/2 and 85Rb 5S 1/2 (F=3) - 5P3/2 - 5D5/2 systems is presented. It can be seen
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that E.I.T. windows of -70% depth have been produced experimentally within this

system.

Probe Field
■e— Confocal Marker

Scanning Of Probe Field (GHz)

Figure 4.18:- A probe field transmission curve recorded versus a scan ofthe probefield

for rubidium, within the cascade system experiment. The probe field is scanned across

the 5S1/2 (F=2) - 5P 3/2 transition for 87Rb and across the 5S//2 (F=3) - 5P 3/2 transition

for 85Rb, while the coupling field is resonant with the 5P 3/2 - 5D5/2 transition.

Coupling field power ~600 mW. The frequency positions of the two E.I. T. features are

marked by arrows. A 300 MHz confocal signal is also present as a frequency reference.

More recently improved E.I.T. has been observed with window depths, of >90%, in
this cascade system, when the 10 cm vapour cell was replaced by a 2 cm cell (See

Chapter 5). Coupling field power levels and detuning effects on this E.I.T. window are

also studied extensively in Chapter 5, and so are not examined here. The spatial profile
of the coupling field gives rise to varying Rabi frequencies across the probe field. This
accounts for electromagnetically-induced focusing effects, studied in detail in Chapter

6, and for the reduced level of transparency observed here experimentally as compared
with theoretical predictions which do not take this into account.
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4.7) Comparing The Experimental Systems

The observation of E.I.T. within rubidium is much more complicated than is

suggested by theoretical modelling using ideal three level systems. These simple
models imply that a lambda system should produce the best E.I.T. and the poorest E.I.T
should occur in the V-type system. This is a direct result of the dephasing rates on the
related uncoupled transitions. The amplitude model also suggest that there are in fact
two different mechanisms for producing E.I.T. The cascade and lambda systems exhibit

population trapping after a characteristic period of time which has been shown to be
related to the spontaneous atomic decay rates. For rubidium this is of the order of half a

microsecond. The V-type system however exhibits E.I.T. without ever trapping

population. Here the mechanism for E.I.T. involves a combination of amplitude beating
and quantum interference effects. Since a large ensemble of atoms is being studied

(10 17 atoms m~3) experimental confirmation of these two separate mechanisms for
E.I.T. is not possible within our experimental system. For all three systems it is

possible to switch the medium from being optically opaque to optically transparent on a

time scale set by the induced Rabi frequency of the coupling field. Thus, if the coupling
field Rabi frequency is of the order of a few hundred megahertz this switching is on a

nanosecond time scale.

Many complicating factors exist in practical experiments as have been discussed
above. These are found to mask the presence of E.I.T., and so alter the ideal picture. A

major complicating factor which appears in two of the above systems, but not in the
cascade system, is that of optical pumping between hyperfine ground state levels. This
occurs because the coupling field is resonant with one of the ground state hyperfine
levels, inducing large scale population movement. In the lambda single-photon system

described, this optical pumping mechanism always works against E.I.T. This reduces
the induced transparency within the medium, but allows E.I.T. to be experimentally
resolved. For the V-type system optical pumping between hyperfine levels works with
E.I.T. when present, making it impossible to resolve the E.I.T feature. However, if

rendering the medium transparent at the probe wavelength is the desired effect, then this
latter optical pumping mechanism is a favourable process. This is not the case for the
second optical pumping mechanism discussed in context with the V-type system i.e.
optical pumping between ground state magnetic hyperfine sub-levels. The presence of
this mechanism provides a reduced transparency feature on top of which any
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transparency increasing mechanisms can be observed. Within the above V-type system

there were always two transparency increasing mechanisms which can never be

resolved completely, E.I.T. and coupling field saturation. Thus, an experimental
examination of isolated E.I.T. is far more difficult in the V-type system than in either of
the other two systems. It should be noted that both E.I.T. and coupling field saturation
mechanisms are also present when optical pumping between hyperfine ground states

takes place. However, hyperfine optical pumping tends to be the dominant process,

thus E.I.T. and coupling field saturation are masked by this effect.

The two-photon probe lambda system provided a possible solution for observing
lambda E.I.T. within rubidium. Although this system did remove the complications of

optical pumping between hyperfine ground state levels, suffered by the single-photon
lambda system, it did provide new difficulties. The two-photon probe field is difficult
to detect by direct absorption thus inferences of the presence of E.I.T. had to be made

through a fluorescence diagnostic. Also the uncoupled transition was in fact dipole
allowed thus the levels of E.I.T. obtained were always significantly less than the ideal

system.

These features highlight the importance of trying to find an E.I.T. system which

employs a coupling field that is not resonant with the ground state. This is exactly the
case found within the above cascade system. With counter-propagating optical fields,
and no large scale optical pumping mechanisms, the cascade system proved by far the
easiest system for the uncomplicated observation of E.I.T. This does not imply that the
other systems should be totally discarded. With better matched confocal parameters and
shorter cells, better E.I.T. may be produced within either of the other two systems. A
second solution to simplify the observation of E.I.T. within V-type and lambda systems

would be to find a medium which does not have any intrinsic nuclear spin and thus no

hyperfine structure. One possible candidate would be to use barium as the atomic
interaction medium. However, barium brings its own practical problems i.e. it requires

higher temperatures, increased Doppler broadening etc. In practice it has proven easiest
to observe isolated E.I.T. within the cascade system. This allows a detailed study of
E.I.T., and some of its related effects, to be undertaken without the complicating factors
involved in the V-type and lambda systems. These studies are discussed in detail in the

remaining chapters of this work.
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Chapter 5
Two Photon And Zeeman Splitting Effects In Continuous-
Wave Electromagnetically Induced Transparency

Continuing on from the comparison of schemes for the study of electromagnetically
induced transparency in an isolated system, an in-depth study of a cascade system

within rubidium is carried out in this chapter. It is shown that under the correct

conditions the hyperfine structure of the upper level is seen within the E.I.T. feature,
and so the application of E.I.T. for high resolution spectroscopy is then discussed. With
reference to the employment of E.I.T. to enhance nonlinear processes the effects of
Zeeman splitting on E.I.T. within this cascade system are then considered.

5.1) An Outline Of Sub-Doppler E.I.T. Within The Cascade System

This chapter looks in greater detail at the employment of continuous-wave

Ti:sapphire lasers for the study of E.I.T. within a cascade atomic level scheme of
rubidium. These laser sources provide a useful range of power, thus producing Autler-
Townes splittings from the order of the single photon linewidth (-528 MHz) down to

that of the structure of the hyperfine levels (less than 20 MHz). This is significantly
more than that induced in the diode laser experiments to date [1,2] but still below those
achieved for pulsed laser experiments [3]. Initially, it was believed that the sub-Doppler
limit for observing E.I.T. was that the Rabi frequency induced by the coupling field
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must be greater than the two photon linewidth of the system [4]. In Chapter 7 it will be
shown that this is not in fact the limiting condition for observing sub-Doppler E.I.T.

However, as is discussed below, the two photon linewidth limits the resolution that can

be achieved when employing E.I.T. for spectroscopy. This discussion is followed by a

series of theoretical and experimental results where the effects of the optical field

geometry, coupling field power and coupling field detuning are considered. A further
set of results follows where fluorescence has been employed to monitor the population
levels in the upper state of the cascade system. This provides a direct contrast with the
characteristics of the probe field transition absorption curves.

The effects of the influence of a magnetic field on this cascade system is of

importance because this is the basis of the theoretical paper by Moseley et. al. [5], The
authors propose the employment of E.I.T. to enhance the generation of sum frequency

mixing within a cascade system f 6], Introducing a magnetic field to a coherently

prepared system is also of direct relevance to the design of a high sensitivity

magnetometer, as proposed by Scully et al. [7], Thus, a theoretical study of the effects
of introducing a magnetic field to this system is presented. As well as this theoretical

consideration, the effects are demonstrated experimentally, and it is shown that this

provides a second method for spectroscopic analysis of the two photon transition
between the lower and upper levels. The basic mechanism involved in this process is
that the application of the magnetic field causes Zeeman splitting [8] of the energy

levels within the rubidium atoms and so alters the three level nature of the relevent

atomic levels. The effect on the E.I.T. window itself is then two-fold. The first is that

the E.I.T. window splits into components associated with the different allowed
transitions. These are dependent on the operative selection rules for Am? which in turn

are governed by the polarisations of the input fields with respect to the magnetic field.

By varying the combinations of the input field polarisations the E.I.T. window can split
into one, two or three clusters of components whose degeneracy is removed by the
Zeeman splitting. Secondly, it is found that the Zeeman splitting of the ground state

hyperfine levels, in conjunction with the Zeeman splitting of the allowed upper states,

gives rise to a broadening of each Am? component. It is shown theoretically and

experimentally, that this leads to a dramatic reduction in the strengths of the E.I.T.
effect in this counter-propagating, sub-Doppler geometry.
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5.2) Two Photon Residual Doppler Width

The work in this paper is carried out on a cascade system within rubidium which

employs the 5S1/2 - 5P3/2 - 5D5/2 levels as shown in Figure 5.1.
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Figure 5.1:- A partial energy level diagram ofrubidium showing the scheme employed

for the cascade system experiment.

Since E.I.T. is a two photon resonant process the location of an E.I.T. resonance for a

cascade system is given by the following expression:

Ap + Ac = 0 (5.1)

where Ap and Ac are the detunings of the two applied optical fields, as defined in Figure
5.1. Hence, the location is independent of the structure and position of an intermediate
level and it is the energy separations of the lower and upper levels, relative to the

photon energies, that is the important parameter, i.e. in this rubidium cascade system

E.I.T. is independent of the position and structure of the intermediate 5P3/2 level.

However, for the E.I.T. effect to be physically observed it is required that the probe
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field frequency falls within the absorption linewidth of the 5S]/2 - 5P3/2 probe
transition. The individual detunings can be expressed as

Ap = A°p-kpVz (5.2)

Ac = A°c-kcVz (5.3)

where A(| is the detuning of the applied optical field from the transition frequency of a

stationary atom. The kjVz term is the Doppler shift on the transition for an atom with

velocity component Vz in the direction of beam propagation of the light with the z-

component of the wavenumber kj (positive for the same sense).

In order to observe sub-Doppler effects on the probe field it is necessary to reduce
the two photon residual linewidth below that of the single photon probe Doppler width.
The residual Doppler width of the two photon transition is :

Avd = (kp + kc)u| (5.4)

where

u =/2—®-^-ln 2 (5.5)
M

and ke is the Boltzmann constant, T the temperature of the gas and M the atomic mass.

The first requirement to minimise this broadening is that the transitions must be chosen
such that they have nearly equal wavelengths i.e. |kp| ~ |kc| . If the two input waves are
then counterpropagated (i.e. kp and kc are of opposite sign) the shifts on the individual
transitions will be in opposite directions and the residual Doppler width will be low.
similar to the situation occurring in Doppler free two photon spectroscopy [9], For the
cascade system considered, the co-propagating two photon width is 536 MHz while
with counterpropagating fields it is only 1.38 MHz at 320 K. These compare with the

single photon probe Doppler width of 528 MHz. From this argument it can be seen that
the resolution of the E.I.T. spectroscopy technique will be of the order of a few

megahertz if counterpropagating fields are employed.
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It should be noted at this point that for A-type systems and V-type systems the two

photon residual Doppler width is |(kp - kc)u| and a co-propagating beam geometry
minimises this for nearly equal transition wavelengths.

5.3) Varying The Optical Field Parameters

The experimental results described in this chapter were obtained employing the
same procedures as outlined in Chapter 4 for the cascade system. However, unlike the
results of Chapter 4 the results of Section 5.3.2 - 5.3.5 were obtained by focusing the

optical fields into a 2 cm rubidium cell instead of a 10 cm cell. The coupling field was

focused with a 20 cm lens and the probe with a 40 cm lens. This arrangement again
ensured that the confocal parameters were longer than the cell and that the probe field
was confined to the centre of the coupling field.

5.3.1) Effect Of The Orientation Of The Optical Fields

In this section the effects of the orientation of the two optical fields is examined.

Figure 5.2 presents two theoretical curves which examine the effect of optical field
orientation within a matched wavelength cascade system. Here two probe absorption
curves are presented where the same field strengths have been employed but for (a) the
fields co-propagate whereas in (b) the fields counterpropagate. Only in the latter trace
is the an E.I.T. feature resolved within the Doppler broadened absorption curve. For co-

propagating fields the Autler-Townes absorption regions for one particular velocity
group overlap in frequency space with the transparency region of other velocity groups,

with the net effect that no transparency is observed. A full explanation ol this
phenomenon and related effects is presented later in Chapter 7.

Experimentally an initial examination was carried out where the two fields co-

propagate through the 10 cm rubidium cell. This was then followed by a study of the
case where the field orientation was altered such that they counterpropagate through the
cell. This allows confirmation of the fact that optical pumping does not play a

significant role in the cascade system, and highlights the contribution of optical field
orientation for observing E.I.T.
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Figure 5.2:- Theoretical curves showing the imaginary component of p 12 ( which is

proportional to the probe field absorption), including the effects ofDoppler broadening,

for: a) Co-propagating fields; b) Counterpropagatingfields. (Q]2 = 1 MHz, Q23 = 50

MHz and vapour temperature = 47 °C).

Since there are two naturally occurring isotopes of rubidium, both of which have

hyperfme structure, there are four main Doppler broadened features which appear in the

probe absorption curve, as seen in Figure 5.3. These correspond to the transitions (as
labelled on Figure 5.3 )

(a) (b)

87Rb, 5S1/2 (F=2) - 5P3/2 (F-3, 2, 1) I

85Rb, 5S1/2 (F=3) - 5P3/2 (F—4, 3, 2) II

85Rb, 5S1/2 (F=2) - 5P3/2 (F-3, 2, 1) ni

87Rb, 5S 1/2 (F=l) - 5P3/2 (F-2, 1, 0) IV
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Figure 5.3:- Experimental cell transmission as the probe is tuned across the 5Sj/2 SP3/2

transition with the coupling laser (a) co-propagating and (b) counterpropagating. The

vapour temperature for both was 45 °C, coupling laser power 300 mW, probe laser

power <1 mW but not identical in (a) and (b). The traces were taken in a 10 cm cell
with a 50 cm lens in the coupling laser beam and a 40 cm lens in the probe laser beam.
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In the co-propagating case, Figure 5.3(a), the four lines are essentially identical to

the absorption features seen in the absence of a coupling field. However, on the

counterpropagating trace. Figure 5.3(b), strong reductions in absorption due to E.I.T.,
60 to 70 % in these curves, are seen on peaks I and II with the E.I.T. appearing detuned
on peaks III and IV due to the different F levels accessed from the ground state under
the AF = ±1 or 0 selection rule. As E.I.T. depends on the two-photon resonance

condition the E.I.T. feature positions are determined on this scale solely by the lower
level structure. There is no large scale hyperfine optical pumping process present in the
cascade system as long as the probe field power is weak enough that it does not begin to

saturate the 5S1/2 - 5P3/2 transition. The difference in the strength between the four

transitions is accounted for by the fact that each has a different dipole matrix element
and by the fact that the two isotopes have different abundances.

Although these were the maximum levels of E.I.T. achieved in this system within a

10 cm cell the E.I.T. features did keep increasing in width and depth up to the maximum

power levels available from the Ti:sapphire lasers. This suggests that if more coupling
field power could be obtained then the E.I.T. feature could be further enhanced.

Improving the spatial overlapping between the two beams could also lead to improved
E.I.T. windows in this system. If the two beams are not ideally overlapped some

absorption of the probe field would occur in the regions lying outwith the coupling
field. Also towards the edges of the coupling beam the Gaussian profile of the intensity
distribution means that the Rabi splitting will be somewhat less than at the centre and
some absorption will take place. This is further complicated by the effects of

Electromagnetically Induced Focusing, and especially defocusing, which is the subject
of Chapter 6. Due to these effects mode matching of the two beams cannot be

guaranteed throughout the frequencies scanned. The comparison of these two traces

does however clearly show the advantage of employing counterpropagating optical

fields, instead of those which co-propagate, in order to experimentally observe E.I.T.
within a cascade system.

5.3.2) Effect Of Coupling Field Power

The effects of varying the coupling field power are now characterised and it will be
seen that this leads to a novel method for the spectroscopic analysis of the 5D5/2 upper
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state. In order to allow a detailed analysis only the first two absorption lines (I and II)

are displayed. Figure 5.4(a) displays four results taken with successive quartering of the

coupling field power. Quartering of the coupling field power is equivalent to halving
the corresponding Rabi frequency (see Chapter 2). The reduction in the Autler-Townes

splitting is obvious from these curves as well as the reduction in the depth and width of
the E.I.T. window.
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Figure 5.4:- (a) Experimental probe field transmission curves as the probe laser is

scanned across the 87Rb, 5Sj/2 (F—2) and85Rb, 5Sj/2 (F=3) to 5P 3/2 transitions (peak I

and II) for the stated couplingfield powers. The probe field has a power of3 /a W, and
the oven temperature is ~ 47 °C. (b) Theoretical probe field transmission curves from

density matrix calculations on a three level system including Doppler broadening (for
47 °C) at the couplingfield Rabi frequencies stated.

A theoretical comparison for this system is presented in Figure 5.4(b) where a three
level cascade model has been employed with Rabi frequencies chosen to match the
observed Autler-Townes splitting. As can be seen the match to the experimental results
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is good, although slightly less transparency is observed than theoretically predicted.
The reasons for this discrepancy are the same as those given in the previous section, i.e.

imperfect mode matching of the fields, absorption of the edges of the probe due to the

coupling field Gaussian radial profile and effects of E.I.F. A further cause of the

reduction in the observed transparency stems from the hyperfine structure of the 5D5/2

level which results in multiple E.I.T. resonance frequency positions. These are visible
on careful inspection of the 87Rb, 5S1/2 (F=2) -* 5P3/2 transition at 19 mW and 5 mW

coupling field power. This phenomenon is the origin of the first method for employing
E.I.T. as a spectroscopic technique which will be discussed in detail in the following
section. A final point to note is that the dephasing rates in the experimental system will
be higher than those predicted in the model due to atomic collisions and to the fact that

the lasers have a finite linewidth. Nevertheless, the experimentally achieved

transparency levels are high, in excess of 90% in the 300 mW power trace, despite the

appreciable hyperfine structure of the atomic levels.

5.3.3) Employing E.I.T. As A Method Of Spectroscopy

As noted in the previous section there is transparency whenever two photon
resonance occurs. This allows E.I.T. to be used for spectroscopic purposes, revealing
the structure of the top level as well as the ground state. The ground state splitting is

large enough (3 GHz or 6 GHz) such that the upper level structure is clearly resolvable,

provided it is greater than the residual Doppler width. With good resolution two photon
selection rules predict the presence of five allowed E.I.T. resonances within 83Rb and
four or three within 87Rb depending on what ground state hyperfine level is employed

[10], The reason for difference in the number of allowed two photon transitions
between the two isotopes of rubidium is a direct result of the fact that these isotopes
have different nuclear spin values, I. Figure 5.5 shows the detail of the E.I.T. features
within (a) 87Rb and (b) 85Rb achieved experimentally in this system. However, only
three sub-levels can be resolved in both of these cell transmission curves, probably due

to the small dipole matrix element for the highest frequency components. One noticable
difference between the two traces is the spacing of the three observed transmission

peaks.
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Figure 5.5:- Detail of (a) the 87Rb, 5S1/2 (F=2) -* 5P3/2 probe absorption and (b) the

85Rb, 5Sj/2 (F=3) —» 5P3/2 probe absorption, with a coupling laser power of 75 mW.

The three resolved E.I.T. peaks in (a) correspond to the two photon resonances from

5Sj/2 (F=2) —* 5D5/2 (F= 4, 3, 2) hyperfine levels as marked. The three resolved E.I.T.

peaks in (b) correspond to the two photon resonances from 5S1/2 (F=3) —* 5D 5/2 (F= 5,

4, 3) hyperfine levels as marked. Probe laser power 2.5 p.IV, vapour temperature 47 °C

and both beams are unfocused with approximately 1 mm beam radii.
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This reflects the different atomic splittings of the hyperfine components of the 5D5/2

upper state, the corresponding theoretical values for which are marked on the graphs.

For 87Rb the resolved peaks correspond to the two photon transitions from the 5S1/2

(F=2) ground state hyperfine level to the 5D5/2 (F= 4, 3, 2) upper state levels, with the

5D5/2 (F= 1) resonance remaining unresolved. The corresponding resolved 85Rb peaks
are the two photon transitions from the 5S1/2 (F=3) ground state hyperfine level to the

5E>5/2 (F= 5, 4, 3) upper state levels, and again the highest frequency component 5D5/2

(F= 2) is unresolved. These traces were taken with both beams unfocused, with

approximately 1 mm beam radii, and with a coupling field power of 75 mW.

Spectroscopic accuracy is also limited in these results by the stability of the

(unstabilised Schwartz Tirsapphire) coupling laser but a resolution of less than 8 MHz is
still displayed. It should also be noted that a similar E.I.T. experiment to the one

described above has recently been reported by Jin et al. Here the authors employed
diode lasers to generate the required coherence such that E.I.T. could be used as a

spectroscopic technique to examine the 5D5/2 cascade upper state in 85Rb [11 j.

As a means of comparison two photon Doppler-free spectroscopy was also

performed on the 5S]/2 - 5D5/2 transition and the results are presented for both isotopes

in the curves of Figure 5.6. A more detailed account of two photon spectroscopy on this
transition is presented in the work of Nez et al [10], The basic idea involves employing
a single laser field which is split into two components such that these components

counterpropagate through the rubidium cell. Two photon absorption is then

experienced when this laser field has a frequency equal to half that of any of the
allowed ground state to upper state two photon resonances. Monitoring the

fluorescence from the upper 5D5/2 level provides spectroscopic details of the atomic
levels involved.

The two photon absorption curves of Figure 5.6 again show the spectroscopic detail
of the two photon transition. Figure 5.6(a) now includes the fourth previously
unresolvable two photon resonance corresponding to the 87Rb 5S 1/2 (F=2) —> 5D5/2 (F=

1) transition. An extra peak is also resolved for the 83Rb isotope corresponding to the
5S 1/2 (F=3) -» 5D5/2 (F= 2) transition, however the fifth predicted resonance (5S1/2

(F=3) —> 5D5/2 (F= 1)) still remains unresolved due to it having such a weak dipole
matrix element, a factor of 50 less than the 5S 1/2 (F=3) 5D5/2 (F= 5) transition [10].
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Figure 5.6:- Equal frequency Doppler free two photon spectroscopy results for (a)

87Rb, 5Sj/2 (F=2) -* 5D$/2 two photon absorption. The four resolved peaks

correspond to the two photon resonances from 5Sj/2 (F=2) —> 5D 5/2 (F= 4, 3, 2, 1)

hyperfine levels as marked, (b) 85Rb, 5Sj/2 (F=3) —*■ 5P3/2 two photon absorption. The

three resolved peaks correspond to the two photon resonances from 5S1/2 (F=3) —*

5D 5/2 (F= 5, 4, 3) hyperfine levels as marked. Input laser power 300 mW, 40 cm

focusing lenses and vapour temperature 200 °C.
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In comparing the two techniques it should be noted that the conventional two

photon experiment was conducted at a greatly increased temperature, and thus particle

density, compared to the E.I.T. experiment. This was necessary in order to achieve
sufficient two photon absorption so as to enable fluorescence detection. However, the

possible resolution is not limited by the first order Doppler effect due to the exact

equality of the photon energies on the two photon transition. On the other hand the

E.I.T. result has a limited resolution set by the residual Doppler broadening of the two

photon field. This is 1.38 MHz in this experiment and depends on the near coincidence
of the chosen transition wavelengths. The different resolving powers of the two

techniques is evident in the fact that it was possible to resolve more of the allowed two

photon resonances using two photon spectroscopy. The coupling field strength will also
limit resolution in the E.I.T. technique, however a resolution approaching the laser
linewidths and two photon residual Doppler width is attainable. In favour of the E.I.T.

method is the fact that it relies on the single photon absorption levels and therefore can

be conducted at greatly reduced particle densities, and hence temperatures. This greatly

simplifies the detection of the signal which can be accomplished by the use of a simple

photodiode. Therefore, under circumstances of low available particle densities,

spectroscopy of a two photon transition by E.I.T. may be preferable. It is noted that

high resolution spectroscopy via velocity selection [12] (as opposed to Doppler free

techniques) could be used under similar conditions to E.I.T., however, this is sensitive

to the intermediate level structure which may complicate the observed results, while
E.I.T. is not.

As a final point it should be noted that the A-type and V-type systems could also be

used for spectroscopic purposes and that the available resolution could be significantly

higher than that shown here due to closer matching of transition wavelengths. As an

example, a sub-natural linewidth feature was observed in the A-type system experiment
of Akulshin et al. [13],

5.4) Effect Of Coupling Field Detuning

While examining the effects of optical field geometry it was seen that the E.I.T.
feature did not always appear central within the four Doppler broadened features of

Figure 5.3. This results from the fact that the coupling field is slightly detuned from
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exact resonance for peaks III and IV. In this section a more systematic study of the
effects of coupling field detuning is carried out. The behaviour with successive steps in

coupling laser tuning is shown in Figure 5.7(a), with the corresponding theoretical
traces for a three level atom displayed in Figure 5.7(b).
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Figure 5.7:- (a) Experimental probe field transmission curves as the probe laser is

scanned across the 87Rb, 5S1/2 (F=2) and 85Rb, 5Sj/2 (F-3) to 5P 3/2 transitions (peak I

and II) as the coupling laser is detuned in successive 250 MHz steps. The coupling
laser power is 300 mW, the probe laser power 3 pW and the oven temperature is ~ 47
°C. (b) Theoretical probe field transmission curves as the coupling field is detuned in
250 MHz steps. (Q12 = 1 MHz, Q23 = 220 MHz and vapour temperature = 47 °C).

As is clearly observed there is a sharpening of the inner edge of the transparency as the

coupling field is tuned off exact resonance. This predicted sharpening of the inner edge
is a hallmark of E.I.T. with a slightly detuned coupling field. As the detuning rises the
two sub-components from each line take on markedly different characters. One remains

Doppler broadened and does not move significantly, whereas the other narrows and
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moves appreciably with the coupling laser tuning. Once the detuning is in excess of the
on resonance Rabi splitting value the narrow peak may be identified as coming from
two photon absorption (due to the low residual width on this transition), and the

Doppler broadened peak as coming from single photon absorption. The two photon

peak is surprisingly strong but this can be accounted for through resonant enhancement
with the 5P3/2 intermediate level, without a corresponding population movement [14,

15, 16]. Figure 5.8 shows diagramatically a simplified argument for the change in
excitation conditions experienced within the experiment.

13 >

12 >

I1>

hSi/ 2 T X

*0/2 M. ^

h&/2
h&/2 I2>

I1>

in/2(S-ac)
m 2(&+Ar)

m 2(3+AC)
th/2(&-Ac)

(a) (b)

Figure 5.8:- A schematic representation of the atomic conditions when (a) the Rabi

frequency of the coupling field, Qc = p2^c/^> 's 'n excess of the detuning, and (b)

when £2C < Ac In the figure Q denotes the generalised Rabi frequency given by

Q = + •

Initially, when the Rabi frequency induced by a resonant coupling field is in excess of
the detuning, the atom is in the condition of Figure 5.8(a). E.I.T. can be considered to

be the complicated combination of four separate routes marked 'a' to'd'. Two of these
routes can be considered single photon, 'a' and 'c', while the other two, 'b' and'd', are

two photon excitation routes. Once the coupling laser is detuned in excess of the on

resonance Rabi splitting then Figure 5.8(b) displays the atomic conditions. Due to an

asymmetric splitting of the Autler-Townes sub-components the relative strengths of the
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single photon transitions and of the two photon transitions alter. Considering the single

photon transitions first, the route labelled 'a' dominates over the one labelled 'c' since the

sub-component of the Autler-Townes splitting with which it interacts remains closer in

energy to the original bare state |2>. By a similar argument the two photon route

labelled 'b' dominates in the detuned experiment because it interacts with the stronger

weighted Autler-Townes sub-component of the original upper level bare state |3>. An

interesting point however is the fact that this two photon route is resonantly enhanced

by maintaining exact resonance with the weaker Autler-Townes sub-component of level

|2> under all conditions. The further that the coupling laser is detuned the clearer is the

separation between single and two photon absorption within the experiment. Indeed the
final two traces of Figure 5.7 have no E.I.T. character visible at all. A point to note is
how the 87Rb two photon feature moves in frequency over the 85Rb single photon line
with no interaction between the two as is to be expected for pathways of separate

isotopes.

The above argument provides a somewhat over simplified picture of what is

happening in the real atomic system in the presence of a detuned coupling field. It is

presented merely to offer a phenomenological explanation for the differing effects
between the cases where the coupling field is far from resonance or on exact resonance.

It is not a complete description of the system since it does not adequately describe the

process occurring at intermediate coupling field detunings (those of the order of the
induced Rabi frequency for a resonant coupling field). A more complete description of
these effects may be found in recent papers by Vemuri et al. [ 17, 18].

5.5) A Population Comparison

Another aspect of this cascade system is that it allows simultaneous measurement

of the upper state population, 5D5/2, via cascade decay to the 6P levels. This provides a

second diagnostic for examining the effects of E.I.T. on the probe field transition since
excitation to the upper level depends directly on a two photon interaction, i.e.

absorption of a probe field photon followed by a coupling field photon [12,14],
Fluorescence results recorded alongside the E.I.T. curves of Figure 5.4(a) are presented
in Figure 5.9(a). Examination of these traces shows that the fluorescence features are

sub-Doppler in nature due to the velocity selective excitation conditions, but are
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strongly affected by power broadening. Also included in Figure 5.9(b) are theoretical

calculations of the upper level population (p33) for Rabi frequencies corresponding to

the powers used in the experimental traces of Figure 5.9(a). It is seen from Figure 5.9
that the predicted fluorescence lineshapes match up well with those obtained

experimentally. However, better E.I.T. is again obtained theoretically than is

experimentally observed, as was to be expected from the discussion in Section 5.3.1.
Good agreement is also seen between these fluorescence results and those of the earlier

probe absorption curves of Figure 5.4.
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Figure 5.9:- (a) Experimental fluorescence from the 6P—> 5S1/2 spontaneous decay at

422 nm, which is proportional to the population of the 5D5/2 level, detected during the

corresponding coupling field power traces ofFigure 5.4. (b) Theoretical calculations

of the upper level population from a three level density matrix model which includes

Doppler broadening effects (for 47 °C) at the coupling field Rabi frequencies

corresponding to the experimental traces of (a).
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Experimental traces taken at 300 mW and 75 mW coupling field power show
obvious Autler-Townes splitting characteristics. However the 75 mW trace appears a

little asymmetric which is a result of the fact that the coupling laser was slightly detuned
from exact resonance, as explained in the previous section. As expected the maximum
excited population is observed to increase as the coupling laser power is lowered, thus

reducing the effects of power broadening. This can be explained by the fact that since
the probe laser intensity remains constant across all of these traces, the upper state

population curve is effectively normalised. Therefore, as the coupling field power

increases the fluorescence feature power broadens and so the magnitude of the peak
maximum is reduced. Over and above this effect there is a second contribution to the

maximum fluorescence at lower coupling field powers with the fact that as the coupling
field power is reduced, the effect of E.I.T. is reduced and so greater excitation from the
5S 1/2 ground state can take place. By the 19 mW and 5 mW traces the structure of the

5D5/2 level can be resolved, as shown by the insets of Figure 5.9(a). However, Autler-
Townes splitting is still visible in the strongest (leftmost) component in both of these
traces. A point to note is that the first E.I.T. feature in the 19 mW trace occurs at the

frequency of the dip between the first two peaks of the fluorescence. This is a result of
the fact that these two peaks are just two Autler-Townes components of the one

hyperfine upper state. Autler-Townes shifts cause the other fluorescence peaks to be

slightly offset from the relevant E.I.T. dips.

A final point to note is that the predicted and observed dip in population exc itation
is less than that predicted and observed due to E.I.T. on probe field absorption. This
characteristic is observable in all of the fluorescence traces but is most obvious in the

two lower powered coupling field traces. This phenomenon is not a result of the fact
that the fluorescence is less affected by E.I.T. but is a misleading side effect due to the
narrow Lorentzian lineshape of the fluorescence. The edges of the fluorescence lines
which lie outside the E.I.T. feature are well below the level of the fluorescence

maximum that would be observed in the absence of E.I.T. Thus the true reduction in

the population is hard to accurately gauge. This in contrast to the probe absorption
measurements since the absorption levels outside the E.I.T. window are close to the
peak absorption levels in the absence of E.I.T. This is particularly true on the two lower

powered traces where the upper state sub-levels show an Autler-Townes splitting on a

similar scale to their hyperfine separation which only acts to add further complications
to the results.
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Fluorescence curves, obtained in the presence of a detuned coupling field, were also
recorded along with the probe absorption curves of Figure 5.7. These are presented in

Figure 5.10(a) along with the equivalent theoretical predictions of Figure 5.10(b). Both
of these graphs again show excellent agreement with the experimental and theoretical
curves obtained for the probe field transmission results of Section 5.4.
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Figure 5.10:- (a) Experimental fluorescence from the 6P—> 5Sj/2 spontaneous decay at

422 nm, which is proportional to the population of the 5D5/2 level, detected during the

corresponding coupling field detuning traces of Figure 5.7. (b) Theoretical
calculations of the upper level populationfrom a three level density matrix model which
includes Doppler broadening effects (for 47 °C) at the couplingfield detunings stated.

The fluorescence traces again show the broadening and eventual disappearance of one

sub-component along with the narrowing of the other. This is entirely consistent with
the argument that a separation into single and two photon excitation routes occurs as

was outlined in Figure 5.8. The increase in peak fluorescence during detuning is due to
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the narrowing of the line and the asymmetry introduced during detuning which shifts
the peak of the fluorescence to one side of the E.I.T. window.

5.6) A Theoretical Look At The Effects Of Introducing A Magnetic Field

The application of a magnetic field to an atomic system causes the levels to split
due to the Zeeman effect [8]. When the applied magnetic field is of sufficient strength
it allows previously degenerate atomic levels to be resolved. For example, J states each
have (2J+1) degenerate levels labelled from mj = J to mj = -J and similarly hyperfine
levels have a (2F+1) degeneracy labelled from mp^Fto mp = -F. The effect of the

magnetic field can be characterised into three regions: a weak field region, an

intermediate field region and a strong field (or Paschen Back) region [19, 20], The
weak field region is the one in which the splitting of the hyperfine components (« pbB)
is much less than the zero field splitting of the F components (twice the hyperfine

constant). It follows that the Paschen Back region is where the opposite is true and that
the intermediate field region falls between these two regimes. In the weak field case

Zeeman splitting can be perceived as being a small perturbation on the hyperfine
interaction whereas in the Paschen Back region the hyperfine interaction is regarded as

the small perturbation acting upon the Zeeman effect.

Since increasing the applied magnetic field strength causes atomic levels to pass

through the three regions described above, it is not appropriate to use either mp of mj as

the basis on which transitions between levels are traced as the eigenstate mixture within
each level is not constant. Instead it is appropriate to employ the more fundamental

quantum numbers me and ms. The quantum number me takes the values from I to -I,
where t is the orbital angular momentum. The value of ms can be either 1/2 (termed

spin up) or -1/2 (termed spin down). During an atomic transition it is known that an

electron cannot change its spin value and so only transitions to levels with the same spin
value are allowed [21]. This gives the selection rule Ams= 0. The Anv selection rule is

dependent on the polarisations of the input optical fields and on the orientation of the

applied magnetic field. In this experiment the applied magnetic field is perpendicular to

the counter-propagating optical fields. For this set-up the presence of the applied
magnetic field results in the single photon Arm selection rules listed in Table 5.1:
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Table 5.1:- Single photon A me selection rules

Optical Field Polarisation Am/

Parallel To The Magnetic Field

Perpendicular To The Magnetic Fields

0

± 1

How two photon electric dipole selection rules can be obtained through the
combination of the above single photon selection rules is outlined by Bonin et al. [22],
Table 5.2 below shows the selection rules appropriate to the 5S 1/2-5D5/2 two photon

transition within this cascade system experiment.

Table 5.2: Two photon selection rules

Probe field

polarisation

Coupling field

polarisation

Two photon selection rules
Am e Ams

(a) Parallel Parallel 0 0

(b) Parallel Perpendicular ±1 0

(c) Perpendicular Perpendicular 0, ±2 0

Each of the fine and hyperfine levels are a mixture of spin 1/2 and spin -1/2

eigenstates. The mj and mp quantum numbers are composed as follows:

mj = me + ms (5.6)

mF = m, + mj (5.7)

For the 5S1/2 state me =0, so mj = ± 1/2, therefore any mp hyperfine state consists of

two components related to both the spin eigenstates such that:
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W(n,£,mF)- Cl<j>|m1,ms) + C2<|>|mI,ms)
= C,<)) mF ~)+C2<l> mF + —h

2 2

(5.8)

Similarly, the mj hyperfine states consist of two components related to both the spin

eigenstates such that:

*f(n,f,mj) = C]4> m^,msC2(j)m^,ms^
= C,<|)

(5.9)

The two coefficients Cj and C2 are the Clebsch-Gordan coefficients of the

eigenstates. These coefficients describe the relative admixtures that constitute each sub-

level. As a physical quantity, the squares of these values gives the probabilities of

finding the electron in either of the spin states. In order that the wavefunction be
*

normalised (i.e. fT = 1.) it is necessary that the Clebsch-Gordan coefficients satisfy
the following condition:

(C,)2+(C2)2=1 (5.10)

These coefficients depend on the strength of the applied magnetic field, one increasing
while the other decreases as the magnetic field grows. Employing the following

expressions enables these coefficients to be calculated:

(C )2 X__(Cl) "Y2+Z2 (5.11)

(C2)2= Y2 + Z2 (5.12)

where for fine states

Z = ZF = ■jfymTfy \i - m, + —

V J 2
(5.13)

Y = YF = —(mj + f^7—]F
2 ( J UF ( 2V F) (5-14)
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Xp - l + 8m/—1+4f—1 +4W + 1) (5.15)\ If ) \ IF )

- fine structure constant (35.5252 Hz), £ - orbital angular momentum, mj - magnetic

total angular momentum of electron, pe - Bohr magneton (in frequency units 14 GHz /

T), B - applied magnetic field (Tesla). (All bracketed values refer to 85Rb)

and for hyperfine states

Z = ZHF -
;hf

+ - I-mF + -
2A h 2

(5.16)

Y = YHF = Sf(mF J'HF
HF (5.17)

xhf - 1 + 8m ((gjJvglKg)
I 5 HF

+ 4 ~ +41(1 + 1) (5.18)
V SHF /

§HF - hyperfine structure constant (1.0119Hz), I - nuclear intrinsic spin (5/2), mp -

magnetic total angular momentum of atom, gj - Lande g value (2.0023 for 5S1/2 level or

1.20 for 5D5/2 level) and g] nuclear g factor (0.0003) and other symbols as previously

defined. (All bracketed values refer to 85Rb)

The magnetic field used to produce the Zeeman splitting in this experiment had
a strength of 8 mT. In this field region, the hyperfine I-J coupling for the 5S 1/2 ground

state does not significantly break down. The energy shifts of the (F, mp) states are

found by solving a 2x2 secular equation, the result of which is the following form of the
Breit-Rabi formula shown below [19, 23]:

_ ~§i mF BB B -
5hf >HF

HF (5.19)

Let us consider the 5S 1/2 (F-3) level of 85Rb. Figure 5.11 shows the relative

hyperfine Zeeman splitting of the mp states within this level. It can be seen that the

application of a magnetic field causes the degeneracy of the level to be lifted and the
seven mp states are clearly separated at a field value of 8 mT. At this magnetic field
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seven mp states are clearly separated at a field value of 8 mT. At this magnetic field

value the total Zeeman splitting of the 5S1/2 (F=3) level is of the order of 225 MHz.

The other three hyperfine ground states of rubidium split in a similar fashion.

m C I m,, m > +
F 1 1 ' s

C 1111, m >
2 1' s

3 1.0000 10,1/2 >

2 0.9233 10,1/2> + 0.3842 10, -1/2>

1 0.8356 10,1/2> + 0.5493 10,-1/2>

0 0.7327 10,1/2 > + 0.6806 10, -1/2 >

-1 0.6061 10,1/2> + 0.7954 10,-1 /2>

-2 0.4345 10,1/2> + 0.9007 10,-1/2>

-3 1.0000 10,-1/2 >

1 r

0 2 4 6 8

Magnetic Field (mT)

Figure 5.11:- An energy diagram showing the effects ofan applied weak magnetic field
on the 5S1/2 (F=3) state in 85Rb. Shown on the right are the related mp ~ ms basis

eigenstates with the corresponding weak field Clebsch-Gordan coefficients, calculated
at 8 mT. The observed offset on the zero field level position is due to the hyperfine

splitting of the ground state.

For the upper state, 5D5/2, the hyperfine structure is small (~4 MHz) [24] and so,

even for our relatively small applied magnetic fields, the hyperfine I-J coupling is

effectively broken. A simplified linear approximation for the Zeeman splitting in L-S

coupling is then appropriate [20]:

AE = gj mj pB B (5.20)

Figure 5.12 shows the Zeeman splitting of the mj states for the 5D5/2 level of

85Rb. Application of the magnetic field again causes the degeneracy of the level to be
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0.4

0.3

0.2

0.1

0

-0.1
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-0.3

-0.4

0 2 4 6 8

Magnetic Field (mT)

C Im ,m > + C Im ,m >
i r s 2 i s

1.0000 12,1/2 >

0.8947 11,1/2 > + 0.4468 12,-1/2 >

0.7750 10,1/2 > + 0.6320 11, -1/2 >

0.6329 I -1,1/2 > + 0.7742 10, -1/2 >

0.44771 -2,1 / 2 > + 0.8942 1-1, -1/2 >

1.0000 I-2,-1/2 >

Figure 5.12:- An energy diagram showing the effects ofan applied weak magnetic field
on the 5D5/2 state in 85Rb. Shown on the right are the related mi-ms basis eigenstates

with the corresponding weakfield Clebsch-Gordan coefficients, calculated at 8 mT.

In order to calculate the Zeeman splittings of the levels involved in the two-

photon, 5S1/2 - 5D5/2, transitions, it is necessary to identify all those that are dipole
allowed. However, as has been previously discussed, the Zeeman splittings of the two

levels are most conveniently described within different basis states: L-S eigenstates for
the 5Sj/2 level and I-J eigenstates for the 5D5/2 level. By choosing the m^-ms basis to

describe both levels, a picture of the allowed dipole transitions can be obtained. Shown
on the right-hand side of the energy level diagrams in Figures 5.11 and 5.12 are the

corresponding mi - ms eigenstates along with their related Clebsch - Gordan

coefficients, for the case when the applied magnetic field is 8 mT.

Initially with no applied magnetic field, the E.I.T. window produced will consist
of a degenerate superposition of all the allowed two photon transitions within the mg-

ms basis. When a magnetic field is applied this degeneracy is removed. With reference
to the selection rules listed in Table 5.2, it is predicted that, from a macroscopic view
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point, it is possible to split the E.I.T. window into various clusters of Am; = 0, ± 1, ± 2

components. At most only three components will be seen at any one time,

corresponding to the case where the probe and coupling fields both have linear

polarisations perpendicular to the applied magnetic field.

This, however, is not the complete picture. Each Am/ component in fact
consists of a cluster of lines. These lines correspond to all the allowed dipole transition

routes, which simultaneously satisfy the two photon selection rule for a particular Am/

value. Each Am/ cluster can be regarded as a "comb" having "teeth" which correspond
to each of the allowed sub-level transitions. E.I.T. will occur at each two-photon

position as dictated by the Zeeman splitting. The applied magnetic field causes the
formation of five clusters corresponding to the five possible Am/ selection rules as

shown in Figure 5.13. Each cluster can be seen to consist of twelve sub-components.

Am^-2 Air^ = 0 Am^+2

LAn 1 A]m
l

1

-500 -250 0 250 500

Zeeman Splitting Of An^ Two Photon
Transition (MHz)

Figure 5.13:- Zeeman splitting, at 8 mT, ofall the allowed Amp two-photon transitions
in the mi - ms basis. Five clusters can be seen corresponding to Am / = 0, ± 1, ± 2
selection rules, each ofwhich consists oftwelve sub-components.
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It is expected that the depths of the E.I.T. feature will be reduced, relative to that

of the initial window, when the magnetic field is introduced. This is due to two

processes which occur simultaneously as the applied magnetic field is increased.

Consider the case when the applied optical fields are both perpendicularly polarised.
The two-photon selection rule is that Am; = 0, ± 2. Note that, the Am; = 0 state is

composed of two alternative two-photon routes. An atom may be excited through the
cascade system by a Am; = +1, -1 combination or by a Am; = -1, +1 combination,

starting from the same ground state and achieving the same upper state. In this way it
can be seen that the coupling field acts on four separate cascade systems. For the case

of zero applied magnetic field these four cascade systems are degenerate and so the
observed E.I.T. feature is the superposition of four E.I.T. windows observed at a central

frequency. Turning to the case when an applied magnetic field is present, then the Am;
= ± 2 E.I.T. windows move in frequency space relative to the zero field position. Thus,
at the frequency where the Am; = - 2 transitions are transparent the Am; = + 2
transitions are not, and vice versa. The two Am; = 0 clusters are still found at the

central frequency position. Hence, the observed E.I.T. feature is now the superposition
of four distinct E.I.T. windows, only two of which are at the same frequency position.
From this argument it is expected that in applying a magnetic field we will see a marked
reduction in the depth of the observed E.I.T. windows. For the Am; = ± 2 clusters this
reduction should be of the order of a factor of four, while the still degenerate Am; = 0

clusters should see only a factor of two reduction.

To complicate matters further each Am; cascade system is not a true three level

system but in fact consists of multiple systems. In the case of the 5S 1/2 (F=3) - 5D5/2

system there are twelve simultaneous cascade systems. The magnetic field Zeeman

splits all these systems by slightly different values, resulting in an overall broadening of
each Am; cluster as the applied magnetic field is increased. This broadening
mechanism causes a reduction in the depth of the observed E.I.T window due to the

corresponding increase of the effective linewidth of the system.

A third factor which must be considered is that each individual cascade system

has its own dipole matrix elements. The Autler-Townes splitting connected with an

E.I.T. window is directly proportional to the induced Rabi frequency produced by the

coupling laser through the exact resonance relation:
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q = jfEo (521)
h

where Q is the upper transition Rabi frequency, p the upper transition dipole matrix
element and Eo the amplitude of the coupling field. Thus, referring to equation (5.21)

it is seen that the upper Rabi frequencies differ between systems if the transition matrix
elements differ. In Section 5.3.2 it was shown that the depth of an E.I.T window is

dependent on the magnitude of the Rabi frequency. Therefore, systems with a smaller

coupling field transition Rabi frequency will see an E.I.T. window of reduced depth.
The superposition of all the sub-level transitions within each cluster, and the clusters
themselves in the zero magnetic field regime, tend to mask out this subtle effect which
becomes more apparent in the presence of a magnetic field.

A Grotrian diagram for the allowed coupling transitions between the 5P3/2 and

5D5/2 energy levels of rubidium is shown in Figure 5.14.

Amj = 5/2 3/2 3/2 -1/2 -3/2 -5/2

11, 1/ 2> 10,1/2>+ 1-1,1/ 2> +
11 ,-1/ 2> 10,-1/2> 1-1, -1/2>

Am^ = ± 2 transitions
— — Arri/,= 0 transitions

5P3/2

lm^,ms>

Figure 5.14:- A Grotrian diagram for the allowed transitions between the 5P3/2 and
5D 5/2 energy levels of rubidium This diagram shows the relative dipole matrix

elements strengths for the transitions possible when both fields are linearly polarised

perpendicular to the magneticfield (Ame = 0, ± 2).
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This diagram shows the relative dipole matrix elements strengths for the transitions

possible when both fields are linearly polarised perpendicular to the magnetic field

(Am<? = 0, ± 2). As can be seen, the routes employed in the Am^ = 0 two-photon
transitions have much smaller dipole matrix elements than those employed in the Amf =

± 2 transitions. The result of this is that the Am^ = 0 systems are expected to have E.I.T.
windows of reduced depths to those in the Am^ - ±2 systems, due to the smaller Rabi

frequencies induced by the same coupling field power.

5.7) An Experimental Look At The Effects Of Introducing A Magnetic Field

In this section experimental results are presented where the probe laser on the
5S 1/2—5P3/2 transition is scanned through the 87Rb, F=2, and the 85Rb, F=3, hyperfine
levels. Two magnetic field regimes have been studied for the purpose of this

experiment. The "low magnetic field" regime corresponds to the case when the applied

magnetic field is < 0.3 mT, while that of the "high magnetic field" has a magnetic field

strength - 8 mT. Shown in Figure 5.15 is the 6P-5S]/2, 422 nm fluorescence signal for
the case when both the applied optical fields have perpendicular polarisations (row (c)
of Table 5.2). The low magnetic field regime, represented by the blue line in Figure

5.15, clearly shows E.I.T. effects induced by the coupling laser, within the fluorescence

signal. When we move to the high magnetic field regime, red lines marked with
crosses, the effects of the Zeeman splitting superimposed on the E.I.T. features are

observed. A 300 MHz confocal signal is also included to give a frequency marker for
the graph. There are now three E.I.T. features as predicted, and the Am^ = 0 and Am^ =

±2 clusters split by -240 MHz, which corresponds to within 10% of the 250 MHz

splitting predicted from Figure 5.13. The discrepancy arises due to the error within the

experimentally measured magnitude of the applied magnetic field.

Probe field transmission curves for both the low and high applied magnetic field

regimes are presented in Figure 5.16 for three different optical field polarisation
combinations. Again a 300 MHz confocal signal is included in each as a frequency
marker. Taking each graph in turn the varying E.I.T. features which occur can be

explained in terms of the arguments presented in Section 5.6.
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Scanning Probe Field (GHz)

Figure 5.15:- Fluorescence signal from the 6P - 5S1/2 transition (442 nm), for the case

when both applied optical fields had perpendicular polarisations (Ami = 0, ± 2). The
blue line represents the case of a low applied magnetic field (<0.3 mT), the red line
marked with crosses represents a high applied magnetic field (~ 8 mT). A 300 MHz

confocal signal is presented as afrequency reference.

Figure 5.16(a) shows the case when both applied optical fields have parallel

polarisation (row (a) of Table 5.2). In this case application of the magnetic field does
not produce separate Am^ clusters. However, the applied magnetic field does cause

Zeeman splitting of each sub-level which effectively increases the linewidth of the two

photon transition. Hence, since the Rabi frequency is unaltered, the E.I.T. window is
reduced. The reduction in the maximum absorption level of the probe laser when

moving to the high magnetic field regime is consistent with the lower transition (5S1/2 -

5P3/2) being spread out due to Zeeman splitting.

Figure 5.16 (b) (corresponding to rows (b) of Table 5.2) shows the E.I.T.
window being split into two Am; components by the application of a magnetic field.
For this optical field configuration the Am 1 = ± 1 components both split from the

original central E.I.T. window position. The E.I.T. windows thus have a marked
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reduction compared to the previous case, due to the loss of degeneracy in frequency
space induced by the Zeeman splitting.

Figure 5.16(c) shows the case described by the selection rules of Table 5.2 row

(c), where the applied optical fields are both polarised perpendicular to the magnetic
field. As predicted, in the high magnetic field regime the E.I.T. window is clearly seen

to split into three Am^ components. Two of the components, Am^ = ± 2, split from the

line centre leaving only the Am ( = 0 component there. At ~8 mT the splitting of the

Am (_ - 0 and Am^ = + 2 clusters is ~225 MHz. This is again within 10% of the

theoretically predicted splitting of Figure 5.13 and also of the experimental splitting
observed on the fluorescence signal of Figure 5.15.

Figure 5.16 :-The probe field transmission for the low (blue line) and high (red line
marked by crosses) applied magnetic field regimes. A 300 MHz confocal signal is
included as a frequency marker. The frequency positions of the E.I.T. features are

shown by a long tailed arrow for the low magnetic field regime, and by a short tailed
arrow for the high magnetic field regime. Three differentpolarisation combinations are

considered: -

-2-1012

Scanning Probe Field (GFIz)

(a) Probe and couplingfield having polarisations parallel to the applied magnetic field
( Am£ = 0, Ams =0).
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1 1 1 1

-2-10 1 2

Scanning Probe Field (GHz)

(b) Probe field polarised parallel, coupling field perpendicular, to the applied

magnetic field (Amp = ± 1, Ams =0).
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(c) Probe and coupling field having polarisations perpendicular to the applied the

magnetic field (Amp = 0, ±2, Ams =0).
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Again it can be seen that there is a partial reduction in the maximum absorption level
due to the Zeeman splitting on the lower transition.

The relative depths of all the Am/ E.I.T. windows do indeed fall off as expected.
The Am / = ± 2 components are -20% of the original E.I.T. window. However, the Am /

= 0 component is well down on the 50% value expected. One reason for the overall
reduction in the E.I.T. windows is because of the broadening of each individual Am/

cluster, induced by the Zeeman splitting, as seen explicitly in the case of Figure 5.16(a).
The loss of inter Am/ cluster degeneracy effectively reduces the depth of the E.I.T.
features through the superposition, within clusters, of E.I.T. features located at different

frequencies. A second contribution is that from the previously predicted effect due to

the separation of Am / components.

A further explanation for the lower than expected E.I.T. window depth of the Am/
= 0 component is that this system employs m / - ms levels which have dipole matrix
elements that are much smaller than those in the Am/ = ± 2 system, see Figure 5.14.
Therefore even although there are twice as many individual systems involved, each one

has a Rabi splitting less than a corresponding Am / = ± 2 system and so the total

superposition has a smaller depth than originally predicted.

5.8) Implications Of Zeeman Splitting On Coherently Prepared Systems

The effect of Zeeman splitting on electromagnetically induced transparency has
some fundamental consequences to the application of E.I.T. effects in magnetic field
induced three-wave mixing experiments [5], Introducing a magnetic field to allow the
collinear generation of a second-harmonic signal, a sum-frequency signal or a

difference frequency signal by rotation of the appropriate quadrupole moments, will

produce less enhancement than expected in the presence of E.I.T. due to the Zeeman

splitting effects described in this chapter. Thus high powered lasers should be
employed, such that the Rabi frequencies are greater than the Zeeman splittings. Other
methods for breaking the symmetry of the vapour region may be preferable if it is
desired to incorporate E.I.T. to enhance second order nonlinear processes, i.e. non-

collinear beams (but these will also reduce induced transparencies) [25] or the use of

high power pulses [26],
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With regards to non-inversion laser systems [27] it would be beneficial to shield
the experiment from surrounding background magnetic fields such that Zeeman

splitting will not reduce the prepared coherence within the proposed lasing medium.
This shielding need not be of such a level to exclude the earth's magnetic field since at
~ 0.06 mT it falls well within the low field regime and so will not significantly destroy

any induced coherence.

Finally the design of a high-sensitivity magnetometer [7] has as its basis the
effects of Zeeman splitting. In a weak magnetic field regime the proposed design
should not experience any difficulties due to the effects of Zeeman splitting, and so

should be capable of accurately measuring very weak magnetic fields as predicted.

However, in the presence of strong magnetic fields the Zeeman splitting will match or

exceed the upper transition Rabi frequency. Therefore, the E.I.T feature will itself split
and the inteferometric method of detection will lose its sensitivity. Thus, the upper

limit of the high-sensitivity magnetometer will be limited by the effects of Zeeman

splitting. Measurement of the E.I.T. splitting in the strong magnetic field regime (-8

mT) may prove to be a possible optical magnetometer in its own right. However, this
will not provide the accuracy of the proposed high-sensitivity magnetometer.

As has been shown in the Sections 5.6 and 5.7, the introduction of a magnetic field
to an E.I.T. system provides a mechanism for carrying out sub-Doppler, two-photon

spectroscopy within that system. This spectroscopic analysis is again free from any

complicating factors introduced by the intermediate 5P3/2 energy level and as such

provides a useful method for examining the two-photon structure. Thus this magnetic
field study has further highlighted the fact that in E.I.T. processes the level structures

normally revealed by two-photon spectroscopy (ground to upper state) are imprinted, as

E.I.T. features, upon the single-photon absorption profile associated with the lower
transition (ground to intermediate state).

5.9) Concluding Remarks

This chapter has presented a study of electromagnetically induced transparency

employing continuous wave lasers with an emphasis on the two photon excitation
conditions associated with this process. Theoretical results obtained by employing

density matrix models for three level atoms have been compared with those results
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obtained experimentally. Even although the experimental system had appreciable

hyperfine structure in all of its corresponding levels the theoretical models predicted the

principle features well. These included the effects of optical field geometry, coupling
field power and coupling field detuning. Simultaneously measurements of the upper

state population (via fluorescence) were recorded which allowed their velocity selected

lineshapes to be contrasted with those of the probe field transmission. An initial novel
two photon spectroscopy technique was also presented whereby E.I.T. was used to

imprint the upper and lower levels structure on the probe transmission curve, taking

advantage of the reduced two photon Doppler width to achieve good resolution. A

theoretical and experimental examination of the affect of applying a magnetic field on

an E.I.T. system was then presented. This showed that an E.I.T. window will split into

clusters, the number of which depends directly on the operative two photon selection
rules which are themselves directly related to the polarisation of the optical fields. This
then provided a second novel, though lower resolution, method of spectroscopic

analysis of the two photon structure. Overall it was found that a magnetic field acts to

reduce, or mask, an E.I.T. window. The depth of each component of the induced

transparency is reduced relative to the zero magnetic field case while simultaneously

undergoing frequency shifting and broadening processes.
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Chapter 6

Electromagnetically Induced Focusing

This chapter considers the spatial consequences of employing Gaussian profiled cw
optical fields within an experiment to study E.I.T. It is shown that the radial intensity
profile of the strong coupling field results in significant cross focusing effects on the
weak probe field. These focusing effects are dubbed Electromagnetically Induced
Focusing (E.I.F.) in recognition of their inherent connection with E.I.T. and to
distinguish them from self focusing and related phenomena.

6.1) An Introduction To The Spatial Consequences Of E.I.T.

The previous two chapters have discussed in detail the changing absorption profile
of a weak probe field due to the presence of a strong coupling field on a connected
transition. Accompanying this variation in the transmitted probe field amplitude is a
variation in the phase delay or refractive index experienced by the probe. Figure 6.1
presents a density matrix calculation of the frequency dependent refractive index
experienced by the probe field in the absence of a coupling field (solid blue line marked
with crosses) or in the presence of a 100 MHz coupling field (solid red line). It is
clearly seen that the normal dispersive refractive index curve is radically altered by the
introduction of a coupling field, as predicted by Scully in 1991 [1].
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-0.8 -0.4 0 0.4 0.8

Detuning Of Probe Field (GHz)

Figure 6.1:- Theoretical curves showing the real component of pj2 ( which is

proportional to the refractive index experienced by the probefield), including the effects

of Doppler broadening, for the case of no coupling field (shown by a blue solid line
marked with crosses) and the case when a 100 MHz couplingfield is present (shown by

a red solid line). (Q]2 = 1 MHz, and vapour temperature = 45 °C).

The coherently created dispersion properties of these systems have generated a

great deal of interest in their own right: Harris and co-workers have theoretically

predicted a reduction in the group velocity of a pulsed probe beam [2,3] due to the

rapidly varying refractive index near line centre and experimentally confirmed this

phenomenom in a later publication [4]. A similar cw experiment has been carried out

within atomic rubidium by Xiao et al [5]. The authors employed the same cascade

system as discussed in this chapter to experimentally observe E.I.T. and simultaneously
measure the rapidly varying refractive indices. A reduction in the group velocity for an

on resonance probe beam (vg = c / 13.2) is inferred from the measured dispersion curve,
with a 52.5% absorption suppression experienced by the probe field; Scully and co¬

workers have theoretically discussed the possibilities of creating a medium of enhanced
refractive index and low absorption, dubbed "phaseonium" [6], in order to develop a

novel atomic magnetometer [7]. Lately, these authors have also reported the first

experimental demonstration of this effect within atomic rubidium [8].
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The refractive index profile change discussed above is directly related to the

strength of the coupling field induced Rabi frequency and to the dephasing on the

uncoupled transition in exactly the same manner as was outlined for E.I.T. in Chapter 4.
It is this fact that is the underlying principle for observing Electromagnetically Induced

Focusing (E.I.F.) [9,10], the process for which is outlined schematically in Figure 6.2.

Coupling Field And Rubidium Atoms

Equivalent To :

The Probe Field Experiencing A
Variable Lens

r\

iv./

Figure 6.2:- Schematic representation of the process involved in

Electromagnetically Induced Focusing.

Consider a typical cascade system E.I.T. experiment where the focusing of the two

counter propagating optical fields is such that the probe field is radially contained
within the coupling field along the length of the interacting medium. Since the coupling
field has a Gaussian radial intensity there will be a radial variation in the induced

transparency depth and refractive index change as experienced by a resonant probe
field. Both these effects will be strongest on axis and will fall off as we move radially
outwards across the coupling field. Therefore, a radially varying refractive index

profile will be induced upon the probe field due to the interaction of the coupling field
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with the rubidium atoms. This is simply the principle of an optical lens, thus focusing
of the probe field is to be expected.

It should be noted that the control of the path of an optical field by another has been
demonstrated by Tarn and Happer via an optical pumping mechanism [11]. However,
in the work of this chapter the control is mediated by the E.I.T. conditions altering the
atomic susceptibilities produced in the vapour. As such, E.I.F. is effectively non-

dissipative in terms of the coupling radiation, since large scale population transfers are

not involved. Further, unlike self-focusing effects [12,13] there is the potential for

using this mechanism for focusing, trapping, and defocusing without accompanying

absorption of the weak probe radiation.

E.I.F. cannot however be completely explained in terms of a spatially varying
refractive index as first suggested [9], It is found that radially varying E.I.T. effects also

play a significant role in the resultant spot size of the probe field. Various experimental

parameters also alter the final spot size, in particular the detuning of the probe field
from exact resonance, but also: the relative focal position of the probe field; the

temperature of the cell; and the initial relative spot sizes of the two optical fields. This

chapter will present results from a detailed calculation for the propagation of the probe
field within a cascade system. The model includes the radial change in both refractive
index and absorption, and highlights the fact that focusing and defocusing induced on

the probe field are due to the combination of both of these effects. Experimental
confirmation of all of these theoretical results will follow, with a final section outlining

the production of novel optical writing techniques of the coupling field on the probe
field being presented.

The motivation behind the study of E.I.F. lies with its relevance to the design of any

experiment in the field of atomic coherence. Not only will E.I.T. experiments cause this
form of cross focusing, but also experiments in inversionless lasing [14,15 and
reference therein], where strong coupling fields are used to prepare the atomic
conditions. Thus E.I.F. may prove problematic, and as such the design of inversionless
laser cavities may have to include E.I.F. compensation. Furthermore, access to

ultrahigh refractive index without absorption [1,6] will give rise to lensing on the probe
fields in a similar manner. The majority of theories in these areas have dealt with plane
wave approximations, and as such have so far neglected the effects of spatial variations.
E.I.F. is also of fundamental interest it its own right since it allows laser induced lenses
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to be created, whose sign and focal power can be varied. This "Focusing of Light by

Light" was the topic of a recent paper by Marangos [16].

6.2) Modelling Electromagnetically Induced Focusing

In order to theoretically analyse the effects of E.I.F. a model has to be derived which is

capable of dealing with the radial variations induced in the medium's susceptibility by
the Gaussian profile of the coupling field. With this radial profile in place the spatial
effects upon the probe field as it propagates through the medium have to be evaluated.

Following the coupling field induced medium, the effects of free space propagation to

the observation plane upon the probe must then be considered. It is the combination of
all of these complex processes which gives the resultant spot profile at the detector.

Flowever, this calculation holds for only one specific probe field frequency. Thus, the
model must be executed for a range of probe field detunings in order to appreciate how
the spot size at the detector varies as the probe field frequency is scanned through
resonance.

6.2.1) Calculating The Radially Varying Atomic Susceptibility

The calculation of the radial variations in the atomic conditions within the cell is

achieved by employing a standard density matrix model as detailed in Chapter 2. The
relevant density matrix model for E.I.F. studies is a three level cascade system (Matrix

2.1) which incorporates the effects of Doppler broadening. The population decay rates

(Tjj) are set to be Tj2 = 40 MHz, T32 = 1.6 and T31 =2.6 MHz, and the corresponding
coherence decay rates (y,j) are

Y12 = 2^21 (6.1)

Y23 = 2^21 + r3l + r32) (6.2)

Y13 _ 2(^31 + ^32) (6.3)
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At first glance the inclusion of a T3i spontaneous decay term contradicts the non-dipole
allowed nature of the uncoupled transition as described in Chapter 2. However, the

justification for the inclusion of this term lies in the fact that it makes the model

physically more realistic. The 5S1/2-5P3/2-5D5/2 cascade system is not a truly isolated

three level system. Population can leak out of the three level system from the 5D5/2

level by spontaneous decay to the 6P level. This population always re-enters the three
level system via the 6P-5S1/2 relaxation and so is accounted for in this model by the
inclusion of a T3i term in the density matrix and as an extra dephasing rate. It is this

very decay route which allows the experimental observation of the 422 nm fluorescence
in previous chapters.

An initial employment of the standard density matrix model allows a

phenomenological picture of the radially varying susceptibility to be obtained. Figure
6.3 presents some typical results from the density matrix calculation for three different

coupling field Rabi frequencies. Part (a) shows the absorption experienced by the probe
field (from the imaginary part of p 12) and part (b) the corresponding phase delay or

refractive index experienced by the probe field (from the real part of p 12), both plotted

against probe field detuning. Curve (1), shown by a green solid line, corresponds to a

coupling field Rabi frequency (Q23) of zero and hence represents the conditions in the

vapour outside of the coupling laser. The red curve marked with crosses, curve (2), is
the calculation carried out at edge of the waist of the coupling field and as such has

^23= 162 MHz. Curve (3) is calculated at the centre of the coupling field Gaussian

profile with £223= 440 MHz and is represented by the blue curve marked with circles.
From these curves the radial change in the conditions within the cell can be deduced.
For example, with the probe field tuned to line centre, the middle of the probe beam will

experience low absorption, but the wings, if they extend outside of the coupling laser

profile, will be absorbed. The converse situation occurs when the probe field has a

detuning of 0.25 GHz from line centre. At this frequency significant absorption levels
are predicted on axis with less absorption at the edges of the probe beam.
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-0.75 -0.375 0 0.375 0.75
Probe Field Detuning (GHz)

(a)

-0.75 -0.375 0 0.375 0.75
Probe Field Detuning (GHz)

(b)

Figure 6.3:- The absorption (a) (calculatedfrom the imaginary part ofthe off-diagonal
matrix element pif) and phase delay or refractive index (b) (calculatedfrom the real

part ofthe off-diagonal matrix element p12) plotted against probe field detuning. Three
sets ofcurves are presented corresponding to coupling field strengths of:- (I) Q23 = 0

MHz, green solid curves, (2) Q23 = 162 MHz, red curves marked with crosses, (3) Q23
= 440 MHz, blue curves marked with circles. The counter propagating beams have 780
nm and 776 nm probe and couplingfield wavelengths, respectively. The couplingfield
has A c = 0 and the cell temperature is 320 K.
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To help clarify the picture Figure 6.4 displays a set of curves obtained from a

similar density matrix model to that above, except for the fact that now the probe
frequency is set and it is the radial position across the coupling field that is scanned.
Again graph (a) corresponds to probe field absorption and (b) to the phase delay but in
this case both experience a Gaussian induced Rabi frequency profile of waist size co0-

Individual curves within Figure 6.4 correspond to different probe detunings relative to
line centre, as noted in the caption. However, the basic trend is that curve (1)
corresponds to line centre and the rest follow a progression of increased detunings in
steps of 0.05 GHz. Beginning with the absorption conditions it can be seen that there is
a relatively wide transparency window for the probe to propagate through at line centre,
but this progressively narrows and becomes less pronounced as the probe tuning
changes. Thus, it is to be expected that a probe beam of similar waist to that of the
coupling beam will experience clipping of its edges. As the detuning increases to
around the value of the peak Rabi frequency of the coupling field, the situation reverses,

as predicted above, and the absorption actually becomes greater on axis, favouring the
propagation of the outer edges of the probe beam. The refractive index also changes
over this same detuning range. Initially, on line centre the refractive index has no radial
variation (as noted in [9]), but in curve (2) there is already a strong radial variation.
While -1< r / co0 <1, the curve displayed gives less phase delay on axis and so imposes
a diverging curvature on the probe wave front. In later curves this is observed to
reverse and a converging curvature is imposed. However, the behaviour of a probe
beam in case (2) and (3) will be strongly dependent on the relative initial coupling and
probe waist sizes due to the change in curvature with radial position. Therefore, distinct
non-Gaussian probe output beams are to be expected.

As well as producing non-Gaussian probe output beams it can be deduced from
Figure 6.5 that the probe spot size is also dependent on the sign of the probe field
detuning. Figure 6.5 presents similar graphs to those of Figure 6.4, however this time
the detuning step intervals are - 0.05 GHz instead of + 0.05 GHz . Examination of
Figure 6.5(a) quickly reveals that the absorption profiles vary exactly as before. Thus,
the contribution of absorption effects to the overall probe spot size can be seen to be
symmetrical about the probe field resonance frequency. This however, is not found to
be the case for the refractive profiles, shown in Figures 6.4 (b) and 6.5(b).
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Figure 6.4:- The absorption (a) andphase delay (b) plotted against radial position with

respect to the centre of the Gaussian coupling field profile. Curves (1) to (6)
correspond to probe detunings of0.0, 0.05, 0.10, 0.15, 0.20, and 0.25 GHz respectively.
The radial position is scaled in units of the coupling field waist size (Oc. The peak

couplingfield Rabifrequency is 440 MHz and all other parameters are as in Figure 6.3.
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Figure 6.5:- The absorption (a) andphase delay (b) plotted against radialposition with

respect to the centre of the Gaussian coupling field profile. Curves (1) to (6)

correspond to probe detunings of -0.0, -0.05, -0.10, -0.15, -0.20, and -0.25 GHz

respectively. The radial position is scaled in units of the coupling field waist size co c.

The peak couplingfield Rabi frequency is 440 MHz and all other parameters are as in

Figure 6.3.
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It can be seen that a +100 MHz detuned probe (curve (3) Figure 6.4(b)) experiences a

converging phase delay curvature imposed upon it, for -1< r / oo0 <1, whereas inspection

of Figure 6.5(b) (curve (3)) shows that a -100 MHz detuned probe has imposed upon it a

diverging phase delay curvature. Therefore, since the overall spot size depends on the
combination of the absorption and refractive index profiles it is expected that this will
be non-symmetrical about the probe field resonance frequency.

6.2.2) Calculating The Effects Of Probe Field Propagation

In order to calculate the combined effects of these unusual radial variations in the

refractive index and absorption on the propagation of a probe beam through a cell

prepared in this way by the coupling field, a matrix solution of the Maxwell equations
was followed as detailed by McDuff [17]. To simplify matters this treatment proceeds
in only one transverse dimension, but this is a valid approximation for circularly

symmetric conditions and is sufficient to provide significant insight into E.I.F.

phenomena. The method involves resolving the spatial information of the input beam
and that of the medium's susceptibility into a linear combination of Gaussian-Hermite
modes. Employing the properties of these Gaussian-Hermite modes allows the

recasting of the wave equation into a form which enables numerical solutions to be
calculated. Therefore, the complex electric probe field amplitude, Ep(x,z), is expressed
as:

Ep(x,z)= Jfk(z)tpk(x) (6.4)
k=0

and the complex susceptibility of the medium, a(x,z), by

am(x'z)= 2Nk(z)l^(x) (6.5)
k=0

where

(6.6)
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is the Gaussian-Hermite polynomial or mode of order k, Hk is the k-th order Hermite

polynomial and Ck is a constant. In order to express the probe field, and the

susceptibility of the medium as a linear combination of Gaussian-Hermite polynomials,

Tk> the latter must form a complete set. Siegman has shown that this is in fact true [18],

It is also convenient if these Gaussian-Hermite modes form a set of orthogonal and
orthonormal functions. McDuff [17] shows that for this to be the case Ck must satisfy

the following relation

ck = ,&02<k-"2>k!l"2 (6.7)

The factor r0 in the above expressions is simply a scaling constant. This constant is
chosen to match the Gaussian-Hermite mode sizes to roughly the beam waist of the

profile being decomposed, in order to ensure swift convergence of the modes to form
the beam profile. From this orthogonality relationship the coefficients of the linear
combinations fk and Nk can be determined from

00

fk(z)=J_^E(x,z)^kdx (6.8)

N k(z)=J_Ma(x,z)i|;kdx (6.9)

The propagation of the mode weights fk(z), is then given by equation (10) of reference

[17]

= -E(z)fk (6.10)
dz

where E(z) is the propagation matrix as described by equation (11) of reference [17],
This propagation matrix takes into account spreading of the beam due to diffraction and
the variation in absorption and refractive index experienced by the probe beam.

Equation (6.10) is a simple first-order matrix differential equation which has the
solution:

fk(z)=expj^Z E(z) dzj fk(z=0) (6.11)
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where fk(z=0) is the initial field expressed as a column vector of amplitudes of

Gaussian-Hermite polynomials. Making the assumption that E is independent of z the
solution (6.11) can be simplified to:

fk(z)= exp[-E] fk(z =0) (6.12)

Physically this assumption requires that the coupling laser beam be uniform throughout
the cell. This is a fair approximation if the coupling beam is sufficiently collimated so

as not to spread appreciably due to diffraction during propagation through the cell, and
that the probe field is sufficiently weak such that the propagation of the coupling beam
is unaffected by the interaction medium. These assumptions could be removed by
numerical integration along the beam paths within the cell, but that complication is not

necessary here in order to gain an understanding of the nature of E.I.F. In the

implementation, the matrix exponential function is computed by a (4,4) Pade

approximation [19], and decomposition up to the 40 th order of Gaussian-Hermite
modes (n = 40) is used. This is extended however, up to the 60 th mode (n = 60) if the

coupling and probe waists are of widely different sizes (e.g. in Figure 6.14 below).
Since all the experimental observations of the beam spot size changes are made some

distance back from the cell end, because of the counter propagating arrangement, the
calculation is extended to include propagation across a set distance after the cell end

through a homogeneous medium (air). This is achieved by propagating each of the
Gaussian-Hermite modes excited at the cell end for the chosen distance through air [20],
and then recombining them with the appropriate weights, fk(z) as calculated above, at

the observation plane.
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At this point I would like to acknowledge the work of R.R. Moseley who was the

principle worker in the design and coding of the above E.I.F. model. The model was

implemented in C in a UNIX environment on Sun SPARC workstations. As will be
shown below, this model has proved itself an invaluable tool for dissecting the
mechanisms involved in E.I.F. and as such has provided great insight into this
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6.2.4) Theoretical Predictions Of The E.I.F. Model

6.2.4.1) E.I.F. Within a 10 cm Rubidium Medium

Implementing the model described above produces the graphs shown in Figure 6.6
for a probe field of initial waist size 1 mm and a coupling field of waist 2 mm. The

rubidium medium is chosen to be 10 cm long (as was the case for the original E.I.F.

experiments [9]) and the observation plane is set to be 50 cm after the end of the cell.

These relatively large beam waist sizes were chosen so as to avoid significant
diffraction within these propagation distances and so allow the behaviour of E.I.F. to be

unambiguously observed. Figure 6.6(b) shows the calculated probe beam waist at the
1/e point as a function of probe detuning while Figure 6.6(a) shows the calculation of
the corresponding intensity of the transmitted light. As can be seen the behaviour is

predominantly one of defocusing in the highly absorbing wings and focusing within the
E.I.T. window. The overall behaviour significantly differs from that predicted from the

simple method employed in the original work [9]. This is due to the spatially varying

absorption conditions also present within the cell which were not previously accounted
for.

To illustrate the contributions to the overall probe field spot size of the real and

imaginary components of the mediums susceptibility the model is run with the same

parameters but ignoring first the refractive index information, Figure 6.7(a), and then

secondly ignoring the absorption information. Figure 6.7(b). The refractive index only
calculation shows equal regions of focusing and defocusing around the zero detuning

point. However, the absorption contribution is notably different and can be seen to be

symmetric about the zero detuning point. These two results confirm the predictions
made from the simpler density matrix calculations of Figures 6.4 and 6.5. The focusing
behaviour near probe resonance is due to good E.I.T. being experienced at the high

intensity regions of the coupling field and poor E.I.T. being experienced by the wings.
This results in the probe field being clipped and hence a smaller transmitted spot. The

defocusing in the off resonance regions corresponds to the opposite absorption
variation. When the probe detuning is of the order of the coupling field Rabi frequency,
the centre of the probe beam experiences high absorption because the Autler-Townes

component has shifted to be resonant with the probe.
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Detuning Of Probe Field (GHz)
(a)
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(b)

Figure 6.6:- The calculated probe transmitted irradiance (a) and waist size at the 1/e

point (b) for the probe field after propagation through a 10 cm rubidium cell, followed

by 50 cm through air. Initially the probe field waist size is set to be 1 mm, the coupling

field waist 2 mm, and the peak Rabi frequency is 440 MHz. The counter propagating
beams have 780 nm and 776 nm probe and coupling field wavelengths, respectively.

The couplingfield is assumed resonant such that Ac = 0 and the cell temperature is set

to equal 320 K. The horizontal reference line in plot (b) is the undisturbed waist size

forpropagation over the same distance.
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2000

Figure 6.7:- The calculated probe waist size for the propagation conditions ofFigure
6.6 but with (a) only the presence of the absorption information of the coherently

prepared medium and (b) only the presence of the refractive index information of the

coherently prepared medium. The horizontal reference lines again represent the
undisturbed waist size for propagation over the same distance.
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Figure 6.8:- The calculatedprobe transmitted waist size at the 1/e point (a) observed at

the cell end and (b) observed after propagating a further 200 cm through air. All other
parameters are as for Figure 6.6. The horizontal reference lines again represent the
undisturbed waist sizesfor propagation over the same distances.
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The edge of the probe beam, on the other hand, has less absorption because the Autler-
Townes splitting is less and the probe detuning puts it in the wings of the absorption
feature. This effect is clearly observed within the graphs of Figures 6.3 to 6.5.

How these two contributions combine to give the resulting output depends on the

propagation conditions after the cell. If the probe beam profile is interrogated at the end
of the cell, Figure 6.8(a), it follows the absorption conditions very closely. The wave

fronts have had a phase modulation impressed on them by the refractive index changes,
but only after propagation over a distance will this translate into a focused or defocused
beam. In Figure 6.8(b) the propagation distance after the cell has been increased by a

factor of four to 200 cm. It is seen that the phase modulation imposed on the wave

fronts now dominates over the absorption effects resulting in the probe beam profile
now following closely the refractive index contribution. Thus the result of Figure 6.6(b)
consists of an equal mixture of the two contributions, since the refractive index
contributions have led to an effect of roughly the same magnitude as the absorption
contributions over the 50 cm propagation distance. Therefore, there are different

regimes for the observation of E.I.F.: the near field, where absorption effects dominate;
the far field, where the refractive index effects dominate; and an intermediate regime,
where both are important.

6.2.4.2) E.I.F. Within a 2 cm Rubidium Medium

With this understanding in place, the parameters for the model were now chosen to

reflect the experimental conditions more closely. A cell length of 2 cm was employed
with a charge-coupled device (C.C.D.) placed approximately 20 cm after the cell end,
and these values were entered into the model. The probe waist size was reduced to 55

pm, with the focus at the cell centre, and the coupling field waist size was similarly
reduced to a value of 110 pm. With these relatively small waists, which give confocal

parameters for the beams less than the overall propagation distance, diffraction effects
are important at the observation plane. The theoretical prediction for the variation in the

probe full width at half maximum (F.W.H.M.), as measured in the following

experiments, is presented in Figure 6.9. Immediately it can be seen that this result is
very different to that of Figure 6.6(b), where the probe does not experience a tight
focus. Under these conditions, focusing within the cell from E.I.F. will tighten the
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probe waist and result in a larger spot size observed on the camera plane. In a similar

fashion, defocusing produces a larger probe waist in the cell and so a smaller spot in the
observation plane. To examine the relative contributions of the absorption and
refractive index profiles upon the final spot size this calculation was repeated initially

ignoring the refractive index contribution, Figure 6.10 (a), and then secondly ignoring
the absorption contribution, Figure 6.10(b). These graphs show that the overall
variation is different from either of these and that the inclusion of the spatially varying

absorption to the calculation is vital.
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Figure 6.9:-The calculated probe F. W.H.M. after propagation through a 2 cm rubidium
cell followed by 20 cm of air. The horizontal line denotes the waist size under
diffraction-limited propagation conditions. The undisturbed probe beam waist is 55
mm, with the focus located at the cell centre. The coupling field waist size is 110 mm

with a peak Rabi frequency of220 MHz. The counter propagating beams have 780 nm

and 776 nm probe and coupling field wavelengths, respectively. The coupling field is

assumed resonant such that Ac = 0 and the cell temperature is set to equal 320 K.

204



6) Electromagnetically Induced Focusing 6.2) Modelling, Electromagnetically Induced..

-0.25 -0.125 0 0.125 0.25

Detuning Of Probe Field (GHz)
(a)

-0.25 -0.125 0 0.125 0.25

Detuning Of Probe Field (GHz)
(b)

Figure 6.10:- The calculated probe F.W.H.M. for the propagation conditions ofFigure
6.9 but with (a) the presence of the absorption information of the coherently prepared
medium only and (b) the presence of the refractive index information of the coherently

prepared medium only. The horizontal reference lines again represent the undisturbed
waist sizes forpropagation over the same distance.
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An important and interesting point to note is that for a resonant probe field there is
still a finite change in the probe spot size and that this is entirely due to the presence of
the variation in the absorption radial profile. If the absorption information had been

neglected, free space propagation would be predicted on line centre. With the

appreciation of the radial change in absorption, this will not be the case unless the probe
field is restricted to only a small portion of the coupling field profile, where there is

essentially no change in the spatial conditions, or else a coupling field is generated
which exhibits a "top hat" radial intensity profile.

6.2.4.3) Theoretical Effect Of Varying E.I.F. Parameters

There are a large number of physical parameters which can be varied in order to

change the properties of the probe spot size at the observation plane. One of the most

dramatic is that of the focal position of the probe field within the cell. Figure 6.11
shows the predicted spot size variation for (a) the probe focused at the input window of
the cell and (b) the probe focused at the output window of the cell. Immediately it is
seen that these two cases differ radically from the situation where the probe field was

focused at the centre of the cell, Figure 6.9. A closer inspection reveals that these

profiles are almost the mirror images of each other. Experimental confirmation of this

change in conditions is given later in the results of Section 6.3.1.

A second experimental parameter which is easily varied is the temperature of the
rubidium in the cell. Figure 6.12 shows the result of running the model for various cell

temperatures using the same parameters as for Figure 6.9 except for the fact that the free

space propagation distance after the cell is now 50 cm. With a cell temperature of 315K

(green dashed line) and 320K (blue solid line) the lineshape of the probe F.W.FI.M.
curves are similar to those obtained in Figure 6.9. The overall spot sizes are larger due
to greater free space propagation distance. As is to be expected the 315K curve shows
less focusing effects on the probe spot size than the 320K curve since the lower

temperature results in a lower density within the cell and so the effects of E.I.F. are

reduced. An interesting effect occurs as the temperature is still further increased to

325K (purple dashed curve with x markers) and 330K (solid red line marked by

crosses).
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Figure 6.11'.-The calculatedprobe F.W.H.M. for the propagation conditions ofFigure
6.9 but with the undisturbedprobe fieldfocus located (a) at the input window of the cell
and (b) at the output window ofthe cell.
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Figure 6.12:-The calculated probe F.W.H.M. for the propagation conditions ofFigure
6.9 but with the propagation distance after the cell being 50 cm and the temperature of
the rubidium cell set to 315K (green dashed line), 320K (blue solid line), 325K (purple
dashed line marked by crosses and 330K (red solid line marked with crosses). The
320K curve is also includedfor reference (red dashed line).

The second peak breaks into two components: a sharp region of defocusing and

refocusing of the probe F.W.H.M. followed by a shallower less pronounced region of

probe field defocusing and refocusing. This resembles the lineshape of Figure 6.10(b)
where only the presence of the refractive index information was considered. Thus, it is
seen that increasing the cell temperature enhances the refractive index contribution to

the overall probe spot size at a higher rate than the equivalent absorption contribution,
as is to be expected from the increase in particle density. Therefore, as the cell

temperature is increased the probe spot size profile changes from one which is
dominated by the absorption contribution to a regime where the refractive index
contribution dominates. This provides the possibility of employing cell temperature as

a second method for experimentally distinguishing the contribution of these two effects.
A further point of interest is that Figure 6.12 shows that the structure of an E.I.F. probe
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spot size profile has better temperature stability on the low probe frequency side of
resonance than on the high frequency side. Therefore, if the fundamental focusing

properties of E.I.F. are to be employed as a means of optical switching or path control it
is favourable to work in the low frequency detuning region of the probe field since here
the effects of temperature stabilisation will not be as problematic.

The properties of the coupling field can also be easily altered within this

experiment, these include coupling field power, detuning, spot size etc. Figure 6.13
considers just one of these, the detuning of the coupling field. The profile presented is

generated by leaving the probe field on resonance and scanning the coupling field, with
all other parameters set to be the same as Figure 6.9. Here it is seen that the probe field

spot size follows a very similar lineshape to that of Figure 6.9. The probe spot size

again experiences two distinct regions of defocusing and then refocusing, one on either
side of coupling field resonance. However, for this situation the magnitude of the

focusing effects are not as strong as those for the case when the coupling field is set to

be on resonance and the probe field is scanned in frequency.

-0.25 -0.125 0 0.125 0.25

Detuning Of Coupling Field (GHz)

Figure 6.13:-The calculated probe F.W.H.M. of an on resonance probe field as a

function ofcouplingfieldfrequency. All other parameters remain as setfor Figure 6.9.
The horizontal reference line again represents the undisturbed waist size for

propagation over the same distance.
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Finally consider the situation in which the probe field waist size is initially greater

than that of the waist of the coupling field. This condition is opposite to those discussed
above and to those in most E.I.T. experiments because of the requirement for good
transmission of the probe field. This situation is of interest however since the probe

field effectively "sees" a soft-edged pinhole in the vapour at line centre, with low

absorption on axis and high absorption off axis. Figure 6.14 shows the result for the

probe field profile at (a) the exit of the cell and (b) after a further 20 cm propagation

through air, where the initial probe waist size is 500 pm, five times that of the coupling
field waist. Distinct diffraction like rings can be observed on the probe profile,

mirroring those seen for propagation through a traditional pinhole. It is predicted that
the radius of these rings will change as the transparency window changes size with

probe detuning. Experimental observation of these novel diffraction like rings is given
in Section 6.3.2 along with further non-circularly symmetric diffractionlike fringes.
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Figure 6A4:-The calculatedprobe radial intensity profile (a) at the end ofthe 2 cm cell
and (b) after propagating a further 20 cm through air. The blue solid lines represent a

probe detuning of100 MHz, and the red dashed lines represent a probe detuning of150

MHz. The radial position is scaled in units of the coupling field waist size coc. The

input probe field waist size is 500 mm, the couplingfield waist size is 100 mm and the

peak Rabifrequency is 440 MHz. All other parameters are as in Figure 6.9.
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6.3) Experimental E.I.F. Results

The following experiments on the effects of E.I.F. were all carried out within a 2
cm cell of rubidium vapour, following a similar procedure to that previously outlined in
Section 4.3. The cell was typically heated to around 50 °C to give appreciable

absorption of the focused probe field (> 60 %). The 5S1/2 -5P 3/2 -5D5/2 cascade system

was again employed with the two Ti:Sapphire lasers once more generating the applied

optical fields. Figure 6.15 presents a schematic representation of (a) the atomic system

employed, and (b) the experimental setup employed.

t--r-
A„

J l5D5/2 > Coupling Laser

776 nm

t„-i-
J

780 nm

'5P3/2 >

Probe Laser

C.C.D. Camera

I5S1 /2 >

(a) (b)

Figure 6.15:-/1 schematic representation of (a) the atomic cascade system employedfor
this experiment and (b) the experimental setup, showing the arrangement of the laser
beams, vapour cell and C.C.D. camera.

The coupling laser provided up to 500 mW of power, however the probe laser power

was attenuated to < 300 pW in order to insure that the effects of self-focusing, which
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would distort the results, were removed. After the cell a sample of the probe field was

picked off by a pellicle beam splitter and then directed onto a C.C.D. array at a distance
20 cm from the cell end. The total intensity of the light was found by integration over

the pixel values, and the F.W.H.M. of the probe field was measured directly in order to

study the effects of E.I.F.

6.3.1) A Fully Contained Probe Field

The following results correspond to the case where the probe field is contained

fully within the coupling field over the duration of the rubidium cell. This is achieved

by focusing the coupling field with a 40 cm lens to give a waist size of around 150 pm.

The confocal parameter is therefore nine times the cell length, providing a roughly
constant axial intensity. The probe field is focused to a 55 pm waist, giving a confocal

parameter of 2.4 cm which is of the same order as the cell length.

The above arrangement enables the profile of the probe field waist size to be

experimentally observed after propagation through a coherently prepared E.I.F.
medium. Therefore, it has proved possible to compare experimental E.I.F. with the

previously generated theoretically profiles of Section 6.2. The variation in the probe
waist size due to E.I.F. is found to be a good fit to the theoretical model in the cases

where the probe field is focused on the ends of the rubidium cell. Figure 6.16 shows
these two experimental traces (a) where the probe field is focused at the input window
of the cell and (b) where the probe field is focused at the output window of the cell,

corresponding to those generated for Figure 6.11(a) and (b) respectively. In Figure

6.16(a) the probe field can be seen to experience a wide frequency region of defocusing

prior to the E.I.T. peak before it is quickly made to focus, defocus and then refocus over

the E.I.T. region itself. For the case when the probe field is focused at the output

window of the cell, Figure 6.16(b), the opposite occurs. As the E.I.T. feature is

approached from the low frequency side the probe field is made to defocus, focus and
then it enters its wide defocused region, now centred over the absorption after the E.I.T.
window. This is exactly the phenomena predicted for both of these cases from the
E.I.F. model.
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Figure 6.16:-The experimental variation of the probe F. W.H.M.(blue solid line marked

by crosses) and intensity (red solid line) when the probe is focused (a) at the input
window of the cell and (b) at the output window of the cell. Initially the probe field is

focused to a 55 pm waist whereas the coupling field has a waist of 150 pm. The

temperature ofthe cell is ~ 50 °C.
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The results for the case when the probe field is focused at the centre of the cell are

not quite as good. The behaviour of the probe field is found to vary between different

experimental traces. In general the experimentally measured beam waists followed the
behaviour predicted by the E.I.F. model, see Figure 6.17(a). On the whole the probe
field experiences two defocusing regions both of which lie within the frequency range

of the E.I.T. window. The strong focusing at the transmission peak is always observed.
This is a very abrupt feature, typically occurring over a probe tuning range of 25-50
MHz at these coupling field powers. However, the relative height of the two peaks is
found to vary between experimental traces, and the peak edges are sometimes blurred

by defocusing at the transparency edges. Figure 6.17(b) and (c) represents two of these

anomalous results where the structure of the second peak in particular is seen to differ
from the theoretically predicted curve of Figure 6.9. This may not be too surprising,
since from day to day the exact field focal positions will not always coincide and it has

been shown that a 1 cm change in the focal position of the probe field in either direction
leads to a radical change in the output waist sizes. Furthermore, changes in cell

temperature have been shown theoretically to significantly affect the probe beam

profile, see Figure 6.12, specifically in the probe field frequency region of the second

peak. Therefore better temperature stabilisation of the rubidium cell would help in the

reproducibility of Figure 6.17(a). A final experimental parameter that can not always be
held constant from day to day is the overlap of the two optical fields. It is found that the
observed probe field behaviour is very sensitive to the beam overlap and so this again
contributes to the difficulty in reproducing the exact form of Figure 6.17(a).

The general good fit to the theoretical treatment outlined in Section 6.2 for the three
different focal positions within the cell shows that both the refractive index and

absorption properties must be considered to correctly predict E.I.F. behaviour. Ignoring
either of these contributions leads to far different behaviour, which is unable to be

matched to the experimental profiles taken in what is effectively the intermediate region
between absorptive and refractive domination.
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Figure 6.17: -The experimental variation of the probe F.W.H.M. (blue solid lines
marked by crosses) and intensity (red solid lines) when the probe is focused at the
centre of the rubidium cell. The three curves differ in the fact that in (a) the profile
agrees well with the theoretical model, whereas (b) and (c) show profiles ofpoorer

agreement The experimental parameters are believed the same for all traces with the

probe field initially focused to a 55 pm waist whereas the coupling field has a waist of
150 pm. The temperature of the cell is ~ 50 °C.

Frame Number (~50 MHz/Frame)
(a)

c/)
-4—*
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Frame Number (~50 MHz/Frame)
(c)

6.3.2) A Non Contained Probe Field: Novel Diffraction Techniques

Turning now to the case where the probe field is no longer contained fully within
the coupling field over the length of the rubidium cell produces a novel effect associated
with E.I.F. The probe field is now left unfocused and as such has a waist size of

approximately 2 mm, much bigger than that of the coupling field waist, around 150 pm.

Figure 6.18 shows the probe field after propagation through the cell at a frequency

tuning close to that of the transparency peak. Clear diffraction-like rings can now be
seen on the probe field intensity profile as predicted earlier in Figure 6.14 by the E.I.F.
model. These rings are seen to contract as the probe is scanned upwards in frequency

through resonance. The change in the ring structure is shown in Figure 6.19 for
different probe frequency detunings within the E.I.T. region. It should be noted that this
diffraction-like pattern cannot simply be a diffraction effect, as the rings would then
both expand and contract as the aperture changed shape.

This behaviour follows directly from the circularly symmetric nature of the

coupling field intensity profile and as such can be changed by inserting a cylindrical
lens into the coupling field. The effect of this cylindrical lens was to produce a slitlike
focus within the cell, hence fringes rather than rings were expected at the observation

plane. This is indeed the case as shown in Figure 6.20.
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Figure 6.18:-A three dimensional plot of the probe field as it appears on the C.C.D.
camera after being transmitted through a much smaller circular transparency. The

probe field has a 2 mm waist, the coupling field a 150 pm waist and the cell is at a

temperature ~ 50 °C.

Radial Intensity Variation With Probe
Frequency:- Ring Contraction

-2-1012
Radial Position ( r/to )

C

Figure 6.19:-The variation withfrequency ofthe ringpattern observed in Figure 6.18.
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The probe field now diffracts into a series of linear fringes after propagating through the
transparency slit coherently induced within the rubidium cell.

1

Figure 6.20:-A three dimensional plot of the probe field as it appears on the C.C.D.
camera after being transmitted through a slitlike transparency imposed on the vapour

by a cylindrical lens. The probe field has a 2 mm waist, the coupling field a 150 \xm

waist and the cell is at a temperature ~ 50 °C.

6.4) Concluding Remarks On E.I.F.

Electromagnetically Induced Focusing (E.I.F.) is a novel non-dissipative cross-

focusing effect whereby an atomic medium, coherently prepared by a coupling field,
acts as a variable lens to a connected probe transition. It is noted that self focusing
within an E.I.T. experiment has previously been discussed in the context of E.I.T.
systems by Rathe et al. [21], arising through the dependence of the third order
susceptibility on the field of the probe laser. However, it is emphasised that this effect
is not a self induced one, but rather the modification of one beam by the other. This can

be verified by the use of a lower vapour temperature, such that the probe is not

completely attenuated outside of the transparency region. Under these conditions the
probe field waist size changes are only seen during the transparency region.
Furthermore, a reduction of probe field power does not lead to any reduction in the
lensing effects, as would be expected if E.I.F. was a self induced phenomena. It has
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also been shown theoretically that higher temperatures lead to greater lensing action as

expected.

The mechanism for E.I.F. has been shown to be the result of the complex

combination of the spatially varying absorption and refractive index profiles induced

through E.I.T. effects. Regions of focusing and defocusing are caused by these
conditions which are shown to vary with many experimental parameters, including
relative spot sizes, probe field focal positions, cell temperature and coupling field

detuning. An indepth theoretical model has been developed which correctly predicts

many of these features including the emergence of diffraction-like rings on the probe
field when an initially large probe field waist, relative to the coupling field waist, is

employed. Experiments were carried out in this regime in which the coupling field

imprints a transparency aperture upon the medium, of either a circular or slit like nature.

The probe field then treats this light induced aperture in much the same way as it would
a solid aperture, with ring or fringe diffraction-like patterns evident in the probe field
observation plane.

Electromagnetically Induced Focusing has critical implications for future

experiments in the area of atomic coherence. Mode matching of coupling laser and the

circulating laser modes in inversionless lasers schemes will be affected, as will all E.I.T.

experiments, including those to enhance nonlinear processes. Of particular interest will
be the susceptibility of this lensing within the various schemes proposed for enhanced
refractive index mediums which do not exhibit significant absorption. Experiments

designed to avoid E.I.F. may utilise either a "top-hat" coupling field laser mode, or

ensure that the probe is contained within a sufficiently small area of the coupling laser
to avoid a spatial variation in the susceptibility.

As well of being of consequence to future atomic coherence experiments, E.I.F.
is of fundamental interest in its own right. It provides a mechanism whereby an optical
field can be controlled by the properties of a second field. Thus, modulation of the

coupling field intensity or frequency will induce a rapidly varying lens upon the probe
field. The time scale for these effects is of the same order as the response times of E.I.T

effects, a few hundred nanoseconds as discussed in Section 4.2.2. In addition to the

observed changes in spot size, deflections of the probe field due to non-perfectly

overlapped lasers have been observed. Therefore, E.I.F. may be employed as a non-

dissipative optical switch, or waveguide if doughnut coupling field modes were
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employed. Whether E.I.F. is considered as a problematic feature to be circumvented
within future atomic coherence experiments or as an interesting and useful tool in the
control and manipulation of optical fields, it is an inherent feature of E.I.T. experiments
and as such cannot simply be ignored.
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Chapter 7

Wavelength Dependence Of Coherently Induced

Transparency in a Doppler-Broadened Medium

The work of this chapter involves the examination of the effect of changing the

coupling laser transition, and hence the wavelength, on the coherently induced

transparency experienced by a probe beam in Doppler-broadened E.I.T. systems. This
examination includes the theoretical study of cascade, lambda and V-type systems

within atomic rubidium and is backed up with experimental results from various
cascade systems. The transparency of the vapour is shown to be an effect not just of
E.I.T., but of the velocity group dependent Autler-Townes splitting within the vapour.

Consequently, the best overall transparency for Rabi splittings less than the Doppler
width is not at the position of matched coupling and probe wavelengths, but for

coupling field wavelengths less than that of the probe.

7.1) An Introduction To Coupling Field Wavelength Effects

Various E.I.T. systems within atomic rubidium have been discussed in the previous

chapters of this work and within the various papers referenced therein. The

wavelengths involved in the configurations of most of these rubidium cascade, lambda
and V-type systems are in the near infrared, and therefore easily covered by both diode
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and Ti: sapphire laser sources. Since the wavelengths of the probe and coupling fields
in these configurations are similar, the proper choice of co or counter-propagating
beams can reduce the Doppler broadened vapour to a virtually Doppler-free medium.
To date, all schemes in rubidium, including that of the first cw inversionless laser [1],
have taken advantage of these Doppler-free schemes. It had been thought that the use

of a Doppler free medium was a necessary requirement for the observation of coherent

transparency since it was believed that these reduced the power requirements on the

coupling field laser. In this chapter it will be shown, both theoretically and

experimentally, that this is in fact not the case. Instead, for all three configurations, if
the wavelength of the coupling field is less than that of the probe, there is no

disadvantage in using mismatched wavelengths. This result is found theoretically to

extend further within the V-type system. When the wavelength mismatch is such that
the coupling field has a larger wavelength than that of the probe field there is still no

significant reduction in the depth of an induced transparency feature.

Wavelength mismatching has been previously discussed theoretically for a

homogeneously broadened cascade system in a paper by Geo-Banacloche et al [2],
Within their theoretical analysis the authors show that it is advantageous for the
observation of E.I.T. if an atomic system is chosen such that the coupling field is lower
in wavelength than that of the probe field. However, the work of this chapter extends
these theoretical ideas and provides the first experimental confirmation of these effects
in the regime where the wavelength mismatch between the two optical fields is of the
order of hundreds of nanometers. In so doing a physical explanation of induced

transparency is obtained where the relative roles of Autler-Townes splitting and E.I.T.
are highlighted. This picture also highlights the inherent nature of these two

mechanisms within a vapour and so emphasises the fact that in a vapour the two cannot
be treated separately. The real significance of this work lies in the prospect of inducing
cw inversionless gain in Doppler-broadened media where the coupling wavelength is no

longer similar to that of the probe, allowing new lasing wavelengths in the blue or U.V.
to be generated.
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7.2) Modelling The Effects Of Wavelength Mismatch Within E.I.T. Systems

The three basic systems for the observation of E.I.T. are again considered in this

chapter with relation to the effect of changing the coupling field wavelength in each.
Figure 7.1 presents schematics of these three systems and the corresponding optical
fields, the coupling and probe fields are shown by red double headed arrows and blue

single headed arrows, respectively.

$ \r32 ,
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I 2 >

I 1 >

I 3 >
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I 2 >

I 3 >

(c)

I 2 >

I 1 >

Figure 7.1:- Schematic energy level diagrams for (a) the cascade, (b) the lambda and
(c) the V-type systems. Red double headed arrows correspond to coupling field
transitions and blue single headed arrows correspond to probe field transitions.
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7.2.1) E.I.T. Versus Autler-Townes Splitting In a Doppler Broadened Medium

In a Doppler broadened medium the E.I.T. position (corresponding to two-photon
resonance between the uncoupled transitions of Figure 7.1) shifts across the velocity

groups, v, such that:

Ap = (kp±kc)v-Ac (7.1)

where the + or - correspond to either co or counter propagating optical fields, kp = 1/XP;
kc =1/A,C, Ap - the detuning of probe field, Ac - the detuning of coupling field and v - the
magnitude of the relevant velocity group. If the wavevectors kp and kc have the same

magnitude, and the beams are counter-propagating for the cascade system, as in two-

photon spectroscopy, or co propagating for the lambda or V-type systems, then the

position of two-photon resonance is the same for all velocity groups, and the medium
can be considered as Doppler-free. For real atomic systems this is not generally the
case, and so any model which approximates an atomic vapour must take into account

Doppler broadening. The integration over all velocity groups is a standard procedure in
the simulation of cw E.I.T. effects in rubidium vapour [ 1, 2, 3, 4] as outlined in Chapter
2. However, a clearer picture of the physical processes involved in coherent

transparency can be found by examining individual velocity groups, each of finite
width, centred at different points across the Doppler profile. Chapters 4 and 5 discussed
the importance of the dephasing on the uncoupled transitions to the levels of

transparency obtained. Consider the cascade system of Figure 7.1(a). For each velocity
group the amount of transparency at the E.I.T. point is set by the dephasing on the

uncoupled transition, Y13, which in turn is determined by several factors, including the

population decay from level |3> and the linewidth of the coherent sources used in the

experiment [5], If yi3 were zero, then the two-photon E.I.T. position would be the point
of maximum transparency for each velocity group. However, in reality this is not the
case since experimentally, this term is always greater than zero for cascade systems.

In addition to the effect of E.I.T. on the probe absorption in the cascade system, the
coupling field also induces Autler-Townes splitting of the levels |2> and |3>, which are

near resonance with the coupling field [6, 7]. The absorption of the probe by any one

atom, travelling with a velocity, v, will consequently split into two components

separated by the generalised Rabi frequency, QR, of the coupling laser. The
transparency at any point between these two absorptions is also dependent on yi3- The

227



7) Wavelength Dependence Of.. 7.2) Modelling The Effects Of Wavelength.

transparency at any point between these two absorptions is also dependent on yi3- The

frequency positions of the two absorptions change for each velocity group within the

vapour and the overall probe absorption is the integral over all velocity groups.

The position of maximum transparency for any one velocity group is affected by
both of the effects described above; the interference E.I.T. effect, and the Autler-

Townes splitting effect. The magnitude of Y13 determines the exact frequency position

of the maximum transparency. Figure 7.2 illustrates this fact.

Figure 7.2:- Probe absorption experienced by the -220 ms~' —> -180 ms'1 velocity

group within a cascade system where Xp = 780 nm and Xc = 572 nm for (a) Y13 = 0
MHz (blue curve), (b) y/j =3.4 MHz (red curve marked with crosses) and (c) yi3 = 20

MHz (green curve marked with open circles). The probe field Rabi frequency Qp = 1

MHz, the coupling field Rabi frequency Tf = 250 MHz, Ap = Ac = 0 and the cell
temperature = 47 °C.

-0.8 -0.4 0 0.4 0.8

Detuning Of Probe Field (GHz)
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Y13 values, the maximum transparency is near (or at, for Yi3=0) the E.I.T. point.

However, the higher the dephasing, the less effective are the interference effects,

resulting in the maximum transparency shifting to lie nearer the centre of the two

Autler-Townes split levels. (In the following models, based on atomic rubidium

systems, appropriate values of Y13 are used which are consistent with the definitions
based on the lifetimes of the relevant states within rubidium as outlined fully in Chapter
2 and reference [3], For these dephasing values, the maximum transparencies are still
close to the E.I.T. points, as shown above in Figure 7.2(b)).

For good transparency it is therefore important to ensure that the absorbing Autler-
Townes components for any one velocity group do not overlap with the maximum

transparency frequency points of other velocity groups. In order to assess the relative
roles of E.I.T. and Autler-Townes splitting in the overall induced transparency, the
contribution of individual velocity groups is now considered. The frequency at which
the probe experiences absorption due to the Autler-Townes split components of a level
is affected by the velocity dependent detunings of both the coupling and probe fields.
The probe field propagation direction is defined as always being positive and the
velocities of the atoms are positive if they move in the same direction. The coupling
field propagates either co or counter to this direction. For a counter-propagating

coupling beam the magnitude of the Autler-Townes splitting for each velocity group, v,

is the generalised Rabi frequency for that group, £2R, and is related to the velocity

dependent detuning of the coupling laser, Ac(v) such that:

Qr = Jq2 + (Ac(v))2 = Jq2 + (Ac + -^-)2 (7.2)

where £2 = (7.3)
ft

and p is the dipole matrix element of the coupling field transition, E the magnitude of
the coupling electric field and ft is related to Planck's constant (ft = h/2n ).

As well as the atomic levels connected by the coupling field splitting as described
above it is found that the central frequency position of the two peaks is shifted away

from the unperturbed levels. In relation to the probe field these frequency shifts are

given in Table 7.1 below:
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Table 7.1

System Shift From Level Frequency Shift

Cascade |2> 1 V
— (Ac + )2V Xc

Lambda |3> 1 V
+ - (A + )

2 C V

V-type |1> 1 V
+ -(AC + )

2 c X/

The probe field is itself also frequency shifted within all three systems by an amount
- v/Xp . The overall effect of these three velocity dependent effects is that the probe is
absorbed at frequencies around the uncoupled resonant absorption position such that:

The negative sign in front of the second term of equation (7.4) corresponds to the
cascade system while the positive sign to that of the lambda or V-type systems. For the
case where the coupling field co propagates, as is normal for the lambda and V-type
systems, the Xc terms of equation (7.4) should be substituted with -Xc terms. Figure 7.3
presents schematic energy level representations of the frequency shifts involved in
equation (7.4) at line centre (Ap = Ac = 0) for (a) the cascade, (b) the lambda and (c) the
V-type systems, respectively. Looking first at the cascade system shown in Figure
7.3(a), and considering the positive velocity groups (shown on the right of the zero
velocity energy levels), all three frequency shifting effects can be observed. The
requirement of a higher probe frequency due to the probe Doppler shift (first term of
equation (7.4)) is represented by the lowering in energy of level |1>, as shown by the
blue dashed line. The shift in the central frequency position of the Autler-Townes
components ( second term of equation (7.4)) is represented by the lowering in energy of
level |2> and raising of level |3>, shown by dotted red lines. Now for one particular
velocity the Autler-Townes splitting around the central frequency shifted point is shown
schematically by solid red lines. It is the complicated combination of these three effects
which determines the overall frequency shift in the probe absorption for one particular
velocity group v. The corresponding frequency shifts for the negative velocity groups
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level |2> and raising of level |3>, shown by dotted red lines. Now for one particular

velocity the Autler-Townes splitting around the central frequency shifted point is shown

schematically by solid red lines. It is the complicated combination of these three effects
which determines the overall frequency shift in the probe absorption for one particular

velocity group v. The corresponding frequency shifts for the negative velocity groups

are also shown on the left hand side of the central zero velocity energy levels. All the
same effects can be observed in either the lambda, (Figure 7.3(b)) or the V-type (Figure

7.3(c)) systems. The reason for the sign change on the second term of equation (7.4)
should now be obvious from these diagrams.

Figure 7.3:- Schematic energy level representations of the frequency shifts involved in

equation (7.4) at line centre (Ap = Ac = 0) for (a) the cascade, (b) the lambda and (c)
the V-type systems, respectively. Probe Doppler shifts (first term of equation (7.4)) are

represented by blue dashed lines. Shifts in the central frequency positions of the Autler-
Townes components (second term of equation (7.4)) are represented by dotted red
lines. For one particular positive and negative velocity the Autler-Townes splitting
around the central frequency shiftedpoint is shown schematically by solid red lines.

1 1— ! '

v<0 v = 0 v>0

(a)
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In the cascade system, the shift of the central frequency position of the Autler-Townes

components causes a reduction in the requirement of the probe field frequency to

maintain resonance, in the lambda and V-type systems it is required that the probe field

frequency be increased to maintain resonance.

A final but significant point to note is the nature of the Autler-Townes component,

as seen by the probe field, frequency shifted furthest from the unperturbed energy level.
The cascade and lambda systems both have two-photon resonance processes as well as

the single photon processes contributing to the overall probe absorption, however the V-

type system does not. Thus, the weaker Autler-Townes components (i.e. the one

frequency shifted furthest from the unperturbed energy level, [8] or see Chapter 5) will
therefore experience significantly higher absorption levels in the cascade and lambda

systems than in the V-type system. This means that even if the weaker Autler-Townes

component of the higher velocity groups within the V-type system overlap with the
maximum transparency points of the lower velocity groups the effect will not be as

detrimental to the transparency window as would be the case for the cascade or lambda

systems. This point discussed further in the V-type system analysis of Section 4.2.3
below.

7.2.2) Theoretical Cascade Systems

Consider a cascade system which has a probe field wavelength of 780 nm

corresponding to the 5S1/2 - 5P3/2 transition within rubidium. Figure 7.4(a) shows the
variation in overall transparency versus coupling laser wavelength, within this cascade

system, at line centre (Ap = Ac = 0) for four different Rabi frequencies as outlined in the
legend of the graph. It can be seen that the trade-off between absorption and

transparency across the velocity groups results in the best overall transparency

occurring within the cascade system when the wavelengths satisfy the condition that

A.c<Xp, for the case where the Rabi frequency ( £2r) is less than the Doppler width (vp),
(as is usually the case for cw E.I.T. experiments) and the dephasing term of the

uncoupled transition is greater than zero. These curves were calculated using the
standard density matrix analysis appropriate to the three level system shown in Figure

7.1(a) and described in Chapter 2, with integration over all the velocity groups

contributing to the probe Doppler width of ~ 530 MHz (FWHM).
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Figure 7.4:- Probe absorption within a cascade system versus coupling field

wavelength as a function of (a) coupling field power and (b) the dephasing on the

uncoupled transition, for the values indicated on the graphs. The curves in (b) were

calculatedfor Qc = 240 MHz. All other parameters are as givenfor Figure 7.2. Shown

for reference is the probe field transmission in the absence ofthe couplingfield (dashed

line).
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The shift in maximum transparency from where Xc = Xp is clearly visible. The
magnitude of this shift is dependent on the value of the dephasing term, 713. For >^c <

Xp the transparency level is seen to be enhanced by the wavelength mismatch. This is
most evident for the case where Qc = 60 MHz. In all cases the transparency level is

observed to fall off as the wavelength of the coupling field increases past that of the

probe field.

The effect of artificially dephasing the coherence on the uncoupled transition in this
cascade system is shown in Figure 7.4(b). Four curves are presented, the value of y 13

for each being indicated in the legend of the graph. Also shown for reference is the

probe field transmission in the absence of the coupling field (dashed line). It is seen

that as Y13 increases the overall transparency level decreases and tends towards the

value obtained in the absence of a coupling field.. The lineshape of the curves can also
be seen to alter, changing from the characteristic bent knee profile to that of a straight
line.

Further insight into the physical mechanism involved in the cascade system is
achieved by plotting the frequency positions of the Autler-Townes split absorptions

(described by equation (7.4)), and the E.I.T frequency positions, (described by equation

(7.1)) as a function of group velocity. These calculation are shown in Figure 7.5 where
the probe field was again set to be resonant with the 5S1/2 - 5P3/2, 780 nm transition
with the coupling field taking various wavelengths and orientations as depicted in the

figure caption. The coupling field Rabi frequencies were always set such that = 250
MHz. Figure 7.5(a) shows the case for Xc = 572 nm, given counter propagating optical

fields. It can be seen that there is a frequency region of 220 MHz around zero detuning
in which there is no absorption for any velocity group, but there is E.I.T. For Xc = 116

nm, Figure 7.5(b), this region has shrunk to 62 MHz, and at Xc = 980 nm is non¬

existent. These graphs clearly show the advantage in having Xc< A,p within the cascade
system, as the absorbing Autler-Townes components are frequency shifted and so do
not obscure E.I.T., resulting in a better overall transparency region. Figure 7.5(d) shows
the case for Xc = 572 nm for co instead of counter propagating optical fields. The

advantage of having a short coupling wavelength has now been lost, as the Autler-
Townes absorptions of one velocity group always encroach on the transparency regions
of other velocity groups.
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Townes absorptions of one velocity group always encroach on the transparency regions
of other velocity groups.
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Figure 7.5:- Variation in frequency ofthe Autler-Townes absorption components (solid

lines) and E.I.T. positions (dotted lines) versus probe frequency across the velocity

groups within the cascade system. Figures 7.5(a), (b) and (c) are for counter

propagation to a 780 nm probe field wavelength with (a) kc = 572 nm, (b) kc = 776 nm

and (c) Ac = 980 nm. Figure 7.5 (d) shows the case for kc = 572 nm co propagating

with a kp = 780 nm probe field. The overlap of absorption with E.I.T. across the
velocity groups can be seen to getprogressively worse from (a) to (d).

236



7) Wavelength Dependence Of.. 7.2) Modelling The Effects Of Wavelength

This graph does not change significantly for any coupling wavelength, showing why
counter propagating beams are the preferred geometry for observing transparency in a

Doppler broadened cascade medium.

Although Figure 7.5 shows the positions of the Autler-Townes absorptions, the

magnitude of each absorption also varies. The higher the velocity group the smaller are

the absorptions of that group, due to the Maxwellian distribution. Also, for a particular

group, the Autler-Townes component closer to the unperturbed position experiences
more absorption. However, as discussed above, since the cascade scheme has a two-

photon as well as the single-photon process contributing to the overall probe absorption,
the weaker Autler-Townes component for each velocity group is still significant even at

large frequency shifts. A complete picture of the absorptions of the velocity groups is

given for Xc = 776 nm, £2C = 250 MHz in Figure 7.6(a). The velocity groups are each 40
ms"1 wide and are shown by dotted lines, except for the group centred about zero

velocity (-20 ms"1 —» 20 ms"1) which is marked by a red solid line. The thick blue line

represents the standard resultant over all velocity groups. Figure 7.6(b) is a close-up of
the overlapping of the velocity bands near resonance, where the solid red line again

corresponds to the group centred about zero velocity (-20 ms"1 -» 20 ms"1). A dashed

line is also included which simply connects the frequency positions of the two-photon
E.I.T. points of each velocity grouping. A similar picture for A.c = 572 nm is given in

Figure 7.7. These pictures illustrate how, despite the position of maximum transparency

(which is near the E.FT. position) shifting less with velocity band for 776 nm than for
572 run, the resultant is a deeper, wider transparency wirrdow in the latter case since the
Autler-Townes absorptions are shifted further away from the mid resonance point for Ac
= 572 nm. In short, the absorptions in the 572 nm case do not erode into the

transparency region as much as they do for longer coupling wavelengths and so the

transparency window appears deeper and wider. As previously discussed the idea that a

negative residual Doppler width should enhance transparency in cascade configurations
was previously mentioned in the mathematical analysis of Geo-Banaclocne et af [2],
but to date no experiments have been carried out in this region, and the role of Autler-
Townes absorption in association with E.I.T. as a means of reducing transparency has
not been addressed.
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Figure 7.6:- (a) Variation of absorption of a 780 nm probe field, within a cascade

system with a counter propagating 776 nm coupling field (Qc = 250 MHz), versus

probe frequency for velocity groups 40 ms'1 wide spread across the Doppler profile.
Each velocity group is marked by a dotted line, except for the group centred about zero

velocity (-20 ms'1 —> 20 ms'1) which is marked by a solid red line. The thick blue line
shows the absorption for an integration over all velocity groups, (b) Close up of the

velocity groups shown in (a) at the resonance point. The dashed line connects the two-

photon (E.I.T.) positions for each velocity group.
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Figure 7.7:- (a) Variation of absorption of a 780 nm probe field, within a cascade

system with a counter propagating 572 nm coupling field (Qc = 250 MHz), versus

probe frequency for velocity groups 40 ms'1 wide spread across the Doppler profile.
Each velocity group is marked by a dotted line, except for the group centred about zero

velocity (-20 ms'1 -» 20 ms'1) which is marked by a solid red line. The thick blue line

shows the absorption for an integration over all velocity groups, (b) Close up of the

velocity groups shown in (a) at the resonance point. The dashed line connects the two-

photon (E.I.T.) positions for each velocity group.
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7.2.3) Theoretical Lambda and V-type Systems

Similar density matrix calculation were carried out for the lambda and V-type

systems of Figure 7.1(b) and (c) respectively. Plotted in Figure 7.8(a) is the

transparency experienced by the probe field on line centre, within the lambda system, as

a function of coupling field wavelength for three different coupling field Rabi

frequencies. At higher coupling field Rabi frequencies the probe absorption curves are

similar to that of the cascade system discussed above. Flowever, at lower coupling field
Rabi frequencies the transparency levels can be seen to fall quite dramatically as the

coupling field wavelength is reduced. As seen for the cascade system, when kc > Xp the
transparency levels fall away rapidly with wavelength mismatch. To confirm that these
enhanced transparency effects are not due to optical pumping of the ground state

population into level |2> the populations of the three levels for the 15 MHz coupling
field case are plotted as a function of coupling field wavelength in Figure 7.8(b). As is

clearly seen for all coupling field wavelengths, more than 90% of the population
remains in level |1> (blue curve with x markers) and so these enhanced transparency

effects within the lambda system at mismatched wavelengths are not the result of

optical pumping.

Turning to the V-type system of Figure 7.1(c) similar density matrix calculations
have been carried out. The results of the transparency levels experienced by the probe
field versus coupling field wavelength as a function of coupling field Rabi frequency
are plotted in Figure 7.9(a). The most surprising result about the V-type system is that
unlike the cascade and lambda systems the enhanced transparency level is insensitive to

the relative direction of the wavelength mismatch. The coupling field can be taken to a

higher wavelength than the probe field with no obvious deterioration of the

transparency depths. A check was again carried out on the population levels to make
sure that these enhanced transparency levels within the V-type system were not due to

coupling field saturation effects, as discussed in Chapter 3. For a coupling field power

of 240 MHz it can be seen that more than 60% of the population remains in level |1> at
all times, and that no significant population ever appears in level |3>. These facts
confirm that it is atomic coherence effects and not population movement that is the
source of the observed transparency effects.
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Figure 7.8:- (a) Probe absorption within a lambda system versus coupling field
wavelength as a function ofcoupling field power Cf = 240 MHz (blue curve), Qc = 60
MHz (red curve) and Qc = 15 MHz (green curve) (b) the corresponding populations
within the three levels for the case where Qc = 15 MHz. pi j shown in blue with x

markers, p22 shown in red and P33 shown in green with circle markers. All other

parameters are as given for Figure 7.2.

241



7) Wavelength Dependence Of... 7.2) Modelling The Effects Of Wavelength...

cH

1? -o.ooH
c
3

_d -0.002-
<

—„ -0.003H
T—

o.

g -0.004-
-0.005-

Q = 240 MHz

Q 60 MHz

Q = 15 MHz

Zl

q
CD
CO
C/3
ZZ

(Q

>
cr
CO
o

o
3

Q 0 MHz

—i 1 1 1

380 580 780 980 1180

Coupling Field Wavelength (nm)

CO
c
o

_co
3
Q.
O

Q_

"O
<D

"cc
E

1-

0.8-

0.6-

0.4-

0.2-

0-

■*— p @ 240 MHz

-p @240 MHz22

p @ 240 MHz33

1 1 1 \ 1 1 1

380 580 780 980 1180

Coupling Field Wavelength (nm)

Figure 7.9:- (a) Probe absorption within a V-type system versus coupling field

wavelength as a function ofcouplingfield power Qc = 240 MHz (blue curve), Qc = 60
MHz (red curve), Qc = 15 MHz (green curve) and Qc = 0 MHz (orange curve) (b) the

corresponding populations within the three levels for the case where Qc = 15 MHz. pi j

shown in blue with x markers, p22 shown in red and P33 shown in green with circle
markers. All other parameters are as given for Figure7.2.

242



7) Wavelength Dependence Of.. 7.2) Modelling The Effects Of Wavelength

The frequency positions of the Autler-Townes split absorptions and of the E.I.T

positions (described by equations (7.4) and (7.1) respectively) are by definition identical
in the lambda and V-type systems if the probe and coupling fields are set to have the
same wavelength in each system. Figure 7.10 shows the frequency positions of these
features as a function of the velocity groups for various coupling field wavelengths. A

probe field set resonant with the 5S 1/2 - 5P3/2, 780 nm transition is employed and the co

propagating coupling field (Qc = 250 MHz) takes various wavelengths values:- (a) Xc =

572 nm, (b) Xc = 776 nm (c) kc - 980 nm and (d) = 572 nm but counter propagates

with the probe field. As with the cascade system results of Figure 7.5 it can be seen that
for Xc = 572 nm a wide frequency region ~ 220 MHz exists around the zero detuning

point within which there is no absorption of any velocity group. As the coupling field

wavelength is increased the width of this frequency region reduces to ~ 62 MHz for the
matched wavelength case. By the time A,c> Xp, as is the case for Figure 7.10(c), there is
significant absorption overlap across the velocity groups. The result of Figure 7.10(d)
shows why the power requirement to observe transparency when the optical fields
counter propagate are significantly higher since no transparency window remains due to

the overlap of the highly absorbing low velocity groups.

From these graphs it can be seen that the same argument which was presented for
the cascade system holds for the lambda and V-type systems when Xc < Xp. The higher
velocity groups experience large enough Autler-Townes splitting such that their

components are shifted away from the frequency region of the zero velocity group

transparency window and so E.I.T. remains observable. However, when Xc> Xp it is the
absorption levels of the individual velocity group Autler-Townes components, which

overlap with the zero velocity group transparency window, which determines if any

transparency remains at line centre. As shown above for the cascade system and for the
lambda system in Figure 7.11 these overlapping velocity group components have

significant absorption levels and so, quickly erode into the central transparency region

masking the presence of E.I.T. However, for the V-type system the secondary Autler-
Townes components are significantly smaller than in the cascade or lambda systems,

since there is no two-photon absorption contribution.
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Figure 7.10:- Variation in frequency of the Autler-Townes absorption components

(solid lines) and E.I.T. positions (dotted lines) versus probe frequency across the

velocity groups within the lambda and V-type systems. Figures 7.10(a), (b) and (c) are

for co propagation to a 780 nm probe field wavelength with (a) kc = 572 nm, (b) Ac =

776 nm and (c) kc = 980 nm. Figure 7.5(d) shows the case of Xc = 572 nm counter

propagating with a kp = 780 nm probe field. The overlap of absorption with E.I.T.
across the velocity groups can be seen to getprogressively worse from (a) to (d).
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Figure 7.11:- (a) Variation of absorption of a 780 nm probe field, within a lambda

system with a co propagating 980 nm coupling field (Qc = 250 MHz), versus probe

frequency for velocity groups 40 ms'1 wide spread across the Doppler profile. Each

velocity group is marked by a dotted line, except for the group centred about zero

velocity (-20 ms'1 —» 20 ms'1) which is marked by a solid red line. The thick blue line

shows the absorption for an integration over all velocity groups, (b) Close up of the

velocity groups shown in (a) at the resonance point. The dashed line connects the two-

photon (E.I. T.) positions for each velocity group.
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Therefore, when Xc> Xp, the secondary Autler-Townes components that lie within the
frequency region of the zero velocity group transparency window exhibit such small
levels of absorption that the transparency window still remains, as shown in Figure
7.12. This is the reason that the curves of Figure 7.9(a) do not exhibit the bent knee

profiles of the cascade and lambda systems but remain relatively constant in their

transparency depths.

The requirement of co propagating optical fields for the observation of sub-Doppler

transparency within the lambda and V-type systems is confirmed by Figure 7.13. Here
the resultant probe field absorption curves (blue curves) in the presence of a counter

propagating coupling field of Rabi frequency Qc = 250 MHz are plotted for (a) a

lambda system with A.c = 572 nm and (b) a V-type system with Xc = 572 nm. As

expected for the lambda and V-type systems of Figure 7.1(b) and Figure 7.1(c)

respectively, the presence of any transparency feature is masked by the overlap of

transparency regions of the lower velocity groups with the higher velocity group

absorption components, and vice versa. Therefore, the resultant is just a Doppler
broadened absorption profile.
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Figure 7.12:- (a) Variation of absorption of a 780 nm probe field, within a V-type

system with a co propagating 980 nm coupling field (Qc = 250 MHz), versus probe

frequency for velocity groups 40 ms'1 wide spread across the Doppler profile. Each

velocity group is marked by a dotted line, except for the group centred about zero

velocity (-20 ms'1 -> 20 ms'1) which is marked by a solid red line. The thick blue line

shows the absorption for an integration over all velocity groups, (b) Close up of the

velocity groups shown in (a) at the resonance point. The dashed line connects the two-

photon (E.I.T.) positionsfor each velocity group.
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Figure 7.13:- Resultant probe absorption (blue solid lines) in the presence ofa counter

propagating coupling field ofRabi frequency Q. = 250 MHz for (a) a lambda system

with kc = 572 nm and (b) a V-type system with kc = 572 nm. The contributing velocity

groups, 40 ms'1 wide, are again shown by the dotted lines.
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7.3) Experimental Effects Of Varying The Coupling Field Wavelength

In order to obtain confirmation of the theoretical results predicted above a series of

experiments were carried out within rubidium cascade systems. Figure 7.14 shows
schematic energy level diagrams of the actual rubidium energy levels used in the

experiments described in this section. Figure 7.14(a) describes those for a probe field

wavelength resonant with the 5S i/2-5P 3/2 transition (780 nm), while the coupling field

wavelength was resonant with either of the 5P3/2-5D5/2 (776 nm), 5P3/2-7Si/2 (741 nm),
or the 5P3/2-7D5/2 (572 nm) transitions. Figure 7.14(b) however, describes those for a

probe field wavelength resonant with the 5S1/2-5P i/2 transition (795 nm), while the

coupling field wavelength was resonant with either the 5Pi/2-5D3/2 (762 nm) transition
or the 5P1/2-7S y2 (728 nm) transition.

7D5/2'

7S 1/2

5D5/2

5P3/2

5S 1/2

Xc = 572 nm

Xc = 741 nm

I

Ap -
= 780 nm

7S 1/2

5D3/2'

Ac = 776 nm

5P1/2

5S 1/2

Xc = 728 nm

I
XQ = 762 nm

I

Ap = 794 nm

(a) (b)

Figure 7.14:- Atomic energy levels in rubidium employedfor the study ofthe effects on

an induced transparency of the coupling field wavelength. The probe field was

resonant with (a) the 5Sj/2 SP3/2 transition (780 nm) or (b) 5S1/2 -5PI/2 transition (795

nm), while the coupling field transition, and hence wavelength, was varied to be
resonant with different atomic transitions.
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In general results recorded with the 5S1/2-5P3/2 transition probe field (780 nm) were

better than those taken with 5S1/2-5P1/2 transition probe (795 nm). The reason for this is

that the dipole transition strengths on the relevant coupling field transitions are stronger

in the former probe field systems than in the latter. Also more experimental systems

were available from the former probe field transition since more coupling field

wavelengths, corresponding to allowed transitions, could be generated with the lasers

available, see Chapter 3 for more detail on the laser sources. The probe field

wavelengths were provided by the Microlase MBR 110 scanning Ti:sapphire laser, with
the output power filtered to 4 pw. The coupling field wavelengths were provided by
either the Schwartz Ti:sapphire or a Spectra-Physics 380D Dye laser running on

rhodamine 6G, depending on the wavelength required. The beams were all linearly

polarised, and the polarisations of coupling and probe fields were parallel. As each
transition has a different transition strength [9], the coupling laser intensity was varied
to give equal r.m.s. Rabi frequencies on each transition. (There are a number of

degenerate transitions excited by the coupling laser, with different Rabi frequencies, but
the r.m.s. value is a fair indicator of the overall Rabi frequency). This was done by

satisfying the following relation [10]:

^ r.m.s a V^c^coeff °°I = Constant (7.5)

where Xc - coupling field wavelength (m), Acoeff- coupling field transition strength (108
s"1), tit - the degeneracy of the upper level and I - coupling field intensity (WnT2). The

probe was focused to a 50 pm waist within the 2 cm cell of rubidium vapour heated to

50 °C, while the coupling laser was focused to a waist of 135 pm. A wide area

photodiode and phase sensitive detection were used to monitor the probe radiation.
When on resonance with the 5S1/2 (F = 3) - 5P3/2 (F = 4, 3, 2), 83Rb transition, the

absorption of the probe, in the absence of the coupling laser, was ~ 60%.

Figure 7.15 shows the induced transparency on the 5S i/2-5P 3/2 probe (780 nm) for a

coupling laser wavelength of (a) 572 nm, (b) 741 nm and (c) 776 nm. In each of the

graphs the red crosses and blue dots show the probe absorption in the presence and
absence of the coupling laser, respectively. The solid lines show theoretical fits to the
three cases above based on a Rabi frequency of 250 MHz. (This is in reasonably good

agreement with the calculated Rabi frequency components for this transition, see

Chapter 3 for more detail. For the mj = 3/2 —» irq = 3/2 and mj = 1/2 —» m3 = 1/2
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Chapter 3 for more detail. For the mj = 3/2 -* mj = 3/2 and mj = 1/2 -* mj = 1/2

transitions these are 338.5 MHz and 414.5 MHz respectively). There are obvious
differences between the three graphs of Figure 7.15. The first is that the frequency

region of transparency for Xc = 572 nm is larger than for either Xc - 741 nm or X,c = 776

nm and it covers almost the entire range between the 250 MHz Autler-Townes split

components of the 5P3/2 level. The second is the enhanced absorption on the wings of
the transparency in the 572 nm case. Both features are experimentally quite obvious,

though not as pronounced as expected, due probably to the range of Rabi frequencies

present.

Figure 7.15:- Experimental absorption of the 5S1/2 SP3/2 probe field (780 nm) in the

presence (red crosses) and absence (blue dots) of a 250 MHz coupling field of

wavelength (a) 572 nm, (b) 741 nm and (c) 776 nm. The solid lines represent the
theoretical fits to the same parameters.
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Similar results are presented in Figure 7.16 for the case of a 5S1/2-5P1/2 probe (795 nm)
and coupling field wavelengths of (a) 728 nm and (b) 762 nm. Moving from the 762
nm coupling field to the 728 nm coupling field the transparency can again be seen to
widen and the same characteristic enhancement of the absorption curve can be

observed. These effects are not as pronounced as the curves of Figure 7.15 but this is to

be expected since the wavelength mismatch is not as great in these systems.

It is interesting to note that along with these features in the absorption spectrum, an

increase in the variation of the dispersion of the probe for the case of Xc = 572 nm is

predicted due to the increased absorption in the wings of the transparency. Figure 7.17
directly compares the theoretical curves for the 572 nm and 776 nm coupling field
systems. The enhanced levels of absorption and refractive index at the Autler-Townes
splitting frequency can be clearly seen in Figures 7.17(a) and 7.17(b), respectively.
This phenomenon may be experimentally harnessed to induce stronger phaseonium
effects [11, 12] through the employment of systems which have lower wavelength
coupling fields.
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Figure 7.16:- Experimental absorption of the 5Si/2-5Pi/2 probe field (795 nm) in the

presence (red crosses) and absence (blue dots) of a 250 MHz coupling field of

wavelength (a) 728 nm and (b) 761 nm. The solid lines represent the theoretical fits to

the same parameters.
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Figure 7.17:- (a) Theoretical plots of the absorption experienced by a 780 nm probe

field in the presence ofa 572 nm coupling field (orange line) and a 776 nm coupling

field (red dashed line), (b) Corresponding theoretical refractive index curves for the
same parameters as in (a).
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The final experimental verification of the variation of induced transparency with

wavelength is shown in Figure 7.18. The transparency depth at line centre for the 5Si/2-

5P3/2 probe (780 nm) have been plotted against coupling field wavelength for two

different Rabi frequencies, 250 MHz (blue open triangles) and 88.5 MHz (red closed

triangles). Also included on this graph are the theoretically predicted curves

corresponding to the above two Rabi frequencies. The general trend at both Rabi

frequencies can be seen to be quite good. However, the agreement is better at the

higher Rabi frequency, where the blurring effect of the variation in Rabi frequencies
does not affect the maximum transparency as much as for the case of lower powers.
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Figure 7.18:- Experimental and theoretical variation ofpercentage transparency ofthe

5Si/2-5P3/2 probe (780 nm) plotted against coupling field wavelength. The solid lines

represent the theoretical variation for Qc = 250 MHz and Qc = 88.5 MHz. The solid

red triangles correspond to the experimental variation at Qc = 88.5 MHz, and the open

blue triangles correspond to the experimental variation at Qc = 250 MHz for Xc = 572

nm, 741 nm and 776 nm. The vertical line shows the matched wavelength position.
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7.4) Concluding Remarks

In conclusion, it has been shown that coherent transparency in a Doppler-broadened
medium depends not just on the two-photon E.I.T. position, but on the positions of the
Autler-Townes components across the velocity groups. The position of maximum

transparency for any one velocity group is determined by the amount of dephasing

present on the uncoupled transition i.e. Y13 within a cascade system. An expression for

the frequency shift of an on resonance probe field, in the presence of a coupling, field of

wavelength Xc, has been derived for all three systems. This expression takes account of

the Doppler shifts experienced by the probe and coupling fields as well as the
contribution of the power dependent Autler-Townes splitting. By employing density
matrix models the overall transparency was obtained by integrating over all of these

velocity groups. However, by breaking this model into smaller velocity group

components it was seen that the depth of transparency for any individual velocity group

is set by the dephasing, but the width is controlled by the Autler-Townes splitting. By

trading off the Autler-Townes absorption positions against the maximum transparency

position across the velocity groups, it is possible to maintain or even increase the overall

transparency at low coupling field powers by altering the coupling field wavelength.
For the cascade and lambda systems this involves moving to the wavelength regime

where Xc < Fp, but for a V-type system it has been shown that the transparency depth is

relatively insensitive to the direction of the wavelength mismatch. This is accounted for

through the lack of a two-photon contribution to the probe absorption within the V-type

system. The contribution of the individual velocity groups also explains the

requirement of counter propagating optical fields for the cascade system, and co

propagating optical fields for the lambda and V-type systems in order to observe sub-

Doppler coherent transparency effects. To extend the experimental work of this chapter
to include the lambda and V-type systems requires a third laser source to remove the

complicating contributions of optical pumping, as outlined in Chapter 4. To date this
laser source is not yet available.

The significance of the results of this chapter lie in the fact that E.I.T. without
Autler-Townes splitting within a Doppler broadened medium is almost impossible to

observe. In order to improve the isolation of E.I.T. it is necessary to find a Doppler free
medium such as an atomic beam or trap. However, the search for systems to produce
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coherent transparency regions and hence, phaseonium media or non-inversion lasing

systems can now be extended to include mismatched wavelength schemes. To date cw

non-inversion lasing systems have employed matched wavelength systems in proof of

principle style experiments [1,13]. The lifting of this restriction opens up the

opportunity of the employment of I.R. laser sources to generate non-inversion lasing in
the blue, a wavelength shift of some 350 nm, (see Chapter 8 for such a theoretical

system). Further study of atomic or solid state media may extend this wavelength shift
still further and result in lasing media at U.V, or X-ray wavelengths.
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Chapter 8

Development Of A 422 nm Inversionless Gain System
And Other Future Experiments

This chapter presents theoretical analyses of various systems being considered for
future experimental work. The main content involves the study of a novel five level

system, based on atomic rubidium, which exhibits inversionless gain in the blue

wavelength region of the electromagnetic spectrum. The analysis is built up in various

simplified stages which help to highlight some of the key features of this newly

proposed system. A second section then follows which discusses the practicalities of
other future experiments. These include extending the mismatched wavelength work to

carry out atomic coherence experiments where the coupling field is replaced by an R.F.

coupling source. Finally, a brief discussion is presented on the possibilities of other

non-Doppler broadened atomic coherence experiments. It is proposed to realise these

non-Doppler broadened media through the employment of an atomic beam or trap.

8.1) A Theoretical 422 nm Inversionless Gain System Within Atomic Rubidium

8.1.1) Coherently Induced 422 nm Inversionless Gain In A Closed V-type System

The starting point for the discussion on 422 nm inversionless gain within atomic
rubidium is to introduce inversionless gain in a closed three level V-type system, shown
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schematically in Figure 8.1. This system is the basis of the more complicated six level

system, outlined in Section 8.1.3, which is required to be experimentally employed due
to the atomic structure and allowed transitions within rubidium. Although a simplistic

view, this three level system provides initial evidence that inversionless gain can be

produced at the blue wavelength.

Figure 8.1: A closed three level V-type system with a 422 nm probe field and a 780 nm

couplingfield. An incoherent pump, IJ 23, is present to move population from level \ 2 >

to level 13 > in a non-reversible manner, so as to produce inversionless gain.

In Chapter 7 the effects of wavelength mismatch within a V-type system were

extensively examined. It was shown that there was no disadvantage for the observation
of coherently induced transparency if the probe field was several hundred nanometers

shorter in wavelength than the coupling field (for reference see Figure 7.9). Therefore,

by employing the appropriate system matrix, Matrix 8.1, it should prove possible to

modify an induced transparency feature to provide gain by the simple introduction of an

II23 incoherent pump. A non-reversible incoherent pump term is employed in this

system since in the full 422 nm inversionless gain system the mechanism for population
transfer takes advantage of a spontaneous decay route into level |3 >, thus population
can not be transferred back from level |3 > to level |2 >.

21

2 >
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Matrix 8.1: A closed three level V-type system employed to produce 422 nm

inversionless gain.

r(r2, +n23) 0 0 0 0 2Qp 0 0 1 r P221 r 0 1
-n23 r31 0 0 0 0 2QC 0 1 1P331 0

0 0 Yl2 0 0 "AP 0 -Qc | P121 0

0 0 0 Y13 0 0 -Ac ^P ip'3i =

0

0 0 0 0 Y 23 Qc Qp "(AC-A p) 1 1 1 0

-2f2p -Qp AP 0 -Qc Yl2 0 0 1 Pi'2 | -Qp
I ~^c -2QC 0 Ac -Qp 0 Y13 0 1 Pi 31 -Qc

0 0 Qc -Q
p (Ac - A p) 0 0 Y 23 L P23 j 0

Figure 8.2(a) plots the 422 nm probe absorption against probe field detuning in the

presence of a coupling field of Rabi frequency 250 MHz. The corresponding

populations are shown in Figure 8.2(b) where pi i is shown as a red solid line, P22 as a

green dashed line, and P33 as a blue solid line marked with crosses. For these graphs no

n23 incoherent pump was present and the decay rates are chosen to mimic those of the

appropriate levels within atomic rubidium. As is clearly observed in the probe field

absorption curve a coherently induced transparency at 422 nm is present due to the

quantum interference effects induced by the I.R. coupling field.

If an incoherent field is now introduced as in Figure 8.3, then it is shown that the

induced transparency feature can be enhanced to provide inversionless gain on the 422

nm probe field, Figure 8.3(a). Confirmation of the inversionless nature of this gain
feature is confirmed by examining the associated population of the three levels as

shown in Figure 8.3(b), where again pn is shown as a red solid line , P22 as a green

dashed line, and P33 as a blue solid line marked with crosses. As can be seen, there is

no inversion in the population on the probe field transition even in the presence of the

n23 incoherent pump.
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Figure 8.2 : (a) 422 nm probe field absorption curve showing a coherently induced

transparency with (b) the corresponding population levels, for the density matrix model

corresponding to Matrix 8.1. Population in pu shown as a red solid line, P22 as a

green dashed line and p33 as a blue solid line marked with crosses. Q c = 250 MHz, Qp

=0.1 MHz, Ac = 0 MHz. and n23 = 0 MHz.
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Figure 8.3 : (a) 422 nm probe field absorption curve showing inversionless gain, and

(b) the corresponding population levels, for the density matrix model corresponding to

Matrix 8.1. Population in pu shown as a red solid line, P22 as a green dashed line and

p33 as a blue solid line marked with crosses. Q c = 250 MHz, Q p =0.1 MHz, A c = 0

MHz. and II23 = 5 MHz.
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It should be noted however that the 5P3/2 - 6P3/2 (|2 > - |3 >) transition, with which

the incoherent pump interacts, is dipole forbidden. As such it would prove difficult to

experimentally move population between these levels, since higher poled transition
elements would have to be employed which are orders of magnitude weaker than dipole
transition elements. A more feasible mechanism for moving the required small amount

of population to the higher energy state of the inversionless gain transition must be
obtained.

A mechanism for population movement is also required to reduce the effects of

ground state hyperfine optical pumping. Two possible mechanisms are initially
discussed and then compared below, in Section 8.1.2. One involves employing a

coherent optical field while the second an incoherent field. The comparison provides
information about the feasibility of employing either incoherent or coherent pumps

within atomic coherence experiments. The same arguments hold when discussing

moving atomic population for the purpose of producing inversionless gain. This can be
seen to be the case in Section 8.1.3 where coherent pumps and then incoherent pumps

are employed to produce 422 nm inversionless gain within atomic rubidium.

8.1.2) Introducing The Effects Of The Ground State Hyperfine Structure

Before going on to discuss the mechanisms involved in converting the above 422
nm system to an experimentally realisable inversionless gain system, the problematic
effects of the ground state hyperfine structure must be addressed. As outlined in detail
in Chapter 4, V-type systems which employ a coupling field which is resonant with the

ground state of rubidium suffer from the detrimental process of ground state hyperfine

optical pumping. This optical pumping mechanism was neglected in the above model
since a simplified single level ground state was assumed. Lifting this assumption
requires the derivation of a model for the system outlined in the schematic energy level

diagram of Figure 8.4.

The problem of optical pumping is overcome by the introduction of a third optical
field, as in the Zibrov inversionless gain system [ 1] outlined in Chapter 2. A four level

density matrix model allows an initial analysis of the relevant features of employing
either a coherent or incoherent source as the third optical field. The appropriate density
matrix for this system can be found in Matrix A.2 in Appendix A. Both incoherent,
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Rpmp, and coherent, Qpmp, pump terms have been included on the 5Si/2 (F= 3) - 5P3/2
transition for completeness, however only one is actually employed at any one time, the
other being set equal to zero.

Figure 8.4: A closed level V-type system with a ground state doublet employed to

produce a coherently induced transparency on a 422 nm probe field.

The model is initially executed with no pump field present on the |2 > - |3 >

transition to highlight the effects of optical pumping. Figure 8.5(a) shows the

absorption experienced by the 422 nm probe in the presence (blue solid line) and
absence (red dashed line) of a 250 MHz coupling field. The corresponding population
traces for the case where the coupling field was present are also shown, Figure 8.5(b).
As can clearly be seen the majority of the population becomes optically pumped
between the ground state hyperfine levels, the majority of which , ~ 98%, ends up in
level |2 >. For this reason there is significantly less population left in level |1 >, ~ 1 %,
with which the probe field interacts and so the absorption experienced by the probe field
is far less than would be expected in the absence of this optical pumping mechanism. In
fact for these particular atomic parameters the probe field absorption is more or less
zero.
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Figure 8.5 : (a) 422 nm probe field absorption curve in the presence (blue solid line)
and absence (red dashed line) ofa 250 MHz couplingfieldfor the model described by
Matrix A.2. when no pump field was present i.e. Rpmp = Q pmp =0. (b) Corresponding
populations for the case where the couplingfield was present, p j / shown as a red solid

line, p 22 as a green dashed line, P33 as a blue solid line marked with crosses and P44

as a red solid line marked with crosses. Qp =0.1 MHz and Ac = A pmp = 0 MHz.

The picture of Figure 8.5 changes somewhat if a pump field is introduced which is
resonant with the |2 > - |3 > transition. Figure 8.6(a) shows the probe field absorption
curve in the presence of a 250 MHz coherent pump field, while that of Figure 8.6(c) is
obtained in the presence of a 50 MHz incoherent pump field. The corresponding atomic

populations are presented in Figure 8.6(b) and (d) respectively. These two Rabi

frequency values were chosen so as to produce probe field absorption levels of the same

order as that achieved in the absence of either a pump or coupling field (red dashed

lines). Further confirmation of the reduced level of ground state hyperfine optical

pumping is given by examination of the populations present in each system. As can be
seen the population in levels 11 > and \2 > (red solid and green dashed lines respectively)
are now of the same order of magnitude, as is to be expected if the effects of ground
state optical pumping have been reduced.

From the absorption curves of Figure 8.6(a) and (c) it can be seen that there are

obvious side effects of introducing these pump fields.
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Figure 8.6 : 422 nm probe field absorption curves with the corresponding population
levels generated by the model corresponding to Matrix A. 2. p / / shown as a red solid

line, p 22 as a green dashed line, P33 as a blue solid line marked with crosses and P44

as a red solid line marked with crosses. Qc = 250 MHz, Q v =0.1 MHz and A, 'PmP

= 0 MHz. In (a) Rpmp -0 MHz, Q pmp =250 MHz, and (c) Rpmp = 50 MHz, Qpmp = 0
MHz with the red dashed lines again representing probe field absorption in the absence

ofeither a pump or couplingfield.

For the case of a coherent pump field the maximum transparency is now present at two

separate frequencies, one either side of line centre, instead of appearing as just one

centralised feature at probe resonance. Here the probe field absorption curve can be
considered as a normal induced transparency curve with an extra absorption component

overlaid at line centre. Turning to the case where the pump is of an incoherent nature

the absorption profile resembles that of the simplified closed three level system trace of
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Figure 8.2(a). However, the level of induced transparency is significantly lower in this

system than in the three level system.

The reason for the difference between the traces of Figure 8.6(a) and (c) lies within
the explanation of single atom E.I.T. of Section 4.2.1. In this section E.I.T. within a V-

type system was explained in terms of state amplitude oscillation across the coupling
field and probe field transitions which, at line centre, were of equal and opposite phase.

Therefore, after a short period of time (on the order of the natural lifetimes within the

atom) the probe field polarisation averages to zero and so no net absorption of the probe
field occurs. It is this delicate balance between the phase of the various amplitude

states, induced by the P34 coherence within this system, which leads to this

phenomenon. The presence of a coherent pump field can. from an examination of
Matrix A.2, be seen not only to move the required population between atomic states but
also to drive a coherence between levels |2 > and |3 >. This P23 coherence provides

significant feedback to the P34 coherence and as such acts destroy the delicate state

amplitude phase balance between levels |3 > and |4 >. This effect is strongest when the

probe field is on exact resonance, thus explaining why there is more absorption at line
centre than at small detuned probe frequencies within the absorption profile of Figure
8.6(a). Now the presence of an incoherent pump field also acts to move a small amount

of population between atomic states, this time disturbing the P34 coherence through the

fact that Rpmp terms appear in the dephasing terms and population equations, p^k, of
Matrix A.2. These terms do not alter the probe absorption profile as radically as when a

coherent pump field is present but they do have a strong enough influence so as to

significantly reduce the induced transparency feature.

The solution to the problem of hyperfine optical pumping is found by employing
the 5P]/2 level as the upper state of the pump field transition as outlined in Figure 8.7.
This level decays to the ground states at similar rates to the 5P3/2 level but since it is not

directly connected to either level on the coupling field transition it should not

significantly disturb the important uncoupled transition coherence (P45 in Figure 8.7).
Due to computing power restrictions a complete model of this system is not possible.
However, by running the previous model with Rprnp terms neglected from the coherence
dephasing rates it is possible to approximate the five level atomic system.
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Figure 8.7: A closed level V-type system with ground state and first excited state

doublets. This system is employed to reduce ground state hyperfine optical pumping
and so produce coherently induced transparency on a 422 nm probe field resonant with
the 11 > - \4 > transition.

The results from this model are shown in Figure 8.8. As seen in Figure 8.8(a) the

probe field absorption curve (shown by a blue solid line) again has a significant level of
induced transparency. Included for reference on this graph is the probe field absorption,
experienced in the presence of a similar coupling field, for the three level system of
Figure 8.1 (red dashed line). The presence of the incoherent pump field has resulted in
a reduction of the ground state optical pumping, and so the absorption level is now of
the order obtained in the simpler three level system. This reduction in the optical
pumping is further confirmed by examining the population levels of Figure 8.8(b). It
can be seen that the population in level 11 > is now greater than in level |2>. This is a

direct result of the reduction in optical pumping and of quantum interference effects

acting to reduce absorption on the probe field transition.
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Figure 8.8 : (a) 422 nm probe field absorption curve with the correspondingpopulation
levels generated by the model corresponding to Matrix A. 2, where the Rpmp terms have
been neglected in the coherence dephasing rates, (b) Corresponding populations, p u

shown as a red solid line, p 22 as a green dashed line, P33 as a blue solid line marked

with crosses and P44 as a red solid line marked with crosses. Q c = 250 MHz, Qp =0.1

MHz, Rpmp = 100 MHz, Qpmp = 0 MHz with the red dashed line representing probe
field absorption, for similar parameters, in the simplified system ofFigure 8.1.

8.1.3) A 422 nm Inversionless Gain System And A Four Level Approximation

This section introduces the complete six level, four optical field system proposed
for the generation of 422 nm inversionless gain. The system is outlined schematically
in Figure 8.9. The basic mechanism of the system is to employ three I.R. optical fields
in order to generate inversionless gain on the 422 nm probe field which is resonant with
the 5S1/2 (F=2) - 6P3/2 transition. The first I.R. source is a 780 nm coupling field which

is resonant with the 5S1/2 (F=2) - 5P3/2 transition. The other two I.R. optical fields,
which can be either coherent or incoherent in nature, act as population pump fields.
One is resonant with the 5S1/2 (F=3) - 5Pi/2 transition (794 nm) and is employed to

negate the effects of optical pumping as described previously in Section 8.1.2, while the
second is resonant with the 5P3/2 - 5D5/2 transition (776 nm) and is present to move the

required small population to the higher energy state of the gain transition. This

complete scheme results in a 36x36 system matrix equation.
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t /
""4 15S1/2(F=3)

5S1/2(F=2)

Figure 8.9: A closed six level V-type system employed to produce inversionless gain on

a 422 nm probe field resonant with the 5S1/2 (F=2) - 6P3/2 transition. A 780 nm

couplingfield is resonant with the 5S]/2 (F=2) - 5P3/2 transition. Two pump fields are

also present, the first is resonant with the 5Sj/2 (F=3) - 5P1/2 transition (794 nm) while

the second is resonant with the 5P 3/2 - 5D 5/2 transition (776 nm).

However, the computer power needed to solve this complete system is not available to

the group and as such a four level approximation to this system has had to be made.
This approximated system is shown in the schematic energy level diagram of Figure

8.10, where the basic assumption has been to neglect the effects of ground state

hyperfine optical pumping. It previously proved possible to negate these optical

pumping effects with the introduction of an optical field on the 5S1/2 (F=3) - 5Pi/2

transition, as outlined in Section 8.1.2, thus the above assumption is not an unreasonable
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first approximation to make. The system matrix for this four level approximation can

again be found in Appendix A, shown as Matrix A.3.

Figure 8.10: A closedfour level approximation to the six level V-type system ofFigure

8.9. A 422 nm probe field is again resonant with the 5S1/2 (F=2) - 6P3/2 transition

along with a 780 nm coupling field set to be resonant with the 5Sj/2 (F=2) - 5P3/2

transition. Only one pump field is now present and is set to be resonant with the 5P3/2 -

5D5/2 transition (776 nm).

An expression for the gain coefficient for a weak probe field on the 11 > - 13 >

transition in the presence of a coherent pump field on the |2 > -14 > transition has been
derived for the four level system of Figure 8.10. The starting point for this derivation is
the definition of the gain coefficient, G, as defined by Siegman [2]:

g=^^=£LV2CZ
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where agajn is the small gain coefficient, z the length of the gain medium, v is frequency
it

of the gain transition, % the imaginary component of the susceptibility (as defined in

Chapter 2) and c the speed of light. Examination of equation (8.1) shows that agajn can
be written as:

2tc m "

«gain = ^X = kX (8-2)& k

where k is the gain transition wavelength and k the associated wavevector. Shore [3]
provides the following relation between the Einstein, Ajj , coefficient and the electric
dipole matrix element, pjj, for a particular transition:

P ii
2 3 h _

=

4

where h is related to Planck's constant and coj is the statistical weight of the level | j >.
ii

Therefore, substituting equation (8.3) into the expression for x from Chapter 2
(equation (2.23)) and substituting the resultant, along with equation (8.2), in equation
(8.1) results in an expression for the gain coefficient, G, in terms of the density matrix
element pjj:

3 AjjNoo: z p!;
G = ——— (8.4)4 k2s0 ^'

!l

Examination of the system density matrix. Matrix A.3, allows an algebraic

expression for pjj to be obtained solely in terms of atomic populations, population

decay rates, coherence decay rates and Rabi frequencies. This solution is achieved in

the weak probe field limit under the condition of exact resonance and is represented by

equation (8.5). It can be seen that the first term in the numerator of equation (8.5)
contributes to gain only in the presence of a population inversion such that P33 > Pi 1 ■

However, the important factor in terms of quantum interference effects and the

production of inversionless gain are the second two terms of the numerator, which are

directly proportional to the squared Rabi frequencies induced by the coupling and pump

fields. Inspection shows these terms contribute to the gain only when p| j > p22 > P44-

Therefore, if the first term in the numerator is smaller than the contribution of both the
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second and third terms it is predicted that gain will be produced in this system even in

the absence of a population inversion.

This is exactly the case shown in Figure 8.11(a) where the probe field absorption

curve (blue solid line) is presented in the presence of a 500 MHz coupling field and a

500 MHz coherent pump field. The absorption in the absence of both of these fields is

again included for reference (red dashed line). As can clearly be seen the gain feature

appears in two different frequency regions, one either side of probe resonance. The

explanation of this phenomenon is exactly analogous to the explanation given in Section
8.1.2 for the splitting of the E.I.T. feature, in the presence of a coherent pump field, into
two similar frequency regions. There the coherent pump field was employed to remove

the effects of optical pumping but in this case it is employed to move a small amount of

population to the top level of the gain transition. The presence of the coherent pump

field also acts to drive a P24 coherence and so disturbs the all important P23 coherence

generated by coupling field. This results in the extra absorption feature observed at line

centre. Confirmation of the inversionless nature of the gain is shown in the atomic

population traces of Figure 8.11(b). As can be observed the population pn is greater

Pij =
J (8.5)
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than P22 or P44 and is significantly greater than P33 thus confirming that the gain present

is of a non inverted nature.
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Figure 8.11 : (a) 422 nm probe field absorption curve in the presence (blue solid line)
and absence (red dashed line) of a coupling and coherent pump field, (b) the

corresponding population levels for the density matrix model corresponding to the

system matrix ofMatrix A. 3 in the presence of a coupling and a coherent pump field,

pn shown as a red solid line, p 22 a green dashed line, P33 as a blue solid line

marked with crosses and P44 as a red solid line marked with crosses. Q c = £2 pmp =

500 MHz, Qp —0.1 MHz and Ac = Apmp = 0 MHz.

The benefit of employing an incoherent pump to move population around an atomic

system is highlighted in Figure 8.12. Here the incoherent pump field is resonant with
the |2 > - |4 > transition and gain is again observed on the probe field curve, Figure

8.12(a). This curve, unlike the previous probe field curve of Figure 8.11(a), resembles a

coherently induced transparency curve which has been raised to produce gain at line
centre. The probe absorption curve in the absence of any other field is once more

present for reference (red dashed curve).
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Figure 8.12: (a) 422 nm probe field absorption curve in the presence (blue solid line)
and absence (red dashed line) of a coupling and incoherent pump field, (b) the
corresponding population levels for the density matrix model corresponding to the
system matrix ofMatrix A. 3 in the presence of a coupling and a coherent pump field.

Pn shown as a red solid line, p 22 as a green dashed line, P33 as a blue solid line

marked with crosses and P44 as a red solid line marked with crosses. Q c = 400 MHz

Rpmp = 50 MHz, Qp =0.1 MHz and Ac = Apmp = 0 MHz..

As with the case of optical pumping, Section 8.1.2, the strength of the Rabi

frequency required by an incoherent pump is significantly less than that required when a

coherent pump field was employed, 50 MHz as compared with the previously employed
value of 500 MHz. The explanation for this lies in the fact that gain is observed at line

centre, where quantum interference effects are strongest, for the incoherent pump field
case rather than at two separate frequencies either side of line centre as for the case of

coherent pump field.

8.1.4) The Future Production Of Experimental 422 nm Gain

The theoretical work of this section has provided a solid basis for believing that a

422 nm inversionless gain medium will be generated in future experiments within the

laboratory. A 422 nm probe source is presently under development for use in such

experiments [4]. This involves the frequency doubling of the scanning Microlase MBR-

278



8) Development Of A 422 nm Inversionless. 8.1) A Theoretical 422 nm.

110 Ti:sapphire laser using a crystal of potassium niobate (KNbC>3). Although the

above system will involve the ground state doublet of rubidium it has been theoretically

predicted above, and shown previously experimentally [1], that the effects of ground
state hyperfine optical pumping can be negated by the presence of an pump field. A

further optical field source will also be required in the above experiment of Figure 8.7,
since a second pump field is needed to move population between levels |2 > and |3 >. A

Ti:sapphire laser is presently under construction for this purpose. A means of

broadening the linewidths of the pump fields is also required so as to provide a facility
which allows switching between coherent and incoherent pump fields. This can be

achieved by the employment of acoustic-optic modulators which have noise generated

signals incorporated into their driving voltages. At present such a system is under

development and so, with all the above equipment available, the St. Andrews group will
be in a position to try and reproduce the above theoretical curves within the laboratory.
Initial comparisons suggest that the levels of gain predicted for this system are at least

as high, if not better, than those achieved within the Zibrov system [1], studied

extensively in Section 2.3.2. This lends further weight to the hope that it will prove

possible to produce blue inversionless gain.

8.2) Other Future Experimental Work

8.2.1) Radio-Frequency (R.F.) Effects in E.I.T.

The employment of a microwave source [5] is a second proposed area of new

experimental work. So far E.I.T. experiments have used only lasers as the coherent

coupling source, with wavelengths typically in the 500 - 1000 nm region. This is a

major restriction on the systems which can be studied, particularly for solid state or

semiconductor materials where previous experiments on the related effects of Autler-
Townes splitting have usually employed both laser and microwave sources [6]. A
future proposed experiment is to study the effects of employing R.F. sources within
E.I.T. style experiments. An R.F. field may be employed in two distinct fashions within
an atomic coherence experiment . Firstly, it can be employed as a means of removing
the complicating effects of ground state hyperfine optical pumping or secondly, it may

be employed as the coupling source in itself for the coherent preparation of the medium.
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Two such schemes for this second use of the R.F. source are highlighted schematically
in Figure 8.13.

5S1/2 3GHz

(a)

5P3/2

780 nm

5S 1/2 3 GHz

F = 2 i
F = 3

F = 2

(b)

Figure 8.13: Possible (a) V-type and (b) cascade systems in which to observe R.F.
control ofan opticalfield in an E.I.T., type experiment.

Although the work of Chapter 7 has shown that the effects of Doppler broadening
are not as restrictive as previously thought, some preliminary modelling of these

systems suggest that because of the exceptionally large wavelength difference (10 cm

and 780 nm) between these two fields the observation of E.I.T. would be masked. It is
therefore proposed to employ either the atomic beam, described in Section 3.3.4.1, or an

atomic trap in order to provide a Doppler-free medium. Initial work has already been
carried out on the development of an R.F. source, tuneable from 1-8 GHz, for use in
these experiments [5]. In order to provide the appropriate microwave field

configurations for coupling into the optically probed atomic beam, microwave resonant

cavities fed by tuneable microwave radiation from travelling-wave tubes will be

employed. The intention of exploring R.F. field induced E.I.T. effects in a rubidium
atomic beam with clearly identified energy levels is to establish the basic physical

principles involved with a view to the possible subsequent extension to schemes in the
solid state, including semiconductor media.
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8.2.2) Doppler-Free Configurations For E.I.T.

A third area of proposed continued research is in Doppler-free experimental

configurations, while still employing optical fields. In many circumstances, especially
in the Doppler-broadened vapour systems of this work, a coherent transparency induced

by a coupling field is not just pure E.I.T. As outlined in Chapter 7, for any scheme
where there is significant Autler-Townes splitting, there is a region of transparency

between the two Autler-Townes absorption components. The interference effect of
E.I.T. also lies within this frequency region, at the frequency determined by two photon
resonance. Therefore, pure E.I.T. can only be observed unambiguously in a system in
which there is no Doppler-broadening as found in a vapour or lattice broadening as in a

solid. Such systems can be produced by again employing a rubidium atomic beam or

trap. This should provide a means for investigation of pure E.I.T. effects without the

complications of velocity shifting of the position of the interference, or the obscuring
effects of velocity shifted Autler-Townes components. This is exactly the case shown in

Figure 8.14 where a homogeneously broadened theoretical curve is shown for a cascade
medium which has been rendered Doppler free.

Detuning Of Probe Field (GHz)

Figure 8.14: Homogeneously broadened E.I.T. within a cascade system. Q c = 20 MHz,

Qp =0.1 MHz and Ac = 0 MHz
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It should be noted that the power requirements on the coupling field in order to

induce observable transparency in a Doppler-free system are much less than in a

vapour. This means that observable pure E.I.T. effects should be observed where much

larger coupling field Rabi frequencies can be generated. This will allow a new range of

high powered cw atomic coherence experiments to be carried out.
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Conclusions

The work contained in this thesis presents a significant contribution to the ever

growing field of quantum interference, many aspects of which were discussed in the
introduction. The majority of this work concentrated on continuous-wave phenomena
within Doppler broadened media. Thus, extensive modelling through semi-classical

density matrix analysis was carried out to help explain observed effects, and also to

predict new ones within future proposed experiments. Although most of the previous

chapters ended with their own conclusions, it is appropriate to gather some of the more

significant points together here in this final section.

Two numerical methods for modelling quantum interference effects were discussed.
The first, a state amplitude model, was presented which allowed the study of the
interaction effects of coherent fields with single atoms. This model provided great

insight into the mechanisms involved within E.I.T. in the three most popularly discussed
systems: the V-type, lambda and cascade systems. It highlighted the fact that E.I.T.
within the lambda and cascade systems involved the trapping of population in a

superposition of states, while within the V-type system the mechanism involved was a

complex combination of quantum oscillations across the probe and coupling field
transitions. Moving to a large ensemble of atoms (~1017 atoms m"3) required the
introduction of the more powerful density matrix model. This model allowed the
simple introduction of phenomenological terms to describe spontaneous decay,
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coherence dephasing and incoherent movement of atomic population, as well as

allowing the incorporation of Doppler Broadening through numerical integration.

Although some physical insight was lost, on the single atom scale, the density matrix

provided an ideal and accurate means for modelling quantum interference effects within
rubidium vapour.

A theoretical and experimental study of E.I.T. in V-type, lambda and cascade

systems within atomic rubidium was then carried out. Simple three level models

predicted that the greatest depth of induced transparency should occur in the lambda

system, and the poorest in the V-type system. However, experimentally it was found
that optical pumping mechanisms drastically altered the observed probe field
transmission profiles, particularly within the lambda and V-type systems, since these
both had their coupling field resonant with the 5Sj/2 ground state of rubidium.

Therefore, it proved easiest to observe E.I.T. within the experimental cascade system,

since this was effectively non-dissipative to both optical fields, and transparencies
>90% were reported.

Following on from the previous work on the 5S1/2 - 5P3/2 - 5D5/2 cascade system

within rubidium, a fundamental study of E.I.T. was carried out. The width and depth of
an induced transparency was found to depend critically on the coupling field power,

detuning and orientation relative to the probe field. E.I.T. was shown to depend on the
two photon resonance condition, and so provided a novel method of spectroscopy

whereby the relevant two photon transitions were seen imprinted upon a single photon

probe field absorption trace. This E.I.T. spectroscopy technique was compared

experimentally to the more traditional two photon spectroscopy technique. Although
the E.I.T. technique was of poorer resolution it had the advantage of being able to be
carried out at much lower vapour temperatures, since it relied only on single photon

probe field absorption. The effect of Zeeman splitting on E.I.T. was also studied within
this system. E.I.T. has historically been proposed to enhance nonlinear sum frequency

mixing processes, which also employ magnetic fields to break the symmetry of the

wave-mixing medium. However, this study showed that a magnetic field caused an

E.I.T. feature to break up into clusters of windows, the exact number of which

depending on operative two photon selection rules, which were themselves directly
related to the polarisation of the input optical fields.
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It was during similar experiments to those described above that the novel non-

dissipative cross-focusing effect, named Electromagnetically Induced Focusing, was

discovered. This phenomenon was shown to be a direct result of the Gaussian intensity

profile of the optical fields. Since the radial intensity profile of the coupling field

varied, so did the spatial effects of E.I.T. Therefore, the probe field experienced

focusing due to the coherent interaction of the coupling field with the atomic medium.
The sign of these focusing effects varied tremendously with many of the experimental

parameters, including: probe field focusing, field detunings, vapour temperature and
relative waist sizes. Therefore, as well as being of fundamental interest in its own right,
since E.I.F. provided a means of optically controlling one field with another, it is
believed to be of fundamental concern in the design of future atomic coherence

experiments.

The relative role of the optical field wavelengths was then studied theoretically in
all three systems, although experiments were limited to just cascade systems. These

experiments disproved the belief that induced transparencies within Doppler broadened
media required the employment of atomic systems that had wavelength matched optical
transitions. In fact, for certain cases within the lambda and cascade systems, it was

found that the depth and width of a coherently induced transparency was enhanced with

wavelength mismatch. This mismatch was achieved by employing a coupling field
transition of smaller wavelength than that of the probe field transition. These studies
also highlighted the relative roles of Autler-Townes splitting and E.I.T. within a

coherently induced transparency, and showed that the two are almost inseparable within
a Doppler broadened medium. It was found that the depth of such a transparency was

set by the effects of E.I.T. while the width was controlled by Autler-Townes splitting
effects.

The removal of this restriction on wavelength matching has allowed a whole new

range of atomic systems to be considered for future quantum interference experiments.

In particular, the employment of the 5S 1/2 - 5P3/2 - 6P3/2 system within rubidium has
been proposed for the observation of blue E.I.T., with the extension thereafter to a 422
nm inversionless gain experiment. Two fundamental problems existed in this system.

The first involved overcoming the complicating effects of ground state hyperfine optical

pumping. It was proposed to achieve this by introducing a third laser source on the

5S 1/2 - 5P1/2 transition. The second problem involved moving the required population
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Conclusions

to the upper level of the lasing transition, in this case the 6P 3/2 level. Two methods

were put forward. Both involved pumping population from the 5P3/2 level into the

5D5/2 level, which in turn spontaneously decayed to populate the 6P3/2 level. However,

it was the nature of the pump that moved this population which differed. The first
method involved employing a coherent pump source, and so generated two regions of

gain either side of line centre, while the second employed an incoherent source,

generating one region of gain at line centre. By line broadening a Ti:sapphire laser with
an acoustic-optic modulator, it was proposed to convert a coherent field to one that was

incoherent in nature. Thus, it is hoped that it will be possible to generate both of the

gain profiles described above in future experiments. Other future experiments have also
been considered. These include the R.F. control of an optical field and the study of

homogeneously broadened E.I.T. within an atomic beam or trap.
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